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Abstract

The effects of the construction and operation of Glen Canyon Dam have been studied,

documented, and manipulated in the downstream environment in Grand Canyon. Glen Canyon
Environmental Studies led 13 years of study that focused on addressing and mitigating the adverse
impacts of the Dam on that ecosystem. While data has been collected from Lake Powell throughout
its filling history, there has been no concerted effort to evaluate the impacts of dam operations on
the physical, biological, and chemical processes of the reservoir and downstream releases. Using
data from the 33-year history of water quality monitoring on Lake Powell, primarily from Bureau
of Reclamation efforts, we will begin to demonstrate the effect of dam operations and other factors
on the water quality and hydrodynamics of Lake Powell. Of special importance are the historical
record reflecting the flood years of 1980 to 1986, modified operations of Glen Canyon Dam which
began in 1991, the results from the Experimental Beach/Habitat Building Flood of the spring of
1996, and most recently, the high sustained releases starting in February 1997. No specia data
collection was designed to answer the question, but rather, the stock of existing data was analyzed
to provide the answers and to fuel the questions that formed the assessment. The results show that,
combined with other influences, dam operations have an undeniable effect upon the stratification
and mixing of the reservoir, and those effects are consequently passed downstream through the
dam. Not all aspects of dam operations could be answered or analyzed under the scope of the nine
months allowed for the assessment. The experimental flood demonstrated the effects of using
alternate structures for the release of water, in this case, the hollow jet tubes that are positioned 100
feet below the penstock withdrawal ports. The historic record of the 1980’ s indicated that the
combination of high and repeated spring floods and high and sustained discharge from penstocks as

well as spillways and hollow jet tubes caused substantial mixing of the reservoir. The recent
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spring’s high-sustained releases that were not initially accompanied by high inflow demonstrate the

isolated effects of above average powerplant withdrawal.
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l. Introduction

The Grand Canyon Protection Act of 1992 requires the Secretary of the Interior to evaluate the

impacts of Glen Canyon Dam operations on all affected resources. Although the primary
evaluation of these impacts are on resources downstream of the dam, concern has existed that
certain aspects of dam operations have the potential to affect various resource attributes upstream
of Glen Canyon Dam.

In January 1997, the Grand Canyon Monitoring and Research Center (GCMRC) presented to its
Planning and Transition Work Groups, a prospectus for assessing the effects of Glen Canyon
Dam? s operation on water quality resources in Lake Powell and Glen Canyon Dam releases
(Appendix A). This document will serve to define the scope and objectives of this study, and will
form the basis for review of the assessment process and results.

Three experienced reservoir limnologists from outside the federal government not currently
connected with GCMRC have provided critical review. Three federal limnologists provided
additional review from the Bureau of Reclamation and the U.S. Geological Survey. Final results of
the assessment will be reviewed by a Science Advisory Group and presented to the Adaptive

Management and Technical Work Groups.
A. Scope and Objectives of Assessment

This assessment is an effort to integrate existing data from current and past monitoring programs

on Lake Powell in order to evaluate the effects of various aspects of Glen Canyon Dam operations,
from 1965 to 1997, on reservoir and release water quality. Primary consideration will be made to
peaking power generation, operation of non-power release structures, and potential selective
withdrawal. An attempt will be made to identify other factors affecting Lake Powell such as the

existence and structure of Glen Canyon Dam, climatological factors, and internal hydrodynamic
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processes, so that these impacts are not inappropriately associated with dam operations. The
assessment will rely mainly on data from the Bureau of Reclamation’s long-term limnological
monitoring program on Lake Powell, the current monitoring program, implemented in 1990 and
currently maintained by GCMRC, and information from other agencies and institutions.

Severa factors combine to limit the scope of this assessment. A relatively short time frame was
specified for completion of this study. Budgetary constraints limit the amount of financial and
human resources dedicated to this process. The quality and completeness of data from past
monitoring efforts may be insufficient for certain evaluations and may not have focused on
important affected resources. Some information has not yet been organized into a form that
facilitates analysis and some samples await analysis. Therefore, the scope of this study will be
limited to the analysis of those data which have been 1) consistently collected over along period of
time; 2) are readily available for computer analysis; and 3) will most likely show the effects of dam
operations on the chemical and physical limnology of the reservoir.

In this context, the term water quality is used to include the various physical, chemical, and
biological attributes that characterize a body of water in terms of its hydrodynamic properties,
chemical composition, and the organisms that live in it. Its use is not intended to connote any value

judgments based on suitability for a given use.
B. Purpose of Assessment

The closure of Glen Canyon Dam in 1963 caused major changes to the physical, chemical and
biological characteristics of the Colorado River in Grand Canyon. These changes are well
documented and include the removal of sediment and the moderation of temperature, salinity and
other chemical extremes. Operation of the dam for peaking power generation resulted in the

removal of seasonal discharge variability and its replacement with daily discharge fluctuations
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(Gloss et al. 1981, Ward and Stanford 1983, Stanford and Ward 1986, 1991, Angradi et al. 1992,
Stevenset al. 1997).

Concurrently, changes were also made to the Colorado River as it began to form Lake Powell
upstream of Glen Canyon Dam. The river was slowed and began depositing sediment in the
reservoir basin. Vertical temperature and chemical gradients appeared in the reservoir body due to
seasonal density variations of the inflows, climatic factors, and the mid-depth location of the
power-plant penstocks. Certain aspects of dam operations over the past 33 years are hypothesized to
have impacts to many of the reservoir's resources, especially water quality. Comprehensive
scientific assessments have not been conducted to determine the extent of these impacts.

Current and past monitoring programs on Lake Powell have been designed with fairly broad
perspectives in order to understand more about processes that affect various resource areas of
concern. Understanding and monitoring salinity trends and patterns in the Colorado River and its
reservoirs has long been important to maintaining adequate quality for downstream uses under
future water development conditions and has been a primary focus of Reclamation's long-term
monitoring program. Chemical changes occurring in afilling reservoir have implications to
maintaining fisheries and supplying nutrients to downstream environments. More recently it has
become important to understand the processes in Lake Powell that determine the physical,
chemical, and biological characteristics of downstream releases to the Grand Canyon ecosystem.
This was a primary objective for the revision of the Reclamation 's Lake Powell monitoring by the
Glen Canyon Environmental Studies office in 1990. Evaluation of a potential selective withdrawal
structure on Glen Canyon Dam will require an understanding of hydrodynamics, warming
processes, thermal budgets, and biological effects upstream and downstream of Glen Canyon Dam.
The effects of planned or unforeseen operational changes at Glen Canyon Dam may have far

reaching effects on varied physical, biological, and cultural resources in the Grand Canyon and on
06/02/98 DRAFT Page 3 of 62



Lake Powell.

The challenge of any long-term monitoring program is to collect data focused on addressing
issues of current concern while being broad based and of sufficient quality to answer questions
which may arise in the future while maintaining a reasonable expenditure of resources. It is our
belief that data from past and existing monitoring programs on Lake Powell can be evaluated to
identify effects of various aspects of operation of Glen Canyon Dam and, at the same time, provide
valuable information to scientists and managers from a broad variety of resource areas. By
balancing information needs, resource expenditures, and monitoring program objectives, a valuable

evaluation tool for future adaptive management may be maintained.

C. Affected Resources

Many processes in Lake Powell are influenced by factors not directly related to dam operations

such as inflow hydrodynamics, climatological conditions, and the existence and structure of Glen
Canyon Dam. However, some water quality attributes of Lake Powell and downstream releases
may be affected by certain aspects of the operation of Glen Canyon Dam. These effects can be
evaluated from data developed in existing monitoring programs.

Three main interlinked resource categories may be affected by the operation of Glen Canyon
Dam and other factors. Physical and chemical conditions in Lake Powell address evaporative water
loss, temperature regime and heat budget, salinity levels, hydrodynamics and mixing patterns,
nutrient and trace element concentrations, and sediment deposition. These characteristics, in turn,
influence the biological resources of Lake Powell and the Colorado River below the dam. Affected
biologica components may include primary productivity, algal and zooplankton abundance and
composition, and the dynamics of fish populations, waterfowl, and higher species. The third

affected resource category involves social and economic components such as power production,
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water delivery, cultural and historic resources, recreation and public health.

While direct linkages exist among these resource categories, identification and evaluation of
effects to all these resource categories is impossible within the current time constraints, budget
setting, and data limitations. The scope of this assessment will therefore mainly focus on the
various physical and chemical water quality attributes associated with Glen Canyon Dam

operations for which information has been or is currently being gathered.
Il Background Information

Concurrent with historical changes in dam operations and reservoir conditions, Reclamation has

maintained a water quality monitoring program on Lake Powell since 1965. By associating the
monitoring effort with historical dam operations, increased understanding can be gained of effects

of dam operations on reservoir resources.
A. Brief History of Lake Powell and G/en Canyon Dam Operations

Lake Powell has had a relatively short existence as an operating reservoir. Its history can be

described in terms of three magjor periods in Glen Canyon Dam operations.

1963-1980. The seventeen-year period from 1963 to 1980 resulted in the eventual filling of Lake
Powell to its normal pool elevation of 3700 ft. With minor exceptions, this period was
characterized by constantly increasing reservoir elevations, increasing depth of the penstock
withdrawal zone, and continual inundation of new areas of the reservoir basin. Stable stratification
patterns in temperature and salinity developed from the constant withdrawal at the penstock level.

1980-1990. Relatively full reservoir levels characterize the period from 1980 to 1990. A
succession of high runoff years in the early and mid 1980’ s brought the reservoir 8 feet above its

normal pool level in July of 1983. Because of the need for increased releases from Glen Canyon
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Dam, the spillway structures and hollow jet bypass tubes were operated on several occasions. This
allowed significant amounts of water to be released from levels above and below the penstock
zone. These factors combined to cause nearly complete mixing of the reservoir in 1985, due to the
high volume of reservoir throughput and the operation of the alternative release structures. In the
late 1980's, drought conditions returned to the upper basin and resulted in decreasing reservoir
levels and the return of strong chemical stratification below the penstock level.

1990-1997 The period from 1990 to 1997 was marked by a series of manipulations to the
operation of Glen Canyon Dam for scientific and environmental purposes. Before this time, the
dam was operated primarily for peaking power generation and water delivery to the Lower Basin
States. In 1990, Phase Il of the Glen Canyon Environmental Studies and the development of the
Glen Canyon Dam EIS began. As part of the GCES Phase |1 Integrated Research Plan (USBR
1990), a series of research flows was initiated from June 1990 to August 1991. These flows ranged
widely in daily fluctuations and ramping rates, interspersed with periods of steady flow. In
November 1991, following the research flow period, the Secretary of the Interior implemented the
Interim Operation Criteria, which set limits on minimum and maximum discharge, daily range of
discharge, and hourly ramping rates. These criteria remained in place until October 1996, when the
Secretary signed the Record of Decision for the preferred aternative of the Glen Canyon DAM EIS
(U.S. Bureau of Reclamation 1995 and 1996).

Of significance during this latter period was the experimental beach/habitat building flow in
March and April 1996. This 7-day discharge of 45,000 cfs included a release of 15,000 cfs from the
river outlet works of Glen Canyon Dam. The operation of this structure released water from 100
feet below the penstock withdrawal zone and weakened the strong chemical stratification that had
previously built up below that level.

In February 1997, increases in Upper Colorado River Basin runoff forecasts prompted an
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increase in Glen Canyon Dam releases that were sustained at levels above 20,000 cfs for the

remainder of the summer months. This represented a different operational pattern to handle the

forecasted runoff than in 1983, which experienced similar hydrologic conditions.

B. Reclamation Monitoring Program

Table 1. Major Features of Monitoring Program Phases

Phase 1 Phase 2 Phase 3 Phase 4
Frequency:
number of
stations 8 8 8-10 15-20
Parameters Temp. Temp. Multiprobe Multiprobe profiling
DO (Winkler) | DO (Meter) profiling (T, SC, with datalogger
chemistry Magjor lons Magjor lons Magjor lons Magjor lons
(Shipboard Nutrients
sampling 50 ft 50 ft 50 ft Variable
biological none none gualitative chlorophyll
sampling plankton phytoplankton
inflow none none selected sites selected sites
monitoring
tailwater none none below dam below dam

The Bureau of Reclamation initiated a water quality monitoring program on Lake Powell in 1964

to gather information on initial water quality conditions and to observe changes as the reservoir

filled and matured. This program has continued to the present. Based on sampling frequency,

spatial resolution of measurements, and changes in instrumentation, four distinct phases of

monitoring activity can be identified (Table I1-1).

From 1965 to 1971, monthly sampling of the Glen Canyon Dam forebay and quarterly surveys of

the entire reservoir for temperature and salinity characterized monitoring activity. Measurements

and samples were collected at 50-foot depth intervals at seven locations on the reservoir.

06/02/98

DRAFT

Page 7 of 62




From 1972 to 1981, the frequency of lake-wide surveys was increased to a monthly basis.

From 1982 to 1990, sampling activity steadily declined to single lake-wide surveysin 1988 and
1989. Despite the decline in sampling frequency, advances in instrumentation allowed the
collection of higher quality data at finer depth resolution. Continuous monitoring of temperature
and salinity of the tailwater was initiated during this period.

In 1990, concurrent with the implementation of GCES Phase Il studies, Reclamation's Lake
Powell monitoring program was restructured. Monitoring frequency was returned to a level of
monthly forebay surveys and quarterly lake-wide surveys. During the Phase I Research Flow
period from 1990 to 1991, the monthly forebay surveys were conducted by the US Geological
Survey (Hart and Sherman, 1995). This restructuring resulted in a redistribution of resources to
allow the collection of data at a finer spatia resolution while reducing the number of samples
collected for chemical analysis. Sampling for nutrient chemistry and biological conditions was also
initiated. The objective of this phase of monitoring activity was to establish a program of basic data
collection that would balance cost with the ability to track changes in reservoir and release water
guality and evaluate the effects of Glen Canyon Dam operation on these resources

Various agencies and institutions during Lake Powell's history have conducted other work.
Studies have been conducted by educational consortiums and federal and state agencies on subjects
that include sedimentation, circulation patterns, trace element chemistry, remote sensing, and

public health issues (Potter and Drake, 1989).
C. Details of Current Monitoring Program

The current monitoring program was initiated in 1990 in response to the need to understand how

physical and chemical processes in Lake Powell and the operation of Glen Canyon Dam influence

the quality of water released to Colorado River in Grand Canyon. Based on limited personnel and
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financial resources, efforts were made to incorporate existing technology to improve the overall
quality and resolution of measurements taken, eliminate unnecessary activities, and automate
routine data collection tasks. This program balances a broad based, high quality, data collection

program with limited resources.

1. Quarterly Lake Wide Sampling

Based on characteristic seasonal patterns and conditions, lake-wide sampling is conducted on

Lake Powell on a quarterly basis. Efforts are made to describe the physical and chemical conditions
of the mgjor strata of the reservoir in the main Colorado River channel and the mgjor tributary arms
of the San Juan and Escalante Rivers.

Sampling takes place over a week-long period and consists of measurements and chemical
samples collected at 20-25 established stations along the main channel and major tributary arms.
After initial surface observations are made, a profile of the physical parameters of temperature,
specific conductance, dissolved oxygen, pH, redox potential, and turbidity throughout the water
column is collected. This provides details of the density stratification patterns separating the
significant layers of the reservoir, location of inflow currents, dissolved oxygen patterns and
overall chemical conditions in the reservoir. Results are recorded on portable data logging
equipment for immediate viewing in the field and automated transfer to data management systems.

Based on the stratification patterns seen from the physical profile, depths for discrete chemical
sampling are determined, with the objective of characterizing the major ion and nutrient content of
the significant layers of the reservoir. Sample processing is performed on shipboard for later
analysis at a remote laboratory. Alkalinity titrations of these samples are also performed on
shipboard.

Biological sampling consists of chlorophyll sampling of surface samples, collection of discrete

06/02/98 DRAFT Page 9 of 62



samples for phytoplankton and vertical tows for zooplankton.

2. Monthly Forebay Sampling

Monitoring of the forebay of Lake Powell is performed monthly at the long-term Wahweap

station. This site has been sampled monitored throughout Lake Powell’ s history and is located in
the main channel at the confluence with Wahweap Bay, 2.4 channel kilometers upstream of Glen
Canyon Dam. Chemical and biological sampling similar to that for major stations on quarterly

surveys is also performed.

3. Tailwater Monitoring

Continuous water quality data collection is maintained at three locations in the Glen Canyon
Dam tailwater. The first and most long-term running station is a perforated pipe below the river
outlet works (a.k.a., hollow jet valves), immediately downstream of the Glen Canyon Dam
powerplant on the left wall. This site has been in operation since August 1980 measuring
temperature and specific conductance at intervals of two hours or less. Dissolved oxygen
monitoring was initiated November 1990; pH measurements were started July 1995.

A second station is near the USGS Lees Ferry stream gage (09380000), in operation since
October 1991, recording temperature, specific conductance, and dissolved oxygen. pH

measurements were added August 1996.

lll.  Assessment Process and Data Analysis
A. Data sources

The assessment process consisted of integrating water quality data from various monitoring

phases to describe historical and seasonal patterns and trends in the water quality of the main-

channel reservoir body and the Glen Canyon Dam forebay, identify seasonal and long term
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variability, and describe unusual conditions associated with reservoir operations or other factors.
Water quality data is present in the form of surface observations from a site visit, profiles of
physical parameters through the water column, and the results of laboratory analyses of chemical
samples. Hydrologic data was acquired to build a database of historical inflows, reservoir contents
and surface elevation, Glen Canyon Dam power-plant releases, and non-power releases from
alternate outlets on Glen Canyon Dam to associate water quality changes with hydrologic or

operation patterns of the dam.

1. Lake Powell

a. Physical Profiles

A large part of the assessment analysis is based on the evaluation of the profiles of physical
parameters collected on lake-wide surveys at each established station and monthly at the Wahweap
forebay station. These profiles provide fine detail of changes through the water column. The
increase to the number of main channel stations and the monthly frequency of forebay sampling
provides adequate longitudinal and temporal resolution, respectively, for the purpose of describing
vertical density gradients, longitudinal reservoir gradients, and the seasonal and temporal variation
seen in these patterns.

Temperature patterns lend information to warming processes, thermal content of the reservoir,
and density characteristics. Consistent temperature has been regularly collected through the
reservoir since monitoring began in 1964

Specific conductance is an indicator of a solution's ability to conduct e ectricity, a function of
the amount of total dissolved substances (TDS) in solution. It is much more readily determined in
the field than a laboratory analysis for TDS and is therefore used as an indirect measure of salinity.

As such, specific conductance measurements give an indication of the chemical makeup of a parcel
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of water and can be used to identify its origin and density characteristics. Field measurements of
specific conductance were not taken during most of the 1970' s. Where absent, they were replaced
with lab-measured values.

Dissolved oxygen measurements can give an indication of biological and physical processes at
work in the reservoir, the amount of organic material carried by a water parcel, and its degree of
atmospheric exposure. Oxygen is produced as a byproduct of photosynthetic activity and is
consumed by respiratory and decomposition processes. High oxygen concentrations are therefore
seen near the surface in the early summer when photosynthetic activities are high. Oxygen
concentrations may be depressed at density gradient boundaries or in the deeper portions of the
reservoir due to buildup, at these locations, of autochthonous or allochthonous organic material
subject to bacterial decomposition.

b. Chemical Samples

The collection and analysis of chemical samplesis valuable for determining the chemical
composition of the major ionic constituents that comprise the dissolved substances in a body of
water. This information may be used to determine a fingerprint of the water to identify its source,
the degree of saturation of a particular mineral, or suitability for a given use, such as irrigation.
Chemical analysisis frequently the only way to determine the quantity of certain substancesin
solution, such as nutrient compounds.

c. Biological Samples

Biological monitoring in Lake Powell was initiated in 1990 to attempt to establish a link between
chemical and physical characteristics and higher trophic levels. The analysis of these samples has
not been fully completed. Furthermore, most biological activity in Lake Powell that would be

identified by the analysis of zooplankton and phytoplankton samples takes place near the surface
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and is probably less effected by normal dam operations than other chemical and physical indicators.
Therefore, although these samples may prove valuable in identifying water quality effects and

trophic linkages, their analysis has not been incorporated into this assessment.
2. Glen Canyon Dam Releases

a. Hydrologic Data

Data to quantify the amount of water discharged from Glen Canyon Dam comes from two main
sources. The most immediate source is powerplant releases from Glen Canyon Dam. These data are
the result of power-plant hydropower generation, integrated on an hourly period, and converted to
discharge in cubic feet per second (cfs) depending on generator rating curves and power-plant head.
These data form the basis for meeting the operational constraints set by the Glen Canyon Dam EIS
and Record of Decision. Data exist from 1965 to the present and separate powerplant release from
those of alternate spillway and river outlet works structures (U. S. Bureau of Reclamation, 192|-
1997).

The other source of hydrologic datais the U.S. Geological Survey (USGS) stream gage, Colorado
River at Lees Ferry, AZ (09380000). Discharge data is obtained every half hour from satellite
telemetered stream gage measurements applied to a discharge rating curve. These unit value data
begin in January 1985 and continue through the present. Daily values exist for the Lees Ferry gage
from October 1921 and are used to represent pre-dam conditions in the Colorado River (U.S.
Geological Survey, 1985-1996)

b. Time Series of Physical Parameters

The varying quality of Glen Canyon Dam releases were studied using data from two sources. The

USGS has maintained water quality monitoring for salinity and specific conductance at the

Colorado River at Lees Ferry gage (09380000) since 1944. These data exist in USGS daily values
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tables. Prior to 1977 single daily measurements for specific conductance were made (daily values
statistic code 00011). Since that time, specific conductance has been measured at specific intervals
with automated mini-monitor instrumentation; mean daily values are calculated from these data
(daily values statistic code (00003).

Reclamation began its water quality monitoring of the Glen Canyon Dam tailwater as part of
Phase | of the Glen Canyon Environmental Studies program in August 1988. This program was
begun with measurements of temperature and specific conductance at bi-hourly intervals. As
instrumentation improved, measurement of dissolved oxygen was added in June 1991; pH
measurements began in July 1995. Monitoring at Lees Ferry was initiated in October 1991. This
monitoring has been conducted with various versions of the Hydrolab Corporation's Datasonde
and Recorder submersible multi-parameter data logging instrumentation (Hydrolab, 1994). These
monitors are serviced on a monthly basis. The Grand Canyon Monitoring and Research Center
(GCMRC) currently maintains this program.

c. Chemical Analysis

The Colorado River at Lees Ferry gage (09380000) gage is maintained as part of the USGS
National Stream-Quality Accounting Network. Analysis of a broad range of water quality
parameters and contaminants is conducted on samples collected on a bimonthly basis.

As part of the monthly servicing of the tailwater instrumentation maintained by GCMRC, samples
are collected and analyzed for major ionic constituents and nutrient concentration and analyzed
according to standardized procedures (APHA, 1992). Biological samples similar to those collected

at reservoir stations are aso collected.
B. Data management
Prior to the mid-1980s all data was stored as hard copy records in binders. Over time, more data
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can be generated and stored electronically, but a large quantity of historical data has remained in
hard copy form. During the past seven years, efforts have been made to enter these data into
electronic formats to facilitate data management and analysis. Recently a large project involving
entry of the past 34 years of chemical analyses was completed.

A relational database was designed and implemented in the mid-1980s to store and manage data
from physical profiles and laboratory analyses. This database has under gone several changes and
refinements. Currently available data is now served from an Ingres database management system.
Data is transported from this system to SAS software (SAS Institute Inc., 1996) for statistical
analysis, summarization, and graphical representation. Work is currently in progress to move this
database to the Grand Canyon Monitoring and Research Center’s Information Technology program

under the Oracle database management system.
C. Data Analysis

Three-dimensional analysis for depicting longitudinal changes through the reservoir and temporal

changes in the forebay was done with Surfer and Grapher software (Golden Software, 1996 and
1994), which performs interpolation, gridding, and contouring of three dimension data. With this
software, images may be generated which depict changes in temperature, for example, on a two-
dimensiona framework of depth through the water column and distance from the dam, giving, in
effect, a cross-sectional view of water quality conditions throughout the reservoir body. Thisis aso
used to display changes in a given parameter with depth at the forebay station over a sequence of
time. These three-dimensional analyses form the primary basis for describing water quality patterns

in the reservoir.

V. Results

A. Lake Powell
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1. Introduction to Limnology

Interpreting the trends and history of Lake Powell’s requires the grasp of some basic limnological

principles as well as some specifics peculiar to Lake Powell (Wetzel 1975, Cole 1994). There are a
few components that drive the seasonal and yearly patterns of the lake; resulting in fairly
predictable horizontal and longitudinal stratification (Figs. 1,2a,2b, 3a and 3b; Merritt and Johnson
1979, Gloss et al. 1980, Edinger et al. 1984, Stanford and Ward 1986, Potter and Drake, 1989,
Thorton et al. 1990).

It is important to first become familiar with the most common and pertinent limnological
terminology, then to build an understanding of the basic processes that drives the conditions found
in the reservoir. Only then can valid conclusions be drawn that differentiate inflow processes from
discharge dynamics.

a. Stratification:
1) Vertical Stratification

Lakes exhibit vertical stratification based on density gradients. (Fig. 1)

Epilimnion: The surface layer of the lake characterized by the least dense water resulting from
warmer temperatures and lower conductance. It is the most biologically active portion of the lake
due to light availability and higher oxygen concentrations.

Metalimnion: A boundary or steep gradient between the epilimnion and the hypolimnion.

Hvpolimnion: The dense, cold, saline water at the bottom of the lake. It is fairly stable and
resistant to mixing. It is dark and has low oxygen levels; consequently bacteria tend to be the
dominant life form.

Thermocline: A thermal boundary or gradient between water masses of different temperature.

Chemocline: A chemical boundary or gradient between water masses of different salinity.
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Meromictic: A condition of persistent high salinity in the hypolimnion that resists mixing
because of a strong chemocline.

Hypoxia: Low levels of oxygen associated with bacteriological respiration and chemical
reduction.

Anoxia: The absence of measurable oxygen in a water body.

2) Horizontal Stratification

Horizontal or longitudinal stratification gradients are generally a reflection of the distance from
the riverine inflow.

Riverine conditions dominant in the reach where the river is still flowing within a channel even
though it may be just below the lake level. This condition consistently exists within the Cataract
Canyon reach.

A Transition zone occurs as the river conditions merge with the typical deep lake conditions.

Lacustrine conditions are characterized by pronounced vertical stratification as described above.

h. Hydrodynamic processes

Hydrodynamic processes are those that drive the stratification and mixing of the lake and include:

Density: The property of denser masses to sink is key to lake dynamics. Temperature and
dissolved chemicals are the fundamental components that determine density differences. Warmer
water is less dense than cold water (down to 4EC), and pure or “fresh” water is less dense than
water with many dissolved chemicals (reflected by measurements of electrical conductivity or
salinity--terms used here interchangeably).

Advective Flow: A lateral or pushing current, typicaly horizontal, driven by the momentum of

an inflowing current.

Convective circulation: As stratified water cools in the fall, the surface becomes denser than the
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underlying layers, eventually displacing it as the warmer water rises. This vertical density driven
mixing is enhanced by wind action. The depth of convective mixing is dependent on the volume of
the spring flood, as well as on the coldness of the winter. Sufficiently deep or aggressive mixing
may penetrate metalimnion.

Density currents: A water mass that seeks its own level based on differences in density from

adjoining water masses. Its movement also involves an advective component from river inflow.
This includes the bottom hugging winter flows in Lake Powell.

Withdrawal currents: The current patterns established in a lake due to the operations of

withdrawal portsin adam. In general, increases in discharge result in a 3rd power increase in kinetic
energy available for mixing, as KE_% Q° (Thorton et al. 1990); this extends the vertical draw of the
outlets. Hence, the increase from a discharge of 5000 cfs to 30,000 cfs increases mixing and
destratification by 216-fold, while total discharge only increased by 6-fold.

Wind Mixing: The vertical mixing of surface layers of a lake due to wind shear. Its effect is
deepest when combined with convective mixing on a homogeneous mass than on a strongly
stratified water body.

Diffusion, Dispersion and Entrainment: Diffusion is the passive mixing of water across a

concentration gradient. Dispersion is the active mixing of water across a concentration gradient
involving advective movement. Entrainment also involves advective movement that incorporates

water from adjoining masses of water.
2. Seasonal Patterns seen at Lake Powell

All the above properties come to bear on the mixing and stratification of Lake Powell’s waters.

Traditional categories of epilimnion, metalimnion and hypolimnion tend to oversimplify the

stratification of Lake Powell, which can have up to 4 or 5 chemoclines and several thermoclines
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separating various flows. Differences in stratification occur in a temporal dimension as well as
vertical and longitudinal. The following describes the dominant seasonal inflows and circulation
cells of Lake Powell (bottom panel, Fig 1). Timing of these events can typically vary a month or
more in either direction. Isopleths for temperature, conductivity and dissolved oxygen for 1975 and
1976 (Figs. 2a and 2b) show a sequence of generally typical snapshots of water quality, as do the
isopleths of the longitudinal profiles (Figs. 4- 10).

a. Surface Processes:

Spring Flood: This is the yearly dominating lake event, dictated by the magnitude and timing of
the spring headwater snow-melt coming down Cataract Canyon and the San Juan River and into
Lake Powell from May to July. These waters are typicaly fresh (lower conductance/ salinity) and
initiate the warming processes in the lake since the rivers are the first to warm. The spring freshet
may begin injecting at the surface, but the bulk of the flood drops 10 to 20 meters below the surface
of the lake as spring progresses and the lake surface warming exceeds river temperatures. Though
not as warm as the lake's surface, the volume of relatively warm flood water will dictate the
thickness of the epilimnion.

The fresh waters of the typical spring flood reach the dam by July as the last of the snow-melt
enters the reservoir. A small flood moves toward the dam more slowly than a large flood and its
signature may not be seen at the dam before it is dissipated by convective mixing in the fall.

Although riverine waters are well oxygenated, the organic and chemical nutrients within the flood
waters place a high oxygen demand that results in a precipitous drop in oxygen levels beginning in
July and continuing through fall. The trace of this dissolved oxygen sag, superimposed and just
below the flood plume, denotes the settling of detritus that fuels the hypoxic (or low oxygen

concentration) cycle.
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Convectively Mixed Epilimnion: Autumn surface cooling and convective mixing begins lake-
wide in September and reaches it deepest extent around January. The previous spring’s flood is
mixed with past years' floods and may entrain the top of the hypolimnion; the conductance of the
convectively mixed epilimnion is a reflection of these layers. Almost any size flood will
significantly freshen this layer, but larger floods produce greater freshening. It is likely each mixing
event is entraining floods or the convectively mixed epilimnion from two or more previous years.

Not only does alarge flood result in a much fresher convection cell, but, again, it also produces a
thicker and warmer body of water. The cooler temperatures and the mixing process result in
progressively elevated dissolved oxygen levels in this layer as winter progresses. This results from
the higher oxygen-carrying capacity of cold water as well as algal productivity that thrives on the
mixed and composted flood waters. As winter progresses into spring, oxygen levels increase,
typically exceeding super-saturation from February to May.

b. Bottom Processes:

In the winter, cold temperatures combine with advective currents from the inflows to produce
bottom hugging density currents. In Lake Powell these cold bottom plumes repeatedly divide into
three distinct masses depending on the time and meteorological conditions under which they form.
These bottom plumes are critical to the long term chemical and physical conditions found in the
hypolimnion (Edinger et al. 1984, Merritt and Johnson 1978, Johnson and Merritt 1979, Gloss et al.
1980, Stanford and Ward 1991). One year's events can sometimes be tracked for years if mixing is
unable to penetrate the hypolimnion.

Late Summer/ Fall SWARM (Saline WARM water): In late summer /early fall the river inflow

has become very warm and saline due to the reduced hydrograph, irrigation return flows and greater

solubility of salts in the geologic stratum of the watershed. Initially this flow intrudes into the
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spring flood below the lake’s surface, but as fall progresses, this mass becomes colder and
eventually sinks. The late summer salinity plume is convectively mixed with the colder bottom
hugging flow; which we have dubbed the fall SWARM bottom flow because of it’'s high Salinity
and relative WARMTH (compared to other bottom layers). Oxygen levels are typically low due to
high oxygen demand from the inflow. This cell of water is the greatest contributor of salinity to the
hypolimnion on an annual basis. As the SWARM plug flows downlake, it incorporates-- through
diffusion, dispersion and entrainment --the previous winter’s underflows that have remained
relatively stagnant since the spring flood first appeared. When this saline mass of water reaches the
dam (between February and March), it contributes to the state of meromixis if of sufficient salinity
to resist subsequent mixing.

Deep Winter FRESCO: During the deepest cold of winter, convective mixing is most extensive.
In the inflow area, the winter river inflow is at its coldest, most oxygen saturated, and saline. This
cold saline winter inflow is mixed (convective mixing and entrainment) with the last of the spring
flood near the inflow. A relatively fresh plug of the lake’'s Coldest most oxygenated water results.
The FRESCO bottom flow follows the swarm plug down the bottom of the lake, typically set in
motion in January and February.

The FRESCO'S downlake momentum will eventually reach the SWARM which has made contact
with the dam. The momentum of the FRESCO rocks the hypolimnion like a lever, moving the
uplake chemocline downward as the chemocline at the dam moves upward. It is at this time that the
highest conductivity, lowest temperature and lowest dissolved oxygen levels are discharged from
the penstocks, as seen in Lees Ferry water quality (Figs. 12-15). At this point uplake, the fresh cold

bottom plug typically has three options. 1) Hvpolimnetic Overflow: If the FRESCO flow is not

sufficiently cold or the chemical gradient between it and the meromictic salty warm bottom plug is

too great, its momentum will carry it over the hypolimnion where it is entrained by the penstock
06/02/98 DRAFT Page 21 of 62



withdrawal plume suction from dam releases pull it up toward the penstocks. The penstocks will
continue to draw on this layer (as well as others) until the following winter when the next SWARM
reaches the dam. This is the most common scenario, occurring 14 of the past 33 years. 2)

Hvpolimnetic Underflow: If it is sufficiently cold and dense, the FRESCO will continue downlake

on the bottom, displacing the hypolimnion upward toward the penstocks and perhaps not stopping
until it reaches the dam if of sufficient magnitude. An underflow that reaches the dam is the most
efficient process for removing meromixis and restoring oxygen to the hypolimnion without non-
powerplant releases. Thisis also the least common scenario, occurring only 6 times since Powell’s

filling (1973, 1983, 1984, etc.). 3) Hvpolimnetic interflow: Several factors can contribute to this

process. If the advective forces are removed from the bottom currents through diversion to surface
flows in the spring, the bottom currents stall and the plumes substantially slow or cease to move
toward the dam. The discharge from the dam may continue to pull the FRESCO through the
SWARM at a depth that corresponds to the relative density and momentum of the respective flows.
Furthermore, if the chemical or thermal gradients are insubstantial, the FRESCO and SWARM
plugs may mix through diffusion and dispersion. This interflow is more common-occurring
approximately 12 of the past 33 years. The amount of meromictic removal is a function of the depth
of the interflow.

Late Winter SCOOL: The final of the three bottom hugging winter plumes, the late winter
SCOOL plug has higher salinity concentrations than FRESCO but is not as cold. There are less of
the previous spring’s floodwaters left to convectively mix with the saline but warming riverine
water. This Saline and COOL flow forms around March and follows the FRESCO plume down the
lake' s bottom. Its progress is typically stalled by April or May when warming and the advective
flow forces are diverted to the spring flood at the surface. Organic and chemica oxygen demands,

low light availability, and prolonged stagnation keep oxygen levels low in this cell. It typically does
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not move downlake until the following winter when the SWARM'’ s bottom hugging flow will
entrain it as its flows to the dam. An animated sequence of the longitudinal salinity profiles for

Lake Powell since 1965 can be found at website www.usbr.gov/gces. This demonstrates the inflow

and outflow dynamics under various tilling, drought and flood cycles.

c. Side Channel influences

While the most of the side channels have not been examined throughout Lake Powell’s history,
the San Juan and Escalante Rivers have been received some attention, primarily with the instigation
of the GCES program. The Escalante River contributes only -5% of the total inflow to Lake
Powell, yet produces a regular and pronounced effect on the main channel salinity and dissolved
oxygen levels (Figs. 8-10). Stagnant conditions and very low oxygen levels frequently produce an
oxygen sag and a salinity peak in the main channel year round, frequently at penstock levels. The
San Juan Arm, on the other hand, has greater discharge rates and does not suffer from the anoxic
conditions found in the Escalante arm. Occasionally the San Juan channel produces a bottom
flowing FRESCO plume in the winter that reaches the main channel of the lake, creating arise in

oxygen concentrations that does not correspond to cold temperatures arising from the main channel.

3. Historic Patterns seen at Lake Powell

In the following discussion, We found it useful to use a ranking system to compare lake attributes

and reactions against such outside factors as total inflow or outflow for the year, coldness of winter,
hotness of summer. A table of these rankings is found in the appendix.
a. Filling Period (1963-mid 1970s)
While Lake Powell did not reach full pool until 1980, by 1973 to 1975 it reached a level of
normal fluctuations. By the mid-l 970's most of the indicator parameters (temperature, conductivity

and dissolved oxygen) had stabilized. This early period of filling was characterized by low lake
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volume and reduced releases, resulting in a higher exchange rate for the water within the lake:
between 124% to 380%. This indicates that the entire lake's water quality was more rapidly dictated
by inflow water quality than in subsequent periods, and such was the case in the 1960’s.

Interpretation of this period is hampered by erratic data collection--there are holes in temperature
and dissolved oxygen data at critical junctures, as well as irregularities in the temporal sampling.
Some conclusions can still be drawn from this period.

One of the signatures of this filling cycle was an 8th ranked flood (the 8th highest annual inflow
in Lake Powell’ s history) in 1965. This tremendous volume of water appeared at the dam with the
lowest conductance values recorded since the lake' s Filling. This plume of fresh water shows clearly
in Fig. 3a and the longitudinal plots of Fig. 4, but doesn’t have the diluting effect that one could
expect from the mass it represents, for it is flushed from the lake within 2 years. It is apparent is
some of it is mixed into the hypolimnion by early 1966, but by 1967, the fall SWARM plug has
substantially salinized the lake. In spite of the high volume turnover rates for the 1960's, this
extremely salty hypolimnion (values up to 1300 FS/cm) devel oped with only one season’s inflow,
but required 5 years to dilute to previous levels. One reason is the nature of the SWARM flow to
quickly dominate the hypolimnion if it is of sufficient salinity, while the diluting processes of the
hypolimnetic overflow or underflow is less efficient. Winter inflow salinity values today range from
800 to 1200 FS/cm. This cycle of eventsis a product of the low level of the lake, and the placement
of the penstocks and river outlet works, which were both functioning in this period.

In addition, the left river diversion tunnel, at the bottom of the dam, had not yet been sealed, and
was used for discharges when the lake level had not yet reached the jet tubes or penstocks or when
higher discharge could not be achieved through the penstocks and jet tubes alone (U.S. Bureau of
Reclamation, 1970, Martin 1989). At these low lake levels, both upper release ports drew from the

epilimnion, stripping out the spring floodwaters before they were integrated into the lake' s depths,
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while the diversion tunnel drew off the deepest hypolimnetic waters. The result was rapid turn-over
of the lake's volume in 1965 with pronounced refreshment of the hypolimnion. The diversion
tunnel was permanently sealed in September 1965. The bi-level epilimnetic withdrawals that
followed in 1966 and strong SWARM currents that followed in the late 1960's resulted in an
exceptionally persistent and very saline hypolimnion-meromixis-- that dominated the lake through
1971.

Oxygen levels for this period remained fairly high. Although the early dissolved oxygen data was
sometimes noisy, the pattern of winter oxygenation predictable under the circumstances. Although
quite saline, the winter bottom flows were cold and well oxygenated. Furthermore, these flows were
entering a smaller lake and the cold, oxygenated FRESCO plume had less distance to travel to the
dam than in later years when the lake was deeper and longer.

b. Drought Cycles

For the purposes of this assessment, basin-wide drought is measured by the total inflow to the
lake and not local weather patterns. At least 5 magjor drought cycles can be observed in the long
term forebay plotsin Fig. 3a, denoted by a low inflow (as well as outflow) hydrograph, decreasing
or low lake levels, and generally increasing salinity levels. Some of the droughts may have
consisted of only one or two year, such as1964, 1972, 1976 to 1977 and 1981, yet it can be seen
they had an immediate and persistent effect upon the hypolimnion. Other droughts continued for
years, such as the 3 sub-normal years from 1966 through 1968, and the most recent drought from
1988 to 1992. These longer droughts produced greater meromixis in the hypolimnion, as well as
substantially higher levels in the epilimnion.

As happened in 1966, the effects of a strongly saline SWARM bottom current, such as typically

follows a dry year, has an immediate and strong influence on hypolimnetic conductance.
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Decreasing lake volumes characteristic of drought cycles exacerbated the concentration of saltsin
the lake. Dissolved oxygen levels, on the other hand, could be elevated during drought if 1ake levels
dropped sufficiently to allow the winter oxygen plume a shorter approach to the dam.

Rapid releases that are not accompanied by matching inflow volume will result in adrop in lake
elevation. At this time, water stored in the more eutrophic side bays enter the mainstem (Thorton et
al. 1990). This process will contribute to meromixis during drought periods.

While the data during the 80's flood was compromised, the temporal resolution dwindled to 1 or
2 trips per year for 4 years from 1988 to 1991. Inflow volumes indicate these were drought years,
but little information can be garnered from this period except a 5 year trend. While trends
manifested in the forebay data could be compared to similar periods to suggest the processes behind
the long and short term trends, there remain questions for this period. The monthly lake-wide trips
from 1971 to 1982 proved invaluable in discerning the patterns to the processes. This period of
decreasing resolution identifies the value of the quarterly lake wide sampling for determining lake-
wide processes that are manifested in the forebay data.

c. Flooding Cycles

While the salinization of the lake from a drought cycle can be manifested abruptly within the
hypolimnion, the freshening qualities of a flood may take several years to mix throughout the lake
(Fig. 3a). Thisrelates to the density and mixing properties of the SWARM flows versus the
FRESCO flows. One sinks easily to the hypolimnion and mixes with previous cells and evades the
penstocks, the other tends to slide over the first and is evacuated at the penstocks. When a very
fresh flood follows a drought, the steeper salinity gradient poses a greater challenge to the mixing
and sinking forces.

The flood years of the 1980's were a dramatic example of the wettest series of years since 1921.
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The vast volume of fresh, oxygenated water, combined with the operation of the spillways and river
outlet works brought the lake to as complete a mixing as it has approached in its history. It was with
one of the worst cases of bad timing that the Bureau of Reclamation decided to scale back sampling
of Lake Powell at this time. This was a great loss from the perspective of understanding

limnological processes.
B. G/en Canyon Dam Releases

Since the filling of Glen Canyon Dam, water quality conditions in the Glen Canyon Dam

tailwater have changed substantially. Before Glen Canyon Dam the river was characterized by wide
fluctuations in discharge, sediment load, temperature and salinity content. Due to the presence of
the dam and the location of the penstock structures for powerplant rel eases there has been a marked
reduction in the variance of al these parameters. Discharge is now a function of predetermined
annual release volumes, monthly scheduled releases, and daily fluctuations in response to power
demands and operational constraints (Fig 11). Temperatures have been greatly reduced and
fluctuations now range between 7 and 12 eC, reduced from a pre-dam range of 0 to nearly 30 EC

(Fig. 12). Fluctuations in salinity have been similarly reduced (Fig. 13).

1. Historical trends

a. Temperature
Fluctuation in temperature patterns became reduced to their current levels by about 1973, at which
point the reservoir had filled sufficiently to isolate the penstock from the seasonally warming
surface waters (Fig. 12). Since that time, annual mean temperatures have been fairly stable between
8 and 10 eC. Increases in instantaneous and mean temperatures were seen in 1978 when the
reservoir was drawn down due to drought conditions and in the mid 80's and a result of the
operation of the spillway release structures. Since the implementation of interim flows at Glen
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Canyon Dam annual mean temperatures and variation appear to have been reduced because of
constrained release patterns.
b. Salinity

Salinity patterns in the Colorado River have been representative of hydrological and climatic
conditions throughout the Colorado River basin. Although much moderated from pre-dam patterns
some cyclic patterns appear to be present in the relatively short existence of Glen Canyon Dam.
Annual salinity variations, like temperature, were brought to stable levels in 1973 after the reservoir
had reached a surface elevation above 3600 ft. Some notable variations occur (Fig 14). After initial
filling of the reservoir to the penstock level in 1965, the river outlet works and bypass tunnels were
operated, releasing a large volume of water to keep the reservoir at the penstock level. This routed
the early summer runoff quickly through the reservoir and replaced the existing, more saline water
near the dam with much more dilute water. This is shown by a marked decrease in salinity levels of
the Glen Canyon Dam releases in 1965. Peaks in salinity occurred later in the late 19607s and again
in 1980 following drought years with associated reservoir drawdown and corresponding higher
salinity levelsin the reservoir. Salinity was markedly reduced with the high water years of the mid-
807s at which time dilute water replaced most of the reservoir’s contents. After the low water years
from 1989-1 993 the reservoir was again drawn down, resulting in a peak in the overall salinity
trend. Since that time salinity levels have gradually declined and reached a level of nearly 400 mg/L
TDS in early 1997, the lowest level since 1984. If above average runoff and reservoir releases

continue, this level should decline further.

2. Seasonal Patterns

Seasonal patterns in the Glen Canyon Dam releases are a function of meteorological conditions,

internal reservoir mixing processes, inflow hydrology and the operation of the dam.
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a. Temperature

An asymmetric annual temperature pattern appears in Glen Canyon Dam releases, with
temperatures gradually warming through the year from alow point of 7 to 8 eC in February or
March to a maximum point in December of 10 to 12 eC. Thisis followed by a sudden drop to its
minimum value with a few months (Fig 15). This pattern is most likely due to the gradual
penetration of surface warming through the summer. Winter convective mixing in the upper layers
of the reservoir then takes place, drawing relatively warmer surface water to levels at or near the
penstock. The magnitude of the maximum release temperature appears to be a function of the
thickness of the mixed upper layer. Thisis the result of the volume of low-density inflow from the
previous season's runoff, which arrives near the dam and defines initial conditions for the winter
convection process, and the severity of the winter cooling and its effect on the convective process.
Only in certain years do withdrawals seem to be come from the mixed isothermal epilimnion. The
sudden drop in temperature which follows is most likely due to the continuation of the convective
process, but is aso strongly affected by the upwelling of cold saline water from the hypolimnion
caused by the dense winter underflow currents in the reservoir. The period of sudden drop also
corresponds with high powerplant releases in the month of January that may augment the amount of
hypolimnetic water discharged while this upwelling occurs.

b. Salinity

Specific conductance cycles follow an opposite pattern compared to temperature (Fig 15). As
early summer inflows have more influence on the downstream reservoir, water at the penstock level
becomes progressively more dilute. Minimum salinity levels are reached concurrently with

maximum temperature patterns, maximum salinity occurs with minimum temperatures.
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V. Discussion

A. Value of Existing and Past Monitoring Programs

The primary focus of this assessment is to identify the effects of Glen Canyon Dam's operation

on the water quality of Lake Powell and the Colorado River below Glen Canyon Dam. This
assessment was based on data from several sources and includes inflow hydrology, Glen Canyon
Dam release hydrology, measurements of physical water quality parameters from within Lake
Powell and dam releases, and the results of chemical analyses of water samples collected from the
reservoir and its releases. These data were evaluated in the context of the history of Lake Powell
with its initial filling and fluctuating reservoir levels, changing climatic patterns, and changing
operations criteria. Attention was given to seasonal patterns, operation of non-power release
structures, and other significant events such as special releases.

Much more data exists than what was readily available for analysis with the short time frame of
this assessment. Some data, such as dissolved oxygen and pH do not exist with sufficient long-term
guality to evaluate over the complete history of Lake Powell, but are valuable for shorter-term
analysis. Other data have only recently been collected and do not lend themselves to historic
comparison. Several aspects of the assessment were frustrated by the lack of consistent data
collection at a regular time interval. Resultant data gaps during significant parts of Lake Powell's
history have subjected some conclusions to inference and speculation.

Several aspects of the historical data set proved very valuable to the assessment. Monthly lake-
wide reservoir surveys from 197 1 to 1982 gave valuable information about the fate of advective
density currents through the reservoir. Consistent tailwater monitoring provided information about
variation in Glen Canyon Dam releases between monthly measurements. The current monitoring

program in the reservoir is characterized by quarterly lake-wide surveys and monthly forebay
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surveys and includes measurements with higher resolution through the water column and along the
length of the reservoir. These data have given much information to inflow hydrodynamics, the
effects of Glen Canyon Dam release patterns, and seasonal dissolved oxygen dynamics mediated by
biological and hydrological processes.

When past monitoring programs have focused on specific aspects of Lake Powell water quality,
the resultant database is less amenable to analysis of long-term trends or patterns. The challenge of
designing any long-term monitoring program is to consistently collect those data that will be
valuable to long-term and short-term analysis, at a level of detail sufficient to accurately identify
trends and patterns, while maintaining a reasonable expenditure of resources to allow for the
continuation of data collection. The direction of a program such as this must be flexible to
accommodate changes in political and financial climate and respond to new information needs as
more knowledge is gained. It is felt that the current monitoring program on Lake Powell provides
consistent data collection with a sufficiently broad-based scope while keeping expenditures at a
reasonable level. Within this context, the program can be modified to meet changing information

needs and objectives.
B. Assessment of Factors Affecting Water Quality Conditions

The assessment process showed that the water quality in Lake Powell is affected by a variety of
factors, none of which can be truly separated from the others except, perhaps, by artificial scenarios
presented to a numerical hydrodynamic model of Lake Powell. Model development for Lake
Powell is not yet at a point where this type of modeling is possible. This section will describe some
of the important factors affecting reservoir and release water quality, primarily focusing on the
operation of Glen Canyon Dam.

1. Meteorological Conditions
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Weather patterns play a significant role in determining inflow density, reservoir warming and

stratification, convective mixing processes, and variation in release quality, both on a daily and
seasonal basis. Warming or cooling of reservoir inflows from localized or seasonal meteorological
conditions can affect the density of these currents, the depth at which these currents enter the
reservoir, and the amount of diffusive mixing that occurs between the inflow and the receiving
reservoir water. The surface temperature of the reservoir is affected by these conditions and results
in setting up stratification during spring warming or breaking down this stratification through
convective mixing with the onset of colder winter conditions. The amount of cloud cover over the
reservoir affects how much radiant energy the reservoir receives to raise its heat content or stimulate
photosynthetic processes. Wind patterns from storm events can impede the onset of stratification or
accelerate convective mixing. Of significance to downstream releases, wind events can cause
internal seiches, or oscillations of stratification boundaries in the reservoir that can cause temporary

fluctuations in temperature or salinity levelsin the tailwater (Fig 16).

2. Inflow Hydrology

One of the most important factors driving short-term and long-term processes in the reservoir is

the inflow hydrology, characterized by the volume and quality of inflows to Lake Powell and their
seasonal variation. Approximately 57% of the inflow volume occurs from April to June due to
snow-melt runoff (Gloss et a. 1981). This runoff is characterized very low salinity snow-melt that
has warmed on its course through the canyon lands. This combination results in a large volume of
low-density water that overrides the surface of the reservoir and extends downstream, reaching the
vicinity of the dam later in the year. The volume and duration of the runoff appears to dictate the
downstream extent and the thickness of this layer of water.

This provides the initial conditions for convective mixing later in the winter. Convective mixing
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involves cooling the surface of the reservoir, which increases its density. This water sinks and
mixes with deeper water of equal density with the assistance of wind action. The more winter
cooling the deeper the level of mixing. If the previous spring's runoff does not have enough
volume to reach the downstream portion of the reservoir, convection is mainly aresult of the
cooling process. However, if a heavy spring runoff results in a large volume of snow-melt water
near the reservoir, this thick layer is aready relatively homogenous. Winter cooling can then mix a
large portion of the epilimnion to depths at or below the level of penstock withdrawal. This results
in direct withdrawal of epilimnetic water and has been seen during winter months following high
runoff from the previous spring. Examples of this occurred in early 1996 and 1997.

Reservoir inflows during the winter months are characterized by cold water of higher salinity
compared to those of other times of the year. These conditions result in inflows with the highest
densities of the year entering the reservoir. Therefore, this water plunges when it meets the reservoir
and flows aong the bottom of the reservoir. Its ultimate fate depends on preexisting conditions in
the hypolimnion. If water in the deepest portion of the reservoir is of greater density than the winter
inflow, the inflow will override the hypolimnion and eventually be discharged through the penstock
outlet. This appears to happen after a saline hypolimnion has been established, usually following
years of low runoff. If, on the other hand, the inflowing water is of greater density than the
hypolimnion, it will displace the deeper body of water and route it through the release structures.

Regardless of whether the inflow density current overrides or displaces the hypolimnion, there is
a consistent annual pattern of apparent upwelling of the more saline hypolimnion each winter into
the penstock withdrawal zone. This usually occurs shortly after the first of the year and may be the
result of the momentum of the winter inflow density current temporarily displacing the horizontal
upper boundary of the hypolimnion. This causes, in effect, an internal oscillation or seiche of this

boundary. The effect downstream is that during this period of hypolimnetic upwelling, dam releases
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suddenly become colder and more saline. This usually coincides with high winter releases from

Glen Canyon Dam.

3. Glen Canyon Dam Operations

a. Presence and Structure of Glen Canyon Dam

Glen Canyon Dam has three structures from which water can be released (Fig 17). The majority
of Glen Canyon Dam releases are through eight penstock intakes which route water to the
powerplant turbines with a combined capacity of 940 cms (33,200 cfs). The penstocks withdraw
water from an elevation of 1058 m (3470 ft) above mean sea level, or a depth of 70 m (230 ft) when
the reservoir is at full pool with a surface elevation of 1128m (3700 ft). When release requirements
dictate, an additional 425 m>/s (15,000 cfs) can be discharged through the river outlet works which
are situated at an elevation of 1028 m (3374 ft), 30 m below the penstock structures. The third
means of withdrawal is from the spillways that have a combined capacity of 5890 m’/s (208,000
cfs) and withdraw water from elevations above 1122 m (3680 ft). Releases from the river outlet
works and the spillways bypass the power-plant and can not be used for hydropower generation. In
1965, high releases were routed through two bypass tunnels used during the construction of the
dam. The upper portions of these tunnels were subsequently plugged; the lower portions became the
lower spillway tunnels.

The location of the penstock intakes primarily defines the quality of Glen Canyon Dam releases.
Variation in temperature, salinity, and other water quality characteristics are greatly reduced from
pre-dam conditions (Figs. 11 and 13). The penstock withdrawal zone is deep enough that it is
isolated from the wide seasonal fluctuations of the epilimnion, except at times of epilimnetic
withdrawal as described in the previous section. Suspended sediment has essentially been removed

due to settling in upstream portions of the reservoir. The structure of Glen Canyon Dam also creates
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6.12 maf (7.55 km?) of inactive and dead storage in Lake Powell below the penstock elevation,
unavailable for hydropower generation. Cold saline water of high density can build up in this area
and remain relatively isolated from other mixing processes in the reservoir. Organic material
entering the hypolimnion will accumulate and decompose, gradually lowering dissolved oxygen
levels. This water will remain relatively stagnant until it is displaced by inflows of higher density or
flushed by high reservoir throughput. The process of intrusion of saline water into the hypolimnion,
followed by decreasing oxygen levels until the hypolimnetic water is replaced appears during three
periods in Lake Powell? s history, from 1967 to 1973, from 1978 to 1982, and from 1991 to 1997.
b. Annual Release Volumes

Annual release volumes from Glen Canyon Dam are dictated by the Criteria for Coordinated
Long-Range Operation of Colorado River Reservoirs (PL 90-537) and the development of an
annual plan of operation based on streamflow histories, water supply probabilities, anticipated
depletions, and other legal and institutional requirements. Glen Canyon Dam is legally required to
release a minimum of 10.2 km? (8.23 maf) of water per year for downstream compact and treaty
requirements. Since construction of the dam, this amount has been exceeded during five separate
periods. In 1965, releases were increased following 2 years of low releases during the initia filling
stages of Glen Canyon Dam. In the spring of 1973 a court order directed the drawdown of Lake
Powell to the 1094 m (3,590 ft) elevation to avoid impinging on Rainbow Bridge National
Monument. During this period there was maximal powerplant production at Glen Canyon Dam. For
athird time, after initial filling of Lake Powell was achieved in 1980, releases again exceeded 10.2
km? (8.23 maf). For the period of 1983 to 1987 annual releases were well above this level
corresponding with wet conditions in the Upper Colorado River Basin. From 1995 to 1997, annual

releases again exceeded the minimum requirements. Each of these periods was followed by a
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reduction in the salinity of the hypolimnion.
c. Monthly Release Volumes

Monthly release volumes are determined as part of the development of the Annual Operating Plan
and are based on anticipated power demands, forecasted inflows, and other factors such as storage
equalization between Lake Powell and Lake Mead. Typically, high releases occur in the month of
January and again in August, in response to increased power demands during these months. Of
significance is that high release volumes do not always concur with peaks in reservoir inflow. An
important effect of this timing is that high releases in January occur during the upwelling of saline
hypolimnetic water normally seen shortly after the first of the year. This upwelling and its
subsidence appear to be a function of the winter density currents impinging on this body of water.
The significance of the high January release volume is that more saline water is removed from the
reservoir during this upwelling than if releases were lower. Therefore, the timing of these high
releases facilitates the replacement of the hypolimnion near the dam.

d. Daily Release Volumes

Under existing operating criteria dictated by the recent Glen Canyon Dam EIS and Record of
Decision releases cannot exceed 25,000 cfs except under emergency conditions or when required
for flood control. Furthermore, during high release months, daily fluctuations cannot exceed 8000
cfs per day. Prior to June 1990, Glen Canyon Dam releases fluctuated widely, averaging between
13,000 and 16,000 cfs per day.

Water quality monitoring at an adequate time interval was not in place directly below the dam
until after August 1988. Therefore, evaluation of water quality changes due to daily fluctuations is
not possible for this period. However, the research flow period of June 1990 to August 1991

contained several flow scenarios representative of past operations in which wide fluctuations
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occurred. During this time, measurements of temperature and specific conductance were being
taken at intervals of 2 hours or less. A common occurrence was a distinct fluctuation in daily
temperature and specific conductance as shown for Research Flow E during late September 1990
(Fig 19).

e. Use of alternate release structures

Besides the penstocks, Glen Canyon Dam is equipped to release up to 256,000 cfs. The 8
penstocks account for a capacity of 33,200 cfs, discharging at 1057.66 meters (3470 feet) amsl or
70.1 meters below full pool. The four hollow jet tubes or river outlet works are rated to release
15,000 cfs at a depth of 99.4 meters below full pool or 1028.4 meters amsl (3374 feet). The
spillways can each release 104,000 cfs, provided the lake can adequately submerge the outlet ports
at an elevation of 1111.9 meters (3648 feet) or 15.86 meters below full pool. With concerns of
possible spillway damage, safety and power revenue losses, the alternate release ports have been
used sparingly.

1) 1965-1 966 releases for filling Lake Mead.

The early filling stages of Lake Powell came at the expense of Lake Mead's pool level. When the
operation of Mead's penstocks was in jeopardy, Glen Canyon Dam was forced to substantially
increase downstream discharges starting in February of 1965. The river outlet works and diversion
tunnels were operated in conjunction with the penstocks to discharge up to 58,000 cfs; 40% of the
year’s discharge came from the river outlet works and left diversion tunnel between February and
August (Fig. 11), and for 3 months the bypass releases exceeded the penstocks. The effects of this
discharge can be seen in the isopleths (Fig. 4). Much of the spring flood was withdrawn by the high
penstock and river outlet works releases drawing horizontally across the lake, while the diversion

tunnel directly released the most extreme hypolimnetic waters. By October of 1965, the spring
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flood had been drawn downstream from the Bullfrog station, 170 kilometers above the dam. It was
unusual that such a large spring flood (9™ highest of 33 inflows to Lake Powell) was no longer
present as far uplake as the inflow in fall. In this instance, the operation of these outlets emulated
the spillways by drawing from the fresh flood waters of the epilimnion, while the hypolimnion was
evacuated from the lake's bottom. Dissolved oxygen appears to be elevated as a result of the high
throughput and a hypolimnetic underflow.

2) 1980's flood years

The 1980s included one of the most distinct flooding periods in the southwest since detailed
records began in the early 1920's. From 1979 to 1988, the Colorado River basin received 6 of the
10 greatest flood events in Lake Powell' s history (Table 2). The flooding of the mid-eightiesis
attributed to the weather phenomenon of El Nino, a pattern that is currently building in the Pacific
Ocean and which may compete with that of 1983. The results to Lake Powell were 5 years of back
to back above average flooding. Unfortunately this unusual period was accompanied by decreasing
sampling; from 5 lake-wide tripsin 1983, to 4 in 1984, 3 in 1985 and 1986, 2 in 1987 and 1989, and
1 each in 1988, 1990 and 1991. With less than 4 trips per year, the inferences become uncertain.

The period preceding the flood years included a strong drought in 1977 that produced a strong
chemocline below the penstocks, followed by 8™ and 1 2% ranked high floods in 1979 and 1980 that
significantly refreshed the hypolimnion. In 1981 a fairly strong drought introduced another saline
SWARM cell to the hypolimnion that set the stage for the series of floods. Lake levels were already
high preceding the 1983 flood, about 5 meters short of full pool.

In 1983, the lake reached full pool by June 8™, but it was nearly a month before the inflows
peaked on July 1%. The spillways were opened on June 2™ to be followed by the river outlet works

on June 7*. Cavitation and erosion within the spillway tunnels lead to their shutdown on August 1%,
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and it was August 1 1™ before the jet tubes were shut down. The reservoir appeared to be poised for
a deeply centered hypolimnetic overflow (or interflow) previous to the flood. Through the course of
the withdrawals from al 3 depths, a pattern of equi-potentialflow-through

overrides the interflow pattern. We use the term equi-potentialflow-through to describe the
conditions that accompany high discharges through multiple outlets. The resulting horizontal
stratification pattern is characterized by weak vertical thermal and chemical gradients that are
relatively uniform from the inflow to the dam. It is assumed velocities across the reservoir are
relatively homogeneous as they approach the dam. Hence, the SWARM cell of the hypolimnion is
almost entirely eliminated by the end of summer, leaving a small isolated cell of the cold FRESCO
cell in front of the dam.

Table 2. Lake Powell inflow, outflow, spillway and jet tube operations, and lake

elevations for selected years.

Rank Dam

Water Inflow- |[of Flood|Releases| Spillways: Jet Tubes: Max

1965 14.30 9 10.82 0% 4.2 MAF, 40% | 3533.9
1973 15.64 5 10.11 0% 0% 3646.2
1979 14.64 8 8.30 0% 0% 3684.8
1980 13.22 12 10.91 0% 0% 3700.6
1983 20.83 2 17.49 | 1.9MAF, 11% | 1.8 MAF, 11% | 3708.3
1984 21.68 1 20.50 | 0.1MAF, 1% [ 2.6 MAF, 12% | 3702.5
1985 18.21 4 19.09 0% 1 MAF, 5% | 3700.1
1986 18.40 3 16.85 0% 0.9 MAF, 6% | 3700.0
1987 14.23 10 13.43 0% 0% 3698.5
1996 11.28 19 11.47 0% 0.2 MAF, 2% | 3688.3
1997 14.62+ ~6 12.10+ 0% 0% 3695.1

Dissolved oxygen values become very unstable at this time due to faulty and erratic instrument
readings. Some of the more reasonable values and patterns suggest a high degree of oxygenation of
the hypolimnion accompanied by modest metalimnetic dissolved oxygen sags following the spring
flood. Under more typical release patterns we would expect a magjor flood event that follows

drought conditions to introduce a large quantity of organic carbon creating that would create a high
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biological oxygen demand (BOD). While there are repeated episodes of metalimnetic hypoxia
throughout the 1980's, they are not severe, nor do they transate to subsequent hypoxia in the
hypolimnion. Spillway withdrawals have intercepted part of the spring flood along with the high
organic concentrations it entails. This effect could be real or it could be an artifact of poor data
quality and low temporal resolution, but epilimnetic releases in the 1960's produced similar
patterns. Dissolved oxygen values present more questions than they answer, which may be
addressed if the current scenario of continued high anticipated flows is manifested.

The reservoir conditions preceding the 1984 flood are significantly fresher than the previous year.
A very cold winter and low chemical gradient created a good opportunity for a thorough underflow
winter current. This process may have been initially augmented by high river outlet withdrawals
(running above recommended capacity for 2 months) and eventually discharges out-competed the
underflow currents, entraining much of the convectively mixed epilimnion. Although monitoring
resolution was inadequate to capture the exact process of flow, another equi-potentialflow-through
appears to have eliminated any significant trace of a hypolimnion. The spillways were not operated
until August to test repairs, again at an opportune time to draw off high BOD from the spring flood.

Temporal data resolution is problematic beyond 1985. There was no winter sampling and it can
only be inferred that a hypolimnetic underflow occurred. It isin early summer of 1985 that the Lake
Powell reached its most isotonic state, with conductivity varying only 76 FS/cm from top to bottom
at the dam (contrasting with 635 FS/cm in 1965 or 285 FS/cm at this writing). There were no
spillway releases in 1985, but the river outlets discharged at capacity (15,000 cfs) for over a month
in May and June. The reservoir experiences equi-potential flow-through once again.

A repeat of 1985 conditions was approximated in 1986. The hollow jet tubes were operated above
capacity for a month in May and June. A hypolimnetic underflow is indicated by temperature and

dissolved oxygen trends, with a less pronounced equi-potentialflow-through. Slightly high salinity
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values began setting up in the hypolimnion.

Throughout this period that utilized the alternate releases / non power structures, surface warming
did not appear to be significantly affected by spillway releases. This can be attributed to a number
of items. As mentioned earlier, epilimnetic thickness and heat content appears to be controlled by
volume of inflow more than any other factor. Furthermore, the intensity of warming at the surface
of the lake is more dependent on small scale warming trends. In the face of these first two factors,
spillway discharges during flooding events did not appear to have an appreciable effect on heat
content of the lake or maximal heating of the surface. Caution must be applied due to poor temporal
data resolution.

3)  The Spike Flow, 1996

In spring of 1996, the first habitat/ beach building experimental flood was applied to demonstrate
the use of controlled dam releases to enhance habitat in the Grand Canyon. The experimental floods
were originally intended for use in low flow years so that subsequent high flows would not degrade
any benefits derived from the high flows, such as newly formed beaches and backwaters. The
conflict between pure scientific experimentation and concerns of water managers situated the first
experimental flood between severa high inflow years. This has brought a different perspective to
the results of the spike flood as well as depriving lake researchers from a more ideal hydrodynamics
experiment.

Table 3. Spike discharges in acre-feet and percentage of total spike discharge compared

to the volume of the lake below those levels.

Dam Outlet Acre-Feet of Soike % of Spike % of volume turnover
Penstocks 506,072 4.41% 16.48%

Jet tubes 216,742 1.89% 102.24%

‘Total for Spike 722,814 6.30% 23.54%

The years preceding the spike flood included 2 high floods (1993 ranked 1 2™, 1995 ranked 6)
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that were beginning to break down a resistant chemocline that developed in the drought years of
1988 to 1992. The winter of 95-96 was fairly mild and the winter FRESCO plume of cold
fresher oxygenated water was well established in a hypolimnetic overflow pattern by early March.
The SWARM plume was relatively fresh due to a dilute fall inflow. It had hit the dam and was
being levered up by the force of the FRESCO cell when the hollow jet tubes were opened on March
26", Seven continuous days with the jet tubes and penstocks at capacity (45,000 cfs) produced a
marked and immediate evacuation of the hypolimnion at those levels, as evidenced in Figs. 3b, 8-
10. The discharge from the jet tubes was equivalent to the volume in the lake below the jet tubes,
while the volume discharged from the penstocks was approximately 16.5% of the hypolimnion
below the depth of the penstocks (see table 11). The spike flood enhanced and reinforced the flow
patterns already in action, seen in the cropping of the overflow in the longitudinal plots (Figs. 8-1 0)
and the accelerated conclusion of the hypolimnetic upwelling seen in the forebay plot in figures 3a
and 3b. Complete analysis of the spike flood results are reported in Hueftle et al. (1998, in review).
f.  Unique use of the penstocks
1) 1973 Rainbow bridge drawdown

In March of 1973 a high snowpack presaged a substantial rise in lake elevation. Concerns over the
reservoir impinging on Rainbow Bridge National mounted. As a result, 41 days of steady penstock
withdrawals averaging 28,300 cfs (23% of the year's discharge) brought the lake level to 1094 m
(3590 feet). A stay on a court order allowed the reservoir to continue filling by May 1. Reservoir
conditions before the release included a very cold hypolimnetic underflow and a relatively high
winter inflow volume, resulting in high oxygen and low salinity winter underflows. This cold flow
wedged the salty SWARM cell to the level of the penstocks where it was released downstream

(figure 5). This episode demonstrates the effectiveness of hypolimnetic underflow as a refreshing
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agent when combined with well-timed dam discharges. The freshening effect of this combination
persisted in the hypolimnion for several years.
2) 1997 High Steady Flows

The winter of 1996- 1997 resulted in another year of above average snowpack on a watershed that
had received 4 years of heavy precipitation in the last 5 years. With lake levels still high from the
preceding year, dam releases were raised to an average of 27,000 cfs by February 1 8" with the
intention of avoiding power plant bypasses. For the next 5 months (and counting) releases were
maintained at levels between 21,000 cfs and 27,000 cfs, providing a strong, steady pull on the
reservoir at penstock levels.

A lake-wide sampling trip within a week of the elevated releases revealed a relatively cold
oxygenated FRESCO plume poised for a possible hypolimnetic underflow or a deep interflow.
Three months later the upper portion of the hypolimnion had been almost entirely stripped out. The
resulting hypolimnion had the lowest conductivity and the highest oxygen levels that the forebay
had experienced since the 1987. The June 1997 isopleths (figures 3b, S-10) demonstrate a deep
hypolimnetic flow that was drawn up vertically 60 meters toward the penstocks.

The effects of these strong sustained rel eases were enhanced by the conditions created by the
spike flood releases the previous spring. The chemocline had been weakened by the refreshment of
the meromixis that resulted from the jet tubes releases in 1996. In addition, the SWARM formed in
the fall of 1996 appears to be relatively low in salinity because of alow salinity inflow and the
dominance of a fresh convectively mixed epilimnion, further weakening the chemocline. Thus the
deep winter interflow and high sustained releases were optimally positioned to draw off the
remaining meromixis at greater depths. If projections of a strong El Nino weather pattern occur in
1998, it can be expected that even deeper mixing and oxygenation could occur next year, possibly

emulating conditions of the mid 1980's.
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VI. Conclusions

A. Influence of dam operations on lake water quality

As discussed in the preceding section, many factors are significant to determining the water

quality of Lake Powell and Glen Canyon Dam releases. Data for this evaluation is based on a 33-
year data set from a broadly focused long-term monitoring program conducted by the Bureau of
Reclamation, Glen Canyon Environmental Studies, and the Grand Canyon Monitoring and
Research Center. There exists a complicated linkage between climatic and meteorological factors,
Colorado River basin hydrology, physical hydrodynamic processes, the presence and structure of
Glen Canyon Dam, and the operation of the Dam itself.

It isimpossible to discern the extent and degree that each of these factors has on determining
reservoir and release water quality because seldom, if ever, do these factors operate independently
of one another. Glen Canyon Dam has changed the overall quality of the Colorado River in Grand
Canyon, the dam operates to supply required amounts of water to the Lower Basin States and
generate hydropower with current constraints, and global-scale climatic patterns determine
decadal-scale patterns in water availability.

The focus of this assessment is to identify the effects of the operation of Glen Canyon Dam on
reservoir and release water quality. Within the scope of evaluating readily available data within a
short time frame, several factors that affect patterns and changes in the physical and chemical
characteristics of water in Lake Powell and Glen Canyon Dam releases were identified that can be
attributed to the operation of Glen Canyon Dam. These factors range from those determined mainly
by the Long-Range Operating Criteria to those affecting day-to-day operations under the current
constraints of the Glen Canyon Dam EIS and Record of Decision. Other effects may be ascertained

as other sources of data are developed, additional analyses are performed, and the ability to model
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operating scenarios and environmental factors is enhanced.

1. Release volumes

Glen Canyon Dam must operate in response to hydrologic conditions in the Colorado River

basin and downstream water delivery requirements. At the same, dam safety considerations must
be met, hydropower generation must be maintained, and recent operating criteria must be followed.
Reservoir releases must respond to these outside factors and will follow overall patternsin
Colorado River Basin hydrology. The existence of Lake Powell and the amount of water passing
through the system moderate the salinity levels in Lake Powell and water released from Glen
Canyon Dam. High sustained releases as seen in 1973 and 1997 act to increase mixing of the
reservoir beyond that caused by other processes.

The effects of reservoir drawdowns can be seen in the buildup of a saline body of water in the
deepest portions of the reservoir, which shows progressive loss of dissolved oxygen until its

eventual replacement during wet hydrologic cycles.

2. Timing of Reservoir Releases

Differential monthly volumes released from Glen Canyon Dam can have a significant effect on

salinity on dam releases and the amount of salinity stored in Lake Powell. While the dam is not
operated for this purpose, high releases in January draw larger volumes of saline water from the

reservoir during a period of hypolimnetic upwelling into the zone of penstock withdrawal.
3. Operation of non-power release structures

a. River Outlet Works
One of most striking effects of Glen Canyon Dam operations is the use of alternate release
structures to route releases exceeding power plant capacity for flood control, storage equalization,

surplus deliveries, or experimental ecosystem enhancements. River outlet works structures were
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operated in 1965, during the mid- 1980's, and again in the spring of 1996, as part of the
Experimental Beach/Habitat Building Flow. The operation of these structures released water from
deeper levels in the reservoir, enhancing advective flow at these levels, and promoting the mixing
of the reservoir and reduction of the meromictic hypolimnion and hypoxia.
b. Spillways

The spillway structures were operated during 1983 and 1984 and showed enhanced routing of
warm, epilimnetic water from snow-melt runoff through the reservoir. They aso result in the
release of warm dilute water downstream that may be of very different quality than that normally
discharged from the dam. By routing the dilute snow-melt downstream before subsequent mixing
to the lower depths of the lake, spillway releases could increase the reservoir salinity budget. In the
same manner, the dissolved oxygen sag that normally accompanies the riverine snow-melt could be
routed out of the reservoir.

Operation of the spillways can also be viewed as a simulation of operation of potential selective

withdrawal structures due to their location in the warm water near the surface of the reservoir.

4. Changes in Variability of Downstream Releases

Since the implementation of the Interim Operations Criteriain November 1990 and the

subsequent EIS Record of Decision, daily fluctuations and the rate of change of these fluctuations
have been significantly reduced. Compared to previous conditions, it is apparent that mean annual
temperature and the annual variability of temperature in Glen Canyon Dam releases have been
reduced.

Evidence of daily fluctuations in temperature and specific conductance of dam releasesin
response to high fluctuating flows is less apparent under the current operating criteria that under

historical operation scenarios.
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These changes have significance to the future potentia of the study of seasonally adjusted steady
flows as stated in the US Fish and Wildlife Service's Reasonable and Prudent Alternative to the
Glen Canyon Dam EIS. These flows could be expected to exhibit less variation in release water

quality than currently exists.

B. Integration with Downstream Systerns
1. Grand Canyon Aquatic Ecosystem

Chemistry data for nutrient concentrations collected in Lake Powell and in downstream releases

have only been collected since 1992. In addition to the lack of historical datato make comparisons,
levels of phosphorous compounds are often below standard detection levels. Therefore, a complete
analysis of chemistry data from Lake Powell was beyond the scope of this assessment. However, it
has been noted that nutrient concentrations in the deeper portions of Lake Powell can be three to
four times higher than those in the epilimnion. This could have significance for the aquatic
ecosystem downstream of Glen Canyon Dam. Recent studies have noted a shift in the community
structure of primary productivity below Glen Canyon Dam which has been concurrent with a
gradual reduction in salinity levels as well as shifts in dam operations (Benenati, P.L et al. in
press). An unknown portion of the dissolved mineral load on Glen Canyon Dam releases is
comprised of nutrient compounds and the observed salinity reductions may indicate reduced
nutrient delivery to the aguatic ecosystem. Changes in dam release timing and magnitude impact
community structure and biomass of primary producers such as Cladophora glomerata. The
community has shifted to other algal forms since the high sustained releases of 1995, many of
which are a poorer substrate for the aquatic food base which supports the fishery.

Other authors have reported alterations of downstream aquatic ecology in conjunction with dam

operations, including Ward and Stanford (1983), Angradi et al. (1992), Ayers and McKinney
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(1996), Stevens et al. (1997).

2. Lake Mead

Releases from Glen Canyon Dam have relatively stable physical characteristics, within the

observed range of fluctuation, compared to pre-dam releases. As such, the water entering Lake
Mead has more uniform density characteristics. The patterns of seasonal overflow and underflow
seen in Lake Powell inflows are not present in Lake Mead, which has affected the behavior of this
large body of water since the presence of Glen Canyon Dam (Evans and Paulson 1983). It is
possible, under future hydrologic conditions, operational scenarios, or the use of a selective
withdrawal structure that this pattern could be modified to produce occasional periods of inflows
routing through the upper layers of Lake Mead, which could have an enhanced effect on the

biology of the reservoir.
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Appendices

Assessment Prospectus
A. Table A-I

Ranking of Inflow and outflow hydrographs, seasonal temperatures, and ratings of winter
underflow currents.

Y ear Outflow Inflow Winter Summer Summer Winter
Rank Rank Coldness Hotness Hotness Underflo

1963 35 33
1964 34 30 14
1965 9 9 24 28 u
1966 32 22 18 17 P
1967 33 26 5 24 15 P
1968 19 20 | 30 17 P
1969 14 15 11 10 9 )
1970 15 14 12 22 4 0
1971 16 16 6 1 21 0
1972 11 23 10 14 2 0
1973 10 5 7 18 12 u+
1974 24 19 17 13 7 0
1975 12 13 13 20 8 p
1976 17 24 20 2 13 0
1977 25 34 19 15 6 pu
1978 18 21 30 3 5 )
1979 21 8 4 8 19 o+
1980 8 1 26 6 1 0
1981 22 3l 31 16 14 0
1982 20 17 21 19 18 )
1983 3 2 23 26 20 po
1984 1 | 16 eqp
1985 2 4 9 25 eqp
1986 4 3 29 23 24 eqp
1987 5 10 16 29 u?
1988 26 25 15 12 ---pu?
1989 31 32 3 4 ---(0?)
1990 27 35 27 1 ---(0?)
1991 28 29 2 27 23 ---(0?)
1992 30 28 9 21 22 pu
1993 29 12 8 25 10 pu
1994 23 27 22 5 | o+
1995 13 6 25 7 3 0
1996 7 18 28 0

1997 6 7 (moderate )

(to 8/20/97) to cool)

Total: 35 35 32 30 25 33

u=Hypolimnetic undert w (Occurred 3 times in 33 years, 9.1%)
p= Hypolimnetic partial under- or overflow (interflow) (Occurred 12 times in 33 years, 36.4%)
o=Hypolimnetic overflow (Occurred 14 times in 33 years, 42.4%)

eqp = Equi-potential flow-through (Occurred 3 times in 33 years, 9.1%)

06/02/98

DRAFT

Page 1 of 62




Appendices

Assessment Prospectus
A. Table A-I

Ranking of Inflow and outflow hydrographs, seasonal temperatures, and ratings of winter
underflow currents.

Y ear Outflow Inflow Winter Summer Summer Winter
Rank Rank Coldness Hotness Hotness Underflo

1963 35 33

1964 34 30 14

1965 9 9 24 28 u
1966 32 22 18 17 )
1967 33 26 5 24 15 )
1968 19 20 l 30 17 P
1969 14 15 1 10 9 P
1970 15 14 12 22 4 0
1971 16 16 6 l 21 0
1972 11 23 10 14 2 0
1973 10 5 7 18 12 u+
1974 24 19 17 13 7 0
1975 12 13 13 20 8 P
1976 17 24 20 2 13 0
1977 25 34 19 15 6 pu
1978 18 21 30 3 5 )
1979 21 8 4 8 19 o+
1980 8 1 26 6 1 0
1981 22 31 31 16 14 0
1982 20 17 21 19 18 )
1983 3 2 23 26 20 po
1984 1 ! 16 eqp
1985 2 4 9 25 eqp
1986 4 3 29 23 24 eqp
1987 5 10 16 29 u?
1988 26 25 15 12 ---pu?
1989 31 32 3 4 ---(0?)
1990 27 35 27 1 ---(0?)
1991 28 29 2 27 23 ---(0?)
1992 30 28 9 21 22 pu
1993 29 12 8 25 10 pu
1994 23 27 22 5 l o+
1995 13 6 25 7 3 0
1996 7 18 28 0

1997 6 7 (moderate P

(to 8/20/97) to cool)

Total: 35 35 32 30 25 33
u=Hypolimnetic underf ‘w (Occurred 3 timesl 33 years, ' .1%)

p= Hypolimnetic partial under- or overflow (interflow) (Occurred 12 times in 33 years, 36.4%)
o=Hypolimnetic overflow (Occurred 14 times in 33 years, 42.4%)
egp = Equi-potentia flow-through (Occurred 3 times in 33 years, 9.1%)

06/02/98

DRAFT

Page 1 of 62




Cross Section through Lake Powell *
Temperature (S:eptgmbgr 1995):

28°C= 62°F
26°C=79°F
24°C=75°F
B 22°C=72°F

K cfs)

| Metalimnion / Thermo.

200 = 68
: 4 |- 118°C = 64°F
L=l

R y 14T
2 ' 18°C=61°F
ISI - {14°¢ = 57°F
g [ —{12°C=54°F
L 10°C = s0°F

N e e R A e e L e e e e ""‘
75 100 125 150 175 200 225 250 275 300
* Vertical and horizontal Cross Section through Lake Powell

axes ol 1o lr:? | Conductivity (July 1992)
l . " + T * ¥ L L T

[ 960 uS
nion - 1000 pS

[ 1050 uS

..‘--:..,-.;::I'TrTrlT'"]"'"|""I'"'|""'"|""']""1""|""|'
-0 100 125 150 175 200 225 250
%iorne%gfs ﬁ'g?n Glen Canyon Dam ; ; 5. Huehile

Grand Canyon Monloring & Research
Figure |: [Top| Thermal Sirafification and longitudinal zones of Lake Powell with structural atiibutes of Glen Caryen Dam,
[Bottom] Conductivity isopleth with Lake Powell's circulation cells present for poast and present seacons,




Annual Sequence ol Mhdng | Advective Flow Cells -- Conductivity

1II|III-I|I1II| RLAR L 2N )

=4 .I.r ;

TTTTTPTATRT IveT

April _
II| III|IIII|I'|'|'| T rr |||||||||||| LAREE LREA L 1||||||||| |||1|I|I=||||r|1. T L
100 150 21!]'0 25ﬁ l:l S0 100 150 200 1 2500 50 100 150 200 250

Three Possible Fates of Winter Cumrents

Hypolimnetic Underflow  Hypolimnetic Overflow Equl-poi'nnﬂul Hnw Thn:ugh

< ] : ' E ;
3 (Apr'92) © (March '94) = - : (May '84)

FRESCO Underflow = FRESCO Overflow - - Equl-pnhn'uil Flw-ﬂirough -
- E LI L | I

0 100 150”25005&1&]15&‘200250 0 EDTIII 1502(]3253
lI-H-lI-InI-I-LH.LLJ.L’.U.IJ.lJJJJ_I.LLLI_LLl.L‘LIu.Lr

Jw:a 3

if‘l‘l{ﬁ

X0 PaA|

.
o 88

GCMRC., 5 Husities

(March '94)
D.O. Overflow

b b by el ik b
‘Iﬁ 1ﬁ ﬂ:ﬂ

LU LR AR LA L L

50

11252 _;_I_'J.LLl.l.l.l.L1“|||,|_ L. Liaoalosesboosillooyolovpalonsilosisl ...I;. I.'_
E o me e E 3 i r
=1 11003: ] : oy i E 3 _ /—\ r
3 1075 E i iR g e, ¢ F
B 1050° = i
- 1025—'2 E ':; - :':_
E 1000~ (Apr'92) F (March "84) = - (May'84) |
o754 Cold Underflow 3 Cold Overflow S Equi-potential Flow-through [~
"IT\T'TTTTTTTT'TFHT'IT"Tr'wrrmrm'ITm'_ (] B rTT LI I B | LALIE LR LA AL B FRLIN L |
o 50 100 150 200 250 0 S50 100 150 200 250

[T
Q S0 100 150 200 230

Kilometers from Glen Conyon Dom

Figure 2b: [Tep] Sequence of 6 conductivity isopleths demonsirate the most comman annual scenario of winter interflowloverfiow.
[Bottom]: Example of 3 possible winter underflow currents: Underflow, Overflow & Equi-potential Flow-Through for
conductivity, dissoled oxygen, and temperature. Grand Canyon Moniloring & Resesrch Conter. 5 Husflie



)IN LAKE POWELL; SEPTEMBER 1974 TO AuGcusT 1975

15—

i

b

e
A

3.8

0 i
= 1125 1 ;
= 1% . ¥ — i =
= 4 :_-. (AT, 3 ,_E - . Pl i " ),
o ron iy 8

7.
33§

e IV

|
LT LA AR AR i A T R

_“"—E :'_
1000} - 1
' Dec 1974 [ o] Jan 1975 Feb 1975
T LEA] | ¥ B P GRLEE AR AR AR LN AN LA AR AR LA
L T L T i ‘.&ﬁ 2= Q ™ 1 L &

P4t ized] i—uiu-l-]-l-l-l-l-h-k u.u]u.ui i 1 |

[ 4= - . - = =
2E 1100T oyl o : : Pt N L

e e A

Ja....d._.; 3

|’|r"||'1r1 r|r| r|]1:|r1['I'I'IrT| E 1r'|—1|||un
LT

i 8
Baswrg

Dec 1974
A Wo s wo 15 o = @0

Conduetivity (uS/em) . Dissolved Oxygen (mg/l)

-hlv td lillLLl-JJ.i - ;u.l_ih_ullu I.L.IJ_I.LLI.I.J.J.I.J.JJ.L‘J].JJ.L.J,Jq ] Lia
 f—

Feb 1976

a2 8 T 124 1 XD S

H
3

TITRIT T

?

TITl L |

£ .?

ALLI

T
udu

A PRERR RN B RRNLRAEN]

Aug 1975
o s o s 2o ze

LLLBALELY LARLY | RALI L RAJ LLALN LR

TARTFTITAT AN AR P v e Taray

lrlrarrr|1|l|

¥

:

¥

i

1.8

July 1975

June 1975

1 IIl’Illlflllll:lHlllll|.I'|#..r i

BRALNRLLLERLLLY ! LALN I LY LURRE LLALE L

e £ (a3 -1, 50 P00 8 o ] = L r 150 x - P
larities may exist in the data, particularly in the dissolved oxygen. Penstock GRAND CANYON MONITORING & RESEARCH CENTER
indicated on plot's top. 5. HUEFTLE PRINTED: O 1BS8T7



Annual Sequence ol Mhdng | Advective Flow Cells -- Conductivity

1II|III-I|I1II| RLAR L 2N )

=4 .I.r ;

TTTTTPTATRT IveT

April _
II| III|IIII|I'|'|'| T rr |||||||||||| LAREE LREA L 1||||||||| |||1|I|I=||||r|1. T L
100 150 21!]'0 25ﬁ l:l S0 100 150 200 1 2500 50 100 150 200 250

Three Possible Fates of Winter Cumrents

Hypolimnetic Underflow  Hypolimnetic Overflow Equl-poi'nnﬂul Hnw Thn:ugh

< ] : ' E ;
3 (Apr'92) © (March '94) = - : (May '84)

FRESCO Underflow = FRESCO Overflow - - Equl-pnhn'uil Flw-ﬂirough -
- E LI L | I

0 100 150”25005&1&]15&‘200250 0 EDTIII 1502(]3253
lI-H-lI-InI-I-LH.LLJ.L’.U.IJ.lJJJJ_I.LLLI_LLl.L‘LIu.Lr

Jw:a 3

if‘l‘l{ﬁ

X0 PaA|

.
o 88

GCMRC., 5 Husities

(March '94)
D.O. Overflow

b b by el ik b
‘Iﬁ 1ﬁ ﬂ:ﬂ

LU LR AR LA L L

50

11252 _;_I_'J.LLl.l.l.l.L1“|||,|_ L. Liaoalosesboosillooyolovpalonsilosisl ...I;. I.'_
E o me e E 3 i r
=1 11003: ] : oy i E 3 _ /—\ r
3 1075 E i iR g e, ¢ F
B 1050° = i
- 1025—'2 E ':; - :':_
E 1000~ (Apr'92) F (March "84) = - (May'84) |
o754 Cold Underflow 3 Cold Overflow S Equi-potential Flow-through [~
"IT\T'TTTTTTTT'TFHT'IT"Tr'wrrmrm'ITm'_ (] B rTT LI I B | LALIE LR LA AL B FRLIN L |
o 50 100 150 200 250 0 S50 100 150 200 250

[T
Q S0 100 150 200 230

Kilometers from Glen Conyon Dom

Figure 2b: [Tep] Sequence of 6 conductivity isopleths demonsirate the most comman annual scenario of winter interflowloverfiow.
[Bottom]: Example of 3 possible winter underflow currents: Underflow, Overflow & Equi-potential Flow-Through for
conductivity, dissoled oxygen, and temperature. Grand Canyon Moniloring & Resesrch Conter. 5 Husflie



pdeg

(w) uopeasi3 u|

HISTORICAL TRENDS IN TEMPERATURE, CONDUCTIVITY, AND Dis¢

|

11203

85, . . . Fe . e L TE . s s o B0
i S "

11m§
10807

o Spillways (1112 m/3848 1) _

Temperature (°C) |

— i

—
g.l.l.l.

Dam relosses

InYow to [hke L

11}355
10601
1935-
10104

985-

1)

rl

Dissolved Oxygan |
(mgﬂ-) .

il b " Iy .
‘lﬁﬂ?*l '|Iﬁ‘iii" ’h :

Figure

1965 66 6? 68 69 70 71 72 73 74 7'5 ?E 77 78 79 80 81

3a: Temperalure, conductivity, and dissolved caygen al the forebey of Lake Powell from December 1964 to July 1887, Spillways, pensiocks, and river oul
" Onalitalive hudrmnrands o aotfloas Thkes Ened inflos fted lined sl and s biihe relaasss. habanen cnadeotivibe and dismahesd nvenan ninds PROWT



ISSOLVED OXYGEN, FOREBAY OF LAKE POWELL, 1964 TO 1997

i) T A
1” Wﬂ\lﬂ

1&7 EE ’I .‘l:am

[ ]

IR R

I

e — SRET S S il i “dialal o s
M 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97
;:'m“‘.':“m‘:?ﬂ“niffm“ 1058, 1028 and 1112 melors depth. Samples annolated with dots. ~ Grand Canyon Monlioring & Ressarch Center, 5. Husftis

L L



() voneas|3

{u) uogens3

Lake Powell near the Forebay, February 1992 to August 13, 1997

1882 1993 1954 1985 1898 1997
(JFMAMIJASONDJFMAM J JASONDOJFMAMJJASONDJFMAMJIASONQIFMAMIJASONGIJFMAMIJA
1120-] Temperature (*C) ’

R - ; - ; U TR — 20°C
e AT o

| : _ i J A 180°C

| - - B 4 14.0°C

1080 - - : =TT ; ; 120°C
- 110°C

1040 10.0 °C

|0~c
B5"C

1020 : e
TE"C
1000 d 7o

ar-c

B5*C

98( 180 6 2

B0*C

960} pe—r— el e S—— WH_!.\! s0°c
FavadZ i o e T e Nl b

3700 SR S S

3800 |

3300

3200
e e

JFMS JASONDJF

[ _‘g.h\..__ e ST
Dissolved Oxygen (mg/Ldiv

= L ]

1100 I' !

1120

18.0
14.0
12.0
11.0
10.0

1080

0.0

%L",l T e R TRBEIR DA

JFMAMIJJASOMDJFMAMIIJASORN DJ‘FHAMJJASUNDIJFH.!MJJHSDNJ:FF MAMJJASONDIFMANJIIA

1992 18683 1994 1995 1986 18987
Figure 3b: Temperalure [*C), conducivity (uSicm), dmsolved oxypen (mg/L) al Wahwaap slation in Lake Powell from Febrsary 1992 1o August 13, 1997,
" including results from experimental flood (red ling). Penstocks indicaled al 1057 7 m & jol lubes al 1028 4 m. Hydrograph of inflow

ia Indicaled by red lne & outflow in bive. Grand Canyon Moniloring & Research, S Husfle 01597

T T



‘Seul| Y081 Aq PSIEOIpUL (1 §'9Z01) 584N 8 PUB (1 /' /G01) HOOISUBd Jo UdaQ “PERN Y€ Buneda Joj GO/E PUB SO OLSOIZI0 o o
Wor ucAUDT USID WIDJ) SI3EWONY u.ﬂ.uje aqny jol amog sye 1y pue Buunp ‘siojeg go6| pue 5G| o) ueBAxo panjessip pue anjessdwey Kymonpuony - 14
Sl D6L SZ1 001 &L

0SZ SZZ DOC G241 OGO ST 0OL 2 05 %2 0

sl

906L 120

Gegrcreveesny

SoEEalRy Mqn| JAr1s0d

2 (Bw) usBAD panjossi]
s ._._...__.:.:._.:ﬂ

i1

e
1~
sF

05 &2 0 OS2 SZZ O0C G4l 05k SZ1 D0L &L 05 & 0 OGZ SIZ ODC &iL D61 &2 O0L 52

05 ST 0

e |
..u__“w

e |

S0SEAIOY 9N 131 ald 4 sesesjay aqn L Jer aid 9 sod i 1 T
_m (ifBw) ueBixo panossig g -mm (iBu) uabhxo pamossig mm m_m (2.) aimeiadwa)
.ﬂ —. ___-________ _________—-_____._ = I_._-_ﬂ:___._-_ﬁ-___._--_q__._._"-q_.-._.-._.___q__.-—ln__-.

e ...4_ — - 38 m..,.....u.._. Fe e ’ - AT )
E seseojay 8qn] jer sig E sasoey 8qn] 1o aid saseeleY 2qN | 191 Ad
g -m_ (worst) uonpuoy.  Jf 1] (sl Awaonpen (wo/sr) AuAponpuod
-] LA L LS LAA R LR LR Ra] ERL I [T T

o S@SER|oY 9QN | 19 Aid pUE IS0
e ._,m {|/Bw) ueBAxp panjossig
s 3

.udﬂm,_wﬂﬂ_ﬁn.__.—nﬂ.nm_sp _nh n“nu._nn
i Bgi il

go61 Aew

0CZ CIZ DOZ GLL OGi SZI 00l

~n OS2 S22 DOZ S4L O%1 521 00U 05 2
H” GO96L 120

g B .”
e - EPE ) m
- a E

1,

= .uuu.w.1_.1:4._413._._ﬂ4_.1111_411-_::._...__:_1____._

seseepey eqnl yer Buung
(i/B) usBixg panossiq

L. 05 2 0

0SZ GIZ 002 G40 081 _mm
atelaseilial

snalasaolowealonanlinnilosoalopialoiool@aalins

Sases|ey #qn) jer jsod .
(wajsrl) Aumganpuog

sases(ay 2qn| jer Buung
(wsarg i) Apanonpuog

ﬁq._.._l_uﬂ 1_.._I_l_|_l_-1—.|_l_|_l_l_|.Jl_|_l_|_l_|_l1_l11-|_|_|_|_-Jl
Duily

i
l--t.rl ] A i
RN EELAN LA i L

E seseajey eqn) 18; Buung
ELT fwiaygr) Aungonpuas)

Iﬂ_l_un.-u‘-.ﬂ.lllu‘!__l—‘a __.411-.-.41.1—.-_ T

4 gosl few
L7 ”
1 seseeyeqniier Bumg  E
|...u__ (9,) sumesadwa | i
=1 ik
| | PSR i $E
+Fr.rLL._.L:.r._ r_._,r_ L. _ ._._.-LlrF_Mrrr_.rE
= gbgl few

N
T
&
(4

: 9961 PUD 5941 ‘PDAW 10} UMOPMDIQ [ISMOd DT



‘god Aanonpuod (o doy 12 paiesipy) i sjep spdwes 1pexe pue abeyssp Auuow sBeleny KEAgsedsal W F'EZ0L PUB W /2501 PaIEIDU|
aie (Pasn JoU) SBINPNNS 1SN0 J8AL PUB DPoJSUsd sBIBYIS 101 SE261 JEak JSIBM JO 3,0°ZZ 10 (138)-8108 UOHINL) YW BZ Z 10} Bununoooe 'sp M JZ
pebesase sesea. pajenele Buunp sebieyosiq '©/61 'L ARIN O3 €461 'ZZ YoRN WO pRieAlie aiam seBieyosip yoojsusd “ebpug moquiey Jo uogepunul Joj

5UB9UCD pue pooy Buuds sbie| jo UoREAIONUE Ul [[BM0d SYET Jo UMOPMEIC /61 'ABp pUB judy 'yoiel 'Aienige Jo} lamog 8xeT Jo sejyoid jeupmiBuc

F4ENH "5 HALNID HIHYESEH B DN

n,mn nmﬂ n__n_. _na_“__.

ol il ik

INCH HOANYD CNVHE
_n_ Dﬂﬂmwnammhrnm_.nw_.aur G4 05 SE n__umﬁ _H_w

E ...E, ___i_...

SEENENE RENNRRMSES
2283882883388 3
wog uoduon U E_E.“u K ..H.....n .

0 05252Z0025L105L5Z100L m
ol A T kLn_Lh.rr_ur.LLn_ur-Ln_u_lt.-._._u_r_:_:_._..:

ﬂmw

= c261 tew

£i6l 994

| (1Bw) uoBAXQ ponossIq |

LA LR RN N AR L AR LA RARES LARLE LARA] _-____.._____.___._.._._.._._._-.._uq—-._._.._—_4__u._._._1—u4.__._-___

: €6l 994

(D.) eimesodwey

AL ALY RALRN RALEY L

“.E.t._tt._tt._......rr_...._.r_..m.r_.-__._.._..__t..r—: calfeiadio

TIAMOd Nv_j NI ﬁ_ \ GEW ZM_U;O nmbu_omm_ﬂ ‘(Do) FUNLYHILWI]L ‘(WD /ST) E_._.U:ﬂZOU

ATTNQO SHO0LSNId ‘NMOaMVvQ 39aidg MOENIVY £/61



B 0, ol Bl e e 0 T,

Bl i A 2 A1 Pt PR P ;
se) iy — ; .‘m

888} AON ¢ ot
L ¥

Wi 1t R i PR 9P 1900 AR SRR ) PP
o6l Jdy u . :

LLLLLLL e : ¢ 0661 23Q oL

_ v o/l 5 €86} AV

g TIAMO AV
E g (Wo/sH)

- § AuaAonanod

EniinJﬁ _E.._i!nE
|

ey s

%, % Busoyuow uokuo) pupio T SER IR
SEEErLELEL: SLREEEESELL

ayep apwes smeEeoy - FEEL MON m ¥asl Bny _
18| sypue Aempde ‘moyu; ‘sopne o) ydell oo £ i :

ves) few w veel Jew

i
£
i
[
3
1084

Sa0074d S.0861 FHL g
‘9 FUNDIL :

= k-3




:q_“.._.m..j. u._ .Hiu”:q._-_.“-_.._.::'. E b _.. l. i i il 14 1 ..._ AL "_ IRREITITY plan _ﬂﬂ__._-m-.—n p.ﬁ_:u_.::_..x..u._“...ﬂ...ﬂ:..“
@4 . e — E g . 3 886 iy o
3 ¥ - ] E : ; i - 1 3

B 5 e e B, o B LT
- 8BSl ADN E

o P 8 A A = _Fa,__._ruh_._“._,.u.ﬁ?...wn {
9861 1deg M : gl sunp =« 0661 230 ol
, | €861 TudY
% osczor TIAMOd 3NV
Seny s ; e vy i o (Do)
MARSE—— - . BUNLYYIdWAL

Buyojuow uokuoD pucus

8071 18] 10 ARMIIS "MOYU! MOLING Joj ydeS Lo
G sdwes ydep suEswW gIn| puUE gl IE
PEIENDU SO 1IN0 MM PUR DiD0SUSY

(551 Mqussoeq] o £PE] Uy Epooy
5,086} oy mye pue fuunp sumeueduwe] g

$A00714 S,0861 FHL 3
1L 3un9ig 3 :
L8] J- ! | 7] N B § F HI W OR D L N NN o




L661 - 1661

[[omog aye]
(srf) Eau___,ﬁu

leacmyl deD SBRW GTOL DUE G0 | I DAFED SH0M HIND) HADH PUR BRDGIEURY

‘BluRpsD ApeRE B (661

—— LA LT L SO, L

o I T P

&

o8

'y

oo IO oI TN O 7

- TR, R B

£eeL sunp 84 0 L 45 vy

-

il 4

X0

£

—88i 1 -
Fatil 4

Buudg pue mopd ands Bun [BEL IR O LOGL RS LOGEL S 5 AWBNDUDY SPIA-E

‘g amnfiy

e Wy

w o E %

POOL Big-ald
SEGL yoIEy

AKX

:f

_..._..::::_____
be PP PP 12 P R 1, R AT P

=

o W

b P P P R T

N Y

EEE

G661 Whog

g

FEGL 290

T

! .i ! .'- J.—_ ! J.. l-. - .I )

I T

oy E T

LT

S

oMW oW W oW W W W

o S W S

WoE o W ®

Wi e Wi e w oW W

£861 By

__i eI 0, TN TN, O A . I

BTN O O

zegl Apr

oS RSO

o s

......

Lake Elevation (meters)

e o lil!#m.r;ullﬂ Sy 1 Fegts



upla £ BED L DU GO

PEEIEUR A IR Al pUR EoisuR g DI ipess Uiy (G4 Dusds pom aekd opd g Junng (GA1 WIIRR O] AGEL WRE LOGEL U J0 uaBint PANOIUD e ‘8 .m_-..ﬂ_l._
wag volAueD uslD Wodl SIatdwojiy

W PP P E T O L R L L P L r Pl
L661 - 1661 .
lI3mog aje]
(1/8w) uaBixp paajossiq

B W OE 0 e s
...........................

EEEEEEEEE
aaaalaaealogaalosaal ol ypealosnslppaelionlasaalyng,

.
M

T it RS LS LR AR i AR Eaan) iR
o= i R S N OB M M B X
T P PRTEL Frrel Fere T TR T Irery Feey Freey e

T T
PP IR IV P TP T PP TP FT R DY Y

o M

ceg) boy

.............................
srrree

ad = = E
== K 3
[TEEETEEE
L] L]
alaiii L siaadsnas 1 A
Fam g pGEE MEN
A b ., oo | E
f; - ] = i1 3
- i - » o E o k
TpEr s sparEr M e S bt R Bl A R i R ) S
1]
alasa s biaaad [ FEer T rerei M o reren’ NN Ll
E A
.... E i )
: 000 -
% i3 .
i B f = -~ Lo o = o
o~ - " — -
- o e
s

M.Ep__sm i3

Ohen oyt Esveironvmantsl Stodied, 3 Husilie



LI L

da0 Siapl GE0] PUR GE0L 18 PEIEEDU| SLiom JET) JaAy

PU Sosuay a0ITyoaD Lpeas Utey (Go, SULDS DUR MO Spds BUUND CJEEL UNTN O 1661 1085 506 Bu) 0y SrpessdiE | apim-anE

L66

lIomog axey |

|

(O.) m_..Em..wn wal

ghesedaabilines

L=166l :vnvwomum sy .=

PR OS] BSSTSLLON

o T o7 BB P T s R AP

0} aunbiy

.._,.a 8
adaasa

LN NN

EMII;un {meters of dl_llﬂ'll-




