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Hydropower Facility on a Premier Trout Stream in Southwestern Montanat
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ABSTRACT

We used aone-dimensiond hydrodynamic modd coupled with ariver temperature model to
eva uate the rdlative heeting and cooling of the Madison River to evduate various dternatives
proposed to mitigate warm temperatures downstream of the hydropower facility at Madison
Dam. Themoded requiresinputs of loca meteorologica data, stream geometry, flow, and river
temperature throughout the 109-mile reach modded. The smulated adternatives included
proposals to removethe dam, increasethe height of the dam, and bypasstheriver around the
lake. The modd was calibrated to water travel times determined during dye studies and to
historical temperature records. A sengtivity anadyss of the model indicated that water
temperatures in the lower reaches of the river are more sengtive to release temperatures
upstreamat the powerhouse than to changesin ambient air temperature or flow. Mode results
indicated that none of the proposed dternatives was likely to produce a significant decrease
inwater temperature 20 miles below the dam. Dueto the river geometry, remova of the dam
and restoration of theriver to its naturd state would actually cause downstream temperatures
to be higher than they are with the dam in place. Other dternatives might produce some
therma benefit, but associ ated economic and ecologica costs may not judtify thedight thermal
improvements.

INTRODUCTION

Work sponsored by the U.S. Dept. of Energy (Federal Energy Regulatory Commission)
under contract number DE-AC05-960R22464 with Oak Ridge Nationa Laboratory.

This paper is Environmenta Sciences Division Publication No. 4656.
Environmental Sciences Division, Oak Ridge Nationa Lab., Osk Ridge, TN 37831
SRANKIN Internationa, Inc., 7801 Ember Crest Trail, Knoxville, TN 37938
“Tennessee Valley Authority Engineering Lab, 129 Pine Road, Norris, TN 37828

40



MODELING THERMAL EFFECTS 41

Hydropower operations have the potentia to ater not only the flow pattern of ariver system,
but dso the thermd regime, both of which are critical to hedthy fish communities and other
aquatic organisms. Relicensing of existing hydropower projects presents the opportunity to
modify operations to minimize impacts of dtered flow and temperature. Madison Dam is
located in the middle of a 100-mile reach of a premier trout-fishing stream (Fig. 1). Severd
modifications to either project operation or design have been proposed for Madison Dam on
the Madison River in southwestern Montanato reduce downstream temperatures. High water
temperaturein mid summer isasuspected cause of occasiond fishkillsthat have been reported
about once every 10-15 years in an area about 20 miles below Madison Dam. Suggested
relicensing dternatives include removing the dam, rasing the dam heght, and bypassng the
river around thelake. In thisstudy, we used acombined hydrodynamic and water temperature
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mode to evaluate the effectiveness of the proposed dternatives for reducing temperaturesin
the lower Madison River downstream of Madison Dam.

Fig. 1. Madison River elevation from Hebgen Damto Three Forks (river mile 109-0).

METHODS
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A one-dimensiond hydrodynamic and one-dimensiond river temperature modeling approach
was adopted to evaluate the relative hesting and cooling of reaches along the Madison River
above and below Madison Dam and within Ennis Lake. The modd coverage began below
Hebgen Dam and extended 109 miles downstream to the Three Forks confluence (the
beginning of the Missouri River).

The hydrodynamic and temperature model s used are particularly suited for screening analysis
of structural and operationd dternatives proposed for mitigation of high temperatures
downstream of Madison Dam. Although a one-dimensiona approach does not explicitly
account for effects of thermad drtification in alake environment, the models were deemed
appropriate for usewith EnnisLake. Water temperature measurementstaken in 1994 indicate
that, under current conditions, Ennis Lakeisweskly dratified, and, therefore, the assumption
of well-mixed conditions is reasonable. However, for dternatives that utilize or induce
ggnificant verticd gretificationin EnnisLake (e.g., repogtioning the outlet, Sgnificantly railsing
the dam, etc.) aone-dimensiona modd approachwill be of limited value. A two-dimensiond,
vertical modd or other hydrodynamic assessment that accounts for the effects of thermal
dratificationwould have to be employed for in-depth analysis of these particular dternatives.
Never-the-less a one-dimensona assessment provides sufficient informeation for ascreening
andysis, aswell as determining the need for more detailed, two-dimensiond assessment.

The hydrodynamic model (ADY N; Hauser 1991, FERC 1997) requiresinformation on the
river geometry and overal structure of the river system, flow characteristics of the mainstem
and tributaries, and discharge information at the two dams. The water temper atur e model
(RQUAL; Hauser 1991, FERC 1997) used in conjunction with ADY N, can compute water
temperature, oxygen demand, and dissolved oxygen concentrations in rivers and reservoirs
where the one-dimensiona longitudina flow assumption is gppropriate. We used the
combined modds to study the effects of location, magnitude, and timing of interventions
seeking to improve water temperature. The RQUAL model requires input information such
as hydrodynamic updates of flow and velocity (supplied by the ADYN modd), a variety of
meteorologica parameters, mass loadings for hedt (i.e., water temperature) at the upstream
boundary and laterd inflow sites, and miscelaneous Ste-specific data (e.g., latitude and
longitude of the river, azimuth of the river at each node, bank width, riparian tree height, and
various parameters related to streambed heat conduction and storage and solar radiation
absorption). We cdibrated the modd on an hourly time step in order to capture the daily
vaiation in river temperature. Once the model was calibrated, the coefficientsand congtants
remained fixed for subsequent smulation runs.

M odel Set Up - For modeling purposes, the Madison River was divided into three segments
— Upper MadisonRiver, EnnisLake, and Lower Madison River (Fig. 1). Divison of theriver
into these segmentsafforded flexibility for the sengtivity and dternativesandysesand alowed
for the gppropriate use of coefficients and congtants for riverine versus lake conditions. An
overview of pertinent input data used for the ADYN and RQUAL modes during the
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calibration processis provided in Table 1. More detailed information on modd parameters
is presented in the environmenta impact statement for the Missouri-Madison hydroelectric
project (FERC No. 2188; FERC 1997).

Calibration - The bulk of the cdibration data, including flow, meteorology, and water
temperature data, was obtained from a pulse flow study conducted by Montana Power
Company (MPC 1994) from July 12 to August 3, 1994. The hydrodynamic modd was aso
cdibrated to water travel times determined during a dye study in 1989. The temperature
model was cdibrated to match hourly temperature observations collected throughout theriver
for 1989-1994. A key aspect of the calibration was determination of the most appropriate air
temperature data set.

Table 1. Input Data Source for Calibration of the Madison River Temperature
M odel

Data Type Upper Madison EnnisLake Lower Madison
River River

Meteorology | Combination of
Quake Lake, Valey | Bozeman airport Loca

Garden, and (Sloan detion)
Bozeman airport
data
Flow Measured below Computed from Measured at
Hebgen Dam Upper Madison Madison Dam and
River model powerhouse
Water Measured Measured Measured

temperature

Laterd inflows | Estimated based on | Estimated based on | Estimated based on
gage data or area gage data or area gage data or area
flow rdationships flow rdationships flow rdationships

The cdlibration resulted in model predictionsthat closely tracked the natura diurnd variation
in temperature. Water temperature predictions of the model (June 1 to September 15, 1991
and 1994) were compared to measured temperatures throughout the river. Representative
comparisons of predicted versus observed temperatures at two sitesfor a3-week period (12
Jduly - 3 August 1994) areillustrated in Figure 2. At the Madison powerhouse (RM 39) just
below Ennis Lake, computed temperatures precisaly track the hourly measured data, and, in
gengd, there is less than 0.5EC difference between measured and computed
maximum/minimum temperatures. Further downsream at Greydiff (RM 19), near the end of
the Lower Madison River segment, computed temperatures continue to track the measured



44 WATERPOWER ‘97

data, while maximum/minimum temperatures agree within 1EC. Temperature predictions for
the Upper Madison River segment compared to observed temperatureswith Smilar accuracy.
Figure 3 presents the temperature envel ope for the 3-week period of analysis for the lower
MadisonRiver. Envelope vauesreflect the highest and lowest hourly temperatures computed
a each location over the andyss period. The observed minimum, mean, and maximum
temperatures correspond nicely with those predicted by the mode!.
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Senditivity Analysis - Usng sngle varidble andyss, a series of amulation runs were
conducted to assess the sensitivity of the modd to changes in flow (selected constant

flows from 500-2500 cfs), release water temperature (x2EC), and air temperature (£2EC).
For this andys's, we compared temperatures at two locationsin the upper Madison River —
RM 80 (29 miles below Hebgen Dam) and RM 48 (near theend of the upper Madison reach
just dboveEnnis Lake); and severd locations in the lower Madison (only RM 19 data are
presented here). We caculated the deviation from base conditions for the mean water
temperatures for each case considered for the three locations for 12 July - 3 August 1994.
Base condjtions included actud daily flows and water temperaturesat Hebgen and Madison
dams and air temperatures from meteorologica data.

Upper Madison Reach - At both RM 80 and RM 48, the largest changes in water
temperature resulted from the +2EC change in ar temperature, resulting in a+0.6EC change
in water temperature at RM 80 and a +0.7EC change at RM 48. Changes in release
temperature from Hebgen Dam appears to impact water temperature at a moderate level at
RM 80 (deviations of about 0.4EC), but to alesser degreeat RM 48 (about 0.2EC). Changes
in flow hacka marked effect on mean water temperature & RM 80, but only aminimal effect
downstream at RM 48. These results suggest that based on single variable andysis, the loca
meteorology hasthe greatest impact on water temperatures at the lower end of the Upper
Madison (i.e., a the upper end of Ennis Lake), while further up the river (i.e., RM 80) the
effect of flow and release temperature are o important. At least a 2EC reduction ininflow
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temperatures would be required to reduce downstream river temperature even 0.2EC,
suggesting that operational modifications a Hebgen Dam are not likely to measurably dter
river temperature a the entrance to Ennis Lake.

Lower Madison Reach - The largest changes in water temperature in the lower Madison
resulted from the £2EC change in release temperatures from Madison powerhouse. The
+2EC in release temperaure resulted in an gpproximate +1.3EC change in the lower
Madison. Changesin air temperature appear to impact water temperaturesto alesser degree.
The +2EC changesin air temperature dtered water temperatures by +0.3EC. Changesinflow
gppear to have a minima effect on mean water temperatures. A high steedy flow of 2100 cfs,
reduced the mean water temperature by about 0.7EC. Conversely, low steady flows (1100
cfs) dightly increased mean and maximum water temperatures. These results suggest that
based on anglevariableandyss, inflow water temperature from the M adison powerhouse has
the greatest impact on lower Madison River water temperature.

Analysis of Alternatives - A series of mitigation and enhancement dternatives were
investigated using the hourly ADY N hydrodynamicsand RQUAL water temperature models.
These dternatives include:

Exiding conditions

Remove Madison Dam

Raise Madison Dam by 40 feet

Bypass the river around Ennis Lake

Exiding Conditions - Exiding conditions were Smulated using the cdibrated modds for the
three modd segments for the Upper Madison River, Ennis Lake, and the Lower Madison
River. Mode runs are based on historic meteorology, historic operations, and available
measured flow and water temperature information for 1 June to 15 September 1994, the
period of highest water temperatures. To link the modd segments, the flow and water
temperature at the downstream boundary of the Upper Madison River (i.e, near Valley
Garden) provided theinput at the upstream boundary of the EnnisLake model segment. Flow
and water temperature at the downstream boundary of Ennis Lake then provide the input to
the upstream boundary (i.e., Madison Dam and powerhouse) of the Lower Madison River
modd segment.

Remove Madison Dam - Theremovd of Madison Dam was smulated by coupling the Ennis
Lake and Lower Madison River models into one continuous modd. This dternative would
involve draining Ennis Lake and restoring this section of the river to its naturd pre-dam
condition. Pre-dam geometry was based on 1903 topographic surveys of the 5-mile reach
frombelow Valey Garden to the entrance to Bear Trap Canyon. Prior to the congtruction of
Madison Dam and creation of Ennis Lake, this reach of the river conssted of flat, braided
topography with shalow, wide sections. It was assumed there was no change in Hebgen
operations, and flow and water temperatures at the upstream boundary of the coupled model
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were provided by the Upper Madison River Exiging Conditions smulations.

Raise Madison Dam - Congructing anew Madison Dam and raising the water level of Ennis
L ake by 40 feet was evauated with the god of reducing rapid heating in the braided channe
and upper reaches of Ennis Lake by inundating this portion of theriver. Increasing the height
of Madison Dam was accomplished in the mode by atering the cross-section at the dam.
Otherwise, the smulation runsfor thisaternative were based on the Existing Condition model.
Giventhelimitation of one-dimensona modeing, potentid thermal dratification of thelakeas
a result of increased depth was not taken into consderation. Stratification caused by
increasing the lake's depth could have additiond mitigeting effectson river temperaturesbelow
Madison Dam, assuming multi-level intekes were used and low dissolved oxygen
concentrations were not a problem.

Bypass Braided Reach and Ennis L ake- Channdling around Ennis Lake (and the braided river
reach just above thelake) would involve routing incoming river flowsfrom the Vdley Garden
area to the Madison powerhouse. To make hydrodectric generation feasible under this
dternative, the channd would be designed to release water into Ennis Lake in the vicinity of
the powerhouse intake. To smulate this aternative, flow and water temperature at the
downstream boundary of the Upper Madison River model near Vdley Garden were directly
used to drive the Lower Madison River model. We assumed that no additiona warming of
the water occurs en route between Valey Garden and the powerhouse. Therefore, this
dternative as Smulated representsriver therma conditions under the most favorable scenario
of no heating caused by the braided channd or the lake.
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RESULTS

Model smulations of the aternatives were evauated for ther effects on water temperatures,
focusng on the Lower Madison River segment. The reative effects of the aternatives, as
compared to 1994 Exigting Conditions, are presented in Figure 4. This figure illustrates the
temperature envel ope (maximum and minimum) and mean water temperaturesthroughout the
40-mile study reach. Thefrequency of occurrence of specific temperaturesat Greycliff for the
vaious dternatives is shown in Figure 5. This information is important for evauating the
ecological impacts of the dternatives on aguatic habitat and the exposure of fish to given
temperatures.

Raise Madison Dam- The second plot in Figure4 illustratesthat raising Ennis Lake by 40 feet
increases the lake's therma damping influence by making the temperature envelope dightly
narrower than under existing conditions. However, it is likely that the overdl temperature
impact of rasing the lake's devation would be minimd. At the exising dam Ste, maximum
temperature would be reduced by 0.8EC, mean temperature would be reduced by only
0.3EC, and minimum temperature would be increased by 0.5EC. M ean temperatureswould
be reduced by less than 0.3EC downstream of the Madison powerhouse and by only 0.1EC
at Three Forks.

Bypass Braided Reach and EnnisL ke - Because it essentialy diminatesthe effects of heating
in the braided reach upstream of Ennis Lake and within the lake, the channd aternative
represents the upper bound in terms of reducing water temperatures in the lower Madison
River. Water temperatures from above the braided reach (RM 45) would be trandated
directly downstream to releases from the powerhouse, and natural heating/cooling processes
would commence at this point. As illustrated in the third plot in Figure 4, mean water
temperatureswould be lower than those under existing conditions, and temperature extremes
would be shifted downward due to the absence of warming (approximately 2.3EC) in the
braided reach and Ennis Lake. Mean river temperatures would be approximately 2.6, 1.7,
and 1.1EC lower at the Madison powerhouse, Greycliff, and Three Forks, respectively.
However, athough mean temperatureswould be reduced downstream of Madison Dam due
to lower inflow temperaures, the rate of warming would be higher under the channel
dterndive as water temperature would rise more rgpidly toward equilibrium with mean air
temperature.

The effect of reduced water temperatures under the channd aternative is gpparent in the
temperature histogram (Figure 5). Water temperatures of 22EC or higher would be equaled
or exceeded only 20 percent of the time under the bypass dternative, compared to 38 percent
of the time under exigting conditions. Higher temperatures such as 26EC would be equaled
or exceeded less than 1 percent of the time under the bypass dternétive.



30

MODELING THERMAL EFFECTS 49

max

N
(&)
T

| mean

N
o

—— e e N e o

[
o
T

min

Temperature (deg. C)

[
o
T

I N,

No dam = -—=-=== Existing

20 30 40

25 F

20 |

15

Temperature (deg. C)

10 |

Raise dam ------Existing

20 30 40

20

s TP

mean

15 | ————-
min

it T T,

e T

y——r

Temperature (deg. C)

Bypass lake ------Existing

10

20 30 40

0
5,000
4,800 |-
4,600 |-
4,400 |-
4,200 |

4,000

A
Three ForksI

Madison Dam

A

Powerhouse

A
Norris Bridge

A
Greycliff

3,800
0 5

15 20 25 30 35 40
Madison River Mile

Figure 4. Simulated Lower Madison River water temperature envelopes for three
alternatives and existing conditions.



50 WATERPOWER ‘97

BExisting Remove Dam Ralse Dain Bypoaa Lake

e L

1 1 1 1 1 1 1 1 1 1 1
M 2224 28 8B m 22 24 28 B M 22 24 26 2B N 22 24 286 8B
T

Figure 5. Water temperature occurrence frequencies at Greycliff (RM 19), 1 July to
15 August, 1994.

SUMMARY

Our temperature model smulations suggest that the braided reach of the Madison River
upstream of Ennis Lake and the shalow reaches a the southern end of the lake contribute
ggnificantly to the hegting of theriver. Removing Madison Damwould intensfy warming inthis
section of the river by exposing naturdly wide, shalow reaches that are currently inundated
by Ennis Lake. Condtructing a new Madison Dam and increasing the depth of Ennislake by
40 feet would have only marginally positive effects on water temperatures downstream. Of
the congtruction adternatives evauated, channdling around Ennis Lake would have the most
pogitive effect in terms of reducing water temperatures. However, even under thisdternative,
mean and maximum water temperatures a Greycliff would be reduced by only 1.7EC and
2.6EC, respectively. Congdering the limited thermd benefits predicted by the dternative
smulations, the potentia economic costs and environmenta impacts of the congruction and
operation associated with these dternatives becomeimportant consderations. Inal likelihood,
these costs will be high, and none of these dternatives is a very attractive solution to the
thermd problemsin the Madison River.
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