CHAPTER IV

SINGLE RESERVOIR OPERATION STUDIES

Introduction

An evaluation of the water supply capabilities of each reservoir
of the New York City Delaware System is presented in this chapter.
Detailed knowledge of the individual capabilities of the reservoirs is
useful for comprehensive plan formulation. Several alternative regu-
lation schemes for each reservoir were studied using a single reservoir
operation model to screen out the schemes which are not promising and
to develop information for use in the system operation studies. Since
single reservoir analysis does not consider the U.S. Supreme Court
Decree's flow requirement at Montague, New Jersey, the system yield
determined here is higher than it actually would be.

General

Several operation studies were made separately for Cannonsville,
Pepacton and Neversink Reservoirs using a single reservoir simulation
model., 1Inflow data consisted of average monthly discharges for the
period October 1922 to September 1967. However, to study the signifi~-
cance of the recent drought, studies were made separately using data
for the 38-year period from October 1922 to September 1960 and for the
45-year period from October 1922 to September 1967. The basic hydro-
logic data were developed by the Hydrologic Engineering Center of the
U.S. Army Corps cof Engineers for use in the Northeastern United States
Water Supply (NEWS) Study. For use in the present study the data were
adjusted to correct discrepancies observed. The development of inflow
data is detailed in Appendix A (on file). The outflows from each City
reservoir consist of diversion to New York City for water supply and
downstream conservation releases. The present and proposed conservation
releases are detailed in Chapter III. Evaporation losses from reservoir
surfaces are taken into consideration. The model performs a sophisticated
analysis of reservoir operation and maintains a continuous account of
the monthly water budget. The model output consists of annual shortage
data, shortage index calculations, probable monthly means, 80 and 90 percent
exceedence stages and monthly mean releagses. The scope of single reservoir
operation studies is presented in Table IV-1.

Theory and concept of the single reservoir operation study model,
principles of reservoir regulation, the computer program for the model
and printout for three typical runs are presented in Appendix B (on file).
Summaries of various operation studies detailing shortage data, shortage
index data, average end of September stage data, and average release
for July data are also included in Appendix B.
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Operation Studies

1. Cannonsville Reservoir

The basic runs (Series 1) include study of 25 operation schemes
assuming that the total capacity of the reservoir between the spillway

crest level and the minimum operating level is available for use. The
downstream releases were at the present level in Series I(a) and at
the proposed level in Series I(b). In all of these runs, diversion to

New York City for water supply (Dy) was varied over a wide range from
50 cfs to 1,000 cfs.

Shortage deficiencies are expressed in terms of the shortage indey
139, this is an important term used throughout the remainder of
the report to indicate the capability of the reservoirs, both singularly
and as a system, to satisfy requirements. The shortage index is useful
because it reflects the magnitude of the shortage as well as the number
of shortages both of which are important factors that need to be considered
in evaluating reservoir capability. Although the computed numerical
values are usually low and expressed as decimals, they provide a common
base for evaluating and comparing operation capabilities. 1IFf, for example,
a run is made to determine the capability of Cannonsville Reservoir
operated to meet a diversion requirement of 600 cfs and the proposed
conservation release of 125 cfs, it would probably be found that the
total requirement of 725 c¢fs could not be met every vear during the
45~year period being tested. In other words, shortages would occur
during certain years. If shortages occurred during four separate vears
and if the average shortage per year was 73 cfs, the shortage index
would be 0,089 1L Tf the same average shortage per year occurred for
10 separate years, the shortage index would be 0.222; if for only one
year, the shortage index would be 0.022. The smallest numerical value
represents the best reservoir operation.

The shortage index (SI) is shown as a function of diversion demand
(D) in Figure IV~1 for Series I(a) and I(b). The reservoir has the

capability of meeting the following diversion demands with no shortages;

Diversion Demand (D7)

Downstream 45-Year Data 38~Year Data
Series Releases {1923-1967) (1923-1960)
i(aj Present Level 500 cfs (323 mgd) 600 cfs (388 mgd)
I(b) Proposed Level 400 cfs (259 mgd) 550 cfs (356 mgd)

Prior to 1960, the drought within the period 1929 to 1935, which has
a frequency of occurrence of once in 12 years, was considered as the mos t

critical of any that vccurred during the period 1905 to 1954. As the
above table indicates the 60's drought, which has a Frequency of occur-
renee of once in over 400 yeaps, is more Lmi i, and it (8 selocled

= s ¥
] R ( Q) ]_._‘19_& = 0.089
= 725 b 45



as the design criterion. However, analyses are made for hoth the 38-vyear
(1923-1960) and 45-year (1923-1967) data separately to study the effect
of the recent drought.

The basic diversion capability of the reservoir is defined as the
diversion demand it can meet without any shortages while downstream
releases are made at the proposed level. The basic diversion capability
of Cannonsville Reservoir is 400 cfs for the 45-year data and 550 cfs
for the 38-year data.

The monthly variation of average, 80 percent and 90 percent
exceedence stages for the two sets of data for the operation scheme with
a diversion demand of 400 cfs and downstream releases at the proposed
level of 125 cfs are shown in Figure 1y-2.

Yield-drawdown curves for the 10, 20 and 50 percent exceedence
probabilities for Series I(a) and I(b) are presented in Figure TV-3
for the present and proposed downstream release operations. The
analysis is based on the inflow data for the period October 1922 to
September 1967. The drawdown is calculated as the difference between
the end of September stage and the spillway crest level. The minimum
operating level set by the City for the reservoir is considered as the
lowest level to which the reservoir could be drawn down. The yield-
drawdown data for various operation schemes are given in Table IV-2.
For the basic diversion rate of 400 cfs, the drawdown increases by 7.7
feet for the 50 percent exceedence probability, 14.8 feet for the 20
percent exceedence probability and 18.5 feet for the 10 percent exceedence
probability when the downstream releases are increased from the present
level to the proposed level.

IT. Pepacton Reservoir

The basic runs (Series II) consist of study of 28 operation schemes
assuming that the total capacity of the reservoir between the spillway
crest level and the minimum operating level is available for use. The
downstream releases were at the present level in Series II(a) and at
the proposed level in Series II(b). 1In all of these rums, diversion to
New York City for water supply (D) was varied over a wide range from
50 cfs to 1,000 cfs.

The shortage index (SI) is shown as a function of diversion demand

(D) in Figure IV-4 for Series I1(a) and II(b). The reservoir has the
capability of meeting the following diversion demands with no shortages:

Diversion Demand (Dy)

Downstream 45-Year Data 38-Year Data
Series Releases (1923-1967) (1923-1960)
I1(a) Present Level 600 cfs (388 mgd) 750 cfs (485 med)
I1(b) Proposed Level 550 cfs (356 mgd) 700 cfs (453 mad)



The basic diversion capability of Pepacton Reservoir is 550 efs for
the &5-year data and 700 cfs for the 38-year data.

Figure IV-5 presents the monthly variation of average, 80 percent
and 90 percent exceedence stages for the two sets of data for the
operaticn scheme with a diversion demand of 550 c¢fs and downstream
releases at the proposed level of 70 cfs.

Yield-drawdown curves for the 10, 20 and 50 percent exceedence
probabilities for Series II(a) and IT(b) are presented in Figure [V-6
for the present and proposed downstream release operations. The
analysis is based on the inflow data for the period Gctober 1927 to
september 196/. The yield-drawdown data for various operation schemes
ate given in Table TV-2. For the basic diversion rate of 550 BT
the drawdown iuncreases by 5.1 feet for the 50 percent exceederce
probabilicy, 9.8 feet for the 20 percent exceedence probability and
13.2 feet for the 10 percent exceedence probability when the downstrecam
releases are increased from the present level to the proposed level.

TIL. DNeversink Reservoir

The basic runs (Series III) consist of the study of 16 opevatian
schemes assuming that the total capacity of the reservoir between the
spillway crest level and the minimum operating level is available for
use. The downstream releases were at the present level in Series I717(a)
and at the proposed level in Series III(b). In all of these rurs,
diversion to New York City for water supply (Dy) was varied over a
wide range from 50 cfs to 500 cfs.

The shortage index (SI) is shown as a function of diversion demand
(D1) in Figure IV-7 for Series III(a) and ITI(b). It is seen that the
reservoir has the capability of meeting the following diversion demands
with no shortages:

Diversion Demand (D)

Downs tream 45-Year Data 38-Year Data
Series Releases (1923-1967) (1923-1960)
FTT (a) Present Level 175 cfs (113 mpd) 200 cfs (129 mgd)
U )] Proposed Level 150 cfs (97 mgd) 170 cfs (110 med)

The basic diversion capability of Neversink Reservoir is 150 cfs for the
45-year data and 170 cfs for the 38-year data.

The monthly variation of average, 80 percent and 90 percent exceedencs
stages for the above sets of data for the operation scheme with a diversion
demand of 150 cfs and downstream release at the proposed level of 50 afs
are shown in Figure IV-8.

Yield-drawdown curves for the 10, 20 and 50 percent exceedence
probabilities for Series II1(a) and III(b) are presented in Figure V-9
tor the present and proposcc downstream release operations.
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Fhe analysis is based on the inflow data for the period October 1922

to September 1967. The yield-drawdown data for various operalion

schemes are given in Table IV-2. For the basic diversion rate of

150 cfs, the drawdowns increase by 9.7 feet for the 50 percent exceedence
probability, 16.8 feet for the 20 percent exceedence probability and

18.1 feet for the 10 percent exceedence probability when the downstream
releases are increased from the present level to the proposed level,

Flexible Operation Scheme

The analyses discussed so far considered the total reservoir
capacity between the minimum operating level and the crest level as
available for use. The ideal operation of the reservoirs for public
water supply is to maintain the water level as near to the crest
level as possible, By using the total reservoir capacity down to the
minimum operating level, water levels might be drawn down so low during
the drought years that shortages would occur. To reduce this hazard,

a flexible operation scheme, in which the reservoir releases would
consist of primary and secondary releases, was studied. The primary
releases are at the present rate and the secondary releases are equal
to the difference between proposed and present releases. During the
drought years, only primary releases are provided. Both primary and
secondary releases are provided during normal year operations. For
purposes of this analysis, the 80 percent exceedence stage curves of
the corresponding basic runs (Series I, II and III), were introduced as
the sub-rule or criteria rule curves. Both primary and secondary
releases would be made only when the reservoir stage is above the eleva-
tion defined by the criteria rule curve. These criteria rule curves
were adopted for the system operation studies.

Several runs were made to study the flexible operation scheme for
the City reservoirs (Series IV). Monthly variations of diversions
during the year were also introduced by multiplying the basic diversion
capability by a set of ratios. Four sets of ratios obtained from different
sources were tested. 1In Series IV(a), a ionstant diversion demand were
used. Ratios adopted in the NEWS Study (1) yere used in Series IV(b).
For Series IV(c), ratios obtained by analyzing the total diversion from
the three City reservoirs for the period October 1964 to September 1972
were used., Ratios obtained by analyzing the diversion from each
reservoir of the system for the same period were used in Series IV(d).
These runs are detailed in Appendix B (on file). Average and 80 percent
exceedence stages of Series 1V (a,b,c,d) are compared in Figures IV-10 to
12 for diversion demands of 400 cfs for Cannonsville Reservoir, 550 cfs
for Pepacton Reservoir and 150 cfs for Neversink Reservoir. It is seen .
that average and 80 percent exceedence stage curves for Series IV(a),(b)
and (c) are practically the same and only the curves for Series IV(d)
differ considerably. Results of Series IV(a) are used for further
analysis. .

Figures IV-13 to 15 present comparisons of average, 80 and 90

percent exceedence stage curves for the basic runs (Series I, II and
ITI) and Series IV(a) for Cannonsville, Pepacton and Neversink Reservoirs.
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It is seen that curves for Series IV(a) are above the corresponding
curves for the basic runs indicating the advantage of the flexible
operation scheme, The City can choose to operate according to the
flexible operation scheme meeting the demands of diversion, and primary
and secondary downstream releases when the reservoir stage is above

the elevation defined by the criteria rule curve. When the reservoir
stage falls below this elevation, the City can cut off the secondary
releases and thus aim at continuing to maintain primary water supply
diversion and primary downstream releases.

System Water Supply Capability

The system water supply capability is the sum of basic diversion
capabilities of Cannonsville, Pepacton and Neversink Reservoirs. The
basic diversion capability of a reservoir has been defined in the
earlier sections as the diversion demand it can meet without any shortages
while downstream releases are made at the proposed level,

The system water supply capability is about 1,100 cfs (711 mgd) for
the 45-year data (1923-1967) and 1,420 cfs (918 mgd) for the 38-year
data excluding the severe 60's drought (1923-1960). Since single reservoir
analysis does not consider the U.S. Supreme Court Decree's flow require~
ment at Montague, New Jersey, the system yield determined here is higher
than it actually would be.
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CHAPTER V

BASIC SYSTEM OPERATION STUDIES

Introduction

The water supply capabilities of Cannonsville, Pepacton and
Neversink Reservoirs of the New York City Delaware System have been
discussed in Chapter IV based on detailed studies of each reservoir by
itself, Single reservoir operation studies are controlled by the
diversion requirements of New York City for water supply and the con-
servation release requirements to maintain environmental quality of
the rivers downstream from the dams. Since such analyses do not
consider the flow requirements at Montague, the results need to be
adjusted. This chapter discusses the water supply capabilities based
on basic system operation studies which consider the flow requirements
at Montague.

General

Typical yield-probability curves for a two-reservoir system are
presented in Fig. V-1. The yield-probability relations for Reservoirs
A and B, based on single reservoir analysis, are shown. The upper
line of the shaded area denotes the system yield-probability relation
for completely correlated inflows into the two reservoirs. The lower
line of the shaded area denotes the system yield-probability relation
for completely independent inflows into the two reservoirs. For
partially correlated inflows under natural conditions, the system
yield-probability relation will lie between the two lines. The figure
also shows the system yield-probability curve for a combined reservoir
system with storage capacity equal to the sum of individual reservoir
capacities and inflows equal to the sum of individual reservoir inflows.
The increase in yield of the combined reservoir system would be due to
the effect of other facilities added to the system, such as intercon-
nections between the reservoirs to reduce spills.

In this chapter, the system yield is determined by system-basis
operation studies. The integrated operation of the three reservoirs
with balancing rules and consideration of the flow requirements at
Montague, New Jersey are the major differences between the system and
single reservoir analyses. In the system-basis operation, the amounts
of water released or diverted from each reservoir may not be constant,
whereas they are constant in the single reservoir analysis. Their
values are determined in tandem in proportion to the projected storage
contents and other factors. The effect of partially correlated inflows
upon the system's yield is accounted for by input of concurrent inflows,
and with the tandem procedure maximum use of the system's potential is
examined. Detailed development of the mathematical model used to carry
out system-basis operation studies, the computer program for the model
and a typical printout are included in Appendix C (on file).
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System Operating Procedures

The present downstream releases from Cannonsville, Pepacton and
Neversink Reserveirs are based on terms of the United States Supreme
Court 1954 Amended Decree and the minimum conservation release require-
ments of the State of New York. The present operating procedures
followed by New York City to meet these requirements and the associated
problems have been discussed in chapter II. These result in local
demands [or increased conservation releases from each of the reservoirs
and & more balanced operation of the system.

Operations based solely on the extremely severe drought years of
1965 to 1967 is umnecessarily conservative, especially for New York City
which has other water supply sources to facilitate more flexible oper -
ation. During non-drought years this type of operation can result in
waste of the available water by spilling over the dams and inefficient
utilization of the available storages. If a severe drought pcecurred,
reductions in operation, either in releases or diversions, or both,
could be made to alleviate the water shortages. Thus, a flexible
operating procedure which provides higher releases and diversions
during wet periods and allows reduced operations during drought periods

ig a desirable alternative scheme of system operation. Such a scheme,
however, requires criteria for defining the drought and non-drousht
: M &

conditions and for altering the operating procedures accordingly. Such
criteria are discussed in the following sections.

Criteria for Defining Drought and Non-Drought Operations

A

A drought can be defined as a period of deficient precipitation
and runoff extending over an indefinite number of months. The criteria
to determine the deficiency that constitutes a drought are generally
arbitrary. 1In this analysis, simple and convenient criteria are
sought. It is recognized that the drought effect (or severity) is an
accumulated value of flow deficiency, and that, for given operating
conditions, the cumulative flow deficiencies correspond directly with
the water levels in reservoirs. Based on this consideration, the
water levels in different months which have an exceedence frequency of
80 percent are adopted as the drought criteria. When the water stage
in reservoir falls below the criterion-level at any time, drought
operations are undertaken.

Since the frequency distribution of water levels in each reservoir
depends on the rates of releases and diversions and priorities of
operation, separate criterion-level curves are proposed for diversion
and release operations. The balancing rule of the Yeservolr, which
controls the amounts of releases and diversions made, will also affect
the frequency distribution. The allocation of the divetsion and re-
lease requirements among the three city reservoirs may be made in
proportion to the expected inflows, to the ratios of drainage area to
storage capacity, simply to the storage capacities or to other factors.

ni=



The balancing rule based on maintaining the water level in each reser-
voir at an equal percentage of its own total storage is used in the
system operation studies.

Levels of Drought and Non-Drought Operations

The existing conservation releases are the essential minimum L[lows
and are considered as primary releases required at all times. The
proposed conservation releases discussed in Chapter III are the de-
sirable flows for maintaining the envirommental quality of the rivers
downstream of the reservoirs. The additional flows required to in-
crease the existing releases to the proposed level are termed secondary
releases. The additional releases may be reduced or eliminated during
drought periods. Similarly, diversions to New York City for water supply
are subdivided. The system safe yield, which is the lewvel of diversion
the system can sustain without major shortage, is the primary diversion.
The additional diversion which may be undertaken by the city is the
secondary diversion. Only the primary diversion is considered during
drought periods while both the primary and secondary diversions are
considered in non-drought periods.

Single-Level System Operation Studies

In these studies, release and diversion requirements were not
subdivided into primary and secondary categories. Thus, the operation
is termed as single-level system operation. Two schemes of allocating
the New York City diversion requirement amongst the three reservoirs
were examined. The first scheme is based on constant diversion from
each reservoir according to sets of predetermined proportions. Three
such sets were examined to select one set which provides better system
performance. The second scheme is based on variable diversion zfrom
each reservoir determined by the reservoir balancing rules. This scheme
yields better system performance than the first scheme, Criterion-
level curves which indicate drought and non~drought operations were
developed from this analysis.

I. Constant Diversion Scheme

The schematic diagram for the constant diversion scheme is shown
in Fig. V-2, 1In this scheme, the diversions are prefixed for each run
by a selected set of proportions. The scheme allows flexibility only
in the release operations. The releases are determined following the
reservoir balancing rules based on maintaining the water level in each
reservoir at an equal percentage of its own total storage. Integer
numbers are associated with various target levels and the bzlancing
rules are conveniently presented by the reservoir level-number curves
as shown in Fig. V-3. The crest level of the spillway (S MAX) and
the minimum operating level (S MIN) define the limits of storage
operation for each reservoir.
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The levels of system diversion of 400, 600 and 800 mgd were examined.
The scope of runs is presented in Appendix C (on file). To obtain the
constant diversion from each reservoir, the system diversion was multiplied
by the set of proportions. Three such sets of constant diversion pro-
portions computed from the historic diversion records for the water years
1968 through 1972 (Proportion I), the ratios of drainage area to storage
capacity (Preportion 1I) and the basic diversion capabilities of the
reservolirs derived in the single reservoir operation studies (Proportion
IT1I) were used. The computed values of the above proportions and con-
stant diversicns using these proportions at the 600 mgd system diversion
level are presented in Table V-1 which indicates large variations from
sett to set as well as from reservoir to reservoir.

Conservation releases at the existing and propoesed rates, and
variable releases at each reservoir as determined by the reservoir
balancing rules to meet the flow requirement of 1750 cfs at Montague,
New Jersey were considered in the analysis., The following summarizes
the results of the computer simulation analyses, in which 45 years of
historic streamflow records adopted from the NEWS study data were used.

A. Shortage Index - The functional relationship between system
shortage index and system diversion is shown in Fig, V-4%. For
runs with Proportions T and II at system diversions of 600 and
800 mgd, the recorded shortage index is considerably higher
than 0,1. Close examination of the analysis indicates that
shortage at Neversink accounts for more than 35 percent of
the system shortage, and that the increase in frequency of
shortage occurrence is more than 50 percent for the proposad
higher conservation releases and is more than 70 percent for
the higher system diversion of 800 mgd. The high diversion
rates at Neversink (a safe yield of 150 cfs without shortage
is indicated by the single reservoir analysis while the
diversion rates computed by Proportions 1 and 1II for Neversink
Reservoir are above 200 cfs at the 600 mgd (928 cfs) system
diversion level as shown in Table V-1) contribute greatly to
the occurrence of shortages. The Proportion III runs have
much better performance. Shortage indicies of 0.001 and
0.047 are recorded at the 600 mgd diversion level for the
existing and proposed release levels, respectively. Based
on single reservoir analysis the system has a yield of 711 mgd
(1100 cfs) without shortages. The decrease in yield ig es-
sentially due to the flow requirements at Montague.

B. Reservoir Stages - The average monthly stages for Pepacton
Reservoir at the 600 mgd system diversion level are plotted
in Figure V-5. The reservoir stages computed for the low
diversion level 241 cfs (Proportion I1) are unaffected by the
increase in release demands, but a decrease in stage= of about

five feet due to the increase in releases is indicated for the

high diversion level of 548 cfs {(Proportion 1)}. The average



stages of the low diversion level compare closely with resulls
of the single rveservoilr analysis run at the 550 ¢fs diversion
level shown by the dashed lime. The average stages ol the high
diversion level ave secen to be about 10 [t. lower bthan the
above line of the comparable single reserveir analysis run.

The use of the individual reservoir balancing rules may have
effected the lowering of the computed reservoir stages. The
weighting factors for the balancing as represented in Fig. V-}
are 0,52, 0.36 and 0.12 for Pepacton, Cannonsville and Neversink,
respectively. When additional releases are called upon to meet
the flow requirements at Montague, more than 50 percent of the
supplements are provided by Pepacton. Frequent shortages at
Neversink also affect the other reservoirs.

Table V-2 shows the comparison of cumulative storage and release
frequencies of the three constant diversion proportions at the system
diversion level of 600 mgd and the existing release requirements. For
runs with Proportions I and II, Neversink is seen to be heavily tapped,
with its storages falling below the 60 percent capacity about 32 and 64
percent of the time respectively and with minimum releases occurring 80
and 93 percent of the fime respectively. Pepacton can sustain higher
diversions and releases with Proportions T and II as only 23 and 13
percent of the time, respectively, does its storage ever go below the
60 percent level. Storage at Cannonsville would go below the 60 percent
level only 14 and 17 percent of the time respectively. More than 20
percent of the time their releases are 10 times larger than the required
minimum releases, even at the higher diversion proportions. For runs
with Proportion III, the storage and the release frequency distributions
among the reservoirs are seen to be relatively uniform. Thus Proportion
II1 compares favorably with other proportions,

II. Variable Diversion Scheme

The constant diversion scheme examined in the previous section allows
flexibility in the release operations only. The diversion operations
are prefixed by a set of constant proportions. Since the diversion
operations are generally much larger than the release operations, in-
corporation of flexibility into diversion operations would allow more
opportunities to manipulate the storage operations. This will result
in a more efficient use of the available storages, and thus the available
water.

Incorporation of flexibility into the diversion operations can be
made by a modified schematic diagram as shown in Fig, V-6. Apn additional
activity point is added, between Montague and the three reservoirs, to
the original four-activity point system. The diversion to New York City
is undertaken there, allowing each reservoir to release variable amounts
of water to provide the required sum. The treservoir balancing rules
can now be applied to both the release and diversion operations. This
mode of diversion operation is currently being practiced since the water
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from the three city reservoirs of the system is diverted through under-
ground tunnels to Rondout Reservoir. Water is diverted from Rondout
Reservoir to New York City, Thus, the additiopal activity peint is
comparable to Roniout Reservoivr., The tupnel capacities are not con-
sidered to limit the size of allocatiens from reservoir for the
range of system diversions examined.

Three levels of system diversion of 400, 00 and %00 mgd at both
the existing and the proposed levels of releases were investigated. The
scope Of runs is presented in Appendix € (on file). Analyecs were made
using uniform and non-uniform monthly diversion rates (computed based

i

on the monthly records of total div%ﬁﬁgon te the city from the basin
during the period 1965 through 1972 ) Lo study the effect of such

variation on the system yicld. The results are supmarized bHelow.

A, Shortage [pdex - The system shortase indes variation with
diversion to the City is shown in Fig. V-7 for the present
and proposed release levels using uniform and non-uniform
monthly diversion rates. No shortages are reconpded for the
600 mgd diversion level with the present releasse requirements,
whereas shortages are recorded for runs simllar to these with
the constant diversien scheme discussed zarlier. Less severe
shortages as well as fewer shortace occurrences are observed
for the 600 mgd diversion level with the existing release re-
quirements as compared with similar runsof the constant di-
version scheme. Increasing the conservation releases from
existing to the proposed level increages the number of shortage-
years from zero to three for the 600 mgd diversion and from
4 to 7 for the BOO mgd diversiom levels. For Proportions I
and I1, shortage-years computed are 24 teo 41, For Proportion
IIT greater degrees of shortages with the same number of
shortage-years occurred.

‘
B. Reservoir Stages - The average monthly stages for Pepacton at
the 600 mgd system diversion level are plotted in Fig., V-8.
The resulting stages are seen to be more favorably distributed
than the average monthly stages by the constant diversion
scheme (as shown in Fig. V-5). Table V-3 shows the computer
output of the summary tables for the end-of-period storages
at the 600 mgd system diversion and the existing release
levels. The frequency tally tables in Table V-3 indicate that
equal relative reservoir stages are maintained among the three
reservoirs. The cumulative stage freguencies are seen to lie
between the results of Proportions I and 1L of the Constant
Diversion Scheme (Table V-2) for Pepacton and Cannonsville,
but stage frequencies for the Neversink Resorvoir are generally
improved, The stage frequengies compare closely with the
results of Proportion IIL in which Pepacton is used more often
than Cannonsville as shown in Table V-4.
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Constant Diversion Proportions - As the perlormance of the

system basis operation with variable diversion scheme is scen
to be better than that with the constant diversion scheme, the
data of this analysis are further analyzed to establish the
resulting diversion proportions. Two operating methods are

discussed. Method A is based on the diversion preferences in
the following order of priority - Neversink, Pepacton, Canncons-
ville. In this method, all the available water from Neversink
and Pepacton Reservoirs after making the required conservation
releases is diverted to the City. Additional water required to
make up for the total diversion allocation to the City and
releases to meet the flow requirement at Montague are taken
from Cannonsville Reservoir after making the required conser-
vation releases. Method B assumes that there are no diversion
preferences, 1In this method, the diversion allocation to the
City is subdivided amongst the three reservoirs in proportion
to the relative quantities of water available for diversion
from each reservoir after making the required conservation
releases, All the three reservoirs are used to meet the flow
requirement at Montague. Table V-5 presents the computed
average diversion proportions for Methods A and B along with
Proportions I, II, and III discussed under the constant
diversion scheme.

Comparing Proportion I (derived from historic diversion records
for the period 1968 through 1972) with the proportion for Method
A (systems basis operation study with variable diversion scheme
using the diversion preferences in the order of priority as
adopted by the city at present - Neversink, Pepacton and Cannons-
ville), it is seen that the amounts of water taken from Cannons-
ville and Neversink Reservoirs increase from 18 percent to 21
percent and 23 percent to 24 percent respectively, whereasthe
amount of water taken from the Pepacton Reservoir decreic.s

from 59 percent to 55 percent. The changes appear to be too
small to have any significance. Although the city currently
takes an average of 18 percent from Cannonsville, it varies
widely from month to month. Under the proposed scheme also,

the city may continue to minimize withdrawals from Cannonsville
Reservoir during certain months and increase withdrawals during
other months to average the 21 percent withdrawal. In Method

A, releases are made from Cannonsville Reservoir to meet the
flow requirement at Montague as directed by the River Master.
Since these demands vary depending upon several factors as
discussed in Chapter II, the quantity and consequently the
temperature of streamflow in the West Branch Delaware River

and to some extent in the Delaware River will fluctuate
considerably. 1In contrast, since releases are made from all
three reservoirs to meet the flow requirement at Montague in
Method B, non-uniform flows and temperatures would prevail in
all the rivers downstream of the City reservoirs. This is not

V-7



D.

desirable since fish and wildlife interests prefer releases to
be made up from Cannonsville Reservoir where possible. The
City also might not consider Method B desirable since the
proportion would mean increasing the amount of water diverted
from Cannonsville Reservoir from 18 percent (Proporticn I) to
47 percent.

Drought-Criterion - Levels - The system safe yield, defined as

the yield to the City without any shortage is found to be 500 mgd
under the present release requirements. For the proposed higher
release requirements, shortages are recorded during the last
three years of the 1960's drought, 1965 through 19567. The
shortages might not haveoccurred if the releases were cut down

to the present lower release levels before the storages became
lLow.

Average, 50 percent and 90 percent end-of-month stage curves
for the system diversion of 500 mgd and releases at the proposed
levels are shown in Fig. V-9 based on analyses of the i5-year
inflow data. Smooth broken lines are drawn to represent
criterion - level curves for 50 percent (Curve A) and 90 per-
cent (Curve B) exceedence frequencies. Curve A is adopted as
the criterion-level curve for release operations. Average and
80 percent end-of-month stage curves for system diversion of
800 mgd and releases at the existing levels are shown in fig.
V-10 based on analysis of the 45-year inflow data. The smooth
broken line is drawn to represent the criterion-level curve zfor
the B0 percent exceedence frequency which is adopted as the
criterion-level curve for diversion operation.

Uniform vs. Non-uniform Monthly Diversion Rates - The preceding
analyses consider a uniform system diversion rate for each month.
Non-uniform monthly diversion rates are next examined to study
the effect of such monthly variations on the yield of the system.
The monthly variations, derived based on the monthly records of
total diversion to the city from the Basin during the period
1965 through 1972, are listed in Table V-6. The system is

drawn upon more heavily during the low flow summer period than
the high flow spring period.

Results of the operations study show that the shortage indices
and the occurrences of shortage-years are practically the same,
and that the reservoir-stage cumulative frequencies increase
by only one to three percent over that of the uniform rate
analysis. The effect on the stage frequencies is more pro-
nounced when the reservoir stages are high. When the stages
are low, which would occur during prolonged drought, the
reduced diversion rates from November through April help
alleviate the shortages. As a whole, the effect upon the
system yield is considered negligible,



Multi-Level System Operation Studics

The diversion and release operations were divided into primary
and sccondary calegories Lor Lhese studies. The drought-ceriterion-
level curves developed in the carlier section were used to specify
the drought and non~drought opcrations. Primary operations were
allowed when the veservoir stages were below the drought-criterion-
levels (drought period). Otherwise (non-drought periods), both primary
and secondary operations were allowed. Because of this flexibility,
this operation may also be called the system flexible-operation scheme.
The objective of the scheme is to insure adequate supplies at all times
for the primary system operations and permit the secondary operations
whenever possible without interruption of the primary operations.
Several runs were made to study the basic system operations. The scope
of runs is presented in Appendix C (on file).

The first set of runs was made to meet the primary operations of
diverting 600 mgd to the city, maintaining the existing conservation
releases and meeting the minimum flow requirement of 1750 cfs at
Montague, and the secondary operation of releasing downstream an amount
equal to the difference between the proposed and the existing con-
servation releases. The drought-criterion-level curve for release
operations was used for these runs. The results show no diversion
shortages whereas a one-year diversion shortage was recorded in the
corresponding previous analysis under the variable diversion scheme
at 5600 mgd diversion and the proposed conservation release levels,
Release shortages are reduced to a minimum. Montague shortages are
reduced by 87 percent using the 80 percent criterion-level curve and
by 22 percent using the 90 percent criterion-level rule curve.

For the second set of runs, the 400 mgd diversion to the city
was sub-divided into a primary diversion of 500 mgd and secondary
diversion of 200 mgd. This set of runs was made to meet the primary
and secondary operations as before for the first set of runs and the
additional secondary operation of diverting 200 mgd to the City. The
drought-criterion-level rule curves for release and diversion operations
were used for these runs. The results show great improvement in the
system performance. The shortage index for primary operations reduced
from 0.42 to 0.09. The primary diversion shortages are minimum, occurring
once each in the 30's and 60's droughts. Primary release shortages
are also minimum. The summary tables of system performance for the
33-year data (including the 30's drought) and the 45-year data (including
the 30's and 60's drought) are presented in Tables V-7 and V-8. The
long-term average diversions to the City are as follows:

38~-year Data +5=year Data
(1923-60) (1923-67)
Primary Diversion (mgd) 600 599
Secondary Diversion (mgd) 188 172
Total Diversion (mgd) 788 Fal
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The amount of water available for diversion to the City drops below
500 mgd only eight percent of the time for the 3b-year data and only
17 percent of the time for the i5-year data (including the recent

60's drought). Since Cannonsville Reservoir became operational, the
City has been diverting an average of about 600 mgd from the Delaware
System. The proposed conservation releases of 30, 70 and 125 cfs at
Neversink, Pepacton and Cannonsville Reservoirs respectively are met
75 percent of the time for the 38-year data and 06 percent of the time
for the 35-year data. During the remaining time, the proposed conser-
vation releases are reduced to the existing level,

The analyses indicate that the system yield can be increased to
provide additional diversions and releases with the adoption of
flexible operating procedures. The resulting system shortage index
of 0.09 is tolerable. The criterion-level rule curves for diversion
and release operations are shown together in Fig. V=11 te indicate the
proposed flexible operation scheme. The 8§00 mgd diversion and proposed
conservation releases can be met when the reservoir stage is above the
level defined by the curve for release operations. The 800 mgd diversion
and existing conservation releases can be met when the reservoir stage
is between the levels defined by the curves for release and diversion
operations. When the reservoir stage is below the level defined by
the curve for diversion operations, 600 mgd diversion and existing con-
servation releases can be met. The figure indicates that the reduction
in diversion or release is not gradual. Although more than one criterion-
level rule curve can be employed to make gradual reductions in each
operation as the water level falls, the foregoing monthly operation
analysis may be considered to approximate the daily operation analvsis
with a gradual reduction scheme.

The relation between the percent storages indicated by the above
figure and corresponding storages and stages for each of the three
reservoirs of the system is presented in Table V-9. The 100 percent
storage corresponds to the storage at crest level and -ero percent
storage corresponds to the storage at minimum operating level. This
table used in conjunction with Fig. V-11 would enable the determination
of the system operation according to the flexible operation scheme.

The amount of water available to the city during periods of severe
drought, comparable to the one in 60's, would be 599 mgd under the proposed
scheme. This is almost the same as the safe system yield with the
existing release requirements for the 45-year data which includes the
60's drought. 1In essence, the city would be losing nothing in terms
of safe system yield under the proposed operation scheme. They would
be providing higher conservation releases only during non-drought
periods. This amounls to the excess water which is lost over the spill-
ways during periods ol high spring runoll undor the present operating
procedurcs.



I'he present City operating procedures for the system are different
from the procedures adopted prior to the completion of Cannonsville
srvolr in March 1967. Hence, the operation of the system during
the water years 1965 through 1972 is analyzed to understand the present
operation of Lhe system. However, since the above years are basically
wet, operation during these years may not truly represent the normal
Ooperation over a longer period. Diversion to the City at an average
rate of 600 mgd and conservation releases at the existing level are
made. Four basic system operation runs S5p~1, SR-1, SD-5 and SD-7
are selected for comparison with the present operation. 1In run SD-1,
diversion and release levels which are the same as in the present
operation were examined with the 38-year and 45-year inflow data sets.
In run SR-1, the divetrsion rate remained the same at 600 mgd but the
conservation releases were varied from the proposed level to the
eXisting level based on the drought criterion-level curve for release
operations (Fig, V-11). This would be the case when the diversion to
the city is continued at the present average rate of 500 mgd while
making the downstream conservation releases at the proposed level. In
run 5D-5, diversion to the city at the rate of 800 mgd (maximum allowed
by the Decree) and conservation releases at the existing level were
made. This corresponds to a possible future operation if the conser-
vation releases are continued at the existing level. 1In run SR-7, the
diversion rates were varied from 300 mgd to 500 mgd and the downstream
conservation releases were varied from the proposed level to the ex-
sting level following the drought criterion-level rule curves for
iversion and release operations (Fig. V-11). This would be the case
in future if the proposed flexible operation scheme is adopted.

ho fobs

e

I}

average monthly stage curves for the Pepacton, Cannonsville and
Neversink Reservoirs, based on the 45-year data, for the above four
asic system operation runs are presented in Fig. ¥-12. Averase
monthly mean stage curves for the present operation of the reservoirs
are also shown. For the present operation and the above four runs, a
comparison of the scheme of operation, primary shortage index, 1.0~
term yield to the City, chances of reservoirs' filling to the 90 percent
storage level, and water level fluctuation of the reservoirs is presented
in Table V-10. TFor this purpose, the fluctuation is defined as the
difference in water levels at the beginning of June and November.

{1

B

The effect of increasing the existing conservation releases to the
proposed level during the non-drought operation and reducing back tec
the existing level during drought operation following the rule curve
1s noticed by comparing runs SD-1 and SR-1. The shortage index, long-
term system yield to the City and chances of the reservoirs filling to
the 90 percent storage level remain the same. The Ffluctuation increases
by about one foot and the average montinly stages drop by about two feet
for all three reservoirs. Similarly comparing runs SD-5 and SR-7, it is
seen that modifying the diversions and releases according to the proposed

V=11



flexible operation scheme reduces the long-term system yield and chances
of the reservoirs filling to the 90 percent storage level. The fluctuation
Increases by less than one foot, but the monthly mean stages rise by

about two feet for all the three reservoirs. The monthly mean stage curve
tor Pepaction Reservoir bascd on the recent five-year operation is about
four feet above and has the same trend as the curve for compatrable run
SD-1. Both the curves for Cannonsville and Neversink Reservoirs based

on the recent five-year operation have contrasting trends steeply falling-
off in the summer and fall months. Cannonsville Reservoir is heavily
drawn upon in these months, to meet the excess release requirement at
Montague, and Neversink Reservoir is used to meet the diversion needs.

The consequent fluctuation for Cannonsville and Neversink are large. The
fluctuation for Pepacton Reservoir is more reasonable lying in the

range ot fluctuation computed for runms SD-1 and SR-1.



TABLE V-1 Comparison of computed reservoir diversions
using different proportions at 600 mgd (929 cfs)
system diversion level.

Reservoir Diversion (cfs)

Proportion Pepacton Cannonsville Neversink
3.7 548 (59)*%* 167 (18) 213 (23)

i 241 (26) 446 (48) 241 (26)
TEIL 464 (50) 334 (36) 130 (14)

* Proportion I computed from the historic diversion records; II based
on the ratios of the drainage area to the storage capacity; II1 based
on the single reservoir analysis.

*% The walues in parentheses are the corresponding proportions as
percentage of system diversion,
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TABLE v-2. Comparisor of frequencies of reservoir storages and
releases ( constant diversion scheme at system diversion
level of 600 mgd and exisling releases).

A. Reservyoir stovages

Percent frequency

Proportion Pepacton Canneonsville Neversink Remarks
i (6,25.,55) Gl e ey ) See Note 1
I (13 58] 2T (25,64 ,87)
il (2, 19.47) (2,16,41) (e ey

B. Roservoir releases

Percent frequency

Proportion Pepacton Cannonsville Neversink Remarks
L (50,43) (i, 15) (80,13) Sea Nota 2
It (22,78) (43,41) (93.,3)
IIT (42,52) (20155 {56, o0
Note:
1. Values in parentheses are f[requencies of storage equal to or less than

20, 60, and 90 percent of its own capacity.

2. The first value refers to the frequency of releases equal to or less than
the required minimum release; the second is the [requency of releases ten
times larger the required releases.
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TARLE V-5 ~ Comparison of computed average diversion proportions
for the three Hew York City Reservoirs

Diversion Proportions (Percent)

Data
Source Pepacton Cannonsville Neversink

1, System basis operations study
with wvariable diversion

scheme
1 i
Method A 515 21 24
Method B 40 47 13
2. Proportion 1 59 18 23
3 Proportion LI 26 48 26
&, Proportion TII 50 36 14

Note; 1. Method A considers diversion preference in the order
of lMeversiuk, Pepacton, and then Capnonsville.

2. Method B is based on equal priorities

v - 17



TABLE V-6 - Monthly Water Supply Diversion Variations
from the Average Diversion

MONTHLY
MONTH VARTATION
January 0.903
February G955
March 0.934
April 0,733
May 1.164
June 1.081
July 8 77
August 1.196
September 1. 175
October 1.027
November 0.976
December 0.699
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CHAPTER VI

ADDITTONAL SYSTEM OPERATION STLiEEE

[ntroduction

This chapter presenlts the results of syslem operation studiecs
made to examine the capability of the system to satisfy several
additional downstream demands besides the existing diversion and
release requirements which were considered in Chapter V. This
Chapter considers the following aspects:

-- Meeting the excess release requirement at Montague,
New Jersey during normal years

-~ Reducing the flow requirement at Montague, New Jersey
during extreme drought years

-- Providing flushing releases in the spring for beneficial
scouring

-=- Providing additional one-day flushing releases in July and
August

-- Providing flood control storage in the City reservoirs
below their crest levels

-~ Providing adequate flows for canoeing
-~ Meeting streamflow needs for fishing
-- Stream temperature analysis

Meeting the Mandatory Excess Release Requirement at Montague

The basic system operation includes meeting the minimum flow
requirement of 1,750 cfs at Montague as specified by the 1954 Amended
U.S. Supreme Court Decree besides meeting the primary and secondary
diversion and release requirements. The Decree also prescribed that
a higher level of flow should be maintained at Montague during the
seasonal period (June 15 to March 15). The actual amount, which has
decreased from 2,650 cfs in 1970 to 2,270 cfs now, is based on an excess
release formula which considers the City's overall safe yield without
pumping and their estimated consumption. Excess releases are directed
by the River Master when necessary to meet the increased flow requirement
during the seasonal period.

Simulation runs were made to satisfy the increased seasonal flow

requirement of 2,250 cfs at Montague. The results are compared with
the earlier runs satisfying only the minimum flow requirement of

W B



1,750 cfs at Montague as follows:

A. Variable Diversion Scheme

Diversion to the City = 600 mgd (928 cfs)

Flow requirements at Monlague shortage Iandex Shortage Years
1,750 ecis 0 (0.037) 2 (3)
2250t 0,32 .61 3 &8

Note: Values in parentheses correspond to the operation at

proposed conservation release levels and the orhers to
the ovperation at existing conservation release levels,

B. Flexible Diversion Scheme

Diversions to the City are subdivided into 600 mgd primary
diversion and 200 mgd secondary diversion. Also, conservation
releases are subdivided into primary releases at the existing
level and secondary releases at rates equal to the difference
between the proposed and existing levels. Tiie operations of
the system are according to the criterion-level curves for
release and diversion operations shown ia Fiz. V-11,

Primary

2 tage Years
Shortage Prim

s Primary

Flow Requirement at Montague Tndex diversion Release
L, 7500 odig 0.053 2 5
2,250 cfs (1,750 ofs 0.056 2 3

primary plus
500 eis
secondary)

Meeting the increased flow requirement at Montague of 2,250 cofs
has minimum effect on system operationwitii the flexihle diversion
scheme compared to system operationwith the variable diversion
Scheme. Both schemes resulted in shortages for increased release
requirements, but following the criterion level curves, reduc-
tions in releases and diversions are made to avoid extrenme
shortages.

Reducing the flow requirement at Montague below the minirum gpecitied
by the 1954 Amended U.S. Supreme Court Decree

The release requirement of 1,750 c¢fs at Monlague, specitfied by the
Decree, could not be met during the 60's drought and was waived by the
Delaware River Basin Commission and the River Masler. Similar flow

T



reductions could be made in the future during extreme droughl years.

A simulation run was made using the drought-criterion-level
curves of the flexible operation scheme for making the primary and
sccondary diversion and release operations.  Besides the conservalion
releases, the release requiremenl ol 1,750 cfs at Montague was divided
inte a primary relcase ol 1,500 c¢fs and a secondary release of 250 cfs.
The results are compared with a previous run in which the release
requirement at Montague was fixed at 1,750 cfs. No primary diversion
(600 mgd) shortage occurred for this run whereas two primary diversion
shortage years had occurred in the previous run. Shortages in meeting
the Montague requirement remain at a minimum with one primary release
shortage year recorded instead of three primary release shortage
years recorded in the previous analysis. The shortage index decreased
from 0.053 for the previous run to 0.005 for this run.

Simulation runs were made with the reduced flow requirement of:
1,500 cfs at Montague as follows to determine the increase in safe

system yield with such revision:

(i) Runs made with the present conservation releases:

NYC Diversion Shortage Index
600 mgd 0
700 mgd 0
750 mgd 0.038
800 mgd 0.103

(ii) Runs made with the proposed conservation releases

NYC Diversion Shortage Index
600 mgd 0
700 mgd 0.069
800 mgd 0.604

The safe system yield is found to be about 720 mgd compared to the
safe yield of 600 mgd computed from the previous runs based on meeting
the present minimum flow requirement of 1,750 cfs at Montague. The
reduction of 250 cfs (161 mgd) in release requirement thus corresponds
to an increaseof only about 186 cfs (120 mgd) in the safe system yield.

Summarizing, reducing the flow requirements at Montague below the
minimum specified 1,750 cfs to 1,500 cfs would improve the system
per formance under extreme drought conditions. During the 60's drought,
primary diversion shortages are avoided and the primary release shortage
is reduced.

VIi-3



Providing Flushing Releases in Spring

There is a need for an annual sre-day flushing flow of

1,000 cfs for the purpose of beneficial seouring in the West and East
Lranches of the Delaware River. There is alse a need for such antiual
ope-day Flashine flows: of 500 ufs Eor the plrpiss of beneficial

scourtyg iu Lhe Neversink River. Such needs would be met in most

years by reservoir spills durivg the early spring run-off péried.

During the years when these needs are not satisfied by the natural runoff
by May 15, providing the Fiushing releases from the veservoirs does oot
atffect the basic system operation if the proposed flexible oneration
sclhieme s emploved.

Providing Addditiopnal Flushing Releases ip July and Aupust

The Upper Delaware River Regional Water Rescutces Planning Board
suggested that additioral one-day flushing releases in July and August
may be desivable to abate the additional pollution caused by the
seasonal population. One day flushing releases in July and August at
rateg of 1,000 efs in Lhe West and Fast Branches of the Delaware River
and 500 cfs ia the Neversink River were examined m

demand and the propesed comservation releases wilh the syst
according to the droughlt-criterion~level curves. ‘flie £lush
operation 1 icreases shovtages at Montapue with fhe 1,750 ef
requirement by about 10 percent. The aboye shortage
when the Flow reguivement at Montasue is considered . primary
flow and 250 cfs secondary flow, and the releases are wade according to

the drought-criterion-leyel curves. 1t may be councluded t

flushing releases do not affect the basic system operat
ations are made following the propesed [lexible schome.

M operated
release

=
P
TS

t the abowve
on iE the oper-

However, the release of such large one-day Flushing flows of cold reser-
voir water in July and Adpust, would cause uidesivable Lemperature f£luctua-
tions winich would be detrimental to the fish, Also, the proposed releases
are sufficlient fo maintain water quality standards in the streams. The
additional one-day tlushing releases in July and August are not
COMNSG 1 dered BHecessaty

Providing Flood Control Storage iu the @ity Reservoirs below their
present Spillway Crest Levels

The daspect of using the City reservoirs [or flood control was also
rage above their

considered. One approach is to provide flood gontrol st
spillway crest leyels by suitable structural mod: £i i
this study, bhe feasibility of providing fleed coutro
reservolre below their spillway crest leyels ounly was eranined. Simulation
runs were made meeting the 600 mgd diversions demavd, the 1,750 e¢5s flow
réquirement at Montague, apd the conservatiop releases gsing the variable
diversion schueme. ffhe results of analyses for vavious [(loed control
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s torages are compared below:

A. Present Conservation Release Levels:

Flood Control Shortage Shortage
storage Index Years Remarks
0 0 0
2 0.00076 1 Release shortage
4 0.00318 1 Release shortage

B. Proposed Conservation Release Levels:

Flood Control Shortage Shortage
Storage Index Years Remarks
0 0.038 3 No diversion but
3 release shortages
2 0.0385 3 No diversion but
3 release shortages
4 0.042 3 1 diversion shortage

and 3 release shortages

All the above shortages occurred only during the 60's drought which
is further evidence of the severity of the recent drought. It may be
concluded that no significant increase in system shortage would result
from providing the flood control operation.

However, a preliminary examination of the flooding situations shows
that very little flooding occurs below the City reservoirs. Flooding
in the Basin is mainly along the tributaries. Provision of fleod control
storage in the City reservoirs is not justified unless further detailed
study reveals that significant flood damage does occur in areas which
can be controlled by the City reservoirs.

Providing Adequate Flows for Canoeing

Providing adequate releases for canoeing is considered. during
nondrought periods when the reservoir stages are above the levels

defined by the criterion-level curye for release operations shown

in Figure V-11. During periods of low reservoir stages,releases of

flows for canoeing are curtailed. The desirable flows for canoeing

in the different streams are detailed in Chapter ITII. Three

schemes for providing the releases for canoceing were examined based on
average flow conditions for the period 1968 through 1970. Table VI-1
presents the minimum desirable streamflows for canoeing and correspondipg
release requiremants from the City reservoirs for the three schemes
examined. In this study, canoeing releases were included in the
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secondary release operation of the basic system operations discussed
in the earlier section. The results are compared with previous runs
of the basic system operations which do not consider the canoeing flows.

Scheme I examined the possibility of providing the minimum streamflows
for canoeing in the Neversink River, East Branch Delaware River, West
Branch Delaware River and Delaware River desired by the American Canoe
Association and some of the local livery owners during the period April 1
through Jume 14, and on weekends only in the Delaware River during the
period June 15 through August 31. Continuous releases during April and
May in the range of 460 and 200 cfs to maintain flows of about 810 cfs in
the West Branch Delaware River at Hale Eddy gage and 500 cfs in the
Neversink River at Oakland Valley gage, respectively, for the purpose
of providing canceing are not totally acceptable because such high
flows create poor fishing conditions. Also, high weekend flows followed
by possible reductions to the proposed minimum conservation releases
would create unstable thermal effects which are not desirable.

The results of operation studies indicate gignificant increases in
the system operation deficiency. The primary shortage index increases
by 15 percent. Frequency of shortages for the secondary releases and
diversion operations increase from 27 to 35 years and 14 to 19 years,
respectively, out of the 45 vears studied. Average reservoir stages are
also lowered by two to five feet.

Scheme II examined the pogsibility of maintaining an average flow
of 1,000 cfs in the Delaware River at the Callicoon gage during the
period April 1 through October 31. Such a flow at the Callicoon gage
would assure that the canceing requirement on the Delaware River at
Port Jervis gage as specified by the American Canoe Association (1850 c¢fs)
is met.

The results of operation studies indicate a slight increase in the
system operation deficiency. There is no increase in the primary
shortage index and the frequency of shortage occurrence. Average reservoir
stages are lowered by less than one foot during the fall low stage months.

Scheme 11T examined the possibility of maintaining an average flow
of 2,000 ¢fs during the period April 1 through May 31, and on weekends
only during the period June 1 through October 31 in the Delaware River
at the Callicoon gage for canoceing.

This scheme also involves high weekend flows followed by possible
reductions to the proposed minimum conservation releases and consequent
unstable thermal effects which are not desirable., The results of operation
studies indicate a glight increase in the primary shortage index by about
four percent and shortage occurrence by one year. Average reservoir
stages are lowered by two to three feet during the fall low stage months.

Of the above three schemes examined based on average flow conditions
for the period 1968 through 1970, which had relatively above normal rainfall,
it can be concluded that the system is not capable of meeting the
requirements of Schemes I aud 171. ' It can meet the requirements of
Scheme T1 (meintaiuing an average flow of 1,000 ¢fs at the
Callicoon gage for the period April 1 through Octeber 31) without

Vi-6



significant effect on the system operation only during nondrought
yvears when the reservoir stages are above the levels defined by the
criterion-level curve for release operations shown in Fig, V-11,

Meeting Streamflow Needs for Fishing

A minimum yvear-round tlow of 1,000 cfs in the Delaware River at
the Callicoon gage is desirable te maintain a suitable environment for
fish and wildlife. Such a flow at the Callicoon gage would inject a
measure of stability into the system thus encouraging establishment of
a coldwater fishery from Hancock to Callicoon and a warmwater fishery
from Narrowsburg to Port Jervis. A mixed warm and coldwater fishery
would result between Callicoon and Narrowsburg.

The above requirement has been examined to a limited extent as
Scheme 1T under the previous section. The analysis was based on part
of the year and on average flow conditions for the period 1968 through
1970, which had relatively above normal rainfall. It is sufficient
to indicate that the system is capable of maintaining an average flow
of 1,000 cfs in the Delaware River at the Callicoon gage during the
period April 1 through October 31 during nondrought periods. The
fishery requirement in the Delaware River should be made part of the
basic system operation and be built into the criterion-level curves for
release operations when they are refined.

Stream Temperature Analysis

The problems associated with the present release operations of
the City Reservoirs are discussed in the earlier chapters. The streamflows
fluctuate widely fron minimum conservation releases to high flows, when
excess releases are directed to be made. Consequently the stream
temperatures vary over a wide range which affects the fishery resources.
The 1954 Amended U. S. Supreme Court Decree specified that a higher
level of flow above the minimum basic flow of 1,750 cfs should be main-
tained at Montague during the seasonal perloa (June 15 to March 15).
Sometimes the river warms up excessively (2/ C and higher) before
June 15. Under such conditions, release of cold water flows to meet
the increased flow requirements at Montague causes undesirable temperature
reversals, It was suggested by staff of the Division of Fish and Wild-
life that excess releases from the reservoirs should occur no later than
May 15-June 1 so as to maintain a preferred riverine temperature regime.
This is presently contrary to the Supreme Court Decree. They also desire
that temperatures in the East Branch Delaware River at Fishs Eddy should
not be less than 13°C (May 15-June 15) and in the Delaware River at
Callicoon should not exceed 24°C.

The effects of the present releases from the City Reservoirs on the
temperatures in the streams below were reported by a USGS Study (11) 4

follows:
-- releasesof about 740 cfs from Pepacton in August 1966

lowered the water temperature at Fishs Eddy by as much
as 11°%
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-- releases of about 800 cfs from Cannonsville in June
1966 lowered the water temperature at Hale Eddy by
as much as 14.5°C and

-~ the above two releases lowered the water temperatures
at Callicoon respectively by about 3°C and 2°C.

An analysis of temperatures in the streams below Pepacton and
Cannonsville Reservoirswas conducted based on streamflow and temperature
records for the period 1968 through 1971. The objectives of the study
were to examine (i) the effect of reservoir releases on downstream
temperatures during the summer months (ii) the possibility of using
colder reservoir releases to reduce high temperatures in the streams below,
and (iii) the desirable reservoir release patterns.

Since March 1967 when Cannonsville became operational, the releases
from Neversink and Pepacton have been curtailed greatly while large
releases have been made from Cannonsville. During the summer months
of July and August, 1968-1971, the average daily water temperature in
the East Branch Delaware River at Fishs Eddy varied from 20° to 29°C
when the releases from Pepacton were at the minimum (about 19 cfs).
Releases of more than 100 cfs (up to 500 cfs) were recorded for less
than 20 percent of the time during which a reduction of about 0.79C per
100 cfs increase in release was noted. Temperatures above 259C did not
occur when the releases were of the order of the proposed conservation
release of 70 cfs from Pepacton. Temperatures below 13°C at Fishs Eddy
occur rarely under the present operating policy since such low temperatures
are associated only with large releases from Pepacton. During the two
summer months of the period 1968 through 1971 examined, the average daily
water temperatures in the West Branch Delaware River at Stilesville varied
from 5°C to 20°C with the lower temperature range (5°C to 10°C) generally
associated with significant releases from Cannonsville. The average
stream temperatures downstream at Hale Eddy, varying from 8°C to 250C,
were seen to be directly related to the water temperatures at Stilesville
and thus correlated to the Cannonsville releases. About 15 percent of
the time releases from Cannonsville were below 100 cfs, and more than
55 percent of the time the releases were above 1,000 cfs. During the
transitional period, when the releases vary from the minimum level to
significant flow, temperature changes of more than 8°C in two days were
observed, The reduction of temperature for each 100 cfs release from
Cannonsville Reservoir was computed as about 0.3°C, compared to 0.7°C
computed for each 100 cfs release from Pepacton Reservoir. Based on the
relative level of releases being made, the Cannonsville rate of
temperature reduction may be applied for larger flow releases and the
Pepacton rate of temperature reduction may be applied for smaller flow
releases.

The type of existing reservoir outlet structure permits only the
release of cold water from the lower strata of the reservoir. When large
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volumes of such coldwater are released from the reservoirs into the
streams below, the average water temperature and its dailwy variation
will both be reduced because of the increased heat requirements.

For the same reason, the water temperature changes are smaller for
increased and continuous reservoir releases, According to the present
operation policy, Cannonsville Reservoir is mostly used to meet the flow
requirements at Montague. Undesirable changes in sftream temperature
of as much as 10°C within a short period of time, were recorded in the
West Branch and Delaware River. To avoid such drastic changes in
temperature, an effort should be made to release the excess flows from
Cannonsville Reservoir more uniformly throughout the entire day.

The average stream temperatures at Callicoon ranged from 14°%¢ to
26°C during the summer months of the perlod examined, 1968 through 1971.
The average stream temperatures of about 22°C were generally associated
with low combined releases of less than 400 cfs from Cannonsville and
Pepacton Reservoirs. The proposed releases from both reservoirs amount
to only 195 cfs. Hence, the expected average stream temperatures at
Callicoon would be above 22°C. The stream temperature variation, in
general, directly follows the air temperature variation. At points
farther downstream the effect of reservoir releases on the water tempera-
ture is insignificant.

The results of multiple regression analysis using concurrent time
records are summarized in Table VI-2. The time lag factor was found
to be insignificant. The equations presented in the above Table could be
used to estimate water temperatures in the streams below Cannonsville
and Pepacton Reservoir.

It may be concluded that the proposed higher conservation releases
would prevent the water in the streams below the City reservoirs from
becoming excessively warm as compared to the present situation with low
conservation relesses. This would limit the wide changes in stream
temperatures. The proposed congservation release of 70 cfs from Pepacton
would prevent temperatures at Fishs Eddy on the ant Branch Delaware
River from exceeding 25°C. Températures below 13°¢ "at Fishs Eddv are of
rare occéurrence under the present operating pelicy.
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GLOSSARY

As used within this report, the following words and terms shall
have the meanings set forth below:

basic diversion capability

Diversion a reservoir or system can meet without any shortages
while downstream releases are made at the specified level.

BOD

Biochemical oxygen demand
cfs

Cubic feet per second
conservation

Concept of management to prevent waste of natural resources

conservation releases

Low flows to be passed through the dams at all times to meet fish
and wildlife and other environmental water needs

constant diversion proportion

The ratio of diversion from one reservoir to the total system
diversion.

constant diversion scheme

Considers each reservoir diversion to the City as a constant
fraction of the total diversion. By integrated system operation
following the reservoir balancing rules, releases from each reservoir
are varied but diversions from each reservoir are constant from one
operation period to another.

criterion-level curve

Specifies the water levels at different periods to identify
drought and non-drought period operations. When the reservoir stage
is below the water level specified by the criterion-level curve,
drought operations are undertaken. When the reservoir stage is above
the water level specified by the curve, non-drought operations are
undertaken.

deviation

Difference between an individual magnitude and the average for the
frequency array.



diversion

The transfer of water from the City reservoirs to New York City
for water supply use.

domestic water supply

Water provided for drinking, bathing, sanitary and other personal
purposes.

drainage area

The area contained within a divide above a specified point on a
stream.

drawdown

Difference between the end-of-September stage and spillway crest
level.

drought

A period of deficient precipitation and runoiff causing a reservoir
to remain below a specified normal level, such as defined by the criterion-
level curve.

ecology

The branch of biology dealing with the relationships between
organisms and their environment.

effluent
Waste discharge, treated or untreated, into a stream.

exceedence freguency

The percentage of values that exceed a specific magnitude.

exceedence probability

Probability that an event selected at random will exceed a
specific magnitude.

flexible diversion scheme

Integrated system operation following the balancing rules and
criterion-level curves. Reduced diversion or release or both are
considered during drought periods and increased diversion and
rcleases are considered during non-drought periods,

A temporary rise in streamflow or stage which results in inundation
of the areas adjacent to the channel.



frequency curve

Graphical representation of a frequency distribution, usually
with the abscissa as magnitude and the ordinate as relative frequency.

gaging station

A particular site on a stream, canal, lake or reservoir where
systematic observations of water level or discharge are obtained con-
tinuously or periodically.

industrial water supply

Water used by industrial and commercial establishments.

level numbers

Numbers associated with various target levels of a reservoir.

mgd
Millions of gallons per day.
need
A condition requiring relief.
NOD
Nitrogenous oxygen demand.
objective
Result or achievement desired. More general than goals,
pollution

The introduction of substances or properties into waters of the
basin which impair the uses.

reach

A term to describe the linear segments of a stream or river; e.g.,
stream reach or river reach.

regulation

The artificial manipulation of reservoirs.



reservoir

A pond, lake, or basin, either natural or artificial, for the
storage, regulation, and control of water.

reservoir balancing rules

Specify each reservoir's relative priority to provide water for
release and diversion based on maintaining the water level in each
reservoir at an equal percentage of its own total storage. The rule
is expressed in terms of "level number" vs. storage relations.

reservoir capability

The maximum rate at which a reservoir will provide water under a
stipulated set of conditions such as a given shortage probability,
operation rule, etc.
runoff

That part of precipitation that appears in surface streams.

shortage index

Reflects the magnitude of shortage as well as the number of
shortages and is defined as the sum of squares of ratios of annual
shortage to annual demand within a 100-year period.

simulation model

A mathmatical model which duplicates all the important features
of system operation.

single reservoir operation study

Examines the yield capability of each individual reservoir subject
to constant conservation release and water supply diversion requirements,

stage
The height of water surface above an established datum plane.

standard deviation

Root mean - square deviation

sgstem

A collection of reservoirs, river intakes, water activity locations,
etec., with interconnection by rivers, aquaducts, cte.



system operation study

Examines the system yield by integrated operation of the three
reservoirs as a system following the reservoir balancing rules. Because
of varying inflows and the requirement to maintain relative water levels
in each reserveir according to the set of operating rules, varying
releases and diversions may result from each of the reservoirs to
satisfy the flow requirements at Montague and the total water supply
diversion.

system yield

The total sum of water supply diversions to the City from the
three reservoirs in the system. The maximum system yield without
shortages is the system safe yield.
uoD

Ultimate oxygen demand.

useable capacity

Capacity of a reservoir between spillway crest level and minimum
operating level.

variable diversion scheme

By integrated systems operation following the reservoir balancing
rules both the releases and diversions from each reservoir are varied
from one operation period to another but total diversion and releases
are satisfied.

water quality

The characteristics of water as determined by any given combination
of chemical, physical and biological properties.

yield

The quantity of water which can be obtained from a source in a
specified period of time.






