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ABSTRACT

Development of improved methods for estimating annual lake evaporation from pan 
observations and related meteorological data lias been the primary objective of Weather 
Bureau evaporation studies. The authors show that use of the customary 0.7 coefficient 
for converting Class A pan evaporation to lake evaporation can lead to appreciable error 
unless the effects of advected energy into the lake and heat transfer through the pan are 
taken into consideration. Techniques are derived to adjust for these effects, and computa­
tions of evaporation are made for six reservoirs where estimates from water budget 
computations are also available.

Another objective of the Weather Bureau evaporation studies has been the development 
of a universally applicable relation for computing pan evaporation from meteorological data. 
A relation of this type has considerable application for estimating the winter season evapora­
tion records, which are generally missing in most parts of the United States, and to compute 
pan evaporation at first-order Weather Bureau stations for strengthening the areal coverage 
of the network of Class A evaporation pans. Computations are made from the pan evapora­
tion relation for 21 Class A stations well distributed over the United States and one Alaskan 
station. The results indicate that the relation is universally applicable.

INTRODUCTION

During the period April 1950 through August 
1951 a comprehensive interagency1 evaporation 
experiment was conducted at Lake Hefner, Okla. 
Major and immediate results of this study 
[17]2 were released in 1952, and summarized 
tabulations of the observations [18] were subse­
quently published in 1954. The data collected 
at Lake Hefner will undoubtedly form the basis 
of many analyses, developments, and conclusions 
for years to come, and the work reported herein 
is, in many respects, a continuation of that de­
scribed in one section of the Lake Hefner Re­
port [17].

Continuing evaporation studies conducted by 
the Weather Bureau have been aimed primarily 
toward the development of improved methods for 
estimating annual lake evaporation from pan ob­

servations and related meteorological data nor­
mally collected in its established observational 
programs. Since the network of pan stations is 
quite sparse and the records are notably incom­
plete—usually seasonal in nature—the develop­
ment of a universally applicable procedure for 
extrapolating and interpolating pan evaporation 
has also been a major objective. This paper pre­
sents the results of these studies, including ex­
amples of suggested methods of computing reser­
voir evaporation, given selected combinations of 
basic data.

Much of the material presented can be consid­
ered as only preliminary—the basic approach to 
the problem is believed sound, but some of the 
empirical aspects are based on rather meager 
data. It is hoped the observations from current 
and planned projects will provide a basis for re­
liable confirmation or modification. In the mean­
time, there appears little doubt that one can im­
prove upon the “0.7 pan coefficient” where the 
required data are available.

i Collaborating agencies were: U. S. Department of the Navy, Bureau of 
Ships and Navy Electronics Laboratory; U. S. Department of the Interior, 
Bureau of Reclamation and Geological Survey; U. S. Department of Com­
merce, Weather Bureau.
^Numbers in brackets designate references listed on p. 20.
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PAN EVAPORATION AND METEOROLOGICAL FACTORS

LAKE HEFNER PAN RELATIONS

It was shown in the Lake Hefner Report [17] 
that the daily evaporation (inches) from the 
Class A pan can be reliably estimated from the 
equation

(1) E„—(eo—ea) (0.42 + 0.0040^)

where e0 and ea are vapor pressures (inches of 
mercury) of the water surface and over-lying air, 
respectively and uv is the wind movement (stand­
ard pan installation) in miles per day.3 When 
the water temperature is observed, pan evapora­
tion is measured as well, so this equation is of 
little practical value. Penman [10] has shown 
that the need for water temperature observations 
can be eliminated, however, through simultane­
ous solution of an. aerodynamic equation, such 
as equation (1), and one expressing an energy 
balance. Assuming the change in heat storage of 
the water body and the heat conducted through 
the walls of the container to be negligible, Penman 
derived the equation

(2) (QnA-p yEa)

■where A is the slope of the saturation vapor-pres­
sure vs temperature curve (deJdT) at the air tem­
perature Ta; Ea is the evaporation given by the 
aerodynamic equation, assuming water tempera­
ture (To) equal to air temperature; Qn is the net 
radiant energy expressed in the same units as 
those of E) and y is defined by the equation

in which R is Bowen’s [1] dimensionless ratio. If 
evaporation and convective transfer of sensible 
heat are restricted to equivalent, identical sur­
faces, Bowen has derived a value for y of 0.000339 
P, where P is the atmospheric pressure in inches 
of mercury, and y has the units of inches of mer­

cury per degree F. Using mass-transfer concepts, 
D. W. Pritchard (unpublished notes) derived 
Bowen’s ratio for both a smooth and a rough4 sur­
face, the corresponding values of y being 0.000317 P 
and 0.000367 P, respectively. For a wet-bulb 
temperature of 32° F., the standard psychometric 
equation gives a 7 of 0.000367 P. This value 
changes slightly with the wet-bulb temperature, 
becoming 0.000378 P when the wet-bulb tempera­
ture is increased to 80° F. In view of these find­
ings, it was decided to use 7=0.000367 P for the 
studies reported herein.

Equation (2) is not strictly applicable to the 
Class A pan, but assuming the form to be adapt­
able, the relation shown in figure 1 (also presented 
as figure 96 in the Lake Hefner Report) was de­
rived by the graphical, coaxial technique [8]. 
Since evaportaion occurs only from the water sur­
face, while convective transfer of sensible heat 
takes place at the sides and bottom of the Class A 
pan as well, 7 for the pan (yv) was found to exceed 
the theoretical value, being 0.025 (0.000871 P) at 
the elevation of Lake Hefner.

APPLICABILITY
OF LAKE HEFNER PAN RELATION

As contemplated in Volume 1 of the Lake Hef­
ner Report, the relation of figure 1 was subse­
quently tested on the records for seven stations 
and the results of the tests are shown in table 1. 
The data for all stations except Boulder City and 
Grand Junction were punched on cards; classified 
by air temperature, dewpoint, wind, and radiation; 
and class averages were used in the analysis in the 
interest of conserving time. Such grouped data 
do not lend themselves to the computation of cor­
relation coefficients and standard errors, but 
examination of the computed and observed evap­
oration did show a high degree of correlation to 
exist.

1 List of symbols appears on p. iv.
4 According to the mass-transfer studies in the Lake Hefner "Report, the lako 

surface was aerodynamically rough at all times.
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Table 1.— Verification of Lake Hefner Class A pan relation
{fig- 1) '

Total evaporation (in.)
Days of 8tation Bias
record (percent.)

Observed Computed

Austin, Tex...... .................... 1,021 264.30 287.18 +8.7Boulder City, Nev.1_______ 537 185.82 196.40 +5.7
039 124.18 127. 03 +2.3

Grand Junction, Colo_____ 100 36.53 36.94 +1.1Lake Hefner, Okla________ 246 73.01 73.38 +0.5
New York City, N. Y_____ 572 104.91 104.28 +0.6

586 166.48 162. 48 -2.4
Vicksburg, Miss................... 1,393 219.12 237.12 +8.2

1 Radiation data used were obtained in connection with the interagency 
water-loss investigations conducted at Lake Mead (see section headed 
“Future Studies’').

Detailed study of the test data indicated that, 
the overall accuracy of the relation could probably 
be improved without materially affecting the 
degree of correlation for the Lake Hefner pan data. 
The residual errors were quite highly correlated 
with vapor-pressure difference, and it appeared at 
first that y„ should be made a function of wind 
movement. It later developed that the apparent 
variation of yP was the result of the bias in Ea. 
Accordingly, the pan relation finally derived con­
siders 7P to be independent of wind.

REVISION OF PAN RELATION

As stated previously, residual errors in daily 
evaporation as computed from figure 1 were found 
to be correlated with vapor-pressure difference 
(,es—ea). Since the vapor-pressure bias was also 
present in the basic water-temperature relation­
ship, equation (1), it seemed logical that the 
required revision be made in this relation, thus 
providing unbiased values of Ea. This was done 
graphically by plotting (e0— ea) vs Ep, labeling the 
points with up, and fitting a smooth family of 
curves of the form

(4) EP=(e0— ea)n(a+bup)

The values of the constants so derived were: 
a=0.37, 6=0.0041, and n=0.88. Thus,

(5) Ea= (e,—e0)° -88 (0.3 7+0.0041 Up)

Although the derived constants a, 6, and n of 
equation (4) are based on data from Vicksburg, 
Miss., Silver Hill, Md., Boulder City, Nev., and 
Lake Hefner, Okla., the correlation index for 266 
days of Lake Hefner (South Station) data is only 
slightly lower than was obtained with equation (1) 
(0.91 as compared to 0.92), which had been based 
entirely on those data. Moreover, the revised

relation actually fits the data from the Lake Hefner 
Northeast Station better than equation (1).

Most investigators have found that evaporatkl 
is proportional to the difference in vapor pressure 
between ah’ and water, other factors being equal 
[2], However, Him us [6] found the evaporation to 
be proportional to (e0— ea)°-83, and Millar [9] 
states that evaporation is proportional to the 
difference in vapor concentration rather than the 
vapor-pressure difference. The difference in vapor
concentration is proportional to (4^~4^)’ where

fcY^-0 a/

Ko and Ka are absolute temperatures of the water 
and air, respectively. The vapor-pressure dif­
ference raised to the 0.83 power is approximately
proportional to (j^—j^)’ according to Millar.

On the other hand, if the exponent has physical 
justification, it should appear in similar equations 
for both pan and lake. Analysis of the data for 
Lake Hefner, although inconclusive, shows that 
no significant improvement results when an 
exponent is introduced on the vapor-pressure term 
of the lake relation.

The derived exponent in equation (4) (n=0.88) 
may, of course, have been influenced by observa­
tional and instrumental deficiencies. The meas­
ured water temperature may be biased, since the 
temperature element measures the average tem­
perature of the top layer of water instead of that 
at the surface. Bias may also be occasioned by 
use of average daily water temperatures and dew­
points to obtain (e0—ea) inasmuch as the relation­
ship between temperature and saturation vapor 
pressure is curvilinear. No claim is made that 
equation (4) with its derived constants is the 
equation that would be obtained if there were no 
instrumental, observational, or averaging errors— 
it is the empirical equation that best fits the ob­
served data.

Equation (4) was derived from data for Class A 
pan stations at low elevations, and thus there is 
some question as to whether it is equally applicable 
at high elevations. Accurate water temperature 
and dewpoint data were not available for any 
standard Class A installations above 5,000 feet 
m. s. 1. With the available data, no elevation 
effect could be detected. Inspection of data 
given for sunken pans by Rohwer [11] at various 
elevations indicates that his apparent elevation 
effect can be minimized by use of an exponent for 
(e0—ea), since the vapor-pressure difference de­
creases with pressure. However, equation (4)

4



was not fitted to data from sunken pans and 
rther data from Class A pans are needed before 
e effect of pressure can be definitely determined.
Having revised the equation (5) for Ea, it was 

deemed advisable to check remaining features of 
the original relation (fig. 1), again using all 
readily available data. This phase of the study 
was based on data from Lake Hefner (Northeast 
and South Stations), Silver Hill, and Boulder City. 
Assuming 5 y„=0.025 as originally concluded (fig. 
1), and using equations (2) and (5), daily values of 
Qn were computed. These, in turn, were graphi­
cally correlated (see p. 134 of [17]) with air 
temperature and solar radiation and the resulting 
curves were converted to yield values of QnA. A 
further approximation of yp confirmed the 0.025 
value within the limits of precision warranted. 
The revised relation is presented in figure 2.

RELIABILITY OF REVISED RELATION

Much effort has been devoted to checking the 
reliability of the relation shown in figure 2, making 
every attempt to determine under what climatic 
regimes it may or may not be applicable. Since 
the study was in many respects a continuation of 
the Lake Hefner analysis, and since the relation 
published in the Lake Hefner Report could serve 
as a yardstick of reliability, initial comparisons 
were derived for this station. Based on 246 days 
of record without rain, the correlation coefficient 
for the relation of figure 2 was found to be 0.96, 
while, the standard error was 0.039 inches. In 
spite of the fact that other stations were given 
considerable weight in deriving the relation of 
figure 2, it is as reliable as the original relation 
(fig. 1) when applied to data collected at Lake 
Hefner (South Station).

Table 2 summarizes verification for stations and 
data comparable to table 1. While the data 
presented in these two tables are far from conclu­
sive, when considered along with reduced correla­
tions between residual (daily) errors and vapor- 
pressure difference there seems little doubt that 
the revised relation of figure 2 will yield more 
reliable results than that of figure 1 when applied 
under widely varying conditions.

To delineate conditions under which figure 2 
may be expected to provide reliable estimates 
obviously requires more verification than that

346377—55------ 2

Table 2.— Verification of revised Class A pan relation (fig. 
8) for stations and periods shown in table 1

Station Days of
record

Total evaporation (Ins.)

Observed Computed

Bias
(percent)

1,021
537

264. 30
185.82

275.00
186.63

+4.0
+0.4

639 124.18 121.49 -2.2
100 36. 53 35.48 -2.9
246 73.01 72. 96 -0.1

New York City, 
Springfield, Ill ..

N. 
......

Y............
..............

572
586

1,393

104. 91
166.48
219.12

97. 97
156.84
218.92

-6.6
-5.8
-0.1

presented in table 2. For this purpose it seemed 
that testing the relation for relatively short 
periods on a rather large number of stations would 
provide more conclusive results than if the same 
working time were spent on analyzing all data for 
only a few stations. Accordingly, the correlation 
coefficient and standard error were computed from 
100 days of record for 13 additional stations well 
distributed over the United States, and 1 Alaskan 
station. Verification results are tabulated in 
table 3, and are also plotted on the map of figure 
3. All computations for table 3 were made using 
figure 2, with y„=0.025. Possible errors in neg­
lecting the variation of yv with pressure are dis­
cussed later in this section.

Examination of figure 3 could easily lead one to 
suspect that climatic, or geographic, variations 
are still evidenced in the plotted bias. To ade­
quately appraise the results presented in tables 2 
and 3 and figure 3, however, some of the defi­
ciencies in the basic data should be considered, 
namely:
1. Times of observation of the pertinent elements

are frequently out of phase, e. g., in all cases 
it was necessary to use calendar-day solar 
radiation data, whereas observations of evap­
oration are made virtually any time between 
sunrise and sunset. Such variations in timing 
have no material effect on bias, but do reduce 
the correlation index.

2. Very few stations have observations of all re­
quired elements (particularly dewpoint and 
solar radiation), and in such cases it was nec­
essary to use data collected at a nearby first- 
order Weather Bureau station.

3. In 7 of the 22 cases, solar radiation data were
necessarily estimated from observations of 
percent sunshine [3].

4. Variations in time of evaporation observation,
when taken by lay observers, are frequently 
1 or 2 hours. Thus, 22- to 26-hour “days”

* Although •yp=0.000871 P (corresponding to 0.025 at elevation ot Lake 
Hefner) could have been used to account for differences in elevation, this 
refinement did not. appear justified.
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Table 3.—Verification of revised Class A pan relation {fig. 2)

Station Period of
record

Number 
of days 1 
selected

Total evaporation (in.)

Observed Computed

Bias
(percent)

Correla­
tion

index
Standard

error Remarks

East Lansing Exp. Farm, 
Mich.

Lake Hefner (South Sta.),
Okla.

Lincoln Agro. Farm, Nebr. ..

Medford Exp. Sta., Oreg-- ...
New York Central Park, N. Y.

Salt Lake City Airport, Utah

3/51-12/53

12/46-12/49
1/52-10/52 
3/52- 9/53 
4/53-10/53 
6/51-10/52

4/46-11/50

1/51- 5/53

9/47-11/53

1/51- 5/63

6/50- 8/51

5/50- 4/54
4/53- 6/54

6/50- 4/53
7/44- 9/49 
7/50-10/53

8/29-11/32

100

100
100
537
100
100

100

100

100

100

246

100
100

100

100
100

100

20. 43 21.58

23.31 23. 76
33.64 30. 32

185. 82 186. 63
23. 39 27. 08
20.04 18.33

18. 67 18.50

15. 72 18. 02

36.53 35. 48

20.96 20.44

73. 01 72. 96

20. 97 20.53

14. 40 14.03

14. 40 16. 51

17. 70 16.24 
23.99 23. 43

31. 07 29.70

+6
+2

-10
±0

+16
-9

-1

+15
*—3
-2

±0
-2

-3

+15

-8
-2

-4

0.79

.88

.91

.94

.71

.81

.84

.80

.96

.57

.96

.85

.93

.89

.87

.75

.93

0.061
.053

.071

.056

.059

.055

.046

.054

.045

.085

.039

.042

.028

.041

.037

.073

.060

Radiation and dewpoint at Atlanta W. B.
Airport Station.

Radiation computed from percent sun-
shine. „

Radiation at Inyokern or Santa Maria. 
Radiation at Boulder Island in Lake Mead.

Dewpoint at Lansing W. B. Airport Sta­
tion. Radiation computed from percent
sunshine.2

Radiation computed from percent sun-
shine.

Radiation and dewpoint at Atlanta W. B.
Airport Station.

Radiation computed from percent sunshine
prior to 1953.

Radiation and dewpoint at Miami W. B.
Airport Station.

Radiation and dewpoint at Lincoln W. B. 
Airport Station.

Radiation at University of Washington.
Dewpoint at Seattle W. B. Airport Sta­
tion.

Radiation and dewpoint at Medford W. B. 
Airport Station.

Radiation and dewpoint at Bismarck 
W. B. Airport Station.

Radiation computed from percent sun­
shine.

Silver Hill, Md_____ ______ 9/53- 9/54
7/46-10/50

221
100

47.95 48.22
22. 40 21. 18

+i
-5

.91

.91
.036
.039 Radiation computed from percent sun-

shine.
University Exp. Sta., Alaska.. 6/53- 6/54 

9/43- 6/46
11/50- 5/53

100
100
100

14.28 14.19 
14. 79 13.85

26.22 26.38

-1
-6

+i

.92

.83

.86

.028

.044

.080

Radiation computed from percent sun-
shine.

Radiation and dewpoint at El Paso W. B.
Airport Station.

«

1 Days randomly selected except for Boulder City, East Lansing, Lake Hefner, Maple Leaf Res., University Exp. Sta., and Silver Hill. For these stations 
all davs without rain during the designated period were used in the computations, except when data were missing.

2 Observed radiation at East Lansing appeared to be biased when compared with other stations in the area and, therefore, values computed irom percent
sunshine were used in the evaporation computations.

1 Bias subsequent to 1951 is appreciably greater than that for previous years.

are not uncommon. As in 1 above, this defi­
ciency of data tends to reduce the correlation 
index, but has no material effect on the bias.

5. Non-standard operation of pans is always a
source of concern. Some pans are cleaned fre­
quently and maintained at proper level, while 
at other stations infrequent cleaning and filling 
of the pan may have a significant effect on 
observed evaporation.

6. Measures of bias and correlation computed from
samples of 100 items or less are subject to 
appreciable random errors.

These facts are presented to emphasize the futility 
of detecting any pattern of climatic bias from the 
computations thus far completed. It does seem, 
on the other hand, that the verification presented 
indicates deficiencies of the relation to be rather 
minor.

It is believed that the verification results pre­
sented justify a high degree of confidence in the 
general reliability of the derived pan relation. 
Nonetheless, little data are available to substan­

tiate its applicability to the higher elevations ex­
periencing much reduced pressures. The value of 
Ea is purported to increase with increasing eleva­
tion, other factors remaining the same. The value 
of 7„ is directly proportional to pressure, but the 
effect of such variation on pan evaporation de­
pends upon the relative values of Q„ and Ea. 
When water temperature exceeds air temperature 
(Qn>Ea) one effect augments the other, while with 
the reverse temperature gradient (Qn < Ea) the two 
effects tend to compensate. Computations for 
cases with extreme temperature differences at Salt 
Lake City and Grand Junction indicate that fig­
ure 2 can be used to elevations as high as 5,000 
feet m.s.l. without appreciable error.

There are not a great number of locations where 
all required data for computing pan evaporation 
are observed—solar radiation observations are 
even now being made at only about 60 stations 
throughout the United States. There are reason­
ably reliable means of estimating this factor [3], 
however, and sufficiently accurate estimates of the 
other required elements can usually be made.
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Table 4.— Variation of pan evaporation with related factors

1
Case
No.

Per­
cent 

T. error 
(°F.) per °F. 

change 
in Ta

Per­
cent 

Ti error 
(° F.) per °F. 

change 
in Td

0.
(lang-
leys
per

day)

Per­
cent 
error 
per 
per­
cent 

change 
in Q,

Up
(miles

per
day)

Per­
cent 
error 
per 
per­
cent 

change 
in Up

E„
(Inches

per
day)

1..........
2...........
3______
4________
5---------
6............
7______
8...........
9...........
10_____

91 1.8
91 2.3
84 3.8
66 6.0
45 6.3
91 1.8
91 2.3
84 4.4
66 6.2
45 6.2

41 0.4
63 .8
75 2.7
55 4.0
28 2.9
41 .3
63 1.0
75 3.1
55 4.6
28 3.1

700
700
600
300
250
700
700
600
300
250

0.7
.8
.9
.6
.3
.6
.7
.8
.5
.3

50
50
50
50
50

100
100
100
100
100

0.2
.1
.1
.2
.3
.3
.2
.2
. 4
.5

0.51
.46
.28
.12
.09
.60
.52
.31
.15
.11

Table 4 is included to assist in the evaluation of 
evaporation errors brought about by errors of 
estimation in other elements for selected reasonable 
combinations of the pertinent factors.

Examination of the table shows that errors in 
dewpoint (Td) have less effect on computed evap­
oration than do corresponding errors in ah tem­
perature (Ta). Particularly when the data must 
be estimated, errors of 10 percent in solar radiation 
(Qs) are not uncommon and it will be seen that 
such errors can, under some circumstances, result 
in as much as 10 percent error in the computed 
evaporation. In view of some mass-transfer equa­
tions, one might gain the impression that doubling 
the wind (up) doubles the evaporation. That this 
is not the case is borne out by the data in table 4. 
This does not invalidate mass-transfer equations, 
but simply demonstrates that changes in wind- 
speed are accompanied by changes in water 
temperature and other elements.

Although the relation of figure 2 was derived

from daily observations, experience has shown that 
only minor errors result when monthly evaporation 
(i. e., mean daily value for the month) is computed 
from monthly averages of the daily values of Ta, 
Td, Q$ and uv. In fact, the use of mean annual 
data is usually satisfactory, provided (e0— ea) is 
computed from monthly values of air and dew­
point temperature.

APPLICATION OF PAN RELATION

A means of computing pan evaporation from 
meteorological factors can serve a variety of pur­
poses. Moreover, as discussed in a subsequent 
section, figure 2 can form the basis of a technique 
for estimating annual reservoir evaporation from 
the same meteorological factors. Evaporation 
pans are normally withdrawn from operation dur­
ing the winter period when freezing temperatures 
would result in damage to the pan. Accordingly, 
as much as 6 months of record are missing, year 
after year, at some high-latitude stations. The 
utility of such seasonal records is increased con­
siderably if reliable estimates can be made for the 
missing periods. Relatively few meteorological 
stations are equipped with evaporation pans so 
that the rather meager pan network can, in effect, 
be strengthened by computing evaporation at 
those first-order stations not equipped with pans. 
Through comparisons of observed and computed 
evaporation, tests can be made of the reliability 
and representativeness of observed data. The 
reliability of pan evaporation as observed during 
periods of appreciable rain is always open to ques­
tion, since one can never be certain that splashout 
and spillover have not introduced serious errors.

ESTIMATION OF ANNUAL LAKE EVAPORATION

Mass-transfer and energy-budget approaches 
(as well as empirical equations) can be used to 
estimate evaporation from existing reservoirs and 
lakes, but their application has yet been very 
limited. However, as a result of the Lake Hefner 
studies, these techniques are being applied to Lake 
Mead and several small reservoirs. On the other 
hand, these methods are not directly applicable to 
design problems, since water temperature data are 
required for their use. Virtually all estimates of 
reservoir evaporation—both design and opera­

tional—have been made by applying a “pan co­
efficient” to observed or computed pan evaporation.

Coefficients determined from water-budget esti­
mates of lake evaporation show appreciable varia­
tion of a somewhat geographical nature, but since 
the cause of such variation has not been thoroughly 
understood, use of an average value has been the 
customary practice. In 1932, for example, an 
evaporation subcommittee of the American Society 
of Civil Engineers presented table 5 as a part of 
their report [16].
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Table 5.-—ASCE recommended coefficients and observed 
range 1

Type of pan Coefficient Reasonable range 
of coefficient

0.70 0.60 to 0.82.
.78 0.75 to 0.86.
.80 0.70 to 0.82.

1 Recommended by Subcommittee on Evaporation of the Special Com­
mittee on Irrigation Hydraulics of the American Society of Civil Engineers, 
1932.

It is not clear by what reasoning process it was 
conceived that lake evaporation should be propor­
tional to that observed in a nearby pan, and there 
is little to be gained through speculation at this 
time. It will suffice to state that the important 
differences between pan and lake are such that 
their combined effect is closely approximated by 
the assumed ratio as is borne out by observation. 
On the premise that annual pan data can be con­
verted to evaporation data from an adjacent lake 
by applying a coefficient, it follows that two 
adjoining lakes should experience the same evapo­
ration—a consequence which bears consideration.

Assuming two lakes to be represented by a single 
pan experience, the same wind and net incoming 
radiation, and that the overrunning air is the same 
for both, what factors could cause evaporation 
(inches depth) to differ from one lake to the other? 
Surface area has been advanced as such a factor 
on a theoretical basis, but experimental evidence 
[14] (p. 142 of [17]) seems to indicate that the 
effect is not appreciable within the range of 
interest. Quality of water, depth, and other 
factors may have minor effect, but the one most 
important item to be considered has, for some 
reason, been overlooked in applying pan data— 
that is, advected energy. If water discharged 
from a reservoir is replaced by relatively hot water, 
then there is a net increase of energy which is 
dissipated partially by evaporation [4], This item 
is discussed in detail in the following section.

Having concluded that advected energy to a 
lake can have an important effect upon the pan 
coefficient, the question arises as to the magnitude 
of similar effects for the pan. Cursory examina­
tion shows that advection by means of water 
added is normally unimportant, but that advection 
of sensible heat at the pan-air interface is sufficient 
to produce moderate variation in any conceived 
“pan coefficient,” particularly under varying 
climatic regimes. This subject is also discussed in 
subsequent sections.

10

EFFECT OF ADVECTED ENERGY 
ON LAKE AND PAN

If an evaporation pan is to be used as an indS 
to reservoir evaporation, then adjustment for 
factors affecting only the pan or the lake should 
improve the relationship. Unlike a lake, the 
Class A pan permits considerable transfer of 
heat to and from its sides and bottom due both to 
radiation exchange and to transfer of sensible 
heat caused by a difference in water and air 
temperature. Although variations in the altitude 
of the sun may cause slight variations in seasonal 
coefficients, preliminary studies indicate that the 
radiation exchange for the sides and bottom can 
be treated as a part of the net radiation exchange 
for the pan, having a direct but essentially invari­
able effect on the annual pan coefficient. Observa­
tions demonstrate that the annual sensible heat 
transfer across the pan-air interface can be 
appreciable, and that it may flow in either direc­
tion, depending upon the relative magnitudes of 
meteorological and radiation factors. Since cor­
responding annual heat transfer through the 
bottom of a lake is essentially zero, pan data 
should logically be adjusted for advection through 
the pan before applying a coefficient. Similarly, 
advection (and energy storage) in the lake is 
independent of pan behavior and proper adjust­
ments should be made to the computed evapora­
tion.

If we assume that an incremental change in 
the surface water temperature of a lake has no 
significant effect on the net incoming radiation or 
vapor pressure of the air above the lake, and since 
appreciable annual transfer of heat occurs only 
at the water surface, then the effect on evaporation 
of advected energy * * 6 can be approximately evalu­
ated by assuming a change in the average water 
temperature and computing the corresponding 
changes in evaporation, energy advected by the 
evaporated water, outgoing long-wave (back) 
radiation, and conduction of sensible heat [4, 5]. 
The incremental change in evaporation (in inches) 
can be computed by means of the equation 7

(6) Et-EL= (e*—e0) (0.00304w4)

where e* and e0 are the saturation vapor pressures 
in inches of mercury for the assumed and observed

8 In reality, net advected energy, or advection less change in storage.
Unless stated otherwise, the change in energy storage is assumed to be zero
throughout this section of the paper.

7 This relation is derived from equation (3) in table 27 of the Lake Hefner 
Report.

90181



water temperatures, respectively, and ut is the 
|4-meter wind speed in miles per day. Computa­
tions indicate that the incremental change in 
energy advected by the evaporated water is of a 
magnitude such that it can be neglected. The 
incremental change in back radiation (equivalent 
inches of evaporation per day) can be computed 
from the equation

(7) [#o*-Kt]

where 0.97 is the emissivity of the water, <r is the 
Stefan-Boltzman constant (11.71 X10-8 cal. cm.-2 
°C“4 day-1) and K* and Ko are the respective 
water temperatures (absolute, °C.). The con­
version factor, 1500, assumes 590 cal./cm.3 for the 
heat of vaporization. The incremental change in 
sensible heat transfer (equivalent inches of evapo­
ration) can be computed using Bowen’s ratio (R) 
from the equation

(8) &*-&=0.000367P(E*S*—#fl)=0.000367P
(T*— T0) (0.00304m<)

where P is the atmospheric pressure in inches of 
mercury and temperatures are in degrees F.

The proportion (a) of advected energy utilized 
in (or not available for8) evaporation then becomes

(a) «=__________ E*—El_________
1 ' (Et-EL)+(Q* -Q,.)+(Qt-Qh)

Figure 4, derived from equations (6), (7), (8), and
(9) assuming an incremental temperature change 
of 1° F., provides a convenient solution for a. 
Since a varies with atmospheric pressure (P), two 
charts are shown in figure 4—one for an elevation 
of 1,000 feet m. s. 1., and the other for 10,000 feet 
m. s. 1. For comparison with pan evaporation, 
the observed lake evaporation should be corrected 
by addition of the quantity a (Qg—Q't) where Q,} 
is the change in energy storage and Q' is the net 
advected energy into the lake (both in equivalent 
inches of evaporation). A similar analysis was 
made for the Class A pan (making reasonable 
assumptions for the relation of ea to e0 and Ta to 
T0) with the results shown in figure 5. Reason­
able changes in the assumed temperatures and 
vapor pressures would have only minor effect on 
av and no significant effect on the adjusted pan 
evaporation.

It should be emphasized that the derivation of 
•figures 4 and 5 is not rigorous in every respect, 
since certain assumptions are required in the 
development. However, it is believed that experi­
mental data could provide a basis for evaluating 
the reliability of the relations. Since the advo­
cated use of figures 4 and 5 is for the determination 
of corrections seldom in excess of 15 percent of the 
total evaporation, they should be adequate for the 
purpose. Attention is directed to the fact that 
sensible heat transfer from the water surface of 
the pan is assumed to be proportional to (To- 
Ta)0M as must be the case if Bowen’s ratio concept 
and equation (4) are theoretically sound. Whether 
or not the use of this exponent on the temperature 
term is valid depends on its source in the vapor- 
pressure term. In estimating annual lake evap­
oration from pan data, it makes little difference 
whether unity or 0.88 is used.

"THEORETICAL” PAN CONCEPT

Although reliable data are notably limited, such 
data as are available indicate that the ratio of 
Class A pan to lake evaporation is for practical 
purposes 9 0.70, provided
1. Any net advection into the lake is balanced by

the change in energy storage.
2. The net transfer of sensible heat through the

pan is negligible.
3. The pan exposure is representative10.

The relationship of figure 2 yields estimates of 
evaporation from the Class A pan with its con­
sequent boundary losses—that is, y„=0.025 as 
derived empirically in effect adjusts for sensible 
heat transfer through the pan. If, then, the 
theoretical value, y, is substituted into the relation, 
computed values of evaporation should correspond 
to those observed in a “hypothetical” or “theo­
retical” pan which has the radiation characteris­
tics of the Class A pan, but which permits no 
sensible heat transfer through the walls of the pan. 
On the basis of data now available, it is evident 
that the annual coefficient for this “hypothetical” 
pan is near 0.70, and is essentially independent of

8 If the net advection is out of the body of water, the evaporation is de­
creased.

9 A value of 0.69 was originally derived for Lake Hefner neglecting items 1 
and 2. Considering these factors yields a value closer to 0.70, although such 
small differences are obviously of no real significance.

10 In the light of the source data, particularly that of the Lake Hefner ex­
periment, air passing over the pan should be free of influence by the lake, 
and the pan should be freely exposed to direct sunshine throughout the day 
and should not be unduly protected from the wind. The pan wind at Lake 
Hefner averaged about one-half that at 4 meters over the lake, but it is believed 
this ratio can vary appreciably without materially affecting the results.
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Figure 4.—Proportion of advected energy (into a lake) utilized for evaporation.
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Figure 5.—Proportion of advected energy (into a Class A pan) utilized for evaporation.
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climatic variations. Thus, annual lake evapora­
tion can be estimated from the following equation 
(using daily or monthly averages and accumulat­
ing) :
(10) ^=0.70

where EL is the average daily lake evaporation in 
inches (assuming any advection to be balanced by 
a change in energy storage), QnA and Ea are as 
determined in figure 2, and 7=0.000367P. For 
convenience equation (10) is presented graphically 
in figure 6 for 7=0.0105. Although equation (10) 
is strictly applicable only for daily data, use of 
monthly averages will, in general, cause no appre­
ciable bias. Even annual averages will generally 
give reasonably reliable results if the vapor- 
pressure difference used in the Ea relation is aver­
aged from daily or monthly data rather than being 
computed from annual averages of air and dew­
point temperatures.

COMPUTATION OF HEAT TRANSFER 
THROUGH THE PAN

The previous section described one technique 
for estimating the evaporation which would occur 
from a “hypothetical” Class A pan designed to 
eliminate transfer of sensible heat through the 
sides and bottom. A second and more obvious 
approach involves the direct computation of 
transfer through the pan and the determination 
of that portion which was utilized in (or not 
available for) the evaporation process as discussed 
in the section on advection.

Unfortunately, observations required for deter­
mining the temperature gradient through the pan 
proper are not available—in fact, the only perti­
nent data generally available are wind and air 
temperature supplemented by temperature of the 
water surface at some stations. Nonetheless, an 
estimate of the transfer can be made, if certain 
assumptions are adopted.

From Bowen’s ratio concept and equation 
(4), it will be seen that the transfer of sensible 
heat from the water surface of a Class A pan (in 
equivalent inches of evaporation) is given by

(11) Qa=0.000367P(0.37+0.0041O (T0- Ta)°88

It can be shown that the difference in mean 
daily temperature at the inner and outer faces of 
a pan does not exceed a fraction of a degree F. 
Assuming the outer face of the pan to be at tem­

perature T0, and further assuming the wind over 
the water surface to be representative of the 
tire outer face of the pan, equation (11) can 1™ 
modified to yield heat transfer through the pan, i. e.,

(12) Ql=0.000367P(0.37+0.0041uy)(To-Fa)0-88

where Aw is the area of the water surface and 
AP is the effective area of the outer face of the 
pan.

The effective area Av is difficult to evaluate 
objectively since it must account for variations in 
air movement and other factors from point to 
point over the surface as well as conduction to 
the support. The value of yp derived empirically 
(fig. 2) was 0.000871P, while the theoretical 
value is 0.000367P. In other words, (Ap-\-Aw)/ 
A„=0.000871/0.000367, or H„=1.37A„,. If AP is 
taken as the entire outer surface then, from the 
geometry of the pan AP=\.%ZAW. Eliminating 
the upper 2}( inches normally above the waterline 
and that portion in contact with the 2-by-4 sup­
ports reduces the computed ratio to about 1.10. 
The actual value would be expected to fall 
between these two extremes of 1.83 and 1.10.

Though not wholly independent, still another 
insight into the magnitude of Av can be gained by 
simultaneous solution of equation (12) and that 
given in figure 5. Taking cases where lake evap­
oration is known and assuming the 0.7 coefficient 
applicable when air and pan-water temperatures 
are equal,

(13) avQh^-Ev

The value of ap can be obtained from figure 5 and, 
having lake and pan evaporation, Qh can be com­
puted. Solution of equation (12) then provides 
an estimate of AP. This approach was attempted 
for Fullerton, Calif. [12], for the years 1935 and 
1936 (taking evaporation from a 12-foot sunken 
pan to be equivalent to that from a lake) and the 
derived values of AP were 1.34A„ and 1.25Aw, 
respectively. The only annual period at Lake 
Hefner with significant difference between pan­
water and air temperatures (0.7° F. as compared 
to about 4° F. at Fullerton) was the period Sep­
tember 1, 1950, through August 31, 1951. Even 
this difference is so small as to cast doubt upon 
the result, but the value of Ap derived for this 
period is 1.58HW.
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Figure 7.—Graphical presentation of equation (14).
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Data are admittedly insufficient to determine 
A„ accurately at the present time, but additional 
data are being collected which should prove of 
value in this regard. Considering the above com­
putations, however, it appears that the use ol 
1 AAm for Av should be satisfactory. Thus, annual

lake evaporation (inches per day) can be estimated 
from the following equation

EL=0.70 LEJ,+0.0005lPa*(0.37 +
0.0041W,) (To-TO08*]
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•
where a„ is determined from figure 5. This equa-

>n assumes that any advected energy into the 
ce is balanced by a change in energy storage and 
that the pan exposure is representative. Graph

ical solution of equation (14) is shown in figure 7.

EVALUATION OF SUGGESTED PROCEDURES

A study of the material presented in the fore­
going sections will reveal several approaches to 
the estimation of reservoir evaporation—the 
method to be used in a specific case hinging largely 
upon the data available for the purpose and the 
quality of such data. To avoid confusion, the 
ensuing discussion of the several methods is re­
stricted to the estimation of natural lake evapora­
tion, uninfluenced by advection of energy into 
the lake. As previously emphasized, data are, up 
to the present time, extremely limited and of such 
reliability as to preclude any conclusive analysis of 
the various techniques. For what value they may 
have for the purpose, but more to demonstrate 
application of techniques, table 6 lists pertinent 
data and results of the computations. Columns 
17 through 25 are to be compared with column 16. 
To demonstrate the relative accuracy achieved 
with monthly as compared to annual data, the 
computed values shown in columns 18-21 are 
based on the mean data given in columns 4-11, 
while those shown in columns 22-25 are based on 
an accumulation of computed montldy evapora­
tion.

Over much of the United States there is not 
appreciable transfer of heat through the Class A 
pan (on an annual basis), and the use of the 0.7 
coefficient in these areas should provide reliable 
results when representative pan observations are 
available. If water temperature data are avail­
able in addition to the observations normally 
made at a Class A installation, it is believed equa­
tion (14) constitutes the most reliable approach. 
Even though the factor ap and the ratio Aj,/Au 
cannot yet be determined with precision, the re­
sults shown in columns 16 and 23 of table 6 are 
extremely encouraging.

In those cases where representative pan data 
are not available, it appears that interpolation of 
related causal factors followed by computation of 
pan evaporation (fig. 2) should be preferable to 
direct interpolation from surrounding pans. That 
is, application of a coefficient to the computed 
pan evaporation should yield more reliable esti­
mates of lake evaporation than application of the

same coefficient to interpolated pan evaporation. 
Use of equation (10) should provide further im­
provement since it tends to account for heat trans­

­ fer through the pan.
If representative pan evaporation observations 

are available in addition to the data required for 
equation (10), several possibilities are apparent. 
That portion of the right-hand member of equation 
(10) in parentheses represents the evaporation from 
the "hypothetical” pan and, assuming the error in 
computed evaporation from the Class A and the 
hypothetical pans to be proportional, equation 
(10) becomes

(15) ^=0-70 [g^+^xgf]
where E' is the Class A pan evaporation com­
puted from figure 2. Equation (15) can be readily 
solved by multiplying EL as obtained from figure 
6 by the ratio EVIE'V.

If, on the other hand, it is believed that little 
reliance can be attached to derived solar radiation 
data, Q,A as estimated by entering figure 2 in 
reverse fashion can be applied to figure 6. That 
is,

(16) El=0.70

Lr(A+  0.000871P) E„—0.000504PI?a-l
A+0.000367P J

An objective appraisal of the techniques sum­
marized in this section is hardly possible; first, 
because so much depends upon the relative 
accuracy (and representativeness) of the data 
used and, second, because of the limited experi­
mental data available for comparative analysis. 
Nevertheless, table 6 does indicate that equation 
(14) provides the most reliable estimate of lake 
evaporation, with equations (10), (15), and (16) 
giving results slightly less accurate. It also 
appears that better results are obtained with 
monthly data than with annual, and further 
improvement might be expected if daily values are 
used. In addition to the reservoirs given in table 
6, 19 months of data are available for Lake Mead 
(above Hoover Dam on the Colorado River). 
Complete analysis of these data will be given in a 
report now in preparation by the cooperating 
agencies, but preliminary computations, using
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Boulder City pan data in equation (14), give a 
■due of evaporation from Lake Mead within 
about 10 percent of that obtained by the U. S. 
Geological Survey with energy budget and mass- 
transfer methods, even though the pan is at an 
elevation 1,300 feet higher than the lake and is 
affected by local watering. Adjusting air and 
dewpoint temperatures to lake elevation and 
applying equation (10) yields a value of evapora­
tion within 3 percent for the 19-month period, with 
an average error of only one-half inch on a monthly 
basis. Thus, it would appear from the Lake 
Mead results that the techniques suggested herein 
can be used to compute monthly lake evaporation 
when advection and energy storage terms can be 
evaluated.

ADJUSTMENT FOR ENERGY ADVECTION 

AND STORAGE IN THE LAKE

All equations (10, 14, 15, and 16) and computa­
tions for deriving the estimates of lake evaporation 
given in columns 18-25 of table 6 are based on the 
somewhat idealized assumptions that

(1) any energy advected into the lake is 
balanced by a change in energy storage;

(2) the 0.7 coefficient is applicable to the 
Class A pan when average air and pan­
water temperatures are equal.

It will be seen that these two qualifications are 
not independent in the strictest sense—the method 
of adjusting for advected energy should provide 
for “zero” adjustment when circumstances dupli­
cate those accompanying the experiments in which 
the 0.7 value was found to apply. From the prac­

tical viewpoint there is advantage in the concept 
that no adjustment is required when evaporation 
is balanced by inflow of the same temperature and 
the outflow is zero. In addition, advection com­
putations should be based on a balanced water 
budget to provide results which are independent 
of the temperature base used. It takes only a 
few selected computations to show that advection 
adjustments can be neglected except when inflow 
and outflow are large relative to the volume of 
evaporation, and even then the temperatures of 
inflow and outflow must be appreciably different. 
It will also be found that errors in items such as 
precipitation and evaporation are of little import­
ance so long as the advection computations are 
based on a balanced water budget.

In table 6 the observed water budget evapora­
tion is adjusted (as shown in column 16) for energy 
advection and change in energy storage for com­
parison with El as computed from equations (10), 
(14), (15), and (16). When computing actual lake 
evaporation, the adjustment would be made to 
El as shown in the following equation:
(17) Lake Evaporation=2?^+a (Qp — Q #)
It is obvious that adjustment must be made for 
the change in energy storage as well as advected 
energy (previously discussed). If the energy 
advection is zero and the energy storage is observed 
to decrease in a given period, then the energy 
released is dissipated through back radiation, 
evaporation, and transfer of sensible heat. Con­
versely, the evaporation will be decreased if part 
of the energy imparted to the water is used to 
increase the energy storage.

SUMMARY AND CONCLUSIONS

The first part of this research paper describes 
the development of an empirical relation for esti­
mating pan evaporation from pertinent meteor­
ological factors and discusses the reliability and 
applications of the derived relation. Although 
further verification analysis seems justified, results 
presented are believed to be sufficiently good to 
instill a high degree of confidence in the accuracy 
of the relation, except possibly when applied for 
high elevations.

The second part of the report treats the prob­
lem of estimating reservoir- evaporation from pan 
and related meteorological data. It may appear 
that much of the material is presented prematurely 
in view of the extremely limited substantiative 
evidence now available, and this may well be the 
case. On the other hand, there can be little 
doubt that the use of the customary 0.7 Class A 
pan coefficient, without consideration of advected 
energy to either the pan or the lake, may lead to
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appreciable error. Assumptions must be made in 
deriving the techniques for making adjustments-, 
but any deficiencies in this connection are believed 
to be of much lower order than the required 
advection adjustments.

Required advection adjustments for reservoirs 
do not portray any reasonable geographic pattern 
since they are the direct outcome of the plan of 
operation. Extrapolating such adjustments there­

fore requires thorough study of operational pro­
cedures. Adjustments for heat transfer throug^ 
the pan are influenced by climatological factors 
only and therefore display a geographical pattern 
consistent with that of the pertinent climato­
logical factors. In flat terrain, variations in the 
required adjustment are gradual and extrapolation 
should be reasonably reliable.

FUTURE STUDIES

IMMEDIATE OBJECTIVES

As emphasized in the previous section, some 
phases of the procedures described herein for esti­
mating lake evaporation do not have the benefit 
of adequate supporting data. Reliability of the 
procedures should improve materially with each 
experiment, or “test case,” and every attempt will 
be made to conduct continued analyses along these 
lines. Further verification of the pan relation 
(fig. 2) is also warranted and it is hoped that this 
work can proceed rather rapidly. The effects of 
non-standard operational practices at pan stations, 
and the relative merits of different types of pans 
are also under continued investigation.

PROJECTS

Upon completion of the Lake Hefner observa­
tional program, interagency activities (Geological 
Survey, Bureau of Reclamation, Navy, and 
Weather Bureau) were shifted to Lake Mead

where observations were made for the period 
March 1, 1952, through Sept. 30, 1953. A report 
of the Lake Mead water-loss studies is now in 
preparation.

A similar project is now underway at Felt Lake 
on the campus of Stanford University. This 
work is being conducted by Stanford under con­
tract with the Weather Bureau, with some of the 
instrumental equipment being furnished by the 
Geological Survey and Bureau of Reclamation. 
The Weather Bureau is also conducting an experi­
mental pan program at its Silver Hill Observatory 
near Washington, D. C. In addition to these 
experimental projects, data provided by the net­
work of Class A stations is gradually being aug­
mented in several respects, namely, (1) establish­
ment of new stations, (2) implementing 
observations of dewpoint and water temperature at 
existing stations, and (3) adding pan observations 
to the observational program at those first-order 
stations where solar radiation data are available.
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