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MODEL SIMULATION OF THE MANASQUAN
WATER-SUPPLY SYSTEM IN MONMOUTH COUNTY,
NEW JERSEY |

By Ming Chang, Gary Tasker, and Steven Nieswand

ABSTRACT

' Model simulation of the Manasquan Water
Supply System in Monmouth County, New Jersey,
was completed using historic hydrologic data to
evaluate the effects of operational and withdrawal
alternatives on the Manasquan reservoir and
pumping system. Changes in the system opera-
tions can be simulated with the model using precip-
itation forecasts.

The Manasquan Reservoir system model
operates by using daily streamflow values, which
were reconstructed from historical U.S. Geological
Survey streamflow-gaging station records. The
model is able to run in two modes--General Risk
Analysis Model (GRAM) and Position Analysis
Model (POSA). The GRAM simulation procedure
uses reconstructed historical streamflow records to
provide probability estimates of certain events,
such as reservoir storage levels declining below a
specific level, when given an assumed set of
operating rules and withdrawal rates. POSA can
be used to forecast the likelihood of specified
outcomes, such as streamflows falling below
statutory passing flows, associated with a specific
working plan for the water-supply system over a
period of months.

The user can manipulate the model and
generate graphs and tables of streamflows and
storage, for example. This model can be used as a
management tool to facilitate the development of
drought warning and drought emergency rule
curves and safe yield values for the water-supply
system.

INTRODUCTION

The Manasquan Water Supply System
(MWSS), under the management of the New
Jersey Water Supply Authority (NJWSA), is
composed of the Manasquan Reservoir and the
Manasquan River pumping station. The MWSS
supplies potable water to the residents of
Monmouth County and northern Ocean County,
New Jersey. The system also supplies raw water to
a water purveyor for treatment and distribution in
Monmouth and Ocean Counties. The U.S. Geolog-
ical Survey (USGS), in cooperation with the
NJWSA, developed a computer model of the
Manasquan Water Supply System to evaluate the
effects of operational and withdrawal alternatives
on the reservoir and pumping system.

Purpose and Scope

This report describes (1) the components
of the computer model of the Manasquan Water
Supply System, (2) the methodology used to
develop the input data, and (3) the development of
drought warning and emergency rule curves. The
graphical and tabular outputs of the model are
shown in illustrations. Reconstructed historical
streamflow records, approximately 68 years, were
used to provide probability estimates of drought
events. Rule curves were created by using model
outputs to aid in the development of safe yield for
the Manasquan Reservoir system.




Description of Study Area and
Water-Supply System

The Manasquan Reservoir, which covers
770 acres and has a capacity of 4.7 Ggal (billion
gallons), is on Timber Swamp Brook, a tributary of
the Manasquan River in Howell Township,
Monmouth County, New Jersey (fig. 1) (New
Jersey Water Supply Authority, 1997). Water is
withdrawn from the Manasquan River at an intake
facility located near Allenwood, Wall Township,
Monmouth County (fig. 1). The water then is
pumped to settling facilities where it can be
pumped to the reservoir or can flow by gravity to a
distribution chamber. If the water is sent to the dis-
tribution chamber, it can be diverted diréctly to the
Manasquan Water Treatment Plant and to the New

Water can be pumped at the intake facility
only when the passing flow requirement of
8 Mgal/d is met. The minimum pumping rate that
the intake facility can use to withdraw water is
26 Mgal/d; the maximum rate is 150 Mgal/d. The
maximum pumping rate for the reservoir pumping
system is 120 Mgal/d. This pump is operated only
during off-peak electrical usage hours to reduce
operational costs. A maintenance flow of 200,000
gal/d is required to sustain flows at Timber Swamp
Brook.

THE MANASQUAN RESERVOIR
SYSTEM MODEL

The model functions as a continuity
accounting model (Dunne and Tasker, 1996), con-

Jersey-American Water Company (NJ-AWC)
treatment facility.

sisting of a series of interconnected nodes. At each
node the monthly total of the daily averages of
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Figure 1. The Manasquan River Basin, Monmouth County, N.J. [Station 01408000, Manasquan River at
Squankum, N.J.; station 01408029, Manasquan River near Allenwood, N.J.] ’
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inflow volume, outflow volume, and change in
storage are determined and recorded. The model
input is the estimated daily streamflow for each
node that has been reconstructed from records of
water use and estimated from flows observed at the
gaging station (01408000) at Squankum (fig. 1). A
set of operating rules is used to control the

Leakage and
Inflow

h MANASQUAN

evaporation losses

reservoir releases and pumpages to meet the
passing flow requirement and the withdrawal
demands. The default operating rules can be
changed in order to evaluate the effects of alterna-
tives on the reservoir system. The general
direction of flow in the model is shown in figure 2.
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Figure 2. Schematic diagram of the Manasquan Water Supply System, Monmouth County, New
Jersey. [Station 01408000, Manasquan River at Squankum, N.J.; station 01408029, Manasquan River

near Allenwood, N.J.]




Historical Streamfiow
- Reconstruction

The Manasquan Reservoir System model
uses daily natural streamflow values that were
reconstructed by use of historical USGS stream-
flow-gaging station records and adjusted for the
effects of human activities, such as water with-
drawals and wastewater discharges (table 1). The
period of streamflow record used for the stream-
flow-gaging station located at Manasquan River at
Allenwood begins in June 1990. In order to create
a record of streamflow prior to 1990 at the
Allenwood stream gage, mean daily streamflow
values were reconstructed using streamflow during
the period of record (July 1931 to December 1999)
at the station upstream from Allenwood at
Manasquan River at Squankum (table 1).

The reconstruction of the streamflow at
Allenwood took into account a number of human
activities that influence the flow in the Manasquan
River. These activities include point-source dis-
charges from wastewater-treatment facilities; with-
drawals of surface water from the river or ponds in
the watershed for irrigation and industrial use;
withdrawals of ground water from surficial
aquifers (100 meters or less) for irrigation and
water supply; withdrawals of ground water from
confined aquifers for water supply; and infiltration
and inflow (I/T) into wastewater-collection
systems. Withdrawals from surficial aquifers were
considered to have a direct relation (1:1) to stream-
flow. Withdrawals from confined aquifers
increased the leakage from shallow aquifers; there-
fore, the leakage was considered to have a direct
relation (1:1) to streamflow. /1 is defined as the
leakage of shallow ground water and storm runoff
into wastewater-collection systems. Because I/ is
water that would go into the river if the waste-
water-collection system was not present, it also has

a direct relation (1:1) to streamflow. These activi-
ties and the methodology for estimating them are
described in Appendix A.

Rule Curves

The safe yield of a surface source of water
is defined by the New Jersey Department of Envi-
ronmeéntal Protection (NJDEP) as “the yield main-
tainable by a water system continuously
throughout a repetition of the most severe drought
of record, after compliance with requirements for
maintaining minimum passing flows” (The Water
Supply Management Act Rules, N.J.A.C.7: 19-6.1
and the following ones). In any given year, a
drought that is more severe than the drought of
record may occur; therefore, rule curves are
developed for water-supply reservoirs to provide
indicators to water-supply-system managers that
actions may be warranted to preserve the integrity
of the water-supply system.

Long-term records (approximately 20 or
more years) can be used to establish a range for
normal reservoir levels. Rule curves are estab-
lished below the normal range to give the water
manager time to institute actions, usually to reduce
demand on the system and maintain an adequate
water supply. Typical drought rule curves have
three levels -- drought watch, drought warning, and
drought emergency. During the drought watch
phase, the water manager begins initial prepara-
tions for the drought warning phase and advises
water users to use water wisely. The drought
warning phase is more serious; a much greater
effort is made to motivate water users to conserve
water voluntarily. In some cases, mandatory
restrictions are put into effect. Under a drought
emergency, mandatory restrictions usually are put
into effect.

Table 1. Streamflow-gaging stations and period of record, Monmouth County, New Jersey
[mi?; square miles; refer to figure 1 for station locations]

Station Drainage area

number Station name (mi2) Period of record
01408000  Manasquan River at Squankum, N.J. 44 7/1931 to 12/1999
01408029  Manasquan River near Allenwood, N.J. 63.3 6/1990 to 12/1999




Three approaches were tested in devel-
oping the rule curves for the Manasquan Water
Supply model. All approaches are based on proce-
dures created by the NJDEP for developing rule
curves (Joint Board of Public Utilities and NJDEP
Water Emergency Planning Team Final Report,
June 1989). An example of a typical rule curve is
shown in figure 3. NJDEP procedures were used
to adjust the curves to fit a trapezoid in order to
smooth the curve.

Approach 1

The first approach is similar to the
approach used by the New Jersey Water Supply
Authority in establishing rule curves for their
Raritan reservoirs (M.H. McRee, New Jersey
Water Supply Authority, unpublished report,
undated). This approach uses the General Risk
Analysis Model (GRAM) for the period of record
(1930-99) with appropriate edits to the specified
water demand, reservoir operating rules, and the
required passing flow. GRAM is discussed in the
section Model Simulation later in the report.

The simulation output included the end of
the month storage levels, in billion gallons, for the
Manasquan Reservoir for the period of record. The
rule curves developed for the MWSS were based
on frequency analysis with use of the 10- and
30-percent non-exceedance values for monthly
reservoir storage for the period of record. This
approach is similar to the method used by NJDEP,
which has used the 10- and 30-percent non-exceed-
ance streamflow values to define drought
emergency and drought warning, respectively, in
their procedures for developing rule curves. An
example of the rule curves developed for approach
1 is shown in figure 4 and discussed in
Appendix B.

Approach 2

~ The second approach uses both the
Position Analysis (POSA) mode and GRAM mode
of the Manasquan model. An iterative process was
used that began with the POSA mode. (Position
Analysis Model is discussed in Model Simulation
later in the report.) First, an operating mode is
determined for the water-supply system under
drought conditions so that the minimum storage
will not be less than the dead storage (minimum

useful storage of a reservoir). After this curve is
calculated, the 10-percent and 30-percent non-
exceedance curves can be determined, tested, and
refined by use of the GRAM mode (fig. 5). The
methodology for approach 2 is discussed in
Appendix B.

Approach 3

Approach 3 is based on streamflows for
the period of record rather than reservoir storage
and is similar to the procedures developed by
NJDEP. This approach uses the GRAM mode with
the 10- and 30-percent non-exceedance flows cal-
culated for different time segments during the
period of record. The resulting curves then are
compared with drought rule curves for other reser-
voirs to determine the best representative curve
(fig. 6). The methodology for approach 3'is
discussed in Appendix B.

Another approach that could be used to
develop rule curves is a trial-and-error method
using the GRAM and POSA modes. By reviewing
rule curves developed for other reservoirs and
using these curves as input to the GRAM mode,
curves can be developed that meet the policies of
the operating agency.

No matter which approach is used to
develop drought rule curves, the curves should be
adjusted to reflect policy issues. For example, the
low points of the rule curves can reflect the risk
that the water manager is willing to take during
different drought conditions. The minimum
storage that a water manager would be comfortable
with at different times of the year can be deter-
mined ona case-by-case basis. The curves also
can be adjusted to reflect the amount of time the
water manager wants a system to be in the drought
warning or the drought emergency phase. These
decisions are associated with different levels of
risk. The GRAM and POSA modes allow the
water manager to test a large number of alterna-
tives.

Model Simulation

The model can be run in one of two
modes--General Risk Analysis Model (GRAM) or
Position Analysis Model (POSA).
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General Risk Analysis Model

The GRAM simulation procedure (Hirsch,
1978) was used with the reconstructed historical
streamflow records for the base period from 1931
t0 1999. GRAM can be used to evaluate the effects
of operational and withdrawal alternatives on the
reservoir and pumping system. It also can be used
to determine the safe yield of the system and to
develop drought warning and drought emergency
rule curves. The model can be used in conjunction
with rule curves to review the performance of the
system under streamflow conditions from previous
years. This type of analysis can give water
managers a general representation of system reli-
ability.

The GRAM mode was used to compute
daily streamflows at Manasquan River at
Allenwood by adding the historical reconstructed
streamflows at Allenwood, for the base period
from 1931 to 1999, and point-source flows and
releases from the reservoir to Timber Swamp
Brook, then deducting ground- and surface-water
withdrawals, infiltration and inflow, and evapora-
tion and seepage losses. The model included
default values for the point-source discharges,
releases from Timber Swamp Brook, ground- and
surface-water withdrawals, and infiltration and
inflow that were calculated with 1998 data. If
current values (late 1990s) are used for these vari-
ables, the GRAM model can simulate reservoir
operations under present human-induced condi-
tions with historic flows.

Because pumping capacity is limited,
GRAM attempts to satisfy daily demands at the
distribution chamber with withdrawals from the
river. Withdrawals from the river are limited by
the passing flow requirement at Allenwood. If
demand cannot be met by withdrawals from the
river, water is released from the reservoir to make
up the difference. Demand from the reservoir pipe
also is met by reservoir releases. If the pumping
trigger is turned on, GRAM will fill the reservoir to
the pumping target, which is constrained by
pumping a minimum and maximum quantity of
water and by the amount of water in the river.
GRAM accumulates the daily streamflow values
for each month and, in a monthly format, saves an
output that reports the storage at month’s end (in

10

Ggal), the average daily withdrawals from the river
and streamflow to the reservoir (in Mgal/d), the
average daily releases from the reservoir (in
Mgal/d), and the average daily flow (in Mgal/d)
that passed the intake. Detailed schematics and
statistics of the GRAM model are presented in
Appendix B.

Position Analysis Model

Position analysis (POSA) is a tool that
water managers can use to forecast the likelihood
of specified outcomes, such as reservoir levels
falling below a specified level or streamflows
falling below statutory passing flows, associated
with a specific operating plan for the basin over a
period of a few months (Hirsch, 1978). It can aid
the water manager in deciding which plan of
operation to implement by providing a means to
evaluate and rank each proposed plan of operation
in terms of future drought risks (Dunne and Tasker,
1996). POSA also can be used to develop drought
warning and drought emergency rule curves by
allowing the user to specify operating rules, current
streamflows, and the current reservoir level.

The POSA mode operates by activating a
series of subprograms that load the data into a
cyclic model. A month with observed streamflow
data is randomly chosen within the same season
and with monthly conditions similar to those of the
specified month. Monthly values then are calcu-
lated by the program and reported as output in the
same method used for GRAM. Detailed sche-
matics and statistics of the POSA model are
described in Appendix B.

Graphical User Interface

A graphical user interface (GUI) was
designed for the Manasquan model for use in a
Windows 95/NT or higher environment in con-
Jjunction with a FORTRAN program. The GUI was
created using Visual Basic 6.0 and consists of
various screens in which the user can manipulate
data entries (Refer to Appendix B for a detailed
instruction manual.) Four category screens are
available that can be used to direct the model.
These categories are physical dimensions, basin
adjustments, demands, and reservoir operating
rules (fig. 7).




MANUAL DATA IMPORT DEFAULT DATA
DATA ENTRY FROM FILE VALUES

Physical dimensions, basin adjustments,
demands, reservoir operation rules

GRAM POSA
FORTRAN FORTRAN
MODEL MODEL
OUTPUTTO
SPREADSHEET

Figure 7. Flow chart of Manasquan Reservoir System Model used for the study in New Jersey.

Physical Dimensions * River intake pump minimum — The minimum
flow, in Mgal/d, that can be pumped from the

The capacity, dead storage, and pumping _
Manasquan River.

factors of the reservoir system can be altered in the

Manasquan model to affect reservoir operation. e Reservoir pump maximum — The maximum
Definitions of the variables that can be altered are flow, in Mgal/d, that can be pumped to the res-
listed below. ervoir.
e Total reservoir capacity — The maximum * Reservoir pump minimum - The minimum
volume, in Ggal, in the reservoir. flow, in Mgal/d, that can be pumped to the res-
e Dead storage — The minimum volume, in CIVOlr. '
Ggal, in the reservoir that is not available for e Intake pumping factor — The rate, as a fraction,
use by the water supply. at which the river intake pump will operate.
o River intake pump maximum — The maximum For example, a value of 0.5 indicates a 50-
flow, in Mgal/d, that can be pumped from the percent pumping rate.
Manasquan River. e Reservoir pumping factor — The rate, as a
fraction, at which the reservoir pump will
operate.

11




Basin Adjustments

Point sources and withdrawals from the
Manasquan River Basin can be changed in the
basin adjustments category. The variables that can
be altered and their definitions are listed below.

*  Ground-water shallow withdrawals and
change in leakage — The ground-water shallow
withdrawals term refers to the amount of water
withdrawn from the shallow aquifers, usually
for industrial and agricultural use. The change
in leakage term refers to the human-induced
seepage from surficial aquifers to confined
aquifers caused by the pumping of confined
aquifers. These two terms are combined to
create one term for ground-water withdrawals,
in Mgal/d, for use in the Manasquan River
Basin.

e Surface-water shallow withdrawals — The
amount of flow from surface-water with-
drawals within the Manasquan River Basin, in
Mgal/d.

¢ Point source flows to basin — The amount of
flow from point-source discharges in the basin,
in Mgal/d.

e Evaporation and seepage losses — Losses, in
inches, resulting from evaporation and seepage
from the reservoir. Data are obtained from the
National Oceanic and Atmospheric Adminis-
tration and Metcalf and Eddy (1985).

® Manasquan River Regional Sewage Authority
(MRRSA) flows — The average yearly flow, in
Mgal/d, at MRRSA. These data are used to
calculate the I/I.

e Percentage of total MRRSA flow from contrib-
uting municipalities — The total wastewater
flow, in Mgal/d, from municipalities in the
contributing watershed area of the Manasquan
River Basin. These data are used to calculate
the I/1.

e Percentage of contributing municipalities
above Squankum streamflow gaging station —
The total percentage of municipalities contrib-
uting to MRRSA wastewater flow in the con-
tributing watershed area of the Manasquan
River Basin upstream from the Squankum
streamflow gaging station.

12

Water Demands

The user can change the water-supply
demand requirements to affect the model in the
demands category. This category can be used to
change the demand for drought conditions, the
passing flow requirements, and the water-supply
demand for various variables of the system. Defi-
nitions of the factors that can be altered are listed
below.

¢ Hospital Road Distribution Chamber — The
demand, in Mgal/d, at the distribution chamber
located near Allenwood, Wall Township,
Monmouth County.

® Manasquan reservoir pipeline — The demand,
in Mgal/d, from the Manasquan Reservoir
pipeline located at the treatment plant in
Howell Township, Monmouth County.

* Manasquan reservoir — The demand, in
Mgal/d, for withdrawals directly from the
Manasquan Reservoir.

e Phase I drought (Drought warning) — The
demand, as a fraction of normal, during a
Phase I drought condition. During a drought
warning, voluntary restrictions on water use
may reduce demand on the system. The Phase
I condition is determined by the New Jersey
Water Supply Authority.

® Phase Il drought (Drought emergency) — The
demand, as a fraction of normal, during a
Phase II drought condition. During a drought
emergency, restrictions on water use may
reduce the demand on the system. The Phase
II condition is determined by the New Jersey
Water Supply Authority.

¢ Passing flow at the Allenwood streamflow
gage— The required passing flow of the
Manasquan River at Allenwood streamflow
gage (station 01408029).

Reservoir Operating Rules

In the Manasquan Model, the reservoir
operating rules, which include drought levels,
pumping targets and triggers, and releases to
Timber Swamp Brook, can be manipulated to
change or imitate actual system requirements.
Changing actual system requirements allows effi-




ciency and risk comparisons between alternative
and actual conditions. Factors that can be altered
and their definitions are listed below.

¢ Timber Swamp Brook release — The monthly
releases to Timber Swamp Brook, in Mgal/d.

¢ Normal reservoir level — The normal level of
the reservoir, as a fraction of full.

e Pumping target level — The level of the
reservoir at which pumping to the reservoir
will cease, as a fraction of full.

* Pumping trigger level — The level of the
reservoir at which pumping to the reservoir
will begin, as a fraction of full.

* Drought watch level — The level of the
reservoir at which a drought watch will result,
as a fraction of full.

* Phase I and Il drought — The level of the
reservoir at which a Phase I or II drought will
result, as a fraction of full.

Model Qutput

When all the above model variables have
been entered, the user will be prompted to
designate a name for the output file that will be
created automatically. A table and related graphs
will be produced in Microsoft Excel format.

General Risk Analysis Model (GRAM)
Data Table and Graphs

The table that is produced as output and
that lists the values for storages, releases, stream-
flows, and basin condition is shown in figure 8.
Examples of the graphs of flow and storage that are
produced as output are shown in figures 9 and 10.
Detailed explanations of figures are in
Appendix C.

Position Analysis Model (POSA) Data
Table and Graphs

A data table produced as output lists
values for non-exceedance probabilities (fig. 11).
A non-exceedance probability is the likelihood, in
percent, that the reservoir will be at or below a
given capacity at the end of a month on the basis of
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entered model variables. An example of the graph
that is produced of the storage in relation to the
month is shown in figure 12. Detailed explana-
tions of figures 11 and 12 are given in Appendix C.

Model Limitations

A sensitivity analysis was performed on
the Manasquan model to determine how different
adjustments to ground- and surface-water with-
drawals and wastewater discharges in the basin,
operational conditions, and changes to the
reservoir system would affect reservoir storage.
One model variable or a combination of variables
was adjusted, while all others were kept constant.
The GRAM mode of the model was used in this
analysis.

The GRAM mode was run for different
conditions for the drought of record, during 1960-
69, in New Jersey to document how minimum
storage would change during that period. Addi-
tional model runs were made with different condi-
tions to determine whether water-supply demands
could be increased or decreased while maintaining
a minimum storage.

The categories that were adjusted for the
analysis are listed below.

* Physical dimensions

o The volume of the reservoir system
storage was increased by 100 Mgal to

reflect the original design of the system.

The maximum pumping capacity at the
intake and to the reservoir was increased
to 500 Mgal to maximize water capture
at the intake.

The minimum pumping capacity to the
reservoir was reduced to zero to
maximize the amount of water that could
be pumped to the reservoir.

¢ Water demands

o Water demands were adjusted by
125,000 gal/d to 4 Mgal/d. Total
demand varied from 26 to 30 Mgal/d.

The location of water withdrawals from
the system was adjusted.




A - B C D G dH e U TR L

46 | GENERAL RISK ANALYSIS MODEL ‘ :

47 TORES FRRIV  PASSING . » .

48 MONYEAR STORAGE RELEASE PUMPING PUMPING FLOW  CONDITION NORMAL WATCH WARN DROUGHT DEAD STORAGE
10/1961 3.75 10 0 16.25  29.64 Normal 404 273 228 179 0.64
11/1961 3.55 10 0.06__17.21] 2365 Normal 399 273 22 178 084
12/1961 434 10 3236 4861 10.32 Normal 414 305 259 211 084
1/1962 47 10 176 3885 4427 Normal - 423 320 282 235 084
2/1962 4.69 10 6.63 22.88 5541 Normal 428 352 305 250 0.64
311962 4.55 10 0 16.25  110.77 Normal 442 376 329 282 0.64
471962 432 10 0 1625  69.38 Normal 451 376 320 282 064
5/1962 4.28 10 8.25 24.5 198.99  Normal 47 378 329 2.82 0.64
6/1962 4.27 10.16°  10.03 26.12 10.15  Normal 442 375 329 282 0.64
7/1962 3.84 13.23 0.39 134 817 Normal 428 352 305 2.59 0.64
8/1962 3.79 13.17 10.95 24.03 9.36  Normal 428 315 2868 2.21 0.64
/1962 3.81 10.95 10.17 25.48 812 Normal . 404 273 226 179 064
10/1962 3.91 10 11.37 27.62 11.72  Normal 404 273 228 1.79 0.64
111962 47 10 3232 4857 30 Normal 393 273 2026 1.79 064 1
12/1962 47 10 7.03 2328 3018 Normal 414 305 256 2.1 0.64
171963 47 10 7.37 2362 2593 Normal 423 329 282 2.35 0.64
2/1963 458 10 3.07 19.32 5159 Normal 428 352 305 259 064 &

10 0 16.25  89.03 Normal | j4.42 376 3.9 2.82 0.64

Figure 8. Example table of a data output produced by the General Risk Analysis Model (GRAM) in
Microsoft Excel for this study in New Jersey.
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Figure 9. Example graph of storage data output produced by the General Risk Analysis Model (GRAM)
in Microsoft Excel for this study in New Jersey.
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Figure 10. Example graph of passing flow output produced by the General Risk Analysis Model
(GRAM) in Microsoft Excel for this study in New Jersey.

: A B B D 7
|50 |NON- EXCEEDENCE PROBABILITY ‘ e :
51 MONTH  MIN 0.01 005 01, 025 05 075 03 095  0.99 MAX DEAD STOR.
52 MAY 282 282 282 282 282 282 282 282 2.82 282 282 084
531 JUN 236 2.43 2.55 28 266 276 297 3339 3.86 442 458 0.64
154 JuL 183 203 2.2 2.28 2.4 261 314 376 4.7 428 A7 0.64
{85 AUG 141 171 184, 205 226 283 336 397 422 454 47 084
{86, SEP 0.89 119 167 1,72 2020 253 343 391 4.08 455 47 0.64
57 OCT 0.71 141 1.44 1.62 195 263 352 3.8 4.04 4.44 453 0.64
158 NOV 083 115 147 18 229 31 374 4 4.03 438 468 064
59 DEC 078 117 185 219 28 37 399 414 415 441 47  OB4
50 JAN 128 175 253 3 377 3.99 421 423 424 4.47 458 0.64
61 FEB 2.04 267 3.48 3.81 388 407 425 4728 4.28 4.48 47 0.54
52 MAR 308 362 39 399 409 421 442 442 4.42 458 47 0.64
63 APR 3.84 393 41 415 421 427 4.51 451 451 469 47 0564
B4 MAY 374 414 425 478 43 447 488 47 47 47 47 054
outputPOSA /1 .

Figure 11. Example table of data output produced by Position Analysis (POSA) in Microsoft Excel
for this study in New Jersey.
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Kigure 12. Example graph of data output produced by Position Analysis (POSA) in Microsoft Excel

for this study in New Jersey.

° Basin adjustments

o Wastewater discharge (S;) was
decreased to zero. S, was increased by

0.25 Mgal/d, 0.5 Mgal/d, 1.0 Mgal/d,
and 2.0 Mgal/d as a substitute for
increasing the flow in the Manasquan
River by these amounts.

Ground-water withdrawals and leakage
(Gy), and surface-water withdrawals
(Sy,) were decreased to zero and to
estimated withdrawals for the year 1965,
respectively.

I/ was decreased to zero.

Evaporation and seepage from the
reservoir were reduced to zero.

¢ Reservoir operating rules

o The pumping trigger for pumping to the
reservoir was adjusted.
o The pumping target was adjusted within

arange of 90 to 100 percent of full.

A base or default alternative was used for
comparison with all other alternatives. The default
alternative included the variables shown in table 2.
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In the default alternative, approximately 60 percent
of the system demand was supplied from the distri-
bution chamber, and approximately 40 percent was
supplied from the reservoir through a withdrawal
from the release line (fig. 13).

Because there was a limit to the number of
model runs made and the sensitivity analysis is an
iterative process, some of the results presented
below are estimates interpreted from the results of
the model runs.

The results of the sensitivity analysis are
presented below!.

* Volume of the reservoir was increased by 100
Mgal. This resulted in an increase in minimum
default alternative reservoir storage from 0.65
to 0.75 Ggal. The demand could be increased
by approximately 0.250 Mgal/d while main- -
taining storage at 0.65 Ggal.

¢ The maximum pumping at the intake and to
the reservoir was increased to 500 Mgal/d and
the minimum pumping to the reservoir was

I Although 0.64 billion gallons is the actual
dead storage volume, the alternatives used in
the mode] runs resulted in a 0.65 billion gal-
lons dead storage volume.




Table 2. Model input for the default alternative for sensitivity analysis of the Manasquan model, New
Jersey.

[max, maximum; min, minimum; Mgal/d, million gallons per day; MRRSA, Manasquan River Regional Sewage
Authority; A; demand at distribution chamber, in Mgal/d, B; demand from reservoir pipe (Howell Township),
in Mgal/d; C, demand directly from reservoir, in Mgal/d; D, fraction of demand during Phase I drought condition;
E, fraction of demand during Phase II drought condition; F, passing flow required at Allenwood, NJ, in Mgal/d;

G, ground-water shallow withdrawals plus leakage, in Mgal/d; H, surface-water shallow withdrawals, in Mgal/d;

I, point-source flows to basin, in Mgal/d; J, releases to Timber Swamp Brook, in Mgal/d; K, normal reservoir level
as fraction of full; L, pumping target volume as fraction of full; M, pumping trigger volume as fraction of full;

N, drought watch volume as fraction of full; O, Phase I drought volume as fraction of full; P, Phase II drought
volume as fraction of full; Q, evaporation plus seepage losses from reservoir, in inches]

Variables of physical dimensions Value
Total reservoir capacity, in biilion gallons 4.7
Dead storage, in billion gallons .64
River intake pump max, in Mgal/d 150
Reservoir pump max, in Mgal/d 120
Reservoir pump min, in Mgal/d 10
Intake pumping factor 1
Reservoir pumping factor 1
MRRSA flow, in Mgal/d 6.5
Percent MRRSA flow 66
Percent of sewage flow from contributing municipalities upstream from 50

Squankum streamflow gaging station

Variables of demands, basin adjustments, and reservoir operating rules

Month F ¢ D E§ F¥ G ®H 1 1 K L. ™M ~N 0 P Q
1 1625 10 0 1 1 g§ 111 002 0 02 09 T 08 07 06 05 08
2 1625 10 0 1 1 8 105 .02 01 2 91 1 81 75 65 55 168
3 1625 10 0 1 1 8 117 0 022 94 1 84 8 7 6 232
4 1625 10 0 1 1 8 113 .08 .02 2 96 1 86 .8 7 6 3.86
5 1625 10 0 1 1 8 115 a1 01 2 1 1 9 8 7 6 427
6 1625 10 0 1 1 8 115 2 o2 94 1 84 .8 7 6 498
7 1625 10 0 1 1 8 202 3 01 2 91 1 81 75 65 .55 5.6
8 1625 10 0 1 1 8 254 28 01 2 91 1 81 67 57 4T 486
9 1625 10 0 1 1 8 242 19 01 2 86 1 76 58 48 38 3.08

10 1625 10 0 1 1 8 239 09 01 2 86 1 76 58 48 38 207
11 1625 10 0 1 1 8 246 01 01 2 85 1 75 58 48 38 199
12 1625 10 0 1 1 8 239 0 0 2 88 1 78 65 55 45 1.08
reduced to zero. This alternative was run to storage. Reducing I/I to zero increased the
determine the maximum demand that could be minimum storage from 0.64 Ggal to 0.67 Ggal.
established for 1998 conditions. The A change in demand was not tested because
minimum storage was increased from 0.64 the changes in storage were considered negli-
Ggal to 1.18 Ggal. Demand was increased by gible.
(1)21 5 Mglal/d while maintaining storage at o S, was increased by 0.25 Mgal/d, 0.5 Mgal/d,
b4 Geal. 1.0 Mgal/d, and 2.0 Mgal/d, which allowed for
* Point-source discharges (Sg) to the Manasquan an increase in demand by the respective
River and the I/ were reduced to zero. The amounts while maintaining storage at approxi-
adjustment of Sy had no effect on minimum mately 0.70 Ggal for all alternatives.
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* Ground-water withdrawals (G,,) were reduced

to zero. This resulted in an increase in the
minimum storage from 0.64 Ggal to 1.01 Ggal.
Demand could be increased by 1.75 Mgal/d
while maintaining storage at 0.64 Ggal.

Surface-water withdrawals (S,) were reduced

to zero. This resulted in an increase in the
minimum storage from 0.64 Ggal to 0.71 Ggal.
Demand could be increased approximately
0.125 Mgal/d while maintaining storage at
0.64 Ggal.

Evaporation and leakage from the reservoir
were reduced to zero, resulting in increased
minimum storage from 0.64 Ggal to 1.04 Ggal.
Demand was increased by 0.875 Mgal/d while
maintaining storage at 0.64 Ggal. -

Gyw and Sy were adjusted to estimated values

for 1965. The maximum pumping rate at the
intake and to the reservoir was increased to
500 Mgal/d, and the minimum pumping rate to
the reservoir was decreased to zero. This alter-
native was run to simulate the factors consid-
ered when the system was designed. The
demand could be increased to 29.25 Mgal/d
while maintaining storage at 0.64 Ggal.

The location of system withdrawals was
changed for all water from the distribution
chamber. The minimum storage was
decreased from 0.64 Ggal to 0.50 Ggal.

. Demand could be reduced by 0.375 Mgal/d to
maintain a minimum storage of 0.64 Ggal.

19

¢ The pumping target for the reservoir was
decreased from 100 percent to 95 percent,
which reduced the minimum storage from 0.64
to 0.44 Ggal. Decreasing the pumping target
to 90 percent reduced minimum storage to 0.34
Ggal. The location of the system withdrawals
was changed to the distribution chamber for
pumping targets of 95 percent and 90 percent
resulting in the minimum storage of 0.46 Ggal
and 0.53 Ggal, respectively.

Increasing or decreasing any of the
variables that have a direct effect on the flow in the
Manasquan River would have effects similar to
those described above on the model outputs. When
similar factors were entered into a comparable
model of the Manasquan Reservoir System, the
results of runs from the Manasquan model were
within 10 percent of the results from the previous
model (Metcalf and Eddy, 1985).

SUMMARY

‘The computer model of the Manasquan
Water Supply System (MWSS).can be used by
water managers to evaluate or forecast drought
conditions for the Manasquan River and Reservoir.
For a given set of system and demand variables,
the model is able to provide probability estimates
of drought events. The use of a default alternative
showed that changing the variables that affect the
flow of the Manasquan River also affected the
model outputs. The model also can be used to
forecast the likelihood of specified outcomes asso-
ciated with a specific operating plan for the
MWSS.
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APPENDIX A. Method for Reconstructing Streamflow
Q;a » Reconstructed streamflow at Allenwood, N.J.

The reconstructed flows at the Allenwood streamflow gaging station, Q, 5, were created with simple linear

regression by determining the relation of flows at the Allenwood station to flows at the Squankum station from
June 1990 to December 1999 (fig. 1a). The flow at Allenwood was adjusted to take into account the withdrawals
by the MWSS upstream from the Allenwood gage. Because of the inaccuracy of the flow meters at the MWSS
intake pumping station during extremely low flow, values less than 22 Mgal/d were removed from the analysis
(Paul Krier, New Jersey Water Supply Authority, oral commun., 2000). Flows greater than 500 Mgal/d were not
included in the analysis because of disputed streamflow records (R.D. Schopp, U.S. Geological Survey, oral
commun., 2000).

3.0 T T T T

25

20

y = 1.0065x + 0.1651
9 8o Ui R2 = 0.9431

0.5 - n

LOG OF STREAMFLOW AT MANASQUAN RIVER AT ALLENWOOD,
IN MILLION GALLONS PER DAY
&
T

0 I | ! ! i L
0 0.5 1.0 1.5 2.0 25 3.0

LOG OF STREAMFLOW AT MANASQUAN RIVER AT SQUANKUM,
IN MILLION GALLONS PER DAY

Figure 1a. Log relation of streamflow during 1990-99 at Manasquan
River at Allenwood, N.J., and at Manasquan River at Squankum, N.J. [Values less
than 22 Mgal/d and more than 500 Mgal/d were removed from the analysis.
Mgal/d, million gallons per day]
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The streamflows were reconstructed by applying a mass balance for two periods, 1930-89 and 1990-99.
The mass-balance equation when applied for the period 1930-89 is

Qrs=Qos-Sg+S +GW+ALHI/T

where

Qs = Reconstructed streamflow at Manasquan River at Squankum, N.J.,
Qs = Observed flow at Manasquan River at Squankum, N.J.,

Sq = Point source discharges,

Sw = Surface-water withdrawals,

GW| = Surficial ground-water withdrawals,

AL = Change in leakage due to withdrawals from confined aquifers, and
71 = Infiltration/Inflow.

Because Timber Swamp Brook contributes streamflow upstream from the Squankum streamflow gaging
station, it is subtracted in order to replicate natural streamflow at the Allenwood stream gage subsequent to the
operation of the Manasquan reservoir; therefore,

Qir=Q;s(Ar) and

QrSl:QrS - QI‘T ’

where

Qi = Streamflow at Timber Swamp Brook,

Ag = Contributing drainage area of Timber Swamp Brook (3.18 mi®/40.917mi?), and

Qss1 = Streamflow at Manasquan River at Squankum, N.J., minus streamflow at Timber Swamp

Brook.

The relation developed from the regression analysis is applied to Q,g to calculate the reconstructed flow at
- Allenwood (fig. 1a).

Qra1=1.463Q;s1 ,

where
Qa1 = Reconstructed flow at Manasquan River at Allenwood, N.J., minus streamflow at Timber
Swamp Brook.

The equation when applied for the period 1990-99 is

Q:a=QoA-Sq+Sy+GWAHALHI/I-M, |
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where ,
Qo = Observed flow at Manasquan River at Allenwood, N.J., plus intake pumpage, not
including runoff from Timber Swamp Brook upstream from the reservoir,

M, = Manasquan Reservoir release to Timber Swamp Brook
(M, = 0 on overflow days),! and
Qa = Reconstructed flow at Manasquan River at Allenwood, N.J.

Q,, Observed Flow values

Observed flow values from October 1931 to December 1999 were obtained from the National Water
Information System (NWIS) 2,

Sq, Point-Source Discharge

Point source discharge data from 1931 to 1977 were obtained from Metcalf and Eddy (1985). Point-source
discharge data from 1978 to 1999, which included data from 19 facilities, were obtained from the U.S.
Environmental Protection Agency Permit Compliance System and New Jersey Department of Environmental
Protection Permit Information. Data from 1978 to 1989 were incomplete for some facilities. Incomplete data were
estimated by use of available data from the most recent year for the period that the facilities were known to be in
operation,

Sws Surface-Water Withdrawals

Surface-water-withdrawal data were obtained from NWIS. These included withdrawals for industrial,
agricultural, and recreational uses. Withdrawal values for agricultural purposes and golf courses used in the model
were 90 percent of actual values; it was assumed that 10 percent of the withdrawals eventually would be returned
to the stream. Because surface- and ground-water use records were combined and reported as one value from 1945
to 1983, these combined records were used in the model as one surface-water variable.

GW;, Ground-Water Withdrawals

Ground-water withdrawal data were obtained from the Site-Specific Water-Use Data System (S SWUDS)B.
Agricultural water use was determined by applying water use coefficients (Clawges and Titus, 1993) to water-use
data for crops and irrigated areas from 1929 to the present; for years between reports, irrigated areas were assumed
to be the same (U.S. Department of Commerce, 1936, 1946, 1956, 1961, 1966, 1981, 1989, 1994). Withdrawals
for livestock use were not included because they were found to be insignificant on the basis of the livestock water-
use coefficient for the Manasquan Basin area. Reported irrigated acres within the county were prorated for the
study area (16 percent of total irrigated acres in Monmouth County). Withdrawals for irrigation were estimated by
multiplying the annual water demands per acre during a normal year by the percent of irrigated acres (Clawges and
Titus, 1993). A percentage of annual water demands was assigned to monthly summer water demands (29 percent
for June; 34 percent for July; and 37 percent for August) on the basis of reported values in SSWUDS.

Although releases from the reservoir are still occurring, there is no need to calculate M, during overflow days
because passing flow requirements are met at Timber Swamp Brook.

USGS computer data base, West Trenton, N.J.

3 A data base of the National Water Information System (NWIS), West Trenton, N.J.
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AL, Change in Vertical Leakage

The Manasquan River Basin overlies the Wenonah-Mount Laurel aquifer and the outcrop areas of the
Vincentown aquifer and Kirkwood-Cohansey aquifer system. A model of the New Jersey Coastal Plain was used
to calculate the vertical flow from the unconfined aquifer system to the confined aquifers (L.M. Voronin, U.S.
Geological Survey, written commun., 2001). The change in vertical leakage term represents the amount of leakage
induced by pumping from the confined aquifers beginning with prepumping conditions. In the Manasquan River
Basin area, vertical leakage is from the outcrop areas of the Kirkwood-Cohansey aquifer system and the
Vincentown aquifer to the confined Wenonah-Mount Laurel aquifer.

VI, Inflow and Infiltration

Inflow and infiltration is the correlation of the amount of shallow ground water and stormwater runoff loss
to the amount of water in wastewater collection systems. Because the wastewater system in the Manasquan River
Basin has been regionalized, this water is lost from the basin and is not available for use. I/I was determined with
- simple linear regression by use of the relation of 1998-99 average monthly flows at the Squankum streamflow
gaging station to total average monthly MRRSA wastewater flows from Freehold Borough and Township (fig. 2a;
Manasquan Regional Sewage Authority, written commun., 2000).
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Figure 2a. Relation of 1998-99 average monthly streamflow at
Manasquan River at Squankum, N.J., to average monthly wastewater flow to the
Manasquan River Regional Sewage Authority (MRRSA) for Freehold Borough
and Freehold Township.
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The formula, in Mgal/d, was applied to streamflow from 1931 to 1999 as

/1 =
Qos =
PY -
Pgg =
Uy =

((Qqg — 19-905)/48.637)P+,
P

I/T =
98

Infiltration/Inflow (I/f = 0O for negative values),

Observed flow at Manasquan River at Squankum, N.J.,

Wastewater flow from the upper Manasquan Basin for the corresponding year,
Wastewater flow from the upper Manasquan Basin for 1998, and
Infiltration/Inflow for the Manasquan Basin.

The value 19.905 Mgal/d represents streamflow where I/I does not contribute to the wastewater
component. This value was based on the lowest base flow at the treatment facility (Manasquan River Regional
Sewage Authority, written commun., 2000). Point-source data for 1931-85 were obtained from discharge data
(Metcalf and Eddy, 1985). /Iy, for the Manasquan Basin in 1998 was based on the sewered area of Freehold

Borough and Freehold Township and not the total basin area upstream from the Squankum streamflow gaging
station. I/I was divided by two because approximately 50 percent of the sewered area is within the study area.
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APPENDIX B. Rule Curve Development

Approach 1

Two methods are provided in the Manasquan model package to calculate the frequency distribution of
reservoir storage. One method uses frequency analysis, the number or percentage of the pieces of data that fall into
a particular class. The second method uses the log Pearson Type III distribution, a flexible distribution with three
components with a limited range in the left direction and unlimited range in the right direction (Riggs, 1978). The
log Pearson Type III Rule Curve program assumes that all the data will be of a log Pearson Type III distribution.
Although this is a valid method, the data used for the Manasquan model did not conform to this log type; therefore,
this method did not yield the best representation of rule curves. Because of the large quantity of data, the
Frequency Analysis Rule Curve program was the appropriate option and yielded a more characteristic rule curve.

Approach 2

Position Analysis Model Mode

1. Streamflow during a drought of record was used for the 12 months preceding the drought. InNew Jersey, the
1960’s drought is considered the drought of record.

2. In New Jersey, the storage level of a reservoir during May and June is critical in meeting water-supply
demands through the summer and fall; therefore, the model runs began with May.

3. A starting reservoir storage level was selected that produced a storage-level curve, the lowest point of which
was equal to dead storage for the minimum non-exceedance probability. By comparing this rule curve with
those of other reservoirs, the starting storage level can be estimated.

4. A future weather scenario was selected. To simulate drier than normal conditions, a 50-percent drier than
normal, a 25-percent wetter than normal, and a 25-percent normal weather probability condition were used.

5. Reservoir operating rules were selected; demand, pumping factors, and passing flow requirements were
edited.

6.  During the simulation of drought emergency, normal demand was reduced by 25 percent. In New Jersey, a
reduction in demand of approximately 25 percent would be expected if a drought emergency were declared.

7. From the POSA outputs, the 10-percent storage non-exceedance curve could be determined.

8. The above steps were repeated to estimate the 30-percent non-exceedance for drought warning. A S-percent
reduction in demand was used because, in New Jersey, a S-percent reduction would be expected if a drought
warning were declared.

General Risk Analysis Model Mode

1. The end-of-the-month storage values for the 10-percent non-exceedance curve were used to define Phase 1
drought curve (drought emergency).

2. The Phase IT drought (drought warning) curve was adjusted to be 10 percent greater than the Phase I curve.

3. Reservoir operating rules were selected; demand, pumping factors, and passing flow requirements were
edited.
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7.

The GRAM mode for the period of record and various drought periods was run to determine whether
reservoir storage dropped below dead storage.

Rule curves were adjusted to fit the shape of a trapezoid.

The GRAM mode was run again. The number of occasions and length of time that the reservoir would be in
drought warning and emergency was determined and drought curves were adjusted.

A drought watch curve was inserted at 10 percent above the Phase II curve.

*Note: Steps 2, 6, 7, and adjustments of curves can be varied according to water-management policies.

Approach 3

I.

Starting with the beginning of the period of record, the 10- and 30-percent non-exceedance cumulative flow
was determined for eleven segments of time. Each segment was calculated by using flow data from June of
a given year and adding one month for each segment until the final segment, June through May of the next
year, was reached. For example, the first segment for June 1932 would include the flow for June 1932 and
July 1932. The second segment would continue with June 1932 through August 1932. The final segment
would include June 1932 through May 1933.

The GRAM mode was executed for each of the segments for the 10-percent non-exceedance flow with
starting points similar to those used in the first two approaches. The reservoir operating rules were set to
maximize reservoir storage.

The resultant curves were compared to determine which segment resulted in the lowest storage. The curves
also were compared to drought rule curves from other reservoirs. The 8-month curve produced one of the
lowest storage values and most resembled the rule curves for the other reservoirs.

The 8-month curve was adjusted to fit a trapezoid. Then the GRAM mode was executed with reservoir
operating rules set at levels that would be similar to those water managers use to operate the system.

The curve was adjusted again because it appeared that the reservoir storage during various drought periods
was approaching the dead storage level.

The drought warning curve was placed at 10 percent above the emergency curve, and the drought watch
curve was placed at 10 percent above the warning curve. The 30-percent non-exceedance periods were not
used in determining these curves.

*Note: Steps 5 and 6, adjustments of the emergency curves and setting of the drought watch and warning curves
can be varied according to water-management policies.
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APPENDIX C. Model Statistics

Position analysis relies on the generation of a large number of possible monthly flow traces (six or more
months in length), which have been initialized with the current reservoir storages and streamflows. These traces
may be derived from a stochastic mode] of streamflows based on the historic record as described in Hirsch (1981).
Use of a stochastic model allows separation of the observed runoff into a carryover component and a random error
component. The stochastic runoff model used for this model is the log-transform autoregressive moving-average
(LT-ARMA (1,1)) cyclic model described in Hirsch (1981). It also is referred to as a periodic ARMA (1,1) or
PARMA (1,1) model (Salas, 1993). The runoff in year i and month j is denoted as Xi)j and Yi,j = Iog(Xi,j). The

variable is defined by

_ (Yi,]- -Yij)

i’j ————_'—._—.— ’
S

Z (1

where Y; j and Sj are the sample mean and standard deviation, respectively, of the logarithms of the observed
runoff values for month j. Therefore, Z; ; represents the standardized deviation for year i and month j from the log-
transformed mean runoff for month j.

The serial dependence is modeled as a periodic moving average process or PARMA (1,1) model of the
form

Zij=0Zi +E;-0E ;. , 2)

where E; ; represents independent errors with mean of zero. The 13 parameters, ¢ and ej, are estimated by the
method described in Hirsch (1979). Note that when j =1, Z;j.1 1s taken to be Z;_; ;5 -~ in other words, the month
before January in a given year is taken to be December of the previous year.

Hirsch (1981) notes that in this model the lag one serial correlations among the runoff values for all 12
months are exactly preserved in the long run, and the lag 2-12 serial correlations are preserved in a least-squares
sense. The first and third terms on the right-hand side of equation 2 can be thought of as the carryover components
of runoff from antecedent moisture and delayed runoff in a basin, whereas E;; is the random component from

weather conditions in the current month, j. Equation (2) may be written as
Zij=2ij+0Z;; -OE; ;. 3)

Given a long record of observed monthly runoff values, Z,j, the parameters for the model, ¢ and Gj, and a reason-
able starting value for the first value of E; ;, a long record of “observed error components or residuals” can be
computed from equation 3. These observed E; j’s represent the random component of monthly runoff for the period
of record. If the standardized runoff values are broken into carryover and random components, one can generate
synthetic runoff sequences by use of the error components in their historical sequence or by random resampling,
with replacement, from the observed error components.

Bootstrap Method
The method of randomly resampling with replacement from the sample itself is called the bootstrap

method (Efron, 1979). The advantage of the bootstrap is that it does not rely on the unverifiable assumption of
normality of the error components. The method does rely on the nonparametric assumption that the maximum
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likelihood estimate of the population of error components is the sample of error components itself (Efron, 1982).
In addition, the bootstrap method provides a means of including long-range weather forecasts in generating the
traces. :

For a given set of operating rules and water-use requirements for a system, water managers can use the
basin model to forecast the likelihood of specified outcomes, such as reservoir levels falling below a specified level
or streamflows falling below statutory passing flows, a few months in advance. Thus, the basin model can be used
to determine the effectiveness of specified changes in operating rules or drought restrictions. The flow chart in
figure 1c shows the connection between the bootstrap runoff traces and a basin model.

File of
sample
innovation

- USER INPUT
Rules of operation and
initial storage att =0

USER INPUT
Initial runoffatt=0

Bootstrap runoff

Random resampling trace generator
with replacement

n equally likely runoff
traces of monthly values

v v

BASIN MODEL
A continuity accounting model
for each component of the
water supply and delivery
system

n equally likely runoff traces of
reservoir storage and regulated flows
at key points

Frequency analysis of
reservoir contents
or flows

Figure 1c. Flow chart of bootstrap position analysis applied to a water-supply storage and delivery system
used for the study in New Jersey.

Each month of a bootstrap sequence of random components is selected by randomly selecting a year with
replacement and choosing the component for the month for that year. In this manner, many sequences can be
generated. This generation is possible because the components are independent random observations. Thus, 300,
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400, 500 or more 11-month bootstrap position analysis traces can be generated from the 68 years of observed data.
Selecting the error components at random in position analysis has another advantage aside from producing more
traces. The bootstrap allows one to include the effects of long-range (90 days or more) forecasts of weather.
Suppose that a 90-day forecast estimates that it is 5 percent more likely that conditions will be drier than normal.
Then the bootstrap selection process can be modified to make it 5 percent more likely to select a large negative
error component that would make it more likely for a “dry” position analysis trace to be generated. The model
allows the user to specify the probabilities of having a normal month, a wetter than normal month, and a drier than
normal month. ‘

Time Series

The reconstructed time series of monthly runoff for the Manasquan River at Allenwood was used to
develop the model described above. Using the reconstructed runoffs of the basin and the model parameters, error
components for the 68-year base period were computed using equation 3.

Starting values for Z and E are required in position analysis to generate a trace. For each trace, the starting
value of Z is set equal to the value of the log-transformed standardized runoff for the present month. The starting
value for E is computed recursively from equation 3 using observed values of Z for at least 12 months prior to the
present month in order to overcome the effects of arbitrarily initiating the sequence with E = 0. Using the present
observed value for Z and the computed value for E to start, a bootstrap trace is generated by sequentially
computing Z's using a series of 12 residuals randomly drawn from the observed residuals for each month. A slight
rescaling correction is needed to correct for sampling bias in the residuals. Thombs and Schucany (1990) show this

correction for an ARMA (1,1) model to be [(N-4)/(N-8)]% where N is the number of observations. In the
PARMA (1,1) model, Ny, is the total number of observations divided by the number of months in a year. Each

month of a bootstrap sequence of residuals is selected by randomly selecting a year with replacement and choosing
the residual for the month for that year. This means that the selected residuals for each month in a sequence may be
from a different year. By choosing residuals for specific months, estimation of parameters for a particular
distribution of the observed residuals can be avoided.

Accounting for Parameter Uncertainty

The effects of parameter uncertainty on synthetic streamflow generation have been clearly established
(Stedinger and Taylor, 1982). Cover and Unny (1986) use the bootstrap method to analyze the uncertainty in
ARMA models. A similar approach is used here to account for the effects of parameter uncertainty on the PARMA
model used herein. The effects of parameter uncertainty and long range weather forecasts are included by
following the steps below:

1. From an 68-year record of reconstructed natural log-transformed runoff data, monthly means and standard
deviations are calculated and the standardized runoffs computed (equation 1) for Allenwood. Parameters o
and Gj are estimated; residuals calculated (equation 3) and rescaled to correct for bias.

2. Abootstrap N-year record is computed for each site by randomly drawing with replacement from the
residuals in step one N+2 blocks of 12 consecutive sample innovations (contemporaneous across sites) and
recursively calculating standardized runoffs for N+2 years. The first two years of calculated values are
discarded to overcome the effects of arbitrary starting values. New monthly statistics and parameters for the
N-year bootstrap record are calculated and saved. A new set of residuals is calculated from the bootstrap
“record” and saved.

In addition, each residual is ranked by size. The residuals with ranks in the lowest third are classified as
below normal. The residuals with ranks in the middle and upper thirds are classified as normal and above normal,
respectively. Thus, each residual carries with it a classification (below normal, normal, or above normal). This
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classification scheme will be used in accounting for long-range weather forecasts. Step 2 is repeated 50 times. As
a result, one has 50 sets of monthly means and standard deviations, 50 sets of parameters ¢ and 6;, and 50 sets of

monthly residuals 68 years in length from which to generate the position analysis runoff sequences.

3.

To generate one 12-month runoff sequence for the position analysis model with beginning month k, one of
the 50 sets of parameters and residuals is randomly chosen. Next, on the basis of the 90-day forecast of the
U.S. Weather Service, the probability of precipitation being below-normal, normal, or above normal is set
and one of the three classifications is randomly chosen. From among the 68 years of residuals, a 12-month
sequence of residuals beginning with month k was randomly chosen from among all the months k with the
chosen classification. Finally, a 12-month runoff sequence using specified starting values for runoff and
residual, the chosen parameters and monthly statistics, and the selected sequence of residuals were computed
recursively. Step 3 was repeated B, times (B is the number of times to repeat step 3).

The basin model uses daily flows. The following procedure was used to forecast a reasonable distribution of
daily flows to associate with each forecast monthly sequence. For a given month in a forecast sequence, the
distribution of daily flows for that month was randomly selected by choosing an observed distribution of
deviations from the mean from the observed reconstructed daily flows at Allenwood. The random selection
process only looks at observed months within 1 calendar month of the forecast month. For example, if the
distribution of daily flows for a forecast for April is needed, then the candidate observed distributions are
limited to only those for the months of March, April, and May. This result gives 204 possible distributions
from which to choose. From these 204 observed distributions, the number of candidates is limited further by
only choosing the 25 distributions for which the observed monthly mean is closest in value to the forecast
mean. In this manner, the chosen distribution of daily deviations from the mean must come from an
observed month in the same part of a year with a similar monthly mean flow.
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APPENDIX D. Manasquan River Model Help Manual

Model !nstallation

Using the model

General Risk Analysis Model (GRAM)
Position Analysis Model (POSA)

Entering and editing numbers
Outputs

Appending new flow data
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Model Installation

System Requirements: Microsoft® Windows 95% or later, or Microsoft® NT® 4.0 or later, Microsoft® Excel® 95 or
later

1. Open the folder that contains the Manasquan River Model.
2. Double-click setup.exe.

3. Follow setup directions.

Using the model

1. Locate and open the folder that contains the Manasquan River Model.
2. Double click on the Manasquan River Model i% to open the program.

3. The Main Menu dialog box will appear with two options, Enter Data or Import Data. Click
on one of the command buttons to proceed.

Command
Button

® Enter Data - Loads default values, which can be edited.

¢ Import Data - Gives the user a choice of previously run input variables to load into the model.
Values also can be edited.

*Note: To use keystroke commands to engage a command button, press Alt and the letter underlined
on the command button. For example, to engage the Import Data command button, press Alt and I
simultaneously.

4. After a data option has been chosen, the Select Category window will appear.
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Compile Data

Select a category to edit its parameters, or if you chose to import data and do not want to edit the data, click
Compile Run and continue to Step 5. The parameters in the categories are as follows:

a. Physical Dimensions
* Total Reservoir capacity — The maximum volume, in billion gallons (BG), in the reservoir.

* Dead Storage — The minimum volume, in BG; in the reservoir that is not available for use by the
water supply.

* River Intake Pump Maximum — The maximum flow, in million gallons per day (MGD), that can be
pumped from the Manasquan River.

* River Intake Pump Minimum — The minimum flow that can be pumped from the Manasquan River.
® Reservoir Pump Maximum — The maximum flow, in MGD, that can be pumped to the Reservoir.
® Reservoir Pump Minimum - The minimum flow, in MGD, that can be pumped to the Reservoir.

* Intake Pumping Factor — The rate, as a fraction, at which the River Intake Pump will operate. For
example, a value of 0.5 indicates a 50-percent operation rate.

® Reservoir Pumping Factor — The rate, as a fraction, at which the reservoir pump will operate.

b. Basin Adjustments

® Ground Water Shallow Withdrawals and Change in Leakage — The term “Ground Water Shallow
Withdrawals” refers to the amount of water withdrawn from the shallow aquifers, usually for indus-
trial and agricultural use. The term “Change in Leakage” refers to the seepage from shallow aquifers
to confined aquifers caused by the pumping of confined aquifers. These two terms are added
together to create one ground-water withdrawal term, in MGD, for the Manasquan River model.

* Surface Water Shallow Withdrawals — The amount of flow from surface-water withdrawals within
the Manasquan River Basin.

* Point Source Flows to Basin — The amount of flow from point-source discharges in the basin.
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® Evaporation and Seepage Losses — 1 osses, in inches, resulting from evaporation and seepage from
D 8

the reservoir. Data are obtained from the National Oceanic and Atmospheric Administration and
Metcalf and Eddy (1985).

® Manasquan River Regional Sewage Authority (MRRSA)} Flows — The average yearly flow, in MGD,
at MRRSA. These data are used to calculate the inflow and infiltration (I/T).

e Percentage of Total MRRSA Flow from Contributing Municipalities — The total wastewater flow, in

MGD, from municipalities located in the contributing watershed area of the Manasquan River Basin.
These data are used to calculate the I/1.

¢. Demands

® Hospital Road Distribution Chamber — The demand, in MGD, at the distribution chamber located on
Hospital Road in Allenwood, Wall Township, Monmouth County.

® Manasquan Reservoir Pipeline — The demand, in MGD, from the Ménasquan Reservoir pipeline
located at the NJ-AWC Oak Glen Treatment Plant in Howell Township, Monmouth County.

® Manasquan Reservoir — The demand, in MGD, directly from the Manasquan Reservoir.

® Phase I Drought ( Drought Warning) — The demand, as a fraction of normal, during a Phase I

drought condition. During a drought warning, voluntary restriction on water use can reduce demand
on the system. Phase I condition determined by the New Jersey Water Supply Authority.

® Phase Il Drought (Drought Emergency) — The demand, as a fraction of normal, during a Phase II

drought condition. During a drought emergency, restrictions on water use can reduce the demand on
the system. Phase II condition determined by the New Jersey Water Supply Authority.

® Passing Flow at Allenwood streamflow gage — The required passing flow of the Manasquan River at
Allenwood streamflow gaging station.

d. Reservoir Operating Rules
® Timber Swamp Brook Release — The monthly releases to Timber Swamp Brook, in MGD.
® Normal Reservoir Level — The normal level of the reservoir, as a fraction of full.

® Pumping Target Level — The level of the reservoir at which pumping to the reservoir will cease, as a
fraction of full.

® Pumping Trigger Level — The level of the reservoir at which pumping to the reservoir will begin, as a
fraction of full.

® Drought Watch Level — The level of the reservoir at which a drought watch will occur, as a fraction
of full.

® Phase I and Il Drought — The level of the reservoir at which a Phase I or II drought will occur, as a
fraction of full.
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5. After a category has been selected, the parameters can be edited. When editing of the text boxes
is completed, you can select another category to edit, or select Compile Data to begin compil-
ing the data. The Summary window will appear upon completion of the compilation.

*Note: The values shown in the text boxes are the values that will be compiled.

Total Resevoir Capacity, in BG

s

Dead Storage, in BG

River Intake Pump Maximum, in MGD

Reservoir P,Qmp: Maximum, in MGD'{“} .

Reservi)ir Pump Mmlmum, m MGD -

Intake PUmping Factor, as a fkréc':‘tiyo"n i '

Reservoir Pumping Factor,as a fracﬁdn .

e

14.7

150

~ Demands

Text
Boxes

- 5asm Adjustments

- Rééer&)qir ‘_Qpéraktingf
Rules .~ .

Compile Data

Category

Compile

6. Inthe Summary window, the parameters that will be used to compile the run can be reviewed.
The various categories can be viewed by clicking on the tabs along the top of the Summary win-
dow. If additional changes are required, click the Edit button at the bottom of the window.
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Tab e

al Dimensions

Summary Demands.

' Reservoir Pump Maximum, in MGD

Reservoir Pump Minimum, inMGD

'!ntéké kPumpi'r:xng‘a,'ctor,;in,yPerCi;kh:tf .

: ﬁeservoir Pumpmg Fa‘cto,r;‘in‘Pércent’~ J

Edit
Category

—  Edit Physical Dimensions

7. Click the Run Model tab to proceed.

8. From the Run Model tab, click on the corresponding button to run the General Risk Analysis
Model or Position Analysis Model.

A. General Risk Analysis Model (GRAM) — The model is based on reconstructed historical
flows for a period of 68 years. It will determine reservoir levels with a given set of operat-
ing rules and withdrawal rates for the period of record.

B. Position Analysis Model (POSA) — The model forecasts the likelihood of specified out-
comes that would result from a specific operating plan for the basin over a period of a 6 or
more months for different precipitation conditions.
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General Risk Analysis Model (GRAM)

1. Enter a beginning and ending date and the beginning reservoir storage capacity. Click on the Finished!
button to continue to Step 2.

2. Enter a name to save your input file. Click OK to continue to Step 3.
3. Enter aname to save the output file. Click OK when finished.

4. Compile another run dialog box will appear. If you would like to compile another run, click Yes. The screen
will return you to the Main Menu dialog box. Follow the directions from Using the Model, Step 3 of the
Help Manual to compile a new run.

*Note: When choosing the Yes option to compile another run, the values in the text boxes will be the data from
the previous run and NOT the default or imported data. To view the current data, you must go to the selected
category page and click Reset Values. This action will reset the values ONLY for that selected category. If
you would like to reset the values for all the categories, you must select Reset Values for all the categories or
exit the model completely and begin again.

5. If No in the Compile another run dialog box is selected, the Exit dialog box will appear. To exit, click Yes.
Click No, to return to the Main Menu.
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Position Analysis Model (POSA)

L. Enter the month you would like to begin the forecast for the model.
2. Enter the 12 most recent flows in cubic feet per second (ft>/s) for Manasquan Rwer at Squankum, N.J.,
ending with the first month of forecast.
3. Enter the probability that the next month will be drier than normal.
4. Enter the probability that the next month will be normal.
5. Enter the probability that the next month will be wetter than normal.
*Note: The three precipitation probabilities must add up to 100 percent.
6. Choose for the model to pick a random seed (a generated randomly chosen number) or for the user to enter a
random seed. The entered random seed must be NEGATIVE.
*Note: Entering the same number for the random seed for successive runs will yield identical random seed
conditions for the calculations for those runs.
7. Enter a name to save the input file. Click OK when finished to continue to Step 3.
8. Enter a name to save the output file. Click OK when finished.
9. Compile another run dialog box will appear. If you would like to compile another run, click Yes. The screen
will return to the Main Menu dialog box.
*Note: When choosing the Yes option to compile another run, the data entries that you view will be the same
as the previous data, NOT the default or imported data. To view the new data go to the selected category page
and click Reset Values. This action will reset the values ONLY for that selected category. If you would like
to reset the values for all the categories, you must select Reset Vilues for all the categories or exit the model
completely and begin again.
10. If No is selected in the Compile another run dialog box, the Exit dialog box will appear. To exit, click Yes.

Click No to return to the Main Menu.
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Entering and Editing Numbers

1. Numbers can be edited within the text box by left-clicking in the box and typing in the preferred text.

2. Right-click in the text box for options to undo, cut, copy, paste, and delete.

*Note: If you would like to repeat a number in multiple text boxes, type the number into a text box, double-
click in the text box to select all the text, right-click in that same text box and select Copy. Then to paste this
new number in the remaining text boxes, right-click in the new text box and select Paste. If you click Undo,
the text will return to the previous entry.

3. To return to the data of the current run for all entries of a selected category, click the Reset Values button.
This option changes only the entries for the currently selected category, NOT all categories. To change the
entries to the data of the current run for ALL categories, select each category separately, and click the Reset
Values button.

Selected

Tbtél R,eée‘VOir'Ca;jécity, in kBG_; -
Category

_Dead Storage, m BG Category

. Rwer Intake Pump Maxlmum, m{MGD

Reservonr Pump Max1mum, in MGD

; "Reservolr Pump M

Reset Values

'lntake Pumpmg Factor, asa fractton

Compile Data

:Reservmr Pumpmg Factor, s a fre
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Outputs

GRAM Model

The GRAM model output will produce three Excel sheets: Output results, Storage, and Flow.

1. Output results

The output results contain all the input data used for the run, as well as the results from the run.

inputS0.csv

SERVOIR CAPACITY IN BG

STORAGE IN BG

[

/ER INTAKE PUMP MAX IN'MGD

150

SERVOIR PUMP MAX IN MGD
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10

intake Pumping FACTOR
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1
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8.5

Percent MRRSA flow
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ENERAL RISK ANALYSIS MODEL

PASSING

RAGE RFI FA

- ® Mon/Year — Month/Year
® Storage - Reservoir volume, in billion gallons (BG)

® Release — Releases from the reservoir, in million gallons per day (MGD)
® To Res Pumping — Amount of flow being pumped to the reservoir, in MGD
¢ Fr Riv Pumping — Amount of flow being pumped from the river to the settling basins, in MGD

® Passing flo

w — Amount of flow remaining in the river

* Condition — Indicates the status of the reservoir. There are four levels: Normal, Watch, Warning, and

Drought

® Normal — Reservoir volume during normal conditions, in BG
® Watch — Reservoir volume during watch conditions, in BG

® Warning —

Reservoir volume during warning conditions, in BG
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Drought — Reservoir volume during drought conditions, in BG

Dead Storage — Minimum reservoir volume, in BG
¢ In Drought - Storage is less than the drought watch level, true or false

Months of drought — The number of months the period of record is in drought conditions
2. Storage

A graph of storage in relation to the date is generated from the results of the run.
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A graph of storage in relation to the date is generated from the results of the run.

Passing Flow
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POSA Model

The POSA model output will pfoduce two Excel sheets: Output results and a graph of non-exceedance

probabilities.

1. Output results

The output results contain all

the input data used for the run, as well as the results from the run.

A LB e 1 B | E e 0

| 50 NON- EXCEEDENCE PROBABILTY.  © ~ .
[SUMONTH MmN 001 0805 01 B 075 5 DEAD STOR.
52 MAY 282 282 282 282 282 282 282 282 2, 82 064
53 JUN 23 243 255 28 286 276 297 3.39 3.86 4.42 459 0.64.
B40JuL 183 203 22 228 24 261 314 3.76 417 4.28 47 0,64
155 AUG. R 1.71 194 205 225 283 335 397 422 4.54 47 0.64
56 SEP 0.89 1.19 1.57 172 202 253 3.48 391 408 485 47 0.64
57 OCT 0.71 1.11 1.44 1.62 1.95 263 352 3.88 404 444 4.53 0.64
55 NOY 0.63 115 147 18 2.29 311 3.74 4 403 438 468 064
69 DEC 078 117 1.85 219 28 37 3.99 4.14 415 4.41 47 0.64
B0 JAN 128 175 253 3 377 3.99 421 4,23 424 4,47 458 0.64
61| FEB 2,04 267 348 381 3.88 407 425 428 4728 4,43 47 0.64
52 MAR 308 382 3.9 3.99 4.09 4.21 4.42 442 442 4.68 47 0:64

3 APR 384 3.93 41 415 421 427 451 451 451 4.69 47 0.54

| MAY 374 414 425 A28 43 A4 ABS .84

D\outputPOSA /7

2. POSA graph

The graph shows non-exceedance probabilities generated from the results of the run.
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Appending New Flow Data

I. The flow of Manasquan River at Allenwood must first be reconstructed using the following formula (in
million gallons per day, MGD):

where

2

Qra = Qoa-Sg+S+CWAALHII-M,. |

Reconstructed flow at Manasquan River at Allenwood, N.J.,

Observed flow at Manasquan River at Allenwood, N.J., plus intake pumpage (This does
not include runoff from Timber Swamp Brook upstream from the reservoir.),

Point source discharges, ‘

Surface-water withdrawals,

Shallow (surficial) ground-water withdrawals,

Change in leakage due to withdrawals from confined aquifers,

Infiltration/Inflow, and

Manasquan Reservoir release to Timber Swamp Brook

(M, = zero on overflow days).

Open alldat.txt. This file should be located in the folder where the model is running. Append the new data to

the existing data in the alldat.txt file in the format (Year, Month, Day, Flow in MGD/d (Q,)) below:

Each entry must consist of 20 characters. For example, an entry of 1,234,567.8 MGD for November 11,
2001, and 1 MGD for September 1, 1999, would be entered as follows:

) © © =
S| . |8 e 2 £
5 2 % oz |& = 8 | =
2 x| 8 |2 A |x z S| g
m o) = ! E )
Column number 2134|567 /819 1011 12113 |14 | 15|16 |17 | 18|19 | 20
Example 1 210101 1 21 5 1 2 3 5 6 7
Example 2 9199 019 0 1 1 0

*Note: The new data must line up in the exact number of character positions as the old data. In
addition, flow data must not exceed the tenth decimal place.

3. Save and close alldat.txt.
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