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BACKGROUND
 

Research into the temperature effects of operation of the Salmon River 
Reservoir system of the Niagara Mohawk Power Company was conducted as part of 
a multi-agency effort to characterize the influences on riverine habitat of power
plant operation. Several reports are being prepared to address various parts 
of the work that has been accomplished. Appendix 1 contains a list of those 
reports and the reporting entities. The goals of this portion of the research 
were to determi ne the magn i tude of temperature effects due to power plant
operation, and develop methods to predict water temperature in the river under 
both steady and unsteady flow conditions that are induced by the project 
operation. 

• 

SUMMARY 

This report describes the work done to accomplish those goals. The first 
section gives a brief description of the basin characteristics as they relate 
to describing the river temperature profile. Following the basin description, 
the report describes analysis of the data collected in the Salmon River System
in summer of 1986 and the conclusions that may be drawn from the data alone. 
The report progresses to a summary of the modeling work done to predict water 
temperatures. Three riverine temperature simulation models were selected for 
application to this basin. They are a single stream segment version of the 
Instream Water Temperature Model developed jointly by the U.S. Fish and Wildlife 
Service and Soil Conservation Service (Theurer et. al. 1984), the U.S. Army
Corps of Engineers model RIV1 (Bedford et. al. in prep.), and the Environmental 
Protection Agency QUAL2E model (Brown and Barnwell 1987). The report describes 
application of the steady flow single stream segment model which is called the 
Stream Reach Temperature Model (SRTEMP) and the results obtained using locally 
measured weather data. The worth of local data was tested using weather data 
from a remote site and evaluating the quality of the water temperature predicted. 
The detailed steps required in applying the unsteady flow based temperature model 
(RIV1) are then discussed. The final section describes application of the QUAL2E 
model to describe hourly temperature fluctuations in the Salmon River. 

The data analysis shows that there is a tendency for water temperature to 
fluctuate with the diurnal change in heat flux at all discharges with the largest
effects occurring at low discharges, and a tendency for the diurnal fluctuation 
in river temperatures to be reduced, i.e., approach the reservoir temperature, 
at high discharge. Due to the relatively high reservoir release temperature, 
the reservoir system was found to be unable to effect large reductions in water 
temperature in the months studied. 

• 
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The steady flow temperature model (SRTEMP) application shows that 24 hour 
average temperatures can be simulated within approximately a plus or minus one 
degree tolerance under most conditions using locally collected data. Using
remotely collected weather data produced steady flow simulations of similar 
accuracy. The greatest deviations from measured water temperatures were found 
to occur under the lowest streamflow conditions on heavily overcast days. 

The unsteady flow based temperature model was found to have extensive data 
requirements beyond the data collected for this study. Those data needs were met 
through a variety of means. The approach used to supply the requirements of this 
data intensive model are discussed. Unfortunately computational algorithm
difficulties were encountered that remain unresolved, so further work is needed 
to obtain a fully dynamic temperature simulation for the Salmon River. 

Due to the numerical failure of the fully dynamic hydraulic component of 
the RIV1 model on the Salmon River, it was concluded that a piecewise approach
to temperature simulation was appropriate. A substitute for the unsteady flow 
routing component was developed (Waddle 1988b) and a well establ ished water 
quality model (QUAL2E, Brown and Barnwell 1987) was selected for the temperature 
simulation phase. 

• 
QUAL2E was also found to have data ~equirements beyond the data collected 

for this study. This report describes the data manipulations required to 
translate the data obtained from the Niagara Mohawk Power company into the form 
required for diurnal temperature simulation. It further describes dynamic
temperature simulation results for the period covering the first routing study 
(July 2-5, 1986). Due to the steady flow nature of the QUAL2E model, simulations 
were performed over a range of discharges representing the several flow 
conditions commonly encountered when one or two units are generating and when 
Lighthouse Hill power plant is not operating. 

Evaluation of the data shows that the temperature of water in the stream 
approaches the reservoir release temperature during one and two unit operations. 
As expected, this tendency is strongest in the upstream reaches near the dam. 
Accordingly, initiation of one-half to two unit generation tends to moderate 
temperature fluctuations in the upper reaches. An observation of interest to 
this study, is the lack of a dramatic temperature shift when reservoir discharge 
increased from no generat ion to two un its over the fi rst fi ve hours of the 
routing study. On the basis of this routing study, temperature conditions in the 
river appear to lag discharge reductions by as much as two hours. 

A goal of this research was simulation of water temperature changes over 
the short time intervals needed to describe unsteady flow. In its basic form, 
QUAL2E allows the meteorological input to its temperature simulation to vary
diurnally, but it does not provide for unsteady flow conditions. It was 
recognized that choice of this model represents an intermediate solution that 
does not consider the flow fluctuations that occur in the Salmon River system. 
The results of steady flow, diurnal meteorology-based simulations show that use 
of average flow values reproduced observed temperatures to a relatively high
degree. Due to such accuracy from this first order approximation, the QUAL2E 
model may be useful for many decisions regarding the Salmon River Reservoir 
system operation even though it does not incorporate unsteady flow. 
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BASIN DESCRIPTION
 

The Salmon River (Figure 1) drains 692 sq. km (267 sq. mil of the southwest 
portion of the Tug Hill Plateau. It flows through the Niagara Mohawk Salmon 
River Project facilities near Bennets Bridge and Altmar, in Oswego County, NY, 
and drains into Lake Ontario at Selkirk. The Salmon River Project consists of 
two reservoirs and powerplants. The upstream reservoir, Salmon River Reservoir, 
has a storage capacity of about 82 million cubic meters (66,600 acre ft). It 
is about 10.2 km (6.4 mil long and 1.2 km (0.8 mil wide. It has an area of about 
13.5 sq. km (5.2 sq. mil which gives it a relatively high area to volume ratio. 
Its spillway has an elevation of 286 m (937 ft) above sea level giving a drop
of about 87 m (286 ft) to the lower reservoir. 

Lighthouse Hill Reservoir receives the discharge from the upper reservoir 
through the Bennets Bridge Power plant and through the relic Salmon River channel 
in times of flood. The lower reservoir has a surf~ce area of n.67 sq. km (0.26 
sq. mil and a volume of 3.9 million cubic meters (3100 acre ft). Due to its 
relatively small size this reservoir has little effect on discharge dur~ng flood 
events or on water temperature during most of the year. :~~ 

The focus of this study is the portion of the Salmon River below Lighthouse
Hill reservoir. Figure 2 shows a plan view of the study area and the elevation 
profile is given in Figure 3. 

The Lighthouse Hill power plant has two turbine and generator units. 
During the 1986 study period the operation of the lower reservoir consisted of 
peri ods of one or two un i t generation at Lighthouse Hi 11 separated by idl e 
periods as shown in Figure 4. When the plant is not generating, leakage of about 
0.566 cms (cubic meters per second), that is 20 cfs (cubic feet per second)
supplies the stream channel with a minimum discharge as shown in the figure.
A low release of approximately 10 cms (350 cfs) is occasionally made to reduce 
the water temperature at the Salmon Ri ver Hatchery located 3.6 km (2.3 mi)
downstream. This release is commonly referred to as a one-half unit release as 
it provides about one-half the discharge produced by one turbine operating in 
its most efficient range. Note such releases on August 3, 6, 16 and 17. 
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DATA ANALYSIS 

An extensive data set was supplied by Mr. John Homa of Ichthyological 
Associates as Lotus 123 worksheets. These data cover the period from June 1986 
thro~gh Winter 1987. The data include records of hourly water and air 
temperatures, power generation, meteorology observations and daily observations 
of tributary and main Salmon River stage at the temperature collection stations. 
The data also contain 5 to 15 minute observations of water temperature and stage 
at several poi nts on the ri ver that were made duri ng two rout i ng studi es 
performed on July 2 to July 5 and July 10 to July 12, 1986. The routing study 
data were used to provide input data for both the steady and unsteady flow 
models. Table 1 summarizes the temperature data station locations and type of 
data collected. 

The analysis described here is confined to the summer months; June, July 
and August. This period was selected on the basis of critical temperature 
occurrence for Salmonid species in the river. 
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Table 1. Water temperature related data collection stations. 

Weather data: 

Station name Type of data collected 

Bennets Bridge Power Plant Air Temperature
Precipitation

Pulaski Jr/Sr High School Air Temperature
Solar Radiation 
Precipitation
Relative Humidity 
Wind Speed 

Stream data: 

Distance 
from river • 
mouth (mil Station name Type of data collected 

16.9 

15.2 
15.0 

14.4 

13 .1 

10.6 

8.1 

4.9 

Lighthouse Hill Power Plant 

Salmon River Hatchery Intake
Beaverdam Brook 

Altmar 

Orwell Brook 

Trout Brook 

Highway 2A Bridge (Site 2A) 

Pul aski 

Discharge*
Water Temperature

Water Temperature
Water Temperature

Discharge 
Water Temperature

Discharge
Water Temperature

Discharge
Water Temperature

Discharge
Water Temperature

Discharge
Water Temperature

Discharge 

*Discharge determined from power generated 

Due to the magnitude of this data set and the lack of ready access to the 
river from Fort Collins, numerous plots were generated to provide an overview 
of the dynamics of the system as reflected in the recorded data. As review of 
these plots lead to identification of the trends described below, a few of the 
plots will be used to illustrate our findings. 

In an attempt to understand the re lat ive magn i tude of air and water 
temperature fluctuations in this system, a plot of hourly air temperature at 
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Bennets Bridge and water temperature near Highway 2A on the Salmon River was 
constructed for each month. Bennets Bridge and Site 2A were selected for this 
first overview on the basis of having few gaps in data due to recorder 
malfunctions. The June plot is shown in Figure 5 and is typical of the three 
months evaluated. 

Three particular characteristics of the air and water temperature plot 
(Figure 5) were noted. First the general pattern of fluctuation of water 
temperatures follows that of air temperatures but with a two to six hour lag.
This occurs regardless of the generation pattern on any given day. Second, the 
water temperature peaks and troughs tend to occur four to six hours after the air 
temperature extremes, further indicating a lagging effect in the system.
Finally, the range of daily water temperature fluctuation is related to the range 
of fluctuation in air temperature as shown by the occurrence of large swings in 
water temperature very frequently associated with large diurnal variation in air 
temperature. This effect occurs regardless of the actual air temperature values 
or amount of solar radiation occurring on a given day. This shows that air 
temperature is one of the major components influencing water temperature. 

Of interest in this study is the effect of reservoir release on instream 
water temperature. Noting the dates: June 7, 8, 22723 in which there were long
periods of essentially no generation and·June 10, 11, 12, 24, 25, 26-when one 
generator unit operated for most of the day (see Figure 6), it can be seen that 
there is no outstanding change in the water temperature fluctuation pattern with 
and without generation. This finding suggested that only smaller changes in 
water temperature may be associated with generation. 

The hourly differences between water temperature at Site 2A and Lighthouse
Hill are shown in Figure 7. It was felt that the calculated temperature
differences would be indicative of the effects of the prevailing meteorological 
conditions and of the changes in the water temperature caused by the Lighthouse 
Hill operation. The plot is constructed so positive values indicate the Site 2A 
temperature is higher than the release temperature. The blank periods seen on 
June 20, 21 and 24 are periods of recorder malfunction at Lighthouse Hill. 

Overall heating and cool ing effects can be seen to follow the air 
temperature fluctuations with the previously mentioned lag by comparing Figures 5 
and 7. Note that the water temperature di fferences and the measured water 
temperature at Site 2A foll ow simil ar patterns as woul d be expected if the 
reservoir release were at a relatively constant temperature.- Since release 
temperatures are relatively constant, the travel time from the reservoir to site 
2A was not considered a major factor affecting these differences. Therefore the 
differences were calculated on a simple hourly basis. 

The Lighthouse Hill generation pattern is shown superimposed on the 
temperature differences in Figure 8. Larger differences between the Site 2A and 
Lighthouse Hill temperatures occur during the day when the station is not 
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Figure 6. June Lighthouse Hill release. 

generating than at night when one unit is generating. Assuming a natural diurnal 
fluctuation is approximately symmetrical, the magnitude of the effect of 
generat i on can be estimated by the amount the temperature differences are 
increased above the temperature a symmetrical pattern would produce at night.
That is, if the daytime non-generation difference is +2 ·C and the night with­
generation difference is -1 ·C the influence of generation can be inferred to 
be about 1 ·C. 

The discussion to this point has centered on comparison of the Site 2A 
temperatures with Lighthouse Hill. Simil ar compari sons were performed at Altmar. 
Figure 9 shows temperatures differences between Altmar and Lighthouse Hill. 
Visual inspection indicates that the periods of large temperature differences 
are shorter and in many cases of smaller magnitude than at Site 2A. This is not 
surprising as Altmar is about eight miles closer to the reservoir than Site 2A. 
It is interesting to note, however, that the meteorologically driven temperature 
differences are found to occur at th iss ite over nearl y the same range of 
magnitude. Superposition of the generation pattern on the Altmar temperature 
difference plot as in Figure 10 indicates that a one unit generation may 
influence the Altmar temperature by as much as one and one-half to two degrees 
under the most extreme meteorol ogi cal condit iens. Simil ar effects, with the same 
amount of influence on water temperature were noted in July and August. 
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Figure 7. Hourly water temperature differences for June (site 2A water 
temperature minus Lighthouse Hill release water temperature). 

During the period from June through August 1986 the Lighthouse Hill 
operation consisted primarily of night time generation with occasional 1/2 unit 
releases for temperature control on hot afternoons. This makes it somewhat 
difficult to use the observed data to predict the effect of the generation 
pattern on daytime instream water temperatures. This is because the onset of 
generation consistently coincides with the period when daytime heating is ending 
and the water temperature woul d be expected to drop naturally. Due to the 
natural diurnal fluctuation, the water temperature at a downstream site may equal 
the relatively constant Lighthouse Hill release temperature twice per day, 
regardless of the discharge. 

During the three months evaluated, the Lighthouse Hill release temperature 
appears to follow about a 10 to 20 day running average of the air temperature. 
Release temperatures usually fluctuate one-half degree or less in twenty four 
hours and seldom change more than one degree. These relatively constant 
temperatures are also high, averaging near 18 ·C in June, and well over 20 .( 
in July and August. The effect of these high release temperatures is to 
introduce water into the system relatively near eqUilibrium temperature. The 
rate of change of water temperature is di rectly rel ated to t,he di fference between 
the water and equ il i bri um temperatures. Since the release temperature from 
Lighthouse Hill Reservoir is relatively near equilibrium, it is not too 
surprising that large changes in Salmon River water temperature do not accompany 
the large changes in discharge 
might indicate. 

that the step-wise one, or two unit operation 
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Figure 8. Comparison of water temperature differenc~ and generation patterns for June for Site 2A. 
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Figure 9. Hourly water temperature differences for June (Altmar water 
temperature minus Lighthouse Hill release water temperature). 
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Figure 10. Comparison of water temperature difference and generation patterns for June for Altmar. 



Considering the data at hand, it appears that the following minimum 
conclusions can be drawn about the Salmon River. 

1.	 The heat flux effects of natural meteorological variables on the 
temperature of the Salmon River appear to be greater than the effect 
of the Lighthouse Hill release. 

2.	 The duration of the influence of Lighthouse Hill generation on water 
temperature diminishes as one proceeds downstream. That is, at 
downstream sites such as Route 2A temperatures may tend toward the 
release temperature for one or two hours before continuing a normal 
diurnal swing. In contrast, at Altmar the normal diurnal 
fluctuation may be reduced to a few hours or even truncated during 
generation. 

3.	 The overall range of temperature vari at i on does not appear to 
diminish (i.e. the same maximum range of changes in temperature at 
the onset of generation can be found in the record for both sites 
indicating that the most extreme temperature events persist
downstream in the system). • 

4.	 The Lighthouse Hill release temperature is relatively constant and 
near the apparent equilibrium temperature, thus the ability of the 
reservoir to influence the temperature downstream is limited. 

5.	 Under some specific weather conditions, the operation of one or two 
generator units can influence the temperature as much as two degrees 
at certain times of the day. Thus, it may be possible to consider
modification of the operation schedule to reduce peak temperatures
in the upper reaches of the ri ver (i. e. generate duri ng the 
afternoons when conditions favor peak temperatures above desired 
thresholds); even though the overall temperature regime of the 
system probably cannot be shifted to a significantly different mean. 

These comments have been made with the underlying assumption that the 
measured temperature data are essentially accurate and representative of mean 
temperatures across the stream at the measuring points. Longitudinal temperature 
profiles of the Salmon River were evaluated for several days during the study 
period. On some days the temperature trend between Lighthouse Hill and the 
Salmon River hatchery was markedly different from what would be indicated by the 
trend for the rest of the river and the prevailing weather conditions. That is, 
the water temperature in that section was found to rise dramatically when 
conditions indicated it should remain constant or even drop. Conversely, on 
other days, water temperature was found to fall under conditions that would 
indicate it should rise. The problem was traced to difficulties with the 
temperature recording device at the reservoir. 

Consultation with Ichthyological Associates indicated that the recorder 
location at the power plant made it difficult to ensure that the paper recording 
disk was mounted exactly on center when it was replaced at seven day intervals. 
The difference was as small as one millimeter and was difficult to detect from 
visual inspection of the disk. In terms of recorded water temperature, the 
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to lower-than-measured values as the disk rotated off center. Ichthyological 
Associates has made a commendable effort to correct the recorded Lighthouse Hill 
temperature data and the corrected data are reported here. 

During one period from August 9 to August 15, the corrections supplied by
Ichthyological Associates still did not appear consistent with the longitudinal 
profile produced by the 24 hour average temperatures at points located 
downstream. During that period a sequence of cool, cloudy days may have induced 
a small, natural cyclical trend in the Lighthouse Hill release temperature. The 
data reported for that period appear to oscillate more than would be consistent 
with the downstream temperatures. Therefore rel ease temperatures for that peri od 
were estimated for the steady state modeling exercise described in section 6 
below. The model results were most consistent when a small variation of 
reservoir release temperature (plus or minus 1/2 ·C) was assumed instead of the 
larger (plus or minus 1 ·C) pattern reported. The smaller variation was also 
consistent with changes in reservoir release temperature noted at other times 
under similar weather conditions. 

• 
> "i 
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GENERAL DESCRIPTION OF HYDRAULIC AND TEMPERATURE MODELS
 

This section is intended to introduce basic concepts and terminology used 
in riverine temperature modeling before proceeding to more specific description 
of the models and their application. The concepts of steady and unsteady flow, 
and the principle components of heat flux will be briefly discussed. The basic 
equations of mass, momentum, energy, and heat flux are presented and related to 
the models used in this study. 

It is of paramount importance to describe the distinction between steady
flow and unsteady flow models. Steady flow models are based on the assumption
that no change in discharge occurs during the time period studied by the model. 
That is, if the time step is 24 hours, the discharge is considered constant over 
that period. This assumption is seldom true in nature, but allows considerable 
simpl ification in the data requirements and computations in a model. The 
simplification is usually achieved by treating .11 input values and model 
predictions as averages over the model time period. For example, the 24 hour 
steady flow model applied here assumes the'discharge is constant for each 24 hour 
period studied. So, on a day when a one unit discharge of 22 cms occurred for 
12 hours and only leakage at 0.566 cms occurred for 12 hours, the discharge would 
be cons idered to be a constant 11.283 cms. Th is type of model only needs to 
consider the flow of mass through a segment of the stream as noted below. 

Unsteady flow models, on the other hand, explicitly treat the rate of 
change of discharge with time. Model complexity is increased considerably due 
to the need to calculate mass, momentum, and energy flux to properly describe the 
changes in discharge. In spite of high cost in terms of data requirements and 
user training, the advantage of an unsteady flow model is its ability to track 
the movement of specific masses of water down a river channel. In the case of 
the Salmon River, when release changes from leakage at 0.566 cms to one unit 
generation at 22 cms, a rapid change in depth and velocity of flow cascades down 
the river channel. The steady flow model completely loses this effect in the 24 
hour average, but an unsteady flow model is designed to track the surge all the 
way down stream. As a result the unsteady flow model can predict the arrival 
time and depth of such a surge at specified points along the steam channel. 

For steady flow, the mass flux equation for a segment of river reduces to 
a simple balance. That is the amount of water entering the top of the river 
segment in any time period is exactly equal to the amount leaving the bottom. 
The general form of the equation is: 

(1 )JJJ~ + JJ(pv • n) dAdV = 0 
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For steady flow of water in an open channel this reduces to: 

Qtop + Qlateral = Qbottom (la) 
For unsteady flow, a more complicated form is required because the effects 

of time must be considered. 
equation, that form becomes: 

With certain simpl ifications from the general 

(lb) 

where V = volume of stream segment 

A = cross sectional area of flow 

p = density of the fluid 

v = velocity (as a vector quantity) 

n • outward normal vector to surface 
• 

t = time 

Q discharge 

x = distance along the channel 

The equation states that the change in area with time plus the change in 
discharge along the stream segment is equal to zero. In other words, as a surge 
moves down the channel the depth will change so the area will change. At the 
end of a particular channel segment, the area will change with time as the 
di scharge changes along the channel segment. The equation states that these 
changes must be in balance so their net effect is zero. This means no water is 
gained or lost without being explicitly accounted for in the model. 

Unsteady flow computations require consideration of momentum flux as well 
as mass flux. The momentum equation states that the sum of the forces acting 
on the water in a river segment is equal to the change of momentum with time 
within the segment and the net movement of momentum in and out of the segment. 
The general form of the momentum equation can be expressed as: 

(2)III ~~ dV + I I v(pv • n) dA = ~F 

With certain simplifications, this equation can be stated with the force sum on 
the right hand side: 

(2a) 

where Q, V, A, n, t, v, and x as above, 
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U = mean velocity 

g = gravitational constant 

h = depth of flow 

S = bed slope
o
 

Sf = energy (friction) slope
 

In addition to mass and momentum flux, unsteady flow simulation requires 
calculation of energy flux within each stream segment. The general form of the 
energy equation considers the sum of kinetic energy, pressure, and potential
energy flux across the surface of a stream segment and the changes in kinetic 
and potential energy that take place within the segment. The general form of 
the energy equation can be expressed as: 

JJ}p(v • v)(v • n) dA + JJP(v • n) dA + JJ1Z(V • n) dA + 
• . (3) 

~t [I I I t p (v • v) dV + I II 1Z dV ] + Z Eoxtorn.1 - 0 

For gradually varied flow of water in an open channel this equation can be 
simpl Hied to: 

(3a) 

where 

subscripts 1 and 2 = upper and lower ends of the stream segment 

g = gravitational constant 

x = length of the stream segment 

This is the well-known Bernoulli equation. 

Simulation of unsteady flow requires simultaneous solution of the mass, 
momentum, and energy flux equations. This solution is computationally very
demanding which adds to the cost of using unsteady flow models. 
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The steady or unsteady flow concepts discussed above provide the basis for 
mass movement of water in an open channel. Description of the water temperature 
must be superimposed on the mass transport phenomena. The basic heat flux 
components influencing the temperature of the water in a stream segment are 
illustrated in Figure 11. The net heat flux is the sum of the heat gains and 
losses that occur in the stream segment. Theurer (1984) states that sum can be 
expressed as: 

(4) 

where H net heat flux 
n
 

H = atmospheric radiation
 a
 
H = air convection heat flux
 c
 
H = conduction heat flux through the stream bed
d
 
H evaporation heat flux
 e 

•H = solar radiation 
s
 

H = riparian vegetation radiation
 
v 

H w = water radiation 

H = fluid friction heat flux f 
In water temperature simulation models, each of these components is represented
by a physical process equation. The heat flux sum must be applied to each stream 
segment for each time step considered. Thus, the computational demands of an 
unsteady flow model with 5 to 15 minute time steps can be seen to be considerably 
greater than those of a 24 hour time step model. 

Once the heat flux has been calculated for a stream segment, the heat must 
be transported over the length of the segment as a mass of water heated or cooled 
as it moves. The change of temperature with distance for a steady state system
is: 

~~ = [q~ (T1 - T) ] + [ QB:
n
c ] (5) 

p 
where dT/dx = change in temperature along the stream segment 

ql = lateral discharge 

Q = main stream discharge 

T = lateral flow temperaturel
 
B = average stream width
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H = net heat flux 
n 
p = density of water 

c = Specific heat of water at constant pressure
p 

Solution of equations 4 and 5 using the flow conditions specified by equation 1 
for the steady flow case predicts water temperature at the ends of each stream 
segment in a steady state model. The principle is the same for unsteady flow 
models, but the solution technique must consider a heat transport equation that 
reflects the more complex effects of timing provided by the simultaneous solution 
of equations 1, 2, and 3. 

STEADY FLOW TEMPERATURE SIMULATION MODEL APPLICATION 

•
GENERAL DISCUSSION 

The Instream Water Temperature Model (Theurer et. al., 1986) was selected 
as a screening device and potential platform for unsteady flow, dynamic 
temperature simulation model development. A single stream segment version of 
the steady flow, one day time step temperature model developed by the Aquatic 
Systems Branch was appl ied to selected days from the three month period of 
record. The theoretical basis for the model, the steps in its application and 
results are summarized below. 

THEORY OF STEADY FLOW TEMPERATURE SIMULATION 

The steady flow temperature model (SRTEMP) used in this application solves 
the net heat flux equation (Equation 4) described above for each defined stream 
segment for each time period input to the model. Theurer, et. al. (1984) show 
that when the physical process equations for each component are substituted into 
equation 4, the result is: 

T 
H = A(T + 273.16)4 + BT + C (1.0640) w - D (6)n w w 
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where A = 5.40x10 -8 

B = (Cr C P) + (Kg/6Zg) (6a)e 

C = (40.0 + 15.0 W) (6b)a

o = H + Hf + H + H + (C C PTa) + [T (Kg/ 6Z )] +a s v r e g g
(6c)T 

[C Rh (1.0640 a)] e 

C = a + b W + c ~ (6d)e a 

Sf 
C =-­ (6e)r 6.60 .. 
P = Atmospheric pressure 
T = Air temperature a
 
T • Stream bed equilibrium temperature
 g
 

Kg = Stream bed thermal conductivity
 

6Z = Equilibrium depth below stream bed
g
 
Rh = Relative humidity
 

W = Wind speeda
 
Bf = Bowen Ratio
 

The heat transport portion of the model solves equation 5 in the following 
form: 

dt_[~ ] [K1(Te-T)B] (7)dx - Q (T1 - T) + Q P c 
P 

where K = first order thermal exchange coefficient1
 
T = equilibrium temperature
 
e
 

All other terms as above
 

See Theurer et. al. (1984) for further development of these equations. 

24 



STEADY FLOW TEMPERATURE MODEL APPLICATION 

Application of the Stream Reach Temperature Model (SRTEMP) was undertaken 
for sel ected days out of the summer peri od of record. The SRTEMP model was 
modified to accept input from data files as well as interactive keyboard input 
to facil itate data entry for several reaches in the system. The reach 
configuration selected is summarized in Table 2. Metric values actually used 
in the model are given on the second line of each entry. 

All variables that are used in the SRTEMP model are listed in Table 3 and 
referenced in the following paragraphs. 

Some of the driving variables in this model are quantities that were not 
or cannot be measured and therefore must be est imated. Some examples are: 
lateral inflow which must be obtained from differencing discharge measurements, 
and percent possible sun which is only measured at a few weather stations in 
the nation. These values have been estimated from the available data. Lateral 
flow was determined by comparison of spot discharge measurements and percent
possible sun was estimated from qualitative notes on the degree of overcast. 
The scale in Table 4 was developed to estimate percent possible sun from cloud 
description. • 

For analysis and input to this simulation model, the data were organized 
by time period and collected into files relevant to the required simulation data 
sequence. One day (24 hour) means of all the relevant variables were calculated 
for the selected days and supplied as model input. 

Where possible, independent confirmation of the input data values was 
accomplished. For example, the low solar radiation values encountered on July 
26 have been confirmed by development of a stand-alone solar radiation model. 
Under the conditions of zero percent possible sun, the values measured are well 
within the expected range for a totally overcast day. Other forms of 
confirmation such as comparing the air temperature measured at the Pulaski Jr/Sr 
High School with those from Bennets Bridge have been used where available. In 
all but a few cases, these simulation periods have been selected to avoid periods 
of instrument malfunction. For some situations where a recording instrument was 
inoperable during the first or last four hours of a day, the 24 hour averages 
were obtained using the corresponding hours from the previous or succeeding day. 

DISCUSSION OF MODEL RUNS 

In the model runs described below, the following assumptions were made and 
justified on the basis of physical relevance and improvement in the fit of model 
predictions to simulated data. First, for the lowest (leakage) flows the shade 
provided by riparian vegetation was assumed to be a very low value approaching 
no shade. Therefore under the very lowest flows, a shade value of 0% was 
assumed. This value was tested by assuming shade values of 1% to 3%. There were 
small but insignificant changes in water temperature with those shade values so 
the value of 0% was retained on the basis of larger sources of error occurring 
in other variables. 
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Table 2. Geographical layout of SRTEMP model application. 

Elevation Elevation 
Length Upstream Downstream Width 

Trib. (Mi) (ft) (ft) (ft)
Station name name (km) (m) (m) (m) 

Lighthouse Hill 
to Beaverdam Br./
Hatchery * 

2.3 
3.7 

595 
181 

538 
164 

89 
27 

Beaverdam Br. 
to Altmar 

Beaverdam 
Br. 

0.4 
0.6 

538 
164 

528 
161 

89 
27 

Altmar to 
Orwell Br. 

1.3 
2.1 

528 
161 • 

509 
155' 

92 
28 

Orwell Br. 
to Trout Br. 

Orwell Br. 2.7 
4.3 

509 
155 

470 
143 

98 
30 

Trout Br. 
to Route 2A 

Trout Br 2.9 
4.6 

470 
143 

411 
125 

98 
30 

Route 2A 
to Pul aski 

3.0 
4.8 

411 
125 

330 
101 

105 
32 

Trout Br. itself 
to Salmon R. 

0.9 
1.4 

515 
157 

470 
143 

20 
6 

Notes: 

1.	 For modeling purposes, the Salmon River Fish Hatchery and the confluence 
of Beaverdam Brook were located at the same point on the river. It was 
felt that the temperature difference between the two locations was too 
small to warrant describing that section as a separate reach. 

2.	 Each reach showing a tributary name has that tributary at the head of 
the reach. The tributary flow and temperature are fully mixed with the 
Salmon R. main stem in the SRTEMP model. 

3.	 Trout Brook is the only tributary that is simulated as a separate reach. 
This is because the location of its recorder is sufficiently far 
upstream from the confluence that the heat flux over the intervening 
reach was believed to be potentially significant. 
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Table 3. Data requirements of the SRTEMP model. 

A. UPSTREAM DISCHARGE Cu. meters/sec.
B. UPSTREAM TEMPERATURE Degrees Celsius 
C. LATERAL DISCHARGE CMS/Kilometer 
D. LATERAL TEMPERATURE Degrees Celsius 
E. REACH LENGTH Kil ometers 
F. MANNING n / TRV TIME -- or SEC/KM 
G. UPSTREAM ELEVATION Meters 
H. DOWNSTREAM ELEVATION Meters 
I. WIDTH'S A TERM Meters 
J. WIDTH'S B TERM Dimensionless 
K. THERMAL GRADIENT J/M2/S/C 
L. AIR TEMPERATURE Degrees Celsius 
M. RELATIVE HUMIDITY Dec i rna1 
N. WIND SPEED Meters/Second 
O. PERCENT POSSIBLE SUN Decimal 
P. SOLAR RADIATION Joules/M2/S
Q. DAYLIGHT TIME Hours • 
R. REACH SHADING Dec imal 
S. GROUND TEMPERATURE Degrees Celsius 
T. UPSTREAM DAM (Y/N) Yes = 1 No = 0 

Note: All data are required for each reach. 

Table 4. Estimation of percent possible sun from cloud cover description. 

Cloud descriptor Percent possible sun 

Overcast o
 
Mostly cloudy 25
 
Partly cloudy 50
 
Scattered clouds 75
 
Clear 100
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Percent possible sun was estimated using the scheme described above. For 
this parameter, as for the shade percentage, estimates were tested by varying 
the parameter on several different days and deriving a best-fit value within the 
bounds of physical relevance. 

Several days from the data set were selected for SRTEMP runs in an attempt 
to bracket the range of meteorological and operational conditions encountered 
during the summer. The temperatures resulting from these model runs for the days 
selected are given in Appendix 2. The data tabulated in Appendix 2 are plotted 
in Figures 12 through 21. In these plots, a small box has been used as the 
plotting position indicator for measured temperatures, the plus sign indicates 
simulated values. 

The accuracy of the SRTEMP model results in terms of fitting the measured 
temperature profile is best observed by scanning through Figures 12 through 21. 
For ease of visual comparison, all profiles have been plotted at the same scale. 

Figure 12 shows the longitudinal profile of measured and simulated 
temperatures for July 26. The recorded values clearly show the effects of the 
confluence of Beaverdam Brook below Kilometer 3 by the sharp change in 
temperature between the Salmon River Hatchery r~order just above km 3 and the 
Altmar recorder at km 3.6. Orwell Brook joins the river at about km 5.7 and 
Trout Brook joins near km 10. There are no recorders between Altmar and Route 
2A at km 14.7. The final recorder site at Pulaski is at km 19.5. 
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July 26 was selected for the first application as it had steady flow due 
to no generation over a weekend. The steady flow condition is a basic 
assumption of the SRTEMP model and it was felt that the first applications should 
remove as many sources of potential error due to the model format as possible 
so a totally steady flow day was selected. 

July 26 was completely overcast with rain occurring throughout the day. 
The air temperature was 22.2 ·C (24 hour average). The 26th was a Saturday and, 
as there was no generation, the release was approximately 20 cfs (cubic feet 
per second) for 24 hours. As noted earlier, the stream was assumed to have no 
shade at this low discharge. The width of flow; however, was assumed to be about 
2/3 of the channel width due to the frequent braiding encountered in the Salmon 
River. 

The simulated temperatures for July 26 shown in Figure 12 successfully 
track with the measured trend between the reservoir and the hatchery, but do not 
do as well further downstream. The simulation misses the temperatures indicated 
by the measurements at Altmar and is somewhat below the recorded values at Route 
2A and Pulaski. The largest single difference, at Altmar, is less than two 
degrees from the recorded value. The absolute mean error is 0.6 ·C and the root 
mean square error (RMSE) is 0.56 ·C. These values-indicate a'relatively close 
fit to the data, and are well within the + ·C absolute error that is typical of 
this class of model. 

Although the simulated trend between Route 2A and Pulaski is opposite of 
the measured trend, it should be noted that the Route 2A measurements are 1/2 ·C 
or more above the Pulaski measurements on more than one day during the study 
period. This suggests that those differences may be a local artifact. 

The simulated and recorded temperature values for July 27 are depicted in 
Figure 13. This day was partly overcast and had an average air temperature of 
21.1 ·C. As on July 26, the release consisted of leakage at about 20 cfs. 
Simulation results again lie below the recorded data. The largest error, 
1.19 ·C) is at Pulaski. As the mean error and RMSE are less than 0.5 ·C the 
simulation for this day is also within the expected bounds for this model. 

The s i tuat i on on August 4 is a sharp contrast to the previ ous days 
described as shown in Figure 14. The day's release included 22 hours of 
generation with one unit and two hours of no generation. The resulting mean 
discharge from the reservoir was 621 cfs. At 19 ·C, the mean air temperature 
was typical of a clear August day. From Figure 14 it can be seen that the 
simulation on this day follows the measured temperatures quite well with the 
largest deviation of only 0.43 ·C observed at the Pulaski recorder. 

The weather on August 5 was similar to the previous day; clear, with a mean 
temperature of 20.5 ·C. The powerhouse operation, however, was very different. 
There was no generation except 7 hours of a "1/2 unit" release for the fish 
hatchery. The largest deviation from observed temperatures occurs at the Route 
2A site and that is 0.84 ·C. The simulated profile (Figure 15) shows the 
i nfl uence of Beaverdam, Orwe 11 and Trout Brooks enteri ng the ri ver at lower 
temperatures. The differences between observed and measured temperatures are 
well within the range expected for instream temperature simUlation. 
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Figure 13. Salmon River water temperature profile for July 27, 1986. 
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Figure 14. Salmon River water temperature profile for August 4, 1986. 
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Figure 15. Salmon River water temperature profile for August 5, 1986. 

During the period Aug. 11 to Aug. 16 there was continuous one unit 
generation and therefore nearly constant discharge of about 750 cfs. Recorder 
failures in the stream and at the weather station precluded simulating Aug. 15 
and 16 temperatures. Over the four remaining days the weather was relatively 
constant with clear or mostly clear days, average air temperatures of 16.7 .( 
to 20.0 ·C, relative humidity between 52 and 70 percent and wind speeds ranging 
from 3 to 11 mph, and solar radiation ranging from 218 to 245 Joules/sq. 
meter/sec. 

In the data analysis section of this report some difficulty with the 
temperature recorder at the Lighthouse Hill power house was noted. Most of the 
errors induced by that situation were corrected by Ichthyological Associates. 
Examination of the longitudinal temperature profiles for Aug. 11 to Aug. 14 lead 
to the conclusion that there were some artificial trends remaining in the 
corrected data. There was a general air temperature warming trend during the 
same peri od that recorder probl ems induced an apparent warmi ng trend. The 
Lighthouse Hill release temperatures used herein were estimated on the basis of 
comparison of the 24 hour average longitudinal temperature profiles and 
simulation using the SRTEMP model. The results reported use the estimated 
temperatures as those temperatures represent our best judgment of the actual 
release temperature values. 
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On August 11 the simulated trend cuts through the middle of the 
temperatures measured upstream as shown by Figure 16. A recorder outage at the 
2A and Pul aski sites makes it difficult to cl ari fy the behavior of the downstream 
temperatures or critique the model's performance there. 
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Figure 16. Salmon River water temperature profile for August 11, 1986. 

The August 12 plot (Figure 17) shows the model following the measured 
temperature trends with a maximum deviation of less than 0.3 'C. This 
performance on a bright, sunny summer day will be referred to later. 

On August 13, the model follows the general observed trend, shown in 
Figure 18, of temperature decreasing downstream. The simulated temperatures pass 
slightly above the two upstream measuring sites and between the two downstream 
sites. The maximum devi at i on is 0.57 '(. Thi s day had the greatest measured 
solar radiation of any day studied. 

Figure 19 depicts the measured and simulated temperatures for August 14. 
The simulated profile nearly bisects measured values at Route 2A and Pulaski. 
The large measured difference between 2A and Pulaski does not appear to be 
attributable to the meteorology or to match the overall pattern of temperature 
change from the reservoir to Pulaski. As noted earlier, this may be an artifact 
of the temperature recorders or their location. In spite of the anomalous 
recorded values between Site 2A and Pulaski, the largest deviation of simulated 
temperatures is 0.68 .( which is within the accuracy expected for the model. 

The last two days selected for simulation, August 21 and 23, represent high 
generation flows under partial and total cloud cover. Two generation units were 
operated most of both days. Due to a low initial temperature, the model 
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Figure 17. Salmon River water temperature profile for August 12, 1986. 
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Figure 18. Salmon River water temperature profile for August 13, 1986. 
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Figure 19. Salmon River water temperature profile for August 14, 1986. 

underestimates the temperature on August 21, though the largest error is about 
0.25 ·C. In contrast the Aug 23 profile seems reasonable with a maximum error 
of about 0.58 ·C. Measured and simulated water temperatures are shown in Figures 
20 and 21. Introduction of the revised Lighthouse Hill release temperatures 
supplied by Ichthyological Associates considerably improved the accuracy of the 
simulation on these days. 

Evaluation of the selected days' data indicates that the model may 
underpredict water temperatures on heavily overcast days with very low discharge
from the reservoir by as much as 2 ·C. In contrast, the simulated values are 
usually within one half ·C on days with higher flows under the full range of 
weather conditions evaluated. This somewhat greater difficulty in fitting the 
measured longitudinal temperature profile when the discharge is extremely low 
is not surprising. In as system such as the Salmon River, the leakage from the 
reservoir provides the only discharge when the power plant is not generating.
As a result, the river bed is exposed to heat flux conditions that would not 
occur at higher discharges where a larger portion of the bottom would be covered 
with water and a larger proportion of the stream would be shaded. These effects 
tend to emphasize the sensitivity of the model to the difficult-to-measure 
parameters that were noted earlier and do not preclude the possibility that this 
model may need further refinement to better simulate such conditions. 

Scanning over Figures 12 through 21, it can be seen that the daily average 
temperatures at the measurement sites vary over a range of as much as 2.5 ·C. 
The three upstream measurement sites; at Lighthouse Hill (LHH), Salmon River 
Hatchery (SRH) and Altmar (ALT) frequently show a large variation in temperatures 
as the water moves downstream. The hatchery measurements often (but not always) 
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Figure 20. Salmon River water temperature profile for August 21, 1986. 
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Figure 21. Salmon River water temperature profile for August 23, 1986. 
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appear to be disjointed from those taken at Lighthouse Hill and Altmar. This 
is partly due to the effect of Beaverdam Brook mixing just below the Hatchery. 
The amount of temperature change between the dam and the hatchery ranges up to 
1.3 ·C. in less than two miles for a change of 0.7 ·C per mile. This is in 
contrast to a maximum range of 1.3 ·C, that is, 0.07 ·C per km (0.11 ·C per
mile) over the 19 km (12 miles) from the reservoir to Pulaski. On some days,
the recorded measurements suggest that most of the heating or cooling that goes 
on in the river occurs in the first 3.2 km (2 miles)~ This seems unlikely during 
one and two unit releases as some of these apparent large jumps were recorded 
at the highest average flows when two generating units were on line a large part 
of the day. Under leakage release conditions the combined tributary discharge 
may be three to five times as great as the reservoir release. Therefore, at the 
leakage rate of 0.566 cms (20 cfs) it is conceivable that the first section of 
the river could contribute most of the temperature change, with the lower 
sections moderated (cooled in the summer) by the tributary discharges. 

POTENTIAL SOURCES OF ERROR 

Some of the temperature differences between a'li' two sites -can be attributed 
to expected warming or cooling due to heat flux over the intervening distance. 
Others can be attributed to mixing of tributaries. However, in those situations 
were temperature differences of over 1 ·C occur over distances of less than two 
miles with no intervening tributaries, other phenomena must be considered. 

One of the most difficult values to measure in a river system is lateral 
inflow and the associated lateral flow temperature. A review of Appendix 2 and 
Figures 12 through 21 shows that there is no consistent rise or fall between 
Lighthouse Hill and the Salmon River Hatchery nor between site 2A and Pulaski 
(the two reaches with no tributaries). As the groundwater would be expected to 
maintain a relatively constant temperature; if its effect were dominant in a 
reach, it would be expected to consistently shift the temperature up or down in 
that reach under most conditions. Thus, it would appear that the suspicion of 
unusually warm or cool ground water inflows in those reaches can not adequately 
explain the swings in temperature between adjacent stations. 

Another parameter that could influence the temperature shifts within a 
reach is the local shading. Justification for varying the reach shading with 
the discharge is given earlier in this report. 

Meteorological variables also do not appear to be a likely source of the 
local temperature fluctuations. Overall trends such as warming or cooling down 
river are attributable to the meteorological influence on heat flux; but local 
changes, particularly those that run opposite of the overall trend are unlikely 
to be caused by the day's weather. 

Since it appears that no local environmental variable is clearly
responsible for the temperature shifts noted, the possible explanations for some 
differences seem to be limited to local site bias and random noise. Since the 
values used in this portion of the analysis are 24 hour averages, the effects 
of random noise should be small. The possibility of site bias remains to be 
considered. 
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It is our understanding that the Altmar recorder location was chosen to 
be in an area where the temperature profile across the stream was constant. If 
this is true for all flows, concerns about the Beaverdam Brook inflow staying 
near one bank and unduly influencing the recorder can be allayed. 

The Route 2A and Pulaski sites are sufficiently far downstream from major
tributaries to be completely mixed. Thus, unless there are unusual conditions 
at the immediate recorder locations, they would also be expected to be recording 
representative temperatures. The frequent differences between these two 
recorders, particularly on bright days would suggest that there is some local 
bias toward high temperatures at the Route 2A site and a similar bias toward 
lower temperatures at the Pulaski site. 

This discussion points out that there is no overwhelming evidence for local 
influences or recorder bias to explain the longitudinal pattern of temperature 
shifts between some sites in the Salmon River. Considering the lack of clear 
evidence for any particular cause, a 24 hour average measured temperature shift 
between recorder sites of plus or minus 1 °C may be attributable to random 
effects. The advantages of knowing this sensitiv~y when ap~lying a model to 
the river will be discussed later. 

WORTH OF DATA IN THIS STEADY FLOW MODEL APPLICATION 

One of the goals of this research effort was to determine the value of 
localized weather data collection when attempting to simulate water temperature 
in a stream such as the Salmon River. As noted earlier, a weather station was 
set up at Pulaski Jr/Sr High School for this study to ensure satisfaction of 
model data needs with observations of the conditions near the river. The results 
reported above were all obtai ned us ing data from that stat i on and from the 
Bennets Bridge powerhouse at the upper end of Lighthouse Hill Reservoir. 

Data worth can only be evaluated in a comparative sense. That is, if only 
one source of data is available, it must be used. If more than one potential 
source of data is or can be made available, a trade-off between the accuracy of 
model results and the cost of data can be considered. It is reasonable to ask 
if a one degree improvement in the precision of predicted temperatures justifies
the expense of establishing and maintaining a remote weather station. 

Hourly weather data from the Ni ne Mil e Poi nt Nucl ear Power Pl ant was 
obtained from Niagara Mohawk for the period from June 1 through August 15 
inclusive. The Nine Mile Point facility is located about 16 km (IO mi) from 
Pulaski and 25.6 km (16 mi) from Lighthouse Hill Reservoir. Since Nine Mile 
Point is located on Lake Ontario, the elevation difference between it and the 
Pulaski Jr/Sr High School is not sufficient to require adiabatic correction of 
measured temperatures. Thus, it was determined that an adjustment of the air 
temperatures for elevation was not necessary. 

The weather data gathered at Nine Mile Point included air temperature, wind 
speed, and dew point temperature. Relative humidity was derived from the dew 
point and air temperatures using the ratio of the saturation vapor pressure of 
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water at the two temperatures. Wind speed, air temperature and relative humidity 
were then substituted for the Pulaski Jr/Sr High School and Bennets Bridge data 
and the SRTEMP model was re-run. 

One weather parameter needed by the model is not measured at Ni ne Mi 1e 
Point. That is solar radiation. As the Pulaski Jr/Sr High School measurements 
were the only hourly solar radiation values immediately available, that parameter 
was unchanged for this exercise. It should be noted that large variations in 
solar radiation over such small distances would be confined to localized fog or 
cloud events. The likelihood of such events at these stations is not known at 
this time. . 

To provide a basis for comparison between the two data sets, the same days 
were selected for simulation as were described earlier. For similar reasons, 
the other data used in the model were unchanged. The results of simulating 24 
hour average water temperatures using the Nine Mile Point weather data are shown 
in Figures 22 through 29 and presented in Appendix 3. In these figures and 
tables, the results of the previous simulations are also presented for comparison 
purposes. 
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Figure 22. Remote and local weather data water temperature profile for 
July 26, 1986. 

38
 



24 

23.5 

23 -

• 
+ 

0 

MEASURED 

SIMULATED 

REMOTE 

Ui 22.5 

22 

.... 

-A~--"u ­ ---+- uu_-=-- -- ­ -~ 
~ 21.5 - ,.. ~ 

21 -

20.5 -

o 2 4 6 8 10 ~ 14 16 18 20 

KM FROM LIGHTHOUSE HILL RESERVOIR 

Figure 23. Remote and local weather data water temperature profile for 
July 27, 1986. 

Though the days selected for simulation were chosen to represent a variety
of discharge and weather conditions, the results obtained here can easily be 
divided into two groups on the basis of discharge. During the period of low 
leakage releases, there are relatively large differences between the two 
simulations. The simulations based on remote weather data actually seem to do 
better under these conditions at the downstream end of the system (see Figures 22 
and 23) than the original simulations. The dramatic deviation of simulated from 
observed temperatures at the upper end of the system on July 26 indicates the 
comments made earlier about estimation of unmeasurable parameters still hold. 
In particular, since the unmeasured model input parameters like lateral discharge
and lateral discharge temperature must be estimated, it appears that use of 
remote weather data could influence the values estimated when goodness of fit 
is the major criterion used in those estimates. 

Figures 24 through 29 show that the di fference between the two weather data 
sets is generally too close to call when the release is one or two units for more 
than half of a day. The mean error and root mean square error values shown in 
Appendix 3 do not show dramatic improvements for most days and in some cases 
decrease. 

From this comparison, it appears that remote weather data from sites as 
close as Nine Mile Point is to the Salmon River may be adequate for all but the 
extreme low flow conditions. In situations where such meteorological stations 
exist, it may be cost effective to enhance the instrumentations of the 
meteorological station when doing temperature modeling. Such stations with 
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Figure 24. Remote and local weather data water temperature profile for 
August 4, 1986. 

24 ...,....----------------------- ­

23.5 
• 
+ 

MEASURED 

SIMULATED 

<> REMOTE 
23 

U 22.5 
en 
W •..
 

20.5 

0 2 4 6 8 10 12 14 16 18 20 

KM FROM LIGHTHOUSE HILL RESERVOIR 

W 22a::: 
c:J --­ ---(>

W -- ­
0 21.5 

21 

Figure 25. Remote and local weather data water temperature profi 1e for 
August 5, 1986. 

40
 

20 



---- - --

24 

• MEASURED23.5 
+ SIMULATED 

o REMOTE23 

U 22.5 
(IJ 
W 
W 22c: 
w "C 21.5 

21 

20.5
 

20
 
0 2 4 6 8 10 12 14 16 18 20 

KM FROM LIGHTHOUSE HILL RESERVOIR 
Figure 26. Remote and local weather data water temperature profile for 
August 11, 1986. 
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established collection schedules and quality control functions may prove to have 
a higher likelihood of reliable data collection. 

UNSTEADY FLOW TEMPERATURE SIMULATION MODEL APPLICATION 

GENERAL DISCUSSION 

A particular problem noted in the Salmon River is the tendency for the 
leading edge of the slug flow resulting from a one to two unit change in 
generation to overtake the zero to one unit slug creating an abrupt change in 
depth and velocity in the river. (Homa and Trolier, 1987) Due to this phenomena, 
a dynamic unsteady flow temperature simulation model was needed for application 
to the Salmon River. RIVI (Bedford, et. al. in prep.) was selected for this 
study after consultation with staff of the Army Corps of Engineers Waterways
Experiment Station due to its ability to explicitly solve the dynamic unsteady 
flow equations using a one dimensional finite difference scheme. The explicit 
solution scheme in RIVI is designed to consider unsteady flow in an open channel 
in the most general sense, which made it appear to·be the best candidate for a 
potentially problematic application. 

The basic elements of the theory of unsteady flow temperature simulation 
used in this model, and the steps in its application are summarized below. 

THEORY OF UNSTEADY FLOW TEMPERATURE SIMULATION 

The next few paragraphs describe in very rudimentary terms the basis for 
simulating unsteady flow and water temperature under unsteady flow conditions. 
This description is not intended to be particularly rigorous, but rather to give 
the highlights of the method used so later comments on the type and extent of 
data collection will have more relevance. 

The general forms of the mass, momentum and energy balance equations were 
given in Section 5. RIVI solves those equations by breaking the river into a 
discrete grid of time and space nodes which are separated by time and space 
increments of ax. and at. as shown in Figure 30. Using this scheme, a general 
variable w and i~s spati~l and time derivatives evaluated at the point B can be 
represented as: 

rw.j+1 + w~+l ] 
j 

1, + W.HI Hw(!3) = 9 2 + (1 - 9) rw; 
2 ] (8) 

r .,.1+1 + w~+1 + W.
j 

1HQ!!ill =9' HI ] + (1 - 9) rw; (9 )ax ax., ax., ] 
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When equation Ib is modified to consider a lateral flow q (flow per unit length 
of channel) it can be stated as: 
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(11 ) 

Modification of this equation to consider over bank flow adds another term A 
to account for the additional over bank area resulting in: 0 

§.Q-q=o (11 a)ax 
The four point discretized representation of this equation is: 

2a~i [ (A + Aol~+l + (A + Aoltl - (A + Aol~ - (A + AolL ] 

+ 9 [ a~i (ot] - O~+ll ] - 9 (qtl + q~+ll (lIb) 

+ (1 - 9) [ a~ 1 ( ot1 O~)] - (I - 9l (qt1 + q~ l • 0 

where A = area 

Q = discharge 

e = distance from time boundary j 

index of space intervals 

j index of time intervals 

x = interval in space indexed by i 

The discretized form of the momentum equation is presented in Bedford et. al. 
(in prep.) and will not be presented here. 

Solution of the mass balance (continuity) and momentum equations requires 
satisfaction of certain initial and boundary conditions. For continuity, the 
initial conditions need to be supplied at time t = to for all the nodes i, for 
i = 1 to N. These initial conditions have the form: 

A(t = t , x) = A.(x) (12)o , 

For the momentum equation, either 

Q(t = to' x) Qi (x) (13 ) 

or 
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U(t = t ,
o 

x) = U.,(X) (14 ) 

where U = mean velocity 

all other variables as above 

can be used. 
of the model 

The effect of these boundary conditions 
will be discussed below. 

on the data requirements 

In RIVI the net heat flux components are similar to Equation 4 in Section 
5. Once the temperature of a unit mass has been determined considering the heat 
balance, the temperature is transported using: 

a~~T) + a(~~Tl = a~ (DA ~~) + qT (15) 

DISCUSSION OF RIVI MODEL APPLICATION 

The RIVI model consists of two components, a hydraulic simulation to route 
the effects unsteady flow down the channel and a w.ter quality simulation that 
can simulate the decay and transport of many water quality constituents. The 
unsteady flow hydraulic simulation model is independent of the water quality
model and uses a different solution scheme. The water quality simulation uses 
the results of the routing model to provide the mechanism for transport of 
pollutants while simulating the physical and chemical processes of pollutant 
reactions and dispersion. The bulk of this section is devoted to describing
the hydraulic simulation portion of the model. 

The RIVI computer programs were developed on a Digital Equipment Corp. VAX 
mini-computer system. Since such a system was not available for this 
application, the two computer programs that comprise the model were revised to 
run on both Control Data Corporation mainframes and IBM PC compatible micro­
computers. These revisions allow the same computer code to be run on both types
of machines without modification. This arrangement uses standard FORTRAN?? to 
ensure such portability and gain two important advantages for the model user. 
The extensive error detection capabilities available on the CDC mainframe provide 
a significant advantage when working with a new, unfamiliar model. At the same 
time, the low cost of off-line processing on the micro-computer is an important
consideration when debugging is finished and production runs are being made. 

Considering the small number of governing equations for an unsteady flow 
model its application would appear deceptively simple. However, the boundary
conditions stated above in equations 11 to 13 present a very large data demand 
on the user. This section begins by describing the data requirements of the 
unsteady flow model and the methods used to obtain them. The initial model set 
up is then descri bed and the results of the fi rst runs are presented. Thi s 
section concludes with a summary of the computational difficulties that were 
encountered in this application. That problem has been referred to the Corps
of Engineers. 
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To track the surge of a sudden change in release down the channel, the 
equations cited above require certain kinds of information. Among them, are a 
rather precise description of the channel. This includes the bed elevation, 
cross section shape, and length of each stream segment along the length of river 
to be simulated. The stream segments must be selected to satisfy several 
criteria. The segments must be approximately uniform in cross section shape and 
hydraulic characteristics over their length. Segment boundaries must be selected 
so the length of a segment is within approximately 50 to 150 per cent of both 
adjacent segments to avoid computational difficulties. Segments must capture
the changes in river morphology and hydraulics along the length of the stream. 
And finally, the segment descriptions must be measured very accurately. For 
example, all bed elevations should be referenced to the same datum. 

In addition to the channel description, precise data covering the timing 
and volume of discharge must be collected for the approximate range of expected 
discharge to calibrate the model. The routing data collected during two routing 
studies in July 1986 partially satisfy this requirement when combined with stage­
discharge relationships. That data was collected at a few sites along the river 
and is adequate for those sites. However, the boundary conditions noted above, 
require the initial area (or stage as its surrogate) and discharge at every 
segment boundary in the river. As the segment.layout for" this system is 
described below, it will become clear that. the number of observations to satisfy 
all boundary conditions can be large. The cost of satisfying all of these data 
demands to a high degree of precision could be prohibitive. Furthermore, a 
complete data set designed to satisfy all the requirements of this model was not 
available. As a result, several means to estimate unmeasured values were 
employed as outlined below. 

Reach segments were defined to incorporate major changes in flow 
characteristics, natural boundaries such as tributaries and unique sections such 
as the braided areas below Beaverdam Brook and above Trout Brook. After these 
boundaries were established, additional segment boundaries were imposed on the 
system to satisfy the computational requirements noted above. 

To obtain the longitudinal bed profile, the thalweg. elevations along the 
stream were estimated by combining the cross sectional measurements made at 
selected points and a set of topographical maps (Constructed Salmon River 
Project) provided by Niagara Mohawk Power Corp. The known cross section 
dimensions were referenced to bankside elevations from the maps to obtain the 
approximate thalweg elevations. 

As noted earl ier, many segment boundaries were added to satisfy the model's 
computational demands. Since they were arbitrarily selected, no measurements 
had been made at those segment boundaries. At these locations, surrogate cross 
sections were supplied to the model after consultation with Mr. John Homa of 
Ichthyological Associates. Mr. Homa compiled a list of measured cross sections 
and the type of stream characteristics they contained. He then matched the 
characteristics of the locations where arbitrary segment boundaries were needed 
with the know cross sections to obtain the requisite descriptions. The thalweg 
elevations were then obtained as above. 
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Once the channel had been subdivided into these computational segments,
the channel slope was estimated from the thalweg elevations and the segment
lengths. An initial value of Manning's n was estimated as 0.060 and was supplied
for each segment. The RIVI model requires functions describing the relationship 
of area and depth at each segment boundary. These functions are in the form: 

a3Area = a1 h + a2 h (16) 

the coefficients al , a2, and a3 were obtained by log transform regression and 
geometric formulae using the cross section descriptions data for each station. 
The resulting station descriptions for the Salmon River are given as Appendix 4. 

In addition to the geometric data required to describe the river system
being modeled, the boundary conditions must be satisfied. The initial conditions 
(at the start of the simul at ion, time t = 0) that must be supp1i ed at each 
segment boundary are the state-height (depth at the thalweg) and discharge. That 
is, the discharge and resulting depth at time zero must be known at each segment
boundary. In the routing studies that were performed on the Salmon River, data 
were collected that satisfy the initial condition requirement~ at stations S172 
Lighthouse Hill Routing, S162 Salmon River Hatchery Intake, S154 Altmar, S121 
Pineville, S087 Route 2A, and S049 Pulaskl. The initial conditions at the other 
stations were estimated by interpolating initial discharge between the stations 
wi th known discharge values and cal cul at i ng depth from the stage-d i scharge 
relationships from the assumed station cross sections. 

After the initial conditions are established, the model requires a minimum 
of one boundary condition to be supplied for the upper end of each reach (i.e.
the main stem and each tributary) and a downstream boundary condition for each 
time increment that has a change in discharge. These may be supplied in several 
forms, but essentially the discharge must be known for each stream reach head 
and the bottom of the system for each time step. Considering time steps of five 
minutes and a routing study that spans three days, 864 values must be supplied
for each boundary. For the Salmon Ri ver from Li ghthouse Hi 11 Reservoi r to 
Altmar, 4,320 values would be needed and over 21,000 initial condition values 
would be needed to reach Pulaski at this resolution. 

It is reasonable to expect difficulties with the first runs of a model of 
this complexity. Therefore, the first attempts to apply the model to the Salmon 
River were limited to the section from Lighthouse Hill Reservoir to Altmar and 
a time span of the first few hours of the first routing study. This limited data 
set was selected because geometrically it covered a variety of channel 
characteristics, included the source of the unsteady flow and temperature (the 
power plant releases), included a tributary and included the first abrupt change
in discharge caused by one unit coming on line; typical conditions for any river 
that might be studied. It was felt that the experience gained from implementing
the model on this small section would allow expansion of the initial run to the 
whole river to proceed smoothly. 

A data set was pre~ared for the hydraulic model that covered this reach. 
That file is given as Appendix 5. When model execution was attempted using this 
data, an unexpected error relating to the computer program attempting to divide 
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a number by zero occurred. There were several possible sources of this error 
and a trial and error approach was used to track down the source of that error. 
Potential sources of the error included, too much irregularity in spacing of 
segment end points, too little discharge at the low flow, difficulties with the 
area-depth functions, incorrect Manning n values, and errors in the computer
code (either in the original program received from the Corps. of Engineers or 
errors introduced during the process of adapting the code to our computers). 

Several adjustments to the data set were made singly and in combination 
to find the problem. The segments were re-defined at regularly spaced intervals 
to eliminate any numerical problems caused by irregularity of spacing. The cross 
sections were modified to be all of the same shape and that shape was set to 
match the shape supplied with a sample data set that ran on the modified code 
without error. The discharge was re-set to a steady flow condition equal to a 
one unit release to eliminate the possibility that the unsteady flow in the 
Salmon River was too abrupt for the computational techniques employed in the 
model. Manning's n was varied from 0.010 to 0.090 to test the possibility that 
the backwater calculation needed adjustment. Finally, the computer code was 
modified to trace the course of calculations leading to the specific error. 

The error was identified as an attempt by 4il:he model to run the water 
surface below the channel bottom. This provided a zero depth which was later 
used in a divide operation resulting in the program bloWing up. :W.Jth this 
information as a gUide, the data set was again modified to reduce the channel 
slope. When the channel slope was reduced, the program ran. To test this 
sensitivity to slope, the sample data set supplied with the model was revised 
to have a slope equal to the Salmon River between Lighthouse Hill and Altmar. 
The program again failed. 

Consultation with the staff of the Waterways Experiment Station indicated 
that th is failure mode was unexpected. The several data sets used to ident ify 
the problem were forwarded to their offices for further examination in mid 
December, 1987. The Corps. personnel have been very helpful in dealing with the 
problem, but due to time constraints the computational problem remains unresolved 
as of this date. 

TEMPERATURE SIMULATION UNDER DIURNALLY
 
FLUCTUATING METEOROLOGICAL CONDITIONS
 

The failure of the fully dynamic hydraulic component of the RIV1 model 
led to a conservative choice of a model that has had several years of testing
and improvement. The follOWing paragraphs describe the steps taken to apply
the QUAL2E model to the Salmon River and the results obtained. 

PREPARATION OF METEOROLOGICAL DATA 

When considering simulation modeling as a means of predicting the effects 
of various water system operating regimes, the data needs of the models are an 
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important consideration. Typically. all desired data are not available in the 
form used by a model and some form of data rearrangement is needed. There is 
always some risk that needed data will not be available and a data synthesis
effort will be required. 

Two general kinds of data deficiencies can occur. They are unavailability 
of needed data and failure of data collection. Paradoxically, it is often 
difficult to determine the precise data needs when planning a study unless the 
model to be used is already identified and it is also difficult to know which 
model should be used until some data have been collected to give an indication 
of the kinds of phenomena that are likely to be encountered. As a result needed 
data are sometimes omitted from carefully planned and executed data collection 
efforts. 

Most data collection work faces the risk of failure of the data collection 
mechanism. Instrument failure, transportation failure and simple human error 
all are causes of missing data. As a result, any analysis or model study that 
depends on driving data must direct some effort to filling data gaps and to 
developing redundancy checks whenever possible. 

The data collection efforts in the Salmon Riv~r study encountered both of 
these kinds of data shortages. This section of this report describes the steps 
to overcome those shortages and develop the needed input data to run QUAL2E with 
diurnally varying meteorological data. 

Table 5 contains a summary of the variable meteorological data requirements 
of QUAL2E. The model uses these data at three hour intervals to describe the 
meteorological components of heat flux influencing the stream. 
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Table 5. Meteorological data required by QUAL2E for diurnal temperature 
simulation. 

Data type Units 

Net solar radiation 
(only used for algae) 

Cloud fraction 
Dry bulb temperature 
Wet bulb temperature
Barometric pressure
Wind speed 

BTU/ft2-hr, Langleys/hour 

tenths of cloud cover 
of, °C 
of, °C 
inches Hg, millibars 
ft/sec, m/sec 

•Weather data collected at various stations was supplied as Lotus 123 
worksheets and ASCII files by Niagara Mohawk Power Corp. and Ichthyological
Associates. Table 6 contains a summary of the meteorological data for sites 
near the Salmon River. Comparison of Tables 5 and 6 shows that some needed data 
types are missing entirely and that others must be derived from the available 
data. 

Table 6. Meteorological data reported for sites near the Salmon River during 
summer of 1986. 

Site Data reported 

Bennet's Bridge
Powerhouse 

Pul aski Jr/Sr
High School 

Nine Mile Point 
Powerplant 

Syracuse Airport 

Air temperature, wind speed and direction
 

Air temperature, barometric pressure,
 
dew point temperature, direct solar radiation,
 
relative humidity, wind speed and direction,
 

Air temperature, barometric pressure,
 
dew point temperature, precipitation, wind speed

and direction at three levels
 

Air temperature, dew point temperature, ceiling

elevation, sky cover code, wind speed and direction
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When possible, data from the Pulaski Jr/Sr High School was used to drive 
the temperature simulation. Values of solar radiation, wind speed, and 
barometric pressure were used as measured. Other required data were synthesized
by transformation from measured values or by inference as described below. 

Two needed types of data were not reported for any of the weather stations. 
They are cloud cover and wet bul b temperature. Wet bul b temperature can be 
derived from the other available information as follows. 

Given dry bulb temperature, elevation and dew point temperatures wet bulb 
temperature can be obtained by reversing the procedure given by Blackadar (1983) 
to determine dew point and relative humidity. In this discussion, all 
temperatures are in absolute units (degrees Kelvin), pressures are in millibars 
and all lengths are in meters. First, the vapor pressure at an estimated wet 
bulb temperature is calculated as: 

E = exp(21.4 - 5351/Twet ) (17) w 

Atmospheric pressure for the weather station location is then obtained 
from barometric measurements or calculated using: • 

= 1014 - Elev/29 (18)Patm 

The vapor pressure is then calculated from the dew point temperature as: 

E = exp(21.4 - 5351/Tdew) (19)c 

The dry bulb temperature is than calculated from this information using: 

(20) 

The calculated dry bu'lb temperature (TdC~lc) is compared with the observed 
dry bulb temperature (Td,r) and an new estlmate of Twet is obtained. The 
procedure is repeated untl1 there is close agreement between the calculated and 
observed dry bulb temperature which indicates that the proper value of Twet has 
been obtained. The results of this approach were spot checked with values in 
the NOAA Relative Humidity and Dew Point Table (U.S. Dept. of Commerce 1973)
and found to agree within one-half percent relative humidity. 

A FORTRAN program was used to automate this process for all hours of data 
required for the study. Asimilar method was used to derive wet bulb temperature
when the available data were dry bulb temperature and relative humidity. Since 
dew point values were available at the Nine Mile Point Powerplant and relative 
humidity values were available at Pulaski Jr/Sr High School it was relatively 
easy to obtain wet bulb temperatures for all time periods ~f interest. 

Obtaining cloud cover information was considerably more difficult. None 
of the available weather data reported cloud cover fraction in tenths as required
by the model. Even qualitative descriptions such as "overcast" or "sunny" were 
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not available for the Salmon River area. As a result, a heuristic means of 
estimating cloud cover was derived and is described below. 

Since solar radiation was collected at Pulaski Jr/Sr High School it was 
possible to develop an index of cloud cover during daylight hours. The maximum 
and minimum solar radiation data for each hour was determined from all days in 
July. The result was an envelope showing the brightest and most occluded values 
for each hour of the day (Figure 31). The minimum values used were smoothed as 
shown since the absolute minimum occurred on one particularly rainy day and did 
not appear to represent the typical minimum values. Using the assumption that 
solar radiation values near (within 95%) the maximum would occur if the sky was 
free of clouds and values near the minimum would occur when the sky was 
completely overcast a scaling equation was developed to estimate day time cloud 
cover from the hourly amount of radiation compared to this envelope as follows: 

Figure 31. 
School. 

Let E, = the low (overcast) envelope value, Eh = the high (clear) envelope 
value and Rad is the measured radiation, where the envelope is expressed the same 
as measured radiation units: Langleys per minute. Then: 

if Rad <= E cloud cover is 1.0 (100% overcast);
l

, 

if Rad >= E cloud cover is 0 (clear sky);
h

, 
(21 ) 

if E <= Rad <= E cloud cover fraction (CC) is calculated as:h,
l 

CC = (l-(Rad - El)/(E h - El ) 
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This approach produced a generally well behaved cloud cover estimate 
between the hours of 8 a.m. and 4 p.m. In the tWilight hours the results were 
erratic so application of this method was limited to the period from 8 a.m. to 
4 p.m. Effectively this left most of the day without a cloud cover estimate. 

To overcome this shortage another approximation was employed. On the 
assumption that precipitation is an indication that clouds are present, cloud 
cover values of 0.7 to 1.0 were assigned when rain was measured at the Nine Mile 

. Point Powerplant. The fractions were arbitrarily determined from the previous 
conditions and the amount of precipitation that occurred. That is, several hours 
of moderate to heavy precipitation were assumed to indicate complete cloud cover, 
whereas a trace of rain was assumed to indicate less cloud cover. Using these 
criteria it was hoped that correlation with the ceiling and sky cover values from 
the Syracuse Airport weather station would help to fill in the missing cloud 
values. Unfortunately some periods of rain at Nine Mile Point corresponded to 
peri ods of 8000 ft. ceil ings at Syracuse and some peri ods of a to 2000 ft. 
ceiling at Syracuse corresponded to dry, clear conditions at Pulaski and a 
reliable correlation could not be established. Given these limits, only
inferential means were left for estimating cloud cover .

• 
From the available information the approximate amount of cloud cover was 

inferred as follows. The patterns of prevailing wind, relative humidity and air 
temperature were compared with each other and with the dayt ime cloud cover 
estimated from solar radiation measurements. It was noted that increases in 
humidity tended to lag cloud formation by about two hours. Further it was noted 
that rapid changes in temperature and relative humidity accompanied periods of 
high winds. Figures 32 through 35 show values of wind speed, relative humidity,
air temperature and precipitation respectively for the period of the first 
routing study b~ginning on July 2, 1986. By assuming that air temperature drops
lower and faster on a clear night than an overcast night, it was possible to 
c1 assify the evenings of July 2 and July 5 as 1i ke1y to be overcast and the 
evenings of July 3 and 4 as more likely to be clear. The winds in the afternoon 
and evening of July 3 (Figure 32) preceded a general warming trend on the fourth 
and fifth (Figure 34). The wide sWings in relative humidity as well as 
temperature on the third and fourth were further indications of relatively clear 
conditions while the smaller changes on the other days indicated cloud cover. 
Numerical values were estimated for cloud cover considering these conditions,
the previous hour's cloud cover, the cloud cover values derived from the previous 
day1 ight period and the assumption that abrupt changes would be indicated by
abrupt changes in the other measured values. 

As a final check of these estimated values, comparison of the weather 
patterns with coastal meteorological regimes as described by Cermack, 1986 was 
made using data supplied by Niagara Mohawk meteorologist Roger Caiazza (Caiazza, 
1988). 
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Figure 32. Wind speed at Nine Mile Point and Pulaski. 
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Figure 33. Relative humidity at Nine Mile Point and Pulaski. 
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Figure 34. Air temperature at Ni ne Mil e Poi nt and Pul aski . 

20 ­
-

18 ­
..,
 

16 ­-en ­
J:
 
l ­ 14 ­
e -
w 12 ­a:: e z	 10 ­

-~ ­J:
8 ­

J: ­
U 6 ­
~ -

4 ­
-

2 ­
-

0 
2 3 4 

DATE IN JULY 
Figure 35. Precipitation at Nine Mile Point. 
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The estimated cloud cover for July second is shown in Figure 36. The cloud 
cover and radiation values are plotted twice to illustrate the relationship of 
cloud cover and radiation to the radiation envelope described earlier. The 
duplicate values are separated to more clearly show the inverse relationship 
between cloud cover and solar radiation. The cloud cover pattern used for 
temperature simulation during the period covering the first routing study is 
shown in Figure 37. 

The two processes just described deal with supplying data that was not 
collected, or not reported in the form needed for QUAL2E. The other data problem 
that needed to be addressed was that of missing data. As an example, the Pulaski 
Jr/Sr High School weather data platform was out of service during most of the 
second routing study from July 10 to 12. The missing data was filled in as 
follows. Air temperature at Pulaski was estimated by linear regression against 
the record at Bennet's Bridge Powerplant. Wet bulb temperature was calculated 
using the regressed dry bulb temperature and humidity values from Nine Mile 
Point. Wind speed was assumed to equal the Nine Mile Point value, as was 
barometric pressure. As noted earl ier, cloud cover fraction was the least 
amenable to systematic estimates. The previously noted associations of 
temperature rate of change, precipitation patterna, etc. were used to estimate 
cloud cover both during the day and night since solar radiation values were not 
available. . 
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Figure 36. Approximation of cloud cover for July 2, 1986 showing 
relationship to solar radiation envelope. 
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5, 1986. 

Cloud cover approximated for the first routing study, July 2­

The highly subjective and labor intensive nature of the cloud cover 
estimates developed for are likely to contain a relatively large degree of error 
if they could be compared with actual observations. The judgmental nature of 
the process suggests that cloud cover be evaluated as a likely source of error 
in the temperature model application. 

The next section of this report deals with the QUAL2E model and its 
application to the Salmon River using the meteorological data that was assembled 
following the steps described above. 

SELECTION OF THE QUAL2E MODEL 

After finding that the fully dynamic discharge and water qual ity model 
RIV1 had difficulty with the Salmon River channel, a well established model with 
years of use was sought for the water temperature model i ng task. The QUAL2E 
model (Brown and Barnwell, 1987) was found to have the capability of simulating 
day and night time water temperatures in a flowing stream. Although QUAL2E does 
not have the ability to simulate dynamic flow conditions, it provides the needed 
platform to deal with the variation of heat flux during the night. 

58
 



The QUAL2E model uses the generalized mass transport equation for 
temperature: 

(A D aT) HaT x L ax N+­ (22)pcdat Ax x 

where A = cross-sectional area 
x 
c = specific heat capacity of water
 

d depth
 

D = dispersion coefficient

L
 

H = net heat flux across the control volume surface

N 
x longitudinal distance 

T = water temperature • 

t = time 

u mean velocity 

p = density of water 

The net heat flux consists of the summation of terms for long and short 
wave radiation, reflection, conduction and evaporation: 

(23) 

where Hs = total incoming short-wave (solar) radiation 

H reflected short-wave radiation sr 
H = total incoming atmospheric (long wave) radiation a
 

H reflected atmospheric radiation
 ar
 
Hb = back radiation from the water surface (long wave)
 

He = heat loss by evaporation 

H = heat loss by conduction to the atmosphere c 

The development of these terms is given in Brown and Barnwell (1987). A 
major difference between QUAL2E and the Instream Water Temperature Model (Theurer 
et. al. 1984) used in an earlier phase of this study is the ability to use 
diurnally fluctuating rather than 24 hour averaged heat flux components. When 
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used in its diurnal simulation mode, QUAL2E considers the metrology at the 
particular time of day (or night) being simulated in determining the incoming
short-wave and long-wave radiation, and heat loss by back radiation, evaporation 
and conduction. 

APPLICATION OF QUAL2E TO THE SALMON RIVER 

The n~twork layout used for the Salmon River is given in Table 7. The 
model was implemented in metric units for consistency of comparison with the 
previous steady state modeling work. QUAL2E requires that each reach be divided 
into equal length segments. To simplify this application, a segment length of 
0.5 kilometer was chosen. As a result the various reach lengths do not precisely
conform to those found in the Salmon River. The differences are generally less 
than 0.5 km and do not have a significant effect on the temperature simulation. 
Appendix 6 contains a sample QUAL2E input data file set up for Salmon River 
temperature simulation. Several fields are filled with zeros because the other 
water quality parameters the model can be used to simulated have been ignored. 

Appendix 7 contains the meteorology data file used to qrive the diurnal 
simulations. Comparison of the Pulaski Jr/Sr High~chool air temperature data 
with spot measurements taken by Ichthyol~gical Associates when servicing the 
water temperature data recorders indicated that the High School Air temperature 
was often higher than that near the river. To compensate for this difference 
an the High School dry bulb air temperatures were reduced one degree Celsius. 

Since QUAL2E only contains a steady flow simulation capability, four 
different model runs were made to approximate the conditions when Lighthouse
Hill Powerplant was not generating and generating using one or two units. The 
four runs used discharges of 30, 350, 851, and 1700 cubic feet per second. 
These correspond to no generation, the average discharge during the first routing
study from 21:40 on July 2 to 17:00 on July 5, one unit generation and two unit 
generation respectively. The discharge values were selected from the Lighthouse 
Hill routing station (KM 27) rating curve readings taken during the study. 
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Table 7. QUAL2E network for the Salmon River. 

Reach 
Ri ver length

Sequence kilometer Node name (km) 

27.0* 

24.0* 

23.0* 

21. 0* 

18.0* 

* Trout 
/ 

17.0* 

13.0* 

8.0* 

Lighthouse Hill 
6 segments 

Dam and Powerhouse 
3 

Beaver Dam Brook Confluence 
2 segments 1 

Altmar 
6 segments • 2 

Orwell Brook Confl uence 
7 segments 

,.....-.. 

3 

Pineville 
3 segments 1 

Brook (3 Segments) 1 

Trout Brook Confluence 
12 Segments 4 

Site 2A 
12 Segments -2 

Pulaski End of Study 
Total 19 

The results of these model runs will be illustrated using values for Altmar 
and Pulaski to represent the upper river and lower river regimes. Figures 38 
and 39 show the observed routing study discharges (routing study number 1)
superimposed on the hourly water temperatures observed from July 2 to 5. Note 
that the di urna1 fl uctuat ions appear to be dampened at the one and two un it 
releases on July 3 compared to the periods on July 4 and 5 when no generation 
occurs. Arrival of the one-half unit release on July 4 corresponds to the 
highest water temperature observed at Pulaski so it is not clear that one-half 
unit releases can reduce the afternoon temperature in the lower river. 
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The temperatures simulated at a discharge of 350 cfs (10 cms) are shown 
in Figures 40 and 41. Simulated values agree with observed values at Altmar 
within 0.5 degrees C except during periods when no generation occurs. Since 
the average discharge of 350 cfs is approximately equal to the discharge that 
occurs during one-half unit generation, it appears the model can approximate 
temperatures at Altmar for all three levels of generation when it is run with 
average discharge values. The results at Pulaski also agree within 1 degree C 
except for the period on July 4 when no generation was occurring. Using the 
average discharge approach, QUAL2E appears able to capture the general timing 
and magnitude of water temperature events. However, the extremes are not 
refl ected as we 11 as mi ght be des ired. 
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Figure 40. Measured and simulated water temperature at Altmar using 
simulated discharge of 350 cfs. 

Figures 42 and 43 show the simulated temperatures obtained at a discharge 
of 30 cfs (0.85 cms) which approximates the leakage at Lighthouse Hill Dam when 
no units are generating. The model is clearly sensitive to low discharge in a 
wide channel. Though the simulation induces large swings in water temperature, 
it is able to approximate the night time cooling that occurs at Altmar during 
the two periods of no generation on July 4 and 5. Looking downstream at Pulaski 
(Figure 43) the diurnal swings are too extreme and do not realistically describe 
the river. Further evaluation of the model is needed to determine if this effect 
is due to insufficient lateral flow or to the model's temperature algorithm. 
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Figure 41. Measured and simulated water temperature at Pulaski using
simulated discharge of 350 cfs. 

Simulation of discharges of 851 and 1700 cfs (24 and 47 cms) produces 
further dampening of the modeled diurnal temperature fluctuations as shown in 
Figures 44 through 47. During the one and two unit discharge periods on July 
3 these high discharge simulations simply bring the simulated discharge into 
tighter alignment with the observed values at Altmar, as would be expected. At 
Pulaski, however, the effect is to increase the discrepancy between model and 
observed values. Even so, the maximum error during the periods of one and two 
unit discharges is only slightly over 1 ·C at about 4 a.m. on July 3. 
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Figure 42. Measured and simulated water temperature at Altmar using 
simulated discharge of 30 cfs. 

MEASURED 

7 

17 

18 

22 

21 

u 
en 20 
W 
W 
a: 
" 19W 
C 

23 

16 4---.,....------.-------r----I'---....I.-.----...----..------1 

2 3 4 5 

DATE IN JULY 

Figure 43. Measured and simulated water temperature at Pulaski using 
simulated discharge of 30 cfs. 
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Figure 44. Measured and simulated water temperature at Altmar using 
simulated discharge of 850 cfs. 
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~igure 45. Measur~d and simulated water temperature at Pulaski using 
simulated discharge of 850 cfs. 
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Figure 46. Measured and simulated water temperature at Altmar using 
simulated discharge of 1700 cfs. 
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Figure 47. Measured and simulated water temperature at Pulaski using 
simulated discharge of 1700 cfs. 
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CONCLUSIONS AND DISCUSSION
 

In the data analysis section, the effects of Lighthouse Hill generation on 
water temperature at different points in the basin were discussed. It was noted 
that the operation of Lighthouse Hill Power Plant may be used to effect changes
in the peak temperatures experienced in the upper reaches but that a similar 
shift in the mean temperature was less likely to be accomplished. One and two 
unit releases were found to moderate temperature fluctuations in the lower river 
during the early July 1986 routing studies, however, the highest temperature 
observed at Pulaski during the first routing study occurred while a one-half unit 
discharge passed that site. This suggests that a one-half unit release may not 
reliably reduce peak temperatures in the lower river. 

The steady state simulation model runs described above were made on the 
bas is of 24 hour averages. Though averag i ng tends to reduce the range and 
vari ety of observed phenomena there are some swi ngs'" n the observed average water 
temperatures between closely located sites in the Salmon River that can only be 
attributed to local bias and randomness .. 

The SRTEMP model appears to have difficulty simulating accurately under 
partly to totally overcast conditions with extremely low, leakage, discharge from 
Lighthouse Hill. Under these conditions, the unmeasurable parameters such as 
lateral discharge and lateral discharge temperatures may playa large role in 
determining the longitudinal water temperature profile. In addition, it is 
suspected that the long wave radiation component of the SRTEMP model may need 
further refinement to better capture heavily overcast conditions. 

The unexpected computational failure of the unsteady flow model precluded
direct achievement of a major goal of this project. Since the RIV1 model is one 
of the few models that also has a means of tracking temperature and water quality 
constituents under unsteady flow conditions, it was the best candidate for this 
application. The Corps. of Engineers staff at the Waterways Experiment Station 
is pursuing resolution of the computational difficulties encountered here. 

Due to the high cost of data acquisition for a complete unsteady flow model 
such as RIV1, an alternate approach was examined at the aquatic systems branch. 
It was considered that an approximation of the water temperature changes may
still be obtained at a lower cost by sacrificing the ability to precisely track 
the downstream movement of a surge from a power plant coming on line. The EPA 
model QUAL2E was selected as a reliable intermediate step between the steady 
state and fully dynamic model approaches. 

When one considers the crude means used to estimate cloud cover for the 
QUAL2E model appl ication, the degree of correspondence between measured and 
simulated water temperatures is remarkable. An error in an a preliminary model 
run allowed a form of sensitivity analysis of the effect of cloud cover on the 
water temperature. The period from 6 pm July 3 to 6 am July 4 was run with 100 
percent cloud cover rather than with no clouds. The resulting water temperatures 
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were about one quarter degree higher with complete cloud cover. This indicates 
that errors that may have occurred due to the methods used for cloud cover 
estimation may not cause large changes in the simulation results. 

Though it does not consider unsteady flow, QUAL2E appears to be able to 
capture a significant fraction of the temperature fluctuations in the Salmon 
River when a discharge of 350 cfs (10 cms) from Lighthouse Hill is assumed. 
Compari son of the rout i ng study di scharge and water temperature patterns (Fi gures
38 and 39) does not indicate an abrupt shift in water temperatures accompanying
the onset of generation under the meteorological conditions that occurred during 
the routing study. From the routing study data, it is clear that one and two 
unit releases do cause the water temperature to approach the reservoir release 
temperature in the upper ri ver. It also appea rs that the one and two un it 
releases do dampen the range of diurnal temperature fluctuations at Pulaski. 
These model runs approach, but do not completely succeed in reliably capturing
the full range of temperature fluctuation at Pulaski; however, the average
discharge simulation comes within 1.2 degrees C at the lowest temperature and is 
2within 1 degree C at all other times. The error in approximating the July 4 low 
temperature at the average discharge increases as one proceeds upstream from 
Pulaski. At Salmon River Hatchery the error is two.,full degrees C. This is not 
surprising as the simulated release discharge was over ten times larger than the 
actual no-unit discharge occurring at that time. 

None of the model s eval uated or appl i ed to thi s ri ver system have the 
ability to recognize a shift in channels with changes in discharge such as occurs 
in the braided sections of ri.ver above Altmar and near Trout Brook. These 
phenomena will need to be incorporated in separate model runs with different 
channel configurations assigned to different discharges to achieve more accurate 
representation of the temperature effects through those reaches. 

Application of the QUAL2E model to the Salmon River produced temperature 
simulations that generally agree with observed values for discharges at and above 
350 cfs. Temperatures associated with low discharges were approximated at Altmar 
when a 30 cfs simulation was used but the diurnal fluctuations simulated in the 
lower portions of the river under low discharge conditions were too wide. With 
refinement in weather data collection to obtain needed values and review and 
further testing of the lateral discharge and lateral temperature regime in the 
Salmon River thi s model can become a useful tool for stream temperature 
management when multiple runs are used to represent the various discharge
conditions encountered. 

The results of this study indicate the temperature simulation algorithm in 
QUAL2E may be a candidate for revision into a quasi-dynamic simulation model. 
The main difference between steady state description of temperature transport 
such as given in Equation 22 and a fully dynamic representation of mass and 
momentum fl ux is inc1us ion of the time rates of change of mass and momentum 
across the fluid volume and their cross products. In many situations these 
components have small values and may be ignored. As a result good approximations 
can be obtained for many circumstances by simply subdividing an unsteady event 
into many small steady segments. One potential means of closely approximating 
temperatures in the Salmon River would be to extract the temperature simulation 
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algorithm from QUAL2E and update the discharge each hour for each segment. This 
approach should be considered for future work. 
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Appendix A. Summary of reports in this series. 

Table 1. Summary of reports produced as part of the Research Project -Development and testing of unsteady flow hydrolo~lc and 
temperature Dadels associated with stora~e aDd release hydro projects." 

SUBJECT AUlHORS!AFFILIATION TITI.E .\Nt) SOURCZ 

Summ.ry J. Ro•• , Jr., 1LA 

Iostream Flow 8abitat R.t. Milhous, 
2

NEC 

Unsteady Flow Temperature ~odel T. Waddle, NEC 

'-J 
W 

Habitat ~appiog J. HO:lla, Jr., IA Habitat :iappi:l~, Sal::lon 'Uver. Oswe'!o County. 'le'J ·{or'-. for De'Telopment and 
t"stin~ of ::nst"ady :low :tydrolo~ic .md T""per:lture :todels Associated ... lt~ 

Storage-md-:l.elease :~ydro' "rojects 

Nose Veloci ty R.t. ~lhous, ~C 

SuitabilIty Curle Documentation 
(FIshes and Invertebrates) 

J. Roma, Jr., LA Fish and ~acroinvertebrate Habitat Suitability Curves, Sal~n River, Oswe~o 

County, New Yor~, for Development and Testing of Unsteady Flow Hydrologic 
and Temperature ~odels Aseoc~ted with Storage-aod-aelease Hydro Project. 

Water Temperature Data 

Routing Study Analysi, 

Survey Data 

Effective HabItat 

SuItabIlIty Curve Documentation 
(Recreation) 

J. Boma, Jr., LA 
L.S. Clase, LA 

R.T. Milhoue, NEe 

J. 80ma, Jr., LA 

R.t. ~lhoua, NEe 
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Appendix B. Comparison of measured and simulated mean daily water 
temperatures using weather data collected near the Salmon River. 

KM FRC»4 7/26 7/26 7/26 7/26 7/27 7127 7127 7/27 
SITE LLH MEASURED PRED. DIFF • DIFF'2 MEASURED PRED. 01 FF. DIFF'2 
___________ .....••... ________ . _____ ._ •. ______ . ____________ e._. _________________ . 

LHH 0.00 21.27 21.27 21.00 21.00 
SRH-BDB 3.00 21.93 22.14 0.07 0.00 22.27 22.01 -0.26 0.07 
ALT 3.60 21.14 22.00 0.44 0.19 21.50 21.98 0.48 0.23 
ORIJ 5.70 21.58 21.80 
TRB 10.00 21.35 21.54 
2A 14.70 23.25 21.34 -1.96 3.84 22.25 21.33 -0.92 0.85 
PUL 19.50 22.25 21.29 -0.96 0.92 22.43 21.24 -1.19 1.42 

MEAN ERR -0.60 MEAN ERR -0.47 
RMSE 0.56 RMSE 0.40 

KM FRC»4 8/04 8/04 8/04 8/04 8/05 8/05 8/05 8/05 
SITE LLH MEASURED PRED. DIFF • DIFF'2 MEASURED PRED. DIFF. DIFF'2 
---------- ... ----_ .. _-------_._-------_._-------------.----_._._------------.--­
LHH 0.00 21.70 21.70 21.80 22.00 
SRH-BOB 3.00 21.n 21.69 -0.03 0.00 22.14 22.20 o.~ 0.00 
ALT 3.60 21.31 21.57 0.26 0.07 21.47 21.85 0.38 0.14 
ORIJ 5.70 21.52 21.79 
TRB 10.00 21.33 21.41 
2A 14.70 21.47 21.18 -0.29 0.08 22.12 21.28 -0.84 0.71 
PUL 19.50 21.54 21.11 -0.43 0.18 22.04 21.37 '0.67 0.45 

MEAN ERR -0.12 MEAN ERR -0.27 
RMSE 0.15 RMSE 0.29 

KM FRC»4 8111 8/11 8/11 8/11 8112 8112 8/12 8/12 
SITE LLH MEASURED PRED. DIFF. DIFF"2 MEASURED PRED. DIFF. DIFF'2 
.. _-- .. ---------.--------- .. ---_ ...._--- .... --_._-------------------- .. _._-----. 
LHH 0.00 21.80 21.80 21.70 21.70 
SRH-BDB 3.00 22.14 21.70 -0.44 0.19 21.81 21.64 -0.17 0.03 
ALT 3.60 21.50 21.61 0.11 0.01 21.35 21.54 0.19 0.04 
OR\I 5.70 21.51 21.47 
TRB 10.00 21.15 21.14 
2A 14.70 RM 20.87 20.83 20.84 0.01 0.00 
PUL 19.50 RM 20.73 20.47 20.74 0.27 0.07 

MEAN ERR -0.17 MEAN ERR 0.08 
RMSE 0.23 RMSE 0.09 

(Continued) 
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Appendix B. (Concluded) 

KM FRC»4 8/13 8/13 8/13 8/13 8/14 8/14 8/14 8/14 
SITE LLH MEASURED PRED. DI FF. DIFF-2 MEASURED PRED. DI FF. DIFF-2 
-_._-_ .... _--_ .. -.... _---_. __ ._--.--.-_ ... -...•..... _- .. _---_._-- ...... __ .... _-­
LHH 0.00 21.90 21.90 22.00 22_00 
SRH-BDB 3.00 21.41 21.88 0.47 0.22 21.96 
ALT 3.60 21.60 21.78 0.18 0.03 21.n 21.98 0.26 0.07 
ORW 5.70 21. 74 21.92 
TRB 10.00 21.51 21.65 
2A 14.70 21.58 21.28 -0.30 0.09 22.20 21.52 -0.68 0.46 
PUL 19.50 20.60 21.17 0.57 0.32 20.97 21.47 0.50 0.25 

MEAN ERR 0.23 MEAN ERR 0.03 
RMSE 0.20 RMSE 0.29 

KM FRlJ4 8121 8121 8121 8/21 8123 8123 8123 8123 
SITE LLH MEASURED PRED. DIFF. DIFF-2 MEASURED PRED. DI FF. DIFF-2 
-----------------.-----_ ... ----------------------_ .... ---_._._----_ .. ------._.-. 
LHH 0.00 22.00 22.00 21.60 21.60 
SRH-BDB 3.00 22.16 22.00 -0.16 0.03 21.50 21.50 0.00 0.00 
ALT 3.60 22.20 21.97 -0.23 0.05 22.00 21.42 -0.51 0.34 
ORW 5.70 21.94 21.32 
TRB 10.00 21.84 . 21.02 
2A 14.70 21.79 21.71 -0.08 0.01 20.91 20.69 -0.22 0.05 
PUL 19.50 21.91 21.67 -0.24 0.06 20.43 20.51 0.08 0.01 

MEAN ERR -0.18 MEAN ERR -0.18 
RMSE 0.09 RMSE 0.16 

Key to Abbreviations: 

LHH - Lighthouse Hill Dam Tailrace 
SRH - BOB - Salmon River Hatchery, Beaverdam Brook Confluence 
ALT - Altmar 
ORW - Orwell Brook Confluence 
TRB - Trout Brook Confluence 
2A - Route 2A Bridge
PUL - Pul aski 
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Appendix C. Comparison of measured and simulated mean daily water using remote weather from 
Nine Mile Point Power Station. 

KM FROM 7/26 7/26 7/26 7/26 7/26 7/26 7/26 7/27 7/27 7/27 7/27 7/27 7/27 7/27 
SITE LLH MEASURED PRED. OIFF. 01FF-2 REMOTE* OIFF. 01FF"2 MEASURED PREO. DIFF. 01FF-2 REMOTE* DIFF. DIFF"2 

LHH 0.00 21.27 21. 27 21. 27 21.00 21.00 21.00 
SRH-BDB 3.00 21.93 22.14 0.07 0.00 23.39 1.46 2.13 22.27 22.01 -0.26 0.07 22.24 -0.03 0.00 
All 3.60 21.14 22.00 0.44 0.19 22.84 1. 70 2.89 21.50 21.98 0.48 0.23 22.22 0.72 0.52 
ORW 5.70 21.58 22.72 21.80 22.16 
TRB 10.00 21.35 22.48 21.54 22.02 
2A 14.70 23.25 21.34 -1;96 3.84 22.57 -0.68 0.46 22.25 21.33 -0.92 0.85 21. 92 -0.33 0.11 
PUL 19.50 22.25 21.29 -0.96 0.92 22.67 0.42 0.18 22.43 21. 24 -1.19 1.42 21.96 -0.47 0.22 

MEAN ERR -0.60 MEAN ERR 0.73 MEAN ERR -0.47 MEAN ERR -0.03 
RMSE 0.56 RMSE 0.59 RMSE 0.40 RMSE 0.23 

KM FROM 8/04 8/04 8/04 8/04 8/04 8/04 8/04 8/05 8/05 8/05 8/05 8/05 8/05 8/05 
SITE LLH MEASURED PRED. DIFF. DIFF"2 REMOTE* DIFF. DIFF"2 MEASURED PRED. DIFF. DIFF-2 REMOTE* DIFF. DIFF"2 

LHH 0.00 21. 70 21. 70 21. 7D 21.80 22.00 22.00 
~ SRH-BDB 3.00 21. 72 21.69 -0.03 0.00 21. 71 -0.01 0.00 22.14 22.20 0.06 0.00 22.41 0.27 0.07 
Ol All 3.60 21.31 21. 57 0.26 0.07 21. 63 0.32 0.10 21.47 .21.85 0.38 0.14 22.07 0.60 0.36 

ORW 5.70 21.52 21. 59 21.79 22.12 
TRB 10.00 21.33 21.36 21.41 21.89 
2A 14.70 21.47 21.18 -0.29 0.08 21. 24 -0.23 0.05 22.12 21.28 -0.84 0.71 21.87 -0.25 0.06 
PUL 19.50 21. 54 21.11 -0.43 0.18 21.10 -0.44 0.19 22.04 21.37 -0.67 0.45 22.07 0.03 0.00 

MEAN ERR -0.12 MEAN ERR -0.09 MEAN ,RR -0.27 MEAN ERR 0.16 
RMSE 0.15 RMSE 0.15 RMSE 0.29 RMSE 0.18 

KM FROM 8/11 8/11 8/11 8/11 8/11 8/11 8/11 8/12 8/12 8/12 8/12 8/12 8/12 8/12 
SITE LLH MEASURED PRED. DIFF. DIFF"2 REMOTE* DIFF. DIFF"2 MEASURED PRED. DIFF. DIFF"2 REMOTE* DIFF. DIFF"2 

LHH 0.00 21.80 21.80 21.80 21. 70 21. 70 21. 70 
SRH-BD8 3.00 22.14 21. 70 -0.44 0.19 21.67 -0.47 0.22 21.81 21. 64 -0.17 0.03 21.47 -0.34 0.12 
All 3.60 21.50 21.61 0.11 0.01 21. 58 0.08 0.01 21.35 21.54 0.19 0.04 21.37 0.02 0.00 
ORW 5.70 21. 51 21.46 21.47 21.27 
TRB 10.00 21.15 21. 08 21.14 20.91 
2A 14.70 RM 20.87 20.79 20.83 20.84 0.01 0.00 20.59 -0.24 0.06 
PUL 19.50 RM 20.73 20.65 20.47 20.74 0.27 0.07 20.46 -0.01 0.00 

MEAN ERR -0.17 MEAN ERR -0.20 MEAN ERR 0.08 MEAN ERR -0.14 
RMSE 0.23 RMSE 0.24 RMSE 0.09 RMSE 0.10 
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Appendix C. (Concluded) 

KM FROM 8/13 8/13 8/13 8/13 8/13 8/13 8/13 8/14 8/14 8/14 8/14 8/14 8/14 8/14 
SITE llH MEASURED PRED. DIFF. DIFF-2 REMOTE* DIFF. DIFF-2 MEASURED PRED. DIFF. DIFF-2 REHOTE* DIFF. DIFF"2 

lHH 0.00 21.90 21.90 21.90 22.00 22.00 22.00 
SRH-BDB 3.00 21.41 21.88 0.47 0.22 21.87 0.46 0.21 21.96 21.99 
AlT 3.60 21.60 21. 78 0.18 0.03 21. 77 0.17 0.03 21. 72 21.98 0.26 0.07 21.91 0.19 0.04 
ORW 5.70 21. 74 21. 72 21.92 21.87 
TRB 10.00 21.51 21.47 21.65 21.65 
2A 14.70 21. 58 21.28 -0.30 0.09 21. 22 -0.36 0.13 22.20 21. 52 -0.68 0.46 21.57 -0.63 0.40 
PUl 19.50 20.60 21.17 0.57 0.32 21.16 0.56 0.31 20.97 21.47 0.50 0.25 21.48 0.51 0.26 

MEAN ERR 0.23 MEAN ERR 0.21 MEAN ERR 0.03 MEAN ERR 0.02 
RMSE 0.20 RMSE 0.21 RMSE 0.29 RMSE 0.28 

Key to Abbreviations: 

........ 

........ 

LHH 
SRH 
All 
ORW 
TRB 
2A 
PUL 

- BDB 
- Lighthouse Hill Dam Tailrace 

Salmon River Hatchery, Beaverdam 
Altmar 

- Orwell Brook Confluence 
- Trout Brook Confluence 
- Route 2A Bridge 
- Pulaski 

Brook Confluence 
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Appendix D. Station descriptions used in RIVI hydraulic model. 

Station Reach 
ID * Length 

ft 

Lateral 
Flow 

cfs/ft 

Bed 
Elev. 
ft 

"a"' 
Coef. 

"b" 
Coef. 

"c" 
Coef. 

.Manning
"n" 

Notes ("Clone" indicates site profi le 
based on similarity criteria) 

Tl75 3170. 0.00038 595.00 50.00 .13333 2.0 0.060 LHH OUTLET, TRAPEZOID FOR TAILRACE 
SI72 2640. 0.00038 572.20 0.00 39.26 2.1692 0.060 LHH ROUTING 
Tl65 2100. 0.00038 552.00 0.00 35.54 1.9855 0.060 SITE 158 CLONE 
S162 1790. 0.00038 540.80 0.00 66.31 1.3166 0.060 SRH INTAKE 
BOB 950. 0.00038 538.00 300.00 0.0 0.0 0.060 8eaverdam Brook STATION 
S161 400. 0.00038 521. 00 0.00 0.1878 3.1745 0.060 bottom of pool 
Tl59 950. 0.00038 520.50 0.00 0.1878 3.1745 0.060 SITE 161 clone 
S154 1100. 0.00038 528.10 0.00 32.82 1. 7007 0.060 ALTMAR BRIDGE NATURAL 
S153 2300. 0.00038 524.50 0.00 19.61 2.0140 0.060 BELOW ALTMAR BRIDGE 
Tl48 3400. 0.00038 520.00 0.00 53.34 1.9061 0.060 ELLIS COVE UP (DUP TROUT 113) = orwell confluence 
ORW 1900. 0.00038 520.00 400.00 0.0 0.0 0.060 ORWELL BROOK STATION 
Tl37 2640. 0.00038 510.00 0.00 53.34 1. 9061 0.060 ORWELL CONFLUENCE ELLIS COVE ON (DUP TROUT 113) 
Tl35 2380. 0.00038 500.00 0.00 17.27 1.8493 0.060 BELOW TRESTLE DUPE PINEVILLE 129 
Tl33 1900. 0.00038 495.00 0.00 18.89 1.9203 0.060 ABV PINEVILLE SITE 129 DUPE 106 
S129 2850. 0.00038 492.00 0.00 17.27 1.8493 0.060 PINEVILLE 3 

..... 
CO 

Tl25 
S121 

1640. 
1430. 

0.00038 
0.00038 

479.00 
476.50 

0.00 
0.00 

17.27 
16.84 

1.8493 
1. 9607 

0.060 
0.060 

PINEVILLE 
PINEVILLE 

BRIDGE 
2 

DUP S129 

S118 1270. 0.00038 471. 40 0.00 39.79 1. 6687 0.060 PINEVILLE I 
TB 2300. 0.00038 515.00 400.00 0.0 0.0 0.060 TROUT BROOK STATION 
TB 2300. 0.00038 485.00 400.00 0.0 0.0 0.060 T8 STN DUPLICATE 
S114 800. 0.00038 469.70 0.00 41.05 2.0116 0.060 TR BROOK COMPo 4 
S113 930. 0.00038 467.50 0.00 53.34 1. 9061 0.060 TR BROOK COMPo 2 
S109 
S105 
TlOO 

2320. 
2640. 
2320. 

0.00038 
0.00038 
0.00038 

462.70 
453.90 
446.00 

0.00 
0.00 
0.00 

38.25 
14.77 
21.97 

1.8085 
1.9254 
1. 9445 

0.060 
0.060 
0.060 

TR BROOK COMPo 1 POOL 
SPORTSMANS POOL •BELOW SPORTS DUP 087 

S097 2570. 0.00038 438.90 0.00 16.26 1.2112 0.060 GLASS POOL NOTE POOL 
T090 1840. 0.00038 426.00 0.00 16.84 1.9607 0.060 BELOW GLASS DUP 121 
S087 2150. 0.00038 419.40 0.00 21.97 1. 9445 0.060 UPPER 2A/COMPACT. 
T080 
T076 

2530. 
2800. 

0.00038 
0.00038 

411. 20 
405.00 

0.00 
0.00 

5.73 
36.49 

2.1023 
1. 9477 

0.060 
0.060 

2A Bridge DUP S160 
2A TEMP GAGE DUP 037 

T073 2640. 0.00038 391. 00 0.00 36.95 1.7246 0.060 ABOVE PAPER MILL POOL.DUP 085 
T068 2120. 0.00038 378.00 0.00 36.95 1.7246 0.060 CONRAIL/I81 SPLIT DUP 085 
T060 2600. 0.00038 365.00 0.00 26.67 2.2889 0.060 BELOW 181 DUP 056 
S056 3000. 0.00038 351.20 0.00 26.47 2.2889 0.060 LOWER DUN8AR 
S049 2640. 0.00038 332.30 0.00 16.17 1. 2087 0.060 PULASKI GAGE 
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Appendix D. (Concluded) 

* Station Identifiers keyed as follows: 

Sxxx - From Ichthyological Associates site identifiers 
Txxx - Station added to satisfy RIVI hydraulic model 

........
 
\0 



Appendix E. RIVI hydraulic model input data for test run. 

Salmon River test Lighthouse Hill to Altmar Bridge 
09,1100,3 

BETA 1.0 
GR 32.174 
IPRINT 100 
RMILEO 14.8 
THETA 0.55 
TOLER 0.1 
ENDCONS 
1 Lighthouse Hi 11 

1585. 30.00 
to BD Brook 
0.25 .00038 595.00 

5 3 
50.00 

Q 
.13333 

H 
2.0 0.060 0.0 T175 TRAPEZOID FOR TAILRACE 

1585. 30.00 0.25 .00038 583.00 50.00 .13333 2.0 0.060 0.0 T173 TRAPEZOID FOR TAILRACE 
2640. 30.00 0.53 .00038 572.20 0.00 39.26 2.1692 0.060 0.0 S172 LHH ROUTING FROM ROUTFILS FILE 
2100. 30.00 0.50 .00038 552.00 0.00 35.54 1.9855 0.060 0.0 T165 SITE 158 CLONE 
1790. 29.00 0.91 .00038 540.80 0.00 66.31 1. 3166 0.060 0.0 S162 SRH INTAKE FILE 

2 8eaverdam Brook Station to Confluence 2 3 lQ H 
950. 51.00 2.00 0.0 538.00 20.00 .13333 2.0 0.060 0.0 BOB STATION 

1. 51.00 2.00 0.0 537.00 20.00 .13333 2.0 0.060 0.0 BOB STATION 
3 Beaverdam Brook Conf1. 

400. 80.00 20.00 
to Altmar Bridge 
.00038 521.00 

2 
0.00 

Q 
0.1878 

Q 
3.1745 0.060 0.0 S161 bottom of pool 

co 
o 

950. 
+1.+2,-3 I 

71.00 10.00 .00038 527.00 0.00 19.29 2.0282 0.060 0.0 S159 SITE 

21 
5 10 15 20 25 30 35 

40 45 50 55 60 65 70 
75 80 85 90 95 100 105 

300.00 280.00 51.00 71.00 
300.00 540.00 51.00 71. 00 
300.00 790.00 51. 00 71.00 
300.00 790.00 51.00 71.00 
300.00 790.00 51.00 71.00 
300.00 790.00 51.00 71.00 
300.00 790.00 51.10 71. 00 
300.00 790.00 51.10 71.00 
300.00 790.00 51.10 71.00 
300.00 790.00 51.10 71.00 
300.00 790.00 51.10 71.00 
300.00 790.00 51.20 72.40 
300.00 790.00 51. 20 78.00 
300.00 790.00 51.20 100.60 
300.00 790.00 51.20 165.70 
300.00 790.00 51.20 504.00 
300.00 790.00 51.20 673.00 
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Appendix E. (Concluded) 

300.00 790.00 51.10 780.00 
300.00 790.00 51.00 825.00 
300.00 790.00 51.00 832.00 
300.00 . 790.00 51.00 838.00 

Additional Input Data Prepared for Full Length Run 

4 Altmar Bridge to Orwell Confluence 
1100. 1000.00 8.25 0.0 528.10 

3 5 
0.00 

Q 
32.82 

H 
1.7007 0.060 0.0 S154 ALTMAR BRIDGE NATURAL 

2300. 1000.00 9.25 0.0 524.50 0.00 19.61 2.0140 0.060 0.0 S153 BELOW ALTMAR BRIDGE 
3400. 1000.00 10.25 0.0 520.00 0.00 53.34 1.9061 0.060 0.0 T148 ELLIS COVE UP (DUP TROUT 113) =orwell confluence 

5 Orwell Brook Station to Confluence 1 6 1Q H 
1900. 1000.00 8.25 0.0 520.00 400.00 0.0 0.0 0.060 0.0 ORWELL STATION 

6 Orwell Brook to Trout Brook 
2640. 1000.00 8.25 0.0 510.00 
2380. 1000.00 9.25 0.0 500.00 

7 7 
0.00 
0.00 

Q 
53.34 
17.27 

H 
1. 9061 
1.8493 

0.060 
0.060 

0.0 T137 ORWELL CONFLUENCE ELLIS COVE 
0.0 T135 BELOW TRESTLE DUPE PINEVILLE 

ON (DUP 
129 . 

TROUT 113) 

1900. 1000.00 9.25 0.0 495.00 0.00 18.89 1.9203 0.060 0.0 T133 ABV PINEVILLE SITE 129 DUPE 106 
2B50. 1000.00 10.25 0.0 492.00 0.00 17.27 1.8493 0.060 0.0 S129 PINEVILLE 3 
1640. 1000.00 11.25 0.0 479.00 0.00 17.27 1.8493 0.060 0.0 T125 PINEVILLE BRIDGE 5115 OR 5116 CHECK USED 5129 
1430. 1000.00 9.25 0.0 476.50 0.00 16.84 1.9607 0.060 0.0 S121 PINEVILLE 2 

CO ..... 
1270. 1000.00 9.25 

7 Trout Brook to Confluence 
2300. 1000.00 8.25 

0.0 471.40 

0.0 515.00 

0.00 
2 8 

400.00 

39.79 
1Q 

0.0 

1.6687 
H 
0.0 

0.060 

0.060 

0.0 Sl18 PINEVILLE 1 

0.0 TROUT BROOK STATION 
2300. 1000.00 9.25 0.0 485.00 400.00 0.0 0.0 0.060 0.0 TB DUP 

8 Trout Brook to 2A Bridge 
BOO. 1000.00 B.25 0.0 469.70 

8 2 
0.00 

Q 
41.05 

H 
2.0116 0.060 0.0 Sl14 TR BROOK COMPo 4 

930. 1000.00 9.25 0.0 467.50 0.00 53.34 1.9061 0.060 0.0 Sl13 TR BROOK COMPo 2 
2320. 1000.00 10.25 0.0 462.70 0.00 38.25 1.8085 0.060 0.0 S109 TR BROOK COHP. 1 POOL 
2640. 1000.00 9.25 0.0 453.90 0.00 14.77 1.9254 0.060 0.0 S105 SPORTSMANS 
2320. 1000.00 11.25 0.0 446.00 0.00 21.97 1.9445 0.060 0.0 T100 BELOW SPORTS OUP 087 
2570. 1000.00 9.25 0.0 438.90 0.00 16.26 1.2112 0.060 0.0 S097 GLASS POOL NOTE POOL 
1840. 
2150. 

1000.00 
1000.00 

1.77 
1.77 

0.0 426.00 
0.0 419.40 

0.00 
0.00 

16.84 
21.97 

1.9607 
1.9445 

0.060 
0.060 

0.0 T090 BELOW GLASS DUP 121 
0.0 5087 UPPER 2A/COMPACT. 

9 2A Bridge to Pulaski Gage 
2530. 1000.00 8.25 0.0 411. 20 

6 10 
0.00 

Q 
5.73 

H 
2.1023 0.060 0.0 T080 2A Bridge OUP S160 

2800. 
2640. 

1000.00 
1000.00 

9.25 
10.25 

0.0 405.00 
0.0 391. 00 

0.00 
0.00 

36.49 
36.95 

1. 9477 
1. 7246 

0.060 
0.060 

0.0 T076 2A TEMP GAGE DUP 
0.0 T073 ABOVE PAPER HILL 

037 
POOL DUP 085 

2120. 1000.00 11.25 0.0 378.00 0.00 36.95 1.7246 0.060 0.0 T068 CONRAIL/181 SPLIT OUP 085 
2600. 1000.00 1.77 0.0 365.00 0.00 26.67 2.2889 0.060 0.0 T060 BELOW 181 DUP 056 
3000. 1000.00 1.77 0.0 351. 20 0.00 26.47 2.2889 0.060 0.0 S056 LOWER DUNBAR 

10 Pulaski Gage (end of routing) 
2640. 1000.00 8.25 0.0 332.30 

1 
0.00 

Q 
16.17 

H 
1.2087 0.060 0.0 S049 PULASKI GAGE 



Appendix F. Sample QUAL2E data set for the Salmon River. 

TITLE01 FILE SALRT1.DAT SALMON RIVER, OSWEGO CY. N.Y. STEADY FLOW, 
TITLE02 UNSTEADY MET.DATA TEMP. SIMULATION JULY 2 . 5 1986, QUAL2E 
TITLE03 NO CONSERVATIVE MINERAL I Discharge is average of 
TlTLE04 NO CONSERVATIVE MINERAL II three day routing study 
TITLE05 NO CONSERVATIVE MINERAL III Q. Meterology from file 
TITLE06 YES TEMPERATURE LCD3HR.RTl 
TITLE07 NO 5-DAY BIOCHEMICAL OXYGEN DEMAND 
TITLE08 NO ALGAE AS CHL-A IN UG/L 
TlTLE09 NO PHOSPHORUS CYCLE AS P IN MG/L 
TlTLE10 (ORGANIC-P; DISSOLVED-P) 
TlTLE11 NO NITROGEN CYCLE AS N IN MG/L 
TITLE12 (ORGANIC-N; AMMONIA-N; NITRITE-N;' NITRATE-N) 
TI TLE13 NO DISSOLVED OXYGEN IN MG/L 
TITLE14 NO FECAL COLIFORM IN NO./l00 ML 
TITLE15 NO ARBITRARY NON-CONSERVATIVE 
ENDTITLE 
LIST DATA INPUT 
WRITE OPTIONAL SUMMARY 
NO FLOW AUGMENTATION 
NO STEADY STATE 
NO TRAP CHANNELS 
PRINT LCD/SOLAR DATA 
NO PLOT DO AND BOD 
FIXED DNSTM CONC (YES=l)= O. 5D-ULT BOD CONV K COEF 0.25 
INPUT METRIC = 1. OUTPUT METRIC = 1. 
NUMBER OF REACHES 8. NUMBER OF JUNCTIONS = 1. 
NUM OF HEADWATERS = 2. NUMBER OF POINT LOADS = 2. 
TIME STEP (HOURS) = 1.0 LNTH. COMPo ELEMENT (KM)= 0.5 
MAXIMUM ROUTE TIME (HRS)= 96. TIME INC. FOR RPT2 (HRS)= 1.0 
LATITUDE OF BASIN (DEG) = 43.5 LONGITUDE OF BASIN (DEG)= 76.0 
STANDARD MERIDIAN (DEG) = 75. DAY OF YEAR START TIME 183. 
EVAP. COEF.,CAE) = 0.0 EVAP. COEF.,CBE) = .0000056 
ELEV. OF BASIN (METERS) = 146. DUST ATTENUATION COEF. = 0.13 
ENDATAl 
ENDATA1A 
ENDATA1B 
STREAM REACH 1. RCH= LIGHTHOUSE HILL FROM 27.0 TO 24.0
 
STREAM REACH 2. RCH= BOB. TO ALT. FROM 24.0 TO 23.0
 
STREAM REACH 3. RCH= ALT. TO ORWB FROM 23.0 TO 21.0
 
STREAM REACH 4. RCH= ORWB TO PINEVILLE FROM 21.0 TO 18.0
 
STREAM REACH 5. RCH= PINE. TO TROUT BR FROM 18.0 TO 17.0
 
STREAM REACH 6. RCH= TROUT BROOK FROM 1.0 TO 0.0
 
STREAM REACH 7. RCH= TROUT TO 2A FROM 17.0 TO 13.0
 
STREAM REACH 8. RCH- 2A TO PULASKI FROM 13.0 TO 8.0
 
ENDATA2
 
ENDATA3
 

FLAG FIELD RCH- 1. 6. 1.2.2.2.2.2.
 
FLAG FIELD RCH- 2. 2. 6.2.
 
FLAG FIELD RCH- 3. 4. 2.2.2.2.
 
FLAG FIELD RCHa 4. 6. 6.2.2.2.2.2.
 
FLAG FIELD RCH= 5. 2. 2.3.
 
FLAG FIELD RCH: 6. 2. 1.2.
 
FLAG FIELD RCMa 7. 8. 4.2.2.2.2.2.2.2.
 
FLAG FIELD RCH= 8. 10. 2.2.2.2.2.2.2.2.2.5.
 
ENDATA4
 

(Continued) 
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HYDRAULICS RCH- 1. 60.0 .25 .30 .44 .55 .030 
HYDRAULICS RCH- 2. 60.0 .25 .30 .44 .55 .030 
HYDRAULICS RCH= 3. 60.0 .25 .30 .44 .55 .030 
HYDRAULICS RCH= 4. 60.0 .25 .30 .44 .55 .030 
HYDRAULI CS RCH- 5. 60.0 .25 .30 .44 .55 .030 
HYDRAULICS RCH- 6. 60.0 .25 .30 .44 .55 .030 
HYDRAULICS RCH- 7. 60.0 .25 .30 .44 .55 .030 
HYDRAULICS RCH- 8. 60.0 .25 .30 .44 .55 .030 
ENDATA5 
ENDATA5A 
REACT CDEF 1- 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 2. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 3. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 4. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 5. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 6. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 7. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
REACT CDEF 8. 0.600 0.000 0.000 3. 0.000 0.0000 0.0000 
ENDATA6 
ENDATA6A 
ENDATA68 
INIT IAL COND-1 RCH= 1- 19.50 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INIT IAL COND-1 RCH= 2. 19.50 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INITlAL COND·1 RCH= 3. 19.50 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INITIAL COND-1 RCH= 4. 20.00 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INI TlAL COND' 1 RCHz 5. 20.00 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INITIAL COND-1 RCH- 6. 20.50 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INITIAL COND-1 RCHz 7. 20.50 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
INITIAL COND-1 RCH= 8. 21.00 0.00 0.00 0.00 0.00 0.00 0.000 0.0 
ENDATA7 
ENDATA7A 
INCR INFLOJ-1 RCH= 1- 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 2. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 3. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 4. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 5. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 6. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 7. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
INCR INFLOJ-1 RCH= 8. 0.000 18.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ENDATA8 
ENDATASA 
STREAM JUNCTION 1. JNC=TRB-SALMON 20. 23. 22. 
ENDATA9 
HEADWTR-1 HOW- 1.HDW- LHOUSE HILL 10.05 19.5 0.0 0.0 00.0 0.0 0.0 
HEADWTR·1 HOW- 2.HDW- TROUT BROOK 0.28 19.0 0.0 0.0 00.0 0.0 0.0 
ENDATA10 
ENDATA10A 

POI NTLD- 1 PTL- 1.PTL= BOB 0.00 0.57 19.7 0.0 0.0 00.0 0.0 0.0 
POINTLD-1 PYL- 2.PTL- ORW 0.00 0.28 17.8 0.0 0.0 00.0 0.0 0.0 
ENDATA11 
ENDATA11A 
ENDATA12 
ENDATA13 
ENDATA13A 
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Appendix G. Diurnally fluctuating meterological data for the Salmon River. 

FILE LCD3HRB.RTl SALMON LCD DATA FOR DYNAMIC SIMULATIONS ~ITH QUAL2E V3.0 AND SALRT1.DAT 
SALMON R. LCD 7 286 0 0.0 1.0 14.0 10.7 1002.60 3.4 
SALMON R. LCD 7 286 3 0.0 1.0 13.4 12.5 1000.20 2.7 
SALMON R. LCD 7 286 6 1.8 1.0 12.9 11.9 998.54 2.7 
SALMON R. LCD 7 286 9 13.2 0.9 14.0 12.1 997.86 2.2 
SALMON R. LCD 7 286 12 11.4 1.0 14.0 13.1 998.54 2.5 
SALMON R. LCD 7 286 15 51.6 0.0 16.2 11.6 999.22 4.9 
SALMON R. LCD 7 286 18 6.0 0.2 15.1 12.2 998.88 2.2 
SALMON R. LCD 7 286 21 0.0 0.0 13.4 12.1 999.22 2.0 
SALMON R. LCD 7 386 0 0.0 0.0 11.8 11.1 999.22 2.9 
SALMON R. LCD 7 386 3 0.0 0.3 14.0 11.9 1000.50 3.1 
SALMON R. LCD 7 386 6 2.4 0.8 11.2 9.1 1003.60 3.8 
SALMON R. LCD 7 386 9 22.8 0.7 11.2 7.5 1006.30 5.8 
SALMON R. LCD 7 386 12 63.0 0.1 12.3 6.6 1008.00 5.8 
SALMON R. LCD 7 386 15 52.2 0.0 14.0 7.2 1008.30 7.4 
SALMON R. LCD 7 386 18 7.8 0.4 14.0 7.2 1009 .00 5.8 
SALMON R. LCD 7 386 21 0.0 0.9 10.1 6.4 1009.70 4.0 
SALMON R. LCD 7 486 0 0.0 1.0 7.9 6.8 1010.00 3.1 
SALMON R. LCD 7 486 3 0.0 0.9 7.9 7.3 1011.00 2.7 
SALMON R. LCD 7 486 6 9.0 0.2 9.6 7.81011.70 2.9 
SALMON R. LCD 7 486 9 51.0 0.0 16.8 8.3 1012.00 2.7 
SALMON R. LCD 7 486 12 64.2 0.1 19.6 9.21010.70 3.6 
SALMON R. LCD 7 486 15 29.4 0.5 20.1 9.6 1009.70 1.8 
SALMON R. LCD 7 486 18 5.4 0.8 20.7 10.2 1007.00 1.1 
SALMON R. LCD 7 486 21 0.0 1.0 16.2 12.9 1005.60 2.7 
SALMON R. LCD 7 586 0 0.0 0.8 17.3 12.4 1006.60 2.7 
SALMON R. LCD 7 586 3 0.0 0.6 18.4 11.31007.60 2.7 
SALMON R. LCD 7 586 6 7.8 0.7 19.0 12.4 1009.00 2.9 
SALMON R. LCD 7 586 9 9.0 1.0 22.3 13.2 1009.30 3.4 
SALMON R. LCD 7 586 12 46.2 0.4 23.4 14 . 1 1010.40 4.5 
SALMON R. LCD 7 586 15 16.2 0.8 23.4 14.2 1010.70 3.6 
SALMON R. LCD 7 586 18 3.6 0.9 22.3 14.4 1011.00 1.8 
SALMON R. LCD 7 586 21 0.0 1.0 20.7 15.6 1012.00 2.0 
SALMON R. LCD 7 586 23 0.0 1.0 20.7 16.2 1012.00 2.7 
SALMON R. LCD 7 586 23 0.0 1.0 20.7 16 . 2 1012 . 00 2.7 
SALMON R. LCD 7 586 23 0.0 1.0 20.7 16.2 1012.00 2.7 
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