US Army Corps
of Engineers
Hydrologic Engineering Center

Proceedings of a Seminar on

Coastal & Inland Water
Quality

6 - 7 February 1990
Las Vegas, NV

Approved for Public Release. Distribution Unlimited. S P'22



REPORT DOCUMENTATION PAGE Form Approved OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching
existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this
burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to the Department of Defense, Executive
Services and Communications Directorate (0704-0188). Respondents should be aware that notwithstanding any other provision of law, no person shall be
subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
6 - 7 February 1990 Seminar Proceedings
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Coastal & Inland Water Quality

5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
CEIWR-HEC

5e. TASK NUMBER

5F. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT NUMBER
US Army Corps of Engineers SP-22

Committee on Water Quality
20 Massachusetts Avenue, NW
Washington, D.C. 20314-1000

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/ MONITOR'S ACRONYM(S)
US Army Corps of Engineers

Institute for Water Resources
Hydrologic Engineering Center (HEC)
609 Second Street

Davis, CA 95616-4687

11. SPONSOR/ MONITOR'S REPORT NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
Collection of papers presented at a seminar held in Las Vegas, Nevada on 6 - 7 February 1990.

14. ABSTRACT

A seminar on Coastal & Inland Water Quality was held on 6 - 7 February 1990 in Las Vegas, Nevada. The purpose of the
seminar was to provide a forum for Corps of Engineers personnel who are routinely involved in water quality and water
control work. Topics included reservoir and riverine studies, and coastal and estuarine studies.

15. SUBJECT TERMS

water quality, water control, reservoir, riverine, coastal, estuarine, sediment, quality, environmental, assessment, dredging,
contaminated, observed, studies, habitat, rehabilitation, drought, management, net pen aquaculture, lake, thermal,
pumpback, channel improvements, temperature, dissolved oxygen, aspirating, hydraulic, tailwater, impacts, whitewater,
releases, physical, reaeration, low-head weirs, alum, treatment, phosphorus, dynamics, retention, fish, wildlife, evolution,
risk-cost, sea level, climate, protection, projects, monitoring, modeling, database, disposal, boundary, layer, instrument,
suspended, bottom, dynamic, estuary, effluent, polluted, saltwater, intrusion, numerical, superfund, PCB, volatilization,
remediation, framework, chemical, biological, three-dimensional

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
a. REPORT b. ABSTRACT c. THIS PAGE OF OF
U U U ABSTRACT PAGES 19b. TELEPHONE NUMBER
uu 338 :

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39-18



Proceedings of a Seminar on

Coastal & Inland Water Quality

6 - 7 February 1990

Attendees:

Corps of Engineers

US, Environmental Protection Agency - Region Il
US Bureau of Reclamation

Tennessee Valley Authority

Sponsored By:

US Army Corps of Engineers
Committee on Water Quality
20 Massachusetts Avenue, NW
Washington, DC 20314-1000

Co-Sponsored By:

US Army Corps of Engineers
Institute for Water Resources
Hydrologic Engineering Center
609 Second Street

Davis, CA 95616

(530) 756-1104
(530) 756-8250 FAX

www.hec.usace.army.mil SP-22







FOREWORD

A two-day seminar entitled, "Coastal & Inland Water Quality," was held on 6-7 February 1990. The
purpose of the seminar was to provide a forum for Corps of Engineers personnel who are routinely
involved in water quality and water control work.

Topics addressed during the seminar include two papers from a plenary session, eighteen papers
on Reservoir and Riverine Studies and seventeen papers on Coastal and Estuarine Studies. An appendix
is also included which contains seven abstracts by individuals displaying materials during the poster
session.

The seminar was co-sponsored by the Hydrologic Engineering Center of the Corps Water
Resources Support Center and the Committee on Water Quality. The seminar proceedings and the
general coordination of the seminar were organized by Mr. R.G. Willey of the Hydrologic Engineering
Center (HEC). Expert word processing skills were provided by Ms. Kimberly Watkins-Robinson and
Chris Brunner also of HEC. Review and grammatical editing were provided by contract with Ms. Debra
Milligan.

Valuable assistance for coordination of the separate sessions was graciously provided by Mr.
Dave Buelow and Ms. Lynn Lamar, HQUSACE; Dr. Robert Engler, WES; Mr. Jan Miller, NCD; Mr. Warren
Mellema, MRD; Dr. Bolyvong Tanovan, NPD; and Mr. Dennis Barnett, SAD. The conference rooms,
individual rooms and all local arrangements were organized by Mr. Robert Stuart, Los Angeles District
and Mr. Mort Markowitz, SPD.

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

R. G. Willey
Editor
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A GLANCE BACK -- A LOOK AHEAD
by
Mark Anthony'

In looking back, | can only conclude that | have been a very lucky guy. Early on, | became
captivated by the mystic of biology and formal training compelled me to pursue aquatic biology as a career.
| later learned to enjoy applied science and a teamwork approach for solving problems. Then, by
happenstance, | became obsessed by the relationship of water control and water quality and by the blatant
sins of the Corps of Engineers. Finally, | was recruited by the Corps to help solve problems and to be the
devil’'s advocate. And, | have gained full appreciation for Teddy Roosevelt's statement, "Far and away the
best prize that life offers is the chance to work hard at work worth doing." | can assure you that my plate
has been full. I've had lots of playing time, the games have been exciting with more wins than losses, and
the entertainment provided by the bureaucracy has been a bonus. Now, this opportunity to address a group
that | have worked with for so many years, and for which | have such profound respect, is another bit of
luck. I'm going to brag a little, compare past with present, attempt to make a point, and say goodbye.

In 1967 | was recruited by J. T. Mitchell, Jr., to plan, develop, and implement a water quality control
program as a part of water control in the Ohio River Division (ORD). | just happened to be at the right place
and time with barely adequate field experience and past mistakes -- pure luck! | was excited. I'd found a
unique opportunity to apply a concept, a multi-disciplinary approach that included limnology, chemistry,
biology, hydraulic and hydrologic engineering to solve a magnificent series of water quality and water
management problems.

I quickly documented many pages of objectives, detailed approaches, and the necessary resources.
I just as quickly learned about the real challenge: the bureaucracy. Being a biologist with uppity ideas and
the vanguard of what the Engineering Division considered, at best, an irresponsible movement, this was not
an ego trip. Then there was Al Cochran, the Chief of H&H at Office of the Chief of Engineers (OCE), who
insisted on a format called the Technical Studies Work Plan for proposals such as mine. Nevertheless, | was
allowed to recruit Glenn Drummond, Don Robey, and Gary McKee. We rode the crest of environmental
legislation, and a wave of Corps criticism, and we helped change the way things were being done at the
Corps.

Believe me, those were heady times. We wrote our own guidance for pre- and post- impoundment
studies, encouraged and bluffed Corps districts to staff water quality expertise, and started a water quality
lab in ORD. We also struggled with the Waterways Experiment Station (WES), OCE, the districts, and with
our own design element, but, at the same time we gained support and made friends. Within a few years,
Robey and Drummond had performed some 35 model applications, including 26 selective withdrawal
structure designs. The districts were well up the learning curve and we had acquired excellent credibility
with State and Federal agencies.

Flextime in those days was getting eight hours at home. For instance, our first model applications
were run on a computer in Baltimore on weekends. Then we used Wright Patterson Air Force Base after
midnight. Later, Robey and Drummond only had to walk down the street a few blocks to use a computer.
They often got home by 9:00 or 10:00 p.m.

I will try to summarize the results of products of 23 years of effort in a few words. In spite of
widespread, chronic sources of pollution, the discharges from most of our 78 storage projects meet stream
standards most of the time. Most projects support quality fisheries. The operation of individual projects and
reservoir systems has led to significant recovery along hundreds of miles of downstream reaches. We have
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avoided litigation and enjoy a high level of credibility with our customers. | was also lucky to experience
the challenge of the 1988 drought. Our water control capability was thoroughly tested, and our water quality
control approach proved to be valid and adequate.

We have been successful because we are organized so as to employ the necessary teamwork to
identify the problems, design the studies, collect and interpret the data, apply engineering judgments,
perform risk analysis, implement the solutions, and evaluate the success of each solution. It sounds a lot
like life cycle management, doesn't it? However, | again want to emphasize that everything that has been
accomplished in ORD is strictly the result of teamwork. The district players are the stars on this team. We
have continuously benefited from the people and the products at WES and the Hydrologic Engineering
Center, as well as the Cold Regions Research and Engineering Laboratory: physical modeling, peer review,
more detailed concepts, new techniques, better procedures, math modeling, workshops, and training.

| must also cite the players at Headquarters. Sam Powell would never admit the role he played
before Eiker arrived on the scene. Then there are the products of the Water Quality Committee, including
this seminar series. | include many of you. By supporting Corps research programs, and by participating
and sharing experience, problems, and mistakes, you have contributed to the Corps’ body of knowledge.
You have been a source of ideas. Then, | must mention the Edinger’s, Buchak’s, and Orlob’s and all the
scientists and engineers from State and Federal agencies and universities who have worked with us over
the years in solving problems.

Now I'll focus my spotlight and make my point. Collectively and individually, you face far greater
challenges, more rigorous demands, more complex problems, and a much greater variety of issues and
frustration than we did 23 years ago. Our problems were relatively simple; our objectives relatively straight-
forward; the parameters were more easily measured; and our solutions were less controversial and more
feasible. You require a far greater number of specialized disciplines in order to select and apply precise
techniques and the penalties for mistakes are quite painful. Air pollution, landfills, HTW, water quality,
wetlands, water resources -- you must cope with an unbelievable number of special interest groups who
have conflicting needs and agendas. And finally, in spite of our frustrations, the Corps was fun, motivating,
and highly professional in 1967. You must cope with an increasingly confused, demoralized, and
disorganized Federal bureaucracy.

My suggestions to you about how to cope with the challenges you face may appear mundane and
trivial or, perhaps, too obvious to bear repeating. Nevertheless, they work. | must point out that all of us
become careless or sloppy at times, or allow pressure and frustration to become an excuse. "Going back
to basics" is an expression used by John Edinger to describe his habit of reviewing "Limnology" by Welch
when he is struggling with a technical problem or a mental block. | strongly recommend this approach as
therapy or a way to step back and refocus. I'm sure that all of you have a similar crutch or two on your
bookshelf.

Secondly, have you carefully defined and spelled out objectives and priorities? Are you asking the
right questions? Are you ready to drop low priorities, mesh efforts, or phase activities in or out? Have you
exposed your plans to adequate peer review?

| think that the issue of essential disciplinary specialties and adequate teams is especially critical.
Are you taking full advantage of the expertise available in other elements? The most significant product
of millions of dollars of research is the superb level of expertise in our labs. Are you using the phone, the
fax, and the bulletin boards? These people can provide skilled peer review, instant help, and advice about
how to do better with less. With cuts looming, you can’t afford duplication of effort or wheel-spinning and
you must close ranks. If you have a choice between outside help and our laboratories, | urge the latter.
If you really have your act together, it will be more effective and cheaper over time. If you are not certain
about who knows what, now is the time to get acquainted with both lab folks and other divisions and
districts who share similar problems. This group reflects a massive body of knowledge and experience.
Many of us know alot about how the informal organization works.

The urgency that you face for research, basic and applied, is yet another reason to close ranks.



You simply must become more sophisticated and proficient in helping identify Corps-wide research needs
and priorities. Budget cuts, FTE reductions, and growing needs mandate more effective participation on the
part of field office personnel, Field Review Group Reps, R&D coordinators, laboratory personnel, and Tech
Monitors in this process. In spite of the constraints, most of the improvement must come from the field
office and Field Review Group level. How? Quit being parochial.

I know for a fact that most of you are where you are because you love what you do. Most of you
are skilled, dedicated, journeymen scientists. Sometimes your dedication and pride lead you to assume that
your problems are unique or that only you can solve them. You must take the time and effort to look over
the significant level of help, procedures, and technology that is available. If you are a skilled problem-
solver, you are already using available technology. There is a significant degree of Corps-wide commonality
regarding research needs. You cannot afford to support research work units that fail to meet the criteria.
A valid program demands much more than a simple yes or no vote each year.






UTILITY OF SEDIMENT QUALITY CRITERIA (SQC) FOR
THE ENVIRONMENTAL ASSESSMENT AND MANAGEMENT OF
DREDGING AND DISPOSAL OF CONTAMINATED SEDIMENTS

by

James M. Brannon, Victor A. McFarland,
Thomas D. Wright, and Robert M. Engler’

INTRODUCTION

The Corps of Engineers (CE) has the mission to maintain, improve, and extend the navigable
waterways of the United States. Furthermore, the CE has the lead in regulating the disposal of dredged
material into inland and ocean waters and conducting appropriate ecological assessments prior to
selecting disposal alternatives. To carry out this mission, the CE is responsible for the dredging and
disposal of large volumes of sediment each year. The CE annually dredges about 230 million cubic
yards (c.y.) in maintenance and about 70 million c.y. in new dredging operations. In addition, 100-150
million c.y. of sediments dredged by others each year are subject to permits issued by the Corps (Engler
et al. 1988). The CE regulatory responsibilities involve review of some 10,000-30,000 permit applications
each year as well as appropriate maintenance of, and improvements to, the 25,000-mile congressionally
authorized Federal navigation system serving 42 of the 50 states (Engler et al. 1988).

The CE’s authority stems from Section 10 of the River and Harbor Act of 1899, Section 404 of
the Clean Water Act (Public Law 92-500, as amended), and Section 103 of the Marine Protection,
Research, and Sanctuaries Act, ("Ocean Dumping Act", Public Law 92-532, as amended). The guidelines
for disposal of dredged material pursuant to Section 404(b)(1) of the Clean Water Act and Section 103 of
the Ocean Dumping Act require compliance with several conditions prior to allowing disposal of dredged
material in inland or ocean waters. Compliance requires the avoidance of "unacceptable adverse effects”
to the aquatic environment. The 404(b)(1) guidelines at 40 CFR, Part 230, and ocean dumping criteria at
40 CFR, Part 220-228 provide general regulatory guidance and specific objectives and testing protocols
for evaluating sediment that must be dredged for navigation purposes. Management guidance is
provided in 33 CFR 209, 335-338, and additional CE policy guidance is found in 33 CFR 320-330.

The U. S. Environmental Protection Agency is currently authorized to develop and implement
SQC under Section 304(a) of the Clean Water Act. SQC may be applied in many regulatory decisions,
including identification of problem areas, source control, establishment of cleanup goals, development of
discharge and dumping permit criteria, and determination of monitoring requirements. Therefore, SQC,
when promulgated and if used for dredging and disposal, will profoundly affect Corps dredging and
disposal operations as it is likely that aquatic disposal of dredged material and selection of disposal
alternatives will be based on SQC.

Currently both Federal and State regulatory agencies are developing SQC in order to identify
contaminant levels in sediment that are causing adverse effects in the environment. The notion is,
however, not new, as SQC were promulgated in the late 1960’s and early 1970’s (Engler 1980) and were
found to be technically inadequate for use in assessing and managing dredged material disposal. The
technical inadequacies were related to the profoundly complex geochemical nature of dredged material
and the SQC'’s inability to address broad ecological consideration set forth in pertinent environmental
legislation, e.g., the Clean Water Act and the Ocean Dumping Act. Recently, however, the approaches
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used to evaluate sediment quality have focused on determining the relationships between contaminant
concentrations in sediment and adverse biological effects resuiting in derivation of numerical SQC for

specific contaminants.

The CE is concerned with the direction of development in SQC because of the possible impacts
that implementation of such criteria would have on the currently used effects-based approach for
assessing dredging and disposal of dredged material. Furthermore, the effects based approach has
been selected by the CE and the EPA (Engler 1980) as it clearly addresses the ecological considerations
set forth in the environmental legislation.

This paper presents an overview of several SQC methods under development, a discussion of
how the CE presently evaluates dredged material, and the possible impacts of sediment criteria on
dredging and disposal. Emphasis is placed on the utility and applicability of the various approaches to
assessment of contaminated sediments and dredging and disposal.

SQC DEVELOPMENTAL APPROACHES

Numerous SQC approaches are presently under development or being considered or evaluated
for use. These include background sediment chemistry, spiked sediment bicassay, interstitial water
toxicity, tissue residue analysis, sediment/water equilibrium partitioning, sediment bioassay, screening
level concentration, apparent effects threshold, and the sediment quality triad. Some approaches are
descriptive, i.e., not chemical specific and cannot be used alone to generate numerical SQC, while
others are purported to be chemical specific (numeric). Additional methods consist of mixtures of
descriptive and numeric approaches. A brief description of each major approach currently under
development is provided with a discussion of technical utility and its advantages and disadvantages.
More detailed summaries of the various SQC approaches may be found elsewhere (Chapman 1989;
Shea 1988; Neff et al. 1988; Battelle 1988; Tetra Tech 1985; Long and Chapman 1985).

Background Chemical Concentration

This method consists of comparing chemical concentration values in sediments to be dredged
and disposed with chemical concentrations from sediments in the same geographic region that are
thought to represent background conditions. This approach does not address ecological cause and
effect considerations, but establishes the criteria in relation to contaminant levels in a reference area.
The methodology used to derive background levels of contaminants can vary from analysis of surficial
sediment grab samples to deep cores intended to indicate background contaminant levels of chemicals
that existed prior to industrial activities.

An example of this type approach was the establishment of decision criteria for the suitability of
dredged material disposal at the Four Mile Rock Disposal site in Puget Sound, Washington (U. S.
EPA/WDOE 1984). The EPA and State agencies adopted the position that no further chemical or
biological degradation of the Four Mile Rock disposal site would be allowed. If materials intended for
disposal were more chemically contaminated than sediments currently at the site, open-water disposal at
this site was not permitted.

The Background Chemical Contamination approach is frequently advocated because it is easy to
implement, provides numerical limits, and does not require an understanding of any of the relationships
between sediment geochemistry and biological effects. Conversely, the limitations and disadvantages of
this method are many. Chapman (1989), for example, mentioned: (1) difficulty of selecting reference
sediments, (2) site-specific nature of the criteria generated (dependent largely on stations chosen to
represent background), and (3) inability of the method to distinguish bioavailable chemicals from those
that are not bioavailable. JRB Associates (1984) listed an additional disadvantage, the fact that the
criteria generated may be too restrictive since there is no attempt to define a maximum, biologically safe
level of contamination.



The definition of "geographic region" also poses problems with this method. There are difficulties
involved with deciding the limits of applicability for such criteria. For example, the "Jensen Criteria," which
rated natural background metal concentrations in pristine areas as "highly polluted” were applied over the
entire Great Lakes region (Engler 1980). Further, high levels of organic material of natural origin in
uninhabited areas also lead to the classification of "highly polluted” (Wright 1974). In addition, this method
does not satisfy the requirement under Section 103 of the Ocean Dumping Act that criteria for disposal of
dredged material must be effects-based. This results in significant difficulty in technically defending criteria
derived in such a manner (Chapman 1989). However, comparison of total sediment concentrations at the
dredging site and the disposal site is a frequently useful inventory of potential contaminants of concern and
is used by the Corps as part of its "reason to believe" evaluation, which consists of reviewing available
material to determine if contaminants are present (Engler 1988). Chemical inventories can identify
contaminants of concern and trigger effects-based evaluation and will be discussed later in this paper.

Spiked-Sediment Bioassay

This approach attempts to ascertain cause-and-effect relationships between an individual chemical
and a biological response by using spiked sediment and bioassay procedures. The results would be used
to develop numerical criteria quantifying the case and effect relationship. The main difference between this
approach and the sediment bioassay, using naturally contaminated sediment, is that test organisms are
exposed to sediments that have been spiked in the laboratory with known quantities of potentially toxic
chemical s or mixtures of chemicals. At the end of a specified time period, the response of the test
organism is examined in relation to a biological endpoint and results are analyzed in the manner described
for sediment bioassays.

Inherent in the spiked-sediment bioassay approach is the assumption that spiked sediments and
contaminated sediments in the environment will act similarly. This may not always be the case, especially
for metals that exist in a wide range of sediment phases of varying biological availability (Brannon et al. 1976;
Engler 1980). For example, the majority of some metals in sediment may be associated or co-precipitated
with iron and manganese oxides or incorporated in the structure of minerals. Spiked metals could not mimic
the behavior of metals present in sediment in such chemically and biologically unavailable forms.

Technical problems in relating spiked sediment responses to that of an in situ sediment with similar
contamination can also result from factors other than the phase association of the contaminants. Behavior
of both metals and organic contaminants added to sediment s can be affected by the method of spiking,
equilibration time for the spiked compound, and sorption to container walls (Word et al. 1987). No
relationship has been developed between biological responses for spiked sediments and in situ or "real
world" contaminated sediments. Changes in toxicity and bioavailability may occur in “real world" sediments
that cannot be duplicated in the laboratory because of the complex array of environmental conditions that
exist at any contaminated sediment location. This method is therefore unsuitable for dredged material
disposal evaluations. It is, however, a useful research tool for examining the effects of sediment
contaminants and may lead to a better understanding of sediment/contaminant/biota relationships.

Equilibrium Partitioning Approach

The equilibrium partitioning (EP) approach involves estimating the concentration of a contaminant
in interstitial water from contaminant concentrations in the sediment, then comparing the calculated
interstitial water concentrations to water quality criteria. If the predicted sediment interstitial water
concentration for a given contaminant exceeds its respective chronic water quality criterion, the sediment
would be expected to cause adverse effects. Conversely, the water quality criterion could be used as
starting point to back-calculate and determine the related sediment concentration. Presently, the EP
approach is applicable only to no-polar hydrophobic compounds because partitioning of such compounds
between sediment and water has been shown to be highly correlated with the organic carbon content of
sediments. Partitioning of metals from sediment into interstitial water is not sufficiently



well understood to permit calculation of interstitial water metal concentrations. Approaches based on
modeling the interactions between heavy metals, iron and manganese oxides and organic carbon are
under development. A new approach based on acid-volatile sulfides is also under development.
However, none of these variations are capable of making predictions of interstitial water metal
concentrations. Mechanisms that control the partitioning of polar organic compounds are also poorly
understood.

The EP calculation procedure for non-polar hydrophobic organic compounds is based on the

relationship:
rSQC = K, * cWQC

where

cWQC = Water Quality Chronic Criterion (ug/L)

rSQC = Sediment Quality Criterion (ug/kg sediment)

K, = Partition coefficient for the chemical (L/kg) between sediment and water

For particles with fraction organic carbon (f,.) > 0.005 organic carbon by weight, organic carbon
appears to be the predominant sorption phase for non-polar hydrophobic organic compounds.
Therefore, if K, = K, then K, = f K, where K, is the octanol-water partition coefficient and K, is the
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particle organic carbon partition coefficient (L/kg organic carbon).

Underlying assumptions of the equilibrium partitioning approach (Chapman 1989) are that a
chemical establishes equilibrium between the interstitial water and sediment-associated fractions, that the
distribution can be described by a partition coefficient between any two phases, sediment contaminant
concentration, and total organic carbon. This also assumes that the only toxic fraction of a sediment
contaminant is that fraction freely dissolved within interstitial waters (Word et al. 1987). Furthermore, this
method assumes that benthic organisms will display similar responses to contaminants in the interstitial
water as did the water column organisms used to derive water quality criteria.

The main advantage of the EP approach is that existing water quality criteria can be used,
allowing use of the large existing data base relating contaminant concentrations in water to effects on
aquatic organisms. [f prediction of interstitial water concentrations based on sediment properties and
contaminant concentrations for a wide range of contaminants becomes possible, then the approach is
applicable for most types of sediments and aquatic environments. This approach could rapidly evaluate
sediments, since rSQC could be calculated as soon as sediment chemistry data were available. For a
chemical of concern, the EP permits an assessment of whether contaminant concenirations are
approaching an effects level.

The major disadvantage of the EP approach is that criteria based on biological effects cannot be
directly developed for contaminants for which water quality criteria are not available. This is reflected in
the fact that interim sediment criteria presently exist for only 12 contaminants. In addition to its limited
applicability (nonpolar organic compounds for which water quality criteria exist), the approach also does
not use toxicological data developed from the sediment of interest and cannot address possible
interactive and antagonistic effects of contaminants. Krueger, et al. (1989), has also claimed that a large
degree of uncertainty exists for EP values calculated for individual contaminants.

The CE is charged with dredging and disposal of sediments containing a wide range of
contaminants. Once SQC are developed, a sediment below all existing SQC limits could nevertheless
have contaminants that would give "reason to believe" that the sediment could adversely impact the
environment. Regulators faced with such a situation would need biocassays to determine the suitability of
the material for disposal. Even if SQC based on EP are developed for a wide range of chemicals, it
remains a chemical-by-chemical approach that cannot evaluate interactive or antagonistic effects.
Therefore, it is highly likely that bioassays would still need to be conducted to resolve equivocal EP data.
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If the EP does result in the derivation of SQC values with a large degree of uncertainty, other
questions arise. If a sediment passes SQC for most chemicals, but is above limits for others, how will
the sediment be evaluated? Will it be determined to be unsuitable for various disposal alternatives or will
bioassays be conducted to determine the integrated environmental impact of the sediment on aquatic
organisms? If bicassays are conducted and the sediment shows no potential adverse impacts, will the
disposal of the material be regulated by the bioassay results or the SQC criteria? Such issues, perhaps
more procedural than technical, point out some of the problems raised by chemical-by-chemical
approaches such as the EP that do not consider interactive and antagonistic effects of contaminants.
SQC that are overly restrictive of aquatic disposal because they do not accurately predict biological
effects may require selection of other alternatives, e.g. land-based, that are not addressed by these
criteria and may actually be less environmentally preferable alternatives.

Interstitial Water Toxicity

This approach consists of three phases: (1) identification of the physical and chemical nature of
constituents potentially causing acute toxicity, (2) fractionation schemes and analytical methods to
identify the toxicants, and (3) procedures to confirm that the suspected toxicants are the cause of
toxicity.

The first step in this procedure consists of isolating interstitial water (IW) from sediment samples
followed by toxicity tests on the isolated pore water. A Toxicity Identification Evaluation (TIE) (Burkhard
and Ankley 1989) is then conducted in an attempt to identify the chemicals responsible for acute toxicity.
The greatest advantage of this approach is that it may allow the potential identification of the IW
components responsible for toxicity. However, only limited work, mainly on industrial effluents, has been
conducted using this recently developed approach.

This approach possesses a significant number of potential disadvantages and needs substantial
development before consideration as a regulatory tool. Specifically, there are no standard methods for
separating IW or maintaining its geochemical integrity. In addition, the relationship between sediment IW
toxicity in situ and the toxicity of extracted sediment pore water needs to be explored for different
classes of compounds. The complex and operationally-defined methods used to isolate the interstitial
water and perform the toxicity tests on the isolated pore water may lead to artifacts that could result in
numerous erroneous conclusions about the toxicants. The tests used to identify toxic chemicals in the
IW are cumbersome and cannot comply with the effects-based approach mandated in the applicable
environmental regulations. Generally, no single test can be used to confirm a suspected chemical as the
only or even primary toxicant; it is therefore necessary to use multiple confirmation procedures. This
difficulty can be exacerbated by differing substances causing toxicity in multiple sediment samples from
a supposedly homogenous source.

IW toxicity may have potential as a research tool for identifying toxic components in IW and for
developing a better understanding of the complex biogeochemical relationships between IW and the
whole sediment matrix. The cumbersome chemical fractionation procedures involved and the present
low state of development make IW toxicity unsuitable for the regulatory process. In order to be
successfully implemented for regulation, a method must be a simple, cost-effective, technical assessment
of sediments proposed for dredging and disposal.

Sediment Quality Triad

The triad approach (Chapman 1986) consists of three separate but intrinsically related
components, (1) sediment contaminant concentration measurements, (2) sediment toxicity bioassays ,
and (3) benthic community structure assessment. This approach, using a combination of some of the
previously discussed procedures, seeks to independently measure sediment contamination, sediment
toxicity, and biological alteration, and then use the burden of evidence to assess sediment quality based
on all three sets of measurements.
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The triad approach combines all bioassay and in situ biological effects data to derive a single
value. In situ bioeffects measures used to date include benthic infaunal community structure and
bottom-fish histopathological abnormalities (Chapman 1989). Biological effects must be defined as either
minimal or severe to establish criteria in terms of chemical concentrations below which biological effects
would be expected to be minimal and above which biological effects would be expected to be severe.
Standards in the form of sediment quality criteria can be set from the contaminant concentrations that
are always associated with effects.

The major perceived advantage of the triad approach (Chapman 1989) is that the combination of
the three separate measures in the triad in a burden-of-evidence approach allows for differentiation of
toxicity related to contamination from natural variability and/or laboratory artifacts. Other advantages
are that the approach does not require a priori assumptions concerning the specific mechanisms of
interaction between organisms and toxic contaminants.

This method rests on two assumptions: (1) use of large data bases adequately allows for
interactions between contaminants in complex sediment mixtures, actions of unknown toxic
contaminants, and for all other environmental factors that influence biological response in addition to
toxicant concentrations; (2) the triad also assumes that different endpoints of different bioassays,
selected chemical contaminants, and selected measures of benthic community structure are appropriate
indicators of bioeffects and can be treated in an additive manner, with each having equal weight
(Chapman 1989). The method may be useful in a relative comparison of one sediment location to
another with a potential ranking of locations.

Perceived disadvantages of the triad (Chapman 1989) for numerical SQC development include
lack of statistical criteria for developing numerical criteria, no rigorous criteria for calculating the single
SQC value from each of the three triad components, need for a large and expensive database, possible
influence of unmeasured toxicants that may or may not covary with measured chemicals, and choice of
a reference site that is often made without adequate information regarding how degraded that site may
be. Limitations of the triad approach for dredging and disposal operations are discussed below under
“Limitations of the Triad and AET."

Apparent Effects Threshold (AET)

As with the triad, the AET is a three compartment approach that uses sediment chemical
analysis for a suite of chemicals, benthic faunal analysis, and bioassay methods. The benthic faunal
analysis and bioassays are used to determine sediment toxicity or impact in order to detect similarities or
dissimilarities between or among discrete sediment sample locations. Following the initial
characterization, the next, and most technically dubious step consists of correlating individual chemical
concentrations with effects demonstrated by the two biological assessments. Subsequent use of the
derived AET chemical concentration would then purport to signal a known or documented effect. The
AET for a given chemical is the sediment concentration above which a particular adverse biological
effect is always statistically significant (p < 0.05) relative to appropriate reference conditions. The AET
approach is similar to the triad in that it attempts to relate concentrations of contaminants in sediments
to toxicity bioassays and benthic community structure.

In most cases the AET has been used to develop two sets of sediment quality values, one of
which identifies low chemical concentrations below which biological effects are improbable, and a
second set of values that identifies higher chemical concentrations above which multiple biological
effects are expected. Direct biological testing of sediment is needed between the two extremes.

The AET approach rests on three main assumptions. The first is the same as assumption (1) for
the triad, the second is that appropriate indicators of bioavailability and toxicity can be determined based
on field and/or laboratory data, and the third is that correlations can be used to relate sediment
concentrations to biological effects without knowledge of the interactions that occur between sediment
contaminants, toxicity, and faunal abundance. Disadvantages of the AET include those listed for the
triad. In addition, an AET may identify both problem and nonproblem sediments as being of concern.
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Limitations of the Triad and AET

Benthic community structure is a component of both the triad and AET. Community structure
determinations are a "snapshot in time" and the species present are influenced by the events, and
particularly the extreme events, that have occurred over some period of time. In long-lived animals, that
period may encompass several years. Animals living at a site integrate all of the environmental
perturbations that occur and such integration can be used to assess the overall condition of a particular
environment. However, navigational dredging projects are most commonly found in highly
industrialized furban areas which have a wide variety of physical and chemical perturbations and where
navigation itself is a significant form of perturbation that has a profound influence on benthic community

structure.

The physical effects of traffic and of repeated dredging in a channel may eliminate or severely
reduce the benthic fauna, particularly in navigation channels. These perturbations have nothing to do
with sediment-associated contaminants. Likewise, water quality degradation from outfalls, thermal
discharges, surface runoff, and a host of other perturbations may confound any effects of sediment
contaminants. Therefore, if an "unhealthy" fauna (comparison to reference) is found, bioassays will be
necessary to evaluate the sediment for disposal without confusion from physical effects, time, water
column effects, or episodic events. The question then arises, "Why not use bioassays in the first place?"

Reference areas chosen for relating AET’s and the triad to test sediments do not represent the
physical, chemical, and biological conditions of the test sediment locations. Even though the reference
area may be uncontaminated and free from human activities, it may not reflect important
noncontaminant influences on biological diversity and abundance that are operant at the test site.
Comparisons of test sediment data to such reference areas will provide little information of technical
value because contaminant effects cannot be separated from natural variability.

Both the triad and AET were developed, in part, using toxicity data from 48-hour, bi-valve larvae
and amphipod sediment bioassays. There is evidence that both of these bioassays may be highly
sensitive to grain-size and the total organic carbon content of the sediment (Long and Buchman 1989).
Some of the test organisms used in the triad and AET bioassays are from sandy habitats and are not
well adapted to surviving in mud or mud suspensions. Therefore, both the triad and AET draw
conclusions about toxicity that may have other ecological interpretations (Spies, 1989). This leads to the
high probability of false positives on sediment toxicity.

The EPA Science Advisory Board recommended to the EPA Administrator in 1989 that the AET
approach should not be used to develop general, broadly applicable sediment quality criteria. Reasons
for this recommendation were the site specific hature of the approach, its inability to determine cause
and effect relationships, its lack of independent validation, and its inability to describe differences in
bioavailability of chemicals in different sediments. The triad approach suffers from many of these
shortcomings.

Tissue Residue Approach

In this approach, sediment chemical concentrations are determined that will result in residue
levels in exposed organisms that would not be harmful to the organism itself or to its predators. The
linkage of sediment contaminant concentrations to residues in organisms is made through
measurements at a test site, equilibrium partitioning-based predictions, or steady-state food chain
models.

Many difficulties exist with this approach because of the varied metabolic strategies and needs of
aquatic organisms. For example, high concentrations of heavy metals are normal in many aquatic
invertebrates, such as copper in crustaceans or zinc in oysters. In the case of organic compounds,
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metabolites may be either more or less toxic than the parent compounds, or the presence of more
abundant but less toxic compounds of similar structure may reduce toxicity by competing for receptor
sites.

Because interpretation of tissue residue data are largely subjective in situations other than when
FDA limits exist, this method is of limited applicability to dredging and dredged material disposal. Tissue
residue comparisons can be useful, however, when coupled with the background approach. This
involves comparing predicted or empirical tissue residues from dredged material to background tissue
residue concentrations at the disposal site to determine if dredged material disposal would result in
increased contaminant tissue concentrations at the disposal site. An example of this approach is the
New York District Matrix.

Screening Level Concentration (SLC)

The SLC approach (Neff et al. 1988) is a field-based method that estimates the highest
concentration of a particular contaminant in sediment that can be tolerated by approximately 85% of
benthic infauna. In the SLC, the presence of selected benthic indicator species is matched with the total
bulk sediment concentration of particular individual contaminants to determine the concentration of each
contaminant at which 90% of the particular individual species were present. This concentration is called
the species screening level concentration (SSLC) and SSLCs are calculated for all appropriate species
for each contaminant. SSLCs for all species are compared with sediment concentrations of each
measured contaminant to determine the contaminant concentration above which 95% of the SSLCs
occur. This final concentration is called the SLC. Data required for computation of SLC values are 20
stations for each SSLC; 20 taxa for each SLC, a gradient of contamination, and a similar level of
taxonomy at each station.

The SLC relies on the assumptions: (1) if the database is large then factors other than
contamination that influence benthic infaunal distributions do not need to be considered; (2) the
presence of a species at a site implies the lack of a biological effect due to contamination; and (3) no
assumptions are required concerning specific mechanisms of interaction between organisms and
contaminants.

The SLCs greatest disadvantage is that results can be strongly influenced by the presence of
unmeasured toxic contaminants that may or may not covary with measured chemicals, interactive effects
of chemicals, and by other sediment characteristics. Other disadvantages include the wide range of field
data needed, the great effect of the range and distribution of contaminant concentrations and particular
species on SLCs, lack of selection criteria for species, and lack of a mechanism for separating single
contaminant effects from combined contaminant effects. Many of the problems incurred with the
community structure determination, discussed in relation to the triad and AET, also affect the SLC

approach.

Sediment Bioassay Approach

The sediment bioassay approach is an effects-based method and is the method currently
required by USEPA regulations for the CE to evaluate possible environmental impacts at aquatic disposal
sites (EPA/CE 1977; CE 1976). In this approach, test species are exposed in the laboratory to
sediments proposed for disposal and the response of the organisms is evaluated in relation to reference
organism responses in terms of a specified biological endpoint such as mortality, bioaccumulation,
growth, reproduction, etc. The precise chemical composition of sediments need not be known to use
this approach as it is a "whole sediment” test. Chemicals that may go undetected analytically are
covered in the bioassay approach. Potential biological effects are, therefore, appropriately estimated
because dredged sediments are managed on a "whole sediment” basis.

The advantage and logic of this approach is that the effects of sediment contaminant interactions

such as synergism, additivity, and antagonism are integrated by the response of the organisms. In
addition, this approach is consistent with the regulatory requirements and methods used to develop
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water quality criteria (effects-based bioassays), and thus render the approach and rationale technically
acceptable and defensible (Chapman 1989).

Chapman (1989) has listed a number of disadvantages of sediment bioassays for the
development of SQC: (1) because sediments may contain mixtures of covarying toxic contaminants,
bioassays do not provide chemical-specific sediment quality values; (2) there is a lack of standardized
methods for sediment bicassays, dosing sediments, and measuring interstitial water concentrations; and
(3) difficulty to implement the approach because procedures are not well-developed for many species of
organisms and the available tests may not reflect chronic effects. However, sediment acute toxicity
bioassay test procedures have been developed and are well documented for testing sediments, although
most methods need better field validation. Field validation was recently conducted in the CE/EPA Field
Verification Program (Peddicord 1988) and demonstrated the utility of "whole sediment" toxicity tests.

The advantages of the sediment bioassay approach include ease of use, relative cost
effectiveness, flexibility, widespread acceptance, and compliance with regulatory requirements.
Sediment bioassays were adopted for use under EPA regulations specifically because this approach
addresses considerations set forth in the cited regulations for dredged material (Engler 1988). Acute
toxicity sediment bioassay testing is an effects-based approach that takes into account the fact that
sediment is a complex mixture of substances whose potentially interactive effects cannot be predicted
through chemical analyses. Bioassay methods can also be used to evaluate the effects that sediments
exert in situ as well as to identify suspected sources of sediment pollution.

THE CURRENT REGULATORY APPROACH

Three specific situations or reasons exist for evaluating sediments. The first is the necessity for
disposal of navigation channel dredged sediments. For navigation channel sediments the only question
to be answered is what unacceptable adverse effects, if any, will dredged material have in a particular
disposal environment. EPA regulations at 40 CFR, Parts 220-228, and 40 CFR, Part 230, provide
regulatory guidance on aquatic disposal of dredged material. The second reason to evaluate sediments
is to determine what effects on aquatic ecosystems they may have if they are left undisturbed or if they
are removed for environmental purposes. if sediments are determined to be exerting unacceptable
environmental effects, consideration may then be given to some type of remediation, which may or may
not include removal. If sediments are to be removed, the potential effects that these sediments will exert
at the disposal site must be considered. The third reason, recently advanced by the EPA, is for source
control of contaminants. Determination of places where sediments, as sinks for contaminants introduced
into the aquatic environment, are exerting unacceptable environmental impacts could lead to
identification of the source of the contamination.

Most criticism of the present regulatory approach to evaluating sediment for dredging and
disposal centers on the acute toxicity bioassay endpoint, which is usually mortality. However, active
development of existing bioassays to include sublethal effects is ongoing. The method has also been
criticized because it does not identify the causative agents of observed effects and therefore cannot be
used in establishing limits for contaminants in discharged materials.

For dredged material disposal, the greatest need is for methods of disposal alternative
evaluation. Other than for unconfined open water disposal, disposal alternative evaluations will not be
assisted by promulgation of technically valid SQC. The CE has developed a dredged material
management (Testing Protocol) strategy (Francingues et al. 1985), the objective of which is to address
testing and disposal of contaminated dredged material. This strategy has been adopted as CE policy
and is incorporated by reference in 33 CFR, Parts 209, 335-338, 26 April 1988 (Corps Dredging
Regulation). The steps set forth in the strategy for managing dredged material proposed for any
disposal alternative are as follows;

(1) Evaluate contamination potential

(2) Consider potential disposal alternatives
(3) Identify potential problems
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(4) Apply appropriate testing protocols

(5) Assess the need for disposal restrictions

(6) Identify available options to control adverse environmental impacts

(7) Evaluate design considerations

(8) Select appropriate control measures to prevent adverse environmental impacts

A tiered testing approach for assessing materials proposed for aquatic disposal is described
briefly below, and is detailed in Engler, et al. (1988). An example of the application of the current
approach, taken from Engler, et al. (1988) is given in Table 1.

The initial (Tier 1) evaluation consists of reviewing available information to establish whether
there is a "reason to believe" that contaminants are or are not present. If there is reason to believe that
contaminants are present, or if insufficient information exists to allow adequate evaluation, a second tier
follows. The second tier of testing addresses benthic concerns and consists of a bulk sediment analysis
in order to compare the chemical composition of the dredged material to the composition of the material
at the disposal site. If substantially greater concentrations are observed in the dredged material and
there is reason to believe that the substances are bioavailable, a third tier of testing may be required in
which benthic impacts are addressed.

If there is concern regarding impacts to benthic organisms, an acute toxicity benthic bioassay
testing three species may be conducted. If there is reason to believe that bioaccumulation is of concern,
a second component of the third tier consists of evaluating the potential uptake of contaminants in either
the field or laboratory. Strengths and weaknesses of the present regulatory approach, which relies on
bioassays, are the same as those presented earlier in the discussion of sediment bioassays.

For water column impacts, an elutriate test may be performed to evaluate contaminant release
into dredging or disposal site water and for comparison with water quality standards after consideration
of mixing. A suspended phase and/or liquid phase bioassay may also be conducted if there are no
water quality criteria or the standards are thought to be inadequate or inappropriate.

CONCLUSIONS

This review has shown that SQC approaches under development possess significant
shortcomings in relation to ecological assessment of dredging and disposal operations. If SQC
approaches can incorporate cause-and-effect relationships and be improved to the point where results
are a reliable predictor of potential impacts at the disposal site, then SQC will be useful for evaluating the
potential effects of aquatic disposal or perhaps other alternatives, as appropriate. The current state-of-
the-art is not sufficient for the promulgation of SQC for the ecological assessment and subsequent
regulation of dredged sediments. The EPA’s Science Advisory Board subcommittee on sediment criteria,
after reviewing the AET in 1989, recommended that multiple approaches be used to estimate sediment
quality and that regionally developed SQC are inappropriate for nationwide usage.

For ecological assessment and regulation of dredged sediment, the present regulatory approach
is deemed adequate. It is an effects-based approach that fully considers interactive and antagonistic
effects of contaminants associated with sediments. Regardless of whether SQC are implemented, the
Corps’ management strategy will still be required to make informed decisions on disposal options and
controls for dredged material disposal.
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Table 1

Comprehensive Testing Approach for Aquatic Disposal
as Part of the Federal Standard*

Tier 1 Initial evaluation of existing information and "reason to believe" there is contamination.

Tier {IA Bulk sediment inventory. Reason to believe dredged material is more contaminated than
disposal site sediment and potential unacceptable adverse effects may occur.

Tier 1IB Elutriate analysis. Chemical analysis for contaminant(s) of concern, contrast to
appropriate water-quality criteria and/or standard with consideration of mixing.
Comparison to receiving water quality and/or bioassay when no standard exists.

Tier ll Biological tests.
Tier HIA Acute bioassay toxicity tests (as appropriate):
Water Column (Elutriate) Select Species
(Mixing considered) (As necessary)
Dissolved phase Mysid shrimp
Suspended solids phase Grass shrimp
Bivalve
Fish
Larva, bivalve
Other
Benthic
Solid phase Mysid shrimp
Amphipod
Grass shrimp
Clam
Polychaete
Other
Tier I1IB Bioaccumulation.
Water Column Select species
Suspended solids phase Grass shrimp
Clam
Polychaete
Other
Benthic
Solid phase Clam
Polychaete
Other

* Table 1 (from Engler, et al. 1988) presents the general types of tests and evaluations in a tiered and
sequential basis where each tier (step) is optional and may be eliminated or chosen as appropriate. Test
species tested are not mandatory but are shown for consideration to a proposed disposal site region.the
same as those presented earlier in the discussion of sediment bioassays.
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MANAGING LONG TERM RESERVOIR WATER QUALITY
by

John L. Andersen’

INTRODUCTION

Numerous Corps reservoirs suffer from a multitude of problems including shoreline erosion,
sedimentation, degraded water quality and lost or diminished fisheries. In addition, urbanization often
results in erosion problems as well as degraded water quality. Avoidance or minimization of these
problems requires recognition, expertise and most importantly, early awareness on the part of
management. All of the above elements are required to effectively manage and prolong the life of our
reservoirs.

Dam building agencies traditionally have not designed reservoirs, they have designed dams.
Nearly the entire effort has gone into the design of the dam with little consideration given to the reservoir
except as a volume to be filled with water. While the importance of safe dams cannot be
overemphasized, the philosophy of considering the reservoir only as a volume to be filled with water has
resulted in a multitude of problems which could have been minimized or avoided.

Reservoir management tends to be piecemeal. One agency manages the fishery, another
agency or part of an agency manages grazing leases, another part of an agency looks at camp pads or
grass mowing, another part of an agency manages the releases, still another part of an agency works
with water quality. Even if all the management parts perform their function, the reservoir still suffers.
Rarely, if ever, is the reservoir considered as an ecological whole and will not live up to its useful
potential if managed as a group of unrelated parts. Because of this piecemeal management, our
reservoirs and their recreation functions are being lost or degraded. It is imperative that we work with
other agencies and consider the reservoirs along with their watershed as an ecological whole. We can
no longer afford to stop at the project boundaries as a routine part of our job nor can we afford to treat
our reservoirs as a group of unrelated parts. In order to maintain aesthetically appealing, functional, and
high quality water-based recreation we must manage our reservoirs as a total ecosystem.

The following sections discuss some major reservoir problems and provide some corrective and
preventative solutions.

URBANIZATION

Urbanization is a major problems facing many of our reservoir projects today. Unfortunately,
such problems often arise quickly and are thus dealt with on a crisis management basis. Under a crisis
management scenario, once a problem is handled in a particular manner a precedent is often set which
can make future changes in handling similar problems difficult. Urbanization problems associated with
water quality are basically of two types; those associated with the construction period and those
associated with the post-construction period.

Construction problems are commonly associated with laying the land bare of vegetation thus
allowing sediment laden run-off to reach nearby reservoirs or waterways. Obviously there are methods
of minimizing this type of impact; temporary sediment ponds, staging construction so large areas are not
denuded, using bales or sediment curtains, and using terraces as sediment interceptors. However,
construction site visitation (both Corps and private) indicates that the use of such methods is not
common. It would benefit our projects to require Corps contractors and project sponsors to utilize

'Limnologist, Chief of Water Quality Unit, U.S. Army Corps of Engineers, Omaha District.
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construction methods which minimize sediment problems. It would also benefit the projects if legal
actions were taken or threatened against construction activities damaging to the reservoir.

Post-construction problems are commonly associated with storm drainage. Storm sewers not
only short circuit urban pollution to the stream or reservoir, they commonly exit on or near project lands
and can result in severe erosion problems. Obviously the conversion of grasslands or agricultural lands
to water impervious surfaces such as roads, roof-tops and sidewalks increases both the flow rate and
the volume of water draining from a given watershed. Some states require detention be provided to
ensure stormwater discharges originating from a developed drainage do not exceed the 100-year historic
flows under undeveloped conditions. However, it must be remembered that 100-year flows are
catastrophic to most natural drainages and that urbanization increases the frequency of catastrophic
events.

A variety of measures are available to minimize the impacts of post construction urbanization.
Urban storm flows that are detrimental to receiving waters can be permitted under the National Pollution
Discharge Elimination System (NPDES) thus requiring treatment. Storm sewer exits can be allowed on
project lands provided the developer will go to some effort to provide detention in the form of ponds
swales or wetlands on private property. In addition, the developer might be asked to construct a series
of wetlands to slow downhill flows and provide time for bacterial die-off, chemical degradation, and
reduced flow rates. The advantage to the developer would be the construction of the storm sewer outlet
on project property which may allow for an extra structure or more aesthetic conditions. (It is important
to note that "wetland" as defined for purposes of this paper is a shallow basin not more than 1-2 feet in
depth and filled with aquatic plants. It should not be defined as a pond which can, under the right
circumstances can become an attractive nuisance.)

There are numerous viable methods of minimizing urbanization impacts, however, these methods
are rarely considered because of piecemeal management. Very commonly, those reviewing drainage
plans are not familiar with the environmental problems associated with drainage. Obviously, these
groups should work together, not independently.

It is suggested that an organized process or policy be created to handle urbanization problems
in a reasonable and consistent manner. Such a policy should involve water quality, natural resources
management, engineering expertise and should work with developers to reach an amiable agreement as
opposed to simply accepting whatever damages which might occur. A variety of scenarios could be
developed, their primary purpose being to maintain the quality and longetivity of the project and good
relations with the development interests. Such actions can result in benefits to both parties.

SHORELINE EROSION

Shoreline erosion is one of the most ubiquitous problems facing our reservoirs today. The
Omaha District has nearly six thousand miles of shoreline on six mainstem reservoirs (Corps of
Engineers, 1988) with additional miles of shoreline erosion occurring at all tributary projects. While the
precise quantity of eroding shoreline has not been ascertained, it can be stated that between 70 and
90% of the shoreline is eroding. Shoreline erosion can result in a decrease in overall water quality
because of the addition of sediment and associated nutrients, turbidity increases which in turn can limit
light thus limiting aquatic vegetation important to biota including fisheries, the necessity to purchase
additional private properties and the loss of physical structures such as recreation facilities.
Unfortunately, shoreline erosion is commonly ignored since it is often not perceived as a problem to the
observer unless structures or private property are threatened.

Historically the primary solution to shoreline erosion problems has been the use of riprap. While
riprap can solve the problem, it is often not the best ecological solution. Mile after mile of rock shoreline
does not provide the diversity required to maintain a stable ecosystem. In addition, riprap can be
extremely expensive which can result in ignoring the problem based simply on costs. Obviously,
ignoring the problem allows shoreline erosion to continue unabated.
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Aquatic plants provide another alternative to managing shoreline erosion problems. Shoreline
stabilized with vegetation can provide for greater ecological diversity even coupled with riprap, thus
resulting in a more stable lake system ecosystem. Aquatic plants will stabilize some shoreline areas
naturally provided that water level fluctuation and other erosive forces are not great enough to prevent
their establishment. Natural stabilization however can take many years and can result in large quantities
of sediment input to the reservoir system.

The Waterways Experiment Station has developed an excellent program which utilizes aquatic
plants and can provide technical expertise in resolving shoreline erosion problems. Their methods are
often cheaper than riprap and a living system can maintain itself and spread to untreated areas if
conditions are appropriate. In addition, an aquatic vegetation program can be a budgetary line item or
initiated with one or two thousand dollars squeezed out of an existing budget. Shoreline erosion treated
on a piecemeal basis, even a few feet of shoreline each year is preferable to doing nothing.

It is obvious that a policy should be established requiring the identification and treatment of some
portion of eroding shoreline at each project. This process could be a budgetary line item or a project
handled on an "as time permits" basis. It is imperative that we begin resolving an all too common
problem in order to protect and preserve our reservoir resources.

SEDIMENTATION

In the agricultural midwest, as well as other parts of the nation, sedimentation is one of the major
problems leading to the degradation of reservoirs in terms of water quality, recreation, and reservoir
longetivity. A case in point is the loss of the bass-bluegill fishery in a group of ten Salt Valley reservoirs
located near Lincoln, Nebraska (Schainost, 1989). Imagine, a major part of the recreation lost in less
than 20-25 years, a very small time increment in terms of the life of the reservoir. It is widely recognized
that sedimentation will impact reservoirs and EM 1110-2-4000 states that sedimentation rates should be
determined during the planning process. However, sedimentation problems will impact fisheries, water
quality, and other reservoir functions years before any impact to flood control occurs.

As a remedy to sedimentation problems extant in many parts of the country, methods of
minimizing the problem to extend the usability and longetivity of the reservoir should be implemented in
both the planning and operational phases. We should cooperate with agencies such as the Sail
Conservation Service (SCS) which has the authority to work with erosion problems outside of project
boundaries. We should cooperate with states to develop and implement Clean Lakes Programs or
Non-Point Source Programs, even though such programs may not relate specifically to a Corps project.
At the same time, we should not be misled into believing that our projects are safe from sedimentation
because of terraces, grassed waterways, or a high percentage of treated land exists in the watershed.
Terraces for instance are normally designed to provide protection only up to the 10-year storm event
(U.S. Department of Agriculture 1988). While terraces and grassed waterways are unguestioningly
valuable, we cannot be lulled into believing that our projects are free from sedimentation problems.

Sediment detention, in the form of wetlands or ponds should be considered during the planning
process as should the use of wetlands as water quality improvement. Research has repeatedly
demonstrated that wetlands can function to improve water quality (Whigham, et. al. 1988, Knight, et. al.
1987). Wetlands as water quality filters can be constructed simultaneously with the embankment and
can be constructed either as an integral part of the reservoir or totally separate from the reservoir
(upstream of the reservoir). The area in which a delta will form can easily and cheaply be converted to
wetlands or sediment entrapment structures. While the trapping efficiency of a structure may be
questioned, there is little doubt that sediment will be trapped, bacterial die-off time will be increased, and
some nutrients and pesticides will fall out with the sediment. In addition, such traps can be designed for
easy clean-out to maintain their usefulness. In short, such measures can be devised and provide an
increased measure of protection for valuable reservoir projects. Managing the problem or dredging a
sediment trap is cheaper than dredging an entire project. It is important that the problem be recognized
and dealt with.
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SUMMARY
At present, our reservoirs are being lost and their usefulness limited due to shoreline erosion,
sedimentation, and urbanization. It is imperative that we recognize our reservoirs as important resources
and that we work together to correct problems and manage them as ecological systems rather than the
sum of their parts. It is also imperative that we plan and build quality reservoirs as well as safe dams.
This is the only manner in which we can preserve their usefuiness for ourselves and future generations.
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WATER QUALITY MANAGEMENT FOR RESERVOIRS AND TAILWATERS:
AN OVERVIEW

by
Robert H. Kennedy'

INTRODUCTION

The Water Quality Management for Reservoirs and Tailwaters (WQMRT) Demonstration, as part
of the Water Operations Technical Support (WOTS) Program, is designed to provide the informational
base from which Corps of Engineers (CE) personnel can develop and implement sound water quality
management initiatives. Specific objectives being addressed within WQMRT are to:

a. Identify water quality enhancement needs
b. Inventory existing management technologies

c. Develop guidelines for establishing and implementing
water quality management plans

Several approaches were employed to meet these objectives. Data describing water quality
conditions at CE water resource projects were retrieved from selected computer databases, principally
STORET (US Environmental Protection Agency, 1979). Additionally, field operating activity (FOA)
evaluations of conditions at each project were solicited using a comprehensive questionnaire. Together,
these two types of information allowed description of CE-wide patterns in water quality conditions and
enhancement needs. Preliminary results of attempts to identify water quality enhancement needs at CE
water resource projects were reported by Kennedy et al. (1988). Gaugush and Kennedy (1990) provide
a discussion of interrelations between water quality data and subjective evaluations of conditions in
selected CE divisions.

Information concerning technologies applicable to FOA water quality management activities was
gathered from a variety of sources and compiled for ease of use by project personnel. Many of the
techniques were originally developed for and applied in natural lakes; however, many approaches for
dealing with water quality management issues are applicable for reservoirs as well. Techniques involving
structural or operational modifications received greatest attention. FOA responses to the questionnaire
provided information concerning recent water quality management experiences at CE projects.
Applicable in-reservoir water quality management techniques are compiled and discussed in Cooke and
Kennedy (1989), while operational and structural techniques are discussed in Price (in prep). The report
by Cooke and Kennedy also includes a discussion of useful techniques for problem assessment and
diagnosis.

Combining accurate problem diagnosis and assessment with potential problem solutions is
obviously the key to sound water quality management. Engineering Manual EM 1110-2-1201, "Reservoir
Water Quality Analyses," describes a wide range of techniques for data analysis and overall assessment
of water quality. These include guidelines for sample design, statistical and graphical methods for data
evaluation, and the use of indices and models. Since the preparation of this manual, a number of new
techniques and refinements of established techniques have been reported. Therefore, the manual will be
updated to insure that the latest techniques are available to FOA personnel. At the same time, new
information concerning water quality management will be incorporated, thus expanding the scope of the
manual and increasing its value to water quality managers.

'Research Limnologist, Environmental Laboratory, U.S. Army Engineer Waterways Experiment Station.
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Demonstrating the utility of techniques and approaches will be an important part of the WQMRT.
Cooperative efforts by the US Army Engineer Waterways Experiment Station (WES) and the US Army
Engineer District, Baltimore (NAB), provide an example of a technically-sound approach to water quality
management at a small, flood-control project (Ashby et al., 1900). Water quality concerns at East Sidney
Lake, New York, have been addressed by coupling watershed management concepts with in-reservoir
management techniques to provide an holistic approach to water quality management.

WATER QUALITY MANAGEMENT TECHNIQUES

Almost all water quality concerns in reservoirs and their tailwaters are related, directly or
indirectly, to the process of eutrophication. Eutrophication is the process by which algal growth-
stimulating nutrients, oxygen-demanding organic material, and sediment accumulate in lakes and
reservoirs. Reduced water clarity, excessive growths of algae and other aquatic plants, exhausted
oxygen supplies in bottom waters, and impacted fisheries are some of the consequences of this process.
To reduce the severity of these and other consequences, water quality management efforts must (1)
reduce the quantity of unwanted materials transported from watershed to reservoir, (2) reduce the
accumulation or availability of materials which do reach the reservoir, and/or (3) control symptoms of
eutrophication directly.

Curtailing the influx of nutrients and sediment is obviously the best water quality management
method. However, regulation of watershed activities and control of waste discharges are not within the
CE mission and the cooperation of responsible agencies must be sought. General approaches for
reducing material loads to reservoirs include treatment of point sources and institution of best
management practices (BMPs) to curb nonpoint source material losses. For projects with significant
project lands, every effort should be made to reduce the loss of materials to the reservoir. This can be
particularly important for projects with isolated coves and embayments which may be more impacted by
local runoff events than by inflows from the major tributaries.

Considering the difficulties inherent in controlling inputs to reservoirs, CE water quality personnel
will most often be faced with managing water quality within the project or through operational or
structural modifications. Table 1 provides an overview of the wide range of techniques applicable for
reservoirs. While some techniques are specific in their application and limited in their mode of action,
others can be used to accomplish multiple objectives. For instance, aeration of hypolimnetic waters
devoid of oxygen during the summer months will improve tailwater dissolved oxygen concentrations, as
well as reduce the rate at which nutrients and metals are released from bottom sediments. Selection of
appropriate water quality management alternatives will require careful consideration of factors influencing
water quality, current water quality conditions, and expected technique impacts and effectiveness.

Reports of FOA applications of these techniques at CE projects (Price, in preparation) indicate
that several techniques have been employed at CE projects with varying degrees of success (Tables 2
and 3). The most frequently cited, and apparently most successful, are operational modifications. Water
quality concerns addressed by this method are centered mostly on the tailwater area and include low
dissolved oxygen concentration, undesirable temperature regime, and elevated metal concentrations.
While methods to reduce inputs to projects from the watershed and shoreline areas have been
attempted, the application of a number of in-reservoir methods have also been reported. Unfortunately,
post-implementation evaluations were not available for many projects.

A CASE STUDY

Combined WES-NAB activities at East Sidney Lake, a small flood-control project located in
south-central New York, exemplify the holistic approach to water quality management. Efforts here
involved delineation of watershed activities, coordination with local agencies, surveys of use patterns and
user perceptions of water quality, and implementation of an in-reservoir water quality management
technique (Ashby et al., 1990).
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Table 1. General water quality management techniques applicable
to reservoirs and tailwaters. Based on Cooke and Kennedy (1989)
and Price (in prep).

Watershed Techniques:

Pre-reservoir treatment Best management practices
Shoreline erosion control

In-reservoir Techniques:

Phosphorus inactivation Dilution and flushing
Sediment removal Hypolimnetic aeration
Artificial circulation Water level drawdown
Destratification Oxygenation

Harvesting Biological controls
Sediment covers Herbicides and algicides

Operational/Structural Techniques:

Rule curve modification Inflow routing

Supplemental releases Concentration of release flow
Release strategy optimization Hypolimnetic withdrawal
Submerged weirs Turbine venting

Selective withdrawal

—

Problem assessment followed delineation of watershed landuse patterns through interpretation of
aerial, infrared photographs, estimation of nutrient loads based on routine sampling of tributaries, and
monitoring of seasonal changes in Pool water quality. Clear from this assessment is the fact that
agricultural activities in this 264-km” watershed result in excessive loads of both nitrogen and
phosphorus reaching the lake (Kennedy et al., 1988; Ashby et al., 1990). In response, algal blooms often
occur during the summer months, creating scums and reducing water clarity. Although only weakly
stratified during summer months, the lake becomes devoid of dissolved oxygen in bottom waters and
large quantities of soluble phosphorus are subsequently released from sediments, exacerbating
problems of excessive algal growth. A survey of lake users indicated that conditions in mid to late
summer were often less than desirable.

To break this cycle of nutrient loading and internal recycling, a two-part water quality
management plan was designed. First, a pneumatic destratification system was placed in deep water in
the lower end of the lake to prevent anoxia during the stratified period and to reduce algal abundance
through reduced internal loading. While the performance of this system is still being evaluated, initial
results are encouraging (Ashby et al., 1990).

Second, NAB has coordinated with state and local agencies whose responsibility it is to
encourage local residents to modify practices and activities which lead to excessive nutrient loads. Data
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Table 2. Water quality enhancement techniques recently
employed at CE projects. Based on Price (in prep).

Degree of Success
Technique Applied Successful Marginal Unknown

Operational modification 26
Structural modification
Selective withdrawal
Localized mixing
Drawdown and planting
Hypolimnetic withdrawal
Inflow diversion
Destratification

Algicide and herbicide
Wetland creation
Dredging

Best management practice
Pool fluctuation

Liming for pH control
Grass carp
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Table 3. CE-wide distribution of recent water quality
management initiatives. Based on Price (in prep).

CE Division Number of Projects
Lower Mississippi Valley 8
Missouri River 23
North Atlantic 12
North Central 1
New England 3
North Pacific 19
Ohio River 18
South Pacific 1
Southwest 12

a
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collected by the CE are also being used to support efforts to obtain funding for nonpoint source control
under the US Department of Agriculture’s Water Quality Plan. Additionally, study results have been
publicized as an effort to raise public awareness of ongoing efforts (Bank, 1989).

SUMMARY

As the demand for water-based recreation and the expectations of project users for “good water
quality” increase in the coming years, the CE must be prepared to take a leading role in the preservation
of the water resources within its control. Information compiled during the WQMRT Demonstration and
the establishment of guidelines based on this information will provide FOA water quality personnel with
means for developing technically-sound management plans.
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RELATIONSHIP BETWEEN OBSERVED AND PERCEIVED WATER QUALITY
IN CORPS OF ENGINEERS RESERVOIRS

by
Robert F. Gaugush and Robert H. Kennedy'

INTRODUCTION

In 1987, the Water Quality Management for Reservoirs and Tailwaters (WQMRT) Demonstration
was added to the Water Operations Technical Support (WOTS) Program. The objectives of the
demonstration, sponsored by the Office, Chief of Engineers, are to:

a. ldentify water quality enhancement needs;
b. Inventory existing management technologies;
c. Develop a protocol for establishing and implementing water quality management plans.

The first objective is being met through the use of a comprehensive questionnaire and by
developing a Corps of Engineers (CE) reservoir database. The questionnaire solicited detailed
information about project operation and was designed to allow district personnel to subjectively grade
each project’s water quality attributes. A preliminary discussion of the identification of water quality
enhancement needs based on the questionnaire was presented by Kennedy et al. (1988). The reservoir
database was constructed by retrieving water quality information from STORET (U.S. Environmental
Protection Agency, 1979).

One task under the objective of identifying water quality enhancement needs is concerned with
the description of the regional component of the variability in water quality. A consideration of regional
differences in water quality will be of prime importance in the development of attainable water quality
goals. Water quality goals cannot be developed on a national scale without addressing regional
differences in hydrology, nutrient loading, and climatic conditions.

An initial step in developing regional descriptions of attainable water quality is to examine the
relationship between perceived water quality and measured or observed water quality. Regional aspects
of both perceived and observed water quality will determine the nature and extent of water quality
problems and enhancement needs.

OBSERVED AND PERCEIVED TROPHIC STATE

As part of the questionnaire, district personnel were asked to classify the trophic state of the
reservoir pool. It was recognized that although numerous criteria and indices have been used to
describe trophic state in objective terms (such as nutrient or chlorophyll concentrations), many regional
differences are apparent in individual perceptions of trophic state. The subjective definitions of trophic
state presented in Table 1 were used by the respondents to describe the local perception of trophic
state.

For the purposes of this paper, four divisions were chosen to examine the relationship between
observed and perceived trophic state. The New England (NED), North Atlantic (NAD), South Atlantic
(SAD), and North Pacific (NPD) Divisions were selected to allow for regional differences in the perception
of trophic state. Questionnaire data for these divisions were merged with "hard” data retrieved from
STORET and this combined data set was analyzed to determine if regional conditions influenced the
perception of trophic state.

"Hydrologist and Research Limnologist, respectively, Environmental Laboratory, U.S. Army Engineer
Waterways Experiment Station.
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Table 1. Subjective definitions used for the classification of trophic state.
é

Trophic State Definition

Oligotrophic Low nutrient and chlorophyll concentrations, high water
clarity, and/or unimpaired dissolved oxygen conditions in
bottom waters

Mesotrophic Intermediate nutrient and chlorophyll concentrations,
reduced water clarity, and/or moderately impaired dissolved
oxygen conditions in bottom waters

Eutrophic High nutrient and chlorophyll concentrations, greatly
reduced water clarity, and/or highly impaired dissolved
oxygen conditions in bottom waters

Hypereutrophic Extremely high nutrient and chlorophyll
concentrations,minimal water clarity, and/or severely
impaired dissolved oxygen conditions in bottom waters

Undetermined Insufficient information available to make such an
evaluation

—

In terms of perceived trophic state these four divisions are very different (Figure 1). NAD is
characterized by a fairly even distribution of trophic state. In NED, the majority of the reservoirs was
classified as mesotrophic with a secondary cluster of oligotrophic reservoirs. Most reservoirs in NPD
were reported as oligotrophic with mesotrophic reservoirs comprising most of the remainder. In SAD, on
the other hand, most reservoirs are considered eutrophic with a smaller number classified as
mesotrophic. Relatively few projects were reported with an undetermined trophic state.

Chlorophyll concentration, water clarity, and nutrient concentrations were used in a subjective
sense in the questionnaire to specify the perceived trophic state. These same variables can be used in
an objective sense to examine the relationship between observed and perceived trophic state. An
analysis of variance was used to determine whether or not perceived trophic state was associated with
consistent differences in common water quality indicators (chlorophyll a, Secchi depth, total phosphorus,
and total nitrogen) of trophic state (Figure 2).

Based on the data derived from these four divisions, an oligotrophic reservoir cannot be
distinguished from a mesotrophic reservoir for any of the variables considered. Secchi depth and total
nitrogen concentration share a similar pattern with respect to reported trophic state. Significant
differences exist between a less enriched group (oligotrophic and mesotrophic reservoirs) and a more
enriched group (eutrophic and hypereutrophic reservoirs). For chlorophyll a, the most common
indicator of trophic state, and total phosphorus, the most common determinant of trophic state,
eutrophic and hypereutrophic reservoirs are readily distinguished from each other and from less enriched
systems. Chlorophyll a, total phosphorus, and total nitrogen concentrations in reservoirs reported as
hypereutrophic are highly variable as indicated by the size of the error bars associated with these
variables.
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Figure 1. Trophic state classifications for NAD, NED, NPD, and SAD. Reported
trophic state indicated by letter: O - oligotrophic, M - mesotrophic, E - eutrophic, H -
hypereutrophic, U - undetermined.
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Figure 2. Mean chlorophyll a, Secchi depth, total phosphorus, and total nitrogen as
related to reported trophic state. Means marked with the same letter are not
significantly different.
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The lack of a significant difference between measured values for reservoirs reported as
oligotrophic and mesotrophic suggest that there are regional aspects in the perception of these two
trophic states. Also, a regional component may explain the high variability observed within reservoirs
reported as hypereutrophic. A second analysis of variance was conducted to test for significant regional
differences by analyzing each reported trophic state with respect to CE divisions. Using chlorophyli a
concentrations, significant regional differences with respect to reported trophic state were found (Figure
3). For oligotrophic reservoirs, chlorophyll concentrations are all well below 10 ug/!, but concentrations
in NED are significantly higher than those in either NAD or NPD. In mesotrophic reservoirs, two very
different groups can be identified. The first group, reservoirs from NAD and SAD, has chlorophyll a
concentrations approaching 10 ug/l, while the second group, reservoirs from NED and NPD, has
chlorophyll a concentrations less than 3 ug/l. The regional differences observed for oligotrophic and
mesotrophic reservoirs may be sufficient to explain the lack of significant differences between these two
trophic states when regions (or CE divisions) were not considered. Hypereutrophic systems in NAD and
NED are significantly different which may explain the high degree of variability observed for
hypereutrophic reservoirs as a group.

OBSERVED AND PERCEIVED WATER QUALITY ENHANCEMENT NEEDS

In addition to the classification of trophic state, district personnel were asked to evaluate the
water quality conditions of their projects. For a number of commonly cited water quality considerations
(such as low dissolved oxygen, high nutrient concentrations, excessive algal biomass, etc.), respondents
were asked to evaluate the extent of the problem using the problem levels presented in Table 2.
Analysis of the questionnaire has indicated that the most prevalent problems are those associated with
the eutrophication process (Kennedy, et al., 1988). These included excessive nutrient concentrations,
algal blooms, and anoxic conditions in the hypolimnion.

One of the most commonly cited water quality problems was "algae - excessive algal biomass or
chlorophyil concentration.” For a preliminary analysis of the relationship between the reported problem
level and observed water quality data, data from four divisions (NAD, NED, NPD, and SAD) were
selected. Reported problems associated with the algal category for these divisions are presented in
Figure 4. Most reservoirs were reported to have no problem in the area of algal density, but a
considerable fraction was reported to have intermittent or occasional problems. Very few reservoirs
were reported to have chronic problems with excessive algal biomass.

In order to examine how well reported problems agreed with observed water quality, an analysis
of variance was conducted using chlorophyll a, Secchi depth, total phosphorus, and total nitrogen as
variables associated with algal problems. Results of the analysis of variance are reported in Figure 5.
Concentrations of chlorophyli a exhibit a pattern that is consistent with the reported level of the problem.
Reservoirs with chronic problems have significantly higher chiorophyll concentrations than those with
intermittent or occasional problems. Chlorophyll levels in reservoirs with either occasional or no
problems cannot be distinguished. Total phosphorus, in most cases the limiting factor for algal
production, exhibits a similar pattern. Secchi depth and total nitrogen concentrations do not display a
consistent pattern with respect to the reported problem levels.

In order to identify regional aspects in the perception of algal problems a second analysis of
variance was conducted with respect to CE division (or region). SAD has significantly higher chlorophyll
a concentrations in the intermittent, occasional, and no problem categories (Figure 6). This implies that
much higher chlorophyll a concentrations can be attained in SAD before a problem is perceived to exist.
Chlorophyll a concentrations for SAD in the no-problem category approach 10 pg/l. These same
concentrations would be classified as an intermittent problem in the other divisions. In SAD where
nutrient loading is relatively high and climatic conditions are favorable for algal production, 10 ug/! of
chlorophyll a may represent baseline conditions.
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Figure 3. Mean chlorophyll a concentrations by Division for reservoirs with a reported
trophic state of oligotrophic, mesotrophic, eutrophic and hypereutrophic. Means
marked with the same letter are not significantly different.
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related to reported problem level. Means marked with the same letter are not
significantly different.
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Table 2. Definitions used to specify the extent of water quality problems.

—

Problem
Level Definition
0 No problem evaluation has been made
1 Chronic or continuous problem
2 Intermittent problem occurring on a seasonal or event basis
3 Occasional problem occurring infrequently on an annual basis
4 No problem

—

CONCLUSIONS

Regional differences in both the perception of trophic state and its measurement are apparent.
Regional differences in the perception of water quality problems are also readily apparent. These
differences suggest that, in reservoirs, trophic state and water quality are evaluated or judged with some
regional bias. This bias may be a result of the perception of ambient water quality in natural lakes within
the region. For example, in a region like the North Pacific Division with relatively numerous lakes with
very good water quality, reservoirs may be judged with respect to those lakes rather than with respect to
the reservoirs in the division. In the South Atlantic Division, on the other hand, where natural lakes are
relatively scarce, reservoir water quality will most likely be judged with respect to other reservoirs. The
regional aspects of trophic state and water quality problem evaluation must be addressed in the
establishment of reasonable and attainable water quality goals.
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WILLOW CREEK LAKE WATER QUALITY STUDIES

by
Richard A. Cassidy'

INTRODUCTION

Willow Creek Dam is a U.S. Army Corps of Engineers multiple-purpose project located on a
tributary of the Columbia River (Willow Creek) in north-central Oregon. Completed in 1983, it was the
world’s first dam entirely built of roller compacted concrete (RCC). The 1,780-foot-long dam is 169 feet
high, and has a 384-foot-wide uncontrolled gravity spillway section located in the central portion of the
structure. A 970-foot-long drainage gallery extends through the gallery, sloping downward from the left
bank to the right bank. There is a 60-foot-diameter gated regulating outlet tunnel capable of discharging
500 cubic feet per second (ft°/s). There is also a telescoping selective withdrawal outlet structure
capable of releasing up to 80 ft’/s.

GEOCHEMICAL AND BACTERIOLOGICAL

Water quality analyses were conducted between 1986 and 1989 to determine whether dissolution
of concrete within the dam was affecting dam safety and whether H,S was a health hazard. An
analytical program was first designed to identify the geochemical and bacteriological processes which
appeared to accompany the leakage of water through the dam structure. By 1988, refined sampling,
processing, and analyses of reservoir and dam seepage water were conducted by contractors from
Oregon State University and the University of Washington, to better define the rates and processes that
were occurring.

As a result of these geochemical and bacteriological studies, media attention in 1988 prompted
Senator Mark O. Hatfield and Robert W. Page, Assistant Secretary of the Army for Civil Works, to request
a special investigative team to evaluate the project. They concluded that Willow Creek Dam was safe
and represented no health hazards. The team recommended completion of 11 geotechnical studies and
investigations already underway. Those studies completed in January 1990 support the investigative
team’s conclusion that the dam is safe and presents no health hazard from H,S.

SEEPAGE

During reservoir filling in the fall of 1983, water began seeping through the dam at approximately
3,000 gallons per minute (gpm). Filling was temporarily stopped so a grouting program could be
implemented. Portland cement grout was injected into vertical holes drilled along most of the length of
the dam. Seepage was reduced to 90 gpm at the low pool level. When the impoundment was filled to
its normal operating pool level, with 90 feet of head in February 1984, the seepage rate was
approximately 900 gpm. Seepage reduced to about 500 gpm by early 1985; however, calcite deposition
became evident in the gallery and on the downstream face of the dam during 1984. Calcite continued to
build during 1985 and, in addition, H,S was detectable by smell in the gallery. Seepage has continued
to decrease to about 90 gpm as of January 1990.

CORROSION

Corrosion of a concrete structure typically starts with the dissolution of the free lime initially
hydrated during the hardening of the concrete (Biczok, 1967). Other uncombined lime (CaO) will also be
hydrolyzed. Calcium silicates and aluminum phases will continue to hydrolyze slowly as long as
percolation occurs. Leaching of lime increases the permeability of concrete; however, the loss in lime
must be substantial before the strength is seriously affected. Lea (1970) suggested, as a rough
approximation, that 1 to 2 percent of the cement strength of portland cement is lost for each percent

'Chief, Reservoir Regulation and Water Quality Section, Engineering Division, U.S. Army Corps of Engineers,
Portland District
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loss in lime. Much of the Ca(OH), reacts with the fly ash added to the concrete, therefore, the portland-
pozzolan cements used in the RCC are relatively resistant to this type of corrosion. The grouting
pumped into the dam can be expected to contain a significant higher percent of free lime.

Under some conditions, dissolved carbon dioxide as H,CO, in the percolation watcon can act as
an acid which accelerates dissolution:

2H,CO,+Ca0 = Ca*" +2HCO, +H,0

If the water already contains carbonate alkalinity, the leached calcium will reprecipitate within the
concrete matrix as CaCO, (calcite):

Ca®* +2HCO, = CaCO,(s)+ H,CO,

This densification frequently seals the concrete structure in the front zone of deterioration in a
self-healing manner. The sealing process, then, migrates toward the outer wall of the concrete structure.
Another corrosion process that was of potential concern at Willow Creek Dam was the possibility of
corrosion driven by acid generated from the oxidation of H,S. H,S was accumulating in the deep
portions of the reservoir during summer stratification. Heterotrophic bacteria anaerobically reduced
organic compounds to form H,S. The oxidation of H,S can occur through the direct (inorganic) reaction
with dissolved oxygen: '

HS +20, = SO,*+H"
or it can be driven by sulfur oxidizing bacteria:
CO,+HS +0,+H,0 = CH,O (organic matter) + SO,*+H"

In both cases, the presence of oxygen is required. The process, therefore, was speculated to be
limited to the interface of where oxygen and H,S coexisted, such as the discharge site of the dam seeps
and at the locations of the oxycline in the reservoir on the upstream face of the dam. It was also
hypothesized that sulfate reduction could also occur within the seepage passages of the dam mass by a
resident population of bacteria.

CHEMISTRY OF SEEPS

The chemistry of the water flowing through the seeps of Willow Creek Dam is variable. Some of
the seep waters are similar to the reservoir waters and appear to have a direct path from the reservoir.
Other seep waters are highly enriched in dissolved materials. It was speculated that the left
embankment waters had a longer residence time within the dam. Much of the compositional differences
observed between the reservoir waters and the seep waters could be accounted for by three dominant
processes: photosynthesis, decomposition of organic material, and alternation of materials from the
dam.

Willow Creek Lake is a nutrient-rich impoundment. The reservoir site was a former feedlot. Little
or no effort was made to remove the topsoil from the impounded area before inundation. Additionally,
water from the contributing watershed pass through several pasturelands. These lands provide
additional nutrient-enriched water to the reservoir, especially during high runoff events. Thermocline
development during the spring traps the enriched waters in the hypolimnion into the fall season.
Throughout the summer, basic limnological dynamics occur, involving phytoplankton photosynthesis. As
the algae die, the organic particulates settle down through the thermaocline barrier and eventually
decompose within the depths of the hypolimnion. The oxidative decompasition of the phytoplankton
debris consumes all of the dissolved oxygen available in the water column. Subsequently, nitrates and
sulfates are depleted from the deep portion of the reservoir. The oxidation of organic material using
sulfates is particularly important because H,S gas is a product of the reaction. Also, the carbon dioxide
content of the deep reservoir water increases because of the consumption of the organic material
throughout the summer. This process results in the lowering of the pH in the hypolimnion.
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These changes in water composition formed the basis for two general hypotheses to explain the
leaching of the concrete material in the dam. The first hypothesis was that carbon dioxide production
resulted in more corrosive waters, and calcium and other elements could be leached from the dam. If
the waters became saturated with respect to calcium carbonate as it passed through the dam,
precipitation would be expected to occur when the migrating water exited and carbon dioxide degassed
when atmospheric conditions were encountered. The second hypothesis was that as H,S rich waters
migrated through the dam, sulfur oxidizing bacteria would use the compound as an energy source to
transform dissolved carbon dioxide into cellular material. This process was likely to occur on the
surfaces of the dam. In both hypotheses, eutrophication of the reservoir was the underlying case.

Table 1 summarizes the general nature of the chemical changes seen as water moves from the
reservoir through the seeps to the downstream portion of the dam. The most striking change in
composition is seen in the highly evolved seeps. The initial alkalinity of the reservoir retards the
possibility of corrosion within the dam by forcing the reprecipitation of calcite within and on the structure.
it was concluded that chemical alterations have been occurring on both the RCC and the grout
substrates. Calcite was precipitated in some parts of the system and remobilized from other locations as
the seep water and the dam’s buffering substrates evolve. The highest chemical alterations, however,
were isolated to a small volume fraction of the seep flow (Dymond and Collier, 1987).

Table 1. Example of Chemical Changes Occurring in Willow Creek Dam Seeps.

PARAMETER RESERVOIR LEFT EMBANKMENT SPILLWAY RIGHT EMBANKMENT
DS 194.0 428.0 357.0 197.0
ALK 132.0 212.0 230.0 139.0
pH 7.4 9.1 8.5 7.9
total CO,| 127.0 176.0 201.0 119.0
Ca 6.2 8.1 11.5 8.4
s0, 3.0 55.0 22.0 22.0
Mg 15.0 16.0 19.0 14.0
Na 16.0 17.0 20.0 20.0
K 3.4 12.6 5.9 5.7
c1 2.2 14.0 1.0 5.0
H,S 2.2 0.4 0.3 0.4
STUDIES

Preliminary studies of the geochemical and microbiological processes occurring at Willow Creek
Dam during 1986 indicated that dissolution of concrete varied from 5 to 82 metric tons per year. Further
studies from 1987 through 1989 improved sampling techniques and processing of samples. More
detailed analyses of reservoir and seep water better defined the processes affecting the dam materials.
The best estimate of the dissolution rate for 1987 and 1988 data was approximately 50 metric tons per
year. The most precise 1989 estimate was that 10 to 20 metric tons of total dissolved solids are
removed from Willow Creek Dam per year. This 1989 findings also concluded that the concentration of
dissolved material has been increasing over mid-1986 measurements. As much as 100 metric tons of
calcium may have been redistributed, resulting in the deposition of 250 metric tons of calcite.
Additionally, large numbers of acid-producing bacteria are creating acids at the outer faces of the dam
(the gallery and the front face) that are exposed to oxygen. The rates of oxidation have not been
measured. Most importantly, sulfur oxidation in the interior of the dam could not be attributed to
bacterial activities.

The Portland District has taken the findings of the 1986-1989 geochemistry and microbiological
studies into account, along with the results of the 11 other geotechnical studies that were performed:

43



"Based on the 13 completed studies, the major Corps findings are as follows: the precipitation
of calcite along the lift joints has resulted in a decrease in seepage rates and this trend is expected to
continue; dissolution and redeposition of the dam materials is occurring, but the net effect of the
dissolution is not considered a negative process, and in fact, is believed to contribute to the infilling of
voids along lift joints with calcite and the subsequent decrease in seepage; the physical analyses of the
structure show that current RCC quality is similar to RCC quality following construction in 1984; there is
no observed deterioration of the interior mass RCC resulting from dissolution; and, structural stability
analyses, using latest test data, show no conditions that do not meet standard Corps of Engineers
criteria. The Corps will, however, continue seepage and reservoir water studies to monitor and evaluate
any long-term changes." (Portland District, 1990.) "After careful review and evaluation of all studies,
repotts, and evaluations the Corps of Engineers confirms earlier assessments that the dam is a safe
structure and does not present a safety or health hazard. The Corps’ assessment that the dam is safe is
based upon evaluation of a wide range of investigations that include the Portland District dam safety
inspections performed annually since 1984 by teams of trained engineers and scientists; assessment of
the structure by higher level organizations with the Corps of Engineers; assessment of the structure by a
special Department of the Army investigation team in October 1988; study findings from independent
scientists and testing laboratories; and evaluation of the many specific tests performed on the dam itself
by Portland District staff." (Portland District, 1990.)
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DEVELOPMENT OF A STANDARD OPERATING PROCEDURE FOR SEDIMENT EVALUATION
OF HABITAT AND REHABILITATION PROJECTS WITHIN THE ST. PAUL DISTRICT,
U.S. ARMY CORPS OF ENGINEERS

by

Dennis Anderson' and Robert Whiting?

INTRODUCTION

The Water Resources Development Act of 1986 authorized the Upper Mississippi River
Environmental Management Program (UMRS-EMP). This $260 million, 10-year program includes "a
program for the planning, construction, and evaluation of measures of fish and wildlife habitat
rehabilitation and enhancement." The UMRS-EMP is funded through Construction General. There are
presently, within the St. Paul District (CENCS), 17 projects at various stages of planning, design, and
construction, at an estimated construction cost of $19,573,000. These habitat rehabilitation and
enhancement projects (HREP’s) have been conceived by the individual states and by the U.S. Fish and
Wildlife Service. Many of these proposed HREP’s are located in backwaters of the Upper Mississippi
River where there are silt and clay substrates with low to moderate levels of contaminants.

The program is characterized by tight time schedules, limited planning funds, and multiple
projects being planned concurrently by different Federal and state agencies. A uniform, expedient, and
economical approach to the evaluation of sediment contaminants was necessary. CENCS developed a
Standard Operating Procedure (SOP) for sediment evaluation in this program for use within the St. Paul
District.

APPROACH

Tiered Evaluation

The SOP consists of a tiered testing approach with a decision-making process occurring at the
end of each tier. This approach, which is generally consistent with national guidance concerning
dredged material evaluations, uses tests of increasing complexity and sophistication to reach decisions
with greater degrees of confidence. This approach provides a defensible and technically sound
rationale for regulatory decision-making and allows for economically efficient decisions as early as
possible in the planning process. More effort, funding, and sophisticated tests are concentrated on
projects of greater concern.

The recommended components for the three tiers of evaluation are summarized in Figure 1.
Tier | is an initial evaluation using only existing information, including the following: (1) particle size
gradation, which can indicate a potential for contaminant levels; (2) available sediment quality data
from within or near the project area; (3) historical input information, including type and proximity to point
and non-point discharges, spills, and other sources of poliution; (4) sedimentation history to determine
when and how the material to be dredged has accumulated; (5) description of project area, including
identification of biologically sensitive areas; and (6) project description, including quantity of dredged or
fill material, dredging and disposal methods, and sites being considered. Tier Il comprises the standard
bulk chemical analysis of sediments and a predictive calculation of neutral organics bioaccumulation

'Chief of Project Evaluation Section, Environmental Resources Branch, U.S. Army Corps of Engineers, St.
Paul District

2Chief of Environmental Resources Branch, U.S. Army Corps of Engineers, St. Paul District
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Tier Basls For Evaluation

I  Initial Evaluation
Existing sediment quality data
Particle size of material
Historical input
Siting
Project alternatives

II  Buik chemistry
Predicative calculation
of neutral organics

III  Modified elutriate/mixing zone
Column settieability
Chronic toxicity tests:
10-day Daphnia magna
partial life cycle test
14-day Chironomus tentans
partial life cycle test
Laboratory determination of
bicaccumulation potential
10-day Pimephales promelas
exposures.

Figure 1. Tiered Sediment Testing Protocol for HREP’s
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potential. Tier Ill involves more sophisticated tests, including the modified elutriate, column
settleability,and biological response tests. The biological response tests concentrate on chronic toxicity
and bioaccumulation potential.

Acute toxicity testing was not recommended for HREP, because previous data has shown that it
is extremely rare to find backwater sediments, in the CENCS portion of the UMR, that produce acute
toxicity. In addition, some information is obtained on the acute toxicity of sediments from the chronic
exposures. Some of the high levels of ammonia nitrogen in backwater sediments that have been
recorded may be an exception, capable of causing acute toxicity. In order to address this concern, the
standard ammonia bulk chemistry procedure was modified to an elutriate procedure, to allow a direct
comparison to water quality criteria and an early determination whether ammonia could pose a problem.
A benthic community analysis of the project area may be desirable for certain projects and could be
conducted as part of the tier lll evaluation to assist in the interpretation of the chronic toxicity data.

There are limitations with the recommended protocol. This protocol only deals with evaluating
the potential impacts of contaminants onh aquatic biota from open water disposal, or effluents from a
containment area or from re-exposing contaminants at a disposal site or at a dredge cut area. A variety
of other factors, including physical impacts, has to be considered when evaluating a project. In
addition, there may be other contaminant concerns associated with a particular project.

Decision-Making

From the tier | information, a determination is made about the potential for contaminants to be
present at levels of concern. If there are concerns, the specific contaminants and types of problems
associated with each of the project alternatives are identified. In making this determination, the
adequacy of the data has to be considered. A lack of adequate information would constitute a reason
to be concerned about contaminants. If there is ho concern with contaminants, then proceed with the
project planning, without special project restrictions.

Selection of one of the project alternatives and the project design is made based on other
factors. If there is a concern with contaminants, then the next step is to determine whether there is
sufficient information to evaluate the potential effects of the project. If the answer is no, then proceed
to the next tier of testing. If the answer is yes, then determine whether restrictions that are economical
and feasible from an engineering standpoint can be made to the project to alleviate the contaminants
concerned. [f the answer is no, then the project or that portion of the project of concern is abandoned.
If the answer is yes, then proceed with the project planning, including the appropriate restrictions.

This type of decision-making is followed after each tier, except that tier il would not have a
determination on whether there was adequate information. The reason for this exception is that there
has to be some end point in the testing, at which point a final decision on the project has to be reached.

The tiered approach was not intended to be rigid. In all cases, the tier | initial evaluation is
performed. Beyond tier I, decisions to continue with further testing, and the specific tests to be
performed, are made on a project specific basis. In most cases, the tiers are followed in sequence, with
an interagency decision process, as outlined in the next paragraph, occurring at the end of each tier.
However, the system has to be flexible, and there may be instances when the initial evaluation in tier |
indicates that it is advisable to skip tier Il testing and go directly to tier il or perform a combination of
tier Il and tier lIl tests. In addition, not all the components within a given tier, especially tier lll, are
performed for all projects in which a decision is made to advance to that tier. This has to be decided for
each particular project based on the results of the earlier tiers and other factors. For example, even if a
decision is reached to proceed to tier lil testing, if the results from the bulk chemistry and predictive
calculations of bioaccumulation potential from tier Il do not indicate a concern with bioaccumulation
potential, the laboratory determination of bioaccumulation potential in tier il is not performed. Only
those tests in a tier that are necessary to make a technically sound determination are conducted.
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Interagency coordination is an integral part of the decision-making process. When the results of
a tier are obtained, the Corps of Engineers evaluates the results and makes a preliminary determination.
The results and the preliminary determination are then coordinated with all the agencies having
regulatory authority, and a mutually agreed upon decision is made. The agencies included are the U.S.
Environmental Protection Agency, the U.S. Fish and Wildlife Service, and the appropriate State agency
having regulatory authority for the particular project.

SEDIMENT SAMPLING PROTOCOL

Sampling Design and Numbers

The nature of the program and the tight funding and schedules are considered in the sampling
design. In designing the sampling protocol for a particular project, two major factors are considered,;
specifically, the anticipated analytical variability and the spatial heterogeneity. Measures to address
analytical variability are included in the quality assurance/control section of this report. To handle
horizontal heterogeneity, the most frequently used approach is stratified random sampling. This is done
to optimize sampling to the geographic areas of greatest concern. The reasons for stratifying the
sampling can include proximity to a potential source of pollution, different sediment textures within the
dredge cut(s), existing data indicating potential hot spots, different sedimentation history within the
dredge cut(s), or any other reasons that would cause one to suspect and be able to predict spatial
heterogeneity.

If there is no basis for stratifying the sampling, then a completely randomized sampling is most
appropriate. The number of sampling sites should be representative and should be decided on a project
specific basis considering the degree of areal heterogeneity anticipated, the degree of contamination
expected, and the quantities of dredged material and the disposal methods being proposed. At a
minimum, three cores are collected from the project area.

The other source of spatial variability that is considered in designing the sampling effort is
vertical heterogeneity. A major concern expressed by the various agencies has been the potential to
re-expose sediments with higher concentrations of contaminants that are presently sequestered within
the proposed dredge cut area. This concern is based on the fact that higher levels of persistent
chemicals, such as polychlorinated biphenyls (PCB’s), were recorded in fish and surficial sediments in
the 1960's and 1970’s.

Stratifying the sampling with depth quickly multiplies the amount of sampling effort and
subsequently the cost. Care is exercised when deciding if vertical stratification is necessary. in
evaluating whether there is potential for and concern with vertical heterogeneity, the sedimentation
history and sediment stratigraphy for the area have to be evaluated. Where there is a potential for the
dredge cut to expose a more contaminated layer, at a minimum two composite samples are taken, one
from around 1 to 2 feet above and below the dredging depth and the other from the remaining core. If
additional stratification is warranted, additional sub-sampling based on a visual examination is done.

Sample Collection_and Storage Methods

Sediment samples for analytical work are collected with wide mouth corers (2 inches or greater).
Samples for organic analysis are collected with a stainless steel corer, and samples for metal analysis
are collected with a polyvinyl choloride (PVC) or similarly inert corer.

Sediment samples are collected and stored at 4°C in glass containers with teflon-lined caps for
analysis of organics. Storage containers for analysis of metals are either linear polyethylene containers
or glass containers with teflon-lined caps. The elutriate procedure is initiated within one week of
collection. Water samples resulting from the elutriate procedure are stored and preserved as specified
for normal water samples in EPA (1983) and Plumb (1981).
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Samples for biological response testing are collected and stored in linear polyethylene
containers or stainless steel containers. The containers are filled to the top, leaving no air space. The
samples are maintained on ice and delivered to the laboratory within 24 hours of collection. At the
laboratory, the samples are homogenized with a commercial mixer equipped with stainless steel bowl
and paddles and stored at 4°C. All tests are initiated as soon as practical after collection, but no later
than seven days after collection.

ANALYTICAL PROCEDURES

Bulk Chemical and Physical Characterization

A standard list of chemical and physical characteristics is run on all samples collected.
Additional parameters are added to evaluate a specific project if it is suspected that other contaminants
may be present at levels of concern. The analytical methods as described by Plumb (1981), EPA
(1983), EPA (1982), and EPA (1986) are followed.

Maodified Elutriate

The modified elutriate procedure as described in Environmental Effects of Dredging Technical
Notes - EEDP-04-2 (WES 1985) is followed. The supernatant samples are then treated and analyzed
following the methods for water samples (EPA 1983). For analysis of the dissolved constituents, the
samples are first filtered (0.45 um filters) and/or centrifuged, depending on the specific parameters to be
tested. Samples for analysis of total concentrations would undergo appropriate digestion (EPA 1983)
prior to analysis. The parameters tested in the filtered or whole supernatant are those found to be of
potential concern from the existing data base, or based on the results of the bulk chemistry obtained in
the tier |l testing.

Column Settling Test

The column settling test is designed to provide a way to predict the concentration of suspended
solids in an effluent and to define the settled behavior of a particular sediment. The protocol is
described in Environmental Effects of Dredging Technical Notes EEDP-04-2 and EEDP-04-3 (WES 1985).

Predictive Calculation of Neutral Organics Bioaccumulation Potential

Neutral organics chemicals, such as PCB’s, are distributed within an aquatic ecosystem,
primarily in the lipids of organisms and in the organic carbon fraction of the sediment. The predictive
model of McFarland (1987) is used to calculate the maximum possible concentration that could result in
an organism’s lipid and, subsequently, the whole-body bioaccumulation potential.

WBP = 1.72*FL*(C,/FOC)

WBP = Maximum whole-body bioaccumulation potential (wet weight - in the same units of
concentration as C,).

FL = Decimal fraction of an organism’s lipid content (wet weight).

C, = Concentration of chemical in the sediment (dry weight - any unit of measurement).

FOC = Decimal fraction of organic carbon content of the sediment (dry weight).

QUALITY ASSURANCE/CONTROL PROTOCOL
Potential contractors that would do any of the analytical work are required to have a

comprehensive quality assurance/control program, including documentation following the procedures of
EPA (1979). A laboratory audit of a potential contractor’s laboratory is performed. The potential
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contractor is required to correct any deficiencies noted during the audit prior to any sample analysis. In
addition to evaluating a potential contractor’s quality assurance program, the quality assurance
measures including duplicate or split samples, laboratory blanks, replicate analyses, and blind samples
are run routinely with every batch of samples analyzed by the contractor’s laboratory.

BIOLOGICAL RESPONSE TESTING

All the biological response testing described below involves the use of whole sediments (solid
and suspended phases). The use of whole sediments is a good approach when evaluating the effects of
open water disposal because it simultaneously looks at the water column impacts and the benthic
impacts at the disposal site. However, it is a very conservative approach when evaluating the effects of
effluents or long-term runoff from containment areas, where the major concern may only be water
column effects. Standard reference toxicant bioassays, with 1-octanol, are also conducted to assess the
sensitivity of the laboratory test organisms (Busacker and Anderson 1989). A control, a reference, and
the test sediment exposure are run for all the biological response testing.

Chronic Toxicity Testing Protocol

Two chronic toxicity tests are used to determine the chronic toxic effects of chemicals sorbed to
the sediments. The 10-day Daphnia magna partial life cycle test as described in Busacker and Anderson
(1989) and adapted from the work of Nebeker et al. (1984) is used. In addition, the 14-day Chironomus
tentans partial life cycle test as described in Busacker and Anderson (1989) and adapted from the work
of Mosher, Kimerly and Adams (1982)is used.

Laboratory Determination of Bioaccumulation Potential

The 10-day Pimephales promelas procedure adapted from Mac et al. (1984) and described in
detail in Busacker and Anderson (1989) is used. An alternative species is selected if polyaromatic
hydrocarbon (PAH) compounds are the major concern, because of the ability of fathead minnows to
metabolize PAH compounds. If bioaccumulation is a major concern, then the procedure is expanded to
provide kinetic uptake information. A minimum of 5 time interval exposures is done (i.e., 2, 4, 6, 8, and
10 days). Calculation of potential maximum bioaccumulation is then accomplished using a linear
regression technique and an iterative process to estimate the steady state value (Busacker and
Anderson 1989).
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DROUGHT MANAGEMENT PLANS FOR
RESERVOIR PROJECTS IN THE BALTIMORE DISTRICT

by

Joseph C. Ignatius'

Introduction

The Corps of Engineers has the authority to deviate from approved regulation plans for reservoir
projects to provide assistance during droughts. Under direction of ER 1110-2-1941, drought management
plans are prepared for each reservoir project.

The Baltimore District’s civil works boundaries include the Susquehanna and Potomac River
basins. There are 12 reservoir projects in the District containing controlled storage which could provide
drought assistance. The District was divided into six subbasins for the purpose of preparing drought
management plans. During a drought, the reservoirs in each subbasin are regulated in a system
concept to achieve maximum benefits.

This paper discusses the content of the drought management plans, coordination of the plans
with other agencies, and effects of implementation of drought management plans during the drought of
1988.

In general, the drought management plans contain criteria for implementation of the plan, a
modified reservoir regulation plan for drought management, and coordination of drought management
activities with other agencies.

Triggering Criteria

Several drought criteria were considered before choosing one to be the trigger for
implementation of the drought plan. Among those considered were stream flow, ground water level, soil
moisture, Palmer Drought Severity Index, and precipitation deficit. It was desired to find an indicator
which would provide an early detection mechanism so that the drought plans could be properly
implemented, while not being so sensitive that it would trigger implementation of the plans unnecessarily.
In addition, the indicator should predict the onset of a regional drought and not a localized event.

A study was performed for the Pennsylvania Department of Environmental Resources by Penn
State University which investigated the sensitivity, reliability and consistency of regional drought
indicators in Pennsylvania. The historical record of the aforementioned drought indicators was analyzed
to determine which of them would give the best regional indication of the onset
of a drought. This study concluded all of these indicators provide useful information about the onset and
termination of a drought. Because of the availability of data, precipitation deficit was chosen as the
trigger for implementation of the drought management plans. Precipitation deficits also
gave the earliest indication of the onset of a drought.

The Penn State study also set triggering criteria for various drought conditions. The drought
watch, drought warning and drought emergency levels were set at the 75, 90, and 95 percent quantiles,
respectively. These levels were established for durations of 3 to 12 months and are shown in Table 1.
The study suggested using 3-month duration to get an early indication of an onset of a drought to begin
monitoring the situation. The study suggested using the values for 6-month duration to begin any

'Hydraulic Engineer, Water Control Management Section, U.S. Army Corps of Engineers, Baltimore
District
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TABLE 1

Drought Assistance Triggering Criteriat

Ratio of Precipitation Deficit to Normally Expected Precipitation (Percent)

Duration Drought Drought* Drought*
{months) Watch Warning Emergency

3 18.0 31 35.0

4 15.5 27 32.0

5 14.0 24 29.0

6 12.5 22 26.5

7 12.0 21 25.0

8 11.5 20 24.0

[¢] 11.0 19 23.0

10 10.5 18.5 22.0

11 10.5 18 21.0

12 10.0 17.5 20.5

*Attaining these threshold values does not automatically constitute an emergency. There must be a
formal declaration. These values are for informational purposes.

tThese criteria were developed by the Pennsylvania State University for PennDER. These criteria are
used as drought assistance triggers because they displayed uniform regional characteristics, while other
criteria (groundwater levels, streamflow, etc.,) varied according to geographic location.

actions. We have followed the recommendations of the Penn State study in choosing triggering
criteria for implementation of our drought plans.

Water Control Plan

When drought triggering criteria are met, the regulation of reservoir changes from following the
normal regulation plan to following a modified plan to produce maximum drought-related benefits.
Reservoirs in the Baltimore District will offer drought-related assistance in two steps, the first step when
“drought watch" conditions are experienced and second when a "drought emergency" has been formally
declared.

When the "drought watch" threshold, which translates to a precipitation deficit of 12.5% below
normal for the previous 6 months, is met, Phase | of our drought management plans is implemented.
Phase | includes the following actions:

a. At all projects having seasonal pools, raise pool to the summer pool level, if they are not
already there.

b. At those projects where we have identified that we can store surplus water without infringing

on other project purposes, raise the pool to that specified level. (See Table 2 for list of projects.) This is
always dependent on the availability of inflow.
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TABLE 2
DROUGHT CONTINGENCY STORAGE

NORMAL DROUGHT CONTINGENCY

POOL POOL

ELEY STOBAGE ELEY STORBAGE
PROJECT (ET NGYD)_ _ (ACFT) (FT_ NGYD) (AC FT)
EAST SIDNEY LAKE 1150.00 3350 1151.00 3550
WHITNEY POINT LAKE 973.00 12500 973.50 13100
ALMOND LAKE 1260.00 1105 1261.00 1261
STILLWATER LAKE 1572.00 343 1580.00 1250
SAYERS DAM 630.00 23800 631.00 30550
RAYSTOWN LAKE 786.00 514000 786.50 513250
INDIAN ROCK DAM 372.00 0 390.00 1010
TIOGA LAKE 1081.00 9500 1081.50 9750
HAMMOND LAKE 1086.00 8850 1086.50 9150
COWANESQUE LAKE 1080.00 31335 1081.00 33600
TOTAL 609783

621471
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c. Call meeting of Baltimore District Drought Committee to discuss drought situation, actions
taken, and anticipated future actions. This committee is made up of personnel from Water Control
Management Section, Planning Division, Emergency Management Branch, Public Affairs Office,
Operations Division, and Office of Counsel. The committee will then brief the District Engineer on the
situation.

d. North Atlantic Division will be advised of the situation and all actions taken. Situation reports
will be prepared by Emergency Management Branch, if necessary.

e. Members of the District Engineer’s Drought Advisory Committee will be advised of actions,
and will be asked if they have taken any action. This committee includes representatives of state
resource management agencies, river basin commissions, National Weather Service, and Geological
Survey. If necessary, a formal meeting of this committee will be called.

As the drought continues, releases from reservoirs will be maintained at a predetermined
minimum rate, or higher. This will continue until the pool falls to the summer pool elevation. At that
time, the operation will go to an inflow equals outflow mode. Those projects with a flow augmentation
purpose will continue to release the minimum required flow to meet downstream water quality
requirements.

The next phase of drought assistance will not begin until a drought emergency has been
declared by a governor, river basin commission etc. After a formal declaration has been made, drought
contingency releases may be requested if it can be shown that all other sources of water have been
exhausted. Requests will be made in the following sequence:

(1) Consumer contacts river basin commission, state or local agency requesting release from
Corps project.

(2) Agency will contact Baltimore District Engineer.

(3) District Engineer will convene a meeting of an advisory committee to discuss this request.
Committee could include representatives of river basin commissions and state resource management
agencies. Following the meeting, the District Engineer will decide if the release will be made.

(4) If the release will be made, a contract between the agency making the request and the
Corps must be drawn up and signed before the releases may begin. The Corps must be reimbursed for
the cost of the water. This reimbursement must be at least equal to a proper share of annual, joint-use
O&M cost and major replacement expense plus revenues foregone and any other costs directly
attributable to making releases.

(5) The Corps will then decide from what reservoir(s) the release will be made.

This assistance will rarely be called for since most water supplies are from ground water sources
and those using surface water have intakes at very low elevations within the streams.

Effectiveness of Plans During Drought of 1988

The spring and summer of 1988 was the driest period in the Baltimore District since the drought
of 1965-66. This followed a winter which produced much below average snow fall. By 1 April, "drought
watch" conditions existed throughout the Baltimore District. At that time, the drought management plans
for all reservoir projects were implemented. At that time, all projects were raised to summer pool, and
the "drought contingency" water was stored at those projects which were identified as able to store this
water. This added an additional 8350 acre feet of storage in the District reservoirs.
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The drought was most severe in the West Branch Susquehanna, Juniata and North Branch
Potomac Basins. However, throughout the drought the Baltimore District was able to maintain its
established minimum flows at most of our projects without affecting recreation. This was because of the
drought contingency water which was stored at the projects. The only problem area was the North
Branch Potomac basin. At Jennings Randolph Lake, the boat launch area was closed in early August,
about one month earlier than normal, because of the low pool elevation. At Savage River Dam, 4,600
acre-feet, about 25 percent of the total storage in the project, were released in June for an international
white water event. These two projects’ main purpose is flow augmentation for water quality
improvement in the Potomac basin.

The combination of the drought conditions, and the loss of storage due to the white water
competition caused the depletion of almost all water quality storage available in the two projects.
Because the drought was not severe in the Washington, D.C. area, the D.C. area water supply storage
owners gave the Corps permission to utilize a portion of their water supply storage in Jennings
Randolph Lake for water quality purposes. This allowed us to continue our water quality operations on
the Potomac River throughout the remainder of the low flow period.

Overall, the drought plans worked very well during the Drought of 1988. The biggest benefit was
from water quality because of the ability to maintain minimum flows from the projects. In the headwater
areas of the Baltimore District, releases from its reservoirs provided up to 75 percent of the flow in the
river, and at other locations 25-30 percent of the flow was due to the augmentation provided by
reservoirs in the Baltimore District.

Reference

Kibler, D.F.; White, E.L. and Shaffer, G.L.; "Investigation of the Sensitivity, Reliability and Consistency of
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ASSESSMENT OF SEDIMENT-RELATED ENVIRONMENTAL PROBLEMS
IN A CENTRAL WISCONSIN RESERVOIR

by

Douglas Gunnison and John W. Barko'

BACKGROUND

In 1937 the Wisconsin Valley Improvement Company (WVIC) constructed the 2,760-ha Big Eau
Pleine Reservoir by impounding the Big Eau Pleine River. The reservoir was created to assist in
providing uniform flows in the Wisconsin River, and has had a subsequent history of major winter fish
kills and summer algal blooms (Shaw and Powers Undated). Based on results of previous studies, the
winter fish kill problem is believed to result from an oxygen sag which develops periodically under the
ice in the upper reaches of the reservoir, and then moves downstream as water is withdrawn from the
project (Gunnison and Barko 1988).

The U.S. Army Engineer Waterways Experiment Station (WES) was asked to examine results of
previous studies and other available data to evaluate earlier recommendations for water quality
improvement (Gunnison and Barko 1988). Results of this effort indicated that the reservoir is a sink for
total phosphorous, but releases organic matter in the form of biochemical oxygen demand. Insufficient
information was available to permit a determination of the environmental factors contributing to dissolved
oxygen sag development and propagation. However, additional information related to the dissolved
oxygen depletion problem is being obtained from intensive field investigations initiated in 1989. The
objective of this initial report is to assess the role of sediment dynamics in dissolved oxygen depletion
during the winter in the Big Eau Pleine Reservoir.

METHODS AND MATERIALS

During May 1989, sediment samples were taken at 37 locations along the length of the reservoir.
Multiple samples were taken along transects at river miles 0.3, 8.0, 12.0, 16.0, and 17.4. The position of
each sampling location and depth was accurately determined for later resampling activities. Two types
of samples were taken at each location. These included 5-cm core samples taken to the depth of
compacted sand, or to a maximum of about 25 cm (core length).

Core samples were measured for length, and then sectioned vertically into 0-5 and then 10 cm
strata for determinations of physical characteristics. Analyses included bulk density and organic matter
content; these data were used to characterize patterns of sediment transport and focussing in the
reservoir.

To determine the nature of the sediments in intimate contact with the overlying water, several
chemical characteristics of the surficial sediments were examined. Composited surficial sediment
samples were analyzed for chemical variables using suitable precautions to maintain the anaerobic
integrity of the sediments. With interstitial water fractions, Fe, Mn, soluble reactive phosphorus (SRP),
ammonium nitrogen (NH4-N), chemical oxygen demand (COD), and dissolved organic carbon (DOC)
concentrations were determined along with conductivity and pH.

'Research Microbiologist and Research Biologist, Environmental Laboratory, U.S. Army Engineer Waterways
Experiment Station.
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RESULTS
Sediment Density and Organic Matter Content

Table 1 presents sediment density information obtained from core samples taken at various
points along the length of the reservoir. There were four locations where sediments had similar low
densities at each of the three depths sampled. These were at river mile 3.0, river mile 10.0, river mile
12.0, and river mile 14.0. Average densities for the entire 0-15 cm depth at these locations were 0.42 +
0.04 g/ml at river mile 3.0, 0.33 + 0.02 g/ml at river mile 10.0, 0.64 + 0.04 at g/mi river mile 12.0, and
0.54 + 0.06 g/ml at river mile 14.0. While there were sporadic incidences of values similar to these at
other locations, none of the other areas had deposits of material having low density material
homogeneously distributed over the entire 15-cm depth.

Table 2 gives a comparison of sediment organic matter content in core samples from the same
locations along the reservoir. There were several locations where organic matter content did not vary
over the 0-15 cm depth. These were at river miles 3.0, 4.0, 9.0, 10.0, 12.0, 12.5, 16.0, and 17.4.
Maximum values of sediment organic matter content occurred at river miles 8.0 and 10.0. Minimum
sediment organic matter content occurred at river mile 13.7, but was restricted to the upper 0-5 cm.
Consistently low sediment organic matter content occurred over the entire 0-15 cm depth at river miles
3.0 and 17.4.

Sediment Chemistry

Figure 1 depicts NH,-N, SRP and DOC levels in sediment interstitial water along the course of
the Big Eau Pleine River from 0.3 miles above the dam to mile 17.5, where the uppermost sample was
taken. The pattern encountered for NH,-N and SRP was quite erratic. With the exception of a peak
value of 31.7 mg/I achieved at mile 2, NH,-N values were less than 20 mg/| over the course of the
reservoir length. SRP peaks of 1.2 mg/l and 0.88 mg/! occurred at mile 8.0 and 12.0, respectively. A
peak DOC value of 87.2 mi/l, more than twice the magnitude of concentrations over the first 8 miles,
occurred at mile 10 in a broad-shouldered peak extending between miles 9 and 14.

Iron, manganese, conductivity, and COD in interstitial waters also demonstrated distinct peaks at
the 10.0 mile mark (Figure 2). This was particularly pronounced for interstitial water iron, with a peak
value nearly three times the next closest value. Lower-level peaks for each of these constituents
occurred between miles 2 and 7 above the dam.

DISCUSSION

The accumulation of reduced iron and manganese under anaerobic conditions in the interstitial
waters of flooded soils and sediments is a well-known phenomenon (Ponnamperuma 1972; Yoshida
1975; Brannon, Chen, and Gunnison 1985), and it is assumed that all of the iron and manganese
measured in the interstitial waters obtained in this study were in reduced form. The occurrence of a
peak value for conductivity in the same areas as peaks for iron and manganese reflects high
concentrations of ionized substances in the water. High levels of DOC and COD were found in sediment
interstitial water in areas of the reservoir that may receive high inputs of organic matter (Gunnison and
Barko 1988). The occurrence of peak values of DOC in combination with reduced metals in the mile
10.0 to 12.0 area is important in view of the low density and, thus, potential erodability of sediment in this
area.

Based on the data obtained, we made the following calculation for the oxygen demand released
by potential resuspension of the upper 15 cm of sediment in the mile 10 reach of the reservoir (this
depth is justified by the homogeneity and low density of the sediment in this area).

1. The volume of potentially suspended sediment per m? surface area is 150 liters (100 cm X
100 cm x 15 cm = 150,000 cm®/1000 cm®/I = 150).
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Table 1

Comparison of Density in Upper 15 cm of Sediment Cores Taken Along the Course of the
Big Eau Pleine Reservoir.*

Density, (g/ml) at Depth Interval
Sample Location

(River Mile) 0 - 5cm 6 - 10cm 11 - 15¢cm
0.3 0.94 + 1.15 + 1.20 +
0.26 0.12 0.26
3.0 0.38 0.38 0.49
4.0 0.81 0.91 0.87
8.0 0.74 + 0.58 + 0.74 +
0.23 0.02 0.11
9.0 1.00 1.28 1.23
10.0 0.32 0.30 0.38
11.0 0.67 1.13 1.31
12.0 0.56 + 0.68 + 0.67 +
0.15 0.18 0.12
12.5 1.11 1.05 1.12
13.7 0.93 0.85 1.28
14.0 0.44 0.52 0.66
16.0 137 + 1.07 + 1.01 +
0.18 0.12 0.10
17.4 1.06 + 1.24 + 0.94 +
0.06 0.14 0.07

*Locations where samples were taken across a transect are presented as means + standard errors. The
remaining samples are data obtained from single analyses.
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Table 2

Comparison of Organic Matter in Upper 15 cm of Sediment Cores Taken Along the Course of the
Big Eau Pleine Reservoir.*

Organic Matter (Percent) at Depth Interval
Sample Location

(River Mile) 0 - 5cm 6 - 10 cm 11 - 15cm
0.3 545 + 3.09 + 283 +
0.86 1.20 1.36
3.0 1.45 2.37 2.07
40 3.88 3.55 4.07
8.0 9.49 + 10.20 + 792 +
0.48 0.60 1.23
9.0 3.05 2.02 2.87
10.0 8.33 9.65 8.59
11.0 5.48 4.04 2.55
12.0 5.82 + 5.72 + 6.17 +
0.90 0.93 0.25
12.5 4.51 3.22 3.61
13.7 0.32 5.41 5.79
14.0 2.67 6.86 6.58
16.0 238 + 269 + 3.14 +
0.18 0.66 0.67
17.4 2.14 + 234 + 3.04 +
0.46 0.99 2.08

*Locations where samples were taken across a transect are presented as means + standard errors. The
remaining samples are data obtained from single analyses.
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Figure 1. Nutrient Levels in Interstitial Waters of Sediment Samples Taken Along the Length of the Big
Eau Pleine Reservoir: (a) Ammonium-nitrogen (NH,-N); (b) Soluble Reactive Phosphorus (SRP); and (c)
Dissolved Organic Carbon (DOC). Bars Represent Variation Obtained When Samples Were Taken
Across Transects.



Or—r—TT 7T T T T T T T T T T T T T
> a. |
1S
o 60t -
w
|
= - a
=
= 30| -
&
|
— = =
e

0 b N T

01 234567891001 12i1314151617 18
_ M—T—TT T 7T T T T T T T T T T T T
S5 12F b. |
&
c 10 - .
=
= st -
=
= 6 =
5 .

4 _
? Ik N
Eof —-

old b 1 v )

Ol 23 4567891011 121314151617 18
ROOr—T T T T T T T T T T T T T T T T
- Cu_
L, 900F -
o
I — .
=
3 600 -
o B _
=z e
S
< 300 = -
o Y O O O O O
I 23 456789101l 1213145161718

300 =TT T T
<
o n
1=
8 200~
S
Wy N
<t
=
= 100+
& i
tad _
=
= ol 1 v v

I 23456789108 121314151617 18
RIVER MILE

Figure 2. Metal, Conductivity, and Chemical Oxygen Demand (COD) Levels in Interstitial Waters of
Sediment Samples Taken Along the Length of the Big Eau Pleine Reservoir: (a) Iron; (b) Manganese; (c)
Conductivity; and (d) COD. Bars Represent Variation Obtained When Samples Were Taken Across

Transects.

64



2. Interstitial water content of 150 liters of sediment at a density of 0.32 g/ml is 102 liters (68%
of sediment volume).

3. The COD of the sediment interstitial water at mile 10 is 292 mg O, per liter. Thus, 292 mg
O,/1 x 102 liters = a total COD of 29,784 mg O,.

4. At 4 °C, a liter of water holds 13.1 mg O, at saturation. Thus, resuspension of sediment to a
depth of 15 cm could completely deoxygenate 2,274 liters of O -saturated water.

5. The water depth during winter drawdown at mile 10 is approximately 4 m (per WVIC), but all
of the water is in the main channel at this point. This means that resuspension of a single layer of
sediment 1 m® in area by 15 cm deep at mile 10 could remove all of the oxygen from more than 1/2 of
the overlying water column. It is important to note that most of the sediment suspended in the main
channel could possibly be contributed by material removed from the shallower sides of the main
channel, in addition to sediment in the main channel itself.

The findings of this study lend support to the hypothesized explanation of oxygen sag formation
in the upper reaches of the Big Eau Pleine River (Gunnison and Barko 1988). Hypothetically, organic
matter originating from dairy cattle farms in the upstream area enters the Big Eau Pleine River with
spring runoff, and this material, possibly along with algal cells, is deposited as a low-density sediment in
the upper reaches of the project. Microbial anaerobic processes, fueled by this organic matter, impart
high levels of oxygen-demanding, reduced inorganic species (primarily ferrous iron) and easily-degraded
organic substances (primarily volatile fatty acids and alcohols) within the sediment interstitial waters.

This is reflected in the high levels of iron, manganese, and COD in the mile 10 to 12 area of the
Big Eau Pleine River. These materials remain until some process dislodges the sediment. One possible
source of disturbance is the scouring action exerted by ice as it scrapes the sediments during periods in
the winter when water is withdrawn from the reservoir. Reduced iron released from sediment has a high
immediate oxygen demand, serving to remove oxygen from the water immediately surrounding the
disturbed sediments. Reduced organic compounds released at the same time may provide
microorganisms in the water with available carbon sources that can be used to support additional
oxygen-consuming activities within the oxygen sag.

Sediments in the downstream areas that are deeper and less likely to be disturbed may serve as
diffusional sources of reduced chemicals creating an oxygen demand in bottom waters near the dam.
This area periodically experiences localized pockets of anoxic water that build from the bottom upwards,
as described in Gunnison and Barko (1988). In particular, the high levels of ammonium-nitrogen present
in sediments in the vicinity of miles 1.0 to 3.0 may contribute specifically to the winter hypolimnetic
oxygen demand.

FUTURE STUDIES

Additional studies will continue in an effort to verify the above scenario. During 1990, one
sampling trip will made in late fall to early winter to determine whether sediments in the area of miles 10
to 12 have continued to accumulate large levels of oxygen-demanding substances. A second trip will be
made in late winter to early spring following drawdown, to determine if sediment displacement has
occurred. This information will be coupled with detailed information on DO sag formation and movement
in 1990.
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EFFECTS OF NET PEN AQUACULTURE ON LAKE WATER QUALITY
by

Stephen Nolen', James Randolph’, John Carroll’
and John Veenstra®, Carlos Ruiz®

INTRODUCTION

Despite an increasing interest in aquaculture operations in the United States, few studies have
adequately characterized the waste associated with these activities or assessed impacts of such
operations on ambient water quality. A thorough understanding of these impacts is essential to
protection and effective management of multi-use waters supporting aquaculture facilities. This paper
presents results of a three-year study conducted by the Tulsa District, U.S. Army Corps of Engineers
(COE) aimed at assessing water quality-related impacts of aquaculture of channel catfish (Ictalurus
punctatus) in floating net pens at Lake Texoma, Oklahoma/Texas.

On 14 April 1987, an aquaculture research demonstration project was approved by the Assistant
Secretary of the Army for implementation at Lake Texoma. The purpose of the project was to test the
technical, operational, and economic feasibility of using Federal waters for commercial aquaculture.
RedArk Development Authority (RedArk), a public trust and economic development organization serving
a 21-county area of east-central and south-eastern Oklahoma, was licensed to construct and operate a
net pen facility in the Rock Creek Arm of Lake Texoma for annual production and commercial sale of
approximately 250,000 channel catfish. In addition to RedArk and the COE, agencies cooperating in the
demonstration project included the Soil Conservation Service (SCS), U.S. Fish and Wildlife Service
(USFWS), and Agriculture Research Service (ARS).

DESCRIPTION OF STUDY AREA

Lake Texoma is a 36,032 ha (89,000 acre) impoundment located at river mile 725.9 on the Red
River. Completed in 1944 by the U.S. Army Corps of Engineers, the lake occupies portions of both
south-central Oklahoma and north-central Texas (Figure 1). At normal pool, maximum depth of the lake
is 34 m (112 ft) and mean depth approximately 9 m (30 ft). General water quality is characterized by
moderate to high levels of mineralization with a predominance of sodium and calcium salts of sulfates
and chlorides (Leifeste et al. 1971).

Net pen facilities were located in the Rock Creek Arm of Lake Texoma adjacent to Platter Flats
public use area (Figure 1). The site was selected following evaluation of potential sites on seven COE
lakes within the boundaries of RedArk’s Trust area (RedArk 1986). Rock Creek Arm covers a surface
area of approximately 4 km? (1.5 miles?), is 4.2 km (2.6 miles) in length, and has an average width of 0.8
km (0.5 miles). Net pens were anchored in an open water location approximately 100 m (330 ft)
offshore to allow maximum water exchange through the pens. At normal lake level, water depth beneath
the pens was approximately 12 to 15 m (39 to 49 ft).

'Tulsa District, U.S. Army Corps of Engineers
2Oklahoma State University

®*Environmental Laboratory, U.S. Army Engineer Waterways Experiment Station
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DESCRIPTION OF NET PEN FACILITIES AND OPERATIONS

Culture facilities were patterned after net pens used for salmonid aquaculture in coastal regions
throughout the world. Net pens consisted of five large nylon nets measuring 12.2 m (40 ft) by 6.1 m (20
ft) with a depth of approximately 6.1 m (15 ft) suspended from a floating framework of galvanized metal,
wood decking, and styrofoam flotation. Nets were constructed of 2 cm (3/4 inch) square mesh nylon
twine treated with a commercial net preservative. The entire structure was securely anchored offshore
with cable length sufficient for changes in lake surface elevation. Fish stocking densities in each pen
varied from 2.5 to 6.2 fish/ft° over the three-year study.

Wide variations in lake surface elevation occurred at Lake Texoma over the study period. Flood
conditions persisted throughout most of the summers of 1987 and 1989. In contrast, south-central
Oklahoma experienced drought conditions during the summer of 1988. While rainfall amounts were
slightly lower than normal, 1988 conditions were generally typical of "normal" summer hydrologic
conditions at Lake Texoma.

MATERIALS AND METHODS

Water quality data were collected at three sampling sites within the Rock Creek Arm (Figure 1).
Site 1 was located immediately adjacent to the net pen facilities, Site 2 in the mouth of Rock Creek Arm,
and Site 3 on the east side of Rock Creek Arm northeast of the pens. Site 3 was chosen as a "control”
site due to its morphometric similarities to the net pen site and the anticipated movement of water
toward the main body of the lake during hydropower generation and flood releases. Validity of this
assumption was supported by initial flow measurements and results of solids traps experiments (Tulsa
District USACE, 1989). Data collected at Site 2 were used in evaluating the possible movement of
materials resulting from aquaculture activities from the pens toward the main body of the lake. Sampling
sites outside of the Rock Creek area were considered but ultimately avoided due to significant horizontal
variations in lake water quality and logistic concerns over anticipated rough water conditions outside the
arm.

Water quality sampling was initiated on 5 May 1987. Sampling generally proceeded biweekly
April through September and monthly October through March throughout the remainder of the study. In
all, the study incorporated 38 sampling dates. Field measurements of water temperature, pH, dissolved
oxygen, and conductivity were recorded at 1 m depth intervals and water samples were collected at a
depth of 0.5 m (1.6 ft) and near the bottom of the water column (generally 10 to 12 m) at each site on all
sampling dates. Secchi disc transparency was also measured at each site.

Water sample analyses included the following parameters: total alkalinity, total hardness,
nephelometric turbidity, chloride, sulfate (SO,), orthophosphate, total phosphorus, nitrate-N (NO,-N),
nitrite-N (NO,-N), ammonia-N (NH,-N), total Kjeldahl nitrogen (TKN), total organic carbon (TOC),
dissolved organic carbon (DOC), biochemical oxygen demand (BOD) and chlorophyll a (surface samples
only). Analyses were performed according to methods prescribed by the U.S. Environmental Protection
Agency (EPA 1983). Chlorophyll a concentrations (not corrected for phaeopigments) were determined
fluorometrically (ASTM 1979).

Other sampling activities associated with the project included laboratory and in-situ
measurements of sediment oxygen demand (SOD), sediment analyses, and solids traps experiments.
Results of these analyses are not presented here but are contained in the final project report (Tulsa
District USACE, 1989).

While a number of approaches to data analysis for this study are conceivable, data analysis
procedures were based on hydrologic conditions and operational regimes. Originally, only data
collected during the fish growing season (basically April through September) were to be used in
determining impacts of net pen operations on lake water quality among stations with winter data used as
routine monitoring in the absence of aquaculture activities or to test for residual effects following fish
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harvest. However, due to the prolonged harvest schedule (and fish overwintering during 1987), there
was seldom a period when at least some fish were not residing in the pens. Therefore, all data collected
during the study (including winter data) were analyzed collectively. Despite this approach, growing
season data were of increased importance in the analysis due to more frequent sampling during these
months.

Due to widely varying hydrologic conditions during the study, two approaches to data analysis
were used for parameters of particular importance to the study. It is questionable that flood conditions
experienced during the early summers of 1987 and 1989 represent lake conditions during a "“typical*
summer at Lake Texoma (or similar Tulsa District lakes). Therefore, in addition to collective analysis of
data from the entire study, data for selected parameters from the 1988 growing season were analyzed
separately in an attempt to possibly document water quality effects during a reasonably "normal" year.

Statistical analyses were conducted using Statistical Analysis Systems, Inc. (SAS) programs.
Analysis of variance was performed using the General Linear Models (GLM) procedure and Duncan’s

multiple range test used in means comparisons. A significance level of 0.05 was used throughout the
study.

STUDY RESULTS

Field Parameters

Water temperatures followed seasonal and spatial trends common to midwestern impoundments.
Isothermal conditions were generally observed at all sites during fall, winter, and early spring months
with thermal stratification developing during the summer and generally persisting to early or mid-
September. Over the entire study, mean water temperature (including all depths) at Site 1 was 0.6 to 0.8
degrees C lower than means at Sites 2 and 3, respectively (Table 1). Tests for statistically significant
differences in mean water temperatures conducted on a depth-specific basis (1 m intervals) yielded
unanticipated results. For all data, mean water temperatures among sites at 0.5 and 1 m were not
significantly different. However, mean temperatures at all depths between 2 and 8 m at Site 1 were
significantly lower than those at Sites 2 and 3 (Figure 2). At 8 and 10 m, mean temperatures were
highest at Site 3 with those at Sites 1 and 2 not significantly different. For each depth below 10 m,
temperature means at all sites were significantly different.

For 1988 data subjected to the same statistical analyses, mean water temperatures at all depths
from 2 to 10 m were not significantly different at Sites 1 and 2 but significantly higher at Site 3. Reasons
for slightly decreased water temperatures in the vicinity of the net pens are unknown.

Field pH readings over the entire study varied from 6.00 to 8.45 with the greatest range in
values observed at Site 1. Due to difficulties in averaging pH values (requirement for conversion to
actual hydrogen ion concentrations), mean values were not computed or compared among sampling
sites. Instead, individual readings on sampling dates were compared over the entire study. While
differences among pH readings at sampling sites on each date were generally slight, differences that
were observed were greatest in surface water strata. Readings at 1 m were generally indicative of these
pH differences. Field pH readings at 1 m were lowest at Site 1 on 50% of the 38 sampling trips
incorporated in the study. Of these 19 trips, 16 occurred during spring or summer with the remaining
three conducted during fall months. Field pH readings at 1 m were highest at Site 1 on only four of the
38 total sampling trips. For 1988 sampling dates only, 1 m pH readings were lowest at Site 1 on seven
of 15 trips (47%) with all but one of these seven trips conducted during spring or summer. Readings
were lowest at Sites 2 and 3, five times each, over the entire study with fairly even distribution of these
dates among seasons.

Conductivity readings were high relative to those recorded at other Tulsa District lakes and
generally increased appreciably with depth at all sampling sites. Mean conductivity readings (including
all depths) were highest at Site 2 (mean = 1310 uS/cm) and lowest at Site 3 (mean = 1278 uS/cm)
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(Table 1). For 1988 data only, similar trends were observed but mean readings were slightly higher at all
sites compared to those for the entire study period.

Depth-specific tests (1 m intervals) for statistically significant differences in mean conductivity
levels among sites were conducted using data from the entire study (Figure 3). While surface (0.5 and 1
m) means were not significantly different, means at all depths from 3 to 5 m at Site 1 were significantly
higher than those at Sites 2 and 3. At 6 m, means at all sites were significantly different. Means at Sites
1 and 2 at all depths from 9 to 12 m were not significantly different from each other but both significantly
higher than those at Site 3. Data exclusively from 1988 subjected to the same analyses yielded
somewhat different results. While surface means at all sites were not significantly different, means at all
depths from 2 to 11 m at Sites 1 and 2 were not significantly different from one another but significantly
higher than those at Site 3.

Effects of net pen aquaculture activities on lake dissolved oxygen levels were of particular
importance to this study. Therefore, DO data were subjected to a number of different analyses. Mean
DO levels (average of readings from all depths) for the entire study period were lowest at Site 1 and
highest at Site 3 (means of 6.79 and 7.28 mg/l, respectively) (Table 1). For 1988 data only, similar
trends were observed with respect to comparisons among stations although DO means were depressed
by 0.13, 0.05, and 0.44 mg/! at Sites 1 through 3, respectively.

Clinograde oxygen profiles were recorded during summer stratification with drastic oxygen
reductions occurring at approximately 8 to 10 m (26 to 33 ft) at all sites. In an attempt to define
generalized aquaculture-related effects on DO levels in the water column as a whole and in epilimnetic
and hypolimnetic layers, DO readings for each sampling date were segregated into surface (< 9 m) and
bottom (> 9 m) compartments. Averages were then obtained over the entire water column and for
surface and bottom layers (roughly corresponding to epilimnetic and hypolimnetic averages respectively
for stratification periods) for all sampling dates (including nonstratification periods). Means of these
values were then tested for significant differences among sites.

Using all data, the mean of entire water column averages at Site 1 (6.51 mg/l) was significantly
lower than those for Sites 2 and 3 (6.97 and 7.23 mg/l respectively). However, for 1988 data only
subjected to an identical analysis, no significant differences among sites were detected (means = 6.56,
6.97, and 6.92 mg/I for Sites 1 through 3, respectively). Means of surface layer averages were
significantly higher at Site 2 than those at the other two sites using either data set (means = 7.33, 8.02,
7.59 [all data] and 7.09, 7.98, 7.13 [1988 only] mg/I for Sites 1 through 3, respectively). Increased
surface aeration due to the more open water location of Site 2 relative to other sampling sites probably
accounts for these differences. Means of bottom water layer averages were all significantly different
using all data (means = 4.70, 5.09, 4.28 mg/| for Sites 1 through 3, respectively) and significantly lower
at Site 3 (mean = 2.77 mg/l) than at the other two sites (means = 4.98 and 4.91 mg/! for Sites 1 and 2
respectively) using only 1988 data.

As an alternate data analysis method, tests for statistically significant differences in mean
dissolved oxygen levels were conducted on a depth-specific (1 m intervals) basis (similar to analyses
already presented for temperature and conductivity). Using all data, mean DO concentrations at all
depths from 0.5 to 3 m at Sites 2 and 3 were not significantly different from one another but both
significantly higher than those at Site 1 (Figure 4). At all depths from 5 to 9 m, mean values were
significantly different at all sampling sites. Similar patterns were obtained using 1988 data only, except
that significantly lower mean values at Site 1 occurred at 1 and 2 m depths only and mean values at all
depths from 7 to 10 m were significantly higher at Sites 1 and 2 than those at Site 3.

One anticipated effect of net pen aquaculture activities on lake water quality was a possible local
reduction in DO near the net pens at lake turnover. While these conditions did not develop during 1987,
significant DO reductions were observed in the vicinity of the net pens following lake turnover near the
end of August 1988 (Figure 5). While DO levels were depressed throughout the Rock Creek Arm at this
time, DO concentrations at Site 1 were reduced to levels marginal for fish culture. On 7 September
1988, surface DO concentrations were 7.64 and 6.29 mg/I at Sites 2 and 3, respectively while a reading
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of 4.40 mg/| was recorded at the pens. During this time, fish feeding activity was significantly reduced
and an abundance of waste feed was observed floating in the pens. Relative contributions of
overfeeding and lake turnover to oxygen depression near the pens were unknown. By 19 September
1988, DO concentrations at the net pens were again similar to those measured at other sampling sites.
Data collection ceased prior to lake turnover in 1989.

Secchi disc transparency measurements ranged from 0.5 m, recorded on several dates at Site 1,
to a maximum of 1.9 m at Site 2 on 6 July 1988. Over the entire study, mean Secchi transparency was
highest at Site 2 (mean = 1.2 m) and identical at Sites 1 and 3 (means = 1.0 m) (Table 1). For 1988
data only, mean values were slightly increased to 1.1, 1.2, and 1.0 m at Sites 1 through 3, respectively.
Mean values were significantly highest at Site 2 for both time periods.

For all data, significant correlations were observed between Secchi transparency and
chlorophyll a at all sampling sites but were slightly closer at Site 2 (r=-0.68, p<0.0001, n=30) than at
Site 1 (r=-0.53, p=0.003, n=29) or Site 3 (r=-0.47, p=0.009, n=29). Using 1988 data only, correlation
coefficients for these parameters were greatly increased at Site 1 (r=-0.77, p=0.003, n=12), likewise
increased at Site 3 (r=-0.65, p=0.028, n=12), and relatively unchanged at Site 2 (r=-0.67, p=0.017,
n=12). Interestingly, significant correlations were observed between Secchi transparency and
nephelometric turbidity at Site 1 (r=-0.68, p<0.0001, n=33 and r=-0.82, p=0.002, n=11 for all and 1988
data respectively) but correlations were not significant for these parameters at Site 2 (r=0.24, p=0.171,
n=33 and r=0.33, p=0.319, n=11 for all and 1988 data respectively) or Site 3 (r=-0.04, p=0.848, n=32
and r=0.04, p=895, n=10 for all and 1988 data respectively).

Laboratory Analyses

Overall means and standard deviations for all water quality parameters at each sampling site are
presented in Table 1. Little variation was observed among sites in total alkalinity, total hardness,
chlorides or sulfates for any water depth or time period. Based on these analyses, waters in the vicinity
of the Lake Texoma net pen site can be classified as very hard, highly mineralized, and well-buffered
against drastic pH shifts.

Over the entire study, mean nephelometric turbidity was highest at Site 2 (7.9 NTU) and lowest
at Site 1 (6.9 NTU) (Table 1). Mean values obtained from 1988 samples only were similar to those
computed for the entire study. Using all data, turbidity means in bottom water samples at Site 2 were
significantly lower than those at Sites 1 and 3. Significant differences were not identified in surface
turbidity means over the entire study or in means from surface or bottom samples collected exclusively
during 1988.

Due to the frequent role of phosphorus as the nutrient limiting growth of algal populations in
lakes, effects of net pen aquaculture on phosphorus dynamics were of particular importance to this
study. Orthophosphate concentrations were generally below analytical detection limits at all sites during
spring and summer months and mean concentrations over the entire study varied little among sites
(Table 1). Over the entire study, mean values from analysis of bottom water samples were slightly higher
(by 0.001 to 0.003 mg/l) than those for surface samples. Mean orthophosphate concentrations
computed from 1988 data were very similar to those for the entire study period. Using all data, means for
orthophosphate concentrations in bottom samples at Sites 1 and 2 (mean = 0.009 mg/I at both sites)
were significantly higher than the mean at Site 3 (0.007 mg/l). Statistically significant differences in
orthophosphate means in surface samples over the entire study or in those from either water depth for
1988 data only were not detected.

Total phosphorus concentrations ranged from 0.005 to 0.171 mg/I (as P) and averaged 0.034
mg/! over the entire study. Mean values for all samples (both depths) were highest at Site 1 (mean =
0.036 mg/I) and lowest at Site 2 (mean = 0.032 mg/l) (Table 1). For surface samples only, total
phosphorus means computed over the entire study were identical at Sites 1 and 3 and highest at Site 3
for 1988 data only. For both time periods, total phosphorus means in surface samples were significantly
higher at Sites 1 and 3 than those at Site 2 (Figure 6). In bottom water samples, Site 1 possessed the
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highest mean total phosphorus concentration for all data but significant differences among site means
were not identified. For bottom samples collected exclusively during 1988, the highest mean total
phosphorus concentration occurred at Site 3 and the mean values at this site and Site 1 were
significantly higher than mean total phosphorus at Site 2.

Nitrogen parameters were of particular importance to this study due to the excretion of
nitrogenous waste products by fish (Lagler et al. 1962) and the ability of nitrogen to stimulate algal
production in some aquatic systems (Wetzel 1975). A nitrogen form of particular concern to
aquaculturists is ammonia-N (NH,-N). Ammonia concentrations for this study ranged from 0.008 to
0.320 mg/I with a grand mean of 0.058 mg/I. Site-specific overall means ranged from 0.053 mg/| at Site
3 to 0.061 mg/| at Site 1 (Table 1). Over the entire study, mean ammonia concentration was highest in
surface water samples at Site 2 (0.065 mg/1) and highest in bottom samples at Site 1 (0.060 mg/I) For
1988 data only, mean ammonia concentrations were slightly higher than those computed over the entire
study. Statistically significant differences in ammonia means did not exist among sites at any sampling
depth for any analysis time period.

Overall mean nitrite (NO,-N) concentration was highest at sampling Site 1 (0.014 mg/l) and
lowest at Site 3 (0.010 mg/l) (Table 1). Over the entire study, mean concentrations were considerably
higher for bottom water samples than surface samples at Site 1 but similar at the two depths at Sites 2
and 3. Means for 1988 data only were similar to those for the entire study. In surface samples, mean
nitrite concentrations for all data were significantly different at Sites 2 and 3 but neither significantly
different from the surface mean at Site 1. Over the same time period, mean nitrite concentration in
bottom water samples at Site 1 was significantly higher than those for Sites 2 and 3. Significant
differences were not observed in nitrite means in surface or bottom samples collected exclusively during
1988.

Nitrate (NO,-N) concentrations averaged 0.149 mg/| over all sites and sampling dates and
ranged from <0.002 to 1.200 mg/l. The highest overall mean nitrate concentration existed at Site 2
(0.156 mg/l) and the lowest at Site 1 (0.138 mg/l) (Table 1). Overall means computed for 1988 data
only were considerably higher (by 55%, 62%, and 54% for Sites 1 through 3, respectively) than those for
the entire study. For both time periods, mean nitrate concentrations were generally slightly higher in
surface samples than in samples collected near the bottom of the water column. Statistically significant
differences in mean nitrate concentrations among sampling sites did not exist at any sampling depth for
either analysis time period.

Total Kjeldahl nitrogen (TKN) concentrations ranged from 0.10 mg/l at 10 m on 6 July 1989 at
Site 2 to 20.25 mg/! at 0.5 m on 16 August 1988 at Site 3. Overall mean TKN concentration over the
entire study was highest at Site 1 (2.55 mg/l) and lowest at Site 3 (2.35 mg/l) (Table 1). Overall TKN
means for 1988 data were slightly elevated relative to those for the entire study period. While statistically
significant differences in mean TKN levels were not observed in surface or bottom samples for all or
exclusively 1988 data, mean concentrations were highest at Site 1 in surface samples over the entire
study and in bottom samples over both analysis periods. For 1988 data only, mean TKN was highest in
surface samples at Site 3.

Over the entire study period, very little variation was observed among sites or sampling depths
in total organic carbon (TOC) or dissolved organic carbon (DOC) concentrations. For all data, overall
means for TOC were identical (18 mg/l) at all three sampling sites (Table 1). While 1988 means were
slightly higher (by approximately 6 mg/l) than those for the whole study period, values were again nearly
identical at all sites.

Biochemical oxygen demand (BOD) values varied from 0 to 5.6 mg/| over the entire study with a
grand mean of 1.5 mg/I. Site-specific overall means were highest at Sites 1 and 3 (means for both sites
= 1.5 mg/l) and only slightly lower at Site 2 (mean = 1.4 mg/l) (Table 1). Over the entire study, BOD
values in surface samples were higher than those from bottom samples by an average of 0.7 mg/l.
Mean values computed exclusively from 1988 data exceeded those over the entire sampling period by
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0.1 to 0.2 mg/I. Statistically significant differences in BOD means were not observed among sampling
sites in surface or bottom water samples for either of the analysis time periods.

An important objective of this study was to determine the effects of aquaculture activities on
algal dynamics and overall productivity in the vicinity of the net pen facilities. While not a true measure
of algal biomass, chlorophyll a concentrations are frequently used as a relative measure of algal
abundance. Over the entire study, chlorophyll a values (at 0.5 m) ranged from 2.19 ug/l at Site 2 on 2
May 1989 to 69.85 ug/l on 15 June 1987 at Site 1. Overall site-specific means were 14.15, 12.69, and
14.34 ug/! at Sites 1 through 3 respectively (Table 1). Means computed for 1988 chlorophyll a data
only were slightly lower than those incorporating all sampling dates. Over the complete study, mean
chlorophyll a concentrations were not significantly different among sites. For 1988 data only, the mean
concentration of this pigment at Site 3 was significantly higher than those at Sites 1 and 2. While net
pen fouling by attached algae was a constant problem at the facility, floating algal mats or other
evidence of nuisance algal "blooms" were never observed at any site.

DISCUSSION

In general, the most measurable effects of net pen aquaculture on lake water quality identified by
this study were slight alterations in commonly-measured limnological field parameters in surface waters
near the aquaculture facilities. While statistically significant decreases in water temperature and dissolved
oxygen and significant increases in field conductivity were observed in surface waters near the net pens
relative to other sampling sites, actual magnitude of these changes was slight and probable impacts on
the biology and limnology of surrounding waters were negligible.

Probably the most dramatic water quality effect observed during the study was a decrease in
dissolved oxygen levels near the pens following lake turnover in 1988. These effects were not as
pronounced during the high water year of 1987. While localized, temporarily depressed DO levels are of
major concern to fish culturists, these effects are less significant to overall lake biology due to the ability
of native organisms to escape from and avoid stressful conditions. Nevertheless, these effects should be
carefully considered and monitored in future net pen aquacuilture activities.

Problems associated with nutrients and increased algal production resulting from net pen fish
culture were not documented in this study. While aquaculture activities generate a considerable amount
of nutrient wastes, water exchange through the net pens at the Lake Texoma site was apparently
sufficient to reduce nutrient impacts through pollutant dispersion and natural assimilative processes.

Comparison of results of this study with other aquaculture-related water quality investigations
illustrate the importance of sitting fish culture facilities in large, open waters with maximum water
exchange and depth. Other investigators have reported numerous water quality effects from facilities
located in small, shallow lakes or bays. Eley et al. (1972) reported significant increases in turbidity,
alkalinity, total phosphorus, organic nitrogen, BOD, and bacteria and significant decreases in dissolved
oxygen associated with cage catfish culture in White Oak Lake, Arkansas. Mean and maximum depths
of this small lake were 2.4 m and 5.5 m, respectively. Trojanowski et al. (1987) documented significant
increases in chlorophyll a near trout cages in two small, shallow (mean depths of 3.6 and 8.2 m) Polish
lakes.

Results of this study were similar to those obtained at Bull Shoals Lake in north-central Arkansas
(Hays 1980). Net pen facilities similar to those used at Lake Texoma are located in a large, 81 surface
ha (200 acre) cove in Bull Shoals Lake where water depths average 20 m (65 ft). Approximately 200,000
rainbow trout and 250,000 channel catfish are grown to a catchable size each year in these net pens.
Results of water quality sampling conducted monthly from 1 October 1978 to 31 January 1980 near the
Bull Shoals facility indicated increased levels of ammonia, total phosphate and plankton abundance
associated with fish culture activities. Significant changes in a number of other water quality parameters
were not observed.
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Considerable caution and common sense should be exercised in using results of this study to
predict effects of net pen aquaculture on water quality in lakes possessing physical, chemical, and
hydrologic characteristics vastly different from those at Lake Texoma. Lake Texoma water quality is
characterized by high levels of mineralization, moderate productivity levels, and a high pH buffering
capacity. Effects of net pen aquaculture on water quality in poorly-buffered, soft water lakes of varying
trophic states might be more pronounced and considerably different than those measured by this study.
Predictions of effects of aquaculture activities on lake water quality should therefore be conducted on a
site-specific basis.
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DEVELOPMENT OF THE CUMBERLAND BASIN RESERVOIR MODEL
FOR WATER QUALITY CONTROL

Jackson K. Brown' and Donald F. Hayes®

Introduction

The purpose of this paper is to describe the efforts of the Nashville
District and Waterways Experiment Station to develop a system model of the
Cumberland Basin reservoir system. The model will be capable of simulat-
ing impacts of proposed operations on the most important project purposes.
These purposes include water quality, hydropower, navigation and recrea-
tion. The model is essentially a drought model and many of the simplify-
ing assumptions and coefficients used by the model are not valid for high
flow conditions.

Background

The need to develop a means of evaluating impacts of reservoir system
operations on project purposes became apparent during the mid-1980’'s, when
precipitation and stream flows were generally below normal. By this time
models had been developed which provided the capability to formulate
operational schemes to avoid or alleviate potential water quality prob-
lems. However, no progress was made in implementing these schemes because
they differed from scheduled hydropower operations. Hydropower was
considered an authorized purpose for which tangible monetary benefits
could be computed, whereas water quality was not an authorized purpose and
benefits were intangible. Although requirements for flood control and
navigation were satisfied, in effect the projects were operated during the
critical summer months primarily as a single-purpose hydropower system.
Benefits to water quality and recreation were essentially incidental. The
impetus for the Cumberland Basin reservoir model is to develop a means to
optimize system operations which will consider impacts on all project
purposes.

Description of Reservoir System

The Cumberland Basin lies in the states of Tennessee and Kentucky and
has a drainage area of 18,000 square miles. Within the basin the Nash-
ville District manages a system of nine major dams, all of which produce
hydropower. A map showing the locations of the projects is provided as
Figure 1. Five of the projects (Laurel, Wolf Creek, Dale

' Hydraulic Engineer, Environmental Analysis Branch, Water Quality Section,
Nashville District, Nashville, TN.

> Research Civil Engineer, Environmental Laboratory, Waterways Experiment
Station, Vicksburg, MS.
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Hollow, Center Hill and J. Percy Priest) are classified as tributary
storage impoundments. The remaining four projects (Cordell Hull, 01d
Hickory, Cheatham and Barkley) are classified as run-of -river navigation
impoundments.

Water Quality Considerations

The water quality parameter of most concern in the run-of-river
projects is dissolved oxygen (D.0.). Releases from the three largest
storage impoundments, Wolf Creek, Dale Hollow and Center Hill, are cold
and from April through September density currents dominate the hydro-
dynamic regimes of Cordell Hull and 0ld Hickory. As the cold inflows
travel through these impoundments, density differences prevent mixing with
the warm oxygen-rich waters of the euphotic zone and assimilation of
organic matter causes D.0. concentrations in the underflows to decrease.
The longer a slug of water is detained in the hypolimnion, the lower the
D.0. concentration in the hypolimnion and in project releases. 0f course,
detention time is a function of flows, which are controlled primarily by
the regulation of the storage impoundments. Cheatham and Barkley inflows
are warmer and density currents are not as dominant. Stratification at
these projects is relatively weak and intermittent. Despite the sig-
nificant organic loading from metropolitan Nashville, reaeration processes
in the Cheatham pool generally cause a net increase in D.O. concentrations
as water passes through the project. Thus, the critical point for D.O. in
the run-of-river projects is the 0ld Hickory outflow. The operational
objective for water quality control is to release sufficient water from
the upstream storage projects to maintain D.O. concentrations in the 01d
Hickory outflows at or above the 5 mg/l state water quality criterion.

Problem Formulation

It was stated previously that a method is needed to determine the
daily releases for these nine reservoir projects which best satisfy all
project purposes during drought or low-flow conditions. The ability to
explicitly consider water quality responses, particularly D.O., has been
deemed especially important. The resulting highly dimensional, multi-
objective optimization problem can be stated as

t

f
MAX @(stf,'rtf,ctf) + % "B(Ug,S¢, Ty, Gy) (1)
S t=1
subject to
S = S¢.p + RtU_ + RE-lug 4 + RC-20._, + Q (2)
Ty = f(Te-g, 80 Teog,) (3)
G, = C(Ty) - D¢ (4)
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and

Sm. < 8§, < 8™ (5)
e < Up < U=y (6)
TR < T < T (7
Cv. < Cp < G (8)

where ® = scalar function describing the value of the system state at the
final stage tg, B = scalar function describing system benefits, S¢ =
column matrix of reservoir storages at time t, T, = column matrix of water
temperatures at time t, Cp = column matrix of D.0O. concentrations at time
t, R = flow routing matrix, Q. = column matrix of local inflows during
time t, § = temperature rate change coefficient, 8, = hydraulic retention
time, C = saturation D.O. concentration, Dt = column matrix of D.O.
deficits at time t, S™, 5™, wrine, U, ™, T, C¢*"y, and C™y are
lower and upper bounds on the respective variables.

A few years ago, solving such a highly dimensional optimization
problem would have been considered impractical particularly with the
natural non-convexities introduced by hydropower generation. Hiew (1987),
however, found that optimal control theory (OCT) performed rather well for
these type problems; OCT was able to reliably find optimal solutions with
impressive expediency compared to other algorithms. Details of the
application of OCT to the Cumberland River system were presented by Hayes
(1989).

The crux of any practical optimization problem is defining the
performance index, By, to accurately reflect the goals and purposes of
system operation. Mathematically representing the relative benefits of
the many operating variables is quite difficult. To compound the problem,
these benefits are often in different, non-commensurate units. This is
particularly true of environmental quality benefits such as water quality
and various forms of recreation. A simplified approach was presented by
Hayes (1989) which essentially ignores "benefits" of all project opera-
tions except hydropower, but applies penalties (negative benefits) if
water quality or other specified targets are not met. Although this
approach is plausible for the Cumberland system, it is by no means a
complete solution. Additional terms should be added to the objective
function which encourage meeting specific goals.

Description of Water Quality Model

A water quality model named DORMII has been developed to forecast
temperature and D.0. conditions in the run-of-river impoundments and
determine outflows from the storage projects needed to maintain acceptable
water quality conditions. DORMII is essentially a simple 2-D routing
model which uses daily computational time steps. For DORMII an impound-
ment is divided into several reaches having two depths representing the
epilimnion and hypolimnion. In the epilimnion the water temperature is
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trying to reach the equilibrium temperature and the D.O. is attempting to
reach saturation. In the hypolimnion temperatures are increased slightly
to account for the penetration of solar radiation and D.O. concentrations
are decreased by a bulk depletion rate. One of the first computations the
model performs is to determine when the water at the downstream end of the
layer in each reach first entered the layer at the upstream end of the
reach. These travel time computations for individual layers are based on
the volume of the layer and the percentage of flow passing through the
layer, which are assumed to be constants. The initial temperature and
D.0. values at the upstream end of the reach are routed through each layer
and adjusted as they are impacted by the forces of change simulated by the
model .

One of the most important phenomena simulated is vertical mixing. The
following equation, which was initially formulated to determine plunge
points for density currents, is used empirically to determine whether or
not vertical mixing occurs at the end of each time step:

1 2 11
U N - S L (9
¢ Fr2 W.2ge
where Z, = critical depth, Fr = effective densimetric Froude number, U =
flow rate, W, = effective width of zone of conveyance, g = acceleration
due to gravity, and ¢ = relative density difference between epilimnion

and hypolimnion. If the depth of the reach is less than Z.,, complete
mixing between the two layers, weighted by the flow in each layer, is
assumed to occur. Once water temperature and D.O. are routed through the
most downstream reach, withdrawal zone and turbine reaeration factors are
applied to compute outflow values.

Model Implementation

The existence of an operational tool such as that which has been
described provides several capabilities. By using the model to evaluate
historical operations, one can gain insight into operational policies for
future conditions which may be similar. The reevaluation of historical
operations also provides a method for calibrating relative benefits of
reservoir operations such as recreation and water quality. After all, the
value of any such optimization model is governed by its ability to
simulate decision-maker responses to specific conditions. It is intended,
however, for the model to be implemented to assist in real-time opera-
tions. Recognizing the restrictions imposed by modelling drought condi-
tions and the use of deterministic optimization, it is anticipated that
the model will be applied from an estimated peak headwater time in late
spring through the low-flow season when low D.O. levels are common. An
initial run, based upon inflow estimates and forecasts of upcoming
conditions, near the beginning of this time period would allow a prelimi-
nary release plan to be developed. As conditions materialize and differ
from forecasts and expectations, additional runs can be made starting with
existing conditions to further refine the release plan. Continuation of
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this "adaptive planning" methodology allows adjustments for changing and
unexpected conditions.
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POTENTIAL FOR THERMAL STRESS IN JUVENILE CHINOOK SALMON
AT McNARY DAM, WASHINGTON

by
Edward B. Meyer, CPT' and Tim Bartish?

INTRODUCTION

McNary Dam is a multi-purpose Corps of Engineers project located in south-central Washington
state on the Columbia River at river mile 292. It was completed in 1954 and presently consists of
(oriented from north to south) a navigation lock, a spillway structure with 22 gates (numbered 1 to 22,
north to south), and a powerhouse facility with 14 Kaplin turbines (numbered 1 to 14, south to north)
and two smaller house units to provide internal power requirements.

Power generation from Lake Wallula upstream is on a run-of-the-river basis and is closely
governed by releases from the dams upstream and the flow requirements of the power projects
downstream. As such, retention times for inflows are small, typically 2 to 8 days during the summer.®
Inflow to the lake is provided by the Columbia and Snake Rivers whose confluence is some 31 miles
upstream of the dam itself.

McNary Dam has extensive facilities to aid in the collection and transportation of juvenile
anadromous fishes. This is done in order to avoid some of the mortality associated with the fish passing
through project powerhouses on their way to the sea. The collection system is very similar to other
ones in operation at a number of dams on the Columbia and Snake Rivers. Downstream migrating
juvenile fish are collected using submerged traveling screens located in the turbine intakes. Each of the
14 turbine intakes is divided into three gates and gatewells, labeled A, B and C, south to north. All of
the gatewells are equipped with a trash rack and a submersible traveling screen (STS) which can be
raised or lowered into the penstock flow as required for fingerling collection.

At the beginning of the collection season, each STS is deployed into its penstock and angled
upstream into the flow. This screen serves to intercept the juvenile fish being swept into the turbine and
guide them up into a gatewell located above the ceiling of the penstock (Figure 1). Near the surface of
each gatewell are two 12-inch orifices (only one of which is operated at a time) which provide
approximately 12-15 cfs of flow to a travel flume which runs across the face of the powerhouse. The fish
are swept through this orifice, into the travel flume, and down to the collection facility located between
the powerhouse and spillway in the center of the project. Excess water is removed from the flume
through a series of screens and perforated plates at regular intervals along the flume wall.

'Research and Development Coordinator, Reservoir Water Quality Branch, Hydraulic Structures Division,
Hydraulics Laboratory, U.S. Army Engineer Waterways Experiment Station

2Formerly Limnologist for the Walla Walla District, U.S. Army Corps of Engineers.
*Tim Bartish. January 1988. "McNary Temperature Study: Thermal Shock," Unpublished data, U.S. Army

Engineer District, Walla Walla.
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Figure 1. Cross-sectional view of the dam showing the deployment of the submerged traveling screen
(STS), the juvenile travel route, and the location of the penstock and gatewell thermistors (Stations 1, 2,
3, and 4).
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CONCERNS AND GOALS

Typical daily mortality at McNary Dam for subyearling fall chinook salmon collected using this
system is normally on the order of 1% to 2%*. However, during the last four collection seasons,
abnormally high daily mortalities (on the order of 10% or greater) have been recorded. It has been
theorized by the Walla Walla District (NPW) of the U.S. Army Corps of Engineers that these deaths are
directly related to thermal shock to the fish caused by high temperatures and low flow conditions
experienced during the summer months. This led NPW to request that personnel of the Waterways
Experiment Station (WES) evaluate some of the data collected by NPW during the 1987 and 1988
seasons and provide an assessment of the District’s assumption of causes leading to increased mortality
and provide recommendations for further data collection or operation changes. In addition, WES was
asked to determine if a relationship exists between water temperature fluctuations and collection facility
and powerhouse operational conditions. By investigating these areas, modifications to the existing
operating plan may be made which could significantly reduce the level of mortalities seen at the
collection facility.

A number of different theories on the causes of the high mortality rates seen at the project have
been put forth by both NPW and project personnel. Data collected suggest the presence of isolated
occurrences, or "blocks", of warm water which are being drawn into the powerhouse causing the thermal
stressing of smolts. The source of this warm water is unknown but is thought to be related to conditions
occurring in the forebay area or within the powerhouse itself. District and project personnel do not
believe that incomplete mixing of the two upstream rivers is the cause of the problem. There appears to
be some information that suggests a correlation between project operation and smolt mortality. Water
temperature data suggest that the warmer surface water of the forebay is being swept into operating
units, that off-units seem to be collecting or attracting fish in the penstock, and that the start up of units
are associated with increased thermal stress.

DATA ANALYSIS

In 1987, NPW data collection and analysis focused primarily on determining if lateral temperature
variations between the waters from the Snake and Columbia Rivers affected the temperatures seen at the
dam. The investigation found very little evidence of vertical or lateral stratification except in the area just
in front and to the south of the dam (Bartish, op. cit.).

In 1988, a much more intensive data collection study was undertaken by NPW to try to
determine the source of the warm water in the collection system. During the spring, six recording
temperature monitors were installed in the juvenile collection system to examine the effects of
operational changes on water temperature. Four of these devices were installed at various depths in the
B gatewell of Unit 7 (Figure 1). Unit 7 was selected because it was in the center of the powerhouse and
would sometimes be operating depending on the power generation requirements. This allowed data to
be collected under operating and non-operating conditions in order to evaluate the effects of
powerhouse operation on water temperature.

The remaining two recording units were placed in the transport flume, one upstream of the inflow
from Unit 7, and one downstream. This configuration was operated from early June through the end of
July. Data collected from July 15 through July 29, 1988 were selected for examination as being
representative of dam and powerhouse operations as well as temperature and fish migration patterns. In
fact, significant fish mortality occurred during the latter part of this period.

“Personal communication with Paul Wagner, Fisheries Biologists, Washington State Department of Fisheries -
McNary Dam, on 5 May 89.
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Other temperature data collected inciude several lateral transect and vertical profiles in the
forebay area (taken on 25 July 1988) as well as miscellaneous temperature measurements taken by the
fisheries people on site at a variety of locations and times. Powerhouse operation records and fish
collection and mortality data were also available for the collection season.

The data collected during the forebay temperature survey performed on July 25, 1988 showed
various degrees of stratification throughout the forebay. This information provides much insight into the
thermal problem. Temperature profiles recorded in front of operating units, and at stations south, show
that water is 2°-3°F warmer compared to a profile recorded further out in the forebay except at the
surface, which is 1°-2°F cooler. Stations to the north of the powerhouse show only a thin layer of warm
surface water. The temperatures recorded from the transect immediately in front of and parallel to the
dam shows that the water 4m deep and north of the powerhouse is substantially cooler than that at the
same depth and in front and south of the powerhouse. Yet water temperature profiles and transects
collected further out in the forebay indicate very little lateral temperature difference in the water column.

These data indicate that operating units are indeed drawing the warm surface water down into
the penstocks. As this surface water plunges downward it then begins to mix with the cooler, deeper
water. The result is water being drawn across the STS and into the gatewell that is cooler than the
surface water in the forebay and yet still significantly warmer than the water found at the same elevation
further out in the forebay. The data collected in front of the spiliway, which was not spilling, indicate little
vertical mixing of the warmer surface waters.

Except for a slight delay, there appears to be no significant temperature difference between the
four vertical thermistors in the penstock and gatewell. Fluctuations in the total turbine discharge from
the powerhouse have very little influence on the temperatures recorded in the gatewell and penstock.
This would indicate that there is no significant source of warm water within the powerhouse.

However, there is a distinct temperature increase or decrease across all of the recorders when
Unit 7 starts up or shuts down. This temperature fluctuation is on the order of 2°-3°F over a 15- to 20-
minute period. When Unit 7 starts in combination with one or more of the adjacent units (6, 8 or 9), the
temperature increase across all of the penstock and gatewell thermistors can be as high as 8°F in a 10-
to 15-minute period (Figure 2). This multiple-unit start-up usually resulted in the greatest fluctuations in
temperatures over all four thermistors. However, the temperature peak tended to diminish with time,
provided no other neighboring units started or stopped operation. Average temperature for Unit 7 at
station #4 (just below the water surface in the gatewell), when operating during this 15-day period, was
69.0°F. For non-operating periods, the temperature averaged 65.9°F.

The temperatures in the transport flume can also be dramatically affected by unit operation and
the gatewell orifice discharge to the flume. The average temperature of the flume downstream of Unit 7,
while Unit 7 was operating, was 68.2°F, and 66.5°F while Unit 7 was idle (with only Unit 1 operating
upstream). When a unit is started or stopped, the temperature of the transport flume just downstream of
the unit can change very rapidly. Changes of as much as 2° to 4°F over a 30-minute period were
recorded during this two week period. Temperature fluctuations in the flume between operating and
non-operating units and vice versa can be as high as 4° to 5°F (Figure 3). These changes take place in
the flume over the relatively short distance of a single unit.

MORTALITIES

For the 15-day period being examined here, the average daily mortality was 4.8%. The
maximum daily mortality was approximately 21% and occurred on July 26. The maximum hourly
mortality for each day during the study period was significantly greater and ranged as high as 67% on
July 26. For the majority of the time, however, the hourly mortality was less than 4%, although there
were periods of time when this was greatly exceeded. From the data, it would appear that mortalities
are closely tied to changes in total powerhouse discharge and thermal shock is a compounding factor.
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Figure 2. Temperatures recorded across the penstock and gatewell thermistors showing the typical
affects of unit operations on the temperature recorded in slot 7B (27 July 1988).
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Figure 3. The effects of unit operation on the temperature recorded in the transport flume just
downstream of the unit inflow (27 July 88). "ON" indicates an operating unit while "OFF" indicates non-
operating units.
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The district’s assumption that the increase in mortalities observed at McNary Dam over the past
few seasons is, in part, due to the thermal conditions of the collection system is supported by the data
collected in 1987 and 1988. Rapid temperature changes in the collection system would have a
synergistic effect on the level of stress normally associated with the collection system (Bell, 1986). Since
previous studies (Maule, 1988) have determined that the collection process is often stressful and, given
that the stress experienced appears to be cumulative, temperature variations through the collection
system are probably a major contributing factor in the increased mortalities. However, the numerous
changes in the operation of the powerhouse make it difficult to detect definite patterns between
temperature fluctuations and changes in mortalities.

The stress associated with rapid temperature changes over space or time is often referred to as
thermal shock. This rise or drop in temperature may be well within the fish’s tolerant temperature range
and yet still induce a significant level of thermal stress (Allen and Hassler, 1986). Rapid temperature
changes have the effect of increasing the level of stress experienced by the juvenile fish (Strange et. al.,
1977). Little guidance is provided in the literature on the magnitude or duration required for fish to pass
through a temperature gradient without inducing thermal shock or aggravating their level of stress (Bell
1986).

With this information in mind, it appears that the two areas with the greatest potential for thermal
shock are as the fish enter the transport flume from the gatewells and as they travel down the transport
flume past other units. By identifying the areas that cause thermal stress, modifications may be made to
try to reduce their impact. It appears that in other areas of the collection system, the fish have time
either to avoid or adjust to the increased temperature.

One of the most likely areas to cause thermal stress is as the fish exit the orifice from the
gatewell and plunge into the travel flume. The juveniles may come from a warm or cold water gatewell
(depending on unit operation) and enter a cold or warm water flume (dependent on upstream unit
operation). The temperature difference between the gatewell of an operating unit and the flume was as
high as 6°F during the study period. This temperature change would be extremely rapid to any fish
undergoing it.

The other area of concern relates to conditions as the fish are traveling down the flume to the
holding pools. The fish may pass through a series of cold and warm water inflows from each orifice as
they pass down the flume. The temperatures of these inflows are related to unit operation. Non-
operating units pull collection water from the deeper, cooler water in the forebay while operating units
draw in the warmer surface waters. For this study, the temperature rise or fall in the flume due to any
particular unit was as high as 4°F. Data collected by the project personnel indicated that operating and
non-operating units play an important role in the temperature of the flume near their orifices.

CONCLUSIONS

An examination of all the available data collected during this 15-day period under study led to
the following conclusions:

(@) Many of the assumptions relative to fish mortalities at the project made by the district and
project personnel appear to be supported by the data. The exception is that the data do not support
the theory that there is heating of the water by the dam structure or within the collection system.

(b) Powerhouse operations, specifically the start-up or shut-down of units, have a significant
influence on the temperature seen in the collection system. Changes in total powerhouse discharge
have only a slight influence on the temperature. The worst case for temperature fluctuations is when
multiple units start up together or within a very short time (approximately 1 hour) of each other.
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(c) The operating units appear to be drawing in the warm surface waters from the forebay of
the reservoir. For reasons yet to be quantified, the units seem to draw the majority of their surface water
from the southern shoreline. As this water is brought in and drawn down into the penstock, it mixes with
the cooler hypolimnetic water to form a zone of warm water in front of the operating units and to the
south of the powerhouse. Non-operating units draw their collection water from approximately the same
elevation in the forebay as the entrance to the gatewell, hence their contributions to collection system
are cooler than for operating units.

(d) From the comparison of mortality versus powerhouse operation, the level of fish mortality
seems to be closely related to changes in total powerhouse discharge and, in turn, coincides fairly well
with units being brought on- and off-line (Wagner, 1987). However, forebay surface water temperatures
tend to increase the level of mortalities by inducing thermal stress in the juvenile fish. The changes in
temperature may magnify the normal stress associated with the collection system to a level above the
lethal limit for some fish. There may be other factors contributing to the mortalities, but numerous
operational changes make these difficult to detect and identify. However, in 1987 when this problem
was first noticed, the powerhouse agreed to run at a flat-load, operating only the northern most units.
This meant that no units would be brought on or taken off-line and that the total powerhouse discharge
would remain relatively constant. While the magnitude of mortality peaks decreased, the problem still
persisted (Wagner, 1987). This scenario may be the best estimate, to date, of mortality directly related
to thermal stress since there seems to be very few other factors involved in the increased mortalities.

In an effort to minimize these problems, an attempt should be made to minimize the number,
and/or magnitude, of the temperature gradients the fish must past through. One recommendation is to
close all orifices on non-operating units. Correspondingly, the amount of water that is allowed to
discharge through the ports on the side of the transport flume would have to be reduced. From the
observations of the fisheries personnel at the project, the number of fish collected by non-operating units
is far less than for operating units so the overall efficiency of the collection system should not be
seriously affected.’® By closing the orifices, the temperature of the water in the transport flume should
be very similar to that in the gatewell and fairly uniform from one gatewell to the next. This may have
the greatest effect since the transition from gatewell to flume and travel down the flume results in almost
instantaneous temperature changes over both space and time.

In addition, to reduce the mortalities and temperature fluctuations apparently related to the
powerhouse discharge, starts of multiple units within a short period of time, or starting and operating
one or more units separated by non-operating units should be avoided. Multiple unit start-up can
produce the greatest temperature changes in penstock and gatewell areas, while operating units
separated by non-operating units can produce a significant temperature rise and fall in the water of the
transport flume.
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PREDICTING THE EFFECTS OF GENERATION, PUMPBACK, AND CHANNEL IMPROVEMENTS ON
THE TEMPERATURE AND DISSOLVED OXYGEN OF J. STROM THURMOND LAKE

by

Thomas M. Cole!

INTRODUCTION

This paper presents the results of numerical modeling studies determining the effects of proposed
generation/pumpback operations and channel improvements on the temperatures and dissolved oxygen
(DO} concentrations in the headwaters of J. Strom Thurmond Lake (JST).

The Savannah District has proposed adding four 75 MW pump/turbine units to the existing four con-
ventional hydroelectric generation units located at Richard B. Russell (RBR) Dam. in addition, the District
has proposed channel dredging in the tailwater region to improve flow conveyance. The Savannah District,
State of Georgia, and Federal agencies are concerned that the proposed generation/pumpback operations
and channel dredging may effect temperature and dissolved oxygen (DO) and alter fish habitat in the head-
water region.

To address these concerns, the Savannah District requested a numerical modeling effort be
conducted to determine the effects of generation/pumpback and channel improvements on temperature and
DO in the JST tailwater region. CE-QUAL-W2, a two-dimensional, laterally averaged model was chosen to
investigate the proposed changes.

MODEL DESCRIPTION

CE-QUAL-W2 simulates variations in velocities, temperatures, and water quality in the longitudinal
and vertical directions over time. It is capable of simulating a wide variety of water-bodies including rivers,
lakes, reservoirs, and estuaries.

The model uses a finite differencing technique for the solution of the hydrodynamic and constituent
transport equations. The water quality portion of the model consists of 20 constituents and includes
nutrient/phytoplankton interactions. Other capabilities of the model include:

Variable vertical grid spacing

Automatic calculation of the timestep necessary to maintain numerical stability

Multiple branches

Restart capabilities which allow simulations to be stopped at any time and then restarted
later

Multiple inflows and outflows including branch inflows, point and nonpoint sources,
precipitation, outlets, and withdrawals

=

o

STUDY AREA

The study area included only the upper 10 km of JST Lake because preliminary evaluations indicated
that the impacts of generation, pumpback, and channel improvements on JST Lake would be most evident
in the headwater region. A map of JST Lake showing the study area and sampling stations is shown in
Figure 1.

lHydroiogist, Water Quality Modeling Group, U.S. Army Engineers Waterways Experiment Station
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Figure 1. Map of study area showing sampling station locations.

98



The RBR Dam includes four 75-MW, conventional hydroelectric units and room for four proposed
75-MW pump/turbine units. For generation, each unit has a rated capacity of 7,500 cfs; each giving a total
generation capacity of 60,000 cfs. For pumpback, each unit has a pumping capacity of 6,200 cfs giving a
total pumping capacity of 24,800 cfs.

CALIBRATION AND VERIFICATION

One of the most important tasks in a successful application of any numerical model is obtaining
good calibration and verification data. The two sets should be representative of as widely varying condi-
tions as possible. This application used data from two different years, pool elevations, and RBR Dam
operating schedules. Calibration data were collected during August 13-15, 1984, when the pool elevation
was close to conservation pool and releases at RBR Dam were through the tainter gates. Verification data
were collected during June 22-25, 1986, when the pool elevation was about two meters lower than during
the 1984 period and releases at RBR Dam were through the turbines.

Calibration results for temperature and DO are given in Figure 2 with station locations given in Figure
1. The initial conditions for the simulation are also given. Temperature predictions are generally in
agreement with observed data except that the model misses the placement of the thermocline at station 45
by roughly one meter. The model correctly captured the 2°C temperature increase in the hypolimnion and
the 2-10 C cooling of the epi- and metalimnion. DO predictions exceed measured values by approximately
1 mg/I in the hypolimnion at station 40.

Verification results are given in Figure 3. Temperature predictions are again generally in agreement
with observed data except for a slight misplacement of the thermocline at station 45. Note that the model
captured the roughly 14°C temperature decrease in the hypolimnion over the three-day period. DO
predictions are generally in agreement with observed data.

Several points should be kept in mind when evaluating the accuracy of the predictions. First, results
from the model represent a value averaged over 500 m in the horizontal and 0.5 m in the vertical over a
timestep (100-250 sec), whereas observed data are taken at discrete points in space and time. Also, the
predicted values for all stations were output from the model at the same point in time, whereas observed
data differed by as much as 45 minutes from the upstream and downstream stations. Also, all models suf-
fer from limitations imposed by their basic assumptions and the solution scheme employed. The major
assumptions in CE-QUAL-W2 important to this study are that lateral variations in flow and water quality are
negligible, as are vertical accelerations. In addition, the model uses an upwind differencing scheme which
introduces numerical diffusion into the results which can be greater than the physical diffusion.

SIMULATIONS

Simulations were conducted for the following eight scenarios (proposed changes are shown in bold
type):

generation/no pumpback no channel improvement

high pool — channel improvement
: no channel improvement
generation/pumpback ¢l improvement
: hannel improvement
generation/no pumpback 1O channg
medium pool _[ channel lm!)mvement
generation/pumpback no channel improvement

channel improvement
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High pool was at conservation pool (el. 330 ft.) and medium pool was at 323.5 ft. An additional set
of simulations was planned for elevation 316.9 ft., but the generation cycle produced supercritical velocities
which the model was not designed to handle. Peak generation was set at 60,000 cfs and pumpback was
set at 20,000 cfs. The proposed generation/pumpback schedule is shown in Figure 4. No
generation/pumpback was proposed for weekends.

50

40
cfs

x 1000 30
. N
10

generation pumpback

0600 1300 2200 2400 0600
Hour

Figure 4. Proposed summer generation/pumpback schedule for weekdays.

The proposed channel improvements include excavating to an elevation of 317 ft. a 300 m wide
channel that extends for approximately 1.7 km downstream of the coffer-dam. They are shown in Figure
5.

A search of the historical records showed that the greatest degree of stratification and lowest DO
values occurred during August 1987. Consequently, the model was initialized to these starting conditions,
in keeping with a "worst case scenario” approach. Inflows and outflows for generation and pumpback were
set to the values for the proposed summer operating schedule (Figure 4). Inflow temperature from RBR Dam
was set to the highest observed temperature and DO inflow concentration was set to the mandated minimum
release concentration of 6 mg/l. The duration of all simulations was one week.

RESULTS

Figure 6 shows the results of the simulations at medium pool for generation with no pumpback or
channel dredging. The effects of the proposed changes at high pool elevation were not as pronounced and
are not presented in this paper. Power generation caused a decrease in temperature and an increase in DO
the length of the study area. The effects of power generation on temperature were most pronounced near
the dam (segment 2) and decreased downstream until they were barely noticeable. Changes in DO were
most pronounced at the most downstream segment (segment 20).

Figure 7 shows the results of the simulations at medium pool for generation with pumpback and
channel improvements. The same trends in temperature and DO changes were also evident for this
simulation. However, the changes in temperature were not as pronounced as the simulation involving
generation only. The increases in hypolimnetic DO were more pronounced near the dam and less
pronounced at the downstream segment.
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CONCLUSIONS
CE-QUAL-W2 proved to be an effective tool to investigate the proposed generation/pumpback and
channel improvements in J. Strom Thurmond Lake. Results showed that the proposed changes would
decrease temperatures and increase DO concentrations in the hypolimnion thus having a minimal detrimental
impact on the cold-water fish habitat in the tailwaters. The simulations helped address concerns expressed
by the Savannah District, State of Georgia, and Federal agencies regarding the proposed changes to Richard
B. Russell Dam and J. Strom Thurmond tailwaters.
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APPLICATION OF ASPIRATING HYDRAULIC MIXER TO
IMPROVE TAILWATER DISSOLVED OXYGEN

by
Richard E. Price'

INTRODUCTION

A number of Corps of Engineers (CE) Reservoir Projects experience low dissolved oxygen (DO)
levels in the tailwater during the stratified periods of the year. In some cases, the loss of DO results in
fish kills in the stilling basin or downstream. These have been reported both during release and non-
release periods. In recent years, a number of fish kills have been reported in the stilling basin and
downstream from Lake Texoma. During the stratified period, which usually begins in May of each year,
hypolimnetic oxygen demand in the reservoir begins to deplete the dissolved oxygen (DO). By July,
portions of the hypolimnion become anoxic. Since the intake structure is located near the bottom,
release of low DO water occurs. This continues until the lake stratification breaks up in the fall and
reaeration of the hypolimnion occurs.

At the request of Tulsa District (SWT), Punnett and Culbertson (1981) investigated the cause of
the fish kills and concluded they were the result of release of low DO water. To alleviate this condition,
they recommended small releases (50 cfs discharge termed "fish releases") through the flood control
structure to provide turbulence for reaeration downstream. Fish kills have continued since the initiation
of this procedure in 1981; however, the severity has declined.

A similar situation exists at Walter F. George Lock and Dam on the Chattahoochee River in
Mobile District. During the late summer when conditions are conducive for release of low DO water,
relatively small releases are made through the spillway gates during nongeneration periods to reaerate
the tailwater and prevent fish kills (Findley and Day, 1987).

Recently, this low-release operation has been recognized as a source of scour on the gate sill at
Texoma. In addition, this release of water reduces the available head for generation. Therefore,
alternatives to this operation are needed to provide adequate DO in the stilling basin during the stratified
period without impacting the structure.

As part of the Water Quality Research Program work unit entitled "Hydraulic and Pneumatic
Mixers and Aerators in Principle and Practice", a literature review indicated that an aspirating surface
mixer which entrains air in a hydraulic jet may be ideally suited for low flow situations. These types of
aerators are particularly suited to relatively shallow areas which are not strongly stratified. The
combination of air bubbles in a hydraulic jet improves the reaeration efficiency of the device. Although
this type of aerator may solve the DO problem, field experience with these types of devices at CE
projects is limited. A pilot study to investigate the efficiency of reaeration of this type of device as well
as the feasibility of its use at CE projects was conducted in the tailrace of the hydropower facility at Lake
Texoma during the summer of 1989. Results of this field study were used to develop evaluation
techniques for tailwater aeration devices.

Project Description

Lake Texoma and Denison Dam, operated by the Tulsa District (SWT), is a flood control and
hydropower project located on the Red River (mile 725.9) on the state line between Oklahoma and

'Physical Scientist, Reservoir Water Quality Branch, Hydraulic Structures Division, Hydraulics Laboratory,
U.S. Army Engineer Waterways Experiment Station.
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Texas, approximately 5 miles northwest of Denison, Texas. This 5.27 million acre-feet reservoir has a
surface area of approximately 143,000 acres at maximum storage. At the normal power pool volume,
the storage capacity is approximately 1.67 million acre-feet with a surface area of 89,000 acres and a
maximum depth of approximately 96 feet. The hydropower project is operated as a peaking project with
two units generating up to 70,000 kw at a hydraulic discharge capacity of approximately 10,500 cfs.

The flood control outlet works for this project consists of three 20-foot diameter concrete
conduits through the embankment controlled by six 9 x 19 foot vertical lift gates. The two 35,000 kw
hydropower units are controlled by four 9 x 19 foot vertical lift gates with the sill located at elevation
523.0 in the intake structure. The reservoir bottom is near elevation 521.0 in the vicinity of the intake
structure. During nongeneration periods, the project is operated from power generated by one of two
house units, which discharge approximately 25 cfs per unit.

DENISON DAM TAILWATER DO

The need for reaeration of releases from Lake Texoma during the late summer is the result of
release of hypolimnetic water which is low in DO. Even though the thermal stratification is weak during
the late summer with a surface-to-bottom temperature difference of only 6° to 8° C, the DO stratification
is usually significant, with the surface at or near saturation and the bottom anaerobic.

Reservoir release operations during this period center on hydropower generation. Once the
normal power pool elevation is reached after spring flood releases, peaking hydropower releases, which
are made on a day-by-day basis, are the only scheduled releases. The nongeneration releases from the
hydropower facility are composed of discharge from the house unit and leakage from the wicket gates of
the two main units. When generation is terminated, the turbines are unloaded and water is allowed to
pass through the turbines to cool the system down prior to complete cessation of flow through the
turbines. As the wicket gates are closed, air is drawn in through the vacuum breaker system (normally
closed during generation) to the region downstream of the turbine and entrained into the flow. This
causes considerable reaeration of the tailrace as indicated by the bubbles observed downstream during
this process.

During the remainder of the nongeneration period, the gate leakage continues to pass water into
the tailrace. The leakage flow through the penstocks comes almost exclusively from the hypolimnion
and reflects the low DO present there. Therefore, the DO in the stilling basin will begin to decline as a
result of inflow of low DO water via gate leakage and, to a lesser extent, oxygen depletion as a result of
the hypolimnetic oxygen demanding materials.

During the reaeration tests conducted in August 1989, the DO in the stilling basin was monitored
during generation and nongeneration periods to establish the extent of reaeration needs during the
generation and nongeneration periods. Figure 1 is a plot of DO in the tailrace and house unit discharge
for August 27 and 28. Hydropower generation ceased at 20:00 hours and did not begin again until 12:00
hours the following day. During generation, the release DO was approximately 4.0 mg/l. Upon the
initiation of the shut down sequence, the tailrace approached saturation with respect to DO due to
aspiration of air through the vacuum breaker system. Once all flow was stopped, the DO began to
decline and reached equilibrium at 0.2 mg/l approximately 12 hours later.

The discharge DO from the house unit followed a different sequence. Once the main units
ceased operation and discharge, the tailwater began to drop creating a low pressure region downstream
of the house unit turbine. The vacuum breaker system then opened and allowed air to be entrained into
the flow in the draft tube. This provided some reaeration of flows and maintained the DO concentration
in the release from the house unit (at approximately 3.1 mg/! during the tests in August 1989) even
though this water came from the hypolimnion in the reservoir (Figure 1).

108



8
7+ O—0 Stilling Basin
& — @ House Unit
6+
o]
S 7 o\ 2
o 0J =
£ 4@-0-C~ ,O\O g w \O 8
Z o—o- "% TO /[ é ' N m
A 3t - ’K .\.,O—O~.—.“.\._./'\./. %
o Q =
2+ = \ 2
o4 o i
1h Z o &
L ‘°~o\o o
o , ~0-%~0-5-0-0-0
Aug 27, 13:00 Aug 28, 0:00 Aug 28, 13:00
Days

Figure 1. Hydropower Tailrace Dissolved Oxygen for August 27 and 28, 1989.

ASPIRATING AERATOR TESTS

Aspirating aerators are particularly suited to relatively shallow areas which are not strongly
stratified, such as those found in stilling basins (Price, 1988). The combination of air bubbles in a
hydraulic jet improves the reaeration efficiency of the device. The simplicity of the aerator design in that
there are no compressors, lines or diffusers as with a pneumatic aeration system minimizes operational
and maintenance costs. In addition, the ability to quickly remove the device from the tailrace for
initiation of hydropower generation is a necessity.

The reaeration tests conducted in the tailrace were designed similar to those used to test
aeration devices for oxygen transfer. The tailrace was considered to be a mixing basin with inflow from
the draft tubes and outflow over the end sill downstream. Basin volume was determined from project
drawings as 124,500 cu. ft. (931 mil. gallons). Flow-through rate (leakage rate through the main
turbines) was estimated at 15 cfs based on leakage rates from similar projects. Based on this volume
and flow-through rate, a 15-Hp aerator should provide adequate concentrations of DO leaving the
tailrace. For example, to input 5 mg/I DO into a flow of 15 cfs would require 16.8 Ib/hour of oxygen.
At a rate of 2.5 Ibs O,/Hp/hour?, which is the reported aeration rate for an aspirating aerator, this would
require 6.7 Hp. Therefore, to provide a range of oxygen input rates for evaluation of aeration efficiency,
3-, 5- and 10-Hp aerators were leased for testing in the tailrace.

Field Tests of Aerators

Since the low DO in the tailrace usually begins in the late summer, testing of the mixers began
August 27, 1989 and were completed 1 September. Set-up of monitoring equipment and measurement
of the tailrace began on 27 August. Hydropower generation stopped at 20:00 hours on 26 August so the
only flow in the tailrace was from gate leakage and the house unit. Measurements of the tailrace
revealed that the end sill was 120 feet from the draft tube with a width of 120 feet and the depth at the
draft tube exit was 30 feet, decreasing to the tailrace end sill with a depth of approximately 1 foot. This
increased the volume of water in the tailrace to 216,000 cu. ft. (1.600 mil gallons).

®Provided by Aeration Industries, inc., Chaska, MN 55318, Citation of trade names does not constitute an
official endorsement or approval of the use of such commercial products. The contents of this report are
not to be used for advertising, publication, or promotional purposes.
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The flow rate was measured at 10 foot intervals over the end sill, at the surface, mid-depth and
near the bottom. Beginning at the north end of the sill, measurements indicated a velocity of
approximately 0.2 ft/sec, increasing to 1.1 ft/sec near the center of the sill and declining to 0.4 ft/sec at
the south end. With a depth of approximately 1 foot, a discharge of 76 cfs was computed from these
measurements. Velocity from the house unit was also measured at a consistent 0.95 ft/sec. Since this
conduit was rectangular (5 ft by 8 ft) with approximately 5 feet submerged, the discharge was computed
as 25 cfs. Since the total flow leaving the tailrace was 76 cfs, with 25 cfs from the house unit, the gate
leakage, which was the remaining flow, was approximately 51 cfs.

With the basin dimensions and flow rate established, the monitoring of DO in the tailrace during
generation and nongeneration began. Operation of the hydropower facility during these tests consisted
of daily generation from 12:00 to 20:00 hours. Monitoring of the DO in the tailrace during the generation
period indicated that the release DO was relatively constant at 4.0 mg/| during these tests. Once the
generation shut-down procedure was initiated, the release became saturated with DO. The DO then
declined until a steady state condition of 0.25 mg/l DO was reached (Figure 1). The mixing of the house
unit discharge with the gate leakage resulted in the DO leaving the tailrace of approximately 1.6 mg/I.
The evaluation of aerator efficiency, which will be discussed later, requires the determination of the
oxygen depletion rate in the tailrace. This can be determined by monitoring the DO in the tailrace with
time. The largest rate of decline in DO was approximately 1.8 mg/l/hr. However, this is a reflection of
the low DO water diluting and eventually filling the tailrace rather than a rate of oxygen depletion. If this
were a true oxygen depletion rate, it would equate to a BOD of approximately 216 mg/l, a value close to
that of domestic sewage. Punnett and Culbertson reported the BOD ranging from 1 to 4 mg/l in the
release at Lake Texoma. This would equate to a DO depletion rate of 0.01 to 0.03 mg/l/hr, which is
more representative of hypolimnetic oxygen depletion rates.

The tests of the aerators began, with the 5-Hp unit being lowered into the tailrace. This unit was
positioned in the center of the tailrace, approximately 10 feet from the draft tube wall. It was positioned
such that the hydraulic jet issued toward the south wall, perpendicular to the flow from the hydropower
draft tube. The vacuum breaker on the house unit was closed when hydropower generation ceased at
20:00. The aerator was turned on at 24:00. By 02:00, the DO was 0.6 mg/I, which is 0.35 mg/l higher
than the 0.25 mg/! reached after six hours of nongeneration on the previous day. At this point, the
vacuum breaker on the house unit was opened and the turbine allowed to aspirate. This increased the
DO leaving the tailrace to 2.18 mg/l. The aerator was rotated 180 degrees to face the jet toward the
north end of the tailrace. This resulted in a decrease in the DO to 1.84 mg/l. To verify that the mixer
was increasing the DO, the aerator was turned off to determine if the DO would decline. When it was
turned off, the DO dropped to 1.65 mg/l. Therefore the 5-Hp unit increased the DO concentration
leaving the tailrace by approximately 0.2 mg/! while the contribution from venting of the house unit was
approximately 1.6 mg/I.

The next tests were conducted using a 10-Hp and a 5-Hp unit. Since the 0.2 mg/| increase
observed in the previous test was relatively small, the 10- and 5-Hp units were operated together to
simulate a 15-Hp unit. With the house unit vacuum breaker closed and the two aerators operating, the
DO leaving the tailrace declined to 1.4 mg/l. This was an increase of 0.5 mg/! from the test using only
the 5-Hp aerator and a 1.15 mg/! increase with no aerator and the vacuum breaker closed. Once the
vacuum breaker was opened, the DO increased to 2.4 mg/I. If the house unit vacuum breaker system
was contributing 1.6 mg/I as with the 5-Hp tests, the 15-Hp aeration capacity contributed 0.8 mg/l. To
determine if the aspiration ability contributed to the reaeration, the air intakes for the aerators were taped
shut to prevent aspiration. The DO began to decline and after 2 hours, the release DO had declined to
1.79 mg/l. Therefore, the decline of approximately 0.6 mg/I indicates the aspiration ability is important in
the reaeration process. When the aerators were turned off, the DO dropped to 1.8 mg/l, indicating the
aerators were contributing 0.6 mg/l DO. Thus the 15-Hp aeration capacity contributed from 0.6 1o 0.8
mg/1 DO to the tailrace.
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To summarize the results of these tests, the contribution to the DO in the flow leaving the tailrace
from each source was identified. The gate leakage flow of approximately 51 cfs maintained a DO of
approximately 0.25 mg/l. The house unit with its 25 cfs discharge also had the same DO when the
vacuum breaker was closed. When it was opened, DO increased to 3.1 mg/l. The DO leaving the
tailrace with the house unit vacuum breaker open with 25 cfs containing 3.1 mg/l and 51 cfs containing
0.25 mg/i was 1.6 mg/l. The 5-Hp aerator increased the DO approximately 0.2 mg/l and the 5- and 10-
Hp combination increased the DO approximately 0.6 mg/| (Figure 2).

2.5

DO (mg/l)

0 S 15
HORSEPOWER

[__JVACUUM BREAKER CLOSED K34 VACUUM BREAKER OPEN

Figure 2. Tailwater Dissolved Oxygen improvement with aspirating aerators.

Evaluation of Aspirating Aerator

The objectives of these tests were to evaluate the DO dynamics in the hydropower tailrace
during nongeneration periods, and to evaluate the feasibility of reaerating the gate leakage flows with an
aspirating type aerator. The monitoring of DO in the tailrace indicated that the amount of reaeration that
occurred through the house unit resulted in a DO of approximately 1.6 mg/! leaving the tailrace. The
tests of the aerators indicated increased DO leaving the tailrace of 0.2 to 0.6 mg/| with the 5- and 15-Hp
tests, respectively. Since the volume of the tailrace and nongeneration flow rate for the tailrace were
underestimated, the improvements to the release DO were minimal. With a tailrace flow rate of 76 cfs,
DO input to achieve 5 mg/I at this flow rate would be 83.8 Ibs of O,/hr. This would require a 35-Hp unit
at 2.5 Ibs of O,/Hp/hr. Since the tailrace is much larger than the drawings indicate, the required Hp to
achieve a given release DO would be larger.
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The dynamics of the DO in the tailrace were described above, with the DO increasing from
approximately 4.0 mg/! to saturation with the unloading of the turbines during the shut-down sequence
of the main turbines. The tailrace was then gradually filled with low DO water from the gate leakage, a
process that occurred in about 6 hours from the cessation of generation. As indicated previously, the
aerators were leased on the basis of a gate leakage of approximately 15 cfs and a smaller tailrace
volume. With a leakage of 51 cfs and the larger size of the tailrace, the aerators were only capable of
aerating a portion of the release flow. One objective of these tests was to identify the key factors
affecting the DO in the tailrace so that a numerical model could be developed/adapted to evaluate
aerators in tailrace environments. From this, criteria for design of tailrace aeration systems could be
given.

Considerable research has been conducted on oxygen transfer based on the two-film model
(ASCE, 1983). This model is the recommended model for analysis of unsteady state oxygen transfer test
data and is based on a transfer coefficient multiplied by the driving gradient for a given aeration system
and test basin.

dC = Ka(Cs - C) (1)
dt
where:
C. = average dissolved oxygen saturation concentration (mg/l)
C = dissolved oxygen concentration at time, t
K.a = apparent volumetric mass transfer coefficient, t

time

This model can be modified to estimate the oxygen transfer coefficient for the tailrace tests assuming the
tests were steady state continuous tests. The driving force for reaeration is affected by the flow-through
rate as well as the volume of water contained in the basin. These factors influence the ability of the
aeration device to fully mix the basin. To account for the flow-through and the volume of the tailrace,
the model is modified to the following form:

Ka =(R-(Q/V)(C,- Ci))/(Cw - Cp) @)
where:

oxygen uptake rate (mg/i/hr)

hydraulic flow through rate (mil gal/hr)
tailrace volume (mil gal)

o inflow DO concentration (mg/1)

R tailrace DO concentration (mg/l)

© tailrace DO saturation concentration (mg/1)

O3

O00O<

Once the oxygen transfer coefficient has been determined, the aerator efficiency can be determined
using the following equation:

OTR = (Ka *8.34*V *C,)/H ()
where:
OTR = oxygen transfer rate (lbs O,/Hp/hr)
H = horsepower of aerator
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For the tailrace conditions during these tests, the DO saturation concentration (C,) was 8.74 mg/l, flow
rate (Q) was 76 cfs (2.04 mil gal/hr) and the tailrace volume (V) was 1.61 mil. gal. Based on the
discussion above, oxygen uptake rates (R) of .001 to .01 mg/I/hr were used. From equation (2), the
oxygen transfer coefficient (K a) for the 5-Hp test was approximately 0.035. When converted to aeration
efficiency using equation (3), this equates to 1.8 to 1.9 Ibs O,/Hp/hr. With the 15-Hp test, the oxygen
transfer coefficient was 0.121 with an aeration efficiency of 2.1 to 2.2 Ibs O,/Hp/hr.

Although this provides a means of evaluating the efficiency of the aerators, it does not provide a
means to determine the required Hp to achieve a given release DO at Lake Texoma. To do this, the
increase in tailrace DO with the 5- and 15-Hp tests must be viewed in light of the DO deficit satisfied by
each aerator. With the DO deficit at 7.14 mg/l, the 5-Hp unit satisfied 0.2 mg/! (2.8 % of the deficit) and
the 15-Hp satisfied 0.6 mg/I (8.4 % of the deficit). When divided by the number of Hp, the units satisfy
0.56 %/Hp. Therefore, if a release DO of 3.5 mg/! is desired (a DO increase of 1.9 mg/I or a reduction
of 27 % of the deficit), then 50-Hp of aeration capacity is required.

The relationship between aerator Hp and desired release DO is shown in Figure 3, along with the
observed release DO concentrations for the 5-Hp and 15-Hp aerator tests. As the DO in the tailrace
approaches saturation, the amount of energy required to achieve an increase in DO increases
exponentially. If the leakage rate increases or the oxygen depletion rate increases significantly, then the
required Hp to achieve a given release DO would also increase. Since this relationship was developed
from the tests conducted in the tailrace at Lake Texoma, it is only suitable at this project. Other projects
exhibiting similar problems would most likely have different tailrace dimensions, leakage rates, and
oxygen depletion rates and would require testing prior to implementation of a tailrace aeration system.

6.0

5.0 +

4.0

3.0 r

DO (mg/1)
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Figure 3. Aerator Horsepower for desired release dissolved oxygen concentration from Denison Dam.
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CONCLUSIONS

The tests of the aspirating aerators in the stilling basin indicated that these types of aerators can
be used to increase nongeneration release DO. Evaluation of the aerators indicated lower efficiencies
than those reported by the manufacturer. Since the amount of reaeration is based on the Hp of the
aerator, a curve was developed to define the Hp required to achieve a given release DO in the Denison
Dam tailrace. At a minimum, a 50-Hp unit would provide a release DO of 3.5 mg/l. A singie unit could
be mounted on a track system to allow for automated operation and retrieval from the tailrace during
generation periods.
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TEMPERATURE CONTROL IMPACTS WITH WHITEWATER RELEASES
AT SAVAGE RIVER DAM PROJECT

by

Kenneth S. Lee'

INTRODUCTION

The Savage River below Savage River Dam is a well known place for whitewater sports.
Whitewater releases from the project have been made since the early 1970’s. The releases were
generally made in late August or early September. The magnitude of the releases was about 800-1000
CFS and the length of the release was for three days (about 2,000 acre-feet of storage). Whitewater
sports are growing rapidly in this area, and the demands for whitewater releases from the Corps’
reservoirs increase every year. A local group organized Whitewater Championships, Inc. (WCI) to
promote whitewater sports. WCI hosted the 1989 World Whitewater Canoe/Kayak Championship on the
Savage River.

The Savage River below the dam also is an outstanding trout stream. The project is regulated
for the cold water fishery. As a result, about 5 miles of the river below the dam have become a trophy
trout stream. Temperature control at Savage Dam is unique because the project has only a bottom
release outlet works. The Baltimore District has successfully been able to managed the release
temperature in an acceptable range for the fishery.

This paper discusses the mode of operation for downstream temperature control, the change of
operation due to whitewater releases from 1987 to 1989, and its downstream temperature impacts.

SAVAGE RIVER DAM

Savage River Dam is located in Garrett County, Maryland (Figure 1). The construction was
completed by the Corps in 1952. The Upper Potomac River Commission operates and maintains the
project, and the Corps regulates flow. The drainage area of the Savage River above the damsite is 104
square miles. The project provides 20,000 acre-feet of storage for poliution abatement, downstream
hydropower, and water supply. There is no flood control storage. In 1988, whitewater sports was added
as one of the project purposes (The Water Resources Development Act of 1988).

Savage Lake is regulated as a seasonal pool. It is filled to the spillway elevation (1468.5 NGVD)
in spring, and gradually lowered in the summer and reaches elevation 1410-1420 NGVD in late fall due to
augmentation flow for the North Branch Potomac River. Savage River Dam is regulated with Jennings
Randolph Lake, which is a nearby Corps reservoir, in a system concept to improve water quality
conditions on the North Branch Potomac River.

The lake is thermally stratified in summer (the maximum depth of the lake is 150 feet deep).
Physical elements for controlling flows are a spillway and a bottom withdrawal outlet works. The bottom
withdrawal outlet works consist of two service gates and a bypass gate. When stream flow drops in
summer, the storage is used for supplying augmentation flow.

'Environmental Engineer, Water Control Management Section, U.S. Army Corps of Engineers, Baltimore
District.
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TEMPERATURE CONTROL AT SAVAGE RIVER DAM

The normal mode of operation at Savage Dam was to discharge through the service gates when
the pool was below the spillway elevation. When the pool elevation was above spillway elevation, the
service gates were fully closed, and all the discharges were made through the spillway. This mode of
operation frequently created a thermal shock when the flow was switched from the bottom to the surface
or from the surface to the bottom. The magnitude of the thermal shock was up to about 10-15 degrees
C. The impact on the fishery habitats was disastrous. This operation had been applied until 1981, and
at that time the fishery was very limited.

In 1982, the Corps initiated a new mode of operation to avoid spillway overflow. All the
discharges were made through the service gates. This mode of operation evacuates most of the very
cold waters on the bottom in the early spring and replaces them with warmer spring inflow. The pool is
maintained about 2 feet below the spillway. This operation maintains a steady downstream temperature
and prevents thermal shock.

Figure 2 exhibits the results of downstream temperature control in 1983. The outflow
temperature gradually increased with time. The outflow temperature suddenly rose 4-5 degrees C on
Day 140 because the all cold water was replaced with spring warm water due to high inflow. The
outflow temperature was steady from Day 150 to Day 240 because inflow was low and steady. With the
exhaustion of the cold water storages after Day 240, the outflow temperature gradually increased and
reached a peak of 18 degree C on Day 290. This operation has succeeded in preventing thermal shock
and provides adequate water temperatures for the trout fishery habitat. One disadvantage is that spring
outflow temperature is colder than natural stream temperature.

Proper management of cold water storage is the key for success of downstream temperature

ontrol. The Maryland Department of Natural Resources established a maximum stream temperature at
the mouth to protect the trout.
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Figure 2, Water Temperature below Savage River Dam

The maximum temperature is 21 degreess C. The outflow volume and its temperature affect water
temperature. Low outflow quickly warms up downstream temperature. Figure 3 exhibits the relationship
with outflow volume and its temperature. For instance, when the outflow is 30 cfs and its release
temperature is 18 degreess, the water temperature at the mouth reaches 21 degreess C. The release
temperature often reaches 18 degrees C in September. When release temperature is above 18 degrees
C, the outflow must be greater than 30 cfs. Generally, outflows are released in the range of 40-60 cfs
during the low flow periods. Effective use of the cold water storage by optimizing outflow with time can
achieve reasonable temperature control.

TEMPERATURE CONTROL WITH WHITEWATER RELEASES

In 1984, WCI requested the Upper Potomac River Commission to release for about 15 days for the
1989 World Whitewater Canoe/Kayak Championships. The Upper Potomac River Commission, with the
technical assistance from the Corps and Interstate Commission of Potomac River Basin, suggested that
the 15 days of releases (estimated about 6,500 acre-feet of storage) under reasonable meteorological
conditions was possible. The decision made in 1984 considered only water supply as no fishery had yet
developed.

In 1987, WCI conducted canoe/kayak races as a part of training for the 1989 races. The releases
were made twice, in June and in August. Each time about 2,200 acre-feet of storage were used. The
releases were in the range of 850-1200 cfs. The flow went from 40-50 cfs to 850-1200 cfs within 2 hours,
twice a day, during the races.

WCI requested about 4,500 acre-feet of storage to host the Maryland International Canoe/Kayak
Classic on June 20-26, 1988. A study was conducted to determine whether the project could provide
that storage without any adverse impact on trout. The problem was if the project could provide enough
cold water after the releases to sustain the fishery for the rest of the summer. Savage Dam generally
has 11,500 acre-feet of cold water storage in mid-June. Table 1 shows the availability of cold water
storage with various outflows and different scenarios of whitewater releases. Based on these data, the
maximum available storage for whitewater sports while releasing the minimum outflow of 40 cfs is 4,000
acre-feet.
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Figure 3. Expected Water Tempurature at the Second Bridge below the Dam

A total of 4,200 acre-feet of storage were used for the whitewater releases over seven days in 1988.
As a result, the pool was lowered 15 feet (Figure 4). The cold water storage (below 18 degreess C) was
14,000 acre-feet before the whitewater releases and 8,500 acre-feet after the releases. About 800
acre-feet of cold water were warmed up during the event because of the large and unsteady rate of

releases.
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TABLE 1

Available Coldwater Storage With Whitewater Releases

Whitewater
Releases Outflow June July August September
(ac-ft) (cfs) (ac-ft) (act) (ac-ft) (ac-ft)

20 9,500 8,260 7,020 5,820
30 9,500 7,640 5,780 3,980

2,000 40 9,500 7,020 4,540 2,140
50 9,500 6,400 3,300 300
60 9,500 5,780 2,060 0
20 9,000 7,760 6,520 5,320
30 9,000 7,140 5,280 3,480

2,500 40 9,000 6,520 4,040 1,640
50 9,000 5,900 2,800 0
60 9,000 5,280 1,560 0
20 8,500 7,260 6,020 4,820
30 8,500 6,640 4,780 2,980

3,000 40 8,500 6,020 3,540 1,140
50 8,500 5,400 2,300 0
60 8,500 4,780 1,060 0
20 8,000 6,760 5,520 4,320
30 8,000 6,140 4,280 2,480

3,500 40 8,000 5,520 3,040 640
50 8,000 4,900 1,800 0
60 8,000 4,280 5,600
20 7,500 6,260 5,020 3,820
30 7,500 5,640 3,780 1,980

4,000 40 7,500 5,020 2,540 140
50 7,500 4,400 1,300 0
60 7,500 3,780 60 0
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Figure 4. Savage Pool Elevation, 1988

Table 2 shows the cold water storage with time. It was a hot and dry summer until late August and
cool in September. About 4,500 acre-feet of cold water were left on August 29 and 3,000 acre-feet on
September 13. A minimum outflow of 34 cfs was maintained after the races until Day 240 (August 29).
The outflow was 70 cfs after Day 240 because a period of cold inflow in late August recharged the cold
water pool. About 1,000 acre-feet of the cold water storage were lost between June and September due

to lake heating.

Figure 5 exhibits pool elevations without whitewater releases in 1985, and Figure 4 exhibits the pool
elevations with whitewater releases in 1988. The whitewater releases caused the severe storage loss at
the beginning of the drought. Therefore, the rest of storage is used only for maintaining the minimum
outflow. Without whitewater releases, the storage might be used for maintaining augmentation flow
during the drought periods. Figures 6 and 7 exhibit inflow and downstream temperatures. Inflow
temperature was 21 to 23 in the summer and below 18 degreess C after Day 240. The downstream
temperature was 11 degreess C at the beginning of the races and reached the peak (18 degreess C)
around Day 260. If September’s weather was hot and dry, which is not unusual, the cold water would
have been exhausted in September (Day 260) and the project would have encountered downstream
temperature control problems in late September and October.
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TABLE 2
Cold Water Storage With Time

STORAGE (ac-ft)
POOL THERMOCLINE {ft) WARM COLD DISCHARGE INFLOW
DATA ELEVATION (ABOVE 18° C) JOTAL WATER WATER (STORAGE) (STORAGE)
6/20 1466.3 15 19,300 5,100 14,200
4,600 140
6/27 1451.1 22 14,200 5,300 8,900
970 204
7/11 1448.2 24 13,300 5,600 7,700
960 220
7/25 1445.3 27 12,300 5,600 6,700
910 140
8/8 1442.2 30 11,800 6,100 5,700
1,370 2,230
8/29 1444.67 40 12,900 8,400 4,500
1,250 811
9/13 1442.5 50 11,800 8,800 3,000
Total 10,060 3,740

Use of cold water storage from 20 June - 13 September

Balance in the lake: 14,200 - 3,000 = 11,200 ac-ft
Total discharge: 10,060 ac-ft

Accumulation warm water from 20 June - 13 September

Balance in the lake: 8,800 - 5,100 = 3,700 ac-ft
Total inflow: 3,740 ac-ft
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Figure 5. Savage Pool Elevation, 1985

About 8,200 acre-feet of storage, equivalent to 40% to the total storage, was requested for the 1989
event. Releasing 8,200 acre-feet of storage in June causes significant adverse impacts on the trout and
the authorized purposes of the project. The Corps offered a maximum of 6,500 acre-feet for the races.
The use of this storage in June would still result in unfavorable water temperature (above 21 degrees C)
at the mouth in September and October if the present mode of operation was applied. Several
alternative modes of operation were discussed with the Maryland Department of Natural Resources to
resolve the potential for fish kills due to high water temperature. The selected mode of operation was to
allow spillway overflow (old operation plan) to provide maximum cold water storage before the races.

In 1989, the pool reached the spillway in early May. All discharges were made over the spillway until
race day. About 15,000 acre-feet of cold water storage were available before the race. A total of 7,000
acre-feet of storage were released during the fourteen days of the races.

Figures 8 and 9 exhibit the 1989 inflow and downstream temperatures. Outflow temperature had
rapidly warmed up once the outflows were released only over the spillway after Day 135. The outflow
temperature reached 21 degreess C before the races. To alleviate thermal shock on the first day of the
races, the service gate was pattially opened for the five days to blend top and bottom releases to
radually lower the release temperature as spillway flow subsided. The outflow temperature before the
races gradually dropped for the five days, and reached 6 degreess on the first day of the races when the
outflow was discharged only through the service gate. The outflow temperature was 8 degreess C at the
end of the races. After the races, Day 177, the outflow temperature was almost constant 8-10 degreess
C until Day 195. This temperature was 3-4 degreess cooler than that with the normal operation because
the modified spring time operation had maintained cold water storage before the races.
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Figure 9. Water Temperature at the Second Bridge below the Dam
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The summer of 1989 was wet and cool. Inflow temperature in the summer ranged from 17 to 21
degreess C, which is well below the average inflow temperature. The pool refilled with cool inflow due to
high runoff in July and began spilling on Day 195. The releases were made by both the spiliway and
service gate for 22 days (Day 195 to Day 217). The reason both the service gate and the spiliway were
used, was to evacuate the now excess of very cold ater and to replace it with the cool inflow. The
spillway flow was maintained to conserve the hypolimnetic water of 15-17 degreess C to substain the
fishery for the remainder of the summer. After Day 218 all the discharges were made through the
service gates with the outflow temperature at 15-17 degreess C.

The outflow temperature in 1989 showed two thermal shocks (Day 155 and Day 195). Figure 10
exhibits the 1989 storage availability of cold water. The lake had an adequate cold water storage
because it was the wet and cool summer of 1989. The downstream temperature was maintained below
21 degreess C at the mouth throughout the year.
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Figure 10. Total Storage vs. Cold Water Storage With Time
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SUMMARY

A unique new method for controlling downstream temperature without a selective withdrawal system
is employed at Savage River dam. The present mode of operation has regulated downstream
temperature to provide adequately controlled downstream temperature for the cold water fishery. The
Savage River below the Dam is considered the best trout fishery in Maryland, and one of the best on the
East Coast. Also, the Savage River is one of the best places for whitewater sports.

The temperature control encountered difficulty when large volume whitewater releases were made in
June or July. If the large volume whitewater releases were made, the mode of operation was changed
Uto manage cold water. This operation resulted in downstream temperatures which were too cold in
July and created thermal shocks. The best time for whitewater releases from the Savage River Dam is in
late August or September when temperature control is no longer critical.

If the use of the storage for whitewater sports is limited, the Savage River Dam project can
successfully support both the trout and whitewater sports.

REFERENCE

U.S. Army Corps of Engineers. 1985. "Master Manual for Reservoir Regulation North Branch Potomac
River Basin," U.S. Army Engineer District, Baltimore, Maryland.
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IMPROVING DISSOLVED OXYGEN IN THE RELEASES
FROM TABLE ROCK DAM, MISSOURI

by
Stacy E. Howington'

Table Rock Dam is located in southwestern Missouri at mile 528.8 on the White River. The average
annual flow at the dam site for a 28-year record is 4,400 cfs. The dam contains 4 main hydropower units
whose cumulative capacity is about 200 MW (U.S. Army Engineer District (USAED), Little Rock 1985).
The receiving water for Table Rock Dam releases is Lake Taneycomo, which provides a cold-water
habitat for trout. Table Rock release dissolved oxygen (DO) concentrations have been observed during
the summer and fall to be less than the Missouri state standard of 6.0 mg/l. Low release DO is also a
problem during non-generation due to gate leakage estimated to be as much as 95 cfs (USAED, Little
Rock 1985).

The Little Rock District published a summary report of the DO studies in Table Rock Lake and Lake
Taneycomo (USAED, Little Rock 1985) in which the most attractive alternative of those examined was the
construction of selective withdrawal towers to front two of the four existing hydropower units. These
modified units were to withdraw epilimnetic water to mix with the hypolimnetic water from the other two
units to achieve a higher composite release DO. A study conducted by Wilhelms and Hamlin (1988)
indicated that, although the proposed selective withdrawal structures would produce withdrawal from the
epilimnion only, the desired 6.0 mg/l composite release DO could not be attained every day of the year
while maintaining release temperatures below a maximum criterion of 17° C using historical operations.
Since selective withdrawal proved to be an inadequate solution to the DO problem at Table Rock Dam, a
subsequent study was undertaken to reexamine other release DO improvement techniques.

POTENTIAL IMPROVEMENT TECHNIQUES

Many alternatives for increasing dissolved oxygen in dam releases are available and the Little Rock
District (USAED, Little Rock 1985) has evaluated several. The following is a list of commonly considered
alternatives that are described in more detail by Wilhelms et al. (1987):

lake destratification,
hypolimnetic aeration,
hypolimnetic oxygenation,
localized mixing,

turbine venting,

self-aerating turbines,
supplemental spillway releases,
penstock oxygenation, and
tailwater systems.

-TQ A0 QPOTP

The large hydropower flows and desire for cool releases permit the dismissal of several alternatives
at Table Rock. Lake destratification would unacceptably warm the releases. Localized mixing would
warm the releases somewhat and, with the large flow rates through the structure, might result in
accidental lake destratification. Although a properly working hypolimnetic aeration system would not
warm the releases, the large flows would require substantial amounts of air and could cause lake
destratification. Nitrogen supersaturation of the releases when injecting air at these depths would

'Research Hydraulic Engineer, U.S. Army Engineer Waterways Experiment Station.
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also be a concern. The large flows would also limit the effectiveness of most tailwater systems.
Additionally with these systems, any unsatisfied oxygen demand in the release waters would produce an
unacceptable DO sag within Lake Taneycomo.

Other alternatives can be excluded by the low DO gate leakage. Turbine venting would not help with
this problem. Nor could turbine venting alone achieve the occasionally large DO uptake required for
Table Rock (Wilhelms et al 1987). However, this alternative may be considered as a supplemental
measure to another alternative. Self-aerating turbines are at the early stages of research and are not yet
available. Even after they become available, they may encounter a similar DO uptake limitation as
today’s turbines.

Supplemental spillway releases are presently being used at Table Rock Dam. These flows bypass
the hydropower units, warm the releases, and are insufficient to achieve the desired DO for all
conditions.

Hypolimnetic oxygenation could provide the desired DO in the releases for both operation and gate
leakage without warming the release water. Penstock oxygenation might provide the required DO as
well. However, this system’s contact time, and therefore its gas transfer efficiency, is less than for
hypolimnetic oxygenation. An undesirable downstream DO sag is also possible with penstock injection.
Still, penstock injection may be effective in conjunction with another method by acting as an emergency
or supplemental technique.

HYPOLIMNETIC OXYGENATION

Hypolimnetic oxygenation has been used successfully at Richard B. Russell (RBR) Dam on the
Savannah River, a project similar in several means to Table Rock. The depths are comparable, the flows
are large, the state standards for DO are the same, and the release DO concentrations, without remedial
measures, are significantly deficient.

One item needed to properly size a hypolimnetic oxygenation system is the maximum hypolimnetic
oxygen demand. The demand can be simply estimated by determining the total hypolimnetic oxygen
content for two times and dividing by the elapsed time to produce the average DO decay rate over that
period. The hypolimnetic DO concentrations from observations in a normal year, a dry year, and a wet
year, as well as observations and predictions from the work of Wilhelms and Hamlin (1988), were
examined. From these data, the steepest decline in DO occurred as the hypolimnetic oxygen content
decreased from 8.9 million kg to 3.5 million kg in 26 days. The resulting decay rate, 0.111 mg/l/day,
may be an underestimation of the demand during aeration since demand has been observed to increase
during aeration (Holland and Tate 1984). The demand computed for Table Rock corresponds well with
the 0.1039 mg/l/day demand computed independently and with another technique for Beaver Lake®
immediately upstream of Table Rock Lake.

HYPOLIMNETIC OXYGENATION SYSTEM LOCATION

As was done at RBR, the proposed oxygenation system at Table Rock would be divided into two
pieces. One would be designed to provide oxygen in the far-field and the other, the near-field.
Operation of both parts at RBR was found to provide the best efficiency. The near-field structure at RBR
is located immediately in front of the hydropower intakes. A similar location would be tentatively
adopted at Table Rock. The far-field system at RBR is about 1 mile upstream of the dam. Two potential
sites were identified for the location of the far-field system at Table Rock. The far-field system should be
located adequately far upstream such that some storage of oxygen in the reservoir is affected. This

2Unpublished data, CPT Ed Meyer, U.S. Army Engineer, Waterways Experiment Station.
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provides a time lag between a system failure and the release of poor DO water which might be
advantageous in the repair of malfunctioning equipment. It also provides ample contact time for
maximum oxygen uptake and the exhaustion of latent biological oxygen demand prior to release so that
a downstream DO sag can be minimized. This method also allays concerns about low DO gate leakage
since DO in the hypolimnion will be continuously acceptable.

The first far-field system location identified for Table Rock (site A) was approximately one mile
upstream of the project. This is near a peninsula which might provide access. The Little Rock District
proposed another site (site B) for the far-field system that was about 3.1 miles upstream of the dam.
This site would be advantageous since the Corps of Engineers already holds access to the reservoir at
this point (Figure 1), and since it coincides with a natural constriction in the reservoir.

SCALE
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Figure 1. Potential locations of far-field diffuser systems.

In determining the travel times associated with these two locations, reservoir volumes between each
of the proposed sites and the dam were calculated from contour maps. According to the Little Rock
District, Long Creek, which enters Table Rock Lake near the dam (downstream of both sites A and B)
provides virtually no flow compared to the White River®. Moreover, only a small amount of oxygenated
water is expected to migrate into the Long Creek embayment. Therefore, the hypolimnetic volumes

®Personal communication on 5 January 1989 with Mr. Gordon Bartelt, U.S. Army Engr., Dist., Little Rock,
Little Rock, AR.
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determined in computing travel times did not include the full extent of Long Creek, but were limited to
the White River only.

DISSOLVED OXYGEN DEFICIENCY CURVE

Since the release DO from the dam will vary from year to year, a general description of the dissolved
oxygen deficiency for a worst-case DO year was needed to approximate maximum yearly oxygen
requirements. The Little Rock District provided a DO deficiency design curve based on analysis of
observed DO profiles (USAED, Little Rock 1985). This worst-case deficiency curve was adopted with
minor adjustments to include additional data. The curve lies beneath the state standard from day 152
(June 1) to about day 349 (December 15) (Figure 2).

State Standard 6.0 mg/!I

Release Dissolved Oxygen, mg/|

1 | i i

0 . ; } }
0 20 100 150 200 250 300 350

Julian Day

Figure 2. Adopted DO deficiency design curve.

HYPOLIMNETIC OXYGENATION SYSTEM SIZING

Sizing of a hypolimnetic oxygen injection system is dependent on a maximum single-day oxygen
requirement. Using the maximum DO deficiency and the maximum flowrate to determine the maximum
delivery rate would result in a drastically over-designed system. Therefore, as was done for RBR, the
design of the far-field system was based on a 10 percent exceedance of the daily average hydropower
releases. Based on the seven years of average daily hydropower flows provided by the Little Rock
District, the 10 percent exceedance is about 7,000 cfs. These flows, however, reflect the use of a
restricted generation schedule.
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The lowest prolonged penstock DO concentration from Figure 2 was about 0.2 mg/I during late
November. Therefore, the largest oxygen deficit in the release water was 5.8 mg/l. Assuming initially
that all the oxygen is added at the far-field system, the DO decay incurred as the water travels from the
upstream diffusers to the dam must be added as a deficit. The decay-induced deficit was computed
daily based on travel times computed from a 7-year (1982-1987) average flow for each day and the
hypolimnetic volumes from sites A and B. The 0.111 mg/l/day decay was applied to these times to
produce the additional deficit. The design deficits for sites A and B, which combine the maximum
oxygen deficit and the travel-time-related decay deficit, were 6.24 mg/l and 6.88 mg/l, respectively. The
system sizing, expressed as a maximum single-day delivery rate, is computed as (USAED, Savannah
1981):

Q * v, * DD * 86,400 sec/day

O, (design) =
E * 2000 Ibs/ton * 10°

where
0, = maximum single day delivery rate, tons/day,
Q = design discharge (7,000), cfs,
Yoe = Specific weight of water (62.38), Ib/ft*
DD = design DO deficiency, ppm

E = design gas transfer efficiency (0.75).

The 75 percent transfer efficiency also came from the RBR system design. The RBR system has
achieved efficiencies both higher and lower than 75 percent, but this was established as a reasonable
number for design®. The efficiency is highly dependent on the cleanness of the diffuser heads.

Using the computation procedure in the previous paragraph, the maximum single-day oxygen
requirement is approximately 157 tons for site A and 173 tons for site B. The RBR far-field system was
designed for 150 tons/day maximum. If the Table Rock system were, indeed, this similar in size to the
RBR system, and the same diffuser types were employed, the distribution system at Table Rock would
require very nearly the same number of diffusers as at RBR.

Sizing of the near-field system would be done very similarly. The maximum daily delivery rate would
be the same or a little less than for site A (the hypolimnetic oxygen demand is no longer considered).
However, it would need to deliver, in event of the far-field system failure, the worst case DO deficit (5.8
mg/l) at 18,000 cfs over a short generation period. This calculation results in a system that can deliver
15.6 tons/hour.

CRYOGENIC PLANT CONSTRUCTION VERSUS OXYGEN PURCHASE

Oxygen can either be bought and delivered to the site or it can be produced on-site with a
cryogenic facility. Since RBR is a new reservoir, the oxygen demand is expected to change as the lake
evolves and the decision regarding the cryogenic facility has not yet been made. The cost of purchasing
and trucking-in liquid oxygen has been far less than was anticipated. Estimates during design of the
facility had put the cost at $75-$100 per ton. However, costs since installation have been nearer $45-$55
per ton.

*Personal communication on 23 January 1989 with Mr. Gary Mauldin, U.S. Army Engineer, Division, South
Atlantic, Atlanta, GA.
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The break-even point for constructing a cryogenic facility versus trucking-in the oxygen was
approximated for RBR, based on 1981 dollars, to be about 5,300 tons/year (USAED, Savannah 1982b).
This analysis pitted the annualized capital cost differential between the two alternatives against the yearly
cost of oxygen at an estimated price of $100 per ton. Assuming the same capital costs and interest
rates used in the RBR evaluation, and a more realistic cost of oxygen ($55/ton), the break-even point for
plant construction would significantly increase to 9,600 tons per year. The choice of alternative for Table
Rock will depend largely on the anticipated cost of oxygen in the area and the site location of the
far-field system.

ANNUAL OXYGEN REQUIREMENTS

The amount of oxygen on a yearly basis can be estimated by multiplying the daily averaged
hydropower flows by the oxygen deficiency curve from Figure 2 and adding the travel-time-related
decay. The oxygen requirements estimated by this procedure would be an overestimation of the
average year’s requirements. Although the hydropower flows represent seven-year averages for each
day, the oxygen deficiency curve is virtually a worst-case scenario, and the travel-time-decay applies the
largest observed DO demand at all times. Using these procedures, the approximate annual oxygen
requirement would be 7,983 tons for site A and 11,182 tons for site B. These translate into an average of
40.5 tons per day for site A and 56.7 tons per day for site B during the 197 days of operation each year
from June 1 to December 15. This represents a 40 percent larger annual oxygen requirement with the
use of site B as compared to site A. These calculations assume that only the far-field system is
operating. Experience with the RBR system has shown the most efficient mode of operation to be a
combination of both systems simultaneously.

TURBINE VENTING AS A SUPPLEMENT

For this study, turbine venting was only to be considered without restrictions on hydropower
operation. Since 1971, the turbines’ air vents have been blocked open and hydropower operation
restrictions have been in place at Table Rock Dam to enhance the turbine’s venting abilities. From field
studies (USAED, Little Rock 1972), a small percentage of the incoming DO deficit will be satisfied with
the turbine vents blocked open. Although turbine venting alone will likely not produce the desired 6.0
mg/! release DO, if used as a supplement to another method, some oxygen uptake and an associated
cost savings could be had. A major concern, however, with turbine venting is a slight decrease in
turbine efficiency. For the 1971 venting tests at Table Rock, this loss was determined to be one percent
by one measurement technique and revised to a negligible amount by another technique (USAED, Little
Rock 1972).

If a 10 percent DO deficit satisfaction might be gained through venting, the system sizing
requirement for sites A and B could be reduced to 141 tons/day and 158 tons/day, compared to 157
tons/day and 173 tons/day, respectively, from the original system requirements. Annual oxygen
consumption estimates would correspondingly decreased to 6,357 tons from 7,983 tons for site A and to
8,910 tons from 11,182 tons for site B. These types of improvements must be weighed against any
decrease in power generation due to efficiency loss.

RECENT FIELD STUDY

Recently the Environmental Laboratory of the USAE Waterways Experiment Station conducted a field
exercise to more thoroughly examine the hypolimnetic oxygen demand, the travel times from sites A and
B, and the exchange with Long Creek. The results of this study and a non-restricted hydropower
schedule are being used to re-examine the sizing and delivery rate for the hypolimnetic oxygenation
system.
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SUMMARY AND CONCLUSIONS

Of the widely know alternatives for improving release DO from reservoirs, hypolimnetic oxygenation
has demonstrated the highest potential for meeting the Missouri state standard for DO (6.0 mg/l) while
not violating the temperature criterion for the cold-water fishery below Table Rock Dam. Variations of
this alternative include:

a. in-lake near-field and far-field diffuser systems,
b. in-lake far-field diffusers and a penstock diffuser,
c. either a. or b. with turbine venting as a supplement.

A stand-alone hypolimnetic oxygenation system similar to the one operating at Richard B. Russell
Dam in the Savannah District was examined. The system would have both a far-field and a near-field
component. Based on the DO deficiency and flow information available, a hypolimnetic oxygen system,
operating alone, would need to be similar in size to the one at RBR to meet the required release DO.
The design delivery rate should be about 150 to 175 tons of oxygen per day, depending on the site
selection for the far-field system.

Two potential sites were identified for location of the far-field portion of the hypolimnetic oxygenation
system: Site A which is 1 mile upstream of the dam, and Site B which is 3.1 miles upstream of the dam
and at a CE-owned access point. Using the conservative assumption that the maximum observed DO
demand in the hypolimnion will always exist, the added costs of using site B will be substantial. From
the hypolimnetic-oxygenation only alternative in Table 1, the additional oxygen requirement associated
with selecting site B over site A is about 3,200 tons per year. At $55 ton, that is an additional $176,000
annually for the worst-case comparison.

Using a penstock oxygenation system in place of the near-field system like that at RBR may be a
viable alternative. Insufficient data exist, however, for the thorough evaluation of a penstock oxygenation
system. It can be rationalized that the gas transfer efficiency of a penstock oxygenation system will be
less than an in-lake oxygenation system, but so will the capital costs. A better estimation is required of
the oxygen transfer efficiencies, potential turbine efficiency losses, and possible modifications required to
install an effective penstock injection system.

Although turbine venting alone will not meet the release DO requirements, it may provide a very
attractive means of satisfying a small part of the deficit, regardless of which other alternative is selected.

Several conclusions and recommendations arise from this study:

a. The potential cost savings associated with the use of site B compared to site A for a far-field
hypolimnetic oxygenation system should be thoroughly examined since the system location appears to
have significant monetary implications.

b. Turbine venting may be an attractive means of "capping" the oxygen level of the hydropower
releases.

c. A field study should be conducted to accurately assess the gas transfer efficiency of penstock
oxygen injection at Table Rock. This would provide the needed information to separate the remaining
alternatives.

d. A pilot study of the entire system should be conducted prior to finalization of the design. The
costs of such a study would be warranted by the potential savings in system sizing and site selection
information.
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PHYSICAL PROCESSES AFFECTING REAERATION AT LOW-HEAD WEIRS
by

Steve Wilhelms' and John Gulliver®

BACKGROUND

Low-head hydraulic structures are generally associated with navigation or water supply projects.
These structures are usually "run-of-the-river* and have the objective of maintaining a constant upstream
pool elevation. As a consequence, the hydraulic structures at these projects many times consist of a
gated sill or low-head spillway and a fixed- or adjustable-crest weir. As water passes over or through
any hydraulic structure, the opportunity for reaeration (or more generally, gas transfer) exists. In fact,
the gas transfer that would normally occur in several miles of river flow can occur in the short residence
time of the turbulent flow conditions of a hydraulic structure.

In the past, the focus of interest in this gas transfer has been reaeration, the absorption of
oxygen into the water. More recently, however, the desorption of volatile organics or toxics that may be
dissolved in the water has become important. Thus, a thorough understanding of the physical processes
affecting gas transfer becomes even more significant because the physical processes that enhance
oxygen absorption usually increase the transfer of any dissolved volatile.

The effects of the important processes must be quantified into the mathematical description of
gas transfer, which is presented below. The rate of change of a volatile compound’s concentration due
to air-water transfer can be given as

dC kA

—=—1( -0 (1)
dt \

where C is concentration, C, is saturation concentration, k_ is the liquid film coefficient, A is air-
water surface area, and V is the control volume corresponding to the surface area.

If it is assumed that kA/V remains constant over a given hydraulic structure, Equation 1 may be
integrated and rearranged to give a transfer efficiency E, originally proposed by Gameson (1957):

C,-C, kA
E= — =1 - exp}j- — 2
C.-C \'

where C, is concentration upstream of the structure, C, is concentration downstream of the structure,
and t is the residence time between the upstream and downstream locations.

A transfer efficiency of 1.0 means that full transfer up to the saturation value has occurred at the
structure. No transfer would correspond to E = 0. The transfer efficiency is simple to compute from

'Research Hydraulic Engineer, Reservoir Water Quality Branch, Hydraulics Laboratory, U.S. Army Engineer
Waterways Experiment Station.

2Associate Professor, St. Anthony Falls Hydraulic Laboratory, Department of Civil and Mineral Engineering,
University of Minnesota.
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field measurements and can also be transferred between compounds and adjusted for temperature
(Gulliver, et al. 1990). It is difficult to predict E , however, because the values of k., and A are not
known for hydraulic structures.

PHYSICAL PROCESSES
The physical processes that affect gas transfer at a weir should be governed by the flow
conditions or hydraulic conditions at the structure. Consider flow over a fixed-crest weir shown in Figure

1. Intuitively, it seems logical that the following physical processes would affect gas transfer:

a. turbulent mass transfer at the water surface and within the body of the flowing water, similar
to any other flow situation, such as a river or stream,

b. mass transfer across the surface of air bubbles entrained along the free surface of the nappe
and at the plunge point of the nappe,

c. mass transfer enhancement by pressure (bubbles under hydrostatic pressure of tailwater).

= J
UNIT DISCHARGE SURFAGE ABRATION
HEADLOSS
PLUNGE PONT AERATION
v |
’TAI.WAT\ER DEPTH

Figure 1. Typical Overflow Spillway

The problem becomes one of characterizing the effects of these processes with parameters that are
measurable and directly relate gas transfer to the physical process.

Consider first the turbulent mixing process. It seems logical the rate of turbulent mixing would
significantly affect gas transfer because of the concept of water-surface renewal (water surface that is
swept away from the surface and "renewed" with water from below) causing increased gas transfer, and
because of turbulent mixing within the water body. In fact, Danckwerts (1951) surface renewal model is
generally believed to be the most applicable to a parametric description of the liquid film coefficient.

where D is molecular diffusivity and r is the average surface renewal rate.
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Difficulty arises in applying this model because an accurate parametric description of r has not
been achieved for open channels (Wilson and MacLeod, 1974; Gulliver and Halverson, 1989), especially
those with a velocity and surface turbulence experienced by overflow weirs.

Intuitively, it would seem that the amount of energy in the flow system would be important in
determining the rate of surface renewal and the rate of turbulent mixing. The head loss across the weir
should be an indicator of the surface renewed energy. In addition, for a given head loss, it intuitively
seems that as unit discharge increases, the flow depth increased and the gas transfer (per unit volume)
should decrease. The significance of these parameters has already been recognized by inclusion in
formulations describing gas transfer in streams and rivers.

When air is entrained into the flow either on the nappe or at the plunge point into the stilling basin,
the surface area available for gas transfer can increase dramatically. For example, Gulliver, et. al. (1989)
estimated that entrained air due to free surface aeration increased the air-water surface area by a factor
of nearly 500 compared to the unit area of surface exposed to the atmosphere. Obviously, the volume
or some other indicator of entrained air is an important parameter for characterizing gas transfer at a
hydraulic structure. The volume of air entrained across the free surface and at the plunge point can
presently only be estimated or indirectly included in the gas transfer relationship. Once again, head loss
across the weir and unit discharge are the two parameters most important to describing this process.

As the flow over a weir plunges into the tailwater, air is entrained at the plunge point. In addition to
the contribution that air bubbles make to the air-water surface area, absorption of atmospheric gases
from the air bubbles is enhanced because of the increased pressure that the bubbles experience as they
are transported into the depth of the stilling basin. In other words, the saturation concentration of
oxygen and nitrogen is higher as the bubbles move through the stilling basin.

To understand this effect, it must be recognized that the driving force in gas transfer is the
"saturation deficit," which is the difference between the actual concentration of dissolved gas and the
saturation concentration. The saturation concentration is dependent upon the partial pressure of the gas
in air. Hence, as the bubbles are transported deep into the stilling basin, the pressure in the bubble
increases (balancing the hydrostatic and dynamic pressures of its surroundings), and the saturation
concentration increases. The saturation deficit thereby increases and gas absorption is enhanced. It
must be noted that this effect is significant for absorption of atmospheric gases (oxygen or nitrogen)
from bubble to water, but not for desorption (volatile organics or toxics) from water to bubble. Thus, the
pressure history of the bubbles is an important parameter that will affect gas transfer. This effect has
been identified and characterized for closed-conduit air-entrained flows by Buck, et. al. (1980) and
Wilhelms, et. al. (1987).

PARAMETERIZATION

Based on the foregoing discussion, the key parameters that could be used to describe gas transfer
are: (1) head loss across the weir, (2) unit discharge, (3) volume of air entrained on the nappe of the
spillway and at the plunge point into the stilling basin, (4) size of the entrained air bubbles, and (5)
pressure history of bubbles transported through the stilling basin. These would all be logically included
in a parametric description of k. and A in Equation 2.

Having identified the physical processes involved, the limitations of reality must be recognized: In
many cases, the important parameters cannot be accurately quantified or are not included in existing
data bases. Obviously, the head loss across the structure is readily available. The pressure history of
bubbles moving along an "average" flow path through the stilling basin is highly dependent on discharge
and structure geometry; but for some cases, the depth of tailwater may be used as an indicator of the
pressure history (McDonald, et al. 1990). Some experimental work has been performed to evaluate
plunge-point air entrainment (Ervine and Falvey, 1987; Mckeogh and Ervine, 1981; Mckeogh and
Elsaway, 1980; Bin, 1984; Van de Sande and Smith, 1976), but the parameters required to predict air
entrainment from this work are not known at hydraulic structures.
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Work is currently in progress on surface aeration that occurs on the nappe of the spillway (Withelms
and Gulliver, 1989). Of course, even if a quantitative relationship relating all these factors to transfer
efficiency were established, experimental measurement of gas transfer would be required to determine a
coefficient that relates these parameters to the exchange coefficient. Because of these limitations,
present efforts have only included the readily available parameter of head loss in an empirical
relationship for transfer efficiency at a crested overflow weir.

Butts and Evans (1978) and Rindels and Gulliver (1989) performed extensive field studies of oxygen
absorption at spillways and overfalls. It is possible to identify a "generic" overflow spillway design similar
to that shown in Figure 1. Analysis of data collected at seven structures (Table 1), results in Figure 2,
showing a relationship between reaeration and head loss across the structure. It is highly probable that
a significant amount of the variation of observed data about this relationship is a result of not specifically
including the other important parameters. Until additional data are available, which include tailwater
depths, air entrainment characteristics, and unit discharges, the following model of gas transfer across a
low-head overflow spillway is recommended:

-0.037AH
E, =1-€ @)

where E,, is the oxygen transfer efficiency at 20° C and AH is head loss across the structure (ft).
Additional work is ongoing to include more of the important parameters in the formulation that described
the exchange coefficient.

Table 1. Structures Used in Analysis

Structure River State
Kost Dam Sunrise River Minnesota
Elk River Dam Elk River Minnesota
Dempster Street Dam Des Plaines River lllinois
Touhy Avenue Dam Des Plaines River llinois
Armitage Avenue Dam Des Plaines River lllinois
Hoffman Dam Des Plaines River Hlinois
Devon Avenue Dam Des Plaines River inois

SUMMARY AND CONCLUSIONS

The physical processes that determine the amount of gas transfer at a low head overflow spillway
are presented and discussed. Potential hydraulic or geometric parameters that characterize or
significantly influence the physical processes are identified. The head loss across the structure and the
unit discharge was suggested as an approximation for the energy per volume of flowing water, which
can characterize the level of turbulent mixing and surface renewal, thereby influencing the liquid film
coefficient. The amount of air entrained in the flow significantly increases the air-water surface area. The
hydrostatic and dynamic pressures experienced by entrained air bubbles as they are transported into the
depth of the stilling basin enhance gas absorption from the bubble into the water. Limitations on the
data available for these important parameters result in a much simplified model that includes only the
energy loss term. However, this simplified approximation should be acceptable when the following are
considered: (1) stilling basins for the seven structures on which the approximation is based were
relatively shallow (less than 5 feet), thereby minimizing any affects due to tailwater depth; and (2) the unit
discharges, although not available for all the structures, appeared from photos to be on the same order
(about 2 cfs). This leads to the conclusion that the proposed formulation should provide reasonably
accurate predictions of gas transfer for overflow weirs with these characteristics.
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Figure 2. Efficiency Verses Head Loss for Typical Overflow Spillway

Obviously, additional theoretical and experimental work is needed to include those processes
identified as being important to gas transfer. An understanding of these parameters is necessary to
extend the applicability over a wider range of hydraulic and geometric conditions. Efforts in this area are
continuing at the at the Waterways Experiment Station and the University of Minnesota.
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OVERVIEV OF ENVIRONMENTAL STUDIES AT EAU GALLE RESERVOIR, WISCONSIN

by
J. W. Barko, W. F. James, W. D. Taylor, and D. G. McFarland !

INTRODUCTION

Eutrophication is frequently stimulated by the transport of sediment and
associated nutrients from watershed to waterbody. While this process occurs
naturally in both lakes and reservoirs, eutrophication rates in reservoirs
are often greater than in natural lakes due to the relatively large watershed
areas of the former (Baxter 1977; Thornton et al. 1981). Reduced water
clarity, low dissolved hypolimnetic oxygen, excessive phytoplankton
production and impaired recreational value are all symptomatic of the
advancement of eutrophication.

Eau Galle Reservoir is a typical eutrophic impoundment in which water
quality problems during the summer are associated with the excessive
development of planktonic algae (Barko et al. 1984). Internal cycling of
phosphorus (P) is partly facilitated in this system by wind-driven
metalimnetic migrations (Gaugush 1984). Based on results of large-scale in
situ enclosure experiments (Barko et al. 1986) and detailed analysis of P
dynamics (James et al. 1990), it is apparent that the majority of P made
available to phytoplankton during the summer may derive from sediment. These
observations for Eau Galle Reservoir are consistent with those of others
indicating that profundal sediments often constitute an important source of
internal P loading in freshwater systems (e.g., Mortimer 1971; Riley and
Prepas 1984; Nurnberg et al. 1986; Nurnberg 1987).

Like many impoundments, Eau Galle Reservoir receives P from nonpoint
sources that are not readily amenable to control. In such systems, it is
usually not feasible to regulate phytoplankton production by reducing
external P loading. Even with reduced external loading, internal P loading
can significantly delay lake recovery (e.g., Welch 1977; Larson et al. 1979,
1981; Ryding 1981). Thus, in-lake approaches to phytoplankton/water quality
management need to be further developed and evaluated.

BACKGROUND

Since 1981 we have investigated phytoplankton dynamics in relation to
environmental conditions in Eau Galle Reservoir. In 1986 following several
years of experimental and descriptive studies, the reservoir was treated with
aluminum sulfate (alum) in an attempt to reduce the availability of internal
P to the phytoplankton community. Alum application has been used
successfully to reduce phytoplankton abundance in many eutrophic natural
lakes by retarding P recycling from anoxic profundal sediments (e.g.,
Peterson et al. 1973; Soltero et al. 1981; Cooke et al. 1982; Garrison and
Knauver 1983). However, to our knowledge this is the first time a flood
control reservoir has been treated with alum for the specific purpose of
controlling phytoplankton production.

lEnvironmental Laboratory, U.S. Army Engineer Waterways Experiment Station
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Alum wvas administered to the reservoir on 29 May 1986. Details of dose
determination and application procedures are provided in Kennedy et
al. (1987). Estimates of internal P loading, based on pretreatment data,
indicated that the dose applied was theoretically sufficient to control
sediment P release for at least 5 years. Based on total alkalinity measured
at the time of treatment, the alum mass applied to the reservoir represented
about one quarter of the maximum allowable dose for this system (Kennedy and
Cooke 1982). Because of our decision to apply alum only to sediments subject
to seasonal anoxia, i.e., at depths of 3 m and greater, about half of the
surface area of the reservoir was treated. Notably, the reservoir littoral
zone was entirely excluded from alum application.

The objective of this article is to provide an overview of results of
environmental studies at Eau Galle Reservoir with attention to the
effectiveness of recent alum treatment. For comparative purposes, results
are presented from studies conducted before and after alum treatment over the
period 1981 - 1988. More specific information related to the studies
considered herein is reported in a WES Technical Report (Barko et al. 1990)
available upon request of the authors.

EFFECTS OF ALUM TREATMENT

The average TP loading during the summer stratified period of 1986 was
substantially reduced by alum treatment, while external P loading was
exceptionally high compared to other years (Figure 1). During most
non-treatment years, external P loading was relatively minor during the
summer stratified period. In 1987 and 1988, internal P loading was similar
to pretreatment years, and accounted for the major portion of the TP load to
the reservoir during summer stratification. The effectiveness of alum
application in controlling internal P loading was clearly negated within the
first year of treatment.

Phytoplankton biomass is presented in Figure 2 for the 8-year study
period. Average summer biomass ranged between 10 and 20 g/m3 fresh weight
during all years except 1985, when it was much greater at 51 g/m3 following
reservoir drawdown the previous winter. Alum treatment in 1986 did not
affect phytoplankton biomass that year or in either of the two following
years (except relative to 1985). Excluding 1985, there were essentially no
differences in average summer biomass or biomass maxima over the entire
eight-year study period.

FACTORS AFFECTING TREATMENT EFFECTIVENESS

Rainfall over the watershed was particularly heavy in July of both 1986
and 1987. Major freshets caused peaks in external TP loading from the Eau
Galle River throughout the summer of 1986 and also during the late summer of
1987. Elevated external TP loading, due to unusually high precipitation,
probably played an important role in mitigating the effectiveness of alum
treatment in controlling phytoplankton production in 1986. Had alum been
applied to the reservoir during dry years (e.g., 1982 and 1988), when
internal TP loading accounted for most of the TP mass in the reservoir,
control over phytoplankton production might have been more successful.
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Fig. 1. Mean daily external and internal TP loadings to Eau Galle
Reservoir during mid-summer periods (June - August) for 1981,
1982, and 1986 - 1988. Different letters associated with
individual variables indicate significant differences at the
5% level or less, based on Duncan’s Multiple Range Analysis.
Vertical lines represent one standard error of mean values.
Alum vas applied to the reservoir in 1986. The negative
internal loading rate in 1986 reflects sedimentation.
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Burial of alum by sediment transported during periods of high inflow in
1986 may have been another important factor in shortening the effectiveness
of alum treatment in this system. Eau Galle Reservoir, since its
construction about 20 years ago, has experienced an average sedimentation
rate of 2-3 em/y in the deep basin, based on detailed examination of sediment
cores (James and Barko 1990). The sedimentation rate during 1986 was
probably considerably greater than this average rate. As in our
investigation of Eau Galle Reservoir, Foy (1985) suggested that sedimentation
was responsible for the rapid recovery of hypolimnetic P concentrations to
pretreatment levels following alum treatment in White Lough. In contrast,
effective control of sediment P release in natural lakes with lower
sedimentation rates has ranged from 3 to 8 years (e.g., Born 1979; Cooke et
al. 1982; Garrison and Knauer 1983).

Groundvater discharge may provide another internal source of P to the
epilimnion of Eau Galle Reservoir. Indeed, hydraulic discharge from this
reservoir has exceeded water income throughout our studies. This imbalance
was particularly apparent during the relatively dry summers of 1982 and 1988.
It has been suggested that groundwater flow through P-rich sediments may be
an important internal P-loading mechanism in West Twin and Dollar lakes in
Ohio (Cooke et al. 1978, 1982).

Recent investigations have indicated that littoral sediments may release
substantial amounts of P, particularly at high pH (Twinch and Peters 1984;
Drake and Heaney 1987). Using sediments from the littoral zone of Eau Galle
Reservoir, we have measured P release rates approaching 5 mg/m2/day at pH 9.0
in a controlled environmental chamber (James and Barko unpublished data).
These rates are comparable to calculated internal P loading rates from
profundal sediments under anaerobic conditions during the summer stratified
period. Since the littoral zone was not treated with alum, it is possible
that littoral sediments may have contributed P, in addition to external
inputs, to the phytoplankton community following alum treatment.
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SUMMARY AND CONCLUSIONS

Although internal P loading predominates during the summer stratified
period in Eau Galle Reservoir, unpredictable episodic freshets frequently
result in substantial external P inputs to the epilimnion. Both internal and
external sources of P are important in sustaining high biomass of
phytoplankton in this system.

Alum treatment clearly and significantly reduced internal P loading from
profundal sediments in 1986, but had no effect on phytoplankton production.
Abundant P is available to the phytoplankton community of Eau Galle Reservoir
from multiple sources. Major sources of P input include the river, profundal
sediments, littoral sediments, and possibly groundwater discharge.

Internal loading of P in Eau Galle Reservoir probably cannot be
controlled over the long term by alum application alone. Thus, other means
of reducing availability of P to the phytoplankton community need to be
developed. As with many other eutrophic reservoirs, control of nutrient
inputs from external sources is difficult to achieve in Eau Galle Reservoir.
Control of internal sources of P loading to this reservoir appears to be
equally difficult to achieve.
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EFFECTS OF ALUM TREATMENT ON PHOSPHORUS DYNAMICS
IN A NORTH-TEMPERATE RESERVOIR

BY

William F. James, John W. Barko, and William D. Taylor1
INTRODUCTION

Ferric aluminum sulfate and aluminum sulfate (alum) treatments
have been widely used in lakes to curtail internal P loading from
the sediment, and thereby reduce phytoplankton biomass (Peterson et
al 1973; Soltero et al 1981; Cooke et al 1982; Garrison and Knauer
1983; Foy 1985). Most natural lakes receive their P income
primarily from internal sources during the summer. However,
reservoirs and lakes associated with large watersheds may also
receive substantial external P inputs from inflowing tributaries,
making them potentially more difficult to manage. Herein, we
examine the effects of a hypolimnetic alum treatment on sediment P
availability in Bau Galle Reservoir. Results reported here span
pretreatment (1981-1982) and post-treatment (1986--1988) years.

METHODS

Alum (11.3 g Al m-2; 4.5 mg Al L-1) was administered to the
reservoir on 29 May 1986. Details of dosage and application
procedures are provided in Kennedy et al (1987). The treatment
area was confined to depths of 3 m and greater, since sediments at
these depths experience anoxia during summer stratification. Here,
we assumed that only anoxic sediments contributed to the internal P
load.

Lake water samples for chemical analyses were collected weekly
or biweekly at 1-m intervals (or closer) throughout the summer
months in 1981, 1982, 1986, 1987, and 1988 at a deep (9 m),
centrally-located station. River water samples for chemical
analyses were collected weekly (or more frequently) at fixed
stations located on the Eau Galle River, Lohn Creek, Lousey Creek,
French Creek, and the reservoir tailwater. Detailed sampling
procedures are provided in Barko et al (1990). Total phosphorus
(TP) was determined colorimetrically on a Technicon Auto-Analyzer
IT following persulfate oxidation (APHA 1985). SRP was determined
following filtration (0.45 um) using the ascorbic acid method on
either a Technicon Auto-Analyzer II or a spectrophotometer (APHA
1985). Details on the determination of external TP loadings are
provided in Barko et al (1990). Internal TP loading was determined

lEnvironmental Laboratory, UiS. Army Engineer Waterways Experiment
Station
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according to the following mass balance equation: Change in TP
Mass = (External TP Load - TP Outflow) + Internal TP Load.
Statistical analyses were performed using the Statistical Analysis
System (SAS 1985).

RESULTS

Eau Galle Reservoir commonly exhibited elevated concentrations
of SRP in the hypolimnion before alum treatment, as in 1982
(Fig. 1). Shortly after the occurrence of anoxic conditions,
concentrations of SRP increased above the sediment surface,
indicating P release from anoxic sediment. Steep vertical
gradients in SRP were observed and the concentration exceeded 1.00
mg P L-1 within the bottom meter from June through September of
that year. Alum treatment resulted in low SRP throughout the water
column from June until late July, 1986. Steep vertical gradients
in SRP again developed below the 6-m depth during late August,
1986. However, absolute SRP concentrations in the hypolimnion were
much lower in 1986 than in 1982. Slight increases in SRP at
intermediate depths (4 to 6 m) in mid-August 1986, coincided with
high external TP loading. In 1987 and 1988, hypolimnetic SRP
increases were very similar to those observed in 1982. Periods of
major external TP loading caused increases in SRP throughout the
water column in September 1986, August 1987, and September 1988.

During the stratified periods of 1981 and 1982, internal TP
loading frequently exceeded 10 mg m-2 d-1 (Fig. 2), and was 3 to 6
times greater than external TP loading (Table 1). Alum treatment
completely negated internal TP loading from June through mid-July
1986. During that period, negative internal TP loading rates
reflect losses through sedimentation and/or discharge. Positive
internal TP loading resumed in late July and August of 1986. In
1987 and 1988, internal TP loading was similar to pretreatment
years (1981 and 1982) and accounted for 58-85% of the total TP load
to the lake during summer stratification (Table 1).

Before alum treatment, increases in epilimnetic TP mass
usually corresponded with periods of elevated internal TP loading.
Similarly, during the 1988 drought (after alum treatment),
epilimnetic TP mass exhibited increases during periods of elevated
internal TP loading. In contrast, external TP loading appears to
have been the major contributor to TP mass in the epilimnion during
1986. In 1987, both internal and external TP sources contributed
to TP mass in the epilimnion.
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DISCUSSTION

Before alum treatment, increases in epilimnetic TP mass were
common in Eau Galle Reservoir during periods of minimal external TP
loading, indicating that internal sources of TP were responsible
for these increases. The occurrence of SRP increases above the
profundal sediment surface following the onset of anoxia, and the
accumulation of SRP in the anoxic hypolimnion, both indicated that
P release from sediments was an important mechanism of internal P
loading. Investigations conducted in a variety of lakes have shown
that P released from anoxic sediments can account for a substantial
portion of the internal TP load and TP mass increase in the water
column (Nurnberg 1984, 1987; Riley and Prepas 1984).

Increases in epilimnetic TP mass have been observed in this
reservoir following periods of decreased thermal stability, when
vind-driven mixing results in a slight downward depression of the
thermocline (Gaugush 1984). Thus, entrainment of P from
hypolimnetic water or from metalimnetic shelf sediments appears to
be an important mechanism for vertical P transport to the
epilimnion. Biological uptake and therefore transport of P to the
epilimnion by vertically migrating phytoplankton (Salonen et al
1984) may also be an important factor. The vertically migrating
dinoflagellate, Ceratium hirundinella, usually dominates the
phytoplankton assemblage in this reservoir during the summer (Barko
et al 1984; Barko et al 1990) and has been shown to migrate into
the metalimnion at night (Taylor et al 1988).

Alum treatment resulted in a substantial reduction in
hypolimnetic TP and internal TP loading during 1986. However, the
abnormally high frequency of major external TP loading events
during that year negated the effectiveness of alum treatment in
reducing epilimnetic TP mass. Epilimnetic TP mass in 1986 remained
essentially unchanged from pretreatment years.

The dose of alum applied to Eau Galle Reservoir was
theoretically sufficient to control sediment P release for 5y
(Kennedy et al 1987). Nevertheless, the effectiveness of alum
treatment in controlling internal TP loading was greatly diminished
one year after treatment. Several possible factors may have
contributed to lack of success in treating this reservoir with
alum. These include burial and inactivation of alum by
sedimentation, P release from untreated sediment, and P inputs from
ungauged hydraulic sources.

The reservoir has an average sedimentation rate of 2-3 cm y-1
in the deep basin (James and Barko 1990). Thus, sedimentation was
potentially a most important factor in reducing the effectiveness
of alum treatment. Since we did not treat the shallow water
sediments of this reservoir, it is also possible that epilimnetic
TP mass was influenced during periods of low external TP loading by
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internal TP loading from these areas. Hydraulic discharge has
exceeded water income throughout our studies, suggesting that
ungauged groundwater source inputs of TP provided another internal
source of P to this reservoir.

Although internal P loading predominates during the summer
stratified period in Eau Galle Reservoir, episodic freshets
frequently result in substantial external P inputs to the
epilimnion. Both external and internal P sources are important in
sustaining high concentrations of TP, as well as high phytoplankton
biomass in this reservoir (Barko et al This Proceeding). Internal
P loading appears to be much more important than external P loading
in lakes with small watersheds and minimal tributary inputs (e.g.
Cooke et al 1977; Larson et al 1981; Stauffer 1987). In comparison
with these lakes, reservoirs such as Eau Galle Reservoir, and
natural lakes as well that receive substantial inputs from
tributaries draining large watersheds, may experience generally
greater external loads, making them difficult to manage.
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DEPTH, m

DEPTH, m

Fig. 1.

Seasonal and depth-related variations in soluble reactive
phosphorus (ug/L). Measurements were made at close depth
intervals (25 cm) in a) 1982, b) 1986, c) 1987, and d) 1988
for the period May through September. Shaded area indicates
the zone where dissolved oxygen was > 0.5 mg L-1. Black
areas above figure panels indicate periods during which
external TP loading exceeded 25 kg TP d-1.
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Table 1. Mean (standard error given in parentheses) daily internal
and external TP loadings to Eau Galle Reservoir during mid-summer
periods (June-August) for 1981, 1982, 1986-1988. ANOVA column
summarizes results of Duncan’s Multiple Range Analysis. Different
letters associated with individual variables indicate significant
differences at the 5 percent level or lesg. Alum was applied to the
reservoir in 1986.

Year Internal TP n ANOVA External TP n ANOVA
Loading Loading
(mg m-2 d--1) (mg m-2 d-1)
1981 9.31 (4.13) 7 a 2.76 (1.14) 8 b
1982 7.84 (2.87) 8 a 1.28 (0.01) 92 b
1986 -5.58 (6.21) 6 b 17.01 (5.67) 85 a
1987 6.25 (2.60) 9 ab 4.89 (1.96) 65 b
1988 8.97 (5.01) 8 a 1.29 (0.03) 85 b
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RETENTION OF STANDING TIMBER FOR
FISH AND WILDLIFE HABITAT IN RESERVOIRS

by

Jeffrey C. Laufle’
and
Richard A. Cassidy®

ABSTRACT

The question of whether to maintain standing timber in an Oregon multipurpose reservoir
constructed by the U.S. Army Corps of Engineers was evaluated by project managers and debated by
the community in which the reservoir was located. Although the practice has been accepted in other
parts of the country, it was a relatively new idea for the Corps in the Pacific Northwest. Issues that were
considered included impact on fish and wildlife habitat, recreation, boater safety, water quality, and
debris removal. Evaluation based on experiences in other reservoirs and cost-benefit analysis indicated
that fish and wildlife habitat would be enhanced; boating, recreation, and water quality would not be
adversely affected; and the community would benefit financially over the 50-year life of the project, even
taking into account the cost of debris removal. Community objections were aired and resolved, and the
U.S. Army Corps of Engineers directed that 245 acres of standing timber in the reservoir basin be
retained.

This paper was previously published as follows:

Laufle, J.C., and R.A. Cassidy. 1988. Retention of standing timber for fish and wildlife habitat in
reservoirs. Lake and Reservoir Management 4(2):271-279.

Reprints are available by contacting Laufle at address below.

'U.S. Army Engineer District, Seattle, ATTN: CENPS-EN-PL-ER, P.O. Box C-3755, Seattle, WA 98124-2255

2U.S. Army Engineer District, Portland, ATTN: CENPP-EN-HR, P.O. Box 2946, Portland, OR 97208-2946

157



158



COASTAL AND ESTUARINE SESSION

159



160



EVOLUTION OF DREDGED MATERIAL DISPOSAL MANAGEMENT
IN SAN FRANCISCO BAY REGION

by
T. H. Wakeman, T. J. Chase and D. E. Roberts’

INTRODUCTION

Navigation channel maintenance and improvements are essential to the nation’s ability to
effectively compete in international import/export markets. The San Francisco Bay and estuary act as a
critical thoroughfare for the nation’s increasing role in Pacific Rim Trade with its numerous ports and
intermaodal links. Furthermore, the Bay and estuary, the largest coastal embayment on the Pacific coast
of the United States, are also a significant habitat for anadromous and marine fish and other species that
have a high economic and resource value to the region. Over the last twenty years, the competing
needs of these different beneficial uses have become increasingly controversial.

As of 1983, the San Francisco Bay Area was the fifth largest export manufacturing center in the
United States with export-related employment of over 68,000 and a dollar value of close to 7 billion
(Skinkle, 1989). In 1980, trade with the Pacific Rim nations (Japan, Korea, Taiwan, Australia and other
countries in the Far East) accounted for one-quarter of the nation’s imports/exports -- today the share is
over one-third and rising (Skinkle, 1989).

Maintenance of existing channels and design of channel improvements requires consideration of
navigational safety, economic impacts and environmental effects. The U.S. Army Corps of Engineers,
San Francisco District, currently dredges and disposes over 4 million cubic yards (mcy) of sediment
annually from both deep- and shallow- draft Federal navigation channels in the San Francisco Bay
region; another 3 mcy of sediment are dredged and disposed under Corps-issued permits. In addition, a
number of channel improvement projects have been authorized by Congress requiring the dredging and
disposal of more than 19 mcy.

Historically, disposal of the majority of this dredged material has been at open-water disposal
sites in the Bay. However, disposal in open water causes increased turbidity and disruption of benthic
habitats. Several Federal and State agencies have voiced increasing resistance to this practice. In
addition, the primary disposal site in the Bay has become limited as to the quantity of material it can
accept. Thus, the San Francisco District has responded with a comprehensive program to develop a
disposal management strategy that balances both economic and environmental perspectives.

SEDIMENT DYNAMICS

The San Francisco Bay estuary is a drowned river valley through which passes the drainage of
the great Central Basin of California. The Bay has an area of 396 square miles (sq. mi.) at mean fower
low water and 460 sqg. mi. at mean higher high water (USACE, 1977a). Extensive intertidal mudflats,
encompassing an area of 64 sq. mi., are exposed at lower low water. The Bay is generally shallow with
two-thirds of the area less than 18 feet (ft.) deep, and only 20 percent of the Bay is greater than 29.5 ft.
deep (USACE, 1977a).

An estuary is both a sink and a holding area for fluvial sediment in transit to the ocean from soil
erosion in the estuary’s drainage system. The estimated average annual sediment inflow to San
Francisco Bay ranges from approximately 8 to 10.5 mcy (USACE, 1979). Smith (1965) used

'Chief, In-Bay Manager and Beneficial Uses Manager (respectively), Special Studies Branch,
Planning/Engineering Division, U.S. Army Corps of Engineers, San Francisco District.
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hydrographic surveys of the Bay taken between 1855 and 1956 to show an annual sediment
accumulation from Suisun Bay through North San Francisco Bay of 5.5 mcy. Most of this accumulated
material resides in the northern and central portions of San Francisco Bay. South San Francisco Bay
actually shows a net loss of 0.9 mcy per year (Krone, 1979). Sediment outflow through the Golden Gate
is generally estimated to range between 3.9 to 5.2 mcy (USACE, 1979).

Although millions of cubic yards of sediment move into and out of the estuary, these volumes
are really only a small part of the total sediment cycling in the system. Within the sediment regime of the
Bay, the major source of suspended sediments is resuspension of previously deposited material by
tidally dominated currents and, especially in the shallower areas of the Bay, by waves. These waves can
be induced by prevailing westerly winds in the summer or strong Pacific storms in the winter. The
quantity of sediment annually resuspended in the shallow areas by wind waves and wind driven currents
has been estimated to be between 160 to 170 mcy (USACE, 1979).

The net movement of sediment in the estuary is downstream. This material ultimately either
moves out the Golden Gate to the Pacific Ocean or deposits in areas where there is insufficient energy
for further resuspension and transport. The best example of such an area is anywhere dredging must
occur to maintain a prescribed depth. The artificially deepened navigation channels, ports and marinas
of the Bay often act as sedimentation basins that capture the circulating suspended particles as the
water velocity slows. Many of these areas are adjacent to shallow mudilats and receive sediments
freshly resuspended by wind-wave action. It is interesting to note that the annual dredging activity for
the Bay closely mirrors the annual inflow of sediments to the system.

DISPOSAL HISTORY

The construction and maintenance of navigation channels in the San Francisco Bay began with
the passage of the River and Harbor Act of 1868. With respect to this Bay, the purpose of the legislation
was to provide a deepwater port in an otherwise naturally shallow embayment to handle the inflow of
supplies and equipment for the miners in the Sierra Nevada foothills. Subsequently, as the population in
the region grew, so did the need for new channels, ports and marinas. During the period between the
1950s to the 1970s, there was an annual requirement for approximately 10 mcy of maintenance
dredging. More recently, this volume may be closer to 8 mcy (Beeman, 1988).

In addition to the on-going maintenance requirements for the channels and harbors, there is also
a continuing demand for channel improvements to support ever changing commercial and military
needs. Presently, future new work for Congressionally authorized civil works projects (Oakland and
Richmond harbors and John F. Baldwin ship channel, Phase Ill) and U.S. Navy construction is estimated
to be approximately 19 mcy.

Prior to 1972, material dredged from San Francisco Bay was disposed at eleven known aquatic
disposal sites within the Bay as well as several undocumented sites. Physical model studies were
conducted to assess suspended sediment movement following disposal. These studies were performed
during 1963 for the Corps’ Report of Survey on San Francisco Bay and Tributaries, California (USACE,
1967). Based on the model tests, it was determined that disposal areas located closer to the Golden
Gate would facilitate movement of material to the ocean. The Committee on Tidal Hydraulics reviewed
these data in 1965 and suggested that the District may be redredging a significant portion of the material
remaining in the Bay following open water discharge (USACE, 1965).

In 1972, the District responded to the comments from the Committee on Tidal Hydraulics and
the State by limiting dredged material disposal activities to five sites within the Bay. This action was
taken to decrease the amount of dredged material potentially being redredged throughout the Bay and
to provide for better regulatory control. In addition, in 1972, the San Francisco Bay Regional Water
Quality Control Board (RWQCB) adopted the U.S. Environmental Protection Agency’s (EPA) Jensen
Criteria. (Prior to 1972, there were no recognized criteria for evaluating sediment quality. In 1972, the
Jensen Criteria for the Great Lakes were published by the EPA.) The criteria provided a definition of
polluted versus nonpolluted sediment based on concentrations of mercury, cadmium, lead, zinc and
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oil/grease. This bulk sediment characterization approach was tailored to the region to assess dredged
material quality. The usage of the established Bay sites and ocean sites (a site near the San Francisco
Bar channel and an interim EPA designated 100-fathom site) was evaluated based on results of the
Jensen bulk sediment test. Sediments that were classified as unpolluted would be acceptable for
disposal at any Bay disposal site or, given the proper particle size distribution, at the Bar site. All
sediments that were classified as polluted by the Jensen criteria required disposal either on land or at
the 100-fathom site.

As research on dredged material disposal evolved during the early 1970’s, it became apparent
that the Jensen Criteria were not useful in either predicting water column effects or providing biologically
relevant data. With the development of the elutriate test in 1975 and the promulgation of the 1977
Ocean Dumping Regulations (with their accompanying implementation manual), a new set of tests was
available to replace the sediment quality criteria. These new procedures became the methodologies for
assessing dredged material acceptability for in-Bay and ocean disposal.

In 1978, the San Francisco District specified the aforementioned procedures for evaluating
dredged material disposal in San Francisco Bay in its Public Notice (PN) No. 78-1. Furthermore, the
District used this PN to establish its policy of utilizing only dispersive sites and formally designated the
three present in-Bay disposal sites. These sites were selected to: (1) locate all disposal in areas of high
current energy to enhance dispersion of the material; (2) locate the sites as close to the ocean as
possible to facilitate transport of the material to the ocean; and (3) localize potential disposal impacts.

The RWQCB adopted the District’s PN 78-1 regional guidelines in its Resolution No. 80-10, dated
August 1980. These three sites are located at Carquinez Strait, San Pablo Bay and near Alcatraz Island.
Presently, the Carquinez disposal site receives approximately 1.5 mcy of dredged material annually from
the Corps maintenance of the Mare Island Channel as well as minor permit contributions. The San Pablo
Bay disposal site receives approximately 500,000 cubic yards of dredged material annually from
maintenance dredging activities at Petaluma River channel and a portion of the maintenance work from
the Pinole Shoal channel. In addition, small quantities of material from permits are periodically disposed
at the site. The Alcatraz disposal site is the primary disposal site for the region, receiving maintenance
and new work materials from projects located in both Central and South Bay. Between 1984 and 1988,
based on dredging records during this period, the disposal site received approximately 4 mcy annually.

The approach of disposing of the majority of dredged material at Alcatraz was justified as being
economically and environmentally sound for several years. However, in November of 1982 mounding at
the Alcatraz disposal site was detected. Initially efforts to recover the dispersive characteristics of the
site were attempted including removal of 30 tons of construction debris. After directing on-going
disposal away from the mound, it was noted that natural currents failed, over two winter seasons, to
reduce the mound. Accumulation continued after dredging had leveled the peak of the mound. As field
investigations progressed, it became apparent that the site could not accept dredged material in an
unlimited fashion. The fact that Alcatraz could no longer be considered a fully dispersive site led to
questioning of the biological impact of the accumulated sediments.

Bioassays were included in the water quality evaluation procedures for dredged material disposal
as specified in PN No. 78-1, but were only required if the elutriate test results exceeded known standards
or statistical comparisons of disposal site concentrations. Since the elutriate test results rarely exceeded
the standards, most disposal activities occurred within Bay waters without biological testing.

In 1987, the District, EPA and the Regional Board determined that water column testing
(elutriate) was inadequate to protect the water quality of the Bay. They jointly issued, in draft form,
Public Notice 87-1. Although never finalized, the public notice provided new regional procedures for
evaluating the discharges of dredged material within San Francisco Bay that are presently being followed
by the District and RWQCB. According to the procedures described in PN 87-1, a tiered testing
approach including chemical analyses of sediment replaced the chemical analyses of the elutriate of the
sediment sample as required by PN 78-1.
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As previously mentioned, sediments that were determined to be unsuitable for Bay disposal had
historically been taken to the ocean. Before 1980, the San Francisco District had two interim designated
ocean disposal sites: the 100-fathom site, about 28 nautical miles (nmi) from the Golden Gate and the
San Francisco Bar Channel site, located about 5 nmi from the Golden Gate near the San Francisco Main
Ship Channel. The 100-fathom site was used for material from Oakland Harbor in 1975 that was
considered too polluted for Bay disposal. The site now lies within the Point Reyes-Farallon Islands
Marine Sanctuary, which was designated by the National Oceanic and Atmospheric Administration
(NOAA) in 1980. Following this decision by NOAA, the site was removed from the final designation
process by EPA in 1983. At this time, the only authorized disposal site offshore San Francisco is the
San Francisco Bar Channel site; it received final designation in September 1985. Currently, the use of
the site is designated for only coarse-grained material (defined as 95 percent retained on a No. 200
standard sieve).

With the loss of the 100-fathom ocean disposal site in 1980, the alternative of ocean disposal for
dredged material from San Francisco Bay was effectively eliminated. After initial coordination with
concerned agencies, it was determined that there was no consensus on appropriate areas to survey for
a new site. In order to proceed with the designation process for a new site, the District identified one
nearshore area within a short distance from the Gate and one area along the 100-fathom contour outside
of the Marine Sanctuary to be surveyed.

Ocean site surveys were conducted in 1983. Following the review of these data, it was
concluded that neither site would probably be acceptable. In 1985, further assessment of five additional
alternate sites was determined necessary to adequately address alternative candidate locations under the
NEPA process. The five additional areas were surveyed in 1985 and 1986. These additional sites were
located in areas where as many known resources and uses could be avoided as possible. Furthermore,
the sites were selected to be approximately the same distance from the Golden Gate as the interim
designated 100-fathom site that was eliminated from EPA’s list of designated sites.

Bathymetric surveys at the five areas were reviewed and two sites were eliminated from further
consideration due to irregular bottom contours. No further studies were performed at these two sites.
Additional detailed data collection related to chemical, biological, and physical parameters continued to
be collected at the remaining three locations.

Data from these sites as well as two additional sites added in 1987 were presented in a
Supplemental Environmental Impact Statement (SEIS) for Oakland Harbor Project. The document
recommended disposal of the material from the project at Site B1. Following review of the ocean
disposal alternatives, a Corps/EPA panel recommended disposal at Site B1B, a new site situated
between B1 and another surveyed site. This recommendation was accepted in the Division Engineer’s
Record of Decision signed on 4 May 1988. Subsequently, a law suit prompted by angry fishermen was
filed, and a State Court injunction stopped the Port of Oakland from continuing to dispose of dredged
material at this site. Thus, a usable ocean site still eludes the region.

DISPOSAL POLICY

The District’s disposal policies have been constantly evolving since the early 1970’s when
disposal of dredged material in the region first began to be questioned. For several years (1970-1977),
the District depended on historic precedent while it conducted studies to determine the most suitable
policy position. The policy, as instituted in PN 78-1, was based on regional acceptance of dispersive
disposal sites in San Francisco Bay. This perspective was developed from historic observation, physical
model studies and the results of the District’s $3.5 million Dredge Disposal Study (USACE, 1977b).
However, the utility of the dispersive disposal policy was weakened when mounding at Alcatraz, the
primary disposal site, was noted in 1982. Furthermore, it was obvious that the mounding of discharged
sediments would critically limit disposal options within San Francisco Bay.

In recognition of the potential severity of the shoaling problem on continued operations, the San
Francisco District implemented an interim disposal policy to minimize material deposition at the existing
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disposal sites in 1984. This policy used management measures that included a slurry requirement to
enhance dispersion. An interim policy decision structure implies that some kind of new policy is being
developed. Indeed, a new effort was initiated by the District because of the renewed need to fully
identify all feasible disposal solutions and to develop a long-term, implementable management plan for
their utilization. This effort was identified as the Dredged Material Disposal Management Program.

DISPOSAL MANAGEMENT PROGRAM

The initial statement of work for the Dredged Material Disposal Management Program (DMP) was
presented in a plan dated 12 June 1985. At that time, the plan stated that a final policy formulation
document would be prepared in 1989. The policy document would represent the results of the previous
five years of DMP technical studies, including the completion of ocean disposal site designation
activities. Unfortunately, plans are not always achieved as initially laid out. In the case of the DMP,
many events transpired over the next five years that negated the possibility of establishing a final
dredged material disposal policy for the region in 1989. These events generated new issues and public
interest in the disposal of dredged material not envisioned in 1985.

The DMP must now address these issues and respond to public concern in order to successfully
complete its task. The program was reconfigured in 1989 to study the new concerns and to fit the
management plan development into the Long-Term Management Strategy (LTMS) approach
(Francinques and Mathis, 1989). The development of a LTMS is consistent with U.S. Army Corps of
Engineers dredging regulations (33 CFR Part 337.9).

The timeframe for the LTMS is twenty-five (25) years. The scope of the program encompasses
all present and future activities related to the relocation of dredged material in the San Francisco Bay
region. However, the completion of a LTMS will require additional time (beyond the 1989 timeframe set
in 1985) and additional studies (beyond those completed thus far) in order to reach the goal of a
regional disposal management plan. Furthermore, there will be a continuing requirement because under
the LTMS approach, review and updating of the plan would continue on a routine basis.

During the initial DMP organization, five major work units were set up: (1) Alcatraz Investigations;
(2) North Bay Site Monitoring; (3) Sediment Transport Modeling; (4) Other Disposal Options; and (5)
Ocean Disposal Site Designation. As suggested by the work unit categories, most of the emphasis at
that time was on the existing sites and the ocean alternative. There were investigations to characterize
and monitor use of Alcatraz and the North Bay sites. The modeling work unit was to provide assistance
with management of material discharged at these sites. Several new areas within the Bay were also
being considered to provide additional in-Bay options. Concurrently, an on-going study of alternative
site(s) in the ocean to replace the interim designated 100-fathom site was accelerated.

In the early years, the main concern facing the DMP was operational in character (i.e., where to
put sediments). With the accumulation of material at Alcatraz and the implementation of the slurry
requirement, new issues arose during the mid-1980’s. These issues were, and continue to be,
environmental in character. The accumulation of material at the site has caused concern because only
water column effects had been examined for many years. The deposited material may be acting as a
source of contaminants to benthic species burrowing through the substrate or feeding on organisms that
inhabit it. Because material is dredged from ports and harbors, its contaminant burden may be different
than the sediments in the open Bay. Concerns have been voiced that Alcatraz’s chemical makeup has
been degraded by contaminants associated with backharbor sediments. Furthermore, the mound at
Alcatraz has changed the habitat as well as buried the indigenous species that had previously occupied
that location.

Anocther issue that has been raised, separate from the accumulation problem, is the impact of
turbidity in the Central Bay on fisheries. That issue is an outgrowth of the slurry requirement. Fishermen
have alleged that since the slurry requirement was implemented at Alcatraz, Central Bay fisheries have
declined. It has been suggested that the problem is caused by both physical and chemical impacts at
the site. Physical effects include simple avoidance of the disposal plume as well as gill abrasion or other
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sub-lethal irritations caused by solids in the water column. Chemical effects proposed as causes of the
fisheries decline include release of ammonia or hydrogen sulfide as well as direct toxicity from
contaminated sediments.

These environmental concerns were discussed at several public hearings held in early 1989 --
RWQCB (February 15 and March 15, 1989), BCDC (March 16, 1989), EPA/Corps (April 11, 1989) and
State Lands Commission (April 12, 1989). The discussions have not only involved Alcatraz but also
stipulated concerns for all in-Bay disposal operations as well as the ocean and upland options.

When the District established the DMP in 1985, nonaquatic disposal alternatives were given only
limited regard, principally because of cost considerations. Discharge of dredged material at Alcatraz is
the most cost effective disposal solution for most projects. However because of its lack of disposal
capacity, limiting future disposal decisions to the presently available in-Bay options is unworkable. The
other two designated in-Bay sites are of inadequate size to accommodate the anticipated new work
loading. As mentioned, there is presently no available ocean disposal site alternative, and the
designation of an ocean site could require several more years.

The Port of Oakland recently requested certification for discharge of dredged material in the
Delta at a cost far in excess of traditional disposal practices. Thus, new, more costly alternatives to the
existing three disposal sites are being sought to handle dredged material disposal in the region. The
DMP must consider and identify new options including aquatic, non-open water and upland alternatives
that include consideration of beneficial uses. This array of disposal options must identify all feasible
alternatives and will require a comprehensive management plan to insure their efficient and effective
utilization.

To that end, the Dredged Material Disposal Management Program was reconfigured in early
1989. The renewed DMP was formalized in a draft "Plan Of Action” or POA, dated June 1989. The POA
proposed an overall multifaceted effort to achieve a regionally acceptable LTMS. The effort was
scheduled to be completed in December 1991 and cost approximately $10 million. 1t included studies
related to: (a) management of discharged material at the existing in-Bay disposal site, including
hydrographic surveying of the sites, investigations of potential suspended solids impacts and
contaminant transfer, and estimates of sustained sediment yield from the sites; (b) assessment of new
disposal alternatives including aquatic (in-Bay) sites, nearshore (e.g. marsh development and beach
nourishment) and other non-open water disposal alternatives (e.g. permanent upland disposal and
rehandling options) as well as structural /nonstructural methods for reducing maintenance dredging
requirements; (c) conduct of ocean disposal site designation studies; and (d) development of
administrative and analytical protocols for controlling and managing regional disposal implemented
through a management plan (LTMS).

In May 1989, the South Pacific Division proposed this $10 million LTMS program to USACE
Headquarters. Thereafter, a Technical Review Workshop was held in late June, chaired by Dr. Robert
Engler, to critically assess the technical completeness or excesses of the program. Beyond detailed
study guidance, Dr. Engler's (1989) post-workshop comments stated “... work priorities linked to fund
availability is considered absolutely necessary."

In September, the Division was advised by Headquarters that the study effort should be limited
to $5 million based on the Technical Workshop review and the cost of similar studies elsewhere.
Furthermore, the Headquarter's guidance stated that the Corps should not be required to carry the full
financial burden of the DMP. It proposed that cost sharing be pursued in accordance with the following
distribution: 50 percent Corps, 20 percent Navy, 10 percent EPA and the remaining 20 percent
contributed by non-Federal navigation interests. The Division was instructed to develop a revised plan in
coordination with these cost-sharing partners.
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POLICY IMPLICATIONS

The legislative basis for significant cost-sharing was promulgated in the Water Resources
Development Act of 1986 (Public Law 99-662), Title I. The Act broadens the financial support base for
civil works projects to include affected and influenced parties. However, cost-sharing of study efforts not
specifically authorized by Congress, such as the DMP, has not been formally undertaken at the national
level as of yet. The initiation of formal cost-sharing agreements for the completion of the DMP lacks
clear and concise policy guidance, and thus will have to undergo a local developmental process.
Nevertheless, this type of participation appears to be critical to gaining the ultimate acceptability of the
program’s results from both the Corps’ Federal as well as non-Federal constituencies.

As the State and other local navigation interests are solicited to contribute funds for the DMP, it
is logical to assume their desire to have direct control over the expenditure of these funds. Part of the
difficulty in revising the POA will be the incorporation of local views given the national perspective set
forth in the comments of the Technical Review Workshop (Engler, 1989). For example, the Technical
Review Workshop advised that long-term ambient turbidity monitoring in the Bay should be considered
of less importance than new in-Bay site selection. However, the RWQCB has proposed a new resolution
that would not only require monitoring of turbidity but would also limit the timing and quantities presently
being discharged into the Bay. In short, turbidity is on the local Board’s agenda, but new sites are not.
Furthermore, Dr. Engler's comments from the Technical Review Workshop also stated, "There should not
be contaminant issues of future disposal as only acceptable material will be disposed."

On the other hand, the State Water Resources Board (discussing contaminants in dredged
material) has proposed *...in-Bay dredge spoil disposal has a significant and an adverse impact on the
waters of the state..." and "... requests the U.S. Army Corps of Engineers to provide the State Board with
an assessment of the impacts of in-Bay disposal..." (SWRCB, 1989). This State perspective of
environmental concerns with respect to turbidity and contaminants differs from the national perspective
as set out by the Technical Review Workshop. The Federal Standard (33 CFR 335.7) provides for such
disagreements by stating that the additional cost of a plan, that would not otherwise be implemented by
the Army, must be paid by a non-Federal sponsor. How this policy will be utilized in the revision of the
DMP POA has not been finalized.

The problem of resolving some of these issues may be muted in the near future. The State
legislature has recently passed Senate Bill No. 475 (3 August 1989) directing the SWRCB to identify toxic
hot spots in California bays and estuaries and to develop sediment quality thresholds to control dredging
of toxic areas. Another State agency, the Bay Conservation and Development Commission (BCDC), in
charge of coastal zone management for the Bay, recently (7 December 1989) held a public hearing to
review a staff recommendation for proposed legislation to prepare a State Dredging Plan for San
Francisco Bay. The Commission tentatively agreed with the staff recommendation, and the proposed
legislation is being drafted. In fact, the BCDC proposal is not significantly different from the DMP except
that it provides for local control.

Technical disagreements may be easy to resolve compared to constraints set because of
political-driven solutions. The political realities established by the furor created by fishermen over the
Port of Oakland ocean disposal attempt and the Alcatraz turbidity issue is an example. In late April
1989, California Assembly Member Ted Lempert and fourteen other members of the legislature
introduced a Joint Resolution, No. 43, "...to prohibit the disposal of any dredged material harmful to
fishery resources or fishing activities on the continental shelf and to select disposal sites off the
continental shelf or at depths greater than 1,000 fathoms." The bill has not passed through the
legislature, however the intent is clear -- the legislature will set the technical agenda given the political
realities of their local districts.

The implications of all these initiatives for the completion of the DMP and their impact on the San
Francisco District in developing a new disposal policy for the region are impossible to foresee. However,
the issues of cost-sharing, local technical perspectives and politically-driven constraints are present-day
realities that must be acknowledged and dealt with in order to successfully comply with the Corps’
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Congressionally authorized mission of maintaining and improving the navigable waters of the United
States.
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RISK-COST ASPECTS OF SEA LEVEL RISE AND CLIMATE CHANGE IN THE
EVALUATION OF COASTAL PROTECTION PROJECTS

by
David A. Moser' and Eugene Z. Stakhiv?

INTRODUCTION

The impending threat of climate change and sea level rise has brought calls from various sectors for
governmental institutions to prepare for this creeping natural hazard. The U.S. Army Corps of Engineers
is one such Federal agency that is responsible for various aspects of a diverse water resources and
shoreline protection program. The Corps recognizes that its activities are likely to be affected by the
hydrologic, meteorologic, and oceanographic consequences of global warming and expected climate
changes. One response has been the explicit introduction of risk analysis to aid in the evaluation and
selection of alternative plans and project components to deal with natural hazard extremes and the
mitigation of their social and economic consequences. This formal risk analysis is merely an addition to
an existing multi-objective evaluation procedures that guide Federal water resources development.
These procedures are based on a body of social, economic, environmental, planning and decision
theory literature that has been developed over the last 50 years.

There are many uncertainties and unknowns associated with the physical effects of greenhouse
warming and anticipated sea level rise. These compound the existing difficulties of planning under
conditions of uncertainty regarding future growth, economic development and environmental effects.
The discussion will present the key risk and uncertainty issues of present-day coastal protection project
analysis under uncertainty. These issues will guide the incorporation of emerging natural hazards such
as climate change and sea level rise. The key issues affecting evaluation are the following:

Establishing the proper baseline for evaluating physical effects and socioeconomic impacts,

P

b. The rate and magnitude of sea level rise,

. Uncertainty of storm frequency and wave regime under climate change, and

(2]

d. Dominant effect of the discount rate.

Weather changes associated with global warming could imply increased variability and intensity of
individual coastal storm events. This phenomenon, combined with sea level rise, would further
exacerbate the present conditions of beach erosion and property damages in coastal areas. Sea level
rise alone, even with the present weather regime, will logically cause the landward retreat of the shoreline
following the Bruun rule (Schwartz, 1967). Any change in the intensity and frequency of storm events,
the direction of which is presently largely speculative, will either accentuate or diminish the physical
consequences of sea level rise. An additional factor in the proper selection of strategies for societal
adaptation to sea level rise and storm frequency is their rates of change. The immediacy of the
consequences to shorelines and coastal development will influence the choice of action.

A fundamental question that climate change and sea level rise poses for society is how to effectively
cope with the changes that appear irreversible. Many Federal, state, and local institutions are currently
debating the possible strategies and specific measures for anticipating the most severe consequences

'Economist and 2Water Resources Planner, U.S. Army Corps of Engineers, Water Resources Support Center,
Institute for Water Resources.
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and adapting to the inevitable changes. The Corps of Engineers, as one of these institutions, can
effectively deal only with protective measures. This paper deals with how the Corps’ economic
evaluation principles and decision rules influence the choice of a particular shore protection measure in

a risk analysis framework.

There are many other effective alternative management measures, residing within the responsibilities
of the states and local communities, that should be strongly considered in adapting 1o sea level rise.
The range of public measures to mitigate the potential hazards to life and property from sea level rise
and climate change will be the same as those available today under "normal" conditions. The probable
difference will be that the emphasis on alternative management strategies will change to reflect the reality
that the baseline condition is changing. Thus, it is likely that shore protection strategies will shift from
protective measures such as groins, bulkheads, sea walls, and beach nourishment to adaptive land use
modification measures. These adaptive strategies would consist of limiting investments in and subsidies
to hazard prone areas through regulation and disinvestment strategies such as transferable development
rights and the use of financial incentives and tax deductions.

AN OVERVIEW OF ECONOMIC EVALUATION PRINCIPLES

The Federal government has a long history of planning coastal protection projects. By providing
protection against the hazard, efficiency gains can be achieved resulting in an increase in the pational
output of goods and services. There are also additional regional and local economic gains that resuilt
from the transfer of economic activity from some other location. The identification and measurement of
the national efficiency gains follows benefit-cost analysis (BCA) procedures developed, to a significant
extent, to evaluate the national economic implications of Federal investments in what are inherently local
water resources projects. These procedures are codified in the Economic and Environmental Principles
and Guidelines for Water and Related Land Resources Implementation Studies (P&G), (WRC, 1983).

Adaptive responses to sea level rise are generally the same as those considered for existing coastal
erosion problems. These can be classified into four approaches or options:

Hard engineering options - - bulkheads, groin fields, sea walls revetments, and the elevation of the
shoreline and structures,

Soft engineering options - - beach nourishment and dune stabilization,

Management options - - set back requirements, development restrictions, and land use controls,
and

Passive options - - no systematic response, allowing coastal erosion to occur with private attempts
to protect individual property.

Coastal protection projects, like all investments, involve spending money today to gain predicted
benefits in the future. In addition, many types of projects, particularly the beach nourishment,
maintenance type, require the commitment to future spending to maintain the project. This future aspect
requires that the current and future dollar costs and benefits must be commensurate or compared in a
common unit of measurement; typically in terms of their present values or the average annual equivalent
of the present values. Therefore, the discount rate used to determine the present values influences the
economic feasibility of alternative projects. As is well known, large discount rates reduce the influence of
future benefits and costs on present values. High interest rates generally favor the selection of projects
with low first costs but relatively high planned future maintenance expenditures over those with high first
cost but low future maintenance expenditures.

The standard for the identification and measurement of economic benefits from a water resources
investment project is individual willingness to pay (WTP). For coastal protection projects, this value can
be generated by a reduction in the cost to a current land use activity or the increase in net income
possible at a given site. A project generates these values by reducing the risk of storm damage to
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coastal development. Conceptually, the risk from storms can be viewed as incurring a cost to
development, i.e. capital investment, at hazardous locations. Thus, the cost per unit of capital, invested
at risky locations, is higher than at risk-free locations. Economic theory predicts that the risk of storm
damage resullts in less intensive development and lower land values compared to the same location with
a lower risk or otherwise equivalent, risk-free locations. The risk component of the marginal cost of
capital is composed of the expected value of the per unit storm damages plus a premium for risk. This
risk premium results from the attitudes or preferences of the individual decision-maker toward risk. If the
individual is risk averse, the risk premium is positive indicating that capital must earn a return to cover
not only expected storm damages but also to compensate the capital owner for the risk.

NATURAL SOURCES OF RISK AND UNCERTAINTY

Storms produce damage to property in coastal areas from several causes. In addition to direct wind
related damage, which is ignored here, a storm typically produces a surge that raises the water surface
elevation well above the mean high tide level. This wind-driven surge may be sufficient, even in the
absence of waves, to produce flooding in low-lying areas from standing water. In addition to the surge,
storms also produce larger waves. Property subject to direct wave attack can suffer exitensive damage
to the structure and contents as well as foundation erosion threatening the stability of the entire
structure. Storms also produce at least temporary physical changes at the land-water boundary by
eroding the natural beach and dune that serve to buffer and protect the shore and property from the
effects of storms. Increased wave energy during storms erodes the beach and carries the sand offshore.
At the same time, the storm surge pushes the zone of direct wave attack higher up the beach and can
subject the dune and structures to direct wave action.

Several components of coastal project evaluation are stochastic so that the evaluation can be
computationally complicated. For instance, the damages from storms are dependent on characteristics,
described in probabilistic terms, such as intensity, duration, wind direction, and diurnal tide level. Since
these characteristics, in turn, influence the level of storm surge and significant wave height, these two
direct factors in storm damage are also stochastic. Sea level rise can be considered as a shift in the
base elevation for measuring storm surge and wave height.

THE EVALUATION FRAMEWORK

The establishment of a baseline or "without" project condition for incorporating physical effects and
socioeconomic impacts into coastal protection measures is crucial in any evaluation. In the deterministic
approach, a single forecast defines physical, developmental, cultural, environmental, and other changes.
These changes are considered to occur with certainty in the absence of any systematic adaptive
measure. This approach does allow, however, for individual property owners to respond to storm and
erosion threats through the construction of protective measures or by property abandonment. The
baseline requires assumptions to determine when these responses occur. In the risk analysis approach,
this simplistic determination of the "without" condition is modified to incorporate uncertainties about
storm frequencies, the distribution of wave heights, and the geomorphologic changes and property
losses produced by storms and waves.

The variable sea state is measured as the sum of the level of storm surge plus the significant wave
height. The level of storm surge is a function of the storm characteristics so that the annual probability
of storm surge exceeding some level depends on the annual probability of storms that can generate a
surge of that level or greater. The distribution of wave heights from a storm is not independent of the
level of storm surge (Bakker and Vrijling, 1981). One can consider the storm surge to shift the
probability density function for significant wave heights.

The final component for incorporating classical risk-analysis techniques within the benefit evaluation
framework for storm protection, specified by the P&G, is to estimate the "with" and "without" project
future economic development and land values. Without a public coastal protection project, property
owners are presumed to repair structural losses with the damages from storms presumed to be
capitalized into the value of the land. In addition, property owners are assumed to construct individual
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protection structures when the costs are less than the value of the preserved property and the avoided
expected damages to improvements.

With the project, landowners realize increases in economic rental values of land at protected
locations. This rental value increase is typically considered to be equivalent to the annualized expected
present value of avoided property losses with the project or the avoided costs of individual protection
structures. The time stream of these benefits will reflect the stochastic nature of storm events. An
important additional consideration stems from the chronological order of storms and damages. A large
storm may result in damages that are so extensive that the buildings are not or cannot be rebuilt.
Therefore, succeeding storms will inflict smaller losses if preceded by large storms.

The general description of the evaluation framework does not explicitly incorporate long-term
shoreline erosion. In many situations, the observed shoreline retreat is simply the by-product of the
storm history at a particular location perhaps in combination with relative sea level rise. In other special
cases, coastal structures such as groins and jetties may induce sand starvation in down-drift areas.
Typically, these are incorporated in project evaluation based on the average rate of historical shoreline
retreat. For purposes here, any shoreline retreat is treated as storm-induced.

The increase in rental value of land is location based resulting from a reduction in the external costs
imposed by storms and it represents a national economic development (NED) benefit as required under
P&G. It is this type of economic benefit that is compared to project costs to determine the economic
feasibility of any proposed Federal project.’

Benefits produced by a project depend on the type and scale of the protection project. Even where
two alternative projects have the same scale, as defined by the design level of storm protection, (e.g.,
100-year storm or probable maximum hurricane), the impact on benefits will differ depending on the
magnitude of residual losses from storms that exceed the level of protection. Consider two types of
projects; one a structural type, such as a sea wall, and the other a maintenance type, such as beach
and dune restoration, stabilization, and periodic nourishment. For a given level of protection, the sea
wall is likely to result in different residual storm losses compared to beach and dune restoration,
stabilization, and nourishment.

In addition to NED benefits, a second major consideration in applying benefit-cost analysis concepts
to determining the choice of project and level of protection is the stream of future project costs. The
appropriate costs used in the analysis should provide a measure of all the opportunity cost incurred to
produce the project outputs. These NED costs may differ from the expenses of constructing and
maintaining the project. For coastal protection projects, expenses would include the first costs of
project construction, any periodic maintenance costs, and future rehabilitation costs. In addition, the
project may incur environmental or other non-market costs whose monetary value can be imputed. The
nature of the stream of future costs depends on the type of project. For instance, a structural-type
project typically has high first costs and high future rehabilitation costs but low future periodic
maintenance costs. On the other hand, a maintenance-type project is composed of relatively low first
costs but with larger recurring future maintenance costs.

Each of the time streams of costs must be converted into present value terms using the prevailing
Federal discount rate. Note that the stream of future costs for both types of projects, but especially the
maintenance, must be defined in probabilistic terms. The realized amount and timing of maintenance
and rehabilitation expenditures depends on the number and severity of storms experienced at the project
site in the future. Thus, the expected future cost stream is based on the estimated probability density
function for sea states.

'In some cases, it may be determined that there is "no Federal interest” and no Federal project. This may
be the case where a "few" large identifiable beneficiaries could organize to pay for their own protection,
financed out of increased land values.
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Once the alternative formulated plans are evaluated in economic terms, the expected net benefits
can be calculated. Following the project selection criteria in P&G, the recommended type and scale of
plan should be the one which "reasonably maximizes" net NED benefits. This is a key conceptual point
in risk analysis: the net benefits decision rule for selecting the economically optimal project
simultaneously selects the degree of protection and level of residual risk bearing. Thus, by varying the
scale of project for each type, a benefit function can be derived for each type of project. Deviations from
the NED plan can be recommended to incorporate risk and uncertainty considerations in addition to the
explicit risk analysis used in the economic evaluation. These could be considerations for human health
and safety or non-monetized environmental concerns.

CLIMATE CHANGE AND SEA LEVEL RISE

Thus far the evaluation and selection of Federal coastal protection investments has assumed
stationarity of climate and mean sea level. The underlying physical parameters and relationships yielding
the historically observed distribution of sea states have been assumed to be constant. Most forecasts
for sea level rise suggest that it is not an immediate problem for coastal development. In addition, there
is a wide variation in the estimates of the rate of sea level rise. For instance, a recent National Research
Council report (NRC, 1987) notes that relative sea level rise is composed of two components: (1) the
localized land subsidence or uplift, and (2) a world-wide rise in mean sea level. The NRC report adopted
equations resulting in the following relationship to forecast total relative sea level rise:

T(t) = (0.0012 + M/1000) « t + b = t*

where
the local subsidence or uplift rate in mm/year, and

M
b the ecstatic component of relative sea level rise by the year 2100 in m/yearz.

The value of M is fairly well established for many coastal locations: the value of b, however, is subject to
wide forecast differences. Table 1 shows the estimates of the total relative sea level rise at Hampton,
Virginia and Grand Isle, Louisiana for the three scenarios adopted in the NRC report. The variability in
the predicted sea level rise offers a case for the application of sensitivity analysis in the evaluation of
project scale. In addition, the disagreement over the ecstatic component of relative sea level rise argues
for projects whose scale can be staged to account for sea level rise as it occurs.

Sea level rise can be included in the evaluation of planning alternatives as a mean increasing,
variance-preserving shift in the probability density function of storm surge. This results in an increase in
the site cost of capital "with" and "without" each alternative. Note that a rise in sea level will likely have
different impacts on the site cost of capital for different types of planning alternatives. The incorporation
of higher future sea levels in project evaluation will favor the recommendation of larger, structural type
projects over maintenance-type. Two additiona! considerations temper this conclusion, however. First,
building higher levels of protection than are economically efficient, given the current mean sea level,
implies that current net benefits are sacrificed. The larger levels of protection are economically efficient
only at higher mean sea levels that may or may not occur in the future. Second, since the increase in
net benefits for a larger scale project occurs in the future, the discounting process necessary to
determine the present values of benefits and costs will reduce the influence of these future benefits on
the determination of the appropriate project scale.

One way of presenting the economic tradeoffs between design project scales that have different
time streams of future net benefits is to determine the breakeven discount rate for the projects. The
breakeven discount rate is the interest rate that equates the present values of two streams of future net
benefits. The present value of net benefits as a function of the discount rate is shown in Figure 1 for two
alternative projects A and B. Project A provides the economically efficient level of protection today
ignoring sea level rise while B provides a higher level of protection in anticipation of climate change and
sea level rise. Notice that the present value of future net benefits for project B exceeds the present value
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Table 1. Total Relative Sea Level Risk Forecasts in Meters

Hampton, VA Grand Isle, LA
t I I I I I I
1985 0.0 00 0.0 0.0 0.0 0.0
1990 0.0 00 0.0 0.1 0.1 0.1
1995 0.0 0.0 0.1 0.1 0.1 0.1
2000 0.1 0.1 0.1 02 02 0.2
2005 0.1 0.1 0.1 0. 0.2 0.2
2010 0.1 0.1 0.2 0.3 0.3 0.3
2015 02 02 02 0.3 0.4 0.4
2020 02 02 03 0.4 0.4 0.5
2025 02 03 0.3 0.4 0.5 0.6
2030 0.3 0.3 0.4 0.5 0.6 0.7
2035 0.3 0.4 0.5 0.6 0.7 0.8
2040 0.3 0.4 0.6 0.6 0.8 0.9
2045 0.4 0.5 0.6 0.7 0.8 1.0
2050 04 0.6 0.7 0.8 0.9 1.1
2055 0.4 0.6 0.8 0.8 1.0 12
2060 0.5 0.7 0.9 0.9 1.1 13
2065 0.5 0.8 1.0 1.0 12 1.5
2070 0.6 0.8 1.1 1.1 13 1.6
2075 0.6 0.9 1.2 1.1 1.4 1.8
2080 0.7 1.0 14 1.2 1.6 1.9
2085 0.7 1.1 1.5 13 1.7 2.1
2090 0.8 12 1.6 14 1.8 22
2095 0.8 1.3 1.7 14 19 24
2100 0.9 14 1.9 1.5 20 26
Scenario Eustatic
Scenario  Component by 2100 b
I 0.5 0.000028
II 1.0 0.000066
I 1.5 0.000105
T = (0.0012 + M/1000) -t + b - ¢?
M = rate of subsidence or uplift in mm/yr
= 3.1 for Hampton, VA
= 8.9 for Grand Isle, LA
b = the rate of change in rate of growth in eustatic sea level rise for scenarios

I, II, and IIL
SOURCE: Based on NRC (1987).
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of future net benefits for project A if the discount rate is less than approximately 3.2 %. This compares
to the 1989 Federal discount rate of 8 7/8% used for project evaluation. In general, because sea level
rise and its effects occur relatively far in the future, incorporating even a high forecast of future sea levels
in the evaluation of project scale will have little impact on the economically efficient project design.
Additionally, the uncertain prospect of the amount of sea level rise may support projects that are more
flexible and that can easily incorporate staging of project increments as sea levels change.

Similar to the above analysis, project evaluation could incorporate the effects of forecasted
climate change, expressed as a change in the frequency of storm events, through the calculation of
expected values and sensitivity analysis. One hypothesis about the effect of climate change is that in
many locations the frequency of severe storms will increase over time. Since recurring maintenance
expenditures depend primarily on the frequency of storms, climate change that increases storm
frequency will shorten the time period between these expenditures. This would tend to favor structural
type projects since they have lower maintenance costs. Again, a perhaps overriding consideration for
Federal projects is the impact of discounting on these future costs and their influence on project type
and scale. Thus, even though climate change may result in a dramatic increase in total lifetime project
costs, most of the increase occurs beyond the first 15 to 20 years of project life which has little influence
on the present value of net benefits.

CONCLUSIONS

Coastal projection projects can incorporate forecasts of sea level rise and storm frequency
changes due to climate change through the application of risk and uncertainty analysis techniques. The
incorporation of these forecasts is not a trivial matter, but well within the probabilistic analyses currently
employed to estimate project benefits and costs for coastal projects. When the effects of sea level rise
and climate change occur in the future, in-place structural projects of larger scale than that warranted
under the current sea level and storm frequencies would offer greater benefits than those designed for
the current conditions. In addition, sea level rise and climate change which increase recurring project
maintenance costs tend to favor structural-type projects.

Risk-cost analysis is not likely to yield definitive answers to the problem of choosing adaptive
measures to cope with the risk of sea level rise. Other considerations which incorporate cultural, social
or environmental aspects related to sea level rise may be more important in choosing adaptive
measures. Risk-based approaches remind the analyst, however, that hard engineering options may
exacerbate losses by encouraging development and fostering a false sense of security. Hard
engineering adaptations to sea level rise, particularly the barrier type, have the potential for disaster
should natural events exceed their designed level of protection. Therefore, decision makers should be
wary of engineering solutions with high residual risks.

At the present time, there is considerable disagreement on the amount of sea level rise and the
impact of climate change on storm frequency. More importantly, the adverse impacts on storm
damages occur too far into the future, given the nature of discounting and the level of the Federal
discount rate, to have much influence on the economically efficient type and scale of project
recommended today. There is likely to be a greater reliance on non-structural, land use management
solutions that require state and local regulatory controls. The uncertainties about the magnitude and
rate of change in sea level rise emphasize the need to maintain flexibility and emphasizes the adoption of
an incremental approach that preserves options.
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