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EXECUTIVE SUMMARY

During 28-30 October 1986, the Office, Chief of Engineers (OCE), under
the Water Operations Technical Support (WOTS) Program sponsored a workshop on
reservoir releases, which was conducted by the US Army Engineer Waterways
Experiment Station (WES). OCE, WES, and Divisions and Districts from across
the Corps of Engineers (CE) and other Federal and local agencies were repre-
sented by participants and presenters at the workshop. A list of workshop
attendees is included in the workshop proceedings. The objective of the work-
shop was to provide a forum for the exchange of information related to reser-
voir release water quality problems and potential evaluation and solution
techniques and methodologies to improve reservoir releases. Papers were
solicited from across the CE, the Bureau of Reclamation, and the Tennessee
Valley Authority (TVA). Examination of the Table of Contents and the workshop
Agenda will reveal the breadth of the topics discussed in the twenty-seven
papers presented at the workshop. In overview, the papers were presented in
five categories: (1) Water Quality Policy; (2) Measurement, Evaluation, and
Prediction Techniques; (3) Operational and Tailwater Techniques; (4) In-
Structure Techniques; and (5) In-Reservoir Techniques. Generalized and
specific case studies of reservoir release water quality problems and
solutions were presented.

In general terms, papers in Session I: Water Quality Policy, covered
some of the issues that have impacted and shaped the existing posture
regarding reservoir release water quality. Representatives of the OCE and TVA
presented papers on each agency's policies regarding the quality of reservoir
releases. Both agencies have clear objectives to maintain suitable aquatic
habitat downstream of reservoir projects and to improve the release quality
when possible within the guidelines of authorized project purposes. Specif-
ically identified as a developing policy question is the challenge to develop
a strong policy of nondegradation of release water quality at projects where
non-Federal hydropower is proposed. TVA and CE, based on the papers in this
session, appear to be in transition from primarily identification and assess-
ment of water quality problems to emphasizing the monitoring and management of
water quality. To these ends, remote satellite data acquisition equipment is
being developed and deployed to permit the effective use of fiscal and man-

power resources to achieve the monitoring/management objectives.



Papers in Sessions IIA and IIB: Measurement, Evaluation, and Prediction
Techniques, contained generalized topics related to existing capability to
model and thereby evaluate various aspects of water quality in reservoirs and
regulated streams. Quality parameters of interest were temperature, dissolved
oxygen (DO), and suspended sediment. Other papers dealt with the effects of
and methods to evaluate the impacts of reservoir releases on tailwaters. A
general paper on modeling provided an overview of several approaches available
to evaluate reservoir release water quality with a brief review of two appli-
cations of these modeling techniques. A case study was presented on the
application of a one-dimensional model for simulating the transport of
suspended sediment into and through a reservoir. Other papers presented case
studies on the evaluation of a modified reservoir withdrawal structure, the
potential impacts on in-lake and release temperatures of a pool raise and
storage reallocation, and the application of a reservoir system model for
real-time control of DO. Two papers focused on predicting the effects of
release improvement on project tailwaters below several TVA reservoir projects
and Buford Dam, a CE project, on the Chattahoochee River. Of particular
interest in these two papers were the effects of providing minimum flows
downstream of a reservoir and the application of an aquatic habitat model
PHABSIM,

The papers in Session III: Operational and Tailwater Techniques,
presented case studies on the data collection and analysis to determine the
causes of low DO downstream of a hydropower project. A case study was
presented on a project where provisions were made to provide minimum flows
downstream of a hydropower project. Two papers presented applications of a
numerical model of selective withdrawal that can predict release quality
characteristics and can provide guidance on the operation of a multilevel
outlet structure.

In Session IV: In-Structure Techniques, the results of generalized
research and specific applications of the concept of blending in a single wet
well to control release water temperature were presented. Additionally,
several applications of turbine venting to increase the DO content of releases
from hydropower projects were discussed.

In the last session, Session V: In-Reservoir Techniques, in-lake aera-
tion and oxygenation systems were the topics of several papers that outlined

experiences at TVA and CE projects. At both, the oxygenation system was



designed to improve the reservoir DO concentration in a local area. At the CE
project, the water that was improved was for release quality maintenance. At
the TVA project, the locally improved water was to provide a haven for striped
bass. Case studies were presented relating results of applications of local-
ized destratification for release improvement. These studies specifically
dealt with the use of an epilimnetic pump and early experiences with a
pneumatic destratification system. Another paper developed the design of a
local hydraulie destratification system. Of particular importance was a paper
from the Bureau of Reclamation that outlined a design procedure for pneumatic
destratification systems. Additionally, the results of operating a retro-
fitted selective withdrawal structure were presented.

Appreciation must be expressed to OCE for sponsoring the workshop
through the WOTS Program; to the session chairmen for efficiently presiding
over their topic areas; to the presenters who provided the information and
technology transfer; to Mr. Dennis Barnett who was the local point of contact
from the South Atlantic Division; to Mr. William N. Rushing who made all the

physical arrangements; and to personnel of the WES Hydraulics Laboratory who
conducted the workshop.
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PREFACE

This report presents the proceedings of the CE Workshop on Reservoir
. Releases that was held in Atlanta, Georgia, 28-30 October 1986. The workshop
0 was funded by the Water Operations Technical Support (WOTS) Program, which is
sponsored by the Office, Chief of Engineers (OCE). The workshop was organized
and conducted by personnel of the US Army Engineer Waterways Experiment Sta-
tion (WES). Mr. Steven C. Wilhelms of the Reservoir Water Quality Branch
W (RWQB), WES Hydraulics Laboratory, and Dr. Richard E. Price, Acting Chief,
\si RWQB, were the principal conference coordinators. Mr. William N. Rushing,

Assistant Program Manager of WOTS, WES Environmental Laboratory, made ar-

)ﬂﬁ rangements for the workshop facilities and served as point of contact for

ﬁﬁs submission of abstracts and papers. Messrs. Wilhelms and Rushing and

%?f Dr. Price were assisted in workshop administration by Ms. Laurin I. Yates.
;ﬁ‘ Messrs. Jeffery P. Holland, Chief, RWQB, John L. Grace, Jr., Chief, Hydraulic
VSV Structures Division, and F. A. Herrmann, Jr., Chief, Hydraulies Laboratory,
33 directed the effort. Mr. Wilhelms prepared the Executive Summary and

égﬁ organized the remainder of this report.

Dr. Jerome L. Mahloch, Environmental Laboratory, WES, was Manager of
the WOTS Program. The Technical Monitor of the WOTS Program for OCE was
Mr. David P. Buelow.

COL Dwayne G. Lee, CE, was the Commander and Director of WES.

Dr. Robert W. Whalin was Technical Director.
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POLICY ISSUES
ASSOCIATED WITH RESERVOIR RELEASES

by

John S. Crossman, Ph.D.
Environmental Scientist, Environmental Quality Staff
Tennessee Valley Authority
Knoxville, Tennessee

ABSTRACT

feservoir releases from the Tennessee Valley
Authority's (TVA) dams are adversely affecting
approximately 340 miles of stream during late
summer, low flow conditions. The parameter of
greatest concern and the one most often failing

to meet State and Federal water quality
eriteria is dissolved oxygen (DO).
Unacceptably low DO concentrations in

combination with reservoir operations that
leave stream beds dry for up to 45 days per
year have severely impacted tailwaters and have
virtually eliminated any potential they offer.
Because of changed public priorities, TVA is in
the process of addressing and/or accommodating
the nonstatutory demands being made on TVA's

reservoir system. However, major policy
questions that still need to be addressed
include: (1) are reservoir releases being

improved to restore beneficial uses or to
develop the resource, (2) should the cost of
improvements be paid by the ratepayer or
taxpayer, and (3) what level of improvement
should TVA strive for?

INTRODUCTION

The TVA integrated water control saystem of 40
dams comprises what is generally considered the
most regulated river system in the world.
Developed in accordance with & comprehensive
plan mandated by the TIVA Act, the Nation's
fifth largest river is managed primarily for
flood control and navigation, and as consistent
with these statutory purposes it also provides
hydroelectric power. Largely completed by the
late 19508, TVA's multipurpose reservoir system
has been one of the cornerstones of the
region's  success in economic growth and
development . Estimated benefits provided by
the reservoir system for the 1934-83 period
(expressed in 1982 dollars) are:

o Flood Control Benefits: Total flood
control benefits from the TVA system
are estimated to be $4,127 million .
besed on the cost of flood damages
prevented.

o Navigation Benefits: Total navigation

benefits of the TVA reservoir system
are estimated to be $3,655 million .
[as determined] by compsring the cost
of moving freight via the Tennessee
River to the next chespest mode and
route of trensporastion.

0 Recrestion Benefits: Totsl estimated
benefits associsted with recreational
activities made possible by the

reservoir system are $6,363 million.

o Hydroelectric Benefits: The total
value of the benefits associated with
the production of electricity by TVA's
system of dams and reservoirs is
between $8.3 billion and $12.9 billion
depending on the method used to measure

them, i.e., based on TVA average
wholesale rates or national average
wholesale rates {Anonymous TVA,
1985).1

As the Valley's economy has improved and public
priorities have changed, TVA has successfully
modified its operations to accommodste to some
degree many of the nonstatutory demends made on
the systea. For example, TVA cucrrently
operates its system to meet wster supply needs,
to control mosquitos and aquatic vegetation, to
reduce the adverse effects of downstream
effluent releases such ss thermal discharges,
and to provide for recrestional use. Among,
other things, these changes have helped
eradicate malaria from the Valley, they support
a fisheries valued at $425 million per year,
and they support & recreation industry that
draws 70 million visits per year (Mills and
Jones, 1986).

NEW EXPECTIONS - TVA REGION

A study by TVA's Reservoir Development Branch
indicates that the recreational use of TVA's
reservoir system is expected to grow by over

10 million visits during the 1980s (Anonymous
TVA, 1979). If the Labor Department's Bureau
of Labor Stetistics trend on high employment
growth in amusement and recrestion services
holds true for the TVA area, recreation will be
a growth industry desecrving greater considera-
tion in the way the Valley's water resources
are managed.

In addition to the expected recreationsl
demands, environmental concerns related to
wastewater treatment and meeting water quality
standards are plecing new demands on the
quality and queantity of releases from water
resource projects. For example, in Tennessee

1. The real (inflstion adjusted) rate of return
is in the 7-10 percent range which is
roughly double the return society received
on investments mede during the same period.

3 .g'i‘g;i‘gsﬁAc




the governor's Safe Growth Team has noted that
economic growth may be compromised by the in-
ability of many communities to provide adequate
wastewater treatment. This was summsrized in a
1982 report to Governor Alexander in which the
Safe Growth Team reported that:

At present there are 89 communities
in Tennessee where the inadequacies
of wastewater trestment facilities
are so great that water queslity
standards sre regularly violated in
the streams receiving these wastes.
Approzimately 630,000 Tennesseans
live in these communities. A much
larger number of our citizens are
affected becsuse of the widespread
recreational use of the waters of the
State (Smith, 1982).

When considered in conjunction with the
following observations, it is no wonder that
states are making water issues a priority.

o During the 1975-82 period, the Nation
was spending between $4 and §7 billion
per year on municipal waste treatment
facilities with approxzimately 75
percent of the monies being provided by
the Environmental Protection Agency's
construction grants progras. Today
this program has been scaled back to
$2.4 billion per yesr and the Federsl
share has been reduced from 75 to 5SS
percent.

o It is estimated that it will cost $1.2
billion to neet the wastewster
treatment needs in just the Tennessee
Valley region through the year 2000.

o EPA's new Municipal Compliance Policy
is placing new demands on the Ststes.
It specifically calls for enforcement
actions ageainst municipalities not
complying with appropriate provisions
of the Clean Water Act whether Federal
wastewater treatment funds ace
available or not (Wyatt, 1986).

RESOURCE MANAGEMENT CHALLENGES

As clean water relsted issues gain increased
public attention, water resource management
agencies should expect questions on how they
plan to eddress and/ur accommodate these issues
while meeting the project uses authorized by
Congress. Recent initiatives supporting this
observation include:

o In Tennessee, State water quality and
netural resource sgencies have
indicated an increased concern about
water quality and instresam flows
downstream of all dams in the State.
The Tennessee Division of Water
Pollution Control has proposed the
adoption of language in their water
quality standards regulations
specifying that the State’'s use
designations and DO criteria, i.e., 5.0
mg/l for warmwater fisheries aeand 6.0

mg/l for coldwater fisheries, are
applicable to all tailwaters " . . . up
to the toe of the dam.” The Tennessee

Water Quslity Control Board and the
Tennessee Wildlife Resources Commission

have also adopted resolu. .ons urging
TVA to move beyond its experimental

releases improvement prograna and
mitigate the impact of its reservoir
relesses.

o EPA has developed a draft guidance
document clarifying the need to control
nonpoint sources of pollutants through
nonpoint source controls, best
management practices (BNP's), and how
BMP's should be implemented to meet
water quality stendards.

o Pending hydropower licensing, omnibus
water resources, and clean water bills
in the House and Senate indicate that
incressed emphasis on environmentsl end
energy conservation requirements is
likely to be pleced on new as well as
existing hydropower projects. The most
environmentally significant legislation
involves hydropower relicensing in
which Congressmen Markey, Dingell, and
others are recommending changes to the
Federsl Power Act that require the
Federal Energy Regulatory Commission,
in deciding whether to issue & license
for any project, to give equsl
consideration to energy conservation,
fish and wildlife amenities (including
related spaswning grounds snd habditat),
recreational opportunities, and the
preservation of enviconmental quality
to the power and development purposes.

TVA'S RESERVOIR RELEASES SITUATION

In August 1978, an intecoffice task force
prepered a special executive report for the TVA
Board of Directors on the impact of TVA's
projects on downstream uses and water quality
(Anonymous TVA, 1978). One of the most
significant findings of the report was that
releases from TVA's danms were adversely
impacting aepproximately 340 miles of stream.
The parameter of grestest concecn and the one
most often failing to meet State and Federal
water quality criteria was dissolved oxygen
(DO). Unacceptably low concentrations of DO in
combination with operations that leave stream
beds dry for extended periods of time hed
virtually eliminated the teailwater resource and
any development potentisl it offered.

The number of days thet releases from TVA's
dams failed to meet protective criteria varied
from & minimum of three days at Upper Besr
Creek to a maximum of 183 days per year at Tims
Ford. The most serious pcoblems were
associated with the east Tennessee tributary
projects. These projects are deep, stratified
impoundments with long retention times and
highly variable releases. They sre also
located in moderstely to highly developed
watersheds.

TVA's efforts to mitigete these problems has
primerily involved a 2-prong technologicel and
resource management approach, i.e., mitigating
technologies simed at improving DO concen-
tretions at the dem and efforts to control
pollution in the reservoir watershed. The
technological work has involved s major experi.-
mental program to identify inezpensive,
efficient aseration techniques that can be used
at TVA dams. The resource management effort
addresses the reduction of upstream pollution
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This has vresulted in the development of
reservoir water quelity management plans. One
of the major components of these plans involves
modeling the relationships between reservoir
inputs (point and nonpoint source contributions
to reservoirs) and reservoir water quality.
Although point snd nonpoint sources of pollu-
tants are not the only cause of hypolimnetic DO
depletion, control of these pollutant 1loads
should improve reservoir DO concentrations.

In addition to the technological and resource
management activities described, IVA  has
undertaken institutional initistives to address
issues related to the DO problem. One of the
most promising endeavors is a Memorandum of
Understanding between the State of Tennessee
and TVA which recognizes TVA, “as the area
management asgency with respect to nonpoint
sources of pollution originating from
properties in TVA custody or under TVA control
which are situated in the State of Tennessee."
As the designated mansgement agency, IVA has
agreed to work with the State end other
suthorized egencies to achieve implementation
of the Tennessee Water Quality MNanagement
Plan. Efforts being pursued under this agree-
ment include:

o Incorporating waste treatment maiagement
plans into all TVA land use plans.

o Incorporating requirements for nonpoint
source control measures into all future

licenses, leases, and easements for
property in TVA custody or control
including any renewals of existing

licenses, leases, and easements.

o Incorporating requirements for nonpoint
source control measures into approvals
given under Section 26a of the TVA Act.

TVA has also taken an increasely active role in
the review of State water gquality standards.
This yesr, TVA has urged the State of Tennessee
to coatrol more effectively the pollutants that
sre causing significant cultural eutrophication
and sediment buildup problems in Tennessee's
streams and reservoirs. Water bodies with
severe use impeirments should be identified as
“Nutrient Sensitive Waters*® or "Erosion
Sensitive Watershed." Following this
designation, TVA recommended implementstion

of watershed pollutent control programs that
emphasize the control or treatment of point and
nonpoint source contributions at their source
(Rivers, 1986).

POLICY DISCUSSION

The issues reised strongly suggest & need to
reexamine resource mansgement and pollution
control strategies, in particular those related
to water quslity and quentity programs. Better
integration of these programs is not only an
important policy issue in the Tennessee Valley,
but nationally as originally noted by the Water
Resource Council's (WRC) in their "Second
National Water Assessment,” nearly 10 years
sgo. In the policy section of that report, WRC
stated:

Perhaps the most significant
deficiency in the past management of
water resources was the failure to
adequately consider water gquality in
many acreas. Accordingly, it has been
necessary to make major investments
in an effort to bring water quality
up to an acceptable level. Aggres-
sive programs directed at water
quality management should have been
initiated before major problems arose
as e result of industrial and agri-
cultural development and urbanization.
Even now, as an all out attempt to
slleviate water pollution problems
proceeds, the integration of water
quality planning and management with
other aspects of water resources
development tends to be overlooked.
Without integration, the water qual-
ity goals will be more difficult, and
more costly to meet. The Second
National Water Assessment did not
address the issue of flow require-
ments for water quality management
(Anonymous WRC, 1978).

The country has taken steps to factor reservoir
releases into the design of new projects. For
exemple, in the planning of new projects,
Federal agencies now routinely factor in needs
to maintain downstream assimilative capacity,
to protect fisheries, and to asccommodate
downstream recreation. There has been less
success in resolving these issues at existing
projects. Efforts to address these issues,
i.e., at existing projects, under the national
water quality standards program, the sections
402 and 404 permitting activities, and the
section 208 water quality management program of
the Clean Water Act have not been particularly
effective. Instead it seems that litigation or
the threat of litigation over hydropower
relicensing has been the principle vehicle for
resolving these issues.

Whether litigation or some other option is the
appropriste vehicle for addressing the reser-
voir releases situation at existing projects,

only a future historian can say with any
certainty. At TVA we are addressing it as a
technological issue requiring the combined
resources and expertise of both resource
management and regulatory agencies. In that

regard, we have identified the following policy
issues that are the subject of an ongoing
policy debate within TVA:

o Are the downstream improvements in DO
and flows being underteken to restore
beneficial uses or to develop the
tasilwater resource?

0 Should the cost of improvements be psid
for by the ratepayer in accordance with
the polluter-pays principle or the
taxpayer through Congressional
appropriations in support of the uses
prescribed in the original project
suthorization?

o What water quality objective or what

level of 0O improvement should TVA
strive for?
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How ever these internal TVA issues are
resolved, the following policy issues deserve
the attention of everyone interested in water
resources. Given the need to better integrate
water quality and water resource programs, if

water resource projects are achieving State

approved minimum flows and water quality

objectives:

o Should construction grants decisions
for funding waste treatment projects
beyond secondary treatment be
coordinated with water resource
sgencies?

o Should EPA and States modify their
policies making additional flows and

increased DO levels eligible for
funding under the construction grants
or revolving loan programs? (Note -
This change should be consistent with
section 102(b) of the Clean Water Act,
i.e., water resource "shall not be
provided as a substitute for adequate
treatment or other methods for
controlling waste at the source.”)

o Should flow related

encouraged?

permits be
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ABSTRACT

A brief overview of TVA efforts to iamprove the
quality of reservoir relesses from major dams

in the Tennessee Valley. The program involves
improvement of dissolved oxygen levels in reser-
voir relesses and steps to provide & minimum
stream flow below TVA dams. These and other
efforts sre, however, not to be understood in
isolation but ss part of a total concern for
water guality in the region. Without s com-
mitment to total water gquality, such techno-
logical fixes would simply be stopgsp measures,
doomed to be overwhelmed eventually by the
pressures of industrisl expansion snd population

growth.

INTRODUCTION

TVA and others around the country have been
sware for many years that our dams were creating
water quality problems. Two factors sre
involved, of course. One is the natural

tend ;ncy of deep bodies of weter to stratify
during the summer. The other is the design of
power components which use the deeper waters of
a reservoir for hydroelectric generation. These
deeper waters tend to be low in ozygen through

much of the summer end early fall.

TVA RESERVOIR RELEASE IMPROVEMENTS:

AN OVERVIEW

Bevan W. Brown

Director, Division of Air and Water Resources, Tennessee Valley Authority, Knoxville, TN

A number of devices have been ezamined through
the years to try to correct the prodlem.
Several years ago TVA looked into ways of
introducing oxygen into the water nesr the
turbine intskes. But, there was no sense of
urgency on anybody's part to deal with low
dissolved oxygen in reservoir releases. The
situation was there. We knew it was there. And
we knew, in the back of our minds, that someday
it probably would have to be dealt with. We
were, however, somewhat like Scerlet O'Hars in
“Gone With The Wind"--it was something we would

think sbout tomorrow.

THE CURRENT TVA PROGRAN

It was not until the start of the 1980s, or
theresbouts, that we st IVA reslly got serious
about dealing with oxygen deficiency in reser-
voir relesses. We began experimenting with some
technology that had been tried in Alabams, and
we thought we had found & way to make it work

without costing our power system a fortune.

Improving the oxygen content of reservoir

releases is the first part of a two-pronged
effort TVA has been pursuing for sbout seven
yesrs. You'll hear more sbout the technical

aspects of this program from others in TVA.
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I'11 just give a brief outline of where we stand
right now. But mainly I want to consider some
of the reasons why we believe water quality
issues must be among our top priorities in water

resource management.

At Norris Dam, we are working with hub baffles
to incresse air injection into water turning
hydroelectric turbines. The baffles installed
at existing seration vents on the turbine hub
are able to increase oxygen content of the water
by 2.5 to I milligrams per liter. The baffles
are bolted onto the turbine hub in the spring
and removed in the fall of the year when they

are no longer needed.

At Tims Ford Dam in middle Tennessee, we are
using & large air compressor to force sir into
the water flow. The effect is sbout the same as

we are getting with hub baffles at Norris.

At South Holston Dam in upper east Tennessee, we
found that a simple modification of the existing
aeration system gave pretty good results. Oxygen
levels sre increased around 2 milligrams per

liter.

And at Douglas Dam we have begun a study of
Garton pumps to overcome the problem of low
dissolved oxygen in turbine releases into the
French Broad River. These pumps look something
like airplane propellers. They are suspended
ten feet deep beneath a floating platform, and
are protected by & heavy wire cage. The idea
is to force surface water deep enough into the
reservoir nesr the turbine intakes so that the
well oxygerated water from the surface flows

through the powerhouse and into the stream below

the danm.

A ""tﬂ‘i}«:{”o

Our work has convinced us that there is no
simple, off-the-shelf method of improving oxygen
content of reservoir releases. We have found
that hub baffles work pretty well one place but
not at all on another, similar generating unit
somewhere else. Air compressors can do the job
at some installations but are unsuited for other
facilities. Each installation hes its own
characteristics and requires an individual
solution. It may be that oxygen injection may
be the best solution at some facilities. We

have not given up on that procedure.

In fact, we are exploring direct oxygen injec-
tion at Cherokee Reservoir as part of an attempt
to create fish sanctuaries for striped bass.
These fish suffer considerable stress during

the summer unless they can find an ares of cold

water with adequate dissolved oxygen.

It is also becoming clear that what we are doing
now may be only a transient phese in dealing
with oxygen depletion in reservoir releases.

The ultimate solution probably lies with the
design of the replacement units in powerhouses
all scross the Nation. We have studied a number
of TVA installations in recent years, loc“ing

at the older units and at the feasibility of
replacing them with newer designs. There is no
doubt that many older TVA hydroelectric units
can be replaced with units that will not only
produce greater amounts of electric power with
the same amount of water but that seration can

be designed into the new equipment.

The second part of our efforts to improve water
quality in streams below TVA dams involves
sustainable minimum flows. Below Norris Dam we

hsve constructed a small reregulating weir that

Brown
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is designed to ensure a minimum flow of 200
cubic feet per second. This is accomplished
pretty much through normal operation of the
hydroelectric facilities. By impounding water
behind a rock dam during power generation and
releasing it in & controlled manner when the
turbines are not operating, we can provide s
relisble minimum flow in the Clinch River.

There are times when no hydroelectric generation
is scheduled for an extended period that we have
to pulse & turbine for an hour twice s day to

supply the needed water.

At Tims Ford Dam, we have installed a small
hydro unit that generates when the big power
unit is not operating. It releases 80 cubic
feet of water per second to the stream below the

dan.

And below Tellico Dam, we are providing 8 cubic
feet per second of cold, well aerated air to an
arm of Watts Bar Reservoir to create a sanctuary
for striped bass. A siphon has been constructed
to carry the water over the dam and into the old
river bed below Tellico. To hold the cold water,
an underwater barrier has been built near where
the Little Tennessee and the Tennessee River
join below Fort Loudoun Dam. This sanctuary
appears to have been used by considerable
numbers of stripers and other fish this past

summer .

OUTCOME AND OUTLOOK

Obviously, improving oxygen content of water
below TVA dams and guaranteeing a minimum flow
in the stream provide fishery benefits. Fish

and the aquatic organisms on which they feed

need oxygen and minimum amounts of flowing water
in order to thrive. Our experience below Norris
Dam indicates that some cold water fisheries in
the Tennessee Valley can be greatly improved
through & combination of oxygen improvement and
provisions for & minimum flow. Not only do the
fish have better quality water in which to live
but insects and other aquatic life important to

fish thrive better under such conditions.

This is especially important in tributary
streams. On the Tennessee River from Knoxville
to Paducah, Xentucky, masintensance of navigation
depths ensures that there will always be con-
siderable water below mainstresm dams. But in
some tributary streams, there are times when

the flow is little more than & trickle. Full
development of any kind of fishery is impossible

under such conditions.

There is a broader rsnge of considerations than
fishery development, however, behind our efforts
at reservoir release improvement. Just about
everyone in the Tennessee Valley region -- all
7 million people -- have a stake in water
quality improvement and protection in one sense
or another. The economic well-being of the
region is wrapped up in the health of its water
resources. An sbundance of water has long been
s major selling point for the Tennessee Valley
when industrisl recruiters go looking for

prospects.

But abundance is often a relative matter. That
is one of the things we are learning from two
years of drought in the Tennessee Valley. We
still have a lot of water in the region, but
that water is now under considersble stress.

Fish and mussels are dying in some places where

3rown
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we had no ides that severe water quality problems

existed.

Some of the problems may come from sources of
pollution that are poorly understood or undocu-
mented. Some of the problems msy arise in the
reduced capacity of the water to assimilate
natural and menmade inputs of one kind or
another. And this probably results from a
combination of low dissolved oxygen and higher

than usual water temperatures.

Some things, of course, we can do little about
under the conditions that govern our opera-
tions. But fundamental reservoir release
improvements are within our capscity. And
becsuse one reservoir generally feeds into
another in s downstream pattern, improvements

at certain key dams can make significant improve-

ments in water quality in one, two, perhaps

three or more reservoirs downstream.

THE BALANCED PICTURE

More than 50 years of IVA experience have con-
firmed many times over that quality natursl
resources are essentisl to the economic well-
being of a region. When the agency went to work
in the 1930s, we immediately put people to work
restoring lands that hud been abused for cen-
This restoration had s bonus effect of

turies.

improving water quality in the Tennessee Valley.

Now we sre hsrd st work on s number of water
quality issues, some far older than TVA, end
some as new as the lstest consumer product or
industrial process.

Reservoic relesse improve-

ments are an important part of the overall water

quality effort. But let me make it clear, they

do not stand alone. Unless we guard water qual-
ity from all other thrests, any improvement we
make in dissolved oxygen and more relisble stream
flow will only be stopgap. Stresses of indus-
trisl change and population growth will soon

overwhelm whatever we do unless we can see the

whole water quality picture.
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STATUS OF THE WATER QUALITY CONTROL MISSION IN ORD AND NEEDS FOR RESEARCH SUPPORT

MARK ANTHONY, PhD

Chief, Water Quality Section
Reservoir Control Center
U.S. Arwy Engineer Division, Ohio River

Water quality control 1is a significant,
integral aspect of our water control m=mission in
the Ohio River Division. The location and
resources of this basin resulted in early
extensive development and subsequent wmajor
problems with polluted streams. The Corps of
Engineers was 1nvolved 1n two major studies of
pollution 1n this basin {1920's and 1930's) prior
to any reservoir construction 1n the basin.
While flood control was the primary focus of the
1938 Flood Control Act  which authorized
construction of a large reservoir system in thas
basin, water pollution control was also cited as
a msajor benefit. Subsequent authorization of
specific projects have established water quality
control storage as well as storage for low—flow
augmentation. A major improvesent in water
quality control resulted from 1ncorporating
selective withdrawal capability at storage
projects constructed during the last 20 years.
This feature allows us to more closely comply
with stream standards than at projects with only
a capability for bottom releases.

wWhile our districts were collecting at
least some water quality data for reservoir
regulation guidance during the [960's, an
intensive effort was initiated in 1967. A long-
range plan was carefully developed along with
specific objectives and priorities and an
organized data collection effort began. The
basic strategy was to acquire an adequate data
base at all projects, ewploy interpretative
techniques abetted by an  understanding of
hydrodynamics and hydrometeorological conditions
tn order to anticipate and respond to the quality
of storage when scheduling reservoir releases.
The success of this strategy along with very
careful coordination with state agencies has
allowed the Ohio River Division 'ORD) to avoid
controversy, litigation and crash mitigation
efforts.

We, at the present time, are attempting to
further refine all of the procedures associated
with water quality control. We now have access
to a multitude of more precise and eloquent
procedures developed through the Environmental
Water Quality Operations Study Research Programs,
many of which have already been 1ntegrated into
our programs. However, further integration or
utilization of this 1mproved technology 1s
proving difficult because of the limited size of
district staffs and the level of difficulty posed
by the complexity and seophistication of some of
the latest computerized analytical techniques.
Staffing constraints force districts to rely more
and more on direct support by research personnel
for initial application of water sanagesent
procedures. Thus, there is a dilesma: districts

L3 ﬂ'-& ‘A‘\‘-"!-‘:T ¥ ‘2‘33"-‘{“""!?'

require the services of a skilled and also staff-
limited research staff whose primary mission is
to continue research toward 1dentified and
Justifiable objectives and needs.

The location and resources of the Ohio
River Basin promoted early and rapid settlement
and the Ohio River provided relatively easy
transportation to the west. By |B00, Pittsburgh
was a thriving center of industry including i1ron
and steel, boat building, coal, lumber, and

glass. Thousands of flatboats were buLlt to
transport settlers and wmaterials on one way
Jjourneys as far as New Orleans. In the early

1800's, bulk coal shipments by flat boat were
routine. The iargest of these boats was 175 feet
long, 26 feet wide, and drew 8 feet when loaded
with 24,000 bushels of coal. They were floated
downstream only on high water stages. In 1847,
the peak year, sore than 2,200 flat boats from
the Ohio Valley landed in New Orleans.

The first OChio River steamboat was built at
Pittsburgh 1in 1811 and the first Ohio River
towboat taking coal to New Orleans delivered
2,280 tons in four barges in 1854, Steamboats
provided an enormous 1mpetus to Ohio Valley
industrial development and accelerated commercial
growth. The success of this means of
transportation led to the first Inland Waterwavs
Iaprovement Act 1n 1824 which directed that
experiments be conducted to determine the best
method of coping with sandbars in the Ohio River
and that measures be taken to remove snags
obstructing navigation on the Ohio and
Missi1ss1pp1 Rivers. The Army Corps of Engineers
was assigned responsibility for implementing this
Act.

In 1824 the Ohio River was wmuch obstructed
throughout its length by snags, rocks, and sand
and gravel bars. The width of channel varied
exceedingly and the low-flow depth varied from a
minisum of one-foot above Cincinnati to two feet
below Cincinnati. When the depth over the worst
shoals was three feet or sore, the river was
navigable throughout its entire length for
steamboats, flat boats and keel hboats.

Improvements 1nitiated 1n 1825 consisted of
removal of rocks and snags, placement of wing
dikes and back channel dams. This approach was
continued and expanded until construction of a
system of 50 locks and dams with a nine-foot
navigation channel completed in 1929. By 1950,
this system had become obsolete because of
capacity and msaintenance costs. Beginning in
1954, 13 new modern navigation structures were
built to replace 39 of the old structures. The
present navigation system consists of 20 locks
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and dams on the Ohio main stem. Tributary
navigation projects 1include the Allegheny River
~1ght structures,, Monongahela River .nine
structures:, Kanawha River four structures:,
Kentucky River il4 structures), Green River . four
structures;, Jumberland River . four structures),
and Tennessee River (l0 structures..

As settlement proceeded, Ohio Basin floods
became a sajor problem and a controversial 1ssue.
A proposal by Charles Ellet, Jr. in 1849 outlined
1mprovement of the Mississippi and Ohio Rivers by
means of storage reservoirs. He maintained that
reservolr sites should first be established on
the Allegheny, Monongaheia and other Ohio River

tributaries. His plan suggested that such
reservolrs would control tlonding, and low flow
navigation and produce power, The opposing

position including the Corps of Engineers’)
considered levee systems to be a much more
teasible approach. A series of devastating flood
events led to the 1936 Flood Control Act and
responsibility on the part of the Corps for
planning, constructing and operating flood
control reservoirs.

Ohio River water <quality dJegradation had
become a serious problem by the early 1900's. A
report published 1n 1912 by the Pittsburgh Flood
Commission contained the results of surveys,
1investigations and studies concerning the causes
of damages by and methods of relief from floods
in the Allegheny, Monongahela and Ohio Rivers.
This report recommended building a systems of

storage reservolrs to control flooding and
provide benefits to navigation, sanitation, water
supply and hydropower. Human sewage alone was
overpowering during low flows. Industry, mining
and deforestation also contributed major
problems. Exposed metal . boats, lock gates,

boilers, etc.' had an extremely short life. For
example, three-eighths 1nch steel plates were
reduced to a knife wodge in a vyear's time.
Increasing pollution and typhoid epidemics soon
led to additional studies. The Corps was
involved 1n two major Ohio River pollution
studies during the 1920's and 1930's. These
studies led to the establishment of the Ohio
River Valley Sanitation Commission :n 1346 and to
the addition of water pollution control as a
major benefit for the Ohio River Reservoir System
authorized by the 1938 Flood Control Act.

The Corps rurrently operates 76 storage
reservolrs in the Ohio River Basin. These
projects are located on 21 tributaries. The
primary authorized purpose 18 flood control at
all projects. Other authorized purposes include
recreation at 74 projects, water quality at 39
projects, fish and wildlife at 35 projects, water
supply at 16 projects, hydropower at six projects
and navigation at | project. These projects are
located on 21 tributaries. Thirty-si1x projects
have selective withdrawal capability, 64 projects
have sinimal summer releases, 18 projects have
downstream t,mperature objectives. Reservo:irr
systems operation 1s critical during both low and
high flows n the basin and 13 highly

controversial during drought events  when
requirements 'o initiate early drawdown conflict
with desires for stable recreation pools. The
original plan »f  operation for this system

assumed that main stem Ohio and lower Mississippi
low flow needs, 1ncluding navigation, would be
met with systes releases from conservation
storage. Subsequent authorizations that
established recreation as a project purpose have

decreased the flexibility that was established by
the original plan.

By the mid-1360's the ~ .rps was operating
more than 45 reservoirs 1n the Ohio Basin and was
immersed with water pollution 1ssues. Public
sensitivity concerning pollution was rapidly
increasing in proportion to post-war affluence
and increased leisure time. Several of the
existing reservoirs and many under construction
or being planned were 1mpacted by coal mining

activities. Hundreds of miles of tributary
streams were biological deserts and the Ohio
River was heavily polluted. The navigation

modernization program, replacement of many low
head locks and Jams with ] few highlaft
structures, had adversely 1mpacted reaeration and
made dissolved oxygen conditions much worse.
Efforts were being 1initiated to draft legislation
to establish water uality standards and fund
extensive new treatment facilities.

A Water Quality Section was formally
established in the ORD Water Control Branch in
1967 and shortly thereafter 1n the district
Hydrology and Hydraulics Branches. The primary
mission was to advise reservoirs regulation
elements concerning water quality issues. At
that time, there was no published guidance
regarding procedures for man-made lakes. A long
range plan and specific b jectives were
developed. Objectives were to acquire adequate
knowledge and understanding so as to improve and
mawntain the water quality 1n reservoirs to
enhance fish and wildlife and recreation uses,
control the quality of relerases to protect
downstream fisheries and water supply, maintain
the best possible quality conditions 1n the lower
tributaries and wmain stem Ohio and to mit:i:gate
the low-flow impacts of the highlift navigation
structures.

Based on the e~xperience af a multi-
disciplinary staff and data collected previously
by the districts and other agencies, a multi-
faceted approach was 1mplemented. Limnological
procedures complimented with knowledge of
hydrodynamics and hydrometeoro-ingical expertise
provided a protocol for «valuating existing
reservoirs and performing  pre-i1mpoundment
studies. Reservolr temperature models helped
with interpretation of data and understanding of
existing regervoly conditions, s well s
prediction of conditions in future projects.
These models along with physical modeling by the
Waterways Experiment Station WES: :mproved the
design of selective withdrawal structures. Wwhile
we had achieved a reasonable degree of success 1in
understanding and control of problems by the mid-
1970's, the after shocks of the Dredge Material
Research Program and  spinoff from the
Environmental and Water Quality Operational
Studies Progras EWQOS) enhanced the efficiency
and effectiveness of our procedures.

Ohio River Basin water quality conditions
are aignificantly mproved today. A quality
fishery now exi1sts throughout most f the Ohio
River from Pittsburgh to Cairo and hundreds of
mi1les of tributary streams have recoverad. While
several of our reservoirs are borderline at times
because of watershed problems, most support at
least a reasonable fishery and releases comply
reasonably with water jquality standards most of
the time. Certainly @much credit for this
improvement 1s due to the massive outlays for
improved wastewater treatment and enforcement of
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effluent standards. Nevertheless, intentional
and 1nadvertent operations on our part
occasionally kill fish 1n streams that were
barren 10 years ago and changes 1in systems
operation could easily induce  extensive
Jegradation because of accumulative impacts as
flow passes from pool to pool.

Conditions are still far from pristine in
the basin and political and economic changes can
rasily reverse what has been accomplished. State
and local governments are willing to allow some
degradation as a part of the competition to
attract industry. The acid rain issue threatens
costly changes for i1ndustry. Enforcement of coal
mining regulations has been relayed but,
fortunately, reduced coal production and recent
closures of steel mills have significantly
enhanced water quality in several stream reaches.
The treatment of abandoned mine wastes has been
reduced and sewage treatment s still short of
optimal. The new secondary treatment facility at
Cincinnati, at best, provides primary treatment
because of design defects. Consumption of fish
caught 1n parts of the Ohio River should be
limited because of concentrations of toxic
materials in the flesh.

Our strategy for
reservolr operation

day-to-day guidance of
to control water quality has
been relatively simple 1n concept. Collect
enough of a data base over a long enough period
of vears so that the response of each lake water

chemistry, hydrodynamics, etc. ) to any
hydrometeorolugical event 1is clearly understood.
Subsequently, data collection would be

level that verifies
correspond to those
to hydrometeorological

substantially reduced to a
that current condi1tions
anticipated 1n relation
events. We had assumed that computerized
procedures, remote sensing techniques, and
limted data collection would support control
efforts.

In practice, this strategy
successful. Our data
been reduced

is only partly
collection efforts have
substantially and the actual needs
for data and priorities regarding specific
problem areas have guided this reduction.
However, manpower limitations have become a major
1ssue. Our districts have never acquired a
desirable skill level regarding use of
computerized procedures for water quality ‘or for
water control while we have successfully
utilized modeling and made reasonable headway :in
developing data managesent and interpretive
procedures, recent manpower cuts have had a very
negative 1mpact.

We cannot complete an objective of
modifying and integrating the sultitude of useful
computerized procedures developed by EWQOS. We
feel that we need these procedures 1n order to
fully utilize an extensive data base and to
effectively manage a programs that faces
increasing pressures from conflicting water user
groups. For example, add-on hydronnwer at
storage and navigation projects w:.! cause at
least some degradation and may result 1n
si1gnificant accumulative 1mpacts unless we
upgrade water :ontrol and water quulity control

procedures.

There 1s little possibility that ORD will
be able to fully utilize the extensive list of
EWQOS software products regardiess of the

needs uniess staff numbers and

advantages and

[

b ) LR T LR YW NN RN

skills are 1s increased.
more on direct support
consultants for

We must rely more and
by research personnel or
application ind other support.
Even this alternative s constrained by both
research laboratory and district resnurce
limitations. The effective use of contractors
also requires a high level of technical skill and

time in order to communicate objectives to the
contractor and evaluate the return product.
Another problem that concerns us 1s the

degree of sophistication and especially the data
required by some of the models already developed
or proposed for further research. Even f
district manpower were at optimal levels, any
model that will be used for operating reservoirs
and reservoir systeas for water quality purposes
must be as simplistic as possible 1n regard to
data requirements and computer time.

The development
regulation of

of models for day-to-day
reservolrs and reservolr systems

requires in-depth knowledge of district
regulation procedures and of projects to be
regulated. The orientation required far exceeds

the historical data or the period of record and
regulation manuals. The verification and
calibration of the greatest model 1in the world is
Just the beginning of the tedious, frustrating
and perhaps lengthy effort required 1f 1t 1s to
become a useful, reliable tool for real-time
regulation of reservoirs.

The reservoir system and navigation
improvements have had a major impact in terms of
the history of the Ohio River Basin. Since most
of the feasible storage projects have been
constructed, the future needs must be met by fine
tuning water management procedures and changes in
water use must be accommodated by project and
operational modifications. The addition of
hydropower 1s ane such change that will stress
the operating flexibility of the system. The
operational demands of the system already suggest
that 24-hour/7-day water control staffing s
necessary. We have only partially met expanding
needs for operating models for reservoirs and
tributary systems including water quality.

We will require increasing support from
research elements for more than routine
technology transfer. We need support 1n terms of
applying water management models and 1mplementing
avallable software for precise identification of
data needs. We need additional research,
including simplified operational models and use
of remote sensing, to acquire water quality data
to support reservoir regulation. We need
itnstrusents that are compatible with data
collection platforms and the Geostationary

Operational Environmental Satellite .GOES) that
are relatively maintenance free. We need
guidance regarding reseration 1n relation to

hydropower development at storage reservoirs and
navigation structures, We need to 1mprove
selective withdrawal capability for hydropower
releases. These needs obviously exceed the
resources of the research laboratory elements
and, unless agency priorities are changed, water
msanagement i1n the Ohio River Basin 13 likely to
experience unnecessary controversy.
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WESTEX REVISITED PREDICTED VERSLS
OBSERVED RESERVOIR TURBIDITY

1
D W Larson,Ph.D. and J.D Graham

2

1Limnologisc. Hydraulics and Hydrology Branch, Portland District.U.S.A E . Portland.Oregon.

Hydrologist, Hvdraulics and Hydrology Branch., Portland District.U S.A.E., Portliand.Oregon.

ABSTRACT

Reservoir turbidity was simulated with a
mathematical model called WESTEX during
preimpoundment water quality studies of the Rogue
River Basin in southwestern Oregon. The main
objective of this simulation was to predict the
turbidity of reservoir release flows for a variety
of operating schemes and watershed hydrological
conditions A comparison between observed data
after the project became operational with simulated
data shows that the WESTEX predictions had been
very high and, hence, that the reservoir's
turbidity potential had been greatly overestimated.
WESTEX's unreliability raises questions about the
value of turbidity assessments which depend solely
on mathematical modeling. This paper offers
suggestions as to how studies to determine
turbidity potential might be made more reliable and
effective.

INTRODUCTION

WESTEX Is a reservoir rtemperature and turbidity
simulation model that was developed for Portland
District, Corps of Engineers in the early 1970's
(Fontane et al. 1973) This model was used during
preimpoundment water quality studies to estimate
the turbidity potential of three large multipurpose
dams in the Rogue River Basin, Oregon (U S. Army
Corps of Engineers, 1974)

WESTEX's development and use, costing over one
million dollars, was one of several commitments
made by Portland District to ensure protection of
the Rogue River from the possible disrupcive
effects of dams Another commitment was the
installation of reservoir intake towers with multi-
level ports for selective withdrawal capability
(Figure 1) to avoid the discharge of poor quality
water or, alternately, to discharge reservoir water
capable of enhancing water quality downstreanm.
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Figure 1. Cross-section view of intake tower at
Logst Creek Lake Oregon.
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At Lost Creek Reservoir, selective withdrawal
capability was increased substantially by the
addition of a turbidity conduit (Figure 1)
facetiously called an "elephant trunk,” for rapid,
downstream disposal of turbid inflows whenever
river turbidities throughout the Rogue River were
naturally high because of frequent winter storms
and high streamflow conditions (Larson, 1982).
These commitments were certainly appropriate and
necessary., not only for safeguarding the Rogue
River's famous and much-valued fish runs (Larson,
1984), but because most of the lower Rogue River
had been officially designated as "wild and scenic”
and, therefore, would require careful operation at
upstrean dams to assure that its essential
atcributes would be preserved.

A major objective of the WESTEX study,
hence . was to predict release-flow turbidities for
several combinations of yearly runoff conditions
and selective withdrawal operations. In this paper
we compare WESTEX predictions with & years of
observed (postimpoundment) reservoir ahd release-
flow turbidity data, collected routinely at lost
Creek Reserveoir, to assess the reliability and
usefulness of the WESTEX model. We also report on
the selective withdrawal manipulations at Lost
Creek Reservoir to minimize the problem of
turbidicy downstream and in the impoundment
finally, we discuss why WESTEX performed so poorly
and suggest ways to improve the model’s capacity to
predict water quality {mpacts

WESTEX ADAPTED TO TURBIDITY PREDICTIONS

WESTEX was originally desgned to simulate
thermal and chemical stratification in a reservoir.
and to predict temperatures and dissolved-solids
concentrations for reservoir-release flows (Clay
and Fruh, 1970). The model’s execution of three of
its mathematical components- - 1) vertical
placement of reservoir inflows, (2) the extent of
vertical wmixing, and (3) the depth of reserveir
withdrawal-- relies almost solely upon reservoir
density stratification, either phvsically or
chemically induced. For example, the model directs
reservoir inflows into that reservoir stratum whose
density equals the density of the inflow The model
then vertically mixes the reservoir, to whatever
extent necessary, to attain a stable density
gradient. This stability must be obtained before
WESTEX can calculate the depth of reservoir
withdrawval.

Fontane et al (1973) justified the use of
WESTEX as a reservoir turbidity model on the

underlying assumption that suspended sediment,
which causes turbidity, can be budgeted for and
routed through a reservoir system, similar to the
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budgeting of heat and dissolved solids for other
water quality predictions The model's output,
predicted concentrations of suspended matter in the
reservoir and in outtlows, is converted to
rurbidity predictions by linear regression,
establishing a "correlation” between turbidity and
suspended matter (U.S Armv Corps of Engineers,
NS

WwESTEX CALIBRATION AND VERIFICATION

WESTEX was calibrated with actual turbidity
dara collected by Klingeman et al 19713 at Hills
Creek Reservoir. Oregon. Hills Creek had been
chosen for WESTEX wveritication simply because it
~as the onily reservoir among Portland District’'s 16
reservoir projects with turbidity data
Unfortunately. Hills C(reek was unique in another
respect The reservoir contained a deepwater layer
of relatively turbid water (Figure 2). which caused
considerable turbidity downstream whenever the
Jeeper water was released from the project
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Figure 2 Vertical turbidity profiles for Hills
Creek Reservoir.Oregon, 1971 (Klingeman et al
1971) -
Deepwater turbidity had persisted for vyears in
Hills Creek owing to the reservoir’s poor flushing
ability and the predominance of extremely fine-
particle. hence slow settling, montmorillonite clay
in suspended loads entering the reservoir
{Klingeman et al. 1971, Larson, 1979)
Interestingly, it was the Hills Creek turbidity
situation which had prompted Portland District to
undertake the preimpoundment turbidity assessment
for Lost Creek Reservoir, wusing the WESTEX
turbidity model

Several assumptions were required before the
Hills Creek Reservoir turbidity structure could be
simulated with WESTEX (Fontane et al. 1973; U.S.
Army Corps of Engineers, 1974). Firs:, the
reservoir’s initlal thermal and turbidity profiles
wJere assumed to be uniformly 4 .4° and 5 NTU,
respectively Second. {t was assumed, because of
the characteristically slow settling of Hills Creek
clays, that soills and other particulate matter in
the reservoir’'s water column would be held in
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suspension, i e, have a =zero settling rate
Third, stormflows pgreater than 2000 cfs were
mathematically plunged to the reservoir bottom
followed by a 50 percent reduction in reservoir
turbidity. Fourth, coefficients for heat diffusion
and light extinction were assumed to be 0 1 and
0.05. respectively; other parameters, such as heat
absorption and heat entrainment were also assumed.
Fontane et al. (1973), after a series of
computer trials, best-fit WESTEX to the Hills Creek

Reseryoir prototype. They stated that they
"obtained reasonable agreement between the
predicted and observed turbidity profiles." The

verified WESTEX turbidity model, calibrated to fit
the extreme turbidity gradient in Hills Creek
‘Figure 2)., was now ready for application at Lost
Creek Reservoir

LOST CREEK RESERVOIR TURBIDITY PREDICTIONS

Three  hydrologically different vears were
selected for WESTEX turbidity simulations: 1950
taverage runoff), 1955 (low runoff), and 1938 (high
runoff) Additionally, a spring freshet in March
1972 was modeled to estimate the effect of highly
turbid inflows on the reservoir's turbidity
structure during reservoir refill (U S Armv Corps
of Engineers, 1974). A second regression analvsis.

flow versus turbidity, was used to compute
reservoir inflow curbidities for the particular
vears of study. This “correlatiun.” perhaps as

tenuous as the relationship between turbiditv and
suspended solids (APHA, 1985). was based on
approximately 35 rturbidity and flow measurements
recorded in 1971-72 (U .S Army Corps of Engineers.
1974) .

Turb{dity simulations were also made under
three project operational schemes, designated as
plans A, B, and C, in combination with various
assumed or actual watershed hydrological conditions
(U.S. Army Corps of Engineers, 1974) In Plan A,
all dam outlets were utilized year-round for the
sole purpose of meeting  water temperature
requirements downstream. In plans B and C. the
same temperature objectives were desired. but there
was also an attempt to meet turbidity objectives bv
using only the dam’'s 1low- elevation outlet. the
"elephant trunk," during the winter when flows and
thus cturbidities, in the Rogue River Basin are
highest. Plans B and C differ from one another in
scheduled wuse of the low-elevation outlet Under
Plan B, the outlet would be used from November
through February; Plan C would carry this use on
through  April, to pass highly turbid spring
freshets. The predicted data considered in this
report were generated under Plan C. which the Corps
eventually recommended for Lost Creek (U S Army
Corps of Engineers, 1974).

Reservoir turbidity predictions for 1950,
1955,1958, and 1972, are given in Figure 3
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Figure 3. Observed (0) versus predicted (X)
turbidity profiles in Lost Creek Reservoir, Oregon.
g
i Predicted profiles are compared with their
Chd respective observed years, i.e., 1982, 1981, 1983,
. ) and 1984 As demonstrated, WESTEX reservoir
"gp turbidity predictions were mostly 1 or 2 orders of
‘h magnitude above observed cornditlons (Figure 3).
A Similarly, predicted outflow turbidities were
higher than wvalues actually observed, but those
e differences were considerably less (Table 1) than
% those for reservoir turbidity; in fact, the
q‘ differences in outflow turbidity may be
. insignificant in some cases.
i
3
)
RE
-—

» .

W,

RS S SARCREL LR b TR,

Table 1. Observed versus Predicted
Outflow Turbidities (NTU).
Average Monthly Values,Plan C.
U.S. Geological Survey Records

Month 1982/1950 1981/1955 1983/1958 1984/1972

Jan 4765 1/5.0 2/5.0 5/12.5
Feb 5/4.5 1/4.0 2/8.0 4/26.5
Mar 5/4.5 2/4.0 3,9.0 5/32.5
Apr 2/4.5 2/6.0 2/7.0 4/28.0
May 2/5.5 2/6.5 1/9.0 3/13.5
Jun 1/6.3 1/5.0 2/1.5 2/9.0
Jul 0/5.8 2/4.5 2/6.5 3/8.0
Aug 1/5.0 1/4.0 /6.5 3/8.0
Sep 1/4.5 1/4.0 2/5.0 3/6.5
Oct 1/4.5 1/4.0 2/4.0 2/6.0
Nov 1/6.5 1/3.5 2/5.0 3/13.5
Dec 2/9.5 5/25 5 6/6.5 2/7.0

Average monthly turbidity values such as those
compared in Table 1, however, are probably not
indicative or representative of day-to-day outflow
turbidity conditions, which may vary substantially
over a 30-day period (Figure 4). Thus, predicted
versus observed comparisons may be uninstructive,
at least for outflow conditions
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Figure 4. Inflow versus outflow turbidities, Lost
Creek Reservoir,Oregon.

There are perhaps several reasons for WESTEX's
generally poor predictive record at Lost Creek.
Certainly, using Hills Creek turbidity data to
calibrate and verify the model, especially various
assumptions made to obtain correlation between
observed and  predicted turbidity profiles,

contributed to the model’s questionable
performance. In addition, the model generally
predicted that highly turbid stormwaters entering
Lost Creek Reservoir would be retained

indefinitely, when, 1in fact, these flows pass
quickly through the impoundment and on downstream.
That this quick outflow occurs is suggested by both
Figure 5 and data in Table 2, which show that
turbidity values for the period of record (1976-
present) are nearly as high at the downstream
station as they are upstream of the reservoir.
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Figure 5. Turbidity-density currents in Lost Creek
Reservoir. Oregon, 1981

Table 2 Statistical Comparison by Month
of Inflow and Outflow Turbidity Data
From U S Geological Survey Records

MEAN MIN MAX
NO NO TUR TR TUR

STATION MON OBS MISS NTU NTU NTU

14330000 Jan 229 50 3 0 32

(UPSTREAM) Feb 210 32 5 0 59
Mar 287 15 5 0 101
Apr 284 8 3 4] 21
May 289 1o 4 ] 47
Jun 247 13 4 0 85
Jul 106 4 3 0 al
Aug 295 8 1 0 12
Sep 248 16 1 0 40
Oct 270 9 1 0 22
Nov 180 132 3 0 77
Dec 129 65 3 0 59
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NO NO TUR TUR TLR

STATION MON OBS MISS NTU NTU  NTV
14335075 Jan 314 4} “ 0 190
(DOWNSTREAN) Feb 239 56 3 0 3s
Mar 330 27 3 0 55
Apr 279 19 2 0 20
May 316 25 2 0 15
Jun 302 12 2 0 15
Jul 365 14 1 0 3
Aug 382 7 1 0 v
Sep 3.7 27 2 0 19
Oct 374 21 1 v 15
Nov 316 28 2 0 80
Dec 323 13 “ 0 50

As seen (n Figure 5. a plume of sediment appears in
the upstream portion of the reservoir on 3
December., then moves as a concentrated nass along
the bottom of the reservoir. reaching the outlet on
8 December. At the outlet, a portion of the
sediment plume 1{s discharged downstream (as shown
in preceding Figure &) The estimated velocity of
this density current was approximately O 1 fps
(feet per second) during the monitoring period

Conventional applications of analytical
techniques such as Churchill {1947y, or
applications of reservoir hydraulics and sediment
settling velocity concepts would indicate that
nearly all of the fine sed{ment would remain in the
{mpoundment area In actuality, the hydrodynamics
of density currents are not well known According
to a density current study on Lake Mead (Howard,
1953), cthose currents consist chiefly of particles
smaller than 20 microns, whose settling velocity is
approximately 0.001 fps These fine sedimenrs
would require only 1 percent of the mean velocity
of 0.1 fps in the vertical to stay in suspension
Thus, we should not be surprised to find that
turbidity-density currents tend to move through
Lost Creek Reservoir, and thar tendency has been
efficiently demonstrated

Little information about particle-size
distribution of sediments vielded to Lost Creek
Reservoir 1is available At the very least, all

inflowing sediment of sand-size or larger is
deposited within the backwater or delta areas of
the reservoir (Brune, 1953. Churchill. 1948) The
fate of sediment finer than sand-sized (<0 62 mm)
is not so evident. Intensive monitoring of a storm
event in December 1981 showed that fine sediment
apparentlv follows the bottom of the reservoir as a
density current Figure S ctracks a turbidity-
density current from the upstream end of the
reservoir to the dam axis.

RECOMMENDED ACTIVITIES FOR A RESERVOIR TURBIDITY
STUDY

A primary feature of any sediment study
should be a sediment budget for the watershed of
study A sediment budget can be defined as
conceptualization of the tvpe and magnitude of
sediment sources and the linkage and timing of
sediment transport through the watershed (Swanson
and Fredriksen, 1982 ) A reservoir, {f irs
turbidity regimen 1{s to be accurately predicted,
cannot  be evaluated {n {solatfon A thorough
turbidity  studv wusi include an evaluation of
sediment vields to the reservoir as well as
sediment transport and deposition within the pool

A reservoir’'s sediment input is found by
studying 1ts tributary watershed's hvdrology,
sofls, geology., and erosional charecteristics
Geologic, soil, and hvdiologic resource maps show
what material might be vyielded to a strean channel

Larssn, et 3.
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The nature of erosional processes depends largely
on land-use, rainfall intensity, and slope, such as
rill and gully erosion on croplands or debris
avalanches and debris torrents in steep, forested
watersheds Aerial photos are the best means to
identify active areas of erosion, especially if
coverage of the reservoir’'s watershed has been
repeated

The timing and particle size of sediment
yielded to a reservoir site is identified by stream
gaging and sediment sampling. The intent of these
acrivities is to find a statistical relationship
between sediment transport and water discharge, by
sediment size This statistical relationship can
then readily be checked for persistence throughout
a water year and. of course. over a period of
several water years. Mineralogic identification of

the finer materials such as clay and non-inert
silcs is particularly needed, so that their
flocculation or dispersion when they enter the

reservoir
longer the
the flows
results.

The mathematical/statistical results of the
sediment discharge/water discharge relationship can
then be integrated with a flow duration curve to
determipe the estimated average annual sediment
vield to the proposed reservoir (Vanoni, 1977).

The proposed land use of a watershed is an

can be determined. As with any study, the
duration and the wider the spectrum of
sampled, the more conclusive the

important factor of expected reservoir
sedimentation. Changes in land use,such as
conversion of grazing to crop lands or timber
harvesting, may increase sediment yields
considerably. Therefore, a reservoir sedimentation

study should include analysis
well as present sediment yields.
The processes of sediment

of anticipated as

transport and

deposition in a reservoir are not completely known
at the present state of art. There are
uncertainties in defining effective flow and dead
storage {n a reservoir, densfty stratification,

secondary currents, and transport of fine sediments
within a pool. Sediments coarser than silts (> 0.62
mm) generally settle in cthe backwater and delta
areas of the reservoir. These coarser sediments can
be effectively and readily studied using a
hydraulics-based model such as HEC-6 (U.S. Army
Corps of Engineers, 1977).

The fate of fine and non-inert sedimencs, as
mentioned, is less well defined. Obtaining
estimates of retention of fine sediments in some

cases may be as simple as using a nomograph, such
as Churchill (1948) or Brune (1953); other studies
may require complex procedures such as x-ray
diffraction of sediments, sediment chemistry, and

numerical modeling. If numerical modeling, such as
WESTEX is wused, sediment transport processes must
be defined. In the previous study of Lost Creek
Reservoir, in which WESTEX modeling was used, the

possibilities of density currents and the
effectiveness of the turbidity conduit were not
taken into account. The projections derived from
this study suggested that Lost Creek would release
chronically turbid water. This the project has
never done.

There is a danger in making environmental
{mpact predictions: The process often becomes an
end in itself. Preimpoundment turbidicy

predictions, in this case, are merely planning aids
that will require testing in the postimpoundment
period to establish their authenticity (Hecky et

al 1984) As Nielson (1967) eloquently stated,
"Predictions are easily made: it is accuracy in a
prediction which is difficult.”
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ABSTRACT

Environmental consequences of construction of
new water resource projects or changes in opera-
tions of existing projects must be addressed. A
variety of tools developed during the Environmen-
tal and Water Quality Operational Studies (EWQOS)
program may be used to assess impacts of regula-
tion on stream water quality. These techniques
range from simple analytizal models to more
sophisticated unsteady flow water quality models.
Model applications have been made to a number of
systems in order to address riverine management
issues. Several of these applications are dis-
cussed to provide an overview of tools available
and their possible uses.

[NTRODUCTION

Like our other natural resources, we find
that water, too, is limited. To meet this chal-
ienge, the Corps of Engineers (CE) is seeking out
every obtainable benefit from our existing water
resource projects. Not only are our dams and
reservoirs valuable resources, but the tailwaters
below them are also becoming increasingly impor-
tant. Consequently, more environmental concern is
being focused on regulated stream environments
such as reservoir tailwaters and waterways.

A variety of modeling tools have been
developed and applied to study effects of project
modifications on riverine and stream water qual-
ity. These tools range from relatively simple
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analytical models to more sophisticated unsteady
flow water quality models. This paper provides
an overview of these various tools with a brief
description of applications.

ANALYTICAL MODELS

Some riverine and stream water quality
issues can be addressed with analytical models
that have closed solutions solvable with a hand-
held calculator. Questions about the initial
spread and dilution of a pollutant discharged
into a receiving stream can be determined with
such methods. In general, these analytical
models are referred to as integral jet-plume
models. Typically these models address the
question of whether a pollutant has been suffi-
ciently diluted over a reach of concern. An
example is the spread and dilution of return flow
from a confined dredged material disposal facil-
ity or other types of effluents (see Figure 1).

The integral jet-plume solution used depends
on physical characteristics of the discharge and
receiving stream. Guidance on selection and
application of these models can be found in a
publication by Holley and Jirka (1986). Although
application of these ana.ytical models is rela-
tively simple, selection of an appropriate proce-
dure can be a tedious task if one is not familiar
with the various models and their assumptions.
The test way to make these models readily useable
by even a novice would be to develop them and
their protocols into an expert system through

~SOLUTE.
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Figure 1. Two-Dimensional Spread and Concentration Distribution of an Effluent in a Stream
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Artificial Intelligence. This development, which
has been proposed by several researchers familiar
with this field, would lead the user through the
proper model selection and use.

After a discharge has fully mixed with the
receiving stream, the mass transport equation is
used to compute downstream transport and biochemi-
cal transformations of water quality constituents.
Most stream water quality issues can and should be
addressed with the one-dimensional (1-D) mass
transport equation. I[n other words, the only sig-
nificant changes in water quality occur along the
longitudinal axis (stream-wise direction), and
cross-sectional homogeneity is  assumed. If
steady, uniform flow can be assumed, and if con-
stituent kinetic processes can be adequately
described with rather simplistic relationships,
such as first order decay, then analytical solu-
tions are still possible. The stream model,
STEADY, is a good example of using an analytical
solution procedure to provide a relatively simple
method of modeling temperature and dissolved oxy-
gen (D0) in streams.

STEADY (Martin 1986a) is based upon 1-D, lon-
gitudinal, steady-state, analytical methods for
determining stream-wise varijations in temperature
and DO, STEADY allows comparisons of different
flow regimes, inflow loadings and meteorological
conditions on the spatial distribution of water
temperatures and dissolved oxygen concentrations
in flowing systems under steady-state conditions.
[t is easily applied and requires minimal input
data.

while STEADY is based upon analytical solu-
tions, its coding allows simulation of a series of
piece-wise non-uniform segments which make up a
river subreach. A series of subreaches with dif-
ferent, but steady, flows can make up the total
river reach modeled. The effects of withdrawals,
branches, and tributaries can be simulated.

STEADY was originally developed for the Nash-
ville District by the Waterways Experiment Station
(WES) to allow a reconnaissance level assessment
of temperature variations above and below a pro-
posed reregulation dam downstream of Wolf Creek
Dam, Kentucky. In  subsequent studies, the
unsteady flow model, CE-QUAL-RIV1, was applied to
the same system. Comparisons 1indicated that
STEADY provided water temperature predictions
nearly identical to time-averaged values from the
unsteady model. STEADY is considered appropriate
for other applications where steady-state or time-
averaged predictions are useful. The model has
also been applied by the Walla Walla District to
assess temperature variations in river reaches
affected by proposed drainage from Lake Malheur,
Oregon,

when assumptions that facilitate analytical
solutions become inappropriate or do not allow for
engugh flexibility, it becomes necessary to resort
to numerical water quality models. Numerical
water quality models for rivers and streams vary
widely due to the amount of detail allowed, the
number and type of water quality constituents, and
whether or not the model! allows for time-varying
conditions. Discussions that follow provide an

overview of two 1-D, numerical, stream water qual-
ity models used by WES on CE projects.

QUAL-TI

QUAL-IT is a 1-D (longitudinal) stream water
quality model having branching capability (Roes-
ner et al. 1977) and is maintained by the EPA.
The basic equation to be solved is the time
dependent water quality constituent transport
equation which allows for changes in each con-
stituent due to advection, dispersion, and
sources and sinks.

QUAL-IT subdivides a stream system into
basic sections called reaches. Each reach repre-
sents a portion of the river having similar chan-
nel geometry, hydraulic characteristics, and
chemical and biological coefficients. Reaches
are further divided into equally spaced units
called computational elements or nodes. The con-
stituent transport equation is solved simultane-
ously (implicitly) for all elements in the
system.

Hydraulic conditions (flow rate and depth)
used within the constituent transport equations
are determined from steady, non-uniform flow by
satisfying continuity and using either stage-
discharge relationships or solution of Manning's
equation with channel geometry information.
Steady flow implies that flow, velocity, width,
and depth at a given point in the stream are con-
stant with time. Non-uniform flow allows these
factors to change longitudinally from reach to
reach.

QUAL-IT was applied by WES (Hamlin and
Nestler 1986) to 108 miles of the Rogue River
downstream of Lost Creek Dam in Oregon. The
study objective was to provide the Portland Dis-
trict with a model that could predict the down-
stream effects on water temperatures of the Lost
Creek Dam cperation. Specific temperature ranges
are critical to Rogue River salmon abundance.
The model was calibrated and verified with data
collected from 1978 to 1981. Ffor this study, the
model was modified to allow for variable dis-
charge updates at inflow boundaries. Use of this
feature provided acceptable results as long as
flow updates were gradual with respect to the
system's travel time. Flow changes in this sys-
tem were gradual, thus this model was selected as
opposed to using the CE-QUAL-RIV1 model. The
model was considered to be quite accurate for
temperature predictions as Figure 2 demonstrates
for the Merlin gage (River Mile 86) during 1979.

One problem encountered in the Rogue River
study was the lack of flow and temperature data
for many of the tributaries. The ungaged tribu-
taries were estimated to contribute 30 to 50 per-
cent of the flow in the river depending on the
time period modeled. To solve this problem,
regression equations for temperature and flow
based on STEADY (Martin 1986a) and basin charac-
teristics, respectively, were developed for these
tributaries. This development substantially
improved model accuracy.

The Rogue River model has been developed
within an interactive, user-friendly system so
that the Portland District can easily apply the
model for various operational scenarios,

At the time this paper was prepared, the
QUAL-11 model was also being applied by WES to
the Red River in Louisiana for the Vicksburg Dis-
trict (Martin 1986b). The objective of the Red
River application was to assess the impact of a
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Figure 2. Comparison of Predicted Temperature Using QUAL-1I with Observations for the Rogue River at the

Merlin Gage during 1979

series of lock and dams on DO concentrations in
the waterway. The model was calibrated with data
collected during 1979 and 1985. The 1979 and
1985 data were collected prior to and following,
respectively, the construction of Lock and Dam 1.
The model was then used to assess the effects of
the ongoing staged construction of a series of
five lock and dams and the effects of the
completed project. The application allowed
assessment of structural reaeration requirements
for maintaining DO concentrations in the waterway.
The effects of present as well as projected future
toadings were assessed.

CE-QUAL-RIVL

CE-QUAL-RIV1, a 1-D, unsteady flow, riverine
water quality model (Bedford et al. 1983), actu-
ally is comprised of two sub-models: a hydro-
dynamic model, RIVIH, which can stand alone and a
water quality model, RIV1Q, which requires output
from RIVIH or another routing model to drive it.

RIVIH uses the four point, implicit, finite
difference scheme to solve for flows and eleva-
tions. The model's formulation allows unequa!l
steps in time and space and simulation of branched
river systems with multiple hydraulic control
structures (flow regulating structures such as
weirs and dams).

RIV1Q uses a two point, fourth order accurate
scheme to calculate advective transport. This
allows sharp gradients in water quality constit-
uents to be accurately resolved. The program can
simulate ten water quality variables: tempera-
ture, dissolved oxygen, CBQD, organic nitrogen,

ammonia, nitrite plus nitrate, phosphate, dis-
solved iron and manganese, and coliform bacteria.
Reaeration may take place via stream reaeration,
wind-driven reaeration, and reaeration through
control  structures. Temperature may be
modeled with a direct energy balance method or
equilibrium temperature calculations.

This model's versatility in simulating time-
varying flows and water quality has lead to its
use in a variety of situations. Three applica-
tions presented here cover a wide range of sys-
tems and constraints. The Chattahoochee River
study (Zimmerman and Dortch 1986), conducted for
the Savannah District, addressed potential
effects on water quality of building a proposed
reregulation dam below a peaking hydropower dam
(Buford Dam) to meet projected water supply needs
for the Atlanta area. The Wolf Creek Dam study
(Martin 1986c) on the Cumberland River in
Kentucky (Nashville District) addressed water
quality impacts associated with proposed modifi-
cations of adding peaking production and a down-
stream reregulation dam to an existing baseload
hydropower project. The on-going modeiing effort
for the Lower Ohio River Multipurpose Study
(LORMS) of the Louisville District addresses the
water quality impacts of retrofitting for hydro-
power generation six lock and dams on a major
inland waterway.

In the Chattahoochee River study, CE-QUAL-
RIVI simulated unsteady flow and water quality
conditions over S0 river miles. Concerns
addressed in the study included possible devel-
opment of unsuitably high temperatures, low
dissolved oxygen concentrations, and high
concentrations of dissolved manganese and iron,
Summer and autumn water quality conditions were
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modeled as they represented times when highest
temperatures and lowest dissolved oxygen concen-
trations, respectively, could be expected. The
model was calibrated and verified using prototype
data for most of the model variables and a variety
of conditions. Figure 3 demonstrates how well the
mode! predicted stages, dye concentrations, and
temperatures as a power wave moved downstream.
After the model was fully calibrated and verified,
Zimmerman and Dortch (1986) made numerous simula-
tions to compare various conditions with and
without the proposed reregulation dam and to
investigate various reregulation dam design and
operational alternatives.

The CE-QUAL-RIV1 model was applied to a
16 mile reach of the Cumberland River below Wolf
Creek Dam, Kentucky. Hydropower modifications
have been proposed which include uprating existing
units, a change from base load to peaking opera-
tion, and construction of downstream rereguiation
dam to attenuate the power wave. Like the Chatta-
hoochee River study, the highly unsteady releases
from Wolf Creek Dam required application of an
unsteady flow model, such as CE-QUAL-RIV]1, to
examine time-varying conditions. The objective of
the model study was to assess the impact of the
proposed modifications on water quality and fish-
eries habitat. Fisheries habitat was evaluated by
Curtis et al. (1986) using the PHABASIM system
(Milhous et al. 1984) driven by the unsteady flow
output of RIVIH.

The LORMS application, currently in progress,
examines how proposed retrofitting a series of
lock and dams for hydropower may influence water
quality, especially dissolved oxygen, along about
500 miles of the lower Ohio River. The system is
being modeled for mid through late summer condi-
tions, when severest water quality impacts may be
expected. To facilitate this application, RIVIQ
is being coupled to another unsteady flow hydrau-
lic model that was previously applied by the
Louisville District to this river reach. CE-QUAL-
RIV] was chosen for this study because the retro-
fitted hydropower may involve peaking operations,
and the multiple lock and dams can be handled more
easily with the capabilities of this model.

CE-QUAL-RIV] has already proved itself a val-
ueble and reliable tool for predicting water qual-
ity in a wide variety of riverine and reservoir
tarlwater situations. while unsteady flow model-
ing is a primary attribute of the code, steady
flows can be simulated as well. Different
approaches to predicting temperature are easily
implemented, and the code includes several methods
for modeling reaeration. The ten water quality
variables presently 1n the program cover most com-
mon water quality modeling situations, and select
variables can be modeled without having to model
all ten.

CONCLUSIONS

No single method is appropriate for address-
ing all water quality issues in regulated streams.
Differences in stream environments and management
issues require that a variety of tools be avaii-
able for assessing existing or predicting future
impacts of reservoir releases and stream regula-
tion, The various stream water quality models
discussed here have provided an effective means of
addressing reservoir taillwater and stream water
quality issues. Each particular model presented

has its own merits and limitations and should be
selected based on the specific needs of an
application.

Additional research is presently underway to
better identify and describe factors influenc-
ing the quality of reservoir tailwaters. An
additional tool under development is the system
for Management and Analysis of Tailwater Quality
(MATQ), which will provide a user-friendly method
of estimating, with limited input data require-
ments, effects of reservoir releases on down-
stream water quality. The need for such
information and techniques to aid in understand-
ing and managing our reservoir tailwaters and
regulated streams becomes increasingly important
as we attempt to increase benefits we obtain from
our projects.
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Effects of Aeration and Minimum
Flow on the Biota and

Fishery of Norris Tailwater

by Donley M. Hill
and William M. Seawell

Tennessee Valley Authority
Knoxville, Tennessee

ABSTRACT

Low dissolved oxygen (DO) in the releases
from Norris Reservoir was improved through tur-
bine venting in 1981, and minimum flows were
increased in 1984. Subsequently, several bene-
ficial changes have occurred in the tailwater.
Invertebrates sensitive to environmental stress
have increased, and trout condition has improved
somewhat during the season when low DO 1is most
pronounced. These improved conditions have
allowed an increase in number of trout stocked
and in fishing use of the tailwater. A trophy
fishery for brown trout has developed and is
receiving wtdespread publicity. Possible
reasons for the lack of complete recovery of
aquatic life are presented.

INTRODUCT ION

Hypolimnetic discharges from storage reser-
volrs can significantly affect downstream commu-
nities of fish and benthic invertebrates through
altered stream temperatures, extreme and fre-
quent fluctuations in flow, inadequate minimum
flows, lncreased heavy metal concentrations, and
reduced stream organic matter. Some of these
effects can be positive (Axon, 1976). Cold
hypolimnetic releases have created many miles of
big river trout water where previously none
existed. However, several conditlons caused by
these releases are detrimental to both fish and
benthic invertebrates, principally low dissolved
oxygen (DO), inadequate minimum flows, and
associated phenomena. Low DO concentrations
have been demonstrated to limit growth and sur-
vival of fish 1in 1laboratory studies (USEPA,
1986); and similar effects are believed to occur
in some tallwaters.

Invertebrates such as mldges, 1sopods, and
amphipods are tolerant and are often very abun-
dant in streams with 1low DO (Davis, 1975).
Benthic 1invertebrates such as mayflies, stone-
flies, and caddisflies are, however, sensitive
to low 00 and are not abundant In affected
waters. I[nadequate minimum flows can cause sub-
strate drying, reduce available habitat, and
favor invertebrates which are adaptable to these
conditions. These invertebrates also include
many of the same types that acre tolerant of low

Do, 1.e., midges, isopods, and amphipods.
(Brown et al., 1968).
Adverse effects of low DO on fish may

include loss of appetite, depressed growth and
condition, 1increased susceptidbility to disease
and predation, and in extreme cases, mortality.
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Low DO also limits the number of fish species in
a stream and the size and diversity of fish food
organisms. Low stream flows below tailwaters
reduce water depths and velocity and change the
amount of preferred habitat for individual
species and can reduce the number and weight of
fish a stream can support both by direct \influ-
ence on thelr physical habitat and by affecting
the food base.

Approximately 191 miles of the tallwaters
of 10 tributary reservoirs operated by tLhe
Tennessee Valley Authority are affected by low
D0 and/or lack of minisum releases. In these
stream reaches, fish and aquatic invertebrates
are limited, and recreatlonal use is held well
below its potential.

A study of the Norris tailwater from
1971-1977 (Boles, 1980) identified low DO and
lack of adequate minimum flow as the primary
factors 1limiting further development. of the
trout. fishery. Partly us a result of these
findings, TVA's Reservoir Releases Improvements
Program (TVA, 1980) began an effort to improve
dissolved oxygen and flow conditions in the
tailwater. In 1980 a hub baffle system was
installed and tested intermittently on one of
the two Norris turbines. This aeration system
increased minimum DO 1in the releases by an
average of about 0.7 mg/l in 1981, and ?-3 mg/l
from 1982-1985. The system was operated when DO
in the releases fell below 4 mg/L.

Construction of a flow reregulation weir
approximately 3.2 km (2 mi) downstream of Norris
Dam was completed in May 1985, and water stored
behind the welr, supplied by pulsed flow from
the hydropower units, has since provided a mini-
mum flow of approximately 5.7 m3/s (200
ft3/sec) downstream. Approximately 1/2 hour
of flow Prom one turbine is required to fill the
pool behind the weir which supplies flow down-
stream for twelve hours.

The purpose of this paper is to describe
changes in Ffish, invertebrate populations, and
angler use in Norris tallwater that have accom-
panied aeration of releases and operation of the
flow reregulation weir.

MATERIALS AND METHODS
Description of Study Area

Norris Dam impounds a storage reservolr
located at mile 79.8 of the Clinch River. It
was impounded in 1936, covers 13,8al ha (34,200
ac) at normal full pool level, and has a
drainage area of 7,%39 kmZ (2,912 m?).
Water is normally released from the resecrvoir's
hypolim- nion through two hydroelectric units.
Maximum two-unit discharge is approximately 24l

m3/sec (8,500 ft.3/sec). Flow 1is controlled
primar- 1ly for peak power generation to meet
power loads.

DO varies seasonally in the releases from
Norris Dam, with lowest concentrations {(as low
as 0.6 mg/yl) wusually rcecorded in the early
autumn. A typical DO and temperature, and dis-
charge cycle is shown in Figure 1.
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Figure 1. Representative DO, temperasture, and
discharge trend in turbine discharge
from Norris Reservoir for 197S.

The tailwater extends approximately 22.5 km
(12 mi) downstream from Norris Dam to the head-

waters of Melton Hill Reservoir. Average width
of the river at two-unit flow from Norris Dam is
approximately 131.6 m (432 ft), while under
minimum flow conditions width is 94.5 m (310
ft). Water level in the river fluctuates about
1.8 m (6 ft) between periods of two-turbine
generation and no generation. Average unreg-
ulated flow at the dam site (1903-1969) was
120.8 m3/sec (3,624 ft/sec). Stream
gradient 1s about 0.6 m (2 ft) per mile with a
normal sequence of pools and riffles. B8edrock
is the primary substrate in the tallwater, with

small patches of rubble, gravel, and cobble.
Extensive growth of [ilamentous green algae,
primarily Oedogonium with small pockets of

Cladophora, covers much of the bottom.

The river is used for boat, bank, and wade
fishing. Most bank and wade fishing takes place
when the turbines are off and access )s limited
primarily to the upper 6.4 km (4 ml) below
Norris Dam and a short section 22.5 km (1a mi)
downstream of the dam. Most boat fishing takes

place when the turbines are operating. At full
flows the entire 22.5 km may be floated.
Benthos

Four quantitative samples for benthic

invertebrates were collected at each of 5 tail-
water locations (Figure 2) with an unmodified
0.09 m@ (1 ft2) surber sampler with a 750
micron mesh net. Samples were collected from
shoal areas less than 0.3 m deep from substrate
consisting mostly of cobble and/or rubble.
Samples were f[ixed in a 10 percent formalln
solution. After sorting, invertebrates were
preserved in alcohol, \identifted (usually to
genus), and counted.

Fish Population Sampling

Samples were collected with chemical fish
toxicants (sodium cyanide or rotenone) at river
miles 77.1 and 70.% from 1971-1977 and
1680-1985. River mile 70.5 was not sampled in
1973 or 1977. Sampling was conducted twice
annually in summer and autumn). Fish collected
in these samples were identified, welghed, and
measured.
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Figure 2. Sampling stations for benthos and fish
in Norris tailwater.
Creel

A roving creel census based on non uniform
probability design developed by Dr. Don Hayne,
North Carolina State University was used.
Sa