uc-434

Mr. Geraid R, Zimmerman
Executive Director
Upper Colorado River Commission
355 South 400 East

Salt Lake City, Utah 84111

Dear Mr, Zimmerman:

The final report on the methods of computing evaporation from Lake Powell
is enclosed. A draft of this report was sent to you on October 30, 1984,
The results of this report may be used in further studies to improve our
determination of inflow to Lake Powell and bank storage. The results of
these studies may help to further refine the methods of computing evapora-
tion, Also, we hope sometime in the future to develop a procedure to
determine evaporation for use in near real-time operations. This will
probably involve pan evaporation measurements and weather data.

If you have any comments or questions, call Lee Morrison at 524-5573.

Sinceraly yours,

o Hal Nopje
@ Clifford 1. Barrett
Regional Director
Enclosure
¢cc: Regional Director, Boulder City, Nevada
bc: Chief, Division of Planning Technical Services, E&R Center
Attention: D-752
Power Operations Manager, Page, Arizona
bee: (W€ 434, UC-750

LMorrison:ch:9/16/86
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INTRODUCTION

In the early 1950's it was expected that a highly credible determination of
evaporation from reservoirs in the Coloradoe Basin was required because of
the need to divide the water between the Upper and Lower Basins according
to the Colorado River Compact of 1922. The average evaporation from
Colorado River Storage Project Reservoirs' (Lake Powell, Flaming Gorge,
Navajo, Blue Mesa, Morrow Point and Crystal) is estimated at about 600,000
acre-feet per year. About B0 percent of this is evaporated from Lake
Powell, Therefore, a plan was developed to measure and collect data.
Since that time it has been determined that the Upper Basin will probably
not be able to develop the 7,500,000 af per year allotted by the Colorado
River Compact*., Therefore, at the present time, the accuracy of the evap-
oration determination is not so critical. 8ut the determination is still
needed for several purposes including water use and availability studies,
streamflow forecasting, and water budget studies.

This report describes and comparies several methods of determining evapora-
tion from Lake Powell.

METHODS OF DETERMINATION

Although evaporation from a reservoir cannot be measured directly, there
are several ways of determining it indirectly. One way s termed the water
budget method. In this method, the inflow must equal the outflow plus or
minus the change in storage. But this method cannot be applied to Lake
Powell because not all of the inflow can be measured and because the bank
storage cannot be measured.

Evaporation pan measurements can be used. This method is being used as a
check but it has disadvantages in that pans do not account for the change
in energy storage nor for advected energy.

A third way is the energy-budget method. If alil of the energy entering and
feaving the Lake can be measured then the energy required to balance the
energy-budget is that needed for evaporation. This method is used as a
check at Lake Mead for annual values. This method requires data which is
expensive to obtain for periods of time shorter than 1 year. Since surface
area is changing during the year it was desirable to use a method for which
it was practical to obtain data to complete evaporation for periods of time
shorter than a year.

Anaother method is based on Dalton's law which says that the rate of evapor-
ation is a function of the differences in the vapor pressure at the

water surface. This is termed the mass transfer method and the one used in
this study.

*Nothing in this report is intended to interpret the provisions of the
Calorado River Compact {45 Stat. 1057), the Upper Colorado River Basin
Compact (63 Stat. 31), the Water Treaty of 1944 with the United Mexican
States (Treaty Series 994, 59 Stat. 1219), the Decree entered by the
Supreme Court of the United States in Arizona v. California et al. (379
U.S. 340), the Boulder Canyon Project Act (45 Stat. 1057), the Boulder
Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado
River Storage Project Act (70 Stat. 105.; 43 U.S.C. 620), or the Colorado
River Basin Project Act (82 Stat. 885; 43 U.S.C. 1501). Pursuant to the
Colorado River Basin Project Act {Public Law 90-537) of 1968.
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PROCEDURE

In the late 1950's several evaporatian pans were installed near Lake Powell,
Flaming Gorge, and Navajo Reserveirs. Data from pans at the following
locations were collected for the May-October period for 1958 through 1962
and converted into an average annual evaporation rate,

Averagé Annual Gross

Location of Pan Evaparation Rate in Inches
Hite 59,87
Mexican Hat 73.17
Moab 58.52
Page $9.13
Total 260.73
Average 65.18

A pan was established at Green River, Utah, but the data was not used, A
pan was installed at Wahweap in 1962, but the data was not availablie when
the average annual evaporation rate was determined.

A method was established to determine the evapo-transpiration from the pre-
reservoir Lake Powell area and data was collected before the Lake started
to fill. The amount of evaporation caused by Lake Powell was estimated by
multiplying the evaporation rate (65.18 inches) by the lake area and
subtracting the evapo-transpiration from the equivalent pre-reservoir area.
This evaporation has been used to the present time {Table 8). The method
and the computations for determining the evaporation from the equivalent
pre-reservoir is in the files of the Water QOperations Branch of the uUpper
Colorado Region.

Studies of several methods of determining evaporation had been made at Lake
Hefner in Oklahoma and Lake Mead. It was decided that collecting data for
the energy-budget method would be very expensive for periods of time less
than 1 year. Since it was desirable to determine evaporation for shorter
periods of time, it was decided not to use the energy-budget method. It
was also desirable to make a determinatiogn independent of the pan method.
Therefore, the mass-transfer method was selected.

Three rafts were constructed, instrumented, and placed at Wahweap Bay,
Padre Bay, (also called Crossing-of-the-Fathers), and Bullfrog Bay as shown
in Figure 1. The data was processed in the early 1970's but there was some
concern as to the coefficient to use in the equation. At that time scien-
tists from several universities were investigating several aspects of Lake
Powell. The studies, sponsored by the National Science Foundation, were
named the Lake Powell Research Project. A cooperative agreement was made
to make an evaporation study as part of their water budget analysis. The
Bureau furnished instruments and another raft which was installed at Hite.
The Bureau participated in this to obtain data to calibrate a mass-transfer
coefficient for the data we had collected. New cassette recorders and
sensors were installed on the rafts along with the old equipment which was
still being used. Data was collected for about 2 years and analyzed by the
energy-budget and mass-transfer methods and compared with pan measurements,
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MASS TRANSFER METHOD

The following is a brief description of the mass-transfer method. A simple
example of the same type as the Lake Hefner quasi-empirical eguation is

E=Nu(ey-€,), (1)

in which E=evaporation, in inches per day;
N=a coefficient of proportionality, hereafter called the mass-
transfer coefficient;
u=wind speed, in miles per hour, at some height above the water
surface; a numerical subscript, if used, indicates the height in
meters;
eg=saturation vapor pressure in miliibars, carresponding to the
temperature of the water surface;
€a=vapor pressure of the air, in millibars; a numerical subscript,
if used, indicates the height in meters.

Nearly all the mass-transfer equations to be found in the literature have
one thing in common: evaporation is considered to be proportiona) to the
product of the wind speed, u, and the vapor-pressure difference, ep-e,.
In a few equations, the wind speed, u, has an exponent, usually less than
unity.

The mass-transfer coefficient, N, represents a combination of many
variabies in the published mass-transfer equations. Among these are the
manner of the variation of wind with height, the size of the lake, the
roughness of the water surface, atmospheric stability, barometric pressure,
and density and kinematic viscosity of the air.

The following mass-transfer equation was developed for Lake Mead and used
to make monthly determinations of evaporation rates. These determinations
have been checked on an annual basis by the energy-budget and pan-
evaporation methods.
E = 2.65 x 10-3 Up (eq-ep) (2)
E = evaporation in inches per day.

Ug= is wind speed in knots.

ep= 1s saturation vapor pressure at the temperature of the water
surface.

eo= is the vapor pressure of the air computed in millibars at 2
meters above the water surface. '
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FIGURE 2
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1. Air Temperature
2. Water Temperature
3. Relative Humidity
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LAKE POWELL MEASUREMENTS

The following data was collected from each of the three rafts; water sur-
face temperature, air temperature, and relative humidity. The wind was
measured by an anemometer placed two meters above the water surface. The
anemometers were read once each week. At each of the three rafts, water
surface temperature, air temperature, and relative humidity were recorded
on 7 day circular charts as shown in Figure 2. Wind was measured and
recorded by anemometers placed 2 meters above the water surface which were
read once each week, The data was manually read and recorded on the form
shown in Figure 3.

ABJUSTMENTS TO DATA

The wind run was required on a daily basis but the raft anemometers were
only read weekly on the rafts. Therefore, the daily wind run from anomeme-
ters at the Wahweap Marina and Page were used to pro rate the weekly raft
wind run readings for each day.

Some of the data was not recorded or was obviously wrong. Therefore,
methods were developed to estimate missing data either by interpolation,
observing trends before and after the missing data, or by correlation with
data from other rafts. Wind has a Targe effect on evaporation and is
highly variable. Therefore, a procedure was developed to estimate missing
wind data using a hierarchy of options starting with the most preferred
method. This procedure is explained in the files of the Water Operations
Branch. Other details and computer printouts are also available in these
files.

CALIBRATION OF COEFFICIENT

The evaporation rate as determined by the Lake Powell Research Project
(LPRP) was used to calibrate a mass-transfer coefficient. For those days
in 1974 when there was concurrent data as collected by the LPRP instruments
and Bureau instruments a regression analysis was made for each of the three
data stations. Thus there were 295 data sets at Wahweap Bay, 143 data sets
at Bullfrog Bay and 133 data sets at Padre Bay. The regression coef-
ficients were; .53 at Wahweap; .72 at Padre Bay, and .55 at Bullfrog Bay.
These coefficients are not very high mainly because of the determined
distribution of wind data. I[f the regression analysis were done for weekly
or longer periods, the regression coefficients would be much higher. A
comparison of monthly rates is shown in Table 1. From the regression ana-
lysis a mass transfer coefficient of 3.27 was determined and used in
equation (3).
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FIG
: COMPUTATION OF EVAPORATION
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COMPUTATIONS

Equation (3) was used to compute a daily evaporation rate. It was devel-
oped from equation (2) which was deveioped specifically for Lake Mead.

E = 3.27x10-3u(ey-0.005(Hpax*+Hmin)€as) (3)
Where ‘

E = evaporation in inches per day

u = average wind speed in miles per hour

ep = saturation vapor pressure at water surface temperature in
miilibars

Hmax = maximum relative humidity as percentage
Hmin = minimum relative humidity as a percentage

€as = saturation vapor pressure in millibars at average daily air
temperature.

The vapor pressure of the air is approximated by multiplying the average
daily humidity by the saturation vapor pressure at the average daily air
temperature. Thus the .005 in the equation is from dividing by 100 to con-
vert from percentage and dividing by 2 to get an average. The computations
were done by a computer program termed EVAP. The daily evaporation rates
were totaled for each month. They are shown in Table 2.

COMPARISON OF EVAPORATION RATES

Table 3 is pan evaporation as measured at Wahweap. Table 4 is the Lake
Powell evaporation rate in inches from the adjusted cliass A pan at Wahweap
Arizona. This adjustment is described in Lake Powell Research Bulletin
Number 48. The average annuail evaporation rate for the evaporation pan
method was 69.44 inches for the 1962-1975 period while the rate for the
mass-transfer method was 68.32 inches for the same period.

GROSS EVAPORATION

The gross evaporation is computed by multiplying the lake surface area by
the evaporation rate in Table 2. This is shown in Table 5 and column (1)
of Table 8.

NET EVAPORATION

Net evaporation which is the amount of increased evaporation caused by the
reservoir is needed for some purposes. It is needed to establish water
supply data that is homogeneous for the period before and after Lake Powell
started to fill. It is also needed to determine depletion.

Net evaporation is determined by subtracting from the gross evaporation the
evapotranspiration that would have occured from the reservoir basin if the
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reservoir did not exist. For this study the evapotranspiration that must
be subtracted was determined in four parts.

EVAPORATION FROM THE
PRE-RESERVOIR WATER SURFACE

The first part was the evaporation from the pre-reservoir river water sur-
face. It is computed by multiplying the area of the river by the gross
gvaporation rate. The river water surface area was determined using the
following criteria.

(1) The aerial photographs from which the Lake Powell topography came
were flown in September and QOctober of 1958 and 1959 when the river was at
a very low stage.

(2) The average flow of the river over the period of record was about
18,000 c.f.s. at Lees Ferry.

(3) Tail water curves taken in the vicinity of Glen Canyon Dam indicate
a rise of only about 5 feet for an increase in flow of 15,000 c.f.s.

{4) Since the water line shown on the topography represents a flow of
about 6,000 c.f.s., it was assumed that the contour ciosest to this water
line would represent average flow conditions,

(5) Where a contour crossed the river on a given topography sheet, a
line representing the average flow line was drawn in and the area planime-
tered accordingliy.

{6) Sandbars that did not show vegetation were assumed to be included in
the water surface area at 18,000 c.f.s. average flow.

The river-elevation relationship is shown in Figure 4. The gross evapora-
tion rate from Table 4 was used. The resulting river evaporation is shown
in Table 8 Column 2.

STREAMSIDE EVAPOTRANSPIRATION

The second part was the evapotranspiration that would have occurred from
the vegetation, which is mostly phreatophyte, and evaporation from the
wetted soil on the streambank if the reservoir did not exist. It was com-
puted by multiplying the evapotranspiration rate by the streamside area.
The evapotranspiration rate was computed by the Blaney - Criddle method 7/
as shown in Table 7 and described below. The streamside areas were deter-
mined under a contract between the University of Utah and the Bureau of
Reciamation in the late 1950's before Lake Powell started to fill 9/. The
vegetation density was measured along transects, These were used as an
index to make ocuiar estimates of the remaining areas. The areas were
measured by planimeter from maps which were prepared from overlay maps and
tabular data from the field. The area-elevation relationship is shown in
Figure 5. The main source of water for this part is from percolation with
a small contribution from precipitation. The streamside evapotranspiration
is shown in Table 8 Column 3.

14
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TERRACE EVAPOTRANSPIRATION

The third part is the evapotranspiration from the terrace areas under pre-
reservoir conditions. It was computed by multiplying the evapotranspira-
tion rate by the terrace area. The evapotranspiration rate was determined
by the Blaney-Criddle method 7/ described below. The areas were deter-
mined by the same survey referred to above. This water reaches the root
zone mostly by capillary action with some by precipitation. The terrace
area-elevation curve is shown in Figure 6. The resulting evapotranspira-
tion is shown in Table 8 Column 4.

BLANEY-CRIDDLE METHQD

The Blaney-Criddle method of computing evapotranspiration {(consumptive-use)
was chosen because of the minimal data requirements and accuracy acceptable
for this purpose. The basic equation is:

u=fk
Where u is the evapotranspiration rate in inches. X is an emperical coef-
fecient dependent on the type of vegetation. Consumptive use coefficients
have been determined mostly faor irrigated crops so there has been little
investigation of native vegetation.

From values given for k by Blaney 10/ for native vegetation for several
densities of vegetation 1.1 was selected for the streamside area and 0.9
was used for the terrace area. The variable f is calculated as (t)(p)/100.
wWhere t is the mean monthly air temperature in degrees farenheit and p is
the monthly percent of annual daylight hours and is dependent upon the
latitude. 39° north latitude was used. Therefore u=(t)x{p)x(k)/100.

Table & shows the computation of (p)x(k)/100 for the streamside area and
the terrace area. This was multipiied by the average temperature for the
month to obtain the evapotranspiration rates.

EVAPOTRANSPIRATION OF REMAINING AREAS

The fourth part is the evapotranspiration from the remaining area of the
reservair under pre-reservoir condition.

Most of the precipitation falling on the area of Lake Powell would not have
produced runoff because it would have evaporated from the vegetation and
soil or it would have transpired from the vegetation. In consumptive use
studies this is termed effective precipitation. It does not include preci-
pitation that causes runoff. The method of determining the effective pre-
cipitation used is described in a report by R. A. Schileusener 8/. The
precipitation was computed from seven stations: Page, Wahweap, Bullfrog,
Canyonlands, Hite, Mexican Hut, and Natural bridges. Since each of these
stations were located above the maximum elevation of Lake Powell, and since
precipitation increases with elevation, it was necessary to reduce the pre-
cipitation to an equivalent for Lake Powell at a representative elevation
of 3,600 feet. This was done by plotting the average annual precipitation
for 1963 through 1980 against the eievation for the seven stations and
drawing a curve throught the points. The resulting average annual precipi-
tation from this curve is 6.33 inches. The ratio of 6.33 to the average
annual precipitation at each station was multiplied by the monthly precipi-

18



TABLE 6
BLANEY-CRIDDLE
COMPUTATION OF p x k

00
Streamside Terrace

% K %ﬁ%‘i K 10x :
January 6.92 1.1 0761 0.9 .0623
February 6.87 1.1 .0756 0.9 .0618
March 8.34 1.1 .0917 0.9 075
Aprii B.87 1.1 .0975 0.9 0798
May 9.85 1.1 .1083 0.9 0886
June 9.89 1.1 .1088 0.9 .089
July 10.05 1.1 .1105 0.9 .0804
August 9.44 1.1 1034 0.9 085
September 8,37 1.1 L0921 0.9 L0829
October  7.83 1.1 .086) 0.9 .0775
November 6.88 1.1 L0757 0.9 0681
December 6.69 1.] .0736 0.9 .0621
Total 100.00
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tation to reduce it to the equivalent precipitation at 3,600 feet. The
equivalent precipitation for all stations was then totated and divided by
the number of stations on a monthly basis.

Table 6 was adapted from the report by R. A. Schleusener 8/.

TABLE 7
Effective Precipitation in Inches

Month Jan Feb Mar April May June July Aug Sept 0Oct Nov Dec
6 .6 .8 .8 .8 .8 1.0 1.0 1.0 .8 .8 .8

The precipitation up to the 1imit shown in Table 7 was multiplied by the
remaining area. This is shown as column 5 in Table 8. The remaining area
is the total area of the reservoir for the month minus the total of the
water surface area, the streamside area, and the terrace area. From these
computations it was determined that about 95 percent of the precipitation
on the reservoir area wouid have evaporated and transpired.

RESULTS

Table 8 shows the computed monthly evaporation for each of the four parts
and the resulting net evaporation for the period January 1965 through May
1979.

Table 9 shows the net annual evaporation, as described under PROCEDURE,
which has previously been used on a preliminary basis, compared to the
net annual evaporation computed from this study (Table 8). The net eva-
poration is less under this study when the reservoir is low but greater
when the reservoir is high. The average evaporation under this study is 5
percent higher than the preliminary figures. This is mostly due to the 3
percent higher gross evaporation rate of 68.3 inches per year compared to
66.2 inches from the former estimates.

RECOMMENDATIONS

It is recommended that the results of this study be used to make a water
budget analysis for Lake Pawell. This will improve the estimate of the
amount of water stored in the banks. [t might also help to determine the
amount of bank storage that is recoverable.

It is also recommeneded that the results of this study be used to determine
a simpler method of estimating evaporation. A method that could be used in
operations would be beneficial. One method that should be considered is to
use pan evaporation at Wahweap.

20
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TABLE 9
LAKE POWELL NET EVAPORATION
1,000 ACRE-FEET

Preliminary* Net Evaporation
Calendar Year Net Evaporation This Study
1965 200 162
1966 236 219
1967 215 158
15968 237 222
1969 300 261
1970 348 430
1971 398 484
1972 392 431
1973 441 546
1974 512 518
1975 523 556
1876 544 514
1977 486 237
1978 464 541
Total 5,296 5,579
Average 378 398
* 'Computed from pan evaporation rate as described under PROCEDURE.
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