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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.

53



] . . 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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