Dissolved Oxygen Concentrations
and
Water Temperature
Downstream
from
Bridgewater Hydroelectric Station

prepared

January 2001
(modified September 2003 to include 2001 -2002 data)

by

Jon Knight



List of Tables
List of Figures
1. INTRODUCTION
2. SITE DESCRIPTION
3. METHODS
3.1 Temperature and Oxygen
3.2 Relative Stage and Flow
4. RESULTS AND DISCUSSION
4.1 Stratification in Lake James - Linville Basin
4.2 Bridgewater Tailrace Year-round Water Quality Monitor

4.3 Linville River - Catawba River Downstream from
Bridgewater Hydro

4.3.1 Discharge Measurements - Bridgewater Flow Test
4.3.2 Relative Stage and Wave Travel Time

4.3.3 Influence of Old Catawba - Muddy Creek on
Water Quality

4.3.4 Water Temperature
4.3.5 Dissolved Oxygen

S. CONCLUSIONS

6. REFERENCES

TABLES

FIGURES



List of Tables

Table 1. Linville-Catawba River Water Surface Elevation Gradients at 2 Unit Flow
(" 2000 cfs) Downstream from Bridgewater Hydro

Table 2. The Number of Days the Bridgewater Tailrace Oxygen Concentrations would
be less the State Standards Calculated from the Minimum, Mean, and
Maximum Observed Events (1995-2001) Contributing to the Tailrace Oxygen
Levels



List of Figures
Figure 1. Bathymetric Map of Lake James, North Carolina

Figure 2. Schematic Cross Section of Lake James with Principle Morphometric Metrics
and Elevations

Figure 3. NCWRC Map of Linville-Catawba River Downstream of Bridgewater Hydro
with Principle Habitat Types, River Miles, and Hydrolab Deployment
Locations in 2001

Figure 4. Longitudinal Profile of Linville-Catawba River Downstream of Bridgewater
Hydro (from REMI, 2002)

Figure 5. Procedures for Temporarily Placing Continuous Recording Hydrolabs and Level
Loggers in the Linville-Catawba River

Figure 6. Lake James, Linville Forebay Temperature Profiles in February and August,
1995-1999

Figure 7. Lake James, Linville Forebay Dissolved Oxygen Profiles in February and
August, 1995-1999

Figure 8. Lake James, Linville Forebay Monthly Temperature and Dissolved Oxygen
Profiles, 1998

Figure 9. Daily Mean Temperatures - Bridgewater Tailrace Monitor, 1995-2002

Figure 10.  Daily Mean and Minimum Dissolved Oxygen Concentrations - Bridgewater
Tailrace Monitor, 1995-2002

Figure 11.  Minimum Winter Water Temperatures Compared to Maximum Winter Dissolved
Oxygen Concentrations - Bridgewater Tailrace Monitor, 1995-2001

Figure 12. Calculated Rate of Dissolved Oxygen Decline - Bridgewater Tailrace Monitor,
1995-2001

Figure 13. Comparison of Rate of Dissolved Oxygen Decline Measured at the Bridgewater
Tailrace Monitor compared to Mean Bridgewater Discharge, 1995-2001

Figure 14. Map of River System Downstream of Lake James with Results of River Discharge
Measurements, Summer, 2001

Figure 15. Summary of Flow Test at Bridgewater Hydro, September, 2001

Figure 16.  Relative Stage of Catawba River, July, 2001



Figure 17.
Figure 18.
Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.

Figure 33.

Relative Stage of Catawba River, August, 2001
Travel Time of Bridgewater Generation to the Morganton Weir
Conductivity Downstream of Bridgewater Hydro, September, 1998

Water Temperatures in the First 4 miles Downstream of Bridgewater Hydro,
September, 2001

Water Temperatures 4 - 11 miles Downstream of Bridgewater Hydro,
September, 2001

Water Temperatures in the First 4 miles Downstream of Bridgewater
Hydro, Compared to Tailrace Monitor, September, 2001

Water Temperatures 4 - 11 miles Downstream of Bridgewater Hydro
Compared to the Tailrace Monitor, September, 2001

Dissolved Oxyen Concentrations 2.2 miles Downstream of Bridgewater Hydro,
September, 1998

Dissolved Oxyen Saturation 2.2 miles Downstream of Bridgewater Hydro,
September, 1998

Dissolved Oxyen Concentrations 0 - 4.1 miles Downstream of Bridgewater
Hydro, July, 2001

Dissolved Oxyen Saturation 0 - 4.1 miles Downstream of Bridgewater Hydro,
July, 2001

Dissolved Oxyen Concentrations 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, July, 2001

Dissolved Oxyen Saturation 4.1 - 11.1 miles Downstream of Bridgewater Hydro,
July, 2001

Dissolved Oxyen Concentrations 0 - 4.1 miles Downstream of Bridgewater
Hydro, August, 2001

Dissolved Oxyen Saturation 0 - 4.1 miles Downstream of Bridgewater Hydro,
August, 2001

Dissolved Oxyen Concentrations 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, August, 2001

Dissolved Oxyen Saturation 4.1 - 11.1 miles Downstream of Bridgewater Hydro,
August, 2001



Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Dissolved Oxyen Concentrations 0 - 4.1 miles Downstream of Bridgewater
Hydro, September, 2001

Dissolved Oxyen Saturation 0 - 4.1 miles Downstream of Bridgewater Hydro,
September, 2001

Dissolved Oxyen Concentrations 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, September, 2001

Dissolved Oxyen Saturation 4.1 - 11.1 miles Downstream of Bridgewater Hydro,
September, 2001

Average Increase of Dissolved Oxygen Concentrations Downstream of
Bridgewater Hydro Compared to Generation Flows, Summary of all Hydro Flow
Tests, 1998 and 2001



1. INTRODUCTION

Duke Power Company, in preparation for the relicensing of the Catawba-Wateree
hydroelectric stations is currently investigating the dissolved oxygen concentration in the
releases from the Catawba River hydroelectric stations. Where downstream oxygen
concentrations fall below state standards, engineering and/or operational evaluations are
performed to consider ways to increase the dissolved oxygen to state standards. This report
addresses the downstream water quality (dissolved oxygen concentrations and water
temperatures) released from Bridgewater into the Linville River channel which flows into the
Catawba River.

In 1990, the first documented water quality investigation downstream of Bridgewater Hydro
was conducted by Bill Foris in response to questions from the North Carolina Wildlife
Resources Commission (NCWRC) concerning water quality potentially limiting trout
survival in the river downstream from Bridgewater. (Traditionally, the NCWRC has stocked
cacheable trout as a put and take fishery immediately downstream of Bridgewater Hydro.)
The results of Foris’ investigation (which were summarized in a DPC memo from Bill Foris
to Larry Olmsted dated 22 October, 1990) revealed a rapid aeration of the water immediately
downstream of the Bridgewater powerhouse (1.8 mg/l discharged from the plant to greater
than 3.0 mg/l within 0.75 mile). In addition, Foris reported dissolved oxygen concentrations
greater than 6 mg/l and temperatures less than 19° C at distances greater than 1.9 miles
downstream from Bridgewater. However, Foris also noted that Muddy Creek (the term
“Muddy Creek” is often used to refer to the Catawba River channel at its confluence with the
Linville River channel) contributed higher dissolved oxygen, warmer temperatures, increased
dissolved solids, and, most significantly, and increase by 2 orders of magnitude of inorganic
suspended solids. Foris estimated that Muddy Creek was completely mixed with the water
released from Bridgewater about 0.5 mile downstream of Muddy Creek’s confluence with
the Linville River. He also noted that the suspended solids remained suspended and
transported downstream with concentration decreasing due to the dilution with the high
clarity water released from Bridgewater.

In 1994, Jennifer Davidson compared the oxygen concentrations released from Bridgewater
Hydroelectric Station as a function of unit operation and specific flows. Negligible unit-to-
unit differences were noted. The primary impact of Bridgewater’s operation was a significant
decrease in tailrace oxygen content at higher flow rates from Bridgewater Hydro. Since the
purpose of Davidson’s investigation was to evaluate the potential for operational changes at
the hydro to increase dissolved oxygen, the dissolved oxygen dynamics in the channel
downstream of Bridgewater were not investigated.

Beginning in 1995, Duke Power placed continuously recording water quality monitors
(Hydrolab ®) in the tailraces of the Catawba Hydros to evaluate the existing water quality
conditions. Knight (1996 and 1997) reported the methodology and initial documentation of
the results of the Catawba River continuous water quality monitoring.

In 1997, in response to local government’s increasing concerns of watershed development on
the water quality of Lake James and Duke Power’s concern of long-term water quality in



Lake James as related to operational constraints, Duke Power initiated an intensive
investigation of Lake James (Foris - Duke Power Co. Research and Development Proposal
joint with Clemson University). The purpose of this study was to develop a mathematical
water quality model of Lake James in order to assess major factors contributing to existing
water quality and the potential changes in water quality resulting from future development or
alterations in the use of the system. Systech Engineering is currently developing the
watershed/lake model (WARMF).

Since Foris’ 1990 investigation was inconclusive as to reaeration rates as a function of river
discharge rates (Bridgewater operations) and since a ‘new’ channel was cut upstream of the
old confluence of the Catawba and Linville Rivers by a flood in 1992 (personal
communication, Donald Cresswell-Bridgewater Operations), an additional investigation of
downstream water quality dynamics (conducted in the first 2.2 miles downstream from
Bridgewater) was initiated by Duke Power in 1998. The downstream measurements were
conducted to evaluate the sources and sinks of oxygen in the river system (these include
tributary inputs from the watershed, the rates of biological metabolism [photosynthesis
produces oxygen while respiration consumes oxygen], chemical oxygen demand from
reduced compounds, and atmospheric aeration or loss). Coincident with this effort, the
NCWRC requested in February 2001 Duke Power’s assistance in measuring water quality in
the Linville-Catawba River from Bridgewater to Morganton (11 miles downstream) as part
of the NCWRC'’s goal to establish a self-sustaining trout fishery downstream of Bridgewater.

Also in 2001, Duke Power commissioned Reservoir Environmental Management, Inc.
(REMI) of Chattanooga, Tennessee, to evaluate the options available at Bridgewater Hydro
to increase dissolved oxygen concentrations in the Linville-Catawba River and to evaluate
minimum flow strategies (REMI, 2002). As part of REMI’s work, the downstream river was
surveyed for river bottom cross sections and high water levels. With this geometry, a
preliminary mathematical model was calibrated for downstream water levels and dissolved
oxygen concentrations.

The first purpose of this report is to draw conclusions from the investigations conducted by
Duke Power since 1995 on water quantity and quality in the Linville-Catawba River below
the Bridgewater powerhouse. In addition, since the water quality released from Bridgewater
is a function of the processes within Lake James, the second purpose of this report is to
discuss the dynamics of Lake James which influence the dissolved oxygen concentrations
and water temperatures measured at Bridgewater Hydro.

2. SITE DESCRIPTION

Bridgewater is the most upstream of the 13 hydroelectric projects on the Catawba River
owned and operated by Duke Power. The completion of the Linville dam, the Catawba dam,
the Patty Creek dam, and the Bridgewater Hydroelectric station in 1919 formed Lake James.
The three dams flooded portions of the Linville, Catawba, and Patty Creek drainage basins
(Figure 1). A connecting canal was constructed between the Catawba and Paddy Creek
impoundments to make the additional storage from the Catawba basin available for power
generation at the Bridgewater powerhouse. This connecting canal has a significant impact on



lake thermal stratification in the Catawba basin, which, in turn, allows the warm, oxygenated
epilimnetic water from the Catawba basin to enter into the Patty Creek-Linville basin (Foris,
2001). Even though the morphometric characteristics are similar for both basins (Figure 2),
the Catawba basin ‘traps’ much of the nutrient and suspended sediment load originating from
the Catawba and North Fork Catawba rivers. Hence, the impact of watershed loading into
the Linville basin is ‘mitigated’ by the Catawba basin (Foris, 2001).

Except for the occasional spillage over the Paddy Creek spillway and minor leakage through
the three dams, the only outlet from the lake is through Bridgewater Hydro. The hydro
intake opening is between 24.8 and 29.0 meters depth (measured from full pond). This deep
water, hypolimnetic withdrawal releases the cold water downstream to enable survival of
trout. Conversely, the deep water, hypolimnetic withdrawal also releases water of low
dissolved oxygen concentrations.

The Linville-Catawba River downstream of Bridgewater Hydro is characterized as a steep-
gradient river with pools and runs separated by shallow riffles. Typically, longer and longer
pools and runs separate the riffle areas as the distance downstream from Bridgewater
increases (NCWRC map, Figure 3). The riverbed drops 55 feet from the Bridgewater
powerhouse discharge to the Morganton Weir (Figure 4, from REMI, 2002) for an average
gradient of 4.95 ft/mile. However, using water surface elevation at 2-unit operation (both
measured and modeled, Figure 4, Table 1), the average gradient is 5.2 ft/mile. The river
hydraulic slope progressively decreased with increasing downstream distance from
Bridgewater (Table 1).

Immediately downstream of Bridgewater Hydro, the streambed consists of small to large
gravel, cobble, large rocks, and bedrock which is usually covered with algae and small
macrophytes. Immediately downstream of the confluence with Muddy Creek (the old
Catawba channel), the substrate rapidly changes to gravel-cobble with silt-sand deposits. The
silt-sand depositional areas were usually colonized by large macrophytes.  Farther
downstream, the aquatic plants decrease while sand-silt depositional areas increase and the
percentage gravel-cobble substrate rapidly decreases. Downstream of the o bridge on
Power House Road the riffles consist solely of bedrock outcrops with a few aquatic plants
found in the riffles and pools. In the vicinity of Water Mill Bridge substrate was primarily
silt and sand, with few aquatic plants inhabiting what appeared to be stable sand-silt bars
(probably stabilized the plants and/or trapped debris). This type of sand-silt substrate, with
occasional bedrock shoals, was observed downstream to the Morganton weir.



3. METHODS
3.1 Temperature and Oxygen

Beginning in June, 1995, the Remote Environmental Monitoring System (REMS) has been
continuously used to record temperature, dissolved oxygen concentrations, and water level in
the Bridgewater tailrace at 5 minute intervals. Knight (1996a) explained the details of the
Catawba River water quality REMS monitoring program, including the calibration
procedure.

Temporary monitors were suspended in the river at various locations (Figure 3, RM
locations), usually for a 5-day test period. The calibrated Hydrolab DataSonde IV ® sensors
were tethered on a float system (Figure 5) (Knight, 1996b) to keep the sensors suspended in
the water column.

Lake James forebay temperature and oxygen profiles were measured with a calibrated
Hydrolab as part of Duke Power Company’s Catawba River monitoring program or the
Research and Development study mentioned previously.

3.2 Relative Stage and Flow

Through out the study period, the electrical generation, forebay, and tailrace elevations were
recorded from Bridgewater Hydroelectric Station and used to calculate hydro discharge by
applying the appropriate turbine rating curves. In addition, in 2001, simple discharge
measurements were made either with an RDI 1200 Hz RioGrande ® Acoustic Doppler
Current Profiler (ADCP) or manually with a tape and Marsh-McBirney velocity meter. These
simple discharge measurements were made to verify the turbine rating curves or to measure
tributary streams during base flow conditions.

Relative stage at various locations was measured and recorded at 5-minute intervals with a
Solinst Level Logger ®. The level loggers were placed in the streambed and tethered to shore
with a stainless steel cable (Figure 5). The water pressure measurements were internally
converted to depth readings; the minimum depth reading measured at each site was
subtracted from the individual records to yield relative stage at each location.
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4. RESULTS AND DISCUSSION
4.1 Stratification in Lake James - Linville Basin

Lake James, similar to other southeastern US reservoirs, exhibited seasonal patterns of
warming during the spring-summer period and cooling during the fall-winter period. The
amount and rate of heat gained or lost primarily is a function of the prevailing meteorological
conditions. The Linville Basin of Lake James exhibited similar patterns of thermal
stratification each year (Figure 6), but the differences in the absolute temperatures reflect
different weather patterns between the various years. Typically, February was the time of
year the lake had the minimum heat content, however, colder winters enabled the lake to
reach a lower minimum temperature (notice from Figure 6 that the lake actually started
warming in February, 1995, while in February, 1996, the lake was at it’s coldest temperature
during the 5 year period). The during the fall-winter cooling period, the minimum
temperature that the lake achieved, relative to the hypolimnetic temperature, determines the
degree of atmospheric mixing of oxygen to the water column. During the 5-year period
(Figure 6), the summer of 1995 exhibited the warmest hypolimnion while February, 1996,
exhibited the coldest observed water column temperatures. Consequently, atmospheric
oxygen was added to the greatest extent during the 1995-96 cooling season (see February
1996, Figure 7).

The 1998 monthly temperature and oxygen profiles in the Linville Basin (Figures 8)
illustrate the typical yearly cycle of epilimnion formation, thermocline development, and
progressive warming of the hypolimnion. The temperatures in the epilimnion were a
function of the summer meteorological conditions that determined the heat exchange and the
wind induced mixing. The high oxygen concentrations in the epilimnion were due to
atmospheric exchange of oxygen and the addition of oxygen by phytoplankton
photosynthetic activity. The dissolved and suspended material were usually quite uniformly
distributed in the epilimnion due to the wind mixing and convective mixing from diel heating
and cooling. However, suspended material tended to sink to the lower depths of the
epilimnion. As the particulate material sank to the level where the strong thermal gradient
occurred (thermocline), the settling rates were drastically reduced due to the strong density
gradient imposed by cooler temperatures. In this way the metalimnetic region concentrates
organic particulates (either derived directly from the watershed or produced within the
reservoir) at the thermocline were decomposition rates by bacteria (oxygen consumption)
greatly exceed the oxygen production of light-limited phytoplankton at this depth. The net
result over the stratified period was a loss of oxygen at and below the thermocline. This
process continued until winter when heat was lost from the surface which cooled the upper
epilimnion water, thereby increasing the water density. As water of greater density sank, the
upper water mixed with the deeper water. As water was brought to the surface by increased
mixing, the lake's total oxygen content increased due to atmospheric exchange of oxygen to
the water. This process was not instantaneous but, rather, occurred over a two-month period
in 1998 (Figure 8). The rate of atmospheric exchange of oxygen to the water was a function
of the water's oxygen saturation relative to atmospheric pressure and water temperature.
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Even though the principle seasonal heat exchange was through the surface of the lake and
controlled by the prevailing meteorological conditions, once the lake stratified thermally, the
lower water was isolated from the atmosphere due to density gradients determined by the
temperature patterns. In lakes with an isolated hypolimnion (the Catawba Basin of Lake
James is an example), deep water heating is a diffusion-limited process, exhibiting very slow
heating rates to depth. However, in reservoirs with the hypolimnion used for water
withdrawal, as Bridgewater does, the rate of heating in the deeper waters was greatly
accelerated since the water withdrawal zone in front of deep water intakes removes the cold
water from the bottom of the reservoir and lowers the level of the thermocline. This occurs
as the warmer water above the intake withdrawal zone replaced the colder water used for
electrical generation. Also, the metalimnetic region of low oxygen also expands deeper. As
the low-level water withdrawal increases, so does the rate of heating deeper in the lake.

This warming of the hypolimnion not only influences the temperature of the water withdrawn
from the lake and released downstream, but also has a pronounced effect on the rate of loss
of dissolved oxygen in the lower depths. Since the consumption of oxygen is a biologically
mediated process, the biological rates of oxygen consumption double for every 10° C
increase (Q)o effect). This process was most evident by contrasting the dissolved oxygen
content in the hypolimnion between 1995 and 1996 (Figure 7). While 1995 had the warmest
hypolimnion and the lowest dissolved oxygen in August; 1996 had the coldest hypolimnion
and the greatest oxygen content in August. The monthly progression of hypolimnetic heating
and loss of oxygen (Figure 8) also demonstrated the biological Q) effect, as the water
became warmer, the rate of oxygen depletion increased.

4.2 Bridgewater Tailrace Year-round Water Quality Monitor

The year-round water quality monitor located on the face of Bridgewater Hydro since June
1995 was programmed to collect water quality data at approximately 5-minute intervals. The
data collected at 5-minute intervals were averaged to obtain hourly averages, which were in
turn were averaged to obtain daily averages and ranges. Review of the 5-minute data reveals
the details of the water quality measured at the monitor (Figure 9). The typical daily release
indicated that, at leakage flows, the water was slightly aerated relative to generation flows.
At the end of these periods, motoring of the turbine prior to generation added oxygen to the
leakage flow. As soon as generation commenced, the temperature and dissolved oxygen
concentrations in the generation flow were equal to the temperature and oxygen
concentrations at the penstock depth in Lake James so that the dissolved oxygen and
temperature in the tailrace dropped immediately.

Since Bridgewater Hydro withdraws water from the Linville Basin’s hypolimnion, the daily
average temperatures and dissolved oxygen concentrations measured at the Bridgewater
tailrace monitor (Figures 10 and 11) follow exactly the same seasonal hypolimnetic trends as
were discussed in section 4.1. The stratification patterns in Lake James (measured by the
tailrace temperatures) follow the same pattern every year. However, the earliest end of lake
stratification, or onset of fall mixing (as measured from maximum observed temperature in
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the tailrace accompanied by increasing oxygen concentrations) was 27 September, 1995, and
the latest was on 26 November, 2001. Conversely, the earliest minimum temperature was
observed on 8 January in 1999, and the latest date for the minimum temperature was on 28
February 1998. As mentioned in section 4.1, the onset of either water column mixing or
stratification was strictly dependent upon the meteorological conditions and the
accompanying surface heat exchange. The onset of each major period (i.e., the beginning of
the fall mixing or the beginning of spring stratification) varied by almost two months
throughout the 7-year period.

In the years after 1995, water temperatures measured in the Bridgewater tailrace rarely
exceeded 20° C. However, in 1995, the tailwater temperatures reached 22.3° C and exceeded
20° C for at least a 3-week period during September and October. Thermal stratification in
Lake James began early that year (Figure 6) and persisted until October. In addition, 1995
exhibited the highest powerhouse flow rates. Both of these factors contributed to higher
hypolimnetic temperatures in the reservoir and, therefore, higher tailrace temperatures during
the late stratification period.

In general, the dissolved oxygen concentrations released from Bridgewater Hydro during the
critical summer-fall months are dependent upon three major factors:

the maximum amount of oxygen stored during the winter mixing period,

the rate at which oxygen was depleted in Lake James, and,

the duration of the stratification period.

These factors are discussed individually below.

(1) The amount of oxygen stored in the lake during the fall-winter mixing period is almost
solely dependent upon the minimum temperature, which the lake achieved during the winter
(Figure 12). This phenomenon is due to three factors. Water at lower temperatures has a
higher solubility for oxygen. Lower temperatures in the reservoir reduce biological activity
significantly (i.e., the Q;o effect). And, the colder the lake becomes; a greater volume of
water is exposed to the atmosphere for a longer period of time, thereby replenishing oxygen
in the reservoir to a greater degree.

(2) The rate at which oxygen was depleted in Lake James was measured by calculating the
rate of oxygen decline over the stratified period (Figure 13). In all cases, a linear expression
of the rate of oxygen decline was superior to other data transformations. The slope of the
linear regressions represent the rate of oxygen decline (mg O, / liter / day) in the
hypolimnion of the Linville Basin. These rates of oxygen decline were strongly correlated to
the rates of Bridgewater discharge (Figure 13). Since Bridgewater Hydro was operated
primarily using lake level as an index of water availability, the calculated average discharges
(time period of months) also represent the average inflow to Lake James (no attempt was
made to correct the discharge measurements with lake volume changes). As mentioned in
the section 4.1, water withdrawal from Bridgewater warms the hypolimnion increasing the
oxygen depletion rates; however, water flowing into Lake James contained plant nutrients
(see Schindler, et. al., 2000) and organic material from the watershed. This increased
inorganic and organic loading to Lake James also would increase the availability of organic
material in the hypolimnion, thereby increasing biological respiration rates. The high
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correlation coefficients (presented in Figure 13) indicated that both the inflow from the
watershed and Bridgewater withdrawal contributed to the observed rates of O, decline.
However, analysis of the correlations between the rate of oxygen decline and the mean
powerhouse discharge (Figure 13) revealed that Bridgewater Hydro had less impact on the
oxygen depletion rates than the external loading. (The strongest correlation (R* = 0.94) was
with average discharges calculated only during the winter, December 1% to the beginning of
stratification, and from December 1% to the end of stratification compared to the lower
correlation (R* = 0.86) for mean discharge calculated only during the stratification period.)
During the summer stratification period, the lake still received external loading from the
watershed, and, the comparison between mean winter discharge and average summer
discharge averages (R>= 0.93) was stronger than the relationship between summer discharge
and oxygen loss rates. However, more detailed analysis of the timing of inflowing water and
discharged water is beyond the scope of this report. Also, unlike reservoirs with much less
storage capacity, the Lake James retention times at the various mean flow rates were
significantly large to prevent inflowing waters from flushing the system.

(3) The third major factor contributing to the observed dissolved oxygen concentrations from
Bridgewater Hydro was the duration of summer stratification in Lake James. Even though
the beginning and ending dates of stratification mentioned above represent the extremes
between the years, the duration of oxygen stratification averaged 226 days between the years
and ranged from 210 days in 1998 to 246 days in 2000. However, the extremes do represent
possibilities since the duration of stratification was meteorologically controlled, and,
therefore, the dates and durations represent meteorological probabilities.

Ultimately, the duration of stratification, rates of oxygen decline, and the initial
concentration of winter stored oxygen were meteorologically driven. Therefore, utilizing the
observed mean and ranges of those variables measured between 1995-2001, the number of
days below the state water quality standard for dissolved oxygen were calculated (Table 2).
The calculated values represent the range of possibilities that could be expected in the future.
The best case scenario is probably very rare since a combination of a cold winter, early cold
fall, with little rain rarely occurs in the Piedmont. Conversely, the worst case scenario of a
warm winter, with a prolonged warm fall, and heavy rainfall may be as unlikely. Most of the
calculated possibilities (average case) indicate that the dissolved oxygen concentrations in
the hydro discharge will probably need to be supplemented to meet state water quality
standards. However, the calculations in Table 2 do allow the possibility of predicting the
most probable tailrace conditions prior to the stratification period since two of the three
variables, i.e. winter maximum oxygen concentrations and winter discharge, may be
determined prior to the summer stratification.

4.3 Linville River - Catawba River Downstream from Bridgewater Hydro

4.3.1 Discharge Measurements - Bridgewater Flow Test
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Discharge measurements of the Old Catawba - Muddy Creek drainage upstream from the
Linville confluence were made on 14 August, 2001 (Figure 14), which was a time of
extreme, low base flow conditions. The measurement conducted on Shadrick Creek (the
major tributary to the Old Catawba River channel) revealed only 2.7 cfs originating in that
basin. A flow measurement was not conducted in the Old Catawba River since the water in
the old channel (observed from the North Powerhouse Rd. Bridge) appeared stagnant.
Muddy Creek proper (at the railroad bridge prior to the confluence with the Old Catawba
River) measured 26.3 cfs. The measurement conducted in the Old Catawba - Muddy Creek
channel just upstream of the Paddy Creek confluence revealed a discharge of 49.6 cfs, for a
gain of 21.2 cfs. The flow from the Old Catawba - Muddy Creek system into the Linville -
Catawba River measured 51.2 cfs. These data indicate that in total, 22.8 cfs probably
originated as ground water seepage into the Old Catawba - Muddy Creek system upstream
from the Linville confluence.

The leakage from Bridgewater Hydro, measured three times in 2001, averaged 55 cfs, (all
measurement were within 2 cfs). This value was twice the previously assumed leakage from
Bridgewater powerhouse. Therefore, the flow in the Linville - Catawba River to the
confluence of the Old Catawba - Muddy Creek system was approximately twice the
previously assumed value. Combined with the base flow from the Old Catawba - Muddy
Creek input, the base flow in the Catawba River downstream from the confluence of the Old
Catawba - Muddy Creek was 106 cfs.

Results from the September 2001, flow test at Bridgewater (Figure 15) indicated that the
actual flows were greater than those predicted at loads less than 1 MW. Between 1.2 and 7.5
MW generation, the actual flows were less than the predicted discharges. The flow at 10
MW was predicted to be 1000 cfs; the actual flow was 1030 cfs. This discharge
measurement at 10 MW in September 2001 was consistent with the river discharge of 1047
cfs made at the same load in July 2001.

The river discharge measurements made in July 2001 at 10 MW generation were as follows:
1045 cfs at 0.6 miles downstream, 1057 cfs at 1.4 miles downstream, 1024 cfs at 6.1 miles
downstream, and 1062 cfs at 11.1 miles downstream (Morganton Weir). These data are
within 4% of each other and were considered to be equal flow (average discharge at 10 MW
= 1047 cfs). This average value measured in July follows the trend of the September flow
test results (Figure 15). Also, these data indicate that at base flow, throughout the 11.1 miles
to the Morganton Weir, tributary inflows were negligible.

4.3.2 Relative Stage and Wave Travel Time

The relative stage of the Catawba River at various downstream distances from Bridgewater
Hydro (Figures 16 and 17) were calculated by subtracting the minimum absolute depth
recorded by the level logger during the deployment interval from each individual recording.
This calculation normalized all the level logger readings to a common datum. As expected,
the stage change varies with the amount of water discharged for generation, 0.75 feet at 1
MW generation to 2.75 feet at a 2 unit flow (20 MW). The stage change responded very
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rapidly as the leading wave of water moved downstream. The upper reaches of the Catawba
River, where the river slopes were the steepest, exhibited a faster receding water level than
the lower gradient areas downstream. This was also noticeable during the pulsing test in
July, 2001, where the effect of pulsing at 10 MW for 20 minutes every two hours was almost
dissipated 6 miles downstream and was barely perceptible at the Morganton weir (11 miles
downstream). Overall, the entire reach of river responded rapidly to the generation flows at
Bridgewater.

From the level logger data, supplemented with the Hydrolab depth recordings (relative depth
calculated by the same method as the level logger data), the travel times of the leading wave
of water at the different generation flows was constant throughout the river for each
generation level (Figure 18). At 1 MW generation, the wave speed was 1.62 mph, at 10
MW, the speed increased to 2.48 mph, while at 2 unit, 20 MW generation, the wave traveled
at 2.98 mph.

Also evident from the level logger data was the rise of water level in the lower section of the
Old Catawba - Muddy Creek channel (labeled Mud Crk in Figures 16 and 17) during periods
of generation. The 1992 flood (see introduction) formed a new channel between the Old
Catawba - Muddy Creek and the Linville River (refer to Figure 3) which permitted water to
flow back into and up the Old Catawba channel at all generation flows. The water level in
the Old Catawba channel rose 1.25, 0.75, and 0.25 ft at 20 MW, 10 MW, and 1 MW flow,
respectively. When generation ceases, this ‘back water’ which was stored in the lower
section of the Old Catawba - Muddy Creek channel drains back into the Linville - Catawba
River thus bringing the Old Catawba - Muddy Creek water levels back to baseline
conditions.

4.3.3 Influence of Old Catawba - Muddy Creek on Water Quality

Dissolved solids (ions in solution) exhibit the conservation principles (analogous to mass and
energy) over short time frames and with minimal chemical reactions. Thus, conductivity (an
indirect measure of the ion activity) is a useful measure to track water masses of differing
ionic strength (as was the case between water in the Old Catawba - Muddy Creek system and
the water released from Bridgewater Hydro (Figure 19).

The conductivity values observed in the Bridgewater tailrace and in the Linville channel
increased slightly just as generation commenced (possibly indicating that the leakage from
Bridgewater was not solely due to lake water through the turbines). As the generation water
moved downstream, the conductivity values remained essentially unchanged until
downstream of the Old Catawba - Muddy Creek confluence (mile 1.4) where, during
generation, a slight increase was observed. As soon as generation ceased, the conductivity
values downstream from the confluence increased very rapidly, indicating the contribution of
the Old Catawba - Muddy Creek water to the river. Utilizing the ratio of the average
conductivities in the different water masses (Linville flow, Muddy Creek flow, and Catawba
flow below confluence) during the non-generation period, the Old Catawba - Muddy Creek
system supplied 46%, 51%, 53%, and 57% of the water in the Catawba downstream of the
confluence on each successive day of the test during non-generation. These percentages of
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total flow below the confluence agree remarkably well with the discharge measurements
made in 2001. Assuming that the leakage from Bridgewater was constant at 55 cfs during
the 4-day test, the flows from the Old Catawba - Muddy Creek system were calculated to be
47 cfs, 57 cfs, 62 cfs, and 73 cfs on each successive day (Figure 19). These increased flows
would also account for the slight increase in the conductivity differences observed each
successive day during the generation flow. These data indicate that, even though the
generation water backs up into the Old Catawba - Muddy Creek channel, the backed up
water flowed back into the Catawba River after generation. The rapid increase in
conductivity downstream of the confluence after generation reflects the rapid movement of
the ‘backed up’ water into the Catawba River as the water level drops.

As mentioned in the introduction, Foris (1990) thought that the Old Catawba - Muddy Creek
water was completely mixed with the generation flow about 2 miles downstream of the
confluence. This seems to be supported by the left and right conductivity measurements
taken at 2.2 miles downstream of the powerhouse. This data indicate that a great deal of
mixing had occurred in the 0.75 mile downstream of the confluence. However, complete
mixing had not occurred as evidenced by the slight conductivity differences between the two
sides of the river. This conductivity difference became greater as the flow from the Old
Catawba - Muddy Creek increased.

4.3.4 Water Temperature

Even though water temperature was measured for each Hydrolab deployment, the data from
September, 2001, represented the warmest water temperatures released from Bridgewater
Hydro during a test which illustrated all four flow conditions (base flow, 1, 10, and 20 MW
flow). Under most flow rates, the water temperatures gradually increased downstream
(Figures 20 and 21). However, the warmest temperature (21.3° C) was observed only 4 miles
downstream from Bridgewater. Throughout the river section, the diel warming and cooling
patterns generally followed the trend of the daily heating and cooling patterns as indicated by
the air temperature and solar radiation.

The dynamics of changes in water temperature not only involve mixing of water of different
temperatures (analogous to conductivity mass balance), but also the exchange of heat with
the atmosphere. During the summer and fall periods, the water temperatures released from
the hypolimnion of Lake James was much colder than the water would have been if in
equilibrium with the prevailing meteorological conditions. Therefore, in order to address the
heating dynamics downstream of Bridgewater, the first question becomes at what
temperature would water used for generation have to achieve in order to be in equilibrium
with the prevailing meteorological conditions, e.g. what is the upper limit of that the water
temperature could achieve? And, to what degree did the meteorological conditions control
the water temperatures throughout the river sections at the different flow rates?

The first question may be addressed by comparing the air temperature (surrogate for the
equilibrium temperature discussed by Ryan and Harleman, 1973) with the Old Catawba -
Muddy Creek temperatures (Figure 20). The Muddy Creek temperatures (with the exception
of when the 10 and 20 MW flows backed up into the Muddy Creek channel) appeared to be
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in equilibrium with the prevailing meteorological conditions since the Muddy Creek
temperatures followed the pattern exhibited by the air temperature. Muddy Creek
temperatures increased as air temperature and solar radiation increased. At nighttime, the air
temperatures decreased to the approximate temperature of the water measured by the tailrace
monitor. Muddy Creek temperatures decreased in response to the decreasing solar radiation
and air temperature. Therefore, Muddy Creek temperatures should represent the water
temperatures the upper limit of temperature that the downstream river potentially could
achieve.

The second question may be addressed by comparing the heat gained downstream (Figures
22 and 23) during periods of similar flow. During the initial 2 hour generation period of 20
MW (10 Sept) the water maintained the same temperatures as the Bridgewater discharge to
beyond 4 miles downstream (Figure 22). Even though the downstream reaches cooled as the
2-unit flow reached those points, the water never reached the discharge temperature. As the
20 MW flow moved downstream, it mixed with warmer water that was in the channel prior
to generation. As soon as the 20 MW stopped, the leakage flow, which was almost 2° C
warmer than the generation flow warmed the water by one degree in the channel between
Bridgewater and Old Catawba - Muddy Creek confluence. However, the greatest change in
temperature was noticed at the locations immediately downstream of that confluence as
Muddy Creek’s warm water flowed into the river channel. As the Linville River water
mixed with the Old Catawba - Muddy Creek water, and as that water mixed with the cooler
water remaining in the channel, the temperatures downstream were much less impacted by
the warmer water from Muddy Creek.

During the 30-hour period with no generation, the entire river exhibited rapid warming as the
air temperatures and solar radiation increased. During the period of no generation, some
sections of the river were approaching the temperatures observed in the Old Catawba -
Muddy Creek channel. As the solar radiation and air temperature decreased in the evening,
the entire river began cooling at a rate similar to Muddy Creek. As soon as a 10 MW flow
was released (11 PM, 11 September) the entire river cooled commensurate with the travel
time of the 10 MW flow. At midnight, 11 September, the generation was reduced to 1 MW
(7230 cfs) for a 24-hour period. At this flow rate, the entire river again exhibited typical
patterns of diel heating and cooling following the air temperature and solar radiation patterns.
Even though the solar radiation and air temperatures were similar to the previous day, the
river with 230 cfs did not reach the same temperatures as with the baseflow. The same trend
was observed on the 13" of September (a day of mixed flows due to Bridgewater flow
testing). Again, with similar meteorological conditions, but with more water in the river than
with the 1 MW flow, the temperatures on 13 September followed the diel pattern, but were
slightly less than those observed for the 1 MW flow. These differing heating rates at different
flow were due to the differing water depth at the different flows. Since atmospheric heat
transfer is through the surface of the water, at a given set of meteorological conditions, water
at a given depth would heat !4 as much as water twice the depth. Even though a similar diel
pattern was observed at all sites during all the different flows, the maximum temperatures
observed during the daily cycles were observed at progressively later times as distance
increased downstream from Bridgewater. These ‘shifts’ in the time of maximum
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temperatures, as well as the cooling due to generation flows, were reflective of the travel
times of the water at it moved downstream.

4.3.5 Dissolved Oxygen

The results of every hydro test since 1998 are presented in Figures 24-37. Even though the
S-minute dissolved oxygen concentrations released from Bridgewater ranged from a low of
1.8 mg/l in September, 1998, to a high of 6.8 mg/l in July, 2001, all four sets of data show a
remarkable similarity with respect to the oxygen dynamics as the water moved downstream.
The September, 1998, DO test was designed to confirm Foris’ (1990) report of very high
oxygenation rates in the first 2 miles downstream of Bridgewater. This 1998 test was
conducted with Bridgewater Hydro operating as it normally does during the summer (Figure
24) (operated during the afternoon peak demand for electricity). For this river test, one unit
(10 MW) was operated for 4-6 hours prior to starting the second unit (additional 10 MW).

The September, 1998, downstream deployment of the monitors coincided with a period of
some of the lowest dissolved oxygen concentrations (1.8 mg/l) released from the hydro
during the 7-year monitoring program (Figure 10) and were the same concentrations
observed by Foris (1990). The dissolved oxygen concentrations during the test exhibited
almost identical behavior each day. The changes in downstream oxygen were characterized
by three distinct periods. The first was during generation, the second was the night time
period immediately after generation ceased, and the third distinct period was at baseflow
during the daytime.

When generation started each day during the 1998 test, the dissolved oxygen concentrations
rapidly decreased through out the entire 2.2 mile downstream section (Figures 24 and 25).
However, unlike conductivity (Figure 19) or temperature (Figure 20), oxygen concentrations
progressively increased as the water moved downstream. When the second unit was started,
oxygen concentrations again decreased through the river sections, but, as with the 1 unit
flow, noticeable DO increases were measured downstream. These data indicated that under
both 1 and 2 unit flows, significant aeration occurred as the water moved downstream. Also,
under one unit flow, a small, but noticeable difference in oxygen occurred between the left
bank (Linville water) and the right bank (Muddy Creek water) at the 2.2 mile mark. Under
two unit flow, these differences disappeared.

The second recognizable period of oxygen dynamics was after dark when the hydro units
were stopped (Figures 24 and 25). The water level rapidly fell as the discharge returned to
baseflow (Figures 16 -17). At this time, a rapid increase of oxygen was noted at all distances
downstream. As the baseflow water moved through each section of river, the reaeration rate
through that section approached a constant rate, as seen by the constant readings (both mg/1
and % saturation)(25 % saturation at the tailrace, 40 % at 0.3 miles, 55 % at 0.9 miles, 70 %
at 1.4 miles, and 80% at 2.2 miles, Figure 25). The readings took longer to stabilize at
greater distances down the river. The length of time and the larger levels of oxygen suggest
that as the water flowed through each river section, it continually picked up atmospheric
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oxygen, gradually reaching 80% saturation 2.2 miles downstream. Also, the rate of reaeration
(mg/1 per distance traveled) decreased as the water became more oxygenated.

During this baseflow period, after hydro generation stopped, the differences between the
right and left sides of the river at mile 2.2 were most noticeable. The right side of the
channel (Muddy Creek water, refer to Figure 19) had much lower DO than the left side of the
channel. This was apparent for each day when the hydro was off; but, the DO differences
between the two sides of the river became greater during the last two days of the test (Figures
24 and 25). Based upon the Old Catawba - Muddy Creek discharge calculations (Figure 19),
these differences between the two sides of the river became greater as Muddy Creek’s
discharge increased. However, the oxygen concentrations observed in Muddy Creek
(Figures 24 and 25) were greater than those in the Linville - Catawba River. If only lateral
mixing accounted for the differences between the two sides of the river (as in conductivity),
the DO should have been higher in the right channel at mile 2.2. But since the oxygen levels
were lower on that side of the river, the Old Catawba - Muddy Creek system appears to
discharge material which has an oxygen demand, e.g. sediment. The DO readings from the
Muddy Creek monitor may not have been representative of the total oxygen and/or oxygen
demand that existed in that river channel. Since the monitor that was placed in Muddy Creek
was suspended within inches of the surface (to prevent it from resting in the muddy
sediment).the DO values represented an aerated surface rather than the whole water column.

The third distinct period of oxygen behavior was during the day under baseflow conditions
(Figures 24 and 25). As soon at the sun came up, the oxygen concentrations began to
increase at all locations. The DO continued to increase until the hydro started generating.
This rise in O2 undoubtedly was due to photosynthetic activity of the aquatic plants, both
attached algae as well as macrophytes. In the case of a shallow, open river channels with
little change in temperature, the presence of dissolved oxygen concentrations greater than
100 % can only be attributable to aquatic plants. Since plants needed light to produce
oxygen, this source of oxygen was unavailable at night. The plants also respired at night;
this consumption of oxygen undoubtedly occurred within the river sections. The different
oxygen concentrations recorded by successive downstream monitors measured the
cumulative resultant of the rate of oxygenation from the atmosphere plus the rate of
photosynthesis minus the rate of respiration from all upstream reactions. The above rates of
oxygen gains and loses, coupled with the water velocity, will determine the oxygen
concentration measured at the fixed monitor’s location.

At increased river discharge, increased velocities would enhance turbulence and shorten the
residence time in pools, which would tend to enhance oxygenation rates. However, increased
velocities also reduce the travel time between fixed distances, thereby reducing the
oxygenation rate of the water mass per distance traveled. Oxygenation rates per unit volume
of water would also decrease as discharge increases because atmospheric oxygen transfer
rates are through the water surface and, as water depth increases, the surface to volume ratio
decreases. Therefore, at each level of flow, through each section of river channel, the unique
combination of these rates, including biological rates, determined the specific oxygen
concentration measured by the monitor.
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Based upon the observed oxygen dynamics in 1998, the experimental design of the 2001 tests
was changed to operate the station at various flow rates for a series of 24 hour periods to
measure changes of oxygen throughout the diel period. Also, in 2001, the study was
expanded to include the entire river length from Bridgewater to the Morganton weir. These
tests were also designed to evaluate the reoxygenation rates with reduced flows from
Bridgewater. Since minimum flow requirements are expected in the future, the reduced test
flows were conducted by pulsing 10 MW generation for 30 minutes every two hours and by
generating 1 MW (230 cfs) for a 24 hour period.

The oxygen patterns observed in the 2001 hydro tests (Figures 26 -37) followed the same
basic trend as that observed in 1998. However, in 1998, the continual night time oxygen
increase during baseflow throughout the first four miles did not occur in any of the baseflow
tests conducted in 2001. Rather, the gain of oxygen in the first 0.6 of a mile was either
maintained downstream with no additional increase of oxygen (Sept, Figures 34 and 35) or
the system lost oxygen downstream of the confluence of the Old Catawba - Muddy Creek
system (July and August, Figure 26-27 and 30-31, respectively). In both of those months, the
dissolved oxygen concentrations decreased downstream of the confluence, but the %
saturation remained relatively constant suggesting that the Muddy Creek water, which was
warmer and transported a high sediment load, contributed to the decline in oxygen
concentrations immediately below the confluence. By the time the water reached 4.1 miles
downstream, the oxygen content was at or near a maximum constant level which was
maintained throughout the remaining downstream sections, with a few minor flucuations.

During the day, the photosynthetic activity of the aquatic plants was observed throughout the
entire river, with the largest gains in oxygen occurring in the upper 4.1 miles. After that
point, the oxygen concentration progressively decreased, suggesting that biological
respiration rates exceeded photpsynthetic rates. In addition, the time of the maximum
oxygen concentration was progressively delayed downstream. This delay suggests that the
diel pattern observed downstream was due to the downstream movement of the oxygenated
water rather than photosynthetic activity within the downstream sections. In the course of
deploying the instruments, very few aquatic plants were seen downstream of 4.1 miles.

Every flow test conducted during 2001 revealed that the oxygen concentrations downstream
of 4.1 miles exhibited this same pattern (Figures 28-29, 32-33, and 36-37). Namely, oxygen
increased during the day and declined at night,and the time of the maximum oxygen
concentration downstream was later in the day at greater distances. Also, the maximum
oxygen concentrations at each river distance, observed for each diel cycle, were reduced at
progressively greater distances from Bridgewater hydro. These trends suggest that the
downstream oxygen content was primarily driven by the oxygen kinetics in the first 4.1 miles
downstream from Bridgewater.

During the short time periods of 10 and 20 MW generation flows in 2001, the same pattern
was observed as in 1998. Bridgewater’s release of water with lower dissolved oxygen
concentrations was moved downstream at a rapid rate. Reaeration of that water occurred, but
was slower at the higher flows. In July, 2001, a 10 MW, 24 hour flow test was conducted
(Figure 26-27). By comparing the diel oxygen changes of the baseflow and 10 MW flow, the
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nighttime reaeration primarily occurred in the first 0.6 miles during baseflow, but reaeration
continued with increasing distance during the 10 MW flow. However, both flows reached
the same maximum O2 content of 75% saturation at 4.1 miles downstream. Also, the slight
reduction of oxygen due to the influence of the Old Catawba - Muddy Creek system was not
apparent during the 10 MW flow. During the day, the boost in oxygen due to aquatic plant
photosynthesis was evident in both the baseflow and the 10 MW test. However, the rate at
which aquatic plants contribute oxygen dominated oxygen kinetics during the baseflow
period, but reaeration was dominated by physical air-water exchange of oxygen at the 10 and
20 MW flows. Also, during cloudy days (19 July, 2001, Figures 26-27) photosynthetic rates
were diminished, thereby reducing the contribution of oxygen by the aquatic plants.

The Tennesseee Valley Authority has used generation pulsing at some peaking hydro
projects to provide downstream continual flow (REMI, 2002). This technique was tested at
Bridgewater to determine both oxygenation patterns (Figures 26-27)and downstream water
level stability (Figure 16). Since the aquatic plant metabolism dominated during baseflow,
and since the atmospheric transfer rates relative to water movement dominated at higher
flows, the increased dissolved oxygen concentrations during the pulse test reflect the rates of
both the aquatic plant and atmospheric exchange on the mass of water moving downstream.
The oxygen concentrations during the pulse test became stable (not flucuating with the flow
rate) within 2 2 miles downstream (contrasted with stable water levels 6 miles downstream).

The 1 MW, 24-hour continuous generation tests conducted in August and September, 2001,
were designed to evaluate river oxygenation rates at a simulated low flow, continuous
release. At 230 cfs, the oxygenation rates were reflected again in the relative rates of plant
metabolism, atmospheric reaeration, and water movement. As compared to the baseflow
period, oxygenation rates were enhanced though the entire 4.1 mile section downstream of
Bridgewater. The contribution of oxygen due to aquatic plant activity was significant, as in
the baseflow case, but also, the slightly increased flow rates also probably enhanced the
atmospheric exchange rates progressively downstream.

An overall summary of the various tests was made by comparing the addition of oxygen at
the various downstream locations for similar flow tests. The average difference observed
within a single test (the average DO concentrations at the tailrace during a flow test was
subtracted from the average oxygen concentrations calculated at the various downstream
distances for the same water as it moved downstream. The mean of these average differences
was calculated for each location for each flow. For example, all the differences at 1.4 miles
were averaged for all the 20 MW flow tests to yeild an overall mean DO increase at 1.4 miles
for the 20 MW flow (Figure 38).

Even though these averages probably oversimplify the dynamics of downstream
oxygenation, a general pattern of downstream oxygen reaeration immerges (Figure 38).
Initially, the river gains oxygen under all flow rates, and the majority of the reaeration
occurred within the first 3-4 miles downstream. (This initial increase of oxygen over this
relatively short distance was probably due to the steep stream bed coupled with a very
productive aquatic plant community in the upper section.) Second, at higher flow rates, the
point of highest oxygen concentration moved downstream. Third, in almost all cases, the
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majority of the reaeration occurred within 6 miles downstream, at which point, oxygen
concentrations typically declined. Fourth, excluding the substantial contribution of oxygen
from aquatic plants in the upper 3 miles during baseflow, all operating flows esentially
exhibited the same aeration levels, the notable exception is the continuous low flow (T 230
cfs). At this flow, conditions which optimized the rates of oxygen input (aquatic plant
photosynthetic contributions and atmospheric oxygen) and minimized the oxygen losses
(biological respiration and atmospheric losses at saturation values greater than 100 %) seems
to have been achieved.
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5. CONCLUSIONS

The cool water temperatures released from the deep water withdrawal in Lake James during
electrical generation at Bridgewater Hydroelectric Station have allowed the NCWRC to
establish a put and take trout fishery downstream of Bridgewater. In recent years the
NCWRC has been investigating the possible establishment of a put, grow, and take trout
fishery, hopefully supplemented by natural reproduction in the river. This resource
management objective by the NCWRC, in addition to the other demands on the water in the
Catawba River, will have to be addressed by Duke Power during the FERC relicensing
process of the Catawba-Wateree Projects.

The two major issues facing Duke Power Company at the Bridgewater Project are potential
minimum flow requirements and low dissolved oxygen concentrations in the discharge water
during the late summer and early fall period. This report summarizes the information
pertaining to those two issues that has been developed from the various monitoring programs
and special studies conducted by Duke Power Company on Lake James and the Catawba
River downstream of Bridgewater.

The water temperatures released from Bridgewater rarely exceed 20°C (preferred upper limit
for trout). The water temperature released from Bridgewater was a function of the Lake
James thermal stratification, which in turn, was a function of the winter and summer
meterological conditions. Cold winters enable the lake to reach lower temperatures. Once
the lake stratifies, the rate of heating in the lower depths is a function of how much water is
withdrawn from the hypolimnion, the greater the rate of discharge, the warmer the
temperatures.

Based upon the tailrace monitor 7-year record, the duration of the low dissolved oxygen (less
than 5 mg/l daily average) period ranged from 71 days in 2001 to 128 days in 1998. The
lowest yearly daily average ranged from 0.31 mg/l in 1998 to 2.67 mg/l in 2001. The
dissolved oxygen concentrations in the Bridgewater tailrace were a function of the initial
oxygen content of Lake James prior to stratification, the rate of hypolimnetic oxygen
demand, and the duration of the stratification period. Colder winters allowed for more
oxygen to mix into the lake. Once stratification began, oxygen concentrations exhibited a
lineal decline in the hypolimnion. The rates of decline were correlated to the winter and
summer discharge rates, indicating that the rate of hypolimnetic oxygen consumption was
related to the amount of watershed loading flowing into Lake James. The duration of the
stratification period was again a function of the fall meterological conditions. Since Lake
James has a high water retention time (large storage reservoir), the lake was not prone to
internal flushing from the periodic storms.

Downstream oxygen kinetics were dominated by atmospheric exchange rates of oxygen
(both to and from the water), biological metabolitic rates (photosysnthesis and respiration),
and the rate of travel of the water mass moving downstream. The interaction of these factors
resulted in very rapid reaeration rates in the first 3-4 miles, with photosynthetic rates
contributing most of the oxygen under low flow, while water velocity and associated
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atmospheric reaeration dominated under progressively greater flows. With most flow rates
(2 unit - 20 MW, 1 unit - 10 MW, 1 unit - 10 MW pulsing, and baseflow), the average
oxygen addition of 2 mg/l was achieved between 4 and 6 miles downstream. After 6 miles,
even though oxygen consumption progressively lowered the oxygen concentrations to the
Morganton Wier (11.1 miles downstream), oxygen concentrations were 1-2 mg/l greater than
the Bridgewater tailrace. The simulated minimum flow rate at 1 MW generation ("230 cfs)
exhibited twice the aeration observed at other flow rates. This was attributed to significant
contributions of photosynthetic oxygen without loosing supersaturated oxygen to the
atmosphere, and increased the ability to physically aerate the water as it moved downstream
(optimal depth, water velocity, and turbulence).

Even though the Old Catawba - Muddy Creek system had higher oxygen concentrations that
the Old Linville River, the areas downstream of the confluence had slightly lower dissolved
oxygen concentrations at very low flows. This was attributed to substances exhibiting an
oxygen demand brought into the Catawba River from Muddy Creek. At higher flows, other
than increased dissolved solids and noticable suspended solids originating from Muddy
Creek, the influence of Muddy Creek was not noticable on the dissolved oxygen
concentrations.

In order to assist in addressing minimum flow issues, various discharge measurements were
conducted during the summer of 2001. The results from these measurements indicated that
under baseline, drought conditions, the discharge of Old Catawba - Muddy Creek channel
was 51.2 cfs while the leakage from Bridgewater averaged 55 cfs. These totaled 106.2 cfs in
the Catawba River below the confluence of the Old Linville and Old Catawba - Muddy
Creek. In addition, separate discharge measurements conducted in Muddy Creek prior to the
confluence with the Old Catawba River and a tributary of the Old Catawba River accounted
for 28.4 cfs. The discharge measurment taken in the Muddy Creek - Old Catawba River just
prior to the confluence with the Linville River was 51.2 cfs. The unaccounted for 22.8 cfs
probably represented groundwater seepage from Lake James to the river channel.

Discharge measurements conducted at various generation loads were compared to the
calculated values from turbine performance and head differences. The calculated values
under estimated flows slightly at the low and high generation rates, but overestimated flows
in the intermediate range of generation. Additional discharge measurements made in the
Catawba River down to the Morganton wier revealed no measureable inflows from
tributaries during baseflow periods.

The Catawba River stage change ranged from ¥ feet at 1 MW generation to 2 % feet at a 2
unit (20 MW) flow . The stage change responded very rapidly as the leading wave of water
moved downstream. At 1 MW generation, the wave traveled at 1.62 mph, at 10 MW, the
wave speed increased to 2.48 mph, while at 2-unit, 20 MW generation, the wave traveled at
2.98 mph. The upper reaches of the Catawba river, where the riverbed was the steepest,
exhibited a faster receding water level than the lower gradient areas downstream.

The 1992 flood formed a new channel between the Old Catawba - Muddy Creek and the
Linville River which permitted water to flow back into the Old Catawba channel at all
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generation flows. The water level in the Old Catawba channel rose 1Y, %, and Y4 ft at 20
MW, 10 MW, and 1 MW flow, respectively. This new channel and subsequent flow back
into Muddy Creek delayed the flow from the Old Catawba - Muddy Creek from entering the
Catawba River during generation. But, when generation stopped, this ‘back water’ rapidly
drains back into the Linville - Catawba River thus bringing the Old Catawba - Muddy Creek
water levels back to baseline conditions.
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Figure 4. Longitudinal Profile of Linville-Catawba River Downstream of Bridgewater
Hydro (from REMI, 2002)
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Bridgewater Tailrace Monitor
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Bridgewater Hydro Test
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Bridgewater Generation Travel Times
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Figure 18.  Travel Time of Bridgewater Generation to the Morganton Weir
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Figure 19.

Conductivity Downstream of Bridgewater Hydro, September, 1998
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Figure 20.  Water Temperatures in the First 4 miles Downstream of Bridgewater Hydro,

September, 2001
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Figure 21. Water Temperatures 4 - 11 miles Downstream of Bridgewater Hydro,
September, 2001
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Figure 22.  Water Temperatures in the First 4 miles Downstream of Bridgewater
Hydro, Compared to Tailrace Monitor, September, 2001
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Figure 23.  Water Temperatures 4 - 11 miles Downstream of Bridgewater Hydro
Compared to the Tailrace Monitor, September, 2001
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Figure 24. Dissolved Oxygen Concentrations 2.2 miles Downstream of Bridgewater Hydro,
September, 1998
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Figure 25. Dissolved Oxygen Saturation 2.2 miles Downstream of Bridgewater Hydro,
September, 1998
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Figure 26.  Dissolved Oxygen Concentrations 0 - 4.1 miles Downstream of Bridgewater
Hydro, July, 2001
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Figure 27. Dissolved Oxygen Saturation 0 - 4.1 miles Downstream of Bridgewater Hydro,
July, 2001
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Figure 28. Dissolved Oxygen Concentrations 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, July, 2001
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Figure 29.  Dissolved Oxygen Saturation 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, July, 2001
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Figure 30.  Dissolved Oxygen Concentrations 0 - 4.1 miles Downstream of Bridgewater
Hydro, August, 2001
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Figure 31.  Dissolved Oxygen Saturation 0 - 4.1 miles Downstream of Bridgewater Hydro,

August, 2001
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Figure 32.  Dissolved Oxygen Concentrations 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, August, 2001
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Figure 33.  Dissolved Oxygen Saturation 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, August, 2001
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Figure 34.  Dissolved Oxygen Concentrations 0 - 4.1 miles Downstream of Bridgewater
Hydro, September, 2001
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Figure 35. Dissolved Oxygen Saturation 0 - 4.1 miles Downstream of Bridgewater Hydro,
September, 2001
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Figure 36.  Dissolved Oxygen Concentrations 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, September, 2001
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Figure 37. Dissolved Oxygen Saturation 4.1 - 11.1 miles Downstream of Bridgewater
Hydro, September, 2001



Summary of Bridgewater Hydro Tests

No Gen ——Pulse Gen 10 MW —— Gen 1 MW —— Gen 10 MW (24 hr) Gen 10 MW (1-4 hr) Gen 20 MW

Dissolved Oxygen Aeration (mg/l)

River Mile

Figure 38. Average Increase of Dissolved Oxygen Concentrations Downstream of

Bridgewater Hydro Compared to Generation Flows, Summary of all Hydro Flow
Tests, 1998 and 2001



