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FOREWORD 

The New Jersey Department of Health and Senior Ser­
vices (NJDHSS), with support from the Agency for 
Toxic Substances and Disease Registry (ATSDR), is 
conducting an epidemiologic study of childhood cancers 
in Dover Township, Ocean County, New Jersey. In 1996, 
ATSDR and NJDHSS developed a Public Health 
Response Plan in cooperation with the Ocean County 
Health Department and the Citizens’ Action Committee 
on Childhood Cancer Cluster. The plan outlines a series 
of public health activities including assessments of 
potential environmental exposures in the community. In 
1997, ATSDR and NJDHSS determined that an epide­
miologic study was warranted, and that the study would 
include assessments of the potential for exposure to spe­
cific drinking-water sources. 

To assist the epidemiologic efforts, ATSDR developed a 
work plan to reconstruct historical characteristics of the 
water-distribution system serving the Dover Township 
area by using water-distribution system modeling tech­
niques. The numerical model chosen for this effort, 
EPANET 2, is available in the public domain and is 
described in the scientific literature. To test the reliabil­
ity of model simulations, water-distribution system data 
specific to the Dover Township area were needed to 
compare with model results. Lacking such data, a field-
data collection effort was initiated to obtain pressure 
measurements, storage-tank water levels, and system 
operation schedules (the on-and-off cycling of wells and 
pumps) during winter-demand (March 1998) and peak-

demand (August 1998) operating conditions. Using 
these data, the water-distribution system model was cal­
ibrated to present-day (1998) conditions. ATSDR 
released a report and a technical paper in June 2000 
describing the field-data collection activities and model 
calibration results. 

Having established the reliability of the model and the 
modeling approach, the model was used to examine (or 
reconstruct) plausible historical characteristics of the 
water-distribution system. For this purpose, monthly 
simulations were conducted from January 1962 through 
December 1996 to estimate the proportionate contribu­
tion of water from points of entry (well or well fields) to 
various locations throughout the Dover Township area. 

This report provides a comprehensive description of the 
information used to conduct the analysis for the histori­
cal period and presents the following topics: (1) data 
sources and requirements, (2) methods of analysis, (3) 
simulation approaches, (4) selected simulation results of 
the historical reconstruction analysis, and (5) the use of 
sensitivity analysis to address issues of uncertainty and 
variability of historical system operations. An electronic 
version of this report is available over the Internet at the 
ATSDR web site at URL: www.atsdr.cdc.gov. Readers 
interested in a summary of this report should refer to the 
“Summary of Findings” that is also available at the 
ATSDR web site. 
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ABSTRACT 

The New Jersey Department of Health and Senior 
Services (NJDHSS), with support from the Agency for 
Toxic Substances and Disease Registry (ATSDR), is 
conducting an epidemiologic study of childhood leuke­
mia and nervous system cancers that occurred in the 
period 1979 through 1996 in Dover Township, Ocean 
County, New Jersey. The epidemiologic study is explor­
ing a wide variety of possible risk factors, including 
environmental exposures. ATSDR and NJDHSS have 
determined that completed human exposure pathways to 
groundwater contaminants have occurred in the past 
(through private and community water supplies) in some 
parts of the community. To investigate this exposure, 
ATSDR developed a water-distribution system model 
specific to the Dover Township area using the 
EPANET 2 software. Results obtained from the 
model—the percentage of water derived from different 
sources that historically supplied the water-distribution 
system—are considered one of the risk factors in the 
epidemiologic investigation. 

The first step of the analysis was to calibrate the 
model to present-day (1998) water-distribution system 
characteristics using hydraulic and system-operations 
data collected during March and August 1998. Results 
of the 1998 field-data collection activities and model 
calibration were described in a previous ATSDR report. 
The second step of the analysis, and the subject of this 
report, was the application of the calibrated model to 
simulate operations during the historical period of Janu­
ary 1962 through December 1996. Hydraulic and 
source-trace analysis simulations were conducted for 

each month of the historical period (420 months) using 
EPANET 2. Results of these model simulations are 
reported herein in terms of the percentage contribution 
of water from distribution system points of entry (wells 
and well fields) to locations throughout the Dover Town­
ship area. Seven representative years are discussed in 
detail—1962, 1965, 1971, 1978, 1988, 1995, and 1996. 

Analysis of water production data indicated that the 
historical water-distribution system could be character­
ized by three typical demand periods each year: (1) a 
low- or winter-demand period, generally represented by 
the month of February and designated herein as the min­
imum-demand month; (2) a peak- or summer-demand 
period, represented by one of the months of May, June, 
July, or August and designated herein as the maximum-
demand month; and (3) an average-demand period, gen­
erally represented by the month of October and desig­
nated herein as the average-demand month. The 
historical production data indicate that considerable pro­
duction increases occurred in 1971, 1988, and 1995. 

To simulate the distribution of water for each of the 
420 months of the historical period, network configura­
tion, demand, and operational information were 
required. Before 1978, operational data were unavail­
able. To compensate for this lack of critical information, 
system-operation criteria were developed, and desig­
nated as the “Master Operating Criteria.” These criteria 
are based on hydraulic engineering principles necessary 
to successfully operate water-distribution systems simi­
lar to the one serving the Dover Township area. From 
1978 forward—for selected years—operators of the 

1Agency for Toxic Substances and Disease Registry, Atlanta, Georgia 
2Georgia Institute of Technology, Atlanta, Georgia 
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water utility provided descriptions of generalized oper­
ating practices for a typical “peak-demand” (summer) 
and “non-peak demand” (fall) day. These guidelines 
were used in conjunction with the “Master Operating 
Criteria” to simulate a typical 24-hour daily operation of 
the water-distribution system for each month of the his­
torical period. 

For the period of the investigation, the physical 
characteristics and potable water production capacity of 
the distribution system changed considerably. In 1962, 
the water-distribution system served nearly 4,300 cus­
tomers from a population of about 17,200 persons. As 
characterized for modeling purposes, the water-distribu­
tion system consisted of: (1) approximately 2,400 pipe 
segments ranging in diameter from 2 to 12 inches; (2) a 
total service length of 77 miles; (3) three groundwater 
extraction wells with a rated capacity of 1,900 gallons 
per minute; and (4) one elevated storage tank and stand­
pipe with a combined rated storage capacity of 0.45 mil­
lion gallons. Annual system production was 359 million 
gallons which included the production of about 1.3 mil­
lion gallons per day during the peak-production month 
of May. 

By contrast, in 1996, the last year of the historical 
reconstruction period, the water-distribution system 
served nearly 44,000 customers from a population of 
about 89,300 persons. As characterized for modeling 
purposes, the water-distribution system consisted of: (1) 
more than 16,000 pipe segments ranging in diameter 
from 2 to 16 inches; (2) a total service length of 482 
miles; (3) twenty groundwater extraction wells with a 
rated capacity of 16,550 gallons per minute; (4) twelve 
high-service or booster pumps; and (5) three elevated 
and six ground-level storage tanks with a combined 
rated capacity of 7.35 million gallons. Total annual sys­
tem production was 3,873 million gallons which 
included the production of about 13.9 million gallons 
per day during the peak-production month of June. 

In order to simplify the rigorous data requirements 
needed to simulate the historical water-distribution sys­
tems, a surrogate or alternative method, designated 
herein as the “supply-node-link” or SNL simulation 
method, was devised. Using this method, balanced flow 
conditions were maintained and the measured volumes 
of monthly water production were used while avoiding 
the need for detailed network operations data, which 

were not available for most of the historical period. 
Comparison of flow results obtained using the surrogate 
SNL simulation method with measured flow data 
obtained during August 1998 for the Holly and Parkway 
treatment plants showed that the SNL method simulated 
nearly identical flows to those measured. 

Simulation of the proportionate contribution of 
water from wells and well fields to selected network 
locations in the Dover Township area, was accomplished 
using the trace-analysis option of EPANET 2. Propor­
tionate contribution simulations were accomplished 
using the “Master Operating Criteria” and manual 
adjustment of model parameters. The parameters 
adjusted were the on-and-off cycling patterns of wells 
and the operational extremes of water levels in the stor­
age tanks. This modeling approach was designated the 
“manual adjustment process.” In addition, the assump­
tion was made that a one-month period of operations 
could be reasonably represented by a “typical” 24-hour 
day for each month of the historical period. 

Proportionate contribution simulations conducted 
using the manual adjustment process illustrate the 
increasing complexity and operational variability of the 
distribution system throughout the historical period. 
Simulation results for the maximum-demand months of 
May 1962, June 1965, July 1971, June 1978, July 1988, 
August 1995, and June 1996 for a pipeline location in 
southeastern Dover Township (designated herein as 
pipeline location D) exemplify the annual variation in 
the contribution of water to this location and indicate the 
following:3 

• May 1962—100% of the water was provided by 
the Brookside well (15); 

• July 1971—30% of the water was provided by 
the Holly wells (14, 16, 18, 19, and 21), 54% by 
the Brookside well (15), 3% by the Indian Head 
well (20), and 14% by the Parkway wells (22, 
23, 26, and 27); 

• June 1978—25% of the water was provided by 
the Holly wells (16, 18, 91, and 21), 42% by the 

3Because of numerical approximation and roundoff, 
contribution of water from all wells and well fields 
may sum to slightly less or slightly more than 
100%; see text for complete details. 
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Brookside well (15), 4% by the South Toms 
River well (17), and 30% by the Parkway wells 
(22-29); 

• July 1988—49% of the water was provided by 
the Holly wells (21 and 30), 26% by the Brook-
side well (15), 11% by the South Toms River 
wells 32 and 38), 14% by the Parkway wells 
(22, 23, 24, 26, 28, and 29), and 1% by the Ber­
keley wells (33-35); 

• August 1995—55% of water was provided by 
the Holly wells (21, 30, and 37), 12% by the 
Brookside well (15), 23% by the South Toms 
River wells (32 and 38), 2% by the Parkway 
wells (22, 24, 26, 28, 29, and 42), and 7% by 
the Windsor well (40); and 

• June 1996—66% of the water was provided by 
the Holly wells (21 and 30), 2% by the Brook-
side well (15), 9% by the South Toms River 
wells (32 and 38), 2% by the Parkway wells 
(22, 24, 26, 28, 29, and 42), 4% by the Berkeley 
wells (33-35), and 17% by the Windsor well 
(40). 

To address the issue of uncertainty and variability 
of system operations, and specifically to test the sensi­
tivity of the proportionate contribution results to varia­
tions in model-parameter values, a set of alternate 
operating conditions different from those determined 
using the manual adjustment process were developed 
and tested. Alternate operating conditions were simu­
lated using a Genetic Algorithm (GA) optimization 
approach and were also required to satisfy the “Master 
Operating Criteria” and to result in the satisfactory oper­
ation of the historical water-distribution system. Four 
sets of hydraulic and operational constraints were con­
sidered for variation and analyses in order to determine 
the effects of parameter variation on the simulated pro­
portionate contribution results. The constraints sub­
jected to variations were: (1) pattern factors assigned to 
wells and supply nodes, (2) minimum pressure require­
ments at model nodes, (3) allowable storage tank water-
level differences between the starting time (0 hours) and 
ending time (24 hours) of a simulation, and (4) daily 
system operations represented by a “typical” 24-hour 
day over a month-long period. For the first three types of 
constraints, GA optimization methods were used to 
determine sensitivity analysis results for the proportion­
ate contribution of water at all pipeline locations. These 
results were compared with results previously obtained 

using the manual adjustment process. For the fourth 
type of constraint variation, the manual adjustment pro­
cess was used to obtain simulation results for the sensi­
tivity analysis. 

Sensitivity analysis results indicate small variations 
when comparing the proportionate contribution results 
from the manual adjustment process to results obtained 
using GA optimization methods. Analyses of differ­
ences in the simulation results show that the simulated 
proportionate contribution of water from wells and well 
fields is relatively insensitive to changes in system 
hydraulic and operational constraints. For a 24-hour 
period, the average percentage of water over all study 
locations derived from all wells or well fields using 
either the manual adjustment process or any of the GA 
simulations does not vary appreciably. Statistical analy­
ses of the differences in simulated proportional contri­
bution results obtained using the manual adjustment 
process and the sensitivity analyses show that differ­
ences are normally distributed for study locations, and 
that, overall, the difference distributions were character­
ized by a mean, mode, and median of nearly 0% and a 
standard deviation of less than 4%. As a consequence, 
minor differences in the simulated proportionate contri­
bution of water between the manual adjustment process 
and the sensitivity analyses indicate that there was a nar­
row range within which the historical water-distribution 
system could have successfully operated to maintain a 
balanced flow condition and satisfy the “Master Operat­
ing Criteria”. 

To test the validity of the assumption that daily sys­
tem operations over a period of one month could be rep­
resented by a “typical” 24-hour day for each month of 
the historical period, additional sensitivity analyses 
were conducted using hourly operational data obtained 
from the water utility for 1996. Month-long simulations 
were conducted for February, June, and October 1996 
which represented, respectively, the minimum-, maxi­
mum-, and average-demand months. When results for 
the month-long simulations (averages over the month­
long period) were compared with results from the “typi­
cal” 24-hour day, differences in simulated proportionate 
contribution of water to five pipeline locations—desig­
nated A, B, C, D, and E—were small. As an example, 
for June 1996, the difference in the contribution of water 
from the Parkway well field for the two methods of sim­
ulating the daily system operations were 0% for location 
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A, 1% for location B, 4% for location C, 2% for location 
D, and 3% for location E. Therefore, sensitivity analysis 
assisted in confirming that the day-to-day operations of 
the water-distribution system were highly consistent 
over a month-long period (based on available 1996 
hourly data) and could be represented by a “typical” 24­
hour operational pattern. 

The sensitivity analyses conducted as part of the 
historical reconstruction of the water-distribution sys­
tem serving the Dover Township area indicate that: (1) 
there was a narrow range within which the historical 
water-distribution systems could have successfully oper­
ated and still satisfy hydraulic engineering principles 
and the “Master Operating Criteria,” and (2) daily oper­
ational variations over a month did not appreciably 
change the proportionate contribution of water from 
specific sources when compared to a typical 24-hour 
day representing the month. 

Overall, the simulation results for the proportionate 
contribution of water from wells and wells fields indi­
cate variation by time and location. However, the results 
also show that certain wells provided the predominant 
amount of water to locations throughout the Dover 
Township area. The reconstructed historical water-distri­
bution systems and applied operating criteria—based on 
the “Master Operating Criteria” and using generalized 
water-utility information—are believed to be plausible 
and realistic scenarios under which the historical 1962– 
1996 water-distribution systems were operated. 

INTRODUCTION 

The Agency for Toxic Substances and Disease Reg­
istry (ATSDR), an agency of the United States Depart­
ment of Health and Human Services, under the 
Comprehensive Environmental Response, Compensa­
tion, and Liability Act (CERCLA, also known as Super­
fund) is required to evaluate the public health threat of 
hazardous waste sites using environmental characteriza­
tion data, community health concerns, and health out­
come data. In the spring of 1996, ATSDR and the New 
Jersey Department of Health and Senior Services 
(NJDHSS) initiated an investigation to address health 
concerns of the Dover Township, Ocean County, New 
Jersey, community. In particular, community members 
expressed the concern that exposure to environmental 
contaminants from the area’s hazardous waste sites, 

including two National Priorities List (NPL) or Super­
fund sites (Figure 1, Plate 14) was related to the elevated 
incidence of childhood leukemia and brain and central 
nervous system cancers. 

In 1997, NJDHSS and ATSDR began designing a 
case-control epidemiologic study of childhood cancers 
that occurred in Dover Township (Berry and Haltmeier 
1997). In a case-control study, a population is delineated 
and cases of diseases arising in that population over a 
specified time period are identified. The exposure expe­
riences of the case group are compared to the exposure 
experiences of a sample group of non-diseased persons 
in the population from which the cases arose. The expo­
sure experiences that are more common among the dis­
eased cases may be considered possible risk factors for 
the disease (Rothman and Greenland 1998). 

The study is exploring multiple possible risk fac­
tors, including environmental exposures. ATSDR and 
NJDHSS have determined that completed human expo­
sure pathways to groundwater contaminants have 
occurred in the past through private and municipal water 
supplies in some parts of the Dover Township area com­
munity (ATSDR 2001a,b,c,d). Therefore, one of the 
environmental factors being evaluated is the past expo­
sure to certain previously contaminated drinking-water 
sources. 

To assist with the drinking-water exposure assess­
ment component of the epidemiologic study, ATSDR 
developed a water-distribution model using the 
EPANET 2 software (Rossman 2000) to reconstruct his­
torical patterns of water-supply distribution for the 
period January 1962 through December 1996. The key 
steps of this historical reconstruction analysis and the 
location in this report where these key steps are dis­
cussed are shown in flow-chart format in figure 2. 
Owing to the lack of pertinent historical information, 
particularly the availability of spatially and temporally 
distributed hydraulic and contaminant-specific data, the 
water-distribution model was first calibrated to accu­
rately represent present-day (1998) Dover Township 
area water-distribution system characteristics. Data uti­

4In this report some maps are shown in reduced size 
as figures in the text. However, all maps are pro­
vided as full-size plates under separate cover. 
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Figure 1.  Investigation area, Dover Township, Ocean County, New Jersey. 
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Figure 2.  Key steps in the historical reconstruction analysis. 

Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area, 
New Jersey: January 1962–December 1996 

6 



      

 

    

 

 

 

  

lized for this initial calibration were gathered during 
March and August 1998. The reliability of the calibrated 
model was tested by using the model to simulate the 
transport of barium through the water-distribution sys­
tem. Barium is a naturally occurring, dissolved, conser­
vative element. Simulated barium concentrations were 
compared to measured concentrations at 21 schools and 
6 points of entry to the water-distribution system deter­
mined in March and April 1996. Comparison of mea­
sured and simulated barium concentrations at the 21 
school locations showed a mean relative difference of 
13.6%, with the range of differences being 0.6% to 
25.6%. Additionally, comparison of the measured and 
simulated barium concentrations showed a geometric 
bias of 0.93, indicating a slight under prediction by the 
model (1.00 indicates perfect agreement), and a correla­
tion coefficient of 0.81, indicating a high agreement 
between measured concentrations and simulated values. 
A complete description of the field-data collection activ­
ities, model calibration, and reliability test results were 
described previously in an ATSDR report and technical 
article (Maslia et al. 2000a,b). 

In the second step of the historical reconstruction 
analysis, and the subject of this report, distribution-sys­
tem networks were derived from diverse data sources for 
the historical period of January 1962 through December 
1996 (Figure 2). Given the paucity of historical contam­
inant-specific concentration data during most of the 
period relevant to the epidemiologic study, ATSDR and 
NJDHSS decided that modeling efforts should concen­
trate on estimating the percentage of water that a study 
subject might have received from each point of entry 
(well or well fields) to the water-distribution system 
(Plate 2). Percentage contributions would be determined 
at monthly intervals during the historical period. This 
approach uses the concept of “proportionate contribu­
tion” described in Maslia et al. (2000a, p. 4) wherein at 
any given point in the distribution system, water may be 
derived from one or more sources in differing propor­
tions. The percentage or proportionate contribution of 
water to locations in the distribution system from points 
of entry then becomes a surrogate for exposure path­
ways and exposure intervals. This approach allows epi­
demiologists to more accurately assess the association 
between the occurrence of childhood cancers and expo­
sure to each of the sources of potable water entering the 
distribution system, including those known to have been 

historically contaminated. A literature review of epide­
miologic investigations relating water-supply contami­
nation with health effects is provided in Maslia et al. 
(2000a, p. 3). 

The configuration of the water-distribution system 
serving the Dover Township area (number of pipelines, 
wells, storage tanks, and high-service and booster 
pumps) during the historical period has changed each 
year (Table 1). For example, the 1962 water-distribution 
system served nearly 4,300 customers from a population 
of about 17,200 persons5 (Board of Public Utilities, 
State of New Jersey 1962) and was characterized for 
modeling by (Plate 3): 

• approximately 2,400 pipe segments ranging in 
diameter from 2 to 12 inches and comprising a 
total service length of 77 miles; 

• 3  groundwater extraction wells (2 well fields) 
with a rated capacity of 1,900 gallons per 
minute; 

• 1  elevated storage tank and standpipe with a 
combined rated storage capacity of 0.45 million 
gallons; and 

• total annual production of 359 million gallons 
that included the production of about 1.3 mil­
lion gallons per day during the peak-production 
month of May. 

By contrast, in 1996—the last year of the historical 
reconstruction period—the water-distribution system 
served nearly 44,000 customers from a population of 
about 89,300 persons (Board of Public Utilities, State of 
New Jersey 1996) and was characterized for modeling 
by (Plate 37): 

• more than 16,000 pipe segments ranging in 
diameter from 2 to 16 inches and comprising a 
total service length of 482 miles; 

5The number of customers refers to the number of 
water-utility connections for metering and billing 
purposes. All of the population was not necessarily 
serviced by the water utility; some of the population 
obtained their potable water from privately owned 
groundwater wells—see “Background” section of 
report for additional details. 
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• 20 groundwater extraction wells (8 well fields) 
with a rated capacity of 16,550 gpm; 

• 12 high-service or booster pumps; 

• 3  elevated and 6 ground-level storage tanks 
with a combined rated capacity of 7.35 Mgal; 
and 

• total annual production of 3,873 Mgal that 
included the production of about 13.9 MGD 
during the peak-production month of June. 

A summary of the configuration of the water-distri­
bution system serving the Dover Township area during 
the historical period is provided in Table 1. Some of the 
data listed in Table 1 are presented and discussed else­
where in this report in greater detail. For example, the 
number of pipeline segments and total pipeline miles are 
presented in Appendix A, and the number of groundwa­
ter wells, number of well fields, and the rated capacity 
of the groundwater wells are presented in Appendix B. 

Because this report is considered a companion doc­
ument to the analysis of the 1998 water-distribution sys­
tem serving the Dover Township area—previously 
described by Maslia et al. (2000a)—certain topics such 
as water-distribution system model development and 
data input requirements and terminology used by 
EPANET  2 will not be described or provided herein. 
Rather, these topics are thoroughly described and dis­
cussed in the earlier publication and the reader should 
refer to that report for details. The focus of the current 
report includes the following five aspects of the histori­
cal reconstruction analysis: (1) data sources and require­
ments, (2) methods of analysis, (3) simulation strategies, 
(4) selected simulation results, and (5) the use of sensi­
tivity analysis to address issues of uncertainty and vari­
ability of historical system operations. 

Because of the scientific complexity and length of 
this report, some readers may prefer a summary of the 
analyses presented herein. Accordingly, a “Summary of 
Findings” report (ATSDR 2001f) has been prepared and 
released by ATSDR. The summary report provides a 
simpler and less technical description of the historical 
reconstruction analysis. Because of the brevity of the 
“Summary of Findings” report, presentation of some 
topics, illustrations, and tables may have been modified 
slightly in comparison to those contained in this com­
prehensive report. However, all information and conclu­
sions provided in the “Summary of Findings” report are 
based solely on data and analyses contained herein. The 

“Summary of Findings” report is also available over the 
In t e rne t  a t  t he  ATSDR web  s i t e  a t  URL:  
www.atsdr.cdc.gov. 

BACKGROUND 

Contamination of groundwater resources in Dover 
Township, Ocean County, New Jersey, including public 
and private water-supply wells, was identified in the 
1960s (Toms River Chemical Corporation 1966) and 
subsequently documented in the 1970s (ATSDR 
2001a,b,c,d). Water-quality analyses, conducted since 
the mid-1980s, indicate that this contamination has gen­
erally consisted of volatile organic compounds such as 
trichloroethylene (TCE) and semi-volatile organic com­
pounds such as styrene-acrylonitrile (SAN) trimer 
(ATSDR 2001d). The reader is referred to the following 
reports for a description and analysis of contamination 
of groundwater resources in the Dover Township area: 
ATSDR (1988, 1989, 2001a,b,c,d), Malcolm Pirnie, Inc. 
(1992), Pinder, et al. (1992), and Sykes (1992, 1995, 
2000). The primary source of potable water for the area 
is groundwater and it is withdrawn primarily from the 
shallow Kirkwood-Cohansey aquifer. To a lesser degree, 
the deeper Piney Point and Potomac/Raritan/Magothy 
aquifers are also used as sources for groundwater 
(Maslia et al. 2000a, Table 1). Approximately 85% of 
current Dover Township area residents are served by a 
public water-supply system (as opposed to privately 
owned domestic wells). Based on public health assess­
ments conducted for the Dover Township area, ATSDR 
and NJDHSS have determined that completed human 
exposure pathways to groundwater contaminants have 
occurred through private and community water supplies 
(ATSDR 2001a,b,c,d). Therefore, an analysis of the 
potential for distribution of contaminants through the 
water-distribution system was deemed necessary as part 
of the exposure assessment component of the epidemio­
logical study. 

Because  t he  focus  o f  t he  ep idemio log i c  
investigation is on children, exposure at residential 
locations is deemed the most important exposure 
opportunity to investigate, although other exposure 
opportunities, such as at schools and other public 
facilities, may have occurred. Exposure to water sources 
that study subjects received (well or well fields) from 
the water-distribution system can be estimated using the 
results of the historical reconstruction of water-
distribution system operations and residential histories. 
Given the multiple number of wells and well fields in 
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the distribution system serving the Dover Township 
area, the ability to track the percentage of water 
originating from a well or well field was considered a 
useful analytical tool to help estimate exposure. For the 
current study, the EPANET 2 water-distribution system 
model was applied in a diagnostic mode to reconstruct 
historical water-distribution system operations. Prior to 
conducting the historical reconstruction analysis phase 
of the investigation, model simulation results were 
compared to spatially and temporally varying field 
measurements in order to better understand and quantify 
the reliability of model predictions. 

PREVIOUS INVESTIGATION 

During the earlier phase of this investigation (Fig­
ure 2), ATSDR and NJDHSS gathered synoptic, system-
wide hydraulic and operational data in March and 
August 1998 in order to characterize, as completely as 
possible, the water-distribution system under present-
day operating conditions. Results of these field-data col­
lection activities and the water-distribution system 
model calibration and testing are described in the report, 
“Analysis of the 1998 Water-Distribution System Serv­
ing the Dover Township Area, New Jersey: Field-Data 
Collection Activities and Water-Distribution System 
Modeling” (Maslia et al. 2000a). Specifically, this report 
describes the following activities: 

• Data gathered during field tests conducted in 
March and August 1998; 

• The development, calibration, and testing of the 
water-distribution system model (EPANET 2) 
for present-day (1998) conditions; 

• A  constituent-transport simulation of a natu­
rally occurring conservative element, barium, to 
further test the reliability of the model calibra­
tion; and 

• The simulation of the proportionate contribu­
tion of water from wells and well fields to vari­
ous locations throughout the distribution 
system under 1998 operating conditions. 

Results of these activities support the assertion that: 
(1) the model presented and described is calibrated and 
is an acceptable and reliable representation of the water-
distribution system operations during 1998, and (2) that 
constituent transport within the water-distribution sys­
tem is reasonably simulated by the calibrated model. A 

more concise technical summary of the analysis is also 
presented in Maslia et al. (2000b). 

DESCRIPTION OF THE PRESENT-DAY (1998) 
WATER-DISTRIBUTION SYSTEM 

The Dover Township area water-distribution system 
being analyzed has been operating since 1897 and is 
currently operated by United Water Toms River, Inc. 
(UWTR). It serves the residents of Dover Township, 
New Jersey, and communities outside of Dover Town­
ship including the borough of South Toms River and a 
portion of Berkeley Township (Figure 3, Plate 2). At the 
end of 1998, the water-distribution system served 
approximately 45,000 customers from a population of 
about 94,000 persons. The distribution system consists 
of (Board of Public Utilities, State of New Jersey 1998): 

• 488.2 miles (mi) of mains, ranging in diameter 
from 2 inches (in.) to 16 in.; 

• 3  elevated and 6 ground-level storage tanks 
with a total rated storage volume of 7.35 mil­
lion gallons (Mgal); 

• 23 municipal groundwater wells in 8 well fields 
with a total rated capacity of 27 million gallons 
per day (MGD) (18,750 gallons per minute 
[gpm]); and 

• 12 high-service or booster pumps. 

A list and description of the present-day water-dis­
tribution system storage tanks, wells, and high-service 
and booster pumps serving the Dover Township area is 
provided in Maslia et al. (2000a, Table 1). As presently 
configured, 9 wells discharge directly into the distribu­
tion system (wells 15, 20, 31-35, 38, 43); whereas, the 
remaining 14 wells (21, 22, 24, 26, 28, 29, 30, 37, 39, 
40, 41, 42, 44, 45) are used to fill storage tanks (such as 
the Parkway well field ground-level or the North Dover 
elevated). High-service and booster pumps are used to 
supply the distribution system with water from the stor­
age tanks. Not all extracted groundwater receives the 
same treatment. Components of the treatment system 
may include filters; aeration; and the addition of lime, 
chlorine, alum, or permanganate. The reason for this 
treatment is for filtration, pH control, or purification 
(Board of Public Utilities, State of New Jersey 1998). 
The type of water treatment and the reason for the treat­
ment by well and well field is listed in Table 2. 
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Figure 3.  Water-distribution system serving the Dover Township area, 
New Jersey, 1998 (modified from Maslia et al. 2000a). 
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  Table 2. Type of water treatment used by the 
present-day (1998) water-distribution system, 
Dover Township area, New Jersey 
[Data from Board of Public Utilities, 
State of New Jersey (1998)] 

Well or Well 
Field Name 

Well 
Number(s) 

Type of 
Treatment 

Reason for 
Treatment 

Holly 

Brookside 

South Toms 
River 

Indian Head 

Parkway 

Route 70 

Berkeley 

Windsor 

21, 30, 37	 

15, 43	 

32, 38 

20 

22, 24, 26, 
28, 29, 39, 
41, 42, 44, 
45 

31	 

33, 34, 35	 

40 

Filters 
Aeration 
Lime 
Chlorine 

Filters 
Aeration 
Lime 
Chlorine 

Lime 
Chlorine 

Lime 
Chlorine 

Aeration 
Lime 
Chlorine 

Lime 
Chlorine 

Lime 
Chlorine 

Aeration 
Lime 
Chlorine 
Alum 
Permanganate 

Filtration 
Filtration 
pH control 
Purification 

Filtration 
Filtration 
pH control 
Purification 

pH control 
Purification 

pH control 
Purification 

Purification 
pH control 
Purification 

pH control 
Purification 

pH control 
Purification 

Filtration 
Filtration 
Purification 
pH control 
Filtration 

Diurnal or 24-hour demand for water in the Dover 
Township area, as measured during the 1998 field-data 
collection activities, is characterized by two typical 
demand patterns. A minimum- or winter-demand pat­
tern, typical of data collected in March 1998 (Figure 
4A), generally occurs from November through mid-
May, and a maximum- or summer-demand pattern, typi­
cal of data collected in August 1998 (Figure 4B), gener­
ally occurs during the summer season from the end of 
May (Memorial Day) through September. The diurnal-

demand patterns obtained from the measured data in 
1998 (Figure 4) were used to characterize the historical 
diurnal-demand patterns for the historical reconstruction 
analysis. Total water production during the historical 
period was based on production information obtained 
from the Board of Public Utilities, State of New Jersey 
annual reports (1962–1996), NJDHSS data searches 
(Michael P. McLinden, written communication, August 
28, 1997), and water-utility databases (Flegal 1997). 

An average demand can be approximated by taking 
the mean of the minimum- and maximum-demand 
period data. Based on field data collected in March and 
August 1998 (Figure 4), the average demand is 11.7 
MGD; whereas, the average demand for October 1998 is 
11.8 MGD, based on data obtained from the Board of 
Public Utilities, State of New Jersey (1998). Similar 
computations using monthly water-production data 
obtained from the annual reports of the Board of Public 
Utilities, State of New Jersey (1962–1996) for every 
month of the historical reconstruction period indicate 
that October production consistently approximates the 
average yearly production. 

EXTERNAL EXPERT REVIEW 

Throughout this investigation, ATSDR has sought 
external expert input and review of this project. On 
November 14, 2000, ATSDR convened an external 
expert panel to review the approach used in conducting 
the historical reconstruction analysis and to provide 
input and recommendations on the preliminary model­
ing results (ATSDR 2001e). The panel was composed of 
experts with professional backgrounds from government 
and academia, as well as the private sector. Areas of 
expertise included numerical model development and 
simulation, hydraulic and water-quality analysis of 
water distribution systems, model calibration, and 
water-distribution system optimization. Panel members 
considered the modeling approaches—a manual adjust­
ment process which conforms as closely as possible to 
actual water-distribution system operations, and a 
Genetic Algorithm (GA) optimization approach. The 
experts indicated that these two approaches were techni­
cally sound given data limitations, and provided the fol­
lowing recommendations for enhancing the modeling 
approaches and historical reconstruction analysis 
(ATSDR 2001e): 
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Figure 4.  Diurnal water use for 1998: (A) winter-time demand, and (B) summer-time 
demand (modified from Maslia et al. 2000). 
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• To identify past demand, ATSDR investigators 
reconstructed the water-distribution system 
assuming that past demand was proportional to 
demand measured in 1998. Investigators should 
review data to ensure that distribution lines 
were not incorrectly assigned a demand during 
the reconstruction analysis and to identify 
major water users who may have initiated or 
terminated demand during the historical period; 

• ATSDR investigators assumed that wells oper­
ated on a 24-hour pumping pattern. Although 
other operating patterns were possible, this 
assumption was consistent with available infor­
mation that described the water-distribution 
system operations. Investigators should, how­
ever, consider how other on-and-off cycling 
patterns may affect water-distribution patterns; 

• The GA approach derived pumping patterns 
that allowed wells to operate at a fraction of 
their pumping capacities. Fractional pumping 
capacities were permitted to provide flexibility 
to the GA approach and to achieve balanced-
flow operating conditions. However, a well is 
either on or off. Therefore, investigators should 
relax the pressure and storage tank water-level 
requirements to increase simulation flexibility. 
If relaxing these constraints increases flexibil­
ity, investigators should reassess water-distribu­
tion system patterns using pumping capacities 
that more closely reflect the on-and-off cycling 
of wells; and 

• Panel members suggested that investigators 
conduct sensitivity analyses to determine if 
other possible operating patterns would result 
in vastly different water-distribution patterns. 
Sensitivity analyses could be conducted by: (1) 
applying the GA approach to water-distribution 
data collected in 1998 to evaluate whether 
predicted operating patterns match observed 
operating patterns, or (2) applying the GA 
approach to find an operating pattern as 
different as possible from the operating patterns 
used in the manual adjustment process and 

assessing resulting differences in water-
distribution patterns. 

The recommendations of the external expert panel 
were implemented as part of the historical reconstruc­
tion analysis effort. Results of these efforts are presented 
in conjunction with specific data needs, descriptions of 
the historical reconstruction simulations, and sensitivity 
analyses in the report sections that follow. 

SPECIFIC DATA NEEDS 

A simulation approach to the historical reconstruc­
tion of the water-distribution system in the Dover Town­
ship area required knowledge of the functional as well 
as the physical characteristics of the distribution system. 
Accordingly, six specific types of information were 
required: (1) pipeline and network configurations for the 
distribution system; (2) potable water-production data 
including information on the location, capacity, and 
time of operation of the groundwater production wells; 
(3) consumption or demand data at locations throughout 
the distribution system; (4) storage-tank capacities, ele­
vations, and water-level data; (5) high-service and 
booster pump characteristic curves; and (6) system-
operations information such as the on-and-off cycling 
schedule of wells and high-service and booster pumps, 
and the operational extremes of water levels in storage 
tanks. These data types are discussed in detail in this 
section of the report. 

DISTRIBUTION-SYSTEM NETWORK CONFIGURATIONS 

The spatial configuration of the distribution-system 
networks, pipeline characteristics, and in-service dates 
of groundwater wells and elevated and ground-level 
storage tanks were obtained from the water utility (Fle­
gal 1997) and the annual reports of the Board of Public 
Utilities, State of New Jersey (1962–1996). For the 
water-distribution system serving the Dover Township 
area, pipeline, groundwater-well, and storage-tank loca­
tions are shown on an annual basis for the historical 
period of 1962–96 on Plates 3 through 37. Selected 
examples of historical network configurations for 1962, 
1971, 1988, and 1996 are also presented in Figures 5 
through 8, respectively. 
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Figure 5.  Water-distribution system serving the Dover Township area, New Jersey, 1962.
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Figure 6.  Water-distribution system serving the Dover Township area, New Jersey, 1971. 
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Figure 7.  Water-distribution system serving the Dover Township area, New Jersey, 1988. 
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Figure 8.  Water-distribution system serving the Dover Township area, New Jersey, 1996.
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Pipeline characteristics such as the material type, 
the year installed, length of pipeline segments, and the 
range of diameters are listed in Appendix A, Tables A-1 
through A-35. Because the pipeline database did not 
specify the month of installation, an assumption was 
made that the in-service date for the pipelines was Janu­
ary 1 of the installation year as obtained from the water 
utility’s database. 

Spatial and temporal distributions of water-
distribution system facilities also are illustrated on 
Plates 3 through 37. Figures 5 through 8 assist in 
showing that the complexity of the system increased 
considerably over the time span of the historical period. 
The distribution system expanded from the south-central 
area of Dover Township along a northeasterly and 
northwesterly direction (compare Plates 3 and 7). In 
1962, the water-distribution system consisted of three 
wells and one storage tank and standpipe combination 
(Figure 5, Plate 3). As storage tanks and groundwater 
wells were added, these facilities were brought online to 
meet yearly maximum demand, which occurred from 
the end of May (Memorial Day) through September. For 
example: 

• the 1967 water-distribution system (Plate 8) 
shows the addition of well 20 (Indian Head) 
and the Indian Hill elevated storage tank; and 

• the 1971 water-distribution system (Figure 6, 
Plate 12) shows the addition of the Parkway 
well field that included wells 22, 23, 26, and 27, 
and the Parkway ground-level storage tank. 

Therefore, according to the water utility, these 
additional facilities would have been operational after 
the end of May 1967 and May 1971, respectively. 

To meet increasing demand in the Berkeley Town­
ship area, the Route 37 ground-level storage tank was 
added to the system in 1978 (Plate 19). To supply addi­
tional demand occurring in the northwestern area of 
Dover Township, well 31 (Route 70) was added to the 
system in 1980 (Plate 21). The Windsor ground-level 
storage tank was added in 1982 to meet the growing 
demand in the southeasternmost part of the distribution 
system (Plate 23). By 1986, customer growth and 
demand had increased substantially in the Berkeley 
Township area serviced by the water utility, and two 
additional supply wells, 33 and 34 (Berkeley) were 

added (Plate 27). In 1988, well 35 was added to the 
existing two wells serving the Berkeley Township area 
(Figure 7, Plate 29), and in 1991, well 40 (Windsor) was 
added to the system to meet increases in demand in the 
southeastern part of Dover Township. The last storage 
tank added to the water-distribution system during the 
historical period was the North Dover elevated-storage 
tank, and it was added in 1992 (Plate 33). Additional 
supply wells were added to the Parkway well field to 
meet increasing demand in 1993 (well 41, Plate 34) and 
1994 (well 42, Plate 35). For the last year of the histori­
cal period, 1996, the water-distribution system (Figure 
8, Plate 37) closely resembled the present-day system 
(1998) shown on Figure 3 (Plate 2). 

The pipeline data were carefully checked and qual­
ity assured. At some locations, duplicate pipeline seg­
ments were identified, and at other locations, a few 
pipeline segments were missing from the original data­
base provided by the water utility. At these locations, 
pipeline data for several years prior to and after the 
period of interest were compared in order to reconcile 
discrepancies. Such data discrepancies, however, gener­
ally accounted for less than 1% of all pipeline segments 
for any one historical year. 

The time distribution of total pipeline length by 
material type and customer served is shown in Figures 9 
and 10. The information shown in these figures are also 
listed in Appendix A. The distribution by year of pipe­
line material types (Figure 9) is shown as a percentage 
of total pipeline length. The graph shows that the distri­
bution system is composed of pipelines whose material 
types are primarily asbestos cement (AC) and plastic 
(PVC, PE, IPS). The percentage of pipeline segments 
constructed of other material types, such as cast iron, 
copper, ductile iron, or galvanized pipe, has historically 
ranged between 7% in 1962 to about 2% in 1996 of total 
pipeline segments. After 1980, an increase occurred in 
the use of plastic pipe with a corresponding decrease in 
the use of asbestos cement pipe. Year-by-year total pipe­
line length of the water-distribution system and the cor­
responding number of customers served are shown in 
Figure 10. The increase in pipeline length and customers 
served occurred at a nearly identical rate throughout the 
historical period. Thus, as the number of customers 
needing potable water increased from 1962 through 
1996, so did the length of the pipelines in the water-dis­
tribution system serving those customers. 
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Figure 9.  Percentage of network pipeline material type by year, Dover Township area, 
New Jersey, 1962–96. 

Figure 10.  Total network pipeline length and total customers served, Dover Township 

area, New Jersey, 1962–96.
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To  verify that pipelines located near the ends of the 
distribution network were in use and delivering water to 
customers (as opposed to being constructed in anticipa­
tion of future use), historical aerial photographs of the 
Dover Township area were obtained from the Ocean 
County, New Jersey, Planning Board (Scott M. Cadigan, 
written communication, December 4, 2000) and from 
IntraSearch, Inc. (Jerry T. Flickinger, written communi­
cation, July 11, 2001). Eight of the photographs shown 
in this report (Plates 38–45) are overlain with water 
pipelines and other features in the Dover Township area 
for 1963, 1965, 1968, 1972, and 1976. 

The aerial photographs reproduced on Plates 38 and 
39 show areas serviced by the water utility during 1963. 
The photographs were taken in June 1963 and show the 
central (Plate 38) and west-central (Plate 39) areas of 
Dover Township. Houses and buildings can be seen in 
the photographs along the water pipelines at the ends of 
the pipeline network. These photographs provided evi­
dence that, in 1963, the water-distribution system was 
servicing customers located near the ends of the net­
work pipelines. 

The aerial photographs reproduced on Plates 40 and 
41 show the areas serviced by the water utility during 
1965. The photographs, taken in April 1965, show the 
central area (Plate 40) and northeasternmost area (Plate 
41) of Dover Township. Houses and buildings can be 
seen along and near the ends of the water pipelines. 
Such associations provide additional photographic evi­
dence that the water-distribution system was servicing 
customers in 1965 located near the ends of the pipeline 
network. 

The aerial photograph reproduced on Plate 42 
shows the southwestern area of Dover Township ser­
viced by the water utility during 1968. Houses located 
next to the water pipelines can clearly be seen in the 
photograph, thereby providing additional photographic 
evidence that the water pipelines were servicing these 
residences in response to demand. 

An aerial photograph of the northern area of Dover 
Township, taken in April 1972, is reproduced on Plate 
43. Overlain on the photograph are water pipelines 
showing the northern extent of the pipeline network. 
Residential communities can clearly be seen in this area 
being serviced by the northern extremities of the pipe­
line network. 

Aerial photographs for the northeasternmost and 
western parts of Dover Township are reproduced on 
Plates 44 and 45, respectively, and are overlain with the 
1976 water pipelines. Residences and buildings can be 
clearly seen next to the water pipelines at the extremities 
of the pipeline network, again providing photographic 
evidence that customers near the ends of the pipeline 
network were being serviced by the water utility. Fur­
thermore, the photographs reproduced on Plates 44 and 
45 show residences and buildings located beyond the 
extent of the 1976 pipeline network. Plates 44 and 45 
provided photographic evidence that demand for water 
existed in these locations prior to the extension of the 
pipeline network to service customers. After reviewing 
aerial photographs like the ones reproduced on Plates 38 
through 45, and following discussions with water-utility 
managers, ATSDR investigators concluded that the net­
work of water pipelines was expanded based upon exist­
ing demand, rather than constructing water pipelines in 
anticipation of demand. Thus, for the historical recon­
struction analysis, it was assumed that all pipeline seg­
ments at the extremities of the water-distribution system 
were delivering water to customers to meet demand. 

PRODUCTION DATA 

Water-production data—volumes produced and 
hours of operation for groundwater wells—were gath­
ered, aggregated, and analyzed for each well for every 
month of the historical period (420 months), and these 
data are listed in Appendix B (Tables B-1 through B­
35). Production data were obtained from the water util­
ity (Flegal 1997), annual reports of the Board of Public 
Utilities, State of New Jersey, (1962–1996), and 
NJDHSS (Michael P. McLinden, written communica­
tion, August 28, 1997). Well-production volumes were 
measured using in-line flow meters at water-supply 
wells (George J. Flegal, Manager, United Water Toms 
River, Inc., oral communication, August 28, 2001). Also 
listed in Tables B-1 through B-35 are well-identification 
numbers, the rated capacity of wells, the gallons of 
water the wells produced each month of the year, and 
the average number of hours each day a well operated. 
To  determine the average number of hours each day a 
well operated, the following formula was used: 

----------------------------------------
Q P 

T = (1)avg (C × T × T d)w m 

where: 
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T =  average time a well was operated, in avg 
hours per day; 

QP = production of water, in gallons per 
month; 

Cw = rated capacity of the well, in gallons per 
minute; 

Tm = number of minutes per hour (60); and 

Td = number of days per month (28, 29, 30, or 
31). 

For each well listed in the tables in Appendix B, the 
top row provides the reported gallons of water produced 
for a particular month and the bottom row indicates the 
average number of hours each day a well operated for 
the particular month, determined by applying Equation 
(1). The estimation of the average hours per day that a 
well was operated ( Tavg ) was based on the assumption 
that the well operated at its rated capacity. 

Upon reviewing the data in Appendix B, the mini­
mum production month is typically February, the aver­
age (or mean) production month is typically October, 
and the maximum (or peak) production month is either 
May, June, July, or August. Figure 11 is a graphical 
summary of the production data in Appendix B for each 
year of the historical period (1962–96). The graph 
shows the minimum, mean, and maximum production 
for each year as a series of bars. The production values 
shown on the graph were derived by dividing the 
monthly production data (Tables B-1 through B-35) by 
the number of days in the month in which the minimum, 
mean, or maximum production occurred. For example, 
total water-distribution-system production for February 
1964 was 30,432,000 gal of water (Table B-3). Dividing 
the production by 29 (the number of days in the month 
for February 1964) provides a value of 1.0 Mgal which 
is the value of the minimum-value bar for 1964 in Fig­
ure 11. Minimum and mean production values generally 
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show increases of similar rates throughout the historical 
period. However, the maximum production for certain 
years peaks or “spikes” noticeably throughout the his­
torical period (for example, 1971, 1980, 1988, and 
1995), as shown on Figure 11. 

Monthly production data also can be represented 
graphically as shown in a three-dimensional plot (Figure 
12). Referring to this plot, the x-axis is the year (1962– 
96), the y-axis is the month (January–December), and 
the z-axis is the total monthly production in million gal­
lons. Maximum production of water is shown to occur 
in the months of May, June, July, or August. In addition, 
considerable production increases are shown to have 
occurred in 1971, 1988, and 1995. These years are char­
acterized on the plot by sharp peaks. The graph also 
shows that a small peak occurred in November 1989 
when production for the month increased substantially 
(see Table B-28). 

As previously discussed, the rated capacity of the 
groundwater wells that historically were used for pro­
duction was required to compute the average number of 
hours each day a well operated (Equation [1]). The rated 
capacity for each well that historically was part of the 
water-distribution system is also listed in Tables B-1 
through B-35. These data are summarized in Figure 13 
as a series of bars, with each bar representing the total 
rated capacity of all wells in the water-distribution sys­
tem for each year of the historical period. 

Data listed in the tables of Appendix B are grouped 
by well number and well field or points of entry to the 
water-distribution system (for example, Holly wells, 
Parkway wells, Berkeley wells). Using production data 
in Tables B-1 through B-35, the percentage of water pro­
duced by each well field (or individual well such as well 
15 (Brookside), well 20 (Indian Head), well 31 (Route 
70), Silver Bay well, and Anchorage well) relative to the 
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See Appendix B for capacity data on individual wells 

1962 1965 1970 1975 1980 1985 1990 1995 

total production of water for each year of the historical 
period was computed. The percentage of production is 
shown in Figure 14 as a series of pie charts, with each 
pie chart representing the total production in million 
gallons for each year of the historical period. The size of 
the individual pie chart is proportional to the total 
annual production. The different slices of a pie chart 
represent the percentage of water produced by a well or 
well field for a given year. Using information in Figure 
14, relative changes over time in the production of water 
from all well and well fields to the water-distribution 
system can be determined. For example: 

• 1962—The total production of water was 359 
Mgal.  The Brookside well (15) produced about 
70% of the total production and the Holly well 
field (wells 13 and 14—see Table B-1) pro­
duced the remaining 30% of the water. 

• 1971—The total production of water was 1,449 
Mgal.  The Holly well field (wells 14, 16, 18, 
19, and 21—see Table B-10) produced about 
50% of the total production, the Brookside well 

Figure 13.  Groundwater-well capacity, Dover Township area, New Jersey, 1962–96. 

(15) produced about 20%, and the remaining 
30% of the total production was evenly distrib­
uted between the South Toms River well (17), 
the Indian Head well (20), the Parkway wells 
(22, 23, 26, and 27), the Silver Bay well, and 
the Anchorage well. 

• 1988—The total production of water was 3,441 
Mgal. The Parkway wells (22, 23, 24, 26, 28, 
and 29—see Table B-27) produced about 30% 
of the total production, the Berkeley wells (33, 
34, and 35) produced about 30%, the Holly 
wells (21 and 30) produced about 20%, the 
Route 70 well (31) produced about 10%, and 
the remaining 10% of total production was pro­
duced by the Brookside well (15), the South 
Toms River wells (32 and 38), and the Indian 
Head well (20). 

• 1995—The total production of water was 3,985 
Mgal. The Parkway wells (22, 24, 26,28, 29, 
39,41, and 42—see Table B-35) produced 
about 35% of the total production, the Berkeley 
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359 436 529 573 670 722 960 

1962 1963 1964 1965 1966 1967 1968 

1,152 1,176 1,449 1,625 1,780 1,859 1,854 

1969 1970 1971 1972 1973 1974 1975 

2,195 2,280 2,191 2,266 2,482 2,364 2,433 

1976 1977 1978 1979 1980 1981 1982 

2,703 2,764 2,836 3,043 3,166 3,441 3,372 

1983 1984 1985 1986 1987 1988 1989 

3,262 3,410 3,395 3,706 3,742 3,985 3,873 

1990 1991 1992 1993 1994 1995 1996 

3,395 Production, in million gallons 

Silver Bay Holly 
Greater than 3,000 Anchorage Brookside (15) Name is well or well field. Num­

2,000 to 3,000 ber in parenthesis is individual 
well number. Anchorage and Windsor South Toms River 1,000 to 2,000 Silver Bay wells not assigned a 
number by water utility. See text Less than 1,000 Berkeley Indian Head (20) for information on specific wells 
in operation 

Route 70 (31) Parkway 

1992 Year of production 

Figure 14.  Annual production of water by well or well field, Dover Township area, New Jersey, 1962–96. 
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wells (33, 34, and 35) produced about 30%, the 
Holly wells (21, 30, and 37) produced about 
10%, the Route 70 well (31) produced about 
10%, and the remaining 15% of total produc­
tion was produced by the Brookside well (15), 
the South Toms River wells (32 and 38), the 
Indian Head well (20), and the Windsor well 
(40). 

The percentage of the total annual production of 
water listed in these examples was estimated by inspec­
tion of the pie charts in Figure 14. For a more precise 
derivation of the percentage of production of water by 
well or well field, readers should refer to the production 
data listed in Tables B-1 through B-35 and compute the 
percentages using these data. 

ESTIMATION AND DISTRIBUTION OF HISTORICAL 

CONSUMPTION 

For the purpose of the historical reconstruction 
analysis, the total monthly well production described 
previously (Tables B-1 through B-35) is considered also 
to represent total water consumption6. Water-consump­
tion data applied to the EPANET 2 model, however, are 
not total consumption data, but a component or frac­
tional part of total consumption at each pipeline junction 
or node of the pipeline network7. Each pipeline node 
represents a demand point within the pipeline network8. 
The sum of the component demands applied at each 
pipeline node for each of the 420 months of the histori­
cal period equals the total production for that month. A 
total of 2,272 nodes were used to represent the pipeline 

6In a water-distribution system, consumption should 
equal production if there are no losses through 
leaks, pipe breaks, or non-metered consumption. 
The water utility estimated that annual losses in the 
UWTR system were less than 10% of total produc­
tion (ATSDR 1999, p. 31). For the purpose of the 
historical reconstruction analysis, and the intended 
use of model simulations, these losses were consid­
ered negligible. 

7The EPANET 2 model uses the “Node-Link” con­
cept to represent pipeline junctions and segments 
associated with a pipeline network. In EPANET 2 
terminology, pipeline junctions or model nodes are 
used to represent the end points of a section of pipe­
line and a link is used to represent the length of a 
pipeline section. 

network in 1962 (Table A-1). By 1996, the number of 
nodes needed to represent the pipeline network had 
increased to 14,965 (Table A-35). A unique feature of 
the historical reconstruction analysis is the methods and 
approaches developed to spatially distribute a compo­
nent of total monthly production to these nodes9. These 
methods and approaches are described in the following 
pages. 

Data for historical consumption necessary for simu­
lation consisted of two components—monthly volumes 
(quantity) and spatial distribution (location). Metered 
consumption data (quantity and location), obtained from 
the water utility, were available solely for the present-
day (1998) water-distribution system on a quarterly 
basis for October 1997 through April 1998 (Maslia et al. 
2000a, p. 34). Details of the allocation of 1997–98 
metered consumption to model nodes are described in 
the aforementioned report. The spatial distribution of 
demand at pipeline junctions for the 1998 pipeline net­
work is shown on Plate 7 of Maslia et al. (2000a). Val­
ues of metered consumption for the 1998 water-
distribution system assigned to individual nodes ranged 
from 0.001 gpm to about 9.0 gpm with a mean of about 

8In some water-distribution system analyses, the 
terms consumption and demand are used inter­
changeably. In this report, however, consumption 
will refer to those data derived from direct metering 
of either groundwater production or customer usage 
of water. Demand will refer to the fractional com­
ponent of consumption that is applied to the 
EPANET 2 model at pipeline node locations. 

9Each node in the pipeline network is not necessarily 
assigned a demand value that is derived from water-
distribution system production. Some nodes do not 
have an associated demand value because of their 
location in the pipeline network (zero-demand 
value assigned in EPANET 2). Other nodes are used 
to represent groundwater-well production and sup­
ply to the water-distribution system (negative-
demand value assigned in EPANET 2). For the 35 
annual pipeline networks used for the historical 
reconstruction analysis (Plates 3 through 37), the 
percentage of positive-demand nodes (those nodes 
to which a component of monthly consumption was 
spatially distributed) relative to the total number of 
nodes in the pipeline network was about 90%. 
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0.4 gpm. To complete the historical reconstruction anal­
ysis, the demand at each node for each of the 420 
months of the historical period (1962–96) was required. 
With the exception of the present-day (1998) system, 
metered data or any other type of demand-point con­
sumption were unavailable. Therefore, some method of 
estimating both the volume and the spatial distribution 
of consumption for each historical pipeline network on a 
monthly basis was required. 

Estimation of Historical Consumption 

A hypothetical present-day distribution-system net­
work is shown in Figure 15. The total production or sup­
ply to the system (QP) is known, and data describing 
total consumption and its allocation throughout the dis-
tribution-system network (point-demand values at pipe­
line nodes) are available from billing records and field 
observations. That total production must equal total con­
sumption is also a requirement of the water-distribution 
system and, for this example, is assigned at a rate of 10 
gpm. Therefore, the following conditions must apply: 

Q = 10 P 

NNP 
Q = D	 ∑ (2)q = 10i 

i=1 

∴Q ≈ QD P 

where: 

QP = total well production (obtained from well 
production data) ,  in  gal lons per  
minute, 

qi  =        demand at node i (estimated from 
metered billing records), in gallons per 
minute, 

QD =        total of nodal (customer) demand, in 
gallons per minute, 

NNP =        total number of demand nodes in the 
present-day network. 

A hypothetical historical distribution-system net­
work (Network (A)) is shown in Figure 16. A compari­
son of the historical Network (A) with the present-day 
network (Figures 15 and 16) indicates that the historical 
network has fewer pipelines and nodes than the present-
day network. Total production (QP) for the historical 
Network (A) is known and is assigned at 7.5 gpm (Fig­
ure 16). Accordingly, total production, and thus total 
demand for the historical network, are known. What 
must be estimated are the demand-point values at the 
historical network nodes. In Figure 16, the top number 
at each of the nodes is the present-day point demand 
(compare Figure 16 with Figure 15). Note, that the sum 
of the present-day demand values using the remaining 
nodes of historical Network (A) is 8.2 gpm (top num­
bers in Figure 16). To estimate the historical demand 
(bottom numbers at the nodes in Figure 16) consider the 
following: 

Qp 

1.0 0.2 0.1 0.1 0.1 10.0 

0.2 0.1 0.1 0.1 0.1 

0.2 0.1 0.1 0.1 0.1 

0.2 0.1 0.1 0.1 0.1 

1.0 0.2 0.1 0.1 0.1 0.2 

1.0 

1.0 0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

1.0 

Qp 

10.0 

EXPLANATION 

Demand node—Number 
is demand, in gallons per 
minute. In EPANET 2,

 demand assigned as
 positive value 

Production (supply) node—
 Number is production, 
in gallons per minute. 
In EPANET 2, production

 assigned as negative value 

Figure 15.  Hypothetical present-day network with spatial distribution of demand and production. 
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Qp 
7.50.2 

0.18	 0.1 
0.09 1.0 

0.910.1 
0.09 

0.1 
0.09 

Qp 
7.5 

1.0 
0.91 

1.0 
0.91 

1.0 
0.92 

1.0 
0.92 

0.2 
0.18 

0.1 
0.09 

0.1 
0.09 

0.1 
0.09 

0.2 
0.18 

0.5 
0.46 

0.5 
0.46 

0.5 
0.46 

0.5 
0.46 

0.5 
0.46 

0.5 
0.46 

EXPLANATION 

Demand node—Number is 
demand, in gallons per minute. 
Top number, hypothetical 
present-day network. Bottom 
number, revised hypothetical 
historical network. In EPANET 2, 
demand assigned as positive 
value 

Production (supply) node—
 Number is production, 
in gallons per minute. 
In EPANET 2, production

 assigned as negative value 

Figure 16.  Historical Network (A) with spatial distribution of demand and production. 

Q	 = 7.5PA 

NNA (3) 

Q = ∑ q  = 8.2D	 i (present-day) 
i=1 

where: 

QP = well production for historical Network 
A 

(A), in gallons per minute, and 

NNA = total number of demand nodes in histori­
cal Network (A).
 

However, the sum of the nodal demands (QD) for 

historical Network (A) must equal the production ( QP ) 
A 

for Network (A). Therefore, the present-day nodal 

demands (top numbers in Figure 16) are reduced in 

value by the ratio of the historical Network (A) produc­

tion to the remaining present-day nodal demands 

(Q ⁄ Q = 7.5 ⁄ 8.2 ), or:P D A	 

q = q × (7.5 ⁄ 8.2)i i(present-day) A 

NNA (4) 

Q	 = ∑ q ≈  7.5D iA A (historical) 
i=1 

where: 

q = historical demand at node i  for Network iA (A) in gallons per minute, and 

Q = total historical nodal (customer) demandDA for Network (A), in gallons per minute. 

The estimated nodal values of demand for historical 
Network (A) are shown in Figure 16 (bottom numbers at 
each node). The sum of all point demands at these nodes 
is now equal to the historical production of 7.5 gpm. It 
should be noted, that because of numerical rounding, 
some minor adjustments were made to individual nodal 
values after multiplying by the ratio of (7.5/8.2) so that 
the sum of all the nodal demand values exactly equaled 
the production of 7.5 gpm. 

An alternative historical distribution-system net­
work, hypothetical Network (B) is shown in Figure 17, 
which, for these purposes, is assumed to have existed 
prior to historical Network (A). Comparison of histori­
cal Network (B) with historical Network (A) (Figures 17 
and 16, respectively) indicates that Network (B) con­
tains fewer pipelines and fewer nodes than Network (A). 
To  estimate the consumption, the same procedure 
described previously is applied, except that historical 
Network (B) is used. Note that in the estimation proce­
dure, for each historical network (whether hypothetical 
or actual), the initial demand values at the nodes (prior 
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Qp 

1.0 
0.78 

5.0 

1.0 0.1 0.1 0.2 
0.78 0.08 0.08 0.16 

1.0 0.5 0.5 
0.78 0.39 0.39 

1.0 0.5 0.5 
0.78 0.39 0.39 

1.0 
0.78 

Qp 

5.0 

EXPLANATION 

Demand node—Number is 
demand, in gallons per minute. 
Top number, hypothetical 
present-day network. Bottom 
number, revised hypothetical 
historical network. In EPANET 2, 
demand assigned as positive 
value 

Production (supply) node—
 Number is production, 
in gallons per minute. 
In EPANET 2, production

 assigned as negative value 

Figure 17.  Historical Network (B) with spatial distribution of demand and production. 

to modification) are always the ones associated with the 
present-day system (Figure 15). This condition is 
applied because present-day demands were the only 
available measured (or metered) demand values. Apply-
ing the demand estimation procedure described previ­
ously to Network (B), the total well production (QP) is 
assigned as 5.0 gpm. In Figure 17, the top number at
 
each of the nodes is the original hypothetical present-
day nodal demand (Figure 15). Note, that the sum of the 
present-day demand values using the remaining nodes 
of historical Network (B) is 6.4 gpm (top numbers at the 
nodes in Figure 17). To estimate the historical demand 
(bottom numbers at the nodes in Figure 17) consider the 
following: 

Q	 = 5.0 PB	 

NNB (5) 

Q = ∑ q  = 6.4D	 i (present-day) 
i=1 

where: 

Q = well production for Net-work (B), in PB gallons per minute, and 

NNB = total number of demand nodes in histori-
cal Network (B). 

However, the sum of the nodal demands (QD) for 

historical Network (B) must equal the well production 

( 	  QP )   for Network (B). Therefore, the present-day 
B

nodal demands (top numbers in Figure 17) are reduced

in value by the ratio of the historical production to the 

r ema in ing  p r e sen t -day  noda l  demands

(Q ⁄ Q = 5.0 ⁄ 6.4 ), or:
P D B

q = q × (5.0 ⁄ 6.4)i i(present-day) B 

NNB (6) 

Q	 = ∑ q ≈  5.0D iB B (historical) 
i=1 

where: 

q = historical demand at node i  for Network iB (B) in gallons per minute, and 

Q = historical nodal (customer) demand forDB Network (B), in gallons per minute. 

The revised nodal values of demand for Network 
(B) are the bottom numbers at each node, shown in Fig­
ure 17. The sum of these nodes is now equal to the his-

Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area, 
New Jersey: January 1962–December 1996 

30 



torical production of 5.0 gpm. Because of numerical 
rounding, some minor adjustments were made to indi­
vidual nodal values after multiplying by the ratio of 
(5.0/6.4) so that the sum of all the nodal demand values 
exactly equaled the production of 5.0 gpm. The estima­
tion procedure described above and exemplified using 
Network (A) and Network (B) was applied to each his­
torical distribution-system network for the Dover Town­
ship area (Plates 3–37) to derive demand-point values of 
consumption at pipeline nodes for each of the 420 
months of the historical period (1962–96). 

Distribution of Historical Consumption 

The procedure for estimating the nodal distribution 
of consumption presented above assures that flow bal­
ance is preserved (that is, input equals output or total 
groundwater-well production equals total customer 
demand). However, underlying this method is the criti­
cal assumption that the spatial distribution of nodal 
demand for any historical pipeline network will be pro­
portional to, if not the same as, the distribution of 
demand for the present-day (1998) network. Such an 
assumption does not account for changes in land-use 
patterns during the historical period. Accordingly, if a 
certain area of town in 1998 was designated residential 
in terms of water demand, and if that area of town was 
serviced by the historical water-distribution system, 
would the historical pattern also have been residential, 
or would the historical demand for water have been 
characterized by a different land-use pattern, such as 
industrial or rural? As previously discussed, the histori­
cal distribution of consumption was unknown. There­
fore, an additional analysis was required to establish the 
validity of the assumption that land-use patterns, and 
thus demand for water for a particular area or for a par­
ticular group of pipeline nodes, did not change signifi­
cantly over time in the Dover Township area. 

A review of land-use classification and related land-
use data is a reasonable method of classifying water-
demand patterns over time. If land-use classification for 
a particular area changed historically (for example, from 
residential to industrial), then the water demand and the 
distribution of water demand would probably reflect that 
change. Historical land-use classification and zoning 
maps for Dover Township were readily available for the 
period 1957 to 1999. 

A search for land-use classification and zoning 
maps by the staff of Eastern Research Group, Inc. 
(Leonard Young, written communication, March 21 and 
April 23, 2001) resulted in ATSDR obtaining land-use 
classification and zoning maps for Dover Township for 
the following years: 1957, 1967, 1978, 1990, and 1999. 
These land-use classification and zoning maps were spe­
cifically for Dover Township proper and did not include 
areas outside of Dover Township serviced by the water 
utility (for example, areas of Berkeley Township and the 
Borough of South Toms River; see Plate 2). However, 
because the areas outside of Dover Township proper ser­
viced by the water utility constitute a relatively small 
percentage of the overall pipeline network, omitting 
these areas from consideration (owing to lack of data) 
did not compromise the analysis. 

A total of eight classifications of land-use or zoning 
types that historically characterized Dover Township 
were portrayed on the specified maps: (1) central busi­
ness district; (2) highway business; (3) hospital-medical 
service; (4) industrial; (5) office; (6) planned retirement 
community; (7) residential; and (8) rural (Table 3; Plates 
46–51). In order to determine land use for each positive-
demand node during the historical period, a land-use 
classification associated with a particular land-use map 
was assigned to each demand node based on its location 
along the pipeline network. Once this was accom­
plished, a comparative analysis was conducted between 
the present-day (1998) system (for which both metered 
consumption and land-use classification data were avail­
able) and the historical pipeline networks to determine if 
the land-use classification at demand nodes during the 
historical period remained consistent or changed signifi­
cantly. The pipeline networks and land-use classification 
and zoning map associations used in this analysis are 
listed below: 

• Present-day (1998) pipeline network: 1999 
land-use classification and zoning map; 

• 1996 pipeline network (last year of the histori­
cal reconstruction analysis): 1999 land-use 
classification and zoning map; 

• 1990 pipeline network: 1990 land-use classifi­
cation and zoning map; 

• 1978 pipeline network: 1978 land-use classifi­
cation and zoning map; 
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• 1967 pipeline network: 1967 land-use classifi­
cation and zoning map; and 

• 1962 pipeline network (first year of the histori­
cal reconstruction analysis): 1957 land-use 
classification and zoning map. 

The association between pipeline nodes and land-
use classification could be firmly established for 1998 
conditions and, thus, provided a present-day condition 
to which the other historical pipeline networks and 
related land-use map classifications were compared. 

The land-use maps were digitized in order to create 
databases suitable for analyses using a geographic infor­
mation system (GIS). Using these digital databases, 
land-use and zoning classifications were assigned to 
specific polygons or areas of land in Dover Township 
using the GIS. For each year that land-use classification 
and zoning maps were available, a spatial digital data­
base of demand nodes and related land-use classifica­
tions was created. A spatial analysis technique known as 
a “spatial join”10 was then applied to each database to 
assign all pipeline nodes a specific land-use classifica­
tion. In the spatial join operation, any positive-demand 
node that fell completely within a particular land-use 
classification area, or polygon, was assigned the poly­
gon’s land-use classification attribute. This procedure 
was used for each of the land-use and associated pipe­
line networks described above. Results of this part of the 
analysis are presented as a series of maps (Plates 46–51) 
that show the areal distribution of land-use classification 
assigned to pipeline nodes for the years 1998, 1990, 
1978, 1967, and 1962, respectively. Each positive 
demand node displayed on the maps is assigned a color 
based on one of the eight previously specified land-use 
classifications. The three predominate land-use classifi­
cations that consistently appear are “Residential,” 
“Planned Retirement Community,” and “Highway Busi­
ness.” A qualitative assessment Plates 46 through 51 
indicates that the spatial distribution of land use is 
highly consistent or nearly consistent throughout the 
historical period. To quantify this observation, a com­
parative analysis was undertaken using the positive-
demand nodes displayed on Plates 46 through 51. 

10A spatial join is defined as the merging of records 
and attributes for unrelated yet overlapping data­
bases (Clarke 1999). 

To conduct the comparative analysis, the total num­
ber of positive-demand nodes in the 1998 network 
within the boundaries of Dover Township was deter­
mined and demand statistics were computed (total, max­
imum, and minimum). Results of this analysis are 
presented in Table 3. Next, through the use of the GIS 
querying function, the number of positive-demand 
nodes and demand statistics for each of the eight land-
use classifications was determined for the 1998 distribu­
tion-system network. In Table 3, the sum of the nodes 
(in the “Number of nodes” row) for all land-use classifi­
cations equals the number of nodes listed under the 
“Total Network” heading, and the sum of demand (in 
the “Total demand, gpm” row) for all land-use classifi­
cations equals the demand under the “Total Network” 
heading. Values in the “Percent nodes” row for the 1998 
network were computed using the following formula: 

NLUi, 98= ----------------------- × 100% (7)%LUi 98 	 NN, 
98 

where: 

%LU = the percentage of positive-demand i, 98 
nodes  fo r  t he  i t h  l and -use  
classification in 1998 (i = 1, ..., 8), 

N = the total number of positive-demand LUi, 98 nodes  fo r  t he  i t h  l and -use  
classification, in 1998, and 

NN98 =	 total number of positive-demand
 
nodes in the 1998 pipeline network
 
that occurred within the boundaries of
 
Dover Township.
 

Values in the “Percent demand” row for the 1998 
network were computed using the following formula: 

where: 
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%D = the percentage of positive-demand 
i,98 

nodes  fo r  t he  i t h  l and -use  
classification in 1998 (i = 1, ..., 8), 

D = demand, in gallons per minute, for LUi 9, 8 nodes assigned the i th  land-use 
classification, summed for the total 
number of positive-demand nodes (j = 
1,  . . . ,  N i , 98)  in  the i th  land-use 
classification in 1998, 

D98 = demand, in gallons per minute, in the 
1998 pipeline network summed for the 
total number of positive-demand 
nodes (NN98) that occurred within the 
boundaries of Dover Township, and 

Ni, 98 =	 the total number of positive-demand 
nodes assigned the i th  land-use 
classification in 1998 that occurred 
within the boundaries  of  Dover  
Township. 

The values in the “Percent nodes” and the “Percent 
demand” rows thus computed for the 1998 pipeline 
network, were used as the basis for comparison when 
similar computations were applied to specified historical 
networks. Note, that these values and the related 
percentages refer only to that portion of the 1998 
network that existed within the political boundaries of 
Dover Township. 

In Table 3, nodes assigned a land-use classification 
of “Residential” in 1998 account for 80% of the posi­
tive-demand nodes and 82% of the total demand; nodes 
assigned a land-use classification of “Planned Retire­
ment Community” account for about 9% of the positive-
demand nodes and about 8% of total demand; nodes 
assigned a land-use classification of “Highway-Busi­
ness” account for about 5% of the positive-demand 
nodes and about 5% of total demand. Thus, three land-
use classifications account for about 94% of the posi­
tive-demand nodes assigned to the 1998 pipeline net­
work and about 95% of the total network demand. This 
finding is consistent with observations from Plate 46 
that portray the areal distribution of positive-demand 
nodes for the 1998 water-distribution system. 

Table 3.  Land-use classification analysis for present-day (1998) and historical pipeline networks, 

Dover Township, New Jersey 1 

[gpm, gallons per minute; — not applicable] 

Network 
Total 

Central 
Business 
District 

Highway 
Business 

Hospital-
Medical 
Service 

Industrial Office 
Planned 

Retirement 
Community 

Residential Rural 

1998 (Present-Day) Network2 

Number of nodes3 9,595 27 505 4 63 144 838 7697 317 

Total demand, gpm 4,048.0 8.7 190.2 0.5 22.1 53.5 311.8 3,319.0 142.3 

Maximum demand, gpm 9.0 1.2 9.0 0.2 1.2 3.2 1.6 6.1 6.0 

Minimum demand, gpm 0.001 0.01 0.003 0.02 0.004 0.01 0.01 0.001 0.01 

Percent nodes4 — 0.3 5.3 0.0 0.7 1.5 8.7 80.2 3.3 

Percent demand5 — 0.2 4.7 0.0 0.6 1.3 7.7 82.0 3.5 

1996 Network6 

Number of nodes3 9,582 27 505 4 63 144 826 7,696 317 

Total demand, gpm 4,042.2 8.7 190.2 0.5 22.1 53.5 307.0 3,317.9 142.3 

Maximum demand, gpm 9.0 1.2 9.0 0.2 1.2 3.2 1.6 6.1 6.0 

Minimum demand, gpm 0.001 0.01 0.003 0.02 0.01 0.01 0.01 0.001 0.01 

Percent nodes7 99.9 0.3 5.3 0.0 0.7 1.5 8.6 80.3 3.3 

Percent demand8 99.9 0.2 4.7 0.0 0.6 1.3 7.6 82.1 3.5 
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 Table 3. Land-use classification analysis for present-day (1998) and historical pipeline networks, 

Dover Township, New Jersey—Continued1 

[gpm, gallons per minute; — not applicable] 

Network 
Total 

Central 
Business 
District 

Highway 
Business 

Hospital-
Medical 
Service 

Industrial Office 
Planned 

Retirement 
Community 

Residential Rural 

Number of nodes3 

Total demand, gpm 

Maximum demand, gpm 

Minimum demand, gpm 

Percent nodes7 

Percent demand8 

Number of nodes3 

Total demand, gpm 

Maximum demand, gpm 

Minimum demand, gpm 

Percent nodes7 

Percent demand8 

Number of nodes3 

Total demand, gpm 

Maximum demand, gpm 

Minimum demand, gpm 

Percent nodes7 

Percent demand8 

Number of nodes3 

Total demand, gpm 

Maximum demand, gpm 

Minimum demand, gpm 

Percent nodes7 

Percent demand8 

8,619 

3,714.6 

6.1 

0.001 

89.8 

91.8 

5,928 

2,512.8 

6.1 

0.003 

61.8 

62.1 

3,169 

1,346.5 

3.7 

0.003 

33.0 

33.3 

1,688 

711.9 

2.9 

0.01 

17.6 

17.6 

26 

8.6 

1.2 

0.01 

0.3 

0.2 

105 

49.5 

1.7 

0.2 

1.8 

2.0 

97 

38.8 

1.7 

0.1 

3.1 

2.9 

65 

27.0 

1.7 

0.01 

3.9 

3.8 

476 

164.7 

5.8 

0.003 

5.5 

4.4 

291 

89.2 

3.7 

0.01 

4.9 

3.6 

172 

52.8 

3.7 

0.003 

5.4 

3.9 

102 

29.4 

2.2 

0.01 

6.0 

4.1 

1990 Network9 

4 56 

0.5 18.3 

0.2 1.5 

0.02 0.002 

0.1 0.7 

0.0 0.5 

1978 Network10 

7 82 

2.7 29.7 

1.1 1.5 

0.02 0.1 

0.1 1.4 

0.1 1.2 

1967 Network11 

12 — 52 
12 — 22.6 
12 — 1.6 
12 — 0.01 
12 — 1.6 
12 — 1.7 

1962 Network13 

12 — 115 
12 — 50.6 
12 — 0.4 
12 — 0.01 
12 — 6.8 
12 — 7.1 

145 

61.7 

4.1 

0.01 

1.7 

1.7 

88 

49.2 

6.1 

0.9 

1.5 

2.0 

12 —
12 —
12 —
12 —
12 —
12 —

10 

4.2 

0.9 

0.03 

0.6 

0.6 

535 

219.0 

1.6 

0.2 

6.2 

5.9 

370 

145.3 

1.5 

0.1 

6.2 

5.8 

209 

86.9 

1.5 

0.02 

6.6 

6.5 

12 —
12 —
12 —
12 —
12 —
12 —

7,089 

3,107.3 

6.1 

0.001 

82.3 

83.7 

4,933 

2,099.8 

3.1 

0.1 

83.2 

83.6 

2,612 

1,132.6 

3.0 

0.01 

82.4 

84.1 

1,396 

600.7 

2.9 

0.01 

82.7 

84.4 

288 

134.4 

6.0 

0.01 

3.3 

3.6 

52 

47.4 

6.0 

1.5 

0.9 

1.9 

27 

12.8 

1.2 

0.1 

0.9 

1.0 

12 —
12 —
12 —
12 —
12 —
12 —

1Does not include Berkeley Township and Borough of South Toms River areas serviced by water utility.
 
21999 map for land-use data.
 
3Positive-demand nodes.
 
4Computed using Equation (7), see text.
 
5Computed using Equation (8), see text.
 
61999 map for land-use data.
 
7Computed using Equation (9), see text.
 
8Computed using Equation (10), see text.
 
91990 map for land-use data.
 
101978 map for land-use data.
 
111967 map for land-use data.
 
12Nodes were not assigned for this classification.
 
131957 map for land-use data.
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The next step in the comparative analysis was to 
repeat the computations described above using the digi­
tal land-use classification and related demand-node 
databases for the historical networks (1996, 1990, 1978, 
1967, and 1962). For these networks, and for the related 
entries in Table 3, the “Percent nodes” and “Percent 
demand” values in the “Total Network” column were 
computed relative to the number of positive-demand 
nodes and the related demand computed for each land-
use classification for the 1998 pipeline network. For 
example (Table 3): 

• 1990 pipeline network—contained about 90% 
of the 1998 positive-demand nodes and about 
92% of the 1998 Dover Township demand; 

• 1978 pipeline network—contained about 62% 
of the 1998 positive-demand nodes and about 
62% of the 1998 Dover Township demand; and 

• 1967 pipeline network—contained about 33% 
of the 1998 positive-demand nodes and about 
33% of the 1998 Dover Township demand. 

For each of the land-use classification columns and 
for each historical pipeline network listed in Table 3, the 
“Percent nodes” and “Percent demand” were computed 
using the following formulas: 

“Percent nodes”: 

	  
	N  LU 
 i, j

%LU = ------------------  × 100% (9) i j,  NN j 

where: 

%LU = percentage of positive-demand nodes 
i j,	 

for the ith land-use classification and for 
the jth historical network, (1 = 1, ..., 8; 
j = 1996, 1990, 1978, 1967, 1962), 

N = total number of positive-demand nodes LUi, j for ith land-use classification and for the 
jth historical network, 

NN = total number of positive-demand nodes j 
in the jth historical pipeline network 
that occurred within the boundaries of 
Dover Township. 

“Percent demand”: 

Ni, j  
 ∑  D   
  LU  i, j  kk = 1 

%D	 = -------------------------------------------------- × 100% (10)
i, j NN j  

  
 ∑ ( )D j m 
m = 1  

where: 

%D = the percentage of positive-demand nodes i, j 
for the ith land-use classification and the 
jth historical network, (1 = 1, ..., 8; j = 
1996, 1990, 1978, 1967, 1962), 

D = demand, in gallons per minute, for nodes LUi, j assigned the ith land-use classification 
for the jth historical network, summed 
for the total number of positive-demand 
nodes in the ith land-use classification 
for the jth historical network ( NN ), i, j 

D = demand, in gallons per minute, in the jthj 
historical pipeline network summed for 
the total number of positive-demand 
nodes (NNj) that occurred within the 
boundaries of Dover Township, and 

NN = the total number of positive demandi, j 
nodes  a s s igned  t he  i t h  l and -use  
classification for the jth historical 
pipeline network that occurred within the 
boundaries of Dover Township. 

The results of these computations for the historical 
pipeline networks are summarized in Table 3. For the 
“Residential” land-use classification, the “Percent 
nodes” ranges between 80% and 83% for all historical 
networks, and the corresponding “Percent demand” 
ranges between 82% and 84%. The “Percent nodes” and 
“Percent demand” for the “Planned Retirement” land-
use classification range between about 6% and 9% for 
all historical networks. (This land-use classification is 
not present for the earliest historical network, 1962.) For 
the “Highway Business” land-use classification, the 
“Percent nodes” and “Percent demand” range between 
about 4% and 6% for all historical networks. Note that 
the “Industrial” and “Central Business District” land-
use classifications, that potentially could have signifi­
cantly altered the historical distribution of demand, 
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 Table 4. “Master Operating Criteria” used to 
develop operating schedules for the historical 
water-distribution system, Dover Township area, 
New Jersey 

Parameter Criteria 
Pressure1 

Water level 

Hydraulic device on-
line date 

On-and-off cycling: 
Manual operation 

On-and-off cycling: 
Automatic operation 

Operating hours 

Minimum of 15 pounds per square inch, 
maximum of 110 pounds per square 
inch at pipeline locations, including 
network end points 

Minimum of 3 feet above bottom elevation 
of tank; maximum equal to elevation of 
top of tank; ending water level should  
equal the starting water level  

June 1 of year installed to meet maximum-
demand conditions 

Wells and high-service and booster pumps 
cannot be cycled on-and-off from 2200 
to 0600 hours 

Wells and high-service and booster pumps 
can be cycled on-and-off at any hour 

Wells should be operated continuously for 
the total number of production hours, 
based on production data2 

1Generally, for residential demand, minimum recommended pres­
sure is about 20 pounds per square inch. However, for some 
locations in the Dover Township area (mostly in areas near the 
end of distribution lines) lower pressures were simulated. 

2See Appendix B (Tables B-1 through B-35) for production data
   and Appendix D for hours of operation 

comprise an insignificant part of the overall historical 
demand distribution both in terms of the number of 
pipeline nodes and the magnitude of demand. Thus, the 
major land-use classification types, “Residential,” 
“Highway Business,” and “Planned Retirement Com­
munity,” have historically and consistently constituted 
approximately 90% or more of positive-demand nodes 
and total system-wide demand based on those nodes 
located within the boundaries of Dover Township. Note, 
because of similar water-use practices, the “Planned 
Retirement Community” land-use classification could 
have reasonably been combined with the “Residential” 
land-use classification, rather than considered as a dis­
tinct classification. 

As stated above, the land-use classification analysis 
was not conducted for areas serviced by the water utility 
that were outside the Dover Township boundary (por­
tions of Berkeley Township and the Borough of South 
Toms River) because land-use classification and zoning 
maps were not available for these areas. Historically, 
these areas have been residential in their land use, being 
primarily used for single family residences such as 
retirement (adult) communities. Therefore, had land-use 
classification and zoning maps been available to investi­
gators, pipeline demand nodes located in these areas 
also would have been assigned a “Residential” or 
“Planned Retirement Community” land-use classifica­
tion. 

This land-use classification analysis has established 
that the 1998 distribution of demand—based on land-
use classification that is spatially consistent through 
time—historically, is probably a good estimator for the 
spatial distribution of demand. Based on these results, 
monthly databases of demand quantity (volume) and 
demand distribution (location) were developed for the 
entire historical reconstruction analysis period, 1962– 
96. 

HIGH-SERVICE  AND BOOSTER PUMP­
CHARACTERISTIC CURVES 

High-service and booster pumps are used to raise 
the hydraulic head of water and increase the pressure in 
certain parts of the water-distribution system. The repre­
sentation of these pumps in EPANET 2 is described in 
the Users Manual and requires data derived from pump-
characteristic curves. Characteristic curves specific to 
the water-distribution system serving the Dover Town­

ship area were derived from data supplied by the water 
utility and from model calibration, and are described in 
detail in Maslia et al.  (2000a). Pump-characteristic 
curve data in Maslia et al.  (2000a) are provided in both 
tabular and graphical format. The reader is referred to 
these aforementioned reports for additional details. In a 
subsequent section of this report, (“Methods of Analysis 
and Approach to Simulation”), the representation of 
high-service and booster pumps in the historical water-
distribution system networks is described in the context 
of model design and simulations. 

SYSTEM OPERATIONS 

To  simulate the distribution of water for each of the 
420 months of the historical period, information regard­
ing the on-and-off cycling of wells and high-service and 
booster pumps is required. This operations information 
is input to the EPANET 2 program in the form of “Pat­
tern” and “Pump Control” data (Rossman 2000; Maslia 
et al.  2000a, pp. 38-41). Prior to 1978, operational data 
were unavailable and thus, an alternative approach was 
required to determine system-operation parameters. The 
approach selected for this study was the development of 
“Master Operating Criteria” (Table 4). 
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The “Master Operating Criteria” are explicit condi­
tions and standards based on hydraulic engineering prin­
ciples necessary to successfully operate water-
distribution systems similar to the one serving the Dover 
Township area. From 1978 forward, for selected years, 
operators of the water utility provided information 
describing generalized operating practices for a typical 
“peak-demand” (summer) and “non-peak demand” (fall) 
day. These guidelines were used in conjunction with the 
“Master Operating Criteria” to simulate a “typical” 24­
hour daily operation of the water-distribution system. 
Prior to 1978, however, only the “Master Operating Cri­
teria” were used to simulate system operations. 

Using the “Master Operating Criteria” (Table 4) as 
guidelines, a 24-hour operating schedule was developed 
for each month of the historical period. Daily opera­
tional variations including routine maintenance of sys­
tem facilities, repair of pipeline breaks, emergency fire 
service, and other temporary interruptions of routine 
operations over a “typical” 24-hour period were consid­
ered insignificant using this approach. Thus, the daily 
system operating schedule was assumed to be represen­
tative of a “typical” 24-hour day for the month11. A list 
of monthly operating schedules, with details for the 
selected years of 1962, 1965, 1971, 1978, 1988, and 
1996, is provided in tabular form in Appendix C (Tables 
C-1 through C-7). Information contained in these tables 
includes initial water levels in storage tanks, the hours of 
operation of wells and high-service and booster pumps, 
the flow rate at which wells and high-service and 
booster pumps were operated, and operational notes 
indicating when wells were taken out of service by the 
water utility. 

A graphical representation of the on-and-off cycling 
of wells and high-service and booster pumps for the 
minimum-demand, maximum-demand, and average-
demand months for the aforementioned selected years is 
presented in Appendix D (Tables D-1 through D-21). 
The information in Appendices C and D was developed 
using available data (Board of Public Utilities, State of 
New Jersey 1962–1996), the “Master Operating Crite­
ria”, water-utility information (Flegal 1997 and Richard 

11This assumption—that system operations over a 
month-long time period could be represented by a 
“typical” 24-hour operating schedule—will be 
tested in the “Sensitivity Analysis” section of the 
report. 

Ottens, Jr., Production Manager, United Water Toms 
River, Inc., written communication, 1998), and simula­
tion results. Examples of historical water-distribution 
system operating schedules for the maximum-demand 
months of May 1962, July 1971, July 1988, and June 
1996—taken from the tables in Appendix D—are shown 
in Tables 5 through 8, respectively. These tables indicate 
the hour-by-hour operation of wells and high-service 
and booster pumps during a typical day of the maxi-
mum-demand month for the given year. Note, that in 
1962 (Table 5), high-service and booster pumps were 
not part of the distribution system and, therefore, only 
groundwater wells were operated to supply demand by 
discharging water directly into the distribution system 
(wells 13–15, Figure 8). In 1968, high-service and 
booster pumps were added to the distribution system 
(see section on “High-Service and Booster Pumps”). 
From that year forward, some wells supplied storage 
tanks, then high-service and booster pumps were oper­
ated to meet distribution-system demands (wells 21–30, 
40, and 42; Figure 5); while other wells continued to 
discharge directly into the distribution system (refer to 
Tables 5 through 8 for details). 

Groundwater Wells 

The operating schedule for the earliest of the histor­
ical networks is relatively simple (for example, 1962, 
Table 5). However, by the latter years of the historical 
period (for example, 1988, Table 7), the operating 
schedules became increasingly complex owing to the 
number of hydraulic devices that are cycled on-and-off. 
Information presented in Tables 5 through 8 and in 
Appendix D demonstrate the increasing complexity of 
system operating schedules. These tables are divided 
into 24, one-hour time increments representing the 24 
hours of a day (hour 0 is midnight and hour 12 is noon). 
Furthermore, the tables in Appendix D (D-1 through D­
21) show the operating schedule for the three annual 
demand periods (minimum, maximum, and average). In 
1962, the Brookside well (15; see Figure 5 or Plate 3 for 
location) was the primary well used for supplying the 
water-distribution system, as the well was operated for 
19 hours on a typical day during the maximum-demand 
month of May (Table 5). By comparison, in 1988 (Table 
7), to meet demand, four wells had to be operated for 20 
or more hours each day. The Indian Head well (20, see 
Figure 7 or Plate 29 for location) was operated for 20 
hours on a typical day during the maximum-demand 
month of July 1988, the Route 70 well (31) was oper­
ated for 22 hours, and the Berkeley wells (33 and 34) 
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were operated for 24 and 23 hours, respectively. Also of 
note in Tables 5 and 7, all wells are shown to operate 
continuously to meet the number of operating hours 
required, as was described above in the list of “Master 
Operating Criteria” (Table 4). The operating schedules 
for the groundwater wells (Tables 5–8) can also be com­
pared with the production data presented in Appendix B 
(Tables B-1, B-10, B-27, and B-35, respectively). For 
example, for groundwater wells that discharged directly 
into the distribution system during July 1971, Table 6 
shows an operating schedule of: 

• Brookside well (15)—21 hours; 

• South Toms River well (17)—7 hours; 

• Indian Head well (20)—12 hours; 

• Anchorage well—17 hours; and 

• Silver Bay well—17 hours. 

These are the same number of production hours shown 
for these wells in Table B-10. For the more complex 
network, during June 1996, for groundwater wells that 
discharged directly into the distribution system, Table 8 
shows an operating schedule of: 

• Brookside well (15)—4 hours; 

• Route 70 well (31)—24 hours; 

• South Toms River well (32 and 38)—11 and 10 
hours, respectively; and 

• Berkeley wells (33, 34, and 35)—20, 24, and 24 
hours, respectively. 

These are the same number of production hours shown 
in Table B-35 for all wells except South Toms River well 
38. In June 1996, well 38 should have been operated for 
13 hours (Table B-35). However, in order to successfully 
operate the system in June 1996 (preserve a balanced 
flow condition and meet the “Master Operating 
Criteria”—Table 4), the number of hours of required 
operation for well 38 had to be modified from the initial 
estimate of 13 hours to 10 hours. In this situation, 
however, the total production of about 12.5 Mgal listed 
in Table B-35 for South Toms River well 38 was 
preserved for simulation purposes. Thus, in developing 

the operat ing schedules l is ted in Appendix C,  
investigators honored the “Master Operating Criteria” 
(Table 4), the production-data volumes, and in most 
situations, the production-data hours of operation based 
on reported well capacity and total production 
(Appendix B). 

High-Service and Booster Pumps 

Data in Tables 6 through 8, and Tables in Appendix 
C and D, show the operating schedules of high-service 
and booster pumps. The specific date that high-service 
and booster pumps were first introduced into the water-
distribution system is unknown and could not be verified 
by the current operators of the water utility. However, 
information found in the annual reports of the Board of 
Public Utilities, State of New Jersey (1962–1996) indi­
cate that Holly pumps 1, 2, and 3 were first used some­
time during 1968. A listing of all high-service and 
booster pumps supplying the water-distribution system 
during the historical period is provided in Table 9. High-
service and booster pump discharge data reported by the 
water utility are limited. In addition, with the exception 
of Windsor pumps 1, 2, and 3, significant differences 
occurred between the estimated discharge reported by 
the water utility and the rated pump capacity values 
reported in the annual reports of the Board of Public 
Utilities, State of New Jersey (1962–1996). To account 
and reconcile these inconsistencies, the generalized 
“peak day” (summer) and “non-peak day” (fall) operat­
ing notes obtained from the water utility were used as 
initial estimates for determining the operating schedules 
of the high-service and booster pumps. 

The pump discharge information obtained from the 
water utility is listed in Table 9 in the shaded areas 
(Richard Ottens, Jr., Production Manager, United Water 
Toms River, Inc., written communication, 1998). Based 
on this information (Table 9) and simulation, operating 
schedules for the high-service and booster pumps shown 
in Tables 6 through 8, and in tables of Appendices C and 
D, were developed to simulate the operation of the his­
torical water-distribution system. Additional discussion 
of the simulation of high-service and booster pump dis­
charge to the water-distribution system using EPANET 
2 is provided in the “Methods of Analysis and 
Approaches to Simulation” section of this report. 
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 Table 9. High-service and booster pump data, Dover Township area, New Jersey, 1962-96 
[—, pump not installed, no rated capacity or estimated discharge data available;            Estimated discharge data from 
Richard Ottens, Jr., Production Manager, United Water Toms River, Inc., 1998; values represent typical peak-day (summer) 
or non-peak day (fall)] 

Year  Pump Identification1 and Rated Capacity or Estimated Discharge, in gallons per minute 

St. South South Holiday 
Holly Holly Holly Parkway Parkway Catherine’s Toms Toms Windsor Windsor Windsor 

City 
Pump 1 Pump 2 Pump 3 Pump 1 Pump 2 (Route 37) River River Pump 1 Pump 2 Pump 3 

Pump Pump Pump 1 Pump 2 

1962 — — — — — — — — — — — — 

1963 — — — — — — — — — — — — 

1964 — — — — — — — — — — — — 

1965 — — — — — — — — — — — — 

1966 — — — — — — — — — — — — 

1967 — — — — — — — — — — — — 

1968  2 800 1,500 3,200 — — — — — — — — — 

1969 800 1,500 3,200 — — — — — — — — — 

1970 800 1,500 3,200 — — — — — — — — — 

1971 800 1,500 3,200 5,500 2,400 — — — — — — — 

1972 800 1,500 3,200 5,500 2,400 — — — — — — — 

1973 800 1,500 3,200 5,500 2,400 — — — — — — — 

1974 800 1,500 3,200 5,500 2,400 — — — — — — — 

1975 800 1,500 3,200 5,500 2,400 1,400 — — — — — — 

1976 800 1,500 3,200 5,500 2,400 1,400 — — — — — — 

1977 800 1,500 3,200 5,500 2,400 1,400 — — — — — — 

1978 800 1,500 3,200 3,000 4,800 500 500 — — — — — 

1979 800 1,500 3,200 3,000 4,800 500 500 500 500 — — — 

1980 800 1,500 3,200 5,500 2,400 1,400 1,400 500 500 — — — 

1981 800 1,500 3,200 3,000 4,800 500 500 500 500 — — — 

1982 800 1,500 3,200 5,500 4,800 500 500 500 500 1,000 1,000 — 

1983 800 1,500 3,200 5,500 2,400 1,400 1,400 500 500 1,000 1,000 — 

1984 800 1,500 3,200 5,500 2,400 1,400 1,400 500 500 1,000 1,000 — 

1985 800 1,500 3,200 5,500 2,400 1,400 1,400 500 500 1,000 1,000 — 

1986 800 1,500 3,200 3,000 4,000 500 500 500 500 1,000 1,000 — 

1987 800 1,500 3,200 3,000 4,000 500 500 500 500 1,000 1,000 — 

1988 800 1,500 3,200 3,000 4,000 500 500 500 500 1,000 1,000 — 

1989 800 1,500 3,600 3,000 4,000 500 1,400 500 500 1,000 1,000 — 

1990 800 1,500 3,200 5,500 4,000 800 650 500 500 1,000 1,000 1,000 

1991 800 1,500 3,200 2,400 5,500 1,400 650 500 500 1,000 1,000 1,000 

1992 800 1,500 3,200 2,400 5,500 1,400 650 500 500 1,000 1,000 1,000 

1993 800 1,500 3,200 2,400 5,500 800 800 500 500 1,000 1,000 1,000 

1994 800 1,500 3,200 3,200 4,800 800 800 500 500 1,000 1,000 1,000 

1995 800 1,500 3,200 3,200 5,500 1,400 650 500 500 1,000 1,000 1,000 

1996 800 1,500 3,200 3,200 5,500 1,400 650 500 500 1,000 1,000 1,000 

1Pump Identification—High-service pumps: Holly pump 1, Holly pump 2, and Holly pump 3; Parkway pump 1 and Parkway pump 2; Windsor 
pump 1, Windsor pump 2, and Windsor pump 3.  Booster pumps: Holiday City; St. Catherine’s (Route 37); South Toms River pump 1, and 
South Toms River pump 2. 

 2Rated capacity of pump from annual reports of the Board of Public Utilities, State of New Jersey (1968–96); estimated discharge and operational 
hours unknown. 
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STORAGE-TANK  AND WATER-LEVEL DATA 

Storage- tank  da ta  requi red  for  input  in to  
EPANET 2 are tank capacities in the form of tank diam­
eter and the minimum and maximum allowable water 
level. For the historical reconstruction analysis, all stor­
age tanks were assumed of cylindrical geometry. All rel­
evant data on storage tanks in use by the water-
distribution system during the historical period of 1962– 
96 are listed in Table 10. With the exception of the Hor­
ner Street tank and standpipe, which were taken out of 
service in June 1963 (Table 10 and Figure 18; see Plate 
3 for location), all storage tanks operating in the present-
day system were brought on-line during the historical 
period. As previously discussed, for simulation pur­
poses, hydraulic devices such as storage tanks were 
brought into service on June 1 of the specified year in 
order to meet demand during the peak (summer) season. 

The storage capacity of the historical water-distribution 
system, shown graphically in Figure 10, grew from 0.3 
Mgal in 1963 (after removing the Horner Street tank and 
standpipe from service), to 7.35 Mgal in 1992 with the 
addition of the North Dover elevated storage tank (see 
Figure 8 or Plate 33 for location). The capacity of the 
system at the end of the historical analysis period (1996) 
and for the present-day system (1998) remains at 7.35 
Mgal. As indicated in Table 10, the minimum allowable 
water level in the tanks (for the purposes of simulating 
historical conditions) was set at the bottom elevation of 
the tank plus 3 feet, and the maximum allowable water 
level was set at the elevation of the top of the tank. This 
method of storage tank operation is in agreement with 
the “Master Operating Criteria” (Table 4) previously 
discussed. A graphical representation of the temporal 
distribution of storage capacity for the distribution sys-
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 Table 10.  Storage-tank characterization data used for historical reconstruction analysis, Dover Township 
area, New Jersey, 1962–96 
[Data from annual reports of the Board of Public Utilities, State of New Jersey (1962–96), unless otherwise noted] 

Storage Tank 
Identification 

Type 
Diameter 

(feet) 
Height1 

(feet) 

Volume 
(million 
gallons) 

Elevation of 
Tank Bottom 

(feet) 

Minimum 
Water-Level2 

(feet) 

Maximum 
Water-Level 

(feet) 

Service 
Year 

Horner Street Elevated 

Horner Street Standpipe 

South Toms River Elevated 

Indian Hill Elevated 

Holly 1 Ground-level 

Holly 2 Ground-level 

Parkway Ground-level 

Holiday City Ground-level 

St. Catherine’s (Route 37) Ground-level 

Windsor Ground-level 

North Dover Elevated 

20 

25 

43.3 

50 

88 

88 

85 

82.5 

66 

103 

65 

25 

105 

28 

40 

10 

10 

24 

24 

40 

24 

51 

0.06 

0.39 

0.30 

0.50 

0.525 

0.525 

1.0 

1.0 

1.0 

1.5 

1.0 

80 

32 

166.0 

160.0 

6.52 

6.52 

10.43 

87.12 

42.93 

9.84 

170.0 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

25 

105 

28 

40 

10 

10 

24 

24 

40 

24 

51 

31898 
31926 

1963 

1967 

1968 

1968 

1971 

1975 

1978 

1982 

1992 

1Data from control room notes taken by ATSDR and NJDHSS staff, March 1998, except for Horner Street elevated-storage tank and standpipe.
 
2Minimum water level for simulation purposes.
 
3Horner Street elevated-storage tank and standpipe taken out of service, June 1963.
 



Table 11.  Summary of specific data types and other 
information used to conduct the historical reconstruction 
analysis, Dover Township area, New Jersey 

Specific Data Type Location 

Network pipeline data 

Groundwater well identification, 
location, and production data 

Consumption data for 1998 

High-Service and Booster-pump
   data and characteristic curves 

System operation notes for selected 
years of 1962, 1965, 1971, 1978, 
1988, 1995, and 1996 

Storage-tank characterization data 

Plates 3–37; Figures 
    5–10; Appendix A 

Figures 11–14; 
    Appendix B 

Maslia et al. (2000a,
 Plate 7) 

Maslia et al. (2000a, Table 
    9 and Appendix F)   

Appendix C 

Table 10 

Other Information Location 

“Master Operating Criteria” for
system operations 

Graphical presentation of operating 
schedules for minimum-, maximum-, 

   and average-demand months for 
selected years 1962, 1965, 1971, 
1978, 1988, 1995, and 1996 

High-service and booster pump rated
   capacity and estimated-discharge data 

Table 4 

Appendix D 

Table 9 
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1. Horner Street storage tank and standpipe out of service and 
South Toms River elevated storage tank in service, June 1963 

2. Indian Head elevated storage tank in service, June 1967 
3. Holly 1 and 2 ground-level storage tanks in service, June 1968 
4. Parkway ground-level storage tank in service, June 1971 
5. Holiday City ground-level storage tank in service, June 1975 
6. Route 37 ground-level storage tank in service, June 1978 
7. Windsor ground-level storage tank in service, June 1982 
8. North Dover elevated storage tank in service, June 1992 

Figure 18.  Storage-tank capacity, Dover Township area, New Jersey, 1962–96. 

tem during the historical period (1962–96) is presented 
in Figure 18. 

In summary, the six specific data types and other 
information that were used to conduct the historical 
reconstruction analysis are described in detail along with 
appropriate limitations and qualifications. Table 11 sum­
marizes the location of the specific data types and other 
information in this report or in Maslia et al. (2000a) to 
assist the reader in locating the data. Specifically, the 
required data types are: (1) pipeline or network configu­
rations for the historical period (1962–96), (2) potable 
water production data including information on the loca­
tion, capacity, and time of operation of the groundwater 
wells producing the water, (3) estimates of historical 
consumption and the spatial distribution of point-
demand values at pipeline nodes, (4) booster pump-char­
acteristic curve data, (5) system operations information 
such as schedules that describe the on-and-off cycling of 
wells and high-service and booster pumps, and (6) data 
describing the capacity and operational extremes of stor­
age-tanks. 
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DATA AVAILABILITY, QUALITY, METHODS, 
AND SOURCES 

For simulation purposes, the ideal or desired condi­
tion is to obtain all required data by direct measurement 
or observation. In reality, however, necessary data are 
not routinely available by direct measurement or obser­
vation and must be synthesized using generally accepted 
engineering analyses and methods. Issues of data 
sources and the methods used to obtain data that cannot 
be directly measured reflect, ultimately, on the credibil­
ity of simulation results. To address these issues for the 
historical reconstruction analysis, the methods for 
obtaining the necessary data were grouped into three 
categories (Table 12): 

• Direct measurement or observation—Data 
included in this category were obtained by direct 
measurement or observation of historical data 
and are verifiable by independent means. Of the 
three data categories, these data were the most 
preferred in terms of reliability and least affected 
by issues of uncertainty. 

• Quantitative estimates—Data included in this 
category were estimated or quantified using 
computational methods. 

• Qualitative description—Data included in this 
category were based on inference or were syn­
thesized using surrogate information. Of the 
three data categories, data derived by qualitative 
description were the least preferred in terms of 
reliability and the most affected by issues of 
uncertainty. 

Of the six specific types of information required for 
the historical reconstruction analysis previously 
described, the network pipeline, groundwater well-loca­
tion, groundwater well-production, and storage-tank 
data were obtained by direct measurement or observa­
tion (Table 12). These data were available throughout 
the entire historical period and could be assessed for 
quality and verified by independent means such as state 
reports or field observations. For example, groundwater 
well-production data were available for every well for 
every month of the historical period (Appendix B) and 
these data were measured by the water utility using in-
line flow-metering devices at groundwater wells 
(George J. Flegal, Manager, United Water Toms River, 
Inc., oral communication, August 28, 2001). 

Data for historical consumption and the spatial dis­
tribution to pipeline nodes consisted of two compo­
nents—monthly volumes (quantity) and spatial 
distribution (location). The monthly volumes were 
obtained by using the quantitative estimation method 
previously described (see section on Estimation of His­
torical Consumption). Data were available from metered 
billing records for October 1997 through April 1998 and 
verified through the calibration process described in 
Maslia et al. (2000a,b); the magnitude of monthly his­
torical production was known based on measured flow 
data. Using these data, estimates of historical consump­
tion were quantified by imposing the requirement that 
total consumption must equal total production. 

Direct measurement or quantitative estimates of the 
spatial distribution of historical consumption were not 
available for the Dover Township area. Therefore, quali­
tative description methods were used to estimate histori­
cal data values. In doing so, estimates of the spatial 
distribution of historical consumption (point-demand 
values) were based on two assumptions: (1) historical 
water-use patterns were similar to the present-day 
(1998) patterns which are known from available metered 
billing records (Table 12); and (2) water-use patterns 
could be inferred from land-use classification using his­
torical land-use classification as a surrogate indicator 
(see section on “Distribution of Historical Consump­
tion”). To assess the validity of this approach, historical 
land-use classification and zoning maps for Dover 
Township were used in conjunction with pipeline net­
work maps for 1962, 1967, 1978, 1990, and 1996. Using 
information obtained from the land-use classification 
and pipeline network maps, geospatial (Plates 46–51) 
and comparative analyses (Table 3) were conducted. 
Results of these analyses indicated that the distribution 
of land-use classification in Dover Township was rela­
tively static and changed little during the historical 
period. These analyses substantially validated the quali­
tative description method used to estimate the spatial 
distribution of historical demand-point values. 

The high-service and booster pump-characteristic 
data used during the simulation of historical network 
operations were derived using information obtained 
from the water utility (Flegal 1997). This information 
consisted of head values and corresponding pump flow 
values which were refined during the model calibration 
process (Maslia et al. 2000a,b). Consequently, these 
methods and the resulting pump-characteristic data are 
characterized as a “Quantitative estimate” (Table 12). 
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The historical system-operation data were obtained 
using each of the three methods of obtaining data 
described previously. These methods apply depending 
on a specific period of time. For the early historical 
period (1962–77), investigators relied on hydraulic 
engineering principles and the “Master Operating 
Criteria” (Table 4). Because data describing specific 
operational practices were not available, operating 
schedules developed for these early historical networks 
(for example, Tables 5 and 6) were based on qualitative 
descriptions of system operations and are characterized 
thusly in Table 12. 

For the period 1977–87, system-operation data 
were derived using hydraulic engineering principles, the 
“Master Operating Criteria,” and from information pro­
vided by the water utility. The water-utility information 
consisted of descriptions of the general operation of the 
water-distribution system for a typical “peak” day (sum­
mer) and a “non-peak” (fall) day. For some of the years, 
the water utility also provided estimates of discharge to 
the distribution system from the high-service and 
booster pumps, such as the data listed in Table 9 (Rich­
ard Ottens, Jr., Production Manager, United Water Toms 
River, Inc., written communication, 1998). Accordingly, 
system-operations data for the period 1977–87 are char­
acterized as both a “Quantitative estimate” and a “Qual­
itative description” (Table 12). 

System-operation data for the most recent historical 
systems (1988–96) were obtained from direct measure­
ment or observation, quantitative estimates, and qualita­
tive descriptions of operating schedules. Data sources 
used to develop these operating schedules (for example, 
Table 7 and Table 8) included the generalized operating 
notes from the water utility (Richard Ottens, Jr., Produc­
tion Manager, United Water Toms River, Inc., written 
communication, 1998), hourly operations data for 1996 
(Flegal 1997), notes taken by ATSDR and NJDHSS staff 
during field-data collection activities in March and April 
1998 (Maslia et al. 2000a), and the observation that the 
distribution system previously operated in a manner 
very similar to the present-day system (1998) for which 
detailed information was available. Given the spectrum 
of methods used to derive system-operations data for the 
most recent years of the historical period, data are con­
sequently characterized as a “Direct measurement”, a 
“Quantitative estimate”, and a “Qualitative estimate” 
(Table 12). 

METHODS OF ANALYSIS AND APPROACHES 
TO SIMULATION 

OVERVIEW 

The application of simulation methods to the histor­
ical reconstruction analysis (specifically the application 
of EPANET 2) using the specific network data for the 
Dover Township area was accomplished in two steps. 
First, hydraulic modeling was conducted whereby aver­
age network conditions were simulated for every month 
of the historical period (420 simulations). These simula­
tions were completed under balanced flow conditions 
that honored hydraulic engineering principles and that 
conformed to the “Master Operating Criteria” (Table 4). 
Second, using the results of the monthly network 
hydraulic simulations, water-quality simulations 
(source-trace analysis) were conducted for each water 
source (point of entry) of the network in order to deter­
mine the monthly proportionate contribution of source 
water at all locations in the Dover Township area ser­
viced by the water-distribution system. 

Routinely, simulation of water-distribution systems, 
similar to the historical water-distribution system that 
serviced the Dover Township area, would require 
detailed descriptions of system operations, such as the 
on-and-off scheduling of high-service and booster 
pumps and groundwater wells for the entire period of 
simulation. In order to simplify these rigorous data 
requirements, a surrogate or alternative method was 
devised. Balanced flow conditions were maintained, and 
the measured volumes of monthly water production 
were used while avoiding the need for detailed system 
operations data, which were not available for most of the 
historical period. This surrogate method is described in 
detail in the following sections. 

With respect to the scheduling of groundwater well 
operations, EPANET 2 utilizes “pattern factors” which 
correspond to the hourly operations of supply wells12. 
These pattern factors along with the operational 
extremes of storage tank water levels were manually 
adjusted during each of the 420 monthly network simu­
lations to achieve balanced flow conditions. This 

12See the EPANET 2 Users Manual for a description 
of pattern factors and Maslia et al. (2000a) for a 
description of how the EPANET 2 pattern factors were 
applied to the present-day (1998) water-distribution 
system serving the Dover Township area. 
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approach to simulation is designated in this report as the 
“manual adjustment process.” All simulation results pre­
sented in the “Historical Reconstruction Analysis” sec­
tion of this report were obtained using the “manual 
adjustment process.” 

A second simulation approach was also utilized to 
achieve balanced flow conditions for each of the 420 
monthly networks of the historical period. This 
approach to simulation is designated the “genetic algo­
rithm” or “GA optimization” approach and is an auto­
mated objective simulation technique. The GA 
simulations utilized the balanced flow conditions 
obtained by the manual adjustment process as starting 
conditions. Genetic algorithm techniques were utilized 
to simulate alternative and possibly optimal water-distri­
bution system operations and to assess the effects of 
variations in system operations on the results of the pro­
portionate contribution simulations. Results achieved 
using the GA optimization approach are presented in the 
“Sensitivity Analysis” section of this report. 

HYDRAULIC MODELING 

Simulation of water-distribution system hydraulics 
can be conducted by solving mathematical equations 
that characterize the physics of water movement through 
the pipeline network of the water-distribution system. 
Details of the mathematical formulation and solution 
technique can be found in numerous references includ­
ing Bhave (1991), Lansey and Mays (2000), Todini and 
Pilati (1987), and the EPANET 2 Users Manual and, 
therefore, will not be repeated here. Requirements for 
model input data properties using the EPANET 2 soft­
ware are also provided in the EPANET 2 Users Manual, 
and are specifically described for the present-day (1998) 
water-distribution system serving the Dover Township 
area in Maslia et al. (2000a p. 31). 

Network hydraulic models can be used to analyze 
systems where demand and operating conditions are 
either static or are time varying. The former type of 
model is a “steady-state” model, and the latter is 
referred to as an “extended period simulation” or EPS 
model. Data gathered in the Dover Township area during 
March and August 1998 (Figure 4) clearly show the 
time-varying characteristics of the diurnal-demand pat­
terns. Additionally, observations by ATSDR and 
NJDHSS staff of system operations during these field-
data collection activities also indicated the time-varying 
characteristics of system operations (on-and-off cycling 

of wells and high-service and booster pumps). There­
fore, all network simulations representing the historical 
period were conducted as EPS models. Each simulation 
was conducted for a representative (or “typical”) 24­
hour period and corresponded to a single month of the 
historical period. One-hour hydraulic time steps were 
used to achieve a balanced flow condition and a success­
ful system operating schedule that met the “Master 
Operating Criteria” (Table 4). To assure that stationary 
water-quality dynamics were simulated (i.e., “dynamic 
equilibrium” was reached), the 24-hour operating sched­
ule, which resulted in a balanced flow system, was 
extended to simulate a period of approximately 1,200 
hours. For this extended simulation, the “Master Operat­
ing Criteria” requiring the ending water level to equal 
the starting water level in storage tanks (Table 4) was of 
critical importance. If this criterion was violated, then, 
at the end of 1,200 hours, the storage tanks would either 
be depleted of water or would overflow, causing an 
unbalanced flow condition and an unsuccessful system 
operation. Additional details regarding conducting sim­
ulations to achieve stationary water-quality dynamics 
for the present-day (1998) water-distribution system are 
provided in Maslia et al. (2000a). 

To conduct the historical simulations, model 
parameter values input to EPANET 2 required variation 
that reflected the change in the historical data. For 
example, data documenting the installation year of 
network pipelines were available on an annual basis 
(Appendix A and Plates 3–37) and thus, model 
parameters describing the pipeline network were 
modified in the EPANET 2 simulations on an annual 
basis. Data documenting water production were 
available on a monthly basis (Appendix B) and thus, 
EPANET 2 model  parameters  associa ted wi th  
production were varied for each month of the historical 
period simulations. For other model parameters, such as 
the on-and-off cycling of wells, data were not available 
throughout the entire historical period (Table 12). 
Quantitative estimation and qualitative description 
methods (previously described in the section on “Data 
Availability, Quality, Methods, and Sources” and in 
Table 12) were used to derive values required to conduct 
the EPANET 2 simulations. A summary of model 
parameters, data availability, and the time-unit variation 
required to conduct the historical reconstruction 
simulations using EPANET 2 is provided in Table 13. 
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 Table 13. Summary of model parameters, data availability, and time-unit variation for historical reconstruc­
tion analysis, Dover Township area, New Jersey 

Model Parameters Data Availability 

Time-Unit Variation  
for Historical

 Reconstruction 
Analysis 

Notes 

Network pipeline data 

Hydraulic device in-service date 

Pipe roughness coefficient 

Pipe diameter values 

Pump-characteristic data 

System production data 

Point-demand (node) values 

Pattern factors (system 
operations)3—1962–77 

Pattern factors (system 
operations)s3—1977–87 

Pattern factors (system 
operations)3—1988–96 

Nodal concentration or percent 
contribution of water from 
specified source 

11962-96 

1, 21962-96 

1998 

1998 

1998 

21962–96 

October 1997–April 1998 

None 

4Typical peak day (summer) amd 
   non- peak day (fall) for selected 

years 

4, 5Typical peak day (summer) and 
      non-peak day (fall) for selected 

years; 1996; and March and 
      August 1998 

5March and April 1996 barium 
sample collection and transport 
simulation 

Annual 

Annual 

No variation 

No variation 

No variation 

Monthly 

Monthly 

Hourly 

Hourly 

Hourly 

24-hour average 

Assumed operational date of January 1 for 
in-service year 

Assumed operational date of June 1 for 
in-service year 

Maslia et al. (2000a) 

Maslia et al. (2000a) 

Maslia et al. (2000a) 

Appendix B 

“Specific Data Requirements” section and 
Maslia et al. (2000a) 

“Data Availability, Quality, Methods, and 
Sources” section and Table 12 

“Data Availability, Quality, Methods, and 
Sources” section and Table 12 

“Data Availability, Quality, Methods, and 
 Sources” section, Table 12, and Maslia et al. 

(2000a) 

Simulated, 24-hour average of percent 
contribution of water to model node from  
water source point of entry (well or well 
field) 

1Data from Flegal (1997). 
2Data from annual reports of the Board of Public Utilities, State of New Jersey (1962–96). 
3Model parameters include groundwater well on-and-off cycling schedules simulated by using pattern factors in EPANET 2 and starting water 

levels in storage tanks. 
4Data from Richard Ottens, Jr., Production Manager, United Water Toms River, Inc., written communication, 1998. 
5Refer to Maslia et al. (2000a). 

Representation of Wells, Storage  Tanks, and High-
Service and Booster Pumps 

As noted previously, a surrogate method was used 
to simulate historical operations of groundwater wells 
and storage tanks linked to high-service and booster 
pumps. For the Holly, Parkway, and Windsor treatment 
plants13  (Figure 3 or Plate 2), the actual network con-
sists of a groundwater well (or wells) pumping water 
and discharging the water into a storage tank. Then 
high-service or booster pumps discharge water from the 
storage tank into the distribution system based upon 

some predetermined operating schedule and demand 
requirements.14  This physical or “real-world” represen-

13The term treatment plant is used by the water util­
ity to identify all distribution-system facilities asso­
ciated with a particular point of entry such as wells,
storage tanks, water treatment, and high-service or 
booster pumps.

14For purposes of modeling, water treatment, such as 
the type listed in Table 2, was not included in the 
distribution system. 
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tation is shown in Figure 19A and was the method used 
to represent the distribution of water during simulation 
of the present-day system (Maslia et al.  2000a). This 
method is referred to as the “Well-Storage Tank-Pump” 
or WSTP simulation method and the corresponding dis­
tribution system is referred to as the WSTP system. 
Using this method (Figure 19A) to calibrate the model 
to present-day conditions required the following infor­
mation: 

• known operating schedules for groundwater 
well on-and-off cycling; 

• observed storage tank water-level variations; 

• realistic high-service and booster pump-char­
acteristic curve; and 

• known operating schedules for the on-and-off 
cycling of high-service and booster pumps. 

Because data describing this information were available 
for the present-day system, simulation of the 1998 
water-distribution system (Maslia et al. 2000a) was 
accomplished by using the WSTP simulation method. 

Hourly operations data for the historical water-dis­
tribution systems are limited and, for most of the sys­
tems, such data are not available (Tables 12 and 13). 
Additionally, the model parameter that is of interest to 
both ATSDR and NJDHSS is the proportionate contribu­
tion of water from wells and well fields to locations 
throughout the historical pipeline networks. Thus, the 
distribution of water delivered to the pipeline locations 
was the item of interest rather than the specific operation 
of the WSTP combination which delivered the water. In 
order to simplify the simulation of the WSTP combina­
tion and, thus, reduce data requirements for simulation, 
a method of idealizing the WSTP combination was 
developed—designated the “Supply-Node-Link” or 
SNL simulation method. The SNL method eliminated 
the need for including the storage tank and high-service 
and booster pump combinations in the historical simula­
tions. The corresponding water-distribution system is 
referred to as the SNL system. The Holly, Parkway, and 
Windsor Avenue treatment plants were represented in 
historical water-distribution system simulations using 
the SNL method. 
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Figure 19.  Distribution system representation of groundwater well, storage tank, and high-service 
and booster pump combination for (A) physical, "real-world" network, and (B) model network used 
for historical reconstruction analysis. 
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 Table 14. Production and supply data for a hypothetical distribution system 
[—, not applicable] 

Well ID Rated Capacity 
(gallons per minute) 

Monthly Production 
(gallons) 

Average Daily Operation1 

(hours) 

Groundwater Wells 

W1 

W2 

W3 

All wells 

700 

800 

1,000 

— 

13,020,000 

14,061,000 

14,136,000 

41,217,000 

10.0
 

9.45
 

7.6
 

— 

Pump ID Rated Capacity 
(gallons per minute) 

Hours of Operation 
(number of hours) 

2 Monthly  Supply
(gallons) 

High-Service or Booster Pumps 

P1 

P2 

All pumps 

1,000 

500 

— 

0600–2000 (14) 

0600–2000 (14) 

— 

26,040,000 

13,020,000 

39,060,000 

1Average daily operation in hours computed by assuming a 31-day month and using Equation (1); see 
section on “Specific Data Needs.” 

2Monthly supply computed using the following:  = C    × T   × T × �QP p m h d 
where:
 
QP = total monthly supply from pumps, in gallons,
 
CP = rated capacity of pump, in gallons per minute,
 
Tm = time, in minutes per hour (60),
 
Th = time of daily operation, in hours, and
 
Td = number of days per month (31).
 

To replace the WSTP method with the SNL method 
using EPANET 2, the WSTP system was idealized as 
shown in Figure 19B. Ideally, if measured hourly data 
for the high-service or booster pumps were available for 
the historical water-distribution systems, the total flow 
in surrogate link K  over a 24-hour period (Figure 19B) 
would be equal to the total flow through link J over a 24­
hour period from high-service or booster pumps P1  and 
P  (Figure 19A)15

2 . Accordingly, flow discharged to the 
distribution system by supply nodes S1, S2, and S3  (Fig­
ure 19B) to meet demand should be equal to the flow 
that would have been supplied by pumps P1  and P2 
shown in Figure 19A. 

As previously discussed, groundwater-well produc­
tion data were based on measurements using in-line flow 
meters at each well and were available for every month 

15This assumes that the net change in a storage tank 
over a 24-hour period is zero because the starting 
water level (at hour 0) must equal the ending water 
level (at hour 24) in accordance with the “Master 
Operating Criteria” (Table 4). 

of the historical period (Appendix B and Table 13). 
These data are considered to be highly reliable. Supply 
from high-service and booster pumps, on the other hand, 
was estimated from notes provided by the water utility. 
These data were not available for most of the historical 
period (Table 9), and for the most part, were not 
obtained by direct measurement (Table 12). Accord­
ingly, measured groundwater well production data were 
used as surrogate indicators of supply to the distribution 
system at sites where supply wells and storage tanks 
were linked to high-service and booster pumps, and the 
less reliable high-service and booster pump supply and 
operational data were used as guidelines. 

Referring to the schematic of the WSTP or “real­
world” simulation method shown in Figure 19A, pro­
duction wells W1, W2, and W3 are shown linked to a 
storage tank which, in turn, is connected to the distribu­
tion system through high-service or booster pumps P1 
and P2. The production data listed in Table 14 for exam­
ple wells W1, W2, and W3  are for an arbitrary month of 
31 days. The average daily operation for each well was 
computed using Equation (1). Note that the total 
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monthly production for the distribution system was 
41,217,000 gal. Continuing further with this example, 
using operational notes provided by a hypothetical water 
utility, supply volumes were computed for high-service 
or booster pumps P1  and P2, and these data also are 
listed in Table 14. The assumption was made that pumps 
P1  and P2  were operated in the same manner over the 
course of the month. Note that groundwater well pro­
duction for the month (41,217,000 gal) exceeds high-
service and booster pump production (39,060,000 gal) 
by 2,157,000 gal. 

Referring to the schematic of the surrogate SNL 
simulation method (Figure 19B), the wells, storage tank, 
and high-service and booster pumps are eliminated and 
replaced by “supply nodes” S1, S2, and S3. The number 
of hours that the combination of supply nodes S1, S2, 
and S3 must operate in the model just to meet demand 
supplied by pumps P1  and P2  (39,060,000 gal in this 
example) had to be determined. Thus, consider the fol­
lowing equation: 

nw 

∑ Q Wi 
i = 1T = ------------------------------------------------------- (11)S 

np  
 ∑ C × T × T P  m d j j = 1 

where: 

TS = time of operation for supply nodes, in
 
hours per day;
 

Q = monthly production from the ith well,
 W i in gallons per month;
 

C = rated capacity of the jth high-service orPj booster pump, in gallons per minute; 

nw = the number of groundwater wells
 
producing water for the month;
 

np = the number of high-service or booster
 
pumps supplying the distribution
 
system for the month;
 

Tm = number of minutes per hour (60); and 

Td = number of days per month (for this
 
example, 31).
 

The groundwater-well production and high-service 
and booster-pump capacity values from Table 14 are 
now substituted into Equation (11). Therefore, the aver­
age number of hours per day the supply nodes (S1, S2, 
and S3) were operated to meet demand can be computed 
as: 

(13 , 020 , 000 gal/month + 14 , 061 , 000 gal/month + 14 , 136 , 000 gal/month )
T = S ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------­

(12)(1 , 000 gal/min + 500 gal/min ) × (60min/hr ) × (31days/month ) 

TS = 14.7 ≈ 15 hours/day 

Note: TS  represents the total time of combined operation at supply nodes (this example, S1, S2, S3) 
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Having determined the total number of hours per 
day of supply node operation, the volume of water 
supplied by the SNL system to the water-distribution 
system from individual supply nodes (S1, S2, and S3) 
must next be computed. Although alternative methods of 
computing these volumes are possible, the method 
chosen for this investigation utilizes the pattern factor 
variation capabilities of EPANET 2. 

As an initial estimate, each supply node in the SNL 
system was assumed to have operated for the same num­
ber of hours and to have supplied the same volume of 
water assigned to the corresponding groundwater well in 
the WSTP system. Thus, using the values listed in Table 
14 for the groundwater wells W1, W2, and W3  as initial 
estimates: 

• Supply node S1—operated daily for 10.0 hours 
supplying the distribution system with 
13,020,000 gal during the month, 

• Supply node S2—operated daily for 9.45 
hours, supplying the distribution system with 
14,061,000 gal of water during the month, and 

• Supply node S3—operated daily for 7.6 hours, 
supplying the distribution system with 
14,136,000 gal of water during the month. 

However, according to Equation (12), the combined 
daily time of operation (TS) for supply nodes S1, S2, and 
S3 was 15 hours. Therefore, in the SNL method, for the 
supply nodes to supply the equivalent volume of water 
over a 24-hour period per the operation of wells W1, 
W2, and W3  in the WSTP method, the hourly operation 
of the individual supply nodes have to be modified. In 
EPANET 2, this was accomplished by using a pattern 
factor (the default value in EPANET 2 being 1.0). The 
modified pattern factors for each supply node of the 
SNL system—reflecting a combined total of 15 hours of 
operation—were computed according to Equation (13): 

        
T

PF = 
avgi , i = 1, ..., nw; j = 1, ..., ns (13)j -------------­
T
S 

where: 

PFj =  Pattern factor for supply node j
 
(dimensionless),
 

T =  average time well i  operated, in hours avgi per day (Table 14), 

T = total time of operation for supply S 
nodes, in hours per day (Equation 
(11)), 

nw = number of wells operating (Figure 
19A), and 

ns = number of supply nodes (Figure 19B). 

Substituting in values for Tavg  representing W1,
i 

W2, and W3  from Table 14, and the value for TS of 15 

hours per day computed using Equation (11), the fol­

lowing pattern factors were computed for supply nodes 

S1, S2, and S3, respectively: 

  

 

 

10.0 
PF1 = ---------- = 0.667 

15 

9.45
PF2 = ---------- = 0.630 (14)15 

7.6PF3 = ------- = 0.507 
15 

Therefore, using the SNL method to simulate the 
equivalent volume of water contributed to the distribu­
tion system over a 24-hour period by the WSTP method, 
the supply nodes were operated according to the follow­
ing schedule in EPANET 2: 

• Supply node S1—15 hours at a rated capacity 
of 700 gallons per minute, and a pattern factor 
of 0.667; 

• Supply node S2—15 hours at a rated capacity 
of 800 gallons per minute, and a pattern factor 
of 0.630; and 

• Supply node S3—15 hours at a rated capacity 
of 1,000 gallons per minute, and a pattern fac­
tor of 0.507. 

The operational schedule and water supply infor­
mation for the supply nodes using the SNL method for 
the hypothetical network in Figure 19 are summarized in 
Table 15. 
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 Table 15. Water supply for a hypothetical distribution system computed 
using the Supply-Node-Link (SNL) method 
[—, not applicable] 

Rated Capacity EPANET 2 Monthly 
Supply Node (gallons per Pattern Factor 1  Hours of Operation2  Supply3 

Identification minute) (dimensionless) (number of hours) (gallons) 

S1 700 0.667 0600–2100 (15) 13,026,510 

S2 800 0.630 0600–2100 (15) 14,061,600 

S3 1,000 0.507 0600–2100 (15) 14,145,300 

All supply nodes — — — 41,233,410 

1Computed using Equation (13).
 
2Computed using Equation (12). 

3Monthly supply computed using the following:  = ×�QS CS PF ×�T ×� ×�  m Th Td


where:
 
QS  = total monthly supply from supply node, in gallons,
 
CS = rated capacity of supply node, in gallons per minute,
 
PF = pattern factor,
 
Tm = time, in minutes per hour (60),
 
Th = time of daily operation of supply node, in hours, and
 
Td = number of days per month (31). 

Over the entire 31-day month (for this example), 
the total combined volume from the three supply nodes 
is listed in Table 15 and also can be computed according 
to the following equation: 

ns  
 PF × C  × T × T × T (15)∑ i Si  m h d 
 i=1 

where: 

C = capacity for supply node i, in gallons Si     per minute. 

The total monthly supply derived from the supply 
nodes using the SNL method was computed as 
41,233,410 gal which is nearly identical to the total pro­
duction of 41,217,600 gal obtained from the production 
data for the hypothetical distribution system (Table 14). 
Thus, in summary, a mechanism for representing the 
physical WSTP system (Figure 19A) with the idealized 
SNL system (Figure 19B) was developed that: (1) hon­
ors the measured groundwater-well production data, (2) 
approximates the operational schedule of the high-ser­
vice and booster pumps, and (3) eliminates the need to 
include storage tanks and high-service or booster pumps 
linked to groundwater wells in the EPANET 2 model for 
historical reconstruction simulations. 

To  demonstrate that the idealized SNL simulation 
method supplies the distribution system with an equiva­
lent amount of water when compared to the “real-world” 
WSTP simulation method, both simulation methods 
were applied to the present-day (1998) water-distribu­
tion system (Figure 3, Plate 2) for conditions existing in 
August 1998. As previously discussed, the WSTP simu­
lation method requires: (1) known operating schedules 
for groundwater well and high-service and booster 
pump on-and-off cycling, (2) observed storage tank 
water-level variations, and (3) realistic high-service and 
booster pump-characteristic curves. Operating schedule 
data for wells and high-service and booster pumps and 
storage tank water-level variation data were collected in 
August 1998 as part of the field-data collection activities 
used to characterize the present-day water-distribution 
system (Maslia et al. 2000a). High-service and booster 
pump-characteristic curve data were obtained from the 
water utility (Flegal 1997) and refined during the cali­
bration process These data and simulation results using 
the WSTP simulation method for the Holly and Parkway 
treatment plants were previously reported in Maslia et 
al.  (2000a, Appendix N). Because measured data and 
results using the WSTP simulation method were avail­
able for a 48-hour period (August 14–15, 1998), an 
EPANET 2 simulation using the SNL method to repre­
sent the Holly and Parkway treatment plants was con-
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ducted using a 48-hour simulation time. Measured and 
simulated high-service pump flows—using the WSTP 
simulation method—are compared with simulated flows 
for the SNL method represents of the Holly and Park­
way treatment plants in Figure 20. The results obtained 
using both the WSTP and the SNL methods produce 
nearly identical simulated flow. Additionally, the hourly 
pump flows for August 14–15, 1998 representing mea­
sured data and simulation results for the WSTP and SNL 
methods are listed in Table 16. Total simulated supply to 
the distribution system from the Holly treatment plant 
over the 48-hour period using the SNL method was 5.62 
Mgal, which is nearly identical to the measured supply 
of 5.63 Mgal (Table 16). For the Parkway treatment 
plant, simulated flow using the SNL method was 8.53 
Mgal which is less than 3% different from the measured 
flow of 8.32 Mgal. Thus, results obtained using both the 
WSTP and the SNL methods produce nearly identical 
simulated flows, thereby confirming the appropriateness 
of representing the “real-world” WSTP distribution sys­
tem (Figure 19A) with the surrogate SNL distribution 
system (Figure 19B). 

The application of the SNL method to simulate his­
torical water-distribution system operations is identified 
in the operational notes listed in Appendix C. For exam­
ple, in Table C-3, for the maximum-demand month of 
July 1971, the operational notes state that the Holly 
ground-level storage tanks are “in service” but “closed 
in EPANET 2.” This wording indicates that the operation 
of Holly storage tanks was not explicitly accounted for 
during simulation of the hydraulics of the July 1971 
water-distribution system, but rather, was replaced by 
supply wells of the surrogate SNL method as shown in 
Figure 19. The operational notes in Table C-3 also state 
that the Holly supply wells pump directly into the distri­
bution system. The simulated discharge from the surro­
gate Holly supply wells represent the discharge from the 
Holly high-service pumps into the distribution system. 
From the notes in Table C-3, the total discharge from 
Holly high-service pumps 1 and 2 over a 24-hour period 
for July 1971 was estimated as 3.376 Mgal. The total 
flow from the surrogate supply wells representing Holly 
wells 14, 16, 18, 19, and 21 is also 3.376 Mgal. Thus, 
the simulated volume of water discharged to the distri­
bution system using the SNL method (supply nodes rep­
resenting the Holly wells linked to the Holly storage 
tanks and high-service pumps) was equivalent to the 
estimated discharge of the Holly high-service pumps. 
Descriptions of the SNL representation of other facili­

ties in the water-distribution system, namely the Park­
way and Windsor treatment plants, can also be found in 
the operational notes of Appendix C. 

Manual Adjustment Process 

As described previously, two simulation methods 
were used to achieve balanced flow conditions that hon­
ored hydraulic engineering principles and that con­
formed to the “Master Operating Criteria” (Table 4)— 
the manual adjustment process and the GA optimization 
method. Using the manual adjustment process, investi­
gators manually adjusted and refined certain system 
physical and operational parameters in order to achieve 
balanced flow conditions and satisfy system operational 
requirements described by the “Master Operating Crite­
ria” (Table 4) or described in water-utility operational 
notes. Model parameters that could have been adjusted 
during a simulation or calibration process are pipe 
roughness coefficients, pipe diameters (using nominal 
versus actual), point (nodal) demands, pump-character­
istic curve data, and system operational data such as the 
on-and-off cycling of wells and high-service and booster 
pumps. Based on results of initial simulations, the 
model parameter that most affected water-distribution 
system pressures and hydraulic gradients was the pattern 
factor—the system operations parameter which con­
trolled the on-and-off cycling of wells and high-service 
and booster pumps. The effects on simulation results of 
modifying other modeling parameters such as pipe 
roughness coefficient, pipe diameter, point demands, or 
pump-characteristic curves were minor in comparison. 
In fact, based on sensitivity analyses conducted using 
the calibrated model of the present-day (1998) network, 
the water-distribution system was found to be insensi­
tive to variation in pipe roughness coefficient and diam­
eter (Maslia et al. 2000a, p. 51). Therefore, only pattern 
factors were adjusted during simulations of the histori­
cal water-distribution systems. Pipe roughness coeffi­
cients, pipe nominal diameter values, and pump-
characteristic curves were not adjusted and were the 
same as those determined from the model calibration 
and testing of the present-day water-distribution system 
(Maslia et al. 2000a). Point demands (nodal values) 
were varied on a monthly basis using the methods 
explained previously to derive monthly values (see sec­
tion on “Estimation and Distribution of Historical Con­
sumption).” A listing of model parameters and time-unit 
variation used for simulating the historical water-distri­
bution systems is provided in Table 13. 
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Figure 20.  Measured and simulated flows using Well-Storage Tank-Pump (WSTP) and 
Supply-Node-Link (SNL) simulation methods, Dover Township area, New Jersey, August 
1998 at (A) Holly treatment plant, and (B) Parkway treatment plant. 
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 Table 16.  Comparison of measured high-service pump flows and the Well-Storage Tank-Pump and 
Supply-Node-Link simulation methods, Dover Township area, New Jersey, August 1998 
[gpm, gallons per minute; WSTP, well-storage tank-pump; SNL, supply-node-link] 

Time 
(hour) 

Measured1 

(gpm) 

WSTP 
Method 2 

(gpm) 

SNL 
Method 
(gpm) 

Time 
(hour) 

Measured1 

(gpm) 

WSTP 
Method2 

(gpm) 

SNL 
Method 
(gpm) 

0:00 

1:00 

2:00 

3:00 

4:00 

5:00 

6:00 

7:00 

8:00 

9:00 

10:00 

11:00 

12:00 

13:00 

14:00 

15:00 

16:00 

17:00 

18:00 

19:00 

20:00 

21:00 

22:00 

23:00 

0:00 

1:00 

2:00 

3:00 

4:00 

5:00 

Holly Treatment Plant 

1,328.21 1,317.16 1,395.00 0:00 

1,305.38 1,239.73 1,395.00 1:00 

1,344.66 1,395.69 1,395.00 2:00 

1,380.91 1,359.77 1,395.00 3:00 

1,445.69 1,612.64 1,395.00 4:00 

1,816.93 1,658.27 1,395.00 5:00 

2,925.95 3,142.01 2,800.00 6:00 

2,922.60 3,137.37 2,800.00 7:00 

2,853.79 2,984.89 2,800.00 8:00 

2,817.53 2,854.32 2,800.00 9:00 

2,716.84 2,662.70 2,800.00 10:00 

2,669.51 2,569.35 2,800.00 11:00 

2,694.01 2,644.58 2,800.00 12:00 

1,721.27 2,563.82 1,395.00 13:00 

1,386.28 1,341.46 1,395.00 14:00 

1,397.02 1,418.59 1,395.00 15:00 

1,419.84 1,404.73 1,395.00 16:00 

1,431.59 1,398.22 1,395.00 17:00 

1,386.61 1,388.77 1,395.00 18:00 

1,378.56 1,317.87 1,395.00 19:00 

1,361.10 1,349.64 1,395.00 20:00 

1,329.22 1,220.05 1,395.00 21:00 

1,432.60 1,379.60 1,395.00 22:00 

1,364.46 1,306.80 1,395.00 23:00 

Total supply to distribution system after 48 hours, in gallons 

Parkway Treatment Plant 

0.00 0.00 0.00 0:00 

0.00 0.00 0.00 1:00 

0.00 0.00 0.00 2:00 

0.00 0.00 0.00 3:00 

0.00 0.00 0.00 4:00 

3,591.00 3,256.72 3,000.00 5:00 

1,357.41 

1,342.98 

1,336.60 

1,361.77 

1,425.89 

1,635.67 

2,618.49 

2,862.51 

2,876.61 

2,823.58 

2,817.20 

2,837.34 

2,859.83 

2,818.88 

2,143.53 

1,937.10 

1,988.45 

2,072.03 

2,039.14 

1,949.18 

1,533.63 

1,352.71 

1,344.32 

1,348.35 

5,633,076 

0.00 

0.00 

0.00 

0.00 

0.00 

3,438.25 

1,351.68 

1,358.62 

1,431.48 

1,432.60 

1,520.44 

1,617.56 

3,007.71 

2,918.64 

3,026.43 

3,024.38 

3,045.62 

3,065.93 

3,058.64 

3,035.15 

2,750.65 

2,341.93 

2,207.80 

2,507.51 

2,449.10 

2,427.58 

2,315.77 

1,300.51 

1,337.35 

1,284.74 

5,993,871 

0.00 

0.00 

0.00 

0.00 

0.00 

3,235.61 

1,395.00 

1,395.00 

1,395.00 

1,395.00 

1,395.00 

1,395.00 

2,800.00 

2,800.00 

2,800.00 

2,800.00 

2,800.00 

2,800.00 

2,800.00 

2,800.00 

2,100.00 

2,100.00 

2,100.00 

2,100.00 

2,100.00 

2,100.00 

1,395.00 

1,395.00 

1,395.00 

13,95.00 

5,619,600 

0.00 

0.00 

0.00 

0.00 

0.00 

3,000.00 

Methods of Analysis and Approaches to Simulation 57 



 Table 16.  Comparison of measured high-service pump flows and the Well-Storage Tank-Pump and 

Supply-Node-Link simulation methods, Dover Township area, New Jersey, August 1998—Continued
 
[gpm, gallons per minute; WSTP, well-storage tank-pump; SNL, supply-node-link] 

Time 
(hour) 

Measured1 

(gpm) 

WSTP 
Method2 

(gpm) 

SNL 
Method 
(gpm) 

Time 
(hour) 

Measured1 

(gpm) 

WSTP 
Method2 

(gpm) 

SNL 
Method 
(gpm) 

6:00 

7:00 

8:00 

9:00 

10:00 

11:00 

12:00 

13:00 

14:00 

15:00 

16:00 

17:00 

18:00 

19:00 

20:00 

21:00 

22:00 

23:00 

Parkway Treatment Plant—Continued 

4,942.25 4,920.24 4,800.00 6:00 4,743.25 

4,847.75 4,911.90 4,800.00 7:00 4,679.00 

4,664.00 4,786.99 4,800.00 8:00 4,792.00 

4,561.00 4,671.82 4,800.00 9:00 4,662.50 

4,416.00 4,480.89 4,800.00 10:00 4,679.25 

4,018.75 4,371.08 3,000.00 11:00 4,583.25 

2,880.25 2,966.48 3,000.00 12:00 3,161.50 

2,918.25 2,895.26 3,000.00 13:00 3,550.00 

2,893.25 2,977.89 3,000.00 14:00 4,422.25 

3,000.75 3,061.75 3,000.00 15:00 4,388.25 

3,048.00 3,053.90 3,000.00 16:00 3,795.50 

4,142.25 4,579.18 4,800.00 17:00 3,222.25 

4,418.75 4,560.60 4,800.00 18:00 3,185.75 

4,339.75 4,429.51 4,800.00 19:00 4,186.50 

4,321.00 4,458.03 4800.00 20:00 4,387.75 

2,741.25 4,209.10 3,000.00 21:00 3,426.50 

0.00 0.00 0.00 22:00 2,441.75 

0.00 0.00 0.00 23:00 1,211.50 

Total supply to distribution system after 48 hours, in gallons 8,322,075 

4,826.79 

4,741.47 

4,814.87 

4,843.04 

4,862.56 

4,901.19 

3,210.21 

3,210.20 

4,591.51 

4,623.69 

4,442.62 

3,174.46 

3,134.71 

4,719.67 

4,596.08 

4,354.23 

2,927.97 

2,872.88 

8,803,109 

4,800.00 

4,800.00 

4,800.00 

4,800.00 

4,800.00 

4,800.00 

3,000.00 

3,000.00 

4,800.00 

4,800.00 

3,000.00 

3,000.00 

3,000.00 

4,800.00 

4,800.00 

3,000.00 

3,000.00 

3,000.00 

8,532,000 

1Measured data for August 14-15, 1998, from Maslia et al. (2000a, Appendix N). 
2Simulated data from Maslia et al. (2000a, Appendix N). 
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Genetic Algorithm (GA) Optimization 

As shown in Tables 12 and 13, with the exception of 
the present-day (1998) and the 1996 water-distribution 
system, hourly-specific information regarding the opera­
tion of wells and high-service and booster pumps for the 
historical networks was not available16. Therefore, 
developing and investigating alternative operating 
schedules for the historical water-distribution systems 
and evaluating the effects of these alternative schedules 
with respect to results were considered critical parts of 
the historical reconstruction analysis17. The issues to be 
resolved were which alternative schedules would repre­
sent in a successful way the operation of the historical 
water-distribution systems and, if multiple alternatives 
were available, which ones should be chosen for investi­
gation and analyses. Accordingly, the following ques­
tions were posed: 

• If a balanced flow operating condition was 
achieved using the manual adjustment pro­
cess, was the resulting operating condition the 
only way the system could have successfully 
operated? 

• Could alternative or additional operating con­
ditions be defined such that system operations 
would also be satisfactory or even “optimal?” 

To answer these questions and address the issues 
raised by the external panel (ATSDR 2001e), a tech­
nique was required to “search” for and select a set of 
alternative operating conditions that, when applied, 
would result in the satisfactory operation of the histori­
cal water-distribution systems. Such a technique is the 
Genetic Algorithm (GA) optimization method. Simply 
put, a GA method refers to an optimization technique 
that attempts to find the best solution based on mimick­
ing (in a computational sense) the mechanics of natural 
selection and natural genetics (Holland 1975, Goldberg 
1989; Haupt and Haupt 1998, Walski et al. 2001). A 

16Hourly-specific information is defined as written or 
digital information that describes an hourly schedule 
by which water-utility operators control the on-and­
off cycling of wells and high-service and booster 
pumps. 

17This approach was also suggested by the external 
expert panel (ATSDR 2001e)—see “Background” 
section. 

complete description of the concept and application of 
GA methods is included in Appendix E. 

Previously, the GA has been coupled with hydraulic 
network solvers to select a set of roughness coefficient 
values to automate the model calibration process (Savic 
and Walters 1995, 1997, Walters et al. 1998). A GA 
analysis begins with a trial solution using a set of 
assumed values for the decision variables. The decision 
variables are automatically adjusted to create additional 
trial solutions. Each trial solution is then used for an 
objective function that evaluates the “fitness” of the 
solution. Based on the evaluation of the fitness of the 
solution, the most recent set of decision variables is 
either (1) directly entered for the next solution (“direct 
selection”), (2) combined with values from other solu­
tions (“crossover”), or (3) adjusted slightly by use of 
random changes (“mutated”) to obtain a new trial solu­
tion. The GA method does not apply this process to just 
one trial solution, but rather, the approach is based on 
the consideration of many trials or a set of solutions (“a 
population”) at any one time. The process described 
above continues for a specified number of solutions 
(“generations”) until the solution cannot be improved 
very readily (or until some stopping criteria is met). 
Although this approach does not guarantee an optimal 
solution, it is usually a very good solution to the objec­
tive function. The technique of coupling a GA method 
with hydraulic network solvers is still in its infancy. 
However, results have demonstrated the GA method has 
the ability to greatly assist in the evaluation of complex 
water-distribution systems. 

The GA method was applied to historical water-dis­
tribution systems that served the Dover Township area. 
In order to derive alternative on-and-off cycling patterns 
(and pattern factors) for every operating well, alternative 
sets of successful operating conditions were derived for 
every month of the historical period (January 1962– 
December 1996). The decision variables for the GA 
analyses were the hourly schedules of on-and-off 
cycling of wells and the well-pattern factors. The objec­
tive function was constrained by the pressure and stor­
age tank water-level requirements described in the 
“Master Operating Criteria” (for example, minimum 
pressure at any pipeline node must be greater than 15 
pounds per square inch (psi), maximum pressure at any 
pipeline node must not exceed 110 psi; see Table 4). 
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Owing to the complexity of the analysis, a new 
approach that embeds a GA in a progressive optimality 
algorithm was developed (Guan and Aral 1999a,b, Aral 
et al. 2001a,b,c). The resulting algorithm is identified as 
the Progressive Optimality Genetic Algorithm (POGA), 
which was applied to obtain solutions for alternative and 
optimal system-operation patterns for every network of 
the historical period (420 months). Initial estimates to 
start the POGA solution were obtained from the on-and­
off cycling patterns derived from the manual adjustment 
process, previously described. This guaranteed that the 
POGA would begin with balanced flow conditions, 
although because of the robustness of this approach, 
such a requirement is unnecessary. A complete and 
detailed description of the POGA methodology and 
approach (Aral et al. 2001b) is included as part of this 
report (Appendix E). The reader that is interested in the 
developmental and computational aspects of the POGA 
should refer to Appendix E for details. In a subsequent 
section of the report (see section on “Sensitivity Analy­
sis”), the proportionate contribution results obtained 
from the GA methodology are described and compared 
with proportionate contribution results obtained from 
the manual adjustment process. 

WATER-QUALITY MODELING 

(SOURCE-TRACE ANALYSIS) 

The fate of a dissolved constituent flowing through 
a distribution network over time is tracked by the 
EPANET 2 dynamic water-quality simulator. To model 
the water quality of a distribution system, EPANET 2 
uses flow information computed from the hydraulic 
network simulation as input to the water-quality model. 
The water-quality model uses the computed flows to 
solve the equation for conservation of mass for a 
substance within each link. Details of the specific 
mathematical formulation of the water-quality simulator 
and the solution technique are provided in the 
EPANET 2 Users Manual, as are the model input data 
requirements. 

Identifying the source of delivered water in a distri­
bution system is necessary when trying to determine the 
exposure of water users to chemical or biological con­
stituents. Males et al. (1985) developed a method using 
simultaneous equations to calculate the spatial distribu­

tion of variables such as percentage of flow, concentra­
tion, and travel times that could be associated with links 
and nodes, under steady-flow conditions. Grayman et al. 
(1988) developed a water-quality model that used flows 
previously generated by a hydraulic model and a numer­
ical method to route contaminants—conservative and 
non-conservative—through a distribution system. This 
type of model has become known as a dynamic water-
quality model. EPANET 2 is also a dynamic water-qual­
ity model, and has the ability to compute the percentage 
of water reaching any point in the distribution system 
over time from a specified location (source) in the net-
work—the “proportionate contribution” of water from a 
specified source. To estimate the proportionate contribu­
tion of water, a source location is assigned a value of 
100%. The resulting solution provided by the water-
quality simulator in EPANET 2 then becomes the per­
centage of flow at any location in the distribution-sys­
tem network (for example, a demand node) contributed 
by the source location of interest. 

For the historical reconstruction analyses, a source-
trace analysis was conducted for every month of the his­
torical period. The list of EPANET 2 source-node iden­
tifications assigned to points of entry for the source-
trace analyses is included in Appendix F (Table F-1 
through F-35). These source nodes were assigned a 
value of 100% in order to estimate the proportionate 
contribution of water to locations in the historical distri­
bution-system networks. Initial conditions must be 
“flushed out” of the distribution system before retrieving 
the proportionate contribution results (Maslia et al. 
2000a, p. 55). Accordingly, the monthly historical net­
work models were run for simulation periods of approx­
imately 1,200 hours to reach a state of stationary water-
quality dynamics (“dynamic equilibrium”) as previously 
explained. The results of the source-trace analyses 
reported herein represent the last 24 hours of the 1,200 
hours of the simulation period. Hydraulic time steps of 1 
hour, and water-quality time steps of 5 minutes were 
used. For some monthly simulations in the 1980s, the 
water-quality time steps were reduced to 1 minute. 
These smaller water-quality time steps were necessary 
to ensure that the mass balance summed to 100%. 
Results of the source-trace analyses are presented and 
discussed in the next section of this report. 
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HISTORICAL RECONSTRUCTION ANALYSIS 

Having assembled data required by the EPANET 2 
requirements (see section on “Specific Data Needs”), 
hydraulic and water-quality simulations (source-trace 
analyses) were conducted for each month of the 
historical period (January 1962–December 1996). The 
simulations, used to determine the proportionate 
contribution of water from the wells and well fields 
(points of entry) to various locations in the water-
distribution system, were conducted for each of the 420 
months of the historical period. The manual adjustment 
process, as previously described (see section on 
“Methods of Analysis and Approaches to Simulation”), 
was  used  to  s imula te  the  on-and-off  cycle  of  
groundwater wells and to assure that all conditions of 
the “Master Operating Criteria” were satisfied. 
Simulation results presented in this section of the report 
were accomplished using the manual adjustment 
process. 

PROPORTIONATE CONTRIBUTION RESULTS 

The percentage of water from a particular well or well 
field (for example, Brookside well 15 or the Parkway 
well field) is provided at model nodes (pipeline 
junctions) throughout the distribution-system network 
as a result of the proportionate contribution analyses. 
Results are displayed in a map format showing the areal 
distribution of the proportionate contribution of water 
from the well or well field of interest (for example, 
Holly wells) to any location in the Dover Township area 
(Figure 21). In Figure 21, simulated proportionate 
contribution results for all model nodes18  are shown for 
the maximum-demand month of July 1988, using the 
Parkway well field as the point of entry (or source 
point). The simulated proportionate contribution results 
are divided into six intervals—1% to 10%, 10% to 25%, 
25% to 50%, 50% to 75%, 75% to 90%, and 90% to 
100%—and a color is assigned to all nodes within each 

18Results are shown for all model nodes (pipeline 
junctions) with simulated proportionate contribu­
tion equal to or greater than 1%. For values of less 
than 1%, results are not shown. 

interval. A different map is required for each different 
well or well field for each specific month and year to 
completely present the results. Therefore, for each 
operating well or well field, simulated proportionate 
contribution results are presented for three selected 
months—minimum-,  maximum-,  and average­
demand—for seven selected years—1962, 1965, 1971, 
1978, 1988, 1995, and 1996. The maps are provided in 
this report under separate cover as Plates 52 through 
153. Table 17 lists the selected months and years for 
each well or well field for which results are presented in 
the map format, and lists the map identification numbers 
in the report (Plates 52–153)19. 

Simulated proportionate contribution results can 
also be viewed in terms of selected pipeline locations. 
Five geographically distinct pipeline locations were 
selected from the historical networks to represent the 
spatial distribution of proportionate contribution results. 
These locations are identified on Figures 5 through 8, 
Figure 21, and Plates 52 through 153 as locations A, B, 
C, D, and E. The model node identification number of 
each selected pipeline location is listed in Table 18. 
Using this method of presentation, results are listed in a 
tabular format for every month of the selected years 
1962, 1965, 1971, 1978, 1988, 1995, and 1996 for pipe­
line locations A, B, C, D, and E. Simulated proportion­
ate contribution results presented in this format are 
summarized in Appendix G (Tables G-1 through G-7). 

19Data files included with this report on CD-ROM 
represent the digital (or electronic) results shown 
on Plates 52 through 153. Contained in the data 
files are the values of simulated proportionate 
contribution of water from each operating well or 
well field to all model nodes. These results were 
obtained using the manual adjustment process. 
The files are prepared in text,  Excel,  and 
DBF  formats. 
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Figure 21.  Areal distribution of simulated proportionate contribution of water from 
the Parkway wells (22, 23, 24, 26, 28, 29) to locations in the Dover Township area, 
New Jersey, July 1988 conditions (manual adjustment process). 
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  Table 17. Well or well field (point of entry) for which simulated proportionate contribution results are 
shown on maps, year, month of analysis, and map-identification number, Dover Township area, 
New Jersey 
[ —, Well or well field not part of distribution system or not operating during this month; see Plates under separate cover] 

Month Well or Well Field1 

Holly 
Brookside 

(15) 

South 
Toms 
River 

Indian 
Head 
(20) 

Route 70 
Parkway 

(31) 
Berkeley 

Windsor 
(40) 

Anchorage 
Silver 
Bay 

February2 

May 

October 

February 

June 

October 

February 

July 

October 

February 

June 

October 

February 

July 

October 

February 

August 

October 

February 

June 

October 

3Plate 52 

Plate 54 

Plate 56 

Plate 58 

Plate 60 

Plate 62 

Plate 64 

Plate 70 

Plate 77 

Plate 83 

Plate 87 

Plate 94 

Plate 99 

Plate 105 

Plate 112 

— 

Plate 123 

Plate 131 

— 

Plate 142 

Plate 149 

Plate 53 

Plate 55 

Plate 57 

Plate 59 

Plate 61 

Plate 63 

Plate 65 

Plate 71 

Plate 78 

— 

Plate 88 

Plate 95 

Plate 100 

Plate 106 

— 

— 

Plate 124 

— 

— 

Plate 143 

— 

— 

— 

— 

— 

— 

— 

Plate 66 

Plate 72 

Plate 79 

Plate 84 

Plate 89 

Plate 96 

Plate 101 

Plate 107 

Plate 113 

Plate 118 

Plate 125 

— 

Plate 137 

Plate 144 

Plate 150 

— 

— 

— 

— 

— 

— 

Plate 67 

Plate 73 

Plate 80 

Plate 85 

Plate 90 

Plate 97 

— 

Plate 108 

Plate 114 

Plate 119 

Plate 126 

Plate 132 

Plate 138 

— 

— 

1962 

— 

— 

— 

1965 

— 

— 

— 

1971 

— 

Plate 74 

— 

1978 

Plate 86 

Plate 91 

Plate 98 

1988 

Plate 102 

Plate 109 

Plate 115 

1995 

Plate 120 

Plate 127 

Plate 133 

1996 

Plate 139 

Plate 145 

Plate 151 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Plate 103 

Plate 110 

Plate 116 

Plate 121 

Plate 128 

Plate 134 

Plate 140 

Plate 146 

Plate 152 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Plate 104 

Plate 111 

Plate 117 

Plate 122 

Plate 129 

Plate 135 

Plate 141 

Plate 147 

Plate 153 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Plate 130 

Plate 136 

— 

Plate 148 

— 

— 

— 

— 

— 

— 

— 

Plate 68 

Plate 75 

Plate 81 

— 

Plate 92 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Plate 69 

Plate 76 

Plate 82 

— 

Plate 93 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

1Well numbers in parentheses are well-identification numbers; no number indicates a well field containing multiple wells; Anchorage and Silver 
Bay wells do not have well numbers assigned by water utility. 

2February is minimum-demand month; October is average-demand month; and May, June, July, or August are maximum-demand months. 
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  Table 18. Pipeline location letters and 
corresponding model node numbers for 
which simulated proportionate contribution 
results are discussed in te xt and shown in 
figures and on plates 
[see Figure 21 or Plates 52–153 for location] 

Pipeline Location 
Identification 

Letter 

Model Node 
Identification 

Number 

Descriptive 
Location 

A 

B 

C 

D 

E 

2997 

3730 

4606 

7148 

10117 

South-central Dover 
Township 

Southwestern Dover 
Township 

West-central Dover 
Township 

Southeastern Dover 
Township 

Northeastern Dover 
Township 

The percentage of water contributed by every well 
and well field for any given time, also can be viewed at 
selected pipeline using a “stacked” column graph. This 
method of presentation uses one column to represent 
each of the five selected pipeline locations—A through 
E. The contribution of water, in percent, from each oper­
ating well or well field for the time of interest is 
“stacked” one on top of the other within each column. 
Figure 22 is an example of simulation results using this 
method of presentation for the maximum-demand month 
of July 1988. Note, the pipeline locations A–E refer­
enced in this column graph are shown in Figure 21. For 
example, simulated proportionate contribution results 
shown in Figure 21 indicate that the Parkway well field 
contributed in the range of 50 % to 75 % of the water to 
pipeline location C. Inspection of the graph in Figure 22 
for the same pipeline location indicates simulated pro­
portionate contribution of approximately 55 %, which is 
in agreement with results shown in Figure 21. Results 
using the “stacked” column graph presentation method 
for the minimum-, maximum-, and average-demand 
months for the seven selected years 1962, 1965, 1971, 
1978, 1988, 1995, and 1996 are included in Appendix H 
(Figures H-1 through H-7).Table 19 lists the location in 
this report where selected tabular and graphical propor­
tionate contribution results for selected locations are 
summarized. All results were obtained using the manual 
adjustment process. 
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Figure 22. Simulated proportionate contribution 
of water from wells and well fields to selected 
locations, Dover Township area, New Jersey, 
July 1988 (manual adjustment process). 

The sum of the proportionate contribution of water 
from all wells and well fields to any pipeline location 
should be 100%. Because of numerical approximation 
and roundoff, however, the total contribution from all 
wells and well fields may sum to slightly less or slightly 
more than 100% at some locations. Such results are 
expected when using numerical simulation techniques. 
In the historical reconstruction analysis conducted for 
the water-distribution system serving the Dover Town­
ship area, the sum of the proportionate contribution 
results at any location ranges from 98% to 101% (for 
example, results presented in Appendices G and H). 
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  Table 19. Proportionate contribution results for wells and well fields for selected pipeline locations using the 
manual adjustment process, year, month of analysis, and location in report   
[see Figure 21 or Plates 52–153 for pipeline locations; —, simulation results not presented in a graphical format for this month] 

Simulation Month1 

January February March April May June July August September October November December 

1962 

2Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 Table G-1 

— 2Figure H-1 — — Figure H-1 — — — — Figure H-1 — — 

1965 

Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 Table G-2 

— Figure H-2 — — — Figure H-2 — — — Figure H-2 — — 

1971 

Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 Table G-3 

— Figure H-3 — — — — Figure H-3 — — Figure H-3 — — 

1978 

Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 Table G-4 

— Figure H-4 — — — Figure H-4 — — — Figure H-4 — — 

1988 

Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 Table G-5 

— Figure H-5 — — — — Figure H-5 — — Figure H-5 — — 

1995 

Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 Table G-6 

— Figure H-6 — — — — — Figure H-6 — Figure H-6 — — 

1996 

Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 Table G-7 

— Figure H-7 — — — Figure H-7 — — — Figure H-7 — — 

1February is minimum-demand month; October is average-demand month; May, June, July, or August are maximum-demand 
months. 

2Letters refer to Appendices, i.e.; Table G-1 is found in Appendix G; Figure H-1, is found in Appendix H. 
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SUMMARY OF ANALYSES20   

Results of the proportionate contribution simula­
tions illustrate the increasing complexity and opera­
tional variability of the distribution system throughout 
the historical period. As previously described, these 
results were obtained by conducting source-trace analy­
sis simulations. The annual variation of the simulated 
proportionate contribution of water from all operating 
wells and well fields to selected locations in the Dover 
Township area is shown for the minimum-demand 
month of February (Figure 23), the maximum-demand 
months of May, June, July, or August (Figure 24), and 
the average-demand month of October (Figure 25). For 
each of these examples, the five pipeline locations previ­
ously described—A through E—were selected from the 
historical pipeline networks to represent the spatial dis­
tribution of proportionate contribution results. 

Comparison of the May 1962 results with the June 
1996 results (Figure 24) indicates the increasing com­
plexity of the water-distribution system operations and 
how such operations influenced the proportionate contri­
bution of water to specific locations. In May 1962, only 
two well fields (Holly and Brookside) provided water to 
any one location; whereas, in June 1996, as many as 
seven well fields provided water to any one location, 
such as, pipeline location E in Figure 24. 

In reviewing the simulation results, the annual and 
seasonal variation of the proportionate contribution of 
water is evident by inspecting, for example, the results 
for pipeline location D. Annual variation is determined 
by selecting a certain demand conditions—minimum, 
maximum, or average (Figures 23, 24, or 25, respec­
tively)—and comparing the proportionate contribution 
results over the historical period (1962–96). For exam­
ple, for the minimum-demand month of February, for 
pipeline location D, results indicate (Figure 23): 

20In this section, a summary of the analyses conducted 
for the historical period of January 1962– 
December 1996 is presented. More in depth and 
detailed analyses of results for the seven selected 
year—1962, 1965, 1971, 1978, 1988, 1995, and 
1996—are presented in the next section of the 
report, “Review of Simulation Results for Selected 
Years and Months.” 

• 1962–73—most of the water at pipeline loca­
tion D was contributed by the Brookside well 
(15) and furthermore, during this period, this 
location received water from either the Brook-
side well (15) alone or the combination of the 
Holly well field21 and the Brookside well (15); 

• 1974–80—most of the water at location D was 
contributed by the Holly and Parkway well 
fields, with each well field contributing approx­
imately 40% to 60% of the water; and 

• 1981–96—About 70% or more of the water at 
pipeline location D was contributed by the 
Parkway well field22, with the exception of 
1985 and 1988, when the Holly well field con­
tributed more than 70% of the water. 

Seasonal variation is determined by choosing a spe­
cific year and comparing the proportionate contribution 
results for the minimum-, maximum-, and average-
demand months (Figures 23, 24, and 25, respectively). 
For example, for 1988, at pipeline location C, results 
indicate: 

• Minimum-demand month of February (Figure 
23)—About 65% of the water was contributed 
by the Berkeley wells, about 25% was contrib­
uted by the Parkway well field, and the remain­
ing 10% was contributed the Holly well field; 
and the Route 70 well (31); 

• Maximum-demand month of July (Figure 24)— 
about 55% of the water at pipeline location C 
was contributed by the Parkway well field, 
about 25% was contributed by the Holly well 
field, about 15% was contributed by the Berke­
ley wells, and the remaining 5% was contrib­
uted by the Indian Head well (20); and 

21For well fields that have multiple wells, such as 
Holly, South Toms River, Parkway, and Berkeley, 
see Appendix B for information on specific wells 
in operation during the historical period of analy­
sis. 

22For more exact proportionate contribution results for 
the seven selected years—1962, 1965, 1971, 1978, 
1988, 1995, and 1996—readers should refer to 
Tables G-1 through G-7, located in  Appendix G. 
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• Average-demand month of October (Figure 
25)—about 80% of the water at pipeline loca­
tion C was contributed by the Parkway well 
field and about 20% was contributed by the 
Indian Head well (20). 

Simulation results for the maximum-demand 
months of May 1962, June 1965, July 1971, June 1978, 
July 1988, August 1995, and June 1996 for pipeline 
location D further exemplify the annual variation in the 
contribution of water to this location and indicate the 
following (see Figure 24 for the proportionate contribu­
tion results and Plates referenced in Table 16 for well 
and well field locations): 

• May 1962—100% of the water was provided by 
the Brookside well (15); 

• June 1965—20% of the water was provided by 
the Holly wells (13 and 14); and 80% by the 
Brookside well (15); 

• July 1971—30% of the water was provided by 
the Holly wells (14, 16, 18, 19, and 21); 54% by 
the Brookside well (15); 3% by the Indian Head 
well (20); and 14% by Parkway wells (22, 23, 
26, and 27); 

• June 1978—25% of the water was provided by 
the Holly wells (16, 18, 91, and 21), 42% by the 
Brookside well (15), 4% by the South Toms 
River well (17), and 30% by the Parkway wells 
(22-29); 

• July 1988—49% of the water was provided by 
Holly wells (21 and 30); 26% by the Brookside 
well (15); 11% by the South Toms River wells 
(32 and 38); 14% by the Parkway wells (22, 23, 
24, 26, 28, and 29); and 1% by the Berkeley 
wells (33-35); 

• August 1995—55% of water was provided by 
the Holly wells (21, 30, and 37), 12% by the 
Brookside well (15), 23% by the South Toms 
River wells (32 and 38), 2% by the Parkway 
wells (22, 24, 26, 28, 29, and 42), and 7% by 
the Windsor well (40); and 

• June 1996—66% of the water was provided by 
the Holly well (30); 2% by the Brookside well 
(15); 9% by the South Toms River wells (32 
and 38); 2% by the Parkway wells (22, 24, 26, 
28, 29, and 42); 4% by the Berkeley wells (33­
35), and 17% by the Windsor well (40). 

The simulation results shown in Figures 23, 24, and 
25 demonstrate that the contribution of water from wells 
and well fields varied by time and location. However, 
the results also show that certain wells provided the pre­
dominant amount of water to locations throughout the 
Dover Township area. Discussed below are simulation 
results, obtained using the manual adjustment process, 
for the proportionate contribution of water from each 
operating well and well field for selected years (1962, 
1965, 1971, 1978, 1988, 1995, and 1996) and selected 
months (minimum-, maximum, and average-demand) of 
the historical period. 

REVIEW OF SIMULATION RESULTS FOR SELECTED 

YEARS AND MONTHS 

Because of space limitations, it is not possible to 
present in this report results of the source-trace analyses 
for every well and well field for every month of the 
historical period. For example, to present the areal 
distribution of the simulated proportionate contribution 
of water from only two well fields for every month of 
the historical period would require 840 maps; and from 
June 1966 foreword, every historical water-distribution 
system contained more than two well fields (Appendices 
B and F). Accordingly, results representing several years 
from the 35 years of historical simulations were selected 
and are examples described herein23. The years selected 
as previously discussed are: 1962, 1965, 1971, 1978, 
1988, 1995, and 1996. These selected years represent 
the first and last years of the historical period (1962 and 
1996, respectively), peak production years (1971, 1988, 
and 1995, see Figures 12 and 14), a transition year and a 
year when a number of new wells were added (1965 and 
1971 ,  respec t ive ly) ,  and  the  firs t  year  where  
investigators had generalized notes from the water 

23Proportionate contribution results for any month of 
the historical period (January 1962—December 
1996) can be obtained by conducting a source-
trace analysis using the appropriate monthly input 
data file and the EPANET 2 program included 
with this report on the accompanying CD-ROMs. 
Readers should refer to Tables F-1 through F-7 
(Appendix F) for source-node identifications 
needed to be used with the input data files, and 
conduct the simulations according to the 
description provided in the “Water-Quality 
Modeling (Source-Trace Analysis)” section of 
this report. 
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Figure 23.  Annual variation of simulated proportionate contribution of water from 
wells and well fields to selected locations, Dover Township area, New Jersey,  
minimum-demand months, 1962–96 (manual adjustment process). 
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Figure 24.  Annual variation of simulated proportionate contribution of water from 
wells and well fields to selected locations, Dover Township area, New Jersey,  
maximum-demand months, 1962–96 (manual adjustment process). 
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Figure 25.  Annual variation of simulated proportionate contribution of water from 
wells and well fields to selected locations, Dover Township area, New Jersey,  
average-demand months, 1962–96 (manual adjustment process). 
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utility describing typical peak-day (summer) and non­
peak-day ( fa l l )  opera t ions  (1978) .  S imula ted  
proportionate contribution results in the map and 
“stacked” column graph format are shown for the 
minimum-, maximum-, and average-demand months for 
the selected years (Plates 52-153 and Appendix H; see 
Tables 17 and 19). Simulated proportionate contribution 
results in tabular format are presented for every month 
of the selected years (Table 19; Appendix G). 

1962—February, May, and October 

In 1962, the first year of the historical reconstruc­
tion analysis, the water-distribution system consisted of 
2 well fields containing 3 wells (Holly wells 13 and 14; 
Brookside well 15) and 1 storage tank and standpipe 
(Horner Street) as shown on Plate 52. In 1962, total pro­
duction of water was 359 Mgal (Figure 14). Production 
of slightly more than 40 Mgal occurred during the maxi-
mum-demand month of May (Table B-1; Figure 11). 
The areal distribution of the simulated proportionate 
contribution of water from the well fields to locations in 
the Dover Township area is presented on Plates 52–57 
for the minimum-, maximum-, and average-demand 
months of February, May, and October, respectively. 
Graphs showing the percentage of water contributed by 
the two well fields to the five selected pipeline locations 
(A, B, C, D, and E) are shown in Figure H-1, and a tabu­
lar listing of this information for each month of 1962 is 
provided in Table G-1. In February and May 1962, the 
Holly wells did not supply any water to the western area 
of Dover Township and supplied only a very small 
amount (10% or less) in October 1962 (Plates 52, 54, 
56). On the other hand, the Brookside well supplied all 
parts of the water-distribution system including 90% or 
more to the central, south-central, and eastern parts of 
the Dover Township area in February 1962 (Plates 53, 
55, 57). Depending on the time of year, there can be sig­
nificant variation in the proportionate contribution of 
water from a well or well field to a specific location ser­
viced by the water-distribution system. As shown in 
Table G-1 and Figure H-1, the percentage of water con­
tributed to pipeline location A in the southernmost area 
of Dover Township by the Holly wells in 1962 varied 
from 0% in February to 23% in May (maximum­
demand month) to 40% in October (also compare Plates 
52, 54, and 56). 

1965—February, June, and October 

In 1965, the water-distribution system consisted of 
2 well fields containing 4 wells (Holly wells 14, 16, and 

18; Brookside well 15) and 1 elevated storage tank 
(South Toms River), as shown on Plate 58. In 1965, total 
production of water was 573 Mgal (Figure 14). Produc­
tion of slightly more than 64 Mgal occurred during the 
maximum-demand month of June (Table B-4; Figure 
11). The areal distribution of the simulated proportion­
ate contribution of water from the wells and well fields 
to locations in the Dover Township area is presented on 
Plates 58 through 63 for the minimum-, maximum-, and 
average-demand months of February, June, and October, 
respectively. Graphs showing the simulated percentage 
of water contributed by the well fields to the five 
selected pipeline locations (A–E) are shown in Figure 
H-2. A tabular listing of simulated results for each 
month of 1965 is also provided in Table G-2. By 1965, 
the water-distribution system had expanded to the north-
easternmost part of Dover Township. This area, the east­
ernmost, and the southeastern areas were primarily 
supplied by the Brookside well contributing 75% or 
more of the water during all demand periods (Plates 59, 
61, 63). The Holly wells supplied 75% or more of the 
water to the southwestern and southern areas of Dover 
Township, including the Borough of South Toms River 
where these wells supplied 90% or more of the water 
during all demand periods (Plates 58, 60, 62). Pipeline 
locations D and E, located in the southeastern and north-
easternmost areas of Dover Township (see Plate 58 for 
location), were supplied with 80% to 100% of their 
water by the Brookside well (15). Pipeline locations A 
and B, located in the southern and southwestern areas, 
respectively, received 56% to 100% of their water from 
the Holly wells. Pipeline location C, located in the west-
central area of Dover Township, received 39% of its 
water from the Holly wells under minimum-demand 
conditions (February 1965) and 72% and 80% of its 
water under maximum- and average-demand conditions, 
respectively (June 1965 and October 1965; Table G-2 
and Figure H-2). 

1971—February, July, and October 

In 1971, the water-distribution system consisted of 
7 well fields containing 14 wells (Holly wells 14, 16, 18, 
19, and 21; Brookside well 15; South Toms River well 
17; Indian Head well 20, Parkway wells 22, 23, 26, and 
27; Anchorage well; and Silver Bay well), 3 ground-
level storage tanks (Holly plant (2 tanks) and Parkway) 
and 2 elevated storage tanks (South Toms River and 
Indian Hill), as shown on Plate 64. The areal distribution 
of the simulated proportionate contribution of water 
from the wells and well fields to locations in the Dover 
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Township area is presented on Plates 64 through 82 for 
the minimum-, maximum-, and average-demand months 
of February, July, and October, respectively. Graphs 
showing the simulated percentage of water contributed 
by the well fields to the five selected pipeline locations 
(A-E) are shown in Figure H-3. A tabular listing of sim­
ulated results for each month of 1971 is also provided in 
Table G-3. The configuration and operation of the 1971 
water-distribution system illustrates the growth and 
operational complexity of the system (compare Plates 
64 and 58; Figures H-2 and H-3). The Holly wells pri­
marily contributed water to the southern and southwest­
ernmost areas of the distribution system (Plates 64, 70, 
77). Note that with well fields such as Holly, which con­
tain multiple wells, not all wells were pumped or were 
in service during the entire year. For example, in Febru­
ary and October 1971 (minimum- and average-demand 
conditions), only Holly wells 16, 18, and 19 were oper­
ating (Plates 64 and 77; Table B-10), whereas the well 
field consisted of wells 14, 16, 18, 19, and 21. All of 
these wells were operated under maximum-demand 
conditions in July 1971 (Plate 70; Table B-10). 

In 1971, demand and consequently production of 
water were at all-time highs, reaching a total annual pro­
duction of 1,449 Mgal (Figure 14). Production of more 
than 230 Mgal occurred during the maximum-demand 
month of July (Table B-10; Figures 11 and 12). The 
Indian Head well contributed 90% or more of the water 
to locations along the northwesternmost part of the dis­
tribution system (Plate 67) in February 1971, more than 
50% of the water in July (Plate 73), and more than 25% 
of the water in October (Plate 80). The Anchorage and 
Silver Bay wells, located in the northeasternmost area of 
Dover Township (Plates 68, 69, 75, 76, 81, 82), were 
also in service in 1971. These wells were used primarily 
to service and augment demand in the vicinity of the 
well locations. 

In 1971, four Parkway wells (22, 23, 26, and 27) 
were brought on line to meet the maximum-demand 
conditions occurring in July (Plate 74; Figure H-3; Table 
G-3; Table B-10). These wells contributed water in vary­
ing amounts of up to 75%, with an average simulated 
contribution of about 25%, to all areas of the distribu­
tion system except for the southernmost and southwest­
ernmost areas of Dover Township and the Borough of 
South Toms River. 

1978—February, June, and October 

In 1978, the water-distribution system consisted of 
7 well fields containing 17 wells (Holly wells 16, 18, 19, 
and 21; Brookside well 15; South Toms River well 17; 
Indian head well 20; Parkway wells 22-29; Anchorage 
well; and Silver Bay well), 5 ground-level storage tanks 
(Holly Plant (2 tanks), Parkway, Holiday City, and 
Route 37), and 2 elevated storage tanks (South Toms 
River and Indian Hill) as shown on Plate 83. The areal 
distribution of the simulated proportionate contribution 
of water from the wells and well fields to locations in 
the Dover Township area is presented on Plates 83 
through 98 for the minimum-, maximum-, and average-
demand months of February, June, and October, respec­
tively. Graphs showing the simulated percentage of 
water contributed by the well fields to the five selected 
pipeline locations (A-E) are shown in Figure H-4. A tab­
ular listing of simulated results for each month of 1978 
is also provided in Table G-3. By 1978, the operations of 
the water-distribution system had been configured so 
that the Parkway wells were contributing water to all 
locations throughout the Dover Township area (Plates 
86, 91, 98; Figure H-4; Tables G-4), except for the Bor­
ough of South Toms River. This area was primarily sup­
plied by the Holly wells (Plates 83, 87, 94) and the 
South Toms River well (Plates 84, 89, 96), as exempli­
fied by the contribution of water to pipeline location A 
shown in Figure H-4. 

In 1978, total production of water was 2,191 Mgal 
(Figure 14). Production of more than 273 Mgal occurred 
during the maximum-demand month of July (Table B­
17; Figure 11). During 1978, simulation results indicate 
that the Holly wells contributed 75% or more of the 
water to the southernmost area of Dover Township and 
10% to 100% of the water to the Berkeley Township 
area serviced by the water-distribution system in Febru­
ary, June, and October (Plates 83, 87, 94). The Indian 
Head well contributed 90% or more of the water to loca­
tions along the northwesternmost part of the water-dis­
tribution system in February and October (Plates 85, 
97), and more than 50% of the water during the maxi-
mum-demand month of June (Plate 90). Most of the 
water contributed by the Indian Head well flowed pri­
marily to the northwest as exemplified by the contribu­
tion of water to pipeline location A (Figure H-4). This 
location, supplied solely by the Indian Head and Park­
way wells (Table G-4), is located to the east of the 
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Indian Head well (Plate 85) and, therefore, obtained 
most of its water (70% or more) in February, June, and 
October from the Parkway wells. 

Unlike the operations of the water-distribution sys­
tem in the early years of the historical period, in 1978 
the Brookside well was operated on a limited basis and 
simulation results indicate a contribution of water of 
50% or less to locations in eastern and northeasternmost 
areas of Dover Township (Plates 88, 95). This method of 
operating the Brookside well is clearly seen by compar­
ing the simulated proportionate contribution of water 
from the Brookside well to the five selected pipeline 
locations for 1965 and 1978 (compare Figures H-2 and 
H-4, respectively). 

In 1978, the Anchorage and Silver Bay wells were 
used solely for the maximum-demand month of June 
(Plates 92 and 93). As described above for 1971 condi­
tions, these wells were used primarily to service and 
augment demand in the areas that were in the vicinity of 
the well locations; that is, the northeasternmost part of 
Dover Township. The Silver Bay well was taken com­
pletely out of service after August 1980 (Table B-19) 
and the Anchorage well was used solely for an average 
of 2 hours per day in July 1981 (Table B-20) and 5 hours 
per day in June 1984 (Table B-23), after which time, it 
was taken completely out of service. 

1988—February, July, and October 

In 1988, the water-distribution system consisted of 
7 well fields containing 16 wells (Holly wells 21 and 30; 
Brookside well 15; South Toms River wells 32 and 38; 
Indian Head well 20; Parkway wells 22-24, 26, 28, and 
29; Route 70 well 31; Berkeley wells 33, 34, and 35), 6 
ground-level storage tanks (Holly Plant (2 tanks), Park­
way, Holiday City, Route 37, and Windsor), and 2 ele­
vated storage tanks (South Toms River and Indian Hill), 
as shown on Plate 99. The areal distribution of the simu­
lated proportionate contribution of water from the wells 
and well fields to locations in the Dover Township area 
is presented on Plates 99 through 117 for the minimum-, 
maximum-, and average-demand months of February, 
July, and October, respectively. Graphs showing the 
simulated percentage of water contributed by the points 
of entry to the five selected pipeline locations (A-E) are 
shown in Figure H-5. A tabular listing of the percentage 
of water contributed by each water source for each 
month of 1988 is also provided in Table G-5. 

By 1988, demand and consequently production of 
water were at all-time highs, reaching a total annual pro­
duction of 3,441 Mgal (Figure 14). Production of nearly 
433 Mgal occurred during the maximum-demand month 
of July (Table B-27; Figures 11 and 12). In February 
1988, most of the water supplied to the water-distribu­
tion system was contributed by Holly well 30 and by 
Berkeley wells 33 and 34 (Plates 99, 104). Simulated 
proportionate contribution results indicate that the 
Brookside well and South Toms River well 32 contrib­
uted 25% or less of the water to the southeasternmost, 
eastern, and northeasternmost areas of Dover Township 
(Plates 100; 101). 

Simulation results show that the Parkway wells 
contributed water to the central and northern areas of 
Dover Township in varying percentages during 1988, 
depending on the time of year and demand conditions 
(Plates 102, 109, 115). The water contributed by the 
Parkway wells was as little as about 10% in February at 
pipeline location D (Figure H-5), 80% or more in Octo­
ber at pipeline location C, and was nearly 100% of the 
water contributed to locations in the central area of 
Dover Township in October (Plate 115). 

The Route 70 well was part of the water-distribu­
tion system in 1988 (Plates 103, 110, 116) and was pri­
marily used to supply water to locations along the 
northwesternmost part of the Dover Township area. In 
previous years, this part of the network was supplied by 
the Indian Head well. The Route 70 well also contrib­
uted water to the northernmost and northeasternmost 
areas of Dover Township throughout 1988. The Berke­
ley wells, brought into service in 1986 (Table B-25), 
were used as the primary source of water for that part of 
the distribution system serving the Berkeley Township 
area. In 1988, based on simulated proportionate contri­
bution results, these wells contributed 90% or more of 
the water to the Berkeley Township area (Plates 104, 
111, 117). In February, Berkeley wells 33 and 34 con­
tributed up to 25% of the water to eastern areas (includ­
ing the southeasternmost and northeasternmost areas) of 
Dover Township; whereas in July and October the simu­
lated percentage of water from all three Berkeley wells 
(33, 34, and 35) was 10% or less to this part of the net­
work. 

1995—February, August, and October 

In 1995, the water-distribution system consisted of 
8 well fields containing 20 wells (Holly wells 21, 30, 
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and 37; Brookside well 15; South Toms River wells 32 
and 38; Indian Head well 20; Parkway wells 22, 24, 26, 
28, 29, 39, 41, and 42; Route 70 well 31; Berkeley wells 
33, 34, and 35; Windsor well 40), 6 ground-level storage 
tanks (Holly Plant (2 tanks), Parkway, Holiday City, 
Route 37, and Windsor), and 3 elevated storage tanks 
(South Toms River, Indian Hill, and North Dover), as 
shown on Plate 118. The areal distribution of the simu­
lated proportionate contribution of water from the wells 
and well fields to locations in the Dover Township area 
is presented on Plates 118 through 136 for the mini­
mum-, maximum-, and average-demand months of Feb­
ruary, August, and October, respectively. Graphs 
showing the percentage of water contributed by the 
points of entry to the five selected pipeline locations (A­
E) are shown in Figure H-6. A tabular listing of the per­
centage of water contributed by each water source for 
each month of 1995 is also provided in Table G-6. 

Production of water to meet demand in 1995 
exceeded all other years of the historical period with 
respect to total annual production of 3,985 Mgal (Figure 
14). The maximum-monthly production of nearly 514 
Mgal occurred in August (Table B-34; Figures 11 and 
12). For minimum-demand conditions (February), most 
of the water was contributed by the Parkway wells 
(Plate 120) and the Berkeley wells (Plate 122). In Febru­
ary, the Holly wells did not contribute any water to the 
distribution system (Figure H-6). During the maximum-
demand month (August), most of the water was contrib­
uted by the Holly wells (Plate 123) and the Parkway 
wells (Plate 127), with the Berkeley wells supplying the 
Berkeley Township area and a very small area of south­
westernmost Dover Township (Plate 129; Figure H-6). 
During the average-demand month (October), most of 
the water was contributed by Holly well 30 (Plate 131), 
the Parkway wells (Plate 133), and the Berkeley wells 
(Plate 135). In October, the Berkeley wells contributed 
water to every part of Dover Township serviced by the 
water-distribution system (Plate 135; Figure G-H) with 
the exception of the northwesternmost area, which 
received most of its water from the Route 70 well (Plate 
134). 

The South Toms River wells contributed 90% or 
more of the water to the Borough of South Toms River 
in February (Plate 118) and August (Plate 125), and less 
than 50% of the water to the southeasternmost and east­

ern areas of Dover Township. The Indian Head well did 
not contribute significantly to demand in 1995, except in 
the area immediately near the well. In fact, the simu­
lated proportionate contribution of water from this well 
in 1995 was generally less than 30% in areas away from 
the immediate vicinity of the well at any given time dur­
ing February, August, or October (Plates 119, 126, 132; 
Figure H-6). 

Windsor well 40, which began operations in June 
1991 (Table B-30), was used primarily to contribute 
water to the southeasternmost area of Dover Township. 
The areal distribution of the simulated proportionate 
contribution of water from this well is shown for the first 
time for the selected year of 1995 (Plates 130, 136). 
Typically, the Windsor well would be operated during 
the maximum-demand months of the summer and 
through the average-demand month of October (Tables 
B-30 through B-34). 

1996—February, June, and October 

In 1996, the final year of the historical reconstruc­
tion analysis, the water-distribution system consisted of 
8 well fields containing 20 wells (Holly wells 21, 30, 
and 37; Brookside well 15; South Toms River wells 32, 
and 38; Indian Head well 20; Parkway wells 22, 24, 26, 
28, 29, 39, 41, and 42; Route 70 well 31; Berkeley wells 
33, 34, and 35; Windsor well 40), 6 ground-level storage 
tanks (Holly Plant (2 tanks), Parkway, Holiday City, 
Route 37, and Windsor), and 3 elevated storage tanks 
(South Toms River, Indian Hill, and North Dover), as 
shown on Plate 137. The areal distribution of the simu­
lated proportionate contribution of water from the wells 
and well fields to locations in the Dover Township area 
is presented on Plates 137 through 153 for the mini­
mum-, maximum-, and average-demand months of Feb­
ruary, June, and October, respectively. Graphs showing 
the percentage of water contributed by the wells and 
well fields to the five selected pipeline locations (A–E) 
are shown on Figure H-7. A tabular listing of the per­
centage of water contributed by each water source for 
each month of 1996 is also provided in Table G-7. 

Annual and monthly production of water required 
to meet demand in 1996 was less than that required in 
1995. Total annual production was 3,873 Mgal (Figure 
14), and 417 Mgal were produced during the maximum-
demand month of June (Table B-35; Figure 11). Other-
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wise, the 1996 water-distribution system was operated 
in a manner similar to the 1995 water-distribution sys­
tem; however, in 1996, the Parkway wells contributed 
more water overall to the distribution system in Febru­
ary 1996 (Figure H-7) than they did in February 1995. 
In February 1996, the Parkway wells contributed water 
to all locations in the Dover Township area with the 
exceptions of Berkeley Township and some areas of 
northernmost and northwestern Dover Township (Plate 
139). In June 1996, the Parkway wells contributed water 
to all areas of Dover Township except Berkeley Town­
ship and southeasternmost Dover Township (Plate 145). 
In October 1996, Parkway wells again contributed water 
to all parts of Dover Township except Berkeley Town­
ship and northwesternmost Dover Township (Plate 151). 
The higher percentage contribution of water by the 
Parkway wells in 1996 compared to 1995 is evident on 
these maps (Plates 139, 145, 151) by the 90% or more 
contribution of water classification covering a signifi­
cantly larger area of Dover Township in comparison to 
previous years. 

The Brookside well was operated in a similar man­
ner during 1995 and 1996, and was used solely during 
the summer to meet the maximum-demand conditions. 
In June 1996, the simulated proportionate contribution 
from the Brookside well to the pipeline network was 
approximately no more than 25% and generally less 
than 10% in the eastern and northeasternmost areas of 
Dover Township (Plate 143; Figure H-7). 

The South Toms River wells were operated during 
every month of 1996 except December (Table B-35). 
These wells contributed 50% to 100% of the water to the 
Borough of South Toms River area during the entire 
year (Plates 137, 144, 150; Figure H-7) as well as con­
tributing up to 75% of the water to locations in the 
southeasternmost areas of Dover Township during the 
average-demand month of October (Plate 150). 

The Indian Head well was operated for 6 months 
during 1996 (Table B-35) and did not operate during the 
maximum-demand month of June. It was operating dur­
ing the minimum-demand month of February (Plate 
138; Figure H-7; Table G-7). Except for the area in the 
vicinity and slightly northwest of the well, the contribu­

tion of water from this well to the pipeline network was 
limited everywhere to approximately 50% or less, and 
generally 10% or less in Dover Township. 

Although the Route 70 well was operated during 
every month of 1996 (Table B-35), its contribution of 
water to the pipeline network was generally limited to 
the northernmost areas of Dover Township (Plates 140, 
146, 152). The simulated percentage contribution of 
water from the Route 70 well varied from 90% or more 
to the northwesternmost areas of Dover Township to 
10% or less in the northeasternmost areas. 

The Berkeley wells contributed 75% or more of the 
water to locations in the Berkeley Township area of the 
distribution system in February (Plate 141), June (Plate 
147), and October (Plate 153). In February, the Berkeley 
wells contributed 50% or less to the total water demand 
in the southeasternmost part of Dover Township. In June 
and October, the Berkeley wells contributed less than 
25% and, generally, 10% or less of the total water dis­
tributed to the central and northeasternmost areas of 
Dover Township (Figures H-7). 

Windsor well 40 was used primarily to supply water 
to the southeasternmost part of the Dover Township area 
in 1996 and the areal distribution of the simulated pro­
portionate contribution of water from this well is shown 
for June 1996 on Plate 148. Generally, the Windsor well 
contributed at least 75% of the water to the southeastern 
area of Dover Township in the vicinity of the well. It 
additionally contributed 25% or less of the water to 
locations in the easternmost and northeasternmost areas 
of Dover Township (Figures H-7; Table G-7). Typically, 
the Windsor well was operated during the maximum-
demand months of the summer, although in 1996 it was 
also operated in November and December (Table B-35). 

The detailed results presented for the seven selected 
years demonstrate that the contribution of water from 
operating wells and well fields could vary significantly 
by time and location. However, as discussed previously, 
these results also show that certain wells and well fields 
did provide the predominant amount of water to loca­
tions throughout the Dover township area serviced by 
the historical distribution system. 
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SENSITIVITY ANALYSIS 

OVERVIEW 

Model parameter uncertainty and variability may 
occur because of spatial and temporal variability of data, 
incomplete or missing data, or measurement errors. Sen­
sitivity analyses are typically conducted as part of a 
model calibration process to assess changes in simula­
tion results when adjustments or modifications are made 
to certain model parameters (Walski et al. 2001). For 
example, a sensitivity analysis was conducted as part of 
the model calibration process for the present-day (1998) 
water-distribution system serving the Dover Township 
area and was used to assess changes in simulation 
results caused by variations in pipe diameters and pipe 
roughness coefficients (Maslia et al. 2001, p. 51). Sensi­
tivity analyses conducted as part of the historical recon­
struction of water-distribution system operations were 
designed to assess changes in the percentage of water 
contributed by a well or well field to pipeline locations 
(proportionate contribution) rather than to assess 
changes in the simulated hydraulics of the distribution 
system. Output from the source-trace analyses—the 
simulated proportionate contribution of water—will be 
considered as one of the risk factors in the epidemio­
logic case-control investigation. If large but reasonable 
variations in model parameter values result in corre­
spondingly large variations in the percentage of water 
contributed by a well or well field to pipeline locations, 
the estimates of exposure to the different water sources 
may result in exposure misclassification. On the other 
hand, if changes in the simulated proportionate contri­
butions are small regardless of the magnitude change in 
model parameters, then simulation variability will not 
greatly detract from the confidence assigned to exposure 
classifications. The bases of comparison for all sensitiv­
ity analysis results were the corresponding results 
obtained through the manual adjustment process—pre­
viously described in the section on “Historical Recon­
struction Analysis.” 

VARIATION  OF OPERATIONAL  AND HYDRAULIC  
CONSTRAINTS 

Four types of operational and hydraulic constraints 
were varied during sensitivity analyses in order to deter­
mine the effects of constraint changes on the simulated 
proportionate contribution results. The constraints sub­
jected to variation were: 

• pattern factors assigned to wells and supply 
nodes24  (operational variation in value and time 
of day); 

• minimum 	pressure requirements at model 
nodes; 

• allowable storage tank water-level differences 
between the starting and ending time of a simu­
lation (hour 0 and 24, respectively); and 

• daily system operations represented by a “typi­
cal” 24-hour day over a month-long period. 

Genetic Algorithm (GA) optimization methods25 

were used to conduct sensitivity analyses of the first 
three constraints or constraint sets. Proportionate contri­
butions were simulated at all pipeline locations for each 
constraint change, and these results were compared with 
corresponding results obtained using the manual adjust­
ment process. Sensitivity analyses of the fourth con­
straint were obtained using the manual adjustment pro­
cess. Descriptions of constraints varied during the sensi­
tivity analyses are listed in Table 20. The month and 
year for which sensitivity analyses results were obtained 
are listed in Table 21. For the sensitivity analyses that 
used the GA optimization methods (SENS0–SENS7), 
initial estimates for the on-and-off cycling patterns and 
pattern factors for the groundwater wells and supply 
nodes were derived from the manual adjustment pro­
cess. This approach guaranteed that the GA simulation 
would begin with balanced flow conditions. Simulation 
SENS0 was conducted for every month of the historical 
period (420 months) which included the months shown 

24As previously described in the section on “Hydrau­
lic Modeling”, supply nodes were used as a surro­
gate method (the SNL simulation method, Figure 
19B) to represent wells and storage tanks linked to 
high-service and booster pumps (the WSTP simu­
lation method, Figure 19A). Therefore, in 
EPANET  2, pattern factors were assigned to wells 
discharging directly to the distribution system and 
to supply nodes representing wells and storage 
tanks linked to high-service and booster pumps to 
describe a 24-hour operating schedule. 

25The GA optimization approach was previously
 
described in the section on “Hydraulic Modeling.”
 
Appendix E provides details of the development of
 
the methodology and its application to the opera­
tion of water-distribution systems.
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 Table 20.  Description of operational and hydraulic constraints varied for sensitivity analyses1 

[GA, genetic algorithm optimization; MAP, manual adjustment process] 

Type of Variation 
Sensitivity 
Simulation 

Identification 

Method of 
Simulation 

Description of Parameter Variation and 
Operational and Hydraulic Constraints 

Well- and supply 
node-pattern 

factors 

Minimum pressure 
criteria 

Storage tank 
water-level 

difference criteria 

Daily system 
operations 

SENS0 

SENS1 

SENS2 

SENS3 

SENS4 

SENS5 

SENS6 

SENS7 

SENS8 

GA 

GA 

GA 

GA 

GA 

GA 

GA 

GA 

MAP 

Minimum allowable pressure, 15 psi; maximum allowable pressure, 110 psi; 
difference between storage tank starting and ending water level in a 24-hour 
period, 0.0 ft 

Alternative well pattern-factors that are not as optimal as simulation SENS0, 
but still provide a system operation that satisfies constraints. Minimum 
allowable pressure, 15 psi; maximum allowable pressure, 110 psi; 
difference between storage tank starting and ending water level in a 24-hour 
period, 0.0 ft 

Minimum allowable pattern factor, 0.25; minimum allowable pressure, 15 psi; 
maximum allowable pressure, 110 psi; difference between storage tank 
starting and ending water level in a 24-hour period, 0.0 ft 

Minimum allowable pattern factor, 0.75; maximum allowable pattern factor, 
1.25; minimum allowable pressure, 15 psi; maximum allowable pressure, 
110 psi; difference between storage tank starting and ending water level in a 
24-hour period, 0.0 ft 

Minimum allowable pattern factor, 0.15; minimum allowable pressure, 20 psi; 
maximum allowable pressure, 110 psi; difference between storage tank 
starting and ending water level in a 24-hour period equal, 0.0 ft 

Minimum allowable pattern factor, 0.15; Minimum allowable pressure, 30 psi; 
maximum allowable pressure, 110 psi; difference between storage tank 
starting and ending water level in a 24-hour period, 0.0 ft 

Minimum allowable pattern factor, 0.15; minimum allowable pressure, 20 psi; 
maximum allowable pressure, 110 psi; difference between storage tank 
starting and ending water level in a 24-hour period, 3.0 ft 

Minimum allowable pattern factor, 0.15; minimum allowable pressure, 30 psi; 
maximum allowable pressure, 110 psi;; difference between storage tank 
starting and ending water level in a 24-hour period, 3.0 ft) 

Variation of hourly pattern factors over a month-long period (696-744 hours). 
Minimum allowable pressure, 15 psi; maximum allowable pressure, 110 
psi; difference between storage tank starting and ending water level over the 
month-long period, 0.0 ft 

1The bases of comparison for all sensitivity analyses (SENS0–SENS8) are proportiate contributions derived using the manual adjustment 

process described in the “Historical Reconstruction Analysis” section.
 

in Table 21. Simulation SENS1 was conducted for every 
month of selected years 1962, 1965, 1971, 1978, 1988, 
and 1996. Sensitivity analyses SENS2–SENS7 were 
conducted for three selected months of the aforemen-
tioned selected years. The three selected months corre-
sponded to the minimum-, maximum-, and average-
demand months. (The rationale for conducting sensitiv-
ity analyses for selected months and years of the histori-

cal period for simulations SENS1–SENS7 will be 
discussed below.) Sensitivity analyses SENS8 were con-
ducted solely for the three selected months of 1996 
because hourly operational data were required to con­
duct the month-long simulations, and these data, 
obtained from the water utility (Flegal 1997), were only 
available for 1996. 
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Well- and Supply-Node-Pattern Factors 

Because of the variability and lack of definitive data 
regarding the hourly on-and-off cycling of wells and 
high-service and booster pumps for the historical period, 
testing changes in simulation results in conjunction with 
changes in on-and-off cycling of wells and pumps was 
considered a critical feature of the sensitivity analyses. 
As described above, GA optimization methods were 
used to develop alternative schedules for operating the 
water-distribution system for every month of the histori­
cal period. Sensitivity analyses SENS0 were designed to 
modify the EPANET 2 pattern factors in order to vary 
well- and supply-node-operating patterns. Hydraulically 
balanced and optimal or near optimal operating condi­
tions were achieved using pressure and storage tank 
water-level criteria described by the “Master Operating 
Criteria” (Table 4 and Table 20). Following the simula­
tion of an alternative balanced flow system using GA 
methods, source-trace analyses were conducted in the 
manner previously described (see “Water-Quality Mod­
eling [Source-Trace Analysis”] section) to obtain pro­
portionate contributions of water at all pipeline 
locations. 

The effects of varying schedules and pattern factors 
on the simulated proportionate contributions of water at 
pipeline locations were unknown prior to conducting the 
sensitivity analyses SENS0. Accordingly, these simula­
tions were conducted for every month of the historical 
period (Table 21). Subsequent analyses of SENS0 simu­
lation results (see section on “Results of Sensitivity 
Analyses”) indicated that the historical water-distribu­
tion system successfully operated only within a narrow 
range of conditions. Successful operation included 
maintaining a balanced flow condition and satisfying the 
“Master Operating Criteria” previously described (Table 
4). Therefore, the remaining sensitivity analyses 
(SENS1–SENS7) were conducted solely for representa­
tive years and months listed in Table 21. 

In response to recommendations from the external 
expert panel (ATSDR 2001e), sensitivity analyses using 
GA optimization methods were conducted to simulate a 
pattern of system operation as different as possible from 
the operating patterns developed by the manual adjust­
ment process used for sensitivity analyses SENS0. Sub­
stantially different operating patterns were developed 
using GA optimization methods and were designated 

SENS1 (Table 20). The resulting pattern factors for 
SENS1 simulations were not as optimal as the results 
derived from sensitivity analyses SENS0, but nonethe­
less resulted in acceptable system operations that satis­
fied the “Master Operating Criteria.” (See Aral et al. 
2001b and Appendix E for details and a description of 
the development of the alternate set of pattern factors.) 
Sensitivity analyses SENS1 were conducted for every 
month of selected years 1962, 1965, 1971, 1978, 1988, 
and 1996 (Table 21). After reviewing results it was 
apparent that the complete range of results of the effects 
of constraint variation could be characterized by con­
ducting sensitivity analyses just for the three annual 
demand conditions (minimum, maximum, and average). 
Therefore, all other sensitivity analyses (SENS2– 
SENS7) were conducted only for the minimum-, maxi­
mum-, and average-demand months of the aforemen­
tioned selected years (Table 21). 

Pattern factors derived using the manual adjustment 
process as well as those obtained from sensitivity 
analyses SENS0 and SENS1 were allowing wells and 
supply nodes representing wells linked to storage tanks 
and high-service and booster pumps to operate at a 
fraction of their pumping capacities. In some instances, 
the resulting pattern factors were near zero in value. To 
limit this occurrence, pattern factors obtained from 
sensitivity analyses SENS2 were constrained to a 
minimum value of 0.25 (the default value for a pattern 
factor in EPANET 2 is 1.0). The pressure and storage 
tank water-level constraints imposed on the previous 
sensitivity analyses were also imposed on sensitivity 
analyses SENS2 (Table 20). 

The final test of changes of well- and supply-node­
pattern factors on simulation results was designated sen­
sitivity analyses SENS3. Analyses SENS3 were con­
ducted to test the operational status of wells and high-
service and booster pumps; that is, pumps must be either 
“on” or “off.” To address this issue, pattern factors for 
operating wells and supply nodes representing wells 
linked to storage tanks and high-service and booster 
pumps were constrained to values of 0.75–1.25. Other­
wise, a value of 0.0 (indicating the well or supply node 
was in the “off” position) was applied. The pressure and 
storage tank water-level constraints imposed on the pre­
vious sensitivity analyses were also imposed on analy­
ses SENS3 (Table 20). 
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 Table 21.  Identification of year and month for conducting sensitivity analysis simulations 
[—, sensitivity analysis simulation not conducted for this month] 

Year Month Sensitivity Analysis Simulation Identification1 

SENS02 SENS1 SENS2 SENS3 SENS4 SENS5 SENS6 SENS7 SENS8 

1962 

1965 

1971 

January 
February3 

March 

April 
May4 

June 

July 
August 

September 

October5 

November 
December 

January 
February3 

March 

April 
May 
June4 

July 
August 

September 

October5 

November 
December 

January 
February3 

March 

April 
May 
June 

July4 

August 
September 

October5 

November 
December 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 
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 Table 21.  Identification of year and month for conducting sensitivity analysis simulations—Continued 
[—, sensitivity analysis simulation not conducted for this month] 

Year Month Sensitivity Analysis Simulation Identification1 

SENS02 SENS1 SENS2 SENS3 SENS4 SENS5 SENS6 SENS7 SENS8 

1978 

1988 

1996 

January 
February3 

March 

April 
May 
June4 

July 
August 

September 

October5 

November 
December 

January 
February3 

March 

April 
May 
June 

July4 

August 
September 

October5 

November 
December 

January 
February3 

March 

April 
May 
June4 

July 
August 

September 

October5 

November 
December 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 
X 
X 
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X 
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X 
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— 
— 
— 

— 
— 
— 

— 
— 
— 

— 
X 
— 

— 
— 
X 

— 
— 
— 

X 
— 
— 

1See Table 20 for definitions of sensitivity analysis simulation identifications.
 
2Simulation SENS0 conducted every month of the historical period—January 1962–December 1999 (420 simulations).
 
3Minimum-demand month for respective year.
 
4Maximum-demand month for respective year.
 
5Average-demand month for respective year.
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Minimum Pressure Criteria 

The simulations of historical distribution-system 
operations based on the manual adjustment process 
were constrained by a minimum allowable pressure 
requirement of 15 psi and a maximum allowable pres­
sure requirement of 110 psi at all model node locations 
(Table 4). Based on the configuration, hydraulics, and 
operations of the historical distribution systems, these 
pressure constraints were sufficient to ensure that, at all 
interior points of the model network, pressure was gen­
erally above 30 psi and less than 110 psi. The panel of 
experts who reviewed this simulation approach recom­
mended that additional simulations be conducted where 
the pressure constraints were varied beyond the mini­
mum and maximum constraints described by the “Mas­
ter Operating Criteria” (Table 4). Because the minimum 
pressure constraint of 15 psi was the more difficult con­
straint to maintain during the manual adjustment pro­
cess, and because minimum system pressure is required 
for fire and health protection, two sets of sensitivity 
analyses were conducted whereby the minimum pres­
sure required at all interior points of the model network 
was varied and constrained to be 20 psi (SENS4) and 30 
psi (SENS5)—Tables 20 and 21. While simulating the 
minimum pressure constraints of 20 and 30 psi, the 
maximum allowable pressure constraint of 110 psi and 
the storage tank water level requirement (no change over 
a 24-hour period) applied during the manual adjustment 
simulations were maintained. As with the previously 
described sensitivity analyses, the GA optimization 
methods were used to determine the operating schedule 
for wells and high-service and booster pumps, and the 
results of the manual adjustment process simulations 
were used as the bases for comparison. 

Storage Tank and Water-Level Difference Criteria 

The historical reconstruction simulations conducted 
using the manual adjustment process and sensitivity 
analyses SENS0–SENS5 applied the constraint that 
starting and ending water levels in storage tanks (over a 
24-hour simulation period) were equal (Table 20). This 
constraint was imposed, in part, because of the simula­
tion requirements of the source-trance analyses used to 
determine proportionate contributions. As previously 
described (see section on “Water-Quality Modeling 
[Source-Trace Analyses]”), prior to retrieving results 
form the source-trace analysis, the hydraulic features of 
the distribution system were simulated until a state of 

stationary water-quality dynamics was achieved, which 
for the historical networks was about 1,200 simulation 
hours.26 If the water level in a storage tank at the end of 
a 24-hour simulation period (hour 24) varied signifi­
cantly from the water level at the start of the simulation 
period (hour 0), then by the time a state of stationary 
water-quality dynamics was reached (if stationary 
water-quality dynamics could be reached under these 
conditions), the tank was either completely drained or 
was overflowing. Both of these conditions were in viola­
tion of the “Master Operating Criteria” (Table 4). To test 
the sensitivity of the simulated values of proportionate 
contribution by relaxing the storage tank water-level 
constraint, and in response to a recommendation from 
the panel of experts (ATSDR 2001e), two additional 
sensitivity analyses were conducted—SENS6 and 
SENS7 (Tables 20 and 21). For both analyses, the start­
ing and ending water level in any storage tank was per­
mitted to vary by as much as 3.0 ft over a 24-hour 
simulation period. Minimum pressure requirements of 
20 psi (SENS6) or 30 psi (SENS7) were also main­
tained. As with all previous sensitivity analyses, GA 
optimization methods were used to determine the oper­
ating schedule for wells and high-service and booster 
pumps, and the results of the manual adjustment process 
simulations were used as the bases for comparison. 

Daily System Operations 

For the historical reconstruction analysis, the 
assumption was made that daily system operations over 
a period of one month could be represented by a “typi­
cal” 24-hour day for each month of the historical period, 
as previously described in the section on “System Oper­
ations.” This assumption was the basis for conducting 
the simulations using the manual adjustment process 
and sensitivity analyses SENS0–SENS7 that used GA 
optimization methods. To test the validity of this 
assumption, and in response to recommendations from 
the external expert panel, additional sensitivity analyses 
were conducted—designated sensitivity analyses 
SENS8 (Table 20 and 21). To conduct these sensitivity 
analyses, historical hourly operational data were 
required, and the only time such data were available dur­

26See Maslia et al. (2000a, p. 55) for a discussion of 
stationary water-quality dynamics (“dynamic 
equilibrium”) for the water-distribution system 
serving the Dover Township area. 
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ing 1996 (Flegal 1997). Therefore, sensitivity analyses 
SENS8 were conducted using the manual adjustment 
process for the minimum-, maximum-, and average-
demand months of February, June, and October 1996, 
respectively. For each of these months, a simulation 
time was used corresponding to the number of hours in 
the month—696 hours (29 days) for February, 720 hours 
(30 days) for June, and 744 hours (31 days) for October. 
Simulations were conducted using the operating sched­
ule information obtained from the water utility while 
still honoring the “Master Operating Criteria” (Table 4). 
The results of sensitivity analyses SENS8 were com­
pared to simulations of the “typical” 24-hour day for 
each respective month (Table G-7 and Figure H-7). 

RESULTS OF SENSITIVITY ANALYSES 

Genetic Algorithm (GA) Optimization Simulations 

An example of simulated proportionate contribution 
results obtained from sensitivity analyses SENS0 is 
shown in Figure 26. Simulated proportionate contribu­
tion results for model nodes (pipeline junctions) are 
shown for the maximum-demand month of July 1988 
using the Parkway well field as the point of entry. Com­
parison of simulation results in Figure 26—obtained 
using the GA optimization methods—with the corre­
sponding simulated proportionate contribution results 
obtained using the manual adjustment process (Figure 
21), shows little difference. Results shown in Figures 21 
and 26 are nearly identical. Results are also presented 
using the “stacked” column graph format.27 For this 
method of presentation, simulation results obtained 
from sensitivity analyses SENS0 are shown for five geo­
graphically distinct pipeline locations (A–E). These 
graphs are used to show the spatial distribution of the 
simulated proportionate contribution of water from all 
operating wells and well fields for a specified historical 
time. Using 1988 as an example, a comparison of the 
simulated proportionate contribution of water from 
wells and well fields to the five selected pipeline loca­
tions derived from the manual adjustment process and 
sensitivity analyses SENS0 (Figure 27) indicate that 
results are nearly identical. The graphs in Figure 27 fur­

27The use of the “stacked” column graph format for 
presenting simulated proportionate contribution 
results was described in “Historical Reconstruction 
Analysis” section of this report. 

ther demonstrate that, at specific historical pipeline loca­
tions in the Dover Township area, the difference 
between results obtained using the two simulation 
approaches is insignificant. 

A comparison of simulation results—obtained from 
sensitivity analyses SENS0—to corresponding results 
obtained using the manual adjustment process for each 
month of the historical period, indicated that the simu­
lated proportionate contributions of water were highly 
similar regardless of the simulation approach. Because 
of this, and, owing to space limitations, simulated pro­
portionate contribution results, derived from sensitivity 
analyses will not be shown using the map format (except 
for the example shown in Figure 26). Rather, propor­
tionate contribution results, obtained from sensitivity 
analyses SENS0 for each month of selected years 1962, 
1965, 1971, 1978, 1988, 1995, and 1996, for the five 
pipeline locations (A–E) are provided in tabular format 
in Appendix I (Table I-1 through I-7). For the aforemen­
tioned years and for the selected months representing 
minimum-, maximum-, and average-demand conditions, 
the simulated proportionate contribution of water from 
wells and well fields to the five pipeline locations, 
obtained from sensitivity analyses SENS0, are shown in 
graphical format in Appendix J (Figures J-1 through J­
7). A summary of the years and months for which simu­
lated proportionate contribution results, derived using 
sensitivity analyses SENS0, is provided in Table 22. 
This table also indicates the location of simulation 
results in either Appendix I or J. 
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Figure 26.  Areal distribution of simulated proportionate contribution of water from 
the Parkway wells (22, 23, 24, 26, 28, 29) to locations in the Dover Township area, 
New Jersey, July 1988 conditions (sensitivity analysis SENS0). 
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process and sensitivity analyses SENS0 for selected pipeline locations, Dover Township area, 
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 Table 22.  Presentation of proportionate contribution results for wells and well fields for selected pipeline 
locations using sensitivity analyses SENS0, year, month of analysis, and location in report 
[see Figure 26 or Plates 52–153 for pipeline locations; —, simulation results not presented in a graphical format for this month] 

Simulation Month1 

January February March April May June July August September October November December 

2Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

Table I-1 

2Figure J-1 

Table I-2 

Figure J-2 

Table I-3 

Figure J-3 

Table I-4 

Figure J-4 

Table I-5 

Figure J-5 

Table I-6 

Figure J-6 

Table I-7 

Figure J-7 

Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

Table I-1 

Figure J-1 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

Table I-1 

— 

Table I-2 

Figure J-2 

Table I-3 

— 

Table I-4 

Figure J-4 

Table I-5 

— 

Table I-6 

— 

Table I-7 

Figure J-7 

1962 

Table I-1 

— 

1965 

Table I-2 

— 

1971 

Table I-3 

Figure J-3 

1978 

Table I-4 

— 

1988 

Table I-5 

Figure J-5 

1995 

Table I-6 

— 

1996 

Table I-7 

— 

Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

Figure J-6 

Table I-7 

— 

Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

Table I-1 

Figure J-1 

Table I-2 

Figure J-2 

Table I-3 

Figure J-3 

Table I-4 

Figure J-4 

Table I-5 

Figure J-5 

Table I-6 

Figure J-6 

Table I-7 

Figure J-7 

Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

Table I-1 

— 

Table I-2 

— 

Table I-3 

— 

Table I-4 

— 

Table I-5 

— 

Table I-6 

— 

Table I-7 

— 

1February is minimum-demand month; October is average-demand month; May, June, July, or August are maximum-demand 
months. 

2Letters refer to Appendices, i.e., Table I-1 is found in Appendix I, Figure J-1, is found in Appendix J 

As described previously, GA optimization methods 
were used to develop alternate operating schedules that 
also resulted in the successful operation of the historical 
water-distribution system. Pattern factors of operating 
schedules derived from the application of the GA meth­
ods, and used to schedule the operation of wells and 
supply nodes28  could be markedly different when com­
pared to corresponding pattern factors derived using the 
manual adjustment process. An example of EPANET 2 
pattern factors derived using the manual adjustment pro­

cess and corresponding pattern factors from sensitivity 
analyses SENS0 are shown in Figure 28. The pattern 
factors schedule pumping at supply nodes representing 
Parkway wells 23 and 24, operating during July 1988. 
From Figure 28: 

28Representation of nodes used to simulate wells 
linked to storage tanks and high-service and 
booster pumps as shown in Figure 19. 

Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area, 
New Jersey: January 1962–December 1996 

88 



Parkway well 23 
8 

7 

6 

5 

4 

3 

2 

1 

0

P
A

T
T

E
R

N
 F

A
C

T
O

R

8 

7 

6 

5 

4 

3 

2 

1 

0 

Parkway well 24 

0000 0300 0600 0900 1200 1500 1800 2100 0000 0300 0600 0900 1200 1500 1800 2100 

SIMULATION TIME, IN HOURS 

Manual adjustment process Sensitivity analyses SENS0 

Figure 28. Pattern factors derived using the manual adjustment process and sensitivity analyses 
SENS0, supply nodes represent Parkway wells 23 and 24, July 1988 conditions. 

• Parkway well 23—from 0500 to 0600 hours, 
the pattern factor derived using the manual 
adjustment process is about 2; whereas, the pat­
tern factor derived using sensitivity analyses 
SENS0 is about 5. From 1200 to 1300 hours, 
the pattern factor derived using the manual sim­
ulation approach is again about 2; whereas, the 
pattern factor derived from sensitivity analyses 
SENS0 is about 4. 

• Parkway well 24—from 0900 to 1100 hours, 
the pattern factors derived using the manual 
adjustment process are about 6.5; whereas, the 
pattern factors derived using sensitivity analy­
ses SENS0 are about 4 from 0900 to 1000 hours 
and less than 0.5 from 1000 to 1100 hours.29 

29Exact values for the pattern factors can be 
obtained from the appropriate EPANET  2 
input data file provided with this report on 
the CD-ROMs. 

Although pattern factors for some hours of opera­
tion show marked differences (like those in Figure 28), 
the simulated proportionate contributions of water simu­
lated using these different pattern factors for sensitivity 
analyses SENS0 show little difference throughout the 
Dover Township area when compared to corresponding 
proportionate contributions of water simulated using the 
manual adjustment process. 

To  assist in determining the differences between 
corresponding proportionate contribution results 
obtained using the manual adjustment process and sen­
sitivity analyses SENS0, tabular values of the absolute 
value of these differences are provided in Appendix K 
(Tables K-1 through K-7). The differences between pro­
portionate contribution results obtained using the man­
ual adjustment process and corresponding results from 
sensitivity analyses SENS0 were computed according to 
the following: 
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  ∆C = (C ) – (C )i, j map i, j GA0 i, j (16) 

i = 1, . . ., NSL; j = 1, . . ., NS 

(∆C ) = ∆Ci, j abs i, j (17) 

i = 1, . . ., NSL; j = 1, . . ., NS 

where: 

∆C = difference in the proportionatei, j 
contribution of water for the ith study 
location and the jth operating source 
(well or well field), in percent; 

(C )map i, j =	 simulated proportionate contribution 
of water for the ith study location and 
the jth operating source (well or well 
field), obtained using the manual 
adjustment process, in percent; 

(C ) = simulated proportionate contribution GA0 i, j 
of water for the ith study location and 
the jth operating source (well or well 
field) ,  obtained from sensi t ivi ty 
analyses SENS0, in percent; 

NSL = number of study locations; and 

NS = number of operating sources of water 
(wells or well fields). 

The absolute values of the differences were com­
puted according to Equation (17) as follows: 

where: 

(∆C )i, j = absolute value of difference computed abs 
    using equation (16), in percent. 

The tables in Appendix K list the absolute value of 
difference for each of the five pipeline locations (A–E) 
for every month of selected years 1962, 1965, 1971, 
1978, 1988, 1995, and 1996. 

In addition to sensitivity analyses SENS0, seven 
additional sensitivity analyses (SENS1–SENS7)—using 
GA optimization methods—were conducted to assess 
the effects of operating the historical water-distribution 
systems under alternate operating schedules and condi­

tions (Tables 20 and 21). These sensitivity analyses were 
exhaustive with respect to the range of possible operat­
ing conditions for the representative historical networks 
(1962, 1965, 1971, 1978, 1988, and 1996). Examples of 
the resulting pattern factors from these sensitivity analy­
ses are shown in Figures 29 and 30 for supply nodes rep­
resenting Parkway wells 26 and 22, respectively. 

Pattern factors derived from the manual adjustment 
process and corresponding factors from sensitivity anal­
yses SENS1 are shown in Figure 29. Sensitivity analy­
ses SENS1 were conducted to derive an alternate 
operating schedule that was not as optimal as the operat­
ing schedule derived from sensitivity analyses SENS0, 
but nonetheless resulted in a successful system opera­
tion that also honored the “Master Operating Criteria” 
(Table 20). The resulting pattern factors can be viewed 
in terms of seasonal variation by taking a certain year 
(for example, 1978, Figure 29) and comparing the 
results by moving vertically down the illustration from 
top to bottom. Historical variation is shown in Figure 29 
by taking a certain demand condition (for example, 
average demand conditions occurring during the month 
of October) and comparing the results horizontally 
across the illustration from left to right. 

Pattern factors derived using the manual adjustment 
process and corresponding pattern factors from all sensi­
tivity analyses (SENS0–SENS7) are shown in Figure 30 
for the supply node representing Parkway well 22. The 
pattern factors, derived for October 1996 demand condi­
tions, show the effect of conducting the different sensi­
tivity analyses with their respective constraints. For 
example, sensitivity analyses SENS3 were conducted to 
simulate the wells and high-service and booster pumps 
in either the “on” or the “off” position (Table 20). There­
fore, the values of pattern factors were constrained to 
ranged between 0.75–1.25 for the “on” position or 0.0 
for the “off” position. This constraint was in addition to 
the pressure and storage tank water-level constraints 
derived from the “Master Operating Criteria.” As shown 
in Figure 30, the resulting pattern factors range between 
0.75–1.25 for hours that the supply node is operational, 
and are 0.0 for simulation hours 0400 to 0500 and 1700 
to 1900 when the supply node is not operational. The 
pattern factors resulting from all of the sensitivity analy­
ses (Figure 30) also show some significant differences in 
terms of values and hours of operation when compared 
to the pattern factors derived using the manual adjust­
ment process. However, regardless of the value or origin 
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Figure 30. Pattern factors derived using the manual adjustment process and sensitivity analyses, 
supply node represents Parkway well 22, October 1996 conditions. 
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of the pattern factors derived using the sensitivity analy­
ses, the simulated proportionate contributions of water 
when compared to corresponding results obtained using 
the manual adjustment process were highly similar. 

It is also possible to assess the results of each the 
sensitivity analyses (SENS0–SENS7) in terms of differ­
ences in the simulated proportionate contribution of 
water from wells and well fields to locations in the 
Dover Township area with respect to corresponding sim­
ulation results obtained from the manual adjustment 
process—as was demonstrated with sensitivity analyses 
SENS0. However, because of the large number of model 
nodes representing pipeline junctions in the historical 
networks, an alternate method of summarizing results 
would be preferable. An alternative presentation method 
that facilitates evaluation of the magnitude of the differ­
ence in the proportionate contribution of water between 
simulation methods and between the different sensitivity 
analyses was developed. 

Differences in proportionate contributions derived 
from all sensitivity analyses (SENS0–SENS7) are 
shown in Figure 31. The graphs were constructed by 
using Equations (16) and (17) to compute the absolute 
value of the difference between simulated proportionate 
contribution results using the manual adjustment pro­
cess and a particular sensitivity analysis simulation for 
all wells and well fields (sources) that contributed water 
to each study location.30 Then the percentage of study 
locations that exceeded a specified difference value was 
determined. The values of n in the graphs in Figure 31 
represent the number of study locations where the con­
tribution of water from a specified well or well field was 
greater than 0%. Figure 31 shows these results for mini­
mum-, maximum-, and average-demand months of 
1971, 1978, 1988, and 1996. Results shown on this fig­
ure can be used to assess the differences between simu­
lated proportionate contributions of water to study 
locations derived using the manual adjustment process 
and each of the sensitivity analyses. 

To determine the number of study locations receiv­
ing water from all operating wells and well fields where 

30Study locations correspond to model node locations
 
and were selected and provided by the New Jersey
 
Department of Health and Senior Services to
 
ATSDR without personal identifiers and status.
 

simulation results indicate a difference of 10% or less 
between results obtained using the manual adjustment 
process and sensitivity analyses SENS0 for 1978, the 
following procedure is used: 

• on the 1978 graph in Figure 31, the 10% differ­
ence value on the x-axis of the graph is located, 

• from that location, a vertical line is drawn until 
it intersects with the symbols used to plot the 
results of sensitivity analyses SENS0, and 

• at the intersection of the vertical line and the 
SENS0 plotting symbols, a horizontal line is 
drawn until it intersects the y-axis of the graph; 
in this example, the intersection of the horizon­
tal line with the y-axis corresponds to approxi­
mately 97%. 

For this example, therefore, 97% is the percentage 
of study locations receiving water from all operating 
wells and well fields where the absolute difference in the 
simulated proportionate contribution of water between 
the manual adjustment process and sensitivity analyses 
SENS0 is 10% or less. 

Alternatively, if information is desired on the differ­
ence between the manual adjustment process and the 
sensitivity analysis simulations for a specified percent­
age of study locations, then the procedure described 
above is reversed. For example, to determine the abso­
lute difference in the simulated proportionate contribu­
tions of water between the manual adjustment process 
and sensitivity analyses SENS3 for 90% of study loca­
tions for the 1988 water-distribution system, the follow­
ing procedure is used: 

• on the 1988 graph in Figure 31, the 90% value 
is located on the y-axis of the graph, 

• a  horizontal line is drawn from the 90% loca­
tion on the y-axis until it intersects with the 
symbols used to plot the results of sensitivity 
analyses SENS3, and 

• at the intersection of the horizontal line with the 
SENS3 plotting symbols, a vertical line is 
drawn until it intersects with the x-axis of the 
graph; in this example, the intersection of the 
vertical line with the x-axis corresponds to a 
value of about 5.7%. 
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SENS2 5,963 pattern factors
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storage-tank water-level20 
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10 Procedure for using graph discussed in text 
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ABSOLUTE VALUE OF DIFFERENCE IN SIMULATED CONTRIBUTION OF WATER 
BETWEEN MANUAL ADJUSTMENT PROCESS AND SENSITIVITY ANALYSES,

 IN PERCENT CONTRIBUTION 

Notes (1) n=number of study locations where the contribution of water 
from a specified source is greater than 0 percent 

(2) Study locations provided by New Jersey Department of Health 
and Senior Services without personal identifiers and status 
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Figure 31.  Differences in proportionate contributions of water derived from 
sensitivity analyses, maximum-, minimum-, and average-demand months, 
1971,1978, 1988, and 1996. 
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For this example (1988 and sensitivity analyses 
SENS3), the result is interpreted as indicating that, at 
less than 10% of study locations (100%–90%), the abso­
lute difference in the simulated proportionate contribu­
tions of water exceeds 5.7%. The absolute difference for 
this example is derived using simulation results obtained 
from the manual adjustment process and corresponding 
results obtained from sensitivity analyses SENS3. 

The procedures described above for evaluating the 
results of the sensitivity analyses and comparing them 
with the results from the manual adjustment process 
have to be repeated many tens or hundreds of times in 
order to obtain an assessment of the overall range of dif­
ferences in simulated proportionate contributions of 
water for all sensitivity analyses. As an alternative, sta­
tistical analyses were conducted on these differences 
using results of the manual adjustment process as the 
bases of comparison. The statistical analyses assumed 
that the differences could be characterized by a normal 
distribution. Results of the statistical analyses are listed 
in Table 23 for all sensitivity analyses (SENS0–SENS7) 
for years 1962, 1965, 1971, 1978, 1988, and 1996. In 
Table 23, values are listed for the following statistics: 

• n (sample size)—number of study locations 
where the contribution of water from a specified 
well or well field is greater than 0%; 

• 	∆Cm (mean of the differences)—where the 
differences between the contribution of water 
derived using the manual adjustment process 
and the sensitivity analyses were computed 
using Equation (16); 

• 	∆Co (mode of differences)—where the mode 
of the differences is the difference value that 
occurred with the greatest frequency (the most 
common value); 

• 	∆Cd (median of differences)—where the
median of the differences is the middle value 
when the set of all differences for a specific sen­
sitivity analysis is ordered; and 

• σ∆C (standard deviation of the differences)— 
where the standard deviation of differences is 
used to express the “spread” or deviation of the 
differences from the mean or central value. 

Mathematical definitions for the statistics listed in Table 
23 can be found in any standard text on mathematics, 
statistics, or probability (Beyer 1986), and therefore will 
not be presented in this report. 

If the differences between the simulated proportion­
ate contributions of water derived by the manual adjust­
ment process and sensitivity analyses are normally 
distributed, then the computed values for the mean, 
mode, and median of the differences in the proportion­
ate contribution of water should be equal. As can be 
seen from Table 23, the computed values for these statis­
tics are nearly always 0%. The standard deviation of dif­
ferences in percent contribution is generally below 5 %, 
with the exception of 1962, which was the earliest his­
torical network analyzed and the network with the few­
est number of pipelines and study locations (compare 
the n-value for the 1962 network with the n-value for the 
other historical networks listed in Table 23). 

For a graphical representation of the statistical 
results listed in Table 23, histograms are shown in Fig­
ure 32 for all sensitivity analyses (SEN0–SEN7) for 
years 1971, 1978, 1988, and 1996. In these graphs, the 
bars of the histograms represent the differences in simu­
lation results, computed using Equation (16), between 
the manual adjustment process and the sensitivity analy­
ses. The histograms in Figure 32 are compared with a 
normal or Gaussian distribution that was fitted using the 
difference data. The results shown in Figure 32 confirm 
that, in general, the differences in the simulated propor­
tionate contribution of water derived by comparing 
results of the manual adjustment process with the results 
obtained from the sensitivity analyses are normally dis­
tributed, and that the differences tend to have a narrow 
“spread” or deviation and cluster around a mean differ­
ence value of 0%. 

The last column in Table 23 shows statistics com­
puted for all eight of the GA sensitivity analyses 
(SENS0–SENS7) for each of the years listed in the 
table. These statistics can be interpreted as providing a 
quantitative evaluation for the differences in the propor­
tionate contribution of water for any plausible opera­
tional mode (consistent with hydraulic engineering 
principles and the “Master Operating Criteria”) for the 
historical water-distribution system characterized by the 
years listed in Table 23. For example, for the more 
recent historical networks (1988 and 1996), the different 

Historical Reconstruction of the Water-Distribution System Serving the Dover Township Area, 
New Jersey: January 1962–December 1996 

96 



 Table 23.  Statistical summary of differences in simulated proportionate contributions of water derived by 
the manual adjustment process and sensitivity analyses 
[n, number of study locations where the contribution of water from a specified source (well or well field) is greater than 0%; ∆�C m , 
mean of differences computed using difference between contribution of water derived using the manual adjustment process and 
sensitivity analyses, in percent, see Equation (16) for definition of difference;  ∆�C , mode of differences, in percent;  ∆�C  , median o d 

 of differences, in percent; σ�∆�C , standard deviation of differences] 

Year Statistic Sensitivity Analysis Simulation Identification1 

SENS0 SENS1 SENS2 SENS3 SENS4 SENS5 SENS6 SENS7 
SENS0-SENS7 
(all sensitivity 

analyses) 

1962 

1965 

1971 

1978 

n 

∆�C m 

∆�C o 

∆�Cd 

σ�∆�C
 

n
 

∆�C m
 

∆�C o 

∆�Cd 

σ�∆�C 

n 

∆�C m 

∆�C o 

∆�Cd 

σ�∆�C 

n 

∆�C m
 

∆�C o 

∆�Cd 

σ�∆�C 

948 

0.0 

0.0 

0.0 

6.7 

1,706 

0.0 

0.0 

0.0 

4.1 

4,296 

0.0 

0.0 

0.0 

2.6 

6,004 

0.0 

0.0 

-0.1 

3.9 

953 

0.0 

0.0 

0.0 

9.5 

1,709 

0.0 

0.0 

0.0 

3.4 

4,296 

0.0 

0.0 

0.0 

2.6 

6,061 

0.0 

0.0 

0.1 

5.6 

948 

0.0 

0.0 

0.0 

7.4 

1,720 

0.0 

0.0 

0.0 

4.1 

4,296 

0.0 

0.0 

0.0 

2.6 

5,963 

0.0 

0.0 

0.1 

4.1 

948 

0.0 

0.0 

0.0 

5.9 

1,705 

0.0 

0.0 

0.0 

1.8 

4,375 

0.0 

0.0 

0.0 

4.3 

5,950 

0.0 

0.0 

0.1 

4.5 

948 

0.0 

0.0 

0.0 

7.0 

1,714 

0.0 

0.0 

0.0 

2.1 

4,294 

0.0 

0.0 

0.0 

3.3 

5,988 

0.0 

0.0 

0.1 

5.1 

948 

0.0 

0.0 

0.0 

9.4 

1,706 

0.0 

0.0 

0.0 

2.8 

4,303 

0.0 

0.0 

0.0 

2.9 

6,021 

0.0 

0.0 

0.1 

4.8 

948 

0.0 

0.0 

0.0 

6.2 

1,707 

0.0 

0.0 

0.0 

2.3 

4,284 

0.0 

0.0 

0.0 

2.2 

6,102 

0.0 

0.0 

0.0 

3.7 

948 

0.0 

0.0 

0.0 

5.7 

1,707 

0.0 

0.0 

0.0 

2.6 

4,290 

0.0 

0.0 

0.0 

2.2 

6,138 

0.0 

0.0 

0.1 

5.3 

7,589 

0.0 

0.0 

0.0

7.3

13,674 

0.0 

0.0
 

0.0

3.0

34,434 

0.0 

0.0 

0.0

2.9

48,227 

0.0 

0.0
 

0.0

4.7

1988 

1996 

n 

∆�C m 

∆�C o 

∆�Cd 

σ�∆�C 

n 

∆�C m 

∆�C o 

∆�Cd 

σ�∆�C 

9,982 

0.0 

0.0 

0.1 

2.2 

7,925 

0.0 

0.0 

0.0 

3.6 

10,121 

0.0 

0.0 

0.0 

3.2 

8,111 

0.0 

0.0 

-0.1 

5.0 

10,007 

0.0 

0.0 

0.0 

2.5 

7,779 

0.0 

0.0 

0.0 

3.0 

10,392 

0.0 

0.0 

0.0 

4.2 

7,832 

0.0 

0.1 

0.1 

4.9 

9,979 

0.0 

0.0 

0.0 

3.4 

7,845 

0.0 

0.0 

0.0 

3.1 

10,128 

0.0 

0.0 

0.1 

3.3 

7,842 

0.0 

0.0 

0.0 

3.4 

10,124 

0.0 

0.0 

0.1 

3.3 

7,885 

0.0 

0.0 

0.0 

4.1 

10,041 

0.0 

0.0 

0.1 

3.1 

7,861 

0.0 

0.0 

0.0 

4.1 

80,774 

0.0 

0.0 

0.0

3.2

63,080 

0.0 

0.0 

0.0 

4.0 

1See Table 20 for definitions of sensitivity analysis simulation identifications. 
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Figure 32.  Histograms of differences in proportionate contributions of water derived using 
the manual adjustment process and sensitivity analyses, maximum-, minimum-, and average-
demand months, 1971, 1978, 1988, and 1996. (See Table 20 for definition of sensitivity 
analyses and Table 23 for definition of statistics). 
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Figure 32.  Histograms of differences in proportionate contributions of water derived using 
the manual adjustment process and sensitivity analyses, maximum-, minimum-, and average-
demand months, 1971, 1978, 1988, and 1996. (See Table 20 for definition of sensitivity 
analyses and Table 23 for definition of statistics)—Continued. 
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methods of simulating the successful operation of the 
water-distribution system would result in differences of 
proportionate contribution of water to locations in the 
Dover Township area of approximately 3% to 4% when 
compared with the manual adjustment process. These 
results are well within accepted limits for engineering 
and scientific analyses. For all sensitivity analyses for 
all of the years listed in Table 23, the mean, mode, and 
median of the differences are 0% and the standard devi­
ation of the differences of proportionate contributions of 
water is 3.9%. Thus, for the entire historical period, 
which can be characterized by the six selected years 
listed in Table 23, sensitivity analyses indicated that the 
differences in the proportionate contribution of water— 
simulated by the range of operating conditions and 
hydraulic constraints previously described (Table 20)— 
are insensitive to the manner in which the water-distri­
bution system was operated over a 24-hour period. Thus, 
the minor differences in the simulated proportionate 
contribution of water between the manual adjustment 
process and the sensitivity analyses (Figure 31) indicate 
that there was a narrow range of conditions within 
which the historical water-distribution system could 
have successfully operated to maintain a balanced flow 
condition and satisfy the “Master Operating Criteria.” 

Daily System Operations Simulations 

For the historical reconstruction analysis, daily sys­
tem operations over a period of one month were repre­
sented by a “typical” 24-hour day for each month of the 
historical period. This approach was the basis for con­
ducting the simulations using the manual adjustment 
process and sensitivity analyses SENS0–SENS7. Daily 
operational variations including routine maintenance of 
system facilities, repair of pipeline breaks, emergency 
fire service, and other temporary interruptions of routine 
operations over a “typical” 24-hour period were consid­
ered insignificant using this approach. To test the valid­
ity of this approach, additional sensitivity analyses 
(SENS8) were conducted using hourly operational data 
obtained from the water utility for 1996 (Tables 20 and 
21). Pattern factors used in these simulations repre­
sented actual on-and-off cycling of wells and high-ser­
vice and booster pumps. The “Master Operating 
Criteria” (Table 4) were also honored. Simulations were 
conducted using the manual adjustment process for the 

minimum-, maximum-, and average-demand months of 
February, June, and October 1996, respectively. For 
each of these months, simulation time corresponded to 
the number of hours in the month—696 hours (29 days) 
for February, 720 hours (30 days) for June, and 744 
hours (31 days) for October. 

Results of the month-long simulations for February, 
June, and October are shown in Figure 33 using the 
“stacked” column graph format for the five selected 
pipeline locations (A–E) previously identified. Compar­
ison of these simulation results to corresponding results 
obtained using the “typical” 24-hour day simulation for 
each respective month, indicate similar values of simu­
lated proportionate contribution were obtained. For 
example, simulation results for the maximum-demand 
month of June indicate that differences in the propor­
tionate contribution of water from the Parkway well 
field for the two methods of simulating daily system 
operations were 0% for location A, 1% for location B, 
4% for location C, 2% for location D, and 3% for loca­
tion E. Therefore, sensitivity analyses SENS8 assisted in 
confirming that the day-to-day operations of the water-
distribution system were highly consistent over a 
month-long period (based on available 1996 hourly 
data) and could be realistically represented by a “typi­
cal” 24-hour operational pattern. 

The sensitivity analyses conducted as part of the 
historical reconstruction of the water-distribution sys­
tem serving the Dover Township area indicate that: (1) 
only a narrow range of conditions existed within which 
the historical water-distribution system could have suc­
cessfully operated and still satisfy hydraulic engineering 
principles and the “Master Operating Criteria” (Table 
4), and (2) daily operational variations over a month did 
not appreciably change the simulated proportionate con­
tribution of water from specific sources when compared 
to results from a typical 24-hour day pattern of opera­
tion representing the month. Thus, the reconstructed his­
torical water-distribution systems and operating 
criteria—based on applying the “Master Operating Cri­
teria” and using generalized water-utility information— 
are believed to be the most plausible and realistic sce­
narios under which the historical water-distribution sys­
tems were operated. 
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Figure 33. Results for simulated proportionate contribution of water from wells and 
well fields to selected pipeline locations using day- and month-long simulations, 
minimum-, maximum-, and average-demand months, 1996 (manual adjustment 
process), (See Appendices B and F for specific wells in operation.) 
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SUMMARY AND FINDINGS 

Contamination of groundwater resources in Dover 
Township, Ocean County, New Jersey (Figure 1), 
including the contamination of water-supply wells, was 
identified in the 1960s (Toms River Chemical Corpora­
tion 1966) and subsequently documented in the 1970s 
(ATSDR 2001a,b,c,d). Water-quality analyses, con­
ducted since the mid-1980s, indicate this contamination 
has generally consisted of volatile organic compounds 
such as trichloroethylene and semi-volatile organic 
compounds such as styrene-acrylonitrile trimer (ATSDR 
2001d). Based on public health assessments conducted 
for the Dover Township area, ATSDR and NJDHSS 
have determined that completed human exposure path­
ways to groundwater contaminants have occurred 
through private and community water supplies (ATSDR 
2001a,b,c,d). As a result, NJDHSS and ATSDR are con­
ducting an epidemiologic study of childhood leukemia 
and nervous system cancers that occurred in Dover 
Township. The epidemiologic study is exploring a vari­
ety of possible risk factors, including environmental 
exposures. To assist NJDHSS with the environmental 
exposure assessment component of the epidemiologic 
study, ATSDR developed a water-distribution model 
using the EPANET 2 software. Results obtained from 
the model will be used to assess exposure to drinking 
water sources that are being investigated as potential 
risk factors in the epidemiologic investigation. 

Because of the lack of appropriate historical data, 
the EPANET 2 model was calibrated to the present-day 
(1998) water-distribution system characteristics using 
data collected during March and August 1998. The reli­
ability of the calibrated model was demonstrated by suc­
cessfully conducting a water-quality simulation of the 
transport of a naturally occurring conservative ele­
ment—barium—and comparing results with data col­
lected at 21 schools and 6 points of entry to the water-
distribution system during March and April 1996. 
Results of the field-data collection activities, model cali­
bration, and reliability testing were described previously 
(Maslia et al. 2000a,b). Following calibration, the model 
was used to simulate historical characteristics of the 
water-distribution system serving the Dover Township 
area from 1962 through 1996. 

This report describes the historical reconstruction 
analysis of the water-distribution system serving the 
Dover Township area. It is viewed as a companion docu­

ment to Maslia et al. (2000a) which describes the analy­
sis of the 1998 water-distribution system. Therefore, the 
report focuses on these aspects of the historical recon­
struction analysis: (1) data sources and requirements, (2) 
methods of analysis, (3) simulation strategies, (4) 
selected simulation results, and (5) the use of sensitivity 
analysis to address issues of uncertainty and variability 
of historical system operations. 

Given the paucity of historical contaminant-specific 
concentration data during most of the period relevant to 
the epidemiologic study, ATSDR and NJDHSS decided 
that modeling efforts should concentrate on estimating 
the percentage of water that a study subject might have 
received from each point of entry (well or well field) to 
the water-distribution system (Plates 3–37). This 
approach uses the concept of “proportionate contribu­
tion” described in Maslia et al. (2000a, p. 4) wherein at 
any given point in the distribution system, water may be 
derived from one or more sources in differing propor­
tions. 

Databases were developed from diverse sources of 
information and were used to describe the historical dis-
tribution-system networks specific to the Dover Town­
ship area. These data were applied to EPANET 2 and 
simulations were conducted for each month of the his­
torical period—January 1962 through December 1996 
(420 simulations or “model runs”). After completing the 
420 monthly analyses, source-trace analysis simulations 
were conducted to determine the percentage of water 
contributed by each well or well field operating during 
each month. Results of these analyses—the percentage 
of water derived from the different sources that histori­
cally supplied the water-distribution system—were pro­
vided to health scientists for their analysis in assessing 
the environmental factors being considered by the epi­
demiologic investigation. 

A simulation approach to the historical reconstruc­
tion of the water-distribution system in the Dover Town­
ship area required knowledge of the functional as well 
as the physical characteristics of the distribution system. 
Accordingly, six specific types of information were 
required: (1) pipeline and network configurations for the 
distribution system; (2) potable water-production data 
including information on the location, capacity, and 
time of operation of the groundwater production wells; 
(3) consumption at locations throughout the distribution 
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system; (4) storage-tank capacities, elevations, and 
water-level data; (5) high-service and booster pump 
characteristic curves; and (6) system-operations infor­
mation such as the on-and-off cycling schedule of wells 
and high-service and booster pumps, and the operational 
extremes of water levels in storage tanks. 

Yearly historical network configurations maps for 
the period 1962 through 1996 are presented on Plates 3 
through 37. These maps show the complexity of the sys­
tem increased significantly over the time span of the his­
torical period. For example, the 1962 water-distribution 
system served nearly 4,300 customers from a population 
of about 17,200 persons (Board of Public Utilities, State 
of New Jersey 1962) and was characterized for model­
ing by (Plate 3): 

• approximately 2,400 pipe segments ranging in 
diameter from 2 to 12 inches and comprising a 
total service length of 77 miles; 

• 3  groundwater extraction wells with a rated 
capacity of 1,900 gallons per minute; 

• 1  elevated storage tank and standpipe with a 
combined rated storage capacity of 0.45 million 
gallons; and 

• total annual production of 359 million gallons 
that included the production of about 1.3 mil­
lion gallons per day during the peak-production 
month of May. 

By contrast, in 1996—the last year of the historical 
reconstruction period—the water-distribution system 
served nearly 44,000 customers from a population of 
about 89,300 persons (Board of Public Utilities, State of 
New Jersey 1996) and was characterized for modeling 
by (Plate 37): 

• more than 16,000 pipe segments ranging in 
diameter from 2 to 16 inches and comprising a 
total service length of 482 miles; 

• 20 groundwater extraction wells with a rated 
capacity of 16,550 gallons per minute; 

• 12 high-service or booster pumps; 

• 3  elevated and 6 ground-level storage tanks 
with a combined rated capacity of 7.35 million 
gallons; and 

• total annual production of 3,873 million gallons 
that included the production of about 13.9 mil­
lion gallons per day during the peak-production 
month of June. 

Analysis of production data indicates that the his­
torical distribution systems could be characterized by 
three typical demand periods each year: (1) a low- or 
winter-demand period, generally represented by the 
month of February—designated as the minimum-
demand month; (2) a peak- or summer-demand period, 
represented by one of the months of May, June, July, or 
August—designated as the maximum-demand month; 
and (3) an average-demand period, generally repre­
sented by the month of October—designated as the 
average-demand month. 

Water-production data were gathered, aggregated, 
and analyzed for each well for every month of the his­
torical period (Appendix B). These data were obtained 
from the water utility (Flegal 1997), the annual reports 
of the Board of Public Utilities, State of New Jersey 
(1962–1996), and NJDHSS data searches (Michael P. 
McLinden, written communication, August 28, 1997). 
The production data were measured by using in-line 
flow meters at water-supply wells (George J. Flegal, 
Manager, United Water Toms River, Inc., oral communi­
cation, August 28, 2001). 

Monthly production data were represented graphi­
cally in a three-dimensional plot (Figure 12). Referring 
to this plot, the x-axis is the year (1962–96), the y-axis 
is the month (January–December), and the z-axis is the 
total monthly production in million gallons. Maximum 
production is shown to occur in the months of May, 
June, July, or August. In addition, considerable produc­
tion increases occurred in 1971, 1988, and 1995. These 
years are characterized on the plot by sharp peaks. 

To simulate the distribution of water for each of the 
420 months of the historical period, network configura­
tion, consumption, and operational information were 
required. Before 1978, operational data were unavail­
able requiring development of system-operation param­
eters—designated as “Master Operating Criteria” (Table 
4). These are based on hydraulic engineering principles 
necessary to successfully operate distribution systems 
similar to the one serving the Dover Township area. 
From 1978 forward, for selected years, operators of the 
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water utility provided information on the generalized 
operating practices for a typical “peak-demand” (sum­
mer) and “non-peak demand” (fall) day. These guide­
lines were used in conjunction with the “Master 
Operating Criteria” to simulate a typical 24-hour daily 
operation of the water-distribution system for each 
month of the historical period. 

Examples of historical water-distribution system 
operating schedules for the minimum-, maximum-, and 
average-demand months of 1962, 1965, 1971,1978, 
1988, 1995, and 1996 are presented in Appendix D 
(Tables D-1 through D-7). These tables indicate the 
hour-by-hour operation of wells and high-service and 
booster pumps during a typical day of the minimum-, 
maximum-, and average-demand month for the given 
year. In 1962 and 1965 (Tables D-1 and D-2, respec­
tively), high-service and booster pumps were not part of 
the distribution system and, therefore, only groundwater 
wells were operated to supply demand by discharging 
water directly into the distribution system. In 1968, 
high-service and booster pumps were added to the dis­
tribution system. From that year forward, some wells 
supplied storage tanks, then high-service and booster 
pumps were operated to meet distribution-system 
demands; other wells still discharged directly into the 
distribution system (refer to Tables D-1 through D-7 in 
Appendix D for details). 

In this type of study, the ideal or desired condition 
is to obtain all data required for model simulations 
through direct measurement or observation. In reality, 
however, necessary data are not routinely available by 
direct measurement or observation and must be synthe­
sized using generally accepted engineering analyses and 
methods. Issues of data sources and the methods used to 
obtain data that cannot be directly measured reflect, ulti­
mately, on the credibility of simulation results. To 
address these issues for historical reconstruction analy­
sis, the methods for obtaining the necessary data were 
grouped into three categories (Table 12): 

• Direct measurement or observation—Data 
included in this category were obtained by 
direct measurement or observation of historical 
data and are verifiable by independent means. 
Of the three data categories, these data were the 
most preferred in terms of reliability and least 
affected by issues of uncertainty. 

• Quantitative estimates—Data included in this 
category were estimated or quantified using 
computational methods. 

• Qualitative description—Data included in this 
category were based on inference or were syn­
thesized using surrogate information. Of the 
three data categories, data derived by qualita­
tive description were the least preferred in 
terms of reliability and the most affected by 
issues of uncertainty. 

Of the six specific types of information required for 
the historical reconstruction analysis, the network pipe­
line data, groundwater well-location data, groundwater 
well-production data, and storage-tank data were 
obtained by direct measurement or observation. These 
data were available throughout the entire historical 
period and they could be assessed for quality and veri­
fied by independent means such as state reports or field 
observations. For example, groundwater well-produc­
tion data were available for every well for every month 
of the historical period and these data were measured by 
the water utility using in-line flow-metering devices at 
groundwater wells (George J. Flegal, Manager, United 
Water Toms River, Inc., oral communication, August 28, 
2001). 

Data for historical consumption consisted of two 
components—monthly volumes (quantity) and spatial 
distribution (location). The monthly volumes were 
obtained by using a quantitative estimation method. 
Data were available from metered billing records for 
October 1997 through April 1998 and verified through 
the calibration process described in Maslia et al. 
(2000a,b); the magnitude of monthly historical produc­
tion was known based on measured flow data. Using 
these data, estimates of historical consumption were 
quantified by imposing the requirement that total con­
sumption must equal total production. 

Direct measurement or quantitative estimates of the 
spatial distribution of historical point- demand data 
(demands at specific pipeline locations) were not avail­
able for the Dover Township area. Therefore, qualitative 
description methods were used to estimate historical 
data values. In doing so, estimates of the spatial distribu­
tion of historical point-demand data were based on two 
assumptions: (1) historical demand patterns were simi­
lar to the present-day demand patterns which are known 
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from available metered billing records; and (2) demand 
patterns could be inferred from land-use classification 
using historical land-use classification as a surrogate 
indicator. To assess the validity of this approach, histori­
cal land-use classification or zoning maps for Dover 
Township were used in conjunction with distribution-
system network maps for 1962, 1967, 1978, 1990, and 
1996 (network maps like the ones shown on Plates 3, 8, 
19, 31, and 37, respectively). Using information 
obtained from the land-use classification and distribu­
tion-system network maps, geospatial and comparative 
analyses were conducted (Table 3). Results of these 
analyses indicated that the distribution of land-use clas­
sification in Dover Township was relatively static and 
changed little during the historical period. These analy­
ses substantially validated the qualitative description 
method used to estimate the spatial distribution of his­
torical demand. 

The high-service and booster pump-characteristic 
data were derived using information obtained from the 
water utility (Flegal 1997). This information consisted 
of head values versus flow values which were refined 
during the model calibration process (Maslia et al. 
2000a,b). 

The historical system-operation data were obtained 
using each of the three methods of obtaining data 
described previously—depending on the time frame 
(Table 12). For the early historical period (1962–77), 
investigators relied on hydraulic engineering principles 
and the “Master Operating Criteria” (Table 4). Because 
data describing specific operational practices were not 
available, operating schedules developed for these early 
historical networks were based on qualitative descrip­
tions of system operations. To maintain a balanced flow 
condition, however, water-distribution systems of simi­
lar configuration and facilities as the historical Dover 
Township area system generally operate using on-and­
off cycling schedules of limited variability. That is, 
wells and high-service and booster pumps must be 
cycled on-and-off within a limited or narrow operating 
range. Simulations conducted on the water-distribution 
system serving the Dover Township area confirmed the 
limited variability of the on-and-off cycling operating 
schedule. 

For the 1977–1987 period, system-operation data 
were developed from quantitative estimates and qualita­
tive descriptions of the operating schedules. These data 

were derived using hydraulic engineering principles, the 
“Master Operating Criteria,” and from information pro­
vided by the water utility that described the general 
operations of the water-distribution system for a typical 
“peak” day (summer) and a “non-peak” (fall) day. For 
some of the years, the water utility also provided esti­
mates of discharge to the distribution system from the 
high-service and booster pumps (Richard Ottens, Jr., 
Production Manager, United Water Toms River, Inc., 
written communication, 1998). 

System-operation data for the most recent historical 
systems (1988–96) were obtained from direct measure­
ment or observation, quantitative estimates, and qualita­
tive descriptions of operating schedules. Data sources 
used to develop these operating schedules (for example, 
Tables D-6 and D-7) included the generalized operating 
notes from the water utility (Richard Ottens, Jr., Produc­
tion Manager, United Water Toms River, Inc., written 
communication, 1998), hourly operations data for 1996 
(Flegal 1997), notes taken by ATSDR and NJDHSS staff 
during field-data collection activities in March and April 
1998 (Maslia et al. 2000a), and the observation that the 
distribution system had previously operated in a manner 
very similar to the present-day system (1998), for which 
detailed information was available. 

Simulation of water-distribution networks require 
detailed descriptions of network operations, such as the 
on-and-off scheduling of high-service and booster 
pumps and groundwater wells for the entire period of 
simulation. In order to simplify these rigorous data 
requirements, a surrogate or alternative method—desig­
nated the “source-node-link” or SNL simulation method 
(Figure 19)—was devised whereby balanced flow con­
ditions were maintained and the measured volumes of 
monthly water production were used while avoiding the 
need for detailed network operations data, which were 
not available for most of the historical period. Compari­
son of flow results obtained using the surrogate SNL 
simulation method with measured flow data obtained 
during August 1998 for the Holly and Parkway treat­
ment plants showed that the SNL method simulated 
nearly identical flows to those measured (Figure 20 and 
Table 16). 

Analysis of the proportionate contribution of water 
from wells and well fields to selected network locations 
in the Dover Township area illustrates the increasing 
complexity and operational variability of the distribu-
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tion system throughout the historical period. These 
results were obtained by conducting source-trace analy­
sis simulations. Results are presented as areal distribu­
tions of the simulated proportionate contribution of 
water from active wells or well fields to all locations ser­
viced by the water-distribution system for selected years 
1962, 1965, 1971, 1978, 1988, 1995, and 1996 (mini­
mum-, maximum-, and average-demand months; Plates 
52–153). The annual variation of the simulated propor­
tionate contribution of water from operating wells and 
well fields to selected locations in the Dover Township 
area is shown for the minimum-demand month of Feb­
ruary (Figure 23), the maximum-demand months of 
May, June, July, or August (Figure 24), and the average-
demand month of October (Figure 25). For each of these 
examples, five geographically distinct pipeline locations 
were selected from the historical networks to represent 
the spatial distribution of proportionate contribution 
results. These locations are identified as locations A, B, 
C, D, and E. 

Comparison of the May 1962 results with the June 
1996 results (Figure 24), indicates the increasing com­
plexity of the network and distribution-system opera­
t ions  and how such operat ions  influenced the  
proportionate contribution of water to specific locations. 
In May 1962, only two well fields (Holly and Brook-
side) provided water to any one location; whereas, in 
June 1996, as many as seven well fields provided water 
to the distribution system (for example, pipeline loca­
tion E in Figure 24). 

Simulation results for the maximum-demand 
months of May 1962, July 1971, June 1978, July 1988, 
August 1995, and June 1996 for pipeline location D 
exemplify the annual variation in the contribution of 
water to this location and indicate the following (Figure 
24): 

• May 1962—100% of the water was provided by 
the Brookside well (15); 

• July 1971—30% of the water was provided by 
the Holly wells (14, 16, 18, 19, and 21), 54% by 
the Brookside well (15), 3% by the Indian Head 
well (20), and 14% by the Parkway wells (22, 
23, 26, and 27); 

• June 1978—25% of the water was provided by 
the Holly wells (16, 18, 91, and 21), 42% by the 
Brookside well (15), 4% by the South Toms 

River well (17), and 30% by the Parkway wells 
(22-29); 

• July 1988—49% of the water was provided by 
the Holly wells (21 and 30), 26% by the Brook-
side well (15), 11% by the South Toms River 
wells 32 and 38), 14% by the Parkway wells 
(22, 23, 24, 26, 28, and 29), and 1% by the Ber­
keley wells (33-35); 

• August 1995—55% of water was provided by 
the Holly wells (21, 30, and 37), 12% by the 
Brookside well (15), 23% by the South Toms 
River wells (32 and 38), 2% by the Parkway 
wells (22, 24, 26, 28, 29, and 42), and 7% by 
the Windsor well (40); and 

• June 1996—66% of the water was provided by 
the Holly wells (21 and 30), 2% by the Brook-
side well (15), 9% by the South Toms River 
wells (32 and 38), 2% by the Parkway wells 
(22, 24, 26, 28, 29, and 42), 4% by the Berkeley 
wells (33-35), and 17% by the Windsor well 
(40). 

The simulation results shown in Figures 23 through 
25 demonstrate that the contribution of water from wells 
and well fields varied by time and location. However, 
the results also show that certain wells provided the pre­
dominant amount of water to locations throughout the 
Dover Township area. The proportionate contribution of 
water from specific water sources at specified times dur­
ing the historical period of 1962 through 1996 are pro­
vided on Plates 52 through 153. 

The proportionate contribution results described 
above were obtained from trace-analysis simulations 
conducted on the historical distribution-system net­
works whereby balanced flow conditions were achieved 
through the manual refinement of modeling parameters. 
The adjusted parameters were the on-and-off cycling 
pattern values (pattern factor values assigned in 
EPANET 2) of wells and supply nodes representing 
wells linked to storage tanks and high-service and 
booster pumps and the operational extremes of water 
levels in the storage tanks. This modeling approach was 
designated as the “manual adjustment process.” Simula­
tion results presented in Figures 23–25, on Plates 52– 
153, and in Appendices H and I were obtained using the 
manual adjustment process and were the bases of com­
parisons for all sensitivity analyses. 
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 To address the issue of uncertainty and variability 
of system operations, and specifically to test the sensi­
tivity of the proportionate contribution results to varia­
tions in model-parameter values, a technique was 
required that would “search” for and select a set of alter­
nate operating conditions different from those deter­
mined using the manual adjustment process. These 
alternate operating conditions needed also to result in 
the satisfactory operation of the historical water-distri­
bution system. Such a technique was found in the 
Genetic Algorithm optimization (GA) method which 
refers to a method of optimization that attempts to find 
the most optimal solution by mimicking (in a computa­
tional sense) the mechanics of natural selection and nat­
ural genetics. (Details of the methodology and the 
application of the method to water-distribution system 
operations is presented in Appendix E.) 

Four types of operational and hydraulic constraints 
were varied during sensitivity analyses in order to deter­
mine the effects of constraint changes on the simulated 
proportionate contribution results. The constraints sub­
jected to variations were (Table 20): (1) pattern factors 
assigned to wells and supply nodes—designated as sen­
sitivity simulations SENS0, SENS1, SENS2, and 
SENS3; (2) minimum pressure requirements at model 
nodes—designated as sensitivity simulations SENS4 
and SENS5; (3) allowable storage tank water-level dif­
ferences between the starting time (0 hours) and ending 
time (24 hours) of a simulation—designated as sensitiv­
ity simulations SENS6 and SENS7; and (4) daily system 
operations represented by a “typical” 24-hour day over a 
month-long period—designated sensitivity simulation 
SENS8. For the first three types of constraints (SENS0– 
SENS7), the GA optimization methods were used to 
obtain simulation results for the proportionate contribu­
tion of water at all pipeline locations, and, these results 
were compared with results previously obtained using 
the manual adjustment process. For the fourth type of 
constraint variation (SENS8), the manual adjustment 
process was used to obtain simulation results for the 
sensitivity analysis. Descriptions of parameter variations 
for the sensitivity analyses are listed in Table 20 and the 
simulation month and year are listed in Table 21. 

Results for the sensitivity analysis simulations 
using the GA methods representing 1962, 1965, 1971, 
1978, 1988, 1995, and 1996 conditions are presented in 

Appendix I (Tables I-1 through I-7) and Appendix J 
(Figures J-1 through J-7). Analysis of these results indi­
cate small variations when comparing the proportionate 
contribution results from the manual adjustment process 
to results obtained using the GA methods (Figure 27). 
Furthermore, analyses of differences in the simulation 
results (Appendix K and Figure 31) show that the simu­
lated proportionate contribution of water from wells and 
well fields is relatively insensitive to changes in system 
operational parameters. For a 24-hour period, the aver­
age percentage of water over all study locations derived 
from all wells or well fields using either the manual 
adjustment process or any of the GA methods does not 
vary appreciably. Statistical analyses of the differences 
in simulated proportional contribution results obtained 
using the manual adjustment process and GA methods 
showed that differences are normally distributed for 
study locations characterized by the six selected histori­
cal networks for years 1962, 1965, 1971, 1978, 1988, 
and 1996 (Figure 32). These analyses further indicated 
that, overall, the difference distributions were character­
ized by a mean, mode, and median of nearly 0% and a 
standard deviation of less than 4% (Table 23). The sensi­
tivity analyses indicated that the differences in the pro­
portionated contribution of water—simulated by the 
exhaustive range of operating conditions and hydraulic 
constraints (Table 20)—are insensitive to the manner in 
which the water-distribution system was operated over a 
24-hour period. As a consequence, the minor differences 
in the simulated proportionate contribution of water 
between the manual adjustment process and the GA 
simulation approach indicate that there was a narrow 
range within which the historical water-distribution sys­
tem could have successfully operated to maintain a bal­
anced flow condition and satisfy the “Master Operating 
Criteria.” 

For the historical reconstruction analysis, investiga­
tors assumed that daily system operations over a period 
of one month could be represented by a “typical” 24­
hour day for each month of the historical period. To test 
the validity of this assumption, additional sensitivity 
analyses (SENS8) using hourly operational data 
obtained from the water utility were conducted. Month­
long simulations were conducted for February, June, 
and October which represented, respectively, the mini­
mum-, maximum-, and average-demand months for 
1996. Simulations were conducted using the manual 
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adjustment process according to the hourly operational 
data for 1996 supplied by the water utility. When results 
for the month-long simulations (averages over the 
month-long period) were compared with results from 
the “typical” 24-hour day, differences in the proportion­
ate contribution of water to the five pipeline locations 
(A–E) showed only slight variations (Figure 33). As an 
example, for June 1996, the difference in the contribu­
tion of water from the Parkway well field for the two 
methods of simulating the daily system operations were 
0% for location A, 1% for location B, 4% for location C, 
2% for location D, and 3% for location E. Therefore, 
sensitivity analysis assisted in confirming that the day-
to-day operations of the water-distribution system were 
highly consistent over a month-long period (based on 
available 1996 hourly data) and could be represented by 
a “typical” 24-hour operational pattern. 

The sensitivity analyses conducted as part of the 
historical reconstruction of the water-distribution sys­
tem serving the Dover Township area indicate that: (1) 
there was a narrow range within which the historical 
water-distribution systems could have successfully oper­
ated and still satisfy hydraulic engineering principles 
and the “Master Operating Criteria,” and (2) daily oper­
ational variations over a month did not appreciably 
change the proportionate contribution of water from 
specific sources when compared to a typical 24-hour 
day representing the month. 

Overall, the simulation results for the proportionate 
contribution of water from wells and wells fields indi­
cate variation by time and location. However, the results 
also show that certain wells provided the predominant 
amount of water to locations throughout the Dover 
Township area. In summary, therefore, the reconstructed 
historical water-distribution systems and operating crite­
ria—based on applying the “Master Operating Criteria” 
and using generalized water-utility information—are 
believed to be plausible and realistic scenarios under 
which the historical 1962–96 water-distribution system 
was operated. 

AVAILABILITY OF MODEL INPUT DATA AND 

PROPORTIONATE CONTRIBUTION RESULTS FILES 

EPANET 2 compatible input data sets developed to 
conduct the monthly historical simulations for January 
1962–December 1996, using the manual adjustment 
process, are provided with this report in a computer 
disc-read only memory (CD-ROM) format. The CD-

ROMs contain the INP file formats described in the 
EPANET 2 Users Manual. Additionally, each CD-ROM 
contains a fully executable copy of the public-domain 
EPANET 2 water-distribution system model (Version 
2.0, Build 2.00.08) that was used to conduct the 
historical monthly simulations, and the EPANET 2 
Users Manual. 

Also included on the CD-ROMs are data files that 
contain digital (electronic) results shown on Plates 52 
through 153. These data files contain the nodal values of 
simulated proportionate contribution of water from each 
operating well or well field to all water-distribution sys­
tem pipeline locations—obtained using the manual 
adjustment process—for the minimum-, maximum-, and 
average-demand months for seven selected years 1962, 
1965, 1971, 1978, 1988, 1995, and 1996. The files are 
prepared in “text,” “Excel,” and “DBF” formats. 

Readers desiring information about the model input 
data files or the proportionate contribution result data 
files contained on the CD-ROMs may also contact the 
senior author of the report at the following address: 

Morris L. Maslia, P.E. 
Agency for Toxic Substances and Disease 

Registry 
1600 Clifton Road, Mail Stop E-32 
Atlanta, Georgia 30333 
Telephone: (404) 498-0415 
Facsimile: (404) 498-0069 
E-mail: mmaslia@cdc.gov 
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