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RESERVOIR EVAPORATION IN CENTRAL COLORADO

By Norman E. Spahr and Barbara C. Ruddy

ABSTRACT

Evaporation losses from seven reservoirs operated by the Denver Water
Department in central Colorado were determined during various periods from
1974 to 1980. The reservoirs studied were Ralston, Cheesman, Antero, Williams
Fork, Elevenmile Canyon, Dillon, and Gross. The energy-budget and the mass-
transfer methods were used to determine evaporation. Class-A pan-evaporation
data also were collected at each reservoir.

The energy-budget method was the most accurate method and was used to
calibrate the mass-transfer coefficients at Ralston, Cheesman, Antero, and
Williams Fork Reservoirs. The mass—-transfer coefficients were determined to
be 0.00653, 0.00810, 0.00650, and 0.00863, respectively. Calibrated coeffi-
cients already were available for Elevenmile Canyon, Dillon, and Gross Reser-
voirs. Using the calibrated coefficients, seasonal record evaporation rates
were determined at each reservoir. Record length varied from 92 to 242 days
and rates from 0.19 to 0.55 centimeter per day.

Class-A pan data were used to determine seasonal pan coefficients for
each reservoir. The coefficients varied seasonally and between reservoirs.
The seasonal values ranged from 0.29 to 1.05.

INTRODUCTION

Colorado law, in recognizing the significance of evaporative losses from
water-supply reservoirs, has provided for the release of water from onstream
reservoirs to compensate for the evaporative loss. The statutes state:

"Upon order of the state engineer there shall be released from the water
in storage in each stream bed reservoir such quantities of water as, in
the determination of the state engineer, are necessary to prevent evapo-
ration from the surface of such reservoir from depleting the natural
flow of the stream runniig through such reservoir which would otherwise
be available for use by other appropriators. In determining the quantity
of any evaporation release under this section, the state engineer shall
compute the surface evaporation from the reservoir and deduct therefrom
any accretions to the stream flow resulting from the existence of the
reservoir and any natural depletions to the stream flow which would have
resulted if the reservoir were not in existence."

Information on the quantity of evaporation from onstream reservoirs is
required in order for the State Engineer to comply with this statute.



Purpose of Study and Report

This study 1is the result of an agreement between the Denver Water
Department and the U.S. Geological Survey to 1investigate the evaporative
losses from regervoirs which are a part of the Denver water-supply system.
Interim results of the study were presented by Ficke and others (1977). The
subject report is a continuation of results given by Ficke and others (1977).

Description of Reservoirs

Seven reservoirs (Ralston, Cheesman, Antero, Williams Fork, Elevenmile
Canyon, Dillon, and Gross, fig. 1) were instrumented for the measurement of
evaporation. Selected physical characteristics of these reservoirs are given
in table 1. Surface area of the reservoirs ranged from 225 to 3,323 acres,
mean depth ranged from 8.2 to 100.8 feet, and altitude ranged from 6,046 to
9,017 feet. These reservoirs, combined with transmountain-diversion tunnels,
canals, and conduits, form the major part of the Denver metropolitan area
water-supply system.

Acknowledgments

During 1974-78, the project operation was supervised by D. Briane Adams
of the U.S. Geological Survey. Personnel of the Denver Water Department
assisted in the collection, assembly, and processing of data for inclusion in
this report.

METHODS AND INSTRUMENTATION

The energy-budget and the mass-transfer techniques were the two primary
methods wused for determining reservoir evaporation for this study. Class-A
pan-evaporation data were also collected at each reservoir. Annual evapora-
tion wvalues were not determined for any reservoir, because the instruments
were not operated during the entire open-water season. Measurements usually
were begun a few weeks after the ice melted (late May or early June) and
continued through October. Actual periods of evaporation determination are
given with the corresponding data. Methods used and years for which data are
available at each reservoir are shown in table 2. Data presented by Ficke
and others (1977) are also shown in table 2.

The following sections describe techniques, instrumentation, and data-
collection methods used for each evaporation determination made in this study.

Energy-Budget Method

The energy-budget method of computing reservoir evaporation is an
accounting of the flow of energy into and out of a reservoir. Development and
application of this technique are given by Anderson (1952) and Koberg (1958).
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Table 2.--Reservoirs, methods used, and years for which
evaporation data are available

Reservoir Energy budget Mass transfer Class-A pan
Ralston-———————————m 1975-76 11972-80 11972-80
Cheesman-—————————— 1977-78 11967-80 11967-80
Antero~———————————o 1977-78 l1967-71 11967-71

1977-80 1977-80
Williams Fork--—--- 1979-80 11969-80 11969-80
Elevenmile Canyon-- = =————-—- 1974-80 1974-80
Dillop-————m—m—mm—m— e 1974-80 1974-80

Grosg—=————————==—= emme——— 1974-80 1974-80

Data presented by Ficke and others (1977)

Ralston-———————m—e e 1972-73 1972-73
Cheesman-—=———mwmu—e e 1967-73 1967-73
Antero-————————eeee e 1967-71 1967-71
Williams Fork-—-—=——- = ——cemeee 1969-73 1969-73
Elevenmile Canyon-- 1967-70 1967-73 1967-73
Dillon-=-————=—————o 1969-71 1969-73 1969-73
Gross——————m—————ew 1972-73 1972-73 1972-73

lpata prior to 1974 from Ficke and others (1977). Updated values of the
mass—transfer coefficient are given in the subject report.

The basic energy-budget equation for a reservoir is:
P Tl S e A e (1
where Qs=inCOming solar radiation,
Qr=reflected solar radiation,
Qa=incoming long-wave radiation,
Qar=reflected long-wave radiation,
Qb8=long—wave radiation from the water surface,
Qv=net energy advected into the reservoir,
Qe=energy used for evaporation,
Qh=energy conducted from the water as sensible heat,
Qw=energy advected by evaporating water, and
Qx=increase in stored energy.

Units for the above terms usually are expressed as calories per square centi-
meter per day.



Equation 1 can be rearranged to take the form:

Q4,49 =0 -9 +Q - -0, +0 -4 . (2)

r ‘a ar

The energy used for evaporation, Qe’ can be described as:

Q,=pE L (3)

where p=density of water evaporated, in grams;
EEB=volume of water evaporated as determined by the energy-budget method,
in grams per square centimeter per day; and
L=latent heat of vaporization, in calories per gram.

For the temperature range and accuracy of the data available in this study,
density, p, is considered to be unity. Latent heat of vaporization, L, is
determined as a function of temperature.

The energy conducted from the water as sensible heat (Qh) can be esti-
mated as a function of Qe and the Bowen ratio (Bowen, 1926) by

Q,=q R (4)
where R=Bowen ratio. The Bowen ratio is computed as:

B Y(TO—TCZ)P (5)
(e -e )1000
o a
where y=0.61;
T0=water—surface temperature, in degrees Celsius;
Ta=dry—bulb air temperature, in degrees Celsius;

¢ =saturation vapor pressure of air at the water-surface temperature, in
millibars;
ea=vapor pressure of the air, in millibars; and

P=atmospheric pressure, in millibars.

The energy advected by the evaporating water, ¢ , is described as:

w
§ =coBp (T _-T,) (6)

where p and EEB are as defined in equation 3;

c=specific heat of water, in calories per gram;
Te=temperature of evaporated water, in degrees Celsius; and

T

Specific heat, ¢, is assumed to be 1.0, T is taken to be equal to the water-
surface temperature, To’ and Tb is taken %o be 0°C.

=reference base temperature, in degrees Celsius.



Substituting equations 3, 4, and 6 into equation 2 yields:

Epplte ftcobpy T =9.-Q, 4 =4 009 T4, 79, - 7
Solving for & in equation 7 and using the indicated assumptions for equa-
tions 3 and 6 yields:

_ 9,-9,49,-0, -0, +0 -

7 s 'y ‘a ‘ar v oox . (8)
EB L(1+R)+TO

Equation 8 is the energy-budget evaporation equation used in this study.

Energy-Budget Instrumentation and Data Collection

Instruments and data-collection procedures used to determine values for
the terms in equation 8 are described in the following sections. The sketch
in figure 2 shows the typical data-collection equipment necessary for an
energy-budget determination of evaporation.

Solar radiation.--Incoming solar radiation, § , was measured using an Eppley1
pyranometer., Instruments generally were caliBrated before each season. Short
periods of missing data were estimated as a function of cloud cover and tabu-
lated values of clear-sky radiation.

Reflected solar radiation, Qr’ was determined as a function of Qs’ using
relationships developed by Koberg (1964, fig. 36).

Long-wave radiation.--Incoming long-wave radiation, @ , was determined by two
different methods. The first method used a ventilated unshielded total hemi-
spherical radiometer to measure the total incoming radiation. Values for @
were calculated as the difference between the total dincoming radiation an
the solar radiation as measured by the pyranometer. The second method used
an Eppley pyrgeometer to measure Qa directly.

Reflected long-wave radiation, ¢ , was estimated to be 3.0 percent of
A (Anderson, 1952). Atmospheric fet radiation, ATN, is sometimes used to
répresent the difference Qa-Qar'

Air temperature and vapor pressure,——Air temperature, 7 , and vapor pressure,
ea are needed for calculation of the Bowen ratio. Valdes of air temperature
afid wet-bulb temperature, 7 , were measured using a thermocouple psychrom-
eter. The psychrometer was of a design presented by Anderson and others
(1950). At Williams Fork Reservoir, air temperature was measured using a
thermistor sensor, and relative humidity, RH, was measured using a thin-film
capacitive sensor. Both sensors were manufactured by Weathertronics.

1The wuse of brand names in this report is for identification only and
does not constitute endorsement by the U.S. Geological Survey.
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Using values of T and I’ , or I and RH, the vapor pressure of the air
was computed. The in&t rumenfs were®checked on a weekly basis using a venti-
lated psychrometer. Adjustments were then made when necessary during data
reduction. The effect of freezing on the thermocouple psychrometer is diffi-
cult to determine. Therefore, during periods of below-~freezing temperatures,
vapor-pressure records were determined from hygrothermograph data at the res-
ervoirs.,

Recorders.--Two different recorders were used during the study. At all sites
except Williams Fork Reservoir, signals from the radiometers and psychrom-
eters were recorded on an eight-channel, millivolt-recording potentiometer.
A mechanical integrating device was used with the recorder which would sum
the millivolt signals. The integrators were then read daily by personnel of
the Denver Water Department.

At Williams Fork Reservoir, a Campbell data logger was used to integrate
readings from the radiometers and temperature and relative-humidity probes.
Values were stored by the data logger on a cassette tape. The cassette tape
was then read through an interpreting device to yield digital output. Com-
puter programs were used to compute daily average values from the potentiom-
eter and data-logger output.

Water-Surface Temperature.--Average daily water-surface temperatures were
measured near the center of each reservoir using a liquid-filled recording
thermometer mounted on an anchored raft. Every week the recording thermometer
clocks were wound and the recorder charts changed. Temperature readings were
checked during servicing using an independent thermometer and adjustments
were made during record processing when necessary.

Long-wave radiation emitted from the reservoir surface, @, , was
calculated using the water-surface temperature, the Stephan-Boltzman Law, and
an emissivity of 0.97. Water-surface temperatures also were used to deter-
mine the saturation vapor pressure at the water-surface temperature, eo.

Advected energy.--Advected energy, ¢ , is that energy advected to or from a
reservoir directly by inflow, out%low, and precipitation. Temperatures of
the inflow and outflow were measured at about weekly intervals. Records of
inflow and outflow volume were provided by personnel of the Denver Water
Department. Quantities of precipitation were obtained from gages near each
reservoir. The temperature of precipitation was assumed to be equal to the
wet-bulb temperature recorded at the psychrometer.

Changes in stored energy.--Changes in stored energy, ¢ , were determined by
changes in reservoir water temperature between consecutive thermal surveys.
Thermal surveys were conducted at intervals of 7 to 14 days. During a thermal
survey, temperatures were measured from the surface to the bottom of the res-
ervoir at selected depths and at about 15 measurement points evenly spaced
across the reservoir surface in both shallow and deep areas. Temperatures
were measured using a resistance-~type Whitney underwater thermometer. The
underwater thermometer was calibrated with a precision mercury-in-glass ther-
mometer throughout the range of measured values.




All temperatures at each selected depth during a thermal survey were
averaged to determine an average temperature profile for the reservoir.
Using this average profile, a mean temperature for the thermal survey was
computed as:

1 3
r=y 1 1.4V (9
d=o

where 7T=mean temperature of reservoir during thermal survey, in degrees
Celsius;
V=volume of reservoir at time of thermal survey, in cubic centimeters;
Td=temperature of water at depth, d, having volume, dV, in degrees Cel-
sius; and
z=maximum depth of reservoir during thermal survey, in centimeters.

Volumes of water were determined from capacity tables supplied for each res-
ervoir by the Denver Water Department.

The mean temperature combined with the volume of water and the average
surface area between thermal surveys allow the determination of Qx by:

Vo (To=Ty)

Qx=cp At

._Vl(T].—' b); (10)

where ¢ , ¢, and p are as defined previously;
Vi, and V,=volume of water at beginning and end of energy-budget computa-
tion period, in cubic centimeters;
T, and To=mean water temperature at beginning and end of energy-budget
computation period, in degrees Celsius;
Tb=reference temperature, in degrees Celsius;

A=average surface area of reservoir between consecutive thermal
surveys, in square centimeters; and
t=length of time between consecutive thermal surveys, in days.

With ¢ equal to 1.0 calorie per gram, p equal to 1.0 gram per cubic centi-
meter, and Tb taken to be 0.0° Celsius, equation 10 reduces to:

VoTr 11
At

Q (11)

X

Equation 11 shows that values of § can be determined only between two
accurate measurements of average lake %emperature. Consequently, the period
between thermal surveys becomes the computation period for the energy-budget
determination of evaporation.
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Mass~Transfer Method

The mass-transfer technique used in this study is that presented by Har-
beck (1962). The equation takes the form:

Eyp=lUy o(e,me,) - (12)

where EMT=evaporation, in centimeters per day;

N=mass—transfer coefficient;
U2 g average wind speed at 2 meters above the water surface, in miles
‘ per hour;
e =saturation-vapor pressure of air at the water-surface temperature,
in millibars; and
e, =vapor pressure of the air, in millibars.

The coefficient, N, incorporates several factors such as terrain effects,
wind and vapor-pressure profiles, and surface shape. Because of all the
influencing factors, N preferably needs to be determined by calibration
against an independent measurement of evaporation. Ficke and others (1977)
determined a value for N from a linear relation between the energy-budget
evaporation, F_,., and the mass-transfer product, U, (¢ -e ) for Elevenmile
Canyon, Dillon, and Gross Reservoirs. In this reﬁort? Navalues were deter-
mined from similar relations for Ralston, Cheesman, Antero, and Williams Fork
Reservoirs. An alternative method to determine a value for N using reservoir
surface area was developed by Harbeck (1962). This relation is:

N=0.00859/A0'05 (13)

where A=reservolr surface area, in acres.

The wvalue of N wusually is considered to be constant for a reservoir,
unless an updated determination based upon more accurate evaporation values
becomes available. Values of N used by Ficke and others (1977) for Ralston,
Cheesman, Antero, and Williams Fork Reservoirs were based on equation 13.
Energy-budget relations are now available; therefore, mass-transfer evapora-
tion rates for the above reservoirs presented by Ficke and others (1977) were
recalculated and are given in subsequent sections of this report.

Mass~Transfer Instrumentation and Data Collection

The typical data-collection equipment needed for mass~transfer determi-
nations of evaporation is shown 1n figure 3. The mass~transfer technique does
not require the extensive data collection necessary for the energy budget and
as such, is much less expensive. The following sections describe the instru-
ments and methods of data collection used for the mass-transfer studies.

11
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Wind speed.--Wind speed, U2 , was measured using a three-cup totalizing
anemometer mounted 2.0 meters above the water surface on a raft anchored near
the center of each reservoir. The totalizing dials of the anemometers were
read at approximately 7-day intervals. The difference in consecutive read-
ings was used to compute average wind speed during the time between readings.
This time interval became the computation period for the mass-transfer
equation.

Saturation~vapor pressure at water-surface temperature.--Water-surface  tem-
peratures were measured with liquid-filled recording thermographs in the same
manner as was done for the energy budget. Values of saturation-vapor
pressure at the water-surface temperature, e , were determined from tables of
the saturation vapor pressure of water as functions of daily average water-
surface temperature.

Vapor pressure of air.--Values of vapor pressure of the air, e , were com-
puted from hygrothermograph measurements at each reservoir. ThE hygrothermo-~
graphs were calibrated 1in a laboratory with carefully controlled humidity
prior to each season. Calibration also was checked during the season with a
ventilated psychrometer. During energy-budget studies at the reservoirs,
hygrothermograph measurements were complemented by measurements from the psy-
chrometer at the radiation station. Adjustments to the hygrothermograph rec-
ords were made using field checks and post season calibration. During short
periods of missing record, humidity data were estimated using wet- and dry-
bulb temperatures collected with a sling psychrometer by personnel of the
Denver Water Department,

Surface area.-—-Surface area of each reservoir was determined from storage-
capacity versus reservoir-elevation tables and reservoir-elevation readings
provided by the Denver Water Department.

Pan Evaporation

Standard U.S. Class~A evaporation pans were operated at all reservoirs.
The operational procedure for the collection of pan-evaporation data followed
the standard practice described by the National Weather Service (1972). Each
pan was mounted on a wood frame on the ground. A three-cup totalizing anemom-—
eter was positioned 6 inches above the rim of each pan. Maximum and minimum
pan-water temperatures also were measured.

EVAPORATION FROM RALSTON RESERVOIR

Ralston Reservoir is on Ralston Creek, about 10 miles northwest of Den-
ver, Colo. The reservoir has a storage capacity of 11,218 acre-feet, a sur-
face area of 225 acres, and a mean depth of 49.9 feet. At full pool the water
surface 1s at an altitude of 6,046 feet. Drainage area above the reservoir
is 46 square miles, but the major inflow to Ralston Reservoir is the South
Boulder Canal, which diverts water released from Gross Reservoir into South
Boulder Creek.

13



Energy Budget

Energy~budget data were collected at Ralston Reservoir during 1975 and
1976. Radiation and psychrometric data were collected at a station atop the
dam., Total daily solar radiation, ¢ , and vapor pressures, e, and ¢ , meas-
ured during 1975 at Ralston Reservoir, are shown in figures 4 and 5.

Thermal surveys were conducted approximately once every 2 weeks. Inflow
temperatures were measured using a thermograph mounted in the South Boulder
Canal. Outflow temperatures were measured at weekly intervals below the dam.
Advected energy minus changes in stored energy for Ralston Reservoir during
1975 1is shown in figure 6. Water-surface temperatures measured at the raft
during 1975 are shown in figure 7.

Values for the terms of equation 8 for 1975 and 1976 energy-budget
evaporation from Ralston Reservoir are shown in table 3. Hydrographs of the
energy-budget evaporation rates are shown in figure 8. Evaporation rates
ranged from 0.03 to 0.83 centimeter per day. The average evaporation rate for
1975 was less than the average rate for 1976. Direct comparisons are possible
because of the similar periods of record for each year.

Mags Transfer

Determination of the mass-transfer coefficient, N.--~The energy-budget and
mass~transfer data for 1975 and 1976 were used to determine a value of N for
Ralston Reservoir. The evaporation rate from the energy budget, F__, is plot-
ted against the mass-~transfer product, U (e —e ) in figure 9.  Different
methods were used to determine a value of N from dafa shown in figure 9. A
summary of these methods is shown in figure 10.

The results shown in figure 10 were used to select an N value of 0.00653
for Ralston Reservoir, The annual variation of ¥ shown in figures 9 and 10
is slight. The wvalue of N presented by Ficke and others (1977) for Ralston
Reservoir using Harbeck's relation (equation 13 of this report) was 0.00667.
The values based on the energy-budget calibration are well within the range
of expected variation of Harbeck's relation. The mass-transfer data collected
and presented by Ficke and others (1977) is presented in this report using an
updated N value of 0.00653 to determine the evaporation rates.

Data.--Mass—transfer data were collected at Ralston Reservoir from 1974
to 1980. Hygrothermograph data were collected at a station near the care-
taker's house, 500 feet downstream from the dam. Water-surface temperatures
and wind speed were collected as described earlier.

Wind-speed data collected at the raft during 1975 are shown in fig-
ure 11. A summary of mass-transfer terms and pan evaporation for the 1972-80
seasons for Ralston Reservoir is shown in table 4. Data for 1972 and 1973
are from Ficke and others (1977), using the updated value of N. Hydrographs
of mass-transfer evaporation rates for 1972-74 and 1977-80 are shown in
figure 12; 1975-76 mass~transfer evaporation rates are shown in figure 8.

14
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ENERGY-BUDGET EVAPORATION (Egg), IN CENTIMETERS PER DAY

A 1975

o 1976
ool ®1976
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MASS-TRANSFER PRODUCT, U,  (e,-€4), IN MILES PER HOUR TIMES MILLIBARS

Figure 9.-- Calibration of the mass-transfer product against evaporation
measured by the energy-budget method at Ralston Reservoir.
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Figure 10.-- Values of mass-transfer coefficients for Ralston Reservoir
determined by different means of calculation from the energy-budget
data. Dashed lines through some symbols represent 95-percent confi-

dence limits.
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Pan Evaporation

Pan-evaporation data were collected at a station atop the dam. Pan
evaporation per period and ratios of reservoir evaporation to pan evaporation
also are given in table 4. The ratios varied throughout each season and
between seasons.

EVAPORATION FROM CHEESMAN RESERVOIR

Cheesman Reservoir is about 40 miles southwest of Denver, Colo., on the
South Fork of the South Platte River. The reservoir, completed in 1905, has
a storage capacity of 79,064 acre-feet, a surface area of 871 acres, and a
mean depth of 90.8 feet. At full pool the water surface is at an altitude of
6,842 feet. Drainage area above the reservoir is 1,752 square miles. The two
major inflows are the South Fork of the South Platte River and Goose Creek.

Energy Budget

Energy-budget evaporation data were collected at Cheesman Reservoir
during 1977 and 1978. Radiation and psychrometric data were collected at a
station atop the dam. Total daily solar radiation, & _, and daily vapor pres-
sures, and e , measured during 1978 at Cheesman Reservoir are shown in
figures 13 and 14.

Inflow temperatures were measured using thermographs during most of the
evaporation periods and were measured at weekly intervals for the other peri-
ods. Outflow temperatures were measured at weekly intervals below the dam.
Thermal surveys taken at 7- to l4-day periods provided data for the determi-
nation of stored energy. Advected energy minus changes in stored energy for
1978 is shown in figure 15. Water-surface temperatures measured at the raft
during 1978 are shown in figure 16.

Values for the terms of equation 8 for 1977 and 1978 energy-budget evap-
oration from Cheesman Reservoir are shown in table 5. Hydrographs of the
energy-budget evaporation rates are shown in figure 17. Evaporation rates
ranged from 0.17 to 0.66 centimeter per day.

Mass Transfer

Determination of the mass-transfer coefficient, N.--The energy-budget
and mass-transfer data for 1977 and 1978 were used to determine a value of ¥
for Cheesman Reservoir. The evaporation rate from the energy budget, F
is plotted against the mass-transfer product, U (e =2 ) 1in figure 18.7 A
summary of different methods used to determine a valud &f N from data in
figure 18 is shown in figure 19.
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ENERGY-BUDGET EVAPORATION (Egg), IN CENTIMETERS PER DAY

! T 1 I T T T 1 T T
A 1977
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MASS-TRANSFER PRODUCT, Uj o (€4-€,), IN MILES PER HOUR TIMES MILLIBARS

Figure 18.-- Calibration of the mass-transfer product against evaporation
measured by the energy-budget method at Cheesman Reservoir.
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] . . 1977 A

Ratio, line through origin, and 1978 ® —
mean of Egg and Uz.0 (€p-€4)

2 years X
Ratio, line through origin, and 1977 | A .
mean of Egg and Uz .o (ep-~eq4) 1978 [ ]
weighted by length of period 2 years X

1977 | —————— A —— ]

Regression through origin 1978 -r—e—t——

2 years —_——— e —— ]

) . 1977 ——— g — A
Regression through origin 1978 | —_t et ]
weighted by length of period
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double-weighted by length 1978 —_—tr——r——
of period 2 years N VR
Average of Egp values 1977 | R
Us.0 (ep~eq) 1978 b
computed for each period 2 years X
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weighted by quantity of
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MASS-TRANSFER COEFFICIENT (N)

Figure 19.-- Values of mass-transfer coefficients for Cheesman Reservoir
as determined by different means of calculation from the energy-budget
data. Dashed lines through some symbols represent 95-percent confi-

dence limits.
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The results shown in figure 19 were used to select an N value of 0.00810
for Cheesman Reservoir. Harbeck's equation (equation 13 in this report)
yields values of N of about 0.0061, based upon the surface area of the reger-
voir, The selected value of 0.0081 is 33 percent greater than that predicted
by equation 13.

Data.--Mass-transfer data were collected at Cheesman Reservoir from 1974
to 1980. Hygrothermograph data were collected at a station mnear the care-
takers' houses. Wind-speed and water-surface-temperature data were collected
as described earlier. Wind-speed data collected at the raft during 1978 are
shown in figure 20.

A summary of mass~transfer terms and pan evaporation for Cheesman Reser-
voir for the 1967-80 seasons is given in table 6. Data for 1967-73 are from
Ficke and others (1977), using a value of V¥V of 0.008l to determine the evapo-
ration rates. Hydrographs of the mass-transfer evaporation rates for 1967-76
and 1979-80 are shown in figure 21. Masgs-transfer evaporation rates for
1977-78 are shown in figure 17.

Pan Evaporation

Pan-evaporation data were collected at a station on the east side of
Cheesman Reservoir. Available pan-evaporation data for each period and ratios
of reservoir evaporation to pan evaporation are given in table 6. The ratio
varies during the seasons and between seasons.

EVAPORATION FROM ANTERO RESERVOIR

Antero Reservoir 1is on the South Fork of the South Platte River near
Hartsel, Colo. The reservoir is capable of storing more than 85,000 acre-feet
of water, but is currently operated with about 15,878 acre-feet in storage.
At this capacity the reservoir has a surface area of 1,931 acres and an aver-
age depth of 8 feet. At full pool the water surface is at an altitude of
8,978 feet. Drainage area above the reservoir is 337 square miles. The major
inflow is the South Fork of the South Platte River.

Energy Budget

Energy-budget data were collected at Antero Reservoir during 1977-78.
Radiation and psychrometric data were collected at a station atop the dam.
Total daily solar radiation, & _, and daily vapor pressures, ¢ and e _, meas-
ured during 1978 at Antero Resegvoir, are shown in figures 22 and 23.

Inflow temperatures were measured at weekly intervals during 1977 and
recorded continuously with a thermograph during 1978. Outflow temperatures
were measured at weekly intervals below the dam. Values of stored energy for
the reservoir were obtained from weekly thermal surveys. Advected energy
minus changes in stored energy during 1978 for Antero Reservoir is shown in
figure 24. Water-surface temperatures measured at the raft during 1978 are
shown in figure 25.
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Values for the terms in equation 8 for 1977 and 1978 energy-budget evap-
oration from Antero Reservoir are shown in table 7. Hydrographs of energy-
budget evaporation rates are shown in figure 26. Evaporation rates ranged
from 0.05 to 0.74 centimeters per day. The recorder for the radiation station
was 1inoperative for a short period during 1978. During this time, energy-
budget determinations of evaporation were not made.

Mass Transfer

Determination of the mass-transfer coefficient, N.--The energy-budget and
mass-transfer data for 1977 and 1978 were used to determine a value of ¥ for
Antero Reservoir. The evaporation rate from the energy budget, E__, is plot-
ted against the mass-transfer product, -e ) in figure 27.7 A summary
of different methods used to determine a va?ue ofN from data in figure 27 is
given in figure 28.

The results shown in figure 28 were used to select an N value of 0.00650
for Antero Reservoir. Using Harbeck's equation (equation 13 of this report),
a value for N of 0.0059 was determined. The value determined by the energy-
budget analysis is within 10 percent of the value predicted by Harbeck's
equation. A large seasonal variation in the values of N is apparent in fig-
ure 28. A greater number of periods of evaporation was measured in 1978 than
in 1977. The 1978 data also encompassed a larger range of values; therefore,
the overall value of N was weighted towards the 1978 data.

Data.--Mass-transfer data were collected at Antero Reservoir from 1977 to
1980. Hygrothermograph data were collected at a station near the caretakers'
houses on the south side of the reservoir. Wind-speed data collected at the
raft during 1978 are shown in figure 29. All data were collected as described
earlier. No evaporation data were obtained at Antero Reservoir from 1972
through 1976.

A summary of mass-transfer terms and pan evaporation for Antero Res-
ervoir for the 1967-71 and 1977-80 seasons is given in table 8. Data for
1967-71 are from TFicke and others (1977), using the updated value of N of
0.00650 to determine evaporation rates.

Mass-transfer evaporation rates ranged from 0.08 to 0.75 centimeter per
day. Hydrographs of the mass-transfer evaporation rates are shown for the
1967-71 and 1979-80 seasons in figure 30. Mass-transfer evaporation rates for
1977-78 are shown in figure 26.

Pan Evaporation

Pan-evaporation data were collected at a station near the caretakers'
houses. Period of pan evaporation and ratios of reservoir evaporation to pan
evaporation are given in table 8. The ratios vary within and between seasons.
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ENERGY-BUDGET EVAPORATION (Egg), IN CENTIMETERS PER DAY
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Figure 27.-- Calibration of the mass-transfer product against evaporation measured by the

MASS-TRANSFER PRODUCT, U; oley-e,), IN MILES PER HOUR TIMES MILLIBARS

energy-budget method at Antero Reservoir.
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Figure 28.-- Values of mass-transfer coefficients for Antero Reservoir as
determined by different means of calculation from the energy-budget
data. Dashed lines through some symbols represent 95-percent confi-

dence limits.
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EVAPORATION FROM WILLIAMS FORK RESERVOIR

Williams Fork Reservoir is on the Williams Fork (tributary to the
Colorado River) near Parshall, Colo. The drainage area above the reservoir
is 230 square miles, and the Williams Fork River is the major inflow. The
reservoir has a storage capacity of 96,822 acre-feet, a surface area of
1,618 acres, and a mean depth of 59.8 feet. At full pool the water surface
is at an altitude of 7,803 feet.

Energy Budget

Energy-budget data were collected during 1979-80 at Williams Fork Reser-
voir. Radiation and psychrometric data were collected at a station on the
southwest side of the reservoir. Total daily solar radiation, ¢ , and daily
vapor pressures, € and e , measured during 1980 at Williams Fork Reservoir,
are shown in figurés 31 afid 32.

Inflow temperature of the Williams Fork River was measured continuously
with a recording thermograph just upstream from the reservoir. During peri-
ods of recorder malfunction, inflow temperatures were determined by point
measurements. Outflow temperatures were measured continuously with a record-
ing thermograph during 1979 and were measured at weekly intervals during
1980. Weekly thermal survey measurements provided data on the changes in
stored energy of the reservoir. Advected energy minus changes in stored
energy for 1980 is shown in figure 33. Water-surface temperatures measured
at the raft during 1980 are shown in figure 34.

Values for the terms of equation 8 for Williams Fork Reservoir during
1979-80 are given in table 9. Hydrographs of the energy-budget evaporation
rates for 1979-80 are shown in figure 35. Energy-budget evaporation rates
range from 0.18 to 0.70 centimeter per day. The date logger at the radiation
station was 1inoperative during three periods in 1979. Therefore, there was
no energy-budget determination of evaporation for these periods.

Mass Transfer

Determination of the mass-transfer coefficient, N.--The energy-budget and
mass—-transfer data for 1979 and 1980 were used to determine a value of N for
Williams Fork Reservoir. The evaporation rate from the energy budget, EE y
is plotted against the mass-transfer product, U (e —e ) in figure 36. A
summary of different methods used to determine a'valge of N from the data in
figure 36 is given in figure 37.

Based upon the results shown in figure 37, a value of N of 0.00863 was
chosen for Williams Fork Reservoir. This value is considerably larger than
the 0.00600 determined using Harbeck's equation (equation 13 of this report).
The wvalues of N for 1979 and 1980 are very similar although the 1980 data
plot slightly above the 1979 data.
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Figure 36.-- Calibration of the mass-transfer product against evaporation measured
by the energy-budget method at Williams Fork Reservoir.
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Figure 37.-- Values of mass-transfer coefficients for Williams Fork Reservoir
determined by different means of calculation from the energy-budget data.
Dashed lines through some symbols represent 95-percent confidence limits.

132



Data.--Mass-transfer data were collected at Williams TFork Reservoir from
1972-80. Hygrothermograph data were collected at a station near the care-
takers' houses below the dam. All data were collected as described earlier.
Wind-speed data collected at the raft during 1980 are shown in figure 38.

A summary of mass-transfer terms and pan evaporation for Williams Fork
Reservoir for the 1969-80 seasons is given in table 10. Data for 1969-73 are
from Ficke and others (1977), using the updated value of N to determine
evaporation rates. Hydrographs of the mass-transfer evaporation rates for
the 1969-78 seasons are shown in figure 39. Mass-transfer evaporation rates
for 1979-80 ranged from 0.21 to 0.90 centimeter per day and are shown in
figure 35.

During 1977, problems were experienced with the hygrothermograph. From
July 26 to September 7, evaporation rates were mnot determined because of
inadequate humidity data. Wind-speed data for this period are listed in
table 10.

Pan Evaporation

Pan-evaporation data and ratios of reservoir evaporation to pan evapora-
tion are given in table 10. The ratios varied greatly during the seasons and
also between seasons.

EVAPORATION FROM ELEVENMILE CANYON RESERVOIR

Elevenmile Canyon Reservoir is on the South Fork of the South Platte
River, approximately 60 miles south-southwest of Denver, Colo. The reservoir
has a storage capacity of 97,779 acre-feet, a surface area of 3,323 acres,
and a mean depth of 29.4 feet. At full pool the water surface is at an alti-
tude of 8,597 feet. Drainage area above the reservoir is 880 square miles.
The major inflow is the South Fork of the South Platte River.

Energy-budget studies were conducted at Elevemmile Canyon Reservoir dur-
ing 1967-70. Evaporation data for 1967-73 were reported by Ficke and others
(1977), who determined an N value of 0.00800 for the reservoir. Using this
value of U, mass-transfer evaporation rates were calculated for the 1974-80
record seasons.

Mass Transfer

Hygrothermograph data were collected at a station about 500 feet down-
stream from the dam. Water-surface temperatures and wind speeds were measured
as described earlier. Vapor pressures, water-surface temperatures, and wind
speeds collected during 1980 at Elevenmile Car.yon Reservoir are shown in fig-
ures 40, 41, and 42.

A summary of mass-transfer terms and pan evaporation for the 1974-80
seasons at Elevenmile Canyon Reservoilr is given in table 11. Hydrographs of
the mass-transfer evaporation rates are shown in figure 43. Mass-transfer
evaporation rates ranged from 0.05 to 0.90 centimeter per day.
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Pan Evaporation

Pan—-evaporation data were collected at a station about 500 feet down-
stream of the dam. Pan evaporation per period and the ratios of reservoir
evaporation to pan evaporation are given in table 11.

The ratios varied within and between seasons. The between-season varia-
tion was not as great as within-season variation. Because of differences in
season length, direct comparisons are not given.

EVAPORATION FROM DILLON RESERVOIR

Dillon Reservoir is on the Blue River about 80 miles west of Denver,
Colo. The three major inflows to the reservoir are Tenmile Creek and the Blue
and the Snake Rivers. Drainage area above the reservoir is 335 square miles.

Dillon Reservoir has an active storage capacity of 254,036 acre-feet, a
surface area of 3,222 acres and a mean depth of 78.8 feet. At full pool, the
water surface is at an altitude of 9,017 feet.

Energy-budget studies were conducted at Dillon Reservoir during 1969-71.
Evaporation data for 1969-73 were reported by Ficke and others (1977), who
determined an N value of 0.00796. Using this value of N, mass-transfer evap-
oration rates were calculated for the 1974-80 record seasons.

Mass Transfer

Hygrothermograph data were collected at a station near the caretaker's
house on the east side of the reservoir. Water-surface temperatures and wind
speeds were collected as described earlier. Vapor pressures, water-surface
temperatures, and wind speeds collected during 1980 at Dillon Reservoir are
shown in figures 44, 45, and 46.

A summary of mass-transfer terms and pan evaporation for the 1974-80
record seasons at Dillon Reservoir is given in table 12. Hydrographs of the
mass-transfer evaporation rates are shown in figure 47. Mass-transfer evapo-
ration rates ranged from 0.08 to 0.66 centimeter per day. '

Pan Evaporation

Pan-evaporation data were collected at a station near the caretaker's
house on the east side of the reservoir. Pan evaporation per period and the
ratios of reservoir evaporation to pan evaporation are given in table 12. The
ratios varied within seasons and between seasons. Because of differences in
season length, direct comparisons are not given.

184



0861 12q010(Q-auny ‘1I10A19S3Y uojjid 1 ‘Pa pue % ‘sainssaid 1odea Ajre--"pp s1ng1g

0861
18qUWIBAON 1890100 laquiardag 1IsnBny Apnpe aunp Aen
S¢ Sl S _ ¢ Gl S _mN Gl S _ g¢ Gl S | s¢ &t S _mN Gt S _ §¢ Gt
I [ I [ I ]

T T 1T

11171 71T

— (P2) ainleiadwal Je 1y —— — ——

(92) @oe NS 131EM
— j0 ainlesadwa) 1e paleinies

Pt v b bt b et bbb v b e b

ot

cl

vl

9l

8l

0¢

<cC

ve

9¢

SHVEITTIN NI ‘34NSSIHd HOdVA

185



‘0861 194010(Q-2UN( ‘J10A19S3Y uo[1q JO ‘°7 ‘aimieiodwo) 20vJInS-1a1em K[I1e(] -- "Gy 2Ing1g

0861
18QUIBAC N 18Q0100 1equisldeg 1snBny Ane sunp Ao

Y4 SL S S¢ Sl | °T4 St o] GC GL q SC Si S S¢ Si S 214 Gt S

T T 1T [T 1T 77 T 1T T ' TT T T T T T 1T T T T T T
— —
i |
- —
— —
- AamWals 1
— —

| I S I | I O I | | I O I

(9L) 3HNLVHIAWAL IDVIHNS -431YM
186

SNIS13D S33493a NI



‘0861 19q010(-3un[ ‘110A19S2Y UO[[I( 1B ‘O0¢) ‘spoaads puipy --'9p 2ang1g

0861l
19QWIBAON 1890120 1aquisrdeg 1snbny Apnp aunp Asp
14 St ] ST 1 S s Sl S S¢St S 14 Sl o] §¢ Si S 14 Sl S
T T T 11 T T T 11 717 17T 7T T 177 T T T TT1 rr 11T 17T 11
[ I I T T | N T T N Y O O | I T | I |

oL

(0°2) d33dS ANIM

4NOH H3d SITIW NI

187



10 00°*s 2°%0% €2y 09° S°6 10°8 S *1d3s=-62 *9nv 0°*L S8

89° 98°*y 1*12¢ €€°E 8y° 26 £5°9 62 9NV =22 *onv  0°. »8
59° 91°g 9*0E€E LE*E gv* €6 8v°9 22 *9nV <Gl *9nv  0°2 £8
LU 68°€ L°92¢ L2%¢ Ly* 6°8 19°9 St *9nv -8 *9nNv. 0°2 28
18° 10y G*2€€ 92°¢ 94°* €°8 96°9 8 ronv -1 ‘9nv  1°L 1]
28 €9°€ 9°*L0E 96°2 €% 8*8 219 T °*9nv =62 ANt 6°9 08
2L 99°¢ L*9L2 €9°2 LE* 2°8 2L°S Q2 AP -81 AN 0y 61
08°* 68°¢ 6°62¢ AR -1 2°6 0t1°9 81 AP =11 ANP 0°2 81
8s° 86° Y 0°21¢e 162 2% 2°6 99°g 1T AP «»  ATNF 0°L L2
8s°* 0L°9 £°52% 16°¢ 9G° 0*01 90°1L Y AN =22 3NNE 0°2 91
(LN 22°9 geiL2 8y*2 ce* €9 20°L L2 3NNP ~02 3NNE 0°L St
EE* 18°9 0°062 g2*2 £2° Ly 91°9 02 3ANNP =0T 3NNM 6°6 L7}
99°0 96°€ 8*482 09°2 92° by 2yl 0l 3INNP =1€  AVW 6°6 €L
NOTLVNOGVAD 001834 H3d Q01¥3d u3d 001834 834 AvO 834 . (snoW  eiel  (sAv) 0N
NVd 0L SHILIWIINID  1334=34OV  SHILIWIINID  SYILIWIUINID  (SHVAITTIW) ¥3d SITIA) S3iva H19N3Y
S0 0TivM  NOTLvwoawAZ . aoHiam wadewvei-sevW A3 . v3-03 orzn  cotsad
NV d 031NdWOD NOILVHO4YAI HIOANISIH

- - - - -—— " - o " T . - A" e . s WS . S SR N S SR Gn e W S S A G . R e . %S b SR G e B e M . . SR e e T R R G R o R G e Y S S G e D e T G e T e R e

d20a4289Y U0772q 404 uorgviodvas und puv suisy Jafsuvaz-sevu fo Adouumg---gi ST9el

188



- - S G R n . G Gn SR G G S L G T Y D s o 0 e SR G SR - S e SR G v SR G SR G S SR SR SP R G T o e SR T SR SR - SR o TR T O o o B D e e S G Y e T g T e R .

NOSV3s
2L*o €8°28 LL°6S 6E°*D T€ *100 ~IE AVW 8*2sl
Nvd
NOSV3sS
6°LL99 16°99 LE*O 82 *AON =1E AVW Leo8t
Q¥0J3IH

- s A e S8 B - g W - S o TP o G - " T R Gn G S S0 BB SR e S S G SR G S e T T R L G0 R N R e SR e S S 8 ey S e o o R e SR R R GRS Y G e e SR S SR e S Cn S e e P8 e G - -

——— - 8eEvt %St 22 S*E 96°¢L 82 °*AON =12 °AON 6°9 L6

——— ——— 2°Lnt 85°1 €2 6°¢t 1€ T2 *AON =41 °*AOM 0°*L 96
-—— ——— 0*212 L2z ee’ vty 62°6 Y1 *AON ~L °*AON 0*L S6
———— ——— 0*¥9t sL*t Ge* 2°s S0°9 L °*AON -1€ *1D0 0°¢L Y6
90°1 SE* 1 6°€EEl €9l 0e* 2y S0°9 1€ *100 =%2 *1D0 0L €6
69° 10°*2 s*oet 6€° 1 0e* LA/ L9*s ¥Z2 *120 =41 *120 0*2 26
LTt 86°1 €fLte le*e €€ 9°9 €9 LT *120 =01 *4100 0°L le
9€°1 09°1 6°s02 812 e* 2% 8%°s 01 *130 =€ *1D0 0°2 06
80° 1 le*e S*%0€ 22°€ 9¢* 98 YL°9 € *1J00 ~92 *1d3S 0°*L 68
98° 02°€ 0°092 vL%2 6€* 28 66°g 92 *1d3S-61 *1d3S 0°2L 88

2eo*t 65°2 2*ese S92 8€”* 6L 00°9 61 *1d43S~21 °143S 0°L Ix:]

1e° vE*Y 9°€EE 0S°€ 0s° 2's £9°2 21 *1d435-5 *1d3S 0°% 98
NOILVHO4VAI 00I¥3d ¥3d 00I43d w3d 0Q0I¥3d ¥34  AVa ¥3d (4NOH 9161 (SAVA)  °*ON
NVd 01 SHILIWIINID  1334-3¥IV  SMILIWIINID  SHILIWIINID  (SHVAITIIW) ¥3d SITIW) s31v0 H19N31
YIOAYISIY  ==-mmmemmcm e ceeme e emessmmee e T e e LE L L
40 0ILVH  NOTLVHOdVA3 QOH13IW YIISNVHL-SSVW A8 v3-03 0*zn U0183d
NVd Q31NdWOD NOILVHOJVAI ¥IOAY3SIY

- o e T - g T B . D o e G S - GRS O e T e - - o T GRS o L R G % T S A S T M SR . o R T S G R S S e S L S L b T e o e e O T S o S - g - - T

PaNUTIU0)--d200d283Y U0771(q a0f uorgvaodvas uvd puv sudl Jaafsuvag-ssow fo Ravuumg--+gl IT9el

189



12*1
65*
15*
S9*
8L
Ly*
95°
LSt
€€*
92*
52*
oe*

St*o

0y°1

0S*y

A AR
68°¢
8€°S
ot’s
S%°9

02t

s*8Ll
9°892
2°eee
9°692
Lese
£€°552
2*eLe
6°092
2°0+%1
1°sst
9*9¢l
6°161

0°9%

8L
L9%2
0E*2
»9°2
Sve2
2v*2
€52
0%*e
g82°1
AR
621
26°1

8%°

T
gE"
£€*®
o
se*
ve*®
9€*
se*
ar’
02*
R
g2*

8o0°

£°S
8°1

20°s
1L°s
gl*S
20°9
86°S
19°S
28°S
g8°S
lE*S
8v°*9
%9°9
85°9

%9°S

T
8l
u
v

82
12
%1
L

0€

€ee

*1d3
*1d3
*1d3
*anv
‘onv
‘ony
*onv
Ane
Ane
Anr
AP
3nne

aNnr

S=8

S~1

S-g2
-81
-1t
-y
-82
-12
1
-1
-0€
-£2

-L1

°1d3s
°1d3S
‘onv
‘9nv
‘onv
‘ony
AN
ANk
Ane
Anr
aNnr
anne

aNne

6°9
()
0°¢L
0°L
0°*L

0°9

ott
601
801
Lot
501
sot
%01
€01

20t

oot
66

86

e e ae % 4a W - - " ST Y S —" W Ae T G0 S S G b ST YD 50 A ST Ge e TS G0 o YR G BTGB Ge Ee WS TR D Y G GO 6T gn GU UR ©Y GU Ge GU En BV ©U 4 G0 G0 W G0 TS W G S TP GO 50 G GO O3 6O Gx Th We u wn o BT 5% M S0 Wb ED W S 50 00 TP ED ED WS G0 TP Gh Gu T G G0 6o W BT E e

NOILVH0dVA3I
NVd 01
HIOAY3IS I
40 OIivy

aor1¥3d ¥3ad

SHILIWTLINGD

NOILVHOdVA3
NVd

a0I¥3d ¥43d QOIY3d J3d
SYILIWILN3D SHILIWIINID

- - 0T 0 6e 6 Gn Ge O >  Gu e T TS B S ae TGS T A S W Ge G O WS G0 00 6o WS W G0

1334-340V

AVQ H¥3d

QOHLI3IW YIJISNVHLI~SSVW AB

G3INdWOD NOILVHOJAVAI ¥IOAH3SIH

(SHVAITITINW)

v3-03

(YNOH
43d S3ITINW)

0*en

S

VAN
31va

(SAva)
H1I9N3T

*ON

T e o e 50 - O - e 5o e Bn e 0 WS S wn = T Y we T 4SBT T S B

¢soly3ad

- " o G 0 0" - BT Y>> e TS G dp Be TS Ee W " T 0o U B ST N Ge G 6% YR T WS OB 66 B G W T 5% e G ST 5T G0 B G B W O 66 A G G0 n WS Bu 6T ST M BT e BT T Ae Gr 5T U G0 BT % We O ©% 60 66 e G0 B0 gy W o 66 W o S0 = O GF YR S0 TS G0 LS Br G2 ue W m ae S5 ae v hE GO T W Ge OV e =

PaNUTIU0Y--d20AI883Y U07]1q 40f uoigvaodvas urd puv swisq Jzfsuviqg~ssow fo Aivuung--+zi1 21981

190



- = = = . - B 00 B s g S22 R et e = W G O o S0n O B e Gy e W BB et e en T B U et B S R o e B e s O g W e s b e s A O B et (e B 8 e B e W B e B G S8 @D s B T e e Gn e g Gn R B e R n O e B W e S e oy T e = R A A - A8 -

NOSV3S

GS°0 2E*1L tv*6€ £EE*O 02 *1200 =21 3NNP 281l
NYd
NOSV3S

S*8S0S 65°6% 0E‘0 T 230 =1 3NNP €*191
aq¥003Yy
——— ———- 14891 0L*1 \ T 0°s 90°9 1 °23Q =42 °*AON 1L 121
—-——- ———— €921 /21 et 6y 1Ly %2 *AON =21 °*AON 0L 02t
- ———- S*991 89°1 He* 9y 9G°9 L1 *AON =01 °AON 0L 611
———- ———— g*2Lt YLy s2* Hhey 80°¢2 0T *AON =€ °*AON 0°L 81l
———— ————— 6191 69°1% ve* b*g 29°S € °*AON =22 *1D0 0¢yL L1
- - L*802 60°2 oE* 1°S £€9°9 12 *120 =02 *1D0 0°2 911

€0°1 912 22 222 2e’ g*9 L1*9 02 *130 =€l *120 0L Stt
96° AR S €°toe to‘e £y YL 22t €T *1J0 -9 °*1d0 0L »1t
oL® G2t €°122 12°2 2€E* 02 18°s 9 *120 =62 *1d3S 0°L [ B

18 €EL°E 6°€0€E €0°€E vy 18 2L*9 62 °1d3S-22 *1d3s 0°¢L AR
06° 89°€ S*0EE 0E‘E Ly v‘e %0°L 22 *1d3S=-S1 *1d3S 0°L R R
NOILVHOAVA3 (0I¥3d ¥3d Q0I¥3d ¥3d Q0Id3d dH3d AvQ ¥3d (4NOH SL6l (SAva) °*ON
NVd 01 SHILIWILEINTD 1334-340V  SHILIWIINID SHYILIWILINID (SHYEITNINW) H3Id SITINW) S3iva H1i9N3
IﬂO)IWmua - W - - - - - " o e G A B g B B B o B s W e B B O G B o O e B o O 4 T T T e - - - - - - -
40 OI1vy NOI1VHOdVA3 00H13W H3I4SNYHL1-SSVYW A8 v3-03 o*en U0Id3d
NYd G31NdW0D NOIL1VHO4VAI HIOAHISIY

- o o = e gy AR an et B0 e G Bn W e P e B B U e W A et o e B A B Gt oy B B SR AR S S R e e B e B S e B U B e e O G e A U T e et S A e S e Y S e S v B et G R e B B e wm N e e S v o e S A e O o

panuUIIU0)--~JL20AIIE3Y U0772q A0f Uorgnaodvas uvd puv swiaz Jafsupaz-gsvu fo Axvuumg--*g1 @Tqe]

191



2Lt 91y 6°10¢ 00*€ €y° 68 60°*9 ¥ *l1d3S=-82 *Onv 0L YET

99° £€6° % €°0€€E g2°'¢c 19 %8 1t*9 82 *9nv ~02 *9nv  0°8 €€t
LS* ES*E 902 00°2 62 €°9 €1°S 0Z *9nv =€l °*9nv  6°9 2et
S6° 282 0°6L2 69°2 Sy €'8 €L°9 €1 *ONV =2 *9nv 0°9 1€t
09° 9L*E 9°9¢2 L2+2 €€ G*L LS*s L *onv =1€ ANM 6°9 0ET
€L’ 19°¢ 9°612 G9°2 LE® 6*L 68°S 1€ ANE =92 ANF 1*2 621
vy 25y Letie 66°1 82° €°9 L9*s %2 ANP =LT ANE 0°L 821
2v° 6L°S 1°292 TAF] SE* 59 6L°9 LT AINP =0T AN 0L Lzt
vy 86° 2°6e2 at°2 1e* S*9 10°9 01 ATNM =€ AN 0°*2 921
oy* 12 6*912 0042 62* L's 9€°*9 € AL =92 3NNM 0°L s21
2y’ €E%°9 8*le2 0L*2 Le* 8y 20°L 92 INNPM =91 3INNP o*ot 21
2L 6E° Y 2°E€E L2815 1 0*9 2€*6 91 ANNM =6 3INNP 0°2 €21
82°0 08°*Y S vel €E* 1 LT by 8L*Y 6 3NNP =1 3NNP 0°8 221
NOTIVHOAYAZ 00Tw3d t3d 00134 wid Q01d3a 834 AYQ ¥3d . (@noM o6l (SAYQ) *ON
NVd 0L SHILIWILINID  1334-34IV  SHILIWILNID  SHILIWILINID (SHVAITNIIW) ¥3d SITINW) S3iva H1ONTT
10 011v8  NOTLvAOAYAd . GOMLIN wIJSNVHI-SSYM AE . ¥3-03 ocen  uotwaa
NVd Q3LNdWOD NOTLVHOLVAI HIOA¥ASIY

- — - - Y U O > - S W S WP S TP S W U - S e U VS W s ey S s G WP an W W S e an S8 S G s S an S SR R e S SN s A SN SR W on SR Ny % SR aa S Y . s S - S - -

PONUTIUOY~-A20adB83Y U07]1q 20f uoirgpvaodvaz uvd puv wisy Jafsuvag-ssovu fo Advuumg---g1 319l

192



- - o T " W Wy W W W W AR TP S A e W 0 TR W e YR S - T S e TR e G S T e R - - . -

NOSY3S
%9°0 2a* vl St*Ly %€%0 91 *130 ~1 3NNP 6°GE1
Nvd
NOSY3S
6°5865 16°8S %E*0 02 °*AON =1 3NNP 611
40334

-—-- -=e- Lo 911 L s's €B°€E 02 *AON =€l *AON  0°L Se1
-—-- - 1922 ze*2 €e* 59 #%*9 €1 *AON =9 °*AON  0°L 91
-—-- ———- 128t te°t L2* 6°S 19°S 9 *AON =0E 100 0°L £Vt
-—-- -—-- S*v62 20 € 8L 00°L 0 *100 =€2 *120  0°L 291
- -—-- 6°0€E 6E°€E gv* €8 S2*L €2 *120 =91 ‘120 0°L ot
ve* 9n*2 L1122 2€*2 €e* L0 2%'s 91 *100 =6 ‘120 0°L 0%t
2ot 1 v2'2 2rzte 61°¢ g0* 2'e 86°9 6 120 =2 ‘130 0°L 6€1
et 92°2 2°9%2 152 9€* v*8 Tv*S 2 100 -GZ *1d35 0°2 8et
€21 90°2 1052 vg*2 9€* 8L 08°S G2 *1d3S-81 °*1d3S 0°¢ Let
le* 902 8*022 €22 2e* 8'9 26°G 81 *1d3S=11 *1d435 0° 9€1
89* 16°€ L4992 89°2 se* 61 019 10 *1d3S=9 *1d3S 0°2 SEl
NOILVHOGVA G0Id3d 3¢ GOIN34 wld Qoludd n3g  AVO W34 qwnow  su6l  (sava) cON
NVd 01 SYILIWIUINID  1334=-34IV  SHILIWIINID SHILIWIINID  (SHVATTIIW) ¥3d SITIW) S31v0 H1ON3T
G0 011vn  NOTivsoavA3 . GOMIIW BaJSNwii-ssve AR va-03 o'zn  aomza
NVd 031NdWOD NOTLVHOdYAI HIOAN3S3H

PONUTIUOY--AL0ALBSBY U077L] J10f uoirgvaodvas uvd puv euwisy Jafsuvai-ssovw fo Advummg--*71 a19el

193



SL*
19°
ar*
€v*
65°
89°
Ls°
1g*
i9°
2y*
0e2°
be*

0G6°0

49°2
29y
L6°g
GGy
06°2
¥G*G
25°%Y
21°%9
29
28°¢g
60°Yy
62%Y

£Ev°€E

€91
S*EE2
S°6GE
5°991
6°941
L*62€
g*gee
9*8L2
L*SEE
1122
1°€L

868

t'eqt

66°1
28°2
[:TA ]
96°1
2Lt
08t
6G6°2
11
2L°¢
sy*e
£9°

¥0°1

2Ll

62°
6E*
19°
62*
g8e*
9g9°
9€*
Gy*
9y
se*
2ue
st*

ve*

9L
0°11
2*9
2°'9

L6

61°s
oL*9
€04
8L°S
L2 A4
he*L
86°S
SL°9
68°9
6L°S
€6°S
2s°s

68°9

81 ‘9nv
It *onv
v Tony
g2 Anr
e Ane
st Anr
8 AP
T Ane
92 3INNP
91 3INNr
6 3NNP
2 3NnP

92 AVKW

-1U *9nv
-4 *9nv
-g2 ANC
=12 Anr
=51 A0r
-8 ANP
-1 A0
42 3INNP
=91 3INNP
-6 3NNr
=2 3NnP
=92 AVW

=61 AVW

6°9
1°9

8°9

841
161
9s1
Sel
k41
EST
25t
151
0st
6%1
841
Lyl

941

- - - g - . T T o n N N T B W A e e W W N e WD W e W O (e B P g W S e g W Y S D W A s e W e S e A B YR G g e e W W e T G S G S e e W e A e W e

Q0IY¥3d ¥3d (Q0I¥3d

NOILVHO4VA3I
NVd 01
HI0A¥3IS Y
40 Olivy

ao1y3d d3d

SHILIWIINID

NOI1VHOdVA3
NVd

1334-340V

d3d AVQ d3d
SYILIWILINIAD  SMILIWILINID

- T - - - - e W s - - -

QOH13W YIISNVHI-SSVW A8

031NdW0D NOILVHNAVAI HIOANISIHY

v3-03

(4NOH
(SHVBINIW) H3d S3TIA)

0°en

S

LL61
diva

(SAVQ)
H19N31

*ON

- - - - - - -

gold3d

- - W o - . T OB W W s W T W N T e S O e e A S T T D A T T o e - e T 0 e e D - D - - - - -

PoNUTIUO)~-d20aAd288Y U0711d 40 uoigvdodvas uvd puv suwsi J4afsuvdy-ssou fo Advummg--+71 219l

194



- TS e - - S W A - - - - W R S S5 R T A g ) - - R g S P TP ES s A RS R ) R R W 6 SN e R e P S - 5 S s R S e R S we G .

NOSV3s
€90 60°€8 €0°2s 6€°0 - 62 *1d3S-61 AVW  2°cEl
NYd
NOSY 35
2°66€S 88°L9 0%°0 % *AON -61 AVW  1°691
Qy023y
-—-- ———- v 912 LE*Y gv* s*8 659 % °*AON =62 ‘100 8°6 691
——-- -——— 2*ant SL*1 se* LeL 19°Gs G2 ‘120 =02 ‘120 1°g 891
———- ———— 04951 6E°2 ve* S*L 99°G 02 *120 =€l *100 1°L L91
---- -—-- L°962 AL v9* v*6 ¥S°8  ET *100 =9 ‘120 6°9 991
-——- -—-- 2* 961 68°2 X L2 gL°9 9 *100 =62 *1d3S 0°L S91
66° 1{:35 1e2e2 8Le vs* 16 9%*L 62 *1d3S-22 *1d3S 0°L %91
20°1 15° v 16e 99°4 6S* Leot 68%9 22 *1d3S-%1 *1d3S 0°8 €91
y0°1 s2'¢ 9°€92 LE*E Ly 5°8 86°9 91 *1d3S-L *1d3S 1°L 29t
99° 05y 0°LE2 L6°2 2n* 5*g 22°9 L *1d3S-1€ *onv  0°L 191
69° 9L°€ 14022 SE*E 0S* 0°6 00°L 1€ *9NV -»2 *onv  L°9 091
2L 65°2 5251 18°1 0E* 49 €8°G  »2 *onV =81 ‘9nv  £°9 65t
NOILVHOdVAI QOI¥3d d3d Q01¥3d ¥3d QOI¥3d ¥3d  AvQ ¥3d (4NOH LL61 (SAVQ)  *ON
NVd O} SHILIWNIINID  1334-38DV  SHILIWIINID  SHILIWILNID  (SHVEITIIW) ¥3d SHTIW) S31va H19N3T
YIOAYISIY  ==mmmmcmmmes e cemecceeec e a—a—eee e e R L L Lt DL
40 011V4  NOILVHOAVA3 Q0HL3IW H3ISNVYL-SSYW A8 v3-03 0*2n Q01434
NVd Q31NdWOD NOILVHOdVAI HIOAHISIY

- " - - - . - - - - - W~ - - . U WD - o NS - . - e - S P Gn Ea e WD T G e e GRS G L G5 D G5 YR e WP " - S S G T 4P @F Sy G Ma an S8 Ge ua 5% aa e

PONUT IUOD-—I20Ad980Y U07]1Q I0f uorgpaodvas uvd puv sulsy Jofsupvaiz-seovw fo Aavuumg---gl1 21qel

195



€6
£€g*
£G°*
99*
%9
19°
Sy
S8
69
|8 2
LI

95°0

29°y
8S°E
€0°s
£6°y
19°s
6S°2
09°6
16°¢
YA ]
€9°9
€6°Y
s6‘2

26°2

LR A0 9E* Y
1°e2¢ -4 304
1T°Ely 8l°*y
9662 29°*2
8°99¢ 2L°¢
2*291t S9°1
6695 ¥8°S
€°991 L
2°862 LA
1°95¢ S5y
geeel 20°2
2°6§ 66°

126 9%

19°
84°
09°*
LE"®
£S*
FAM
(AN
8e2*
6%
99
62°*
st

L2*

é2e

St

s2
81
1
€

Le
0¢
el
9

0€

‘onvy
‘onv
‘onv
‘onv
Ane
Ane
Alne
Ane
nnr
annr
annr
anne

AVH

-5l
-8
-1
-g2
-81
-91
-€
-2
-02
-£1
-9
-0€

-92

‘anvy
‘onv
‘onv
Ane
Aanr
Ane
Alne
anne
anne
aNne
anNne

AV

AVW

2L

0L

0°2

6°€
80t
2*9

0*L

281
181
081
6L1
821
Lt
9Lt
Ssut
YLt
€21
2Lt
1t

0Lt

R e i o e e it e e L o R L T e e e e el L Ty e

NOILVHOdVYAI
NVd 0l
HI0AH3S3Y
40 Olivy

001y¥3d ¥3d

SY3ILIWIINID

NOI1VHOdVA3
NVd

(0I¥3d ¥3d 0Q0IY3d

QOH1I3IN YIASNV

031NdWOD NOTL1VHOAVAI HIOAY3IS3Y

Y¥3d AVQ Y3d
1334-340V  SHILIWILINID SYILIWILINID

- - - - o > ow B e O o - - -

Y1-SSYW A8

6°01 S6°9
88 8L*9
€°01 Le*i
L°L 60°9
g0t 9%°*9
8L 9L°*9
86 88°9
S°L 08°Yy
0‘s 2LL
£°6 06°8
2°s %6°9
L2 2L*9
0°*s s8°9
(4NOH

{SHVALTIW) ¥3d SIVIW)

v3-03 o*2en

S

8L61
3iva

(SAVQ)
H19NI

*ON

- e o > - > > - - - -

Joly3id

- - 0 > - B AB s W e > e S G e e e e On B S e B e s B G e e G S A S A e > S A e o e S Se G e e e A e e T G W Gn e e s an e Go S e A 48 e

PONUTIU0)——d 201089y UOT12q A0 uorgvaodvae und pup swuisy aofsupai-ssow fo Advuumg--+71 S1qeL

196



D Y R o e e L e il b L L L e e e it R L TR TR SR VR Ay SISy oy

NOSV3s
99°0 0E°98 Ly* LS %0 € °*120 =42 AVW 0°2¢€l
NVd

- e e e . - G5 R G S SR SR Gh SR DGR SR G G Ay G ) TR R SR G R SR SR o G A SR R SR G G SR SR ) D Ge G e G TR G SR SR G SR G ) G G SR SR SR S SR S A SR S R A 0 G AR G SR G G SR G S S G G SR GRS R G G G SR o SR SR S o -

NOSV3s

9°8L€9 INAA Y] gE* O 62 *AON =92 AVW 6°881
Qy023y
——— ——— y*eol 62°1 CA N 2°s "8°€E 62 *AON =12 °*AON 0°9 Y6l
——— - S*6€l €L 62 ¥*9 69°S 12 *AON =S1 °*AON 6°Ss E61

_—— —— 8192 16°¢€ €2 9°Gg 91°g STU *AON ~1€ *120 2°S1 261
——— ———- £°612 29°2 02* 8°g gE*Y 1€ *120 =81 *"120 6°21 161
———— ——— Y922 €9°2 ee’ 1*9 0L*9 81 *120 -0t °*120 1*8 061
——— ———— 6°812 262 LE® 9L 91°9 01 *120 =€ °*120 8°9 681
eL* 66°E 1°962 68°2 0%°* 2°L €0°L € °*1J00 =92 *1d35 2°tL 881
58° Sl°g 0°002 g89°2 g€ * L1 L9 92 *1d3S-61 *1d3S 1°¢f L8t
00°1 2t°g S°€Q2 €l'e Gv* ey 65°L 61 *1d43S-21 *1d3S 0°L 981
2L 8L°€ 0°64%2 €L°2 6t LAl 68°¢ 2l *1d35-5 °*1d3S 0°L S8t

99° 61y 2°vse2 LiL2 6€"° a2°s 20°9 S  *1d3S-62 *9nv 0L Yel
oL* 25y %°562 L1'e Ly 8°6 10°9 62 °*9Nnv =22 °*9nv 8°9 (%:2¢
NOILVHOdVAI (Q0I¥3d ¥3d 00IY¥3d H3Id Q0I¥3d ¥3id Av0o ¥3d (4NOH gL61 (SAVQ) °*ON
NVd 0L SYILIWIAIN3D 1334-390Y  SHILIWIINID  SYILIWIAINID  (SYVEITTIW) ¥3d SITINW) s3iva H19N3T
4I0AY¥3SIY It i I bt
40 OI1vy NOI1VHOdVA3 QGOHL3W HIISNVHI~SSVW AH vV3-03 0*2n uo1d3d
NVd 031NdW0I NOI11VHOJVAI HIOAY3SIY

- - . - S . - R S SR S SR SR R S G S S R e G S SR P et SR e BN GR e R G A S M R SR Y WY G WY O e G e P R G G R S b SR S R S - S - G - S S G

pPeNUTIU0)——d20add83Y U0 Y] A0f uorvriodras uvd puv susl 42 fsupiy-ssvu Jo Aavumumg---71 3198l

197



66°
911
s8*
v9°*
€9°
8L
6%*
bGg*
6%
9%h*

0%°0

1L'e
€6°1
€S°E
G5*9
8L°9
vl
5G9
€€'g
9E°S
£€6° Y

19°g

6°E6E
€042
6°81€E
8944
%094
6°8%€E
(421>
0*Ete
9192
L*6€2

9*L12

L9*¢€
v2e2
662
L1y
2%y
22*¢
02°¢
98°2
29°2
922

€22

2s°
6c"
tA N
09°*
€S*
\A N
o%*
I%*
Le*
£€*

e’

Le
0e
LA
L

1€
€2
L1
6

4

14

el

*onv
‘onvy
*anv
‘onv
Ane
Ane
Anre
Ane
Anre
3Nne

3NDE

-02
=51

-L

=11

*onv
*ony
‘ony
Ane
Ane
Ane
Ane
Ane
aNne
3INNP

NNP

0°L
8
2L
0L
[ ]
0°*9
6L
0L
1L
89

1°2

so2
Y02
€02
202
102
goe
661
861
L6l
961

s61

T e B0 e o 0 e e o e S T e e Bl Bhe Sum e e e W S e e e (e B0 B Y e g 0 WY S e W O D W M e Gy e W A e ¢ B e e W 0 e S ot mae S B S e My S0S > e e B¢ G ke B0 S Gun W Moy S O B S W A - S W O A N A A A 0 S W e e A Gut B g S AR o

NOI1VHOdVA3
NVd 0L
¥10AY3S3IY
40 0Ol1ivy

Q0ry¥id did

SHILIWIINID

NOI1VH0dVA3
NVd

00I¥3d ¥3d QO0I¥3d ¥3d
SH3IL3WILIN3D SHILIWIINID

e e 008 e o Y e e S Do T > g -

1334340V

AVQ ¥3d

QOH13W Y3J4SNVHLI=SSYW A8

Q34NdW0D NOTLVHOAYAI HIOAYISIY

0°01 659
0°6 LA A
1°8 S%*9
801l L6*9
2°6 ve'tL
98 8L
98 68°S
2*8 €2°9
A A 1e°9
0*9 €0°2L
0°9 SG6°9
(4NOH

(SYYAIIIW) H3d S3TIwW)

vV3-03 0*en

S

6L61
3iva

(SAva)
H1ON3T

*ON

- s Ny B¢ e B B oo B e e - S 0 O o wn an

J0IY¥3d

T - B e - " T o0 e > S e O T oy OB O 0w B O e o e o0 W e 0y e e e Sy PO e e 0 Y S N e 0 000 Bl o Y e ¢ WA e S o S e S U O e e S Gn S S S e S A S A W A S S S G5 S M e e O T o A o . o o wn

PONUTINO)~=LLOAUIDSDY UOT] U] A0f UOLIDIOdDAd UDd PUD BUKID] J2fSUDI]~S8DU Jo Aavuung--+z1 91qelL

198



- "y U5 WD o - > W S SO P W G e WSS Y W wm B A S AR 4 S S A S D A e Y S B A S S S R L M S SRR D e T e D S D e - -

NOSY3s

0L°0 6L%6L LY*GsS Ly*o0 8 *1J20 ~11 3NNP 0°6l1
NVd
NOSV3S

1°€t0L %2°99 sv*o S  °*AON =11 3NNP [ AR A
4023y
- - 8°82¢ 12°¢ 9y S°L 2Lt S °*AON =62 °100 6°9 Ste
——— ——— 8°902 00°2 62°* 8°'s 81°9 62 *1J00 =22 *120 0°L vie

——— ———- L°692 09°e Le* 0°*9 e 22 °130 =-s1 *1id0 1°2 €12

—e-- ———- 8°90€ 96°2 €v* 1L g5t ST *100 =8 *130 0°¢ 212
Lo°1 89°¢ £°L0% £6°¢ 59° s*6 19°8g 8 *100 -2 °*120 0°9 e
99° 60° 1°L9¢ ¥S'e vy* 1°8 98°9 2 *100 -42 *1d3S 0°® 0tz
L6* 9L°€ 8°18¢ 59°¢ 2s° 0°6 121 %2 *143S-L1 *1d3S 0°% 602
s6° v2*y 0°924 €0°Y 8s° s*ot 16°9 L1 *1d3S=-01 *1d3S 0°L 802
09° 9t°y 1°%92 gve2 £v* 26 €6°S 01 *1d3S=-% °*1d3S L°S Loz
9L* 79°g £ 6EY ey 0s* 1'e %8°9 v *1d3S=L2 *ONY  E°8 902
NOILVNOGVA3 00TH3J u3d Q0I83d uld Q0ludd w4 Ava 34 «ano  elel  (Saval <ON
NVd 01 SYILIWILINID  1334-34OV  SHILIWIINID  SHILIWIINID  (SHYAITTIW) H3d SITIW) s31vQ HLONT
30 01ve  NOLLVHOAYAI  QOMLIN HASNVHL-SSVW A8 . v3-03 oran  wotwsa
NYd 03LNdWOD NOTLVHO4VAI HIOAHISIY

- -y > 0 P - T S T W E S b SO e P R G R e A W G SO S R G B S R T G - " B S Sk e SO R R R G T D R R T L S G e B R S - - - - - . - -

PONUTIN0)Y——d10QI2EDY UOT]2(] AOf uozgpaodvas und pup suss aafsupaz-ssou fo Atvunmng---g1 3Tqel

199



96°
6S°
v9°
1w
s6*
LS*
Se*
€y
0y
oy*

2°%0

99°¢
%0°9
01°s
9%°*g
G2°9
0S°Y
%SG
66°S
2L*sS
0%*9

0t*s

L°69¢€
0°6LE
§*2se
L*81Y
€°2LE
LLL2
2*stL2
9*LLe
£* 192
€692

9*6€l

05°¢
LA
L2*c
L8°t
€v°e
G662
2s*e
Ls*2
g2
6G°2

0% 1

0s*
1s°*
Ly
GG°
6b°
Le*
1
Le*
€e*
gE*

et

81 *onv
1t *onv
b *onv
82 Alnr
12 Ane
»1 AN
L Ane
0€ .3INnr
€2 3INDP
91 annr

6  3NNC

=11
-t

-82
=12
=41
-1

-0€
-£2
=91
-6

-h

‘onv
‘onv
Ane
Ane
Ane
Ane
anne
ELal
anNnr
anne

aNnr

s

912

- -y . - - - - - - - O - T T - - - - - - - - - - - . - - - - v - e - - - - - -

NOTLVHOdVA3
NVd 01
H10A¥3S3IY
40 OI1Vvy

J0lyY3d dY3d

SHYILIWILNID

NOI1VHOdVYAI
NVd

Q0I¥3d ¥3d (0I¥3d ¥3d
SYILIWILINID SHILIWILINID

- - - - - - - - - - - - - - - -

1334-340V

AVQ ¥3d

GOH13W YIISNVHI-SSVW A8

03LNIW0D NOILVHOdVYAI HIOAYISIH

0°otl 62°9
L8 62°L
G*8 26°9
S*6 0E*L
£°6 £9°9
"L L1*9
2L G2*9
S*9 L0*L
6°g G0°*L
L9 81°L
8y LAY
(4NOH

(SYVAIITINW) H3d S3TIW)

v3-03 0*eZn

S

0861
3lva

(SAVQO)
H19N3T

‘ON

- - - - " - " o - - - - - - -

JoI¥3d

- - - - - . o - - - - - - - - - - - - - - - - - - o - - - - - o - - - - - - - - - - - -

penuTIuC)—-d20ad280Y 10711 “of uorgvaodvas uvd pup suisi Jofsuvai-seouw fo Ruouung---71 319elL

200



- - o o SN a4 S gy S e S o S G S SR U S P W R O ey G G S G NS AN g W A S G 4B G S aa S G S N SN g G SN W G SN e Y A G S SN W SR S S 4P B SN S me e O Gn SN SN W G % 4G SN Sn SN en B G AR 4P A SN S8 G2 4e 4 Ge as S8 aa e e 05 % Ge e S ae e

NOSV3s

89°0 18°L8 9L°6S 9%*0 €1 *120 =% 3NN €°tel
NVd
NOSV3sS

1°99%9 68°*29 Sv*o (2 *120 =% 3NHP €*6€l

34023y

- o s S8 BN e gy W SR G aa SN . O SN AN BN A G G e S 4 G S G S SR R e aa S SN G SN O SR e e A S G e et S W AN M G SR SN g SN S e A S SN e W S e A O @ SN e e G AN G Ma O% SR S e S S G AR S e SR e g G SN SN R e S e e A G e B SR B B aa

- - 6°582 S0°€E 2] 3 9°L Y€*9 12 *120 =€l *100 [} se2
00°*1 062 8*L1L2 16°2 oY 0°8 2€°*9 €1 *100 =9 *100 2°*L ve2
86° €L°E $*25€E ¥9°€ 25"’ g°s 9L 9 *120 =62 *1d3S 0°s €E2
28° 6€°2 1*tel 96° 1 oy* [ 2%°S 62 *1d35-4%2 °*1d3S 6°Y 2ee
L0°1 98¢ 0°%0¢% €1’y 09°* 2ol A ] %2 *1d35=-L1 *1d3S 6°9 lee
221 98°¢ 6°99¢% Ly 15° 06 LAGN LU *1d3S-8 °*1d3S €°6 o€z
90°1 62°2 9°2+42 2v*2 gy* 28 LE*L 8 °1d3S-€ °1d3S 0°s 622
v6* 1v*s 0°8ls 80°s LS* €1t €9 € *1d43S-G2 ‘9nv  0°'6 g22
€6° 19'¢ S*8YE 9€°E gy’ £€°6 9%°*9 g2 *9nv -gl *onv  0°L 122

NOILVHO4VA3 (0I¥3d ¥3d Q0IY¥3d ¥3d QO0I¥3d ¥y3d AVO Y¥3d (¥NOH 0861 (SAVQ) °*ON

NVd 01 SHILIWIINID  1334-380V  SHILIWILINID SHUILIWIINID  (SHVAITNTIW) ¥3d SIVINW) s3iva H19N3
10 01N NOTLVHOG¥AR . aOHiTW WAJSNVEI-SSYH AB . ¥3-03 orzn  cotwad
NVd 031NdWOD NOILVHO4VAI HIOAYISIY

8 B S an e e S e a8 g G S5 G W P an G s 4 W WS SN SR Gy > ma S8 ST S e e G e G S G G 5 S e Ge e SR G NS W Sa Y G ey S MN Sm N S8 SR W SN @6 Gn MmN G 4D GV G0 G SN G5 GV G G S8 A8 Ga SR HS G S e SR SN G 4s SN G 45 G S8 S8 S w6 un S5 e 4a WP 4 Ga 4 %P 4N Sa an 8 G @

PONUT IUOD--d10AI282Y U0711q A0f uorgvaodvas uvd puv sursi Jafsuvai-gsou fo Aapuung--:71 219el

201



"SUOSBAS PI10231 (O8-YL61 Y} 10] 110A13S3Y UO[[1q Wwoi] ‘“LA7 ‘uoneiodead 13jSUBI)-SSBW JO SA1BY --" [y 2InS1g

SL61
1|qweda J8GUIBAON 1940100 Jequwsldag 1Isnbny Ange aunpe Aep
S¢ Sl S G¢ Sl S S¢ Sl S S¢St G G¢ Gl S G¢ St S S¢ Sl S 14 Sl S
rrrrop 17171 rr 1 I rrTriTT rrT 1 TTTTT T T B

1’0

0

€0

v0

S0

90

L0

202

_
viet
requiedeQ 18QWBAO0 N 1840100 Jequwaydag 1snBny Apnp sunp Aep
¢ St S S¢St S ¢ St S S¢ Sl S Ge St S S¢ SL S S¢St S 14 Gl S
rrrrrr0yrrYroro1ry ro1 11 v 1r T T T rrirrTtTrrTTord T T T 1T 1T T

Y T T |

1°0

0

€0

v0

S0

90

L0

AVQ H3d SHILIWILNTD NI LA} NOILYHOdVAT HI4SNYHL -SSYIN



ponuIIuO0)--SUOSBIS P1093l (-1, 61 22Ul 10] JI0AIISIY uo[[i(q woij LAy

1equisoa g 18qUIBAON 18Qqo10Q 1aquiardes Ll 1snBny Anp aunp Aewy
14 Gl ] G¢ Gl S ¢ Sl S G¢ Sl S S¢ Sl S 14 Sl S ¢ Gl S S¢ 4Gl S
T T 1T T T T T T T r T 1T T T TTTTT | 1T FT T T
— —
-  — 1 -
i . I I | L1 11 | | I I J | 11 11|
961
18quweda(g 18qWNON 18QqO0130 1equieidag 1snbBny Anp aunp Aey
s Gi S S¢ Si S ¢ Sl S Gz Si ] 14 13 S j°14 Sl ] g¢ Gl ] 14 Sl ]
T T 177 T T 177 T 1T T 1771 T T T 717 17T T 1T T 71T | T T 1 I 17 1T 1T 1T
— —_—
— — |I;|| —
- | — —
N | I | I W I T I | I T | 111 I

‘uonelodeas 19JSUBII-SSEBW JO SIBY -~"L{ 2IN31g

L'0

Z0

€0

v0

S0

9'0

L0

80

0

€0

o

S0

90

L0

AVQ H3d SHILIWLINTD NI (A7) NOILVYHOdYAT HIASNYHL -SSYIN

203



*PANUNUO)--SUOSEIS PIOIII
08-¥L61 2U) 10] 110A1389Y uoyiq woij “IA7 ‘uorjeiodead 19JSURII-SSBUW JO S31BY ~-'L 3inTig

6461
18qQuiBno 1840100 lequisldeg 1snbBiny Anp aunp Aey
S¢ Gl S S¢ Sl S S¢ Gl S S¢ Gl S SC Gl G¢ Gl S §¢ Si S
T 171 F1r 1T o Fr 1T T I I I I FT T a
[ I N | N T T O I I | 11 I [
861
1BQUWBAON 180100 pquerdeg 1shbny Ane aunp AR
G¢ Gl S 14 Gt S G¢ Gt S S¢ Gl S S¢ 1t g Gi S S¢ Sl S
T T T T T 1T T T T T T R R [ [ T I B I
— 1
I R —]
- -l —t I —
o — 7
TI — — —
L 111 S T U Y O | | [ L1 L 111

10

0

€0

V0

N

9'0

L0

80

10

20

€0

v0

S0

90

L0

8'0

AVQ ¥3d SYILIWILNID NI “LHF) NOILVYHOdVAT HIISNVHL-SSYI

204



08-vL61 3U1 10] 110A1983Y UO[[1 wo1} ‘LAg ‘uonyeiodead 19JSURII-SSBUW JO SaIRY --" L S1nd1g

‘poNuUNUO0)--SUOSEIS Pl0d3l

0861
13QUWIBAON 18q010Q 18quiardag 1sNBny Apnp aunp Aepy
Sz Gl S ETANC]" G¢ Gl S T4 ] S¢ Gl ] G¢ S Sz Gl
T T T FrrT T T T T rFrirTT _ I f _

¢0

€0

v0

S0

90

L0

AVQ H3d SH3IL3WILNID NI
(LWF) NOILVHOdYAT H34SNVHL-SSYIN

205



EVAPORATION FROM GROSS RESERVOIR

Gross Reservoir 1is on South Boulder Creek about 30 miles northwest of
Denver, Colo. The reservoir has a storage capacity of 41,811 acre-feet (with
2 feet of flashboards in spillway), a surface area of 415 acres, and a mean
depth of 100.8 feet. At full pool the water surféice is at an altitude of
7,282 feet. Drainage area above the reservoir is 93 square miles. The major
inflow is South Boulder Creek.

Energy-budget studies were conducted at Gross Reservoir during 1972 and
1973. Evaporation data for 1972-73 were reported by Ficke and others (1977),
who determined an N value of 0.00690 for the reservoir. Using this value of
N, mass-transfer evaporation rates were calculated for the 1974-80 record
seasons.

Mass Transfer

Hygrothermograph data were collected at a station at the reservoir
operation headquarters downstream from the dam. Water-surface temperatures
and wind speeds were collected as described earlier. Vapor pressures, water-
surface temperatures, and wind speeds collected during 1980 at Gross Reser-
voir are shown in figures 48, 49, and 50.

A summary of mass-transfer terms and pan evaporation for the 1974-80
record seasons at Gross Reservoir is given in table 13. Hydrographs of the
mass-transfer evaporation rates for the 1974-80 seasons are shown in
figure 51.

Numerous problems were encountered with the hygrothermograph at Gross
Reservoir. The mass~transfer terms and evaporation rates during 1976 were
derived from values of wet- and dry-bulb temperatures because the hygrother-
mograph record was inaccurate. During 1979, evaporation rates for periods
153-158 also were determined from wet- and dry-bulb temperatures because
hygrothermograph records were missing.

Mass—transfer evaporation rates for the 1974-80 record seasons ranged
from 0.05 to 0.69 centimeter per day.

Pan Evaporation

Pan-evaporation data were collected at a station atop the dam. Pan evap-
oration per period and the ratio of reservoir to pan evaporation are given in
table 13. The ratios wvaried greatly within seasons and to a lesser degree
between seasons. Because of differences in season length, direct comparisons
are not given,
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SEASONAL VALUES OF EVAPORATION

Seasonal summaries of energy-budget and mass-transfer evaporation values
are shown in tables 14 and 15. Comparisons between values were not made
because of the variation in season length. Mass-transfer results from Ficke
and others (1977) are also shown in table 15.

Ratios of reservoir evaporation (as determined by the mass-transfer
method) to pan evaporation are shown in table 16. These ratios are based
upon the length of season described previously. If the seasons were of the
same length, the variation would be smaller than that shown in table 16.

Table l4.--Seasonal summary of energy-budget evaporation

Reservoir
Ralston Cheesman Antero Williams Fork
Year Total Total Total Total
evapo- Season evapo- Season evapo- Season evapo- Season

ration length ration length ration length ration  length
(centi~ (days) (centi~ (days) (centi- (days) (centi- (days)

meters) meters) meters) meters)
1975 79.4 242 ———- - --== - -=== -
1976  93.3 224 — _— —_— _— ——— —_—
1977  ——-—- -— 83.8 195 60,7 119 ——— -—-
1978  ———- —-— 84.6 217 57.9 158 -—— -
1979  ———o —_—— _— —_— —— _— 71.2 161
1980 ——— _— —_—— _— -_— - 78.0 161
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Table 15.--Seasonal summary of mass-transfer evaporation

Reservoir
Ralston Cheesman Antero Williams Fork
Total Total Total Total
Year
evapo- Season evapo- Season evapo- Season evapo- Season
ration length ration length ration length ration length
(centi- (days) (centi- (days) (centi- (days) (centi- (days)
meters) meters) meters) meters)
1967  ~——- - 163.9 176 130.3 92 ——— —
1968  ———m — 165.0 168 159.4 161 ———— _—
1969 =~ -— 152.9 161 140.3 119 177.2 152
1970  ———- -— 152.9 133 141.9 127 167.8 141
1971 ———- - 154.3 147 137.3 115 165.8 119
1972 l23.5 121 153.0 147 — —_— 161.6 147
1973 165.8 183 67.8 190 —— — l65.5 155
1974 60.5 181 54.3 204 —_—— —— 74.8 147
1975 79.2 242 46.1 180 ——— —— 68.2 133
1976 95.0 230 59.4 219 —— —— 84.7 196
1977 74.2 210 72.7 196 47.9 147 49.6 115
1978 52.3 217 89.6 217 81.9 187 87.5 188
1979 68.3 197 51.5 196 61.1 155 70.9 147
1980 80.2 210 77.0 209 76.3 175 81.5 175
Reservoir
Year Elevenmile Canyon Dillon Gross
Total Season Total Season Total Season
evaporation length evaporation 1length evaporation length
(centimeters) (days) (centimeters) (days) (centimeters) (days)
1967 278.5 182 ——— — —— _—
1968 282.5 166 —— — —— ———
1969 274.3 168 267.8 155 —— —
1970 259.2 126 258.7 140 —— —
1971 265.2 139 258.6 135 — ==
1972 268.3 153 259.0 140 251.0 146
1973 269.3 191 262.5 157 269.6 180
1974 63.6 154 66.9 181 56.6 178
1975 63.5 161 49.6 167 65.9 197
1976 67.0 188 58.9 172 48.2 160
1977 81.1 208 67.9 169 54,0 203
1978 82.6 208 71.2 189 54.1 153
1979 58.9 183 66.2 147 51.1 154
1980 80.1 176 62.9 139 57.0 147

lFrom Ficke and others (1977) using updated values of the mass~-transfer
coefficient.
2From Ficke and others (1977).
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SUMMARY AND CONCLUSTONS

The energy-budget method wasg the most accurate method of determining
evaporation used in this study. During the spring and fall, evaporation com-
puted using the energy-budget method may contain more error than during other
seasons. This increase in error is due to rapid changes in water temperature
during warming and cooling of the water mass. Also influencing this error is
the rapid filling and drawdown associated with water-supply reservoirs. These
changes are not fully accounted for in the averaging of advected and stored
energy.

The energy-budget method requires a major data-collection effort and is
an expensive undertaking. By using the energy budget to calibrate the mass-
transfer coefficient, cost-effective determinations of evaporation can be
made wusing the mass-transfer method. Listed below are the values of the
mass-transfer coefficients, #, determined in this report. Also shown are the
values of N determined using Harbeck's relation (equation 13 in this report)
with surface area of the reservoir.

N
Reservoir
Energy budget Harbeck's relation
Ralston————=——v——e-- 0.00653 0.00667
Cheesman——————————— .00810 .00610
Antero .00650 .00590
Williams Fork————-- .00863 .00600

Equipment and data collection required for the mass-transfer evaporation
determinations are much less involved than those needed for the energy-budget
method. During this study, the major problems encountered in using the mass—
transfer method were errors in the hygrothermograph record.

Relations of pan evaporation to lake evaporation were determined for the
periods of record available in this study. The pan coefficients were found
to vary during a season, generally being smaller in the spring and greater in
the fall. The coefficients also varied between seasons, but direct compar-
isons were not made because of differences in season lengths. The pan
coefficient includes all factors affecting the reservoir and pan environment.
Relative changes in the enviromments account for some of the variation. The
variability in coefficient values means that pan data are of limited useful-
ness in estimating reservoir evaporation.
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