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Abstract. In the spring of 1996, a nine-day test flood from Glen Canyon Dam involved
the deepest and largest hypolimnetic withdrawals from the penstocks and the river outlet
works (ROW) since 1986, interacting with ongoing hydrodynamic and stratification patterns
to enhance freshening of the hypolimnion of Lake Powell reservoir and its tailwaters. Prior
to the test flood, a six-year drought had produced a pronounced meromictic hypolimnion
that was weakening from high inflow events in 1993 and 1995. Hypoxia, however, had
continued to increase in the deepest portions of the reservoir. Over the course of the test
flood, 0.893 km?® were released from the ports located at and below the hypolimnetic
chemocline. The increased discharge and mixing resulting from the test flood diminished
the volume of this hypoxic and meromictic hypolimnion as far as 100 km uplake. This
effect was reinforced by seasonal upwelling of hypolimnetic water at the dam and seasonal
hydrologic patterns uplake. The timing and magnitude of the discharge maximized the
release of the highest salinity and lowest dissolved oxygen (DO) water that typically occurs
near the release structures of the dam annually. Subsequent high inflows and discharges in
1997 continued to freshen the hypolimnion.

During the flood, large aerated discharges in the tailwaters briefly increased DO to above
saturation but dampened diel fluctuations in pH and DO. Downstream ion concentration
levels were elevated during the test flood but resumed an enhanced freshening trend fol-
lowing the lower hydrograph. The results indicate that dam operations, timed with pre-
dictable limnological events, can be used to manipulate tailwater and reservoir water quality.
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" INTRODUCTION

The use of dam operations as a variable to manipulate
and experiment with reservoir and riverine systems is
in its infancy. It is one element that differentiates res-
ervoirs from natural lakes. In addition, reservoirs differ
limnologically from natural lakes in their young age,
their elongate and dendritic morphology, and because
of the diversity of dam design, discharge patterns, and
their typically sub-thermocline releases (Ryder 1978,
Kennedy et al. 1982). These characteristics often limit
the application of limnological theory derived from
natural lakes to reservoirs (Kennedy et al. 1985, Thorn-
ton et al. 1990); and the great diversity of pattern and
processes in reservoirs, as well as an incomplete state
of knowledge, has restricted comprehensive predictive
modeling of reservoir limnology. This has resulted in
an individualistic management strategy for most res-
ervoirs. The use of a large flood release from a dam
allows a test of the effects on the limnology and pro-
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ductivity of both the upstream reservoir and the down-
stream river ecosystems (Ward and Stanford 1983).
Thus, large reservoir discharge experiments may be
used to improve the general understanding of reservoir
limnology as well as refine strategies to improve res-
ervoir management. In this paper we report on the im-
pacts of a large experimental dam release on the lim-
nology of Lake Powell, one of the largest reservoirs in
the United States, and the Glen Canyon Dam (GCD)
tailwaters downstream.

From its conception in the Colorado River Storage
Project Act (1956) through 1991, GCD design and op-
erations were motivated by hydroelectric power gen-
eration and storage allocations. With the advent of an
Environmental Assessment, the Grand Canyon Protec-
tion Act (1992), and the Glen Canyon Dam Environ-
mental Impact Statement and Record of Decision (U.S.
Bureau of Reclamation 1995 and 1996, respectively),
environmental concerns for the downstream ecosys-
tems were introduced to management policy. While
climate and the inflow of the Colorado and San Juan
rivers primarily influence the stratification and hydro-
dynamics of Lake Powell, dam design and operations
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strongly influence the routing and discharge rates of
various limnological strata within the reservoir and,
consequently, reservoir water quality (Hart and Sher-
man 1996, Hueftle and Vernieu 2001). Although Col-
orado River ecosystem management has not been guid-
ed by concerns for Lake Powell’s limnology, dam dis-
charges have influenced the limnology of this large
reservoir (Potter and Drake 1989), as well as the reg-
ulated river ecosystem downstream (Stevens et al.
1997; Valdez et al. 2001 in this feature).

Several features of dam design influence limnolog-
ical development of Lake Powell. The location of the
penstocks, the primary withdrawal port in GCD, has
affected stratification patternis. The penstocks are lo-
cated at a mid-depth bordering on the hypolimnion/
epilimnion boundary, and draw from the hypolimnion
almost half of the year. By isolating the hypolimnion
from direct discharge, meromixis (stagnation and high
chemical concentration) frequently occurs. Periods of
meromixis are characterized by relatively high hypo-
limnetic specific conductance (a measure of salinity)
and an upper boundary defined by a chemocline (chem-
ical gradient) resistant to mixing.

Hypolimnetic stagnation and high dissolved oxygen
(DO) demand can also result in hypoxia or anoxia.
Anoxia and the associated reducing environment can
produce hazardous compounds, such as hydrogen sul-
fide, which may pose hazards in-lake and downstream
to both living organisms and to metal surfaces, such
as the power-plant turbines. Drought conditions have
resulted in several episodes of pronounced meromixis
in Lake Powell since 1963, including the years pre-
ceding the test flood. Likewise, stagnation and DO de-
mand has produced hypolimnetic hypoxia as low as 1.4
mg DO/L near the dam. Extremely low DO concentra-
tions have not yet reached discharge elevations; a min-
imum of 4.5 mg DO/L has been recorded at the pen-
stock elevation.

The river outlet works (ROW) are located deeper in
the hypolimnion, almost always in the zone of mer-
omictic stagnation. They are seldom used since they
bypass power generation, but their location and oper-
ation would affect meromixis as they draw entirely
from the hypolimnion except during the lowest lake
stage. Data suggest that higher flow-through and ROW
withdrawals may diminish the extent of hypolimnetic
meromixis.

The existence and operation of Glen Canyon Dam
(GCD) has significantly altered post-dam water quality
in Glen and Grand Canyon (Stevens et al. 1997, Hueftle
and Vernieu 2001). The presence and operation of the
dam has greatly dampened seasonal variations in river
flow; also, temperature, turbidity, and ionic concentra-
tion variability has been reduced to uniformly cold,
clear, low nutrient waters. Post-dam discharge patterns
have fluctuated greatly on a daily and weekly basis in
response to power demands and are currently con-
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strained by set ramping rates. Water quality and dis-
charge below the dam is now dictated by reservoir
water quality and the dam operations (Stanford and
Ward 1986, 1991, Angradi et al. 1992). Interactions
between the magnitude, duration, frequency, timing,
and location of discharges from the dam influence
uplake water quality, which, in turn, determines down-
stream water quality (Hueftle and Vernieu 2001). The
effect of the unusually large and deep withdrawals of
the test flood occurs in the context of seasonal lim-
nological processes, obscuring cause-and-effect rela-
tionships. However, historical data allow comparisons
of similar antecedent conditions without corresponding
large discharges. .

The 1996 test flood provided an opportunity to quan-
tify these effects and elucidate the linkage between
reservoir and downstream water quality. In this paper
we address the following objectives: (1) describe the
historical development of Lake Powell limnology; (2)
determine whether the test flood’s larger penstock dis-
charges and releases from alternate structures affect
Lake Powell limnology; (3) determine the extent of
discharge required to produce measurable effects and
how far uplake such effects are detectable; and (4)
determine the impacts on downriver water quality. The
large historical database (1964 through 1997), and the
large size of this reservoir allow better comprehensive
analysis of test-flood effects. Analysis of the limno-
logical changes associated with a single, large dis-
charge event may contribute to improved management
of this and other large reservoirs that develop mero-
mixis or hypoxia, in addition to improving the linkage
to downstream water quality.

METHODS
Study area

Glen Canyon Dam was completed in 1963, part of
a series of dams resulting from the 1922 Colorado River
Compact and the 1956 Colorado River Storage Act,
providing for allocation and storage of water across the
arid Colorado River basin. GCD is a 216.4 m high arch
construction dam (Fig. 1). It provides three routes of
release for the reservoir’s water. Eight penstocks lo-
cated 70 m below full pool elevation are the primary
release structures. These can release a maximum of 940
m?/s to the eight turbines for power generation, but are
constrained to 892 m3/s. The penstock draft tubes re-
lease below the surface of the tailwater pool, limiting
aeration effects. Two alternate release structures may
be used for greater discharge capacity, but both bypass
power generation and their use is avoided. The ROW
are located 99 m below full pool (29 m below penstock
outlets) and can discharge 424-566 m?%/s. Their greater
depth facilitates hypolimnetic discharge, and they have
been used on seven occasions since 1963. The spill-
ways draw from the epilimnion near the lake’s surface
at a depth of 16 m below full pool, although the lake
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FiG. 1. Structure of Glen Canyon Dam with location and discharge capacity of outlet structures. Top of dam elevation

= 1132.3 m; full pool elevation = 1127.8 m; dam base elevation = 958.6 m; spillways inlet elevation = 1111.9 m, outlet

elevation = 962.3 m, maximum disharge (Q,.,) = 5891 m%/s;

penstocks inlet elevation = 1057.65 m, outlet elevation =

947.6 m, O, = 892-940 m¥/s; river outlet works (ROW) inlet elevation = 1028.4 m, hollow jet valve (HJV) outlet elevation

= 967.7 m, Q,,,,= 425-566 m?/s. :

has been below the spillways’ operational levels for
over half the lake’s history. The spillways have a ca-
pacity of 5890 m¥s to accommodate a 100-yr flood
event, and have only been used in 1980, 1983, and
1984 (U.S. Bureau of Reclamation 1970, 1995).

Lake Powell is one of the largest U.S. reservoirs;
located in southern Utah and northern Arizona, south-
western USA (Fig. 2). It first reached full pool in 1980,
and has a maximum depth of 160 m, a surface area of
653 km?, a length of 300 km, a volume of 32.1 km?,
and ~3200 km of shoreline at the full pool elevation
of 1128 m above mean sea level (amsl) (U.S. Bureau
of Reclamation 1970, 1995). The region has an arid
continental climate: annual precipitation is 200 mm/yr
and pan evaporation is 1800 mm/yr (Potter and Drake
1989).

Lake Powell is an oligotrophic lake (Potter and
Drake 1989) with low nutrient levels; mean total phos-
phorus is 0.01-0.02 mg/L, and total Kjeldahl nitrogen
is 0.16-0.2 mg/L. Results from the long-term (>30 yr)
Lake Powell integrated water quality monitoring pro-
gram (IWQP) identify Lake Powell as a warm mer-
omictic reservoir; it has never completely mixed since
its formation. It has a chemocline that persists near the
depth of the penstock withdrawals. This meromictic
hypolimnion, or monimolimnion, contains relatively

stagnant water with elevated salinity (750 pS/cm to
1200 wS/cm), cold temperatures (6—9°C) and depressed
DO (1.5-7 mg/L).

A previous period of meromixis at Lake Powell was
disrupted by high inflows and multiple-level discharges
in the 1980s during five years of exceptionally high
inflows. The spillways (near the surface) and the ROW
were operated on several occasions for extended pe-
riods in 1980 and from 1983 to 1986. Combined with
three years of high flow-through and multiple-level
withdrawals, the lake achieved a unique level of ho-
mogeneity in June 1985, with a conductance gradient
2.8 times less than the average for the lake’s history.
Data collection in the 1980s, however, was sporadic,
with only two to five lake-wide collections per year.
Trends were discerned, but relationships between dam
operations and uplake processes were less clear. It was
expected that analyses of the test-flood results would
clarify some of the effects observed in the 1980s.

Data collection and sampling design

Historical and ongoing data from the IWQP were
used, augmented with higher spatial and temporal res-
olution data near the dam surrounding the test flood
(Fig. 2). The IWQP includes 25 long-term monitoring
stations, eight that have been sampled since 1964. The
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FiGg. 2. Map of Lake Powell with sampling station locations, Utah and Arizona, USA.

test flood was bracketed by two full-lake quarterly
IWQP sampling trips in the weeks of 1 March and 6
June 1996. These included 25 stations in the Colorado,
Escalante, and San Juan river arms of Lake Powell.
Using a Hydrolab Surveyor H20 multi-parameter sub-
marine sonde (Hydrolab Corporation, Austin, Texas,
USA), profiles of temperature in degrees Celsius (7)),
specific conductance (SC), dissolved oxygen (DO), pH,
and turbidity were collected at depth intervals of 0.5
to 5 m at each station. Water chemistry samples were
collected at 13 of these stations and analyzed for nu-
trient and major ion concentrations (APHA 1992) in
the major stratigraphic layers. Secchi disk readings and
biological samples of chlorophyll, phytoplankton, and
zooplankton were collected at the surface. The IWQP
also includes monthly sampling for all the above pa-
rameters at the Wahweap forebay station, and at the
GCD and Lees Ferry tailwater stations.

The IWQP data was augmented with six additional

physical profiles in the forebay immediately before,
during, and after the test flood, on 22, 24, and 27 March,
and 2, 3, and 5 April 1996. Synoptic channel profiling
was conducted at four stations from the forebay uplake
to river km 90 (Oak Canyon) on 22 and 27 March, and
on 2 and 5 April; high winds, however, truncated some
of these efforts. Chemical and biological samples were
collected at the forebay station (2.4 km uplake from
the dam) on 22 March and 5 April. An additional lake-
wide collection of physical profile data was taken at
17 stations on the Colorado River arm of the reservoir
to its inflow the week of 20 April 1996.

Higher resolution temporal data for the flood in-
cluded three permanently deployed Hydrolab Record-
ers within and below the dam and at Lees Ferry, 25
km below the dam. These measured 7, SC, DO, and
pH at half-hour intervals. However, the high flows of
the test flood rendered some of this information un-
usable. The Hydrolab profiles provided the finest res-
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FiG. 3. Discharge (m%s), temperature (°C), conductivity (nS/cm), dissolved oxygen (mg/L), and wind speed (m/s) from
22 March to 23 April 1996 at the penstock draft tubes in Glen Canyon Dam, Arizona. Synchronized oscillations reflect seiche
and discharge effects. Blank areas indicate instrument failure. Abbreviations are: 7, temperature; SC, specific conductivity;
DO, dissolved oxygen; ROW, river outlet works; and Q, discharge.

olution and the most consistent data sets, particularly
at the greater depths affected by the penstock and ROW
withdrawals.

All Hydrolab instruments were calibrated using stan-
dard solutions and established protocol (Hydrolab
1994) before and after each sampling period. Blanks,
duplicates, and spiked samples were collected for every
10 chemical samples.

Analyses

Data were compiled, reviewed, and analyzed using
SAS and Lotus software. Grapher (Golden Software
1994), and Surfer (Golden Software 1996) software
were used to generate two- and three-dimensional (iso-
pleth) graphics, respectively. Isopleths illustrating
lake-wide hydrodynamic processes plot various param-
eters against depth (in elevation) and river channel dis-
tance uplake from Glen Canyon Dam. Long-term trend
analysis was facilitated by temporal isopleths plotting
various parameters against depth and time. An ani-
mation sequence of the lake-wide conductivity iso-
pleths since 1965 is available online.?> This demon-
strates hydrodynamics, underflows, and discharges of
the reservoir including profiles of the test flood.

3 URL = (http://www.gcmrc.gov/iwqp/lpanisc.htm)

RESULTS
Discharge hydrograph and lake elevation

Prior to the test flood, the dam had discharged at
above average levels since June 1995 as a result of
large inflows that spring. Flows were increased from
280-340 m?/s to 480-537 m?¥s in June and maintained
there until October 1995, and thereafter averaged 340—
425 m?s until the test flood in 1996.

On 26 March 1996, penstock and ROW releases were
increased to 850 m3/s and 425 m%/s, respectively (Fig.
3). A total volume of 0.893 km? was discharged during
the test flood; 0.626 km?® from the penstocks and 0.267
km?® from the ROW. Following the experiment, dis-
charges from the dam were increased to high fluctuating
levels of 450-566 m?3/s for the duration of the spring
to accommodate the large 1996 snowpack. Although
the test flood is identified by the seven days of high
releases, the experiment included eight days of low
steady flows bracketing the flood, (Patten et al. 2001
in this feature) which also produced effects to lake and
tailwaters.

The test flood directly affected lake elevation. Over
the course of the experiment, between 22 March and
8 April, reservoir elevation had a net drop of 0.98 m.
Although the reservoir dropped 1.12 m during the test
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F1G. 4. Synoptic channel profiles of Lake Powell, Arizona and Utah, for conductivity (nS/cm; plots A-F) and dissolved
oxygen (mg/L; plots G-L) in winter and spring from 1994 to 1996, comparing seasonal shifts in chemoclines for the test
flood and two previous years. Contour interval = 25 pS/cm for SC (specific conductivity), 0.5 mg/L for DO (dissolved
oxygen). Penstock, ROW (river outlet works), and sampling stations elevations are indicated on plot A. Underflows 2° WI
(secondary winter interflow) and 2° WU (secondary winter underflow) are indicated on plots E, E K, and L.

flood, the four days of 227 m?s discharges preceding
and following the 1,274 m?¥s flood increased reservoir
stage by 0.15 m. The lake elevation changes were
slightly more than anticipated because of the later onset
of the high spring inflows. Soon after the experiment
concluded, the reservoir elevation increased substan-
tially. The sudden drop in lake elevation required that
water stored in the more eutrophic side-bays enter the
mainstem (Thornton et al. 1990). The data suggests
mainstem nutrient levels may have increased through-
out the reservoir in June 1996, accompanied by in-
creased chlorophyll @ and ¢ and pheophytin a. How-
ever, the existing IWQP includes few side-bay collec-
tions, particularly in the lower reach. Therefore, trends
from side-bays are not conclusive and cannot be ver-
ified, but suggest further investigation and imply man-
agement considerations.

Stratification and hydrodynamics: antecedent
conditions

The previous decade’s climate and inflow patterns
affected the limnological conditions prior to the test
flood, and understanding these is critical to interpreting
the results of the test flood on reservoir stratification
and hydrodynamics. From 1987 to 1994, Lake Powell’s
drainage basin experienced extended drought; six of

those years were among Lake Powell’s lowest inflows
in the reservoir’s 33-yr history. This resulted in a pro-
nounced monimolimnion with a pycnocline (density
gradient) resistant to mixing. This stratification was
weakened by two high inflows (fifth and sixth highest
in the lake’s history) in 1993 and 1995. These inflows
introduced a large pool of lower SC water for winter
mixing in the epilimnion.

Numerous authors, including Merritt and Johnson
(1978), Johnson and Merritt (1979), Gloss et al. (1980),
Gloss et al. (1981), Edinger et al. (1984), and Stanford
and Ward (1986, 1991) have described Lake Powell’s
density currents. Normal winter hypolimnetic process-
es are dominated by partitioned underflows that form
in the inflows and migrate advectively toward the dam
(Hueftle and Vernieu 2001). The first winter underflow
(1° WU) forms in the fall as a relatively warm, saline
mass of dense water flows along the former riverbed
toward the dam, dispersing through and thickening the
monimolimnion. The secondary winter underflow (2°
WU) forms in the inflow at the peak of winter, a cold,
convectively mixed mass of relatively cold, oxygen-
ated, and lower salinity water that follows the 1° WU
downlake. Although its density is rarely sufficient to
completely displace the hypolimnion, the 2° WU may
refresh the stagnant hypolimnion if it is of sufficient
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Temporal isopleths of conductivity (nS/cm) and dissolved oxygen (mg/L) at the Wahweap forebay station dem-

onstrating upwelling and chemocline migration, 1994—-1997. Abbreviations are as in Fig. 3.

magnitude and density, and dam discharges are favor-
able. Most commonly, this 2° WU reaches the chem-
ocline midway down the thalweg in the reservoir and
becomes an interflow (2° WI), overriding or passing
through the hypolimnion, depending on its relative den-
sity. It is then drawn into the penstock withdrawal zone.
This 2° WI occurs regularly, and its freshening potential
increases with the depth the density current achieves
before diversion over the hypolimnion. Preceding the
test flood, the 2° WU was in transition to a 2° WI 135
km uplake. These conditions were similar to those in
1994 (155 km) and 1995 (110 km) (Fig. 4).

A second component of the freshening 2° WU is the
advective force it applies to the hypolimnion. While
rarely able to penetrate the chemocline, the advective
forces of the 2° WI are often sufficient to depress the
hypolimnion, creating a periodic ‘“‘upwelling” of the
hypolimnion. As a result, the chemocline ascends the
face of the dam for a period of weeks to months. This
effect can be seen in the three-year forebay isopleths
(Fig. 5), with the upwelling effect typically beginning
in February, peaking in March, and diminishing by
May. Prior to the test flood, upwelling had already
peaked by mid-February and was subsiding. The up-
welling effect is diminished: (1) by discharge through
the dam and (2) subsidence of the upwelling as the

advective forces of the 2° WI dissipate. The animation
sequence as well as the synoptic channel profiles (Fig.
4) demonstrate annual winter upwelling cycles evident
near the dam.

The upwelling pattern maximizes hypolimnetic dis-
charge through the penstocks and ROW. However, the
interflow pattern can confuse the interpretation of test
flood impacts with seasonal hydrodynamics already un-
derway. By late 1995, the 2° WU had shifted to a 2°
WI, and its descent along the thalweg of the lake slowed
as it impinged on the pycnocline and diverted hori-
zontally downlake toward the penstocks. From the on-
set of the test flood, inflow hydrodynamics actively
affected reservoir limnology at the penstock elevation.
Therefore, distinguishing test flood effects from exist-
ing seasonal change required an examination of rates
of change on water quality and the impacts from the
ROW.

Effects on stratification and hydrodynamics

Test flood effects on Lake Powell were observed
through shifts in chemoclines with consequent changes
in strata volume, and through shifts in water quality.
The synoptic channel profiles (Figs. 4 and 6) and tem-
poral Wahweap forebay isopleths (Fig. 5) demonstrate
the descending migration of the chemocline and DO
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Detailed synoptic channel profiles to river km 90 of Lake Powell, Arizona and Utah, showing the advancing front

of the 2° WI (secondary winter interflow) through shifts in conductivity (nS/cm; plots A-D) and dissolved oxygen (mg/L;
plots E-H) gradients from 28 February to 21 April 1996. Penstock and ROW (river outlet works) elevations are indicated

on plot A. Sampling stations are indicated on plot B.

gradients during the test flood. Comparisons with the
previous year’s upwelling and subsidence patterns

show the test flood effects were most pronounced at

the ROW depth, where the freshening effects of the 2°
WI discharge were most dramatic. Prior to the test
flood, three distinctive strata were distinguished from
SC and DO concentrations at the Wahweap forebay
station (Figs. 4 and 6): (1) an upper convectively and

wind-mixed epilimnion underlain by a distinct chem-
ocline 7.5 m above the penstock outlets; (2) a 24-m
thick 2° WI middle layer underlain by a second chem-
ocline 13 m above the ROW; and (3) a lower 66-m
thick monimolimnion. Changing the elevation and
magnitude of discharge restructured these layers. As a
general rule, increases in discharge result in a third
power increase in kinetic energy available for mixing,
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TABLE 1. Water chemistry results at the Glen Canyon Dam forebay station (Wahweap forebay station) on 22 March and 5
April 1996, before and after the test flood (respectively).

Surface Penstock ROWi

Parametert 22 March 5 April 22 March 5 April 22 March 5 April
Temperature (°C) 13.83 12.15 8.56 8.39 7.87 7.78
Field pH 8.18 8.12 7.78 7.76 7.6 7.58
Field SC 670 667 778 762 925 896
Turbidity (NTU) 0 0 1.2 0.9 1.2 1.1
DO (mg/L) 8.6 8.91 6.21 6.72 4.37 4.78
TDS (mg/L) 441 434 503 487 636 553
Ca (mg/L) 59.6 54.7 65.9 62.3 78.3 70.4
Mg (mg/L) 19.6 18.1 21.4 20.1 25.5 22.7
Na (mg/L) 53.8 49.7 63.8 59.1 79.9 69.2
K (mg/L) 3.37 3.21 3.22 3.63 3.94 4.08
HCO, (mg/L) 151 150 161 162 176 171
SO, (mg/L) 170 160 187 180 240 213
CI (mg/L) 35.4 33.8 49.1 46.8 63.5 56.6
TP (mg P/L) <0.005 - <0.005 0.005 <0.005 0.006 <0.005
OP (mg P/L) <0.005 <0.005 <0.005 <0.005 ’ <0.005 <0.005
NH; (mg N/L) 0.010 <0.010 <0.010 <0.010 <0.010 <0.010
NO,.; (mg N/L) 0.16 0.18 0.33 0.34 0.42 0.39
TKN (mg N/L) 0.06 0.08 0.08 0.08 0.10 0.09
Ion average 102 107 116 120 140 139
Sum of ions (mg/L) 943 913 1061 1028 1298 1165

+ Parameter abbreviations: SC, specific conductance; NTU, nephelometric turbidity units; DO, dissolved oxygen; TDS,
total dissolved solids; TP, total phosphorus; OP, ortho-phosphate, TKN, total Kjeldahl nitrogen.
+ ROW = River outlet works.
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TaBLE 1. Extended.
Bottom
22 March 5 April
7.19 7.23
7.41 7.42
976 976
1.4 1.3
1.63 2.02
629 625
80.5 79.5
25.8 25.4
80.4 79.7
4.18 3.85
182 181
248 245
65.9 66.6
0.007 <0.005
<0.005 <0.005
<0.010 <0.010
0.44 0.45
0.14 0.09
144 153
1318 1309

as KE o« @3 (Thornton et al. 1990); this extends the
vertical draw of the outlets (Monismith et al. 1988).
Hence, the increase from the normal penstock dis-
charges of 390 m?/s to bi-level discharges of 850 m?/s
and 420 m?¥s from penstocks and ROW increased mix-
ing energy by an order of magnitude, while total dis-
charge only increased threefold.

The addition of sub-hypolimnetic discharge inten-
sified vertical mixing. With the onset of the bi-level
high releases, the upper chemocline weakened as the
penstocks drew more heavily from the epilimnion and
the 2°° WI. Profile data at the dam demonstrated re-
freshment at the penstocks as they drew from the epi-
limnion (Fig. 3). But below the dam at Lees Ferry,
comingled penstock and ROW releases show an overall
increase in ionic concentrations, reflecting the domi-
nance of ROW hypolimnetic output (Fig. 7). The chem-
ocline below the 2° WI and between the outlet ports
weakened and descended more than 12 m to the level
of the ROW at the conclusion of the flood. The 2° WI
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stratum was thickened 16 m as it drew from the wider
wedge uplake, entraining the epilimnion and hypolim-
nion and weakening the associated chemoclines as it
moved downlake. Isopleths indicate the withdrawal
zone extended from 50 to 100 or more km uplake, even
accounting for vertical uncertainty produced by local-
ized seiche oscillations (Figs. 4 and 6). Chemical data
collected near the dam before and after the test flood
show consistent decreases in ionic concentrations by
an average 4.4%, demonstrating the refreshment of the
forebay, particularly in the upper hypolimnion (Table
1). The most pronounced shifts surrounding the test
flood occurred near the ROW. This was not unexpected
due to the meromictic conditions, the influx of fresher
conditions provided by the 2° W1, and higher discharge.
Surface and bottom samples demonstrated the least
change. Calculations of the load of salt ions and DO
vs. relative discharge from the ROW and penstocks
illustrate the disparity in discharge vs. meromixis (Ta-
ble 2). Although the ROW only accounted for a third
of the flood discharge, they contained 23% higher con-
ductance and 33% less DO than is found at the pen-
stocks. Consequently, the introduction of discharges
from the ROW had a disproportionate long-term fresh-
ening effect upon the hypolimnion compared with pen-
stock withdrawals.

Continued dilution of the hypolimnion was apparent
(Fig. 5) following the test flood through 1997. This
resulted from another high inflow year and continued
high releases from February to June 1997, again, com-
menced during the upwelling event.

Rates of change (in percentage change per day) for
T, SC, and DO were calculated for a given point be-
tween each of the interpolated isopleths of the main
channel from 28 February to 21 April. These calcu-
lations excluded the top 30 m of the lake and included
the upper 100 km of the length (those zones affected
by short-term seasonal influences). The results indicate
the greatest changes occurred between 2-5 April im-
mediately following the test flood (summarized in Fig.
8). The next highest rates of change were observed
from 22 March to 2 April, during the test flood. These

TABLE 2. Discharge and ion load statistics for the penstocks (PS) and river outlet works (ROW).

Total for Null hypothesis:
Parameters ROW PS PS + ROW no test floodf

Lake elevation (m) 1028.4 1057.65
Dissolved oxygen (DOj; metric tons) 1187 4137 5324 2062
DO discharged (%) 22.3 77.7 100.0 —61 or 2.6X less
Total dissolved solids (TDS; metric tons) 176 353 336714 513 067 167 850
TDS discharged from each port (%) 34.4 65.6 100.0 —67 or 3.1X less
Volume discharged in test flow (km?) 0.267 0.626 0.893 0.312
Volume discharge from each port (%) 29.9 70.1 100.0 100.0
Test release from total lake volume below port (%) 10.22 10.96 14.56
Volume below port depth (km?) 2.44 6.12 6.12

+ Null hypothesis values projected forecast releases of Q,,, = 392 m%s (Pattern et al. 2001) for the same period (9.21 d)

as the large test flood releases.
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results further substantiate the increased effects of the
test flood over normal operations.

Withdrawal zone and tailwaters effects

During the experiment, wind and discharge condi-
tions contributed to water quality oscillations from the
Wahweap forebay station to Lees Ferry (Figs. 3 and
7). Internal seiche oscillations are frequently observed
in high temporal resolution data sets during the winter
at GCD. These oscillations are most evident when the
reservoir’s chemocline impinges on the penstock ele-
vation, such as during the ascending and descending
limbs of hypolimnetic upwelling. Isolated wind events
such as those on 20 April 1996 (National Climatic Data
Center 1996), initiate wind-induced internal seiche os-
cillations (Wetzel 1975, Cole 1994, Horne and Gold-
man 1994)) of 7, SC, DO, and pH at the dam. As
mentioned previously, changes in release rates also cre-
ate rapid water quality shifts at the penstock level due
to the strength and dimensjons of the withdrawal plume
(Hart and Sherman 1996, Hueftle and Vernieu 2001).
Although at least four strong wind events (Fig. 3) oc-
curred during the test flood and created complex in-
terfering seiche patterns, the magnitude and timing of
oscillations resulting from the test flood are clearly
distinguished from wind induced seiches (Fig. 3).

The use of the hollow jet valves (the release structure
for the ROW) also creates a unique signature. The
valves ejected four plumes of aerated water 10 m above
the tailwater pool. Combined with the draft tube dis-
charges from the penstocks, the higher discharge was
more turbulent than normal discharges. Turbidity and
total suspended solids increased from 0.2 to 0.6 NTU
(nephelometric turbidity units) and 2 to 19 mg/L, re-
spectively, during the test flood (U.S. Geological Sur-
vey 1996). The effects of spray and turbulence from
the hollow jet valves immediately oxygenated the tail-
waters, resulting in mean DO saturation increases from

79% to 105% (Fig. 7). Typically, T, DO, and pH reflect
fluctuating diurnal patterns that develop in the highly
productive 25-km tailwater stretch of normally clear,
lower flows (Angradi et al. 1992, Ayers and McKinney
1996). Respiration of Cladophora glomerata (the dom-
inant algae) and other life-forms contribute to diel pH
and DO fluctuations, while 7" responds to insolation.
During the test flood, diurnal pH patterns were atten-
uated (Fig. 7), demonstrating the reduction of respi-
ration due to increased drift (Shannon et al. 2001 in
this feature) and lower light availability resulting from
higher discharges, greater turbidity, and deeper water
(M. Yard and D. L. Wegner, personal communication).
Diurnal pH and DO fluctuations recovered quickly
(within hours) once lower discharges recommenced,
although net respiration was reduced from pre-flood
levels due to the sheared biomass. Diurnal pH fluctu-
ation levels had returned to pre-flood levels by late
April 1996. During the test flows, diurnal DO patterns,
though still present, were overshadowed by jet valve
aeration. Conductivity reflected short-term seiche ef-
fects and higher salinity of the ROW dominated with-
drawal plumes in the forebay.

DISCUSSION AND MANAGEMENT IMPLICATIONS

Given the context of antecedent conditions, these
data demonstrated significant impacts on reservoir and
downstream water quality. The most influential factors
were the magnitude and composition of the 2° WI;
followed by the location, magnitude, timing, and du-
ration of dam discharges, not necessarily in that order.
Had the test flood not occurred during the hypolimnetic
upwelling, nor the ROW been used, the penstocks alone
could not have substantially flushed the hypolimnion.
The ability of the penstocks to mix and entrain the
hypolimnion is considerably less under normal dis-
charge levels. Without large, carefully timed, and/or
bi-level discharges, the opportunity to release mer-
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omictic water may be foregone. In the reservoir, sig-
nificant shifts in salinity and DO gradients were ob-
served near the penstock and ROW elevations as far
as 100 km uplake. Fresher, more oxygenated water was
drawn into the middle depths of the forebay from the
epilimnion and 2° WI uplake. These more dilute con-
ditions persisted through 1997. Although of short du-
ration, the test flood affected Lake Powell limnology
in a fashion that provides insight into the dramatic
shifts in water quality alluded to in the 1980s historical
data set (Hueftle and Vernieu 2001).

In the tailwaters, jet valve aeration, attenuation of
primary productivity, and the trace of seiches and mer-
omictic discharge were strong signatures of the test
flood, though short-lived. Shannon et al. (2001), Ste-
vens et al. (2001), and Valdez et al. (2001), address
longer term aquatic impacts on downstream resources.

These effects are important to in-lake water quality
and determination of downriver water quality. Cur-
rently, large discharges are likely to occur only during
periods of high lake levels and high inflows, thus, fu-
ture high releases will probably occur during periods
of declining meromixis. Should in-lake hypoxia or mer-
omixis approach levels of concern, however, the test
flood demonstrated a mechanism for their downstream
release. Hypoxia, not always associated with mero-
mixis, could be managed with well-timed ROW re-
leases. Dam operations could influence the banking or
release of ion concentrations, DO, 7T, and other com-
ponents that were not examined here, such as biological
components. Carefully timed dam releases could be
used to avert problems with minimal impact to power
production and water storage. For example, precise re-
leases at peak upwelling in February or March would
require less discharge volume to reduce meromixis than
at other times of the year. But uplake and downstream
effects must be considered prior to future actions.

This study of large and multilevel discharges from
GCD has global implications for future reservoir, dis-
charge, and downriver management opportunities, in-
cluding future experimental floods, flow regimes, and
other management options that are pending at Glen
Canyon Dam.

Installation of a selective withdrawal system is an
option outlined by the Final Environmental Impact
Statement (Stanford and Ward 1996). Its purpose, via
epilimnetic withdrawal, is to warm the Colorado River
to encourage mainstem spawning of endangered native
fish. Such action could produce unforeseen thermal,
chemical, and biological changes above and below
GCD. Use of hypolimnetic discharge may offset some
of these impacts, and continued investigations could
lead to more informed decisions.

The demonstration of the test flood effects as well
as those observed during the 1980s spillway discharges
alludes to impacts we could expect from the operation
of a selective withdrawal system. Operational changes
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will have limnological impacts, and informed decisions
will require a sound limnological foundation for man-
agement of water quality resources. Current knowledge
of the strength, destination, and quality of winter un-
derflows and inflows, strength of meromixis, anteced-
ent conditions, and long-range considerations will be
required for informed management in the future.
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