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FOREWORD

A three-day workshop entitled "Hydrologic Studies in Support
of Project Functions" was held in Angel Fire, New Mexico during
August 1990. The purpose of the workshop was to provide an
informal forum for Corps of Engineers personnel who are routinely
involved with hydrologic engineering work to discuss specific
issues and exchange ideas related to hydrologic aspects of Corps
project functions. The 33 workshop participants represented 21
Corps offices including HQUSACE, division, district and
laboratories.

Topics addressed during the workshop and included in these
proceedings include four papers on "River and Reservoir
Regulation Applications" (Session I), five papers on
"Conservation Storage Analysis" (Session II), seven papers on
"Advanced Computer Techniques" (Session III), and eight papers on
"Operational Hydrology" (Session IV). The papers for each
session are preceded by an executive summary of that session.
Each paper is followed by a record of the discussion associated
with that paper, if any. In Session IV, the recorder included
the discussion in the executive summary.

The workshop was co-sponsored by the Hydrologic Engineering
Center and the Corps' Committee on Hydrology. The workshop
proceedings, in addition to the general seminar planning and
coordination, was organized by Mr. R.G. Willey of the Hydrologic
Engineering Center. Valuable assistance was graciously provided
for chairmanship of the individual sessions by Mr. Dennis
Williams, Nashville District; Mr. Gary Dyhouse, St. Louis
District; Mr. Loren Pope, Little Rock District; and Mr. Roy
Huffman, HQUSACE. Session discussion recorders included the
first three chairmen listed above and Mr. Bruce Beach of the
Albuquerque District. The general meeting room, the block of
individual hotel rooms, the free-time social activities, and the
many other necessary local arrangements were handled in an expert
and efficient manner by Mr. David Gregory of the Albuquerque
District.

The views and conclusions expressed in these proceedings are
those of the authors and are not intended to modify or replace
official guidance or directives such as engineering regulations,
manuals, circulars or technical letters issued by HQUSACE.

R.G. Willey
Editor
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SUMMARY OF SESSION 1
RIVER AND RESERVOIR REGULATION APPLICATIONS

prepared by

Bruce C. Beach
Albuquerque District

OVERVIEW

The topics covered in the presentations included reservoir system analysis in support of
planning or reregulation studies for multipurpose or single purpose navigation or flood control
projects.

PAPER PRESENTATIONS

Clinton E. Word, Tulsa District, presented a paper entitled "Arkansas River - Reservoir
System Studies." Mr. Word’s paper described the use of the reservoir system model "SUPER" to
evaluate the effects of proposed new projects, the modification of existing projects, and reregulation
on a watershed that has 48 federally-controlled reservoirs. The model used 47 years of daily flows to
generate frequency and damage curves for each recommended change to the system. The study was
conducted as part of the Arkansas River Basin, Arkansas and Oklahoma, Feasibility Study.

Ronald L. Hula, Southwestern Division, presented a paper entitled "Regulated Flow Peak
Discharge Frequency Estimates For Large Basins." Many of the major drainage basins in the
Southwestern Division have been modeled using the Southwestern Division Reservoir Regulation
Simulation Model. The model uses continuous simulation to generate daily flow values. Peak flow
values can be generated by comparing peak flow values to daily flow values for uncontrolled basins.
A ratio of peak flow to daily values was generated using the SWD Watershed Model. Verification of
results indicate that the procedure increases the accuracy of flood damage computations.

Russell P. Yaworsky, Sacramento District, presented a paper entitled "Reevaluation of
Frequency of Regulated Flows on the American River At Sacramento." A reevaluation of Folsom Dam
and the American River levees indicates that only a 63-year level of protection is provided. An
analysis of unregulated flows was performed to develop volume-frequency relationships. Balanced
hydrographs were then created, patterned after the PMF hydrograph. Results were used for plan
formulation.

Lyndon C. Richardson, Jr., Ohio River Division, presented a paper entitled "Flow Regulation
Model for the Proposed Hinged Pool Operation, Olmstead Locks and Dam, Ohio River." An unsteady
flow regulation model was used to provide a hinged pool operation plan for the proposed project. The
higher degree of sophistication than the stair step operation now in use is necessary due to the
constraint posed by the presence of Paducah, Kentucky, 30 miles upstream. Use of the model will
allow for minimumization of locking time, minimizing wicket gate operation, and reducing surges in
the upper and lower pools.






ARKANSAS RIVER - RESERVOIR SYSTEM STUDIES
by

Clinton E. Word!

INTRODUCTION

A reservoir system model evaluation was conducted as part of the Arkansas River Basin,
Arkansas and Oklahoma, Feasibility Study. The model study focused on the opportunities for
new multi-purpose projects, increased flood storage in the existing projects, and improvements to
the existing reservoir system operating plan.

A major problem in any system study is the evaluation of the effects of change on other system
purposes. This problem is magnified in the Arkansas River where 48 federally-constructed
reservoirs are operated for flood control, hydropower, water supply, water quality, sediment
control, navigation, recreation, and fish and wildlife. Seventeen of the projects are locks and
dams constructed to provide navigation from the mouth of the Arkansas River to the Port of
Catoosa near Tulsa, Oklahoma. In addition to these reservoirs, the Grand River Dam Authority,
an Oklahoma State agency, has constructed two projects in the Lower Grand River Basin for
hydroelectric power and flood control.

The model study was conducted by the Tulsa District Hydrologic Modeling Center using the
Southwestern Division Reservoir Regulation Computer Model (commonly referred to as SUPER)
for evaluating both the hydrologic and economic impacts. The Arkansas River SUPER model
uses 47 years of historical record with a routing interval of one day. Simulations were conducted
for each recommended change to the system by making modifications to the model description
and allowing the SUPER model to iterate sequentially through each day of the period of record.
The simulations determined releases which adhered to the plan of regulation, taking into account
hydrologic conditions on each particular day. The results of the simulations were the daily
hydrologic conditions that would exist if the 47 years of record were to occur with the described
reservoirs and operating scheme. The modified hydrology was then processed with the SUPER
Analysis model giving frequency/duration curves and economic damages for each reservoir and
river reach.

Each simulation was evaluated by viewing elevation duration/frequency curves for each
reservoir, flow duration/frequency curves at each of the 50 control points below the projects,
hydropower output, water supply deficiencies and economic damages (agricultural, structural,
dredging costs, navigation delay, environmental).

FEASIBILITY STUDY

The Arkansas River Basin, Arkansas and Oklahoma, Feasibility Study was the f irst cost-shared
feasibility study with multiple State sponsors and multiple Corps of Engineers districts
participating. State representatives for the non-federal sponsors were the Arkansas Soil and Water
Conservation Commission (ASWCC) and the Oklahoma Water Resources Board (OWRB) . The
Corps of Engineers participants were the Little Rock and Tulsa Districts.

1Chief Modeling and System Section, Hydraulics and Hydrology Branch, Tulsa District Corps of
Engineers.



The principal study partners were involved in the Management of the Study through two
committees:

1. The Executive Committee which was chaired by the Tulsa District Engineer and
included the Little Rock District Engineer and the directors of the OWRB and the

ASWCC.

2. The Study Management Team which was charged with the execution of the study
activities and objectives established by the Executive Committee. The Study Management
Team was chaired by a representative of the Little Rock District Planning Division. Chief
planners from the OWRB, the ASWCC, and Tulsa District also served on this team.

The study was also coordinated with U.S. Fish and Wildlife Service, Institute of Water
Resources and the Southwestern Power Administration.

The purpose of the Arkansas River Basin study, which began in March 1984, was to evaluate
the need and opportunities for reducing flood damages and for developing additional municipal,
industrial, and agricultural water supplies in the Arkansas River Basin in Arkansas and Oklahoma.
During the reconnaissance phase of the study, the objectives were expanded to evaluate the
potential for improvements to the existing McClellan-Kerr Arkansas River Navigation System. It
was recommended that feasibility level studies be conducted that would examine in more detail
solutions to navigation, flood control, hydropower, recreation, water supply, and fish and wildlife
problems within the basin in the two states.

There were two principal measures to address the problems and opportunities: to increase the
available storage in the basin through modification of existing projects or construction of new
projects, and to modify the system operating plan to achieve a reasonable balance of purposes for
which the projects are operated.

DESCRIPTION OF BASIN AND EXISTING PROJECTS

The Arkansas River begins on the eastern face of the Rocky Mountains near Leadville,
Colorado, and flows southeasterly nearly 1,400 miles through Colorado, Kansas, Oklahoma, and
Arkansas to join the Mississippi River. The basin comprises about 138,000 square miles of
contributing drainage area with about 128,000 square miles above Van Buren, Arkansas
(Oklahoma and Arkansas state line.) The Arkansas River system currently consists of 48
federally-constructed reservoirs operated for flood control, hydropower, water supply, water
quality, sediment control, navigation, recreation, and fish and wildlife. Seventeen of the 48
projects in the Arkansas River system are locks and dams constructed to provide navigation from
the mouth of the Arkansas River to the Port of Catoosa near Tulsa, Oklahoma. In addition to
these reservoirs, the Grand River Dam Authority, an Oklahoma State agency, has constructed two
projects in the Lower Grand River Basin for hydroelectric power and flood control. A map of
the Arkansas River Basin is shown on Figure 1.

Flood Control. Flows on the main stem of the Arkansas River are modified primarily by 11
Oklahoma storage projects which provide about 7.7 million acre-feet of flood control storage.
That storage represents in excess of 70 percent of the total flood control storage in the basin. The
11 projects are listed in Table 1. Runoff on about 7,500 square miles of drainage area below the
11 projects and above Van Buren, Arkansas, is uncontrolled.



ARKANSAS RIVER BASIN
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Figure 1

The primary objective of a system water control plan is to achieve a reasonable balance of
purposes for which the projects are operated. The Fort Smith/Van Buren, Arkansas, area near the
Oklahoma-Arkansas state line is the primary control point for the lower Arkansas River
navigation system (Van Buren to the mouth). The 11 principal upstream storage projects are
operated to maintain flow targets at the Van Buren gage and all of the reservoir releases flow past
this point. Seasonal guide curves have been developed and analyzed for system operation. These
guide curves relate the flow at the Van Buren river gage with the percent of flood control storage
utilized in the 11 upstream multi-purpose storage projects.

Figure 2 shows a Van Buren guide curve that is representative of the current system operation.
The objectives of this plan are to increase the number of days below 75,000 c.f.s. on the
navigation system, to provide a taper from flood control releases to conservation operation, and
have minimal impacts on hydropower, recreation and flood control. The system has been operated
under this plan since June 1986.

Navigation. In 1989, the McClellan-Kerr Waterway transported an estimated 8.4 million tons
of commodities and has become an important segment of the region’s transportation network.
High flow conditions increase fuel, labor, and capital costs due to the increased time required for
movements, reduced tow sizes, and increased accident rates. Recession of high-flow events also
cause periodic delays and blockages due to shoaling which adds to total transportation costs.
Therefore, an important phase of this study involved examining alternative plans that would
enhance the navigation potential of the system.



TABLE 1

ELEVEN PRINCIPAL UPSTREAM STORAGE RESERVOIRS
IN THE ARKANSAS RIVER BASIN

Flood Control Storage

Project River (acre-feet)
Keystone Arkansas 1,180,000
Oologah Verdigris 965,600
Pensacola Grand (Neosho) 525,000
Hudson Grand (Neosho) 244,200
Fort Gibson Grand (Neosho) 919,200
Tenkiller Illinois 576,700
Eufaula Canadian 1,510,800
Kaw Arkansas 919,400
Hulah Caney 257,900
Copan Little Caney 184,300
Wister Poteau 386,800

Total 7,669,900

Recreation. Recreation facilities located in the basin, both around the reservoirs and in parks
and recreation areas along the main stem of the Arkansas River, are an important resource.
Visitor-day occasions at the Oklahoma reservoirs have averaged over 21 million in recent years,
while the number of activity occasions experienced in the parks and recreation areas along the
main stem of the river have averaged about 14 million annually.

Hydropower. Installed generating capacity at the reservoir sites and at the run-of-the-river
plants totaled 680,000 kilowatts in 1988. These plants produced an estimated 3 million megawatt-
hours (mWh) of electricity valued at $90,000,000.

SOUTHWESTERN DIVISION RESERVOIR REGULATION COMPUTER MODEL

The Southwestern Division Reservoir Regulation Computer Model (commonly referred to as
SUPER) is a tool for evaluating the hydrologic and economic impacts of a given plan on a multi-
purpose system of reservoirs.

The SUPER model is a period of record simulation model using a routing interval of one day.
The hydrologic input to the model, for every reservoir and stream control point, is the period of
record uncontrolled area flow. The development of these uncontrolled area hydrographs is based
on computations which utilize all available pertinent daily records and multi-reach storage vs.
discharge (Puls) stream routing relationships.

The basic input data required to describe the reservoirs includes area-capacity curves and
maximum and minimum discharge curves. The relationship of the reservoirs is defined by a
seasonal function of storage vs. level for each reservoir. Two reservoirs are considered in balance
when they are at the same level as determined from their respective storage-level functions and
contents. The relationship of each reservoir to other reservoirs and stream control points is
provided by a set of Muskingum routing coefficients for each control point below the reservoir.
The regulating discharge criteria for all stream control points is supplied as a seasonal function of
a system state parameter (reservoir level or system percent full.)



The SUPER model
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STUDY

The major problem in this study was not the selection of new project sites or operation plans.
Every interest group had multiple suggestions for "improvements" to the system. The major
problem was to evaluate the effects of the proposed changes on the other system purposes. These
proposed changes included 11 new multi-purpose projects, modification to present storage
projects and 18 modifications of the existing plan of regulation. The SUPER model was used to
evaluate alternative plans on other system’s purposes including navigation, flood control,
hydropower generation, recreation, and environmental and cultural resources.

The remainder of this paper is a presentation of three sample plans studied and the
methodology of analysis for each project purpose. It is noted that the evaluations of impacts were
performed in two manners and except for the magnitude were similar in terms of the relative
differences between plans. The feasibility report analyses of economic impacts were computed in
a traditional manner external to the SUPER model, utilizing hydrologic output from the regulation
simulation model. Average annual benefits were computed by noting the differences between
operating plans. Initial analysis used by a water management study group to evaluate the impacts
of alternative operating plans were performed using average yearly economic outputs of the
SUPER models for the 47-year period of record.



Each plan was simulated by modifying the existing Arkansas River Basin SUPER model and
allowing the computer to simulate the hydrologic effects of 47 years of record on the new system.
The results were then evaluated by comparing the duration and frequency curves for the existing
projects and all downstream control points, the hydropower produced and damages to agriculture,
structures, navigation, recreation, environmental and cultural resources.

The current operating plan (known in the Feasibility Report as Plan C) and the operating plan
that was utilized from 1979 until the adoption of the current plan in 1986 (Plan B) were simulated
as base runs for comparison purposes.

One of the requests made by navigation interest was to maintain a flow of no more than 75,000
cfs at Van Buren, Arkansas for 365 days a year. In an attempt to determine the limits of the
existing system to accomplish this a simulation was run to determine the maximum number of
days the Van Buren flows could be held below 75,000 cfs using all of the existing upstream flood
control storage available. The economic and hydrologic impacts of using 100 percent of the flood
control storage in the 11 regulating projects to maintain a maximum of 75,000 cfs at Van Buren
were evaluated by viewing the number of days this flow was equaled or exceeded during the
period of record, the elevation-duration curves for the 11 projects, and the residual flood damages
produced from the SUPER analysis.

The use of 100 percent of the flood control storage resulted in a yearly average of 356 days of
flows below 80,000 cfs. (Note: Due to the fact that the simulation held the flow at Van Buren at
75,000 cfs, any additional local flow, no matter how small, would cause the 75,000 cfs count to
show exceeded. The count, therefore, was taken at 80,000 cfs.) The number of days below
75,000 cfs equaled or exceeded on a yearly basis ranged from 307 days in 1973, to 365 days in the
dry years.

A similar simulation was made to determine the amount of added storage at each of the existing
projects that would be required to control the flows at Van Buren to a maximum of 75,000 cfs.
The system was run with unlimited flood control storage in the nine major controlling storage
projects (Fort Gibson, Oologah, Hulah, Copan, Kaw, Keystone, Tenkiller, Eufaula, and Wister),
and the Van Buren guide curve was modified to restrict the flow to 75,000 cfs with the taper as
described in Plan C. This run resulted in two answers: maximum storage that could be used for
enhancement of navigation and the stream on which this storage should be located.

The amount of equivalent storage at or above these existing projects needed to control the
system below 75,000 cfs was approximately 15 million additional acre-feet, and is shown in Table
2. This storage would give an average of 361 days per year below 75,000 cfs at the Van Buren
gage. The remainder of the floods are due to storms below the projects and are not controllable
with the current system even with increased storage capacity.

A request was also made to evaluate the effect of a power drawdown into the conservation
pool. It was anticipated that the power drawdown would help with the taper operation. Power
projects were drawn into the conservation pool seasonally by changing the elevation associated
with the top of the conservation pool. It was found that this did not significantly increase the
success of the taper operation since the drawdown preceded the flood season and most tapers
occur during or following flood season. In addition, there were no significant decreases in flood
damages and little increase in power generated.
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TABLE 2

FLOOD STORAGE REQUIRED
FOR 75,000 CFS AT VAN BUREN
(in acre-feet)

Current Additional
Maximum Existing Storage

Reservoir Storage Storage Required
Fort Gibson 4,560,101 1,284,400 3,275,701
Oologah 2,881,265 1,519,000 1,362,265
Hulah 445,600 289,088 156,512
Copan 523,818 227,730 296,088
Kaw 193,145 143,000 50,145
Keystone 5,776,390 1,737,631 4,038,759
Tenkiller 2,533,858 1,230,800 1,303,058
Eufaula 7,536,703 3,825,362 3,711,341
Wister 1,013,185 427,900 585,285
Total 25,464,065 10,684,911 14,779,154

Flood control interest requested evaluation of impacts for an accelerated evacuation of the
flood storage when the system is nearly 75 percent full. The Van Buren guide curve was changed
to allow evacuation of the system at 150,000 cfs or the maximum uncontrolled peak experienced
during this event up to 250,000 cfs when the system exceeds 75 percent of flood control storage.
The simulation indicated no significant change in pool durations, flood damages, or navigation
impacts. This may be due to the fact that additional floods occurring when the system is 75
percent full is an improbable event. The team did however recommend that this feature be
incorporated into the final operating plans since it did increase the system flood control capacity
without significantly increasing the flood damages.

Multiple simulations were also made to evaluate the impacts of plans which modify the
balancing scheme of the 11 upstream projects in an effort to protect projects above major damage
centers. It was found that changes in the balancing rule curves did not signif’ icantly alter the
damages; therefore, there was no recommendation to include a modified balancing curve in the
final system operating plans.

Recommended Plan for Additional Evaluation

Based on the evaluation of modifications to the existing operating scheme, an operating plan
was recommended by the study group. Following careful consideration of each plan, it was
decided to combine attractive features of several plans into one. The preferred alternative (Plan
D) has the combined features of a 60,000 cfs bench instead of a 75,000 cfs bench; accelerated
evacuation at 150,000 cfs or a maximum of 250,000 cfs above 75 percent full; and, reduced basin
storage levels in the fall months. The 75,000 cfs bench was changed to a 60,000 cfs bench so that
dredging operations could proceed during the bench thus lessening the impact of high flows.
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METHODOLOGY OF EVALUATION

Flood Control. For purposes of this study, flood damages were estimated for two separate
categories - damages to crops (agriculture), and damages to structures and contents.

Agricultural. Agricultural losses are based on crop-specific damage functions that incorporate
seasonal factors with economic data to generate loss estimates. The crop loss functions were used
to calculate losses from actual flood events, and thus vary from year to year depending upon the
severity of the flooding experienced. A major determinant of the percent loss in these
calculations is the time of year the flood occurs. Crop distributions were verified through
consultations with Agricultural Extension personnel and publications for the counties involved.
Costs, yields, and commodity prices are based on the latest estimates.

Structures. Average annual estimates of damages to structures and contents in the floodplain
areas were estimated by developing elevation-damage functions for each gaging station used in the
analysis. Floodplain inventory data were used to establish the base values of properties at risk.
This function includes farm buildings, machinery, fences, roads, bridges, and residential and
commercial buildings and contents. Stage-damage curves were derived for both rural and urban
structures within the various reaches. Expected annual flood damage computations were estimated
using the Hydrologic Engineering Center (HEC) Expected Annual Damage (EAD) computer
program package. Frequency relationships were obtained from SUPER for each of the plans
evaluated.

In-pool damages caused by fluctuations in pool elevations within the reservoirs include
federally-owned recreation facilities, State park and recreation areas, and private marinas. An
inventory of all existing development was conducted, including the number, type, and elevation of
all structures, along with estimated elevation-damage relationships for each reservoir. Table 3
displays summary pool elevation-duration data for selected Oklahoma reservoirs for three
operational plans.

TABLE 3

SUMMARY OF POOL ELEVATION - DURATION DATA

Days Per Year

% of Equaled or Exceeded
Lake Flood Storage Plan B Plan C Plan D
Tenkiller 0 122 127 125
24 14 15 13
50 6 6 5
Eufaula 0 111 114 115
15 25 27 25
22 18 18 15
46 8 8 6
Keystone 0 131 133 135
22 15 16 12
50 5 5 4
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Navigation. Changes in the operating plans for the McClellan-Kerr Arkansas River Navigation
System are manifested directly in the level and duration of flows downstream from the various
release points. A flow rate of approximately 60,000 cfs at the Van Buren gage is considered by
navigation interests to be a critical level. (Note: The navigation study indicates that a 75,000 cfs
flow in the system is the maximum for economical navigation. The flow of 60,000 cfs was chosen
at the Van Buren gage because it translates to approximately a 75,000 cfs flow in the lower
portions of the system around Little Rock, Arkansas.) Above that rate, tow operators begin to
experience significant cost increases due to the use of smaller tows and double tripping, which
increase the ton-mile costs of shipping.

Flow rates and durations on the system directly impact fuel and time costs and indirectly affect
other navigation costs, including delays caused by shoaling and dredging. Fuel and time cost
functions that were used to evaluate plan impacts were developed by Gulf South Research
Corporation, and are described in detail in the 1987 Report, Economic Impacts of Alternate
Regulation Plans on Navigation on the Arkansas River Navigation System. These functions were
adjusted to reflect future levels of traff’ ic on the system. Future tonnages were obtained from the
1988 Inland Waterway Review, published by the U.S. Army Institute for Water Resources.

Delay costs due to shoaling, and related dredging costs were derived from functions that have
been developed by the Hydrologic Engineering Section at Southwestern Division and are related to
SUPER simulations. Both the delays resulting from shoaling, which follows high flow events, and
the subsequent dredging operations represent significant costs to navigation. Therefore, the plan
which is most effective in reducing these costs will likely be the preferred plan from the
perspective of navigation interests.

Table 4 shows the impacts of the three alternate plans on the critical flow rates at three gages
on the river; at Muskogee in Oklahoma, and at Van Buren and Little Rock in Arkansas. These
flow data reveal that Plan D produces an average of nine fewer days per year of flows above the
critical (60,000 cfs) level at the Van Buren gage, and eight fewer days annually at Muskogee.

Table 5 shows the impacts of the three alternative plans on the cost items described above. The
differences brought about by Plan D are positive, whereas the impacts of Plan B are uniformly
negative. The relative changes in total costs that result from either plan are minute, with the ratio
of benefits to base plan costs being only six-tenths of one percent in the case of Plan D, and even
less with Plan B.

Recreation. Both the Little Rock and Tulsa Districts undertook extensive and detailed studies
to evaluate the impacts of different operating plans on recreation. The studies involved parks and
recreation areas along the main stem of the Arkansas River as well as recreation use on several
large reservoirs in the Tulsa District. Recreation impacts are summarized in Table 5.

Six lakes in the Arkansas River system are most sensitive to the competition of purposes. The
lakes include Fort Gibson, Tenkiller, Kaw, Keystone, Oologah, and Eufaula. Each of these lakes
has over a million recreation visitors per year.

The Tulsa District undertook a detailed and complex effort to estimate the relationships
between pool elevation and recreation visitation. These relationships were used to estimate the
average amount of visitation losses associated with each of the alternative operating plans.
Additionally, from January through March 1989, interviews were conducted with the project
management staff of each of the above reservoirs. Two general questions were asked. First,
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TABLE 4

DAYS OF FLOW LESS THAN SPECIFIED
DISCHARGES BY PLAN

Discharge (cfs)

Gage/Location 60,000 75,000 90,000
Muskogee
Base Plan 332 342 349
Plan B 331 341 349
Plan D 333 341 349
Van Burén
Base Plan 308 326 334
Plan B 310 322 331
Plan D 317 328 334
Little Rock
Base Plan 285 305 320
Plan B 288 304 317
Plan D 287 309 322

would the differences between the current and alternative operating plans vary to the degree that
changes in the quality of recreation can be measured? And second, would changes made under
the alternative operating plans result in more recreation facilities being closed than under the
current plan?

Hydropower. The impacts of alternative operating plans on the production of hydropower
were based on the assumption that changes in the operating plan would not result in a change in
marketable capacity from the existing projects and, therefore, capacity benefits would be
unchanged.

Hydropower energy production in megawatt hours (MWh) and the resultant energy value in
dollars were analyzed for both the upstream Oklahoma reservoirs and the run-of-river low head
generating plants at locks and dams. Both the absolute and relative positive impacts of the average
annual hydropower generation were far greater than all of the other impacts to the other system
purposes combined. This was to be expected, as the positive impact from the generation of
hydropower occurs on a daily basis whereas the negative impacts to other system purposes occur
seasonally or infrequently as a result of extreme hydrologic conditions. Energy generation
estimated by SUPER was within ten percent of recent historical generation, indicating that the
input power loading is representative of current conditions. This indicated that this was a
reasonable hydropower loading for evaluating the impacts on other purposes. In review of
upstream hydropower none of the plans reduce the capacity of the system and in all cases
sufficient hydropower storage was available for meeting additional loads if required. Therefore,
only the changes in energy from the run-of -river plants were used in comparison of the plans.
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TABLE 5

SUMMARY OF OPERATING PLAN BENEFITS
(Average Annual Values in $1,000)

Item Plan C Plan B Plan D
Navigation
Fuel Costs 3,894 3,895 3,891
Time Costs 9,039 9,048 9,037
Blocked Navigation (Shoaling) 417 432 353
Dredging 1.820 1.852 1,796
Subtotal 15,170 15,227 15,077
Flood Control
Arkansas
Agricultural Damages 1,580 1,452 1,553
Other Urban-Rural Damages 1/ 435 432 437

Total Flood Damages-Arkansas 2,015 1,884 1,990
Oklahoma

Agricultural Damages 2,938 2,774 2,858
Other Urban-Rural Damages 1/ 10,596 10,479 10,456
In Pool - Oklahoma 2/ 1,313 1,291 1,287

Total Flood Damages-Oklahoma 14,847 14,544 14,601

Subtotal 16,862 16,428 16,591

Hydropower 3/5/
Energy Values

Reservoir Projects 39,176 39,138 38,933
Locks and Dams 50,434 49,880 50,570
Subtotal 89,610 89,018 89,503

Recreation _4/Visitor-Day Values
Arkansas 45,533 45,533 45,533
Oklahoma 71,987 71,989 72,019
Total 117,520 117,522 117,551

Notes:

1/ Flood damages to miscellaneous urban and rural property,
including roads and bridges.

2/ Flood damages to Federal and State recreation facilities
and private marinas.

3/ Average yearly hydropower generation in MWh valued at an
energy value of 29 mills/KWh.

4/ Recreation values estimated at $3.20 per visitor day.

5/ None of the plans restricted the system hydropower
storage projects from meeting their required loads.
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Summary of System Operating Plan Impacts. Table 5 displays the impacts of each of the three
final alternative operating plans by project purpose, and summarizes the total effects. The results
indicate that, in total, there is little difference in benefits among the three alternatives. This
statement is also true for each of the individual project purposes.

CONCLUSION

The use of the Southwestern Division Reservoir Regulation Computer Model (SUPER) made it
possible to evaluate both the hydrologic and economic impacts of recommended changes to the
Arkansas River system of reservoirs on other system purposes. Without a model study it would be
impossible to evaluate the effect of a change on flood control, hydropower, water supply, water
quality, sediment control, navigation, recreation, and fish and wildlife. The study was able to
establish limits of benefit to modifications to the system as well as answer "what if" type questions
for all interested parties. Using the model it is believed that a reasonable balance of purposes has
been achieved in the Arkansas River system operating plan.
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Arkansas River - Reservoir System Studies

by
Clinton E. Word

SUMMARY OF DISCUSSIONS BY BRUCE C. BEACH

In response to a query about the applicability of the SUPER
model for forecasting, Mr. Word stated that SUPER is a planning
model but that it was used in the last flood for forecasting
drawdown times on the recession limb of the flood.

A discussion of the severity of the last two floods ensued,
with the author stating that they both were rare events, the 1986
flood varying from 50-year to several hundred and the fredquency of
the 1990 flows have not been determined but the rainfall was
extreme, 50% more that the 100-year value.

In response to a series of questions, the author stated that
most of the projects have sediment pools with 50 year design lives.
Some projects have low flow augmentation, three for navigation. He
also stated that no reallocation of conservation storage was
studied. The feasibility study was cost shared by both states with
funding coming from both GI and O&M sources. The model was run on
an overnight basis on a CDC machine, but use of a CEAP or PC-486
machine is being evaluated.
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REGULATED FLOW PEAK DISCHARGE FREQUENCY ESTIMATES
FOR LARGE BASINS

by

Ronald L. Hula'

Introduction

Study Purpose. The Southwestern Division (SWD) has been,
since the early 1970's, simulating the regulation of the major
reservoir systems within the SWD area of responsibility with a
computer model (reference 1). The primary purpose of the model
is to evaluate alternative plans of regulation from both a
hydrologic and an economic perspective. The model is a period of
record type program with a routing interval of one day. Residual
flood damage computations are an integral part of the model and
are based on sequential analysis of the simulated daily
hydrographs. These daily hydrographs do not of course define
peak discharges with sufficient accuracy at all locations. The
recent Arkansas River Reservoir System Studies (reference 4)
conducted for the Arkansas River Basin Feasibility Study required
the evaluation of alternative system regulation plans. The flood
damage calculations were to be performed external to the model by
traditional methods which require peak discharge frequency
estimates up to the Standard Project Flood (SPF) order of
magnitude throughout the basin. Since SWD reservoir system
regulation studies must, for practical reasons, be performed
using the existing daily model, it was required that a procedure
be developed to estimate peak discharges on the basis of
simulated daily regulated flows.

Key Issues. The key issues related to the study were that
the procedure needed to, 1) be efficient in terms of cost and
time, 2) provide estimates up to the SPF order of magnitude, and
3) produce reasonably accurate estimates.

Summary of Findings. It appears, based on evaluation of
the study results that, 1) the procedure is efficient and should

be incorporated in other SWD models, 2) better verification could
be obtained by adjustment of the adopted ratios of peak to
average daily flow after an initial system period of record
simulation, and 3) the hypothetical flood probability assignments
are reasonable in consideration of the size of the basin and the
portion of the basin which has experienced peak flows greater
than the SPF magnitude during the period of record.

TChief, Hydrologic Engineering Branch, Southwestern Division,
U.S. Army Corps of Engineers
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Physical Setting and Available Data

Description of Project. The Arkansas River originates in
the Rocky Mountains near Leadville, Colorado. It traverses in a
general east southeast direction across Colorado, Kansas,
Oklahoma and Arkansas to its confluence with the Mississippi
River just above Arkansas City, Arkansas. The total contributing
drainage area of the Arkansas Basin is 138,000 square miles. The
portion of the basin modeled for this study is that area upstream
of Little Rock, Arkansas and downstream of the 100th meridian.
The excluded portion of the basin upstream of the 100th meridian
does not contribute significantly to flood flows into the modeled
reservoirs. The modeled area encompasses about 66,000 square
miles, 34 storage reservoirs of which 21 are existing projects
and 64 stream control points of which 34 are reservoir outflow
controls. Figure 1 is a schematic diagram of the model
configuration.

Description of Available Data. The data used for this
study included the derived period of record flows that are
required for input to the regulation simulation model. The
period of record is 1940 through 1986, and for each control point
in the model, daily flows had been previously developed which
represent the total uncontrolled area flow at that point. 1In
addition to the total uncontrolled area flows, there are 82
United States Geological Survey (USGS) stations in the modeled
area which have various lengths of record of both daily flows and
corresponding peak discharges. These three sources comprise most
of the data utilized in the development of the procedure.

Study Approach

Key Assumptions. There are two key assumptions on which
the procedure is based. These are that, 1) the ratio of the peak
flow to the corresponding average daily flow is a constant for a
specific uncontrolled area, and 2) the peak flow at a point under
regulated conditions is equal to the sum of the peak flow
produced by the uncontrolled area and the average daily flow at
that point which is attributable to the releases from the
immediate upstream reservoirs. Some degree of error is inherent
in these assumptions. First, the maximum 24 hour flow
encompassing a peak is most likely not measured by the midnight
to midnight average daily flow from the USGS records and
secondly, routed reservoir releases are not uniform over a 24
hour period.
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Procedure Adopted. The procedures adopted needed to
address the development of both period of record and hypothetical
flood peaks. The general procedure for developing the period of
record peaks was as follows:

1. Optimize the peak to average daily flow ratio for
all pertinent USGS stations.

2. Develop a general relationship between uncontrolled
drainage area and the optimized peak to average daily
flow ratios for various geographic regions.

3. Compute uncontrolled area peaks for the period of
record at each of the model control points based on the
intervening area at that point and the appropriate peak
ratio.

4. Utilize the uncontrolled area peaks as input to the
daily regulation simulation model so that flood
operations would reflect the additional information.
Perform a period of record regulation simulation with
only the existing system reservoirs considered
operational.

5. Verify by comparing observed peaks with simulated
peaks at those control points where peak data is
available and for those periods where the upstream
control was the same or nearly the same as the current
system.

The general procedure for developing hypothetical peaks was
as follows:

1. Develop a 3-hour routing interval watershed model
which encompasses the entire 66,000 square mile modeled

area.

2. Transpose two hypothetical storms critically
centered above each reservoir and each control point in
the reservoir regulation simulation model. These two
storms are based on 40 percent and 50 percent of the
Probable Maximum Precipitation (PMP) obtained from
Hydrometerological Report 51 No. (HMR 51), reference 3,
corresponding to the location of the selected storm
center location.

3. Develop the runoff and route and combine
hydrographs until the first downstream reservoir is
encountered. The result of this step is the
development of a total uncontrolled area hydrographs at
every control point in the reservoir regulation
simulation model for every storm centering and for both

storm sizes.
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4. Develop average daily flows for all of the
transpositions for input to the reservoir regulation
simulation model. Also retain the peaks to use as
input to the model in a manner similar to that used for
the period of record peaks.

5. Operate the reservoir regulation simulation model
for all of the hypothetical storm transpositions. At
each control point, save the highest peak for each

storm size resulting from all of the storm centerings.

6. Assign a probability to each of the storm sizes and
plot the two hypothetical storm peak discharges along
with the period of record simulated peaks for each
control point.

7. Rationalize the assigned hypothetical storm
probabilities by the reasonableness of the appearance
of the majority of plots and by the reasonableness of
the percent of the basin which has experienced peak
flow greater than the hypothetical peaks during the
period of record.

Computational Methods Used. The general procedures adopted
for the study have been outlined above. Explanation of some of
those procedures will be given in greater detail below.

The optimization of the ratio of peak to corresponding
average daily flow was accomplished for 82 USGS stations within
the modeled area of the Arkansas River Basin. The procedure was
pased on selecting the periods at each station when the flows
were either unregulated or essentially unregulated. The
optimized ratio was then determined such that the average error
in stage between a predicted peak discharge and the corresponding
observed peak discharge would be zero. The prediction
relationship and the comparison of observations with predictions
are shown on Figures 2, 3 and 4 for the Chikaskia River near
Blackwell, Oklahoma. Similarly, Figures 5, 6 and 7 are for the
Neosho River near Iola, Kansas and Figures 8, 9 and 10 are for
the Arkansas River at Van Buren, Arkansas.

The optimized ratios of peak to average daily flow
determined for the USGS stations within a geographic region were
plotted in correspondence to the effective drainage area at that
ctation as shown on Figure 11. A trend line was sketched through
the data points as shown. Additional curves thought to be more
representative of individual streams were constructed with the
general shape of the trend 1ine but which were closer to the data
points developed on the individual stream. An example of this
for the Poteau River is also shown on Figure 11. Ccurves of this
type were constructed for all streams in the modeled area. Peak
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to average daily flow ratios were then obtained for every control
point in the model by use of the appropriate stream curve and the
uncontrolled drainage area at that point. These are tabulated in
Table 1.

The period of record uncontrolled area flows for each
control point were then processed to locate daily hydrograph
peaks. Each peak was converted to an instantaneous peak by use
of the peak to average daily flow ratio taken from the stream
curve for that point. Only those peaks above the partial
duration base were retained except that the maximum annual peak
was always retained. These peaks, soO determined, were used as
input to the reservoir regulation simulation model as outlined in
the adopted procedure description.

The development of hypothetical storms was accomplished by
use of the SWD Watershed Runoff Model. This computer model has
an option which allows the storm rainfall and runoff to be
analyzed over each cell of a gridded watershed. The runoff from
each cell is then lagged, based on input overland flow travel
time estimates and the distance to the nearest stream segment.
The lagged runoff then becomes inflow to that stream sub-reach.
This option allows the use of large watershed sub-areas without
the loss of storm pattern definition through the process of
determining the average over area storm rainfall. The SWD
Watershed Model also has automatic access to the PMP charts in
HMR 51. All that is required in the input to define a
hypothetical storm is the orientation of the major axis and the
latitude and longitude of the storm center.

The SWD Watershed Model was modified so that it would
automatically develop hypothetical flood ordinates and the flood
peaks for direct input to the reservoir regulation simulation
model. 1In order to establish initial basin conditions for the
routing of the hypothetical floods, the regulation simulation
model was modified so that general system conditions
corresponding to any time of the year could be saved from the
period of record simulation. The general conditions so saved
were based on an input percent of time exceeded parameter. These
conditions were used to establish the initial reservoir storages
and the initial stream flows for each of the hypothetical
routings.

The SWD Watershed Model was used to develop hypothetical
storms at 67 storm center locations within the modeled area. Two
storm sizes, 40 percent and 50 percent of PMP, were developed at
each storm center.
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Study Results

Summary of Results. Period of record peak discharges and
hypothetical peaks were generated based on the existing reservoir
system and a regulation plan similar to that employed in recent
years by execution of the reservoir regulation simulation model
in conjunction with the procedures and methods outlined above.
After a few trials, it was decided that the most reasonable
results were obtained when the hypothetical flood peaks for the
two storm sizes were assigned exceedence probabilities of 0.005
and 0.001. The developed peaks, both annual series and partial
duration series, were plotted on probability grid for each
control point in the model. Three typical results, the Arkansas
River at Ralston, Oklahoma, the Neosho River at Iola, Kansas and
the Arkansas River at Van Buren, Arkansas are shown on Figures
12, 13 and 14, respectively. It is pointed out again that the
assigned exceedence probabilities for the hypothetical peaks were
selected to provide a reasonable appearance when all of the
control point results were viewed collectively. No attempt was
made to sketch a smooth line through the data points. Figure 14
provides clear evidence why an analytic frequency curve is
inappropriate when there is a significant degree of upstream
regulation. The plot for Iola, Figure 13, shows one extreme
period of record event which is the July 1951 flood that centered
in eastern Kansas. The hypothetical peaks are of significant
help in putting that flood in perspective.

Verification of Results. The verification of results was
accomplished in two parts. These were, 1) a comparison of the
period of record computed peaks, and 2) an evaluation of the
reasonableness of the percent of the modeled area which has
experienced peak flows during the period of record which exceeded
the hypothetical peaks.

The verification of the period of record computed peaks was
performed for as many control points as was possible as follows:

1. A period within the period of record was selected
where upstrean regulation was the same or nearly the
same as the regulation simulation. The regulation
simulation again was based on the existing system.

2. The period selected was further shortened to only
include that time where the plan of regulation above
that point was similar to the plan employed in the
simulation.

3. The selected period was further shortened to only
include that time when USGS peak data was available.

4. The maximum annual average daily flows, both
computed and observed, were plotted on probability grid
for the selected period. The purpose of this step is
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to provide a basis for judging how well the flow data,
the regulation plan and the regulation simulation model
approximate the flow observations during the selected
period.

5. The peak annual series discharges, both computed
and observed, were plotted on probability grid for
comparison.

6. The peak partial duration series discharges, both
computed and observed, were plotted on probability grid
for comparison. This step is not always possible as
some USGS stations do not have partial duration
series records.

These results of these steps are shown for six control
points on Figures 15 through 28. In general, the verification is
good for those control points with larger effective drainage area
and correspondingly lower ratios of peak to average daily
discharge (refer to Table 1 for the effective drainage area and
the adopted ratio for a particular control point). The
verification plots for the control point on the Neosho River at
Americus, Kansas are shown on Figures 21 and 22. This is the
poorest verification of all of the control points. The adopted
ratio for this control point is 2.5 based on the uncontrolled
drainage area of 94 square miles. Examination of Figure 22
indicates that the verification probably would have been fairly
good if the adopted ratio had been about 1.3.

The verification of the reasonableness of the probability
assignments for the hypothetical events was accomplished by the
following analysis.

1. It was estimated that approximately 5,000 square
miles of the 66,000 square mile modeled area has
experienced one or more occurrences of peak discharge
which exceeded the hypothetical peaks during the period
of record. This probably would also be true for an
even longer period, but general stream gage coverage
did not begin until about 1940. The period of record
is 47 years, however it is not considered unreasonable
to assume that the 5,000 square mile area would apply
to a period of 60 years Or more. The risk that any
location within the modeled area would experience one
or more events during a period in the range of 60 years
is estimated as 5,000/66,000 or about 0.08.

2. The binomial expression for risk is given by

R = 1-(1-pP)" (equation 10-3, reference 2)
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where: R = risk of one or more exceedences of
an event
P = probability of the event
N = the number of trials

Solution of this equation for P under the assumption
that R=0.08 is as follows for several values of N.

R N P

.08 50 .0017
.08 60 .0014
.08 70 .0012
.08 80 .0010

Conclusion

Discussion of Conclusions. The procedures appear to have
merit for increasing the accuracy of flood damage computations
performed by the SWD Reservoir Regulation Simulation Model. 1In
the past, these computations have been based on the peaks of the
average daily flow hydrographs produced by the model. While this
is of sufficient accuracy for the larger uncontrolled drainage
areas within the models, the smaller areas would benefit from
the approach. It appears also that fairly reliable annual and
partial duration series peak discharge data points can be
determined up to the order of magnitude of the SPF, at least for
the larger uncontrolled areas. The results of the study indicate
there was considerable error for some of the smaller uncontrolled
areas.

Hindsight Observations. In retrospect, it appears that the
procedure should have been expanded to include steps to adjust
the adopted ratios of peak to average daily flows after an
initial verification step was performed. It is believed that
much better subsequent verification could have been obtained for
the smaller areas.

It appears that the value obtained from optimizing the
ratios of peak to average daily flow to obtain zero averade error
in the stage predictions is not warranted. This requires
additional effort in collecting and processing stage discharge
curves for each station to be analyzed. It would probably have
been just as satisfactory if the ratios had been optimized to
produce zero average error in the predicted discharge. This
additional effort would be even less important if the adopted
ratios were to be adjusted after an initial verification of peak

discharges.
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ADOPTED PEAK TO AVERAGE DAILY FLOW RATIOS

Arkansas River
Arkansas River
Arkansas River
Arkansas River
Arkansas River
Arkansas River
Arkansas River

Bird Creek
Caney River
Caney River

Chikaskia River
Cimarron River
Cimarron River
Cimarron River

Cottonwood R.
Cottonwood R.

Deep Fork River

Fall River

Neosho River
Neosho River
Neosho River
Neosho River
Poteau River
Poteau River

Verdigris River
Verdigris River
Verdigris River
Verdigris River
Verdigris River

Walnut River
Walnut River

TABLE 1

CONTROL POINT DRAINAGE AREA

Ralston
Haskell
Muskogee
Sallisaw
Van Buren
Dardanelle
Little Rock
Sperry
Bartlesville
Ramona
Blackwell
Dover
Guthrie
Perkins
Florence
Plymouth
Dewar
Fredonia
Americus
Iola
Parsons
Commerce
Poteau
Panama
Altoona
Independence
Lenepah
Claremore
Inola
Augusta
Winfield

27

EFFECTIVE

RATIO



T H90NDT4A

VYNV fvalod II dookly I adohlv _
,\mm), el ™ C3A0W SNINNVL2
P ‘s \,FL |
\\\r/ [N
. oy
,/Hmw\\vll.l.\l_ cgl ‘Y noegag wvn_JHNc.mm HIALSTIH . 1340 N
Soas m.jwzm\/\l/ L VHLEITIH =
3LLTY ! 85 ‘Y ubipouby 52 | 23 n s
zmx:m/z«\ A A = | 434N 8
WYSITIV \ _
awALY 5w M 4 A H m
sloUutyY @ vINYd4ng 3397TINKNC LT3R . o ) -
p— 30T | wyK3g 8\ 52| 7z} SVS NV AAY
I TIDINGL ] o/ LT i
) ‘834 \YMW/ TIASTH e SNTMYId dIEHLNg ¥3zod W$IA0d
NOSEI8 l¥od Uoapu | =y .\..mU, \ﬂnm// ﬁmmlw
) 13 e A il
. : / VTIONI 2
b S NDLSWd
oo ! - \/ Sd04 1168
3y ~plUbJg i pa1g S3Y ANOLSAH A £S5 -S4 HYY /
Ked3d WYHNRVHS g \w /o) - FOTr— \
okl fwaukf /<\r:|.g.»|x:;|;|.|||)
3IYINNOI AFEZAS N\ ay aurwey L Avaly 4
) )\ ( \ 21/ 534 wooLvINS | 3naLER \ { 28
/ s
/\ <.6u< Nad Vo otsT LNVAY p) mexujMI
dBALY — \
/ AzUb? //_Imﬂ { 18}
{s¢ ) HY8gTo N\ Ll gy R
rrﬂ\\wzowm<m Mr 122

\ mm ‘534

/\ ONOWAJ3d NHOP

{ 'Y poonrue3yo

H "S3Y
\/ 3rowe TrNne

TIIN =1g \

ze ) HINOKATd Y

s\ Bi/

JINFANIJIANT

{
. ( - Asaly (3
\L/ ek X”.}l--l-f-::
{ 5% ) snoTvawy wxmm/. IINIHT S TANERG z

T

Iy
YNOOLT
; ‘

2/ 539 NOTWYK

3

w/w\_ m 'S3d HYINH

VINOd3dd

1S3 A3IATY VA

\

\

AN I ijuzz:fll
v1Snany //”,w\w

/m\m ‘534 AL

)

M
s34\ 6 _
odviod 1 I TI3MINAH

~

SINIod TJodinoa(” )
./

‘53 a3S0d0Yd D

I3 M13
'S3d wZthmeﬂ m

aN3est

28



G TANDIAL

¥ HENDI4d

LTGE0H 31Yd
£961 - 1061 Sy¥3A

$43 40 5000t NI 3DUYHISIO AT1VG JIVY3AY
i

€71I0H 31V

SHY3A 40 IN3OW3d NI ADNINDIUS JONIIIIOXI
e

008 o5y 00 iy Q0% 05z 00z o5t 00t os o ¥E61 - LE61 S¥Y3A K o L I I R L R
¥3LYA 204 SINIVA I a ¥ILYA ¥0J SINVA o't
NOILYHNG Vi 1avd | NOULYHNG 1¥11dYd
NOTLY 1300 K014 | NOS1HYANOD MOT4 WY3d "

ATEYQ TOAY TSA Mi¥3d ‘ t 05 QIINANOD SA Q3AYISED §
| x
] +
001
. 3 °
v ost % 8
2 5
7 a ]
B 002 wm m
/ M m
P o a A N
x
0sZ 2 0L g
- 2 4
[=3
; S » ]
7 oos & T s
) * K ot s R
[+3
B ot 4 ez 9
- Ok
£2
GOy Qr
- = @340 o0s
et aANISHO . 9
ki 108M4S vive P
| an3om i 08
1.
,_{ooocgizo) hadd 00075120) 0oL
S¥ Y101 N ¥ OHSOAN %0 13w S iy vissmimo
D S8YI4 40 LN3ON3d NI AONINO3YS IONICIIOXI vasi _y.mmawﬁ“_ﬂ& S40 40 SO00L NI 394VHISIO ATIVG 20VHIAY
Y851 - (€61 SHYIA oo e At g Wiy el SN -aa R o 66 03 oL 03 0§ o0 o€ 0T o 0
¥3LYA %04 SINTYA WILYA 04 SINIWVA "
3tu3s IVANNY NO1LYENT TY1LHYd
T
NOSI¥YAROD MDY4 Hvid ._._ﬁwﬁ_mdwz%o .euk
G31NdN0D SA GIAYISEO X 9AY "SA AY3d 5
0°2
T
w4 w\x 0z
¥ o'e
s€ o 3P 3
L . >
0’y o E) o =
e 2 °
o's 2 Tk o
o M €
- [y >
o ¥ P 2
(X] 2 - &
o -
N m US z
> -
& g
CIN 09
TIdNVS QIAHTSE0 L oz 9 L x 2
KOS GIAFHIO SOTISILVIS HO r o .
Q35vE G3LVIIONI S1 TYAY3INY sz oe 9
0N3QI4NOD INFO¥Id 0§ T3LON 3
¥ 1y
_ 57 CY 08
v Q3tNdn0d | [
— . .
G3A¥35E0 _ < 109 o5
J08MS viva | e e
N dot . : o ]
- LT oot - ool
000251 £0)

%0 .,_.—u-xu<wm UN HIATY Y INSYHIHD

o)
A0 "TIIAMNIYIE UN HIATY VDISYRIND




6 HANDIA 8 HINDIA

ZTovin 3ivid FOYLH Vi | 543 40 SG00L s
SHY3A 40 IN30UT4 NI AONIOI IINIGTI0X - Ni 39UYHISIQ A11VQ 30VEIAY
064 ~ 9261 SHYIA e oo 30 NIOUIS NI ANINORS INICTINT | e v e v Em_s. gz61 mmuu» | 00O 006 008 00L 009 0G5S QO  QOF  00Z OOt O
¥ILYA 404 SINIVA o HILVK 404 SIOIA - T T 70
SILYIS TYANNY { HOTLYHNG V1 Lavd _
NOS 1AYdNOD R014 WY3d ﬂ ! NOI1VIINNOD K0T
Q31N4M0D SA QIANISEQ ' ATIVE TOAY TSA VI ] 001
I . H
e e e ! I y
> - |
sz T t = 002
e 0L " T - o
o !
e o 7 2
0y B W«x 00f X
s
o o
Z 05 ] \ 1 Pre
N a N | o
e 09 00% Wu
— 3 z L 2 %
LN Y -4 ue A
7 T
. sor 8 008 3
2 @ 2 s
258 z g
4 o
ost 00y &
T1dMYS QIANISEO ML o £ 2
NoMs 03ATHIO SDILSILVIS NO ; 002 ] -
Q3SYA GILYOIONI §) TYANIINI osz 9 i 00 =
. @ ;
20NIQL N0D LNIINI 05 F3LON o sot
F ose
X O0r 008
T G3U0dR0 Ly 8, a0s
@8 gIaNISHO o0s 06
TOBAAS ¥1YQ 2 ! i i .
3031 5 008 i | 1 [
i 1
000t (00505240} et
onre wana SR Lo St sveay TRV CNIMNE NYA LY UIANY SYSNVRMY

L qaAnOTd 9 H4NdOId

{ T S80H 11¥1d : pRrrE T e e = ey
i SUY3A 40 INTONTS NI ADNINOTAI 0NIQTIND . mEQ 40 130834 NI AONINOT T30
¢ C96L - 1061 S¥Y3IA w e e ow gt e S e [ERR - 961 - 1061 SWYIA | w v o v ew ew v .ﬁ.x.wmw ummu e
¥ILVA ¥02 SINTYA ot ¥ILYA 803 SINIVA v PO
NO11YHNQ 1V idvd SIU¥IS TVINNY m i M
NOS tHYJNOD MO14 AV HOSIHVANOD A013 AYId | v 1 S
031NdMOD SA GIAMISED " 0310dn00 SA QIABISED T ) i
H 3
e v o482 02 A + | . |
; evr sz ! > m
o, ! e °
ST & a
0y 2] T .4 o
2338 £ ¥ -t I
" 0S 5o 2
I (13 o
b 0s © . ol o A
AN - z o Z i
| : w I \ o
| o i 0% Q-
001 2 g,
14 - 85 2|
z F9.34 z
k=3 v Ul (S )
ost 2 0
S FINVS QIAETSEO Y b vy % ol
a0z ™ nOYS OIATYIC SIILSILYLS NO oo1
osz § QI5YE GILYIICNE SI TYANIING 2
aog J0N3G1INGD INIDHID 0 TILON ogi 4
. 05¢ — Y 002 .
S - a0¥ 05T !
ST, Qatnanod oos REN— g bt
e 03A43560 009 emT® QIAY3SE0 | _ 12
| 0oms wa | . 108mAS vivg | S 005
ON3931 aog- T ! T T T 009
0 _ r_!s 08 L _ RN S N B Bl e e s chcx
: e 1 T T Bt Yao0t
00088140 b o
3 <Mc_ T husom 3 Lomomm,mowxmﬁz

30



€T HINDTA

¢T HINDIA

AON3NOIYS A0S HVId
IYHLYYd ® TVANNY

d NI ADN3NOIYA 30N303INXI

AJN3N03¥4 8074 Mvad
IVILdYd ¥ TYONNY

SyY3L 40 LU
EE T

N3¥3Id NI AON3NDIY4 30NIQIFNA

L R R )

0 0"t
Y10t NO1STYY
14043y ALITIBISYIS St 140438 ALITIBISY3S 54
NISYE U3ALY SYSNYXUY 02 NISYE ¥3AIY SYSNYRUY 0z
Sz 52
0 2.2
3 8-
o5 0°s
0’9 © 6’9 ©
o § 0'g &
et x
Ot > 0L >
a Ed
[23 o
st ™ G W
0 z 0z
sz 7 st 3
0% m Uk m
3 @ 3 g2
os 3 s 3
09 Q.- A Uy .\“
0% [=] ¢ U o
-t n
004 00t
[+3 o
- 2 .-“-
Ual v . 0% i
00z 00z
o5z 062
00g 00¢
et
O | QdERAUY 00y ST L0d6BNYY —83
108MAS 01 Ny uuw 10848 Q1 HAY 208
aN3931 [TELE A
008 oo
0004 0001
-
TT FEND14 0T d405I4
30HYHOSIQ ATIVO 30¥¥IAY OL XY3d 40 01LY¥ €70viH 31v1d S¥YIA 40 INIONId NI ADNINOFUY JON3033INA
SOULY¥ NOLLYIRHH0D 09 ot 0061 - 8261 S¥YIA S e vw e e v v ve va v o e
ROV AT1YQ 39VHIAY ™ YLVR 504 SINIVA e e o -0
0L Avid IYHALYN ; NOILVHNG 1Y Hdvd
SNOILYO11S3ANL e i nostuvaneo #01s av3d o
NISYS ¥3ALY SYSNYANY oz 4 a3rndrod SA a3ANISE0
b4 e et e A — s - o ot
B 0L m
35 - {4
o
0g — ot
os 9 e 2
2 @
08 m or m
Al L SRS S ) | los %
» [2]
z - b A
£ B -
2 z
2 b e oo
S oot 2
T 2 @
I 2
I = 5
i z i 06t -
s [
2
t s ooz R
5
n o5z 9
'3 w
bt o 00¢
Q30MIIXT Y SUAIY NOBEYAID - = . osc
GNY NYTOYNYD HLHON “NYIGYNYD ¥ HAATY iVaLod b “ . ol - 0+
RIS NIYR 3HL 1439X3 N3una H S — 9
NYA 01 HYOSINNIN 3HI HOYS T g3indnod | . 00S
NISYE M3AIY SYSNYMYY 3HI ¥04 e g3ANISE0 _ . o0
SKO1J GILYIAOTY ATLNYOLAINDIS 108145 viva | O B
TON ¥0 G31YINSIUNN 10 SOOIHId N ? - R co8
NO Q3SYE 3V NEOHS YIVQ :ILON | - R v e 1 oot
00001 Scnonﬁow
ALY SYSNYXYY

THYY CNBNNG NYA LY N




LT ZdNDId 91 HINDIA

£ZOA 3191d
SHVIA 40 INIO¥34 N1 AON3INO3MI IONIOIIOX3 4861 - 1961
A 3

B A e A e A T I R

FZOR IIVid

SHVIA 40 IN3JY3d NI AONINOIMS IDN30330X3
¥861 - L961

L I A R R ST u e cw oW

O e N ]

SuvIA ¥ILVE L peeee " o g e e 1 SRR 0 SHVIA YILVA e s T U

NOTIYHENO Y118V SIS WANRY
NOSIHYA0D MOV Mvad i N i § [T A g NOS [ MYGHOD ROV X¥3d . . SN NSNS O R N SO A O |

HYdYNI ' HYAVNIT

e e ot e e b e e ned e bbb e Lo e e oz

i
U O SR S S ORI VRO NS O U WO NN U (UUE SO S 4 - o S UV S S N P
N R SR SN N N 8 . — ~doe

304Y¥HISIQ

SO S N G MUY S S Y z
S 00 0 A A N S S L O St i s uciaint St i A S L - S os
- P D z e - PPN v B - ..
R 1 0 i NN U Yt F RS SAQ O M T - N ERNNS FO o o
2
| ]
= s T st
| !
| o .
H 02 = 0t
o v
: - et —sz
4 v e ] ¢ o ] e ov

R o¢ 1A ag

9
pmend = : e I = T 4 -or [ e 0y

oo e e e
T q3indned
@ T g3A83S80

o . . o
SRR WD U SOV, T O S - e e nt fg hd 4310dR03 i 0%
@ T QJAYESAo

|
! _ T - +- 1109 et
I 108H43 vivg _ bvmder oo defemcb s L P R U SO O 108RAS YLVQ
_, ON303 H
A

- af -8

- af 8 1.1 - p-iog NI | MRS S5 S S 1 B o8

VO I J O O [ T A
L - ———

e B S Kl A S St I B S S i e B b T .[?l.:
{oooiz120) oot ) {0007 £1£0) oot
xO.x(nEzumzmu>_zm_m0_omu> NO 'HYJYN3] UN ¥3IALY SIND:1QU3A

308YHISIO

$30 40 S.ANYSNOHL NI

ST FTINDIAI YT JaNdId

32

SeoA 31¥Id

¥861 - L961
SY¥IL YYONITVD
¥0J SINTYA IVNNNY

AGT4 ATIVD RONIXYAR

S¥Y3A 40 INIOM3d Nl ADNINDI¥S 3ONI0II0N3 SYYIA 40 IN30¥3A4 NI ADNINDIUA ION3EIIONI
+ em o o e e em .  am

W ow e oer e Tk vm rw rw ve v vw v e AONIND3UA ROTA HYId w wewv v ow A g i)
et il R T e et T SRR JN I SO S St IHLAVY B TVANNY
NIUNG NYA

ooy

IO T T S VO WO S SRS S O S TN U SRS G B P 140434 ALi118iSY34

HYJYNIT NISYE H3IAIY SYSNYIEY -
[ | . - U DRSS R VO IO AT SNPUE F SHORE St M o -
SN RS S U FURS JUUIN SEDE (DU OUR NS N SUU ROR S JO oz . -
R e o B e o S T s St il SRR SUEREE B e (130 ot

e @
- 25 [REE TR S el g - b S R A iy B R A -3 e
- E it R iy Sl tas S Sl Slnh (elnl et St it S 14k 4 m or

. >
RN RN IOR U B R ISUON! N P & fos 3 o
e . 09 M - 09

— e ] 44 B e N

08

: o et I R S i et Sl S i gy 113 Q0L
vy . 4
v
B ekl it Bt St SRR Snuks alebl A (it St -4 4Gt e,

O JU BD S0 R e = o o e e S -0z

—- NS SRR SRS I THNUU NI S I P 1L e - B B w14

S40 40 S.ANYSNORL Ni
k)

e B

* e e oy amwe e A " N N . 00y
® T qundned |
o7 Tt GIANISEO |
[ o8mas viva A .
ﬁ aN3OMN |
PN .. i

A SO S BN SR - -+ oo - odeRnY
+ [ N S B A T - 108MAS Q1 NP
ede- [ SR S RS T I e -5t jos a3 009
— St i R I
{0004£420) oot

WO ‘HYAYNIT BN HIATH SIHDIONIA

HOWYHOSHIG

$32 40 S.ONYSNOHL Ni




- Tc MMDwk_m 02 JFANDI4

CALEIA]
5864 - G961

¢L0A 31v1d

1 13X
SHYIA 0 1N30NId NI KONINO3SS HONICII063 861 - 496

P I T S N ]

SY¥IA 40 pzuomum N1 AONINDIYA FONACIIIA3
v el e

TR a v S OB FR SR e

W oe e e w e

A0UYHIS I

$40 40 S.ANYSMAORL Nt

(o£s62120)

i
- 2
U W P I T
S¥ *SNO{U3NY AN Y Of

HSOIN

~oa

(00092(20)
MO *IHONINYID dN 83AIM SI¥OIOHIA

SHY3L UYONITYD - P SHV3A YILVA d T - T
¥04 S3INTYA TVANNY i ; ﬁ NO[LVENA YILdVd |
ROT4 ATIYA AOANIXYA w RN SRR S5 S [ SR T i NOS1HYJROD RO14 AV3d | PRSP S
SO AIRY ll— i 3¥ON3¥YID .
R B Y L
e ° -
. - " — A 0 -
SN S S W . z
£
JUTSUS TN DU SO -k z
2
* ——— m 3 ——
;o | S S, -1 d - Lo ]
=
S o U U O S Y B 30 g e
P AT W TUPILYTE S, 8
- H w
» _ ||m z
— o e o b E] . ] b [ NS T
! r_ ' _.& P Si
- et -z R oz
- Q 9 3
] R A e STt oz
) o 5 log Lol b b ‘wﬁh 3 L
, ] B oo e 4y HR o
Py & r bt 0y e el o -t e amntt SRR SN Lt 3 nll B S VT 3
0310dN0Y e e g - e 08 e g3ANGMeD | S R e e dog
03A83580 SR SO B 09 o-——e  ganuzsec | YRS N 08
viva ey g - 10818 e | i d.L 1
QN3931 108 aN3931 1 P o
PR | - o e d A f P

=001

6T JINDIA

8T HINdDIA

1€0A 31Vd
+864 - ¥961

SYUY3A 40 LNIJWId NI ADN3NDIYI JON303IFX3

L R N R

o vw ol

£E0A 31Y1d
¥861 - ¥96)

mx<u> 40 IN3I3¥3d NI ADN3NO3U4 IONICIIIXI

L A S R Y )

33

T
|
SHYIA ¥ILYR , Rl e L] SYYIA ¥YANITYD ey 1 v
S3HYIS VYANNY ﬂ 403 S3NVA IVANNY i i
HOSIHYdMOD NOVS w¥id | L L [ Y I O VU U SO 4o dgy #014 ATIVG ANRIXYR [ fee I 1 dee
monwn | FHORTAYID '
e SRR N G S S S S N S O T N SUNE SV S (N N 1 SR U SN bbb ot e b e e b e e e
PV DTG U U S S S o e [ T SO R A L S P S U N S G O (VORI O A S T
R o e o - o d e S e R P ee o i e B e T e e e S B IR S o
—t - Hee 2 O i e oo
- e e O e e R RS o i ' SRR S S W VIS NS C NS SO U S U S N
L TR QU U W S A — bt dos 3 — 4 SN U -
J SOV NN HNVOY S WU S S R SN A SRS QU SN PP L JERSUOR S R N TN Y DN DRV (0
A S ~ = b o S O S N T -
z
- R s S SR SN Y A L [ DU SO U St A 00 Ut SO e R B L
o Fy 01 W - e i i Sl S i el G Sy 1+ 14
E4 L
3
£13 _sw o Sttt SalE S (44 4
[N DU N S o
0z e o R 1102
et et RN S . o - | S - [ - IR PR B
sz 2 sz
—t—1 - = b mpeog -+ {11 B R R S
- J B e B R G e SURED T8 100 N U R S S S po
e . JEC N AN (P USRS e b oy R S O S SR S N
. - ES&.SQ -k e ey I SERRIN L S 2 S ] A N E TT ] . e T - o B T B s s s SECTE IS EEEERS S S P
& e 03AY3SE0 e bbb 4 PR S . Y @ Q3Ad3580 . - - 4- - JUSSUU U S —log
108HAS YiY0 . - - - - - oo — B 108nAS vivo ﬁ . AN - b e e b e e e — 4
[ECER ﬁ R i N [on A Bl et TR S A A [RELEY] ] - - | - = . - m - rwl - - Hoe
) - b - 004 i ) L SRt

(000971 £0) 00092020} oo

D “IHOA3MY 1D UN ¥3ATY SINDIOM3A Ho uzc:uz<mo YN HIALY STEDIOHEA

30¥YHIS IO

$23 30 S.ONYSNOWL Nt




67 HIANDIA

v JdNoId

U .
. (047284 £0)
$3 THLNOWAd HN ¥ OOOAMOL10D

-001

4
PYOA 3LVid T SHYIA 40 INIOWIA NI ADNINOMA IINIGIIONI
$861 ~ 6961 w E N B Ee ve v ee eeem e e va v e ve e
1 SHYIA YALVA | S T S
I NotLvang WiiMvd | ,_y oo
| b
NOS |8Y4N0D K014 Hv3d JEUR U S N NS WY PO
HINONATS ; [
- B ST O ) SO S U OO P
o R B e e e S T e e e l.._.m.u
k- B e s S B R Fdote o
g [ T T S i b et oggg 2
B A R e e e S e nl SR O St oeb oty §
{ : b
— - ] ATt s &
e o'g @
1 i
R il st e i 18- B
i =t g
- - R e s o1 &
w
>
&
(I S I A - 4
) XA v ¥ S g
ol e do vl =]
- MM 0z =
o
] - —ez %
——t u
i il n it S Attt el -1 Ut
- OO SRR SN (RN S N n
i - —lor
ﬁ ST Q3INGR0D e SN 9N
S QINISE0 T feee | S B . N0 N SO U S M9
108MAS vive | e I ]
|
aN3931 | - ! s ! Joe
et ha RN 000 U VUG 0P SNt SN ISV RO A ik e d SR 3 e
{0s728120) oot
S3 "HINOMAT BN M OCOBNO1100
€ HANDId
DEINATE e S R = i - i
5961 - 596, SHV3A 40 INIOMId NY AONNDIWS JONIOTIOXI
e ew vm ea e ew o s v
SUYIA HYONIIVD
¥04 SINTYA 1YONNY
K014 X11¥Q 1ANIXYA
HINOMAY
o
0
8
x
»
3
@
2
z
5
X
i=3
[=4
13
[4
z
<
)
o
-
o
il
“u
| B
©T T g3ipdmed
fe % o3nyiss0 _ .
1 10gRas e | i
| [OKEER] | — |
i - i P

£40A 31¥id SHYIA 0 INIDW3J NI AONINOZHA IOMICIAOND
SB6L - 5351 W e e v R e v e a v w vm vm ow e
SHY3A ¥ILYR [y - e pa0t
SIINIS TVARNY
NOS I ¥YdNOD KO3 V3d R S U gy
HLAORAT .
. I W IO IO TR SR S [ SO0 O
i
O A A e Sl S el o -- -5z
. ,wﬂ.w. DU DU Y SR R — R S SRS (NP SN 4-4o-¢ °
N e ) ST e e SRt 2ot SR = 4 —igeg O
} RN SR U AN RS VP GHPY PO 00 [ NS SN Y S A P
. g
R b —demded o 3
- § - R S SR T x:* dgrg M
U L= . b3
Y - 12 I AN T A
= T Tt de &
od s @
| S alv v_v . nu‘
FPY L »
b
e o Ak e i - B B i S B A
a2 [}
I A R B T £ u
s ik e Sl J R S ey og
T i T £
T T Lr
-+ g3INdnod - : - .- -
-9 garyIsHO pof o
08m4S viva L [ - o
an3oa AN !#8
e . - s o
R (057281 £0) oot
S ‘HIOMATd SN § TOOBNGLL09
904 3v18 ! SHY3A 40 1NIOWI4 NI ADNIMDIMA IINIOTIOXI
G861 - 5964 ! T
SHYIA HILYA i g T B e e I R Rt 1
S31HIS IVINNY | i
i
NOS1HYGNOD KO13 dvid | SR U OO T R SRS SUURS D N U WO S SR S S Jes
SN2 1W3IRY !
- e B - Ll b oz
- = R e e £ e i L SN Sy B S Pl 4
A N O S O O 0 O O A I
J - S JUU S N S witder de ol oty 8
e 3
oAt e - 4= =bbdos &
23
[ A e — - 4 - o9 M
e PR S - N el e . R N z
A U T Y S A Y OO RO O S O
; e s e g | S N P A it Nt B I L
b o ,‘\nldcv‘t‘ B s Sl SEe S B [ TR~}
. w
» — v z
bbb b b b Lo fage JRE S SO S E
T o3
Sl B o B e SR e A1 2 - B i SR R S o A
s
B P A A O OV T AP S S SO SR T S sz 9
w
e debde e R B oc
SRRSO JORDI TP RS SHN S P froodems b dge
oo b b e g U P S O
1
031014103 T T I S N L T T UL P S R SR e “!.L. 4o
0303560 | e R SR VR SN S deedede b d 2d 4 doe
viva . B U j L P
| Ao - - L - % 1 s
- St AT S S It ) G Aot el Rl
(0s262120) 0o

S SAJIYINY UN Y OHSOIN

34



8¢ HINDIA

T e o

¢nc>up<._m
i SUYIA 40 INIOWI Nt AONINOIA uozuoum0xu
¥86L -~ 5961 . T e o X LU T

S¥YIA ¥ILYA : r e R e
NOILYHNG IVIL¥Vd ! { i !
NOSIHYENOD NOV4 W¥id | e i O S S S o} e ooy
30HINNOY ! | : .
: i
- - ,Tv.z _ - ——— — SO . ‘ - - («*c‘N
S I [ T o
[ S T R A O . . .
i I - —o'¢
SOSEES t HV S0 SUV SURUION ISVUPOR SRS A W RS S R B
e e e A0 DR SRR I 04
O B T N N o o Y o S T
[ R S SN YR S SO
S S — o SO S S
“_ N . Bt s A B L
s DRI U L S P
| ¢ ;
L - B L e - -
) i _ﬂ 13
. | i
P e ikt S S Sl A S S G e oz
e T;.i?sb l.iAi. JOPG S SR (P NUPY NPV QU RPN N U P
[- R T 0 1 A P I
AV GRS S TS SR S :«-.:- dge
_v~ e wl. = T..:.I.Tizi!.fl, N P4 o A PO . oy
| YT 3indm " _ prde o 1 Fin
“ o —% Q3IAYESHO bmele b ;JJT i S04
L 0ams viva B A i
] aN3eI - 01 G o A A »! -4
L N AN UG SN S S
b s e [ : D L
fcocnn_hov

A0 “IDYINKQY ¥N ¥3AIY OHSOIN

30uVHIS1C

545 40 S.ONYSNOHL Ni

L2 HANDIA 9C HIND2Id

35

[T IR f - , .
mz<u> 40 IN NI A 0t H
¥REL ~ G961 i 30 10M34 NI AN .a..mmm. MBI e m v rm ¢nmw>-umww,_¢ SHV3A 4D 1N30N3 NI AONGNDII FONOT0XD
SHY3A H3LVA , T Righg il 9 : R L
S31¥3IS IYNNNY J B _ a H SHYIA YYONIYD i RN 1071
| ! ! ! 404 SANTYA IVANNY o
NOS1#YANOD X914 XVid |
ENEEL e _ #0114 ATIYQ NANIXYA o1
e i 3083AM00 .\_
E - - 0z
[
4 0°¢
8 e 2
ta
z o'y §
1 b4
2 o's %
m o
- 09
: .
T 0°'8 _,
e 3
@ oL 2
z @
P >
3 3
a st 2
o w
o oz R
b sz S
@
or
. e I
i s e oy
P~ g3inenod | 4“
{ ®o e g3ayasAo | T 43Indmod o
t toams viva | | * - g3A¥3sE0 _ 09
a3 I | 08ms viva |
Lo S r ON3OT ” on
(035681 10) - - L. [ G R 0t
%O ‘JOUANAOD BN HIAIY OMSOIN (000884 £0)
%0 *IOUIMROD UN HIAIY OHSOIN




References

1. Hula, Ronald L., Southwestern Division Reservoir Regulation
Simulation Model, ASCE National Workshop on Reservoir Systems
Operations, Boulder, Colorado (1979)

2. 1Interagency Advisory Committee on Water Data, Guidelines for
Determining Flood Flow Frequency, Bulletin #17B of the Hydrology

Subcommittee (rev 1981)

3. Schreiner, Louis C. and Riedel, John T., Probable Maximum
Precipitation Estimates, United States East of the 105th
Meridian, Hydrometeorological Report No. 51, National Weather
Service, National Oceanic and Atmospheric Administration, U. S.
Department of Commerce (1978)

4. Word, Clinton E., Arkansas River - Reservoir System Studies,
Corps of Engineers Hydrologic Engineering Center Workshop on
Hydrologic Studies in Support of Project Functions, Angel Fire,
New Mexico (1990)

36



Regulated Flow Peak Discharge Frequency
Estimates For Large Basins.

by
Ronald L. Hula

SUMMARY OF DISCUSSION BY BRUCE C. BEACH

In response to a question, the author stated that the result
of the feasibility report was negative, but that the model would be
used over and over again in response to pressure from various
interest groups. He added that another use of the model would be in
response to criticism from floods. The public isn't aware of all
the floods that didn't happen; that were prevented by the systemn.
Use of the model would help demonstrate to the public system

benefits.
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REEVALUATION OF FREQUENCY OF REGULATED FLOWS
ON THE AMERICAN RIVER AT SACRAMENTO

by
Russell P. Yaworsky!

Introduction

Purpose. Sacramento is a rapidly growing metropolitan area located at the junction of the
Sacramento and American Rivers, two California rivers with a high flood potential. The
American River has experienced several large flood events within the past 35 years which strained
the operation of the existing flood control system. As a result, an effort was made to update the
hydrology of the American River and to evaluate both the existing flood control system and
measures to upgrade the system. This paper briefly discusses the study approach and analysis.

History. Folsom Dam, approximately 25 miles upstream of the City of Sacramento, and its
associated downstream levees are the sole flood control features in the basin (see Figure 1). The
reservoir space in Folsom Lake dedicated to flood control is based on the Reservoir Design Flood
(RDF), which was computed as the flood resulting from the largest rainstorm of record within the
region (December 1937). Using the RDF as a guide, the dam was built in 1955 to provide a
maximum of 400,000 acre-feet of flood control space with an objective outflow of 115,000 cfs.
The downstream levees are currently considered capable of safely accommodating sustained flows
of 115,000 cfs.

In February 1986, major storms in northern California caused record flood flows in the
American River Basin. A peak outflow of 130,000 cfs from Folsom Dam exceeded the objective
release of 115,000 cfs for a period of 48 hours. Prior to 1986, it was believed that Folsom could
provide up to a 120-year level of protection and that a flow of 115,000 cfs would not be exceeded
more than once in 100 years, on the average. However, in addition to 1986, Folsom peak releases
equalled 110,000 cfs in February 1963, 115,000 cfs in December 1964, and would have equalled
115,000 cfs in December 1955 except that Folsom storage was well below the bottom of the flood
pool because filling began that year.

Summary of Findings. The purpose of the study was to review and update the hydrology of
the American River. This was accomplished by developing current condition unregulated and
regulated discharge-frequency relationships. The updated hydrology showed that Folsom Dam is
capable of controlling to the 63-year event with surcharging and without having to release more
than 115,000 cfs. This reduction in the level of protection provided is due primarily to the
additional 30 years of record. Floods of design magnitude are now estimated to occur much more
frequently. Since completion of Folsom Dam, three floods have exceeded the volume of the RDF
(December 1955 and 1964, and February 1986). Seven of the ten largest recorded events have
occurred since 1950 (see Figure 2).

Identified measures to help increase the level of downstream flood protection included (1)
increasing the flood control storage in Folsom, (2) increasing the downstream levee and channel
flood carrying capacity, (3) using existing upstream reservoir space for flood control, (4)
modifying Folsom Dam to permit increased releases, and (5) constructing new upstream flood
control storage.

! Hydraulic Engineer, Sacramento District, U.S. Army Corps of Engineers
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Study Area

Basin Topography. The American River Basin encompasses about 2,100 square miles. The
headwaters of the basin originate in the Sierra Nevada Mountains at an elevation of 10,400 feet
and flow generally westward to the Sacramento River (see Figure 1). The basin is drained by
three large branches, the North, Middle and South Forks. The three forks unite into one main
channel within the reservoir area. The elevation of the basin where the American River flows
into the Sacramento River is near sea level. The average basin slope is 80 feet per mile. The
upper third of the basin has been intensely glaciated and is alpine in character with bare granite
peaks and ridges. The middle third is intensely dissected by profound deep canyons, while the
lower third consists of low rolling mountains and foothills. Major development is limited to the
lower third of the basin.

Storms and Floods. The American River Basin lies on the seaward face of the Sierra Nevada
which rise directly across the path of storms moving inland from the Mid-Pacific Ocean. The low
barrier of the Coast Range, which intervenes between the ocean and the Sierra Nevada, is pierced
by the large San Francisco Bay Gap westward from the basin so that considerable volumes of
moist maritime air reach the basin at low levels. The major storm events are characteristically
rain and snow and are generally composed of a series of storms which dump a large volume of
water into the system. Precipitation normally falls as snow above the 5,000 foot level, but during
extremely warm winter storms rain has fallen over the entire basin melting some of the snow, and
at times stripping most of the snow from the basin.

The annual precipitation is concentrated almost entirely during the winter storm season from
November through March. Figure 3 is a histogram of mean monthly precipitation at selected
stations. Summer thunderstorms which occur over small areas barely affect the mainstem flows.
In addition, spring snowmelt floods are characterized by low peaks, long flow durations and large
volumes of runoff, and normally do not present a flood problem because of the relatively large
release capability at Folsom.

The high flood potential in the basin is attributable to the storm track, orographic effects and
geology of the Sierra Nevada Mountains, and by the concurrence of flows from the three main
branches in the reservoir area.

Study Approach

An analysis of available flow data was needed to determine the flood potential of the basin.
The last statistical analysis of the American River was done in 1961 and included flow data for
water years 1905-1956. An additional 30 years of record, up to and including 1986, was included
in the present analysis. An attempt was made to estimate historic peaks outside of the gaged
period, prior to the 1900’s. However, extensive hydraulic mining for gold on the lower American
River, and in adjacent basins, had since significantly altered the flow regime in the Sacramento
Valley making reasonable estimates of the magnitude of these events difficult.

Unregulated Frequency Analysis. Development and analysis of unregulated flows were needed
to provide a basis for evaluation of the existing system and any alternatives considered.
Unregulated mean daily flow was determined by computing daily reservoir holdouts (change in
storage in cfs) and combining them with the recorded regulated flow at the Fair Oaks gage just
downstream of Folsom Dam. The reservoir holdouts account for the effects of Folsom and the
largest upstream reservoirs including French Meadows, Hell Hole, Loon Lake, Union Valley and
Ice House (see Figure 1). The computed flows updated the previous period of recorded natural
flow, water years 1905-56, to the long-term records of 1905-1986. This new streamflow record
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was used to develop annual maximum volume-frequency relationships for durations of 1-, 3-, 5-,
7-, 10-, 15-, and 30-days at Fair Oaks. Computed statistics for the analytical frequency curves
were adjusted to assure a smooth, consistent family of curves. The unregulated rain flood
frequency curves are shown on Figure 4.

Flow-Frequency - Project Conditions. Evaluation of the existing flood control system
required a flow-frequency analysis for the present pro ject conditions at Fair Oaks. Estimated
affects of storage in the upstream reservoirs and of Folsom operation were included in the
derivation of the frequency curve for existing conditions (see Figure 5). The 31 years of actual
recorded flow data, since construction of the dam, were used to define the plotting positions of
flows more frequent than the 50-year exceedence interval. For less frequent flows, or to
extrapolate beyond the historical record, hypothetical flood hydrographs were developed and
routed through Folsom. The unregulated flow volumes, see Figure 4, were used to generate the
hypothetical inflow hydrographs for each exceedence interval.

The shape of the hypothetical inflow hydrographs was derived from a balanced 200-year flood
series, see Figure 6, that was patterned after the Probable Maximum Flood (PMF) developed in
1980 to evaluate the adequacy of the Folsom spillway.

The 30-day series of flood waves, see Figure 6, typifies the major storm events in the region.
Many floods are preceded and/or followed by other storms. Operational studies must therefore
not only consider the largest flood event in the series, but also the potential for smaller floods
infringing on the remaining flood space.

Hypothetical reservoir routings of various wave sequences were done to find the most critical
scenario. The sequence of flood waves can vary, as long as the volume relationships are
preserved. Beginning the routings with the large wave first was determined to be the most
critical. The routings indicated that preceding the large flood wave with a smaller wave, in
effect, improved operation by allowing Folsom to pass the small wave and a significant portion of
an initial flood space encroachment contingency. The encroachment of 80,000 acre-feet into the
flood space was applied to account for uncertainties in realtime operation that have been
experienced during 30-years of actual operation. This uncertainty is due to the basin’s potential
for generating a large volume of inflow in a relatively short time and because Folsom Dam cannot
pass these high inflows soon enough.

A review of historical floods also showed that about 50,000 acre-feet of effective upstream
storage space would be available during major floods up through the 100-year frequency. This
volume was gradually shaved from the rising limb of the hypothetical inflow hydrograph to
simulate impounding by the upstream reservoirs. No reduction in inflow was made for floods
larger than the 100-year event, because it was assumed that preceding storms would have been
sufficient to fill the upstream storage space, or that the space available would have been
ineffective. This was deemed a reasonable assumption since both situations have occurred at times
in the past.

Flood Control Measures

The previous sections have shown that the existing flood control system on the American
River provides a lower level of protection than designed. Several flood control measures were
considered to provide additional flood protection. These measures are discussed in the following

paragraphs.

Existing Upstream Storage. There is a total of about 820,000 acre-feet of storage capacity in
the upstream reservoirs; however, all of these reservoirs are designed for water supply and/or
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hydroelectric power generation. Pertinent information about these upstream reservoirs is shown
in Table 1. Historically, they have provided some incidental flood control benefits but
operationally it would be very difficult to rely on this storage for the following reasons:

1) The upstream reservoirs control a maximum of only 18% of the runoff into Folsom.

2) Most of these reservoirs are high in the basin where much of the precipitation during
major storms falls as snow.

3) The reservoirs have very limited outlet capacities and therefore may provide some
protection until filled by the first major storm, but are of limited benefit during succeeding floods
unless the outlets undergo major reconstruction; and

4) It may be unwise to allocate credit to reservoirs so high in the basin because their

effectiveness is dependent on storm centering. For example, after the storm of February 1986,
not all upstream reservoirs filled. The available space was therefore ineffective.

TABLE 1

PERTINENT INFORMATION FOR SEVERAL UPSTREAM RESERVOIRS

Reservoir Drainage Capacity Distance to
Area Folsom
(sq-mi) (ac-ft) (river miles)

French Meadows 47 136,400 61
Hell Hole 114 207,600 68
Loon Lake 30 76,500 75
Union Valley 84 271,000 57
Ice House 27 46,000 64

Raising Folsom Dam. Raising the dam was not considered further because of the miles of

dikes associated with the dam. The cost in raising the dikes and the marginal increase in flood
protection precluded this from further study.

Additional flood space at Folsom. Increased flood space at Folsom, up to a maximum of
650,000 acre-feet, could raise flood protection to just under the 100-year level for an objective
release of 115,000 cfs. Flood space greater than 650,000 acre-feet would severely affect other
operational purposes of Folsom. In addition, a limited release capability at the lower pool
elevations would offset much of the benefit of the increased space.

Lower Folsom Spillway. Lowering the spillway sill would increase the release capability by
allowing dam releases to follow inflow as needed. As described earlier, Folsom is unable to
release inflow early in an event until enough head is available to do so, at which point a
significant amount of encroachment into the flood pool has occurred.
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Increase Objective Release. Increasing Folsom objective outflows could also provide added
flood protection on the lower American River. Objective outflows are based on the design and
capacity of the levees and river channel downstream from the dam. Increased flows, thus, would
require levee modifications at several locations downstream along the American River and
tributary streams.

A summary of the affects of these measures individually and in combination are shown on
Figure 7. Some combinations can provide up to a 150-year level of protection.

New Upstream Storage. Additional upstream storage is necessary to provide levels of
protection in excess of 150-years. Previous studies have shown that the most practical location for
a reservoir upstream from Folsom would be on the North Fork American River below the
confluence of the North and Middle Forks near Auburn (see Figure 1). This location allows for a
dam to be built to provide a storage capability large enough to significantly reduce downstream
flooding. The basin above this site includes fifty-five percent of the total American River
drainage, and historically has generated approximately two-thirds of the total runoff.

Conclusion

During the last 35 years, the American River has experienced several large floods near design
magnitude. The existing flood control system was therefore evaluated to determine the level of
protection provided for the Sacramento area. An analysis of the updated hydrology of the
American River, unregulated and regulated flows, was performed to assist with the evaluation.

The analysis showed that Folsom Dam and downstream levees do not provide a high level of
flood protection. To address this, several flood control measures were proposed which would
enhance the existing flood control system. Each measure was evaluated on its own merits and in
combination with other measures. These measures, excluding additional new upstream storage,
could provide protection to a2 maximum level of 150-years. However, a high level of flood
protection (i.e., about 200-years or greater) may be desirable for metropolitan areas, such as
Sacramento, where levee failure could result in catastrophic loss of life and property. After
extensive analysis, the construction of additional flood control space immediately upstream from
Folsom Lake was found capable of effectively achieving the higher levels of protection along the
mainstem American River.
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Reevaluation of Frequency of Regulated Flows on
the American River at Sacramento

by
Russell P. Yaworsky

SUMMARY OF DISCUSSION BY BRUCE C. BEACH

In response to a query, the author stated that the City and
County were the local sponsors. The proposed Auburn Dam is quite
controversial. The site is in another County, and local officials
there oppose the dry dam alternative, they gain no benefits, but
environmentalists oppose the permanent pool alternative.

Lew Smith, of OCE posed the question: Given the demonstrated
uncertainty, is the use of a volume frequency curve the best way to
determine Federal interest in a critical project like this? Mr.
Yaworsky responded by asking the question: What alternatives are
there?
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FLOW REGULATION MODEL
FOR THE PROPOSED HINGED POOL OPERATION
OLMSTED LOCKS AND DAM
OHIO RIVER

by

Lyndon C. Richardson, Jr.!
INTRODUCTION

The Olmsted Locks and Dam Project was authorized for construction by the Water Resource
Development Act of 1988, which was approved in November 1988. The Olmsted Project will
replace existing Locks and Dams 52 and 53 with a single project located 1.8 miles downstream of
Locks and Dam 53 at Ohio River Mile (ORM) 964.4, near Olmsted, Illinois. The Olmsted Project
is proposed to be operated as a "hinged pool." The hinge point for project operations is at
Paducah, Kentucky located 30 miles upstream of the dam. The proposed hinged pool operation
will require a more sophisticated flow regulation and pool control system than the "stair-step"
operation now in use on the Ohio River Navigation system. This paper addresses the need for an
unsteady flow regulation model for the proposed hinged pool operation at the Olmsted Project. A
proposed unsteady flow regulation model is presented.

PHYSICAL SETTING AND AVAILABLE DATA

The Olmsted damsite is located on the Ohio River, 17 miles above the junction of the Mississippi
River. Figure 1 is a location map of the project area. The project is the last of 19 modern high
lift navigation structures to be constructed on the Ohio River system. These 19 projects replaced
a system of 46 old low lift lock and dam structures, most of which had movable dams which were
manipulated using semi-manual methods. The structures upstream of this project are the
Smithland Locks and Dam at ORM 918.5, the Tennessee Valley Authority’s (TVA) Kentucky
Lock and Dam on the Tennessee River at mile 21.5 and Barkley Lock and Dam at Mile 27.6 of the
Cumberland River. The Olmsted Locks and Dam is the most downstream navigation project on
the Ohio River System. There are no navigation dams downstream of the project and none are
planned. Open river navigation exists downstream of the project to the mouth of the Ohio River
at Cairo, Illinois and thence to the Gulf of Mexico via the Mississippi River.

At the damsite, the Ohio River has a drainage area of about 203,000 square miles. The Tennessee
and Cumberland Rivers contribute about 59,000 square miles which both join the Ohio River
below Smithland Locks and Dam. The Mississippi River above Cairo, Tllinois has a drainage area
of 713,000 square miles. In spite of the 3.5 to 1 discrepancy in drainage area, the Ohio River
contributes about 58% of the flow of the Mississippi River below the junction.

The stages of the Ohio River at the damsite are not uniquely related to the Ohio River Discharge
but are a function of the flow coming down the Ohio River, the recent history of that flow, and
the stage of the Mississippi River at Cairo, Illinois. Since the Mississippi and Ohio Rivers often

respond to independent hydrologic stimuli, a wide variation in stage-discharge relations occur at

1Hydraulic Engineer, Ohio River Division, U.S. Army Corps of Engineers
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the damsite. Although a long historical record of stages and discharges is available for the area,
they are not fully useful because of changed basin characteristics brought about by a wide variety
of water resource developments over the past century. For example, over 80 major flood control
dams have been constructed in the Ohio River basin during the last 60 years. These dams
significantly affect flood flows and low flows on the Ohio River. Extensive systems of levees and
floodways were constructed along the Lower Mississippi River. Over the years, these
modifications have resulted in significant changes to the stage-discharge relations at the damsite.

For project design studies, it was necessary to select a data set which reasonably reflects the
current hydrologic environment at the project site. It was necessary that this data set be
appropriate to provide the required hydrologic engineering guidance relating to proposed project
operations, risk analysis, navigation conditions and real estate acquisition. The data set selected
for this purpose consists of a set of daily values of stage and discharge covering the period from
October 1, 1966 through June 30, 1988. This period reasonably represents present day conditions
because it represents the period after Lake Barkley was placed in service. Figure 2 is a plot of
this data set and illustrates the wide variations in flow and stage that occur at the proposed

damsite.

PROJECT DESCRIPTION

The Olmsted Project will feature twin 110-foot by 1,200 foot locks adjacent to the Illinois bank,
and a 2,200 foot wide navigable pass dam extending from the locks to the Kentucky bank. There
will be a total of 220 individually operated hydraulic wicket gates, each having a 10-foot nominal
width with 4 inch gaps between them. The wickets will be 26 feet in length in the down position.
Figure 3 is a plan of the proposed project.

HINGED POOL OPERATIONS

The 2,200-foot wicket gate dam will serve both as a navigable pass and as a flow regulatory
section for the hinged pool operation. The hinge point for the Olmsted Project operation is the
Paducah, Kentucky gage at ORM 934.6. The operational objectives of the proposed hinged pool
as presented in the Supplement to the project General Design Memorandum (Louisville District,
Corps of Engineers, 1990) are to:

1) Maximize open river (non-locking) time.

2) Maintain a minimum pool elevation of 300.0 feet at Paducah, Kentucky and
elevation 302 feet at Smithland Lock and Dam tailwater.

3) Operate the dam efficiently by minimizing wicket gate operations.

4) Minimize hydraulic pulses and surges in the upper and lower pools by smoothly
merging these pools during transitions from locking to open river conditions, and
vice-versa.

Elevation 300 feet will be maintained at the hinge point except for instances of unusually low
flows when slightly higher elevations will be maintained. This operational objective will maintain
an adequate depth in the Paducah fleeting area, and maintain an adequate tailwater on the lower
lock sill at the Kentucky Dam. A secondary operation objective will be to maintain elevation 302

55



ELEVATION IN FEET

330 4

320 4

3210 _

300 J

290

280 J

270

ALL COMBINATIONS OF
RIVER ELEVATION AND
STREAMFLOW OBSERVED
FROM 1967-1988
OCCURRED WITHIN

THE LIMITS OF THIS
FIGURE

NAVIGATION
THROUGH PASS

NAVIGATION
THROUGH LOCKS

¥

L] ¥ T Y
100 200 300 400 500

DISCHARGE (CFS X 1,000)

Figure 2. Olmsted Experience Curve -- Open River
Navigation verses Locking

56



weq pue syoo peiswiQ pasodorg jo ueyd ‘¢ °In3T4

2 P oot

OON_.OZ.-. et

SIDOIM o::a._gf:

weqg %® $)}007 pPI{swWiO

57



feet at the tailwater of Smithland Locks and Dam which will assure adequate navigation
conditions on the Cumberland River below Barkley Lock and Dam. This secondary objective will
only be of interest during those periods of unusually low flow when the maintenance of elevation
300 feet at Paducah will not provide a tailwater elevation of 302 feet at Smithland. The hinged
pool operation was chosen because of the following reasons. First, the operating pool levels will
be kept as low as possible to minimize any potential adverse increase in groundwater stages in the
environmentally sensitive wildlife areas upstream of the damsite. Second, use of the hinged pool
maximizes the time "open river" navigation is possible during which commercial navigation can
bypass the locks and can transit the lowered navigation pass section. This open river navigation
provides significant savings in time and costs for the waterway users because it eliminates the
delays and added fuel costs associated with locking. It also enables the use of larger barge tow
configurations such as the 30 barge tows commonly used on the Mississippi River which cannot be
accommodated by the 1,200-foot Ohio River locks without double locking. The hinged pool
operation accomplishes this by smoothly merging the upper and lower pools together at elevation
295 feet which provides satisfactory water depth above the navigation pass sill.

For this discussion, the term "open river" shall be used to describe conditions when navigation can
bypass the locks and can transit the lowered pass section. Figure 2 graphically displays this open
river time. The demarcation between the time navigation occurs through the locks and when it
occurs through the navigable pass is shown by Line "A-B-C’ of Figure 2. Any time the stage-
discharge relationship falls below and to the left of Line *A-B-C’, the locks will be in service and
the navigable pass will be closed to traffic. If the stage-discharge relationship falls above and to
the right of Line 'A-B-C’, then the project will be in the open river status with all wickets
lowered. The locks will be out of service and the navigable pass in service. It is apparent that
whenever the tailwater elevation at the dam is above elevation 300 feet, the navigable pass wickets
will be in the lowered position and all navigation traffic will use the navigable pass. Also, because
of the configuration of the sill of the navigable pass, the navigable pass cannot be opened to
traffic until the tailwater elevation at the dam has risen above elevation 295 feet. This insures a
minimum satisfactory depth of 15 feet across the sill of the pass section of the dam. During these
periods, the navigable pass wickets will be in the raised position and the navigable pass will be
closed to traffic.

During locking, the wickets will be raised and lowered as required to hold the upper pool as low
as possible while maintaining elevation 300 feet at the hinge point. The upper pool will not be
drawn down below elevation 295 feet. The upper pool will be maintained by the wickets with
these objectives and, during the transition period from locking to open river, will also be operated
to minimize project swellhead by smoothly merging the upper pool and the tailwater. There will
be occasional short periods when the tailwater will rise above elevation 295 feet because of
backwater from the Mississippi River, but, because of insufficient flow on the Ohio River, the
navigable pass cannot be lowered because the proper pool elevation cannot be maintained at
Paducah. This case is illustrated on Figure 2 by the curved portion on the left end of the
demarcation line *A-B-C’ between locking and open river. During locking periods, the normal
operating range for the upper pool will be between elevations 295 and 300 feet. However, during
periods of very low flow on the Ohio River, the upper pool must be maintained at elevations
between 300-301.5 feet in order to provide a minimum tailwater elevation of 302 feet at the
Smithland Locks and Dam, located 47 miles upstream.

The navigable pass will be open about 59 percent of the time, although this will vary from year to
year. For example, in low flow years, open river navigation might only occur for 30 percent of
the time, but might occur as much as 80 percent of the time in a "wet" year. Locking is most
common in the period from early fall through mid-January. Open river conditions occur most
often from mid-winter through late summer. In a typical year the navigable pass is lowered and
raised 5-7 times.
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TYPICAL OPERATING SCENARIOS

Case One -- Transition From Locking to Open River Navigation. Figure 4 illustrates the
proposed hinged pool operation of the Olmsted Project for the conditions of a rising river. In this
example, the rise in project tailwater is assumed to be influenced mainly by increasing Ohio River
discharge. Backwater caused by the Lower Mississippi River is assumed to be negligible. For this
case, the tailwater level is assumed to rise on the curve labeled, "Design Critical Tailwater."
Initially, the navigable pass is assumed to be in the raised position with open river navigation
suspended, all navigation traffic is locking and the initial headwater elevation is at elevation 300
feet (Point "A" in Figure 4). As the discharge increases, the project headwater is brought down on
curve A-B by progressively lowering wickets in such a manner as to maintain elevation 300 feet at
Paducah. The headwater elevation is held at elevation 295 feet by the wicket gates until one foot
of swellhead across the dam is reached (Point "C" in Figure 4). From this point, a swellhead of
one foot is maintained until the tailwater elevation reaches 295 feet (Point "D" in Figure 4). At
this point, the navigable pass would be completely lowered and open river navigation would
commence. At this point, the project would exert no influence on river stages upstream of the

project.

Case Two -- Transition From Open River Navigation to Locking. For conditions of a

falling river, the navigable pass wickets will be raised in reverse as in the foregoing. The
navigable pass will be closed when the river flow and tailwater elevation are insufficient to
maintain the minimum navigable depth across the dam sill (tailwater elevation 295 feet) and to
maintain elevation 300 feet at Paducah. During the transition from open river navigation to
locking, the navigable pass must be raised gradually to prevent the formation of undesirable
transitory waves upstream and downstream of the dam. In the past, rapid raising of the wickets at
existing Locks and Dam 53 resulted in the f ormation of a downstream trough or negative wave.
These waves adversely affect navigation on the Lower Ohio River and the Lower Mississippi
River.

FLOW REGULATION REQUIREMENTS

The hinged pool operation will require a more sophisticated operating system than is now in use
on the Ohio River Navigation system. This is because the project gate settings must be made
earlier than actual flow conditions in order to allow for the hydrodynamic lag between gate
operations and their later effect at the hinge point. In order to establish at any given time the
required settings for the wicket gates to meet the foregoing operating objectives, the operating
system for flow regulation must include knowledge of the hydraulic state of the pool. In this
application, the instantaneous state of the pool is characterized by the volume. The flow
regulation system must also be capable of predicting what the anticipated future state of the pool
will be. Hence, the flow regulation system must be capable of processing data on inflow from the
Ohio River and tributaries. Here, simple reliance on the headwater elevation of the pool to
ascertain the pool state will not be possible because (1) the free surface of the pool is not
horizontal and (2) the flow regime is unsteady because of hydropower releases from the Barkley
and Kentucky Dams and because of changes in gate settings at the Smithland Locks and Dam.
Under these circumstances, knowledge of the headwater elevation of the pool at Olmsted Dam will
provide only incomplete, partial indications of the pool state, insufficient for operating the
proposed hinged pool. It should be noted that these requirements are only of concern during
locking periods at the Olmsted Project. Whenever the flow at Olmsted exceeds 270,000 cfs, flow
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regulation will cease because the navigable pass will be open. However, during periods of lesser
flow when the navigable pass wickets are used to control the pool or when the transition from
open river navigation to locking operations is being accomplished, pool control will be more
complex.

AUTOMATED POOL CONTROL

Eventually, a total project operating system is envisaged for the Olmsted Locks and Dam in which
most of the gate controls will be automated and driven by a master control system. A plan of such
an automated flow regulation system is shown schematically in Figure 5. This automated system
would be used to regulate flow past the dam any time the pro ject is not in the open river status.
The automated system would consist of four components or modules. These components consist
of an operation control module, a data acquisition module, a numerical model, and a flow
conversion and gate adjustment module. The function of each of these components is summarized
below.

Operations Control Module. The operations control module would independently
carry-out the decision process for Olmsted Locks and Dam. These decisions would be based on
the current and future system states, operational rules, and objectives. The operations control
module would function with the aid of an externally maintained information base. Included in
this information base would be both operation rules (e.g., maximum rate of change of flow at
Olmsted) and the operational objectives (e.g., fixed pool elevation at Paducah, Kentucky). Also
included within the knowledge base would be the tolerance limits for each of the objectives and
operating rules.

Data Acquisition Module. Real-time data will be used to operate the model and will
include both flows and stages. The acquisition and screening of this real-time data would be the
responsibility of the data acquisition module. The flows that will be required will be the
Smithland Lock and Dam discharge, the Barkley Dam outflow, the Kentucky Dam outflow,
ungaged local inflows, and the flows from the Upper Mississippi River. The stages that will be
required include the stage at the upstream hinge point at Paducah, Kentucky, the stage at
Smithland Locks and Dam tailwater, and the headwater and tailwater elevations at the Olmsted
Dam. It may be necessary to acquire additional stage information at other points within the pool
to determine the state of the pool. Estimates of future (forecast) inflows from Smithland Locks

and Dam, Barkley Dam, and Kentucky Dam and the upper Mississippi River will be required.

Mathematical Model. Determination of the current and future hydraulic states would be
made by a numerical model. The model proposed for this function is the current FLOWSED one-
dimensional numerical model for computing unsteady flows on the Ohio River and its major
tributaries. Part of the requirement for using this model for real-time operation is the need for an
algorithm to handle the hinged pool operation. After a discussion of the flow conversion and gate
adjustments module, the remainder of this paper will address the FLOWSED numerical model and
the modifications made to the model to handle the hinged pool operation.

Flow Conversion and Gate Adjustment Module. The module used to determine the
Olmsted gate settings would require information on the future flows to be released from Olmsted.
These flows will be computed by the numerical model using real-time conditions and operations
determined by the operations control module. The current project headwater and tailwater
elevations will be required. The current wicket gate settings and the operational status of the
wickets will be required. The position of the wickets would be monitored continuously by an
industrial quality microprocessor gate monitoring and control system. These wicket settings would
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be displayed both digitally and graphically on video display consoles in the main locks and dam
operations control center. The Lock operation personnel will always have a graphical
representation of the configuration of the navigable pass. Once the required wicket gate settings
have been determined, the module would display these changes and if desired, transmit the
required instructions to the gate operating machinery in the dam via a programmable logic
controller. For safety reasons, the capability of manual override of the automated wicket
operating system would be available through hardwired controls.

FLOWSED -- UNSTEADY FLOW NUMERICAL MODEL

Summary of Model Capabilities. The original FLOWSED model was developed at the
Colorado State University (Chen, 1973). Through funding by the Ohio River Division, the
FLOWSED model was modified by the Waterways Experiment Station (Johnson, 1982) to account
for the effect of the navigation locks and dams on the Ohio River. The program was subsequently
restructured and the sediment computations removed from the program by the Ohio River
Division but the name FLOWSED has been retained. A complete, theoretical discussion of
FLOWSED would take more space than is appropriate here. A thorough discussion of the
background and theory of the program is given by Johnson (Johnson, 1982). Only an overview of
the program capabilities is given here. FLOWSED is a 1-Dimensional, unsteady flow, implicit
finite difference model that provides the capability of dynamically modeling a system containing
any number of tributaries. FLOWSED has the special capability to model the influence of high-
lift navigation dams in the system. This special locks and dams feature is a key feature of the
program for modeling unsteady flows on the Ohio River system because of the many high-lift
locks and dams on the Ohio River navigation system.

Channel Geometry. The channel geometry is modeled by input of tables of elevation
versus flow area, topwidth, and Manning’s n-values at each cross section (computation point)
along the study reach. The n-values are allowed to vary with elevation at a particular cross
section and with distance along the channel. The channel geometry used for this study is shown in
Figure 1 and includes the reach of the Ohio River below Smithland Locks and Dam, the
Cumberland River below Barkley Dam, the Tennessee River below Kentucky Dam, and a portion
of the Mississippi River above and below the confluence of the Ohio River at Cairo, Illinois.

Cross sections are spaced at approximate 1 mile intervals along the Ohio River and tributaries and
at 5 mile intervals along the Mississippi River. Additional cross sections are provided at locations
of locks and dams and at gaging stations.

Model Boundary Conditions. The upstream boundary conditions are prescribed by
outflow discharge hydrographs at Smithland Locks and Dam, Barkley Dam, Kentucky Dam and
the Upper Mississippi River discharge at Thebes, Missouri. The downstream boundary for the
model is a discharge rating curve for the gaging station at Caruthersville, Mississippi on the
Mississippi River. Ungaged local inflows are treated as lateral inflows input into the model at the
appropriate locations.

Initial Conditions and Time Step. Initial conditions can be specified by input of a steady
flow water surface profile with elevation and flow at each cross section or by a transient profile
from previous computations. The solution becomes independent of the initial conditions after a
sufficient length of time. A 1-hour time step for computations has been found to yield
satisfactory results for model applications on the Ohio River and tributaries.
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Locks and Dams. The FLOWSED model treats locks and dams as discontinuities or
internal boundaries, wherein there is an elevation change across the dam with no change in
discharge. Two methods can be used to specify the way in which the dam is to be operated. The
normal procedure for handling locks and dams is to input constant elevations upstream of a lock
and dam to reflect the pool elevation the lock operator is expected to maintain. With this
procedure, FLOWSED computes the flow required to be passed through the structure in order to
maintain the upstream pool elevation required. Theoretically, the operator could use the gate
rating tables to make the gate adjustments required to pass the computed flow. Alternatively, a
time-varying upper pool stage hydrograph can be specified as an interior boundary instead of a
constant stage to be maintained. The proposed hinged pool operation at Olmsted Locks and Dam
is a special case of the latter and requires special treatment as discussed next.

Hinged Pool Algorithm. An experimental algorithm for modeling the hinged pool
operation was added to the FLOWSED model (Johnson and Weisinger, 1990). The algorithm is
based upon prescribing a time-varying upper pool stage hydrograph at Olmsted but the prescribed
elevation is determined in a different manner. The hinged pool algorithm is based upon the use of
results from several steady flow runs in which various combinations of inflows and Olmsted
elevation settings were prescribed to determine the corresponding water surface elevation at
Paducah and downstream of Smithland Locks and Dam. For example, it is known that if the sum
of the steady flow discharges from the Smithland and Barkley dams is less than 65,000 cfs, the
Olmsted elevation must be prescribed to be 300 feet to force the Smithland tailwater above
elevation 302 feet. The algorithm uses three steps to prescribe the water surface elevation
upstream of the Olmsted Dam. First, the algorithm computes elevation settings at Olmsted to
force the tailwater elevation at Smithland above 302 feet. Next, the program checks to determine
if the Smithland tailwater from the previous time step is greater than 302 feet. If so, then an
Olmsted headwater elevation that will force the elevation at Paducah to remain near elevation 300
feet is computed and used. The computed hourly elevations at Olmsted are saved and at the end
of an operational cycle are smoothed using a three-point moving average equation, i.e., the past,
present and future elevations are averaged. After the elevation hydrograph is smoothed, the
complete flow regulation cycle is rerun with the smoothed elevations prescribed as the time-
varying boundary condition upstream of the dam. This smoothing technique is required to
prevent the elevation hydrograph and the discharge through the dam from becoming to erratic and
causing excessive number of wicket gate operations. Several flow events were simulated to verify
the model and the behavior of the Olmsted hinged pool algorithm. Results of some of these are
described next.

Simulation of May-June 1988 Low Flow Period -- Without Olmsted Project. Previous
applications of FLOWSED on the Ohio River were primarily concerned with modeling flood
flows. Since low flows are of primary interest in this application, it was believed necessary to
select a recent low flow period to verify the model performance, geometry, and roughness,
without the Olmsted Project inplace. The low flow period from 20 May 1988 to 10 June 1988 was
selected for this application. For this application, existing Locks and Dams 52 and 53 were left in
the model as internal boundaries and the recorded headwater elevations for the entire period at
these projects were prescribed as input. The upstream boundary conditions were input as the
observed discharge hydrographs for the Smithland Dam, Barkley Dam, and Kentucky Dam and
the observed flow hydrograph for the Upper Mississippi River at Thebes, Missouri. The results in
the form of elevation plots are presented in Figures 6 and 7. These figures show comparisons of
the computed and recorded stage hydrographs at Paducah, Kentucky and at the Smithland Locks
and Dam tailwater. These results are considered satisfactory at this stage of study and compare
within 0.5 to 1.0 feet.
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Simulation of May-June 1988 Low Flow Period -- With Olmsted Project Inplace. The
FLOWSED model was modified by replacing Locks and Dams 52 and 53 in the model with the

Olmsted Project. The hinged pool algorithm was introduced into the computer code as a separate
subroutine. The May-June 1988 flow period was simulated with Olmsted inplace. As can be seen
in Figure 8, the Paducah, Kentucky elevation is maintained throughout the simulation near 300
feet; however, Figure 9 shows that the Smithland and Barkley outflows are not sufficient the last 7
days to maintain the tailwater at Smithland above elevation 302 feet. During this period, Figure
10, shows that the Olmsted Project is exercising maximum control of the pool; i.e., an elevation of
300 feet is being forced at the dam. Under actual conditions, it is envisioned that the maximum
pool elevation at Olmsted would be allowed to rise above elevation 300 feet for very short and
infrequent periods in order to hold elevation 302 feet at Smithland. The capability to retain pool
levels above elevation 300 feet at Olmsted will depend on the amount of flow available, lockage
water requirements, gate leakage and the maximum damming height of the wickets.

Wwith Locks and Dams 52 and 53 removed from the system and the Olmsted Dam inplace, several
hypothetical inflow events were simulated to demonstrate the behavior of the Olmsted hinged pool
algorithm. The results of two of these simulations are summarized below.

Simulation of Smithland Dam Flow Event. For this event the Barkley and Kentucky Dam
outflows were held constant at 6,000 and 12,000 cfs, respectively while the Upper Mississippi
River flow was taken to be a constant 120,000 cfs. As illustrated in Figure 11, the Smithland dam
outflow had the flow increasing from 40,000 cfs to 200,000 cfs over 6 days and then held constant
for 3 days. Over the next 3 days the flow was decreased to 40,000 cfs and was again held constant
for 3 days. Computed elevations at several locations are presented in Figures 12-14. As
illustrated in Figure 12, Olmsted loses control from about day 9 to day 13. During this period all
wicket gates would be lowered because the tailwater and headwater elevations have been merged.
Open river navigation would occur through the navigable pass. From Figure 13, it can be seen
that the elevation at Paducah, Kentucky can no longer be controlled and rises to a maximum of
about elevation 302 feet during this period. Figure 14 shows that the tailwater at Smithland Dam
rises to a maximum of about elevation 311 feet during this period. This simulation shows that the
hinged pool algorithm functions properly throughout a flow event in which control is lost and

then regained at Olmsted Dam.

Simulation of Barkley Dam Flow Event. For this simulation the Smithland Dam discharge
was held at a constant 40,000 cfs along with 12,000 cfs and 120,000 cfs at Kentucky Dam and the
Upper Mississippi River, respectively. The Barkley Dam outflow contains three rapidly varying
flows in the first 5 days of the total 10 day simulation. These inflows are shown in Figure 15. As
can be seen, the maximum flows for the three peaks are 20,000 cfs, 40,000 cfs and 60,000 cfs
which simulate hydropower peaking operations at the Dam. Computed elevations at several
locations are presented in Figures 16-18. As can be seen in Figure 16, the peak of the maximum
surge created at Barkley Dam is about 16 feet. From Figure 17, it can be seen that operation of
the Olmsted Dam hinged pool attenuates the surge at Paducah, Kentucky. The surge shows up
again downstream of Olmsted Dam as shown in Figure 18.

CONCLUSIONS

Discussion. This paper addresses the need for an unsteady flow regulation model for the
Olmsted Locks and Dam Project. The current numerical model called FLOWSED for computing
unsteady flows on the Ohio River navigation system was modified to handle the proposed Olmsted
Project. These modifications were required since the Olmsted pool is to be operated as a "hinged
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Figure 9. Computed Smithland Tailwater for
May - June 1988 With Olmsted Inplace
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Figure 10. Computed Olmsted Headwater and Tailwater for
May - June 1988 with Olmsted Inplace
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Computed Elevations at Paducah, Kentucky
for Barkley Flow Event

Figure 17.
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Figure 18. Computed Olmsted Headwater and Tailwater
for Barkley Flow Event

pool" with the hinge point being Paducah, Kentucky which is located 30 miles upstream from the
damsite. During locking periods the Olmsted headwater elevation will be maintained between
elevations 295-300 feet in order to maintain a near constant pool elevation of 300 feet at Paducah,
Kentucky. An experimental "hinged pool algorithm" was developed and introduced into the
FLOWSED model as a subroutine. Several low flow events were simulated with Locks and Dams
52 and 53 removed and with the proposed Olmsted Project inplace. Based on the results of these
simulations the hinged pool algorithm appears to be operating properly and yields reasonable

results.

Future Work. Since the hinged pool algorithm was applied to a small number of flow
events and those selected events may not cover the full range of reasonably anticipated events in
the lower Ohio River, it is believed that some adjustments to the algorithm to reflect actual
operating conditions will probably be warranted. Upgrading the reliability of the discharge rating
for the Smithland Dam gates should improve the model’s performance.

It is anticipated that the modified FLOWSED model will become part of a total project operating
system for Olmsted Dam in which most of the gate controls will be automated. For this to be
feasible, some refinements to the hinged pool algorithm will be needed to minimize the frequency

of gate changes and to provide for smooth operations.

72



REFERENCES

Chen, Y.H. 1973 (Mar). "Mathematical Modeling of Water and Sediment Routing in Natural
Channels," Ph.D. Dissertation at Colorado State University, Fort Collins, CO.

Johnson, B.H. 1982 (Aug). "Development of a Numerical Modeling Capability for the
Computation of Unsteady Flow on the Ohio River and Its Major Tributaries," Technical Report
HL-82-20, US Army Engineer Waterways Experiment Station, Vicksburg, MS.

Johnson, B.H. and Weisinger, L.L. 1990. "Numerical Modeling of Unsteady Flows Through the
Proposed Olmsted Hinged Pool," Draft Miscellaneous Paper HL-90- , US Army Engineer
Waterways Experiment Station, Vicksburg, MS.,

US Army Corps of Engineers 1990 (Apr). "Supplement No. 1 to Design Memorandum No. 1,

Main Report, Volume I and Appendices, Olmsted Locks and Dam (Replacement of Locks and
Dams 52 and 53)," US Army Corps of Engineers, Louisville District, Louisville, KY.

73



74



Flow Regulation Model for the Proposed Hinged Pool Operation,
Olmsted Locks and Dam, Ohio River

by
Lyndon C. Richardson, Jr.

SUMMARY OF DISCUSSION BY BRUCE C. BEACH

In response to questions, the author stated the feasibility
study considered hydropower, but it was found infeasible. A
suitable location in the dam was designed so that hydropower could
be added at a later date. Only one other hinged pool exists, at

Pittsburgh.

In a discussion, general concern for the operability and
reliability of the wicket gates was expressed. The author stated
that a similar design exists in France and that prototype wicket
gates were to be installed at a facility with similar head to allow

for extensive testing.

75



76



SESSION 1l
CONSERVATION STORAGE ANALYSIS
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SUMMARY OF SESSION II
CONSERVATION STORAGE ANALYSIS

prepared by

Loren W. Pope
Little Rock District

OVERVIEW

Topics presented in this session consisted of one
presentation on the effects of off channel storage on peak flows
and the inclusion of this effect into the design of the project,
and four presentations dealing primarily with problems associated
with conservation storage in multi-purpose reservoirs. The
problems included those associated with drought, reallocation and
hydropower. Problems such as these will become more prevalent as
we place more and more demands on our limited water resources.

PAPER PRESENTATIONS

Olga Boberg, Albuquerque District, presented a paper
entitled "Impacts of Gravel Pit Storage at Roswell, New Mexico."
Ms. Boberg's paper describes the hydrology and hydraulics of a
flood control study for Roswell, NM. She presented the
hydrologic model and its calibration in detail and explains how
the gravel pits were having a considerable impact on reducing the
peak of the 100-year flood. She also describes the existing
conditions with some prior channelization and most of the
flooding being caused by overflow from the perched Rio Hondo
River. The most cost effective alternative was determined to be
one that utilizes the capacity of the existing channel through
town as well as an existing gravel pit adjacent to the Rio Hondo.

Cecil P. Davis, South Atlantic Division, presented a paper
entitled, "Drought Contingency Planning." This paper presents a
thorough review of the water management practices relative to
drought contingency planning and management. Key issues that
surfaced were (1) time required to study and develop DCP's,

(2) authority to manage for purposes not specially listed in
authorizing legislation, and (3) management for a purpose that
was authorized but has no cost allocated to it. Primary finding
was that DCP prepared prior to the drought was certainly
desirable as it facilitated better public relations.
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Ralph R. Hight, Tulsa District, presented a paper entitled,
"Reallocation Impacts on Hydropower at Texoma." A reallocation
study was conducted to reassign 77,400 acre-feet of power storage
in Lake Texoma to satlsfy water supply needs. Mr. Hight
presented the key issues and impacts of this reallocation. The
primary issues presented were the financial settlement with the
hydropower interests and whether or not the Secretary of the Army
had approval authority. It was determined that the Secretary of
the Army had the discretionary approval authority even though the
total storage was 150,000 acre-feet. The presentation on the
financial settlement was very interesting and enlightening. The
final settlement amounted to new thermal replacement value plus
an automatic escalation of five percent per year.

D. James Fodrea, North Pacific Division, presented a paper
entitled "Determining Dependable Capacity Losses for Water Supply
Reallocation Studies." Dependable capacity is necessary in
determining the project's contribution to the system's peak
load-carrying capac1ty It is also needed in determining economic
feasibility and in negotiating hydropower sales contracts. Mr.
Fodrea presented four methods of determining dependable capacity.
He also described where each should be used. The four methods
are (1) the critical month method, (2) the firm energy method,

(3) the specified availability method and (4) the average
availability method. The last method average availability is
recommended for estimating the dependable capacity of hydro
plants in large, diverse thermal-based power systems, which are
typical of most power systems in the United States.

Werner C. Loehlein, Pittsburgh District, presented a paper
entitled "Reallocation of Reservoir Storage for Water Supply
Issues and Impacts." In this presentation Mr. Loehlein presented
two case studies one on the Allegheny Reservoir and one on
Youghiogheny River Lake. A daily flow simulation model was
developed and utilized for the studies of Allegheny Reservoir.
The studies indicated that due to changes in water demands placed
on the basin it appears up to 83,500 acre-feet of storage could
be made available for water supply storage. For the studies on
the Youghiogheny River a five-day flow simulation model was
utilized. From this study it was determined there was no surplus
storage for water supply and that the only viable alternative was
to increase the summer conservation pool and to make structural
modifications to the dam.
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IMPACTS OF GRAVEL PIT STORAGE AT ROSWELL, NEW MEXICO

by

OLGA BOBERG!

INTRODUCTION: 1In May of 1988 the Albuquerque District completed work on
the Reconnaissance Report for Roswell, New Mexico. The findings of this
report were that a significant flood threat existed and that further
study was warranted. In the spring of 1989 the feasibility study for
Roswell was initiated. The purpose of the study was to develop
hydrologic and hydraulic information, determine the magnitude and source
of the flooding problems, and develop viable solutions to the problems,
potentially in the form of a flood control project for Roswell.

Roswell, New Mexico is subjected to the flows from two rivers which
feed the Pecos River, a watershed comprising about 44,000 square miles.
In order to define the source of the flooding problems, the hydrology and
hydraulics of the individual rivers, as well as their interaction, needed
to be understood. A major issue that arose was how to model the gravel
pits located in the project area.

The storage effects of the gravel pits proved to have a significant
impact on attenuation of peak flows on the North Spring River. This led
to the finding that the Rio Hondo was the major contributor to the
flooding problems of Roswell. Isolating the source of the flooding
problems allowed for the proper development of project alternatives for
Roswell.

BASIN DESCRIPTION: Roswell is located in the southeastern part of New
Mexico in the Pecos River Watershed. Refer to the vicinity map on Plate
1. The source of the Pecos River basin is in the Sangre de Cristo
Mountains about 395 miles north of Roswell. Tributary watersheds in the
vicinity of Roswell include Rio Hondo, North Spring River, and Berrendo
Creek. Elevations vary from approximately 3443 feet at the confluence of
the Rio Hondo with the Pecos River to about 12,000 feet in the upper Rio
Hondo watershed.

Rio Hondo is formed at the confluence of the Rio Ruidoso and Rio
Bonito, near the village of Hondo in the foothills region of the Sierra
Blanca Mountains. Refer to the watershed map on Plate 1. From this
point it flows eastward for about 81 miles to its confluence with the
Pecos River, 7 miles east of Roswell. The stream is perennial from its
source to about the Lincoln-Chaves county line. From this point it is
intermittent to the U.S. Army Corps of Engineer’s (COE) Two Rivers

! Hydraulic Engineer, Albuquerque District, U.S. Army Corps of Engineers
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Reservoir and intermittent from the dam to the mouth. The river has been
controlled by Two Rivers Dam since 1963 but runoff originating below the
dam still causes flooding problems. Refer to the watershed map on Plate
2. The channel capacity of the Rio Hondo still remains very small
through Roswell. In most areas, flood damages will occur with any flood
larger than about 700 c.f.s. The size of the Rio Hondo drainage area
from below the Two Rivers Dam to it’s confluence with the North Spring
River is 63 square miles.

North Spring River has its source in the low hills about 6 miles
west of Roswell. Refer to the watershed map on Plate 3. The drainage
system is ill-defined in the upper reaches and consists of a group of
broad, shallow draws which converge into a well-defined channel near the
western edge of Roswell. From this point the stream continues eastward
through the irrigated area west of Roswell to its confluence with the Rio
Hondo. North Spring River has a drainage area of 28 square miles.

The Berrendo Creek watershed begins on the eastern slopes of the
Capitan Mountains between Hondo and Arabela, New Mexico. From this point
it flows eastward for about 56 miles to its confluence with the Rio Hondo
about 3 miles east of Roswell. The size of the drainage area is 518
square miles. Berrendo Creek does not contribute to flooding in Roswell.

DISCHARGE FREQUENCY ANALYSIS: There is one gage in the project area:
North Spring River at Roswell (the Rio Hondo at Roswell gage period of
record is only five years). The period of record for the gage is 1958 to
1986. It is located upstream from Montana Avenue and 2 blocks north of
West Second Street in Roswell. Refer to Table 1 for the results of the
frequency analysis. The frequency analysis yielded a high standard
deviation. Also, it was determined that the discharge record has been
significantly affected by the storage effects of the several gravel pits
that exist along the river (see Plate 3). Therefore, the results of the
frequency analysis of the North Springs gage were not considered
reliable.

Twenty-four U.S. Geological Survey streamflow-gaging stations were
studied to determine which gages could be utilized in a regional peak
frequency analysis. A statistical analysis of the gage records was
performed in accordance with Bulletin 17B of the U.S. Water Resources
Council, "Guidelines for Determining Flood Flow Frequency". The skew
coefficients were obtained based on the report "Generalized Skew
Coefficients of Annual Maximum Streamflow Logarithms in Southwestern
Division, Corps of Engineers", March 1978. The frequency curves
developed were adjusted for expected probability. A multiple linear
regression analysis was performed using variables of drainage area size,
slope, length of basin, and gage elevation. The 24 gages were reduced to
only 7 because of deletions of gages due to elevation, short record
length, and drainage area too large. Regression equations were developed
for the 100-year and 10-year events. It was determined that the
regression equations could not account for the storage effects of the
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TABLE 1

NORTH SPRING RIVER AT ROSWELL, NM

DRAINAGE AREA = 19.5 SQ.MI., DATUM OF GAGE 1S 3575 FT
GAGE 08393600 - PERTIOD OF RECORD 1958 TO 1986

APRIL 1989 CREST GAGE

FINAL RESULTS
-FREQUENCY CURVE-
B R R B LS Ty

e FLOW,CFS........ * *...CONFIDENCE LIMITS...*
* EXPECTED * EXCEEDANCE * *
*  COMPUTED PROBABILITY * PROBABILITY * .05 LIMIT .95 LIMIT *
e e e e e e e o e e e e e e e e e e e e e K e e e e e e e e e e e e e — e e e e m e m e ——— *
* 21600. 60700, * .002 * 210000, 4910. *
x 8840, 18700. * .005 * 67300, 2330. %
4320, 7620. * .010 * 27100, 1280, =

2020, 3050, * .020 * 10400, 673. *

891. 1180. * . 040 * 3700. 335.

265, 308. * .100 * 826, 116,

w« 90, 97. * .200 * 226. Y/
* 13. 13. * . 500 * 27. 7. %
* 2. 2. * .800 * 5. 1. =
1. 1. * .900 % 2. 0. =

s 1. 0. * .950 * 1. 0. =
* 0. 0. * .990 * 1. 0. %
O 10 0 s o O 2 U0 O 8 8 IO S0 Y Y OF IOV N U M N N1 S SR A SR R e A B R B O o o 2
FREQUENCY CURVE STATISTICS * STATISTICS BASED ON *
............................................ S 1
© MEAN LOGARITHM 1.1894 +* HISTORIC EVENTS 1
* STANDARD DEVIATION .9380 * HIGH OUTLIERS 0 *
*  COMPUTED SKEW .5694 * 10OW OUTLIERS 0] *
GENERALIZED SKEW .1000 * ZERO OR MISSING 7 *
ADOPTED SKEW .3896 * SYSTEMATIC EVENTS 27 %

* HISTORIC PERIOD 33 %

AR e e e de e ko e e e e e Yok S s S s A R e b s e ek ok

83



gravel pits located in the study area. This made it necessary to develop
a rainfall runoff model using the U.S. Army Corps of Engineers HEC-1
flood hydrograph package for determining frequency flow data for Roswell.

UPPER BASIN MODEL CALIBRATION: From the frequency analysis, three gages
located in the upper basin of the Rio Hondo were selected as being
reliable for use in calibrating a model of the upper basin above Roswell.
Refer to Tables 2-4 for the results of the frequency analysis. An HEC-1
model was developed of the Rio Ruidoso, Rio Bonito, and Rio Hondo
watersheds with concentration points at the gages: Rio Bonito at Hondo,
Rio Ruidoso at Hondo, and Rio Hondo at Diamond A Ranch. After the Snyder
unit hydrograph parameters were selected, then watershed loss rates were
determined by calibrating the model to the discharge frequency
relationships that had been previously developed for the three gaged
watersheds. The peaks in the calibration model were matched to the peaks
in the frequency analysis with emphasis placed on matching to the Rio
Hondo at Diamond A Ranch gage(a basin area of 947 square miles). Results
of the calibration are shown on Table 5. Refer to the watershed map on
Plate 2 for locations of gages. A field survey provided information with
which to design the hydrologic model. Refer to Plates 4-7 for frequency
curves of the gages. The initial losses obtained from this calibration
were utilized in the Roswell HEC-1 model.

UNIT HYDROGRAPHS: The Snyder synthetic unit hydrograph method was
utilized. The relationship between Ct and slope developed for previous
studies of watersheds in New Mexico and Texas by the Albuquerque District
was adopted for use in the Roswell study. Flood reconstitution data of
streams in the Pecos River Basin were used to verify the Ct curves's
applicability to the study area. A Cp value of .8 was chosen for the
model also based on flood reconstitution data. Plate 8 shows Snyder’'s Ct
versus equivalent slope curve.

INFILTRATION RATES: A constant loss rate of .25 inch/hour was used for
the calibration model based on an approximate study of the soil types in
the basin using Soil Conservation Service (SCS) Soil Surveys of Chaves
and Lincoln County, New Mexico as well as New Mexico State University's
Research Report: Soils of New Mexico. The drainage basin was found to
contain primarily SCS type B and C soils corresponding to SCS
infiltration indices in the .05-.3 inch/hour range. Flood
reconstitution data of streams in the Pecos River watershed indicates
that constant loss rates in the range of .2-.4 inches/hour are possible.
The calibration model yielded initial loss rates for the 10-year, 50-
year, and 100-year of 1.10 inch, 1.00 inch, and .60 inch respectively.
These values were applied to the Roswell model using a constant loss rate
of .25 inch/hour. An initial loss rate of zero inches and a constant
loss rate of .25 inches/hour were used for the Standard Project Flood
model. Percent of impervious area for a 100-year future growth
projection was estimated using a 50-year future growth projection
developed by the City Planner of the city of Roswell.
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TABLE 2

RTI0O BONITO @ HONDO, NM

DRAINAGE AREA = 295.0 SQ.MI., DATUM OF GAGE IS 5205 FT
GAGE 08389500 - PERIOD OF RECORD 1931 TO 1967

APRIL 1989

FINAL RESULTS
-FREQUENCY CURVE-
R R T PR R S T B B N e T

o . .FLOW,CFS........ * *...CONFIDENCE LIMITS...*
% EXPECTED % EXCEEDANCE * *
COMPUTED PROBABILITY * PROBABILITY * .05 LIMIT .95 LIMIT *
U 0 g *
* 46500, 58700, * .002 * 107000. 25900.
& 34500, 41200, * .005 * 74100, 20000. =*
* 26800, 30900. K .010 * 54600, 16100, =
* 20200 22600. ] .020 * 38900. 12600. =
* 14700, 16000, * .040 * 26600. 9530.
* 8920. 9330. * .100 * 14700, 6090. %
* 5500. 5630, * .200 * 8360. 3910, %
* 2100. 2100. * .500 * 2910. 1520, *
* 766, 746, * .800 * 1080. 505. %
443, 421, * .900 * 652, 268. %

279, 257. * .950 * 432, 155, =

* 115. 95, * .990 * 199, 53.
e T T e o o o o B R
; FREQUENCY CURVE STATISTICS * STATISTICS BASED ON *
T, e m ettt e e m e e e N e et e e e e e e mm e e e, .= - *

4 MEAN LOGARITHM 1.3081 # HISTORIC EVENTS 0 *
* STANDARD DEVIATION .5092 * HIGH OUTLIERS 0 *
* COMPUTED SKEW -.2529 * LOW OUTLIERS 0 *
*  GENERALIZED SKEW -.005% * ZERO OR MISSING 0 *
* ADOPTED SKEW -.1726 * SYSTEMATIC EVENTS 37 %

R B R S R Lttty
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TABLE 3

RIO RUIDOSO @ HONDO, NM

DRAINAGE AREA = 290.0 SQ.MI., DATUM OF GAGE IS 5181 FT
GAGE 08388000 - PERTOD OF RECORD 1931 TO 1970
APRIL 1989

FINAIL RESULTS
-FREQUENCY CURVE-

B B B T L I S S S L S S LS S U M SR 8 S S M N U I KM S A P et eI TS
% .. ...FLOW,CFS........ * %, .. CONFIDENCE LIMITS...*
* EXPECTED  * EXCEEDANCE *
% COMPUTED PROBABILITY * PROBABILITY * .05 LIMIT .95 LIMIT *
e T T O X

x 48100, 65700.  * 1002 * 126000, 24200, *
* 31400 39600, .005 * 75500. 16700. *
: 22100. 26500. % .010 * 49500, 12400, =
* 15100 17300, 1020 * 31400. 8890. *
% 9970 . 11000.  * .040 * 19100. 6150. *
% 5260. 5540, % .100 * 8970. 3480. *
2910. 2990.  * .200 * 4530. 2020, *

958 . 958. % .500 * 1350, 678. %

325, 317, % . 800 * 468. 208. %

186. 178.  * .900 * 281. 110. =*

119. 110, # .950 * 187. 65. %

51. 44, % .990 * 90. 264, %

R B o B B A I i B L IR S I SO S S SN SR S W TN AT S S
FREQUENCY CURVE STATISTICS  * STATISTICS BASED ON *
......................................... I
MEAN LOGARITHM 2.9901 * HISTORIC EVENTS 0 =
STANDARD DEVIATION .5661 % HIGH OUTLIERS 0 *
COMPUTED SKEW .1466 * LOW OUTLIERS 0 *

* GENERALIZED SKEW -.0396 % ZERO OR MISSING 0 *
* ADOPTED SKEW .0912 * SYSTEMATIC EVENTS 40 %

B S e e R T R R S B S SO SO P S S N SR A OSIRANBUR AR
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TABLE 4

RIO HONDO @ DIAMOND A RANCH NEAR ROSWELL, NM

DRAINAGE AREA = 947.0 SQ.MI., DATUM OF GAGE IS 4190 FT
GAGE 08390500 - PERIOD OF RECORD MAY 1939 TO 1987
APRIL 1989

FINAL RESULTS
- FREQUENCY CURVE-
R T T

S FLOW,CFS...... Lk *...CONFIDENCE LIMITS...*
* EXPECTED % EXCEEDANCE * *
% COMPUTED PROBABILITY * PROBABILITY * .05 LIMIT .95 LIMIT *
o SN JO e e W e e et e e e e e K e e e e b e r e, . ———- -%
% 236000. 318000. * uooz * 598000, 120000, *
143000, 179000, = 005 * 330000, 77300. *
* 95500 . 113000.  * .010 * 204000, 54200. *
* 61900, 70100,  * .020 x 123000, 37000. %
* 38600, 42100,  * .040 * 70500. 24400, %
* 19000 . 19900,  * .100 * 31000. 12900. *
* 10000. 10200.  * 200 * 15000. 7110, *
3120. 3120. .500 * 4290. 2260. *

1060, 1030. % .800 * 1490. 701, %

618. 595, % .900 * 905. 382. %

403 . 381. .950 * 615. 234, %

188. 168,  * .990 % 312. 96. %

B i i e e o o B S S S e O s I L o O B O S o B E S i o S S S B O N ]
% FREQUENCY CURVE STATISTICS  * STATISTICS BASED ON *
K e e o e e - - - - U %
* MEAN LOGARITHM 3. 5188 * HISTORIC EVENTS 0 *
% STANDARD DEVIATION .5819 * HIGH OUTLIERS 0 *
% COMPUTED SKEW .3766 * LOW OUTLIERS 0 *
GENERALIZED SKEW -.0492 * ZERO OR MISSING 0 *

%

5, (AN
PO ‘w

ADOPTED SKEW .2539 % SYSTEMATIC EVENTS 49
o R L B B R R R R L LR T
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TABLE 5

HEC-1 MODEL FREQUENCY FLOWS
CALTBRATED TO USGS STREAM GAGES

LOCATION DRAINAGE 10-YEAR 50-YEAR 100-YEAR
AREA GAGE HEC-1 GAGE HEC-1 GAGE HEC-1
(Sq.MI.) (CFS) (CFS) (CFS) (CFS) (CFS) (CFS)
Rio Bonito 295 9300 5900 22600 18500 30900 26100
@ Hondo
Rio Ruidoso 290 5500 6600 17300 20500 26500 29000
@ Hondo
Rio Hondo @ 947 19900 19600 70100 69200 113000 108600
Diamond A

ROSWELL MODEL CALIBRATION: In addition to the upper basin calibration of
the model to the frequency curves mentioned above, the model was used to
reproduce the 1954 peak on North Spring River. During May 17 and 18 of
1954, Roswell experienced a large storm event over North Spring River.
The resulting flood was due to a thunderstorm that concentrated its
heaviest precipitation directly over the North Spring River drainage
basin and part of the Berrendo Creek basin.

According to the flood report prepared by the Albuquerque District, the
storm period began at 6:50 P.M. on May 17 and continued until 7:45 A.M.
on May 18. Precipitation during the storm was recorded by the National
Weather Service at the Roswell Municipal Airport. An isohyetal map was
developed from rainfall information obtained by individuals during the
storm. Table 6 shows rainfall data of the 1954 Storm. A peak discharge
of 7,000 c.f.s. was estimated at Wyoming Street in Roswell using the
slope-area method. As a check, the 1954 storm rainfall distribution and
rainfall amounts were applied to the North Spring River HEC-1 model and a
peak discharge of 7,500 c.f.s. was computed at the concentration point
near Wyoming Street. Plate 9 shows the HEC-1 model hydrograph and
hyetograph at Wyoming Street.

RAINFALL: Frequency flow data for Roswell was computed by application
of frequency rainfall to the calibrated HEC-1 Roswell model. Point
precipitation rainfall values for the 10-year, 50-year, and 100-year
events were obtained from the NOAA Atlas 2, Volume IV-New Mexico.
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TABLE 6
STORM OF 17-18 MAY 1954

PRECIPITATION RECORDED AT ROSWELL MUNICIPAIL AIRPORT

DATE TIME PRECIPITATION DATE TIME PRECIPITATION

(Inches) (Inches)

17 May 7:00 p.m. 0.08 18 May 12:00 a.m. Trace
" 8:28 p.m. 0.05 " 1:00 a.m. 0.02

" 9:00 p.m. 1.08 " 2:00 a.m. Trace

u 10:00 p.m. 1.10 b 3:00 a.m. Trace

" 11:28 p.m. 0.16 " 4:00 a.m. 0.01

" 5:28 a.m. Trace

" 6:28 a.m. Trace

" 7:28 a.m. Trace

RAINFALL DISTRIBUTION PATTERN

DATE TIME TOTAL RAINFALL DATE TIME TOTAL RAINFALL
RAINFALL RAINFALL
(Inches) (Inches) (Inches) (Inches)
5/17 6:45 pm 0 0 5/18 12:00 am 2.47 0
" 7:00 pm 0.08 0.08 " 12:15 am 2.47 0]
" 7:15 pm 0.08 o " 12:30 am 2.48 0.01
" 7:30 pm 0.09 0.01 " 12:45 am 2.48 0
" 7:45 pm 0.10 0.01 " 1:00 am 2.49 0.01
" 8:00 pm 0.11 0.01 " 1:15 am 2.49 0
" 8:15 pm 0.12 0.01 b 1:30 am 2.49 o]
" 8:30 pm 0.13 0.01 " 1:45 am 2.49 0]
" 8:45 pm 0.70 0.57 H 2:00 am 2.49 0
" 9:00 pm 1.21 0.51 " 2:15 am 2.49 0
" 9:15 pm 1.55 0.34 " 2:30 an 2.49 0
" 9:30 pm 1.85 0.30 " 2:45 an 2.49 0
" 9:45 pm 2.10 0.25 " 3:00 am 2.49 0]
" 10:00 pm 2.31 0.21 " 3:15 am 2.49 0]
" 10:15 pm 2.35 0.04 " 3:30 am 2.49 0]
" 10:30 pm 2.39 0.04 " 3:45 am 2.49 0
" 10:45 pm 2.42 0.03 " 4:00 am 2.50 0.01
" 11:00 pm 2.44 0.02 " 4:15 am 2.50 0
" 11:15 pm 2.46 0.02 " 4:30 am 2.50 0
" 11:30 pm 2.47 0.01 " 4:45 am 2.50 0
" 11:45 pm 2.47 0 " 5:00 am 2.50 0
" 5:15 am 2.50 0
" 5:30 am 2.50 0
" 5:45 am 2.50 0
" 6:00 an 2.50 0
" 6:15 am 2.50 o
" 6:30 am 2.50 0
" 6:45 anm 2.50 0
" 7:00 am 2.50 0
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Uniform rainfall was applied with areal storm size adjustments made
according to the procedures described in (National Weather Service,
1973), "National Oceanic and Atmospheric Administration, Precipitation-
Frequency Atlas of the Western United States, Volume IV-New Mexico".
Frequency flows were obtained using incremental rainfall amounts
distributed in a realistic pattern which was verified by comparisons to
the mass rainfall curves of storms in the Pecos River watershed. The
realistic pattern was developed for the Denver, Colorado area and
distributes rainfall amounts such that the maximum increment is placed at
the beginning of the second half hour of the storm and the remaining
increments are placed so that they ascend in magnitude to the peak and
then descend in magnitude to the end. Rainfall data is shown on Table 7.
A 24-hour rainfall duration was applied because the Berrendo Creek
subarea in the model has a time to peak of almost 8 hours and it was felt
that a storm duration longer than this was needed. Also, because of the
reservoir routing used for the gravel pit modeling, a storm duration of
24-hours is appropriate. Refer to Table 8 for tabulation of peak flows.
Discharge-frequency curves are shown on Plates 10, 11, and 12.

TABLE 7
24-HOUR RAINFALL AMOUNTS

AREA 10-YEAR 50-YEAR 100-YEAR
(Inches) (Inches) (Inches)

North Spring River 3.09 4.36 4.90
South Berrendo 2.82 3.93 4.33
Rio Hondo 2.92 4.11 4.57
Upper Basin¥® 2.66 3.64 4.00

* Upper basin calibrated to USGS stream gages:
Rio Ruidoso @ Hondo
Rio Bonito @ Hondo
Rio Hondo @ Diamond A

STANDARD PROJECT FLOOD: The SPS rainfall was taken to be .4 of the
Probable Maximum Precipitation (PMP) rainfall based on the magnitude of
storm events experienced in the region. This is in accordance with the
range of 40% to 60% specified in EM 1110-2-1411. The PMP amounts were
taken from (National Oceanic and Atmospheric Administration, Corps of
Engineers, Bureau of Reclamation, June 1988) "Hydrometeorological Report
No. 55A, Probable Maximum Precipitation Estimates-United States Between
the Continental Divide and the 103rd Meridian." The incremental rainfall
amounts for the SPS model were critically ordered with the maximum six-
hour SPS distributed critically. A storm was centered over the 610
square mile area of Berrendo Creek, North Spring River, and Rio Hondo
(below Two Rivers Dam) watersheds using the SPS isohyetal pattern from
the SWD Watershed Runoff Model to obtain SPS rainfall amounts for
Berrendo Creek. SPS rainfall amounts for North Spring River and Rio
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Hondo (below the dam) were determined using procedures in HMR 55A for
application of uniform rainfall. Refer to Table 8 for tabulation of peak
flows. Discharge curves on Plates 10, 11, and 12 designate the computed
SPF values.

FLOOD ROUTING: The Modified Puls routing method was selected for channel
routing of flows. It was determined that Muskingum routing could not be
used because there are no hydrographs or other appropriate hydrologic
data with which to calibrate a Muskingum X coefficient. Routing of flow
through the gravel pits located in the North Spring River and Rio Hondo
basins were also modeled using Modified Puls reservoir routing.
Estimates of capacities were obtained from 1"=400’ mapping with 5’
contour intervals and 7.5 minute U. S. Geological Survey quadrangle maps
with 10’ contour intervals. Table 9 has estimated gravel pit capacities
for the gravel pits in the Rio Hondo and North Spring River watersheds.
Outflow estimates were made using the standard discharge equation: Q=CLH
3/2 with a discharge coefficient C of 3.00. Weir lengths were estimated
from the available mapping.

TABLE 8

FREQUENCY FLOW DATA

LOCATION DRAINAGE 10-YEAR 25-YEAR 50-YEAR 100-YEAR SPF
AREA
(Sq.Mi.) (CFS) (CFS) (CFS) (CFS) (CFS)

North Spring River 18.7 700 1,500 2,400 3,900 13,000
@ Gage

North Spring River 28.6 2,300 3,400 4,600 6,600 21,000
@ Rio Hondo

Rio Hondo 43.2 1,100 3,100 5,800 10,000 33,000
above Roswell

Berrendo Creek 518.0 16,000 29,000 42,000 63,000 134,000
@ Rio Hondo

STUDY RESULTS: The storage effects of the gravel pits on the attenuation
of the peak discharges of the North Spring River are significant. The
100-year discharge on the North Spring River at it’'s confluence with the
Rio Hondo is 6600 c.f.s. When the gravel pits are removed from the
model, the discharge increases to approximately 14,000 c.f.s. The HEC-1
model was used to reproduce the 1954 storm on North Spring River. The
results were good. The peak flow at Wyoming Street of 7,500 c.f.s.
predicted by the model, was close to the actual peak flow of 7,000 c.f.s.
The reproduction of the historical storm was very important in the
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verification of the hydrologic modeling. It showed that the model was
reasonably accurate in predicting the effects of the gravel pits. The
existence of this storm data was so significant because there was no
outflow hydrograph data of the gravel pits to use for calibration. The
hydrology data developed for the North Spring River had a big impact on
the design of flood control project alternatives for Roswell. Channel
improvements on the North Spring River made by the City of Roswell and
Chaves County Flood Control Association have helped to alleviate flooding
caused by flows originating from the North Spring River. Essential to
the design of a flood control project for Roswell was knowing what level
of protection the existing flood control structure on North Spring River
provided. Based on the flows obtained from the HEC-1 model, the amount
of flooding resulting from the North Spring River flows alone was not
enough to justify the expense of a flood control project. The selected
alternative does not include a plan of improvement for North Spring
River.

TABLE 9

APPROXIMATE GRAVEL PIT CAPACITIES

SUBAREA DRAINAGE AREA CAPACITY 100-YEAR RUNOFF
(5Q. MI.) (AC-FT) VOLUME
(AC-FT)

NORTH SPRINGS WATERSHED:

4 1.1 175 166

3 3.4 300 503

2 1.6 150 237
RIO HONDO WATERSHED:

ROCKY

ARROYO 19.2 454 2069

CONCLUSIONS: The major contributor to flooding in Roswell is the Rio
Hondo. Throughout the reach of the Rio Hondo through town, the river is
perched. The difference in elevation between the inverts of the Rio
Hondo and the North Spring River is as much as 15 feet. Flows in excess
of the capacity of the Rio Hondo leave the channel flowing northward
towards the North Spring River. The flow contribution from the Rio Hondo
to the North Spring River is significant. The result is a wide
floodplain which is continuous between the two rivers. Most of the
flooding along the North Spring River which would occur during a large
event, would be due to flows originating from the Rio Hondo. It was felt

92



that if high flows on the Rio Hondo could be controlled through town,
then flooding problems from Hondo flows could be eliminated and the
residual flooding from North Spring River flows would be minor. Several
alternatives were considered. The most cost effective concept was
determined to be the alternative which utilizes the capacity of the
existing channel through town as well as an off channel storage utilizing
an existing gravel pit site adjacent to the Rio Hondo. The gravel pit
area can provide some of the storage required for the detention basin.
Since the effects of the gravel pits are significant in terms of
attenuation of the peak runoff on North Springs River, the gravel pits
need to be considered as an integral part of a project that is
implemented. Consideration of the protection provided by the gravel pits
needs to be included in the Local Cost Sharing Agreement.

SELECTED ALTERNATIVE: The purpose of the off channel storage alternative
is to reduce peak flood discharges to acceptable channel capacity within
the urban area. The alternative consists of training levees located at
the beginning of an improved earth channel on the Rio Hondo which will
convey flows to a detention structure located adjacent to the Rio Hondo.
Flow diversions into the storage area will be made by means of a weir
structure which will introduce flows in excess of 600 c.f.s. into the
detention structure. The head driving the weir will be produced by the
backwater effects of a control section to be placed downstream of the
weir. The existing Rio Hondo will convey flows of 600 c.f.s. around the
detention basin and through town. Releases from storage will be made
through a gated outlet works.
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Impacts of Gravel Pit Storage at Roswell, New Mexico

by
Olga Boberg

SUMMARY OF DISCUSSION BY LOREN W. POPE

There was considerable discussion of this paper mainly
in regard to the design and operation of the gravel pits. Typical
design questions are listed below.

(1) How deep is the gravel pit?

(2) How is the water removed from storage if it is below
invert of the channel?

(3) Is there any benefit to ground water recharge?

(4) How was the storage handled in the existing conditions
model?

(5) The upstream control section conceptually consists of a
levee to force flow either into the channel or into the
gravel pit storage, has any consideration been given to
buying easements for the flooding induced by the
levees?

Ms. Boberg stated that the design details had not been
developed but that these details would be taken into account in
the design of the gravel pit storage system. The basic concept
was to store during a flood event and release through a
controlled conduit after the flood waters receded.

other general questions and responses.

(1) Have you considered a flood warning system? No

(2) Have any measures been taken to protect the storage
areas and assure their availability for flood event?
No, but these details will have to be worked out in the
local agreements.

107



108



DROUGHT CONTINGENCY PLANNING
by
, !
Cecil P. Davis

and
e 2
James W. Stirling

1. Introduction

a. Study Purpose. We in the South Atlantic Division of the Corps
of Engineers experienced an extended period of average rainfall for almost
three decades prior to 1980. We had neither severe droughts nor ma jor
floods. As a result of this very moderate weather pattern, the public
came to expect that Corps projects would generally meet all project
purposes with only a minor impacts on any one purpose. During the 1980's
we have experienced much larger deviations from this moderate weather,
including the worst drought in the sixty-five year record. We realized a
thorough review of our water management practices was appropriate. This
paper gives an overview of that review relative to drought contingency
planning and management for project purposes.

b. Key Issues. Several key issues have come to light as a result
of our own review and the review of others such as the General Accounting
Office (GAO). Some of these issues deal with the time required to

appropriately study and develop drought contingency plans. Others deal
with the project purposes and our authority to manage for those not
specially listed in the authorizing legislation. Other issues have to do
with management for a purpose that was specifically authorized but has no
cost allocated to it.

Ce Summary of Findings. it 1is certainly desirable to complete
drought contingency studies prior to entering a drought. We had a plan
for only one basin. Ultimately we found that the management would have
been little different under the drought contingency plans that are now
complete. It would have been better public relations to have had the
plans completed before the drought. Our review of project purposes
reveals authority to manage for the seven purposes, some of which were not
specifically authorized. Reaching this conclusion forces us to make more
choices regarding the trade-offs in management. However, it does result
in the "greatest beneficial use” of the projects.

1/ Chief, Hydrology & Hydraulics Division, South Atlantic Division,
US Army, Corps of Engineers
2/ Deputy Division Counsel, South Atlantic Division, US Army, Corps of

Engineers
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2. Physical Setting and Available Data.

a. Description of Projects.

The South Atlantic Division includes the area of the U.S. generally known
as the Southeast. It includes large portions (or all) of MS, AL, FL, GA,
SC, NC, and VA. Also, the division includes Puerto Rico which is in the
Jacksonville District. The following map shows the SAD area.

The area is relatively rich in water resources and includes numerous Corps
projects. In the Jacksonville District, the Central and Southern Florida
(C&SF) project, which incorporates most of Florida south of Orlando,
provides the main water supply for this area as well as providing signifi-
cant flood control benefits. Water supply from this project and its
operation in general, provide the backbone of municipal water supply in
South Florida, water for vast areas of agriculture and for the Everglades
National Park. The Corps also operates many other water resource projects
in Florida.

Alabama and Mississippi have numerous navigation—-oriented projects to
include the Tennessee—Tombigbee Waterway as well as the Black Warrior-
Tombigbee Navigation System.

Alabama as well as Georgia, South Carolina, North Carolina and Virginia
have several hydropower projects. These 13 projects have a capacity of
about 2400 MW (normal capacity) which represents 5%-10% of the generating
capacity within this area. This power is marketed by the Southeastern
Power Administration (SEPA) to utilities throughout the area. Of the 13
hydropower projects, 10 contribute to one marketing arrangement known by
SEPA as the Georgia— Alabama System. This marketing system includes
projects in three different river basins. (Alabama, Apalachicola,
Chattahoochee and Flint (ACF), Savannah).

b. Description of Available Pertinent Data.

Qur projects are important for flood control, hydropower, navigation,
recreation, water quality, water supply and fish and wildlife. Lanier is
the main source of municipal water for metro Atlanta. Thurmond provides
the necessary flow for Augusta, Georgia and cooling water for several
plants. Also, Lanier, W. F. George, and West Point provide water to
augment navigation flows on the Apalachicola River. There is a strong
coalition of navigation interest trying to emhance the navigation on the
Apalachicola River. Industries have located downstream of several of our
projects and they benefit from the stream reregulation provided by then.
Several of the projects 1in our area have tremendous recreation appeal.
Lanier, Thurmond, Hartwell and W. F. George traditionally rank among the
top ten Corps of Engineers projects in recreation visitation.
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Many of these projects were planned in the late 1940's. To be specific
Buford (Lanier), Allatoona, Hartwell, and Thurmond (formerly Clarks Hill)
were planned and designed in the 1940's and early 1950's - before air
conditioning. The project proponents did not realize that capacity would
have the high value relative to energy that it has today. The "sold
amount” of capacity exceeds normal design capacity (nameplate) by about
15%. Because of the high summer power peak caused by AC demand, the
projects are marketed and operated differently than originally
anticipated.

The "push pull” reaction among upstream/downstream users puts the
operation of the projects in the forefront of numerous special interest
concerns (particularly during droughts). Navigation interest desire

dependable navigation depths; water quality interest demand an adequate
release to maintain acceptable conditions; recreationists demand stable
lake levels; municipal water supply proponents demand a dependable
supplye. Hydropower is a dichotomy in itself; water must be released to
generate the contracted energy but lake levels must be maintained to
provide the contracted power {capacity).

The Corps is put into the "honest broker” position. We must not only make
rational, well-justified decisions, we must inform the public of our

decisions and the reasons for them.

3. Study Approach.

a. Procedures adopted. Following the 1981 drought we reviewed our
reservoir water management plans. This review indicated a high priority
should be given to completing drought contingency plans in accordance with
ER-1110-2-1941. There were two prime reasons why the Apalachicola,
Chattahoochee and Flint Rivers (ACF) Basin was the first basin selected
for the development of a drought management plan. The 1981 drought had
indicated a strong need and there was a "308" comprehensive basin study
underway -that could provide funding. The initial funding was received in
October 1984, An interim drought management plan was completed by the
Mobile District in April 1985. The demonstrated benefits of the ACF plan
prompted the Savannah District to complete a plan for the Savannah River
in March 1989.

Table I shows the projects and their purposes in the ACF and Savannah
Basins. Take note of Buford, just northeast of Atlanta. It is of major
significance to Atlanta and represents concerns of the basin for the
states of Alabama and Florida. The Atlanta metro area represents forty
percent of Georgia's population and fifty four percent of the ACF Basin
population. The Atlanta Regional Govermments now have temporary authority
for use of Lake Lanier Storage for Water Supply, pending completion of a
storage reallocation study.
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TABLE 1

PROJECT PURPOSES
FOR
CORPS PROJECTS IN SEPA'S GEORGIA-ALABAMA SYSTEM

Authorizing Purposes When Other Purposes
Project Document Authorized Added & Authority
Walter F. George House Res. 5/19/53 NAV, POW REC (FCA 1944
& PL 89-72)
F&WL (PL-85-624)
West Point . HD 87-570 (FCA 1962)  NAV, POW, FC
F&WL, REC

Buford (Lanier) HD 80-300 (RHA 1946) NAV, POW, FC  REC (FAC 1944
WQ, WS & PL 89-72)
F&WL (PL 85-624)

J. Strom Thurmond HD 78-657 (FCA 1944) NAV, POW, FC REC (PL 99-662
WS (PL 85-500)
F&WL (PL 99-662)

Hartwell HD 78-657 (FCA 1950) NAV, POW, FC REC (FCA 1944
& PL 89-72) WS
(PL 85-500)
F&WL (PL 85-624)

Richard B. Russell SD 89-52 (FAC 1966) POW, FC, REC, F&WL Mitigation
F&WL (PL 99-662)

b. Review Background. The 1981 and 1986 droughts were only about

a year long. They were quite severe for agriculture and generally
recognized by the media as such. The 1987-90 drought in comparison
started after an above average fall and spring rainfall which filled the
projects. It is noted that for Lanier the drought (mathematically-prime

flow) was from Oct 85 — early 1990. In November 1987 the Corps decided to
reduce releases to those which provide the "energy to meet capacity” and
also provided water supply. Because 1t was not recognized we were in
another drought, some disagreed with our management. Recreational
interests thought we were drawing the lakes too fast while hydropower and
navigation interests wanted no restrictions on releases. The coordination
and agreement that had occurred in 1986 was not forthcoming in 1987. As
the drought progressed into 1988 and 1989, our conservation-oriented
approach was vindicated. However, there were some who challenged our
authority to operate for various purposes. Therefore we initiated a
comprehensive review with a goal of reaching agreement as to project
purposes and restrictions these purposes might impose.
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c. Key Issues. The review and subsequent discussions involved the
people within the South Atlantic Division Office and its districts involv-
ed in the management of projects. This included Engineering, Planning,
Counsel, Public Affairs, Operations and the Executive Office. Many
discussions centered on Lake Lanier, a key headwater reservoir for Atlanta

water supply and other purposes. The authorization for Lake Lanier
specifically recognized flood control, hydropower, navigation, water
quality and water supply. There is some controversy among vested

interests on the management for these purposes and the Corps authority to
modify what was considered the authorized management plan. However, the
greatest controversy surrounds the management plans for purposes which
have been authorized under generalized legislation. These are recreation
and fish and wildlife for Lanier.

Recreation authorization is founded in the general legislation of the 1944
Flood Control Act (FCA) (P.L. 78-534) and the 1965 Federal Water Project
Recreation Act (P.L. 89-72). The Tlegislative history of the 1944 FCA
reveals that Congress considered its grant of authority to develop and
operate park and recreational facilities as an “additional authorization®
beyond those granted 1in project-specific legislation. The object of the
1944 FCA was to add recreation to the other purposes and to consider all
the purposes when developing management plans that would make the greatest
beneficial use of what might otherwise be flood waters.

It is clear from some project authorization documents that Congress
authorized purposes not specifically addressed in the economic justifica-

tion of those projects. Consistent with this, it is our view that the
Corps has the authority to exercise its discretion to give recreation
consideration with other purposes. Congress has not, in our view,

dictated a hierarchy of project purposes. Rather, it has vested consider-
able discretion in the Secretary of the Army and the Chief of Engineers to
operate the Corps water resources development projects to achieve the
greatest public benefits consistent with broad Congressional authoriza-
tion. Inherent in this is a responsibility to adjust operating methods to
meet changing physical conditions and/or public needs. A key element in
this discussion is that, should the exercise of this discretion lead to a
decision to operate permanently for recreation in a manner which
significantly and adversely impacts other purposes, a reallocation of
storage space to reflect this decision would be required.

Note that the argument is not that we are required to treat recreation as
a project purpose equivalent to the specifically authorized purposes but
that (a) we have sufficient authority from Congress to operate our
projects for recreational purposes and (b) how that authority is exercised
is a matter involving considerable discretion on the part of the Secretary
of the Army and the Chief of Engineers.
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There has been much discussion to the effect that a purpose may not
receive any consideration 1if no costs were allocated to that purpose.
Projects formulated after passage of P.L. 89-72 din 1965 have costs
allocated to recreation. That act provided the first statutory definition
of federal interest and cost—sharing requirements for recreation at
reservolr projects. Previously, no allocation of joint—use project costs
to recreation was required. P.L. 89-72 was enacted several years after
approval by President Kennedy of new standards and policies for
development of water resources projects which first addressed principles
for establishing recreation benefits, including those for the recreation
aspects of fish and wildlife. These standards and policies are published
as Senate Document 97, 87th Congress, 2d Session (May 29, 1962).

That no such standards existed when several of our projects were authoriz-
ed does not mean that recreation cannot be a purpose of that project or
must be regarded as inferior to other purposes. The 1944 Flood Control
Act had been law for two years at the time of the Lake Lanier authoriza-
tion, and was thus applicable to this project. Moreover, the authorizing
document for Lake Lanier is clear in (a) considering recreation, water
supply and water quality as purposes of the project and (b) allocating no
costs to any of these purposes. It is particularly noteworthy that no
costs were allocated to water supply since the operation described in the
authorizing documents clearly require that some storage be used to satisfy
the water need in the Atlanta area. The document also recognizes that
this need will surely increase in the future. This document (House
Document 80-300) reports that it was ‘“impracticable” to determine a
monetary value for recreation, but recognized the benefits to be "real and
large”, The subsequent cost allocation for this project was prepared in
keeping with then-existing authorities and polices.

There is often an unfounded assumption that an operation for one purpose
hurts other purposes, ie. that water management is a "zero sum” game. The
conflict between holding water for recreation pools versus releasing for
hydropower generation is often cited. However, conserving water can also
increase hydropower benefits by protecting capacity. We are required to
plan and operate projects for widespread benefits which is different than
maximum revenues. Vested interest may have a revenue loss although
benefits increase.

d. Hydropower Discussion. The value of hydropower is measured in
_two components, namely capacity (the ability to generate power) and energy
(the quantity of power actually generated). In the Southeast area the
monetary value of the capacity is 70% to 807 of the total hydropower
value. The November 1987 decision to conserve water served to retain the
maximum amounts of water within the reservoirs for as long a time as
possible and thereby preserved a sufficient head which protected
hydropower capacity in the Georgia—Alabama system. It was only at the
very end of the drought that low reservoir levels reduced availability
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below full capacity sold by SEPA. Had it not been for the conservation
efforts begun in 1987, the reservoirs would have been too low for the
marketing agency to meet contract capacity requirements. During this
entire period, the water supply and water quality releases were made
through the turbines, thereby assuring maximum hydropower benefits. The
reduction in watershed runoff caused an approximate 50% shortfall in
generation. This shortfall was due to the drought and not the actions of
the Corps. No alternative method of operation could have produced
"normal” hydropower over the course of this drought and any operation
which produced more energy would have damaged the capacity function after
end of the drought.

The current operation for hydropower is considerably different than that
planned in the original authorizations. The authorizing documents
envisioned a “base load" operation, where some hydropower plants would
operate approximately 60% of the time. This base load was often based on
reducing to prime flow (yield during period of record drought) when the
pool level was one foot down into the conservation pool. By contract, and
to the benefit of hydropower, the system has long been operated in a
"peaking” mode. The use of a much shorter operating time associated with
overloading the wunits yields a much larger hydropower capacity and thus-
greater hydropower benefits.

The 1949 Definite Project Report for Lanier specified that one of the
operating criteria would be that only "prime power" would be generated
when the reservoir water levels fell below the project guide curve.
(Prime power, or primary energy, is a project's continuous energy output
over the period of the most adverse flows omn record or, in effect, on the
basis of a then-known worst case scenario.) This Report computed prime
power for Buford Dam as being about 2400 megawatt-hours per week. In
reality, it has routinely been operated to generate well in excess of
prime power during periods when Lake Lanier water levels were below the
guide curve. The summer (July-September) pool level has historically been
below the guide curve more than half the time, yet at the request of
hydropower interests, the Corps generated about 3900 megawatt—hours per
week during these times.

The 1949 report also did not differentiate between hydropower generation
in summer or winter months. A relatively constant hydropower generation
was used as the basis of project authorization. In response to changing
needs and circumstances in society (greatly expanded use of air
conditioning, as an example), this original operating plan has been
altered considerably, so that power generation in the summer greatly™
exceeds that in the winter. Because this period of high generation
coincides with the historic period of low rainfall and low inflows into
these projects, lake levels are lower and the rate of drawdown higher in
the summer months than they would have been under the original operating
concept.

116



Changes to benefit hydropower have been made at other projects as well,
For instance, the Millers Ferry and Robert F. Henry projects were
constructed as “run of the river" projects without any ponding or pooling
of water above the dams. This means that hydropower could be generated
only to the extent that inflows were available at any point in time. In
contrast to this, these projects have long been operated to retain water
above the dams at night and release it during the day when the energy is
more valuable.

These are among the operational changes within the Corps' discretion
which, taken collectively, have dramatically increased the revenues and
benefits of these projects to hydropower interests. There have been
certain detriments to other authorized purposes. Whatever the equities of
this may be, there has been no reallocation of project costs to hydropower
as a result of these operational changes.

e. Non—Specific Authorizations. The authorizing documents for our
reservoir projects generally recognized a large potential for recreation
development, and Congress has provided authority to realize that
potential. The “"real and large" Dbenefits envisioned decades ago have
materialized at many of our South Atlantic Division projects. Five of
these are among the ten most-visited Corps of Engineers projects in the

United States. OQur ability to make direct charges for these visits is
extremely limited, however. We have authority under federal law to charge
for camping and other specialized facilities and services. We are

specifically prohibited, however, from charging day use fees or fees for
use of such things as boat ramps. Congress has not been inclined in the
past to support increased recreation use fee authorities. Beyond this, at
P.L. 89-72 Projects, local sponsors are required to pay 50% of the cost of
development of recreation facilities and 100%Z of the operation and
maintenance cost for those facilities. The federal treasury also derives
revenue from leases of project lands, such as marinas and similar service
facilities. Among these various sources, we are collecting payment from
recreation interests to the extent provided by current law.

Recreation interests clearly benefit from the existence of our multi-
purpose projects. This was well understood at least as early as 1944;
nevertheless, the legislative and administrative policies which have
evolved have not sought to charge recreational interests for the cost of
these projects. Because we do not operate any of the Georgia-Alabama
projects specifically for recreation in any way which significantly and
adversely affects other authorized purposes, there is no basis, in our
view, for a reallocation. Should reallocation studies be conducted, they
should address all project purposes and arrive at a completely new cost
allocation reflecting current benefits, interest rates and construction
price levels.
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4., Study Results.

a. Summary of Study Results. A major goal of the ACF Drought
Management Plan was to provide some indicators to define when a drought
was in progress. The plan considered general information on stream flows,
groundwater and soil moisture. Numeric indicators have provided minimal
information on the droughts beginning.

The other major goal was to define action levels for each reservoir.
Figure 1 shows these levels for Lake Lanier. The actions to be taken
within each reservoir level are very general, with the intent being to
make more specific decisions during a review of current conditions and
within coordination meetings with other Federal, state and local interest
ZrOoups.

The drought contingency plan for the Savannah River Basin was begun in Jan
87 and completed in Mar 89. This plan was managed by the Savannah
District Planning Division. It developed and coordinated a typical
planning document, including several reviews and public meetings. The
plan has a series of reservoir pool guide elevations that trigger
actions. These guides were set with consideration for hydropower needs,
recreations needs and impact levels and also minimum releases necessary
for water supply and streamflow requirements. The guides for Thurmond
Lake are shown as Figure 2.

The Savannah River Drought Contingency Plan has a more definitive
approach. Although it too has a goal for coordination with project users
and beneficiaries, the plans define more specific actions based on
reservoir levels.

b. Specific Management. The reservoir management for one purpose
could well impact other purposes. However, as I mentioned earlier we
often migrate toward an argument regarding recreation versus hydropower.
Lets' suppose recreation was not originally specifically authorized and
has no joint cost allocated to the purpose. Let's then ask whether we can
utilize reservoir guides that do not contemplate reservoir drawdowns to
the originally — planned maximum limits.

First, 1 point out that the minimum "power pool” line is one created
purely as a matter of economics and physical capability of the power
units. Indeed, the Definite Project Report for Lanier cited above
describes elevation 1,030 - later changed to elevation 1,035 - as "the
economic limit of drawdown of the Buford Power Pool". The Definite
Project Report for the Thurmond Project likewise describes the 25 foot
drawdown as being based on "a comparison of returns and cost of power
generation”. It does not necessarily follow from this that the area above
this drawdown line is one reserved exclusively for power; it suggests only
that power generation is economically viable above this level.
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Decisions about how the Buford Project should be operated are ultimately a
function of the authorized purposes of that project and the conditions
existing at various times and under different circumstances. To accept
that navigation, water supply and recreation are legitimately authorized
purposes at the Buford Project means that these purposes must have some
claim to the reservoir operating pool. Power generation must necessarily
be only one claimant on this pool.

Other project purposes aside, a consideration of operation for power alomne
still suggests no improprieties in a guide curve change, particularly if
this is dome to protect the project's dependable capacity. Given the
relative values of capacity and energy, an operating policy which gives
greater weight to protection of capacity than to generating to the bottom
of the pool makes practical sense and should be well within our
discretion. This is suggested in the July 31, 1985 version of EM
111-0-2-1701, which addresses power operation in times of adverse flows.
This states, at page 5-93:

"Because the rule curve is based on the most adverse
sequence of flows in the period of record, the project
can be operated through the period of record without any
failure to meet firm energy requirements or any violation
of the minimum power pool. However, in actual operation,
there is always the possibility that a more adverse sequence
of flows will occur. Hence, if an extended period of low
flows occurs, and the reservoir falls well below the rule
curve, contingency measures would likely be taken to conserve
the remaining storage. First, attempts might be made to
purchase thermal generation to help meet the firm energy
requirement. If this 1is not enough, opportunities for
reducing firm load would then be examined”. (Emphasis added)

A guide curve is devised to indicate operation of a reservoir to obtain
best results based on past eXperience. The curve is a result of an
operating plan; as such, so long as the curve accurately reflects the
plan, it 1is really the plan which should be subject to scrutiny. If this
operating plan is (a) within our authority and (b) a reasonable exercise
of that authority, we should feel comfortable accepting the plan as an
operating guide.

Lastly, it is worth stating that allocation of a portion of the project
cost to a specific purpose does not give rise to some property interest in
the reservoir. Also, all the project purpose proponents, whether they
make a payment or not, receive far greater benefits than anticipated and
none pay fair market value for the products provided by the project. The
statutory authorities of the Corps and SEPA make the Corps the project
manager and decision maker about project operations and priorities. The
Corps is obligated to solicit information from project users so as to
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ensure the advantages and disadvantages of each alternative operation are
given adequate consideration. Thus, as we operate rationally within the
range of purposes and authorities provided by law, operational changes and
resultant alteration of guide curves are reasonable and within the general
guidance provided by statutes.

5. Conclusions

a. Project Performance. The projects were managed in a ways to
achieve large benefits for all the purposes during the recent droughts.
The South Atlantic Division of the Corps recognized the desirability of
drought contingency plans and are pursuing completion of them for all

projects. The plans should be definitive yet retain sufficient
flexibility to 1incorporate available information on existing conditions
into water management decisions. There are real needs to improve data

analysis and presentations of information so as to make information more
readily available to Corps personnel and also to users.

b. Hindsight Observation. The Corps has been given considerable
discretion authority in evaluating its projects and modifying their
management plans to provide beneficial use of project resources. In
fulfilling this responsibility the Corps should coordinate with all users
and adequately describe the management plans and be prepared to justify
its rational for its decisions. There were sound reasons why we did not
have all drought contingency plans completed. However, it would have made
management much easier had they been completed. The public is generally
willing to hear information about conflicts in water use. Our review
confirms that the South Atlantic Division has traditionally based its
water management plans on the current public needs, consistent with the
project authorization. We have considerable latitude in managing the
projects and procedures to reallocate storage and costs i1f necessary.

122



Drought Contingency Planning

by
Cecil P. Davis

SUMMARY OF DISCUSSION BY LOREN W. POPE

Questions & Responses

Was this all o&M funded? Mr. Davis stated that it was all
O&M, however they did have a Section 308 study in the Savannah
River Basin.

Did you have any problems getting funds? No we didn't but
the DCP program had Division and OCE attention which was very
helpful. Dick DiBuono, HQUSACE, added that we had been able to
use the GAO audit to assist in getting funds for this project.

What role did the states play? We formed a committee of
Georgia, Alabama, and Florida. We thought that it would be a
voting committee; however, it didn't workout very well as it
became an open meeting to the press. It was therefore changed to
an information exchange type of committee. SAD didn't think it
would be very efficient to have an advisory board type of
committee.

Comment by Shapur Zanganeh. He agrees that we don't have to
abide with the power marketing agency on use of the projects.
However, the design was based on the most severe drought of
record and the CORPS is obligated to operate the project to
provide the outputs that were indicated.

Response by Mr. Davis. The drought was more severe than the
design drought and thus one would expect to have considerable
problems in meeting design hydropower loads. Mr. Davis also
emphasized that we were not operating the hydropower project as
originally designed due to changing hydropower needs.
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REALLOCATION IMPACTS ON HYDROPOWER AT TEXOMA
by
Ralph R. Hight!

Introduction

Study Purpose. A reallocation study of Denison Dam (Lake Texoma) was conducted in 1985
to develop information required by paragraph 7-3b of ER 1105-2-20 to reassign 77,400 acre-feet
of power storage in Denison Dam (Lake Texoma) to satisfy the municipal and industrial water
supply needs of the North Texas Municipal Water District (75,000 acre-feet) plus providing 2,400
acre-feet for future potential water supply users. Reallocation of 50,000 acre-feet of storage
space was accomplished at this project under the discretionary authority of the Chief of Engineers
in August 1983. Also, reserved in this project is 22,600 acre-feet of storage space for use by the
City of Sherman, Texas, authorized by Public Law 85-146. The 1985 study was documented in a
report entitled "Letter Report, Denison Dam (Lake Texoma), North Texas Municipal Water
District" (Tulsa District Corps of Engineers, 1985). This report addressed the impacts of the total
reallocation (150,000 acre-feet) on the project to ascertain if the last added increment of water
supply seriously affected the purpose for which the project was constructed or if major structural
or operational changes would be necessary. A significant change in the project could only be
approved by Congress (Sec. 301(d) of Public Law 85-500, as amended).

Key Issues.

1) Initially the primary issue involved in the reallocation was the impact on hydropower
outputs. Specifically, the amount of financial credit to be received by the preference
customers because of the uniqueness of the power contract.

2) A lesser issue involved the Secretary’s authority to approve a reallocation that would
bring the total reallocated storage to 150,000 acre-feet. This issue was raised informally
by the Southwestern Power Administration and likely was not a serious concern.

3) A major issue that arose following the reallocation approval and signing of the water
supply contract involved the environmental impacts on Lake Texoma and on Lake Lavon
where the water was diverted prior to distribution. This issue was raised through the
Section 404 permit process for the Texoma intake structure and resulted in litigation
initiated by the Oklahoma Wildlife Federation. The litigation resulted in a favorable
court decision for the Corps and never actually impacted hydropower or the quantity of
water supply storage reallocated.

Summary. Reallocation of an additional 77,400 acre-feet of hydropower storage to water
supply in Lake Texoma would impact the average annual and firm energy from the project.
Dependable capacity of the power plant would not be affected since the reservoir would continue
to be operated as joint-use storage based on critical period analysis.

The reallocation brought the total storage reallocated from hydropower to 150,000 acre-feet
but was determined to be within the discretionary authority of the Secretary of the Army.

Traditional credits to the PMA for revenues foregone plus appropriate adjustments in annual
O&M charges were not acceptable in this case because of unique circumstances involving the

1Chief of Hydrologic Engineering, Tulsa District, U.S. Army Corps of Engineers
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power sales contract. Credits to the PMA were determined based on claims of potential losses by
the two electric cooperatives (preference customers) having contracts for the total outputs of the
Denison project. The PMA then negotiated actual credits to the co-ops. Essentially, those credits
amounted to new thermal replacement value plus an assumed automatic escalation of five percent
(5%) per year. The preference customers claimed they were entitled to the credits (thermal
replacement) because they had contracted for all the outputs from the Denison project from the
Government (PMA) and then that same Government (Corps) had removed some of those outputs
and exposed them to financial loss at the hands of their power supplier.

Background

Denison Dam (Lake Texoma) was authorized for flood control and power in an Act of
Congress approved 28 June 1938. Subsequent Acts provided for improving navigation, regulating
flows of the Red River, and other beneficial uses. One of the Acts approved 14 August 1957
(Public Law 85-146, 85th Congress) authorized the Government to contract with the city of
Sherman, Texas, for the use of not to exceed 41,000 acre-feet of storage space in Lake Texoma,
for the purpose of providing the city a regulated water supply in an amount not to exceed 15,000
acre-feet per year. That storage yield relationship was based on providing water supply storage in
the flood pool and maintaining the same hydropower firm energy during the drought of record.
Water stored in the flood control pool for water supply was to be evacuated prior to the
development of a flood. Since this is no longer considered a practical operation, a new study
based on an integrated power and water supply pool between elevations 590.0 and 617.0 was made
using projected lake storages for year 2044. This study indicated that 150,000 acre-feet of storage
would provide a yield of 168,000 acre-feet per year or 150 million gallons per day during the
drought of record. This change to the project falls outside the current policy limits of the Chief
of Engineers to approve. These limits are 15 percentum of the total storage capacity allocated to
all project purposes (15% X 3,338,000 acre-feet = 500,000 acre-feet) or 50,000 acre-feet,
whichever is less. In analyzing the impacts of the proposed reallocation, we found that the
reallocation would neither seriously affect the purposes for which the project was constructed nor
would it involve major structural or operational changes. We, therefore, concluded the proposed
reallocation could be implemented subject to the approval of the Secretary of the Army under the
authority provided by the Water Supply Act of 1958. Upon this approval, 77,400 acre-feet of
storage could be made available pursuant to the Water Supply Act of 1958 to the North Texas
Municipal Water District and other potential water supply users.

Pertinent Hvdrologic Data

Pertinent data for the project are provided in the following table:

Equivalent
Elevation Acre Capacity Runoff (1)
Feature (ft) (ac) (ac-ft) (in)
Top of dam 670.0 ---- ---- .-
Top of flood control pool 640.0 144,000 5,312,300 (2) 2.51
Top of power pool 617.0 88,000 2,643,300 (2) 1.25
Bottom of power pool 590.0 43,100 1,031,300 0.49
Power storage 590.0-617.0 -——--- 1,612,000 0.76
Flood control storage 617.0-640.0 -.-- 2,669,000 1.26

Note: Data based on 1969 sedimentation survey

(1) From 39,719 sq mi of drainage area upstream from dam, 33,783 sq mi contributing
(2) Excludes inactive storage in Cumberland pool
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Studv Approach

Reallocation of Flood Control Storage. Consideration was given to raising the top of the
conservation pool and reassigning 77,400 acre-feet of storage from flood control to water supply.
That plan would result in a negligible reduction in flood control benefits. However, raising the
top of the conservation pool could cause problems with fish and wildlife interests because of the
effects on two wildlife refuges; adversely affect recreational facilities; and possibly require an
Environmental Impact Statement. LMVD and the State of Louisiana have formally protested any
reduction in the flood control capability of Lake Texoma (LMVD letter to SWD, 5 June 1974) and
(State of Louisiana letter, 10 July 1973). Taking storage from the flood control pool as previously
contemplated was based on evacuating the space prior to anticipated flood inflows and is not
operationally practical. Therefore, in view of the above, no further consideration was given to
reallocation of flood control storage.

Reallocation of Hydropower Storage. Consideration was given to reallocating an additional
77,400 acre-feet from hydropower storage to municipal and industrial water supply. The cost to
the non-Federal interests for the reallocated storage would be established as the higher of either
benefits or revenues foregone, replacement costs, or the cost of the storage in the Federal project

as presented below.

Evaluation Data and Criteria.

Initiation of Project Construction August 1939
Closure October 1943
Available for Flood Control January 1944
In-service Date

st Unit - 35,000 kw March 1945

2nd Unit - 35,000 kw September 1949

Storage after 100 years of sedimentation
(1944 + 100 years = 2044) will be 3,338,000 Ac-Ft between

top Flood Control Pool - Elev. 640.0 and
bottom Conservation pool - Elev. 590.0
Storage to be Reallocated to Water Supply 77,400 Ac-Ft
Hydropower Economic Life - 100 years
New period of Analysis
1944 + 100 years of sediment = 2044 - 1985 = 59 years

FY 1985 formulation interest rate was 8-5/8 percent

FY 1985 Water Supply repayment interest rate was 10.898 percent

Study Results

It was estimated that 77,400 acre-feet of storage in the hydropower pool between elevations
590.0 and 617.0 National Geodetic Vertical Datum (NGVD) would yield 86,700 acre-feet per
year, or 77.4 million gallons per day during the critical drought period from July 1938 to March
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1940 based on estimated storage for the year 2044, and assuming the storage received its
proportional share of inflow. Existing installed capacity (nameplate) is 70,000 kilowatts with
54,000 kilowatts dependable at the bottom of power pool, elevation 590.0 NGVD. Minimum
capability during the June through September peak power demand season is 67,300 kilowatts. The
proposed reallocation would not impact the dependable capacity, although the associated firm
energy and average annual energy will be reduced as shown in the following table.

Water Supply Sediment Installed Dependable Firm Avg.Annual
Storage Condition Capacity Capacity Energy Energy
(ac-ft) Year (MW) (MW) (GWH) (GWH)
72,600 1985 70 54 95.4 214 .4
72,600 2044 70 54 80.3 214.2

150,000 1985 70 54 88.8 207.6
150,000 2044 70 54 73.5 207.6

The average loss in kilowatt hours per year resulting from the proposed 77,400 acre-feet
reallocation is 6,800,000 kwh based on 1985 sediment conditions and 6,600,000 kwh based on 2044
sediment conditions. These impacts amount to reductions of 3.2 percent and 3.1 percent,
respectively, or an average loss of 6,700,000 kwh per year over the remaining economic life of the
project. The most likely source of replacement power would be coal-fired generation based on
FERC letter, May 25, 1984,

Hydropower Benefits Foregone. The loss of project benefits that would result from the
reallocation of 77,400 acre-feet of storage were computed on the basis of existing price levels,
interest rates, and conditions projected for the remaining economic life of the project. The
benefits foregone from the lost power (6,700,000 kwh per year average annual) were estimated at
$249,240 per year assuming Federal financing at a 8-5/8 percent interest rate and an energy value
of 37.2 mills per kilowatt-hour (FERC letter, May 25, 1984). This loss of power was based upon
the most likely alternative to be constructed. The alternative would be a coal fired plant due to
the Denison plant factor being 34.9 percent. The present worth of the benefits foregone for
reassignment of 77,400 acre-feet were based on the reduction in annual firm energy and
determined in the following manner.

($249,240) (11.50622(1)) = $2,868,000

(1) Present worth factor for the remaining hydropower economic life of 59 years at a 8-5/8
percent interest rate.

Hydropower Revenue Foregone. The hydropower revenues that would be lost because of the
storage reassignment were evaluated on the basis of existing rate levels and projected over the new
period of analysis. The value of lost power based on existing SWPA average system rate of 17
mills per kilowatt-hour would be $113,900 per year (SWPA letter, June 22, 1984). This data was
based on energy loss only since there would be no change in dependable capacity. The present
worth of the hydropower revenues lost because of the conversion of 77,400 acre-feet were
developed in the following manner.
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Estimated average annual revenue loss $113,900

6.7 gwh @ 17 mills/kwh

Less annual operation and maintenance

(77,400/3,338,000) = 2.3188% X ($2,908,084) (FY 84)) = 67,400
Less annual major replacement cost

(77,400/3,338,000) = 2.3188% X (§ 0 (FY 84)) = 0

$ 46,500

$46,500 X 11.50622 (1) = §535,000

(1) Present value of an annuity factor for the remainder of the new 59 years period of
analysis at a 8-5/8 percent interest rate.

Replacement costs. The Cooperatives (preference customers) indicated their loss would
average $233,777 per year through 1990 and average $487,306 from 1990 until 2004. They
assumed a 5% per year inflation factor and further assumed that after 1990 there would be a 1.1
MW capacity loss (penalty). The Cooperatives are dependent upon Texas Utilities Electric
Company (TUEC) to schedule and deliver power and energy from Denison Dam to their service
area. They have no contract with TUEC past 1990 but assumed the terms of the future agreement
would be such that the reallocation of 77,400 acre-feet of storage would result in the capacity loss
1.1 MW (Southern Engineering letter, March 12, 1985).

Value of 77.400 acre-feet of storage. The value of the reallocated storage was determined
by first computing the cost at the time of construction by using the Use of Facilities cost

allocation procedure as follows:

(Project joint-use construction cost) X Storage reallocated (ac-ft)
Total Usable Storage (ac-ft)

The cost allocated to the storage on this basis was then escalated to existing price levels by
use of the Engineering News Record Construction Index. The updating factor was based on the
index at the midpoint of the physical construction period as compared to the index at the
beginning of the fiscal year in which the contract for the reallocation storage was approved.
Computations to determine the value of the reallocated storage follows:

($45,810,877) 77,400 ac-ft/3,338,000 ac-ft = §1,062,200
Midpoint of construction period - September 1941
ENR Index 1 Oct 84 = 4161 = 15.8
Sept 41 263
Updated storage value
$1,062,200 X 15.8 = $16,784,000

Since the present value of the 77,400 acre-feet of storage was considerably more than the
present worth of hydropower benefits or revenues foregone, water supply storage contracts
approved in FY 1985 were based on a storage cost for 77,400 acre-feet of $16,784,000. Costs for
contracts not approved in FY 1985 would be determined in the above manner, using data
applicable for the fiscal year each contract is approved.
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Economic Feasibility. As a test of economic feasibility, the annual cost of storage derived
by the cost updating method was compared to the annual cost of the most likely, least costly,
alternative that would provide an equivalent quality and quantity of water which the local interest
would undertake in absence of utilizing the Federal project. To permit comparison, costs to
obtain the water from Lake Texoma presented in Table 1 are expressed as an annual charge using
a 8-5/8 percent interest amortization, plus annual operation, maintenance, and major replacement
costs for the storage, treatment, and conveyance facilities.

TABLE 1

77 .4 MGD FROM LAKE TEXOMA
2.4 MGD TO SHERMAN
75 MGD TO LAVON LAKE

Capital Annual Total

Cost 0O&M Cost Annual Cost

$ (1) $ $
Storage 16,784,000 67,000 1,526,000
Intake 2,830,000 21,000 267,000
Pipeline 32,702,000 58,000 2,900,000
Pumps 11,736,000 2,317,000 3,337,000
Treatment 17,609,000 1,684,000 3,214,000
TOTAL 11,244,000
(1) Costs amortized over a 59-year period, the remaining economic life of

Take Texoma, at 8-5/8 percent interest rate (Factor 0.08691)

Least Costly Alternative. A potential project, New Bonham Lake, located about 35 miles
east of the city of Sherman, with an estimated dependable yield of about 89 mgd, was considered
as a possible alternate water supply source of 77.4 mgd. The 75 mgd required by the North Texas
Municipal Water District will be discharged into a tributary of Lavon Lake with the city of
Sherman considered as the centrally located delivery point for the remaining 2.4 mgd. The
estimated annual cost of $12,803,000 for the treatment and conveyance facilities, as well as the
cost of the storage shown in Table 2, for New Bonham water is approximately $1,559,000 more
than the estimated annual cost of $11,244,000 for the Lake Texoma water. Also, the New Bonham
Lake project is only in a planning stage and it would be several years before water would become
available from it.

It is apparent that Lake Texoma is the most viable potential source of the amount of water
required to satisfy existing and short range future municipal and industrial water supply needs of
this magnitude.
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TABLE 2

77 .4 MGD FROM NEW BONHAM LAKE
2.4 MGD TO SHERMAN
75 MGD TO LAVON LAKE

Capital Annual Total

Cost O&M Cost Ammual Cost

$ (2) $ $
Storage 45,187,000 452,000 4,350,000
Intake 1,670,000 16,000 160,000
Pipeline 33,690,000 61,000 2,967,000
Pumps 7,641,000 1,461,000 2,120,000
Treatment 17,640,000 1,684,000 3.206.000
TOTAL 12,803,000
(2) Costs amortized over a 100-year period at 8-5/8 percent (Factor

0.08627)

Impacts on other project purposes. The Denison Dam (Lake Texoma) project was authorized
by Public Law 75-761 (approved June 28, 1938) for flood control and other purposes as described
in House Document Numbered 541, Seventy-fifth Congress, third session, with such modifications
as deemed advisable by the Secretary of War and the Chief of Engineers. Public Law 76-968
(approved October 17, 1940) declared the project to be for the purpose of improving navigation,
regulating flows of the Red River, controlling floods, and for other beneficial uses. Subsequent
Public Laws (PL 83-273, approved August 14, 1953 and PL 85-146, approved August 14, 1957)
authorized the Corps of Engineers to contract with the cities of Denison and Sherman, Texas, for
water supply storage. Though not specifically designated as project purposes, under authority of
other public laws and executive order, Lake Texoma provides lands and facilities for public
recreation and the preservation and conservation of fish and wildlife resources.

The effects of the proposed reallocation on the project purposes, for which Lake Texoma was
authorized, surveyed, planned, constructed, and operated (excluding hydropower generation) are
outlined below.

Purpose Impact Discussion

Storage reallocation occurs in the conservation pool and does
not effect flood control operations.

Flood Control None

The project has never been operated for navigation nor has
storage been assigned in the lake for this purpose.
Downstream of Shreveport, Louisiana, the Red River
Navigation System is under construction by the Lower
Mississippi Valley Division. The projected minimum flow

Improving Navigation None
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Regulating Flow of  None
the Red River

Other Beneficial Uses

Water Supply Beneficial
Fish & Wildlife None
Public Recreation None

at Fulton, Arkansas, required to sustain navigation below
Shreveport would be 1,056 cubic feet per second (cfs). The
minimum recorded flow at this station, since impoundment
of Lake Texoma, was 390 cfs in October 1956. In recent
years, several reservoir projects have been completed in
Tulsa District which raise low flows at Fulton. Broken Bow
Lake with 470,100 acre-feet of storage for power, water
quality, and water supply has had a significant impact.
Hugo Lake releases flows for water quality which also
increase the flows during dry periods. A synthesis of the
operation of this system of reservoirs has been made using
the latest information on power schedules. Although short-
term flows could change due to power schedule changes, the
lowest daily synthesized flow at Fulton was over 1,000 cfs.
This was statistically shown to have a recurrence interval of
about 50 years. If the assumptions in the synthesis of
operation from 1938 through 1976 hold true, adequate flows
for navigation should occur although no releases are
specifically made for that purpose. Storage to sustain
navigation below Shreveport is apparently not required in
Lake Texoma. The synthesis of operation shows that at
Shreveport, a flow of 1,056 cfs is exceeded 100% of the
time, 2,000 cfs is exceeded 99% of the time and 3,000 cfs is
exceeded 95% of the time.

No scheduled releases are made for minimum

downstream flow requirements. The proposed reallocation
could change average annual and critical year average flows
from 4,400 to 4,300 cfs and 1,350 to 1,250 cfs, respectively.

Increased storage allocated to water supply by 77,400 acre-
feet.

No noticeable changes in lake levels or pool fluctuations.
Pool may be slightly more stable.

No change in recreation attendance or on public recreation
lands or facilities.

Impact of reallocation on the opportunity to add generating units at Denison Dam. A

preliminary assessment indicated that the addition of two 35 MW hydropower units at Denison
Dam would be economically feasible with the existing water supply allocation of 72,600 acre-feet
of storage and with the proposed reallocation of an additional 77,400 acre-feet of hydropower
operated as one Federal hydropower generating station, the benefit-to-cost ratio of adding two 35
MW units would be about 3.9 to 1.0 without the reallocation and 3.5 to 1.0 with the proposed
reallocation. The proposed reallocation would result in a net decrease in average annual energy
output of about 200 MWH in 1985 increasing to 600 MWH by 2044 due to the effect of
anticipated sediment accumulation. This would result in an average annual energy value benefit
reduction of $23,000 without fuel escalation, and $58,000 with real fuel cost escalation. The
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estimated present value of the loss would range from $275,000 to $685,000 depending upon the
fuel escalation assumption used. The preliminary assessment was based on the following
assumptions: (1) Thermal alternative is a coal-fired plant; (2) Federal construction and marketing;
(3) Economic factors: October 1983 prices, Federal discount rate - 8-5/8%, and analysis period is
1990, to 2044; and (4) Generalized power values furnished by FERC 25 May 1984: project-on-
the-line date - 1990, EIA fuels without escalation, and EIA fuels with escalation.

Conclusions

The reallocation of additional storage space to water supply does reduce the hydropower
production capability. For this reduction, the SWPA is credited with the estimated benefits
foregone from existing generating units at Denison Dam that result from a reallocation of 75,000
acre-feet of hydropower storage (the storage amount contracted to water supply). The credit
began upon receipt of the first payment under the terms of the water supply contract and will be
limited to the term of the current contract between SWPA and the Texoma power customers,
which expires on December 31, 2003. The credit will be increased at a rate of 5% per year.
Following the expiration or cancellation of the power sales contract, credits to SWPA will be
reduced to revenues foregone. These annual revenue foregone charges will be shown as a direct
recoverable charge against the water supply function up to the amount of revenues that would be
foregone due to the reallocation and credited to that account and effect an equivalent reduction in
OM&R charges to the existing hydropower purpose of the project.

The credits beyond the traditional revenues foregone are intended to allow SWPA to provide
compensation to the Electric Cooperatives for lost hydropower generation at Denison Dam. Based
upon discussions conducted among representatives of the Electric Cooperatives, the North Texas
Municipal Water District, the SWPA, and the Department of the Army on May 2, 1985, it was
understood that the contract between SWPA and the Cooperatives would be amended to reduce
payments by the Cooperatives and thereby provide compensation for the loss of generation. The
specific amount of the reduction in payment was negotiated by the SWPA and the Cooperatives.
The approach to providing compensation to parties adversely impacted by storage reallocations
described herein was not to be interpreted as establishing new policy for storage reallocations.
The decision to allow compensation was based on the unique circumstances of the specific
situation under consideration, including the electrical isolation of the cooperatives and the fact
that 100% of the impacts of reduced energy production resulting from the reallocation fell on only
two parties, the cumulative size of the storage reallocations at the Lake Texoma Project, the
nature of the power service contract between the Cooperatives and the SWPA, and the nature of
the authorizing legislation for Denison Dam. -

Shortly after the 1985 reallocation by the Assistant Secretary of the Army (Civil Works),
interests outside the Government began efforts to legislate authority for the Secretary to reallocate
up to an additional 300,000 acre-feet of hydropower storage to water supply in Lake Texoma. .
Presumably, these interests wanted Congressional authorization for future water supply should the
need arise. Congressional assurance of reallocation authority for the Secretary would prevent
many of the challenges encountered in the North Texas Municipal Water District contract. As
water supply interests pressed for assurances of storage availability, the electric co-ops pressed for
guarantees of financial compensation if such reallocations occurred.

In spite of the Secretary’s language concerning the credits for thermal replacement not setting
a precedent, the electric customers succeeded in obtaining that legislative guarantee in the Water
Resources Development Act of 1986 (PL99-662). This law also granted authority for the
Secretary to reallocate up to 150,000 acre-feet of storage to water supply for entities in Texas and
150,000 acre-feet to entities in Oklahoma in addition to the existing 150,000 acre-feet
reallocation.
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On 28 February 1990, the North Texas Municipal Water District made an early payoff of
$15,932,322.39 which was the remaining principal on its 75,000 acre-feet water supply storage
contract.

On 16 Mar 1990, immediately following the North Texas debt payment, Southwestern Power
Administration (SWPA) invoiced the Corps for $8,102,231.13. That sum is the present worth of
the annual escalating credits through the year 2044 (end of 100-year project life) even though the
power contract with the existing co-ops terminates in 2003. Tulsa District has forwarded the
SWPA request for lump sum credit to higher authority with the recommendation that no credits
beyond revenues foregone be allowed after 2003. This action by SWPA indicates that balanced
Federal books for project purposes is no longer the objective.
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DETERMINING DEPENDABLE CAPACITY LOSSES
FOR WATER SUPPLY REALLOCATION STUDIES

by

D. James Fodrea! and Richard L. Mittelstadt?

Introduction

Many of the recent storage reallocations at Corps of Engineers reservoirs for water supply involve
reductions in the output of hydroelectric plants. If the discharge through a powerplant is reduced
due to an upstream withdrawal for water supply, there will be a reduction in the plant’s energy
output. In many cases, there is also a reduction in the plant’s dependable capacity, due either to a
reduction in generating head, a reduction in the energy available to support the plant’s capacity in
low flow periods, or both.

This paper addresses the alternative methods for computing dependable capacity, with particular
emphasis on a relatively new method, which is particularly suitable for computing dependable
capacity losses at projects located in areas where hydropower represents only a small portion of
the area’s power generating resources. This method is appropriate for use in water supply
reallocation studies in most parts of the United States.

Traditional techniques for estimating the dependable capacity of a hydropower project are based
on worst-case scenarios. As a result, they usually underestimate the amount of capacity that can
be provided with some degree of reliability. This is especially true for hydro projects that are
part of power systems where steam plants generate most of the power.

The U.S. Army Corps of Engineers and the Federal Energy Regulatory Commission (FERC) have
developed a method that gives a more realistic estimate of the dependable capacity of hydro plants
in thermal-based power systems. The method is especially useful because most hydro plants in the
U.S. operate in systems dominated by steam generation.

The amount of power, or capacity, that a hydro plant can deliver varies with time, because both
streamflow and head vary with time. For example, at seasonal storage projects, capacity depends
on the reservoir level, which defines head. When the reservoir is full, the power plant’s full
peaking capability will be available. If the pool has been drawn down, the plant’s capacity will be
reduced. At pondage projects, which have enough storage to permit daily peaking, the amount of
capacity that is usable depends on how much streamflow is available to shape the releases to meet
the daily peak power demand. At pure run-of-river plants, capacity is a direct function of the
streamflow coming down the river at a given time. If the flows are low, the plant’s capacity
output will be low. If flows are high, the plant’s capacity will be high.

1 Chief, Power Section, CENPD-EN-WM, North Pacific Division, Corps of Engineers, P.O. Box
2870, Portland, OR 97208-2870; (503) 326-3751.

2 Hydropower Engineer, Power Section, CENPD-EN-WM, North Pacific Division, Corps of
Engineers, P.O. Box 2870, Portland, OR 97208-2870; (503) 326-3752.
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To quantify these variabilities, the power industry uses the term "dependable capacity."
Dependable capacity refers to the amount of capacity that a facility can deliver with some degree
of reliability (5).

Using Dependable Capacity

Why is it necessary to compute a hydro plant’s dependable capacity? There are several reasons.
Power system planners use dependable capacity to measure a hydro project’s contribution to the
system’s peak load-carrying capability. Power marketers need to know how much dependable
capacity a plant can provide when they are negotiating hydropower sales contracts. And,
dependable capacity is required for analyzing the economic feasibility of a hydro plant.

This article focuses on the last application, economic analysis. Project planners, as well as many
investors, test the economic feasibility of a hydropower installation by determining if the cost of
the hydro plant is less than the cost of the thermal power plant that would most likely be built if
the hydro plant were not. The thermal plant could be coal-fired steam, combustion turbine, or
some other type.

In this type of analysis, the thermal plant construction and operating costs which are saved by
building the hydro plant are considered the "benefits" of the hydro plant. Benefits fall into two
categories. The capacity benefit represents the investment costs which have been saved. The
energy benefit represents savings in operating costs.

Zeroing in on the first category, the capacity benefit is the cost of constructing enough thermal
capacity to do the same job as the proposed hydro facility. To compute this benefit, the engineer
has to do two things. First, he must identify the most likely alternative thermal plant. Second, he
must determine how much thermal capacity is equivalent to the hydro plant’s capacity. He does
this by comparing the performance of the two plants in helping the power system meet peak loads.

To compare the performance of a hydro plant versus a thermal plant, the engineer must consider
three factors. One is the fact that the forced outage rates of the two plants are different. Another
is the flexibility advantage that a hydro plant usually has compared to a thermal plant. The third
factor is the effect of hydrologic variations, which causes the capacity of the hydro plant to vary
with time. This is compared to the peak output of the thermal plant which remains essentially
constant.

With these three factors in mind, the U.S. Water Resources Council’s Task Force on Water and
Energy developed an equation to estimate thermal capacity that would be equivalent to a given
hydro plant’s capacity (6).

Equivalent Thermal Capacity = (DC) x (HMA/TMA) x (1+F)

where: DC = hydro plant dependable capacity in kW
HMA = hydro plant mechanical availability in percent
TMA = thermal plant mechanical availability in percent
F = hydro plant flexibility adjustment

The comparison of the plant’s forced outage rates is handled by dividing the hydro plant’s
mechanical availability (HMA) by the thermal plant’s mechanical availability (TMA). A power
plant’s mechanical availability is the difference between perfect availability (100 percent) and the
equivalent forced outage rate. Forced outage data is available from an annual report prepared by
the North American Electric Reliability Council (3).
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The flexibility advantage of a hydro project is accounted for by the (1+F) factor in the equation.
A value of 5 percent is typically used for a project with no major operating restrictions. For
further data, consult references (3) and (4) at the end of this paper.

The third and most important factor is the effect of hydrologic variations on power output.
Dependable capacity (DC) is the term in the equation that accounts for this factor. Dependable
capacity can be calculated in several different ways.

Methods for Determining Dependable Capacity

In the United States, three methods traditionally have been used to measure dependable capacity
(4). They are:

. the critical month method
. the firm energy method
. the specified availability method

A fourth method, the average availability method, was developed in the early 1980°’s and has been
successfully used to measure dependable capacity in areas where most of the power comes from
thermal power plants (4).

Each method was developed to meet a particular set of circumstances, and each has advantages.
In this paper, we will try to show that the average availability method is the best method for
evaluating many hydro projects. However, none of the methods is universally applicable. One
must choose the appropriate method for the particular project and power system being analyzed.

Critical Month Method

In a2 power system where hydropower is the dominant resource, such as systems in the Pacific
Northwest, a conservative approach must be taken to define dependable capacity. A drought
could affect the output of most of the region’s generating resources. In such a system, a hydro
plant’s dependable capacity would be based on output under adverse load and streamflow
conditions. Typically, the dependable capacity would be the plant’s capability in a high demand
month near the end of the reservoir critical drawdown period. The impact of hydrologic
variations would be greatest at storage projects, where the power plant loses generating capability
when the reservoir is drawn down.

Using the most adverse month can be overly conservative, however, if the streamflow period it’s
based on has an extremely low probability of recurrence. For example, studies show that the most
adverse streamflow period in the Pacific Northwest is the 1928-32 critical period, which has a
recurrence interval of well over 100 years. Using this period as the basis for dependable capacity
would not make sense, because it is more conservative than the reliability criteria for the overall
power system. So, the regional power system decided to base dependable capacity on the 1936-37
low flow period, which has a recurrence interval more consistent with the power system’s
reliability criteria.

At Libby, a typical storage project in this system, the reservoir would have been drawn down in
January 1937 to a level where head would permit a maximum output of about 512 MW. Thus, the
dependable capacity of Libby is limited to 512 MW, compared to a peaking capability of 604 MW
at full pool.
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The critical month method was developed in an era when hydropower provided an important
share of the generation for many utility systems. It is still a valid method for measuring
dependable capacity in a hydro-based power system. However, it is not appropriate to apply to
hydro plants in thermal-based power systems, because it does not account for the diversity of
non-hydro energy sources in such systems.

Firm Energy Method

In the southern and southwestern regions of the U.S., hydropower represents only a small part of
overall power generation. Many hydro plants in these areas have been designed as low plant
factor peaking plants, which have high generating capabilities compared to streamflow. At these
projects, dependable capacity is usually constrained by the availability of energy during drought
periods. Without water, the plants can’t generate as much power.

In these systems, dependable capacity has traditionally been based on a firm energy requirement.
For example, the criteria applied in the 1970’s by the Southwestern Power Administration to
Corps of Engineers’ hydro projects in that region was that 1,200 kWh of firm energy had to be
provided each year to make a kilowatt of capacity dependable. Firm energy is the energy
available in the most adverse water year (or sequence of water years).

The output of hydro projects in these regions is now marketed on a system basis, so it is no longer
possible to establish a generic requirement that applies to all projects. Each project is examined
based on its contribution to the system’s dependable capacity output. However, the firm energy
method can be used to define the dependable capacity of the entire system. Marketing agencies
use this general approach when they evaluate the marketable capacity of a new hydro project.

The firm energy method was d