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Mr. Gerald R. Zimmerman.

. Executive Director.

Upper Colorado River Commission
355 South 400 East: .
Salt Lake Clty, Utah 84111

JDear Mr..Zlmmerman.~

"The final report on the methods of computIng evaporat1on 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

itermine evaporation for use in near real-time operations. This w111
probably involve pan evaporatlon measurements and weather data.

If you~have any’ comments.or questions, cal].Lee Morrison at 524-5573.

] Sineerely yours,

" Harl' NO\bI _
Clifford I. Barrett
Regional Dlrector.

cc: 'Reglonal Dlrector, Bou]der City, Nevada

bc: Chief, D1v1510n of Plann1ng Technical Serv1ces, E&R Center
* ' Attention: D-752. :
" Power Operatlons Manager Page, Arlzona

bec: (e a3a, Uc-750
LMorrlson:ch:9/16/8§
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.- INTRODUCTION

" In the ear]y 1950'5 it was expected that a h1gh]y cred1b]e determ1natlon of
-evaporation from reservoirs in the Colorado 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 Crysta]) is est1mated at about 600,000

acre-feet per year. About 80 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 probabiy
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. But the determination is still
needed for several purposes including water use and availabtllty stud1es

~streamflow forecasttng, and water budget studies,

This report describes and comparIes severa] methods of determ1n1ng evapora-

‘tion from Lake Powell.

METHODS OF DETERMINATION

'A]though evaporat1on from a reservoir cannot be measured dlrectly, there
are several ways of determining it indirectly. One way is termed -the water

budget method. In this method, the inflow must equal the outflow plus or
winus the change in storage. But this method cannot be applied to Lake -
2owell because not all of the inflow can be measured and because the bank
storage cannot ‘be measured.

Evaporatlon pan measurements can be used This method is be1ng used as -a
check but ‘it has disadvantages-in that pans do not account for the change
ln energy storage nor for advected energy. .

‘A third way is the energy—budget method. If a]] of the energy enter1ng and

leaving 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
. expen51ve to obtain for periods-of time shorter than 1 year. Since surface

area is changing during the year it was desirable to use a methoed for which

it was practical to obtain data to comp]ete evaporatxon for perlods of time -

" shorter than a year.

Another method is based on Da]ton S law which says that the rate of evapor-

ation is a funct10n of the differences in the vapor pressure at the
water surface. ' This is termed the mass transfer method and the one used in
thls study. .

*Nothing in this report is 1ntended to 1nterpret the provisions of the

-Colorado 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

Supréme Court of the- United States in Arizona v. California et al. (379
4.S. 340), the Boulder Canyon Project  Act (45 Stat. 1057), the Boulder

Canyon Progect 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 Rlver Bas1n Proaect Act (Pub]lc Law’ 90 537) of 1968.

. f\.'
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PROCEDURE

# In the late 1950'5 severa] evaporatlon pans were 1nsta1]ed near Lake PoweI]
i - Flaming Gorge, and Navajo Reservoirs. -Data from pans at the following -

- Tocations: were collected for the May-October period for 1958 through ]962 |
and converted into an average annual evaporat1on rate. .

Average Annual Gross -

“Location of Pan’ _ _Evaporation Rate in Inches
Hite AR 7 s9.87 | '
. Mexican Hat - D _ - a7
‘Moab - E R 58.52
Page’ . : . R - 69.13
Total - . . 20.713
Average B _ .. 65.18

_{A pan was establlshed at Green Rlver Utah but the data was not used. A
~ pan was installed at Wahweap in 1962, but the data was not available when
the average annual evaporatlon rate was determlned

A method was. estab]1shed to determ1ne the evapo transparat1on 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
mu]t1p]y1ng the evaporation rate (65.18 inches) by the lake area and
;ubtracting the evapo-transpiration from the equivalent pre-reservoir area.. -
This evaporation has been used to the present time (Table 8). The method
and the computat10ns for determining the evaporation from the equivalent
. pre-reservoir i§ in the files of the Water Operatlons Branch of the Upper
;~<Colorado Region. - _

" Studies of several methods of determ1n1ng evaporatlon 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 t1me, it was decided not to use the energy-budget method. It
was also desirable to make a determination independent of the pan method
jTherefore, the mass- transfer méthod was se]ected

. Three rafts were constructed, Instrumented and placed at Nahweap Bay,
Padre Bay, (also called Cross1ng-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.

- OSE-0583



-.Padre Bay

‘Wahweap” |/
Bay

L0 5 1015 20

Miles
&“ﬂ
20 .Kilom eters

o Figﬁre i: Locations of Data -Collection, System'Rafts for Evapo-"’
. -ration Study of Lake Powell o :
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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 Hefnerlquasi-empirica]quuation'isv-

.'A £=Nu(e°;ea), N S - (1)

" in which E=evaporation, in inches per day; . =

N=a coefficient of proportionality, hereafter -called the mass-
.. transfer coefficient; . o '
u=wind speed, in miles per hour, at some height above the water
'surface; "a numerical subscript, if used, indicatesthe height in
_ meters; . S - - s
eg=saturation Vapor~pressure'in-millibars,_corresponding to the

. temperature of -the water surface; _ . o
.. .Ba=vapor pressure of ‘the air, in millibars; a numerical subscript,
' if 'used, indicates the height in meters. SR .

© Nearly all the mass-transfer. equations to be found in the}literature have
one thing in common: evaporation is considered to be proportional to the
- product of the wind speed, u, and the vapor-pressure difference, €o-€;.

In a few equations, the_wind_spged, u, has an exponent, usually less than

~unity.-

Theé mass-transfer coefficient, N, represents a combination of many
- variables 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. ; 1 :

'_The-following mass-transfer equation was deVeTphed'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. R T ' .

.- TE = 2,65 x 10?3_Uzi(eo-e2) S | .(2) -
E = evaﬁpratioh in incheS ber day; ' | | |
U= is-wind speed in knots.

eg= is-saturatiqn'vapor‘pressure at the temperature of the water
- surface. e ' ' : ' " .

e="is the vapor pressure of the air computed ‘in millibars at 2
- .meters above the water surface. - = . - -
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LAKE POMELL. MEASUREMENTS

fhe 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 S
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. : a S D - Sheli

ADJUSTMENTS -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. ' - : P .
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.large 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
" Rranch. Other details and computer printouts are also available in these -
iles. - T o . R o

CALIBRATION OF COEFFICIENT . S

~-.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: o
distribution of wind data. If 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). S BRI : = ~

-OSE-0587
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JOMPUTATION OF EVAPORATION e R
AT LAKE POWELL -~ - " \WATER AND POWER RE

' = TRANSFER METHOD o . - - .- . DIVISION OF WATER AND -
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| FIGURE 3

' EVAPORATION . . |

L . ' o .- _ o . WATER AND '  POWER RESQURCES SERVICE
e ) o DIVISION OF WATER AND LAND OPERATIONS
. R _ : : RESERVOIR REGULATION BRANCH

RS o BULLFROG BASIN PAGE |WAHWEAP
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COMPUTATIONS 4

Equat1on (3) was. used to compute a daily evaporation rate. It'was'deue]-

~ oped from equation (2) which was developed spec1f1ca]]y for Lake Mead.

E = 3.27x10‘3u(e0-0.005(Hmax+Hm,n)eas) K | ; (3) -
4 whe“re' . ‘ . -
| | ‘E = evaporatjon'in'inches"per day . O L A:; ]
u = average wind-speed'in'miies per hour ,;A" |

€ = saturatlon vapor pressure at water surface temperature in

m1]11bars
Hmax = maximum relative humidity as percentage'_
Hmin = minimum re]ative humidity as a percentage

8ag = saturatjon vapor, pressure 1n millibars at average da1]y alr
temperature.

* The vapor pressure of - the air is appr0x1mated by mu]t1p]y1ng the average

daily hum1d1ty by the saturation vapor pressure at the average daily air
“emperature. - Thus-the .005 in the equation is from ~dividing by 100 to con-

«ert from percentage and dividing by 2 to get an average. The computat1ons,

were done by a computer program termed EVAP. The daily evaporat1on rates
were totaled for each month. They are shown in Tab]e 2.

COMPARISON OF. EVAPORATION RATES N

| Tab]e 3 is pan evaporatlon as measured at wahweap. Table 4 is the Lake'“
. Powell évaporation rate in inches from the adjusted class A pan :at Wahweap

Arizona. This adjustment is described in Lake Powell Research Bulletin

- Number 48. The average annisal 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 perlod

GROSS EVAPORATION

The gross evaporat1on is. computed by mult1p1y1ng the lake surface area by
the evaporation rate in Table 2 This 1s shown in Tab]e 5. and co]umn (1)

of Table 8..

NET 'EVAP’_ORAT.I»ON

: NetieVapdration,which is'theoamount;ot‘increased evaporationfcaused by theA
‘reservoir is needed for some purposes. It is needed to establish water -
supply data that is homogeneous for the period before and after Lake Powel] :

started to. f111 It is a]so needed to determ1ne dep]et1on.

det” evaporatlon is determ1ned by subtracting from the gross evaporatlon the

evapotranspiration that would have occured from the reservoir basin if the -

- OSE-0591
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reseérvoir did not exist.~ For thTS study the evapotransp1rat10n ‘that must .
‘be’ subtracted was determ1ned in four parts. : A .

~ EVAPORATION FROM THE
PRE-RESERVOIR WATER SURFACE

The first part was the evaporatlon from the pre—reserv01r river water: sur-
-face. It is computed by multiplying the area of the river by the gross .

. evaporation rate. The river water surface area was determ1ned us1ng the
'fo]]ow1ng cr1ter1a. : . :

(1) The aer1aT photographs from wh1ch the Lake PoweTT topography came

were flown in September and October of 1958 and 1959 when the river was at

a very low stage.
- (2) The average flow of the river over the per1od of record was about
;18 000 c.f.s. at Lees Ferry.

(3) Tail water curves taken in the v1c1n1ty of Glen Canyon Dam 1nd1cate '

a-rise of only about 5 feet for-an increase in flow of 15,000 c.f.s.

(4) Since the water llne shown on the topography represents a flow of
about 6,000 c.f.s., it was assumed that the ‘contour cTosest to th1s water’
line wou]d represent average flow conditions. -

(5) Where a contour crossed the river-on a glven topography sheet, .a
line representing the average flow line was drawn.in and the area plan1me-
tered accordingly.

(6) Sandbars that did not show vegetatlon were assumed to- be 1nc]uded in

~ the water surface area at 18, 000 c.f.s. average flow.'

The river- elevat1on relat10nsh1p is shown in F1gure 4.. The gross evapora---'

tion rate from Table 4 was used The resu]tIng river evaporatIOn is shown
in Table 8 Column 2. . _

STREAMSIDE EVAPOTRANSPIRATION '
- The second part was the evapotransp1rat1on that wou]d 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 evapotransplratlon rate was computed by the Blaney - Criddle method 1/

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

© Reclamation 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 ocular estimates of the remaining areas. - The areas were.
measured by planimeter from maps which were prepared from over]ay maps and
tabular- data from the field. The area-elevation relationship is shown in
Flgure 5. The main source of water for this part is from percolation with

d small contribution from prec1p1tat10n. The streamside evapotranSplratlon'

is shown in Table 8 CoTumn 3..

OSE-0597
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TERRACE EVAPOTRANSPIRATION

‘The third part is the évapotranspiration from the terrace areas unﬂer'pré-

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 METHOD

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: e '
Where u is the evapotranspiration rate -in inches. k is an emperical coef-
fecient dependent on the type of vegetation. Consumptive use coefficients
have been. determined mostly for irrigated crops so there has been little
investigation of native vegetation. - , o : ' '

“From values given for k by Blaney¢101 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.
Where t is the mean monthly air temperature in degrees farenheit and p is
‘he monthly percent of annual daylight hours and is dependent upon the :
{atitude. = 39° north latitude was used. Therefore u=(t)x(p)x(k)/100. .

' Table 6 shows the computation of (p)x(k)7100- for the streamside area and .

the terrace area. This was multiplied by the average temperature for the

-month to obtain the €évapotranspiration rates. -

EVAPOTRANSPIRATION OF REMAINING AREAS

The fourth part. is the evapotranspiration from the remaining area Qf:the

. reservoir under . pre-reservoir .condition.

Most of the brecjpftatfon”falling on the area of Lake Powell would;ﬁotiﬁave'

produced runoff because ‘it would havé 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. Schleusener 8/. The:
precipitation was computed from seven stations: Page, Wahweap, Bullfrag,
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 elevation 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 .
nnual precipitation at each station was multiplied by the monthly precipi-

- OSE-0601
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TABLE 6 =

. BLANEY-CRIDDLE
: COMPUTATIONioF p x k

100

- Streamside

- Terrace

.K.- )

E X k
100

K-

pxk .

~ January

Fébruafy _

" March
 April.

" June

‘August

"September
~ October
' November -

December

I

- 6.92

e
8;34

- 8.87
9.85

- 9.89

005

. 9.44

831
7.83. -
6.88

.".Total ' “.‘100;062.1

1.1

1.1

Bl

1.1
1.1

1

1.1

RN

1

1.1
RRN

1.

.0761
0756
0017
-:0975

.1083

.1088

A5

;i034
og21

.0861
0757

0736

0.9

0.9

0.9
0.9
0.9
0.9

0.9

0.9 -
0.9-
0.9
0.9
0.9

e
0623
- 0618

075

- .0798

.0886

. .089

.0904

~.085

0775

..0681

0621

.0829

- OSE-0602
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. 66.2 inches from the former:estimates.

tation to reduce it to the equivalent precipitation at 3,600 feet. The
equivalent precipitation for all stations was then- totaled and‘divided'by
the number of stations on a monthly basis. = . S

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

. TABLE 7
Effective Precipitation in Inches

. Month Jan Feb Mar Apri]'AMay' June July Aug Sept OCt Nov Dec
EEERTY T ) .‘.8 .8 .8 .8 1.0 '1.0 1.0 .8 .8 ..8

.- The precipitation up to the Tlimit 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 would have evaporated and transpired. - S

RESULTS

Tab]e'8:shows'the'computed month]y évéporétion foriéach of the four parts o
and the resulting net evaporation for the period January 1965 through May
1979. . o : . : R

‘Table 9 shows the net-annual evaporation, -as described under PROCEDURE, =
which has previously been used on a preliminary basis, compared to the
‘et 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

 RECOMMENDATIONS

. It is recommended that the results of this study be used to make a water
budget analysis for Lake Powell. - This will improve the estimate of the-
~amount of water stored in the banks:. ‘It might also help to determine the
amount of bank storage that is recoverable. - - R ;

‘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. ' - ST S

- OSE-0803
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P A CBLEY
S © LAKE POWELL NET EVAPORATION
-1,000 ‘ACRE-FEET

- - : Pre]lmrnary* - . Net EVaporatiod
Calendar. Year- . - . Net Evaporation ~ .. _This Study -

1965 . R E .. 200 S -162 -
1966 S 236 - S e
o s . 158
. 108 - R A e
| 1% . ;0 C 26l
1970 L s 430
1971 = - . 1398 - o am 4
1972 392 I 31
Sl73 g S | 546
) 1974 "'j o si2. o g8
1975 S : '-523 o - 556
1976 S saq. . . 514
1977 R B 537
| 1978 L S 464 S ",: . sa1-
CTotal 556 59
)  Av§rage. V-:.'-F. S 378  '. : . -4398 .

.*<Compdtéd'ffom pén'eVapofation,rate éSﬂdéscribed under PROCEDURE.
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