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CHAPTER 1
INTRODUCTION
Section I. General

1=1. Purpose. This manual provides guidance for the assessment of reservoir
water quality conditions, including reservoir releases and tailwaters.
Procedures are generally presented without theoretical discussion, since these
details can be found in referenced sources,

1=-2. Applicability. This manual applies to all field operating activities
having responsibilities for reservoir water quality/ quantity control. It
provides a framework to guide Corps of Engineers scientists and engineers in
assessing water quality conditions associated with reservoirs. Emphasis is
placed on procedures to define program and/or study objectives and to select
appropriate techniques for assessing water quality conditions in the planning,
design, and water control management of reservoirs.

1=3., Reference, The references are indicated throughout the manual by numbers
that correspond to similarly numbered items in Appendix A.

1=4, Background.

a. Environmental concern expressed by the public through the Congress
has resulted in the passage of Federal legislation and the issuance of
Executive Orders directing increased efforts by Federal agencies in water
quality management, 1Initial legislation on water quality management was
directed toward public health and water supply. Subsequent legislation and
Executive Orders, such as the Federal Water Pollution Control Act Amendments of
1977 (PL 95-217, 33 U.S.C 1323 et seq., "the Clean Water Act"), and Executive
Order 12088 ("Federal Compliance with Pollution Control Standards,"™ 13 October
1978), placed the responsibility for compliance with local and state pollution
abatement laws with directors of Federal agencies. Corps policies and
authorities relative to water quality are contained in ER 1130-2-334, ER 1105-
2=-50, and EP 1165=2-1.

b. Early reservoir water quality assessment activities were based on
techniques and referenced processes commonly accepted in standard limnology and
sanitary engineering. However, previous approaches to assessing and solving
reservoir water quality problems were sometimes found to be lacking due to
processes and water control operations inherent to reservoirs., Some of these
water quality problems interfere with project purposes and/or result directly
from water control (reservoir regulation) practices, Many of these problems
were addressed by the Environmental and Water Quality Operational Studies
(EWQOS) research program, and new technologies pertinent to reservoir water
quality have been developed, Much of the material in this manual is a product
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of this program and of field experience from Corps district and division
offices.

Section IT. Water Quality Assessment in
Water Quality Control Management

1-5. General. Water quality assessments of reservoirs are designed and con-
ducted to meet specific reservoir use objectives. These assessments are
intended either for predicting future conditions, such as the reservoir water
quality in a proposed impoundment or the tailwater quality resulting from pro-
posed changes in the water control plan at an existing project, or for
describing existing conditions, such as postimpoundment quality. In addition,
the results of water quality assessments serve as source material for environ-
mental impact statements and assessments, project water control manuals,
recreation master plans, and future projects.

1-6. Planning and Analysis. The stage of the reservoir project investigation
determines the extent of resources available and, therefore, the depth of a
water quality assessment. Obviously, a reservoir water quality assessment
made during the early stages of a project reconnaissance investigation 1s gen-
erally less intensive and definitive than assessments conducted during feasi-
bility studies or those made for project feature design and environmental
impact determination in the post-authorization phase.

a. Reconnaissance Studies.

(1) During the early phases of project planning investigations (recon-
nalssance), it is important to make an initial information search (Chapter 4,
para 4-3) and determine existing water quality conditions in the watershed
under study. Factors such as elevated levels of certain water quality consti-
tuents, municipal and industrial point-sources of pollution, land use prac-
tices, municipal water supply requirements, State stream water quality stan-
dards, and other water uses should be identified. These factors are extremely
important in determining water quality assessment requirements and objectives
for the next phase of the planning investigation.

(2) Limited resources and the fact that specific reservoir sitings and
project purposes are not yet fully developed during the reconnaissance phase
usually preclude the need for extensive field data collection or use of the
diagnostic and predictive techniques described in Chapter 4.

(3) When the planning investigation progresses to the point at which
alternative reservoir sites are considered, the process of assessing future
reservoir water quality conditions begins. Usually, resources at this stage
permit only limited field data collection. Predictive techniques will also
ordinarily be restricted to the use of regression type and/or comparative type
analyses (Chapter 4). The requirements at the stage of study are to provide a
general indication of the proposed impoundment in terms of whether it will be
strongly stratified, will have low dissolved oxygen or other gas

1-2
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concentrations, and related water quality problems that would adversely affect
project purposes or require special water control features (e.g., multilevel
withdrawal structure or reaeration facility) for mitigation and control. This
information will be used to scope the level and extent of the water quality
assessment needed for the feasibility investigation.

b. Feasibility Studies.

(1) During the feasibility investigation (development of the recommended
plan and preparation of the environmental impact statement), it may be neces-
sary to use nutrient loading, thermal simulations, and/or comprehensive water
quality models to predict future water quality and determine the need for spe-
cific water quality control features. In most cases, use of rigorous simula-
tion models will require more water quality data than those gathered during
the earlier planning work, and additional data collection and analysis will be
required.

(2) Another analysis is to determine whether the proposed impoundment
lands, through the presence of vegetation and certain soil types, will con-
tribute to water quality degradation (see Chapter 4). Sufficient resources to
conduct these water quality studies should be provided in the feasibility
investigation., Also, the water quality control features and their associated
operational requirements must be considered in the investigation so that accu-
rate estimates of project costs and benefits can be made.

c. Post-authorization Studies. During the post—authorization phase,
detailed design of project features and definitive environmental impact deter-
minations are prepared. Resources must be programmed to conduct data collec-
tion, while water quality simulation studies may be conducted to select the
type and determine the specific geometry of water control structures (e.g.,
gates, submerged weirs, stilling basins) to meet project purposes and water
quality objectives. The studies during this stage will usually encompass use
of the more rigorous water quality simulation models (Chapter 4). They may,
in addition, require physical models to define project-specific hydrodynamic
conditions in the reservoir and tailwater for subsequent use in mathematical
models and/or for direct application to design. Guidance on hydrologic inves-
tigation requirements for water quality control is contained in
ER 1110-2-1402,

1-7. Water Control Management.

a. Water quality assessments of existing reservoirs can vary in com-
pleteness and detail depending on the objective of the assessment. For com-
pliance with ER 1130-2-334, it may be sufficient to carry out a monitoring
program without resorting to modeling (especially when no water quality prob-
lems are identified at the reservoir). In this instance, trend-monitoring to
identify possible problems/conditions may be the activity required.

1-3
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b, For a reservoir in which a specific water quality condition has been
identified or to which a change in project use is proposed (e.,g., hydropower
retrofit), the assessment may be as extensive as that used in post-authori-
zation design studies, In this case, there may be need for extensive field
sampling and laboratory analysis (Chapter 5) and for evaluation techniques such
as mathematical and/or physical modeling. Further, correcting a water quality
problem or meeting requirements of the new project purpose may require the
design and construction of modifications to the outlet works and/or modi-
fications to the water control plan.

1-4
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CHAPTER 2
WATER QUALITY PARAMETERS
Section I. Introduction
2-1. Definition of Water Quality. Water quality, as defined in this manual,

is composed of the physical, chemical, and biological characteristics of water
and the abiotic and biotic interrelationships.

2-2. Reservoir-Watershed Relationship.

a. Any reservoir or stream system is coupled with its watershed or
drainage basin. Therefore, basin geometry, geology, climate, location, and
land use are integral factors that directly or indirectly influence stream or
reservoir water quality. Conversely, water quality changes in reservoirs are
the result of physical, chemical, and biological loading, generally through
runoff and/or stream transport and processing.

b. In a dam/reservoir project area, the Corps owns a limited quantity of
the surrounding land. As a result, the water quality of a particular reser-
voir is often controlled by a watershed, and/or activities therein, over which
the Corps has little or no control, In turn, many water quality problems in
the reservoir cannot be dealt with directly but must be handled by or through
a local, state, or other Federal entity. However, one should not assume that
all water quality problems are the result of the watershed characteristics
alone. Many water quality problems result from structures associated with the
dam, project operation, or the reservoir itself. Solutions to these problems
are within the control of the Corps.

Section II. Reservoir Description

2-3. Definition. In limnological terminology (study of freshwater bodies),
reservolirs are defined as artificial lakes. All standing waters were classi-
fied as lakes as far back as the 1890's by the pioneer limnologist Forel.
More recently, lakes have been classified iInto 76 types, with reservoirs as
one type of lake produced by higher organisms, that is, man (see Ref. 77).

2-4, Comparison to Natural Lakes. In some ways, reservoirs can be considered
as having the characteristics of only one-half of natural lakes. That is, the
deepest portion of a natural lake may be located anywhere, but is often near
the center, with all portions of the lake bottom sloping toward that maximum
depth. By contrast, the deepest portions of reservoirs are almost always near
the dam, and the reservoir bottom usually slopes toward the dam. Also, the
inlet and outlet of natural lakes are near the surface, whereas a reservoir
can release water from any location, ranging from the surface to the deepest
portion of the impoundment. Consequently, although the limnological processes
determining water quality conditions are the same in both cases, the hydro-
dynamics of reservoirs make their water quality characteristics different than

2-1
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those of natural lakes. From an ecological point of view, a reservoir nor-
mally has variable productivity potential levels--high in the early years, low
during the following years and then, sometimes, high again during the reser-
voir's mature stage. By contrast, the natural lake follows a successional
pattern from oligotrophy to eutrophy.

2-5. Classification of Reservoirs. Reservoirs, especially natural lakes,
have been classified using a variety of systems, including physical, chemical,
and geomorphological characteristics, and indicator speciles or speciles aggre-
gates., This section presents a brief overview of the classification systems
commonly used within the Corps.

a. Stratified Versus Unstratified. Reservoirs may or may not stratify,
depending on conditions such as depth, wind mixing, and retention time (see
para 2-7d). Under appropriate conditions, the reservoir will form an epi-
limnion or upper layer, a metalimnion or transitional layer, and a hypolimnion
or lower layer. However, if conditions do not allow stratification, the en-
tire reservoir may consist of an epilimnion with an isothermal gradient. The
stratified or unstratified condition can dramatically affect water quality
conditions of the reservoir and its releases. Releases from an unstratified
reservoir, irrespective of the withdrawal level, will generally be warmwater
releases; bottom-~level withdrawals from a stratified reservoir will be gen-
erally coldwater releases. Warm and cold releases, in the sense of this dis-
cussion, are relative to the water temperature of the stream into which the
releases are made. Additional aspects of water quality conditions associated
with stratified or unstratified conditions will be discussed in subsequent
sections.

b. Operational Characteristics.

(1) General. Reservoir projects are authorized for a variety of pur-
poses, the most common of which are flood control, navigation, hydroelectric
power generation, water supply, fish and wildlife conservation and enhance-
ment, recreation, and low-flow augmentation. Since the mid-1970's, Corps res-
ervoirs also have water quality enhancement as an authorized project purpose,
Today, most reservoirs are authorized as multiple-purpose projects, with stor-
age allocated for two or more purposes. Multiple-purpose reservoirs, operated
either separately or as a system, often result in conflicting uses for reser-
volr storage.

(2) Flood control. Use of a reservoir for flood control consists of
storing water in excess of the downstream channel capacity (damaging flows)
during flood periods for later release during periods of flow at or below
channel capacity (nondamaging flows) at a downstream control point. Since a
major factor in flood control reservoirs is maintaining available volume
(1.e., empty storage space) for flood storage, the flood control purpose
generally is the least compatible with other project purposes.
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(3) Navigation. Reservoir projects operated for navigation purposes are
directed at providing sufficlent downstream flow to maintain adequate water
depth for navigation and/or providing sufficient water volume for lockages.

In many navigation projects, the reservoir pool is a part of the channel, so
pool levels must be controlled to provide both sufficient navigation depths
within the pool and downstream depths. Downstream releases for navigation
purposes may have a distinct seasonal pattern, with higher releases required
during the dry season.

(4) Hydroelectric power generation,

(a) Hydroelectric power generation consists of passing water through
turbines to produce electricity. Hydroelectric facilities normally are oper-
ated to produce two types of power: baseload power and peak power. Baseload
power is firm power generated to supply a portion of a constant daily demand
for electricity. Peaking power 1s power supplied above the baseload to sat-
isfy variable demands during periods of heavy electricity usage. Reservoir
releases to meet baseload power are generally constant over several hours,
while those designed for peaking power will fluctuate by the hour,

(b) The power output of a facility is determined by the flow through the
turbine and the head or pressures exerted on the turbine. Therefore, it is
advantageous to have hydroelectric power reservoirs at maximum storage or full
pool for maximum power generation. This is best accomplished by pumped-
storage hydropower reservoirs which maintain a full pool by pumping previously
released water back into the reservoir following generation. Electricity is
generated and used during high-demand periods (i.e., high market value) to
provide energy to consumers; it is used to pump water back into the reservoir
during low-demand periods when energy costs are lower. Most hydroelectric
power plants are part of either an interconnected system or a power grid so
that flexibility in coordinating generation releases with other water uses is
possible.

(5) Water supply. Reservoirs with water supply objectives store water
during periods of excess inflow for use during other periods. Withdrawal may
take place directly from the reservoir, or in downstream reservoir releases.
Water is generally provided to municipal, industrial, or agricultural users as
reservoir storage rather than by contract to supply a specific volume of
water. Consequently, water supply can be obtained by a user from the reser-
voir as long as there is sufficient water in that particular segment of stor-
age. Adequate reserve storage is usually maintained to avoid water shortages
during drought periods.

(6) Fish and wildlife conservation and enhancement, Reservoirs used for
fish and wildlife conservation and enhancement may include features such as
intake structures to minimize entrapment and entrainment of fish and other
aquatic species; outlet and emergency spillway structures to minimize contact
of aquatic species with waters supersaturated with dissolved gases and to pro-
vide appropriate release water quality; and fish ladders, fish bypasses, ar”

2-3
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other pertinent facilities to permit fish passage around structures. Fish and
wildlife habitat at these reservoirs is improved by retaining standing vegeta-
tion during construction, as well as providing conditions conducive to growth
of suitable aquatic and wetland vegetation.

(7) Recreation. Recreation activities in and around reservoir projects
include camping, picnicking, fishing, pleasure boating, water skiing, swim-
ming, and hunting. Similar activities also take place downstream of the res-
ervoir in and adjacent to the tailwater. Recreational users of both areas
generally prefer constant water levels.

(8) Low-flow augmentation. Low-flow augmentation reservoirs provide
releases that increase flow in the downstream channel for downstream fish and
wildlife purposes or for downstream water quality control. Storage allocation
for downstream water quality control currently can be obtained only under spe-
cial circumstances.

c. Trophic Status.

(1) Reservoirs are commonly classified or grouped by trophic or nutrient
status. The natural progression of water bodies through time is from an
oligotrpphic (i.e., low nutrient/low productivity) through a mesotrophic
(i.e., intermediate nutrient/intermediate productivity) to a eutrophic (i.e.,
high nutrient/high productivity) condition. The prefixes "ultra" and "hyper"
are sometimes added to oligotrophic and eutrophic, respectively, as additional
degrees of trophic status. The tendency toward the eutrophic or nutrient-rich
status is common to all impounded waters.

(2) The eutrophication or enrichment process has received considerable
study because:

(a) It can be accelerated by nutrient additions through cultural activ-
ities (e.g., point-source discharges and nonpoint sources such as agriculture,
urbanization, etc.).

(b) Water quality conditions associated with eutrophication may not be
desired.

(c) To a certain degree, cultural eutrophication impacts are reversible.

(3) The majority of reservoir water quality conditions relate to the
eutrophication process. Certain physical, chemical, and biological factors
change during eutrophication (Table 2-1). Quantitative criteria for these
factors have been developed to define various trophic states, but the ranges
are broad and may not reflect geographic/demographic differences in water
quality. (Additional discussion of eutrophication can be found in Refs. 43,
44, 45, and 110 and in Item ff of Appendix B.)
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TABLE 2-1
Selected Trophic Indicators and Their Response to
Increased Eutrophication1
Chemical Biological

Transparency (D)
(Secchi disk depth)

Suspended solids (I)

Nutrient concentrations (I)
(e.g., at spring maximum)

Chlorophyll a (I)
Conductivity (I)
Dissolved solids (I)

Hypolimnetic oxygen
deficit (I)

Epilimnetic oxygen
supersaturation (I)

Algal bloom frequency (I)

Algal species
diversity (D)

Littoral vegetation (I)
Zooplankton (I)

Fish (I)

Bottom fauna (I)

Bottom fauna
diversity (D)

Primary production (I)

Phytoplankton biomass (I)

Increased,

(D) = decreased.
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Section III. Reservolr Characteristics and Processes
2-6. General.

a. Reservoilr water quality is a system response to the reservoir's
watershed, the region's climate, as well as the geometry and internal charac-
teristics and processes of the reservoir. Water quality is affected by the
type, location, and manner of operation of the reservoir's water control
facilities. Macro- and micro-meteorological forces, inflows, internal pro-
cesses, outflows, and project operation are highly dynamic and can be dominant
factors in determining the water quality in a reservoir. To understand why
certain water quality conditions develop, one must understand the interaction
of all the dynamic phenomena influencing the reservoir and its associated
waters.

b. This section introduces some of the important characteristics and
processes that influence the quality of water in reservoirs. For simplicity,
relevant limnological factors are categorized as being physical, chemical, or
biological in nature. Such separation does not occur in nature; the factors
are all interrelated. Thus, it must be understood that many factors discussed
could fall into more than one category. (Additional information on limnologi-
cal processes and terminology can be found in Refs. 77, 78, and 110.)

2-7. Physical Characteristics and Processes.

a., Site Preparation. Depending upon the planned reservolr uses, site
preparation (e.g., topsoil stripping, timber removal) may have a significant
effect upon water quality after inundation. Additional information on the
subject may be found in Refs. 13 and 71.

b. Morphometry.

(1) Morphometric variables that can influence hydrologic and limnologic
characteristics of the reservoir include surface area, volume, mean depth,
maximum depth, shoreline development ratio, and fetch. Formulas for computing
the values of these and other characteristics are given in Table 2-2, Biolog-
ical productivity, respiration, decomposition, and other processes influencing
water quality are related directly or indirectly to reservoir morphometry.
Morphometric characteristics themselves also are interrelated and provide
insight into existing or potential water quality conditions. Mean depth, for
example, is computed as volume/surface area (V/A); shallow mean depths may
indicate light penetration to the bottom, warmer water temperatures, higher
organic decomposition rates, and greater nutrient regeneration. All these
factors can contribute to higher productivity. Lakes with shallow mean depths
generally have higher biological productivity than lakes with deeper mean
depths with comparable surface areas.
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(2) Reservoirs with high shoreline development ratios are indicative of
dendritic systems with many coves and embayments, while low values of the
ratio are often indicative of more prismatic type reservoirs. Biological pro-
ductivity usually is higher 1in coves than in the main pool; thus, reservoirs
having high shoreline development ratios tend to be more productive.

(3) Fetch is the distance over water that the wind has blown uninter-
rupted by land. When computed along the direction of the prevailing wind, the
fetch length can provide an indication of wave heights and potential erosion
areas on the windward reservoir side where the waves will break.

(4) The shape of area-capacity curves integrates morphometric parameters
that relate to biological productivity. Reservoirs with flatter slopes on the
area-elevation, elevation-volume curves usually have higher productivity.

c. Longitudinal Gradients. Reservoirs can exhibit pronounced longitu-
dinal and vertical physical, chemical, and biological gradients. Long, den-
dritic reservoirs, with tributary inflows located a considerable distance from
the outflow and unidirectional flow from headwater to dam, develop gradients
in space and time. Although these gradients are continuous from headwater to
dam, three characteristic zones result: a riverine zone, a zone of transi-
tion, and a lacustrine zone (Figure 2-1),.

(1) Riverine zone. The riverine zone is relatively narrow, well mixed,
and although water current velocities are decreasing, advective forces are
still sufficient to transport significant quantities of suspended particles,
such as silts, clays, and organic particulates. Light penetration in this
zone 1s minimal and may be the limiting factor that controls primary produc-
tivity in the water column. The decomposition of tributary organic loadings
often creates a significant oxygen demand, but an aerobic environment is main-
tained because the riverine zone is generally shallow and well mixed. Longi-
tudinal dispersion may be an important process in this zonme.

(2) Zone of transition. Significant sedimentation occurs through the
transition zone, with a subsequent increase in light penetration. Light pene-
tration may increase gradually or abruptly, depending on the flow regime. At
some point within the mixed layer of the zone of transition, a compensation
point between the production and decomposition of organic matter should be
reached. Beyond this point, production of organic matter within the reservoir
mixed layer should begin to dominate (Figure 2-1).

(3) Lacustrine zone. The lacustrine zone 1is characteristic of a lake
system (Figure 2-1). Sedimentation of inorganic particulates is low; light
penetration is sufficient to promote primary production, with nutrient levels
the limiting factor; and production of organic matter exceeds decomposition
within the mixed layer. Entrainment of metalimnetic and hypolimnetic water,
particulates, and nutrients may occur through internal waves or wind mixing
during the passage of large weather fronts. Hypolimnetic mixin