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1.0 INTRODUCTION

5

he potential effect of the Susitna Hydroelectric Project on the fishery
resources of the Susitna River is an important concern in the development of
the project. These potential effects include possible changes in both the
guantity and quality of water in the Susitna River with respect to the fish
and other wildlire habitats. The potential changes in river flows, water
temperature, suspended sediments, and ice conditions must be evaluated
carefully. Such concerns and the need te perform anm environmental impact
analysis associated with the license application of the project have moti-
vated a program to collect data at the Eklutna Lake and Susitna basin; to
develop and test a reservoir temperature model using Eklutna Lake data; and
to apply the model to predict the temperature and suspended sediment regimes
in the proposed Watana and Devil Canyon reservoirs, These efforts are
briefly summarized in this report. The reservoir tempersture simulation
model, DYRESM, used in this study is outlined and the testing of the model
with the Eklutna Lake data is discussed. The model's capability to simulate
the operation of the proposed multi-level intake structures under different
project operating policies, hydrologic and meteoroclogical conditions, and

environmental flow requirements is illustrated by several case studies.

The field data collection program has been conducted by R&M and has been
reported separately (R&M, 1982, 1985a, 1985b, 1985c, 1985d and 1985e). The
pertinent hydrologic and meteorological data have been collected at three
sites; namely, Watana, Devil Canyon, and Eklutna Lake. At each site, an
automated weather station has been installed and operated since Junme 1982,
The data collected were processed, analyzed, and finalized in a format

gsuitable for the DYRESM applications.

The DYRESM reservoir temperature simulation model was originally developed
by Imberger and Patterson (Imberger and Patterson, 1981), and later extended
and enhanced by Harza-Ebasco Susitna Joint Venture. The model was expanded

with added capabilities to simulate suspended sediment concentrations im the
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and the winter ice-cover formation. Wind effects on teuwporary

thermocline displacement were also incorporated. Testing of the model was
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Following successful testings of the DYRESM model, the model was applied to
predict the temperasture regimes of the proposed Watana and Devil Canyon
reservoirs. A limited number of study years were sclected to represent the
range of conditions to which the project would be exposed, Both the
initially proposed two-stage project scheme and the recently proposed
three—stage project scheme have been incorporated in the study, The
selective withdrawal capability of the proposed multi-level 1intake
structures was simulated for different projeci operating conditions. The
extended DYRESM model was applied to simulate the suspended sediment
concentrations in the proposed reservoirs to assist in the determination of
the outflow turbidity. To provide data for testing the suspended sediment
portion of the model, R&M's Eklutna Lake data collection program was
continued with special emphasis on suspended sediment sampling for the

pericd from May to November 1984,
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2.0 WATAWA AWD DEVIL CANYON RESERVOIR TEMPERATURE AND ICE SYULY

2.1 GENERAL CONSIDERATIONS

Application of the enhanced DYRESM model to the proposed reservoirs im the
Susitna Basin required a successful testing of the enhauced DYRESM model on
an existing lake of similar characteristics. Eklutna Lake, near Anchorage,
was selected for testing the model because of its hydraulic and morphologic
gsimilarities to the proposed reservoirs. Eklutna Lake is also a glacially-
fed lake and is alsc located in South-Central Alaska with hydroeiectric

power productions, The Eklutna Lake study is described in Sectiom 5.0.

Following the su:cessful testing of the DYRESM model with the Eklutna Lake
data, the enhanced DYRESM model was applied to determine the temperature

regimes of the proposed Watana and Devil Canyon reservoirs.

2.1.1 Application of the DYRESM Model

Daily DYRESM simulations of the reservoir hydrodynamics, thermal stratifica-
tion and outflow temperatures of the Watana and Devil Canyon reservoirs have
been performed for the two-stage project scheme as described in the license
application (Alaska Power Authority, 1983) and the recently proposed three~-
stage scheme. Fifteen years of hydrologic and meteorological data have been
assembled and analyzed. The data collected by R&M (R&M, 19854 and 1985e) at
the Watana and Devil Canyon weather stations since 1980 were also used.

These data provide the following basic meteoroclogical input for the DYRESHM

model:
1. Mean air temperature {(°C);
2, Daily and £~hr wind speed (m/s);
3. Air vapor pressure (mb);
4. Precipitation (mm);

a2
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5. Cloud cover (sky fraction); and

6. Incoming short-wave radiation (KJj/m?).

4 reservoir operation study (Harza-Ebasco, 1985b and 1985c) was carried out
to determine the inflow, outflow, and reservoir level of each reservoir
based on the project stage, energy demand, natural stream inflows, and the
auwnestream flow requirement considered. These results were input to the

DYRESM model.,

2.1.2 Conditions Considered

A limited number of study years were selected for simulations using the
DYRESM model. These study years were chosen to represent the range of con-
ditions to which the project would have been exposed, Periods representing
dry, average, and wet hydrologic conditions and/or hot, average, and cold
meteorological conditions were selected for the simulations in conjunction
with the Case C downstream flow requirement (12,000 cfs minimum Augnust
flow)which was proposed in the Susitna Hydroelectric Project License
Application (Alaska Power Authority, 1983). Through these Case € case
studies, the selective withdrawal capability of the proposed multi-level
intake structures was demonstrated. These simulated outflow temperatures
were used to determine the downstream winter ice regimes (Harza-Ebasco,
1984b and 1985a). The Case C downstream flow requirement was later replaced
by the Case E-VI flow requirement, The Case E~VI flow requirement as shown
in Figure 1 represents a recommended refinement of Case C as described in
the report "Evaluation of Alternative Flow Requirements” (Harza-Ebasco,
1984¢c) The Case E-VI hydrothermal and ice regimes of both reservoirs have
been analyzed for both two-stage and three-stage project schemes, In
addition, the Case E-I alternative downstream flow requirement as shown in
Figure 2 was also investigated. 1In t'iis report, the cases analyzed with the
Case E=VI and Case E-1 downstream 7low requirements and 1981-1982 inflow and
meteorological conditious are described, The Case E~VI condition is the
Alaska Power Authority's preferred operating condition with respect to the
encrgy and instream flow requirements. The energy demands considered

in tuded energy demands predicted for Stage I, Stage I1I and late Stage III.

228171 &
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2.2 CASE STUDIES

A summary showing the project scheme, flow requirement, the energy demand
{(vear} and the intake operating policy used in these case studies 1is given
ag follows:

i. Case E-VI with two-stage project (license application):

(1) stage I - (Watana only,:

Intake operating policy:

(a) Inflow temperature matching (Exhibit A)
(b) Warmest possible outflow (Exhibit B)

(2Z) Stage II - (Watana and Devil Canyon):

Intake operating policy:

(2) 1Inflow temperature matching (Exhibit C)
(b} Warmest possible outflow (Exhibit D)

2. Case E-VI with three-stage project:

(1) Stage I (Watana only):

Intake operating policy:
(a) Inflow temperature matching (Exhibit E)
(b) Combination of inflow temperature matching and level=5

only (Exhibit F)

(2) Stage II (Watana and Devil Canyon):
Intake perating policy:

{a) Inflow temperature matching (Exhibit G)

228171 5
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(3) Stage I1I (Watana and Devil Canyen) allowing ounly 9=-ft
drawdown at Devil Canyon:
Intcke operating policy:
{(a) Inflow temperature matching (Exhibit H)

{(4) Stage 1II ({(Watana and Devil Canyon) {(full utilization of
generating capacity):
Intake operating policy:

(a) Inflow temperature matching (Exhibit I)

3. Modified Case E-VI with two-stage project {(APA 1983 licemnse

application):

(1) Stage II (Watana and Devil Canyon):
Devil Canyon Minimum W.S. at El. 1446

Intake operating policy:

(a) 1Inflow temperature matching (Exhibit J)
(b) Warmest possible outflow (Exhibit K)

4, Case E-1 with two-stage project (license application):

(1) Stage I1 (Watana and Devil Canyon):

Intake operating policy:

{(a) Warmest possible water (Exhibit L)

5. Case E-1 with three-stage project:

(1) Stage II (Watana and Devil Canyon):

Intake operating policy:

(a) 1Inflow temperature matching (Exhibit M)

228171 6
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(2) Stage IITI (Watana and Devil Canyon) (full wutilization of
generating capacity):

Intake operating policy:
(a) 1Inflow temperature matching (Exhibit N)

In two-stage project scheme, the completed Watana reservoir would have a
maximum depth of about 720 ft with a total volume of about 9.4 x 109 acre-ft
and the Devil Canyon reservoir would have a maximum volume of about 1 x 106
acre-~ft at the maximum depth of about 540 ft. Note that the size of fhe
Devil Canyon reservoir in terms of volume would be about one-tenth of
Watana. With an outlet works intake located deep in the reservoir, the
hydrothermal regime in the Devil Canyon reservoir would be more dynamic than
that of tne Watana reservoir as demonstrated in the following analysis of

the simulation results,

In the three-stage project scheme, the Watana reservoir (Figure 3) would
have a maximum depth of about 540 feet and a total volume of about 4.25 x
106 acre-ft in t¢he first and second stages. The Devil Canyon reservoir
{(Figure &4) would be completed in Stage II and the maximum depth would be
about the same as that of Stage II Watana reservoir. However, the tctal
volume of the Devil Canyon reservoir would be about one-quarter of that of

the corresponding Watana reservoir in Stage II,

In the analyses, a normal allowable drawdown of 50-ft in the Devil Canyon
reservoir was assumed unless stated otherwise as indicated in the above
SUMMAary . The inflow temperature matching operation shown under intake
operating policy represents an operation of the intake to release water from
the project with temperatures similar to that of the natural conditions. 1In
the simulations, the natural conditions were represented by the inflow con-
ditions, The warmest possible water operating policy represents a
requirement of releasing warmest near-surface water in the summer using
near—surface intake ports and the warmer water near the bottom of the intake

structure in the winter using lowest level intake ports.

228171 7
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The average reserveir temperature profiles and outflow temperatures as pre-
The multi-level intakes proposed for both Watana and Devil Canyon dams and
for both two-stage and three-—stage project schemes are shown in Figures 3, 6

and 7., These intake designs are incorporated in the respective case stud-

dicted by the DYRESM dynamic veservoir simulation model for the cases listed

above ave shown in Exhibits A-N.

2,3 SIMULATION RESULTS

The results of these case studies are summarized as follows:

2.3.]1 Watana Reservoir

Regardless of the project operation schemes and project status (stages), the
reservoir would develop stratificatioms in the summer months of June, July,
August, and September. Overturns would occur in spring and fall, and

ice~cover would also form in the winter,

In the summer, a warmer surface mixing layer (epilimnion) would form due to
solar surface heating. Typical predicted summer temperature profiles are
shown in Figure 8, The surface temperature would vary from about 45 to 55
degrees F (7 to 13 degrees C), and the thickness the epilimnion would vary
from about 60 to 200 feet depending on the weather and project operating
conditions considered. 1In the underlying thermocline the water temperature
would be reduced to near 39 degrees F (4 degrees C) at the top of the more
uniform and colder zone above the reservoir bottom called hypolimnion. The
thickness of the thermocline (also called the metalimnion) may vary from
about 60 to 180 feet depending upon the conditions in the reservoir,
Temporal secondary thermoclines may also exist from time to time in the
metalimnion. The approximately 39 degrees F (4 degrees C) hypolimuion would

be found below a depth of about 120 to 350 feet.

The near isothermal condition at approximately 39 degrees F (4 degrees C)

would occur twice a year in early November and late May. The Watana reser-
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voir would be dimictic im that it would mix twice a year. Mizming would

oceur between ice-cover meltout and the onset of thermal stratification in

&

late spring and between the breakdown of the thermal stratification in fall
and the onset of winter ice-cover. When the air temperature and solar
ingolation decrease rapidly in October and WNovember, mixing and further
cooling of the reservoir would continue until the surface of the reservoir
freezes, The presence of ice-cover prevents further wind mixing and
conserves the heat remaining in the reservoir. In general, the ice-cover
would form in November and 2 total meltout would occur in May. A maximum
ice thickness of two to five feet can be expected in March. With the
formation of ice-cover in the relatively long subarctic winter, an inverse
stratification in the reservoir would also occur, The water at the contact
surface with the ice would be near 32 degrees F (0 degrees C) and the
temperature would then increase with depth toward a2 maximum of approximately
39 degrees F (4 degrees C) at a depth of about 150 to 350 feet from the
surface depending upon the weather conditions prior to the surface freeze-
up. The near isothermal condition of 39 degrees F (4 degrees C) would then
be mezintained in the hypolimnion under mnormal operating conditions. The
thickness of the hypolimnion would depend on the depth of the reservoir and
stage of the project. Under the Stage I of the three-stage project
coundition, the resexvoir level would be about 200 feet below the maximum
Stage=II1 level, and a winter hypclimnion of only about 130 feet may be
formed., In the later stage of the project during which the reservoir became

deeper, a winter hypolimnion of up to about 460 feet can be expected.

2.3.2 Watana Reservoir Multi-Level Intake -~ Selective Withdrawal

The multi-level intake structures proposed for the Watana reservoir for
different project stages provide the project capability to release water
selectively from various levels of the stratified water body in the reser-
voir. These intakes can be operated: (1) to discharge water at tempera-
tures as cleose to natural river temperatures as possible; (2) to discharge
warmest possible water; and (3) to discharge water at a pre-determined

level,

228171
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With the proposed multi-level intake structures, the Watana summer release
temperatures can be approximately controlled to satisfy a predetermined
cbjective, In the summer, the river inflows are more responsive to varia-
tions in the meteorological conditions than the reservoir due to the shal-
lowness of the river. The river inflow warms up in the early summer and
cools down in the late summer more rapidly than does the reservoir. Hence,
the Watana discharge water would be colder in the early summer and warmer in
the early fall than the natural river conditions. However, in most of the
summer months (June, July, and August) the Watana discharge temperatures
can be regulated to approximate inflow temperatures through operation of
the multi~level intake except in times when large releases are made with the
outlet works. In the winter, inflow temperatures would be near 32 degrees F
(0 degrees C) and the temperatures in the reversed stratification zone would
range from near 32 degrees F (0 degrees C) at the contact surface with the
ice-~cover to approximately 39 degrees F (4 degrees C) at top of the hypolim-
nion. Therefore, the Watana discharge temperatures would be slightly warmer
during the winter than natural river conditions. As a result, the discharge
temperatures would range from approximately 41 degrees F (5 degrees C) to 54
degrees ¥ (12 degrees C) in the summer and approximately 33 degrees F (0.5
degrees C) to 37 degrees F (3 degrees C) in the winter depending on the

project and meteorological conditions, and energy demand level,

2.,3.3 Devil Canyon Reservoir

The DYRESM simulation model was applied to predict reservoir temperature
regimes in both Watana and Devil Canyon reservoirs for Stage II of the two-
stage project scheme and Stages II and III of the three-stage project
scheme. The thermal regimes predicted for the Watana reservoir in these
stages are similar to that predicted for the Watana only project conditions.
In this section, only the predicted Devil Canyon reservoir temperature

regimes are discussed.

In the analyses, the Watans outflow and the tributary inflows downstream of

the Watana dam are input to the Devil Canyon model. Since the Devil Canyon
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reservoir receives water from the Watana reservoir, the ‘nflow to the Devil
Canyon reservoir would be thermally more stable than the inflow to the
Watana reservoir. Hence, the main Devil Canyon inflow would be cooler im

carly summer and warmer in early fall than the natural inflows.

The simulation results indicate that the Devil Canyon reservoir would also
exhibit the general pattern of early summer warming, summer stratification,
and fall to winter cooling through a reservoir overturn to reverse stratifi-
cation in winter ice-covered months, Typical temperature profiles of the

Devil Canyon reservoir are shown in Figure 9.

As described in an earlier section, the maximum total volume of the Devil
Canyon veservoir would be only about one-tenth of the completed Watans
reservoir and about one-quarter of the Stage I and Stage II Watana reservoir
of the three-stage project. Also, the low level outlets (cone valves) would
be located at a depth of about 500 feet below the normal maximum pool leWQEQ
The hydrothermal regime in the Devil Canyon reservoir would, therefore, be
more dynamic and more sensitive to the operation of the ocutlet works as
shown in the predicted 1981 September and October profiles in Figure 9 than
would Watana. The temperature in the hypolimnion would vary from about 39

to 50 degrees F (4 to 10 degrees C) in summer.

2.3.4 Devil Canyon Reservoir Multi-Level Intake - Selective Withdrawal

The temperature regimes of the Devil Canyon reservoirs have been simulated
for the Stage II condition of the two-stage project and the Stages II and
II1 conditiouns of the three-stage project., The two-level intake design
proposed for both the two-stage and three-stage project schemes was
incorporated in the analyses., A three-~level intake with an additional level
added between the two levels proposed originally was also investigated for
Stage II. THowever, no obvious advantage was observed in controlling the
outflow temperature, The relatively large summer releases from the deep low
level outlet works and the thinner epilimnion make the operation of the

intake less effective in terms of selective withdrawal than at Watana,
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srigsons of the Watana and Devil Canyon outfleow temperatures are shown in

Figures 10-15. 1In Figures 10 and 11, outflow temperatures predicted for
Stage LI and year 2002 demand conditions and Case E-VI flow requirement are
shown. The operation of the powerhouse intake was simulated to match the
release temperature with the natural inflow temperature. Th:2 summer outlet
works operations and the thin epilimnion reduced the effectiveness of the
selective withdrawal using the multi-level intakes in both reservoirs. The
effect would be greater in Devil Canyon reservoir since the outflow
temperatures from the Devil Canyon reservoir would be affected by the
operation of the outlet works in both reservoirs, Such situation may
persist for a period of about 2 to 3 weeks until the water level was reduced
to where the epilimnion was closer to the bottom level, or until the water

level increased and the upper level intake ports could again be used.,

The effectiveness of the multi-level intake in releasing warmest possible
water from the Devil Canyon reservoir in stage II is reduced as
demonstrated in Figures 12 and 13. 1In mid-June of 1981, the Devil Canyon
intake releases were changed from the top-level ports to the bottom level
ports due to decreased water level and caused a 7 degrees F (4 degrees C)
reduction in outflow temperature while the Watana release temperature rose
steadily., Thus, the Devil Canyon releases can be up to 9 degrees F (5
degrees C) colder than the Watana releases in June and July for a period of
about 10 to 15 days. These occurrance would be significantly reduced in
frequency when the project is fully developed and when the reservoir levels
are more stable and the operations of the outlet works are less frequent
such as in late Stage III condition as shown in Figures 14 and 15. Control
of release temperatures improves as energy demand increase and outlet works

releagses decrease,

2.3.5 Outlet Works Effect on Watana Release Temperatures

The outlet works are provided to release flow required to meet minimum

environmental flow requirements when the requirements exceed powerhouse

228171 12
860701



flows and to release flood flows while minimizing reservoir surcharge and

spillway usage.

The outlet works would normally be operated in the summer months of August
and September during which the reservoir stratification would be relatively

strong,

The control of the release temperature would be more difficult with the
outlet works in operation. As shown in Figure 16, the outlet works intake
which would be located near the second intake port level from the top in
Stages 1 and II of the three—stage project scheme was simulated to be
operated in August and September of 1981. This is higher, relative to the
reservoir water surface, than in Stage III and, thus, water released through
the outlet works in these stages is warmer than in Stage III. This affects
the ability of the powerhouse intake to match outlet temperatures tc inflow
temperatures when temporary climatic changes cause inflow temperature to
decrease sharply during periods of outlet works operations, If the outlet
works discharge 1is high relative to the powerhouse discharge, selective
operation of the multi-level intake may not be able to compensate for

differences between inflow temperature and outlet works release temperature.

As 1llustrated in Figure 16 for the Stage-I condition with Case E-VI flow

requirement, the outlet works were not operated in June and July of 1981 and
the inflow temperature varied from 43 to 54 degrees F (6 to 12 degrees C).

The multi-level intake was operated to provide releases with temperature

varied from 45 to 52 degrees F (7 to 11 degrees C). VWhen the inf
temperature decreased 11 degrees F (6 degrees C) in mid-August, a ma
reduction in project outflow temperature of 7 degrees F (4 degrees C) w
achieved by operating the lowest intake ports. In August, the outlet works
were operated to discharge up to 24,000 cfs while the powerhouse was
discharging at an average flow of 10,200 cfs. The relatively large releases
from the outlet works reduced the effectiveness of the multi-level intake in
controlling the outflow temperatures., The effectiveness of the Devil Canyon
reserveir multi-level intake would be similarly affected by the large outlet

works releases (Figure 15).
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Whew the out et works are not in operation, the operation of the multi-level
intake would be effective in controlling release temperatures., As shown in
Figure 17, the operation of the multi-level powerhouse intake was simulated
to release inflow temperature wmatching outflows for Case E-VI downstream
flow requirement and Stage I conditions of the three—stage project. The
thermal characteristics of the inflow such as the range of the temperature
and the pattern of temperature variations were similarily duplicated in the
simulated powerhouse releases, In July and August of 1982, the inflow
temperature varied from 46 to 54 degrees F (8 to 12 degrees C) and the
simulated intake release temperature varied similarily from 46 to 55  grees
F (8 to 13 degrees C), The general pattern of the inflow tempe:.‘ure
variation was also similarity duplicated in the simulation of the

multi~level powerhouse intake operation.

A similar conclusion was obtained from the simulations of the final Stage II
Watana reservoir of the two-stage project. These simulations were performed
for Case C downstream requirement and various meteorological and hydrologic
conditions including 1971-1977 conditions and both stages of the two-stage

project.

2.3.6 Effect of Intake Operation on Winter Release Temperature

In most of the cases analyzed in this study, two consecutive winter condi-
tions were simulated to determine the ice-cover thickness and formation and
break-up of the ice-cover. The ice-cover formation is strongly dependent
upon the meteorological condition prior to the surface freeze-up. After the
fall overturn, the reservoir destratifies and becomes isothermal with rela-
tively uniform vertical temperature distribution. Mixing and further cool-
ing would continue toward winter until the surface of the reservoir freezes.
Freeze—-up could occur when the surface water reaches 32 degrees F (0 degrees
C) on a cold, calm winter night. Ice would form on the top of the
reservoir due to a unique property of water that its demsity at the freezing
point is less than its maximum density which occurs at 39 degrees F (4

degrees C). Thus, the water colder than 39 degrees F (4 degrees C) stays at
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the reserveir surface. When the ice-cover forms it prevents further mixing
and hence conserves the heat remaining in the reservoir. The amount of heat
stored in the reservoir prior to the freeze-up can be altered and hence the
timing of the reservoir surface freeze-up and the subsequent winter release
temperature can also be modified, to some extent, by changing the operating

policy of the multi-level intake.

As an example, the outflow temperatures and ice-cover formation simulated
for the intake operating policies of inflow temperature matching and warmest
poesible water for Stage II Watana reserveoir (two-stage project) with Case
E-VI downstream flow requirements are shown, respectively, in Figures 18 and
19. By releasing the warmest possible water downstream, less heat would be
preserved in the water body in the pre-freeze-up period, the surface water
temperature would be reduced to the freezing point sooner and hence an
ealier freeze~-up of the surface water would be attained. A comparison of
Figures 18 and 19 indicates that, in this simulation, by operating the
intake to pass the warmest water downstream in the summer, a surface
freeze-up would be induced about two weeks earlier than in the case of
operating the intake by matching the inflow temperatures., With ice-cover
formed two weeks sooner, the water body in the reservoir would then be
protected from additiomal surface mixing and cooling. The water body
underneath the 1ice—-cover would therefore preserve more heat for the
remaining winter season and an increase of the outflow temperature of up to

about 2 degrees F (1 degree C) would be obtained,

2.3.7 The Effectiveness of the Multi-level Intakes

In this section, the effectiveness of the multi-level intake structures of
the Watana and Devil Canyon dams on selective withdrawal is discussed, The
effectiveness of a multi-level intake depends mainly on the stability of the

thermal stratification in the reservoir.

For the range of the hydrologic and meteosrological conditions considered,

the summer stratifications in both Watana and Devil Canyon reservoirs would
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remain stable regardless of the project operating conditions. The rescrvoir
stratification and its stability were analyzed using the results of &
reservoir operation study for 14 years of stream flow data and Case C flow
requirements (two-stage project)., A maximum outflow of 33,000 cfs from

Watana reservoir and 39,000 cfs from Devil Canyon reservoir were used,

Based on these maximum outflows and the simulated vertical temperature and
density distributions, the densimetric Froude number and internal Froude
number were calculated for both reservoirs., The results show that these
Froude numbers are at least one order—of-magnitude less than their
respective critical values, Therefore, the hydrothermal characteristics of
the Watana and Devil Canyon reservoirs are expected to remain predominantly
one-dimensional in the vertical direction for the maximum outflow conditions
and such large outflows are not expected to significantly disturb the
thermal structure in the reservoirs, Thus, a one-dimensional model, such as

DYRESM, would be appropriate for analyzing reservoir performance.

Additional analyses indicate that the hydrothermal ronditions in both reser-—
voirs would also be stable under the three-stage project scheme and Case
E~-V1 flow requirements. The maximum summer releases would be at least 4,000

and the reservoirs would be similarly stratified.

In the Watana Reservoir, the selective withdrawal of reservoir water would
be accomplished by directing flow from the reservoir through an approcach
channel into the intake ports. Water would be withdrawn through the
multi-level intake at a pre~determined level. To assess the effectiveness
of the multi-level intake, the stability of the stratification in the

approach channel was analyzed.

A reservoir operation study carried out for Case C downstream flow require-
ments indicates that & maximum winter outflow of about 12,000 cfs would be
expected for both reservoirs in the months of December, January and

February. These extreme outflow conditions were used to study the stability
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of the thermal stratification in the approach channels. The stratification
in rhe approach channel would be more stable with lesser outflows. The flow
conditions with Case E-VI would be slightl: different from those of Case C
but the extreme flow conditions would be simi.ar, Therefore, the analysis

made for Case C would be applicable to the Case E~VI flow conditions,

The Watana approach channel thermal stratification would remain relatively

teble in the summer with the powerhouse intake in operaticn. During the

i)
[53)

outlet works operation period, the outlet works intake, which is located
near the bottom of the approach channel in two-stage project, would withdraw
water from most of the water column and would discharge water at a unear
average remperature in the channel, Its effect on the powerhouse intake
withdrawal 1is expected to be minimal since the upper limit of the outlet
works withdrawal zome would not reach the water surface, for the conditions
studied. Therefore, the flow stratification in the approach channel would
not be disturbed significantly. However, the resulting cutflow temperature
would be controlled by the outlet works releases due to its large discharge
compared to the powerhouse release as shown in Figure 13 and would be colder

than operations without outlet works discharges.,

The Devil Canyon outlet works intake, which is located below the approach
channel of the powerhouse intake, is expected to behave similarly to that of
#atana, However, some mixing in the approach channel would be expected if
the outlet works intake were raised to the elevation of the upper intake
ports as has been suggested;];./o Under such conditions, the intake will
loss its ability to withdraw warmer surface water exclusively. However, the

release temperature would still be above those if a lower intake were used,

1/ Comments by the National Marine Fishery Service on the Susitna
Hydroelectric Project License Application (Alaska Power Authority,
1983).
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In the winter seasons, it would not be possible for both Watana and Devil
anyon intakes to withdraw near 32 degrees F (0 degrees ) water due to
their velatively lerge discharges compared to the winter inflow rate of
about 2000 cfs. The near 32 degrees F (0 degrees C) ocutflow could only be
obtained %y reducing the discharges and keeping the intake ports as close to
the surface as possible while maintaining proper submeczence to prevent the
formation of the undesirable air-entraining vortices., Such a practice would
severely constrain project energy production an’ would not be practical.
With large winter releases, the outflow temperature would approximate the
average water column temperature which may vary from 35.5 to 39.0 degrees F

2 to 4 degrees C) in the approach channel. Such winter relea:z 3 with
warme. than natural near—freezing temperature may be beneficial to the down-
stream f£ishery as they would reduce ice cover formation. With smaller
winter releases, it would be possible to release water at about 34 degrees F
{1 degree C) or less. The reservoir stratifications would remain stable

regardless of the thermal stability conditions in the approach channels.
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3.0 WATANA AWD DEVIL CANYOW RESERVOIR SUSPENDED
SEVIMEWNT CONCENTRATION ANALYSIS

3.1 GSUSPENDED SEDIMENT CONCENTRATION

Both the outflow temperature and the turbidity 1level of the reservoir
releases may affect downstream fisheries, The turbidity level of a
glacially~fed reservoir or lake appears to depend mainly on the suspended
sediment concentration of the water body. Therefore, te provide basic
information for assessment of the turbidity effects, the DYRESM model was
extended to include modeling of the suspended sediment concentration (SSC)
as one of the parameters in the simulation of reservoir dynamics. A
description of the simulation approach 1s given 1in Section 4.2, This
extended version of the DYRESM model has been tested with suspended sediment
data collected at the Eklutna Lake by R&M (R&M, 1985a, 1985b and 1985¢) for
the period from November 1983 to October 1984, (ood agreements on ocutflow
§5C were obtained, After the extended DYRESM model had been verified it was
applied to predict the suspended sediment concentrations of the Watana
reservoir outflows for the three-stage project scheme, Case E-VI flow
requirements and 1970 and 1981-1982 meteorological conditions were
considered, River sediment inflow data were obtained from USGS records on
the Susitna River mnear Cantwell and at Gold Creek stacions. The average
particle size distribution of the river suspended sediments were obtained
from samples taken at the Cantwell station as shown in Figure 20. Based on
the Eklutna Lake tailrace sediment data and simulations of Watana reservoir,
which show that most material between 3 and 10 microms settles in the
reservoir, the suspended sediments in the Watana reservoir outflow are
expected toc be comprised primarily of particles of size less than 3-4
microns. Larger size particles would generally settle out rapidly to the
bottom without significantly affecting the average concentration levels in
the reservoir and outflows, In the analysis, sediments of up to 10 microns

were analyzed. The incoming suspended sediments of up to 10 microns were
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divided into two g oups of 0=3 and 3-10 micron sediments and each group was
assigned with an average representative settling veiocity. Settling
velocities of 1.5 % 10-0 m/sec and 2.0 x 10~3 m/sec were selected for the

0-3 and 3-10 wmicron sediments respectively.

These settling velocities were estimated based on the Stokes law.

Simulations of Eklutna Lake showed that use of these velocities resulted 1in

good agreement with measured data.

The total sediment influent to the Watama reservoir was estimated from the
USGS data at Gold Creek gaging station and transposed to the Watana reser-
voir (Harza-Ebasco, 1985d). The particle size distribution curve shown in
Figure 20 was used to determine the suspended sediment influent of each
sediment group from the total sediment influent. Fifteen percent of the
total suspended sediment influent was assigned to (-3 micron sediments and
12 percent to the 3-10 micron sediments. The 1982 operating flow conditions
for Case E~VI downstream flow requirements were used in the analysis. Simu-
lations were made for Stage I, Stage II and Stage III project conditions.
In the Stage I analysis, the 1970 and 1981 flow conditions were also
investigated., The 1970, 1981, and 1982 flow conditions represent low
sediment influent, high sediment influent, and average sediment influent
years respectively. The operation of the multi-level intakes were simulated
to withdraw the near surface water since it allows for withdrawal of water
with lowest level of suspended sediment concentration and is similar to the
“"inflow temperature matching"” policy selacted for temperature simulations.
In each case, the corresponding flow and the meteoroclogical conditions were
repeated for several years in the simulation in order for the reservoir to
reach a "quasi-equilibrium' state with regard to sediment settling and to
study the long term cumulative effect of the suspended sediments in the
reservoirs. The resulits indicate that, in general, the ocutflow suspended
sediment concentration will reach a minimum level of about 10 to 20 mg/l in
March or April and a2 maximum level of about 100 to 200 mg/l in July or

August. Due to the larger storage capacity and longer residence time, the
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Stage 11T project outflow will have lower S8C levels than the Stage I and II
Yeservolirs, These would reach a maximum level of about 100 mg/i 1in late
July. 7In Stages I and II, the outflow SSC may exceed 100 mg/l in summer and

£all wonths {(i,e. June through October or November).

The ©8tage 1 Watana outflow SSC simulated for the low, high, amnd average
sediment influent years are shown in Figures 21, 22, and 23 respectively.
The resulis show that the downstiream suspended sediment conceuntration (SSC)
would become more uniform throughout the entire year after the project is
completed. Tne Stage I outflow SSC would reach its lowest level of about 10
to 20 mg/l in early May and increase toward a maximum of about 150 wg/l in
July or August while the main-stem sediment influent varies from about 2 to
180 mg/l in October to April to as much as 200-2200 mg/l in July to Septem-
ber. These results are summarized in Table 1. A large amcunt of the 0-3
microu sediments which enter the reserveir in summer would remain in suspen-
sion for a relatively long period of time and would continue to affect the
$5C level of the winter reservoir outflow. The ocutflow SSC level would
decrease from a maximum concentration of about 120 to 200 mg/l ia July or
August to a near constant value of 100 mg/l at the end of October. The
outflow S8C level would continue to decrease in winter toward a minimum

value of about 10 to 20 mg/l in May.

The Devil Canyon reservoir would be completed in Stage II and would receive
the suspended sediment influent from the Watana reservoir. Figures 24 to 27
and Tables 2 and 3 show the predicted project outflow SSC from both the
Watana aud Devil Canyon reservoirs for Stages II and III conditions.
Although additional settlement of these suspended sediment influent from the
Watana reservolr 1s expected to take place in the Devil Canyon reservoir,
the reservoir is rvelatively small or the through-flow is relatively strong
that only a small portion of the Watana outflow S8C is expected te settle in

Devil Canyon.

In summary, these anaiyses indicate that the suspended sediment
concentration level of the summer release flows from the project would be

decreased from the pre-project condition of about 60 to 3000 wg/l to about
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50 to 200 mg/l. 1In the winter, the S3C level would be increased from about
1 to 80 mg/l to about 10 to 100 mg/l. Suspended sediment concentrations,
with=preject, would be highest in Stage I, would be slightly reduced in

Stage II and would be further reduced in Stage I1II.

3,2 TURBIDITY

In an earlier study, PN&D (PN&D, 1982) had provided a relationship for
estimating turbidity from suspended sediment concentration, This
relatzonship was derived from the sediment data obtained at Cantwell, Chase,
and Gold Creek. For concentrations less than 100 mg/l, the turbidity
expressed in NTU (Nephelometric Turbidity Unit) is approximately 20 percent
of the 8S8C wvalues expressed in mg/l. In 1984, R&M Consultants, under
contract to Harza-Ebasco Susitna Joint Venture performed settling column
studies (R&M, 1985f) of the Susitna River water near Watana camp site. The
test results indicated that the turbidity (NTU) would be approximately twice
the value of the suspended sediment concentration (mg/l). Based on this
later approximate correlation, it 1is estimated that the Susitna project
outflow turbidity would vary approximately from 20 to 200 NTU in winter to

about 100 to 400 NTY in summer.
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4.0 DYRESM HMODEL

Predictions of temperature stratification and distribution of suspended
sediments in the proposed Watana and Devil Canyon reservoirs and the respec-
tive outflow temperatures and suspended sediments have been made using the
dynamic reservoir simulation model called DYRESM. The model was originally
developed by Imberger and Patterson (1981) and has been modified and
enhanced by the Harza-Ebasco Susitna Joint Venture to include simulations of
multi~level intake operations, frazzil ice inflow, and suspended sediment
concentrations., A winter ice-cover simulation model as developed by
Patterson and Hamblin for Canadian lakes was also incorporated in the DYRESH

model .

The following summary provides a general description of the model including
the main physical processes incorporated and its extension to include an

ice~cnver, and suspended sediments,

4.1 RESERVOIR DYNAMICS - TEMPERATURE AND ICE

In the formulation of the modelling strategy of the model, DYRESM, its
developers, Drs. J. Imberger and J. Patterson have sought to parameterize
the principal physical processes responsible for the mixing of heat and
other water quality components. This approach is in contrast to other simu-
lation models which are largely empirically based. While the modelling
philosophy employed in DYRESM requires a reasonable understanding of the key
processes controlling water quality, so that they may be parameterized cor-
rectly, this process related approach to modelling has the advantage that
the resulting model may require less calibration and is more generally ap-
plicable than the empiricclly based methods. A second major consideration
in model formulation has been to keep the computational overhead as low as
is possible in order to keep the rumning costs of the simulation of a number
of variables over time periods of up to three years within reason. This has

necessitated the restriction of spatial variability to only one dimension
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(in the wvertical) and the adoption of a fundamental time increment of one
ay, Certain physical processes require time steps shorter than one day,
and, in these cases, the model allows for subdaily time intervals as small
as one quarter hour., This limitation of spatial variation in a reservoir to
the vertical direction is not unduly restrictive. The following discussion
demonstrates that the principal processes responsible for the mixing and
which are two or even three-dimensional in character wmay be adequately
parameterized and thus may be represented satisfactorily within a

one-dimensional framework.

The DYRESM model first subdivides the reservoir or lake in gquestion into a
series of horizontal slabs of wvarying thicknesses, volumes and cross-
sectional areas 1in accordance with the prescribed reservoir geometry, The
number of layers 1is allowed to vary acceording te the requirements of
representing the vertical distribution of heat and salt (not a parameter in
Susitna) to within a specified accuracy. The uppermost layer corresponds to
the lake's surface layer or epilimnion with its base being located at the
thermocline depth and its top at the lake surface. This layer is the most
important as it receives the direct input of atmospheric forcing and is
usually associated with the largest gradients in water quality properties,
This layer receives special attention in the model compared te the other
layers. Within each layer the variables are considered to be uniform. Heat
in the form of solar radiation is input to each layer according to the

physics of absorption of short wave radiation (Beer's Law).

The transfers of heat ard salt between the Ilayers are determined by the
vertical turbulent £fluxes as specified by the turbulent eddy diffusivity and
the differences 1in properties between the layers except between the
uppermost layer and the layer immediately adjacent to it., The value of the
vertical diffusivity is not set empirically but follows the energy arguments
of Ozmidov. In this way the vertical mixing process responds to changes in
the level of energy available for mixing caused by storms (wind stirring)

and also by the potential energy released from inflowing rivers, In
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-*Aition, this internal wixing formulation includes the inhibiting effect of

the local stratification rate on the mixing process.

The wmixing processes in the uppermost layer which is known as the upper
mixed layer is treated differently since experience has shown that it is
necessary to consider the individual processes controlling the mixing in a
more detailed manner than in the deeper layers. These processes are wind
stirring, convective cooling, the shear across the base of the mixed layer,
the stabilizing effects of the absorption of short wave radiation and the
density gradient at the base of the layer. The method used involves the
consideration of three conservation equations within the layer, the
conservation of heat, salt and turbulent kinetic energy. Solution of these
equations provides an estimate of the energy available for mixing the upper
layer with the lower lavers. A feature of this upper mixed Ilayer
formulation is that it accounts for the influence of strong internal motions

known as seiches on the mixing and deepening of the upper layer.

A brief explanation of the wind generation of these internal motions or
seiches provides an example of how a two and three-dimensional process
occurring in a reservoir is treated within the context of a one-~dimensional
model . When the wind starts to blow along the longitudinal axis of a lake
which is initially at rest, the shearing motion at the base of the upper
layer is considered to grow at a constant rate until either the wind ceases
or reverses in direction, a period of time equal to one quarter the period
of the natural seiche has elapsed, or the earth undergoes a period of
revolution on its axis. When any one of these limits is attained the shear
is set to zero and the build-up of internal motion recommences., This wind
shear may influence the deepening of the thermocline or the upper layer
thickness and may destabilize the stratification. 1In the latter case the
temperature profile would be smoothed to the point where it remains stable

with respect to shearing motion of the wind forced seiche.

River inflow dynamics are also two-~-dimensional., I1f the river water 1is

lighter than the uppermost layer of the lake then it forms a new upper layer
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ver the old one and may ultimately be amalgameted into the old upper laver.
For an underflowing river, an entrainment coefficient is computed for the
incorporation of a portion of the surrounding lake water into the descending
river plume. The coefficient is based on the river discharge, the density
contrast between lake and river water, the slope of the reservoir bottom and
the pgeometry of the river bed., The volumes of the layers are decremented
according to the computed daily entrainment volumes at the same time as the
inflowing river water is diluted by lake water until it either reaches the
deepest layer or the dam wall. 1In some cases, the density of the plunging
river plume may be reduced to that of the adjacent layer density whereupon
the inflow would begin to intrude into the main body of the reservoir. This
intrusion process may be dominated by viscous-buoyancy forces or by an
inertia=-bouyancy balance and this is determined by the computation of a
non-dimensional parameter depending on the discharge, the local density
gradient and the mixing strength at the level of insertion, This parameter
then sets the overall thickness of the inflow and therefore how the inflow-
ing volume is subdivided among the existing layers surrounding the inflowing

depth.

Qutflows from the reservoir at a surface level or up co two subsurface
levels are governed by the same parameter which determines the amounts to be
withdrawn for each of the layers in the vicinity of the outflow points. To
illustrate how this may work in practice it 1is useful to consider two
extreme cases, one where the outflow volume is large relative to the
stabilizing effect of the ambient stratification (inertia/bouyancy balance).
In this case the outflow is withdrawn nearly uniformly from all the layers.
In the other case a weak outflow occurs (viscous-bouyancy balance). In this
case the density gradient severely confines the vertical range of outflow

layers to those in the immediate vicinity of the offtake.

The model has been recently extended to include the influence of ice and
snow cover, and a suspended ice concentration in the inflowing rivers known
as frazil ice. The conduction of heat and the penetration of solar radia-

tion acrosc a composite of two layers, one composed of snow and the other of
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‘ra, "= computed from the physical properties of snow and ice,; namely, t!

thermal conductivities, their extinction coefficients for solar radiation

their densities, and from the energy transfers at the surface to the

mosphere, Components of the surface energy budget, as in the case of an

g~free surface, are the incoming and outgoing longwave radiation, solar
radiation, the sensible heat transfer and latent heat exchanges. Several
cases may be distinguished. If more heat flows upward through the ice than
can be supplied by the turbulent and molecular transfers of heat from the
water to the ice, ice is created and added to the existing ice cover. Con-
versely, the ablation of ice at the base of the ice sheet occurs when an
excess of heat is present. Similarly, the snow or upper surface of the ice
may be melted when sufficient heat 1is present to elevate the surface

temperature above the freezing point.

An additional physical process incorporated in the model with ice cover 1is
an allowance for partial ice cover either during the freeze-up or break-up
period. Partial ice cover accounts for the wind action in dispersing thin
ice sheets that might be formed and is based on an assumed minimum ice
thickness of 10 cm. Additionally, the thickness of the snow cover on the
ice is limited by the supporting bouyancy force associated with a given
thickness and density of ice, Finally, the amount of solar radiation
transmitted through the snow layer depends on the thickness, age and
temperature of the snow cover. Frazil ice input from the inflowing rivers
is either used to cool the upper layers if no ice is present or is added to
the fraction of partial ice cover or to the thickness of the full ice

COvVer .,

The treatment of the ice and snow effects, frazil ice input, bottom heat
flux, and suspended sediments are explained further in the following

discussion.
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{a) Ice and Snow Effects

The influence of ice and snow on the heat transfer across the water surface
of a reservoir is taken into account by simulating the percentage of snow
and ice cover and their thicknesses as functions of time. The effect of
snow and ice 1s to reduce the amount of short wave radiation reaching the
upper layers of the reservoir through their absorptive properties and to
reduce the cooling of the reservoir surface that would otherwise occur by
providing a covering layer of reduced thermal conductivity and by creating

additional ice at the ice-water boundary.,

Specific physical processes incorporated into the model of ice and snow are:

1. A minimum ice thickness of 10 cm 1s assumed,

2, The melting of either snow or ice on the surface as well as ice

melting at the ice water interface are simulated.

3. The exclusion of salt from the ice upon freezing is simulated,

4, The reduction of snow or ice thicknesses by surface evaporation 1is

considered.

5, The effect of ice or snow on surface vapor pressure 1is

considered,

6. The snow albedo is allowed to vary as a function of snow age and

temperature,

-

7. The absorption of short wave radiation in snow and ice 1is

considered,

8, The ice-water heat flux due to molecular conduction across the

ice-water interface plus turbulent sensible heat flux due to
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inflow and outflow induced current in the upper layer of

reservoir are simulated.

9. The surface temperature of the snow or ice is computed f{rom the

surface heat budget.

10, The maximum snow thickness is limited by the ice buoyancy relative

to snow loading.

11. The frazil ice input in the inflow is included in the total ice

volume in the reservoir,

(b) Frazil Ice

The mass of frazil ice contained in the inflow is computed and added to the
existing ice thickness in beth the cases of full or partial ice assuming
that the input of the volume of frazil ice is provided as & percentage of
the daily inflow. 1In the case of a partial ice cover the frazil ice input
reduces the percentage of ice cover until full ice cover is reached. Any
frazil ice left over in the daily time step is then added to the total ice
volume of the lake., 1In the event of frazil ice input to an ice free lake,
all the frazil ice is assumed to be melted in the daily time step by mixing
with the upper layers. First, the uppermost layer is cooled and, if
necessary, to the freezing point., Any frazil ice remaining is used to cool
the next lower layer. This process is continued until all the frazil input
for the day 1is melted. Frazil ice input is likely to be most important at
the onset of ice formation in the lake since, after that time, frazil ice in
the river upstream of the reservoir will likely contribute to the river ice

cover and not reach the reservoir.

{b) Bottom Heat Flux

Although not considered to be very important in deep reservoirs, bottom heat

flux is accounted for in the model by a simple conduction across the
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liment-water interface, It is assumed that at some depth below the bottom
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temperature remains constant throughout the year. The heat flux between

Y

the bottom and the individual layer of the model (reservoir) is computed

Fis

from the gradient of temperature across the bottom based on an assumed
thermal conductivity for the bottom sediments and the invariant bottom
sediment temperature, The total amount of heat either added or subtracted
from the layer in a day is computed from the portion of the layer area in
contact with the bottom. Finally the new layer temperature is calculated
from the thermal heat capacity of water and the layer volume, Typical
values of the constant sub-bottom temperature and the depth to constant
temperature cbserved in a northern lake are 10.8 degrees F (6 degrees C) and

2 w respectively,

4,2 SIMULATION OF SUSPENDED SEDIMENTS

The ice=-covered version of the DYRESM simulation wmodel has alsoc been
extended to include the modeling of horizontally averaged profiles of
suspended sediment. As with temperature and total dissolved solids, a
suspended sediment profile is prescribed initially from field data or from
estimation and thereafter daily inflow values of suspended sediment
concentration from up to 4 rivers are input. Suspended sediment profiles
are changed in the model by three processes, namely by mixing, by convective
overturn and by settling. The convective adjustment includes the contribu-~
tion to water density due to the suspended sediment. Density inversions are

checked and unstable layers are mixed,

4 method has been incorporated te determine the change in suspended sediment
concentration in any layer due to setting. The vertical distance which a
particle of sediment sinks at a prescribed setting velocity is compared to
the minimum layer thickness, If this distance is greater than the layer
thickness then the subdaily time step 1is divided by a factor of 2
successively until the particle no longer sinks through the layer. 1In each
refined subdaily time step the suspended sediment leaving the layer is

computed and removed from the layer. The portion of this sediment which
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he layer below is added to the next layer below and the peori.on

folls inbo th

which falis into the layer from above is added tc that layer.

The testiang of the extended DYRESM model with Eklutna Lake data is d

in Section 5.0,
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5.0 ERLUTNA LAKE STUDY

Eklutna Lake was selected for an intensive field study to facilitate the
testing of the DYRESM model on & existing glacially-fed lake. The Rklutna
Lake is located approximately 30 miles northeast of Anchorage and 100 miles
south of the project site. The purpose of testing the DYRESM model was to
verify the changes made to the model relating to ice cover and suspended
sediment and to demonstrate the applicability of the model to the proposed
Watana and Devil Canyon reservoirs, Both the proposed reservoirs and
Eklutna Lake are located in the south-central region of Alaska. The Eklutna
Lake is also operated for hydroelectric production and has a similar average

residence time (1.65 years) to that of the Watana reservoir (1.77 years).

A meteorological and limmnological data collection program wae initiated im
June 1982 with a weather station established at the south-east end of the
lake, R&M Consultants, Inc., was responsible for the collection and
processing of the data., The collection of data began in June 1982 and
proceeded until December 1984. The Eklutna Lake data thus collected and
processed have been summarized and reported by R&M (1982, 1985a 1985b and
1985¢). These data include inflow and outflow discharges and temperatures,
vertical temperature and turbidity profiles, and pertinent meteorological
data such as solar radiation, air temperature, relative humidity, and wind

speeds,

The testiry of the DYRESM model was performed in two phases. In Phase I,
the basic D’'RESM model for temperature and ice simulation was tested., In
Phase II, the suspended sediment option was added to rthe model and the
testing of the model was conducted in conjunction with an expanded reservoir
sediment sampling and turbidity data collection program. This expanded

program was started in May 1984 and continued until November 1984,
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5.1 EFKLUTNA LAKE TEMPERATURE AND ICE SIMULATIOW: TESTING OF THE BASIC

DYRESM MODEL

The DYRESM model was applied to simulate the average temperature distribu-
tion in the Eklutna Lake for the period starting June 1, 1982 and ending May
30, 1983. The inflow, outflow, and meteorological data collected by R&M
were used., An analysis of the initial results led to several improvements
of the model. These improvements included application of the Anderson'

long~wave radiation equation instead of the Swinbank equation during the
subfreezing condition and incorporation of intake design and wind effect imn
estimation of outflow temperatures. The results of the Phase I study are
described in a report entitled "Eklutna Lake Temperature and Ice Study-With

Six Months Simulation for Watana' (Harza-Ebasco, 1984a),

The reservoir outflow temperature 1s a principle input parameter for the
river temperature, and river ice studies being undertaken to determine
project effects on the natural thermal regime of the Susitna River. There-~
fore, close agreement between simulated and measured outflow temperatures is
desirable. The simulated and observed cutflow temperatures for Eklutna are
shown in Figures 28(a) & (b). The differences between the predicted and
observed winter outflow temperatures were within one degree (elcius.
However, short term deviations of up to about + 3.5 degrees F (2 degrees C)
also occurred, especially during and after high wind periods. The surface
wind shear effects and the internal wave motions near the intake structure
are extremely difficult to model with a one-dimensional approach and
three~dimensional modeling is not considered practical. The differences
between observed and simulated results on a weexly average basis are
considered small and the wmodel is considered to be satisfactory for
predicting the effects of Watana and Devil Canyon. The results of the
simulation alsc show an excellent correspondence between measured ice
thickness and predictzd ice thickness ercept for one observation in March.
There was no ice measuremenis made near the center of the lake in March.
The relatively thick ice measured at Station 13 in March may be considered
due to local accumulation of rafted ice caused by persistent downlake winds.
Therefore, the rvelatively large difference (Figure 28(b)) between

observation and prediction shown in March is not considered significant,
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The results of the study demonstrate the capability of the DYRESM model to
properly simulate the hydrothermal behavior of a reservoir in the specific

region of the Susitna Project.

5.2 EKLUTNA LAKE SUSPENDED SEDIMENT SIMULATION: TESTING OF THE EXTENDED
DYRESM MODEL

The wupdated model has also been tested using the Eklutna Lake data to
determine its applicability to predict suspended sedimeat concentrations of
the outflows from the Susitna project, The hydrological and meteorological
data collection program was continued by R&M with special emphasis on

suspended sediment sampling for the period from May to November 1984,

Measured suspended sediment concentrations ranged from 0.15 to 570 mg/l in
the inflow streams, from 0.1 to 200 mg/l in the lake, and from 0.56 to 36
mg/l in the outflow. Peak values in the inflow occurred in late July or
early August, in the lake in about September (as a depth-averaged concentra-
tion at Station 9), and in the outflow in late July to mid-August. During
the winter, inflow, lake and outflow suspended sediment concentrations were
on the order of 0.1 mg/l. During the summer, the average suspended sediment
concentrations were substantially higher than winter values and were
increased further following large rainfall events or periods of significant

glacial melt,

Turbidity values generally followed the trends in the suspended sediment
concentration, dropping off in the winter at inflow, lake, and outflow sites
and peaking in mid-to-late summer., Observed values ranged from 0.5 to 580
NTU in the inflow streams, from 1.8 to 220 NTU in the lake, and from 3.0 to
46 NTU in the outflow.

The total suspended sediment influent to the lake were determined based on

the total suspendec sediments obtained from Glacier Fork and East Fork.,
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The incoming suspended sedimencs were first divided into three groups rapreé-
senting three different particle size ranges. These particle size ranges
selected were 0-3 microns, 3-10 microns and greater than 10 microns. Test
runs indicated that particles greater than 10 microns would settle wvery
rapidly to the bottom of the lake and have little effect on the average
susgpended sediment distributions, The greater than 10 micron sediments were

therefore ignored in the study.

The total incoming suspended sediments of each particle size range were
estimated based on the weighted particle size distributions determined from
the samples taken from East Fork and Glacier Fork as shown in Figures 29 &
30. These samples were obtained in three field trips made on July ZI,
August 28, and October 23, 1984, The daily particle size distributions were
interpolated from these three basic distributions., To apply the extended
DYRESM model, it was necessary to specify an initial vertical distribution
of suspended sediment, the particle settling velocity, and the average
density of the particles, The settling velocity of a particle was
determined in accordance with the Stoke's Law as shown in Figure 31, A
sefttling velocity of 1.53 =x 106 meter per second was used for the (-3
micren sediments and 4.00 x 102 meter per second for the 3-10 micron
sediments. A particle density of 2.60 was used in the study while the
measured density varied from 2.50 to 3.00. The DYRESM simulations were made
for 0=3 micron sediments and 3-10 micron sediments were made separately.
The resulting outflow suspended sediments of these two separate analyses
were then combined to indicate the total outflow suspended concentrations as
shown in Figure 32. The predicted outflow suspended sediment concentrations
were in good agreement with data obtazined from the powerhouse tailrace. In
two occasions, the field data showed temporary increases in suspended
sediment concentrations that were not predicted by the DYRESM model. The
cause of these temporary deviations was probably due to the occurrences of
relatively heavy rains prior to these events, A small stream which flows
intc the lake near the intake may have carried significant amocunt of
sediments and caused the suspended sediment concentration to increase

locally and temporarily near the intake area.
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6.0 GCUMMARY

Reservoir temperature, ice and suspended sediment simulations have been made
for the proposed Watanz and Devil Canyon veservoirs using the enhanced
DYRESM dynamic reservoir simulation model, These simulations provide
important information for the evaluation of the potential changes in water
temperature, suspended sediment concentration and ice conditions of the
Susitna kiver downstream of the Susitna project site and for the evaluation
of the potential effects of the Susitna Hydroelectric Project on the fishery

and wildlife resources,

The DYRESM model, in addition to its capacity to simulate temperature aund
ice conditions in a reservoir, has been extended and enhanced by adding
capabilities to simulate suspended sediment concentrations in a reservolir
and the operation of a multi-level intake. The testing of the enhanced
DYRESM model were made using the data collected at Eklutna Lake which has a
number of properties in common with the proposed reservoirs. Good agree-
ments were obtained between the simulated and observed outflow temperatures.
In general, the differences between the predicted and observed winter
outflow temperatures were within 0.5 degrees C. In summer, a difference of
up to 2.0 degrees C were obtained occasionally during and after high wind
periods., The results also showed an excellent correspondence between
measured and predicted ice thicknesses, The predicted outflow suspended
sediment concentrations were also in reasonable agreement with data cbtained
rom the Eklutna powerhouse tailrace. The results of these testings demon-—
strate the applicability of the DYRESM model to simulate the hydrothermal

behavior of the proposed Susitna reservoirs.

Fifteen years of hydrologic and metecrological data collected at the Susitna
Basin have been assembled and processed for the application of the DYRESM
model. Both the original two-stage project scheme and the current
three—-stage project scheme have been studied. The simulations made with
Case E-VI (the Alaska Power Authority's preferred condition) and Case E-I

downstream flow requirements and 1981 - 1982 inflow and meteorological
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conditions are discussed, The energy demands considered included encrgy

demands predicted for all stages of the two-stage and three-stage project

[

The resuits of the study indicate that both the Watama and Devil Canyon
reservoirs would develop stratifications in the summer months of June, July,
August and September regardless of the project operation schemes and project
stages. Overturns would occur in spring and fall and ice-cover would form
in the winter. The Watana release temperature would be slightly warmer
during the winter than natural river conditicns and would range from 0.5 to
3.0 degrees C (33 to 37 degrees F). 1In the summer, the Watansz release
temperature would range from 5 to 12 degrees C (41 tuv 54 degrees F)
depending on the project and meteorological conditions. The Devil Canyon
veservoir would also exhibit the general pattern of early summer warming,
summer stratification and fall to winter cooling through a reservoir
overturn followed by a reservoir surface freeze-up. The hydrothermal regime
of the Devil Canyon reservoir, especially in the hypolimnion, would be more
sensitive to the operation of the outlet works than Watana due to its

maller reservoir volume. Therefore, the Devil Canyon release temperature

0]

may be up to 5 degrees C (9 degrees F) colder than Wacana releases
temporarily in Jume and July when the intake port level is changed due co

the drawdown of the reservoir,

The summer outlet works operations and the relatively thin epilimnion would
veduce the effectiveness of selective withdrawal wusing the multi-level
intakes in both reservoirs, especially in the Devil Canyon reservoir.
Control of release temperatures improves as energy demand increases and

operation of outlet works decreases.

The suspended sediment concentration level of the summer project releases
would decrease from the pre-project condition of about 60 to 3000 mg/l to
about 50 to 200 mg/l. In the winter, the concentration level would increase
from a range of 1 to 80 mg/l to a range of 10 to 100 wmg/l. It is also
estimated that the corresponding Susitna project outflow turbidity would

vary approximately from about 20 to 200 NTU (Nephelometric Turbidity Umit)

in winter to about 100 to 400 NTU in summer.
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Table 1

SUSPENDED SEDIMENT CONCENTRATIONS (MG/L)
WATANA OPERATION, STAGE I

Average Concentration

Range of Cﬂnceﬁtratiaﬁﬁi
in Reservoir Releasess

in Reservoir Releasesz/

Range of Observed Range of Estimated 1970 1882 1981 1670 1982 1681
Month Concentrationk Concentration? (Minimum) (Average) (Maximum) (Minimum) (Average) (Maximun '
Jan i-8 2~55 « 65 65 85 40-90 45-85 50-120
Feb N/ a4/ 2-93 40 55 65 20-70 35-70 30-95
Mar 1-6 2-23 30 40 45 10-5C 20-60 20-75
Apr N/A 2-183 25 30 50 10-40 10~-50 20~75
May 65-1,110 5-1,480 20 35 45 5-50 10-65 10~70
Jun 151-1,860 620-1,705 75 85 90 35-90 45-145 70~95
Jul 100-2,790 506-2,062 105 130 110 85-115 120-145 70-190
Aug 158-1,040 198-2,150 105 110 165 90~115 85-125 130-~200
Sep 23-812 5-1,511 95 90 130 85-~105 85-100 100-170
Oct 7-140 2-144 85 100 125 80-100 90-110 100-140
Nov N/A 2-71 90 95 115 75-100 85-110 G0-1230
Dec N/A 3-47 80 85 a5 60~-90 70-95 70-110

1/ Based on data from the Susitna River near Cantwell (period 1962-72, 1980-82) and at Gold Creek (period 1962,
1974-82).

2/ Estimated from daily sediment transport in toms per day and corresponding mean daily discharge in cfs
at Watana, 1970, 81 and 82 flow conditiouns.

3/ Based on DYRESM simulation results.

4f N/A = not available.,
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Table 2

SUSPENDED SEDIMENT CONCENTRATIONS (MG/L)
WATANA - DEVIL CANYON OPERATION, STAGE II

Average Range of .
Range of Observed Range of Concentrationd/ Concentration2/
Mcnth Concentrationl/ Concentration?/ (Average Year) (Averge Year)
Jan 1-8 1-20 60 50-75
Teb i/ a4/ 1-30 45 30-60
Mar 1-6 1-20 490 30-50
Apr N/A 30~-170 30 25~35
May 65-1,110 130-1,270 30 10-35
Jun 151-1,860 930-1,470 55 20-160
Jul 100~2,7290 600-1,600 110 70-1490
Aug 158-1,040 200~1,070 110 80~130
Sep 23-182 200-1,530 20 70-130
Oct 7-140 1-30 80 75-85
Mov N/A 1-30 80 75-80C
Dec nN/A 1-30 75 60~-80

1/ Based on data for the Susitna River near Cantwell (period 1962-72, 1980-82) and at Gold
Creek (period 1974-82).

2/ Estimated from daily sediment tramsport in tons per day and corresponding mean daily
discharge in cfs at Watana, 1982 flow conditions (average year).

3/ Based on DYRESM simulation for 1982, releases from Devil Canyor Reservoir.

41 N/A = not available.
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Table 3

SUSPENDED SEDIMENT CONCENTRATIONS (MG/L)
WATANA - DEVIL CANYON OPERATIGN, LATE STAGE 111

Average Range of
Range of Observed Range of Concentrationd/ Concentrationd/
Month Concentrationk Concentration2/ (Average Year) (Averge Year)
Jan 1-8 1-20 55 40~-70
Feb N/a%/ 1-30 50 30-65
Mar 1-6 1-20 25 14-40
Apr N/A 30-170 25 15-40
May 65-1,110 136-1,270C 20 10-30
Jun 151-1,860 930-1,470 35 15-60
Jul 100-2,790 600-1,600 75 60-100
Aug 158-1,040 200-1,070 75 535~100
Sep 23~182 200-1,530 55 40-70
Gct 7-140G 1-30 50 40-565
Nov N/A 1-30 70 65~70
Dec N/A 1-30 65 55-70

1/ Based on data for the Susitna River near Cantwell (period 1962-72, 1980-82) and at Gold
Creek (period 1974-82).

2/ Estimated from daily sediment transpert inm tons per day and corresponding mean daily
discharge in cfs at Watana, 1982 flew conditions (average year).

3/ Based on DYRESM simulation for 1982, releases from Devil Canyon Reservoir,

4f N/A = not available,
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SIMULATED RESERVOIR TEMPERATURE PROFILE
AND OUTFLOW TEMPERATURES

Title

Case E~-VI, Two-Stage Project, Stage 1, Inflow Temperature
Matching

Case E~VI, Two-Stage Project, Stage I, Warmest Possible
Qutflow

Case E~VI, Two-Stage Project, Stage II, Inflow Temperature
Matching

Case E-VI, Two-Stage Project, Stage 11, Warmest Possible
Outflow

Case E-VI, Three-Stage Project, Stage I, Inflow Temperature
Matching

Case E~-VI, Three-Stage Project, Stage I, Inflow Temperature
Matching and Level -5 Only

Case E-VI, Three-Stage Project, Stage II, Inflow Temperature
Matching

Case E~VI, Three-Stage Project, Stage II, Devil Canyon 9-ft
Drawdown, Inflcw Temperature Matching

Case E-VI, Three-Stage Project, Stage III, Full Generating
Capacity, Inflow Temperature Matching

Modified Case E-VI, Two-Stage Project, Stage 1T, License
Application, Inflow Temperature Matching

Modified Case E-VI, Two—Stage Project, Stage 1I, License
Application, Warmest Possible Qutflow

Case E-1I, Two-Stage Project, Stage II, License Application
Warmest Possible Qutflow

Case E~I, Three—-Stage Project, Stage II, Inflow Temperature
Matching

Case E-~I, Three-Stage Project, Stage II, Inflow Temperature
Matching

* Reservoir temperature profiles not included

228171
860701



EXHIBIT A

CASE E-V1

STAGE 1
TWO-STAGE PROJECT
INFLOW TEMPERATURE MATCHING
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