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PREFACE

Shortly after the Monticello Ecological Research Statien (MERS), a field
laboratory of the USEPA Environmental Research Laboratory - Duluth, went into
operation in August 1973 a research program on the effects of elevated water
temperatures, resulting from waste heat discharges on fish and other aquatic
organisms, was initiated by the USEPA staff. The purpose of these studies was
{a) to validate water quality criteria data produced in the laboratory under
semi-natural field (mesoscale) conditions and (b) to i1dentify significant
response by aquatic organisms under field monitoring conditions. The field
channels in which the experimental studies were conducted were supplied with
water, heated artificially by waste heat, from Northern States Power Company's

Monticello Generating Plant.

To provide assistance in these ecological studies, 1t was necessary to
document, analyze, and predict water temperature characteristics in the field
channels. The study described herein fulfilled that purpose. The study Sf
water temperature characteristics in the 520 m (1700 £t) long field channels
required investigation of several components such as surface heat exchange
processes , longitudinal dispersion, stratification, and heat transfer to the
cnannel bed. A summary of these studies 1is provided in this report. Additional

details on the substudies can be found in the following memoranda and theses.

1. Physical Characteristics of the Experimental Field Channels
at the USEPA Ecological Research Station in Monticello,
Minnesota, by Michael G. Hahn, John S. Gulliver, and H. Stefan,
Memorandum No. 156. St.-Anthony Falls Hydraulic Laboratory,
University of !tinnesota, Aprail, 1978.

2. Operational Water Temperature Characteristics in Channel No. 1
of the USEPA Monticello Ecological Research Station, by Michael
Hahn, John Gulliver, and H. Stefan, Memorandum No. 151,

St. Antnony Falls Hydraulic Laboratory, University of Minnesota,
January, 1978.

3. User's Manual for Operational Water Temperature Statistics
Computer Programs WTEMPl and WTEMP2, by Alec Y. Fu and H., Stefan,
Memorandum No. 162, St. Anthony Falls Hydraulic Laboratory,
University of Minnesota, July, 1979.



4. Water Temperature Data Processing for the Experimental Field
Channels at the USEPA Ecological Research Station in Monticello,
Minnesota, by Alec Y. Fu and H. Stefan, Memorandum No. 167,

St. Anthony Falls Hydraulic Laboratory, University of Minnesota,
April, 1979,

S. Soil Thermal Conductivity and Temperature Prediction in the
Bed of the Experimental Field Channels at the USEPA Ecological
Research Station in Monticello, Minnesota, by J. S. Gulliver
and H. Stefan, Memorandum No. 165, St. Anthony Falls Hydraulic
Laboratory, University of Minnesota, January, 1980.

6. - Pore Water Temperatures and Heat Transfer in a Riffle (Rock)
Section of the Experimental Field Channels at the USEPA
Ecological Research Station at Monticello, Minnesota, by H. Stefan
and J. S. Gulliver, Memorandum No. 166, St. Anthony Falls Hydraulic
Laboratory, University of Minnesota, April, 1980.

7. Analysis of Surface Heat Exchange and Longitudinal Dispersion
in a Narrow Open Field Channel with Application to Water Tempera-
ture Prediction, by John S. Gulliver, M.S, thesis, University
of Minnesota, August, 1977.

8. Experimental Studies of Vertical Mixing in Temperature Stratified
Waters, by Michael G. Hahn, M.S., thesis, University of Minnesota,
March, 1978.

9. Stochastic Water Temperature Characteristics in an Outdoor
Experimental Channel, by Alexander C. Demetracopoulos, Plan B
paper for M.S. degree, University of Minnesota, November, 1976.
The overall geometrical, hydraulic, and soil thermal characteristics of
the Monticello field channels have been described in Item No. 1 above. A
first summary of operaticnal water temperature characteristics in the field
channels was given in Item 2. The surface heat exchange and the longitudinal
dispersion in the artificially heated channels subjected to real (unsteady)
weather conditions were described in Item 7. The water temperature stratifi-
T Tt e cogtyon Tinm the *poots-of-the— freld-channels -was--deseribed- and analyzed- in. -
T - " Item 8. -A-computer“program—was‘developed for the statistical analysis of 3~
"hour water temperatures recorded ét‘seéefai stations in four:of the- exght -
field channels. A user's manual was prepared and made available to the MERS
staff (Item 3). Water temperature data processing was described in Item 4.
Water temperature statistics were computed for the four channels equipped with
water temperature instrumentation for the periods from December 1975 to

September 1977. The tabular computer printout covers many pages and copies

iv



are available for purchase. Earlier statistical analysis of some partial
records led to an unpublished, but fairly extensive, progress report by H.
Stefan, C. Gutschik, A. Demetracopoulos and J. Gulliver entitled "Water
Temperature Data Retrieval and Statistical Analysis for the Experimental
Channels at the USEPA Monticello Field Station," September, 1976, 53 pp.

A spectral analysis of some water temperature records is given in Item 9.
Fipal;y, the heating and cooling of the channel bed by the water above has
been analyzed and a computer program for soil temperature prediction was

described in Item 5. Pore water temperatures in the riffles are described in ;;

Item 6.

The work performed for the USEPA Monticello Ecological Rasearch Station
(MERS) under this grant had two basically different purposes. One was to
provide background material and general information in support of the biological
werk conducted by the MERS field station staff. The second purpose was to
investigate surface heat transfer, longitudinal dispersion, and water tempera-
ture predictions in streams under field conditions. The second purpose 1s
basic and includes verification of the applicability of relationships developed

for larger water bodies to smaller streams. ’ ’

This report has been divided 1nto sections which address the two above
purposes separately. Section 4 - Hydraulic and Thermal Characteristics of the .
MERS Field Channels provide general background information, Section 5, Longi-
tudinal Dispersion, Section 6 - Heat Budget, and Section 7 - Water Temperature

Prediction, give results of basic experimental and analytical studies.




& ABSTRACT

This report summarizes some of the morphological, hydraulic, thermal
and meteorological characteristics of the experimental field channels at the
USEPA Monticello Ecological Research Station. It contains an overview of
measurements and parameters which characterized éhe physical operation condi-

tions of the channels from December 1975 through December 1977.

Reported herein are measured values of hydraulic channel roughness,
permeability and porosity of rock sections, and thermal diffusivity of bed
materials. Recorded water temperatures have been statistically analyzed to
give local diel, longitudinal,and vertical water temperature variations. A
data bank of 3-hour water temperature data was established. Mean, standard
deviation, skewness, and water temperature values at 5 per cent and 95 per cent
probability of occurrence have been calculated on sliding, weekly samples of

these 3-hour data.

Various aspects of the water temperature regime of the experamental
field channels of the USEPA Monticello Ecological Research Station (MERS)
were studied theoretically. Longitudinal dispersion and heat transfer
relationships which were included in a dynamic water temperature model had
to be established. Water temperatures at various channel locations and
meteorological parameters were continuously recorded. A convective water
surface heat transfer relationship (wind function) was determined from the
recorded longitudingl temperature-profile and meteorological parameters during -
quasi-steady state periods. Progressive -heat fronts were-used with tracer
theory to determine longitudinal élsper510n coeff1c1en£é for the field

channels.

The wind function and the longitudinal dispersion coefficient were
incorporated in an implicit finite difference computer model, MNSTREM, for
the highly dynamic water temperature prediction in the very shallow field
channels. The water temperature model results were verified against
3-hour water temperature measurements over four time periods of up to one

month.
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Development of a model for diel water temperature variations at a
one to three hour time scale goes beyond conventional stream water tempera-
ture modeling. The value and necessity of 3-hour to 6-hour weather data 1in
making accurate predictions has been demonstrated. A standard error of

0.24°C between predictions and measurements could be achieved.

: - - - vii
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= evaporative heat loss (EL ° T )

ABBREVIATIONS AND:SYMBOLS

cross sectional area (L2)

mean cross sectional area over entire reach
surface width (L)

mean channel width over entire reach
concentration (ML-3)
fraction cloud cover (=)

cloudiness ratio

specific heat of water (I-:M—1 0c~1

)

coefficients
thermal diffusivity (LZT_I)
ZDL/U

~1
so~t
DL ~Q— -1 -1
DL A BQ A
. 2 -
longitudinal dispersion coefficient (L T l)
actual air pressure {(mb)

saturation vapor pressure at dewpoint (mb)

saturated vapor pressure (mb)
bottom friction factor
mean channel depth (L)

mean channel depth over entire reach

convective heat lc>ss(EL_2 1

-1

net long wave radiation (EL.2 T_l)

net short wave solar radiation (EL 2 T—l)

incoming solar radiation (EL“2 T_l)

reflected solar radiation ()E:L«2 T_l)
distance node

time node

Darcy permeability coefficient (LT—l)

I -1 -1 -1 -1
2m/U = 2 Ks o) c, h 8]
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K = bulk surface heat transfer coefficient

= latent heat of vaporization (EM-l)
K p‘l c -1 h-l

s 1%
= mass of tracer injection (M)

3 R 83 ta
it

= Mannings roughness coefficient

NS = 3T/3t

P = wetted perimeter (L)
P, = atmospherlc pressure (mb)
Q = flow rate (L3 T-l)
r = reflectivity or albedo of water surface
R = hydraulic radius (L)
RH = relative humidity (-)
S = rate of surface heat input (EL"l Tﬁl)

S_, = slope of energy grade line (-)

sg =g 8™t a7t ar/ax

t = time (T)

T = water temperature (oc)
Ta = air temperature (oc or oK)
Td = dew point temperature (OC) N
TE = gequilibrium temperature (OC)
To = T(x=0)
Ts = surface water temperature (OC or oK)

U = mean channel flow velocity (LT-l)

5 = mean channel flow velocity over entire reach

1

u, = shear velocity (LT )

(Wftu)z = wind speed function
wz = wind velocity at elevation z above ground (LT—l)

x = distance along channel (L)

a = solar angle (degrees)‘
Aev = virtual temperature difference (OC)

¢ = porosity of bed material (-)

€ = emissivity of atmosphere (E oK-4 L-z)

€ = emissivity of water (E L—2 OK_4)
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Q o o O

1

dimensionless water temperature

[T(t)=-T(0)/ T(x)-T(0)]

dimensionless temperature = [T(x)—TE]/(To—TE)

water density oz ”3)

Stefan-Boltzman constant

bed shear stress (FL—Z)
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SECTION 1

INTRODUCTION

The Monticello Ecological Research Station (MERS) 1s a Branch of the U.S.
Environmental Protection Agency's Environmental Research Laboratory in Duluth,
Minnesota. The MERS 1s located approximately 40 miles northwest of Minneapolis,
near Monticello, Minnesota, on 34 acres adjacent to a Nuclear Power Generating
Plant owned and operated by Northern States Power Company. An aerial photo-
graph of the Monticello Field Station is given in Fig. 1.l1. The MERS has eight
so1rl bottom experimental open channels of approximately 520 m (1700 ft) length
each. The Mississippi River serves as the main source of water for the channels
which operate i1in a once-through mode. Heat exchangers using waste heat from
the power plant can be used to artificrally heat the water in any of the chan-
nels. The channels are 1in an elevated area above the Mississippi River and

not normally subjected to flocding.

Flow rates in each of the channels as well as water stages can be con-
trolled. The discharge from the channels is returned to the Mississippi River

without any provision for treatment.

Heated cooling water effluents from power facilities create artificially
high temperatures in natural waters. These thermal additions also intensify
the dynamic character of natural water temperatures. Analysis of the higher,
more variable water temperatures is needed to aid in determining effects upon

the ecology of natural waters. Such studies are conducted at the MERS.

Artlfiéially heated water in a river, lake, pond, estuary, or coastal’
area 1s cooled primarily through heat transfer with the air. Such heat trans-
fer has been thoroughly studied for large water surface areas but the relation-
ships developed may not apply well to shallow and narrow open channels. The
quantitative effect of wind velocity, which enhances heat transfer, 1s different

for narrow channels and wide surface areas.
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Water temperatures in small open channels are highly dynamic due to the
time dependent character of the controlling processes: advective transport,
wind and flow induced mixing, and heat exchange with the air and the channel
bed. 1In the MERS field channels the unsteady character of water temperature
is especially acute since neither the mixing characteristics nor the effect
of advective transport are negligible in the channels. The channels are ex-
posed to a wide range of air temperatures, humidities, wind velocities, and

_solar radiation. The corresponding heat transfeér with the environment 1is

——— __51gn1f1cantﬁ.,a dlffezence in_temperature between the upper and lower end as

high as 15°C has been recorded and diurnal variations above 5°C have been
observed at the downstream end. The experimental channels provide an excellent
medium for the study of unsteady water temperatures in open channel flow and

their relationship to meteorological parameters.

The energy transport equation applied to an open channel of constant

cross section takes the following form:

2
aT aT 97T S
— U + D — (1_1)
at X ax2 pcph

DL 1s a dispersion coefficirent in the direction of flow (x-direction), S 1is

a source or sink term which includes heat transfer with the surrounding
environment, t 1s time, U is mean channel velocity, h 1s mean depth, ¢ 1s the
density of water, and c, 1s the heat capacity of water. The potential im-
portance of the dlsper51en mechanism and of heat exchange with the air 1is

evident in Egq. 1l-1.

Continuous water temperature records and meteorological data were

gathered and used to cetermlne longltudlnal dlsper51on and adapt known alz-

water” heat transfer relatlcnsh1ps to narrow open channels with well deflned

e o liie m e - e v aTm e JE ———

.. I . T non- unlform cross sections (c;ege;e§1ons):_ The effect of wind upon longltudlnal

dispersion in the cnannels was studied. This information was needed to develop
a dynamic model of channel water temperatures. It was intended that the model
should be able to predict the diurnal water temperature variations.on a time-
scale of 1 to 3 hours, as well as the longitudinal gradients. The longitu-
dinal gradients were induced by adding artificially heated water to the

channels and oy the diurnal heating and cooling cycle at the channel surface.



|
A time scale of 3 hours was found adequate to simulate the observed diurnal

variations.

The model simulation had to pay attention to several factors not usually
considered in stream temperature modeling: (a) the particularly complex
geometry of the channels caused by the alternation of riffles and pools, (b)
the presence of weeds and intermittent stratification and (c) the undsually
short time scale required. This led to a water temperature model which

1s more dynamic than any other model known to the authors.

This study of the physical environment in the MERS field channels was
intended to provide some background for several biological studies at the
Research Station, including one on the effects of artificially high water
temperatures on fish and invertebrate populations. An analysis of the
temperature measurement problem, channel temperature regime, microhabitat
conditions, and temporal and spatial dynamics was essential for such investi-
gations. The planning of future channel experaiments may be facilitated by
the results of this study. 1In a broader sense, this study also contains
material applicable to the study of temperature dynamics 1in ther@ally polluted
streams, to the design of irrigation canals for cooling water disposal, and to

the natural water temperature regime of small streams.



SECTION 2

CONCLUSIONS

The field channels at the Monticello Ecological Research Station represent
a meso-scale ecosystem whose temperature regime and hydraulic charac-~
teristics have been measured. The water temperature regime has also been
simulated i1n a dynamic numerical model using channel morphological and
hydraulic parameters as an input and air/water heat exchange as a water

temperature forcing function.

Development and operation of instrumentation for continuous monitoring

of flow rates and water temperatures in the channels from 1975 to 1977

was in the hands of MERS staff, in particular Charles F. Kleiner. The
investigators participated in the selection of the temperature sampling
sites shown 1n Fig. 4.13. The investigators also collected intermittently
data on flow velocity profiles, water temperature stratification, surface
water surface slope and flow cross sections. These data have been used to
describe the temperature regime of the channels, derive a number of
relevant physical parameters, and verify techniques for the analysis

of temperature dynamics as described below.

The nydrauliac characteristics include:

Mannings roughness: n 0.06 in the clear channels

n 0.3 with weed growth

Mean £flow velocities: U 0.1 m/s i1n riffles

1

e

ls) 0.02 m/s in pools

depending on flow rate and downstream channel control. Velocity profiles
are strongly affected by growth of filamentous algae 1n the rock secticns

and macrophytes in the pools.

Darcy vermeability coefficient of rock k = 0.18 m/s

Rock ,porcsity e = 0.42.

oa w



- ...__May_be accurately predicted with this model.

4., The soil profjle below pool bends is composed of four layers: a highly
organic surface layer, water saturated sandy loam, water saturated
bentonite clay layer, and a dry sandy loam, in order, from surface
downward. The depth of the highly organic surface layer is variable and

increases with time. The thermal diffusivity of each layer was determined

by fitting soil temperature prediction to temperature measurements.

D

1

0.0017 cmz/s in the organic surface layer

~ g

0.013 cﬁz7§*fﬁ’the wet sandy. loam bélow.. -

]

D,s—OWOOla,cm?/s 1n the dxy~ségdy loam below the bentchite seal

The thermal diffusivity of the riffle was estimated to be D = 0.0031 cmz/s

in the rock/water system without natural convection.

5. Vertical stratification of the pool sections was studied in the artificially
heated channel 1 and was found to occur most frequently in August. The
temperature gradient was found to occur primarily in the lowermost 20 cm
of the pool below a 60 cm isothermal layer; the temperature difference
was up to SOC strong. Analysis of some 1975/76 data in pools 6 and 12
showed that a temperature differential of more than 1% developed during
33 per cent of all hours in August and less frequently during other
months. The more downstream pool showed a stronger tendency toward strati-—
fication, presumably because the cumulative effect of atmospheric heating

of the water 1in it 1s stronger.

6. A dynamic soil temperature model for the pool sections was developed,
primarily to assist in invertebrate studies. The model solves the
unsteady heat conduction equation and predicts the soil temperature

profile for a specified time variation of the water temperature at the

- -soil/water interface. It was verified (Fig. 4.11) that soil temperatures __

"7. Three-hour water temperature measurements 1in four of eight field channels

have been recorded, processed and statistically analyzed for a period
from December 1975 through September 1977. A computer program and

User's Manual were provided to EPA.

8. Longitudinal dispersion in the MERS field channels was studied separately
using temperature fronts. The longitudinal dispersion coefficient was

found to be best approximated by



10.

where Q 1s flow rate and B 1s mean surface width. The

effects of pool/riffle interaction appeared to be minor and longitudinal
dispersion was similar to that in a channel of uniform cross section.

In the range of very low mean flow velocities investigated (0.04 m3/s
discharge and U = 0.02 m/s 1n pool to 0.1 m/s in riffle), the typical
wind and vegetation eififects could not be distinguished separately. A

2
typical value of D_ was 0.1 m™ /s, with more detail provided in Tables

L
5.1 and 5.2.
Evaporative and convective surface heat exchange were found tc be
dependent on wind speeds and natural convection potential. A wind speed

function

/3

Wftn = 0.0096 (Aev)l + 0.0083 W

2

was found to fit the experimental field data well. Aev represents a
virtual temperature differential defined by Eq. 6-30 and W2 1s the wind
speed at 2 meters above the ground in m/s. The windspeed function is
used to calculate evaporative surface heat transfer 1n accordance with

Eg. 6-22 and convective surface heat transfer according to Eg. 6-~26.

The water temperature regime was found to be highly dynamic for several

reasons:

(a) the shallow mean depth of the channels (< 1 m)

(b) the residence time of several hours in the channels

{(c}) ‘the open cvcle mode of operation whereby water from the Mississippi
River 1s fed (heated or unheated through the MERS channels 1in a

once—thgoggh mode)

Since the nvdraulic conditions on thermal responses in the Mississippl
River and in the MERS field channels are very different, channel water
temperatures are usually 1in transient conditions with opoth strong
longitudinal gradients (several degrees C) and significant diurnal
variations (several degrees C) at the downstream end. Taple 4.4 provides
specific figures. Upstream conditions were more stable because the

inlet water came from the Mississipi River, a deeper water pody than

the channels.
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A finite difference, implicit computer model MNSTREM for the simulation
of the very dynamic channel water temperature regime was developed. It
was shown capable of simulating 1 hr, 3 hr or 6 hr water temperatures
over periods up to one month with standard errors of 0.2 to 0.3%
between measurements and predictions. Weather data, specifically solar
radiation, air temperature, dewpoint and wind velocity are required as
1nput at least every six hours. Three hour input data are standard for
the model, If intervals of more than six hours are used, the accuracy
of the prediction suffers (Table 7.1). MNSTREM has unusually high time
resolution meaning that it can predict rapid water temperature chanéés

1n very shallow water.



SECTION 3

RECCMMENDATIONS

" Water temperature variations in timé and spaceare a characteristic of

~any aquatic¢ énvxronmené-and especialiy the MERS‘fleld channels.. Standard
methods for the characterization of water temperature dynamics and incorpora-
tion of these characterizations into water temperature criteria for pollution
control are needed. The MERS field channels lend themselves to studies of
dynamics very well. They should be used for continued studies of fate

and effect of various pollutants in an ecosystem at the meso-scale.

The focus of this study was on water temperature as a water quality
parameter. For the mcdel formulation, a dispersion parameter and surface

exchange relationship adequate for water temperature modeling were derived.

Studies of pollutant (mass) transport, in the MERS channels require more
refined and detailed infermation on the flow and dispersion in a bed of
macrophytes since uptake and precipitation are added factors (not present

in the temperature mocdel).

If further ecosystem studies 1n the MERS channels are conducted,
detailed investigations of the hydrodynamics and transport dynamics of a
pocl and of a riffle, including the effects of vegetation must be conducted.
For example, tne effect of vegetation on longitudinal dispersion needs

--1nvestigation. .Flow. effects must be sorted out from the_ field observations _

to derive..the true biological and chemical kinetics of the system.

The 3-hour water temperaturé data base derived Erom continuous recordings
snould be analyzed further by time series (spectral, correlation) analysis.

In addition, weather data and flow data should be digitized.

Continuously recording flow metering and channel stage recording
devices at each end of a channel should be installed in the MERS channels.

Flow rates were recorded manually cnce a day and stages only intermittently.



SECTION 4

HYDRAULIC AND THERMAL CHARACTERISTICS OF THE MERS FIELD CHANNELS

4.1. CHANNEL GECMETRY

Each of the eight experimental channels at the MERS is approximately “
520 m (1700 ft) long, with alternating "pool"™ and "riffle" sections of
approximately 30.5 m(100 £t) length each and one 90 degree bend from an
east-west to north-south alignment. There are nine pools and eight riffles
in each channel. The approximate geometry of the pool sections is 3.5 m
(12 ft) surface width and 0.8 m (3 £t) maximum depth. The pool cross section
is approximately parabolic. The riffle sections are contracted areas to
increase flow velocity. They are trapezoidal in shape and formed by 38 mm
(1.5 inch) gravel placed in the channel. The riffle width at the water
surface 1s approximately 2.5 m (8 f£t). Riffles are very shallow, e.g. 0.3 m
(12 inches). As the water stage can be controlled by a bulkhead at the end

of each channel, the exact water depths and surface widths can also be changed,

The channels are arranged in pairs, separated by a high berm. There 1s

a gravel road between channel pairs. Figure 4.1 shows one pair of channels.

Locations 1n the channels are numbered, with the number 1 assigned to
the inlet, numper 2 to the first pool, number 3 to the first riffle, etc.,
up to the outlet which is numbered 19. 1In addition, each channel was given a
number from 1 to 8. Figure 4.2 gives measured average riffle and pool cross
.sections 1in Channel 1 (northernmost channel). Cross sgctlons.afe not unzfo:m'_

in all cases. One example of a non-uniform.riffle cross section is given in

Fig. 4.3.

10



Fig. 4.1. MERS channels showing the transition from pool
(foreground) to riffle to pool. The channel on -
the left i1s flowing full, while the channel on

the right 1s partially drained, exposing the gravel
sides and bottom of the riffle section.

11
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4.2. CHANNEL HYDRAULICS

Flow Ratesyand Residence Times

Flow rates in each channel are controlled and metered in the control room
of the office building. V-notch weirs are installed at the head (inlet) of
each channel and are available for installation at the end of each channel.
Maximum design flow for a channel is on the order of 37.9 &/s (600 gpm).
Actual flow rates have been as high as 39.1 /s (620 gpm). 1In 1its first year
of operation the flow rate in Channel 1 was approximately 18.9 /s (300 gpm),
and” the total hydraulic residence time of the water in the channel on the
order of 12 hours. In the second year, beginning in August 1976, the flow rate
was approximately 28.4 L/s (450 gpm) to 37.9 /s (600 gpm), with residence

time on the order of 4 hours. A lower stage was used with the higher flow.

Roughness and Water Surface Slope

The hydraulic roughness was determined in Channel 1 on three different
occasions. Water surface slopes were measured in Channel 1, enabling calcula-
tion of roughness coefficients, wall shear stresses on the wetted perimeter,
and shear velocities. Two setsof values are presented in Tables 4.1 and 4.2
where the station numbers refer to pool and riffle locations. (Counting in a
downstream direction, the odd-numbered stations are riffles and the even-
numbered stations are pools.) Computations were made for three different flow

rates and for clear and weed choked conditions in the channel.

On April 18, 1977 the channel was relatively free from weeds and obstruc-
tions. On June 15, 1977 heavy macrophyte growth in both the riffles and pools

had raised the water surface level substantially from the April level.

Manning's roughness coefficient 'n' 1s defined by the Manning equation

(see e.g. Olson, 1973 or-Barnes, 1967 or Limerinos, 1970).

Q = % ars”3 g 172

E (4-1)

flow rate in m3/s,

where Q =
A = cross sectional area of the channel in mz,
R = hydraulic radius (m) of the channel cross section, defined as
the cross section area A divided by the wetted perimeter P, and
sE = slope of “2nergy grade line

14 i T



TABLE 4.1, WATER SURFACE SLOPES (S}, CROSS SECTIONAL AREAS (A), WETTED
PERIMETERS (P), MANNING'S ROUGHNESS COEFFICIENTS (n), SHEAR
VELOCITIES (U*), and SHEAR STRESSES ON THE BOTTOM OF 3
CHANNEL 1, TO' ON APRIL 18, 1977. (Flow rate = 0.0320 m™/s)*
Section S A P n u, To
(m?) (m) (m/s) (N/m?)

3 0.000537 .316 2.13 0.064 0.028 g.78

4 o

5 0.000263 .372 2.04 0.061 0.022 0.48

6 0.000104

7 0.000208 .372 2.16 0.052 0.019 0.36

8 0.000116

9 0.000436 .307 2.04 0.057 0.025 0.63

10 G.000053

11 0.000312 .297 1.92 0.047 0.022 0.48

12 0

13 0.000573 .279 1.89 0.058 0.029 0.84

14 0

15 0.000260 .297 li92 0.043 0.020 0.40

16 0.000104

17 0.000210 .214 1.71 0.024 0.016 0.26

* After Hahn et al, 1978b.
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TABLE 4.,2. WATER SURFACE SLOPES (S), CROSS SECTIONAL AREAS (A), WETTED
PERIMETERS (P), MANNING'S ROUGHNESS COEFFICIENTS (n), SHEAR
VELOCITIES (u*), AND SHEAR STRESSES ON THE BOTTOM OF
CHANNEL 1, To' ON JUNE 15, 1977. (Flow rate = 0.0379 m /s)*

Section S A P n u, To
2 2
(m™) (m) (m/s) (N/m™)
- = -3 ———02000773 0.576 ‘2.7 - 148 .0396— . 1.57
4 0.001020 1.77 3.93 .881 L0671 4.50
5 0.000505 0.520 2.50 .109 .0320 1.02
6 0.000333 1.81 3.96 .518 .0387 1.50
7 0.000250 0.548 2.62 .081 .0226 0.51
8 0.000185 1.79 4.02 .376 .0283 0.80
9 0.000908 0.465 2.19 131 .0433 1.87
10 0 1.64 3.81 0 0 0
11 0.000467 0.465 2.26 .093 .0308 0.95
12 0.000330 1.70 3.87 .472 .0378 1.43
13 0.001417 0.353 2.10 .107 .0485 2,35
14 0.000168 1.65 3.93 .318 .0262 0.69
15 0.399 2.19
16 1.56 3.69
17 0.001010 0.242 1.71 .055 .0375 1.41

*After Hahn et al, 1978b.
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The transitions between pools and riffles appeared to produce an 1insigni-

ficant loss compared to the roughness of the riffle sections.

It 1s noteworthy that in the clear channels (without growth) the hydraulic
headloss occurs predominantly in the riffle sections. With heavy weed growth

the contributions of pools and riffles may, however, be equal.

The average values of Manning's roughness coefficient were n = 0.056 on
April 18, 1977, and n = 0.29 on June 15, 1977. The associated measured head-
losses along the channel were 0.097 m (3.8 in.) on April 18, 1977, and 0.21 m

(8.3 1n.) on June 15, 1977. The measurements excluded the first and the last
pool.

It should be noted that the roughness coefficients calculated for the
channel with heavy weed growth account not only for the additional resistance
to flow caused by the weeds, but also implicitly include the effects of the
weeds in altering the channel cross section and length of flow. The overall
pool and riffle cross sections with no area reduction were used in computing
the 'n' values. In parts of the weedy sections the flow may have been appor-
tioned between several subsections, thus producing a divided flow with several

cross sections and hydraulic radiz:.

Flow Velocities

Mean flow velocities in riffles and pools vary, of course, with flow rate
and stage. Mean values applicable to conditions observed on April 18, 1977

with a flow of .033 m3/s (508 gpm) were:
Riffles: .108 m/s (.335 ft/s)
Pools: .019 m/s (.062 ft/s)

Velocity distributions as a function of depth were measured on several occasions
with the aid of a micro currentmeter. Sample results are shown in Figs. 4.4
through 4.6. The effect of the attached filamentous algae growth on the

velocity distribution 1s very apparent.
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4.3. SOIL AND ROCK CHARACTERISTICS

Grain Size Distraibution

Size distributions of the pool and riffle bed materials and of the sedi-

ment deposited within the first riffle section of Channel 1 were measured.

The rock size distribution for the riffles was made on a random 325 N (73 1lb)
sample of the gravel collected from the sides of all riffles in Channel 1.
Two in. (50.8 mm), 1.5 in. (38.1 mm), 1.0 in. (25.4 mm), and 0.75 in. (19.0 mm)

sieves were used. The results are plotted in Fig. 4.7.

A visual inspection of the rock material in the first (farthest upstream)
riffle of Channel 1 indicated that it contained a considerable amount of fine
sediment in the form of a mud or slurry. No such sediment was observed in the
last (farthest downstream) riffle of Channel l. Permeability measurements
made in the two riffles indicated a lower permeability of the first riffle
compared to the last, as would be expected i1f there were sediment deposition
upstream. The origin of the sediment accumulation 1s presumably the Mississippi
River water. The first pool of each channel acts as a settling basin for
suspended sediment carried by the river. The sediment removal in the first
pool 1is, however, not complete and some sediment is apparently deposited 1in

the rock of the first riffle,

A sample of the sediment i1n the first riffle was obtained by digging a
hole into the gravel cross section and collecting samples of the gravel and
the slurry from througnout the vertical cross section. The sediment adhering

to the rocks was later collected by washing the rocks.

The mechanical analysis of the sediment was performed according to the
standard method (AASHO Designation: T88-57) described in the Soils Manual
for Design of Asphalt Pavement Structures published oy the Asphalt Institute.

The resulting sediment size distribution is shown in Fig. 4.7. -

The size distribution data for the pool bottoms in Channel 1 obtained in
1975 and available at MERS were also plotted in Fig. 4.7. The bed material
was previously sampled in each pool and a size distribution was determined
for each individual sample. The per cents finer than in each category were
averaged for the nine pools and the resulting size distribution curve was

plotted. Also, the per cent finer than in each category was determined for
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each pool, and the highest and lowest per cents among all the pools in each

size category were plotted as upper and lower bounds for the sediment sizes,

Permeability of Riffle Rock Sections

The hydraulic (Darcy) permeability of the rock was determined by separate
experiments for the downstream part of the last riffle in Channel 1 and for

both the upstream and the downstream part of the first riffle in Channel 1.

In the case of the last riffle, the water level in the pool immediately- .

downstream was lowgred so that all flow was only thropgy the-rocks and-piezo-... .
metric elevations were measured to determine the water table profile along the
riffle section as a function of location and of time. Experiments were con=-
tinued for several hours. For the downstream riffle a quasi-steady state
condition was reached. The Darcy permeability coefficient of the rock was

found to be 18 cm/s. With a channel flow on the order of 0.0315 m3/s (500 gpm),
the mean flow velocity through the pores of the rock was calculated to be

approximately 0.02 cm/sec with a rock porosity on the order of 0.42.

Porosity of the rock was found by measuring void space in a container

of 19.6 liters total volume. Average porosity from several samples was 0.44.

1

So1l Thermal Diffusivity and Soil Temperature in Pool Sections

A study of soil thermal diffusivity and temperatures below the bed of the
pools was made for two reasons. One reason was to determine 1f the heat
exchange between the pool water and the bed had an important influence on the
water temperature regime in the channels. The influence was found to be
negligible. The second reason was that aquatic biologists studying benthic
organisms desired to know something about the temperature regime in the mud.

The soil temperature regime was studied oy heat transfer analysis (unsteady

and one-dimensional).,. - - :

The soil.temperature préfile as a function of depth and time waq‘prgdicted'
for known water temperature in the pool above the soil/water interface. A
numerical finite difference model of the unsteady, one-dimensional heat con-
duction equation was developed (Gulliver and Stefan, 1980). Measurements of
so1]l temperature profiles were obtained from thermistor arrays placed in the

bed of pools 6 and 12 1in Channel 1.



Analysis of soil composition and of measured soil temperature profiles
led to the conclusion that a four-layered system had to be used: the first
layer of the pool bed was a highly organic layer of variable depth (0-15 cm).
It appeared that this layer had developed since the channels went into
operation and that the organic material was the residue of several growth
seasons. The second layer (below) was a water saturated sandy loam of 38 cm
(15 i1n.) thickness. This second layer was backfill material which rested
on a5 cm (2 1n.) bentonite layer which had been installed to prevent the
channels from leaking. The fourth layer below was a dry sandy loam. Figures

4.8 and 4.9 give cross sections.

Several heat wave experiments were performed. The soil surface was
suddenly exposed to heated water, after a cold periecd, and the penetration of
the warm front into the soil with time was recorded by the thermistor arrays.

An example of a record is given in Fig. 4.10. Analysis of several such fronts

made 1t possible to refine 1initial estimates of soil thermal diffusivities.

Although there were three thermal diffusivities and one layer depth to
be determined, the heat wave experiment encompassed two unsteady and two
quasi-steady periods and the probiems of fitting four parameters could be
solved. The surface layer thermal diffusivity and surface layer depth
were highly interacting, but the use of unsteady periods helped resolve the
problem to a reasonable degree of accuracy. The following soil properties
were determined by fitting predictions of the numerical finite difference

model to soil temperature measurements:
Highly organic (surface) layer depth = 12.5 cm (5 in.)
Thermal diffusivities:

1.7 x 10.3 cmz/sec

Highly organic surface layer D

1.3 x 1072 cn?/sec”

. Water saturated sandy loam ™ - D
and bentonite layer ;

1.3 x 10.3 cmz/sec

1]

Dry sandy loam D
(lowest layer)

The above thermal diffusivities were used to predict soil temperatures
in pool 12 during other heat wave tests. A set of predicted soil temperatures

1s compared with thermistor soil temperature measurements in Fig. 4.11. A
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surface organic layer of 6.25 cm (2.5 in.) was assumed. The standard error of

the predicted soil temperatures in the example is 0.48%.

More information on the soil temperature investigations conducted at the

MERS is given in Gulliver and Stefan, 1980.

Rock/Water Thermal Diffusivity and Temperatures in Riffle Sections

Water temperatures in the voids of the rocks forming the riffle section
were studied for the same reasons as the soil temperature profile in the pool.
It.may be recalled that the rocks are of 30 mm average size and form a system

of high hydraulic permeability.

The transfer of heat from the water flowing over the riffle into the

water and rock below is potentially by the following processes.

(a) Horizontal flow of water through the pores of the rock. The
hydraulic permeability was determined previously to be 18 cm/sec
and the effective pore flow velocity on the order of 0.4 * 10-4

to 2.5 * 10-'3 cm/sec, assuming a porosity of 0.44.

(b) Vertical conduction through the water and the rock mass.
Estimates of thermal diffusivity of the water and the rock

3

as found in the literature are 5.9 x 10 > cm’/sec for dry

3

gravel and 1.4 x 10 cmz/sec for water.

(c) Vertical forced convection through the voids of the rock
system. This could also be looked at as a downward hydro-

dynamic diffusion process.

(d) Vertical natural convection through the voids of the rock
system, when unstable water temperature stratification
- OCCUES.
" “The penetration of a heat wave from the bed surface into the rock of

" riffle 17 was studied experimentally from December 19, 1977, through
January 2, 1978 (Stefan and Gulliver, 1980).

A vertical array of six thermocouples at 2.5, 7.6, 15, 25, 38, and 51 cm
below the rock surface was installed in the center of riffle section 17 in
Channel 1. The location is approximately 15 m from the upstream end of the

riffle. The lowermost thermocouple 1s in the sandy loam below the rock.
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Temperatures at the six sensor locations were read once daily during each work-
ing day following an artificially imposed surface water temperature rise. The

rock temperature profiles indicated by the sensors are shown in Fig. 4.12,

The temperature response in the upper 15 cm (6 in.,) appears to be with a
time lag on the order of only a few hours. This rapid response as well as the
shape of the temperature distributions with depth suggests that a very effec-
‘tive vertical mixing mechanism in the upper 15 cm-of the rock existse This .

mechanism could be a hydrodynamic diffusion or forced convection p;oEéss indiuced

——

by the bed shear stress of the free éufface £f16w'in the riffle section. ~ - S

Below 15 cm depth the temperature response is delayed but still quite
rapid. It 1s noteworthy that between December 20 and 22 and over a 48 hour
period the temperatures in the rock rose by the same amount as the surface
water temperature, namely 2°C per 24 hours. This obsérvation would suggest
that the rate of downward heat flow during that time period was constant and

that the sandy loam (below the rock) was the main heat sink.

The observed rapid changes in rock temperature profiles cannot be explained
by horizontal flow through the rock. The horizontal advance of a temperature
front based on uniform horizontal flow and measured permeability would be

about 5 m/day 1in terms of real pore flow velocity.

Density stratification of the water in the rock mass 1s associrated with
vertical temperature gradients. Stratification may be responsible for
the steeper temperature gradient below 15 cm than above. It reflects a

smaller vertical thermal diffusivity than above 15 cm depth.

During the cooling phase the vertical temperature profiles are more

-~ -~ --—--unxferm than. during the heating. Thas reflects the effect of natural vertical

Lo e Leconvectlon .induced by density .instability. | - ’

"7 An analysis of the data deScribed by Stefan and Gulliver-(1980), gave
3

a thermal diffusaivity of 3.1%10° cmz/s for the rock/water system at depths

between 15 cm and_38 cm below the riffle bed. This value 1is applicable when
the water temperature in the rock section provides a stable density strati-

fication (channel water lighter than pore water in the rocks).



Depth below Rock Surface (cm)

50

Temperature, °C

Rock —

Sandy Loom
| !

| I

12/27112/23/77
12 30T 11 00

Rock -~

\ \ A Sondy L_oo—m;
] ! L | 1 1
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In the upper 15 cm of the riffle bed a mixed layer appears to exist.

Water temperature in that layer is very nearly the same as the channel water

temperature.

Under unstable conditions (pore water lighter than channel water) natural

convection takes place and thermal diffusivity is much increased.

4.4, OBSERVED OPERATIONAL WATER TEMPERATURE REGIME

Water Temperature Instrumentation

Temperature sensors (thermocouples) were installed at the upstream and
downstream ends and in the center pools and riffles of each of experimental
channels 1, 4, 5, and 8. The sensors provided continuous water temperature
information which was recorded on four strip charts for the four channels.
Three stations per channel were not sufficient, however, for the analysis of
stratification, surface heat transfer and mixing. Channel 1 was selected for
in-depth study of temperature regimes, and 21 continuous recording sensors were
installed in Channel 1 (schematic in Fig. 4.13). Ten of the sensors measured
water temperature 12.5 ¢m (5 1in.) to 25 cm (10 in.) below the water surface.
There were two vertical arrays of four sensors each installed in Pools 6 and 12
which provided information on water temperature stratification and soil tempera-
ture. Three sensors were within 12.5 em (5 in.) from the bottom of pools 4,
10, and 18, and one sensor 2 to 5 cm (1 to 2 1in.) in the rocks of riffle 17.
All temperature sensors were connected to Leads-Northrup multi-channel color-
coded temperature chart recorders. Temperatures were recorded from November

1975 through December 1977.

Water Temperature Data Processing

Zlements

The water temperature data processing described herein is for'wqter
temperatures measured at several stations in channels 1, 4, 5, and 8 of the
MERS. The data processing had the following elements.

-# Extraction from strip charts
e Review and estimation of missing or faulty data
e Calibration

® Storage
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These elements will be described in sequence.

Extraction of data

Water temperature data were extracted for four channels including two
. o e e e .
hot channels, with up to 15°C above the Mississippi River temperature, one
o .
warm channel, with up to 8 C above river temperature, and one ambient channel

which has no heat addition above river temperature,

For the statistical analysis, stations 2, 5, 9; 10, 17, and 18 of channels
4, 5, and 8, as well as stations 3, 4, 6, 12, 17, and 18 of Channel 1 were
selected. For each station, 3~hour water temperatures beginning at midnight
of each day were read off the strip charts and hand recorded on data sheets

(eight values per day).

Estimation of data

For periods during which no temperatures were recorded, estimation of
water temperature became necessary. This was done by one of the four follow-

1ng procedures.

(a) Linear interpolation between water temperatures at upstream

and downstream stations.

{b) when the period of missing data was only a few hours, and
when no water temperatures were recorded for all stations,
linear interpolation between the last water temperature
before the gap and the first water temperature after the

gap was used.

(c) When a temperature record was not available for the first
station (or the last station), linear extrapolation using

temperatures from the two immediate downstream (or upstream

- " stations was used. - )

(d) When no temperature record was available for all stations and
for a long duration, temperatures from another channel mul-
tiplied by a coefficient were substituted (linear intra-

channel transfer).

Detaills on the periods of missing data, their causes, and the procedures used

in estimating the data were documented by Fu and Stefan (1979b).
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Erroneous data were also found in the records. Some water temperatures
recordedton the strip charts were not representative for several reasons:
(a) sensor might be in the air due to low flow, (b) sensor might be buried in
the sediment, and (c) sensor might not be recording the true water temperature
values. Owing to these reasons, estimation of corrected water temperature data
was also necessary. The procedure is explained in Fu and Stefan (1979b). Periods

during which estimates had to be made are also identified by Fu and Stefan (1979b)

Calibration

From January 1976 through June 1976, one complete calibration and numerous
spot checks of the recorded temperatures in Channel 1 were made. After July
1976, temperature calibrations were made approximately every month. Channels

4, 5, and 8 were included.

The corrections obtained from these calibrations were tabulated by Fu and
Stefan (1979b). Between the dates when calibrations were made, strip charts were
examined to i1dentify discontinuities 1in the records. Calibrations were considered
valid only up to these points. Operational records and abbreviated remarks on

the strip charts were also consulted for this purpose.

Corrections of less than + 0.2°C were ignored. Corrections >{0.2| were
added to the hand recorded water temperatures. The entire water temperature
records for Channels 1, 4, 5, and 8 were stored on a magnetic tape. No cali-

brations were applied to the estimated water temperatures.

Water temperature data storage

All calibrated water temperatures were stored on a nine track magnetic
tape. The length of the temperature record of each station is listed 1in Table
4.3. The magnetic tape 1s divided into four files (multi-file tape). Each
file contains a temperature record of a single channel. Within each file,

. temperaéure fecords are stored in the order listed in Table 4.3. The first
file contains temperature records of Channel 1, the second file those of
Channel 4, the third file those of Channel 5, and the fourth file those of
Channel 8. A computer program was used to read the raw data (without calibra-
tion), to apply the calibration and to write the calibrated water temperatures
on the magnetic tape. More detailed information on the data tape can be

found in Fu and Stefan, (1979%a).
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SUMMARY OF WATER TEMPERATURE INFORMATION STORED ON MAGNETIC TAPE (Cont'd)

|
TABLE 4.3.
: |
File ' : Station I
Sequence Set Set No. in , No. No. of
No. Identifiern Identifier Channel Order of of 3-hour
ON SI FI No. Storage Period Days Temperatures
1 PFILED g CHANNEL 1 1 3 12/4/75 - 9/19/11 656 5,248
4 12/4/75 - 9/19/17 656 5,248
' 6 12/4/75 - 9/19/77 656 5,248
i 12 12/4/75 ~ 9/19/71 656 5,248
; 17 12/4/75 - 9/19/77 656 5,248
. i 18 12/4/75 - 9/19/71 656 5,248
t
i
| § TOTAL 3,936 31,488
¢ X
2 PFILED | CHANNEL 4 4 2 10/20/76 - 9/19/77 335 2,680
, g 3 11/26/15 - 9/19/71 664 5,312
; . 11 11/26/15 ~ 10/18/76 328 2,624
. ' 9 10/19/76 - 9/19/17 336 2,688
10 10/10/76 - 9/19/77 335 2,680
‘ 17 11/26/75 - 9/19/717 , 664 5,312
18 10/20/76 - 9/19/77 335 2,680
!
, . TOTAL 2,997 23,976
3 PFILED CHANNEL 5 5 2 10/19/76 - 9/14/717 331 2,648
, 3 11/24/75 - 9/14/17 661 5,288
' 11 11/24/75 - 10/17/76 329 2,632
: ; 9 10/18/76 - 9/14/71 332 2,656
10 10/19/76 - 9/14/71 331 2,648
17 11/24/75 - 9/14/71 661 5,288
18 10/19/76 - 9/14/717 331 2,648
g TOTAL 2,976 23,808
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TABLE 4.3 (Cont'd).

SUMMARY OF WATER TEMPERATURE INFORMATION STORED ON MAGNETIC TAPE

File Station

Sequence Set . Set No. in No. No. of

No. Identifier Identifier Channel Order of of 3~-hour
QN s1 ' FI No. Storage Period Days Temperatures

4 PFILED CHANNEL 8 8 2 10/15/76 9/13/77} 334 2,672

3 11/24/75 9/13/717 660 5,280

t ! 11 11/24/75 10/13/76 325 2,600

i ' 9 10/14/76 S/13/717: 335 2,680

! 10 10/15/76 9/13/77! 334 2,672

! 17 11/24/75 9/13/71 660 5,280

' 18 10/15/76 - 9/13/77 334 2,672

TOTAL | 2,982 23,856

GRAND TOTAL 12,891 103,128




Water Temperature Data Analysis and Results

Elements

The water temperature data analysis as described herein included

e Development of a statistical analysis package

e Computation of a number of statistical parameters from 3-hour

data

e Determination of the seasonal cycle

e Determination of the diurnal cycle

® Analysis of longitudinal gradients

e Analysis of water temperature stratification in the pools

These elements will be described 1in sequence.

Development of a statistical analysis package

A computer program WTEMPl, described in detail by Fu and Stefan (1979a),

to extract from the 3-hour water temperature data étatlstical information

was developed including:

® Water temperatures at three probabilities of occurrence

specified by the user

e Maximum and minimum water temperatures in the period

analyzed

e Mean, standard deviation and dimensionless skewness

coefficient of the water temperature

WTEMP1 can handle a series containing up to 19,200 individual water tempera-

tures, equivalent to 400 days of data from six stations in a single channel.

WIEMPl can also nandle sliding statistic calculations for sample periods of

up to 7 days. The.output i1s in tabular form.

A second interactive program WTEMP2 for computing statistics on specified

data time intervals, composite station locations etc. from daily statistics was

also developed (Fu and Stefan, 1979%a).

Computations

Computations have been carried out for individual stations and channel

composite using weekly sliding samples.

1S shown in Appendix H.

The tabular output format from WITEMPLl

The complete output comprises 151 pages for Channel 1

and 126 pages each for Channels 4, 5, and 8.

-
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Seasonal water temperature cycle

A graphical presentation of the statistical computer output is shown in
Figs. 4.14 and 4.15. The weekly mean, maximum and minimum water temperatures
have been plotted for two channels and several stations. Channel 1 was
artificially heated, and Channel 5 was not. The seasonal water temperature
cycle can be easily seen. The seasonal amplitude is on the order of + 15°¢.
The annual mean differed by channel and station depending on the artificial

heating.

Water temperature fluctuationssuperimposed on the seasonal cycle are either
due to irregularities in the artificial heating of the inflowing water or due

to weather. Those due to heating are smoothed out along the channel.

Diurnal water temperature cycles

Diyrnal water temperature cycles are shown in Figs. 4.16 and 4.17. Because
the inflowing water 1s taken from the Mississippi River, upstream stations 1in
the field channels reflect conditions found in the river, modified (or not) by
artificial heating. Because the field channels are shallower than the river,
diurnal water temperature amplitudes at the downstream end of the channels
are larger than upstream. Amplitudes of diurnal water temperature cycles
also vary stronély with season as seen in Fig. 4.16. Winter values have been
on the order of loc upstream and 2 to 3°C downstream. In the summer ZOC

o
diurnal amplitude upstream and 5 C amplitude downstream are not uncommon.

Longitudinal water temperature gradients

Water temperature differentials between the upstream and the downstream
ends of a channel are of interest for fish studies in the field channels. Such
longitudinal water _temperature gradients are dependent on several other hydro-

thermal parameters as wxll be shown by theoretical analy51s in a later section.

. It may suffice_here. to 1ndlcate that the-longltudxnal AT can be expected to

rise with the addition of artificial heat. A greater flow rate will decrease
the longitudinal AT. Since the geometry of the MERS channels 1s fixed in
terms of length and width, the two most important controllable parameters are
flow rate and heat input. Actual values of longitudinal AT's will then depend
on the amount of heat rejected to the atmosphere, which 1s a weather depen-

dent process.

The daily minimum and maximum temperature difference between the inflow

and outflow of the artificially heated Channel 1 was recorded over a one-year
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period. Complete results are given in Hahn et al, 1978a. Table 4.4 summarizes
the monthly mean and standard deviation of the longitudinal temperature differ-
L

ences.

Daily diurnal water temperature variations at the outflow of Channel 1
were also recorded over a one-year period (Hahn et al, 1978a). The monthly
mean and standard deviation of these values are also given in Table 4.4, It
should be emphasized that Table 4.4 gives the characteristics of a heated
channel, meaning that inflow temperatures were increased up to 15°C above the
temperature of the Mississippi River water. Longitudinal temperature gradients
and diurnal variations are not as large in a channel with ambient unheated

inflow.

Water temperature stratification in pools

It was found that the pool sections would frequently become thermally
stratified. Spot measurements of vertical water temperature stratification
in Channels 1, 5, and 8 were made using six thermistors attached vertically to
a point gauge and connected to a telethermometer. The point gauge wasg attached
to a cross bar which spanned the width of the channel. Vertical adjustment of
the point gauge enabled measurement of a complete temperature profile. Aan
example of the vertical stratification measurementé is shown in Fig. 4.18.
Typically a thermocline would form at about 60 to 70 cm from the surface. The
lowermost 15 to 20 cm would have strong temperature gradients. Additional

measured water temperature profiles can be found in Appendix B of Hahn, 1978.

A frequency analysis of temperature stratification in pools 6 and 12 of
Channel 1 was made for the calendar year 1976. The continuous temperature
records of a vertical array of thermocouples were analyzed on a day by day
basis. Daily tabulations of the number of hours of stratification in the
ranges’ 0.5°C < AT < 1.0°%, 1.0° < AT < 2.0%,.and AT > 2.0°C were made. AT
is the vertical temperature differential. The magnitude of AT was determined
from the temperatures measured by the top and bottom thermocouples in each
pool. 1If stratification occurred for one hour or more in a given pool, the
day was classified as a day with stratification. If the total number of hours
of stratification in a particular range was less than one, zero hours were
recorded. Stratification was observed somewhat more frequently in the down-
stream pools than the upstream ones. Water reaching the downstream pools has
had a longer exposure to solar radiation than water in the upstream ones. An
annual summary frequency analysis of the stratification data 1is given in

Table 4.5. A breakdown by months 1s shown 1n.§§§§:-4.l9mand 4.20.
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TABLE 4.4. MONTHLY MEAN AND STANDARD DEVIATION (g) OF DAILY MINIMUM
AND DAILY MAXIMUM LONGITUDINAL (SPATIAL) TEMPERATURE DIFFERENCE,
AND OF DIURNAL (TEMPORAL) TEMPERATURE DIFFERENCE AT THE
OUTFLOW FOR A KEATED CHANNEL 1, DECEMBER 1975 - NOVEMBER 1976

Minimum Maximum Diurnal
Month Longitudinal AT Longitudinal AT AT at Outflow
R mr— -7 T -Mean O Mean = " g . Mean g
e = 1% ey CaT Co Cey T T
December (1975) T3 7 2.0 8.0 2.5 1.9 0.9
January (1976) 6.0 1.5 9.5 1.8 2.3 1.0
February 4.6 1.3 7.7 1.7 2.5 1.3
March 3.2 2.7 6.9 3.1 3.4 1.6
April 1.9 1.8 5.6 1.6 5.3 1.9
May 1.8 1.3 5.7 1.4 4.4 2.2
June 2.7 1.5 4.8 1.6 4.0 0.0
July 1.7 0.9 4.0 0.9 3.5 0.8
August 0.9 1.1 4.5 2.0 3.7 1.5
September 1.7 0.7 3.5 0.9 2.9 1.2
October 0.9 1.0 3.4 2.6 2.9 1.2
November (1976) 1.0 1.0 5.7 3.9 2.5 2.4

TABLE 4.5. FREQUENCY ANALYSIS OF TEMPERATURE STRATIFICATION IN CHANNEL 1
(January 1 - December 31, 1976)

Vertical AT

Pool o ° o
vo.  >0.5%c > 1.0% > 2.0%
- --% days with stratificataon .. 6. .48 .. 29 .9 ...
- 12 34 26 16 ) )
" % hours-with stratification . 6. 13 .- T 6. -2 N
12 11 8 3




Depth below water surface (cm)

Temperature (°C)
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Fig. 4.18. Vertical temperature stratification in
Channel 1, pool 6. Measured August 11, 1976.
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and T>»2.07C in Channel 1, pool 6 (top)
and pool 12 (bottom). Average channel flow
rate was 0.175 m3®/sec until August 1976 and
0.0317 m3/sec afterwards.
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SECTION 5

A STUDY OF LONGITUDINAL DISPERSION IN THE MERS FIELD CHANNELS

5.1. BACKGROUND - -~ - -

The flow field in the MERS channels:isvery -non~unifdrm-and mean—flow—_-"
velocities are very small. Water moves through the MERS channels in a way
far different from the movement of a piston in a cylinder (plug flow). Water
may move faster in the center of a riffle or a pool than at its edges. Trans-
verse and/or vertical mixing takes place between the faster and the slower
water masses. Vegetation 1s present in pools and riffles in the summer.
There is a weak jet effect at the transition from the riffles to the pools.
In the pools water masses may be entrapped near the banks. There can be
wind and there 1s intermittent stratification in the pool. As a result of
all these interacting processes, heat or material contained in the water will
spread out longitudinally along the channel. It was believed that the effect
of longitudinal spreading had to be incorporated in the water temperature

model.

Since a detailed study of the very complex low velocity channel nydro-
dynamics was not part of the research objective, the water temperature simula-

tion could be based on two conceptually different models.

{a) a tanks 1n series model with an adjustable residence time

parameter

(b). a.uniform channel flow model with-a longitudinal dispersion .

- term : : T oo - -

The latter approach was chosen arbitrarily beczuse 1t was believed and
later verified by the model results that the oonserved channel water tempera-
ture dynamics could be well predicted by a diffusion equation. The term
longitudinal dispersion coefficient 1s used herein to describe a bulk coeffi-
cient which lumps the effects of all the processes mentioned above. It

might also have been termed a bulk or hydrodynamic longitudinal diffusion

57



coefficient. To use separate coefficients for riffles and pools was
considered but the frequent transitions and short lengths of these

elements made it advisable not to use this approach.

The use of a diffusion equation to describe longitudinal mass trans-
port 1n a channel is only justified after the initial convective period
as shown by Fischer (1967). The MERS channels begin with a pool into
which water 1s discharged from a weir producing a very well mixed up-

stream condation.

The mean residence time of the water 1s anywhere from 10 to 30
minutes depending on flow rate. The convective length estimated from

the relationship

2 =0.3 = _—_i73 ’
h ng

with & 1.8 m for a pool
0.8 m for a pool
n 0.1 (0.06 to 0.3)

g 9.8 m/sec2

gives a value of approximately 5 m or far less than the length of the
first pool (30 m). It can therefore be considered that the convectaive

length does not reach beyond the length of the first pool.

A study of longitudinal dispersion in the MERS field channels was
made for two reasons. (1) A longitudinal dispersion coefficient was
needed in the unsteady channel water temperature model to be discussed
in Section 7, and (2) the size of the MERS channels 1s intermediate
between laboratory flumes and full-size canals; size_1s an important
factor for longltudlnal”éispersion an@ no studies had ever been made on

a system of that intermediate size.

Longitudinal dispersion was first studied analytically in pipe flow
by Taylor (1954) and was later applied to open channel flow by Elder (1959).
For a straight, two-dimensional channel Elder obtained

D, =5.93 hu, (5-1)



where h 1s channel depth and u_ the shear velocity. Experimental verifi-
cation of Eq. 5-1 by Elder (1959), Fischer (1968), Thackston and Krenkel (1967),
and Sayre and Chang (1968) has indicated values of the constant from 5.3 to

15.7 for various flow and straight channel conditions.

Elder's equation, however, is not generally applicable to natural streams
and larger channels in which dispersion coefficients are much larger than
those predicted by Eg. 5-1. Fischer proposed that in natural streams velocity
profiles and transverse mixing are dominant in determining longitudinal
dispersion. Thus, the longitudinal dzspersioq coefficient depends upon
shoreline configuration, bends, and bed formation, as well as the stream

velocity (see e.g. Day, 1975).

A considerable amount of research on longitudinal dispersion in laboratory
flumes and in natural streams has been reported since the above cited early
studies. A recent summary of Fischer et al (1979) lists some of the investi-
gators who have contributed analytical or experimental information. Prior
reviews were given by Ditmars (1974) and Fischer (1973), El-Hadi and Davar
(1976) .

The prediction of longitudinal dispersion for a séream of given geometry
without some form of field measurements of velocity profile or dye dispersion
1s still a difficult problem. Relationships based on geometrical and hydrologic
stream characteristics were proposed, among others, oy Bansal (1971), McQuivey and
Keefer (1974), Jain (1976), Fischer et al (1979), and Liu and Chen (1980).

These relationships are of a semiempirical nature, e.g.,

Liu and Chen: DL = (0.27 to 1.25) u, Bz/h
o -2 2
Fischer: - —~ -~ =~ "D~ =0.01r U "~B"/hu, - "7 77 T
where:: DL = léngitudinal dlsiersioﬁ coeffiéiénf, o

U = mean veloc:ity,
B = stream waidth,
h = mean stream depth, and

u, = shear velocity.



The channels investigated in this study do not have the accentuated lon-
grtudinal mixing characteristics of natural streams caused by meanders and
large widths. They are also very different from laboratory channels. Abrupt
changes 1in cross sectional areas from "riffle" to "pool" sections occur every
30 meters (100 ft). The parabolically shaped pool sections are 4 m wide and
approximately 1 m deep. The repeated expansions and contractions in flow

would be expected to affect longitudinal dispersion.

.. At elevated veleocities longitudinal mixing is enhanced by jet effects of

- the~flow_from.the r;ffle sectlons into the.pool sections. Flow streamlines

which could be expected from such jet mixing are sketched in Fig. 5.1. Lomax
and Orsborn (1971) studied the effects of jJet mixing in a small, experimental
pool of circular shape and constant depth. A schematic of a measured outflow
concentration curve is shown in Fig. 5.2. Inflow started at t = 0 with a

concentration Co in the pool. Concentration of the inflow was C = 0,

The pools at the Monticello Field Station have a length of nine times
the width and very low flow velocity. This confines jet mixaing effects to
the upstream portion of each pool and reduced its significance. Jet mixing

was therefore evaluated as part of the longitudinal dispersion coefficient.

Dispersion in the MERS channels can also be affected by wind mixing,
plant growth, stratification and/or natural convection in the pools because
the mean flow velocities in the pools are only on the order of 1 cm/sec. The

measurements and the analysis integrated all those effects.

5.2. METHOD OF LONGITUDINAL DISPERSION COEFFICIENT DETERMINATION FROM
TRANSIENT WATER TEMPERATURES

The contribution of longitudinal dispersion to longitudinal water tempera-
_ture profiles .increases with the transient charactef”bf‘wate: temperature:_" o

....... o - e Seied b ey s e v -
s o e . . O Mty -

The effect of longltudlnal dlsper510n is “most ev:dent when a temperature pulge "~ -

v -

or a Lront of elevated or depressed temperature m0ves downstream. In thlS

section, temperature fronts will be related to longitudinal dispersion theory
and used to estimate longitudinal dispersion coefficients in the MERS experi-

mental channels.

The longitudinal dispersion coefficient for natural streams is often
determined from an instantaneous 1injection of a conservative tracer. The

one-dimensional mass transport equation for the tracer 1is
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Fig. 5.1. Schematic streamlines at transition from riffle to pool 1in

Monticello exper:imental channels without (above) and with
(below) transverse winds.

Time ——»

Fig. 5.2. Scnematic outflow concentration curve for jet mixing

1n experimental pool (after Lomax and Orsoorne, 1971).
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&4,y -p L==0 (5-2)

with solution for an 1instantaneous injection

2
M x-Ut
Clx) = 12 °XP ';_B-Jt— (5-3)
2A (7D, t) L
L
. 3
where C = tracer concentration (M/L7),
M = mass of tracer injection (M),
A = channel cross-sectional area (Lz),
U = cross sectional mean flow velocity (L/T),
x = distance from point of injection (L),
t = time from moment of injection (T), and
DL = longitudinal dispersion coefficient (LZ/T).

The use of Eq. 5-2 assumes that the shapelof the tracer cloud will be
Gaussian. By the method of moments, or by a routing method, the longitudinal
dispersion coefficient between two points may be found. More comprehensive
details of DL determination from tracer pulses in natural streams are given
by Godfrey and Frederick (1970), among others,

In the MERS experimental channels water temperature was used as a tracer
to estimate longitudinal dispersion coefficients. The most readily obtainable
trace, however, was not a heat impulse but a temperature front. Such fronts
could be obtained by turning on or shutting off the heat exchanger in the feed

line to Channel 1. (See Fig. 5.3 for examples.)

- A longitudinal dispersion coefficient can be accurately determined by
routing the temperature front downstream and adjusting DL to minimize the
error in measured and predicted water temperatures. The analytical solution

for a temperature front assuming no sources or sinks 1is

Erfc [(x-Ut)/ (4DLt) 1/2_] (5-4)

(O]
[}
N |
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T(t) - T(0
where O = T(=) = T(0) and {5-5)

Erfc(g) = 1 =

vi o[ g
2
0

Erfc 1s the complementary error function. Measured values of O(x,t) were

compared to values computed by Eq. 5-4. The DL value which minimizes the

error between computed and observed @ is the "measured"” DL for the test,
Heat transfer may also affect the longitudinal dispersion coefficient

calculated from a temperature front., The order of magnitude of this error was

estimated by computing a temperature front with and without heat transfer using
typical values of channel depth and width, flow rate, and longitudinal disper-
sion coefficient, with upper limiting values for the bulk surface heat transfer
coefficient, and the upstream temperature front (Gulliver, 1977). The computed
results indicate that surface heat transfer has no appreciable effect upon the
longitudinal dispersion coefficient determined by the routing method. Fig. 5.4
1llustrates why this should be expected. Longitudinal dispersion can be di-
rectly visualized as the spread between the 0.16 and 0.84 values of dimension~
less concentration @. Surface heat transfer reduces the values of 0 but not

appeciably the longitudinal spread.

5.3. FORMULATION OF DIMENSIONLESS LONGITUDINAL DISPERSION NUMBERS

Many 1nvestigators have expressed longitudinal dispersion by a dimension-
less number, DL/u*tl . where u, 1s bottom shear velocity. For the MERS
channels flow rate, rather than water surface slope, 1s more accurately mea-

sured. With

U= 8/fb u,
- -~ - .- 2 - -
and . N £ = 8g n - -
b 1/3
h
where fb = bottom friction factor for entire channel,
= mean depth of channel, and
n = Manning's coefficient for the channel,
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Fig. 5.4. Computed temperature fronts (normalized) which occur at

location 17 in Channel 1 with and without heat transfer.

Sle
2
=5
1|
|8
[



one derives for the dimensionless expression

L 1/6 \ D_ B
P <h1/3> - <h!5 < (5-6)
u, b Uh 9 n2 g n

where Q = flow rate and B = mean surface width. For constant mean channel

depth h and constant Mannings 'n’

— . . - D, B D
-7 . . Dt:——-—-L < L

R - Q u, h

e — (5-7)
*

o AR — -

For a stream or channel of variable cross section, Bansal (1971) proposed

a dimensionless local dispersion coefficient

U DL AB DL
DB* = : ————: = AQ (5‘8)
U hU
where U = local cross sectionally averaged flow velocity,
U = average flow velocity, U, over stream reach,
h = average depth over stream reach,
B = average width over stream reach,
A= average cross sectional area over stream reach,

A = local cross sectional area, and

Q = flow rate.

D* and DB* represent different expressions of the dimensionless

longitudinal dispersion coefficient for a channel of variable morphology.

" __5.4. RESULTS OF TEMPERATURE ROUTING TESTS _

Five recorded temperature froﬁts were‘rOuted'thxough the MERS‘Ehénnels
to determine the longitudinal dispersion coefficient DL. These five events
were selected by three criteria: 1) the temperature drop or increase had to
be strong enough to be accurately traced as it moved downstream, 2) external
conditions such as stratification, 1ce cover, or algal mats on the water sur-~
face which would alter the computed dispersion coefficient had to be absent,
and 3) large diurnal variations or other transient water temperatures except

for the temperature front had toc be absent. The data for @, channel morphology,
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and travel times are given 1in Appendix A, Temperature records from 5, 6, or

7 stations were avallable. Values of 0O computed from Eg. 5.4 were compared
to measured © values (for © > 0.05 only). Values of DL were chosen
successively until the error between computed and measured @'s was minimized.
Below this range estimates of 0O(x,t) were considered to be more charac-

teristic of entrapment rather than longitudinal dispersion.

A dispersion coefficient, representative of the entire channel, was
calculated for each experiment using the temperature front data from all sta-

tions and the corresponding equation 5-4.

Each set of data was reduced for four D formulations: (1) D_ = constant,

- = L _ L
(2) D, = D* Q/B, (3) D. = D*B QaA/(A B), and (4) D_. = D*Q/B . Results are given

L L L

in Table 5-1.

The DL formulation which is most applicable may be selected by computing
and comparing ratios of the standard deviation of the fitted coefficients to
the mean of the five tests. These ratios represent the relative spread 1in
fitted coefficients. Numerical values are shown in Table 5-1, last line. The
dimensionless coefficients D* and D*B represent about equally well the
longitudinal dispersion for variable geometry and both are better than the
constant DL' The choice between D* and D*B remains purely arbitrary. The
reason for both coefficients giving equally good results will be examined in

the next section.

Finally, the small standard errors and the consistency of the results
indicate that the temperature front approach to determining longitudinal

dispersion coefficient 1s valid and practical.

5.5. EFFECTS OF VARIABLE CROSS SECTIONAL AREA ON LONGITUDINAL DISPERSION

The subdivision of a channel into a series of. pools of long residence
time connected by riffles of short residence time makes the long:itudinal
dispersion almost entirely dependent upon the mixing processes in each pool

and the number of pools. The processes are complicated and include:

® Jet-like mixing at the transition from riffle to pool
o flow through the pool guided by vegetation and wind

o stratification effects.

It was not part of this project to analyze the motions in a pool in detail.
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TABLE 5-1. LONGITUDINAL DISPECRSION IN MCRS-CHANNELS FROM TEMPERATURE FRONT DATA

5 I I Py ®
Date Flow L Q B QA Q
of 3 2

Experiment {m~/sec) (m /sec)
11-17-76 .0349 0.100 (.0142)* 9.3 (.0143)* 4.8 (.0136)* 7.55
11-18-76 .0382 0.095 (.0084) 8.0 (.0082) 4.4  (.0095) 6.56
11-22-76 .0373 0.100 (.0152) 8.7 (.0153) 4.9  (.0153) 7.07
12-06-76 .0394 0.124 (.0172) 10.3  (.0168) 5.6  (.0182) 8.30
12-14-76 .0428 0.128 (.0106) 9.6  (.0108) 5.3 (.0103) 7.88
Mean 0.109 (.0131) 9.2  (.0131) 5.0 (.0134) 7.47
S.D. 0.015 0.88 0.46 0.68
S.D. 0.140 0.095 0.093 0.091
Mean

T

*Standard error.

TABLE 5-2. AVERAGE POOL AND RIFFLE DL FROM TEMPERATURE FRONT ROUTING TESTS

- * - —
= = * =
pate DL(l) Const DL(Z) D* Q/B DL(3) DB QA/(A B)
of _ - - —
Experiment DL(pools) DL(riffles) DL(pools) DL(riffles)
m2/sec m2/sec mz/sec mz/sec mz/sec
11-17-76 0.100 0.099 0.174 0.102 ) 0.026
11-18-76 0.095 0.093 0.164 0.102 0.026
11-22-76 0.100 0.100 0.176 0.114 0.029
12-06-76 0.124 0.124 0.219 0.135 0.034
12-14-76 ’ 0.128 0.124 0.217 0.139 0.035

Mean .109 .100 .190 .118 .030




The measured longitudinal dispersion coefficients D* (Table 5.1) are
of the same order as those reported by Fischer (1973) for laboratory channels.
This suggests that the combined effects of pool mixing and pool number were
comparable to the effects of advective motion and transverse mixing in a

straight channel.

That the pools dominate the effective longitudinal dispersion can be

seen from an expression for the flux T of material in an open channel.

R [P - T = éc - AD — (5.‘9)

The advective flux QC 1n riffles and pools are comparable since Q and C are
the same. The dispersive flux is, however, a function of cross sectional
area A and DL’ The cross sectional areas of the pools are three to four
times those of the riffles (Table 4.2). The dispersive transport in the
pools 1s therefore dominant over the dispersive transport in the riffles.

It is for this reason that in Table 5.2 for all five experiments, the disper-
sion coefficients in the pools are comparable, whereas the riffle values are
not. (The values in Table 5.2 are computed from D* and D*B values in

'

Table 5.1 using riffle or pool values of B and A.) . K

5.6. COMPARISON WITH OTHER LONGITUDINAL DISPERSION MEASUREMENTS

If the mean flow velocity U = Q/A in D* is replaced by the shear
velocity 4., a comparison of these results with the dimensionless longitudinal
dispersion coefficients, DL/(u*H), cited by Fischer (1973) 1s possible. Field
measurements on the MERS experimental channels have indicated that u*/U=0.55
for these channels. The high value of u*/U 1s misleading, however, when
compared to the longatudinal dispersion coefficient. In the MERS channels

water surface slope in the pools 1s so small that i1t-cannot. ber measured.:-- -

As shown 1in the previous section, longitudinal dispersion occurs predomi-

nently in the pool sections. Thus the dimensionless coefficient, DL/u*g R

compares u_ representing surface slope in the riffle sections’ and D

L
representing longitudinal dispersion in pool sections. One would expect

this value to pe smaller than for most natural channels. For the mean value
of D* = 9.2,
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DL D¥*

- = 16.7 (5-10)
u, h u*/U

This value can be compared with others cited by Fischer (1973). It is found
that the value given here is in the range of rectangular laboratory channels
with smooth sides, in which longitudinal dispersion is much less than that

found in natural channels. This is noteworthy since the geometry of the MERS

channels is very different from a laboratory flume.

-~ - - - - -

5.7. EFFECT.- OF ROUGHNESS - (MANNING'S ‘n’). ON-LONGITUDINAL DISPERSION-IN -
THE MERS CHANNELS

The mixing processes in the pools of the MERS channels are not very de-
pendent on Mannings 'n' values. Vegetation may be a factor, but it is doubtful
that the relationship for shear flow in channels have much significance. Changes
in Mannings 'n' caused by seasonal variations in vegetation are therefore not

expected to have much significance on the longitudinal dispersion coefficients.

The longitudinal dispersion coefficients reported in Table 5.1 are for
late fall/early winter conditions when vegetation was still present, although
not as extensive as in mid-summer. Mannings 'n' values in November/December,

when the measurements were made, are probably close to a seasonal average.
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SECTION 6

HEAT TRANSFER ACROSS THE WATER SURFACE IN THE MERS FIELD CHANNELS

§.1. BACKGROUND

Net heat transfer across an air-water interface is the sum of several

components. The source term in EQ. 1-1 may'be written as

S=H -H -H -~-H (6-1)
[ 2 e ]

where S = net heat flux per unit surface area,

Hs = net shortwave solar radiation entering the water surface (E L_ZT-l),
Hl = net long wave radiation leaving the water surface,

He = energy leaving the water surface due to evaporation, and

Hc = energy convection from the water to the air.

.

Many different empirical, semi-empirical, and deterministic relationships to
determine the terms of Eq. 6-1 have been developed. Paily, Macagno, and
Kennedy (1974 a)provided a detailed summary. Only the equations to be used 1in
this application will be given here. The parameters required to compute the
net heat transfer are temperatures (water, air, and dew point), barometric
pressure, solar radiation, cloud cover, and waind velocity. In this study

the effect of waind direction on heat transfer in the MERS channels was also

investigated. -

A éeparéte analy51s-6f each éerm~in Eq. 6-1 results-ln:a net~heat flux
with nonlinear devendence on water temperature. In order to reduce complexity
in analytical derivations and numerical computations, methods of computing heat
flux as a linear function of water temperature have been proposed by Edinger,
Duttweiller, and Geyer (1968), Brady, Graves and Geyer (1969), Dingman and Assur
(1967), TVA (1968), Yotsukura, Jackman, and Faust (1973), Paily, Macagno, and
Kennedy (1974b), Jobson and Yotsukura (1972) and others. The main drawback
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to the linear models is that they are only valid over a limited water tempera-
ture range. Each of these methods may be expressed in a formulation firsc
proposed by Edinger, Duttweiler, and Geyer (1968). Edinger, et al introduced
a hypotehtical equilibrium temperature, TE , and proposed that the net heat

flux across an air-water interface may then be expressed as

S = -KS (Ts - T.) (6=2)

E

where Ts is water surface temperature and Ks is a bulk heat transfer
coefficient at the water surface. E¢uation 6-2 indicates that net heat
transfer will be small 1f (a) water surface temperature 1s close to equilibraium
temperature and/or (b) Ks is small (calm wind, high relative humidity, etc.).

TE and Ks are indicative of water temperature response to weather conditions.

The MERS experimental channels are typical of many small streams and
canals in that large diurnal variations in temperature occur. These diurnal

variations are of interest for three reasons.

(a) The diurnal temperature maxima and minima affect the channel eco-

system studied by other investigators.

(b} Currently available water temperature prediction models use
coefficients and time scales appropriate for deeper waters
(typically one day). Water temperature analysis at much

shorter time scales (3 hour) has not been much explored.

(c) Wind sheltering of the water surface in the MERS channels
by the banks 1is a strong possibility and needs to be

explored.

Thus, predicted temperature on less than daily time scales are required, and

the heat transfer equations and timeé scale of dita input are chosen accordingly.

© 6.2. NET SHORTWAVE (SOLAR) RADIATION

Essentially all shortwave radiation 1s from the sun to the water body
{erxther direct or diffuse). In this study solar radiation is continually
measured as 4 weather parameter and net shortwave radiation is expressed as

the difference between (measured) incoming and (estimated) reflected radiation,
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H =8H - H (6-3a)

s s1 ST
or
Hs = Hsi(l-r) {6-3b)
where H51 = incoming solar radiation (I-:L_2 T_l),
Hsr = reflected solar radiation, and
r = total reflectivity of the water surface.

Anderson (1954) proposed an often used equation for total reflectivity of a

water surface,

r=Aaq (6-4)

where a = solar angle in degrees, and

A and B constants depending upon cloud cover.

If time increments of one day or greater are of interest, the relations of
Koberg (1964) for Hsr are more appropriate. Brady, Graves, and Geyer (1969)

calculated A and B as

0.7
Cr 0.7 2 ‘
= - + - * - . - -
A 2.20 2.0 (CI 0.4) /0.16 (6~5)
and 0.7
Cr 0.7 2
= -]1. + * - . . -
B 1.02 16.0 + (Cr 0.4) /0.64 (6~-6)
where C =1-H /H = "Cloudiness ratio," and
r s1’ sm

H solar radiation which would occur with clear skies.

sm

These are-obviously .empirical-equations.-- The -solar-angle may-be-determined-.- - -

from the following equations .as.listed.in.Paily et al.{1974a)e.. e - . - .

e e e mmmmes o e e e e - .- - - - e . as - - - - PR

sing=351n% sind +cos d® cos & cos(h) (6=-7)

where $ = geographic latitude (radians)

[=2]
1}

declination of the sun (radians)

_23.45 71 2T _ _
= S s [——365 (172 D)] (6-8)
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u

day of the year (Jan. 1 = 1), and

o
"

hour angle of the sun (radians)

n

m (day hour - 12)/12 (6-9)

For this particular application, however, the average value of sin g over a
time 1increment 1is desired, rather than an instantaneous value. Thus, the

solar angle which will be used is

alrad) = sin”! (sin q) (6-102)
where ) hy
sing = sin a dh
h2 hl
hy
=sindsind +cos d cos § (sin h2 _ sin hl)
h., - h (6-10b)
2 1

The value of Hsm may be estimated from the equations which are listed
in Paily et al (l974a).

B = H_(1-C)) [a" + 0:5(1~a*)] ‘ (6-11)

where Cs a constant equal to the approximate value of some less significant

parameters (such as dust depletion) which are difficult to

determine,
= 0.01,
Hso = solar radiation incident on the atmosphere,
= Io sin a/Rz,
Io = solar constant = 2 cal/cmz/min=2880 cal/cmz/day, and

R = ratio of the actual to the mean distance from the sun to

the.earth.

27
R=1+ 0.017 cos[365 (18.6-0)} (6-13)

a' and a” are coefficients.

V]
1]

(6~-14)

EXP{ m [- (0.465+0.130w)] [0.179+0.421 e'°'721m]}

m—
)

-0.88m ]}

exp{ m [- (0.465+0.134w)] [0.129+0.171 e 6 -15)
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where m

P_/P

Alt

Tq

optical air mass

P P
a/ o
~1.253 (6-16)
sin @ + 0.15(a + 3.885)

solar angle in degrees ,

rat1o of air pressure at location altitude to sea level air

pressure,
288 - 0.0065 Alt 5.256 6
288 6 -17)
altitude 1n meters.
atmospheric moisture content (cm)
0.85 exp 0.110 + 0.0614 T and (6-18)

d 1
dewpoint temperature(OC).

Although Eq. 6-4 through 6-18 are a rather long list to compute a simple

parameter, r, to input a typical value of reflectivity can create large errors

when time increments of less than ome day are used. For the MERS experimental

channels, r values from .04 to .2 have been computed over a day, and when

the importance of the HS term is considered, these variations are too

large to be approximated accurately by "typical™ or "average" values.

6.3. NET LONGWAVE RADIATION

Net longwave radiation 1is expressed as

where T

HQ, =0€, (Ts“ - g, T; 3 (6-19)

water surface temperature (OK),
o .
air temperature ( K),

long-wave emissivity of the water surfacz (assumed equal
to water surface long-wave reflectivity),

0.970

emissivity of the atmosphere, and

Stefan-Boltzman constant.



For atmospheric emissivity without cloud cover, eac , the Idso and Jackson
(1969} formula will give accurate results for air temperatures above and

below freezing point.

-1 - - -4 0., 2
€ = 1 - 0.261 exp [ 0.74x10 T U0 ] (6-20)

The Bolz formula is then used to find €a°

P . 2
+ r—— ~ = * - 6-
- Cas €ac"£;¥x'cc ). (6-21)
"whére C- = fraction cloud cover, and ™ R )

<
K

L]

a coefficient which depends upon cloud height.

The coefficient K varies between 0.04 and 0.25. A TVA (1968) study

recommends an averadge value of K = 0.l1l7.

6.4. NET EVAPORATIVE AND CONVECTIVE HEAT TRANSFER

Evaporative heat transfer from a water surface may be expressed by the

relation,
He = pL(Wftn)z (esw - eaz) (6=22)
where e,z = vapor pressure of the air at height 2z,
esw = saturated vapor pressure at water surface temperature,
WEtnz = a wind function using wind velocity at height z,
L = latent heat of vaporization for water (E/M), and
p = density of water (M/LB).

e e ..-.Saturation vapor pressure at any air temperature. giggl_max"pg“gomgggeg‘pgg;;_

e o — water by_the Magnus-Tetons formula, (see Murray, 1967). . .
17.26939 (T - 273.16}
= 6~
ey (mb) 6.1078 exp [ T - 35.86 } (6-~23)
Atmospheric vapor pressure is computed from relative humidity, RH
RH
®a " 100 %:a (6-24)
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The latent heat of vaporization 1is

L = 597.31 -~ 0.5631 Ts (6-25)

with L in cal/g and TS 1 c.

The convective heat transfer from an air-water interface, when evaluated

according to Bowen (1926) may be expressed as

Pa(mb)
Hc = 0.61 “3666— pL Wftnz (Ts - Taz) (6-26) _
where Taz 1s air temperature at a height =z above the water surface, Pa is

in mb and WEtnz 1s the same as that for evaporative heat transfer.

A number of empirical wind function formulas(wftn)z have been developed
for various conditions. A formula used by many investigators, e.g. Marciano

and Harbeck (1954), for natural water bodies is

(Wtn) = a + bW, (6~27)

i

where Wz wind velocity at elevation 2z above the water surface, and

i

a and b empirical constants.

Brady, Graves, and Geyer (1969) used the formula,
= 2 -
(Wftn)z a+b WZ (6-28)

for heat loss from power plant cooling ponds. Shulyakovskyi (1969) incor-
porated a natural convection term in Eq. 6-27 to describe accentuated heat

loss from thermally loaded water bodies.

(Wftn)z =a+b Wz + C(Aev)l/3 ’ (6-29)

where ev = virtual temperature or the temperature of dry air at the
same density as under tne given conditions, and
AD. = the difference in a virtual temperature between air at the

water surface and at 2 m height,

The difference in virtual temperature 1s, in effect, a theoretical tempera-
ture difference which represents differences in density. The relation for
AB 1s
v
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Aev = Ts(l + 0.378 es/pa) - Ta(l + 0.378 ea/pa) (6-30)

Ryan and Harleman (1973) excluded the constant term in Eq. 6-29 because of
the large number of studies at natural water temperatures which found a = 0.

They fitted laboratory natural convection and cooling pond data to the formula

/3 (6-31)

(WEtn) = b W+ c(Aev)l
Constants for the above equations have been determined for large water
bodies. For smaller water bodies like the MERS channels, the forced
convection constants (a and b) need to be evaluated separately. In the next
section the constants in Eq. 6-27, 6-28, 6-29, and 6-31 will be determined
from water temperature and weather data at the MERS and compared to results

for water bodies with large surface areas.

6.5. DETERMINATION OF WIND RELATED HEAT TRANSFER COEFFICIENT FROM MEASURED
STEADY -STATE LONGITUDINAL TEMPERATURE PROFILES

General Procedure

With constant inflow rate and inflow temperature and quasi-steady
weather conditicns, the longitudinal temperature profile in the channels
w1ll approach steady state. Conversely, when water temperature records
indicate steady-state and weather conditions are nearly constant, the
longitudinal water temperature profile in the channels may be used to deter-
mine coefficients in the steady-state equation of the longitudinal water
temperature prfofile. If longitudinal temperature gradients are not large,
and 1f Eq. 6~-2 1s used for the source term, water temperature 1s predicted

by the solution to Eg. 1-1 for zero dispersion.

in 3 - -2 . : - (6-32)
) 8 U -
o -
here | B ¥ 7 Tg
- ’

% To = Tg

TE = equilibrium temperature,

TO = T(x=0) ,

bulk channel flow velocity,
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m= Ks/pcp h ,

KS = bulk surface heat transfer coefficient,
h = channel depth, and
cp = gpecific heat of water.

From a measured long:itudinal temperature profile and a computed equilibrium

temperature, the value of Ks may be determined by Eg. 6-32 as

s T o - ) T TTTT e RU T é' )
R - - - ) K = —p'—L ln -_— (6-33)
R s X 8
o
c_Q
or Ks = -p 2 1n éL (6-34)
Bx o
where Q = channel flow rate, and
B = mean channel surface width.

Errors in Computed Heat Transfer Coefficients

For a large measured longitudinal temperature gradient the contribution
of longitudinal dispersion, DL , to water temperature gradients may be
significant. For this case the following solution to Eg. 1-1 with DL > 0

must be applied.

2
9 U ( U > m
n == = | 52— - %/ o) 5 ) x (6-35)
60 ZDL 2DL D

The error Y{(%) 1in determining Ks from Eg. 6-~34 by assuming DL=0 1s

¢ - -100 1n e/eo (DL=0) - 1n 6/90 (DL > 0) (5-36)
e e e e e e e e .-“.“-__m_«_ln.ezab_LDLi>~a) e e = ettt o ———

. . . For. the calculations.it is convenient to-rewrite Eq. 6-35 as, - - - - - -

1n 6- (b, >0) = -
o]

, [(1 + X D0y% 1] (6=37)

IWI I ES

where D 2 DL/U

=1
]

2 m/U .
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For a given per cent error Y, equations 6-34, 6-36, and 6-37 may be

combined to give

6" 7O (6-38)

Eq. 6-38 may be solved for Y. Typical input parameters for K and D at
the MERS channels are

0 < DL < 1,0 m/sec

9 x107° <m< 2 x 10°% sec”t

.05 ¢ U < .2 m/sec

It is found that Y does not exceed 2 per cent. Longitudinal dispersion
therefore will not significantly affect the surface heat transfer coefficients
computed from steady-state longitudinal water temperature profiles, while

ignoring longitudinal dispersion.

Equation 6-34 also implies that the longitudinal temperature profile has
achieved steady-state. True steady-state can be approached but 1s rarely,
1f ever, achieved precisely. Therefore an estimate of the unsteady character
of the longitudinal temperature profile and its effect on computations of Ks

is also needed. With D, = 0, Eq. l-1 may be written as,

L
aT Q 3T
— + —— om— - - = - -
5 T Bh 3x m(T TE) me (6=39)
or
M. a2 (6-40)
1) o]
where NS = 3T/3t 1is the unsteady contributioq_and
T SS = (Q/Bh) 3T/3x 1s the steady-sﬁate contribution. .
The per cent error 2 1in e/eo created by assuming NS = 0 is
Z_ . SS ) = - __1.__> -
100 ~ (1 T ss+NS/ (l 1+NS/SS (6-41)
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1f, for each assumed steady-state e/eo, the location with the maximum §T/3t
is used to compute NS, and SS is taken as the average over channel length,
Eq. 6-41 will give an estimate of the largest possible error in K, computa-

tions.

Determination of Wind Function Coefficients

The bulk surface heat transfer coefficient Ks(cal cm_'2 day-l °C—l) 1s
given by Edinger and Geyer (1965) as
. K = 9.256 + pL(WEtn) (B + 0.61) . (6-42)

S

where Wftn = wind function (cm mb—l day_l), L = latent heat of
o
vaporization (cal/g), and R(mb/ "C) = mean slope of the saturated
vapor pressure versus temperature curve between water surface and dew point

temperatures. Brady, Graves, and Geyer (1969) suggested the formula

B = .4604 + .0197 T + .001585 T ° (6-43)

where T
T

o
(T, + Tg)/2 (°C)

water surface temperature(OC), and

T

P dew polint temperature(OC).

Equations 6-37 and 6-29 may be combined to give the wind function for a steady-

state longitudinal temperature profile.

oC_Q

2 1n(§-) - 9.256
F = pL(NEtn) = —o o cal em™ 2 gay ! b'l) (6-44)
w P 8 + .61 ay " m

Equation 6-44 1s not dependent upon channel depth, indicating pool stratifi-
cation does not affect computations of Fw . This 1s sO because stratifica-
tion decreases not only the effective channel depth, but also re51dencé time

as long as the flow rate is constant,

Using Egs. 6-34 and 6-~44, KS and Fw were computed for 47 cases of
near steady-state longitudinal temperature profiles. The parameter NS/SS
and the maximum per cent error 1in KS due to unsteady water temperatures
were also computed for each ease. The data and computational-results of all

cases 1s glven in Appendix B, Table B-l., A sample calculation 1s also given

1n Appendix B.
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A least-squares £it to determine the coefficients in Egs. 6-27, 6-28,
6-29, and 6~31 was undertaken with all 47 cases. In addition, the data

were also fitted to the equation

_ 1/3
Fw = pL(Wftn)z = b Wz + 5.52(A6v) (6-45)

z

where ¢ = 5.52 was found by Ryan and Harleman (1973). Egquation 6-45 was
included because natural convection should not depend strongly on water
surface area, and Ryan and Harleman's (1973) results may be applicable to

the MERS channels.

The following five equations result from a least squares f£it on computed

Fw values from the MERS field channels:

1. Fw(cal cm“2 day-l mb‘l) = a+b Wg(m/sec) (6-46)
with a = 17.5
b = 2,40 . -
and a standard error = 3.79
_ 2
2. Fw =a+b W9 (6-47)
with a = 21.18
b = .316
and a standard error = 3.74
_ 1/3
3. Pw =a+b W9 + c(Aev) (6-48)
with a = 9.17
T T m e e T T b=20B8 7 T T e T e —- .-
S T E=2.780 0 e e - -
T aﬁé a standard error = 3.72 7 77 Toe e o T
~ 1/3 _
4, Fw = b W9 + c(AeV) ) (6-49)
with b = 3.10
c = 5.68

~and a standard error = 3.81
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_ 1/3
5. Fw = b W9 + 5.52 (Aev) {(6-50)

with b = 3.21

and a standard error = 3.77

Equations 6-46 and 6-47 are compared to experimental (field) values of
Fw in Figure 6~1. Three ranges of the parameter NS/SS are indicated by
different symbols. The scatter in Fig. 6-1 is not uncommon, as indicated
e.qg. by similar plots by Brady, Graves, and Geyer (1969). Egquations 6-48, -

6-49, and 6-50 are conéarEd to computed values of F - 2. 78(A8 )l/3 N

, and F - 5 52(A6 ) in Flgs. 6 2, 6 -3, and 6-4,

respectively. Comparison of the standard errors of Egs. 6-46 through 6-50

P, - 5.68(0, 173 Y3 3, and

and comparison of the individual curves with Fw data indicates that all
five equations give a remarkably similar £it to the data. This indicates
that for a given type of water body, 1in this case narrow open channels with
constant thermal loading, any of the five equations may be applied as a wind

function.

Paily, Macagno, and Kennedy (1974 a)compiled a list of wind function
formulas given by various authors for different water bodies. Some of the
wind function formulas which compare with those used here are given in Table

6-1. Table 6-1 gives (Wftn)2 = Fw /(pL) as a function of wind velocity at
2

2 m above the water surface. Equations 6-46 through 6-50 were converted

to the form of Table 4 and added on the bottom.

Wind velocities at 9 m above the water surface were related to wind

velocities at 2 m, W by the formula

2I

w2 = w (2/9)‘3 (6-51)

as suggested by Dally, ‘Macagno,” and’Kennedy‘(l974a)for wind over land.

Because of the small size of the Monticello channelsl_the vertical. w1nd . L
velocity profile 1s essentially that over land. A comparison of the relation-
ships found in the MERS-channels and from previous investigations as shown in

Table 6-1 can now be made.

A number of the investigators (Kohler, Marciano and Harbeck, Harbeck,

Hughes, Turner, and Ficke).listed in Table 6-1 used a wind function formula
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TABLE 6-1. WIND FUNCTION FORMULAS DETERMINED BY VARIOUS
INVESTIGATORS*
Investigator Wind Function Formula (Wftn) Water Body

Kohler (1954)

Marciano and
Harbeck (1954)

Harbeck (1958)

Rymsha and
Doschenko (1958)

Hughes (1964)

Turner (1966)

Brady, Graves,

(cm/day-mb)

0.005175+4.995x10 W,

0.01134 W
/

2

0.01309 W2

0.0209+9.1o7x10'4(T-ra2)+o.01018 W,

0.008864 W2

0.02045 W2

0.0239+0.00147 W 2

Lake Hefner,
barge and
midlake
stations

Lake Hefner

Lake Mead

Winter Time
Rivers

Salton Sea,
California

Lake Michie,
No. Carolina

Power Plant

and Geyer (1969) 2 Cooling Ponds
Shulyyakovskyi (1969)  0.015+0.0094 (Aev)l/3+o.0112 W,
Ficke (1972) 0.0125 W2 Pretty Lakes,
Indiana
Ryan and Harleman 0.00934 (Aev)l/3+ 0.01107 W2 Cooling Ponds
(1973) and Laboratory
Data
MERS channels
Stefan, Gulliver 0.0296+0.09637 W2 6-46
Hahn & Fu 0.0358+0.00132 W2 6-47
0.0155+o.oo47<Aev)1/3+o.oo711 W, 6-48
0.0096 (Aev)l/3+0.00832 W2 6-49
0.00934 (Aev)l/3+0.00852 W, 6-50

*Listed by Paily, Macagno, and Kennedy (1974a).
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like Eq. 6-46 for lakes with natural water surface temperatures. These inves-
tigators found a very small or zero constant term. The large constant term

in Eq. 6-46 is believed to reflect natural convection due to the artificially .
elevated water surface temperatures in the Monticello Field channels studied

herein.

Brady, Graves, and Geyer (1969) used a wind function similar to Eq. 6-47
for“ﬁeat loss from power plant cooling ponds, given in Table 6-1. The1ir

- - - -

constant terﬁ~1s smaller than tﬁat aof Eg.-6-~ 47- The explanatlon for this 1s .
similar to that for the hlghe;Ac;tstant term in Eq. 6-46, The virtual
temperature difference (AGV) in the cooling ponds studied by Brady et al
varied from 5 to 12°C. The range of Aev in the open channel studied here

o . . .
was 7 to 35 C, resulting in stronger natural convection effects.

Equation 6-48b has the same form as that used by Shulyakovskyi (1969).
The constant terms in the two equations are strikingly similar. However, the
natural convection term in Eg. 6-48 is approximately half that of Shulyakovskyi's.
With three fitted constants, this equation should give the best fit, but the

standard error is only slightly smaller than with two fitted constants.

The natural convection constant in Eg. 6-49 is very similar to that
proposed by Ryan and Harleman (1973), which was found to be satisfactory in
a numper of evaporation experiments at the laboratory scale and the field
scale. The Monticello data essentially confirm Ryan and Harleman's natural
convection term. In fact, the results are so close that a least-squares
fit using Ryan and Harleman's (1973) natural convection constant, Eq. 3-50,

gave a smaller standard error than Eg. 6-49.

As expected, Eqs. o—46 through 6-50 have smaller forced convectzon terms

- e M e et et e e mes e rmemaa s mmaame  mimm v e s

than the correspondlng equations in Table 6-1. One possible cause 1s that

the Monticello channels experlence a land ;arface»tather than a water surface

wind boundary layer. More important yet 1s the observation that, egcept for - o
a narrow range of wind directions, the relatively high channel sides at

Monticello create a separated wind poundary layer over the channel water

surface. The reduced wind velocities near the water surface in a separated

boundary layer would cause less forced convection than i1n an unseparated

boundary layer.
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Since any of the equations 6-46 through 6-50 will give similar accuracy
in detefﬁinlng a wind function for the channel studied, criteria for selec-
tion of a wind function equation will be based upon how well the equation
describes physically real processes and whether the equation may be used
for channels which do not have heat additions. Equation 6-49 fits both of
these criteria. Equations 6-46, 6-47, and 6-48 are not as good as Egs.

6-49 or 6-50 because they contain an unexplained constant rather than a
natural convection term. In addition, for natural water surface temperatures
where Aev 1s small, Eg., 6-49 will reduce to a form similar to wind functions
determined from lake evaporation in Table 6-1. Finally, the natural convec-
tion term determined by least -squares fit from the MERS field channel

data is very close to the one derived from laboratory data by Ryan and
Harleman (1973). This gives further credibility to the wind function in

Eg. 6-49, which is selected as the most appropriate relationship.
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SECTION 7

DYNAMIC WATER TEMPERATURE PREDICTION IN OPEN CHANNELS

7.1. GENERAL OBJECTIVE

To describe water temperature dynamics in an open channel under all
types of weather conditions, a numerical solution of Eq. 1-1 is necessary.
The most important terms to be described numerically are the source terms
which incorporate heat transfer across the air-water interface and longitudinal
dispersion. The source terms are highly non-linear and require an iterative
scheme to accurately predict air-water heat transfer. Linearized source terms
may be used to solve Eq.l-1 analytically for temperature distribution but the
solutions with linearized equilibrium temperature relationships are limited
to specific upstream water temperature and steady-state weather conditions. A
one-dimensional unsteady finite difference model for stream temperature
prediction titled MNSTREM for Minnesota Stream Water Temperature Prediction
Model has been developed. MNSTREM will be described herein and applied to
water temperature prediction in the MERS field channels. MNSTREM has unusually
high time resolution, meaning that it can predict rapid water temperature

s

changes 1in very shallow water.

7.2. FORMULATION OF ONE-DIMENSIONAL FINITE DIFFERENCE EQUATIONS FOR WATER
TEMPERATURE PREDICTION
The finite difference equation for water temperature with convection,
longitudinal dispersion, and air~water heat exchange will be formulated.in a

Crank-Nicholson implicit scheme. The basic transport equation is

aT | 3(QT) 3 ( 3T ) BS
A = = = - - -
ot ¥ 9x 9x A DL ax * pc, (7-1)

where = temperature (OC),

= time (T),

T

t

x = distance (L),

A = cross-sectional area (Lz),
Q

= flow rate (L3/T),

D_ = longitudinal dispersion coefficient (L2/T),
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B = channel surface width (L),

g = density of water (M/L3),

¢ = specific heat (E MTl oc-l)’ and

g = net rate of heat transfer through air-water interface (E/LZ),

The equations will be formulated in the control wvolume, shown in Fig. 7.1,

about the i,J+% location., Then

R Ty 441 ~ 71,4 )
ot i At .

and

Bs _ 25 Sygey _ BilSi 501t S5 4
c c 2 pc
Py s P

r

since Crank-Nicholson implicit differences are being used. Formulation of the

x-differences depends upon-the grid Peclet number.

pe = LA8X (7-2)
A DL

If Pe 1is large, an upstream difference scheme 1s appropriate (as in QUAL I),
and 1f Pe is small a central difference scheme :1s appropriate. For many open
channel conditions where D 1s significant, Pe is 1n an intermediate region.

L
For the MERS experimental channels,

Q =~ .05 m3/sec
A=1.5 m3

2
DL =~ ,1 m /sec
AX = 3 > 8 m, and
Pe=1+>3

i et e sie et — - Smem o rms ef mmeed A el e sy = v e e mmevoa s = e o an e e ~ -

- which 1s in- the range where neither the upstteamxﬁ:rcent:al difference formu-
N o 'iaﬁionS'are accurate ithé*éieatest error occurs at-Pe=2).- The exact solution

to the steady-state transport equation without a source term gives (Chien, 1977}

T -7
aT 3 < 3T ) Q [ 1 1+1
&) -2 (ap =Ll -7 o+
ax | ox L3x L x| i 1-1 exp(Pe; ) =1
Ty = Tig (7-3)
exp(Pei_l) -1
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At large values of Pe, however, the exponential terms are expensive to compute.

A power 'law approximation to Eg. 7-3 which has been developed by Patankar and
Baliga (1978) is

oT 2 aT =2 - -
Q 9% T ax (ADL ax ) . Mx Ty =Ty * (T = Ty
5 5
; (2-0.1fpe, .| ) P (1-0.1fPe; ) s
’ Pel+% . i i-1 ! Pei_!5 )

In Eq. 7-4 the terms 1im brackéts .signify the largest of the individual terms.
Because one temperature is assumed to be valid over a whole control volume,

the Peclet numbers between matrix locations use the hormonic mean of DL'

UAX

Pe
DLi+&

itk

(7-5a)

_ 2 DLi DLi+l

DL1+% =5 (7-5b)

.+
Li DL1+1

Because the finite difference equation is to be Crank-Nickolson implicit

(rather than fully implicit) the convective~dispersive term in Eg. 7-4 should

be:
3T 3 3T Q 3T aT
Q & - < (ap, & = 3 &=
ax 1,3+% 3 ( L 3x ) 1,7+% 2 [ ax 1,341 ax 1,3 ]
1 3 3T d aT
- | =— |aD, = + =— | AD_ <= (7-6)
2 { ax ( L3 ) i,9+1 9 ( L 3x ) 1,3]

Combining Eq. 7-1, 7-4, and 7-6 gives the finite difference equation:

a =0 (7-7)

- +
T3.—1,3+1 b T1,34—1 *c T1+1,3+l Zl,j

roatrey) ]

Pe

where a s ————— 1+ [ 0,
i-1
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5
ot [ .. (1-0.1]e . ]) ]

2 Al Ax Pei_’_!5

b=1+a+c¢c, and

At By S; Ja
- —_—1 1,0+%
= -3- . . + . .
zi,j (l1-a C)Ti,J + a Tl-l,] c T1+l.J + pcpAi

- To solve for the longitudinal temperature profile at t=j+1, Eq. 7-7 is

first rewritten as ..

Ti,3+l W, Ti+1, J+1 © G; (7-8)

were at all locations except the boundaries.

wi " b+aw, (7-9)
1-1
and a Gl 1 + 2 i
= = 1ls -
G; = b+ aW, (7-10)
i-1
At 1=1, Tl, J41 is known and
Z +aT
W. = -¢/b and = -2 1.0+1 -
2 c/ n G2 5 (7-11)

At the lower end of the channel reach to be studied (i=I), a constant gradient

of temperature will be assumed, or

Tr1a, 341 7 2 T1,541 7 Tra1, 341

Then, e < C e el e -

- e - - fee e s W =meQ - - e s e -

. (a-c) G _, + Z;
I b-2c+(a—c)wI_l

and finally

LI G . (7-12)
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The longitudinal temperature profile is then found through back substitu-
tion from i=I-1 to 1=2 through a rearranged form of Eg. 7-8.

Ti, 341 7% ¥ Tia, a1
Eg. 7-8 through 7-12 comprise a tri-diagonal matrix algorithm (TDMA).

The implicit method of solution is always stable and convergent (Mickley
et al, 1957). However, because a Crank-Nicholson implicit scheme, rather
L-than'fuliy implicit, is used oscillation matrices in the solution for tempera-
———tures—can develop.- A Crank~Nicholson—scheme is used because it 1s more- --
accurate when the transition to the final steady values of the dependent
variable are of interest. For finite difference procedures which are both
convergent and stable, a reduction of increment step size gives a good indica-
tion of result reliability (Mickley et al, 1957). To assure that no oscilla-
tion occurs i1n the matrix, and to test the significance of numerical damping,
the numerical soluticn is computed with half the original time step. If no
significant difference exists between the three runs, then no oscillation or

numerical damping problems are assumed to exist.

The source term in Eq. 7;1 1s nonlinearly dependent upon water temperature.
Therefore, the term S, cannot be included in the TDMA scheme and is

i,J+1
included through iteration. First, it is assumed that S1 j+1 = si 5° Then
’ r

S 1s computed from T, determined from the TDMA, Finally, Si
r

1,3+1 i,3+1

1s used to solve new Ti 341 values. These two steps are repeated until
’

there 1s no significant change in the T, .
i,i+1

such as the MERS field channels, where heat exchange 1s important this type

J+1

values. For open channels,

of i1teration can significantly reduce errors in the prediction of water tem-

perature.

. " '7.3. DESCRIPTION OF NUMERICAL FINITE DIFFERENCE COMPUTER PROGRAM FOR WATER - =
- - - -TEMPERATURE PREDICTION - R SR
The water temperature prediction program MNSTREM begins with a channel
reach of specified length, distance increment, time increment, and 1nitial
water temperature in each segment. The channel reach 1s divided into a
number of segments. Each segment is assumed to have a constant surface

width and cross sectional area and may consist of one or more distance increments.
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MNSTREM reads cross sectional area and surface width for each segment
as well as dimensionless longitudinal dispersion coefficient for the channel
and latitude and longitude of the study site. Upstream water temperatures,
flow rates, and the required weather parameters are read by MNSTREM to con-
tinuously compute water temperatures. Measured water temperatures may be
input to MNSTREM for comparison with computed water temperatures. Individual
residuals, the residual sum of squares, and the RMS residual are then computed.
A more detailed description of all required input parameters is given in
Appendix C (User's guide). A general flow chart for MNSTREM is given in
Fig. 7.2. The program listing, given in Appendix D, provides a more detailed
description of the required computations. A sample input is given in Appendix
E, Appendix F gives a partial sample output which includes a comparison with

measured water temperatures and computed residuals.

The most important input parameters for accurate water temperature pre-

diction with MNSTREM are:

a. Flow rate and cross sectional areas since water temperature

prediction 1is very sensitive to residence time,

b. Solar radiation, relative humidity, air temperature, and
wind velocity measurements for accurate air-water heat
transfer orediction, and

ﬁ. If temperature fronts or pulses are being routed DL'

At, and Ax must be chosen carefully to match real

longitudinal dispersion with the combination of DL

and numerical dlspgfiﬁon in the model.

-

|
7.4. EXBMPLES OF WATER TEMPE%ATURE PREDICTIONS IN THE MERS FIELD CHANNELS
\ R . .

The wind function (Eg. 6449 1n Table 6-1) and the dimensionless longi-
tudinal dispersion coefficient D* = DL E/Q = 7.47 (Section 5.4) are used

1n MNSTREM to predict water temperatures i1n the MERS field channels. MNSTREM
is applied to water temperature prediction over four different time periods

and compared to recorded water temperatures.

a. January 31 through February 4, 1976, with weather data averaged over

1 hour time increments (Run A).
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Program MNSTREM

T

Read 1nput data describing channel
reach, initial water temperatures,
flow rates, and measured temperatures

Y

CALL TEMP ‘4}

SUBROUTINE TEMP

CALL PRNOUT

b SUBROUTINE PRNOUT

Prints intermediate statistics,
water temperature data, final
water temperature predictions,
measured water temperatures, and
residuals

1

Test 1ncrement size
1f desired

STOP

Fig. 7.2. General flow chart for MNSTREM, the Minnesota Stream
Water Temperature Prediction Model. (Cont'd)
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SUBROUTINE TEMP

'

CALL ITEMP - SUBROUTINE ITEMP
Sets up the 1initial water
temperature profile at each
1 node from input data for
each segmeat. - e
R ———r
¥ = —
o Main Loop M

One loop for each input
of weather data

Y

CALL HFLUX
assumi T =T, *
ng 1,3+1 1)
. SUBROUTINE HFLUX
Computes heat flux source, S, and
longitudinal dispersion coefficient
for each channel segment
/
Tt Second Loop

One loop for each hour

Y

A CALL QRATE

3

SUBROUTINE QRATE
Computes flow rate for each hour

1

Tri-diagonal matrix algorithm
solution to determine water o
_ | wt—i.-temperatures at.time. step J+1,

“mA . N % U

Fig. 7.2. General flow chart for MNSTREM, the Minnesota Stream
Water Temperature Prediction Model. (Cont'd)
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Are further iterations \
on source term needed?

Yes

CALL HFLUX
Using new values j———=4 SUBROUTINE HFLUX V
of T

1, J+1

Compute Residuals |-

Return

END

Pig. 7.2 (Cont'd). General flow chart for MNSTREM, the Minnesota
Stream Water Temperature Prediction Model.
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b. April 3 through April 12, 1976, with weather data averaged over

3 hour time increments (Run B).

c. June 20 through July 19, 1977, with weather data averaged over

3 hour time increments (Run C).

d. November 16 through December 6, 1976, with weather data averaged

over 3 hour time increments (Run D).

Finally, the accuracy of using instantaneous rather than time-averaged readings
of weather data 1s evaluated by comparison of water temperature predictions
with the two types of data input to the model. 1In addition, the predictive
capabilities of time-averaged weather data over various averaging time periods

1s analyzed.

In order to predict water temperatures the input data listed in Section
7.3 and Appendix C must be obtained. The water data acquisition system has
been described in Section 4.4, The MERS weather station is described in
Appendix G. Hourly inflow water temperatures and channel water temperatures
were read on water temperature strip charts and adjusted according to calibra-
tion measurements as described in Section 4.4. A weather station to measurg‘
and record weather parameters was installed near the center of the MERSJ éolar
radiation was measured with a 50 junction Epply pyranometer at 2 m height. Wind
velocity was measured at 9 m height with a Science Associate's anemometer.
YSI 80 recorders were calibrated and used for recording both wind velocity and
solar radiation. Air temperature and relative humidity were recorded on a
Belfort spring wound hygrothermograph, with a bimetal temperature sensor and
hair hygrothermograph. The hygrothermograph was calibrated weekly. When in-
strumentation breakdown occurred, the required weather data were obtained from
Northern States Power Company records at the nearby Monticello Power Plant.
Fraction cloud cover was estimated from NOAA Minneapolis-St. Paul and St. Cloud
local weather data and from the Epply solar radiation records. _Flnaily, Cross .
sectional area and surface width at each channel segmrent were determined from

field measurements as in Section 4.1.

When a convective~diffusive equation such as Eq. 6-1 1is modelled through
finite differences, care must be taken to insure that the numerical dispersion
caused by the finite size of the well-mixed control volumes 1is small when

compared to the physical dispersion. Longitudinal dispersion 1s included

——— . 101 e -



in Eq. 6-1 as a diffusive term. Banks (1974) studied a one-dimensional un-
steady mixed cell model with a concentration front similar to the temperature
fronts in Section 5. He found that at an infinite number of cells the model
is equivalent to Eq. 6-1 without the source term where the term Q Ax/(2A)
replaced the longitudinal dispersion coefficient (DL). If we define an

approximate numerical longitudinal dispersion coefficient,

- _Q Ax- - - e
Dnum T 2A . - (7-13)
then the grid Peclet number may be expressed as
Pe = 2D /D (7-14)

num’ L

Although Dnum is only truly equivalent to a diffusion coefficient at an
infinite number of cells, it gives a valid estimate of existing numerical
diffusion with a finite number of cells. It 1s interesting to note that
the greatest difference between central difference or upstream difference
formulations as described i1n Section 7.2 occurred at Dnum = DL' For the
hybrid formulation used here (Eq. 7-4) a small grid Peclet number must be
used if longitudinal dispersion 1is important. The use of various distance
increments indicated that in the four water temperature prediction, Runs A

through D, longitudinal dispersion was crucial only to Run D, where two

temperature fronts were routed through the channel.

Run A: 1800 h January 31 through 2200 h February 4, 1976, with weather data
averaged over 1 hour time increments.

~- ~==Th1rs" four -day perrod- includes—a- temporary decrease in-upstream water—-—<---"-- - -

temperature -and a severe cold front. Upstream-water- temperature was mostly

‘maintained at ISOC‘through the heat exchangers. ﬁecause of the attificialIy‘

high water temperature, air-water heat transfer was large. The mean channel
flow velocity was constant at 0.016 m/sec. Air and dew point temperatures
were obtained from records at the NSP Monticello weather station. Computed
water temperatures were compared to observed hourly water temperatures at
channel locations 3, 7, 9, 13, 15, and 17. The standard error was computed

o .
to be 0.22°C. When one considers that a decrease in water temperature of
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7°C along the channel was common, this standard error can be considered very
low. Predicted and observed water temperatures from channel locations 3, 9,

and 17 are shown in Fig. 7.3.

Run B: 0000 h April 3 through 2400 h April 12, 1976, with weather data
averaged over 3-hour time increments
For these ten days in early spring the relatively high solar radiation
and low relative humidity are in-contrast to Run A for the winter period. A1ir

temperature was mild, between 20 and -3°C. The mean channel flow velocity

during this period was approximately 0.013 m/sec. With the large solar radia- ~

tion values, a small error in measured solar radiation or predicted water
surface reflectivity can cause significant’ errors in computed water tempera-
tures at 1200, 1500, and 1800 hr. This 1s shown to occur periodically 1in

Fig. 7.4, where computed and observed water temperatures for channel locaticns
3, 12, and 17 are compared. While longwave, evaporative, and conductive

heat transfer were all of similar values for the winter Run A, the larger

air temperatures and lower relative humidity of Run B decreased the importance
of conductive heat transfer and increased the importance of evaporative heat
transfer. Residuals of predicted and observed water téhperatures were taken
every 3 hours at channel locations 3, 6, 12, and 17, and the standard erroé
was determined to be 0.22°C. This standard error compares very well to the

daily variation of 7-8°C at location 17.

Run C: 1500 h June 20 through 2100 h July 13, 1977. with weather data
averaged over 3 hour increments

This run encompasses a full month in midsummer when solar radiation 1is
of the greatest importance. Large variations in cloud cover, wind velocity,
and solar radiation occurred over the month periocd. 1In declining importance,
most of the air-water heat transfer was due to solar ;adiqtlon( evaporation,
and longwavé radlatLBQT- Convective heat transfer- provided a-very*small‘ _
contribution. The mean channel flow velocity throughout the period for
Run C (Period C) was approximately 0.020 m/sec. Computed and observed water
temperatures for channel locations 3 and 17 are compared in Figs. 7.5a, 7.5b,
and 7.5c. As with Run A and Run B, upstream water temperature was maintained
10-15°C above ambient so that the heat transfer is about what 1s expected

from cooling ponds. The temperature regime which would occur under ambient
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Fig. 7.3. Run A. Hourly water temperatures at three stations in channel 1 from January 31

through February 4, 1976. Station locations are identified in Fig. 4.13. Symbols
are recorded values; solid lines are values simulated with MNSTREM.
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Fig. 7.5a. Run C. Three-hour water temperatures at Station 3 (upstream) and Station 17 (downstream)

in Chénnql 8. Symbols are recorded values; solid lines are values simulated with MNSTREM.
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(downstream) 1n Channel 8. Symbols are recorded values; solid lines are
values simulated with MNSTREM.
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conditions 1s shown during the period June 24 through June 26 when no addi-
tional heat was supplied to inflowing water upstream. Residuals of predicted
and observed water temperatures were taken every 3 hours at channel locations

3, 9, and 17, and the standard error was determined to be 0.29%.

Run D: 0000 h November 16 through 2400 h December 5, 1976, with weather
data averaged over 3 hour increments

This late fall period inclg?es four temperature fronts (2 increases and 2
decreases), a steady decrease in air temperature from approximately 5% to -ZOOC, el
- - and-conststently—large wind velocities. Upstream water temperatures were .
maintained around 10°C above ambient. During the temperature front periods,
the computational time increment was reduced from 3600 sec to 400 sec to
prevent oscillations in the solution matrix. This is usually required when
8T/3x 1s very large, as in a temperature front or pulse. Grid Peclet number
was approximately 1 in the pools, so Dnum/DL = 1/2 during this run and D*
was adjusted accordingly. The mean channel flow velocity during this period
was approximately 0.015 m/sec. As with Run A, air temperature and dew point
temperature were obtained from weather station records for the NSP Monticello
Power Plant. The predicted and observed water temperature, from channel
locations 3 and 17 are compared in Fig. 7.6a and 7.6b. During much of the
period predicted downstream temperatures are larger than observed. This
could be because the wind direction was predominantly parallel to the down-
stream channel sections, and wind direction is not included in the wind
function determined in section 6.5. In tne later half of Period D, low air
temperatures and a variable wind velocity created a highly dynamic temperature
regime with large longitudinal gradients. As with Run A, evaporative, con-
vective, longwave radiation and solar radiation heat transfer were all of

~=-~ —--—equal—-importance. -Residuals .of predicted.and observed.water .temperatures._ _ .
were taken.every.3 hcurg.ét_channelh;oqations»3kuéﬁ;;zLﬁandﬂlZ;ang the “standard

R error- was determined to be-0.32°C; 7 - ~ C e L e e . L ..

The water temperature vredictions were chosen to cover all four seasons
of the year. Runs A, B, C, and D indicate that MNS?REM accurately predicted
water temperatures which were both ambient and artificially heated for each
season of the year. Upstream water temperature var:ed from 0o to 40°C and

o o) .
air temperature varied from -25°C to +35 C. With this wide range of conditions,
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Fig. 7.6a. Run D. Three-hour water temperatures at Station 3 (upstream) and Station 17 (down-
stream) in Channel 1, Symbols are recorded values; solid lines are values simulated
with MNSTREM.
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the maximum standard error for any run was 0.316°C, which compares to a calibra-
tion error of 0.10 to 0.2°C for the thermistors which measured water temperature.
The low standard errors are a good indication of MNSTREM's capability for pre-
dicting water temperature, especially when one considers that MNSTREM has no
coefficients determined from the data of any of the predictive Runs A, B, C,

or D.

When predicting water temperatures over a stream reach, an investigator

must decide what .time perlod"ts adequate for averag1ng measured weather para-

meters. Since hourly averages of weather data were used for Run A, this period

N # an e
Pl

was used to compare the accuracy of water tenperature predictions w1th weather
data averaged over 1, 3, 6, and 12 hour periods. The results, given in Table
7.1, indicate that for the period in Run A, averaging weather parameters over

1, 3, and 6 hour periods gave equally good predictions.

TABLE 7.1. STANDARD ERROR OF WATER TEMPERATURE
PREDICTIONS WHEN WEATHER PARAMETERS
ARE AVERAGED OVER 1, 3, 6, AND 12 HR PERIODS

-~

Time Period for Standard Error of
Averaging Weather Parameters Prediction
(hr) (°c)
1l 0.222
3 0.243
6 06.239
12 0.407

It should be noted that Run A was for a winter period when daily variations

of solar radiation are small. ~ Other weather parameters such as wind “velocity

— o wa - - e e e

and air temperature, however, weze hlghly varzable in Run A. .

Instantaneous values of weather data are more easily obtained than time
averaged values. Much of the NOAA Local Climatological Data, for example,
1s given as instantaneous values every three hours. To test the accuracy of
water temperature prediction with instantaneous rather than time-averaged
readings of weather data, water temperatures were predicted with 3, 6, and 12

hour instantaneous weather data for Period A. 1In addition, the effect of
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lead time in the input of the instantaneous data to the computer model was
studied. The results are given in Table 7.2. For six-hour 1instantaneous
weather data, a lead time of 1.5 hours means the weather data is applied 4.5
hours before the reading and 1.5 hours after the reading time. The results

of Table 7.2 indicate that, for example

1) a three-hour instantaneous reading of weather data taken at
1200 would give the best prediction if applied from 1030 to

1330, based on the lowest standard error of prediction

2) a six-hour instantaneous reading at 1200 should be applied

from 0830 to 1430, and

3) a l2-hour instantaneous reading at 0l00 should be applied
from 0230 to 1430.

The results given in Table 7.2 are only strictly applicable to the MERS
channels for Period A. They give an indication of what can be expected in

a shallow channel.
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TABLE 7.2. STANDARD ERROR OF WATER TEMPERATURE PREDICTIONS WITH
INSTANTANEOUS READINGS OF WEATHER DATA TAKEN AT 3, 6,
AND 12 HOUR INCREMENTS¥*

&

e | senioes
Weather Data evervy: 3 (hrs) 6 (hrs) 12 (hrs)
(hr) °cy (°c) %c)
0.5 0.265 0.379 0.678
1.5 0.248 0.271 - 0.474
2.5 0.278 0.261 0.297
3.5 0.308 0.344
4.5 0.420 0.534
5.5 0.364 0.402
6.5 0.539
7.5 0.649
8.5 0.661
9.5 0.705
10.5 - ) 0.793
11.5 0.845

*A lead time of 2.5 hours means the instantaneous data is applied for 2.5 hours
after the reading time, and N-2.5 nours before the reading time, where

N =3, 6, or 12.
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APPENDIX A

TEMPERATURE FRONT DATA FOR DETERMINATION

OF LONGITUDINAL DISPERSION COEFFICIENT

119



TABLE A-1. CHANNEL 1 CROSS~-SECTIONAL AREAS AND SURFACE WIDTHS
FOR TEMPERATURE FRONT EXPERIMENTS

Cross-sectional

Section Nr Area (m?) Surface Width (m)
2 1.17 3.05
3 0.46 2.01
4 1.44 3.35
5 0.48 1.89
6 1.62 3.35
7 0.37 2.04
8 1.64 3.35
9 0.37 1.95

10 1.77 3.35
11 0.37 1.80
12 1.76 3.35
13 0.39 1.80
14 1.83 3.26
15 0.28 1.80
16 1.37 3.20
17 0.38 1.65

TABLE A-2. RESIDENCE TIMES TO EACH STATION IN TEMPERATURE
FRONT EXPERIMENTS (HRS)

Date of Staticns
Experiment 3 5 7 9 1 13 15 17
11/17/76 0.31 0.76 1.25 1.72 2.22 2.83 3.64 4,15
11/18/76 0.37 0.82 1.28 1.68 2.14 2.58 3.04 3.41
11/22/76 0.31 0.74 1.20 1.65 2.06 2.64 3.13 3.58
12/06/76 0.15 0.56 1.06 1.50 1,98 2.50 2,99 3.46

12/14/76 0.29 0.67 1.08 1.47 1.88 *2.30 2.86 = ==
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TABLE A-3. MEASURED © VALUES FOR 11/17/76 TEMPERATURE FRONT (Cont'd)

Time Since Stations
Front Inception 3 5 7 9 11 13 15
(hr)
.25 .83 1.00 1.00 1.00 1.00 1.00 1.00
.31 .49 1.00 " " n " "
.38 .33 1.00 " " " " "
.44 .23 1.00 " n " " "
.50 .15 .96 . 1.00 " " " "
.56 .10 .94 1.00 " " " "
.63 7 .06 .80 1.00 " " o "
.69 .03 .65 1.00 " " " "
.75 - .52 1.00 " " " "
.81 - .39 - 1.00 " " v
.88 - .31 - 1.00 " " "
.94 - 23 .99 1.00 " o n
1.00 -- .15 .94 1.00 " " "
1.13 - 10 .76 - 1.00 " "
1.25 - .05 .49 - 1.00 " "
1.38 - - .32 97 1.00 " "
1.50 - - .21 83 1.00 " "
1.63 - - .14 .63 1.00 " "
1.75 - - .09 .46 - 1.00 "
1.88 - - .05 .32 .90 1.00 "
2.00 - - - .21 .78 1.00 oo
2.13 - - - .15 .60 1.00 w
2.25 - - - .11 .47 .97 1.00
2.38 - —-— - 06 .37 89 1.00
2,50 - - - - .29 76 1.00
2.63 - - - - .22 67 -
2.75 -—— - - - .18 55 96
2.88 - - - —~— .14 .47 89
3.00 - - - - .11 .40 80
3.13 - - -— -- .08 .35 .73
3.25 - - - - - .31 .66
3.38 -— - - - - .27 60
3.50 - - - - - .24 .55
3.63___ . _ - - - - - - .51
3.75 ) - - - - - - - 47
4.00 - P - - - - —— 49
4.285 o o L L - - - - - - 36
+.50 - - -— - - - .33
4.75 - - - - - - 30
5.00 - - - -- - - .23

Note: @ 1s defined by Eg. 5.5.
9 = [T(t) - T(0)]/[T{=) - T(0)]
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|5
TABLE A-3. MEASURED © VALUES FOR 11/18/76 TEMPERATURE FRONT (Cont'd)

Time Since Stations
Front Inception 3 5 7 9 11 13 15

(hr)

.25~ .89 1.00
.31 .66 " "
.38 .51 1.00 b b “ " h
. 44 . 38‘ —-—— —— " T s el - O . "
.50 .28 R ” L n n ”»
.56 .20 .95 " " " " "
.63 .15 .86 v
.69 .10 .73 "
.75 .08 .61
.81 .07 .50
.88 .05 .40 -
.94 - .31 -
1.00 - .23 .91 -
1.13 -- .13 .72 -
1.25 - .09 .53 -
1.38 -— .07 .45
1.50 . - - - .22 .15 -
1.63 - - .13 .57 .95 -—
1.75 - - .08 .42 .88 -
1.88 - - .07 .31 .76 -
2.00 - - - .21 .64 .93 -
2.13 .
2.25 - - - .08 .37 .77 -
2.38 - - - - .27 .68 .92
2.50
2.63 - - - - .10 .45 .79
2.75 - - - - .05 .32 .68
2.88 - - - - - .21 .62
3.00 - - - - - .15 .52
3.13 - - - - - .10 .42

i "'3 ".‘2'5 T mT——— e T e - T T T e T TR e sy —— - 06 M Y 34:~ -
e 3B T e T e, T LT LT L .22
7 3.0 ST = TR —== =TT T - .16

L0
3.75 - - - - - - .07

T 3:‘6—3 T s —_— - T 7T Y Lt - - -
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TABLE A-3. MEASURED @ VALUES FOR 11/22/76 TEMPERATURE FRONT (Cont'd)

. . Stations
Time Since
Front Inception 3 5 7 9 11 13 15
(hr)
.19 .99 1.00 1.00 1.00 1.00 1.00 1.00
.25 .76 " n n " 1) n
.31 .46 n " " ” " "
.38 .30 n n (1] " ”n "
.44 .18 1.00 " " " " "
.50 .12 .96 " " ° " "
-56 .07 o86 n " n " 1]
063 .os .75 " n " " 1]
.69 - .57 1.00 " " ° "
.75 - .47 1.00 " " " "
.81 - .37 .99 " " " "
.88 - 028 -96 [1] " " ”"
.94 - .20 .92 " " " "
1.00 - .14 .84 1.Q00 " " "
1.13 - .09 .59 1.00 " " "
1.25 - .05 .43 .96 n " v
1.38 - - .28 .85 1.00 " "
1.50 - - .20 .69 .98 " "
1.63 - - .13 .51 .96 " "
1.75 - - .08 .39 - » -
1.88 - - .05 .29 .75 1.00 "
2.00 - - - .22 .62 .98 "
2.13 - - - .18 .46 .91 1.00
2.25 - - - .14 .40 .84 1.00
2.38 - - - .10 .33 .72 .97
2.50 - - - .08 .26 .60 .92
2.63 - - - .07 .20 .48 .85
2.75 - - - .05 .17 .42 .77
2.88 - - - - .14 .36 .68
3.00 - - -— - .12 .30 .59
3.13 - - — - - .25 .50
3.25 - - - -— .09 .21 .42
3.38 - - - - - .17 .36
3.50 - - -— - - .15 .31
3.63 - - -~ - .06 - .28
3.75 - - - - - .12 .23
3.88 -~ - - - -— - .20
4.00 - - - - - .09 .17
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TABLE A-3. MEASURED © VALUES FOR 12/06/76 TEMPERATURE FRONT (Cont'd)

Time Since Stations
Front Inception 3 5 7 9 11 13 15
{(hr)
.13 .64 1.00 1.00 1.00 1.00 1.00 1.00
.19 .37 1.00 " " " " "
.25 .24 1.00 b " " " "
.31 .15 — " " n w "
.38 .10 .95 " " " " "
.44 .07 .84 " " " " "
.50 o °69 n n "w " n
'56 —— '50 n n n " "
.63 - .36 1.00 " » " "
.69 - .27 -—cs " " " "
.75 —-— .21 .97 1.00 v " "
.81 - .15 .93 " " " »
.88 - .12 .87 " " " »
.94 - .08 .77 1.00 u v "
1.00 - .07 .63 - " " w
1.13 - - .38 .95 " " "
1.25 - - .26 .86 " " v
1.38 - - .18 .70 1.00 " "
1.50 - - .12 .50 - " "
1.63 -— - .08 .38 .91 " "
1.75 - - .05 027 .77 1.00 "
1.88 — - — .20 .62 - "
2.00 - - - .16 .47 .95 "
2.13 - - - .12 .35 .85 1.00
2.25 —— - - .09 .27 .73 1.00
2.38 - - - .07 021 .61 .97
2.50 - - - —-— .14 .50 .90
2.63 - - - - .11 .41 .79
2.75 - —— - - - .35 .69
2.88 - - - - .08 .29 .60
3.00 - - - - - .24 .48
3.13 - - - - - - .21 .42
3.25 — . —— - - .18 235
3.38 - - - - - .15 .29
3.50 - - - - - — .21
3.75 - — - - - .11 .18
3.88 -— - - - - - .15
4.00 - - - - - .09 .13
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TABLE A-3(Cont‘'d). MEASURED @ VALUES FOR 12/14/76 TEMPERATURE FRONT

Stations
Time Since

Front Inception 3 5 7 9 11l 13 15
{hr)

.25 .72 1.00 1.00 1.00 1.00 1.00 1.00
.31 .42 n n n n
JRp—— 38 . - . 26 " " "_ . ” n n
Y - ____" - 15 . —_— - " - - " R R
.50 - -.09 -.88 - T -t v - * "
- - .56 - R 411 . 7é ] -0 “u n "
.63 — .61 n n " " u
. 6 9 — . 4 s - " " " "
. 75 P . 34 ——— L1} n n "
.81 - .25 .95 » ¢ " "
.88 - .21 .88 " " " "
.94 - .16 .79 " " " "
1.00 - .13 .65 1.00 " " "
1.13 - .08 .43 .95 1.00 " ®
1.25 - .05 .29 .82 - " "
1.38 — - .19 .64 .35 " "
1.50 - - .10 .47 .90 1.00 "
1.63 - - .07 .35 .79 - »
1.75 - -~ - t.24 .66 .95 "
1.88 - - - .16 .51 .88 1.00
2.00 - - - .11 .39 .81 -
2.13 - - - .06 .29 .69 .97
2.25 - - - - .21 .55 .90
2.38 - - - - .15 .45 .84
2.50 - - - - .11 .36 .76
2.63 - - - - .10 .29 .66
2.75 - - - - - .24 .56
2.88 -- - - - - .19 .48
3.00 - - - - - .16 .44
3.13 - -— - -— - .12 .37
3.25 - - -— - - .10 .32
3.38 - -— - - - .09 .29

3.50 TTT T Al TUTTTTITSD T T T Al TR L T T LD YT T AT e e g T e e s

T 3.63. . - _— — - == .07 . -
3.75- . - J— e - - _— - .19
4.00 -~ -= - I T - .13
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APPENDIX B

DATA AND COMPUTATIONS OF BULK SURFACE HEAT

TRANSFER COEFFICIENT AND WIND FUNCTION PARAMETERS

FROM STEADY-STATE LONGITUDINAL WATER TEMPERATURE PROFILES
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TABLE B-1. DATA AND COMPUTATIONAL RESULTS FOR DETERMINATION OF BULK SURFACE HEAT TRANSFER
COEFFICIENT AND WIND FUNCTION PARAMETERS FROM STEADY STATE LONGITUDINAL WATER
TEMPERATURE PROFILES (Cont'd)

Date T, Td Tw Aev Q NS/ss Wy e/e0 KS Fw Fw-5.52 (Aev) 1/3
Ccy Coy P Co (ws) (m/sec) (x=487.7m) (cal cm~2 (cal cm—2
day—l oC_l) day~1 mb—l)
12-4-75 -1.4 -2.9 7.6 9.2 11.7 .10 4.5 .647 31.1 19.4 7.9
12~4-175 4.2 1.3 9.8 8.4 11.7 .04 5.4 .530 45.3 29.4 18.1
12-19-75 -6.7 -8.3 12.5 20.0 21.1 .04 2.75 .780 32.1 20.4 5.5
12-21-75 -17.2 -17.2 8.2 26.1 17.8 .03 1.1 .778 27.3 17.8 1.5
12-21-75 -7.2 -8.3 8.9 16.6 17.8 .10 1.3 .760 29.9 19.2 5.1
12-24-75 -7.2  -8.3 10.1 17.9 22.0 .06 5.6 .700 48.1 35.6 21.2
12-26-175 -6.9 ~-7.8 12.3 20.1 22.6 .04 2.9 .759 37.2 24.8 9.8
12-28-75 -5.6 ~6.9 11.7 18.0 22.9 .06 2.7 .815 28,7 17.2 2.8
12-29-75 -3.3  -3.9 12,2 16.2 22.9 .05 4.2 .721 44.1 29.5 15.6
12-30-75 -3.9 -5.0 12,6 17.3 22.0 06 3.1 .770 35.2 22.2 8.0
1-5-76 -2.7 -6.1 12,2 15.7 21.1 .03 3.8 .742 38.6 25.6 11.8
1-8-76 -22.8 +23.9 8.8 33.8 21.1 0 3.2 .751 37.0 27.4 9.6
1-9-76 ~20.6 -21,7 10.1 32.2 21.1 .03 1.6 .784 31.5 22,0 4.4
1-9-76 ~-16.7 -17.8 11.4 29.0 21.1 .04 2.0 .778 32.5 22.7 5.7
1-11-76 -11.7 -11.7 12.0 24.6 21.1 .03 2.5 .769 34.0 23,0 7.0
1-13-76 -8.9 -10.0 11.7 21.4 20.2 .02 2.2 .767 32.9 21.7 6.4
1-14-76 -15 -15 11.2 27.1 20.2 .05 2.9 .732 38.7 28.3 11.7
1-15-76 -12.2 ~12.2 11.1 24.1 20.2 .04 3.1 .710 36.5 25.7 9.7
1-17-76 ~20.6 ' -20.6 11.2 32.7 20.2 .04 .75 .771 32.2 22.7 5.0
1-19-76 -17.2 -18.3 9.7 27.7 19.4 .09 4.9 .687 44.5 34.7 18.0
1-22-76 -12.2 -12,2 11.2 24.6 19.4 0 1.5 .779 27.8 17.5 1.5
1-25-76 -8.9 -10.0 12.0 21.8 19.4 .03 2.5 .761 32.4 21.2 5.8
1-27-76 ~19.4 -19.4 9.4 33.6 21.1 0 1.8 .772 33.5 24.0 6.2
1-31-76 -5.6 -7.8 11.3 17.6 20.2 .05 4.0 .740 37.3 25.3 10.9
2-2-176 -21.1 -21,1 10.3 32.6 20.2 0 .9 .787 29.1 19.6 2.0
2-5-76 -17.2 -18.3 10.6 28.7 20.2 .02 2.2 L772 32.1 19.1 2.2
2-6-176 -17.2 -17.8 9.3 28.2 19.4 .06 3.1 .743 35.2 25.6 8.8
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TABLE B-1(Cont'd). EDATA AND COMPUTATIONAL RESULTS FOR DETERMINATION OF BULK SURFACE HEAT TRANSFER
,COEFFICIENT AND WIND FUNCTION PARAMETERS FROM STEADY STATE LONGITUDINAL WATER
iTEMPERATURE PROFILES '
1

i

! ;

[ ) i 1/3
Date T, T T, 80, 0 Ns/ss W, 8/8, K, F, F,-5.52(48)

'I N
) (°cy oy Co) (w/s) " (m/sec) (x=487.7m) (cal cm 7 (cal cm ™2
| ! day-l oc-1) day-l mb-l)

i
2-7-76 -18.3 -2141 9.3 28.2 20.2 .06 4.0 .758 34.3 25.6 8.8
2-12-76 -1.1  -3.,3 12.3 14.1 19.4 .96 2.7 .760 32.5 19.6 6.2
2-13-76 -6.5 -745 12.2 20.0 16.3 .04 1.6 .711 34.0. 22.0 7.0
2-15-176 3 " 245 11.7 11.1 4.8 .11 4.0 .578 46.1 28.6 16.3
2-17-176 3 2,5 12.7 10.5 14.8 .13 4.0 .586 42.2 25.1 13.0
2-18-76 2.5 23 12.7 11.0 15.5 0 2.7 622 45.1 27.4 15.1
2-19-76 1.2 . =17 12.4 12.1 13.4 .09 2.5 .632 34.2 20.1 7.4
3-6-76 -20.5 -20{5 8.0 29.5 15.5 .04 2.0 .693 34.8 25.3 8.3
3-7-76 -9.5; -9{8 9.2 19.7 15.5 .14 1.3 717 31.6 21.0 6.1
3-9-76 -2 -2 11.2 14.1 15.5 .06 1.8 .680 36.6 22.9 9.6
3-14-76 -1 ' -1i3 10.8 12.6 14.8 - .04 2.9 .616 44.0 28.9 16.1
3-27-76 2.2 0,7 10.8 9.3 22.9 .10 5.5 .750 42.6 27.0 15.3
4-10-76 10 8,3 19.0 10.2 15.5 .08 3.0 .623 44.9 21.8 9.8
11-16-76 .5 -1.3 9.1 10.2 29.8 .10 4.25 .809 38.7 25.1 13.2
11-19-76 -2.0 -4.0 8.3 10.9 37.9 .03 5.25 .819 46.3 33.1 20.9
11-22-76 -4.0 -4,6 9.2 14.0 36.7 .04 8.0 .783 55.0  40.7 27.4
11-24-76 -7.0  -7,3 7.2 14.9 39.1 .08 3.25 .851 38.6 27.5 13.9
11-29-76 -14 , -4 8.0 23.0 29.8 .05 4.5 .796 41.7 31.6 15.9
12-1-76 -15 ' -1512 6.8 22.7 29.8 0 4.5 .832 32.4 22.8 7.1
12-3-76 -13 - ~13.5 8.7 22.7 28.8 .03 5.75 .806 38.0 27.8 12.2




Sample Calculation of Bulk Surface Heat Transfer Coefficient

and Wind Function Parameters from Steady State

Longitudinal Temperature Profile

A near steady-state longitudinal temperature profile was observed on
strip chart records of water temperature on November 29, 1976. Weather

records indicated that Ta = -l4°C, W, = 4.5 + 1 m/sec, and relative humidity

9
(RH)was 91 per cent. Using psychometric tables, dew point was determined to

be -14°C for the given Ta and RH.--This and all- other- steady—state-periods:- -=_-

occurred during non-daylight hours, so TE = Td was a good approximation.

Water temperatures were adjusted by the corresponding temperature cali-~
bration and values of 6/9o = [T(x)«Td]/(To—Td) were computed and plotted on
sem1-log paper as shown in Fig. B-l1. A best fit line through all points
gave 6/60(x=487.7 m)*= .796. All points, however, are enclosed by maximum

and minimum 6/60(x=487.7 m) values of .865 and .760, respectively.

Sample Computation:

For 8/80 = .796, x = 1600 £t = 487.7 m, Q 473 gpm = 29.8 /s

and b =9.5 f£ = 2.9 m, K_ from Eq. 6-34 = 41.66 cal en~? day "1 %7t
Tw = 8.0 (mean channel water temperature) oC
o
Td = -14°C.
Then
8 = from Eq. 6-43 = .4156 mb/ °C .
and
-2 -1 -1
Fw from Eg. 6-42 = 31.59 cal cm day mb
p, = air pressure = 1013 mb (assumed) o . -
.8 = saturation vapor pressure at Tw = 8.05-mb _~— _‘_ - -
ea2 = saturation vapor pressure at Td = 1.56 mb .
Then

A8 = from Eq. 6-30 = 22.95%C

and

15.91 cal cm day'l mb L.

")
\

1]

5.88(A6v)l/3 from Eg. 3-45

* 1600 ft.
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Fig. B-~1, Steady state water temperature profile and “"best fit" curve for

November 29, 1976.



The maximum AT/At of all channel locations was 2.0°C/day, and the
temperature difference between inflow and outflow temperatures was AT = 5.0°.

Thus the steady state parameter was

NS _ AT/day
SS  30.39 Q(gpm) (AT)

= .05

where Q = 473 gpm. The maximum per cent error in T(x) from non-steady-
state temperatures is 100(1 - 1/1.05) = 5%. Since @o = To - TE = lso + 14°
= 29°C, from Fig. B-1 -

T(x = 1600 £t) = .796 So + TE = 9.08%

and the maximum per cent error 2Z in e/eo(x = 1600 ft)

8/60—[.95T)x = 1600) - TE]/OO

8/8,

Z = 100 2%

Then the maximum error in KS calculations 1is

1n e/eo - 1n(1l.02 e/eo)

$(NS/SS) error in Ks = + 100 in 6/90 = + 8.7%

At a flow of 473 gpm, the accuracy of flow rate measurement in the MFS
experimental channels 1s + 4 per cent. Equation 6-34 indicates that thas
w1ll transfer directly to a + 4 per cent error in Ks computations. Thus,

there are three significant contributions to errors in Ks.

Equations 6~42 and 6~47 indicate that the magnitude of the maximum error
in Ks , rather than the per cent error, 1is carried to both Fw and

/3 - T

F - 5.52(A6_)~ . The maximum and minimum values of K , éw’ and- ~E- ~ 5.52
{78, )l/3

1at10n of all three errors are glven in Table B-2. With such a large

which would occur due to each component of error and with a combl-

potential error, the scatter in Figs. 6-1 through 6-4 1s understandable.
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s

1/
TABLE B—Z.' MAXIMUM AND MINIMUM VALUES OF K , F w' and F -5. 52(A6 ) f IN SAMPLE
:‘ COMPUTATION DUE TO MAXIMUM POSSIBLE ERRORS IN DATA '
) | - -
» ‘.
i - - - 1
' '; Ks(cal cm 2 day‘l °c l) F (cal em mb }) Fw-S.SZ(AGV) /3
| -2 - -1
1 { (cal cm ~ day ~ mb
Best estimate ! 41.66 31.59 15.91
i 1
Ranges of estimates: }
! '
Including estimgte‘of 6/60
!
Maximum { 50.11 39.83 ! 24.15
M1inimum o 26.48 16.79 | 1.11
S !
Including errbrs dde to un- !:
steady character of water ]
temperature ‘' i ﬁ
Max1mum P 45.28 35,12 19.44
Minimum ', 38.04 28.07 12.38
Including errorq in flow
measurement ‘ \
| i
Maximum e 43.33 32.22 ' 17.54
Minimum B ; 40.0 29.98 14.29
T
[FA
Including comb1nat1pn of
all sources of error
1o .
Maximum ' ; 56.65 46.21 30.52
Minimum { 23.21 13.61 - 2.08
!

)



APPENDIX C

USER'S GUIDE TO THE MINNESOTA

STREAM WATER TEMPERATURE PREDICTION MODEL (MNSTREM)

As noted i1n Section 7.3, the most important parameters for accurate
water temperature prediction with MNSTREM are flow rate, cross-sectional area,
solar radiation, air temperature, relative humidity, and sometimes longitudinal
dispersion coefficient. There are also a number of other parameters necessary
in running the model. This appendix gives a line by line description of the
input file with format specifications given in parenthesis. Sample data from

Appendix E are given 1n brackets.

133



Line 1 (8F 10.2)
DSTAR, TSTART, DELX, DTIME, DAYl, TLNGTH , LAT, ALT

DSTAR = Dimensionless longitudinal dispersion coefficient = DL E]Q [7.47]

TSTART = Starting hour of day (hours.minutes) [00.00]
DELX = Distance increment (ft) for computations [12.50]
DTIME = Time increment (sec) for computations [3600]
DAYl = Day of month for starting day [1§]

TLNGTH = Total length of channel reach (ft) [1700]

LAT = Latitude of study site (degrees) [45]

ALT = Altitude of study site (ft) [1000]

Line 2 (8F 10.2)
DATE, CEDATE

DATE = Month.Day of starting day [11.16]
CHDATE = Number of days in month/100 [.30]

Line 3 (91I5)
NHOUR, MHOUR, NRES, NF, NSECT, IFLAG, JFLAG, KFLAG, LFLAG

NHOUR = Total hours of time period for computer run [480]

MHOUR = Number of hours between weather data input [3]

NRES = Number of channel locations with observed water temperatures [3]
NF = Number of flow rates read in [11]

NSECT = Number of constant cross-sectional segments in channel reach [17]

IFLAG = 1 if observed water temperatures are read 1in

JFLAG = 0 if the longitudinal dispersion model is used

JFLAG = 1 1f computations are by upstream differences (numerical
dispersion only)

KFLAG = 1 1f DL' rather than DSTAR, 1s specified at each segment

LFLAG = 1 1f test of increment size 1s called

Set 4 (9FS.1) Two lines
TO(l) (TI(I), I=1, 17)

inflow temperature for first time step (OC) {11.3]
initial temperature at channel segment I [TI{1)=10.7,TI(16)=8.1]

TO(1)
TI(I}

.- Line 5 (l0A8)
I HEAD (I), I=1, 10

HEAD = Heading for output of weather data which includes date and
time of run
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Set 6 (7F 10.4). NHOUR/MHOUR lines

TA(J), RH(J), RAD(J), W(J), WDIR(J), P(J), CC(J), TIME

Set 6 is repeated for J=1 to J=NHOUR/MHOUR

TA(J) = Air temperature (°C) [TA(1)=-10]

RH (J) Relative humidity (%) [RH(1)=100]

RAD(J) = Total solar radiation (cal cm—2 min-1) [RAD(3)=.09]
W(J) = Wind velocity (m/sec) [w(4)=3]

WDIR(J) = Wind direction (degrees) [Blank column in Appendix E]
P(J) = Air Pressure (Bars) [PA(1)=979]
CC(J) = Fraction cloud cover [CT{13)=0.5] - L .
TIME = Tame of day (hours) [03 in first row of Set 57 . .
The last column givés data;- which is not read into MNSTREM....._- R iy

nou

- R

If IFLAG = 0, the next set of lines is skipped.

Set 7(18F 6.2). NHOUR/MBOUR lines

TO(J), (TT(IT+1, IT+NSECT)

Set 7 is repeated for
J=1 to J=NHOUR/MHOUR, where IT=(J-1)*NSECT

TT(I) = Observed water temperatures. Use 0.0 1f no observed water
temperature 1s input at segment. [Not in Appendix E]
Temperature measurements taken at a given time would occupy one row.

Set 8(12F 5.1). NHOUR/12+l lines R

TO(J), J=1, NHOUR+l [TO(l)=ll.l, TO(13)=10. s] '

TO(J) = Upstream water temperature which 1s read for each hour

Date and hour given in the last two columns 1s not read into MNSTREM

Set 9 (10F 7.0). NF/10+1 lines

Q(I), I=1, NF

Q(I) = Flow rate (gpm) [Q{1)=473, Q(1ll)=456]
NF = Number of input flow rates

Set 10 (10I5). NF/10+1 lines

IF(I), I=l, NF — - —- = .. S

mm \Iumber of hours Q(I) 1s applied [mm =8, IF(lI) 192]

Set 11(10F 7.2). NSECT/10+1 lines

A(I), I=1, NSECT

A(I) = Cross-sectional area of segment I(ftz) [A(l)=14.2, A(17)=20]

Set 12 (lOF 7.2). NSECT/10+1 lines

B(I), I=1, NSECT

B(I) = surface width of channel segment I(ftz) [B(1)=10.8, B(17)=10.5]
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Set 13 (10F 7.2). NSECT/10+1l lines
DL(I), I=1, NSECT

DL(I)} = Longitudinal dispersion coefficient for channel segment I
(m?/sec) [Not in Appendix E]
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APPENDIX D

PROGRAM LISTING FOR THE MINNESOTA

STREAM WATER TEMPERATURE MODEL

MNSTREM
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00001 PROGRAM MNSTREM(INPUT, GUTPUT, TAFES, TAPE7=INPUT) NSFTN

00002C HINNESOTA STREAM TEMPERATURE MODEL
00003C PREDICTION OF OPEN CHANNEL WATER TEMPERATURES
00004C DEVELOFED FOR
00005C MONTICELLO ECOLOGICAL RESEARCH STATION
00006C U S ENVIRONMENTAL FROTECTION AGENCY
00007C BY
00008C SAINT ANTHONY FALLS HYDRAULICS LABORATORY
00009C UNIVERSITY OF MINNESOTA
00010C
- 00011C SR Tt .
00012C — THIS. PROGRAM COMPUTES WATER TEMPERATURES IN AN OFEN CHANNEL
000130~ -~ WITH LONGITUDINAL DISFERSION BY A HYERID IMPLICIT
00014C FINITE DIFFERENCE SCHEME
00015C
00014C COMPARISON WITH ACTUAL WATER TEMPERATURES AND A TEST OF
00017C INCREMENT SIZE ARE POSSIBLE
00018C
00019C REQUIRED INPUTS ARE FLOW RATE, CHANNEL CROSS-SECTIONS AND
00020C SURFACE WILTHS, LONGITUNINAL DISPERSION COEFFICIENT, UPSTREAM
00021C TEMPERATURE, AND' WEATHER FARAHETERS
00022C
00023C THE PROGRAM IS SPECIFICALLY DESIGNED FOR SITUATIONS WHERE
00024C DIURNAL UARIATIONS ARE OF INTEREST IF (MHOUR GE 1 DAY), THE
00025C SHORTWAVE REFLECTIVITY EQUATIONS SHOULD BE CHANGED
00026C
00027C THE TFOORAM IS WURITTEN IN MINNESG1A FORIRAN
00028C NOM-STANDARD FORTRAN STATEMENTS ARE INDICATED EY XNSFTNX IN
0062°C COLUMNS 73-80
00036C NON-STANDARD CONVENTIONS USED ARE )
00031C 1 7-CHARACTER NAMES
00032C 2 NON-STANDARD SUBSCRIPTS AND D0 LOOP INDICES
00033C 3 FRINT, RATHER THAN WRITE, STATEMENTS
00034C 4 NON-STANLARD FORMAT
00035C
00036C VARIAEBLE LIST,
00037¢C A(K) = SECTION CROSS-SECTIONAL AREA (MXX2)
00038C ALT = ALTITUDE(M)
06039C B(K) = SURFACE WIDTH (M)
00040C CC(I) = FFACTION CLOUD COVER FOR TIME INCREMENT I
00041¢ CHDATE = THE NUMBER OF DAYS IN THE STARTING MONTH /100
00042C DATE = MONTH DAY
00043C DAY1 = STARTING DAY OF YEAR
00044C DELX = NISTANCE INCREMENT FOR COMFUTATIONS
00045C DL = LONGITUDINAL DISPERSION COEFFICICNT (MXkZ/SEC)
00046C DSTAR = DIMENSIONLESS LONGITUDINAL DISFERSION COEFFICIENT
00047C DTIME = TIME INCREMENT FOR COMFUTATIGNS (SEC)
- 00048C__. . . ERRMAX .= MAXIMUM_EREOR QUL T CHANGE IN INCRECENT SI2E
. 00049€ ERRMEAN- = MEAN ERROR DDUE TG CHANGE LN INCREMENT SIZE T
7000S0C . . FI =.COEFFICIENT UHICH.SFECITIES TIME STEF METHOD o
00051C F1 =-0 S FOR CRANN-NICOLSCH IAFLICIT METHOD :
00052C - - - FI = {9 FOR FULLY INFLICIT METHID A
00053¢C HEAU = HEADING FOR WEATHER LATA OUTHUT
00054C ITEST = 0 IF NO INCREMENT SIZE TEST HAS OCCURED
00055C LAT = LATITUVE (RADIANS)
00050C M= TOTAL NUMBER OF RESIDUALS
00057C MHOURK= NUMBER OF HOURS BETWEEN WATER TEMPERATURE AND
000<8C VEATHER DATA INFUT
00059€C NITER = NUMEER OF ITERATIONS ON SOURCE TERM FOR EACH TIME STEP
00060C Nr= NUMBER OF FLOW RATES READ IN
00061C N4OUR= TOTAL HOURS OF TIME PERION
00062C NSECT = NUMEER OF SECTIONS IN 10TAL CHANNEL LENGTH
00063C NT = TOTAL NUMRER OF TIME INCREMENT STEFS
00064C F= AIR SRESSUFE (HE)
00065C FRNDUT = A SUBROGUTINE FOR OUTPUT OF WATER TEMFERATURES
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00064C
00067C
00068C
00069C
00070C
00071C
00072C
00073C
00074C
00075C
00074C
00077C
60078C
00079
00080
00081
00082
00083
00084
00085
00086
00087
00088
00089
00090
00091C
00092
0009IC
00094
©0095
00094C
00097
00098
00099
00100C
00101C
00102C
00103C
00104C
0010SC
00106
00107
00108
00109
00110
00111C
00112
00113C
00114
00115

. 00114-
00117
00118
00119
00120
00121
00122
00123
00124
00125
00126
00127
00129
00129¢C
00130

- ..,.00131

4

@ = CHANNEL FLOW RATE
RALI'= INCOMING SHORTWAVE RADIATION (CAL/DAY/CMX%X2)
RH= RELATIVE HUMIDITY(FPERCENT)
SIGMA= STEFAN -BOLTZMAN CONSTANT
SUMERR = SUM OF SQUARES OF THE ERRORS IN INCREMENT SIZE TEST
T(I,J)= COMFUTED WATER TEMPERATURE AT LOCATION I AND TIME J
TA= AIR TEMPERATURE (C) AT ZH.
TUNGHT = TOTAL LENGTH OF CHANNEL
TT(1)= ACTUAL UWATER TEMPERATURES
TIME= DAY HOUR
TSTART= STARTING ItAY HOUR -
W= WIND VELOCITY AT 9M (M/SEC)
WRIR= WIND DIRECTION (DEGREES)
COMMON/A/ T(150,2), TIME, IX; IFOOL, KPOOL, MHOUR
COMMON/B/ TF(4000), TT(4000), RESII(4000)
COMHON/C/ TSTART, TLNGTH, IFLAG, JFLAG, NFLAG, JTIME, NSECT., NIELEAT
COMMON/D/ T0(710),TI(18)
COMMON/E/Z Q(30), IF(30), NF

COMMON/F/ TA(230), RH(ZS50), RAINZ50), W(250): WDIR(250),P(250), CC(250)

COMMON/G/ S(17),SIGMA, DAY1, LAT, ALT, TOLD(150)
COMMON/H/ AC17),B(17), AK(17), BK(17),CK(17),DL(17), DELX,

$OTIME ,FE(17),FCC17),FI

DIMENSION HEAD(10)
REAL LAT
EXTERNAL TEMP, FRNOUT
READ PARAMETERS AND' FLAGS
REAL(7,8300) USTAR, TSTART, DELX, DTIME, DAY1, TLNGTH, LAT, ALT
DELX SHOULD: BE CHOSEN SUCH THAT TLENGTH/NSECT/DELX = EVEN NO
READI(7,800) DATE, CHDATE, FI
LAT=LAT¥3 14/180
CONVERT TO METRIC :
DELX=DELX* 3048
TLNGTH=TLNGTHA 3048 .
READ(7,810) NHOUR, MHOUR, NF, NSECT, IFLAG, JFLAG, hFLAG, LFLAG, NITER
IF IFLAG=0, NO OESERVED WATER TEMPERATURES ARE READ
IF JFLAG=0, THE LONGITUDINAL DISFERSION MODEL IS USED
IF JFLAG = 1, COMPUTATIONS ARE BY UFSTREAM DIFFERENCES
(NUMERICAL DISFERSION ONLY)
IF KFLAG=0, DSTAR, RATHER THAN DL, IS SFECIFIED
IF LFLAG=1, TEST OF INCREMENT SIZE IS CALLED
SIGMA=1 17E-7
NT=NHOUR /MHOUR
ITEST=0
ITER=0
NDELEAT=0
READ INITIAL WATER TEMFERATURES
READI(7,820) TO(1), (TI(I), I=1,17)
READ AND CONYERT UNITS OF WEATHER DATA
READ(7,830) (HEALCI), I=1,10)
FRINT 83%. (HEAD(I),I=1,10)
FRINT 840 _ . - e oL
TIME=TSTART+FLOAT ¢ HHOUR) )
00 4 J=1,NT
NH=J¥HHOUR
ITER=ITER+1
IF(ITER EQ 87) FRINT 840
IF(TIME GE 24 ) TIME=TIME-24
REAL(7,850) TACI), RH(J), RADCI) » Wed), WOIRCI), F(J). CCCI)
RADICJ) =RADI(JIK1440
PRINT 860, NH, TACJ) , RH(J), RADCI), WCJI), WBIR(J), F(J), CC(J) . TIME
TIME=TTHE+FLOAT (HHOUR)
CONTINUE
IFCIFLAG EQ O) GJ TO 7
REAL WATER TEMPERATURE TEMFERATURE DATA
IT=0

DO S J=1,NT. .
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00132 NH=JxMHOUR

00133 READ(5,870) TO(NH+1), (TT(I), I=IT+1, ITHNSECT) NSFTN
00134 S IT=ITH+NSECT

00135 7 READ(7,880)¢TO(J), J=1, NHOUR+1) NSFTN
00136C READ FLOW RATES AND NUMEBER OF HOURS FOR AFPLICATION OF EACH

00137C FLOW RATE

00128 READ(7,890)¢Q(I), I=1,NF)

00139 READ(7,893) (IF(1), I=1,NF)

00140 DO 10 I=1,NF

00141 10 Q(IN=0¢I)x 00ZI8% 3048%x3

00142C READ CROSS-SECTIONAL AREAS AND SURFACE WIDTHS

00143 PRINT 910 NSFTN
00144 READ(?7,9200) (A(I),I=1,NSECT)

00145 READ(7,900) (B(I), I=1,NSECT)

00146C ) CONVERT 70 METRIC

00147 - D0 15 I=g, NSECT

00148 A(I)=A(I)X 3048x% 3048

00149 15 B(I)=R(I)%x 3048

00150 FRINT 920, (A(I), I=1,NSECT) NSFTN
00151 PRINT 930, (B(I), I=1,NSECT) NSFTN
00152 IF(JFLAG EQ 1) GO TO 40

00153 IF(KFLAG NE 1) GO TO 40

00134C READ SECTION-SPECIFIC LONGITURINAL DISPERSION COEFF

00135 READN(7,900) (DL(I), I=1,NSECT)

00156 PRINT 940, (DL(I), I=1,NSECT) NSFTN
00157 40 CONTINUE

00158 PRINT 950, (IF(I),1I=1,NF) NSFTN
00139 PRINT 933, (QCI), I=1,NF) NSFTN
00160 PRINT 980 NSFTN
00141C CALl NUMCRICAL WAYER TEMPERATURE PROGRAM

001462 CALL TEMF (NT, DSTAR, ITEST, ERRMAX, SUNERR, IT, NITER)

00163 M=NTHNSECT-NDELEAT NSFTN
001464 CALL TRNOUT/NT, M, IATE, CHDATE)

001635 IF(LFLAG NE 1) STOP

00166C TEST INCREMENT SIZE

00167 ITEST=1L

00168 SUMERR=0 O

00169 ERRMAX=0 0

00170 OTIME=DTIME/2

00171 CALL TEMP(NT,OSTAR, ITEST, ERRMAX, SUMERR, IT, NITER)

00172 ERRMEAN=SQRT (SUMERR/FLOAT(IT)) NSFTN
00173 PRINT 940, ERRMAX,ERRMEAN NSFTN
00174 STOP

C0175C

00176 800 FORMAT(8F10 20

00177 B10 FORMAT(9I3)

00178 820 FORMAT(9FS 1)

00179 830 FORMAT(10A8)

00180 835 FORMAT(ZO0X, 7AB//36X, 3A8) -

00131 840 FORMAT(//0X,x HOUR AIR TEMP REL HUM RADIATION WIND WIND It NSFTN
00182 . 1IR FRESSURE CLD COVER TIMEX/14X, %(C) PERCENT LANG/DAY ¢ .
00183 2M/SED) UCGREES HME - FRACTIONX) )

00184 B850 FORMAT(7F10 4)

00185 360 FORMAT(L10,7F10 4,F7 2)

00186 870 FORMAT(1E€F5 2)

00187 880 FORMAT(12FS 1)

00188 890 FORMAT(10F7 0)

00189 895 FORMAT(1013)

00190 900 FORMAT(10F7 2)

00191 910 FORMAT(///10X, XMORFHOLOGIC AND LONGITUDINAL MIXING FARAMETERSX// NSFTN

00192 160X, kKCHANNEL LOCATIONX/17X, X 2 3 4 S 4

00193 27 8 9 10 11 12 13 14 15 16

00194 RS 17 18%/)

00195 920 FORMAT(1X, xCROGS-5ECTIONALX, 17F7 2/5X. XAREA (KH)X) NSFTN
00194 930 FORMAT(1X, ¥WIDTH (M) X, 17F7 2) NSFTN
00197 740 FORMAT(1IX,'DIL (M¥x2/SEC) *,17F7 2) NSFTN |
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00198 950
00199 9SS
00200 960
00201
00202 980
00203
00204
00205
00206
00207C
00208C. .
00209C
00210C
Cc0211C
00212C
00213C
00214C
00215C
00214C
Q0217¢C
00218C
00219C
00220C
00221
00222
00223
00224
00225
002246
00227
0022
20229
00230
00231
00232
00233
00234
0023%
00236
00237
00238
00239
00240
00241
00242 112
00243
00244
00245
00247 115
Q0248 120

00232 140

00260 300
00261
00262
00243 305

\

FORMAT(//10X, XHOURS OF APFLICATION FOR EACH FLOW RATEX/3X,1817) NSFTN

FORMAT (10X, "FLOW RATES (M¥%3/SEC)"/SX,18F7 %) NSFTN
FORMAT(//10X, xTEST OF COMFUTATIONAL ERROR BY HALVING TIME INCREMEN NSFTN
1TX//720X, XMAXIMUM ERROR =%,F7 4/20X, XMEAN ERROR=X%,F7 4)
FORMAT(///710X, XCOEFFICIENTS IN HFLUX SUBROUTINE AT X = NSECT/Cx/ NSFTN
1% NH CR cc R SINA TDEW AMASS
2 AMC HSM HS HLR HE HC SX)
END
SUBROUTINE PRNOUTINT, M, DATE, CHDATE)
THIS SUBROUTINE PRINTS INTERMEIIATE STATISTICS, WATER
TEMPERATURE DATA. AND FINAL ESTIMATED WATER TEMFERATURES
ANDY RESIDUALS

VARIABLE LIST
IPQOL=NUMBER OF LENGTH INCREMENTS IN ONE POOL OR RIFFLE
IX= TOTAL NUMBER OF LENGTH INCERMENTS IN THE CHANNEL
KPOOL= 1/2 IFOOL
MONTH = MONTH OF THE YEAR = 1 T0 12
TF = FREDICTED WATER TEMFERATURES (C)
TY = ORSERVED WATER TEMFERATURES (C)
STD= STANDARD ERROR IN FREDICTED WATER TEMPERATURE
SUMF= RESIDUAL SUM OF SQUARES
VAR= RESIDUAL VARIANCE
COMMON/A/ T(150,2), TIME, IX, IFODL. RFOQOL, MHOUR
COMMON/B/ TF(4000),TT(4000), RESII(4000)
COMHMON/C/ TSTART, TLNGTH, IFLAG, JFLAG, KFLAG, JTIME, NSECT, NDELEAT NSFTN
COMMON/D/ TOC(710),TI(18)
COMMON/H/ ACL17),BCL17), AN(L7), ENCL7),CR(127), DLCL 7)Y, DELX,
$DTIME ,FE(17),FCC(17),FI

PRINT 300, DELX, DTIME NSFTN
FRINT 309, IX, JTIME, IFOOL., NFOOL . NSFTN
PRINT 310 NSFTN
PRINT 330, (TI(I),I=1,NSECT) NSFTN
MONTH =DATE

IT=1

TIME=TSTART

DO 120 L=1,NT

TIME=TIME+FLOAT (MHOUR)

IF(TIME LT 24 ) GO TO 112

TIME = TIME-24

DATE=DATE40 01

IF(DATE-FLOAT(MONTH) GT CHDATE) DATE=FLOAT(MONTH)+1 01

MONTH =DIATE

FRINT 315, DATE NSFTN
NH=LXMHOUR

PRINT 320, NH, (TFCI), I=IT, IT+NSECT-1), TINE NSFTN
IF(IFLAG €0 0) GO TO 115

FRINT 330, (TT(I), I=LT, IT+NSECT-1) NSFTN
FRINT 3405 YRESTOCIY, T=1T; IT+NSECT-1) -- - - - -+ - - -NSFTN.
IT=IT+NSECT : i

CONTINUE : - SRR S - . R
IFCIFLAG EQ. Q) RETURN . _ . - ==

SUMF=0 0 - AR -
00 140 I=1,H

SUMF=SUMF+RESII(T) k%2

PRINT 350, SUMF NSFTN
VAR=SUMF/ (M~-1) . NSF TN
STU=SART (VAR)

FRINT 360,573 NSFTN
FRINT 370, NDELEAT NSFTN
RETURN

FORMAT(///10X, xWMATER TEMFERATURES FROM FINITE DIFFERENCE MODEL WIT NSFTN
1HX/ /20X, xA-INCREMCNT (FT) =¥,F7 2/C20X, XxTIME INCREMENT (SEC) =x,

2F7 2)

FORMAT(LZX, ¥ IX=%, 14, SX, ¥JTIME=X, 14, SX, #IFPOOL=%, I3, SX, xKFOQL=%, I3) NSFTN
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00264 310
00265
002646
00267 315
00268 320
00269 330
00270 340
00271 350
00272 340
00273 370
00274
002795
00276C
00277C
00278C
00279C
090280C
00z81C
00282C
00283C
00284C
00283C
00286C
00287C
ooaesc
0028%C
00290C
00291C
00z92C
00293C
00294C
0029SC
00294C
00297C
00298C
00299C
00300C
00301C
00302C
00303C
00304C
00305C
00306C
00307¢
00308C
00309C
00310C
00311C
00312C
00313C
Q0314¢€.
00315C
00316C
00317C
00318C
00319C
00320C
00321
00322
00323
00324
00329
00326
00327
00328
00329

13

N\

~

FORMAT (40X, xPOOL NUMBERX/15X, % HOUR 2 3 4 S é NSFTN
s 7 8 9 10 11 12 13 14 15 16 17
$ 18 TIMEX/)
FORMAT(4X,F5 2
FORMAT(4AX, XEST TEMP X, 13,2X,17F4 2,F9 2) NSFTN
FORMAT (4X, XACT TEMFX, X, 17F46 2) NSFTN
FORMAT (4X, XKRESIDUAL X, 9X, 17F 6. 2) NSFTN
FORMAT(//10X, *RESIDUAL SUM OF SQUARES =X,F10 4) NSFTN
FORMAT (10X, XSTANDARD ERKROR=X,Fé 4) NSFTN
FORMAT(10X, XDELEATED CASES =X, IS) NSFTN
ENDL

SUEROUTINE TEMP(NT. [ST&R, ITEST, ERRMAX: SUMERK, IT, NITER) -

A ONE

THIS SUERROUTINE NUMERICALLY FREDICTS WATER TEMFERATURES IN

TFUBINAL DISFERSION- — ~-. — . T

~HEMENSTONAL—OREN—CHANNEL W ITH-LONGT
BY A HYBRID IMPLICIT FINITE DIFFERENCE ROUTINE.

VARIABLE LIST-

A(K) =

B(K) =

SECTION CROSS-SECTIONAL AREA (MXX2)
SURFACE WIDTH (M)

BRAR= MEAN CHANNEL WINTH (COMFLETE CHANNEL) (M)
DELX=LENGTH INCREMENT (M)
DISPERS = A SUBROUTINE TO COMPUTE COEFFICIENTS FOR HYRRID

DIFFERENCES

DL = LONGITUDINAL DISPERSION COEFFICIENT (MXx%2/SEC)

DSTAR
LTIME=
ERRMAX
FC(K)

DIMENSTIONLESS LONGITUDINAL DISFERSION COEFFICIENT
TIME INCAREMENT (SEC)
= MAXIMUM ERROR DUE TO CHANGE IN INCREMENT SIZE

FLUX COEFFICIENT FOR THE FINITE DIFFERENCE SOLUTION

FI1 = COEFFICIENT WHICH SFECIFIES TIME STEF METHOD
FI = 0 5 FOR CRANN-NICOLSEN IMPLICIT METHOD

FI = 1

(2}

0 FOR FULLY IMFLICIT METHOD

FLOW= FLOW RATE(MxX3I/SEC)
IFOOL=NUMBER CF LENGTH INCREMENTS IN ONE FOOL OR RIFFLE

ITEMP

SUBROUTINE 7O COMPUTE INITIAL TEMFERATURE FROFILE

IX= TOTAL NUMEER OF LENGTH INCERMENTS IN THE CHANNEL
JTIME=NUMBER OF TIME INCREMENTS IN ONE HOUR

KPOOL=
MHOUR=

1/2 IFOOL
NUMRER OF HOURS BETWEEN UATER TEMFERATURE AND
WEATHER DATA INPUT

NDELEAT= NUMBER QF COMFUTED WATER TEMFERATURES FOR WHICH

NITER
N3ECT

NUMEBER OF ITERATIONS ON SOURCE TERM FOR EACH TIME STEF
THERE IS NO INFUT WATER TEMPERATURE DATA
NUMBER OF SECTIONS IN TOTAL CHANNEL LENGTH

NT = TOTAL NUMDER OF TIME INCREMENT STEPS

PE(K)
RESID
ROECF=
S(I) =
- SUNERR

GRID PECLET NUMEER

RESIDUAL, = TF-TT

DENSITY OF WATER (KG/MXX3)

TOTAL HEAT SOURCE FOR LOCATION I (KCAL/SEC/Mx%2)
= SUM OF SQUARES OF THE ERRORS- IN INCREHEN¥—SIZE~$ESFn~uf5——~~--n—-— —_—— .-

T(I,J)= COMPUTED UATER TEﬂPERATUhE AT LOEATION I ANB‘TIME J

- TIME =

DAY. HOUR - - - -z - e el e

TE¢I1)=COMPUTED UATER TEHPERATURE AT PROBE LOCATION I - - - -

TLNGHT

= TOTAL LENGTH OF CHANNEL Tt Tt N T T Tttt

TSTART= STARTING LAY HOUR

TT(I)=

ACTUAL WATER TEMPERATURES

UPSTREM = A SUBROUTINE T0O COMFPUTE COEFFICIENTS FOR UPSTREAM

DIFFERENCES

EXTERNAL ITEMP,QRATE, HFLUX, DISPERS, UPSTREM NSFTN

COMMON/A/
COMMON/R/
COMMON/C/
COMMON/D/
COMMON/G/
COMHON/H/

T(150,2), TIME, IX, IFOOL, KFOOL, MHOUR

TF(4000), TT(4000), RESIU(4000)

TSTART., TLNGTH, IFLAG, JFLAG, NFLAG, JTIME, NSECT, NDELEAT NSFTN
T0<710), TI(18)

S{17),SIGMA, DAYL, LAT, ALT, TOLII(150)

AC17), B(17), AK(17), BRK(17),CK(17), DL (17), DELX,

$DTIME ,FEC(17),FC(17),F1

DIMENSION

2(500).G(S500),F(300), TITER(150) _
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00330 REAL KS

00331 ROECP=1000

00332 IX=TLNGTH/DELX+ 1

00333 IPOOL=IX/NSECT

00334 KPOOL=FLOAT(IPOOL)/2 + 6
00335 JJ=1

00336 TIME=TSTART

00337 IT=1

00338 SUME=0 O

00339C COMFUTE MEAN CHANNEL WIDTH
- 00340 DO 3 K=1,NSECT

00341 3 SUMB=SUMEB+E(K)

00342 BBAR=SUMR/FLOAT(NSECT)

00343 . CALL ITEMP

00344 NH=0

00345C BEGIN MAIN LOOP

00346 00 300 LOOP=1,NT

00347 MFLAG=0

00348 DO S I=1,IX

00349 TITERCI)=T(I, 1)

00350 S TOLD(IN)=T(1, 1)

00351 CALL HFLUX(LOOP, HFLAG)

003352 10 00 200 ILOOFP=1,MHOUR

003353 NH=NH+1

00354 DTIME=3600

00355 JTIME=3600 /DTIME+ 1

003560 DETERMINE FLOW RATE

00357 CALL QRATE(FL DU, NH)

00358 IF(NFLAG EQ 1) GO TO 2S
00359C COMFUTE LONGITUDINAL DISFERSION, DL(FTH%2/SEC)Y, FOR FPOOL I
00340 D0 20 h=1, NSECT

0036 20 OLCK) =OSTARXFLOW/ERAR '
00362C COMPUTE FECLET NO FOR EACH SECTION
00363 25 00 30 K=1,NSECT

00364 FC(KI=FLOWKDTIME/ACN) /DELX%XFI
00345 FE(K)=FLOWXDELX/A(N) /DL (K)

00366 30 CONTINUE
00367 35 De 200 J=t, JTINE

00368 TIME=TIME+L /FLOATCJTIHE)

00349 IF(TIME GE 24 ) TIME=TIME-24

00370C DETERMINE INFLOW TEMEERATURE

00371 R=1 ~FLOAT(J)/FLOAT(JTINE)

00372 TC1, JIH1)=RKTNH(1 ~R)KTO(NH+1)

00373 T, JJHIST(L, JJ41) 40 2

00374C SUESTITUTION AND ELIMINATION SOLUTION FOR TEMP FROFILE

00375 I=2

00376 n=1

00377 L=0

00378 -IF(JFLAG EG 0) CALL DISPERS(K,L) - NSFTN
00379 IF(JFLAG NE 0) CALL UPSTREM(K) NSFTN
00380 - ZAII=TCI, D+ SFD/FIXEARCRYXTCI=1, 1) = CAN(KI+CKCK) D KT (T, 1) 4CK(K)

00381 LXTCI+E, £3)4SCR) #RCK) XOTIME/A CK) /ROECP )

00382 G(2)=(Z(DI+ANCKIKRT(1, 2) ) /7BK(K)

00383 F(2)=-CK(K)/BN(K)

00384 DO 110 I=3, Ix-1 NSFTN
00385 K=(I-1)/1F00L+1

00336 L=0

00387 IF(I EQ IFODLX(K-1)+1) L=t

00388 IF(JFLAG EQ 0) CALL DISFEFS(K,L) NSFTN
00389 IF(JFLAG NE 0) CALL UFSTREM(N) NSFTN
00390 ZCD=TOIL 1401 —FI)/FIXCAK (R XT{TI=1, 1) = (AK(KY+CK(K) ) XT (1, 1) +CK(K)

00391 IXTCI41, 1)) 4S(NYKECK) KDTIME/ A (K) /F OECP

00392 G(IN=(ZCII4+ANINIXG(I~1)) / (BK(K)+AK(K)XF (I-1))

00393 110 F(I)==CN(K)/(BK(K)+AK(K)XF(I-1))

00294 I=1X

00395 K=NSECT
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00396 L=0

00397 IF(JFLAG EQ 0) CALL DISPERS(K,L) NSFTN
00398 IF(JFLAG NE 0) CALL UPSTREM(K) NSFTN
00399 TCI+L, 1)=T(I, 1)%2 -T(I-1,1)

00400 Z(D=T(L, 14 (1 -FI)/FIX(AK(KIXT(I-1, 1) -(AK(K) +CK(KIIXT (I, 1)+CK(K)

00401 1XT(I41, 1)) +S(KIXB(K)XDTIME/A(K) /ROECP

00402 G(I)=CCAR(K)-CR(K) IXG(I~-1)+Z(I) )/ (BRK(K) -2 *CK(K)+(AK(K)-CK(K))

00403 1XF(I-1))

00404C BACK-SUBSTITUTE FOR WATER TEMPERATURE

00405 TOIX, JJ+1)=6(IX)

00404 DO 130 I=1,IX-2 - NSFTN
00407 130 T(IX-1,JJ41)=G(IX=I)=-F(IX=-I)XT(IX-T+1,JJ+1) NSFTN
30408 DO 140 I=%,1IX .-

00409 140 T(I1,Jd)=T<1,JJ+1)
00410 200 CONTINUE

00411C NITER ITERATIONS ON WATER TEMPERATURE IN SOURCE TERM
00412 IF(MFLAG.EQ NITER) GO TO 202

00413 NFLAG=0

00414 00 200S I=1,IX

00415 2005 IF(ABS(T(I,2)-TITER(I}) GT 0 1) NFLAG=1

004146 IF(NFLAG EQ 0) GO TO 202

00417 MFLAG=HFLAG+1

00418 TIME=TIME-FLOAT (MHOUR)

00419 NH=NH-MHOUR

0042¢ CALL HFLUX(LOOP, MFLAG)

00421 uog 201 I=1,IX

00422 TITER(I)=T(I,2)

00423 201 T(I.,1)=TOLIMI)

00424 GO 10 10

00425 202 DO 220 I=IT, IT+NSECT-1 NSFTN
00426 I1I=(I-IT+1)XIFOOL-KPOOL+1

00427 IFC(ITEST NE.1) GO TO 205

00428C COMFUTE FARAMETERS FOR INCREMENT SIZE TEST

00429 ERR=ABRS(T(II, JJ)-TF(I))

00430 IF(EFR GT ERRMAX) ERRMAX=ERR

00434 SUMERR=SUMERR+ERRXX2

00432 GO 7O 220

00433C STORE WATER TEMPERATURE AND DETERMINE RESIDUAL

00434 205 TF(D=T(Il,Jd)

00435 IF(IFL.AG EQ 0) GO TO 220

00436 RESID(I)=TF(I)-TT(D)

00437 IF(TT(I)Y GT 4 S) GO TO 22

00438 RESID(I)=0 0

00439 NDELEAT=NDELEAT+1

00440 220 CONTINUE

00441 IT=IT+NSECT

00442 300 CONTINUE

00443 RETURN

-00444. . . END ... e - -

00445 SUBROUTINE ITENP e

00446C. . . THIS SUBROUTINE SETS UP. THE INITIAL WATER TEMPERATURE PROFILE
00447 COMMON/A/. T(150,2), TIME, IX, IPOOL hPOOL MHOUR

00448- - -“COMMON/D/- TOC710), TICISY™

00449 I=1

00450 II=1

00451 IF(TIC(L7) LT O 1) TIUZ)=TI(16)- SH(TI(14)=TI(14))
00452 0o 40 J=2,IX

00453 IF(I EQ.17) TIC(I+D=TI(D)

00434 IF(TI(I) GT 0 1 AND TICI+1) GT 0 1) GO TO 1S

00455 K=0

00456 10 K=K+1

00457 IFCI NE 1) GO TO 12

00458 IF(TICI4K) GE O 1) TI{D)=TOM4H(TIC(I4+KI~T(1, 1)) /(FLOATI(K)+ %) NSFTN
00459 IF(TI(I4K) GE 0 1) TIHI+L)=TICDH(TIC(I+KI-TI(I))/FLOAT(K) NSF TN
00460 GO T0 13

00461 12 IF(TICI+K)_GE 0_1) TII+D)=TI(DIH(TICI+KI=TICI))/FLOAT(KD . _ NSFTN
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00462 13 IF(TI(I+K) LT 0 1) GO TO 10 NSFTN

00443 15 IF(J GT KFOOL) GO TO 20

00464 R=FLOAT(J-1)/FLOAT{(KFOOL-1)

00445 TC 1)=TO(1) k(1 -RI+RXTICI)

00446 GO TO 40

00467 20 R=FLOAT(II)/FLOAT(IFDOL)

00448 T(H D=TICIIXN(L ~RIFRXTI(I+L)

00469 II=I1+1

00470 IF(II NE IPOOL+1) GO TO 40

00471 I=1+1 .

00472 1I=1 ) .

00473 40  CONTINUE m——
T T 004724 - -RETURN- ———

00475 END T e N, ..

00476 SUBROUTINE QRATE(FLOW, NH)

00477C THIS SUKRROUTINE COMPUTES FLOW RATE FOR EACH HOUR

00478 COMHON/E/ Q(30), IF(30), NF

00479 IFF=1

00480 00 10 I=1,NF+1 NSFTN

00481 IFCIFF+IF(IY LT NH) GO TO S

00482 IF(IFF GT NH) GO TO 10

00483 FLOW=Q(I)

00484 5 IFF=IFF+IF(I)

00485 10  CONTINUE

00484 RETURN

00487 END

00488 SUBROUTINE HFLUX (NH, MFLAG) -

00489C THIS SUBROUTINE COMFUTES HEAT FLUX SOURCE.,S, FOR EACH FOOL

00490C

00491C LIST OF VARIAEBLES

00492¢ A AND' B= CONSTANTS FOR ANDERSONS EQN

00493C ALFHA=SOLAR "N3LE (DEGREES) FOR TIME INCREMENT I

00494C ALT = ALTITUDE(N)

00495C AMASS = OFTICAL AIR MASS

00496C AMC = ATHMOSFHERIC MOISTURE CONTENT(CM)

00497C CC(I) = FRACTION CLOUDI COVER FOR TIME INCREMENT 1

00498C CL = LATENT HEAT OF VAFORIZATION (CAL/G)

00499C CR = CLOUDINESS RATIO = 1 -RATICI)/HSH

00500C DAY = DAY OF YEAR(JAN 1 = 1)

00501C DAY1 = STARTING DAY OF YEAR

00502C DELTV= DIFFERENCE IN VIRTUAL TEMFERATURE (C) RETWEEN WATER

00503C SURFACE AND M HEIGHT

00504C E= RATE OF EVAFARATION (G/DAY)

00505C EA=AIR VAFOR FRESSURE(ME) AT M HEIGHT

00506C EFf S=ATMOSFHERIC EMISSIVITY

00507C ES=SATFUATION VAFOR PRESSURE AT WATER SURFACE TEMFERATURE(MB)

00506C ESA = SATURATED VAFOR FRESSURE AT AIR TEMPERATURE
veeveom e . Q0SQ9C__ __ __HC= CONVECTIVE HEAT FLUX(CAL/DAY/CM¥X2)
- - 00S10C "HE=EUAFORATIVE HEAT FLUX (CAL/DAY/CRKXZ2)™ - - == = - S . -

00511C ... _HLAR= NET LONGWAVE RADIATIVE HEAT FLUX (CAL/DAY/CMXXD)

00512C * HS= NET SHORTUWAUE RATILIATIVE THEAT FLUX “CCALABAY/EMEE2}~— - - -~ .« o . . ..
- - 00513C ~- - HSM. = CLEAR SAY. SOLUSR RADIATION(CAL/DAY/CMXX2)

00514€ HSO = SOLAR RADIATION INCIDENT ON THE ATHDSPAERE(CAL/DAY/CHXKD)

00515¢€ HOURD = DAY HOUR AT SUNRISE( ALFHA=0)

00516C LAT = LATITUDE(RADIANS)

00517C IFOOL=NUMEER OF LENGTH INCREMENTS IN ONE FOOL OR RIFFLE

00518C KFOOL= 1/2 IFQOOL

00519C MHOUR= NUMEER OF HOURS BETWEEN WATER TEMPERATURE AND

00520C WEATHER 4ATA INFUT

00521C NSECT = NUMEBER OF SECTIONS IN TOTAL CHANNEL LENGTH

00522 P= AIR FRESSURE (ME)

00523C R= REFLECTIVITY OF WATER SURFACE

00524c Rab= INCOMING SHORTWAVE RADIATION (CAL/DAY/CMXXD)

0525C RH= RELATIVE HUMTBITY(FERCENT)
oo 2oL S(I) = TOTAL HEAT SOURCE FOR LOCATION I (KCAL/SEC/MXx2)
. 00527C - SIGMA= STEFAN -BOLTZMAN CONSTANT
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00528C SINA = MEAN SINE OF THE SOLAR ANGLE

00529C SUNDEC = DECLINATION OF THE SUN(RADIANS)

00330C T(I,J)= COMPUTED WATER TEMPERATURE AT LOCATION I AND TIME J
00331C TIME= DAY HOUR

003532C TA= AIR TEMPERATURE (C) AT 2M.

00533C TDEW = DEW POINT TEMPERATURE (C)

00534C W= WIND VELOCITY AT 9M (M/SEC)

00535C WDIR= WIND DIRECTION (DEGREES)

00534C WFTN = WIND FUNCTION FOR EVAFORATIVE AND CONVECTIVE HEAT
00537C LOSSES (CAL/CMXXx2/DAY/MB)

00538 COMMON/A/ T(150,2) TIME, IX, IFOOL.NFOOL, HHOUR

00539 COMMON/C/ TSTART, TLNGTH, IFLAG, JFLAG, KFLAG, JTIME, NSECT, NDELEAT NSFTN
00540 COMMON/F/ TA(250),RH(Z350), RAD(ZS0), W(ZS0), WBIR(Z30), P(250), CC(2S0)
00541 COMMON/G/ S(17),SIGHA, DAYL1, LAT, ALT, TOLD(130)

00542 REAL LAT :

00543 IF(MFLAG GE 1) GO TO 8

00544C CLEAR SKY SOLAR RADIATION

00543 Ci=t O

005446 C2=1 0

00547 IF(RAD(NH) GT 0 0) GO TO S

00548 HS=RAD(NH)

003549 GO 70 7

00550C COMPUTE AVERAGE SINE OF SOLAR ALTITUDE, SINA

00551 S HOUR1=0 26Ix(TIME-1Z )

00532 IF(HOQURL LT 0 0) Ci1=-C1

00353 HOURZ=0 Z6IZX(TIMEIFLOAT(MHOUR)-12.)

00354 IF{HOURZ LT 0 0) CZ=-C2

00335 DAY=DAY1FLOAT (NH¥MHOUR/24)

00556 SUNDEC=0 407%C05{0 OL17Z%(172 -DAY))

00557 HOURC=ACOS(~SIN(LAT)XSIN(SUNDEC) /COS(LAT)/COS(SUNDEC))

00558 1F(CUS(HOUR1) LT COS(HOUROD)) HOUR1=C1XHOURO

00359 IF(COS(HOURZ) LT COS(HOUROD)) HOURZ=C2¥HOUFM

00360 SINA=( (HOURZ2-HOUR1)ASINC(LAT)XSINC(SUNDEC)>+ (SINC(HOURZ)~-SIN(HOUR1))
00561 $XCOS(LPAT)IXCOS(SUNDEL) ) /FLOAT (MHOUR) /0 262

00362 IF(SINA LE.O 0) SINA=1 E-40

003563C COMPUTE AVERAGE EXTRA-TERRESTRIAL RADNIATION OVER TIME PERIOD
005464 HS0=2880 ¥SINa/(1 +0 017%C0OS(0 0172k(1846 ~-DAY)))Xx%2

00S65C COMFUTE OFTICAL AIR MASS, AMASS

00566 FALT=(1 -2 Z24E-S¥ALT)#%S 2S6

00367 AMASS=FALT/(STNA+D 15/(ASIN(SINAY+3 88I)%Xx1 253)

005468C COMFUTE ATHOSPHERIC MOISTURE CONTENT.AMC (CM)

00569 CRH=1 =-RH(NH}/100

00570 TDEW=TA(NH)~CRHX (14 55+0 114XTA(NH))I-(CRHX(2 S+ Q007XTA(NH)))%xX3
00571 $-(15 240 117¥TA(NH) ) XCRHX¥X14

00572 AMC=0 8IXEXP(0 1140 0814XTOEW)

00573C COMFUTE CLEAR SAY SOLAR RADIATION, HSM (LANGLYS/DAY)

00574 AL=EXP (AMASSA(-0 405-0 130%AMCI*(0 17940 421¥EXP(~ 721X%AMASS)))
005735 AZ=EXP(AMASSY (-0 465-0 1344AMCIX(0 129+0 171¥EXF (- 880%XAMASS)))
0057¢ HSM=HSOX(A14+0 Sk(1 -AZ))

00577C - COMPUTE -CLOUDINESS RATIO

00578 IF(RAD(NH) GT ASM) GO TO &

00579 CR=1 -RAD(NH)/HSH - - )

00580 6 -IF(RAD(NH) GT HSM) CR=0 0

00561C SHORTWAVE REFLECTIVITY WITH ANDERSONS EGN

00582 A=2 DO+CRXX0 7/4 —-(CRXX0O 7~0 4)%x%2/0 16

00533 B=-1 02+4CRX%0 7/146 +(CR¥X0 7-0 4)%X%X2/0 &4

00584 R=AX(ASIN(SINAIXS7 2Z)%k¥EB

003585 IF(R GT 1 0) R=1 O

00586C NET SHORTWAVE RADIATION

00587 HS=(1 -R)XRAD(NH)

00588C COHFUTE AIR VAFOR PRESSURE

00589 7 ESA=6 1078XEXF /17 2693I7%kTA(NHI/(TA(NH)+309 ))

00590 EA=ESAXRH(NH)/ 100

00591C COMPUTE SKY EMISSIVITY FOR LONG-WAVE RADIATION

00592 EPS=(1 10 17%CCINHIx42)%(1 — ZOHLXEXP (- 74E-4XkTA(NHI®k%2))

00593 8 L0 10 I=1,NSECT .



00594
00593€C
00594
00597
00598C
00599
00600
00601
00602
00603
004604
00605
00606
00607C
00608
00609¢C
00610
00611C
00612
00613
00614 10
00615
00616 100
00617
004618
00519C
00620C
00621
00622
Q0423
00624
Q0425
Q0626
004627
00428
00629C
004630C
00631
00632
00633
00634
00635
0046356
00637

II=1%IFOOL~KPOOL+1
COMPUTE NET LONGUWAVE RADIATION, HLR.
TWS=(T(II, L+TOLICIIN) /2
HLR=SIGMAX 97%X((TWS+273 )IXX4-EPSK(TA(NH)+273. )x%k4)
COMPUTE EVAFORATIVE HEAT TRANSFER,HE
ES=6 1078%EXP(17 26939%XTUS/(«TUWS+309 ))
DELTV=(TWS+273 )*¥(1 + 3J78XES/PI(NH))I~-(TA{(NH)+273.)
$x(1 + 378XEA/P(NH))
IF(DELTV LE 0 0) DELTV=1 E-40
WFTN= Q09&0%DELTUXXx(1 /3 )+ OO0SIXkUWINH)
E=WFTNX(ES-EA)
CL=597 S~ S92%TWS
HE=EX(CL+TWS)
COMFUTE CONDUCTIVE HEAT TRANSFER. HC
HC= 61XP(NH)/1000 XUWFTNX(TWS-TA(NH) )*CL
COMPUTE TOTAL NET HEAT SOURCE, S(NCAL/SEC/MXX2) FOR PQOL I
S{I)=(HS-HE-HLR-HC) %10 /3600 /24
OUTPUT COEFFICIENTS AT X=TLENGTH/Z
IF(I EQ IX/Z/1FO0L)PRINT 100, NH, CR,CC(NH), R, SINA,
1THEW, AMASS, AMC, HSM, HS, HLR, HE, HC, 5(1)
CONTINUE
RETURN
FORMATU(IS, 13F10 4)
END
SURRBUTINE DISPERS(X,L)
THIS SUBRQUTINE OETERMINES COEFFICIENTS FOR THE SUBSTITUTION-
ELIMINATION SOLUTION WHEN LONGITUDINAL DISFERSION IS INCLUDED
COMMON/H/Z ACL7),R(17), AK{17), BKC17),CN(17), DLC17), DELX,
$NTIME ,FE(17),FC(17),FI
ANIRYI=FC(RIX (1 +AMAX2(Q , (1 =0 1APE(K-L))xxS/FE(N-L)))
CRARK)=FC(NIXANMAXLCO , (1 -0 L1XFE(K))IXXS/FE(N)Y)
BRN(KI =1 FARCRIHCN (N -
RETURN
END
SUERRGUTINE UPSTREM(K)
THIS SURROUTINE DETERMINES COEFFICIENTS FOR THE SURSTITUTION-
ELTMINATION SOLUTION WITHOUT LONGITUDINAL UISFERSION
COMNMON/H/ A(17), B(17),AN(17), BK(17),CN(17), DL(17), DELX,
$DTIME , PE(L17),FCL17),F1
AK(K)=FC(K)
CKKHY=0 0
BR(K)=1 +AN(K)
RETURN
END
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APPENDIX E

SAMPLE INPUT DATA FOR MNSTREM

Variable names and formats

are specified in Appendix C
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0

81

16

7 47 00.00 2 S0 3400
11.146 30
480 11 1?7 1 0 Q
11 3 10 7 9
? 90
WEATHER DATA FROM 11-16-76 THROUGH12-046-76
-10. 100
-11 1 100 00 00 O
-10 100 09
2 44 44 3
? 42 38 46 5
39S 52 06 3 S
-3. 75 2.
] 61 4
S 65 4
0.0 34 3 S
-1 48 11 4
5 S 3? 46 ?
10, 34. 43 10
b 44 0S 8 5
i 58 3
-2 S 76 25
-4 5 87 2
-3 71 3
3 44 00 S
12 47 29 8 S
13 37 32 12
8 S 34 [k 8
4 3 34 )
4 38 7
2. 43 é
1 50 5SS
0 S6 09 45
S5 S 4b6 46 é
7 40 43 6 S
29 49 06 4 5
-1 63 . 2
-4 80 15
-b 94 4]
-11 100 00
-8 98 a3
0 41 11 15
29 &9 0B 4
‘Y S 6 03 4
) ?7 7
-9 97 8
-1 ?7 g
-2 90 7
-1 9 80 08 8.
1 9 <8 23 9
M 72. .09 8
-5 81 83
-2 85 - ¢
-2 3 82 8
-3 5 82 8
-4 84 75
-4 85 00 6 9
-3 3 80 09 6
-3 9 71 09 7
-5 72 01 4 3
-7 76 6
-9 83 9.9
-9 82 3
-9 79 3
-8 77 01 4 5
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1700.

979
79
979
979
979
979
979
?79

971.

9?71
971
971

971.

?71
971
?71
269
9469
P69
969
269
P69
969
969
975
975
975
975
?75
975
975
975
97S
?7%
975
975
975
?7s
973
975
980
980
980
98¢0
980
980

980"

280
285
?85
?8S
985
985
?8%
985
$8%
?8S
985
9es

45.

1000

THREE-HOURLY

0

[y

- e 0000000 OO
00RO COOOO0OCOONNIOONOOCOOOOOROROOOCOCOHUNTOVOOOONMOOQ

Ll e e il o Nl g

e aee

[=R= R COoO0O0CO

OO0 ©

03
04
09
12
15
18
21
c4
03
06
09
12
15
18
21
24
03
06
Q9
12
15
18
21
24
03
06
09
12
15
18
21
24
03
06
07
12
135
18
21
24
03
06
09
12
15
---18
21
-4
03
0é
09
12
15
18
21
24
3
06
o34

AVERAGE
11-16~7
11-14
11-16
11-16
11-1¢6
11-14
11-16
11-16
11-17
11-17
11-17
11-17
11-17
11-17
11-17
11-17
11-18
11-18
11-18
11-18
11-18
11-18
11-18
11-18
11-19
11-19
11-19
11-19
11-19
11-19
11-19
11-19
11-20
11-20
11-20
11-20
11-20
11-20
11-20
11~20
11-21
i1-21
11-21
1121
11-21
11-21
11-2%
11-21
11-22
11-22
11-22
11-22
11-22
11-22
11-22
11-22
11-22
11-22

11-22



-3
-4

-4
-8
-10

~-12.

-14
~16
-13
-11
-14
-16
-17
-19
-18
-19
-1
-13
-12
-1é
-17
-16
-15
-15
-10

-9
-13
-15
-16
-18
-20
-21
~-14
-10

-11.

-15
=13
-13
=15
-13
-10

-9

w (I NN

[l o il |

(LR aumu

w w

(L]

iy A (9.4} [LRT]

(4]

“annen

(LR

15
20
02

02
22
28
00

03
40
49
06

04

52

49
03

11
46
43
0S5

02
17
20

v u vty uaan
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285
985
98S

98S.
985.

9835

?74.

974
974

?74.

974
9?74
974
265

965.

9465
963

965.
96S.

965

965,

974
974
974
974
974
974
9?74

974.
98S.
?85.
98S.

985

9835.

985
983

98S5.
?85.

985
98S
983
285

985.

285
9835
985
78S

?85.

985

988.
?8%.
98S5.

985
985
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983

9835.
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985.
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b S ped b p

11-22
11-22
11-22
11-22
11-22
11-24
11-24
11-24
11-24
11-24
11-24
11-24
11-24
11-25
11-25
11-2%
11-25
11-25
11-25
11-25
11-25
11-26
11-246
11-26
11-26
11-26
11-26
11-26
11-26
11-27
11-27
11-27
11-27
11-27
11-27
11-27
11-27
11-28
11-28
11-28
11-28
11-23
11-28
11-28
11-28
11-29
11-29
11-29
11-29
11-29
11-29
11-29
11-29 -
11-30
11-30
11-20
11-30
11-30
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11-30
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12-01
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APPENDIX F

PARTIAL SAMPLE OUTPUT FROM MNSTREM
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&

i

PST

- - <
N e e e P — e <8
T TWATER TEMPERATURES FROM FINITE DIFFERENCE MODEL WITH

- . R e e _ Y R
r X~INCREMENT (+T) =  3.81
- TIME TACREMENT (SEC) =3600.00_ o o 2

[V Ix= 136 JTINE= 1 1PQOL= 8 KPOOL= & )

et e . . POOL NUMBER L 5
HOUR ¢ Ty 4 5 3 7 [ 9 10 i1 12 13 14 15 16 17 18 TIHE

~ N ; - e e e e e . .o~
< acr. TEup 10,83 10.70 10.63 10.17 9.90 9.75 _9.60 9.45 9,30 9.15 9.00 8.82 B8.b4 B.46 8:28 B.10 12.15
2 EST. TLHP 3 11.83 11.78 11 68 11.5%4 11.25 11.02 10.61 10.36 _9.95 9.71 _9.34 _9.13 _8.80_ 8,63 _8.37 8.14__8.00 3.00 w8

- ACT. Tk 4P 0 12.10 0 0 10.80 0 (i} 0 0 0 8.50 0 0 [ g 7.60 1 )

_PESIDUAL 8 _~.32 6_ 0. .45 _ _0_ 0 ___ & 8 [} L84 0 ] a [ .58 Q . @
EST. TEMP [3 10.68 10.72 10.92 10.38 10.24 10.13 16,01 9.91 9.81 9.72 9.61 9.51 935 9.22 9.01 8.86 8.58 6.00
- ACT, TENP . . 0 10.80 0 D 10.00 ¢ _ 0 __ 0____®___0_9.00 0 ] O D T80 __ & __ e =
RESIOUAL 0 -.08 a i 24 0 ] 0 0 0 .61 0 0 0 T8 1,086 (1]
EST. FEMP__ 9 _31.1% 11.02 10.79 10.64 10. 39 10.23 _9.98 _9.8% 9.62 9,49 _9.29_9.17_ 8.99 _8.89_8.75 8.66 _A.53 9.00 os
- acY. 1EHP o 11.10 a 0 10.00 0 0 0 0 0" 8.70 [ 1 07 7.80 0 -
RESIOUAL ____ __ . 0 _-.08_. 0 0,.. .39 ___. [| RO SRR | SRR | AN | RS- DUNSUU ' N | SO | SO | US| S, [
EST. TEMP 12 711,33 11,26 10.47  9.96 9.13 8.82 B8.52 B.k7 0.53 B8.62 5,83 8.97 9.21 9.36 9,52 9.60 9.71 12.00

- COACTLTEMP_ 0 AR10 . . 0_ __ 0 10.40____.0 0 g 0 0__6.40 Q 0 ] t_9,30 D I Y
~ RPESTOUAL 0 .16 o 0 -1.27 0 0 -0 0 0 2.43 0 0 0 , 0 .30 0
~y FST. TEMP. _ 15 __10.99 11.02 11.05 11.06 11.11 u.ts 11.23. u.aa 11,25 A1.21 11,06 10.96 10459 10,54 30,26 10.44 . 9,87 _ . 15.00 . I

L acT.Tewe 0 19.90 0 0 10.50 0 10.20 ¢, 9 9.50 ,
). RESIDUAL 0 __ .82 _0L_._. 0 __ .61 ___o 2 a ____ «Bb n ) g 0 RN 0 IS
(=) EST. TEMP 18 10.14°30.14 10,18 10.16 10.1% 10.09 10.02 9.96 9,83 9.83 9.78 9,74 9.73 9.74 9.72 9.70 9.73 18.00

o APT.TEMP .0 10.00 _ o 0 9.90 [} 0 _ 0. [ 0_9.,20___ __0._ .. 0__._0__ 0 .8.80 0. . . e
™ RESLOUAL Q lk 1 0 24 0 0 [} [} 0, .58 0 0 0 0 «490 0

EST. TEMP 21 9.72 _9.60 9.43 9.32 .9.15 9.05 8.91_ 8,82 B.73 _8.66__0,60__8+55_8,51__8,47__Bo4t__8.39 _8.37_ ___21.00__ _ 0

- ACT. Tt MR 9 '9.60 0 0 g.00 [\ 0 0 1} 8.10 0 [ 0 o 7.7¢ [ -~
PESTOUAYL I 0.._.00 q Q__.16 ] ] Q [} 0 .50 0 0 0 a N ] 12
11.17

- EST. TEMP 26 10.37 30.21 9.98 9.83 9.60 9.456__9.23. 9,10 _8.89_8,77 8,58 847 _8.29__8.39__ 8403 _7.94_ 7,80 ___ _ __0___14 =
Acl, TE™p b 10.20 0 0 9.40 0 o- 0 0 0 8,20 0 0 0 0 7.40 0
fESIOUAL 3 .01 o a .20 [ a__ _ o0 o__ .0 _ .38 ____0__.__0__ _O0___0__.5____48 . JER 73

~ ST, TEMP 27 10.22 30.13 9.98 9.89 9.75 9.65 9.50 9.40 9,25 9.15 9.00 8.90 68.73 B8.63 8.47 8.36 8.18 3.00 -

- ACT.TEMP e -0 30.20 . 0___ 0 _9.80 0o 0 9 ] 0_8.20 5 0 0 8 01,80 [} 18

RESINUAL 0 ‘~.07 0 0 .15 0 [ [/ 0 0 .30 [ 0 0 0 .56 0

. ! ESTe TEMP __ 30__10.11 30.00 9.85 9.75 _9.61_ 9,51 _9¢36._9.26__9.13  9,03_8.30__5,82__ 8,69 __ 0861 __8.49_8.01 _8.,29_____6.00_ _20 &
ACH. TEMP 0 10.t0 a 0 9,41 0 0 0 0 0 8.50 (] 0 0 0 7.80 (1]
PESIDUAL _ . i =10 0 0 W20 _ 0 0 _._0__ 9____ Q___ b0 ____0Q__._0__ _O0___. O0_._ .e1__ O __ ___ o 22

v - EST. TENP 33 9.92 9.81 9.65 9.55 9.41 9.32 9.18 9.09 8.97 8,83 B.78 B8.70 8.59 8.51 B.40 8.33 8.22 9,00
i ACT. TEME Q_10.4Q0 0____0_9.30 Q q 9 1] Q0__8.20 0 Q Q. 0__Z.60 0 24’

v RESIDUAL 0 -.19 0 0 .11 0 0 0 1] 0 .58 [} [} 0 6 .53 0

- ESf. TEMP _ 36 __ 1.42 1.46 1.50 1.53 1,59 1.65 _2.9%1 215 2,95 3.53 _4.98 _ 5,74 7,03 _7.71__08.50_8.78 a.u__zz 00 8
- ACT, TEHP 0 1.70 0 0 2.20 0 [ 0 0 0 A.50 [} 0 n 0 8.80
R RESIDUSL B 0 ‘o 9 0 [\ 0 0 6_ 6 _ _. 6. -1.52___ 6___ O_ __ 0 _-.02_ o . 5 28

“ EST. TEHMP 39 1.97 2.06 2.19 2.28 2.39 2.47 2.57 2.65 2.74 2.80 2.87 2,91 2.95 z.9e 2,99 3.02 3.06 15.00 v
w_ _BACITeMP___ 0 _3.90___ O ____0__¢2.30 0 ] 0 [ B 3.00 0 1] ") 0__ 4,00 )] 104

RESTOUAL ()] 0 [} 0 0 0 [} 0 0 0 0 [} [ [ 0 0

“ £Sl. IENP 42 1.70 1.68 66 1.64 1.62 _ 1.59 _1.56 _1.54_ 3.52_ 1.51__1.54 __3.95__1.60 __1263__3.7% _2.76 _1.85___ 18,00 __ 32 .~
ACT.TLHP g 1.80 0 g 1.73 Q (1 [ 0 0 1.40 (] 9 0 0 1.80 [ |
RESTNU AL 0 0 0 0 [} 0 1] 0 [ 0 . 0__. .0 0__ o 0. & . _ 0 __ ... 1
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L4 FWYIVE TS - .wv s - -
EST. TENP _ 405 __ 8.6%, 842 8412 _ 7.90 _/.59_7.35_7.00__6.76__6.43_ 6.21_ 5.90_;;(;9__5.3.0_5_.21__5_.9« _ .76 4,51 ST &
ACT.TEHP 0 8440 0 0 7.50 0 0 0 0 0 5.70 0 0 .60 0
RESIOUAL ___ . _ ¢ .02 0 0. .09 0. .0_ ___ a_‘_,,n______o_,_.zn,__*o ____o_,___~ a6 Q. s !
12.03 °
____EST. 1gMP___ 408 .90__8. €2 8.23_ _1+95_T7.55__7.27_b.Pp6_ 6,60 _6.25_ 6,02 5,70 __5, &9 5_'_20_5._91_5.1_3_3 "
ACT.TEMP 0 8.70 0 0 7.60 0 0 0 0 0 5.50 0 4.30 [ !
RESL DU AL 0 -.08 i g .15 0. ... O0__ .. 0_. _0_ .20 _ u __u . n_,, S0 0 o____ . .2 @
tSf. TEHMP 411 Y.00 B.73 7 8.36 8.11 T7.75 7.50 7.11 6486 6.51 6.28 5.93 5.71 65.37 5,16 4.84 .64 433 3.00 X
BCT.TEMP 0 8.70 0 0 7.70 . 0 ¢ .. 6__ O0__ _0_5.60____0__ _0__ 0. __ 0 _4.20___0._ .. . 72
PESTOUAL 0 .03 0 0 .05 0 0 0 0 0 .33 0 0 0 0 0 0 L
EST. TEMP__ 434 6.91 _8.€64__B.27__A.03 ._7-6‘3_Z;&S_____ll__ﬁ_f_iﬂ_LEQ_Q:.M._.&LUQ._E,L&}__L&_SJHJJL_A 86__5_..56_____6_ 40
ACT. TEHP 0 8. 70 o 0 7.60 0 5.50 0 4.10 .
RESIQUAL _ 0, ~.06 ] 0 .09 . oo . o o o_ B u_,__ o_w.su a . o_ No,._ ... 0__ __o_ﬁ__ - _2 @
EST. YEMP 417 B.68  8.42 B8.13 7,93 7.85 7.45 /.15 6.9% 6.65 b.46 6.17 5.98 5.70 5.52 5.25 5.07 .79 9.00 H
ACT.TeHP i 0 8,40, 0 __ 0 7.60 0 k,__nu_,“ a . ~_._,(1__5 60 . ._0. 0____.0 _4.30_ o__ e 2B
RESIDUAL . .02 v 0 .05 0 0 .57 0 0 0 o 0 L
_EST. Lemp 420 9. Zp 8.93 _A.51 8,29 _8.00__7. QS__Z_.SQ_LJ:Z_L_ZD_MLhE_}_L&S__ﬁJ_U__ﬁJll_ﬁLﬂ_L_S:SS_L.ﬁ_Q__LLﬂn____Jo |
ACT. TEMP 8.30 ¢ 0 0 7.99 0 6.20 0 8 5.10 .
PESIDUAL ___ o a .63, 0 0 .10 __ o_ . oﬂ_, 0. o ,,o__ S T _o_,_ 0__ .es__,,o_ e @
£EST. TEMP 423 3.79 4.92 6.45 T.04 7.79 8.01 B.21 8,22 B8.16 8409 7.91 7.80 7. 57 T7.44 7.21 7.09 6.86 15,00 -
ACT.TEW _ . .. . .0 17.60, 0. 0_ 4.30 0 _._0____0___.0, _._0._6.70 o u q___ 6,00 ____ o___ 34 |
PESIDUAL 0 -2.68 " 0 0 0 0 0 0 o 0 1.21 0 0 1.09 L i
EST. TEMP___ 426 10.54 10.46 10.17__9.76__8.70 __8,05_ 7,04_ 6,57 6,02 5,78 5,561 5,53 5,59 5.6 g 5.7 1 5.71 5.: 18,00
ACT.TEHP 040,40 0 0 9.50 0 0 [} 0 0 6.50 0 440 !
RESIOUAL _ _ _ 0 .06 0_ 0 -.80 0 o_ o 0___ O _-.89___0__ n i o_m __oﬁ__ o__ _ . .3 @ |
EST. TENP 429  11.01 10.75 10.38 10.13 9.77 9.55 9.26 9.07 B.77 8.56 B8.13 7.84 T7.26 6.93 6.36 6.06 5.52 21.00 o
ACT. TEHP 0 10.50 0 0 9 50 0o _ ©0. __0 __ 0 _ .0 _7.,80__ _0____0____0_____ 0_6.60_____0_____ _ 4D !
RESTDUAL 0 .25 0 0 .27 0 0 0 0 0 .33 0 0 0 0 -.5&4 0 - I
_12.04 : e . —_ L -
ESI. TERMP 432  11.05 10.83 10.52 10.32 10.03 9.83 9.53 9.33 9.03 B8.84 B8.55 B8.36 68.09 7.92 7.66 7.49 7.19 0 i
_ACT.TEMP 0.10.50 _ 0 0. 9.80 _ 0 _ .0_ . _0___ 0__ _0_B8.10____0 _ _0____0_____ 0_7.40_ 0 _____ @
RESTDUAL 0" .33 0 0 .23 0 o 0 0 0 .45 0 0 0 0 .09 0 ‘
EST. TEMP _ 435 _10.91 40.66 10.32 10.09 9.40_9.59 _9.30 9.10 _8,86_8.66__8.L1__0.24 __8.,00__7.84 _7,60 _7.44 _7,20 00 _ . u4s
ACT.TEMP 0 10.80 0 0 9.60 0 0 0 0 o s8.00 0 0 0 ¢ 7.50 0 @ |
_PESIDUAL _ 0=l 0 0__ .20___0_ O____90 q Dbt (] 9 0 o__-,06 0 @
£EST. TEMP 438  10.84% 10.60 10.27 10.05 9.75 9.54 9.23 9,02 8.74 8.55 B8.28 B8.10 7.84 7.67 7.43 7.27 T.04 6.00
ACT.FENP g 10.70 0 0 9.50 0. o0 __ 0 __ 0._.__ .0_8.00 0.0 ____0_____9_.17.50 0 ____ .. @
RE 1 DUAL 0 -.10 0 ¢ .25 0 0 0 [ 0 .28 0 0 b 0 -.23 0 ‘
£EST. TEMP _ L4l _ _38.68 $0.47 10.18_ 9.97 _9.68 _9.46 9.15__8.94_ 8,64 _8.45 8, 17__1,99_.L.12__1455 30 7,13__6.489 9,00 ____ 52 ]
ACT. TEMP 0 jo0.u0 0 9 9.50 0 0 0 0 0 7.90 0 7.40 0 o |
RES I DU AL 0. .07 __ 0_____0_ _.158 0 9 0 0 0,27 n n u 9 -.27 o 54
EST. VTEMP &t  10.64 10.55 10.45 10,37 10.26 10,47 £0.02 9.91 9.73 9.61 9.40 9.28 9.03 B8.90 8.65 8.52 B8.24 12,00 ]
ACT.YEWP_  __ _ _ _ q 10.69 0 0 10.00 _ 0 _ _0_ 0___. . 0____0_8.90 9 0___.0 0_8.20 0. ss @
RESIOUAL ~.i5 0 0 .26 0 o 9 0 0 .50 0 ] 0 0 .32 0 '
FST. TEMP_ _ 447 __ 10, se 10.55 10.56 10.22 10.01 _9.87 _9.67 __9.55 _9.40__9.30_9.18__9.09__08.96_ 8.90__8.79_8.71__ 6,59 15.00_____ 58 '
ACT. TEHP 0 10.50 0 ¢ 9.80 0 9 i 0 0 8.70 0 0 () 0 8.40 0 [
___PEsSiouaL__ g_'.05_ __0___ 6 __.24____ 0 D g 0 0 .u8 [ 0 [ .31 0 0
£SI. TenP 450  10.5F 30.39 10.14 9,97 9.73 9.57 9.34 9.19 8.99 0.85 8.67 B8.55 8.38 0427 - 8.12 8.01 7.69 1| 18.00 : I
ACI.VEMP ___ 040.40__ 0 __ 0 _9.60__ _0____0___ 0 ____0 0_ 8.30 0 o___ 4 0_7r.90__"_ 90_¢ o @
RESIDUAL 0 ~-.0t 0 0 .13 0 0 0 ] 0 .37 0 0 0 6 .11 0
EST. TFMP __ 453 __ 10.58 $0.42 10.20 10.05 9.84 _9.69 9,46 9.31__9,09_8,95__8.74 _8,61 __o,ha__9‘27 _Be08__7.96_ L.n 24090 ]
ACT. TEHP ¢ 10.60 o 0 9.80 0 0 0- 0 0 8.40 0 [} 0 8.20 : <9
RESIUUAL L9 et 0 0 04 0 0 0 0 0 .3 0 0 o .. 0 =26 o . -

u - .
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.

12,05

10.6¢ 30.3b 10.06 9.8/ _ 9.69 _9.41 9.14 _ 8.96 _A.7

EST. IEHP 456 __ 2 8.56_A.35 8,20 8.01 7,83 7,70 7.57_ F.u0__ 9,
o« ACT.TEHP 0 10.60 0 0 9.60 0 0 0 0 0 7.90 0 0 6 | 0 7.80 o
o PESIODUAL 0 -.24 0 0 .20 ] 0 0 0 6 S5 __ 0 p. _ @ 0 -.23 0 LA
1 ESl. 1EMP 459  10.66 30.37 9,948 9.74 9,41 9.39 8.87 B8.66 B.38 8.19 7.9% 7.76 7.52 7.3F0 7.45 7.00 6.80 3.00
o __ACT.TEHP ... 30,80 ___0__ __0_9.20__ __0 o___.0 0 a_7.70 0 0 0 0__7.40 0 N
o RESIOUAL 0 -.13 o o .21 ) 0 0 0 0 .2 0 0 0 0 -.u0 0
— EST. TEMP 452 16469 10.48 10.24 9.91 9.58 3.35 _9.00_ 8.77_ 8.45 8,24 _7.94 _T.74_ 2,45 _7.27 7.00_6.62 _6.57____6.00 ____ g
o) ACY . TLMP 0 10.4p 0 0 9.30 0 0 0 2 0 7.50 0 ) 0 0 7.00 0
4 FESIDUAL _ _ _ 1 0 0 .28 0 . .0 _ 0 . .0 _ _0__ JuW__ O0_ 0 0 .0 _-.18_ _ 0_____ W
EST. TL9P  ~ 465 ~ 10.6% w.«g lo.10 9.90 9.56 9.45 9.17 “8.98 "B.71 "853 6.27 8.09 7.51 7.6 7.37 7.19 6,91 9.00
) __ACT.TEMP — __..030,6d ;0 __0_9.40 0 0 i n 0__7.80 0 a 0 0_7.10 Q V2
- PESIOUAL 0 -0 0 .28 0 0 [} [ 4 7 [} [} la 0 .09 0
-~ EST. TEMP_ 4b8 10,70 10.55 ?0.36 10,24 10.06 9.92 9.7%1_9.57 _9.35_9,21_ 8.99__8.85_8.61_8.47 _8.24__8.11_ 7,86 ___12.00_ __is
. AC) ., TEHP 0 10.70 0 0 10.00 o 9 0 0 0 a.70 ] 0 ] 0 a8.00 0
PESINUAL 0 -.15 0 8 .06 0 0 0 0 0 .29 _ 0. 0 2 0. .1t _ 0 o
LST. TEMP 471  10.72 10.59 H0.39 10.26 10.06 9.92 9.71 9.57  9.38 9.26 9.09 8.97 8.80 8.70 68,53 8.42 8.25 15.00
_ ACT.IEMP__ .0 30.50__ __0___ . B__9.80_____ 0 o____»® 0 0__8.50 ‘0 9 0 08,40 0 15
FESIOUAL 0 .09} ] 0 .25 0 0 0 0 0 .49 0 [} ) ¢ .02 [}
CSP. TEMP__ 474 _ 10.46 10.28 40.05 9.90 9.69 9.5% 9.53 9.18_ 8,98 8,85 8,67 _8.54 8,38 .26 8,10 7.99 _7.86 __ 18.00  _u
R ACT.TLHP 0 10.50 0 0 9.40 0 0 o 0 0 8.00 0 0 0 6 7.70 0
N PESIOUAL _ _ i 722 [ 0 .29 0. 9 O0____ 0 __ 6 __.eF__ _0____ 0__. O __ O0_ _.29__ 0 _____ Y
- ESF. TZMP 42?7 10.56 10.33 10.05 9.86 9.60 9.42 9415 8.98 B.74 B8.59 8,38 B8.23 B8.04 7.91 7.73 7.61 7.45 21.00
Y o ___ACE.Tehp 9 18,30) ] 0_9.40 ) 0 0 9 0__7.96 ) 9 0 0_7.590 2 2
u RESIDUAL 0 ‘.03’ 0 0 .20 0 0 0 0 0 .48 0 0 9 0 .11 0
=~ 12.06 - . R I e e [ 7Y
3 ESI. IEMP 480  10.42 10.22 Py.as 9us6” 9.65 9.51779.30  9.36 8.9% 8 80 8.597 8 ks 822 8.09 7.88 7.75 7.54
Z ACY.TEHP _0 10,40 } 0 0 9.20 0__.. B __ O___ 0 ____0_1.90 o____9 0. __0_T.60___0___ . 8
RESIOU AL P <18 ‘ 0 0 .45 0 o 0 8 0 .59 0 0 0 .15 0
— — 39
T - T 7
PESIDUAL SUM OF SQUARES = 55.2382 e _ e
STANDAKRD EKKOK= ,3161 ’ T
DLLEATED CASES = 2146 | ) . e .0
i ' !
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!
- N t , ! - - . e meme aa e e ———— e —_ U VOO |
o
- - - s e temn o me—— [  |1]
R =
— _ £ . 42
LI
' f ' e e e e e e e e o e e o e - 44
= [3 !
O ' a8t

: 1

!
{

L
i
!

- ——— —— ——— _"”“""T“_"lf‘—““"'"“’_"'-""'

sninwd o a3




APPENDIX G

MERS WEATHER STATION

The MERS channel water temperatures are controlled by inflow and
weather conditions. A station to measure and record weather parameters was
therefore installed near the center of the field station. Solar radiation
and wind velocity were recorded since December 3, 1975. A 50 - junction Epply
pyrancmeter and a Science Associate's anemometer were mounted at 2 m and 9 m,
respectively, above the ground. A Belfort hydrothermograph, with a baimetal
temperature sensor and hair hydrometer, were mounted 1n a weather shelter
and recorded air temperature and relative humidity since January 29, 1976.
A Texas Electronics wind direction vane and transmitter, mounted at 4 m, with
power supply unit and Rustrak recorder was put in operation on April 2, 1976.
Sample strip chart records are shown in Figs. G-1 and G~2. The weather station
15 shown 1in Fig. G=3. A one~-year cycle of measured air temperatures 1s shown

in Fig. G-4.
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Fig., G-} - Sample strip’'charts for wind velocity, wind
direction, and solar radiation.
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Fig. G-3.

Weather station with hygrothermograph and shelter,
pyranometer, wind vane, and anemometer. Top - complete
weather station. Bottom - hygrothermograph, small
weather shelter, and pyranometer.
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Fig. G-4. One-year cycle of air temperatures. February 1976 through
January 1977.




APPENDIX H

SAMPLE OUTPUT FROM PROGRAM WTEMP1

-7 WATER TEMPERATURE. STATISTICS

PN - -

de koo desk ok ok

WATER TEMNPERATUPE STUDY

US EPA MONTICELLO ECOLOGICAL RESEARCH STATION

CONOUCTED 8Y - T -

UNIVERSITY OF NINNESOTA
STe ANTHONY FALLS HYORAULIC LABORATORY

STATISTICAC ANALYSIS OF "OPERATIONAU WATER TEMPERATURES FOR

CHANNEL 4y STATION 2

NOTES?

PERICO CF ANALYSIS IS FROM 10/20/76 TO  9/19/77. ALL STATISTICS

RECORDED ARE SLIDING T=OAILY PARAMETERS, CUMPUTED FROM THREE=HQURLY
DATA, ALL STATISTICS, EXCEPT SKEWNESS, ARE RECOROED IN DEGREES CELe

CIUS, SKEWNESS IS OIMENSIONLESS. ALL CALENDAR WEEKS START ON SUNDAY,
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- CALENDAR DAY OF RINIRUN PROGABILITIES IN PERCENT ~ naxInun STANGARD SKEWNESS NO. OF EST.
~, DATE DAY/WEEK THE WEEK  TEMPERATURE 93.0 50.0 5.0 TEMPERATURE  MEAN  DEVIATION  COEFFICIENT OATA POINTS
0 Rttt
<r10=23-76 297743 $AT, L) 7.0 5.7 4.6 132 5.7 268 _G30___ 9.
57 10-24=74 298744 SUN, 3.4 6.1 5.4 3.8 6.8 5.3 W1 -2 0
I10-25-76 299744 nou. 3.4 6.0 5.3 3.7 6.1 5.1 o 71 54 ]
T 10-26-78 300744 TUE 3.6 6.1 5.1 3.7 6.3 5.0 W12 =.39 0
. 10-27-76 301744 vED. 3.6 649 5.1 3.7 6.7 5.1 v84 -e14 (]
~10-28-76 202744 THU. 3.4 6.6 5.1 3.7 6e7 5.2 9 =09 ]
10-29-76 303744 _FRI, 3.4 6.7 5.1 3.7 6.9 5.3, 1,00 =elh_ o __ .
163076 204744 Saft, 3.4 6.9 6.0 3.7 7.0 5.6 1.06 .59 0
10-31-76 05145 SUN, 3.6 6.9 6.0 3.9 7.0 5.8 92 =71 0
- 1-76 306745 rON, £ 6.9 6.0 3.6 7.0 5.7 1.06 -.81 0

. 11~ 2-76 307745 TUE, 3.1 6.9 £.0 3.2 7.0 5.4 1432 =56 ]

) 11~ 3-7¢ 308749 VED, 2.7 6.9 2.0 2.9 _ 7.0 4.9 1.52 -e07 0
11-_¢=76 309745 THU, 1.5 6.9 3.8 146 _TeQ__ ___%ed______1.7% 9 .o -
11-5-78 310745 FRIY .5 6.8 3.3 +9 7.0 3.5 1.84 .40 0

. 11~ 6-76  _311/45 SAT. _ o7 5.5 _ . 2.9 8 6.2 2.7 1.48 «33 0

i 11~ 7-76 312746 SuN, .7 3.8 1.6 % 4.4 2.1 116 »26 ]

Z11- _8-76_  313/46 _ WDN, ek 3.4 . 1.3 Y T Y I J1eT_0 L1402 S | ] . 0

' -11- 9-78 314746 TUE, «b 3.1 1.1 .6 1.5 1.5 °86 .83 0

“11-10-76 318746 WED, ob 3.1 1.0 26 3,5 143 267 Le21 0

. 11-11-78 316746 THU, .5 3.1 .9 3 3.5 1.1 '65 2.37 0

. 11-12~76 317746 FRI, ] 3.1 .9 .5 3.5 _1la 87 2.30 0
11-13-76 218746 SAT. .9 3.1 o9 .5 3.5 1.0 .67 2441 ]
11-14=76 319747 SUN. .5 3.1 .8 .5 3.5 1. .87 2,29 0 .
11-15-76 320747 ACN, .5 3.1 .9 o5 3.5 1.1 .69 1.92 ]

Y 11-16=78 321747 TUE, o5 2,0 .9 .3 2.1 1.1 247 «81 0
1=-i7-76 322747 wED. .5 2.0 1.0 .5 2.1 1.1 047 .72 0
11-18-76 323447 THU. .5 2.0 1.0 _ .5 2.1 1.1 43 «70 ]

n 11-19-76 324747 FRI. .6 3.2 1.1 7 3.6 1.3 .68 1.82 0

.. 11-20-76 325747 Sat, o6 3.5 1.3 o7 . 3.6 1.5 .82 1.38 0

P 11-21-76 326740 SUN, .6 3.5 1.1 o7 3.6 1.3 .84 1.380 °
w 11-22-7¢ 321748 nON, ) 3,5 1,0 2 b 3.6 1:4 +88 149 0
11-23-76 320740 TUE. .5 3.5 .8 .5 3.6 1.2 «90 T 1.82 0
—~11=24-76 329748 WED. . .5 3.5 .8 5 _ 3,6 1.1 .9 1.96 . 0
11-25-76 330748 THU. .5 3.5 o7 o5 3.6 1.1 «93 2.02 ]

¢ 11-26-76 331/48 FR1. .3 3.4 o7 .3 3.5 _ _ .9 69 3.23 ]

. -11-21-76 332740 Sat, o5 .8 o7 o5 o8 o7 .09 L) 0

: 11-26-76 333149 SUN, .5 .8 27 ] .8 22 +08 =48 °
211-29-76 334749 naN, o5 .8 o .5 .8 .7 .08 .03 0

- “11-30-76 335749 TUE. .3 .9 o7 o7 1.0 o7 «07 o75 0
12- 1-76 336749 VED, .6 .9 o7 o7 1.0 o7 .07 1.61 0
12- 7-76 337749 THy, o5 .9 o7 N 1.0 o7 +09 $37 0

. 12- 3-76 338/49 FRl, ) .9 o7 5 1.0 o7 .10 .51 0

¢ 12-_4=76 339069 SAT, .5 .9 .1 5 1.0 27 12 «51 o
12-75-76 340750 SUN, .5 .9 o6 .5 1.0 .6 .13 o780 0
12- 6-76 341/7%0 ¥ON, .t .9 o6 o5 1.0 o5 o 14 1.12 ]
2= 178 342750 TUE. b .8 .5 o4 9 x} .10 1.28 °

A S12- A-76 343750 VED. b o6 3 ek o7 o5 +06 *51 ]

12« 9-78 344/50 THY, o N ] o4 o7 i ] +09 .82 0
12-10-176 345790 FRE, o4 %] o5 ob el o5 209 L eTS_ [
12-11-76 346750 Rav, .4 .5 o5 ot .7 .5 .05 .61 0
-12-12-74 247741 SUN. vh .5 .5 o4 o7 ] '00 .63 0
12-13-76 EXY YY) hON. .3 ] o5 . o7 o3 .07 '26 ]
12-14-76 349/51 TUE, .3 5 5 o .5 o4 .06 -.53 0
12-15-76 3150/51 wED, .3 1.2 N o3 . 15 .5 .25 3.19 0
12=16-76 393451 Twu, .3 1.4 ) ' IR T 2 .5 L .32 | 2.26 0
12-171-76 352751 R, .2 1.4 o o2 1.5 .5 033 2.14 0
17-18-76 353751 ST, .2 1.4 N .2 1.5 .3 o346 2.19 ]
12-19-7¢ 3547152 SUN. o2 1.4 .4 o2 1.5 .3 .33 1.66 0
12-20-78 352752 FON, .2 1.5 N o2 1.5 o7 %S .95 o
12-21-76 3te/82 TUE, .2 1.3 o5 o2 1.5 .8 W51 29 °
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CALENDAR

DAY OF ~

HINTBUNR

o PROBABILITIES IN PERCENY MAXTNUR STANDARD SKEWNESS NO. Of EST,
oy OATE DAV/WEEK THE WEEK  TEMPERATURE 95.0 50.0 5.0 TENPERATURE  MEAN  DEVIATION  COEFFICIENT DATA POINTS
D12-22-16 351452 VED. .2 1.3 .8 .2 1.6 .9 .33 .02 0
~13=2321F 358793 Thy, Y] i.6 To4 o2 1.6 1.0 .53 -.33 0
i2-24-18 399792 FRI, .3 1.6 16 o3 1.6 1.2 .48 .98 0
L 12-2%=76 360752 Sat, .3 1.6 1.4 oh 1.6 13 .34 -2.02 0

12-26-~16 10617 1 sun, .8 1.6 1.4 1.3 1.6 1e4 .12 2452 0
12-27-78 362/ 1 nON, 1.3 1.6 1.4 1.3 1.6 1.4 .09 v e21 0
12-28-76 3637 1 TUE, 1.2 1.6 1.5 1.3 1.6 1.5 .08 -a26 0 -
1352678 364771 wEp, 1.3 1.8 1.5 1.3 1.9 1.5 13 +90 0
12-30=-78 1657 1 T™HY. 1.3 1.8 1.9 1.3 1.9 1,5 .13 +63 0
12-31-78 3667 1 FRI. 1.0 1.8 1.5 1.1 1.9 1e5 .21 -e20 0

1= 1=77 171 SAT. 1.0 1.8 1.5 1.1 1.9 1.4 .24 .01 0

L 1= 2-77 2r 2 SuN, 1.0 1.8 1.4 1.1 1.9 1.4 .26 .18 0
1= 3-77 37 2 NON, 1.0 1.8 1.2 1.1 1.9 1.3 .28 .48 )
ICFTS & SRS ¥ A St {17 O P . N Y 1.2 1.1 1,977 i .28 .90 T e 7T

. 1= 5=77 57 2 WED. 1.0 1.8 1.2 1.1 1.8 1.2 .21 1.68 0
1- 6-77 67 2 THU, 1.0 1.3 1.2 1.1 1.3 1.2 «08 .12 0
1= 7-77 2 FRY, 1.0 1.3 1.2 1.1 13 142 .07 -s09 0

- 1- 8-77 87 2 SAT, 1.0 1.3 1.2 1l 1.3 1.2 .07 -e2% 0
1~ 9-77 97 3 SUN, 1.0 1.3 1.2 1el 1.3 1.2 «07 =39 3

R S U2 £ AR (.Y A W T¢I 1.1 1.3 1.2 1.1 R Y 1.2 «06 .18 3
1=11=7? 173 TUuE, 11 1.3 1e2 . _led T 1k 1.2 .06 .18 4
1-12-77 127 3 7 7 ued, i.1 1.3 1.2 ia 1.4 1.2 .06 .28 4

5 1-13-77 137 3 THU. 1.1 1.3 1.2 5 lal led 1.2 +06 .28 4

T 1-ta-7? 147 3 FRI, 1.0 h 1.3 1.2 Jlad T 1e6 1.2 07 -e51 3
1-15-77 157 3 SAT, 1.0 1.3 1.2 1.0 1.4 1.2 .10 .67 11

O ES V2N | s Ty Ay St {TT N 1.0 1.3 1.2 1.0 1.3 1.2 09 =.63 []

T 1=17-77 177 & HQN, 1.0 1.3 1.2 1.0 1.3 1.2 «08 .82 ]
1-18-77 127 & TUE. .9 1.2 1.2 1.0 1.3 1.1 .09 -e73 7
1-19-77 197 ¢ WED, .9 1.2 1.1 .9 1.3 1.1 o1l P Y 7
1-20-77 207 4 THY, .9 1,2 1.1 .9 1.3 1.1 .12 ~.03 7
1-21=77 217 & FRI, .9 1.2 1.0 .9 1.3 1.0 .11 «20 5

~TIRERNYTT T 2R SRS ) 1.2 1,0 .9 1.2 1.6 .10 +05 0

. 1=23-77 237 8 SUN. .9 1.2 1.0 .9 1.2 1.0 .09 .33 0

- 1=24=17 247 8 nAN, .9 1.1 1.0 .9 1.2 1.0 .08 .38 0

. 1=25=77 257 5 TUE. .9 1.1 1.0 .9 1.2 1.0 .07 56 0
1-26-177 267 5 WED. .9 1.1 1.0 .9 1.1 1.0 .07 o284 0
1-27-77 211 s THU. .9 1.1 1.0 < .9 1.1 1.0 .07 .33 0
T1528=Y7 2078 FRY; <9 171 1.0 o6 1.1 1.0 .07 .41 0

. 1=29-77 297 5 SAT, .9 1.1 1.0 .9 1.1 1.0 .07 .52 0
1-30-77 307 & SUN, .9 1.1 1.0 .9 1.1 1.0 .07 v51 0
1-31=77 ETWAY noM. .9 1.1 1.0 .9 1.4 1.0 «10 1.70 0

gl 2= 1=77 327 6 TUE, .9 1.1 1.0 .9 1.4 1.0 .10 1.43 0

281 2~ 2-17 33/ 6 vEO. .9 1.1 1.0 © .9 1.4 1.0 0 a9 e

Tal e -, T ~.a 1.1 i.0 ) 1.4 150 9 $1 .83 0

oal 2- &7 357 8 FRE, o7 1.1 1.0 .8 1.6 1.0 w11 .58 0

Se] 2- s-1m LT YN SAT, .5 1.1 .9 o6 144 ] .16 -439 0

=01 2- e-17 371 7 SUN, .5 1.1 -9 .9 1.4 .9 .18 =30 0

e 2- 7-77 2y 7 NON, o8 1.1 9 - 5 1.1 T8 19 -u57 o

o= 2= =1 397 7 TUE. .4 1.1 .8 .5 1.1 0 .19 =19 o _
ol 2= 9-m %077 WEDT & 1.0 =7 3] S .7 e18 .26 0 ”

33| 2-10-717 “r 7 ™Hy, s 1.0 o6 s [YRY o7 .17 «b0 [}

° 2-11-77 827 1 FRI, ) .9 s .5 1.1 .6 .13 1.02 0

A 2~12-17 437 7 SAT, o4 .9 . .5 1.1 ob .15 1.06 °

2-13-77 YA SUN, Y d.u o6 .5 1.1 o6 .16 1.12 [}
2 2-14-77 457 8 nnn. .4 1.0 .6 .5 1.1 .6 a7 1.13 o
2 2-15-7P7T RETTETT MRS T T T TU3 TOTTT 40077 T aeT T e T T T T T L8 .16 827 T o 7
LY z-16-17 a7/ 8 VED. .3 1.0 ot o 1.0 S .17 .82 c
2-17-77 Y YA ] HY, '3 1.0 o5 s 1.9 .6 .17 N .70 0
2-18-77 97 8 FRy, .3 1.0 .6 .4 1.0 .6 .18 .17 0
2-19-77 507 # SAT. .3 1.0 o .t 1.0 ot .17 .13 [
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CALENDAR pAY OF ! NINTPUA PROBABILITIES IN PERCENT RAXINUM STANDARD SKEWNESS NO. OF EST.

- NT DATA POINTS
& PATE CAYINEEX THE MEEK  TEMPERATURE 95.0 50.0 5.0 TCMPERATURE  AEAN  DEVIATION  COEFFICIENT D
= ~ ' 6 T oo a8 Q._
g e - =1 ) .:' - *: “'; "}:‘z) s :;o ' .83 2
T 1-21-17 527 9 KON, .2 . -3 2 1.2 H 20 s 2
D 2-22-11 537 a TUE. .2 .8 3 2 1.2 3 .20 .01 2
7 2-23-77 567 9 P VED. | .2 .8 - 2 1.2 3 +20 1.17 2
3251t A cars | 2 e 4 2 1.2 .8 .21 1.2% 2
$ie-17 HAN sty 2 " “ 2 1.2 o8 ‘19 1.37 2
>o39217 N - TCole T T T T Talr Ty .20 1.13 ?
2 2017 sar30 "oN | % . s 2 .9 .5 ‘16 Y °
2-20-117 sa710 FON. | o2 . -3 2 s H 16 64 0
I 1-77 ~0/10 Tue, | .3 : .5 3 .3 2 .13 e ;

T 3e 2-77 £10 - wED, | .3 ¥ 2 4 -3 .6 18 39 g
1- 3-77 62110 Thu, .3 . 3 2 2 6 A6 S
1= 4=77 _ e3/10 _ FRIL f_ 3 : et 3 - -l b 13 -1 0
3- $-77 #4710 sar, i B . -6 3 .9 -6 R 2o 4
3. 6=77 ~5711 SUN. .3 .8 .6 2 2 8 18 -+13 0
1= 7-77 86711 HpN, | .3 .8 b 2 2 -6 .13 o) 0

3~ A-77 67711 TUE. ’l 3 .8 -b .3 ‘o . . ‘% 1 1 °

-~ 3= 9-77 684311 WED. | 3 B -8 3 - ot |1 118 8
1-10-77 9711 1 THU. .3 .8 -6 -3 -3 :6 14 299 o

S 3-11-77 70711 FRI. o3 .: .b -3 -3 b |1 3 0
3-12-77 70011 SAT. a3 . -6 o -2 6 16 .32 o
1-13-71 12112 SUN, | .2 .9 .6 3 -3 6 17 .36 0
3-14-77 73512 1 RON. | .2 .: -6 8 3 8 16 38 g

T 3-15-77 74412 TUF. | .2 -3 8 > . R e . : )
0 — N e "”"‘—"“‘“"6 s T .9 Y W21 .22 15

Rt and Lt fors | 3 e = 2 .9 .5 .21 31 13
310277 17112 foy, ! .2 -8 -4 2 2 H 21 31 12
1reon LRSS 3 .8 .5 i2 1.0 .5 .21 .25 13
r21-77 sorls ol ¥ . - .2 2.1 .3 '37 2.62 s
3-21-77 80/13 | AnN, ! .2 ;.q ¢ 2 2.1 -3 A oy
2317 e3/13TT utos :3 N s 2 T 4e6 1.4 1,53 1.15 0
et 6213 o 3§ s 1.0 2 4eb 1.9 1.70 w7 )
3-24~77 83713 THU. .2 $e3 1.0 -2 18 1.9 1.70 R 9

v 325-77 04713 FRI. .2 H 2.7 2 N 2.4 ey -0 0
3-26-77 85713 a1, .2 o 3.2 3 st 2.1 143 oe3¢ 0
roenat1 S A e i 3.3 18 4.6 3.3 .79 ~.30 Y
iR e iy — i 202 e T T AT T e a3 °
P orle | uto. i “.2 3.2 2.2 4.5 3.2 .57 .31 °
HEEA core o, | 3 e 3.0 2.2 4.2 3.1 48 .09 °
3-31-77 0714 THY. 2.1 .e 3-0 z-z P o ‘o7 ‘o8 :
N i AN Shre 2 e 3.0 2.2 4.2 3.1 .50 <01 0
A= 2477 92714 ! SAT, 2.1 3.9 3.0 2.2 4e2 3.1 30 Su e
3 anE e Rl ¥ Bl 3 24 5 S “63 1266 0
o AN Yoe, 33 s 3.4 2.4 6.5 3.6 1.03 1.23 M
tan werts t weor ! 3 8.3 3.5 2.4 8.7 0.2 1.59 1.26 0
- 11 A o, 33 1.2 ool 2.4 1.4 5.2 2.53 1.06 0
o MM, 3 1227 5.5 2.4 13.5 e 3.38 .81 0
e s an 53 12.7 6.8 2.6 13,5 1.5 3.8 .08 _ __ _ ___0 _ __
Cioorr doris s, 33 T T2 T TTels” 3.2 T35 T 8.7 1.10 -.38 °
A Lorsie it .t 12.7 11.0 5.1 13.5 3.8 2.52 -9 °
Cirrr AN TOE. i 13.2 1.2 6.0 13.5 10.7 1.87 ~1.23 0
Cion losrie veo. e 13.5 11,6 6.8 13.8 1.6 1.20 ~.40 0
e Joerin Pt 9 1401 1.8 10,5 1641 12.1 1,14 032 i
el Yos r1s LA Jone PO 125 10.5 1546 12,4 131 07 6
s N s tors P 13.2 10,8 14.6 12,9 1.29 e 6
ks Jorr1t sows | loos 1604 13.6 1.1 14,6 1.2 1.13 -.19 6
e ean o lo.a l1eot 13.7 11.2 1446 13.3 1.01 -1.08 6
leie Toarts :3: :?; 146 11,0 11.7 1+.8 13.6 Y -1.08 :
4=1Q9=-77 100717 . . . . . Cila2
A-io-n 11017 vED, 1.2 16,9 13.9 1.7 15.2 13.7 .8
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< COLENDAR DAY Of RINTMUN PROBABILITIES IN PERCENRY HaX IAURK STANDAROD SKEYNESS NO. QF ES3V.
=, oaTe DAY/MEEK TYHE HEEK TERPERATURE 95,0 0.0 5.0 TEMPERATURE MEAN  DEVIATIOM  COEFFICIENT DATA POINTS
e A T LN §8 V2 & A (1 PO —_— 1.2 Y L. X0 SO 13.9_ 1.7 _15.2 13,7 2 86 ~1.10 S N
— "§=22-171" T 12717 ERls i1,2 14,9 id.e 1.7 15.2 13.17 .86 ~.90 [
Gy 4=23-77 113717 Sat, ala2 15.2 13.8 11.7 15.7 13.7 94 -s47 0
T a=24-77 114710 SUN, 11.2 15,8 12.9 1147 1602 1400 1.11 -.28 0
«=25=77 115718 RAN, 1246 1548 1442 12.8 16.2 1443 .91 .18 -]
4=26-77 116718 TUE. * 12.17 16.4 14.5 13,0 16.9 14.5 .96 «31 0
420717 117710 WED, 12,7 17.1 14,8 13.0 L _3T.6__ 14.8__ 1ed6_  __ o32 (] -
ce20=-71 118719 THy, ' 12.7 17.2 5 13,2 17.6 15,2 1.21 -.08 °
4=29-77 119719 Fel, 13.2 17.2 15.6 13.5 17.8 15.6 1.07 -e21 1]
t=10-77 120718 SAT, 13.4 17.2 .6 14.2 17.6 19.8 «90 -.13 ]
o8- 1-77 1217109 SUN, 13,4 ‘172 15.6 1402 17.6 15.7 .90 -.08 0
S 2-77 122719 (LU 14,3 17,8 15.9 14.8 17.9 1640 .86 .36 []
3= 3-77 123719 TUE, 14,8 17.7 16,0 14.9 17.9 1662 .84 . e2% _ -]
de 477 T 124719 T WEOD. 14,8 17.8 16.3 14.9 7 18,0 7 16,37 77 86 T els (]
5= 5-77 125719 THY, - 14,8 18,6 16.4 14.9 19.1 16,5 1,03 , »53 0
9= &=77 126719 FRI, 14,8 18.9 16.6 1449 19.1 1647 l.14 29 [}
%= T=77 127719 SAT, 14.8 19414 17.1 14,9 19.3 17,1 .18 =03 -]
5= Ae77 128720 sunl . 15.7 19.5 17.5 15.0 19.8 175 1.06 .20 0
3~ 9-77 129720 AON, 15.9 20,4 17.8 lg_j__» 21,0 18.0 1.19 249 ] -
“EL6-77 T 130720 TOESTTT T T 15.9 22:2 18.% 16.% - F L) 168.8 1.62 .11 0 )
9-11-77 131720 VED, 16.4 22.8 17,9 16.7 23.0 19.3 1.81 XY 0
3-12-177 132720 T4y, 17.1 22.8 19.6 17.2 23.0 19,9 1.19 .10 -]
5~13-77 133720 fQl, 17.1 22.9 20.4 17.2 23,3 2044 1.12 -.17 0
9-14=17 134720 SAT, 17.0 22,9 21.1 18.2 23.3 20,9 1.46 ~o49 0
5-15=77 135721 SUN, 18.4 21,8 2144 18,8 2446 21,9 _ 1.39 -18__ .0 _
5=216=77 TTTY3721 T ORONTTT T 2040 2879 22,0 36,2 2501 22017 7T TG T 75 [}
5-17=177 13721 TUE, 20.0 24,9 22.3 20.3 25417 22,3 1.22 58 0
5-18~77 13P121 WED, 20.0 24,9 2241 20.3 2547 2242 1,29 «60 0
8-19-77 139721 THY, 19,6 24.9 21.17 19.8 25.7 21.9 1.41 1Y) 0
5-20-11 140721 FRI. 18.8 2649 21.7 19.2 25.1 21.8 1.62 028 [
2.21=-77 181721 SaT. 18.8 24,9 21.6 19,2 25.7 21.9 1.72 «20_ 0
£-22-17 7142022 SUNS ™77 "7 18087 TTTT T 28, 8T T 2208 T TR 25,8 22.1 Tives 14 0
5-23-77 183722 HON, 18.8 2508 22.4 19.2 26.6 22,2 1.93 «20 [}
5-24=17 144722 TUE,. 18.8 25.8 22.4 19.2 26406 2243 2.06 .12 [
5-25-77 165722 WED, 18,8 25.8 23.3 19.2 2646 22.8 2.06 ~s3b 0
8-26-17 186722 THU, 18.8 25.8 23,7 19,2 26,6 23.4 1.78 -.87 0
5-27=77 147122 fR1. 21.2 25.8 24,0 2149 26,6 23.9 1.0 =423 [}
8a28=7777 TARI22T TTTRAT,TTTTTTT 2141 TS5 8 23,8 22317 6.6 T T23.9 T 1e}9 Y 1
5=39-77 149723 SUN, 20,0 25.8 23,4 20.3 2646 23.5 1.p3 -.35 1
£~310-77 150/23 MOH, 20.0 25.9 23.0 20,3 2548 23.0 1.p8 -a13 1
5-31-77 151723 TUE, 20.0 25.5 22.4 20,3 25.8 22.7 1.p% .26 1
b= 1-77 152723 VER.: 20.0 25.1 22.2 20,3 25.8 22.4 1epl | 1] i
he 2-77 153723 ruu.‘ 20,0 244 22.1 20.3 25.0 22.1 1.06 ! 060 1
8~ 3-17 154723 TFRLT T T20.0°0 T T23.1 77T 2i.6 20,3 T AT 21497 .08 7' .15 1
be &4=77 15%123 SAT,, 20,0 23,7 22.0 2043 2443 22,0 Bl o13 0
b= 5=T7 156724 suw, 20.5 23.7 22.2 20.8 2443 2242 .80 26 0
6= 6=77 157724 »ON, 20.0 23.7 22.1 20.7 2443 22.1 .89 «11 0
b= 177 158724 TUE. 18,7 23.7 22.0 19,1 2443 21.8 1.20 =17 0
b= 8-17 159724 VED., 18.7 23.7 21.9 19.1 24.3 21,8 1.24 - 99 0
b= 9=77 " V140724 THY, 18.7 TTT23.3777 2240 19.1 ~ 23.5 21.7 1ol - 7T e 047 0 R
A-10-77 161724 £9F, 1°,7 23.3 21,8 19.1 23.5 21.5 117 P ) 0
b=11-77 162724 sat, 1847 23.2 2143 19.1 23.2 21,4 1.17 ~.24 ']
£=12-177 163725 sun,t 18.7 23.2 2141 19.1 235 21.3 1.10 -.07 [+}
e-13=17 164725 L O 19.7 23.2 21,2 19.1 233 21.3 1.1¢ -, 09 0
telher? 145125 TUf. 20,0 23.5 2144 20,3 23.8 21, 1403 .28 0
A-1-17 164125 wiD. 29,0 23.3 21.6 20.3 23.8 1.7 Joo - 22 0
6=16-17 16772¢ THY, 26,0 23.3 2140 20.3 23.8 21, Jog .22 1]
A17-77 160729 FRI, 0,4 23.3 21.7 20.¢ 23.8 21.8 «90 o217 ]
t-19-77 169725 Sav, 20.4 23.2 21.7 20.% 23.9 21.8 .82 29 [
¢=19-71 170726 suv, 20.4 23.2 217 2044 23.8 1.8 .81 032 [}
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CALENDAR 7~ DAY OF ~

o nINLFYR PROBABILITIES IN PERCENT RAxInUN STANDARD SKEWNESS NO. OF EST.
oy DATE DAY/WEEK TYHE WEEX  TEMPERATURE 95,0 50.0 5.0 __ TEWNPERATURE MEAN  OEVIATION  COEFFICIENT DATA POINTS
U') ——
< 6-20-17 171726 HON, 20.1 23,9 21,7, 20.5 24,46 21.9 £91 16 Q
N T8=21-T7 172726 TUE. 20.1 25.3 21.8 20,5 25.9 22.2 1.38 1.11 0
D 4-22-17 173726 vED, 20.1 25.8 22.1 20.5 26.2 22.6 1.67 .66 0
D ge23-77 174726 THU, 20.1 26.3 22.6 20.5 27.0 23.1 1.94 .32 0
6-24=17 175728 Rl 20,1 26,17 2441 20.5 27.0 23.7 2.0) -a19 0
= 6=-23-17 176726 SAT. 20.1 26417 24.3 20.% 27.0 24.0 1.90 ~-.55 0
6=26=71 __ 177427 SUN, 20.1 26,7 24,5 20.3 21.0._.___2442 1,69 =75 o _
L =277 176727 NOR. 21.5 26.7 2846 21.8 27.0 2446 1.33 =10 °
6-28-17 179727 TUE, 20,6 2647 2541 20.9 27.0 23.9 1.68 -4 20 °
T 8-29-77 180727 WED, 20,4 26.7 23.7 20.9 27.0 23.7 1.69 09 0
6-30-77 181727 THU, 20.4 2643 23.4 20.9 2647 23.5 1.60 ol o
7- 1-77 102727 PRI, 20.4 2644 2348 20.9 2646 23.6 1.66 .18 °
T-_2-17_ 183127 SaT, . 20.% 2649 23.7 20.9 21.2 2.8 1,88 .10 0
727 3-77 184728 sun, 20.% 26.9 26.2 20.9 27.2 24.4 2.01 .25 0
Y 7- 4-17 1804728 HON. 20,4 27.2 . 25.6 20.9 27.6 24,8 2.08 -5 0
7= 577 IYZL Tue, © 21.17 27.2 25.9 21.9 27.6 25.5 1.5% -1.09 °
2 1= 6-77 187728 WED. 23,1 27.2  _ _25%.9 _ _23.2 . 27.6 25.7 1.1 _ - 79 . _0
2 1= 111 3e8, 28 THUL . 23.1 21.2 25.8 23,3 27.6 25.8 1.23 .53 o
D 1-_8-77 189728 FRI, 22.3 21,2 25,3 22,4 27.6 25.2 148 =237 0
X957 190728 SAT, 22.3 7.2 25.0 22.% 27.6 25.0 1.87 -.02 0
- 7-10-77 191729 _ SUN, 22.3 L 2TeZ __ _ 2444 (2244 . 2146 2006 _ __ 136 .36 0
, T-11-77 192129 HON, 22.3 26.5 2444 22.4 26.8 24,4 1elé .11 °
5 7-12-17 1937209 TUE. _ 22.3 . 2601 2843 __ 224 . . 2648 24.3 1.01 ’12 0
7-13-77 194720 WED & 22.3 26.9 268 22.4 27.5 24,5 1e24 o34 0
L 1=14-17 195729 THU, 22.3 26,9 25,0 22,4 21.5 24.9 1,28 ~18 o
7515-77 195720 PR, 23.2 27.6 25.1 23.2 28,7 25,3 1.25 42 [
T 1-16-17 197/29 Sat, 21.2 28,7 25.8 23.5 29.0 2548 _ 1680 . _ . <31 °
7-17-77 198730 SUN, 23.8 28,7 26.1 2404 29,0 26.3 1.23 .28 ° :
1-10-77 199730 KON, 23.8 _28.7 26,3 . 2440 29.0 2643 1.28 +03 0
7-19-17 200730 TUE. 24,0 28,7 2644 2446 29.0 2644 1.19 .13 0
1-20-177 201730 VED, 24.0 28,17 26,1 24,5 29.0 26,2 1.21 33 Q _
R itie 202730 THU, 24.0 28.7 26.0 2%.3 29.0 261 1.31 .35 °
T y-22-77 2037130 sR1. 24,0 28,5 25.9 2643 L ._._29.0 26.0 1.22 .39 °
. 1-23-11 206730 SAT, 22.4 27.3 25.4 23.7 28.0 25.5 1.14 -.11 0
L T-24-17 20531 SUN, 2244 27.0 25.0 _23.3 21 25,0  _ 1.10 _ __ -02 . °
1-25-17 206731 HON, 21.7 2647 24.8 22.0 27.0 2407 1.31 -.36 o
7-26-177 207731 TUE, 2i.7 2646 2446 22,0 21.0 2448 1.33 =16 Q
U1t 208731 WED, 21.7 26.6 24.0 22.0 27.0 243 1.30 .18 0
I re2rer7 209731 THU. 21.0 2606 ____ 2348 __ _21.6 26.17 C234T___ . _ leak i .08 0
o T=29-177 2100 FRI, 20.1 25.6 23.3 20.5 26.5 23.1 1.47 -.01 °
7-30-77 2111 sat, 20.1 25.6 22,8 _ 20,5 . 2645 22.8 1.43 o22 °
w 7-31-77 212132 SUN, 20.1 2%.6 22.9 20,5 26.5 22,8 1e69 bl 0
) 8= 1~172 213132 AON, 20.1 25,6 22.8 20.5 2645 22.8 143 .38 0
)BT 217 214732 TuE. 20.1 24.8 22,4 20,5 25.4 22.5 1.26 .22 0
8- 377 215132 VED. 20.1 24,1 22.0 20.2 25.4 22.2 1.21 42 0
8= 4=77 216732 THU, 20,1 2649 2244 20,2 254 2244 1.34 .33 0
8- 5-77 217732 Fel. 20.2 25.3 22.8 _ 20.7 25.4 22.8 1.32 .26 °
8= 617 2187132 SAT. 20,2 25.3 22.8 20,7 25.4 22.9 1.28 .16 o
< 8= 7-77 219733 SUN, 20,2 23.0 22.6 20.17 23.4 22,1 1225 225 0
e RITT 220713 HON. 19.5 25.0 2243 20.1 25,4 22.% 1.41 .26 )
2 e 9-77 221133 TUE. 19.2 25.0 22.2 19,5 25.4 22.2 1.%6 .13 0
8-10-177 222133 WED. 19.2 2%.0 22.3 19.9 234 22,2 1.51 15 °
,11-77 2231133 THY, 19.2 24.8 2241 19.5 25,4 22.0 1442 16 0
p-12-77 226130 T 19.2 23.9 21.6 19.5 2443 21.6 1.23 .15 0
°=13-77 225113 SAv, 19.0 23.0 21.0 19.2 23,2 21,1 . 1%___ . .10 .
-14-777 2206434 SUN, 19.0 23.0 20.8 19.2 23.3 20,9 1.15 .36 0
8-15-177 22713 KN, 17.9 23.0 20.5 18.9 23.3 20.7 1.26 .20 0
8-16-77 22R1 3¢ TUE. 17.9 22.8 20.5 18.5 233 20,6 1.26 .13 °
"e17-77 229736 WED. 17.9 22.3 20.3 18.9 23.3 20,4 1.15 .23 0
8-18-77 230114 My, 17.9 22.3 2C.4 1.5 22,4 20.4 1.08 -.07 °
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o HAX THUM STAWOARD :  SKEWHESS NO. OF EST.
&y DaTE DIVIVEEK THE WEEM  TERPERATURE 95,0 50,0 540 _TEMPERATURE  HEAN _DEVIATION  CGEFFICIENT ODATA POINTS _l
X ———
E: A=19-77 231134 FRI, _17.9 2243 20.4 18,5 2204 2044 1o10 -s10 '}
— A=i0=11 232434 <aT, 179 22,3 203 18.5 22,4 204 1.10 =s15 [
Cy B=21-77 233735 SN, . 17.9 22,3 20,4 18.% 2244 2044 le14 ~s10 0
4D 8=-22-11 234739 HON, 18,6 22.3 20.% 16.8 22,4 2044 3.13 012 [
8-23-77 235735 TUE. 18.7 22.3 20.3 18.8 22.4 20,3 1.11 o2& 0
Ae24-17 236135 WED, 1847 22.3 20.5 18,8 22.3 20,4 1012 .06 0
8=29-77 231/3%5__ 1MUY, 18,7 22,0 20.6 18.8 22.3 20,3 1,05 =.07 I
, 8=28=177 218735 FRIJTT 18.7 22.0 20,5 18,8 22.3 20.2 1.03 .04 0
. 8=27-77 219735 SAT. 18.7 22.0 20,3 18,8 2243 20,2 «90 o164 [}
8-28-77 240138 SUN, 18,8 2240 20.3 18,8 22.3 20,3 .98 12 0
8-29-177 241736 1 HON, 18,8 22.0 2003 19,0 22.3 20.4 285 olb o
A=30-77 242736 TUE, 18.9 22.0 20.3 19.0 22,3 2004 .83 22 [}
Re3 =77 263738 WED, 19,5 _21.4 20,0 19,0 21,8 2041 je 74 ___e28 0
9o 1=2777TT 248738 7T THUG 18.5 21.377 719,86 1950 2158 19,9 64 .19 0
- 9= 2-77 245736 fRI, 18.4 2142 19,8 18,7 _ 21,8 19.8 83 . e82. /]
-~ 377 246736 Sat, 18.4 21.2 19.8 18,7 21.0 19.8 b8 o351 0
T 9= 4=77 2647737 SUR, 1844 20,7 19.8 16,4 _ 20.9 19,7 57 *.28 } [>]
- 9~ 5-77 248737 HOR, 16,2 20,6 19.7 18.2 21.0 19.6 «70 -o24 ]
P 9= 6~-77 249s37 TUE, 18.0 20.8 19.8 101 21.0 19.% 278 -0 24 ("]
IS4 2567137 BED, " 17.0 20.8 9.9 17,5 2150 19.3 .98 <038 0
9~ 8-77 251737 THY, 17.0 20.8 19.1 12,5 21.0 19,3 .99 «01 0
I 9~ 9u77 252037 § FRi,’ 17.0 20.8 1847 17.9 21.0 18,9 1.02 037 0
T 9-10-27 283/37 | sav, 17.0 2006 __1B.5  17.4 L2140 18,7 293 70 0
9-11-77 254138 SUN, 17.0 21.3 1é.h i7.2 22,2 18.7 1.18 1.36 0
. 9-12-77 255738 MON, 17,0 22.1 18,5 17.2 22.2 19,0 1.5% «99 [}
- THE13=1Y 256718 Tie. 17,0 2.1 18,8 1.7 22,2 1903 1.69 o487 [}
T 9e14-77 257738 WED, 17,1 22.1 19.3 17.5 _22.2 198  1l.68 -.02 0
9-15-717 258138 THU, 17.1 22.1 20.9 17.5 22,2 20.1 1.64 “d53 0
9-16-77 259738, FRI, 17.1 22.1 20.9 17.7 22,2 20.4 1,41 -1.04 )
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i
. ’,74; ’ WATER TEMPERATURE OATA i
! B NUNBER_QOF DAYS = 335
] NUFBER OF STATIONS TD BE AVERAGED = 1 ;
CHANNEL NUMBER = 4 B
! STATION RUMBER e 2 'l
l
! 0000400048896 040040892400000000804
— f—= = A pAALL —_ ; —_
! |
PATE  HOURe 00 03 ?b 09 12 15 18 21 DATE  HDUR= 00 03 06 19‘ 12 1% 18
10-20-76 7.0 ' 6.7 o5 bah £eb  T42  T4Z 1.0 10-21-76 668 646 b4l 449 6.0  bedl 549
__10-22-786 5.6 5.) _ 3.0 4.l 5.0 6.0 5,9 5.9 _10-23-1¢ Seb__ Seh_ 5.3 %42 3¢3__ 5.7 ___5%.8
10-24=76 5.8 5.7 W5 8543 5.4 5.9 bl bl 10-25-76 6.0 5.8 5,6 ;.,« 5.3 3.5 5.3
10-26-76 3.0 ' 4,7 $.5 4.6 4.6 4.8 4.8 4.8 10-27-76 4.5 4ol 3,8 346 3.7 ek 4eb
10-28-76 6.3 4. BB 3.6 3.9 4.8 3.1 5.2 10-29-76 5.1 449 448 4.7 5.0 5.8 6.2
10-30-7¢ 6.2 | 6al_ ‘g,o _ 548 640 645 _ 6.7 6eT _ 10-31=T6 _ 6.6 642 6.0 §eT 6.l 646 6.6
1= 1-76 6.3 6,0 8T 5.8 6.2 6.7 6.9 6.9 11~ 2-76 6.8 6.7 6.6 644 6.7 T.0 6.9
11-_3-76 602 5.8  Seh 5S¢l 4.9 448 4.5 4,3 11=_4-76 4.0 3,8 3,6  3e& 3.4 3,8 3.8
1= 5=-76 3.6 3.4 3.2 3.1 3.3 4.4 3.2 3.1 11- 6-T6 3.0 2.9 2.7 37 2.9 3.1 3.0
11- 7-76 2.6 2.3 1.9 146 1.7 _ 1.9 _1.6__ 1.8 11~ 8-T6 el __ «S___ 8 T.e 1.0 1.1 1.0
11- 9-76 1.0 ' .9 [la 7 1.0 T 1e3 3.4 143 11-10-76 1.1 9 .8 o7 9 1.0 .9
11-11-7¢ . b Y Y W6 1.5 1.7 9 1.2 _11=12-76 _ 1.0 .7 3.5 1 1.9 2.0 3.4
11-13-76 1.6 14,2 1.3 1.0 9 1.2 9 N 11-14=76 b b ] ] Y .8 o6
__11-185-7¢ .5 PE] .5 ] 7. 1.0 .9 8 11-16=-176 W7 o7 o1 el s9_ 142 140 9
1i=17-76 .6 %] o7 e7 140 145 146 1.3 11-18-76 8 1.0 1.0 1.1 1.6 2.0 2.1
11-19-76 1.8 1.6 b 1.3 1.6 2.1, 2.0 1.8 11-20-76 166 1e3 1,0 1.0 1,1 1.2 1.3
11=21-7¢ 1.2 {1 1,1 1.0 9 1.0 1.0 1.0 o9 11-22-76 .8 .8 ed 1.3 2.9 3.2 3.6
11-23-7¢ 3.4 1 3,4 3.9 2.8 1.5 1ed 9 .8 11-24~-76 .8 I SRS | o7 8 8 o8
11-25=76 ol b .0 .5 b N oo ob 11-26-76 N b 0 o0 .6 N o5
_ 11-21-7¢6 S S ( ST o .8 .8 .8 .8 11-28-76 o1 o7 o7 o7 o7 o8 1
T 11=29-T¢ o7 RSN ) .8 .8 .8 o7 o7 11~30-76 o7 o7 o7 o7 o7 .8 N
12- 1=76 .7 a1, 7 o7 o7 % N | o7 12~ 2-T6 .7 " 7 o7 o7 N o7
12- 3-Te .9 A .8 .8 .7 o7 .8 12~ &=T6 .9 .8 .8 o7 o7 o7 o7
¢ 12- 5-T¢ 6 W8 16 .6 o0 .6 o5 o5 12~ 6-76 N Y .t o6 .6 .6 b
12- 7-7¢ 50 45 1.5 .5 o5 .5 .5 N 12- 8-76 o5 o5 X ] o5 o5 ) .5
L Y2= 9-7¢ .5 ‘{5 S .4 .3 b3 .5 12~10-76 o5 o '8 .5 5 o7 .3
I’ 12=11-76 N ; .5 .5 .5 "5 .5 .3 12-12~76 ) ) .5 .4 ) o3 .9
12-13-76 o8 gb o4 . o5 5 .5 o5 12=14-7% o3 o3 o5 .3 .5 o5 ot
12-15-76 St ot .4 .5 N ob o8 12~16-76 .h ) 3 o3 ot ot o
12-17-7¢6 T ] o .5 oh .5 o 12-18-76 I I .3 o8 1.2 1.5 1.5
12-19-7¢ o9 ST 1S T PL 1) .5 o3 12-20-76 .3 3 o2 o2 o2 o3 .3
12-21-26__ _ __#3.__ 43__F 43 23 o4 b b ek 12-22=76_ .3 43 4 04 o5 9 .9
TTT12-23-76 8 3TN T e 1.4 105 1.5 1.8 iZ=24-76 T4 Led Je&  Led 1.6 1e4 las
12-25-7¢ 1es - 1is l1es 105 1.3 1.6 1.5 1.6 12-26-76 1.6 145 145 13 1,6 1.6 146
12-27-7¢ 1.6 16 35 1.5 1.5 1.5 1.k s 12-28-76 1.5  1e5  1e5  1eb 143 Reb  1ab
12-29-76 Lo 135 1.5 1.6 1.3 1.3 1.3 1.3 12-30-76 1.6 1.3 1.6 1e6 1.6 _1.5 1,5
12-31-76 15 145 145 1.5 1.5 1.5 1.5 1.5 1= 1-77 146 1e7 17 1e7 1,8 1.7 1.8
1= 2-11 1.8 137 1.8 1.8 1.7 1.7 1.6 1.6 1= _3-771 Bol_ 100 _Be2__Jol__Bel_ Jel__Jel__1
1= 4=17 el 1y 71627 1.1 162 1.2 1.2 1.3 1- 5-17 1.2 1el 1.1 1ol 1.1 o1 1,1
1- 6-77 100 Jed L2 12 21 a1 L1o1a 1- 1-77 1.2 1e2 162 14l 142 143 1,3
1- 8-77 1,31 L3 '1.3 1.2 1.2 1.2 12 1.2 1- 9-17 1.2 142 162 143 3a2 102 142
1-10-77 1.2 192 142 1.2 1.2 1.2 1.2 1.2 1-11-77 162 1e2 162 1s2 1.2 1.2 1,2
1-12-17 1.3 101:1 1p1.1 101.1 1.3 1.3 1.3 1.3 1-13-77 1.2 1e2 143 143 243 1eb 143
1-14-77 C1e3 13 101.1 1.3 1.2 lee de2 b2 ___1=1%=TT 1.2 _lel_ 1.2 .2 b2 | le2_ L2
1-16-77 71,2 W2 142 1eZ2 1e2 12 127 10 1-17-77 162 162 142 1e2 7 142 1.27101,0
1-1e-77 101,0 1010 §101.0 101.0 10}.0 1.3 1.2 1,2 1-19-17 1.2 1ol 1e2 1.2 1.2 1.2 1,1
1-20-17 1.1 1 1) 1.2 1.2 b2 1.2 kel 1-21-77 lel 1.0 1ol lel 1.0 141 1,0 .9
1-22-17 .9 .9 9 1,2 1.0 1.0 .9 .9 1-23-27 1.0 .9 .9 9 29 1.0 1.0 .9
1-24-7? 1.0 lao ¢9 1.1 1ol 1.1 1.0 1.0 1-25-77 1.0 1e1 1.0 1.1 1.1 1.1 1.0
1-26-77 1.0 1.0 1.0 .9 .9 1.0 .9 1,0 1-21-717 1.0 1.0 «9 1,0 1.0 1.0 1.0




0LY

1-28-77 1,0 1.0 1.0 1,0 1,0 1.0 .9 .9 1-29-77 «9 1.0 1.0 .9 .® 9 9 9
1-30-77 .9 9 .9 W9 1.0 .9 L IS S L2 3 T & B 9 «9 1.0 1.1 1e1_ 1.0 ? .
2= 1-77 .9 977 1.0 1.1 1.1 77 2.1 341 7710 2= 2=117 .9 o9 9 1.0 1.1 1.1 1.1 1.0
2~ 3-717 .9 DL S PY R FY S S R OF S 1 2= 4=717 1,0 1.0 1.0 1.1 1.1 1.1 1.0 9
- 5-17 .9 9 .9 9 1.4l 1.1 T led” 1. 2= 6-117 o8 o8 o9 «9 1.1 1.0 1.0 9
2= 1-77 .9 .9 «9 1.0 1.0 «9 1.0 7 . 2= 0-11 b .5 .8 .1 ) .8 .8 .6
- 9-17 5 S Y ) .9 .9 .8 .6 2-10-77 ) ] 3 8 T .9 .8 o7 b
2-11-77 Y .7 o8 L S VS | Yy X Y 2-12-77 b b 3 Y- Y 3 Y Py )
2-13-17 .9 .9 .5 .5 .7 .6 .5 o5 2-14=77 o5 o5 o5 6" W7 .8 o5 o5
2-1%5-71 .5 .5 .5 .7 1.0 .9 .8 .5 2-16~-17 o5 .6 .5 9 1.0 .9 o7 o5
2-17-77 .5 .5 o o7 1.0 .9 .8 .8 2-16-77 .6 .3 o .8 .8 o7 '8 NS
___2=19-77 .6 6 a6 o3 WS .5 S ) 2-20-717 o5 eh____sh_ o5 S JT'S ST S S
2=21=77 o5 o5 5 ] o7 ) 5 . 2-22=17 X3 ) .5 .8 1.0 .8 .7 .6
2-23-17 .5 .5 9 3 o o .3 o2 2-24-171 o2 .2 2 142 100,86 100.3 o2 2
2-25-71 o2 .2 o2 o3 .5 o5 .6 o4 2-26=17 .3 .3 4 % ] .5 .4 s '
2-27-77 .5 o5 o .5 o4 o Y ot 2-28-77 % o ok b .8 .8 .6 "
3= 1-77 3, .6 5 .7 .8 .7 .5 o4 3~ 2-17 oh 3 o5 b 9 o9 ) .5
3= 3-77 .5 ot .5 T b .6 b o5 3- =177 o5 o6 W% eT__e8 __eT1___ a1 o1
T3 8-77 I SR | .7 8T8 R 1 ) 3= =77 'S DS R 5 o5 6 % o5
3~ 7-77 . .0 o6 .8 o7 .7 .6 .3 - 3- 8-77 o .3 oh o .8 o7 o7 W7
3- 9-17 .6 IS TR .8 .9 b .6 .5 3-10-77 .5 o3 W3 o7 N o7 Y o
3-11-77 b .6 N o8 .8 8 .6 ob 3-12-17 Ny N .6 s ) Y b .9 .3
3-13-17 .5 .s .A ;s .4 Y o o4 3=14=77 ot 5 .3 o5 9 o9 .e o5
3-15-71 - .8 .5 o 3-16-11 o o o2 ob .9 o8 o8
T 17‘77““"““'3 106‘3‘Iﬁb.5 f“b 1‘100 e 106,68 100.,7106.6 3=18=77 100.6 100.6 100.6 100.7 100,7 100,7 100.6 100.4
3-19-77 ek ' Y 2T S | I Y o2 3-20-7T7 o3 .3 . . . . . .2 B
3-21-77 .2 .2 .2 o3 o5 .6 Y .3 3-22-717 o2 o2 .2 b N o6 b .6
3-23~77 .6 .o .6 .46 1,0 .7 N e 3-24-77 Y3 o2 .3 3 1.0 1.5 2.1 1.1 .
3=25~17 1.8 167 1.7 7 244 3.1 3.9 4.0 3.9 TTT326-777T T T 8017 4.3 e 4.3 4.3 426 4,86 4,5 )
b 3-27-77 4.2 3.5 3,5 3.3 3.7 4.5 4.5 4,0 3-28-77 3.7 3.7 26 3.6 3.3 343 3.3 3,3
TTTASE81T 3277302 Y0 2.9 30 3.1 A 2.8 3-30-117 2.8 2333 LY 2 1% 2.8 3.2 3,0 2.8
3-31-77 z.e 2.6 2.4 2.1 3,3 4.2 4.1 3.7 4= 1=-77 3¢5 3.4 3.2 31 2.9 3.0 2.9 2.8
4= 2-77 207 246 245 246 2.6 3.5 3.7 3,2 4= 3-77 3.0 3.0 3.0 2.9 3,0 3.6 3.8 3,6
4= 4=77 3.5 3.4 3.4 3.3 3.2 3.6 3.7 3.4 4= 5-77 Jebh 2.9 2.4 2.6 3.6 3.9 3.6 3,2
v 4~ 8?7 2.9 z.o 2.4 z 3 3.0 3.5 3.4 3.3 A~ 7-77 3.2 342 3.2 3.2 hed 5.5 3¢5 501
4= F~T7 5.1 4.8 5.3 6.2 8,1 $=~ 9=77 6.0 5,9 5,9 6.0 7.0 8,3 8.7__ 8.0
§=10-17 8.6 !.7““576“‘3‘6“13‘2 rr‘t“lt. 17,2 &=11=77 13.Z2 11.3 11,4 12,0 12.8 13,5 12.7 11.6
4-12-77 11.5 11,3 10.8 10.4 11.0 11,4 11.2 11,0 4=13-77 107 10.6 10.% 10,5 11.9 12.7 12.7 12.0
4-14-77 11.7 13,68 11,7 11.6 116 11,1 11.1 31,2 4~15-77 112 110 1008 11,2 12,1 13,2 13.2 13,0
«-16-77 3.0 12,8 12,5 12.5 12.6 13.5 13.8 13,8 4~17-117 13.9 14,0 14,1 114.1 14,1 14.0 13.6 13.4%
a=1Pe77 113.o 112,08 114.0 314,2 114,46 14,6 14,6 1442 4~19-717 14.0 13 9 13.7 13,86 14.0 14,6 14,8 14,2
4=-20-17 14,2 13,9 13.7 13.5 13.4 13.8 12.3 4~21-17 12.0 11,2 11e6 1;.6 13.8 13,9 13,4
B T T2 & A rf"r“'ra P Y- DD T 21 S Y 2D Y- 3B LYY 3B R TS 152327 187 I‘“Ib o TINUS TN TN TESLT 1552716,
=24=77 14,1 14,0 13,4 12.8 13.6 14.5 14.7 133.9 §=25-77 13,6 13.5 13,0 1247 13,6 1445 14eS5 14,0
4=26=17 13,9 13,9 1345 13,2 14,0 15.2 1%.7 15.4 4-21-77 15.1 1%.1 14,6 14,86 15,3 16,2 16.2 15,6
4~20~-717 15,0 14,5 14,0 13,4 14,2 15,5 15,7 1%.1 4~29-77 15.0 15.0 16,7 1445 15.2 1664 189 1644
4-30-17 16,0 15.9 15.6 15.3 16,0 17.2 17.6 171 5~ 1-17 167 16,5 16.3 1641 15.9 17.0 17,3 16,7
5- 2-77 16,0 15.6 1543 15,2 15,8 1648 17.2 16.8 5~ 3-77 16,6 1644 1601 15,6 13,4 15,4 15.4 15,3
TR 4YY (ISR L I R L P R Y R L P R L DY R L P I $ 7Y 5<78=17 1508  15.8 15,7 15077 16467 17,5 171497 17.5
S= 6=77 17,0 16,7 1645 15,4 17.2 17,7 17.8 17.4 5- 1-717 17.1 1647 16,2 15.9 1644 17.4 18.0 17.6
5- 8-21 16,8 16.4 16,4 16,7 17.0 18.9 19.1 18.5 5« 9=-77 18.0 17.5 17.2 17.1 17.8 18.9 19,1 18.4
5=10=-77 1747 17.2 17.1 17.2 18,0 19,0 19,3 18,8 5-11-77 1845 18,2 17,9 17.0 18.3 19.3 19.8 19.5
3-12-77 19,2 18,9 18,5 1B.¢ 19,3 20.4 21.0 20.7 5~13=17 20,4 2003 20.2 2043 21.3 228 22.9 22.1
5-14=77 21,4 21,1 20,9 21,0 22.0 23,0 22.8 22.0 5-15-77 21,6 2106 21,0 21.2 22,2 22.7__2243_ 2146
TS8R0 2002 28007 2003 21,8 225723, T 22409 TSl T 22 T 21567210 T 21056 T A YT 50T 22 §72252
&-1R-77 21,6 21,2 21,0 21.4 22.6 23.9 24.6 23.8 5=19=77 2301 221 2246 2248 2348 25.2 2%5.7 24,9
$=20=77 23.8 23,2 23,1 22.9 22.9 23.0 22.9 22.6 5-21-77 2.6 21.0 20,7 20.8 21.1 21.1 20.06 20,3
5-22-11 20,0 19.8 19.6 19,7 19,9 20.1 20.4 20,0 5=23-1717 19.6 19,2 18,8 19.0 20.2 219 22.3% 22.2
5=24-177 21,9 21¢2 21.2 21.6 22,8 2442 28,6 24,0 3-25-11 2343 22.7 22.4 2246 23,8 2%.3 2%.8 24,8
5-26=17 23,8 234& 2343 2346 2644 2646 25.8 24,9 5«27=-17 23,9 23,4 2342 23e) 2he% 25,6 25,2 24.2
TTTSS2A-TTTTTTTT2YLA 2350 TT22.8 23,1 24,07 24,97 2%5.5 24,9 $-29-117 24,3 26.0 23,7 23,7 24,4 25.%5 25,8 2%.0
5-30-77 26,1 2346 23,0 22.9 24,0 25.0 25.0 24.2 5-31-77 22.9  22.4 2242 2242 2244 12241 2)1.8 21,1
6~ 1-177 20,7 20,2 29.0 20.3 21,3 21.9 21.8 21.% 6+ 271 21,0 20,0 20,5 20e6 2143 2243 2245 2242
6= 3-17 21F 2145 2142 2140 21.3 22.2 22.6 22.% b= 4=17 2241 22.1 21T 2149 22.6 22.84 22.6 22.0
- 5-77 21.6 21.6 21,4 2142 2244 23.8 24,3 23.7 6= 417 23.0 22.4 22.0 21.5 22.1 23.0 23,0 22.%
b= 1-717 22,3 22.0 21.8 21.7 22.3 23.5 23.2 2.8 4= 8-77 22,4  22.2 21.0 21.3 22,2 23,0 23,3 22.7




6= 9-77" 2241 2145 21,0 20.7 21.0 20.9 20+% 20.0 6=10~77 19,7 19.2 18.B 18.7 19,3 20.9 21.8 21,7
o 6=11-TT __ 21.8 21,2 21.0 21.2 22.1 23.2 23.5 22,8 __ 6-12-77 22.0 21.3 21.0 _21.1 22,0 23.0 22.9 22.0
b=13-77 21.0 ° 20.3 20.0 20,0 20.4 21.2 21.8 21,5 6=-14=717 20,9 20.6 20,5 20.8 22,0 23.2 23.1 23,0
6-15-77 _ 22.4 21.1  21.8 2143 21.0 20.9 2142 2049 __ 6-16=77 20,5 20.4 2044 20.4 21,2 22.4 23.1 22.8
6=17-71 22.3 22.8 21.7 21.9 22.8 23.8 23.6 22.8 6-18-717 22.1 21.86 2f.1 2b.1 21,7 22.7 22.8 22.2
6-19-77 21,7 21.2 21,2 21,2 22,1 22,8 22.8 22.2 6-20-117 2120 2146 21,0 2009 21.6___2241__22.4_21.9
6=-21-17 21,8 21.1 21.00 21.% 22.1 22.1 22.5 2. 6-22-17 2148 21.6 21e6 21.h 21,2 2140 2140 20.8
6-23-77 20.5 20.3  20.1 20.5 21.8 23.6 2646 244 6~24=177 23,9 23.6 23.7 24,1 24,9 25.8 25.9 25.2
§-25~77 24¢7 26.2 23,86 23,5 24.5 25.8 2642 25.6 62617 24¢6 2445 2442 2443 25.3 2649 27.0 2642
6=27-71 25.6 25.2 25.0 25,2 2643 26.7 26,2 25.8 6-28-11 2%.6 25,2 24.6 24.0 23.9 23.3 23.% 22.9
6~29-17 22.2 2148 21.5 21.7 2341 26,6 24406 2441 8=30-77 2343 2341 2341 2340 2346 24,1 23.8 22.%
—I=1=77 2.6 21.0 20.5 20,4 21,2 22,0 22.3 22.2 1= 2-77 22,0 21,9 21,7 2148 _22,7__23.9.. 2443 _24.0 -
1-"3-77 23.6  23.1 23,1 23.2 24,1 25.8 2644 2642 T= 4=77 2568 25.6 25.86 23.9 26,6 26,4 2643 26.2
7- 5-17 2608 29,3 24.9 24,0 25,7 2644 2742 27.2 7~ 6-177 2649 20649 2646 20643 2640 2648 2649 2647
7= 1-77 2642 25.8 2%5.3 25.2 26.2 27.2 21.6 21.3 7~ 8-17 26,8 2648 26,0 23,5 25.8 26.4 26.5 25.8
7~ Q=77 25.0 26.5 23.9 23.6 28.1 25.1 25.2 23.7 1-10-17 26,2 2349 23.5 23.3 2443 23.3 23.3 23.1
T-11-77 22.8  22.6 22.3 22,3 23.2 24,6 2%.3 25.0 7-12-17 24,6 2401 2346 2302 2304 26,2 2847 2444
7-13-77 23.9 23,5 23.2 23.2 23.8 24,9 2544 25.% - 1-14=171 2502 25.0 24,9 _25,1 2548 25,5 __25,3 25,2 .
TTA-1%-77 24.9 24,4 24,27 23,8 24.8 26,0 2b.5 26.8 T7-16=17 2601 25.0 24.8 25.0 2642 27,5 27.% 26.8
7-17-77 2643 2601 25.9 26.0 2642 2646 2b.4 2640 7-18-717 25,6 25.1 24,7 24.8 23.8 27,4 20,2 208.7
7-19-77 2741 27.0 27.0 27.0 27.7 29.0 28.5 28.7 7-20-77 28,0 276 27,8 27,0 2648 2648 2648 2640
T-21=77 . 25,0 25.4_ 24.0 24,0 25.0 26,5 27.)_ 26.4 7-22-11 2545 25.0 Q4.8 _25.0 25.8 26,6 27.0 26.4
1-23-77 26,0 2546 25.% 25.2 25.1 2648 24,6 24.8 7-24-77 2446 2445 2404  24.3 23,0 26.6 27.0 26.9
7-23-71 25.8  25.2 24.8 24.8 25,5 2b.% 26,7 25.8 7-26-17 24e8  23.8 23,3 224 250 _2%.5 25.6 248
1-27-71 24,0 2346 23.3 23.3 24.0 23.8 24,0 23,2 7-28-17 22,6 21.8 21.T 22.0 22.6 24,0 24,7 24.2
7-29-17 23,3 22.8  22.%5 22.8 24.0 25.6 2b6.5 _25.8__ 7-30-27 25.0 24642 23,8 23.7 23.6 23,7 24,0 23.4
7-31-717 22.7 2240 21e4 21.0 21,1 21.8 22.1 21.7 8- 1-77 21e1l 20,5 20,1 2042 2047 21.8 22.4 22.%
8- 2-77 21.9 21+3  21.2 21.2 21.1 2343 23.& 23.7 8- 3-77 229 2242 2148 2240 236l 2447 2%.4 248
e 4-77 23,8 22.8 22.4 22.3 22.4 23.1 23,7 23.8 8~ 5-717 2248 2148 2102 2142 21.2 2246 23,2 2248
8- 6-77 21.8 20,8 20.2 20.% 21,5 23,0 23,8 23.4% 8- _71-71 2206 2159 21,3 2146 __23.0 _24.8__29,3_ 24,1
A~ 8-77 23,8 22.9 22.4 22.3 23.4 24,8 25.4 24.9 8- 9-17 2349 2248 2242 2240 2240 23.2 2643 2440
_ m-10-17 22.3 2146 21.0 20.T 21.2 22.6 22.1 22.4 8-11-77 21,6 2045 _19.8 19,5 20,2 21.6 22,2 21.8
8-12~77 21.1  20.0 19.4 19.2 20.4 22.0 23.0 23.0 8-13-77 22.3 21486 20.9 20.6 21.7 22.8 23.1 22.%
R=14-77 21.8 20.8 20.3 20.1 21.1 22.3 23.3 22.8 8-15=77 22,0 21.2 20.8 20.6 2042 2048 20,2 20,1
a~16-77 20.0 19.7 19.2 19.0 19.4 20.& 21,2 21.0 8-17-17 20.5 20.1 19.6 19.3 19,9 21.1 21.8 20,9
. B~18-77 20,1 19,2 18,2 17,9 19,1 20,7 20.7 20,5 8-19-11 2040 1923 16,8 186 19,6 2101 _21,9 2148
8-20-77 ¢1,0 20,3 19,7 19,4 19.8 21.% 22,4 2.2 8-z1-17 2148 21e1 2046 2062 21.0 22.3 2243 21.3
8-22-17 _ 21.2 20,4 19.9 19,6 20e% 2146 21e7 2142 -~ 8-23=77 2047 1948 19.4 18.8 19,0 20,5 21.%4 20.8
2477 20.4 19.6 19.1 18.7 19.5 21.0 22.0 20.6 8-25-77 20.8 20.1 19,4 18.9 18.8 18.8 18,9 18,8
#~26-77 16,6 19,0 18.9 19.0 19.2 19.8 20.6 21.0 8-27-17 21,2 20.9 20,7 20,8 21.4 22.2_ 22.3 22.0
8-2r=71 21,4 21,0 20.8 20.7 20.9 2142 21.2 2048 8-29-17 20,1 1947 19.5 1944 2061 2142 21,3 20,7
8-30-~717 20,0 1°.8 19,5 .19,6 20,0 20.3 20,4 20,3 8-31-77 19.9 19,5 19,4 19,3 20,4 21,3 21.8 21,1
T e 1-17 20,6 20,6 20.2 19.8 20,0 20.3 20.2 19.8 9= 2-77 19.4 19.2 19.0 18.5 19.0 20.0 20,2 19,8
9= 3~77  _ _19.6 19,3 19.2 19.0 19.% 19.9 20.1 19.8 9= 4=77 19.7 197 19.7 19.6 1946 19,7 20.0 19,9
o= 5277 19.5 20.0 18,7 18.4 20.1 19.8 20.4 20.0 9= 6-77 19.8 19.8 19.5 19.5 20.0 20.? 20.9 20.6
9- T-77 ___ 20.2 20,0 19.56 18.9 18.6 _18.8 19.1 19,9 9= 8-77 18,4 18,2 18,2 18,1 19.4 20,6 21.0 20.8
9~ a-77 20,6 19,9 19.1 16.4 1R.1 18,6 18.% 18,0 9-10-77 17,7 17,3 17.2 17.0 17.9 19.0 19.1 18.8
9-11-77 18.5_18.7 16,5 18.0 18.2 19.2 19,4 18,9 9-12-77 10,7 18,6 18.2 17.6 1745 17,7 18,1 }7.8_
T aa13-77 17.8 17,8 17.7 17.4 1i8.2 19.1 19.2 18.8 9-14-77 18.8 18,3 17.7 17.1 17.8 21.46 22.2 22.0
9-19-77 _ 21.9 21.8 21.8 21.2 21.2 21.1 22.2 22.1 9~16~117 2148 2146 2142 2048 2046 2049 2144 21.4
9-17=-17 21.5 2142 21,1 20.9 20.7 20.9 2}.4 21.5 9~18-77 21,64 21,2 21,0 20.9 20.9 21.0 21,3 21,2
9-19-77 20.9 20.7 20.4 20.1 120.1 120.1 120.1 120.1




