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FOREWORD

Water and its wise management and use are
vital to the economic stability and growth of the
western United States. Thus, every “lost river” must be
explored to determine and, if possible, prevent
water losses. .

Evaporation is one of these “lost rivers.” Loss
through evaporation must be considered in the opera-
tion of any reservoir but, in the case of large reser-
voirs with extensive surface areas, it becomes a
maijor factor in planning and management.

Methods of estimating evaporation which have
proved adequate for small reservoirs may not suffice
for a large reservoir in a region where water is
scarce. A case in point is Lake Mead, the largest man-
made body of water in the world, created by the
construction of Hoover Dam on the lower Colorado
River between Nevada and Arizona.

Lake Mead is the key reservoir for the distribu-
tion of lower Colorado River water to Arizona, south-
ern California, and portions of Nevada, Utah, and
New Mexico. Without water this area would be almost
uninhabited, and the bulk of the supply comes from
the lower Colorado. Every drop is precious; the
demand far exceeds the supply.

For this reason, the Bureau of Reclamation is
obligated to remove every possible source of error
in its handling of the water in Lake Mead. The evap-
oration loss cannot be prevented, but accurate knowl-
edge of evaporation permits more efficient use of
the remaining water, increases the security of existing
developments, and allows better planning of future
developments.

To obtain the best knowledge of evaporation
it was necessary to bring together experts in many
fields. Ideas, theories, and methods for estimating
evaporation have been proposed by engineers, me-
teorologists, hydrologists, oceanographers, physicists,
and many others, but there has been no sound basis
for agreement as to their relative merits. Further-
more, some of the theories and ideas required a pre-
cision of measurement of natural factors unattainable
with existing instruments. By cooperc’ive work involv-
ing agencies of the Department of the Navy, the Geo-.
logical Survey and Bureau of Reclamation of the
Department of the Interior, and the Weather Bureau
of the Department of Commerce, it was possible to
assemble the necessary assortment of skills.

Loke Mead presents a large and complex prob-
lem and, therefore, was undesirable as a “proving
ground” for the various ideas and theories. A smaller,
simpler reservoir was required for the first studies
to test the procedures effectively. Lake Hefner was
selected for this purpose and this report describes
the work done there and the results obtained. The
results were satisfactory and the work is being con-
tinved at Lake Mead.

The aim of the studies was not only the develop-
ment of methods for use on large reservoirs, but also
the development of new methods, or the improve-
ment of existing methods, of potential use on all res-
ervoirs, even the smallest, and an enlargement of
knowledge of evaporation in general. The results
as well as having a direct practical application, may
be a major contribution toward an understanding of
evaporation and related subjects.

Commissioner of Reclamation
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PREFACE

This report was originally published in 1952,
jointly by the Geological Survey and the Navy
Electronics Laboratory, as Geological Survey
Circular 229 and as N. E.L. Report 327; it was
arranged and reproduced by the Navy Electronics
Laboratory. The continuing demand for the report
exhausted the first printing and made a reprint-
ing necessary. In reprinting by the Geological
Survey it was considered desirable to do so in a
form that would permit wider distribution to ref-
erence libraries. The new format does not in-
volve changes in the body of the report except
for corrections indicated on the errata slip that

accompanied the first printing and three addi-
tional corrections (the exponent in the denomi-
natorofthe equation for a, p. &0, was changed
from l-n to 2-2n, the Gatewood reference, p. 69,
remains unchanged except for Lower Safford Val-
ley, and the Richardson reference, p. 119, now
teads American Society of Civil Engineers). Re-
printing was accomplished by use of reproducible
material generously provided by the Navy Elec-
tronics Laboratory.

Observational data, on which the report is
based, are presented in a second report pub-
lished as ““Water-Loss Investigations: Lake Hef-
ner Studies, Base Data Report,’’ Geological Sur-
vey Professional Paper 270 and Navy. Electron-
ics Laboratory Report 328.
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WATER-LOSS INVESTIGATIONS

LAKE HEFNER STUDIES, TECHNICAL REPORT

]

ABSTRACT

STATEMENT OF PROBLEM

Develop an improved method or methods for the
determination, and if possible the prediction
from climatological and limnological data, of
water losses by evaporation using mass-transfer
and energy-budget theory. Develop improved
techniques for converting evaporation-pan data
to estimated lake evaporation, Test the proposed
methods and techniques at Lake Hefner, Okla-
homa, using evaporation computed from the wa-
ter budget of the lake as the control.

CONCLUSIONS

1. The water-budget control met the requirement
that errors in the water budget should not ex-
ceed 5 per cent of the monthly evaporation. In
addition, 62 per cent of the determinations of
daily evaporation -were sufficiently accurate to
provide a check against estimates of daily evap-
oration by mass-transfer and energy-budget
theories.

2. Only two (0. G. Sutton’s and Sverdrup’s 1937
form) of the many mass-transfer equations tested
proved adequate for predicting daily evaporation
with sufficient accuracy to be generally useful,
employing equipment now available.

3. A simple empirical equation was developed
from the water-budget data, using wind speeds
and vapor-pressure differences measured ot Lake
Hefner. An operational version of this equation
proved satisfactory for computing daily evapora-
tion at Laoke Hefner using standard meteorolog-
ical observations from o nearby weather station,
plus the surface-water temperature of the lake.
4, The energy-budget equation proved satisfac-
tory for computing evaporation for periods of 7
days or longer provided the water budget can be
approximated closely enough to estimate ad-
vected energy. The primary limitation on the ac-
curacy of the method, for short periods of time,

xii

is the evaluation of change in energy storage.
5. The Cummings Radiation Integrator (CRI)
promises to provide a satisfactory substitute for
the expensive radiation-measuring equipment
used at Laoke Hefner, thus simplifying the com-
putation of evaporation by the energy-budget
method.

6. Study of evaporation from four types of evap-
oration pans confirmed previous studies in sivow-
ing that pan evaporation is generally higher than
lake evaporation and that pan-to-lake coeffi-
cients have a pronounced seasonal variation,
Annual pan-to-lake coefficients are reasonably
consistent with previous values, but further
studies of such coefficients under different con-
ditions of climate, lake areq, and loke depth
will be required for more accurate interpretation
of available evaporation-pan records in terms of
lake evaporation,

RECOMMENDATIONS

1. Conduct further studies of the mass-transfer
equations (Sutton's, Sverdrup’s, and the new,
simplified, empirical one), the energy-budget
equation, and pan evaporation on a comparative
basis at Lake Mead.

2. Test the proposed simplified method for ob-
taining continuous records of evaporation for
any reservoir at Lake Mead and at a number of
additional reservoirs with different conditions of
terrain ond climate.

3. Study the mass-transfer and energy-budget
techniques as methods for estimating water
losses by evapotranspiration,

4. Expand the present program for the collection
of water-temperature data in lakes, reservoirs,
and streams throughout the country and obtain
wind data at the sites of selected existing and
proposed reservoirs. These data, together with
available climatological information, would as-
sist in predicting evaporation prior to the estab-
lishment of a new reservoir. They would also be
useful in interpreting existing records of pan
evaporation in terms of lake evaporation.



INTRODUCTION

Net water loss by evaporation, and by trans-
piration from vegetation along water courses, in the
17 western states has been roughly estimated to be
over 30 million acre-feet per year, more than twice
the annual flow of the Colorado River. This would
be enough water to irrigate 15,000 square miles of
desert, an area nearly half that of the state of New
York or Pennsylvania.

Over half this loss is by evaporation from res-
ervoirs, lakes, and streams, approximately 15 mil-
lion acre-feet being from reservoirs alone. Each new
reservoir adds to this loss, yet reservoirs must be built
to salvage water which otherwise would be lost and
make it available at the time it is most needed.

There is no practicable known method for pre-
venting evaporation losses, but it is possible to reduce
them by proper planning of reservoir location and by
establishing suitable operating procedures. Evapora-
tion loss is only one of many factors involved in
reservoir location and operation, but it is important
that its magnitude be accurately determined so that
it can be properly weighted against the other factors.
Average yearly evaporation figures are not sufficient
even if fairly accurately known; the monthly varia-
tion must be determined, especially when a chain of
reservoirs of different areas and depths are operated
as an integrated group, as is the case on the lower
Colorado River.

Water losses by transpiration from phreatophytes
(deep-rooted plants, mostly nonbeneficial, which use
a great deal of water, for example, salt cedar) are
estimated to be as great or greater than losses by
evaporation. These losses may be greatly reduced
by removal of the phreatophytes, but this procedure
is uncertain and expensive. Again, accurate estimates
of water losses by transpiration are needed to de-
termine whether a removal program is worthwhile.

The Lake Hefner study represents an integrated
attack on the water-loss problem. It comprised in-
vestigations of both old and relatively new methods
of determining evaporation. It is an excellent example
of a successful cooperative effort by specialists in
different fields; the collaborating scientists and en-
gineers were from five fields of science (geology,
hydrology, meteorology, oceanography, and physics)
and from five agencies in three departments of the
federal government (Bureau of Reclamation and Ge-
ological Survey of the Interior Department, Bureau

of Ships and Navy Electronics Laboratory of the
Navy Department, and Weather Bureau of the De-
partment of Commerce).

Historical Review

The Lake Hefner study was an outgrowth of the
cooperative investigations at Lake Mead, in Arizona
and Nevada, undertaken in late 1947, 1948, and
early 1949 by representatives of the Departments
named above. The Navy Electronics Laboratory con-
tributed to the Lake Mead investigations by applying
oceanographic techniques to the determination of
seasonal patterns of circulation in the lake; the
temperature data obtained were also used, with me-
teorological data, for estimating the thermal energy
budget of the lake.

The latter study resulted in preliminary estimates
of monthly evaporation. Discussion of the energy-
budget technique by representatives of the agencies
concerned indicated that a wider application of this
approach might be worthwhile. The application of
mass-transfer theory, which attempts to explain evap-
oration in terms of the factors affecting the transport
of water vapor, to the evaporation problem was also
discussed. Numerous investigators had studied the
mass-transfer problem, but the practical instrumenta-
tion required for measuring the meteorological factors
in the field had not been developed. The Navy Elec-
tronics Laboratory was in the process of developing
instruments for measurement of meteorological factors
affecting radio-wave propagation; these instruments
appeared to be adaptable to the mass-transfer meas-
urements,

At a joint conference on 13-15 December 1948
in Boulder City, Nevada, it was decided to investigate
these relatively untested techniques, and a program
was outlined. Subsequent conferences modified the
details, but the basic program remained unchanged
except for the addition of investigations by the
Weather Bureau of evaporation from standard and
experimental evaporation pans — a necessary part of
any comprehensive study of methods for determin-
ing evaporation.

The Problem

At present there are four basic methods for
determining evaporation from water bodies:

1. The water-budget method is the most direct;
evaporation is determined by difference from meas-
vrements of inflow, outflow, and changes in storage.



Unfortunately this method is not generolly practicable
because errors in measuring inflow and outflow are
often large compared to evaporation, and seepage
and bank storage are uncertain and often unmeas-
urable terms.

2. Evaporation pans have been used for many
years as an index to evaporation from lakes and
reservoirs; over 4000 station-years of record have
been collected at points throughout the country. In
spite of many investigations, however, the general
validity of “pan coefficients” (determined under spe-
cific experimental conditions) used for converting pan
evaporation to lake evaporation has always been
subject to question.

3. The thermal energy-budget method has been
used for some time to estimate evaporation from the
oceans and has been applied to restricted studies of
evaporation from inland water bodies. It is based
upon assessment of all the sources of incoming and
outgoing thermal energy plus changes in energy stor-
age, the difference being the energy utilized in evap-
oration. General application of this technique has
awaited the development of adequate instruments.

4. Modern mass-transfer theory is the basis for
the fourth method — measurement of the factors
affecting the actual removal of water vapor from a
lake by processes of turbulent diffusion and transport.

The last two methods had never been adequately
tested at natural scale; for such a test an acuurate in-
dependent determination of evaporation by the water-
budget method was essential. Tests of evaporation
pans against independent measurements of evapora-
tion from a large natural water body, with concurrent

measurement of pertinent meteorological factors, were
also inadequate.

Lake Mead was not suitable for the initial test;
the water budget could not be determined with suffi-
cient accuracy and its large size, irregular shape, and
mountainous terrain introduced too many complicat-
ing factors. The first step in the program, therefore,
was the search for a lake or reservoir where an accu-
rate water budget could be established as a control.
Requirements for testing the energy-budget and mass-
transfer approaches introduced further restrictions, so
that more than a hundred lakes and reservoirs in the
West had to be considered to find one whose charac-
teristics approached the stringent requirements.

After considering the advantages and disadvan-
tages of all of these lakes and reservoirs, Lake Hefner,
Oklahoma City, was chosen at a joint conference of
the cooperating agencies in Boulder City on 17-19
October 1949. Installation of the equipment at Lake
Hefner was completed in April 1950 and, after a pre-
liminary study of meteorologic and hydrologic con-
ditions, routine measurements began the latter part
of April and continued through August 1951.

This volume reports the results of this investiga-
tior — the most comprehensive study of its type yet
undertaken. Several million measurements were re-
corded, read, tabulated, and analyzed. These will
be summarized and published in a subsequent volume
(Volume I, Data Report) of this series. The results
appear to have justified the effort; in addition to in-
creasing the value of records obtained by traditional
methods, the new techniques have proved both scien-
tifically sound and operationally practicable.



PERSONNEL ‘

The following list of personnel contributing to
this project includes only those assigned by the col-
laborating agencies for appreciable periods of time;
contributors not directly assigned are listed under
“acknowledgments.”

General Supervision

Bureau of Reclamation. J.R. Riter, Chief, Hy-
drology Branch, Project Planning Division, was in
general charge of the work for this division of the
Bureau, with technical direction of the work under
the immediate supervision of W. U. Garstka. Wash-
ington representative of the Division was M. D. Du-
brow, succeeded by W. D. Romig. C. P. Vetter, Chief,
Office of River Control, Region Ill, was in charge
for that office.

Geological Survey. R. W. Davenport, Chief, Tech-
nical Coordination Branch, Water Resources Division,
was responsible for general supervision of the work
of the Survey, with technical direction by W.B.
Langbein, Chief, Research Section, ]'echnical Coordi-
nation Branch. G. E. Harbeck, Jr., was responsible
for the water-budget work and for field liaison. W. O.
Smith acted as the Geological Survey representative
during preliminary phases of the work.

Bureau of Ships. Throughout most of the pro-
ject, G. B. Cummings, Chief Civilian Assistant, Sonar
Branch, Electronics Division, was responsible for the
Bureau's participation. His personal interest and un-
vsual ability to coordinate diverse activities contrib-
uted greatly to the establishment and success of
the project.

Navy Electronics Laboratory. R. Dana Russell,
Senior Consultant (Geophysics), was in general charge
of the project for the Laboratory, with L. J. Anderson
responsible for the instrumentation, E. R. Anderson for
the energy-budget approach, and J. J. Marciano for
the mass-transfer work.

Weather Bureau. W. E. Hiatt, Chief, Hydrologic
Services Division, was in general charge for the Bu-
reau, succeeding the late Merrill Bernard, who with
R. K. Linsley, now at Stanford University, was respon-
sible for the initiation of the Bureau’s phase of work.

Field Personnel

S. K. Jackson, District Engineer (SW), Water Re-
sources Division, Geological Survey, served as local
coordinator for the field work at Oklahoma City.
The construction and operation of the stream-gaging
and water-level installations at Lake Hefner, to-

gether with other observations required for the water-
budget control, were directed locally by F. W. Ken-
non, Hydraulic Engineer, Geological Survey. He was
assisted by H. O. Wires and, for part of the time, by
G. E. Koberg. This group also constructed and op-
erated the Cummings Radiation Integrator, mapped
the shore of the lake, and provided horizontal control
for the hydrographic survey. During part of the time
they were also responsible for the maintenance and
operation of one of the shore meteorological stations,

Installation, operation, and maintenance of the
meteorological equipment at Lake Hefner were di-
rected locally by LT C. C. McCall, USN, assisted by
J. D. M. Freitas, MNC, USN, and H. E. Knudsen, MNC,
USN, assigned to the project by the Bureau of Ships.
This group was also responsible for taking the bathy-
metric data required for the hydrographic survey
of the lake. In addition, they were responsible for
the thermal surveys of the lake (observations of tem-
perature-depth profiles at 16 stations distributed over
the lake at intervals of 7 to 10 days, plus a daily
profile at one station).

The field work of the Weather Bureau was co-
ordinated by R.J. MacConnell, South Central Area

»Hydrologic Engineer. The observational program was
under the direction of W. E. Maughan, Meteorologist
in Charge, Oklahoma City Office. E. L. Smith served
as observer until April 1951, when he was relieved
by B. J. Stringer.

The success of the entire project was largely due
to the conscientious and untiring efforts of these field
personnel, who regularly obtained observations under
a variety of weather conditions, frequently unfavor-
able to the operation of experimental equipment.

Office Personnel

Processing of the data for the mass-transfer
and energy-budget studies required the maintenance
of a staff of six to seven people at the Navy Elec-
tronics Laboratory. Though these individuals initially
were Laboratory personnel, the Laboratory had to
concentrate its effort on urgent defense work soon
after the beginning of hostilities in Korea, and per-
sonnel thereafter were furnished by the Geological
Survey.

Processing of the meteorological data was at
first under the supervision of J.J. Marciano, Navy
Electronics Laboratory, and later under G.E. Har-
beck, Jr., Geological Survey, with G. E. Koberg, also
of the Survey, in immediate charge of the work.
Machine computations of the voluminous data (on
about 200,000 IBM punch cards) were made by the



Institute of Numerical Analysis, National Bureau of
Standards, under a contract with the Geological Sur-
vey. The data were analyzed by J.J. Marciano and
G. E. Harbeck, Jr., assisted by G. E. Koberg.

Processing and analysis of the energy-budget
data were under the supervision of E.R. Anderson,
Navy Electronics Laboratory; O. E. Leppanen of the
Geological Survey assisted with the statistical analyses.

Analyses for the Weather Bureau part of the
program were performed in the Hydrologic Investi-
gations Section (T.J. Nordensen, Chief), with W.E.
Fox and E.S. Thompson responsible for most of the
analytical work. Planning of the analyses and prep-
aration of the Weather Bureau’s section of the report
were under the direct supervision of M. A. Kohler,
Chief Research Hydrologist.

Final editing of the complete report and prepa-
ration for publication were done by the Technical

Information Division of the Navy Electronics Lab--

oratory. R. Dana Russell acted as editor for the
collaborating agencies and prepared the sections for
which no author is listed.
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General Description of Lake Hefner

BASIS FOR CHOICE
OF LAKE HEFNER

The selection of a reservoir or lake suitable for
a comprehensive study of the exchange of energy
between the atmosphere and a water surface is not
o simple matter. It was planned to determine evap-
oration by three methods: (1) water budget, (2) en-
ergy budget, and (3) mass transfer. Since the water
budget was to be the control for evaluating the other
two methods, it was imperative that the water budget
be accurate. This was the paramount consideration
in selecting the lake (Harbeck et al., 1951).

The energy-budget and mass-transfer methods
also imposed restrictions on the choice of the lake.
It was desired, for example, to minimize the effects
of mechanically induced turbulence on the wind struc-
ture, and for that reason canyon reservoirs were
deemed unsatisfactory. A deep laoke was desired to
avoid the problem connected with the penetration of
solar radiation to the lake bottom.

The requirements established for the lake were
as follows, in order of importance:

1. Water Budget

a. The error in the monthly difference between
total inflow and outflow, including both surface and
subsurface flows, and allowing for changes in storage
(including bank storage), must be less than 5 per cent
of the best existing estimate of the mean monthly
evaporation loss. Inflow and outflow preferably should
be as small as possible during the period of high
evaporation. .

b. Infrequent short periods of storm inflow, dur-
ing which the water budget cannot be determined
with the accuracy required under 1a, can be tolerated.

c. Subsurface inflow and outflow must be neg-
ligible compared with evaporation, uniess it is known
that they can be measured accurately.

d. Substantial bank storage is undesirable.

e. Transpiration losses must be small.

f. An accurate area-capacity curve is needed,
but if not available, a hydrographic survey can
be made.

* Hydraulic Engineer, Water Resources Division, U.S.
Geological Survey.
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by G. Earl Harbeck, Jr.*

2. Size

a. The minimum desirable dimensions are 3 miles
in width and 5 miles in length, or the area should not
be less than 10 square miles if the water body is
nearly circular or if the longer dimension is in the
direction of the prevailing summer winds.

b. The moaximum desirable size is 50 square
miles if the lake is nearly circular, and otherwise 30
square miles.

3. Shape

a. A circular shape is ideal. A very irregular
shore line is unsatisfactory; an irregular shore line
downwind is not so objectionable as one upwind.
A long, narrow lake is not satisfactory.

b. An unobstructed expanse of water (few or no
islands) extending 5 miles in the direction of the pre-
vailing summer winds is desirable.

4. Depth

a. At least 80 per cent of the lake should be
more than 5 feet deep (and. preferably more than 10
feet). A deep lake is desirable.

b. Playa lakes should be considered if they
meet all requirements except depth.

5. Topographic Setting
a. Low relief is preferable; lakes in canyons are

not satisfactory.
b. The drainage area preferably should be small.

6. Location and Climate

a. An arid region is preferable.

b. There should be fairly long periods of no
rainfall during the season of high evaporation, but
infrequent storms are not objectionable.

c. It is preferable, but not essential, that the
lake remain unfrozen in the winter.

The search for a lake suitable for the study has
already been discussed (Harbeck et al., 1951). The
Geological Survey district offices in the western states
and the Bureau of Reclamation regional offices were
furnished copies of the specifications and were asked
for recommendations. Their comments were also solic-
ited on the suitability of lakes that appeared, on the
maps available, to approach the desired size and

5



shape. Those that appeared to satisfy the require-
ments in most respects were visited, and field exam-
inations were made.

The final choice of Lake Hefner near Oklahoma
City involved no compromise as to the accuracy of
the water budget, although in certain other respects,
such as size and climate, it does not meet the speci-
fications completely. These departures from the speci-
fications were unimportant and, in practice, the
smaller size actually proved advantageous.

It was believed that satisfactory water budgets
could be obtained for certain other lakes, such as
Big Sage Reservoir in northern California and Pyramid
and Walker Lakes in western Nevada, but these lakes
were rejected because Lake Hefner appeared to ap-
proach the ideal lake more closely in most other
respects.

PHYSICAL AND CLIMATOLOGICAL
CHARACTERISTICS

The Reservoir Area and The Dam

Lake Hefner is a water-supply reservoir, owned
by the City of Oklahoma City. The lake is fairly
regular in shape (see map, frontispiece) and is formed
by a long horseshoe-shaped dam on Bluff Creek in
the southeastern part of T. 13 N., R. 4 W,, approxi-
mately 8 miles northwest of the center of the city.
The topography surrounding Lake Hefner is flat to
gently rolling. The dam itself is the only significant
obstruction to smooth wind flow in the area. The land
slopes generally toward the northwest, roughly 30 to
40 feet per mile. The recent hydrographic survey of
the lake shows its capacity at full pool (elevation
1199 feet) to be 75,355 acre-feet and its surface area
2587 acres. During the period 26 April 1950 to 31
August 1951, however, the stage was maintained be-
tween 1190.8 and 1195.3 feet; contents ranged from
about 55,900 1o 66,100 acre-feet and surface areas
from 2148 to 2386 acres.

Although Lake Hefner lies in the Cimarron River
Basin, it is supplied principally by a canal from the
North Canadian River. In this area the elevation of
the North Canadian River is several hundred feet
higher than that of the Cimarron River, and only
a short diversion canal was needed to permit gravity
flow of selected water (chemical quality being the
criterion) from the North Canadian River into Lake
Hefner. Under the general operational plan, diver-
sions are infrequent and of only a few days’ duration,
but they may be of considerable magnitude since
the canal capacity is 1500 cfs.

Natural inflow to Lake Hefner is of little con-
sequence so far as reservoir replenishment is con-
cerned. The natural drainage area above the lake
is only about 30 per cent larger than the area of
the lake at full pool, so that storm runoff into Lake
Hefner is usually much less than rainfall on the
lake surface. .

Vegetation is sparse except along the water
courses. The soil is generally thin, and native grass
is the predominant cover. The lake shore is relatively
clean. There are a few marshy areas north and west
of the dam, supplied by seepage through the dam.
The average size of the marshy areas is considerably
less than an acre, and the water consumed by the
vegetation is accounted for in the water budget.

The Lake Hefner area has been developed for
recreational purposes by the City of Oklahoma City.
On the south shore, concrete boat pens have been
provided in the boat harbor and a golf course has
been constructed. A good road encircles the lake.

The dam and dike are of rolled earth fill with
a clay core. The maximum height of the dom from
thalweg to the road on top of the embankment is
approximately 105 feet, but the average height is
considerably less. The total length of the dam and
dike is 32 miles. Flow through an ungated spillway
at the east end of the dam would begin if the stage
reached 1201 feet. Tile drains and catch basins were
installed in the main part of the dam to collect seep-
age through the dam and rainfall on the downstream
face. The water thus coliected is drained to the Bluff
Creek channel below the dam.

Climatology

The climate at Lake Hefner has been classed as
subhumid by Thornthwaite (1931). For the purposes
of the water-loss study, a site having an arid climate
would have been preferred, but of all the require-
ments governing the selection of a site, this was con-
sidered to be of least importance. Theorefically, at
least, it would be desirable to choose a site where
there is no rainfall, inflow, or outflow, and where
evaporation rates are high. Evaporation rates at Lake

" Hefner were considered to be satisfactorily high, and

the only effect of rainfall was to decrease the number
of days for which an accurate water budget could
be obtained.

Normal annual rainfall at Oklahoma City is ap-
proximately 31 inches. During the last 12 months of
the observation period, rainfall at Lake Hefner to-
talled 27.1 inches. Rainfall at Oklahoma City is
usually greatest during the April-June period, as



was observed in 1951. During the 4-month period
May to August 1950, however, rainfall at Lake Hef-
ner totalled approximately 18 inches, with abnor-
mally high rainfall in May and July. The monthly
variation in rainfall is illustrated in figure 1.

Wind speeds measured at the 8-meter level at
the barge station averaged 11.5 knots* during the
16-month period ot observation. The relative fre-
quency of occurrence of various wind speeds is illus-
trated in figure 2. Wind speeds were in the range
4 1o 14 knots 59 per cent of the time and were less Figure 1. Monthly rainfall at Lake Hefner.
than 4 knots only 8 per cent of the time. The modal
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The monthly variation in wind speed at Lake
. Hefner .is shown in figure 3. (Data obtained during
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May and June 1950, the instrument “shakedown”
period, were not used.) Although the month-to-month
variation is much more erratic than for other climatic
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tactors, such as temperature, strong winds predomi-
nate during the winter and spring months; even in
summer months, the winds can hardly be classed
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using a special code, as shown in figure 4, in which Figure 2. Frequency of occurrence of various wind speeds at
the figures in the sectors are the code numbers used. Lake Hefner.

This code was designed to facilitate selection, by the
computing machines, of data from the station con-

sidered to be most representative of the air upwind é :: el

from the barge. The considerations underlying con- zu

struction of the code were as follows: (1) normal %"

wind-direction distribution, as shown by a wind rose é:

furnished by the Oklahoma City Weather Bureau Z 0

Office; (2) number and location of the shore measur- § 9

ing stations, each location being determined by ter- < S95558%835%%3

rain and other practical considerations as well as by
dominant wind directions; (3) terrain and other ob- Figure 3. Monthly variation in wind speed at Lake Hefner.
structions affecting air flow; (4) the fact that the

equipment recorded wind direction only by the eight

cardinal and intercardinal points of the compass. The

arbitrary code shown in figure 4 repres:nts a com-

promise between these various factors for sectors 2,

3, and 4, the intent being that measurements at

stations 2, 3, and 4 be representative of their re-

spective sectors. The remaining area was arbitrarily

divided into three equal parts (sectors 1, 5, and 6).

It was later found that the winds at station 4 (the ! 3

tower station) were affected by the dike, particularly ©629%)

below 16 meters, and that station 3 was more rep-

*The Navy anemometers used in this study registered

wind speed in knots. A knot is one nautical mile, or 1.15 Figure 4. Frequency of occurrence of winds from various direc-
statute miles, per hour. tions at Lake Hefner.



resentative of both sectors 3 and 4; these sectors
were therefore combined in the analysis and data
from station 3 used in the case of winds from
both sectors.

The results of an analysis of the frequency of
winds from various directions are also illustrated
in figure 4. During the entire period of observation,
there was no 3-hour period in which the wind direc-
tion was coded as 1, 5, or 6. Winds from these direc-
tions undoubtedly occurred for short periods of time,
but sustained westerly winds were not observed. The
code 2 winds (SSW to ESE) reached a maximum fre-

quency of 70 to 80 per cent in late spring and early

summer. There appeared to be no well-defined sea-
sonal variations of frequency of code 3 winds (ESE
to NNE). The seasonal variation in code 4 winds (NNE
to NNW) was apparent; northerly winds prevailed
15 to 20 per cent of the time in March and April, but
less than 3 per cent of the time during the summer
months.

The seasonal variation in air and water-surface
temperatures is illustrated in figure 5. The usual sea-
sonal lag is readily apparent, particularly during the
fall, winter, and spring.

The monthly variation in evaporativity as indi-
cated by vapor pressures is illustrated in figure 6.
For constant wind, evaporation is directly proportional
to the so-called Dalton Difference, i.e., the saturation
vapor pressure at the temperature of the water
surface minus the vapor pressure of the air. The vapor
pressure difference is, of course, greatest in summer
and least in winter, and during the 16-month period
of observation at Lake Hefner the monthly average
ranged from 1.1 mb in February 1951 to 14.4 mb
in August 1951,

The observations at Lake Hefner did not in them-
selves provide any information as to whether evapora-
tion during this period was representative of average
conditions, since there were no previous records at
the lake available for the determination of normals.
However, it was possible to compare climatological
records obtained at the Weather Bureau city and
airport stations during the observational period with
long-term averages at those locations. The results
are shown in figure 7, prepared by the Weather
Bureau.

During the period July-September 1950, it is
probable that evaporation from Lake Hefner was
below normal; wind speeds, and vapor pressure dif-
ferences as indicated by air and dew-point tempera-
tures, were below normal. As might be expected,
sunshine was also below normal.

During the period June-August 1951, wind speeds
and air temperatures were near normal. Dew-point
temperatures were above normal, however, and evap-
oration from Lake Hefner was probably slightly below
normal during this period also.

Monthly precipitation at Oklahoma City was

- substantially above normal during May and July

1950, dnd May 1951, but was well below normal
during the period September-December 1950,

For the entire 16-month period of observation,
it is believed that evaporation may have been slightly
below average because of the two below-normal
summers but that the period, in general, was reason-
ably representative.
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Geology and Ground-Water Hydrology of the Lake Hefner Area

SCOPE OF STUDY

It has been generally assumed that seepage to
Lake Hefner is negligible, and that seepage from the
lake is largely measured in surface-water drains.

The study of the geology and ground-water hy-
drology was designed to check the validity of these
assumptions. Specifically, it was undertaken to provide
the best (1) estimate of maximum seepage out of the
lake, (2) estimate of seepage into the lake, and (3)
evaluation of the present surface measurements of
outward seepage through the dam.

The results are based on field work done during
June 1950. A complete inventory was made of farm,
domestic, and unused wells in the immediate vicinity
of the lake; static water-level measurements were ob-
tained in twenty-five of the wells. Records of wells
in the area obtained by the WPA in 1936 were ex-
amined, including seven wells subsequently covered
by the lake. Forty test holes ranging from 10 to 50
feet in depth were drilled by a rotary machine and
logged from ditch samples. Three hand-auger holes
were put down to the water table. In all, 68
points were obtained on the water surface and water
levels were measured at least twice in most of them.
Levels were run to the wells and test holes. Pump-
ing tests were attempted on about a dozen test holes;
reasonably satisfactory results were obtained on
three. Exposures of the Hénnessey shale in the area
were examined and described. The contact between
soil-covered Hennessey and exposed Hennessey was
mapped in part of the area.

GEOLOGY AND WATER-BEARING
PROPERTIES OF THE ROCKS

Lake Hefner rests on the flat-lying red shale and
siltstone beds of the Hennessey shale. Most of the
alluvial cover in this area has been stripped off by
Bluff Creek and its tributaries, leaving only 1 to 3
feet of clayey soil along the flood plains of larger
streams and on some of the broader divides. Older
alluvial deposits are found only on the divide be-
tween the North Canadian and Cimarron Rivers. The
Hennessey shale is more than 250 feet thick and is
underlain by the Garber sandstone and Wellington
formations, whose sandstone beds yield soft artesian

* Ground-water Geologist, Water Resources Division, U.S.
Geological Survey.
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water to deep wells. The Hennessey, Garber, and
Wellington formations are of Permian age, and are
the only formations which appear related to the
ground-water hydrology of the Lake Hefner area.

Soil and Recent Deposits

The regimen of Bluff Creek is in marked contrast
to that of the North Canadian River, especially with
regard to soil and Recent deposits. The Bluff Creek
drainage has stripped most of the soil and allyvial
mantle from the bed rock, but the more sluggish
North Canadian drainage has added Recent flood-
plain deposits to older alluvial materials and soils.

If appreciable soil and alluvial deposits were
present beneath and adjacent to the lake, their effect
on the area hydrology might be considerable. Ac-
cordingly, the west branch of Bluff Creek, comparable
in most respects to the east branch where the lake is
impounded, was mapped in detail. Surface exposures
of the Hennessey shale were delineated from the
areas covered by soil. Some soil was found to be
generally present on the broader divides and in the
vegetated parts of the larger stream courses. This soil,
however, is thin and clayey. Bedrock is exposed al-
most everywhere on the steeper slopes, along road
cuts, and in the stream bottoms. The total area of
outcrop is about equal to that covered by soil.

Thirty of the forty test holes drilled around the
margin of the lake entered bedrock immediately; no
appreciable amount of soil cover was found. The
thickness of soil penetrated, if present, was com-
monly only about 1 foot, and the maximum was
about 3 feet,

Logs of wells in the area show that none are
developed in alluvial material. Practically oll shallow
wells (less than 100 feet) draw water from red shale.
This obtained also for the area later covered by the
lake, as indicated by WPA records of seven shallow
wells in that area.

Pleistocene Terrace Deposits

Alluvium, consisting of gray-to-buff-colored sand,
gravel, and clay, underlies the broad terrace-like di-
vide separating the Bluff Creek and North Canadian
River drainage basin. Jacobsen and Reed (1949) nave
described these materials as Pleistocene terrace de-
posits. Some beds consist of well-sorted sand and
others of unsorted clay, sand, and gravel. Part of the



terrace area is covered by windblown sand. Much
precipitation is absorbed by these terrace materials,
and sand beds near the base constitute an important
aquifer in the Bethany and Warr-Acres areas.

The canal connecting the North Canadian River
with Lake Hefner is cut through these terrace mate-
rials for 3 miles of its 5-mile length and acts as a
drainage ditch when it is not being used to transport
surface water. Drainage water entering the lake
through the canal comes from this source.

Much of the low-flow surface water that enters
the lake through the tributaries of Bluff Creek also
originates in these terrace materials. All springs and
seeps examined in the Lake Hefner drainage area
issued at the contact between these alluvial materials
and the underlying shale. Thus all ground water from
the terrace materials that enters the lake can be
measured in various channels.

The terrace materials probably recharge the up-
per part of the Hennessey shale also. Joints and other
openings in the shale are small, however, and they
accept recharge slowly. Where saturated terrace sand
is in contact with the shale, a continuous supply of
water is available; direct precipitation on the shale
would le. , 2ly run off. The rate of this recharge proc-
ess was not determined, but it is probably slow; the
recharge would affect only the shale that underlies
or is very near the alluvial cover.

Hennessey Shale

The Hennessey shale controls seepage conditions
in the vicinity of the lake. The formation consists of
bright red interbedded silty shale and siltstone. Most
of the more massive beds are siltstones, but a few

beds of fine-grained sandstone also occur. The beds -

were revealed to be lenticular by tracing some of
them along their strike. The lithology of the beds
underlying the lake can be approximated from the
composite section in the adjoining column compiled
from descriptions of exposures in the lake area.
Breaks in the section are indicated by spacing; the
composite nature of this section may involve un-
avoidable minor duplications or omissions.

Another composite section compiled from logs of
the test holes is similar to the above except that the
massive siltstone and sandstone beds at the base of
the outcrop section were not penetrated by the drill.

The weathered Hennessey is a stiff, plastic clay,
and wetted cuttings from test holes showed no per-
meable openings. The shale exposed above the water
table, however, had numerous joints some of which
were probably produced by shrinkage on drying.

The regional dip of the beds in the Lake Hefner
area is west at about 40 feet per mile. Brunton-
compass measurements of outcrops show strikes rang-
ing between N. and N.20°E., and dips ranging
between 1° and 7° W, A few minor folds and dips
to the east and south were noted. Much of this surface
structure has probably resulted from slumping and
soil creep.

Composite Section of Hennessey Shale in the
Vicinity of Lake Hefner

Description of Material Thickness in Feet

Soil, shaly, reddish brown...................... 2
Shale, bright red, fissile........................ 4
Sandstone, red, fine-grained; lenses out east and

west of section ........ ... .l 2
Shale, with interbedded siltstone................ 3
Shale, red, fissile.................cvvvniiin, 2
Shale and siltstone, thin beds interbedded......... 3
Shale, red, fissile................coiiiiint, 7
Shale, red, silty...........ooi il 2
Siltstone, red, shaly.................. ... .. . 5
Shale, silty ... ... 3
Siltstone with intraformational conglomerate, shaly

partings (seeps issue from this member)*...... Va
Siltstone .......civiiiiiiii i i i 2
Shale, silty ... ..ot i e 3
Clay, red, shaly...............coiininn.... 5
Shale, red, silty. ............. ... . ...l 8
Shale and siltstone, thin beds interbedded. ....... 13
Shale, red, fissile.............................. 9
Shale with thin beds of siltstone................. 5
Shale, red, fissite. ............................. 15
Shale, red, fissile ............................. 4
Siltstone, red ......... ... iiiiiiiie.., 1/3
Shale, red, fissile.................. ..., 3
Shale, red, fissile.................coviiin.... 6
Shale and siltstone, interbedded................. 5
Sandstone, fine-grained, cross-bedded............ 1

Siltstone and fine-grained sandstone, mostly thin-

bedded ................ ... ...l 13
Siltstone, shaly and with shale partings.......... 8
Shale, fissile, mostly red but containing 1- to 3-inch

layer of greenish-gray shale (seeps)t.......... 5
Sandstone, fine-grained ....................... 1

* Seeps issue from shaly partings and from_vertical joints
in siltstone.

t Seeps issue from bedding-plane joints, or shears, in
shale above underlying sandstone.
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The Hennessey Shale as an Aquifer

General indications suggest that the Hennessey
shale is extremely impermeable. However, in the Lake
Hefner area the Hennessey is an aquifer and fur-
nishes small quantities of water to wells. This is sub-
stantiated by the WPA well records, oral reports of
drillers and farmers in the area, and the inventory of
wells and test holes pumped during this investigation.

Wells north of the terrace materials can be clas-
sified in three groups. About 80 to 90 per cent are
shallow and derive their water from red shale. The
water from these is generally satisfactory in quality
but in many places inadequate in quantity for a
windmill. A few wells have been drilled to depths of
100 to 300 feet; these derive their water from sand-
stone or shale, or both. The water generally is highly
mineralized and is used only for watering stock. The
third type of well is 400 to 800 feet in depth and
derives water from the Garber sandstone and Wel-
lington formation. We are only concerned with the
first group of wells.

One of the most interesting features of the shal-
low wells is that the water in them comes from shale
and not from sandstone beds in the shale. Most of
these wells supply small quantities required for house-
hold use, but not every drilling is successful. The water
generally comes from depths of 10 to 20 feet, al-
though such wells are usually drilled 40 to 70 feet
deep to provide storage. If any particular permeable
bed were the aquifer for these wells, one would ex-
pect the wells to become deeper westward because
of the regional dip. Such is not the case. Also, in wells
on higher ridges, water comes from shallower depths
than would be expected if the aquifer were a nearly
horizontal bed.

In all the forty test holes, water was encountered
at depths of 2 to 25 feet. When pumped, the open
test holes yielded a fraction of a gallon to 7 gallons
a minute, being replenished from the surrounding
shale. In none of the test holes was water obtained
from siltstone or sandstone.

This evidence supports the conclusion that the
near-surface part of the Hennessey shale in the Lake
Hefner area is an aquifer of low yield. The water-
bearing zone is generally within 10 to 20 feet of the
surface and is not restricted to any particular beds,
although the shale is more likely to be water-bearing
than is the siltstone or sandstone. The interstices are
joints and other fractures (possibly solution cavities,
also) which do not persist at depth. It seems likely

that the openings may be confined to the zone that
has been above the water table during some part of
Recent geologic time.

The Garber Sandstone and
Wellington Formation

Sandstones of the Garber sandstone and Wel-
lington formation constitute the most important aqui-
fers in the Oklahoma City area (Jacobsen and
Reed, 1949).

It is evident that the artesian heads in the wells
in these aquifers are not sufficient to force water
through the shales into Loke Hefner. According to
Jacobsen and Reed (1949), the original static head
probably was about 100 feet below the surface.
Sufficient head probably never was present to make
the formations a source of the shallow ground water.

GROUND-WATER HYDROLOGY

Adequacy of the Present Surface
Measurements of Outward Seepage
Through the Dam

The dam that contains Lake Hefner is of rolled-
earth fill and is not completely impermeable. Drains
have been provided around most of the embank-
ment to channel and remove the outward seepage
through the dam. Points at which measurements are
presently being made on the drainage ditches are
marked AA to FF on the piezometric map (fig. 8).

On the west side of the lake some seepage
through the dam probably reaches the west branch
of Bluff Creek without being caught in the measured
drains. On the other hand, a part of the seepage
measured at station FF comes from the east and is
unrelated to seepage through the dam and deep
seepage from the lake. However, the amount of such
seepage from the east appears to be small.

All the measured drains have rich growths of
water-consuming plants along their reaches, and
evapotranspiration losses during summer months prob-
ably are very high. Therefore, only the early spring,
winter, and late fall measurements are likely to be
reliable. These were made and are reported in the
section entitled “Water-Budget Control.”

The Piezometric Map

Elevation points on the water surface as de-
termined in 68 shallow wells and test holes around
the lake are the basis for the piezometric map (fig. 8).
When the data were being assembled, it was not
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known that a simple water-table surface was present
in the shale. On the contrary, a number of confined
bodies of water, each with its own particular piezo-
metric surface, was the condition to be expected in
gently dipping, relatively impermeable beds. How-
ever, if the aquifer is a series of interconnected joints
and other fractures in the upper part of the beds,
then a water table typical of fracture openings might
be expected. )

Most elevations on the shallow-water surface,
when plotted on the map, are compatible with water-
table conditions. The highest water-surface elevations
correspond with the points that are highest topo-
graphically and the water surface appears to be a
subdued replica of the land surface. Only locally
were artesian conditions or perched water-table con-
ditions encountered. In test hole 21, water was en-
- countered in shale below siltstone at a depth of 18
feet. When the hole was bailed below that depth,
water could be heard spouting into it under consid-
erable pressure. The water level in this hole is 6.44
feet below the land surface and at an elevation at
least 10 feet higher than the water-table surface at
that point. Thus small local artesian aquifers do
occur in the shale. In the three hand-auger holes
that were put down to the water-table, a thin perched
water body was penetrated above several inches
of dry shale before the main water body was en-
countered. :

If the piezometric map is considered as a water-
table map in fractured material, several character-
istics are noted that appear to have resulted from the
impounding of the lake. From the intake canal and
eastward and northward around the south and east
sides of the lake to the spillway the lake is effluent,
the movement of the shallow ground water being
toward the lake. The lake probably has modified the
water table in this area very little, except possibly
to decrease the gradient slightly. The gradient for
about 2 miles at the south end of the lake is approxi-
mately 40 to 50 feet per mile. Along the east shore
of the lake the gradient is much gentler and the
ground-water divide is within half a mile of the lake.

North of the intake canal on the west and north
sides of the lake to the spillway, the lake is losing
water by seepage. The dike that contains the lake
on the west side was built near the crest of the orig-
inal drainage divide between the east and west
branches of Bluff Creek. The water table has been
raised and a steep gradient away from the lake has
been created by recharge from the lake. The gradient
westward and northwestward from the lake in this
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area is approximately 80 to 100 feet per mile. A
trough in the water table is created by the drain at
the northwest end of the dam, and a part of the
ground water flowing northwestward along the ridge
finds its way back into this drain. These relations are
shown by section A-A’ in figure 9.

At the northeast end of the dam a major trench
sloping westward is created by the drains at the base
of the dam. Beyond the trench, water levels rise rap-

“idly again. Whether they are higher than they were

before the impounding of the lake is not known. Re-
lations in this area are shown on section B-B’ (fig. 9).
Too few points of control were obtained to permit
completing the map at the northwest end of the lake.

Permeability of the Hennessey Shale

Examination of the Hennessey shale in outcrops
and in well cuttings reveals a clayey, silty fissile red
shale of apparently very low permeability. On the
basis of such an examination only, one would con-
clude that the material is an ideal confining bed. The
fact remains, however, that in its upper part it is
sufficiently permeable to furnish water to most of the
wells in the area. The specific capacities of several
of these wells are of the order of 1 to 2 gallons per
minute per foot of drawdown. Bailing of the test holes
showed that none would yield as much as 40 gallons
a minute and some only a fraction of a gallon per
minute. However, one test hole was pumped at the
rate of 7 gallons per minute for 1 hour with only
2 feet of drawdown. All these facts indicate that the
upper part of the Hennessey shale is an aquifer of
substantial importance, though of small capacity and
low permeability.

Pumping tests were attempted on several test
holes and farm wells. For test holes 1 and 26 and
farm well 53, recovery curves were plotted from
which transmissibilities were computed by the Theis
nonequilibrium formula (Theis, 1935). Test hole 1,
which is northwest of the lake and very close to the
base of the dam and near the drain, gave a trans-
missibility of about 2500 gallons per day per foot.
Test hole 26, which is at the southeast edge of the
lake, showed a transmissibility of 125. These are
thought to represent approximately the extremes of
transmissibility of the shale. Farm well 53, southwest
of the lake, showed a transmissibility of about 1600,
which is thought to be considerably higher than aver-
age because the well has a reputation of being un-
usually “strong.”
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Cross-Sectional Areas

The piezometric map (fig. 8) shows clearly that
the lake is receiving ground water south of the intake
canal and around the south and east sides of the lake
to the spillway, and is losing water to the ground
north of the intake canal around the west and north
sides of the lake to the spillway. The effluent and
influent stretches are approximately equal, each being
about 4 miles in length.

The proper thicknesses to use in computing cross-
sectional areas of effluent and influent seepage are
difficult to determine. Evidence of several kinds
already has been cited indicating that the chief
movement of water in the Hennessey shale occurs
near the surface, principally in joints that hardly
could exist at depth. Where the water table is near
the surface, as it is in much of the Lake Hefner areq,
most of the movement of water probably occurs
within the upper 20 feet of saturated shale. Where
the water table is deep, the thickness of the zone of
active movement is likely to be even less.

Computation of Influent and Effluent Seepage

A large amount of detailed work probably would
be required to make any reasonably accurate com-
putation of the influent and effluent seepage at Lake
Hefner. This is so chiefly because of the nature of
the interstices that carry the water in the shale. In
granular material a rather smali number of samples
may permit reasonably accurate determination of the
average permeability, but in shale the average per-
meability is much more difficult to determine because
the fracture openings may be extremely diverse in
size and distribution. The following estimates are
therefore to be considered as giving only the prob-
able order of magnitude of the seepage losses from
and gains to the lake.

The specific capacities of the better wells in the
Hennessey shale are of the same order of magnitude
(1 to 2 gallons per minute per foot of drawdown) as
the specific capacities of the wells in the Garber sand-
stone, whose permeability has been determined to be
40 gallons per day per square foot. Assuming, on the
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basis of similar specific capacities of wells, that the
Hennessey shale may have about the same perme-
ability as the Garber sandstone, we have one of the
three factors necessary for computing the seepage.
The second factor, the water-table slope, as obtained
from figure 8, is approximately 40 feet per mile for
portions of the lake gaining water and 80 feet per
mile for portions losing water. For the third factor,
the cross-sectional area, we assume that most of the
ground-water movement occurs in the upper 20 feet
of saturated material. On the basis of these assump-
tions, it would appear that seepage to the lake might
be of the order of 125,000 gallons per day, and
that the seepage from the lake might be of the order
of 250,000 gallons per day.

These figures are based on the assumptions that
all the seepage moving toward the lake is intercepted
by the lake and that none of the seepage moving
out of the lake is intercepted by drains but continues
on as "deep seepage.” Neither of these assumptions
is correct, and it is difficult to estimate what correc-
tion factor should be applied. Certainly some of the
deep seepage continues beneath the lake. The fact
that part of the deep seepage from the lake is inter-
cepted by Bluff Creek and the drains at its north end
is indicated by the large trenches they have made
in the water table and by the visible seeps from the
bed rock along their channels. Perhaps the figures
given above should be reduced by half, or more, to
take care of this factor.

The amount of seepage to the lake can be no
greater than the amount of seepage originally con-
tributed to Bluff Creek in the area now covered by
the lake. Actually this seepage should be less,
because the formation of the lake has decreased
the gradient. Engineers and others who were ac-
quainted with the area before and during the period
of lake construction say that all the visible seeps and
springs feeding this branch of Bluff Creek entered
above the area subsequently covered by the lake,
issuing chiefly at the base of the terrace sands.

From all the evidence available it therefore
appears that the amount of unmeasured seepage
into the lake is small, perhaps of the order of 50,000
to 100,000 gallons per day (0.15 to 0.3 acre-foot per
day), and that the unmeasured deep seepage escap-
ing from the lake is ot least twice as much, perhaps
of the order of 100,000 to 200,000 gallons per day
(0.3 to 0.6 acre-foot per day).*

CONCLUSIONS ON GEOLOGY
AND HYDROLOGY

The Hennessey shale underlying Lake Hefner is
considered to be relatively impermeable. The net
deep seepage loss from the reservoir is estimated to
be 0.2 acre-foot per day. There is insufficient evidence
to warrant any attempt to determine seasonal
changes, if any, in influent and effluent seepage.

Measurements of shallow seepage losses through
the dam and dike appear to be adequate if made
during late fall, winter, and early spring, in order
to minimize evapotranspiration losses.
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* Subsequent to the field examination aond preparation
of this section of the report, sporadic measurements of water
levels in the forty ftest holes were made during the period
June 1950 to September 1951. Unfortunately, many of the
holes caved in or were otherwise destroyed during that time.
Ten measurements were made at each of the following test
holes: 1, 2, 5, 7, and 8, along the west side of the lake; 12, 20,
and 21, along the south side; 26, and 33, near the east shore;
and 38, 39, and 40, on the north side of the lake.

The magnitude of water-level fluctuation in the various
wells varied greatly, but a general seasonal trend was evident.
Water levels were generally lowest during the period February
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to April 1951, but rose rapidly thereafter in response to the
heavy rains of May, and were at their highest in June 1951.
Water levels at the end of the period were in general not
more than 2 or 3 feet higher or lower than ot the beginning
of the period.

Since the seasonal trend in water levels in the area
neat the lake r

o0 4

ited from preci rather than changes
precip g

ble to that water

in lake levels, it appeared r
levels over the entire surrounding area followed a similar trend.
There was insufficient evidence of any change in hydravlic

gradients of sufficient magnitude to warrant recomputation
of influent and effluent deep seepage.



The Water-Budget Control

by G. Earl Harbeck, Jr., and Frank W. Kennon*

INSTRUMENTATION AND METHODS

Since daily evaporation, as determined by the
water budget, was the control for the entire project,
it was imperative that every effort be made to meas-
ure each item of the budget to a precision consistent
with its significance in the water budget and to eval-
vate the errors inherent in the measurements. Daily
evaporation was computed using the familiar formula

=1I—-0-85, )
E = evaporation,
S = change in reservoir contents,

| = inflow, and
O = outflow.

in which

The acre-foot was used as the unit of volume
in all water-budget computations. Daily evaporation
was computed in acre-feet and then converted to
equivalent depths in inches and centimeters.

Changes in Reservoir Contents

An accurate area-capacity curve was consid-
ered essential for the determination of daily changes
in reservoir contents. An area-capacity curve had
been prepared on the basis of a preconstruction
transit-stadia survey by the consulting engineer em-
ployed by Oklahoma City to design the dam and
reservoir. It 5 believed that some material was re-
moved from the reservoir area and used in the con-
struction of the dike, but the exact quantity was
unknown. The amount of reservoir silting since the
reservoir was constructed in 1944 was also unknown,
although it was believed to be small. A resurvey of
the reservoir was therefore considered necessary.

A plane-table survey was made of the shore
areas between elevations 1192 and 1200 feet. A
hydrographic survey of the lake was made, using a
U.S. Navy plane-personnel boat equipped with a
Bludworth NK-2 echo-sounder and outboard trans-
ceiver to obtain continuous bottom profiles along
selected courses. A new area-capacity curve was de-
veloped on the basis of the resurvey. The curve
based on the resurvey checks the original curve within
0.4 per cent at full pool, indicating that the net effects
of reservoir silting and other changes have been small.

* Hydraulic Engineers, Water Resources Division, U.S.
Geological Survey.

Since it was planned to determine daily changes
in the reservoir contents by multiplying the area of
the lake by the change in stage, accurate stage
measurements were needed. The principal reference
gage for all stage measurements was installed at
the intake tower (see map). It was set to read the
same as the City Water Department gage, which is
also fastened to the intake tower, and which is
graduated from 1180 to 1200 feet.**

Changes in stage were recorded on a Stevens
type A-35 continuous recorder with a 10:12 gage-
height ratio and a' 4.8-inches-per-day time scale,
placed in a wooden shelter over an 18-inch water-
tight corrugated-steel pipe well. The intake opening
was made as small as practicable to eliminate surge
in the well. Seiches were not eliminated, however,
although it was possible that their amplitudes were
damped. Standard stage-measurement procedures, as
described by Corbett (1943), were employed.

The south loke gage was located in the small
boat harbor at boat pen 498 (see map). Prior to
23 May 1950, the south lake gage was located at
a site 1200 feet southwest, but this site was soon
found to be unsuitable under certain wind conditions
because of pile-up in the constricted boat harbor.
The station equipment was the same as at the intake
tower station.

The first two lake gages installed were placed

~at the north and south ends of Lake Hefner because

of the overwhelming preponderance of northerly and
southerly winds, but it was soon evident that addi-
tional gages were required to evaluate stage changes
with sufficient accuracy.

Another lake gage was installed on 30 May
1950, on the east shore of Lake Hefner at the west
end of the Oklahoma City Yacht Club dock (see map).
The station' equipment was like that at the intake
tower and south gages except that the recorder gage-
height scale was 1:6.

A fourth lake gage was installed on the south-
west shore of the lake on 27 June 1950. Station
equipment was similar to that at the other stations,
except that a Stevens weekly type-F recorder with

**To convert to USC and GS datum, subtract 0.10 foot;
based on levels from USC and GS traverse station No. 23-A-14
TT, elevation 1203.44 feet, datum of 1929.
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a 1:2 gage-height scale was used. From 27 June until
10 July, the record was unusable because of faulty
intake action. The intake was enlarged on 18 July,
and the records obtained thereafter were good ex-
cept during periods of strong northerly winds. The lake
was shallow at this location and the bottom sloped
so gently that considerable pile-up resulted from
northerly winds. On 11 December 1950, the gage
was moved to a new location on the west shore of
the lake (see map), and no further trouble from
pile-up occurred.

The intake tower gage was used as the refer-
ence gage. Daily comparisons of recorded stages
during periods of light winds were made to detect
possible changes in datum of the other gages, relative
to the intake tower gage. Since the other three gages
were used only to record daily changes in stage,
it was not necessary that they be set to the same
datum as the intake tower gage, but it was essential
that any abrupt changes in datum be detected. For
this purpose water-level comparisons were deemed
much more reliable than precise leveling. The east
and south gages proved to be quite stable. For the
period 28 May 1950 to 31 August 1951, the net
change in stage indicated by these two gages and
the intake tower gage was as follows: intake tower
gage, +0.005 foot; south gage, —0.002 foot; east
gage, —0.006 foot. The west gage was not nearly as
stable, however, mainly owing to the fact that there
was no permanent structure to which it could be
affixed. Corrections for changes in datum because
of settlement were made as indicated by comparison
with the intake tower gage during relatively calm
periods.

To evaluate the effects of errors in recorded
stage changes (needed for computation of daily
changes in reservoir contents) the range in indicated
values of daily change in stage proved useful, for
it was deemed impracticable to compute the standard
error of each daily mean change by the usual sta-
tistical methods. The variance in daily stage changes
indicated by the various water-level recorders is a
measure of the error in this mean. The range in
indicated stage change is an easily determined meas-
ure of the variance. Tippett's mean values of the ratio
of the range to the standard deviation for various
sample sizes have been tabulated (Snedecor, 1946).
The resultant error in the computed change in reser-
voir contents, and therefore also in evaporation, is
shown in figure 10.

It has been suggested that the variance result-
ing from the nonagreement of indicated stage changes
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Figure 10. Error in computed evaporation resulting from in-

ies in ts of change in stage of Lake Hefner.

is not entirely error variance, but also includes syste-
matic variance. A better estimate of the error var-
iance may be obtained from

$2= 3‘—2 [(hy — ha)? 4 (hy — hg)? +
(hs — he? 4 (hs — hy)?] (@)

S = standard error of the mean, and
h = indicated stage change.

in which

The subscripts refer to the gages, which are numbered
consecutively around the lake.

The standard error of the mean has been com-
puted using equation (2) for 4 days selected at
random. The standard error of the mean was also
determined using the range as a measure of the
standard deviation (see fig. 10), and the results were
as follows:

Standard Error of the Mean in Acre-Feet

Date From Equation (2) From Figure 10
28 June 1950 21.2 22.8
31 July 1950 12.0 13.4
22 October 1950 30.1 31.2
25 May 1950 2.5 3.3

As expected, the standard error of the mean com-
puted using equation (2) is consistently less than that
obtained using figure 10, for the effect of systematic
variance has been reduced if not eliminated.

The standard error of the mean was determined
only for use in classifying daily figures of water-
budget evaporation as to their relative accuracy, as
discussed in more detail below. The refinement made
possible by using equation (2), instead of the much



simpier method based on the range, was not be-
lieved warranted in view of the additional compu-
tational work involved. Every effort was made to
devise an accuracy classification scheme that was
completely objective, although necessarily somewhat
qualitative because the time that could be allotted
justifiably to this analysis was limited. It should be
noted that the error introduced by using the short-
cut method is on the conservative side; some daily
evaporation figures might actually deserve a higher
accuracy rating than they were given.

Errors in computed evaporation resulting from er-
rors in measuring changes in stage are not cumulative
and are therefore independent of the length of
period. The relative effect of stage errors therefore
decreases as the length of the period increases.

A study was made of the relation between
length of period and the magnitude of errors resulting
from nonagreement of gages. |n order to eliminate
bias in their selection, periods were chosen to begin
and end on days when the number of lake stage
recorders in operation changed. For example, in
1950 during the 15-day period 20 May to 3 June,
only two recorders were operating. During the 24-day
period 4 June to 27 June, three recorders were in
operation, and during the 11-day period 28 June
to 8 July, all four recorders were in operation. Then
followed a 10-day period in which three recorders
were in operation. Thus, in effect, the periods were
chosen at random, and they varied in length from
1 to 112 days. The total change in stage for each
recorder was computed for each of the 32 periods,
and the error in evaporation determined from figure
10. It would have been possible to select periods for
which the agreement among the various gages was
considerably better, merely by having each period
begin and end during o near-calm. The procedure
adopted, however, eliminates any possible bias.

The standard error of the mean change in stage
was computed for each of the 32 periods. The median
value of the standard error was 0.0036 foot and, as
expected, there was no discernible correlation with
the length of period, since stage errors are not cumu-
lative. Thus, for any length of period, the standard
error of the indicated stoge change is approximately
0.004 foot, which is equivalent to an error of 9.6
acre-feet in evaporation, assuming the area to be
2300 acres.

The effect of thermal expansion of water in the
reservoir on the computed figures of water-budget
evaporation was also studied. In most computations
of this nature the effect of thermal expansion is

ignored, possibly because of the difficulty in evaluat-
ing it correctly. It is generally inconsequential in shal-
low bodies of water.

If the datum to which stage measurements were
referred remained constant, the error in evaporation
computed by the water-budget method would depend
only on the thermal expansion of the water in the
lake. At Lake Hefner the basic reference point to
which all stages were referred was a point on the
walkway surrounding the intake tower a few feet
above the water. Thus the problem resolved ifself to
the determination of the difference in thermal expan-
sion between the water in the lake and the reinforced
concrete intake tower. If, for a given temperature
change, the expansion of the water was exactly the
same as the expansion of the tower, there would be
no errors in the water-budget evaporation figures.

The intake tower is a reinforced concrete struc-
ture, circular in cross-section. The bottom of its footing
rests on the Hennessey shale at an elevation of 1142
feet, according to the construction drawing of the
City Water Department. The top surface of the walk-
way is at an elevation of 1199 feet. Thus, the effec-
tive height of the tower for computing thermal
expansion is 57 feet. The commonly accepted coeffi-
cient of thermal expansion for reinforced concrete .is
0.0000117 per °C. The thermal expansion of the
tower is, therefore, 0.000667 foot per °C temperature
change. The thermal expansion of the water in the
lake can be most easily determined from tables show-
ing the volume of water at a given temperature
relative to the volume at 0°C (Chemical Rubber Pub-
lishing Co., 1947).

A sample computation for the month of Novem-
ber 1950 is included to illustrate the relative magni-
tude of the various items. Based on thermal surveys
of the lake, the average water temperature at the
beginning of the month was 17.9 °C and at the end
of the month 7.9 °C. The variation in the thermal
expansion coefficient with temperature is not linear,
but since Lake Hefner remained nearly isothermal at
all seasons, little error was introduced by using an
average temperature for the entire lake. Average
content during the month was 62,232 acre-feet, and
the average area 2298 acres. From the previously
mentioned tables, the ratio of the volume at 17.9 °C
to the volume at 0 °C is 1.001186 and the ratio of
the volume at 7.9 °C to the volume at 0°C is
0.999989. Therefore, the ratio of the volume at
17.9 °C to the volume at 7.9° is 1.001197. The con-
traction in volume during the month is (1.001197 — 1)
X 62,232 or 74.5 acre feet, which is equivalent to
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a depth of 0.389 inch. During the same period, the
tower contracted 0.000667 X 12 X (17.9 — 7.9) or
0.080 inch. Thus, during November, the lake con-
tracted 0.389 inch and the tower only 0.080 inch,
a difference of 0.309 inch. Indicoted water-budget
evaporation during November was 6.298 inches, but
since part of the apparent reduction in volume re-
sulted from thermal contraction rather than evapora-
tion, the indicated evaporation is too large, and the
corrected volume is 5.989 inches. In this instance, the
correction was approximately 5 per cent, but it
would be proportionately greater for a spring month
when evaporation is less.

Unfortunately, daily evaporation figures could
not be readily adjusted because day-to-day variations
in lake temperatures cannot be evaluated with suffi-
cient accuracy. Thermal surveys of the lake were
not made each day, so that no direct measurements
of daily temperature changes are available. Average
daily lake temperatures can be estimated on the basis
of observed water-surface temperatures, but the stand-
ard error of estimate of approximately 0.6°C is
unduly large in comparison with the usual daily
change in lake temperature.

If the average lake temperatures on each of
two successive days can be estimated with a standard
error of 0.6°C, the standard error of the difference
between the two estimated temperatures is

V(0.6)2 3+ (0.6)% or 0.85°C.

If the lake temperature on the first day is assumed
to be 20°C and the errér in the indicated 24-hour
temperature change is 0.85°C, the resultant error in
the adjustment for thermal expansion would then be
0.13 cm, which is 32 per cent of the average daily
evaporation during the period of observations. Under
average conditions a week is the minimum period for
which the error in the adjustment for thermal expan-
sion can be assumed to be less than 5 per cent, if
average lake temperatures are estimated from water-
surface temperatures.

Although it was deemed impracticable to adjust
daily evaporation figures for the effect of thermal
expansion, evaporation figures for some bonger peri-
ods could be corrected. Since the only requirement
was that the average lake temperature at the begin-
ning and end of the period be measured or estimated
with sufficient accuracy, evaporation for periods de-
termined by thermal surveys could be adjusted for
thermal expansion, as could certain other periods
for which it was believed that temperatures were
known with sufficient accuracy.
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Rainfall on the Lake Surface

Rainfall on the lake surface was frequently a
major item in the Lake Hefner water budget. Rainfall
of 0.05 inch or greater was recorded on 86 days
during the 16-month period of observation. Nearly
60 per cent of the water withdrawn from Lake Hefner
for municipal use during the entire period of observa-
tion was replaced by precipitation falling directly on
the lake surface.

Tipping-bucket recording rain gages were lo-
cated at each of the meteorological stations, includ-
ing the barge, and 18 Weather Bureau nonrecording
gages were located on the periphery of the lake
(see map).

The recording gages operated without loss of
record except for the barge station. It was apparent
that the gage on the barge caught spray a few times.
Also, the motion of the barge was sufficient to cause
the rain-gage bucket to tip occasionally under certain
wave conditions, Records for the nonrecording gages
were complete except for two periods of a day or
two when a gage was stolen.

Mean rainfall on the lake was taken as the
simple average of the catches of the 22 gages. For
a storm that extended over more than one calendar
day, the amounts credited to each day were com-
puted on the basis of the recording gage records
by simple proportion.

For five selected storms a comparison was made
of computed values of mean precipitation on the lake
as given by (1) the simple average, (2) the Thiessen
method, and (3) an isohyetal map. The results are
as follows:

Mean Rainfall in Inches

Date of Thiessen Isohyetal
Storm Average Method Map
5 May 1950 0.073 0.070 0.066
4 July 1950 0.750 0.785 0.795
25 July 1950 1.077 1.013 1.012
9 May 1951 1.511 1.497 1.486
27 May 1951 1.849 1.864 1.895

It will be noted that results obtained using the
Thiessen and isohyetal-map methods agree with each
other better than with the arithmetic mean. This may
in part result from the much greater weight given the
record at the barge when computing Thiessen factors
or preparing an isohyetal map. Since the other gages
were more or less uniformly distributed around the
periphery of the lake, the results would be practically
the same for all methods if the records at the barge



were not used. Because the record at the barge was
less reliable than the others, owing to the possibility
of mechanically induced bucket tipping or spray, it
appeared advisable not to weight it more heavily
than the others. Moreover, the preparation of an
isohyetal map for each storm would have been an
arduous task and would have been open to the criti-
cism that the procedure is somewhat subjective. An-
other advantage of using the arithmetic mean is that
the standard error of the mean is easily determined.
The simple average was used as the mean rainfall
on the lake in the water-budget computations.

Of considerable interest, because of its tre-
mendous areal variability, is the storm of 24 July
1951, for which an isohyetal map was prepared
(fig. 11). At the south station, where the recording
gage showed the heaviest rainfall, precipitation began
ot 2132 and ended at 2244, The total catch was
1.76 inches, of which 1.48 inches fell between 2200
and 2230. At rain gage No. 11, 0.45 mile southwest
of the south station, 1.99 inches fell. In contrast, the
storm rainfall at gage No. 2, which is 2.40 miles
northwest of the south station and directly across the
lake from it, was only 0.02 inch. The average for the
22 gages was 0.534 inch. The standard error of the
computed mean rainfall was 0.125 inch, or 23 per
cent of the mean.

To study the areal variability of storm rainfall,
the standard error of the mean and the coefficient
of variation were computed for each storm. The
standard error of the mean was computed by di-
viding the standard deviation of the individual rainfall
amounts by the square root of the number of gages;
it is thereby assumed that the systematic variance is
negligible in comparison with the error variance. The
results, which are illustrated in figure 12, indicate
that rainfall during large storms tends to be more
uniformly distributed than during light showers, as
might intuitively be expected. The coefficient of varia-
tion is in general 10 per cent or less for storm rainfalls
of 0.1 to 1 inch, and about 5 per cent or less for
larger storms. The standard error of the mean rainfall
for each storm, expressed in acre-feet, was used in
determining the relative accuracy of computed water-
budget evaporation.

Surface Inflow

Surface inflow to Lake Hefner results from pre-
cipitation on the natural drainage area above the
lake and from diversion from the North Canadian
River. Natural inflow usually is a small item in the
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water budget because of the relatively small size
of the drainage basin.

The measurement of natural inflow to Llake
Hefner was simplified to a considerable degree by
the “dike” effect of the road encircling the lake,
which served to confine runoff to relatively few chan-
nels where it could be measured. The total drainage
area tributary to Lake Hefner above the encircling
road is 2484 acres.

The principal stream, Bluff Creek, and its tribu-
taries have cut back into a high terrace of the North
Canadian River about a mile south of Lake Hefner.
This terrace was once a flood plain of the North
Canadian River, and is now being dissected by tribu-
taries of both the North Canadian and Cimarron
Rivers.

The deposits underlying the terrace contain rela-
tively large quantities of water. Bluff Creek is cut
into these water-bearing deposits and is therefore
seldom dry, in contrast to other small streams in the
area whose drainage basins are underlain by the
Hennessey shale. Diurnal fluctuation in flow of Bluff
Creek is caused by operation of a gravel plant up-
stream. A gaging station was established on 8 March
1950 at the bridge on the reservoir road (location
C, see map).

A Stevens A-35 continuous recorder was housed
in a wooden shelter over a 24-inch-diameter corru-
gated-steel pipe well fastened to the upstream left
wing wall of the bridge (fig. 13). The zero of the
reference gage was at elevation 1199.86 feet (based
on an elevation of 1203.44 for U.S.C. & G.S. traverse
station No. 23-A-14 TT, datum of 1929). The control
for all stages was a sharp-edged steel 90° V-notch
weir set in the center of a shallow concrete V weir
6 inches thick and 30 feet long at the upstream side
of the bridge.

Records of stream flow were obtained using a
standard stream gaging procedure described by Cor-
bett (1943). The rating curve (fig. 14), was well de-
fined between 0.2 and 40 cfs by 13 discharge meas-
urements made by wading near the gage. Below
a stage of 1 foot, the rating was based on a standard
weir rating (U.S. Bureau of Reclamation, 1946). It
was extended to a stage of 2.6 feet on the basis of
known hydraulic characteristics of similar controls.
The momentary peak discharge was 931 cfs on 27
May 1951. The peak rate of flow was maintained for
only a very short period of time, as is shown by the
fact that average discharge on that day was only
39.6 cfs. However, total inflow to Lake Hefner on this
and certain other days was so great as to preclude
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Figuré 11. Isohyetal map for the storm of 24 July 1951 at
Lake Hefner.
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the computation of evaporation with the requisite
accuracy; therefore, evaporation was not computed
for 9, 13, 18, 19 May 1950 and 27 May 1951.

Figure 15 shows the daily variation in inflow of
Bluff Creek during the period of observation. Daily
flows are given in acre-feet to permit comparison
with other items in the water budget. For the 485
days for which evaporation was computed, the aver-
age flow of Bluff Creek was 1.3 acre-feet; the maxi-
mum daily flow of Bluff Creek was 39.3 acre-feet, and
95 per cent of the daily flows were less than 4.6
acre-feet. ,

Natural inflow to Lake Hefner was also meas-
ured at eight other points (stations A, B, D, E, F, G,
H, J, see map). Drainage areas above these sites
range in size from 17 acres at point G to 427 acres
at point F, and the total of all eight drainage areas
is 1377 acres. Flow occurred at these gaging stations
only as a result of storm rainfall. Farm ponds, con-
structed in upstream drains, have sufficient storage
capacity to reduce substantially both peak and total
flows. Except after severe storms, runoff generally
occurred at only three or four of the stations because
empty or partly empty farm ponds intercepted all
surface runoff.

One or more weirs and a crest-stage gage (fig.
16) were installed at each of the eight locations. A
continuous record of stage was not obtained. The
crest-gage used at Lake Hefner consisted of a piece of
2-inch pipe mounted vertically just upstream from
the weir or weirs. It was closed at the bottom and

water was allowed to enter through a. series of
Ya-inch holes spaced 3 inches apart vertically. A small
amount of ground cork was placed in the pipe, and
the maximum stage reached by the water was indi-
cated by a ring of cork particles deposited on a
measuring stick kept in the pipe, which was capped
to prevent the stick from floating. After each storm,
the stick was cleaned and the cork supply replenished
if necessary.

The drainage areas at the various locations and
the measuring equipment used, in addition to a crest-
stage gage, were as follows:

Location A. Drainage area 288 acres. A 90°
V-notch weir was instailed in a natural drain just up-
stream from the highway. Stages were obtained by
measuring down to the water surface from a fixed
reference point.

Location B. Drainage area 280 acres. Weirs were
installed in six 18-by-24-inch openings in the rec-
tangular-concrete-box inlet structure at the upstream
end of three 36-inch concrete pipe culverts. Three
were 90° V-notch weirs and three were rectangular
weirs. The crests of the rectangular weirs were 0.7
foot higher than the point of zero flow of the V-notch
weirs, so that flows of 27 cfs or less were carried
entirely by the V-notch weirs.

Location D-J, incl. 90° V-notch weirs were con-
creted in place at the upstream ends of concrete pipe
culverts. The drainage area and the number and
diameter of pipe culverts at each location were
as follows:
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Figure 15. Hydfoéroph of daily flow of Bluff Creek above Lake Hefner.
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Figure 16. Culvert, weirs, and crest-stage
gage at location J.

Drainage Area Number of Diameter of Culverts
"Location in Acres Culverts in Inches
D 35 i 36
E 74 1 36
F 427 3 60
G 17 1 36
H 96 2 36
J 160 4 36

Total flow at all eight gages, with an aggregate drain-
age area of 1377 acres, averaged 1.1 acre-feet per
day, as compared with 1.3 acre-feet per day for
Bluff Creek, which has a drainage area of 1037
acres. The difference in yield is caused by the fact
that some of the Bluff Creek tributaries tap the
water-bearing deposits of the Bethany terrace, while
the other small streams do not.

The general procedure was to visit each of the
gages after storms to obtain one or more observations
of stage on the recession limb of the hydrograph.
These observations, together with the crest stage, re-
corded rainfall intensities, and the Bluff Creek dis-
charge hydrograph, were used to estimate the hydro-
graph for each gage at which flow occurred, as illus-
trated in figure 17. The Bluff Creek stage graph
shows pronounced diurnal fluctuations, caused by
operation of a gravel plant upstream from the gage,
but this does not preclude its use as an indicator of
the general shape of a flood hydrograph. During the
storm of 2 June, precipitation at the south station
began at 2149 and ceased at 2342; the total amount
recorded was 0.44 inch. Flow at gage H on 1 June
was 0.06 acre-foot as a result of the storm on 28 May,
and gage H was read on the afternoons of 1 and 2
June to define the recession from the previous peak.
The continuous record at Bluff Creek gage showed
that Bluff Creek began to rise at about 2230 on
2 June and peaked at 0130 on 3 June. Since the
drainage area at gage H is 96 acres as compared
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Figure 17. Estimated stage hydrograph at gage H resulting
from storm of 2 June 1950.

with 1037 acres at the Bluff Creek gage, it is as-
sumed that the peak at gage H occurred earlier
than at Bluff Creek. The heaviest half-hour rainfall
(0.19 inch) occurred from 2200 to 2230, which coin-
cides with the beginning of the rise in Bluff Creek.
It seems, therefore, that the rise started at gage H at
approximately 2230 also, and reached its peak at
midnight or shortly thereafter. The gage at H was
visited on the morning of 3 June, the previous peak
stage noted, and the stage at the time of the visit
recorded. Stages were observed once daily, or
oftener, thereafter until flow ceased. Flow on 3
June at gage H was computed to be 0.58 acre-foot.

It is believed that the storm discharge hydro-
graph at the various culvert gages was estimated
with sufficient accuracy. Flow of Bluff Creek on 3 June
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was 4.17 acre-feet, and flow at the other culvert
gages ranged from 0 to 0.95 acre-foot. Total inflow
was 13.18 acre-feet.

Surface runoff from a small part of the area
lying east of the Lake Hefner road in the southern
part of Section 36 (see map) enters Lake Hefner
through the culverts at location J, but flow from the
remainder of Section 36 and from the south half of
Section 25, that normally would drain into Lake Hef-
ner, does not reach the lake. An intercepting drain-
age ditch along the east side of the road conducts
surface runoff from this area in a northerly direction
to the spillway, whence it eventually flows into Bluff
Creek several miles below Lake Hefner.

Runoff from the area lying between Lake Hefner
and the encircling road was not measured. This area
varies with reservoir stage, and ranges from 1224
acres at a water surface .elevation of 1191 feet to
1012 acres at an elevation of 1195 feet. Runoff from
the ungaged area was estimated by comparison with
culvert flow or Bluff Creek flow, depending on the
areal distribution of precipitation and the amount of
water stored in ponds upstream from the culverts.
Often a substantial part of the runoff from a particu-
lar storm was stored in these ponds and did not
reach the culverts.

Although it is likely that estimates of ruhoff
during storm periods may be somewhat in error, it
must be remembered that the resulting errors in evap-
oration are small compared with errors in determining
rainfall on the lake surface. For example, consider a
storm for which the average rainfall on the lake was
computed to be 2 inches, or about 380 acre-feet
on the average area of the lake. From figure 12 it
is estimated that the coefficient of variation for a
storm rainfall of 2 inches is 4 per cent, from which
it follows that the standard error of the mean rain-
fall on the lake is 15 acre-feet. Storm runoff is rarely
greater than 25 per cent of the rainfall, and is usually
much less. Using the 25-per-cent figure, the runoff
from the ungaged area of 1090 acres would be 23
acre-feet. An error of 20 per cent in the estimate
of runoff from the ungaged area would result in an
error of less than 5 acre-feet, only one-third of the
error in mean rainfall. Moreover, it is considered that
because of the wealth of hydrologic data on which
to base estimates of runoff from the ungaged areq,
the error in these estimates is probably considerably
less than 20 per cent.

Lake Hefner is replenished by infrequent diver-
sions of water from the North Canadian River through
the intake canal (see map). The rated capacity of the
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canal is 1500 cfs. Records of canal inflow were ob-
tained at a site approximately half a mile above Lake
Hefner at the point of emergence of an inverted
siphon under the Northwest Highway. A short con-
crete transitional section just below the siphon mouth
is terminated by a low concrete weir. The top of the
weir is 12 inches above the paved approach section
and is practically level for its entire length. It has a
rounded downstream face. In order to measure flows
with the desired accuracy, a 4-foot rectangular steel
weir was installed near the left end of the concrete
weir; its crest was set at 0.35 foot below the crest
of the concrete weir.

Provisions were made for accurate measurement
of low flows because of ground-water seepage into
the intake canal. The canal cuts through the water-
bearing deposits of the Bethany terrace, and most
of the ground and surface water flow it collects is
drained to a tributary that enters Bluff Creek several
miles below the dam. Some of the perennial ground-
water flow does reach Lake Hefner through the intake
canal, however, and is occasionally augmented by
natural runoff from an area of approximately 200
acres.

A Stevens type-F weekly water-stage recorder
having a 1:2 gage-height ratio was housed in a small

‘wooden shelter over a 12-inch corrugated-steel well

fastened to the left wall of the concrete transitional
section just upstream from the weir. The zero of the
gage was at elevation 1200.96 feet, datum of 1929.
Discharge measurements were made by wading or
boat at a section approximately 700 feet below
the gage.

The rating curve for the intake canal (fig. 18)
is based on 34 discharge measurements and is well
defined between 0 and 1500 cfs. Below a stage of
0.35 foot (the top of the rectangular weir) a standard
weir rating was used. Current-meter and portable-V-
notch-weir measurements at low stages check the theo-
retical rating fairly well. The concrete weir was
rather insensitive because of its length; at discharges
of from 500 to 1000 cfs, a change of 0.01 foot in
stage results in a change of approximately 2 per
cent in discharge. Twenty-two measurements were
made at stages above 0.35 foot. Their average devia-
tion from the rating without regard to sign was
2.7 per cent.

Water was diverted from the North Canadian
River to Lake Hefner on ten occasions during the

. 16-month observation period. During two of these

times natural inflow, including rainfall, was also of
considerable magnitude, and no attempt was made



20 4
- AT

1.0 .

m ‘ﬂ/

w port

' z 1T

; 0.5 = et

Qo4 Laert=t"]

w

x

# 0.3 /

<

O 02
°',\ 10 100 1000

to compute evaporation. Diversions ranged in size
from approximately 800 to 5500 acre-feet in periods
of 2 to 4 days.

Despite the fact that the records of canal flow
were considered to be of excellent accuracy by
usual stream-gaging standards, the diversions were
of such magnitude that even small percentage errors,
when expressed in acre-feet, were large compared
with evaporation. Computed daily evaporation during
periods when diversions were being made is there-
fore of doubtful accuracy.

Excluding periods during which diversions were
being made, the average daily canal inflow was ap-
proximately 1 acre-foot. Except during periods of
reservoir replenishment by diversion from the North
Canadian River, surface inflow was generally a minor
item in the water budget. A statistical study to de-
termine the standard error of each daily figure was
not necessary since wide experience with gaging-
station rating curves and stage hydrographs indicates
the standard error of these operations to be 5 per
cent. For the 485 days for which evaporation was
computed, average inflow (excluding canal diversion)
was 4.4 acre-feet per day as compared with average
filter plant withdrawals of 30.6 acre-feet per day.

Withdrawals For Municipal Use

Filter plant withdrawals were measured by a
Venturi meter in the 48-inch raw water line leading
from the intake tower to the filter plant. Although the
manufacturer’s calibration of the Venturi meter was
probably sufficiently accurate for the needs of the
City Water Department, filter plant withdrawals were
known to be the largest single outflow item in the
water budget, and precise calibration of the Venturi
meter was therefore deemed essential. The traditional
formula for Venturi meter flow (King, 1939) is

DISCHARGE IN CFS

Figure 18. Rating curve for gaging station on Lake Hefner canal.

Cd.? 2g (hy — h.) 3
Q= \/'I—-(d/dl)4 ' )

Q = discharge in cfs,
C = Venturi meter coefficient,
g = acceleration of gravity in feet per

second per second,
d; = diameter of Venturi meter en-
trance in feet,
d; — diameter of Venturi meter throat
in feet,
h; = head of water at Venturi meter en-
trance in feet of water, and
h, — head of water at Venturi meter
throat in feet of water.
The salt-velocity method of calibration was used.
The major items of equipment were a brine pressure
tank, a pop valve, two sets of electrodes, an oscillo-
graph, and a water-tube manometer. Brine was in-
jected through the quick-acting pop valve into the
raw water line at an unbalanced pressure of ap-
proximately 80 pounds per square inch. The pop
valve and each set of electrodes were connected into
separate oscillograph circuits so as to produce a de-
flection of the galvanometer when the brine decreased
the resistance in the circuit. Each set of electrodes was
connected to form one leg of a bridge in its respec-
tive circuit. This arrangement made the oscillograph
galvanometers very sensitive to any unbalance of the
bridge, caused by brine passing the electrodes, thus
permitting the use of low-potential circuits, and also
of small quantities of brine, thus minimizing density
currents in the raw water line. The electrodes were
placed in the 48-inch raw water line at distances of
100.08 and 211.10 feet downstream from the pop
valve. The water-tube manometer was installed with
one tube connected to a manifold at the Venturi
meter throat and the other tube connected to a mani-

where

27



fold ot the upstream end of the meter to measure
the differential head of the meter. The water-tube
manometer remained in place during the entire period
of observation at Lake Hefner and was the basic ref-
erence gage for the Venturi meter. Dimensions of the
pipe and Venturi meter were measured to the near-
est 0.001 foot.

Brine was injected into the 48-inch line by open-
ing and closing a hand-operated quick-acting gate
valve as rapidly as possible, which allowed approxi-
mately %2 gallon of brine to flow from the pressure
tank through the pop valve. The oscillograph was
started just before the brine was injected and re-
mained in operation until the salt cloud had passed
the second set of electrodes. The differential head at
the Venturi meter was observed at T-minute intervals
during each test run. Readings of the totalizing Ven-
turi meter recorder in the filter plant were made at
frequent intervals during each run. Water tempera-
tures were also recorded.

Twelve runs were made for rates of flow ranging
from approximately 14 to 70 cfs. Values of C, the
Venturi meter coefficient, were plotted against the
differential head (h; — h,) as shown in figure 19.
A value of 0.988 was chosen as the upper limit on
the basis of LeDoux calibration tests of many other
Venturi meters of different sizes (King, 1939). Fewer
observations were made at the lower end of the
curve because of the infrequency of low flows. Re-
sults for two runs were discarded because the magni-
tude of the computed values of C were unreasonable.
Data from another run were discarded because two
injections of brine were made, and the salt clouds
overlapped at the second set of electrodes.

Using values of C taken from figure 19, the
curve shown in figure 20 was computed. The results
of the individual runs are also shown for comparison.
The maximum deviation of any run is 0.5 per cent.

The Venturi meter calibration curve is well de-
fined throughout the range of 14 to 65 acre-feet per
day. During the period of observation, 95 per cent

of daily withdrawals were in the range 14.1 to 48.4
acre-feet per day. For the 485 days for which evap-
oration was computed, the average filter plant with-
drawal was 30.6 acre-feet.

The minimum was 4.0 and the maximum 63.2
acre-feet per day. It should be noted, however, that
even though the percentage error at extremely low
flow may be high, the absolute error is small. Although
the daily withdrawal rate was not generally constant,
sustained low rates of flow were uncommon, and
small daily flows generally occurred when the filter
plant was shut down completely for part of a day.

Since it appeared impracticable to obtain a
continuous record of differential head as measured by
the sensitive water-tube manometer at the Venturi
meter, it was decided to rely as much as possible
on the record of raw water flow as indicated by the
Bristol recorder in the filter plant, applying such
adjustments as might be indicated by simultaneous
readings of the water-tube manometer and the Bristol
recorder. Generally the procedure was to record the
total flow shown by the Bristol meter totalizator over
a period of 10 minutes to an hour or more, the length
of the period depending on the rate of flow. The
water-tube manometer was read frequently during
the period and the flow, as determined from figure
20, was compared with that indicated by the Bristol
meter to determine the adjustment to be applied to
the Bristol meter readings.

Unfortunately, the relation between flow as in-
dicated by the Bristol meter and flow as indicated
by the water-tube manometer did not remain con-
stant over the entire period of operation. The Bristol
meter was adjusted frequently by the City Water De-
partment, and eoch time it was adjusted the relation
changed. As far as is known, the Bristol meter was
not adjusted during the period 25 April to 2 Sep-
tember 1950, but it was adjusted 21 times during
the period 2 September 1950 to 31 August 1951. It
was necessary, therefore, to make frequent compari-
sons between the flow as indicated by the Bristol meter

8

0
@
O

N

Figure 19. Relation between Venturi

VENTURI METER COEFFICIENT, C
. o ° .

3
. \

meter coefficient and differential head.

o
»
&
o

28

8 10 12 14 16 18 20 22 24
DIFFERENTIAL HEAD AT VENTURI METER IN FEET OF WATER

26 28 30



MEASURED SEEPAGE IN ACRE-FEET PER DAY

DIFFERENTIAL HEAD (h, — h,) IN FEET OF WATER

1/

0.1

10 20 30 40 50 60 70
VENTURI METER FLOW IN ACRE-FEET PER DAY

Figure 20. Venturi meter calibration curve.

3
o
[e]

(o]

2 // Q9 %\\
L1
! = 3 > 9 = = Z 3 0
§33339B3¥ 383835288

1950 1951

Figure 21. Effect of evapotranspiration losses on measured

shallow seepage from Lake Hefner.

and the flow as indicated by the water-tube manom-
eter. Altogether, 680 such comparisons were made.
A correction curve was prepared for each period be-
tween Bristol meter adjustments. During the period
June to August 1951, a test was made to verify the
accuracy of the computed filter plant withdrawals.
During most of this period the water-tube manometer
was read each time the rate of flow was changed,
and daily flow was computed from these readings.
Daily flow was also computed using the correction
curves previously described and the results were com-
pared. The standard error of the difference in daily
flow computed by the two methods during the three
month period was 2 per cent of the daily mean flow.
The difference between monthly flows computed by
the two methods was less than 0.5 per cent.

As a further check of the accuracy of computed
figures of filter plant withdrawals, a study was made
of the amounts of water consumed in the plant and
pumped to the city mains. The average daily flow
computed from pumping records, with allowance for
water consumed in the plant, averaged 1.6 per cent
greater than that computed from the raw water Ven-
turi meter records. It is believed that the major part
of this difference results from error in estimating the
quantities of water consumed in the filter plant. Al-
though the water used to wash filters is metered, that
used to blow sludge from the flocculators is not.
Records of daily withdrawals computed from pump-
ing records were used only during periods when rec-
ords from the raw water meter were lacking or
questionable, as follows: 7-9, 18, 19 June, 19-29 Sep-
tember, 22-25 November, 12-14 January, and 14-20
February.

For the purpose of classifying the accuracy of
the daily water-budget figures, an estimate of the
standard error of all figures of filter plant with-
drawals was required. A detailed study made during
the months of June, July,and August 1951 indicated
that the standard error of computed withdrawals,
based on the filter plant record, is 2 per cent, but
this assumes no error in the relation between water-
tube manometer readings and actual flow. This error
is probably much less than 1 per cent, as indicated
by the range in Venturi meter coefficients shown in
figure 19. Also, records for a total of 30 days were
based on pumping records rather than Venturi meter
records, and their standard error is probably slightly
greater than 2 per cent. Assuming that the errors
follow the normal law, it is estimated that the stand-
ard error in computed daily figures of filter plant
withdrawals is 3 per cent.
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During the spring and summer of 1950, a golf
course was established on the south shore of Lake
Hefner, just west of the boat harbor. The greens and
fairways were irrigated with water from the lake.
Withdrawals were measured by a totalizing Sparling
meter. During the entire period of observation the
amount of water withdrawn from the lake for irriga-
tion rarely exceeded 0.1 acre-foot per day and never
exceeded 0.2 acre-foot per day, but was, neverthe-
less, taken into account in computing daily evapora-
tion figures.

Shallow Seepage

Seepage into or out of Lake Hefner may be
c'assified as shallow and deep seepage; these will
be discussed separately. Shallow seepage includes
inseepage from the thin soil mantle overlying the
Hennessey shale on the south and east sides of the
lake and outseepage through the dam and dike on
the west and north sides of the lake, most of which
is collected and drained to Bluff Creek below the
dam. Deep seepage, on the other hand, is consid-
ered to be the flow in the near-surface part of the
Hennessey shale, an aquifer of low transmissibility.
The geologic examination of the Lake Hefner area
indicated a net deep-seepage loss (see preceding
section) of 0.2 acre-foot per day, and this figure was
used in computing daily evaporation for the en-
tire period.

Shallow seepage into Lake Hefner occurs along
the east and south side shores where the terrain
slopes gently toward the lake. The reddish-brown,
shaly soil is quite thin, averaging perhaps 1 foot in
thickness. The maximum thickness of soil penetrated
in any of the holes drilled in connection with the
geologic investigation was 3 feet, and in most in-
stances there was no appreciable soil cover. The
movement of water through the thin or nonexistent
soil cover into Lake Hefner was, therefore, considered
" to be negligible.

The possibility of return flow from golf-course
irrigation during the spring and summer of 1950 was
considered. The quantity of water applied was gen-
erally less than 0.1 acre-foot per day and never
exceeded 0.2 acre-foot per day. The amounts applied
were absorbed by the soil and were less than the
evaporative and transpirative requirements of the
vegetative cover. Hence, it was considered improb-
able that any return flow from irrigation reached Loke
Hefner at any time.

The earth dam and dike on the north and west
sides of Lake Hefner is of rolled-earth fill with a clay
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core, and is not impermeable. A seepage-collection
system was provided in the main part of the dam and
drainage ditches were constructed to carry the col-
lected seepage away from the dam. Seepage meas-
urements were made during dry periods when there
was no natural runoff, as evidenced by complete
cessation of flow in nearby water courses known to
be unaffected by seepage from Lake Hefner. Most
measurements were made with a portable aluminum
90° V-notch weir, but a few were made with a
Price pygmy current meter. The variation in lake stage
throughout the project was only a few feet, so the
seepage head remained practically constant.

At the time of the detailed geologic and hy-
drologic examination of Lake Hefner, made shortly
after observations were begun, it was suggested that
the computation of seepage inflow be based on meas-
vrements made during periods when evapotranspir-
ation losses were at a minimum. Measurements were
made throughout the period of operations at loca-
tions AA, BB, CC, DD, EE, and FF (see map). Seepage
measurements during the winter were made on days
of above-freezing temperature to eliminate the pos-
sibility of flow being arrested by ice formation. The
effect of evapotranspiration losses in the seepage
areas and in the collection channels between the
dam and points of measurement is apparent (fig. 21).
Evapotranspiration losses in summer were approxi-
mately 0.6 acre-foot per day. The size of the area
covered by vegetation supplied from seepage was
not determined.

At AA, BB, and CC, measurements were made of
the collected flow from a number of small seeps that
arise in the area between the dike and the north-
south road just west of Lake Hefner. Most of the
seepage flow at DD comes from a marshy area just
west of the road in Section 28.

It was recognized that some seepage from Lake
Hefner may reach the west branch of Bluff Creek
without first appearing in any of the surface drains.
On 28 January 1950, current-meter measurements
were made to determine the increase in flow of the
west branch of Bluff Creek owing to seepage from
the west side of Lake Hefner. The reach selected was
from a point approximately 1700 feet north of the
south line of Section 33 to a point on the north line
of Section 28. There was no flow in any of the natural
drains entering the stream from the west, so the in-
crease in flow in the reach was considered to be
seepage from Lake Hefner. All ponds in the reach
were full and spilling except Silver Lake. A tem-
porary staff gage was installed on the shore of Silver



Lake and the change in contents was computed on
the basis of the observed change in stage and the
area of the lake. The difference between inflow and
outflow, allowing for the change in contents of Silver
Lake, was computed to be 0.10 acre-foot per day.
Although admittedly not of high accuracy, this result
is of the same order of magnitude as those obtained
the next year. The average of five measurements of
seeps AA-DD inclusive, during the late fall, winter,
and early spring of 1950-51 was 0.22 acre-foot per
day. Thus, it is probable that the amount of unmeas-
vred seepage reaching the west branch of Bluff
Creek in the area west of Lake Hefner is small.

All the seepage collected by the drains along
the north and west sides of the dam is conducted into
Bluff Creek. In addition, small seeps in Sections 22,

23, and 27, which are undoubtedly supplied from

the reservoir, also drain into Bluff Creek. Several
small uncontrolled farm ponds have been constructed
to take advantage of the never-failing supply from
these seeps. These remain full and overflow con-
tinuously. All seepage from the northwest side of the
lake reaches Bluff Creek and was measured at EE.

The determination of seepage at EE was compli-
cated to some extent by waste water from the filter
plant, which is discharged to the sludge pond (see
map). Normally the sludge pond is full, and over-
flows through an uncontrolled morning-glory spillway.
It can be drawn down if desired, however. Measured
flow at EE during the period January to August 1950
may have included some waste water from the filter
plant. A 90° V-notch weir was installed at a point
approximately 300 feet below the sludge pond (lo-
cation JJ). When measurements were made at EE
on 28 April, 16 June, 18 June, and 15 August 1950,
the flow at JJ was also measured. The flow at JJ, as
thus determined, included both the waste water from

the filter plant and seepage from the reservoir. In -

order to separate the seepage flow from the waste-
water flow, it was decided to draw down the sludge
pond prior to making seepage measurements. The
flow ot JJ was then only seepage since the sludge
pond was not spilling. The results of six measure-
ments made at JJ with the sludge pond not spilling
indicated that average seepage at JJ was 0.60 acre-
foot per day. It was then possible to adjust the meas-
urements made at EE during the period April to
August 1950 for filter-plant waste water.

Seepage measured at FF included flow from
several seeps in the west half of Section 24 and from
several others in the area below the spillway in
Section 25. It was obvious that these seeps were sup-

plied from the reservoir, for their flow was perennial,
in contrast to those farther east. Although there is
a remote possibility that the flow at FF includes some
seepage from sources other than the reservoir, no
such flow was observed during dry periods and, if
present at all, it must necessarily be small compared
with the total flow at FF, which is itself an extremely
small item in the water budget.

Five sets of seepage measurements were made
during the period 25 October 1950 to 26 March
1951. The results were as follows:

Daily Flow in Acre-Feet

Date AA-DD, inc. EE FF Total

25 Oct 1950 0.24 1.60 0.23 2.07
19 Dec 1950 27 2.10 35 2.72
21 Mar 1951 .20 1.79 .38 2.37
21 Mar 1951 .20 1.57 .38 2.15
26 Mar 1951 19 1.66 35 2.20
Average 0.22 1.74 0.34 2.30

Total seepage during periods of minimum evapo-
transpiration losses averaged 2.3 acre-feet per day,
as shown in the above table. This figure was used
in computing daily evaporation throughout the period
of observation at Lake Hefner.

RESULTS

Daily evaporation from Lake Hefner was com-
puted for all but 8 days of the 493-day period of
observations. On those 8 days, inflow volumes were
so large as to preclude computation of evaporation
with reasonable accuracy.

A weekly reporting form was designed to facili-
tate orderly tabulation of the various items compris-
ing the water budget. Sample computations for the
week ending 9 September 1950 are shown in figure
22. Daily values of the various items are believed to
be reasonably representative of average conditions.
Daily inflow was small except on Monday, 4 Sep-
tember, and on that day rainfall on the lake surface
was the largest single item in the water budget.
Surface inflow resulting from that storm, it will be
noted, was relatively small. Withdrawals for municipal
use were the major outflow item, ranging from 20.7
to 33.8 acre-feet per day. Indicated daily stage
changes were in reasonably good agreement through-
out the week; the maximum daily difference between
any two recorders was 0.010 foot on 4 September,
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LAKE HEFNER WATER-LOSS STUDIES

WATER BUDGET FOR WEEK ENDING 12 P. M. SATURDAY, 9 SEP 1950

SUNDAY MONDAY TUESDAY -~ WEDN'SD’Y THURSDAY FRIDAY SATURDAY
EVAPORATION
Intake tower stage change (ft) —0.021 +0.059 —0.031 —0.035 —0.026 —0.036 —0.025
Boat harbor stage change (ft) — .024 + .059 — 029 — .038 — .025 — .036 -— .029
East shore stage change (ft) — 027 + 055 — .030 — .035 — 020 — 030 — 028
West shore stage change (ft) — .028 + 065 — .036 - .034 — 027 — .035 — .030
Avg. stage change (ft) — .025 + .060 — .032 — .036 — 024 . — 034 — 028
Avg. area during day (acres) 2365 2365 2367 2365 2363 2362 2360
24-hour change in contents —59.1 +141.9 —757 —85.1 —56.7 —80.3 —66.1
Inflow 6.7 165.7 4.6 1.9 1.7 1.4 1.4
Outflow 23.2 28.5 27.2 30.1 34.0 36.3 36.3
Evaporation (acre-feet) 42.6 —4.7 53.1 56.9 24.4 45.4 31.2
Evaporation (inches) 216 — .024 269 .289 124 231 159
Evaporation (cm) 549 — 061 684 733 315 586 403
Avg. contents during day 65,170 65,180 65,250 65,170 65,100 65,030 64,960
Mean lake stage 1194.886 1194.890 1194.920 1194.886 1194.856 1194.826 1194.794
INFLOW
Rainfall on lake 5.12 160.23 0 0 0 0
Intake canal 1.45 1.86 1.59 1.23 1.23 1.23 1.23
Runoff at A 0 0 0 0 0 0
Runoft ot B 0 .30 .36 .08 .02 1] 0
Runoff at C 12 21 99 36 .28. .22 22
Runoff at D 0 [ 0 0 0 0 0
Runoff ot E 0 [ 0 0 0 [} 0
Runoft at F 0 .81 .61 .06 .04 0 0
Runoff at G 0 .02 4] 0 0 [+ 0
Runoft at H 0 26 .22 0 0 0 0
Runoff at J 0 0 0 [ 0 Q 0
Ungaged area 0 1.0 .8 2 B 0 V]
Total inflow 6.69 165.69 4.57 1.93 1.67 1.45 1.45
OUTFLOW
Seepage:
AA - BB 4 CC - DD 0.22 0.22 0.22 0.22 0.22 0.22 0.22
EE 1.74 1.74 1.74 1.74 1.74 174 1.74
FF 34 34 34 34 34 34 34
Deep seepage 2 2 2 .2 2 2 2
Total seepage 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Irrigation pumpage 0 0 [} 0 0 0 0
Venturi-meter flow 20.7 26.0 24.7 27.6 315 33.8 33.8
Total outflow 23.2 28.5 27.2 30.1 34.0 36.3 36.3
RAINFALL ON LAKE
Recorder no. 1 (inches) 0.01 1.02
Recorder no. 2 (inches) .01 1.26
Recorder no. 3 (inches) .02 1.08
Recorder no. ‘4 (inches) .02 74
Non-recording gage no. 1 .02 .56
Non-recording gage no. 2 .02 44
Non-recording gage no. 3 .04 44
Non-recording gage no. 4 .04 .48
Non-recording gage no. 5 .03 .56
Non-recording gage no. 6 .03 .56
Non-recording gage no. 7 .03 75 ’
Non-recording gage no. 8 .03 .79
Non-recording gage no. 9 .02 .99
Non-recording gage no. 10 .02 96
Non-recording gage no. 11 .03 1.09
Non-recording gage no. 12 .03 72
Non-recording gage no. 13 .03 .67
Non-recording gage no. 14 .03 1.08
Non-recording gage no. 15 .03 1.07
Non-recording gage no. 16 .03 99
Non-recording gage no. 17 .03 .88
Non-recording gage no. 18 .02 75
Sum .57 17.88
Average 026 813
Area of lake (acres) 2365 2365
Rainfall (acre-feet) 512 160.23 (V] V] 0 [}] 0

Figure 22. Water budget computa-
tion for the week ending 9 Septem-

ber 1950.



when the east-shore gage indicated a rise of 0.055
foot and the west-shore gage a rise of 0.065 foot.

A study of the sample data presented in figure
22 would lead to the intuitive conclusion that daily
evaporation figures are probably not of equal ac-
curacy. For example, computed evaporation on 4
September is probably not as accurate as for other
days in the week because of the large volume of
inflow and because of the somewhat larger than
usual variation in indicated stage changes on that day.

It was, therefore, considered desirable to classify
the computed daily values of evaporation as to accur-
acy. The approximate magnitudes of the errors in
measuring each item in the water budget have already

been discussed. The error due to nonagreement of in-.

dicated stage changes was determined for each day
using the range as a measure of the standard error.
The error resulting from areal variability of rainfall
was taken to be the standard error of the mean of
the catches in the 22 rain gages. The standard error
of measuring filter plant withdrawals was taken as
3 per cent, and the standord error of other inflow
and outflow items as 5 per cent. The individual errors
were then combined in the usual manner by adding
the individual variances to obtain the total variance.
When Lake Hefner was selected as the site for
the study, the accuracy criterion was that the error
in mean monthly evaporation computed from the
water budget should not exceed 5 per cent. Average
monthly evaporation was originally estimated to be
approximately 1190 acre-feet (Harbeck, 1951). On
this basis, the error in monthly evaporation should
not exceed 60 acre-feet. Assuming the standard errors
in daily evaporation to be normally distributed, the
standard error in daily evaporation equivalent to a
monthly error of 60 acre-feet would be 60/1/30, or
10.9 acre-feet. The following limits for the various
accuracy classes of daily evaporation were therefore
selected, using 10 acre-feet as the reference level.

Standard Error of Computed

Class Daily Evaporation in Acre-feet
A 0— 49
8 5— 99
C 10 —-19.9
D 20 and over

Each daily figure of evaporation was classified
on this basis. The eight days for which evaporation
was not computed because of extremely large inflow
volumes were included in class D. The distribution
was as follows:

Number of Daily Figures of

Class Evaporation in Indicated Class
A 142
B 165
c 108
D 78
Total 493

Daily evaporation figures for 62 per cent, or
307 days, were classified as either A or B, It should
be remembered that this scheme is not infallible;
errors may be larger or smaller than indicated. Com-
parisons between daily water-budget evaporation,
and evaporation computed by one or another of the
various equations, indicate that the accuracy classi-
fication scheme is satisfactory for selecting the most
reliable figures of daily evaporation. The fact that
62 per cent of the daily figures were classed as A
or B indicates that the original requirement as to
accuracy of the water budget was met.

The system of accuracy classification was also
used to indicate the relative accuracy of water-budget
evaporation for selected periods of any number of
days. Class limits for such periods were computed so
as to be statistically consistent with the class limits
for daily evaporation. In general, it was found that
the accuracy classification improved as the length of
the period increased. This might be expected since, as
previously mentioned, the stage measurement error
was independent of the length of period and its rela-
tive effect therefore decreased as the length of period
increased.

Monthly figures of evaporation from Lake Hefner
as determined by the water-budget method, including
adjustments for thermal expansion, are shown in table
1. Daily figures will be published in Volume Il (Data
Report) of this series.

Of particular interest in table 1 is the variation
in monthly evaporation. The maximum monthly evap-
oration of 8.828 inches occurred in August 1951, and
the minimum of —0.638 inch in February 1951. Evap-
oration for the year September 1950 to August 1951
totalled 54.30 inches. Daily evaporation rates of 0.5
inch or greater were frequently observed. Although
generally small in amount, condensation occurred on
56 out of 483 days, most of which were in winter
or spring, with 15 days in February alone. The fre-
quency of occurrence of condensation was surpris-
ingly large, but not inconsistent with what might have
been predicted from a study of the meteorolog-
ical data.
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TABLE 1. Monthly Evaporation from Lake Hefner,
Oklahoma. '

Adjustment  Monthly Evapora-
Indicated Monthly for Thermal  tion Adjusted for

Evaporation Expansion Thermal Expansion

Month (inches) (inches) (inches) (cm)
May 1950 3.457* +0.283 3.740 9.50
Jun 6.059 + .292 6.351 16.13
Jul 6.519 — .21 6.498 16.50
Aug . 7.410 — .020 7.390 18.77
Sep '5.839 — .196 5.643 14.33
Oct 6.741 — .228 6.513 16.54
Nov 6.298 — .309 5.989 15.21
Dec 2.848 — .006 2.842 7.22
Jan 1951 2.448 + .018 2.466 6.26
Feb —0.617 — .021 —0.638 —1.62
Mar . 3.369 + .021 3.3%0 8.61
Apr 2.533 + 97 2.730 6.93
May 3319t + 170 © 3.489 8.86
Jun 5.502 + .370 5.872 1490
Jul 7.029 + 148 7177 18.23
Aug 8.896 — .068 8.828  22.42

* Estimated from 24-day total of 2.677 inches
t Estimated from 30-day total of 3.212 inches

CONCLUSIONS ON THE
WATER BUDGET

Although it is theoretically possible to use the
water-budget method for the determination of evap-
oration from any lake or reservoir, it is usually im-
practicable to do so because of the effects of errors
in measuring the various items. Evaporation as de-
termined by this method is a residual, and therefore
may be subject to considerable error if it is small
relative to other items. At Lake Hefner, however,
evaporation was a major item in the daily water
budget; during the 16-month period of observation,
outflow was only 10 per cent greater than evapora-
tion. Inflow was generally much less because of the
sporadic nature of reservoir replenishment,

The requirement that the error in monthly evapo-
ration computed from the water budget should not
exceed 5 per cent was met. Daily figures are, of
course, subject o somewhat larger percentage errors,
particularly during the spring and fall months when
the effect of thermal expansion of the water in the
reservoir results in a more or less systematic, but
unavoidable, error in the daily figures.
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Instrumentation for Mass-Transfer and Energy-Budget Studies

To provide the necessary meteorological data for
computing lake evaporation by the mass-transfer and
energy-budget methods, it was necessary to develop
special equipment in some cases and to modify
standard equipment in others to meet the particular
requirements of the problem.

The meteorological variables to be measured
were: air temperature, humidity, and wind speed, at
2, 4, 8, and 16 meters above the lake surface; lake
surface temperature; wind direction; and rainfall.
These were measured and recorded at each of four
stations. In addition, it was necessary to measure,
at one station, the incoming solar and terrestrial
radiation and the solar energy reflected from the
lake surface.

GENERAL DESCRIPTION
OF EQUIPMENT

In the design of the equipment system, four
factors were considered essential:

1. The data must be recorded as accurately as
possible.

2. The equipment must maintain its calibration
over extended periods of time.

3. It must operate unattended for as long
periods as possible.

4. It must use a minimum of electrical power.

Wind speed and direction were measured, re-
spectively, with standard 3-cup Robinson-type contact
anemometers and a conventional wind vane with
contacts at cardinal compass points. Rainfall was
measured with a tipping-bucket rain gage. The only
adaptation needed for this equipment was the provi-
sion of a low-power recording system. An operational-
type Esterline-Angus recorder with a spring-wound
poper feed was used in conjunction with a capacitor
discharge circuit for operating the recorder relays.

Temperatures and humidities were measured with
wet and dry thermocouples. in this way all elements,
including the lake temperature element, could be
made up having identical calibrations and, using No.
30 wires for the wet elements, the minimum ventila-
tion required for attaining the true wet-bulb depres-
sion was reduced to 0.5 mph. This eliminated the need
for forced ventilation, since out of doors the wind
speed is rarely below this minimum.

by Lloyd J. Anderson*

To use thermocouples, as well as thermopile
radiation-measuring equipment, it was necessary to
develop a low-power amplifier which could amplify
voltages a thousandfold in order to drive the 1-mil
Esterline-Angus recorder and which would maintain
its amplification factor constant within a fraction of
1 per cent, regardless of normal changes in battery
voltages and tube characteristics. The amplifier used
for this purpose was a negative-feedback galvanom-
eter type and fulfilled the requirements with a power
consumption of 4 watts. It could thus operate for
periods of two to three weeks on a set of batteries
small enough to be easily transportable to the station
sites. Further details on the amplifier, as well as on the
thermocouple psychrometer, may be obtained by re-
ferring to Anderson, Anderson, and Marciano (1950),
Bellaire and Anderson (1951), and Denton (1951).

Careful comparison was made out of doors
between the wet and dry thermocouple traces and
calibrated mercury thermometer readings. In this com-
parison, the thermocouples were mounted in a radia-
tion shield designed to protect them from solar
radiation and were ventilated by the wind, which
varied from 4 knots to nearly calm. The thermometers
were shaded and ventilated at 8 knots by a blower.
A plot of thermometer readings taken at 10-second
intervals showed agreement with the thermocouple
trace within 4-0.1°C over the 30-minute test period,
except during a period of flat calm, when thermo-
couple readings rose as much as 0.5°C above the
thermometer values.

As a result of the above test, and careful spot
checks in the field, it is believed that wet- and dry-
bulb temperatures were obtained with errors of
=#:0.1°C. Although the Esterline-Angus Company does
not guarantee its recorders to better than 2 per cent
of full scale, or 1.0°C in our case, this accuracy was
considerably improved by calibrating all recorders
against a standard milliammeter and adjusting them
so that all were within ==0.1°C at five points over
the scale. By loading the pens as lightly as prac-
ticable, it was possible to reproduce the same trace
for a given temperature within =0.1° when ap-
proached from above or below.

* Physicist, Research Division, U.S. Navy Electronics Lab-
oratory, San Diego, California.
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Numerous attempts to calibrate the cup ane-
mometers resulted in closer agreement between in-
dividual units than with the standard. Since the
anemometers were to be used in the field, they were
calibrated out of doors against a hot-wire anemom-
eter. The rapid response of the hot wire and the slow
response of the cup anemometers made it difficult
to compare results. Because of the complicated hot-
wire traces obtained, and the logarithmic response to
wind, it was not possible to planimeter the trace for
accurate average winds. Installing the anemometers
on a jeep and driving up- and down-wind also gave
inconclusive results because of variable ambient winds,
even under conditions as calm as can be expected.

The results of these tests led to the conclusion
that, whatever the calibration errors, all units were
consistent to ==0.5 knot for winds above 3 knots.
Since the anemometers were maintained in good con-
dition and the cups were new, it is reasonable to
assume that the absolute calibration was within the
limits given by the manufacturer.

The radiation measurements consisted of incom-
ing and lake-reflected solar flux measured with an
Epply pyrheliometer, and total incoming radiation
measured with a Gier and Dunkle flat-plate radio-
meter.

The pyrheliometer is a flat circular plate mounted
horizontally inside a lime-glass bulb. The plate is
divided into a central white spot, a black ring, and
an outer white ring. A 10-junction thermopile meas-
ures the temperature difference between the black
and white areas, which is proportional to the radia-
tion flux penetrating the glass bulb.

‘The radiometer consists of a flat 2-inch square
plate, mounted horizontally in the blast of a small
blower. The plate is a sandwich with a blackened
aluminum upper surface and a polished aluminum
lower surface; between is a thermopile measuring the

vertical temperature gradient across an insulating’

sheet forming the center layer of the sandwich. The
thermopile voltage is thus proportional to the heat
flow down through the plate, which in turn is pro-
portional to received energy at the blackened surface
after deduction of the black-body radiation. To ob-
tain the latter correction, a separate thermocouple is
used to measure the black-surface temperature. The
function of the blower blast is to eliminate the ef-
fect of the wind on the calibration coefficient of the
device.

Pyrheliometer and radiometer voltages were re-
corded using an amplifier-and recorder system similar
to that used for temperature and humidity.
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For obtaining temperature-structure data within
the lake itself, a Western Electric thermistor bead was
used. It was lowered from a boat on a conducting
cable, and water temperatures were recorded on a
1-mil Esterline-Angus recorder in the boat. Tempera-
ture changes of the bead caused its resistance to
change, and this in turn produced an off-balance
voltage in a Wheatstone-bridge circuit. This voltage
was amplified and recorded as lake temperature.
Calibration showed the instrument capable of an
accuracy of *=0.1°C, when corrected by bucket
checks.

After reconnaissance of the Lake Hefner area
and a study of the wind rose data, it was decided
to place the four meteorological stations as indicated
on the map. The primary station, which included the
radiation equipment for the energy-budget studies,
was installed on a barge anchored near the center
of the lake. The most important land station was
located on the southeast shore of the lake, and served
to measure the properties of the air before reaching
the lake surface. The prevailing winds, particularly
during the summer, were such that this location was
representative of the up-wind air most of the time.
During the winter the wind direction is more variable
and, in order to utilize northerly winds, a station was
located on the northeast shore of the lake to act
as the up-wind station for winds between north and
east. The fourth station was installed on the intake
tower on the north shore of the lake, about 50 yards
south of the dike. This station was to collect down-
wind data for southerly winds. It was not felt neces-
sary to provide for westerly winds, since these
occurred only a very small percentage of the time.

A more detailed discussion of the development
of the equipment described above, and the details of
its construction, are given in Anderson, Anderson, and
Marciano (1950).

MASS-TRANSFER STUDIES
Initial Measurements

Before the routine evaporation data could be

“collected, it was necessary to evaluate certain param-

eters such as the variation of wave height with wind
speed and fetch, as well as the effect of stability on
the wind profiles. The requirements for this study in-
cluded the measurement of very small differences
between winds and temperatures at 8 and 2 meters
above the lake surface and of wave height as a func-



tion of distance down-wind. The basic equipment for
these purposes has been described by Anderson, An-
derson, and Marciano (1950). It was installed at all
stations except the northeast.

The wind equipment consisted of two hot-wire
anemometers connected on opposite sides of a Wheat-
stone bridge. Due to the logarithmic response of the
hot wires to wind speed, the off-balance bridge volt-
age was a measure of the ratio of the winds at 2
and 8 meters. It was found that this ratio could be
measured to ==1 per cent, which was far better than
using two conventional cup anemometers.

The temperature-difference equipment utilized a
5-junction thermopile installed in the radiation shields
at 2 and 8 meters. The accuracy of measurement was
#0.02°C. The wind ratios and temperature differ-
ences, as well as the lake temperature, were alter-
nately recorded through the same amplifier and Es-
terline-Angus recorder system, using the 20-point
programming switch.

The wave-height equipment consisted of three ver-
tically-floating staff gages marked with alternate
6-inch-wide black and white bands. One gage was
anchored near the first barge location, the second
near the middle of the lake, and the third near the
north shore. In addition to visual and motion-picture
observations of the staff gages from shore, using a
10-inch reflecting telescope, close-up observations of
wave height were made from a small boat. The three
methods yielded essentially identical data. Six sets
of such measurements were made, covering wind
speeds up to 30 miles an hour.

During the first three-week period, the barge
was located about midway between the south station
and the center of the lake, and for the remaining
three weeks the barge was relocated at its final posi-
tion near the center of the lake. The major equipment
modification found necessary was damping of the
wind-ratio recorder to obtain a more readable trace.
The time constant was increased from 2 to 6 seconds,
resulting in a trace from which average wind ratios
(vs/u2) could be much more easily obtained. The
5-junction thermopiles, used to measure small tem-
perature differences between 2 and 8 meters, per-
formed as expected and no modifications were
necessary. 4

Routine Measurements

After the initial measurements, the installation
of the equipment for routine operation was com-
pleted at all four stations, and routine measurements
were begun, on 15 April 1950. The equipment, as
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designed and installed at the model station in San
Diego, was found to perform satisfactorily. A few
modifications were needed, most of which resulted
from maintenance problems and which will be dis-
cussed under that heading. The photographs in figures
23 through 26 show over-all views of the four stations.
The south station (fig. 24) was located about 100
yards from the shore of the lake, in order to be above
the high-water level. The northeast station (fig. 25)
was mounted on a platform supported by 4-foot pil-
ings for the same purpose. To mount the equipment
on the intake tower, it was necessary to replace the
original conical roof by the flat one shown in figure
26, and to hang the lower-level instruments on 10-foot
booms in order to avoid, as far as possible, the in-
fluence of the tower itself. A provision was made at
this station for raising or lowering the instrument
levels to follow the lake stage. At this particular sta-
tion commercial power was available, and the record-
ing equipment could be located inside the tower.
Battery power was required for the other three sta-
tions. An additional complication was the need for
providing aircraft warning lights for the northeast
and barge stations. This required additional batteries
and clock switches for turning off the lights during
the daytime, Barge lights were mounted in such a
way that they had no effect on the radiation meas-
urements.

The lake-temperature thermocouples were the
only elements requiring appreciable modification for
satisfactory operation. It was soon found that a gal-
vanic voltage was being generated between the
thermocouple and float assembly (fig. 27) and the
steel anchoring cable. During wet weather, partial
shorting by exposed wet surfaces caused this voltage
to appear across the amplifier terminals. To eliminate
this effect, the thermocouple junction was electrically
insulated from the lake by encasing it in a transpar-
ent plastic rod. It was considered that no loss of
accuracy would result by this procedure, since any
solar energy absorbed by the plastic would be quickly
carried away by the lake water. The constant wave
motion prevented any pile-up of warm water at the
junction. Since it was necessary to measure the lake
temperature as close to the surface as possible, the
junctions were adjusted to float about % inch below
the surface. The lake-surface temperature thus meas-
ured is an average of the top %2 inch of water under
quiet conditions and probably the top 6 inches of
water and lower 3 inches of air under rougher con-
ditions. Under virtually all conditions except those
when still warm air overlies a flat still water surface,
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the wave action tends to remove thermal gradients in
the top few inches of water. Thus the temperatures as
recorded should be representative of the interface.
The temperatures will be even more representative of
the interface as the wind increases and wave mixing
becomes stronger, in which case one would also
expect thermal equilibrium between the air and water
within the first few inches above and below the inter-
face. Since the wind was above 4 knots 92 per cent
of the time at Lake Hefner, it is believed that steep
thermal gradients in the top fraction of an inch oc-
curred very rarely.

ENERGY-BUDGET STUDIES
Radiation Measurements

Figure 23, showing the barge station, gives an
over-all picture of the radiation equipment installa-
tion. The flat-plate radiometer and the Eppley pyr-
heliometer are on top of the central mast. The two
downward-looking Eppleys for measuring reflected
solar energy are mounted on 4-foot arms near the
tops of the two shorter masts. To avoid radiation
pickup from the barge, two downward-looking Eppleys
were used, one covering the south half of the lake
and the other covering the north half. The bulbs were
painted to prevent pickup from overlapping sections
of the lake and from the barge. The outputs of both
Eppleys were added in series and recorded as a
single voltage; this was possible because the calibra-
tion constants of the two instruments were essentially
equal. The instrument shelter for the recording equip-
ment is the smaller one nearest the central mast.
Figure 28 shows a close-up of the southernmost mast
with a downward Eppley shown near the top. Figure
29 shows the interior of the instrument shelter, with
the amplifier and recorder on the top shelf and
the batteries and accessory equipment on the bottom
shelf.

The flat-plate radiometer installed on top of the
central mast performed well under all conditions. It
was found during analysis of the data, however, that
the long-wave radiation, which was constant during
the night, began to decrease at sunrise and reached
a minimum of about half the nighttime value at
midday. It began rising again during the late after-
noon and by sunset was up to the nighttime value.
Since this quantity was derived by subtracting the
incoming solar radiation, as measured by the Eppley,
from the total incoming radiation, as measured by
the flai-plate radiometer, there are several possible
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Figure 23. barge station.

Figure 24. South station.



Figure 27. Lake thermocouple float at barge.

Figure 25. Northeast station.
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Figure 26. Intake tower station. Figure 28. Lower level instruments on barge station.
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causes for this apparent daytime decrease. It does
not seem reasonable that it should be a real effect.
Either the Eppley calibration was too high or the
flat-plate calibration too low or, more probably, the
reflection coefficient of the flat-plate for visible
energy was not constant with angle of incidence. To
check this point, the Eppley readings were compared
with those of nearby Weather Bureau installations at
Oklahoma City and subsequently at Las Vegas, Ne-
vada. Comparison showed that the Oklahoma City
values were 2.6 per cent higher and the Las Vegas
values 2 per cent lower than the readings of the
Eppley pyrheliometer used in these studies. Since the
probable error of calibration is of the order of =2
per cent, it seems evident that the instrument in ques-
tion lies about in the middle of this range.

Accurate terrestrial radiation values might be
obtained by using a glass-covered flat plate for ob-
taining solar-energy values. If the covered and un-
covered flat plates were connected in series with
opposite polarity, the resulting recorded value should
approximate the terrestrial energy flux. Such a scheme
may be an oversimplification of the problem, but
should be investigated.

To prevent interaction between the radiation re-
corder and the temperature recorder, it was necessary
to use separate ice baths for the reference junctions
of the flat-plate temperature thermocouple and the
other thermocouples. When a common ice bath was
used, interaction was noticed between the two circuits
during rainy weather, presumably caused by partial
shorting via the wet surfaces of the mast and barge.
Similar shorting difficulties were encountered when
attempting to use a common storage battery for the
flat-place blower motor and the filament supply of
the amplifier. Both difficulties were eliminated by suit-
able isolation.

The flat-plate blower was driven by a small
6-volt Haydon motor which performed satisfactorily
for 6 months of almost continuous operation. This per-
formance far exceeded expectation. The motor was
replaced during a general overhaul of the equip-
ment but was still in geod operating condition.

The three Eppley pyrheliometers performed quite
satisfactorily for the entire 16 months of operation
and are now in use at Lake Mead.

Temperature Profile Recorder (TPR)

This equipment was developed at NEL to obtain
more accurate profiles of temperature within the lake.
It was described ip detail by Anderson and Burke
(1951).
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Figure 30 shows the equipment mounted in place
near the stern of the boat in which it was used for
the lake-temperature surveys described in a later
section of this report. It was covered, when not in use,

Figure 29. Radiation instrument shelter on barge.

Figure 30. TPR installation on boat.



by the metal box shown in the left background. Am-
plifier power was supplied by the boat storage bat-
tery. Performance was satisfactory except for the last
2 months of the Lake Hefner studies, when the vi-
brator became faulty. Similar difficulties had occurred
on a few previous occasions, but were remedied by
replacing the vibrator. In June 1951, however, all
the vibrators became faulty and the equipment was
sent to NEL for overhaul. It was also recalibrated at
this time and, after 14 months of operuﬁor:, the
thermistor beads were found unchanged in calibra-
tion. Tests showed that the entire amplifier had
maintained its calibration over this length of time.
The only component which affected the calibration
of the equipment was the vibrator. Substituting various
vibrator units shifted the entire temperature scale up
or down a few divisions, because of the different noise
levels inherent in the individual units. Correction for
this shift, however, brought all scales back to the
original calibration. In practice this effect offers no
difficulty, since frequent checks were made by com-
paring the TPR readings with bucket temperatures as
measured with a calibrated thermometer.

OVER-ALL PERFORMANCE
AND MAINTENANCE

Accuracy Checks

To maintain the accuracy required for evapora-
tion computations, it was necessary to make periodic
checks of the equipment in the field. The temperature
and humidity data were checked weekly at all sta-
tions by means of a sling psychrometer. The observed
wet- and dry-bulb readings were entered on the re-
corder traces and compared with recorded values
during the data analysis. The sling-psychrometer
values were occasionally several tenths of a degree
higher than the recorded values, although the wet-
bulb depression always agreed within 0.1°C. It is
believed that insufficient shielding of the psychrometer
from the sun is responsible for these minor discrep-
ancies.

No suitable method was found for checking
anemometer accuracy in the field. All units were re-
placed at intervals of 30 days or less. The units which
had been in use were completely overhauled, the
overhaul including removal of the shaft and bearings,
washing out of the lubricant, and filling with fresh
lubricant. During this time the contact points were
also checked, and the shaft friction was checked by
the following procedure. The anemometer body with

cups attached was arranged with its axis horizontal,
and a small weight was placed on one of the cups
which was held at the same level as the axis. The
cup was released, and the weight caused it to rotate.
At the bottom of the arc the weight dropped off,
and the cup continued to rotate until eventually
stopped by shaft friction. It was found.that ane-
mometer shafts in good condition made about nine
revolutions before stopping. Any units which did not
meet this criterion were relubricated.

The reference bath for the nine thermocouples at
each station was contained in a 1-gallon Dewar flask.
Since all temperatures were referred to the bath
temperature, it was essential that 0°C be maintained
in the bath at all times. A mercury thermometer was
permanently mounted in the flask and checked at
2-day intervals. No appreciable discrepancies were
noted.

- Usable Data Yield

Table 2* shows the percentage of occurrence
during each month of operation of the commonly oc-
curing difficulties in collection of data. Some of these
faults are minor, but others result in unusable data.
A gradual decrease in the occurrence of most of these
difficulties is evident throughout the summer and fall
months of 1950. During the winter, however, wet bulbs
dried out very frequently, because of freezing of the
reservoirs. This effect generally occurred several hours
after the air temperature dropped below 0°C, and
disappeared abruptly at all levels about 2 hours after
the air temperature rose above 0°C. On several oc-
casions the temperature dropped a few degrees below
freezing without the wicks drying out, because pre-
sumably, the water in the reservoirs did not freeze
and thus continued to feed water to the wicks. By
March, the occurrence of frozen reservoirs had de-
creased to only 11 per cent and no further difficulty
was encountered after 21 March.

Missing anemometer pips occurred frequently
during the first five months. This defect was eliminated
by periodic checking of the contacts during ane-
mometer overhaul. Fortunately, this defect was not
serious, because the pips were missing in such a way
that they could be inserted in the traces during anal-
ysis of the data.

Figure 31 shows the yield of usable data during
the operating period. The radiation equipment, after
a rather poor start, settled down to an average yield
of 24 usable days per month during the last year of
operation. Since the barge meteorological data were

crucial for all evaporation computations, the yield
* See page 45.
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of this station is shown separately. The average was
20 usable days per month, with 14 days per month
of perfect data. The bottom row of the figure shows
the average for all four meteorological stations, 21
days per month of usable data and 16 days of
perfect data.

To qualify a day as “usable,” there could be no
more than two 3-hour periods containing unusable
data. Both the temperature and wind recorders had
to produce usable data simultaneously at all four
levels (2, 4, 8, and 16 meters). The “perfect” days,
of course, were those in which no data-recording
failures occurred during the entire 24-hour period.

Maintenance Problems

The above data yields were the result of careful
and conscientious attention to maintenance detail by
the resident maintenance crews. After the initial in-
stallation by the equipment designers, it was the duty
of the maintenance crews to solve the everyday prob-
lems that arose, and to solve them quickly to keep
the data loss as small as possible. Table 2 and figure
31 give a graphic record of the maintenance crews’
performance.

‘As mentioned previously, all the equipment ex-
cept that at the intake tower was battery-operated.
Originally, the 180-volt power required by the ther-
mocouple amplifiers was supplied by dry batteries,
and 6-volt power by storage batteries. Because of the
persistent wind at Lake Hefner, it was possible to
install a wind-driven propeller-type battery charger
at each station. This greatly reduced the labor of
transferring storage batteries and made it practicable
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to use a vibrator-type power supply, operating from
a storage battery, to supply the 180-volt amplifier.
In this way all the electrical requirements of the sta-
tions were fulfilled by the wind chargers. The cost of
the charger and vibrator units was saved in a few
months of operation by eliminating the expense of
dry batteries. The procedure used with a wind charger
was to connect it to one set of batteries at the station
while a second set was in use on the equipment. It
was not possible to connect the wind charger to the
batteries while they were in use, because this would
have necessitated connecting all storage batteries
together, which was not permissible in the ampli-
fier circuit.

The thermocouple amplifier, which represents the
heart of each station, performed quite satisfactorily
with periodic maintenance checks and the replace-
ment of tubes and exciter lamps. Table 2 shows that
the temperature trace was off scale a fair percentage
of the time during the first 4 months of operation.
This was due to sticking of the galvanometer coil
against its stops whenever it happened to go off
scale. The problem was solved by modifying the stops
so that the coil form contacted only a fine point on
the stop, thus virtually eliminating the cohesive force
that seemed responsible for the sticking. Very little
difficulty was experienced after making this modifica-
tion, in early September.

A routine maintenance check on the input im-
pedance of the amplifier was found necessary to
prevent inaccuracies resulting from too much current
being drawn from the external thermocouple circuits.
It was accomplished by substituting a fixed 500-ohm
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resistor in place of the thermocouple circuit and ad-
justing the mechanical zero of the galvanometer until
zero input voltage was indicated on the recorder.
Such readjustment was found to be required about
once a month. In figures 29 and 32, the amplifiers
are shown resting on a pad of foam rubber. This
was necessary to eliminate high-frequency vibration
of the galvanometer suspension. Such vibration was
particularly troublesome at the northeast station (fig.
25), where the entire platform would be set in vibra-
tion by winds above 15 miles per hour. With a foam-
rubber pad under the amplifier the trace remained
unperturbed until the wind exceeded 30 miles per
hour.

The Esterline-Angus recorders used to record all
the data were clock-driven to conserve electrical
power. They performed satisfactorily except during
conditions of high humidity in the summer. Table 2
shows the increase in clock stoppage during these
periods. The difficulty was partially eliminated by in-
stalling small light bulbs to dry the inside of the re-
corder case. The bulbs were powered by worn-out
amplifier batteries.

Figure 32. Met logical instr t shelter on barge.

A 20-point switch was used to present, in turn,
each of the nine thermocouple voltages to the ampli-
fier. In this way all temperatures could be recorded
on a single tape. The switch was driven by an auxil-
iary shaft on the recorder and made one revolution
per hour. Since it was desirable to record each tem-
perature twice an hour, each thermocouple was con-
nected to two contacts. The two extra contacts were
used to short the amplifier at half-hour intervals. This
served to identify the beginning and end of each
sequence and also to indicate the 0°C reading to
which all temperatures were referred. For the first
four months, faulty switch operation occurred about
8 per cent of the time, caused by accumulation of
dust and oxidized metal on the wiper contact, such
that when one contact was broken, the next was not
immediately made. Thus the amplifier was open-
circuited for a few seconds, resulting in an off-scale
trace. Because of its short duration, this did not affect
the data except when the galvanometer coil stuck
off-scale, as mentioned above. Routine polishing of
the wiper and stationary contacts with crocus cloth at
weekly intervals eliminated this difficulty. A light film
of instrument oil seemed to reduce further the occur-
rence by retarding oxidation of the metallic surfaces.

The reference baths for the thermocouples re-
quired refilling with ice at weekly intervals during
the summer and monthly intervals during the winter.
Several of the Dewar flasks imploded during the Lake
Hefner observations, in spite of each being mounted
inside a wooden case filled with rock wool. Even very
careful handling did not prevent such occurrences.
Perhaps smaller flasks refilled at more frequent inter-
vals would have suffered fewer casualties, but the
convenience of the larger size was a very desirable
feature in field operation.

The wet-bulb reservoirs required filling at 2- to
4-day periods, depending primarily upon the wind
speed. After the first 2 months, no appreciable data
were lost because of dry reservoirs. As mentioned
previously, frozen wet bulbs during the winter caused
considerable difficulty, but this was unavoidable and
represents the major disadvantage of the psychro-
metric technique. It was believed from the beginning,
however, that the advantages of the technique far
outweighed the disadvantages and that heavy loss
of data during the winter months was less undesir-
able than the disadvantages of other methods of
measuring humidity.

Each time the reservoirs were filled, the accumu-
lated dust was removed from the wet thermocouple
wick. This served to extend the life of the wick as well
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as to insure attaining of true wet-bulb temperatures.
The copper wire used on one side of the junctions
gradually corroded, and several wires had to be re-
placed toward the end of the operating period. The
four spare thermocouple assemblies enabled this re-
placement to be accomplished with virtually no loss
of data. It was found necessary to install insect
screens around the psychrometer radiation shields to
prevent wasps from building nests in the air passages.
These screens also served to reduce wind speeds in
the passages and to reduce excessive evaporation
from the wicks during high winds.

Figure 27 shows a lake thermocouple float. The
thermocouple is barely discernible inside the triangle.
As mentioned previously, it was found necessary to
insulate the junction of this thermocouple from the
lake water by encasing it in a lucite rod. The thermo-
couple cable, from the plastic rod to the instrument
shelter, was also encased in heavy-wall rubber hose,
both to prevent electrical leakage and to protect the
cable from mechanical abrasion. Table 2 shows that
lake-temperature difficulties were essentially elimi-
nated by this treatment.

The radiation equipment required little main-
tenance except for occasional dusting of the pyrheli-
ometer bulbs and radiometer plate. The latter was
given a coat of flat black enamel when necessary to
preserve its absorption properties. The enamel used
was the same as used by the manufacturer.

The Temperature Profile Recorder required little
maintenance except for occasional polishing of the
slip-ring system used for connecting the cable on the
drum to the amplifier. Accumulation of dust in the
system resulted in an erratic trace. Repolishing of
the slip rings with crocus cloth eliminated the difficulty
for several weeks.

Figure 33 shows a further maintenance problem
occasionally encountered during the winter. The view
shown is of the same mast as shown in figure 28.
It was necessary on this occasion to chip away a great
deal of ice to keep the barge floating level. Pictures
such as this make one doubly appreciative of the
efforts of the maintenance crew.

44

CONCLUSIONS ON INSTRUMENTATION

The equipment developed for the Lake Hefner
studies proved to be reliable and practicable. The
stations had to be visited at 2- to 4-day intervals for
filling wet-bulb reservoirs, and at weekly intervals for
other maintenance requirements. At windy locations,
all power needs were met by wind chargers and
storage batteries.

The thermocouple psychrometer was found suit-
able for obtaining accurate humidity data in regions
where freezing temperatures are not prevalent for
extended periods. The radiation recording system,
comprising the Eppley pyrheliometer, flat-plate radi-
ometer, galvanometer amplifier, and Esterline-Angus
recorder, performed satisfactorily. Indicated daytime
terrestrial radiation values were too low, possibly due
to variable reflection of solar radiation by the flat-
plate surface.

The Temperature Profile Recorder performed well
and yielded much more accurate profiles than those
provided by the conventional bathythermograph.
When surface checks were made against a calibrated
thermometer the profiles were accurate to 0.1°C,
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TABLE 2. Per Cent Occurrence of Instrument Faults, Meteorological Data, Lake Hefner
Studies
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' Figure 33. Icing on barge.
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Mass-Transfer Studies
by J. J. Marciano* and G. Earl Harbeck, Jr.**

The foundation used for obtaining practical
results from mass-transfer theory was NEL Report
159 (Anderson, Anderson, and Marciano, 1950). That
report contains a detailed review of theory, based
on the discontinuous- and continuous-mixing concepts
applied to mass transfer in the boundary layer. As a
product of the review, a selection was made of a
series of evaporation equations judged suitable for
testing the two concepts. Although both concepts had
some experimental support, they had not been tested
to the extent or with the precise controls contem-
plated in the Lake Hefner program.

Several important questions were left unan-
swered by Anderson, Anderson, and Marciano. First
was the question of the existence of a critical wind
speed for air-water boundary-layer processes. The
answer is tied closely to another question, namely,
the value of the roughness parameter of the lake
surface. Evaporation equations are strongly influ-
enced by answers to these two questions. A third
unknown was the degree of coupling between wind
and temperature fields in the boundary layer; this
problem involves a search for a general wind equa-
tion for the boundary layer. Finally, it was necessary
to ascertain whether theory could predict the height
of wind-generated waves on a relatively small lake.

In the following pages, these problems are again
discussed in connection with the theory of the bound-
ary layer. Evaporation equations are again re-
viewed, with the addition of the case of evaporation
in zero wind. The remaining discussion presents the
results of tests of several evaporation equations
against a reliable control.

THEORY

Structure of the Boundary Layer

Few concepts have had more influence on aero-
dynamics and fluid mechanics than Prandtl’s descrip-
tion of the boundary layer in 1904. The theory of the
boundary layer forms the basis for treating evapo-
ration as a mass-transfer problem.
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Consider a fluid flowing with constant velocity
U past a fixed solid boundary. The velocity will in-
crease from zero at the boundary and reach the
value U a small distance away. Tangential stresses
are set up, retarding the flow at distances farther
and farther from the boundary, so that the width of
the layer of retarded fluid will increase downstream.
By definition, the boundary layer is that layer of
fluid retarded by the boundary. Figure 34 illus-
trates the process involved.

We can thus divide the fluid into two portions:

1. The relatively thin boundary layer where
the velocity gradient is large and, consequently,
where shearing stresses cannot be neglected.

2. The region outside the boundary layer where
the velocity gradient is small and shearing stresses
negligible. In the second region the flow closely
resembles that of the classical nonviscous fluid, with
the motion determined by pressure forces and the
flow described with sufficient accuracy by Euler's
classical equation. Our main concern is the boundary
layer, particularly the velocity distribution within it.

In nature, the boundary layer is formed as
shown in figure 34. If the air has been flowing for
some distance over a reasonably uniform surface, the
thickness of the layer will be essentially constant
with respect to downstream distance, changing height
only insofar as the over-all degree of turbulence may
warrant. If a new surface is suddenly encountered,

THE
GROWING
BOUNDARY
LAYER

T

Figure 34. Growth of a boundary layer along one side of a
flat plate.

* Meteorologist, Research Division, U.S. Navy Electronics
Laboratory, San Diego 52, California.

** Hydraulic Engineer, Water Resources Division, U.S.
Geological Survey, San Diego, California.



such as would occur at the edge of a lake, a new
boundary layer will develop, its rate of growth de-
pending on distance as well as the properties of the
air and the new surface.

Scalar fields, such as temperature and vapor
pressure, may also be thought of as having bound-
ary layers, although it does not follow that the
boundary layers for different properties are of equal
thickness. Boundary-layer theory was first developed
with momentum as. the important property. Since
then, the concept of “similarity” has been used to
connect the momentum and heat boundary layers
(Dryden, 1934; Goldstein, 1938). The same approach
has been used to connect heat transfer and evapo-
ration (Schmidt, 1929), and momentum transfer and
evaporation (Millar, 1937). It is now generally ac-
cepted that turbulent transports of momentum and
water vapor are the same, that is, their coefficients
of eddy transport are interchangeable. Evaporation
equations discussed later were developed with that
principle in mind. The similarity of momentum and
vapor transfer was shown in some excellent photo-
graphs by Albertson (1948) whose work confirmed
that evaporation is a boundary-layer phenomenon.

The character of the flow and the nature of
the boundary are important. In experimental work
it is possible to set up conditions of laminar and
turbulent flow, but in nature laminar flow is rarely
observed. The present discussion is based on the
postulate of turbulent flow at all times. The under-
lying surface may be “smooth” or “rough” in the
aerodynamic sense. There exists at the boundary a
very thin layer, of the order of a fraction of a centi-
meter in thickness, in which the velocity gradient is
constant, that is, velocity is proportional to distance
from the boundary. Such flow is laminar and the
thin layer is called the “laminar layer.” If the pro-
tuberances and irregularities of the surface project
above the laminar layer, they affect the velocity
distribution, resulting in turbulent flow over a rough
surface. If the laminar layer completely encloses the
roughness elements, the flow above is smooth.

Boundary-Layer Velocity Distributions

Considerable evidence exists that for turbulent
flow without density gradients the velocity in a fully
established boundary layer over a plane surface
varies with the logarithm of height. Goldstein (1938,
pp. 376-382) gave the following equations, based on
the work of Prandtl and Schlichting:

ROUGHNESS CONSTANT C

L =C+4575lg . @
Us €
(a) Smooth flow: C = 5.5 + 5.75 log —;
14
Y% < 7.08.

v

(b) Transitional: C = 9.58; 7.08 < £_% < 14.1.
1 4

Ue €5

(c) Transitional: C = 11.50 — 1.62 log ;

1 4

1H1=L“<708.
v

Us €

(d) Rough flow: C — 8.48; 70.8 = —=.
14

The variation of the roughness constant C is shown
by figure 35*, taken from Schlichting (1949). In gen-
eral, C must be determined experimentally. The
values in equation (4) are for sand roughness of the
type used by Nikuradse (1933). The actual roughness
e and the corresponding roughness constant C are
related to the equivalent sand roughness ¢, for rough
flow, by

X —8484 575log = =C+575log =. (5)
€

Us €g

* All symbols and units used are explained in the Ap-
pendix.

A 1N

N

LIMITS FOR SMOOTH AND ROUGH FLOW

/ SMOOTH ROUGH
7 NIKURADSE vegy/v < 10 vee,/v > 100
SCHLICHTING  v.e,/v < 3.9 Usg,/v > 75
6 / GOLDSTEIN vee,/v < 7.08 ueg,/v > 70.8
0.5 1 1.5 20 2.5

LOG; ¢ (uee,/v)

Figure 35. The roughness constant C as a function of (u. es/u).
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In many cases, particularly for flow over water, the
roughness ¢ cannot be precisely specified; such a
specification could be made only if the roughness
elements were of uniform height, shape, and spacing.
Therefore, equation (4) is used, with the introduction
of a “roughness parameter” zo, which is related to
€ by zo = ¢;,/30 (Nikuradse, 1933). Substitution for
¢; in equation (4) gives

z

—=25In>2, (6)

Zo

Y —8.48 + 575log

Ue 30 Zy

which is the equation generally quoted as applicable
for rough flow in the atmospheric boundary layer.
The use of 5.75 and 2.5 requires the use of ko = 0.40
for von Kdrman’s constant (in equation (6), 2.5 =
1/ko). Although various values of ko appear in the
literature (Millar, 1937, Montgomery, 1943), the value
chosen here is consistent with equation (4); the most
generally accepted wind equation for the type of
flow treated, and also with the assumption that the
friction velocity u. is constant with height in the
boundary layer. This assumption is part of the dis-
continuous-mixing (mixing-length) approach to mass
transfer. In reality u. does vary slightly with height,
but apparently the small errors so introduced are of
equal and opposite magnitude to those introduced by
the assumption of a linear mixing length (Mont-
gomery, ibid. p. 94). Near a boundary, that is, within

a boundary layer, any value of ko between 0.31 and
0.45 seems appropriate (Montgomery, ibid. figs. 1, 2).
The value of 0.40 appears to be the most generally
accepted value and was therefore used in the com-
putations.

It is somewhat misleading, therefore, to say that
equation (4) “applies.” The wind generates waves on
a lake surface, and the waves change in height,
spacing, steepness, and speed downwind. Whether
the waves or some other surface characteristic rep-
resent the roughness elements, it would be difficult to
describe the entire surface by a single roughness e.
Therefore equation (6), involving the equivalent sand
roughness ¢, must be used for rough flow. Only
under controlled (laboratory) conditions, could one
use the right side of equation (5).

Figure 36 illustrates laminar, smooth, and rough
flow, based on equation (4). In analyzing wind data
from Lake Hefner, the criteria for the various types
of flow are those given with equation (4). Using
e =— 30 z¢, these become:

Smooth flow: M-< 0.236;

14

Transitional: 0.236 = Lz = 2.36;
14

@)

Us Zo

14

Rough flow: > 2.36.

ROUGH: u/us = 8.48 4 5.7510G 1/¢,

//
vd

o = vez/v

e
-l /1
,f’ / SMOOTH: u/u. = 5.5 4 57510G vez/y

Figure 36.
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In using these criteria, z; is determined from equation
(6). Calder (1949) quoted slightly different limits for
the criteria, based on limits of 4 and 75 for the
parameter u.¢,/v. Lake Hefner wind data do not
require a closer definition of these limits.

Although equation (4) is based on considerable
experimental evidence, the expressions for smooth
and rough flow have also been connected with the
mixing-length theory of turbulent flow. Since the
theory may have to be modified, wind measurements
at Lake Hefner were analyzed in the light of this
equation. It should be noted that equation (4) does

not apply very near the boundary since it does not.

describe the laminar flow which exists there. Accord-
ing to evidence summarized by Goldstein (1938),
equation (4) should not be used when.u. z/v is less
than 30. The lowest height at which wind measure-
ments were made at Lake Hefner (2 meters) meets
this requirement.

Analysis of some 23,000 individual wind profiles
measured between 2 and 8 meters over the center of
Lake Hefner yielded the averages of significant pa-
rameters given in table 3, based on 98 cases (3-hour
averages) in which the lapse rate between the surface
and 8 meters was essentially adiabatic.* Because of
the limited number of adiabatic cases, an alternate
procedure was used to check results. A multiple-
regression analysis was made, using ug/us, (Ts — To),
and us as the variables. It was then possible to
use all the data and to separate the effects of tem-
perature and wind, thus obtaining values of ug/u,
(and therefore also z;) for adiabatic conditions.

Two somewhat unexpected conclusions can be
drawn from table 3: (1) the lake surface is aerody-
namically rough at all times; (2) the roughness pa-
rameter z;, and the resistance coefficient (u./ug)?
increase with wind speed. Previous consideration of
the same problem led to the suggestion, here dis-
carded, that there is a critical smooth-to-rough ve-
locity of the order of 7 meters per second at 8
meters, and that in the rough range zo and (u./ug)?
are independent of wind speed. Even if us equals 100,
for example, the profiles give a value of 5.5 for the
friction velocity u., whereas with assumed smooth
flow and the same ug, u. would assume the value 3.5.
The friction velocity is a particularly reliable param-
eter since, for a given height range, it is uniquely de-
termined by the wind profile without regard to any
assumption of smooth or rough flow. Although the
ratio ug/us was used to simplify the analysis, the

* An adiabatic lapse rate would give (Tq — 7)) = —0.1°C.
Differences of —0.2, —0.1, and 0°C were considered adiabatic.

profiles were also examined on semilog plots. When
the measurements at 2, 4, and 8 meters were con-
sidered, no significant deviation from the logarithmic
equation could be detected. It was therefore assumed
that logarithmic profiles prevailed down to the
heights z, given in table 3.

There is still some doubt about the character
of the flow below a ug of about 4 meters per second,
since light winds were infrequent at Lake Hefner.
If smooth flow is assumed for light winds, and vg/us
plotted against ug, the curve for smooth flow based
on equation (4a) meets the curve represented by the
data in table 3 at a value of ug of approximately
20 cm per sec. Moreover, it will be seen later that
even for very low wind speeds two evaporation
equations based exclusively on rough flow give sat-
isfactory results.

The roughness parameter of a natural water
surface is a critical factor because the computed
evaporation depends so much upon it. Values of zo
for open water, generally the open ocean, have
variously been quoted between 0.02 and 0.6 cm.
Even if there were agreement as to value, it would
not follow that the same value would apply to a
small lake. Furthermore, there have been suggestions
of a more or less abrupt transition between smooth
and rough flow at a velocity of about 7 meters per
second, measured at a height of about 8 meters.

A separate investigation of this question was
carried out, but the necessary adiabatic conditions
were so rare during the 2-week observation period
in April 1951 that final results had to await the
analysis described above. Although z; was found to
vary from 0.55 to 1.15 c¢m, the results can be con-
sidered in fair agreement with the value of 0.6 ¢cm
given by Rossby (1935) for the open ocean under
equilibrium conditions. That no transitional velocity
existed was at first surprising, but was confirmed by
application of every known criterion.

Another test was made to decide whether equi-
librium conditions prevailed over the lake surface

TABLE 3. Adiabatic Wind Profiles over Lake Hefner

vg Ve z9 €
(emsec~1) wg/u, (cmsec—1) (em) (ecm) vezy/v (ve/ug)? Surface
100 1.239 55 0.58 17.4 214 0.00306 Rough
200 1.24% 13 63 189 47.5 00320  Rough
300 1.243 174 66 198 75.2 00325 Rough
400 1.245 22.8 .69 207 1052 00326 Rough
600 1.250 347 J7 230 1782 00335 Rough
1000 1.259 59.2 94 282 3710 00350 Rough
1200 1.265 72.8 1.05 3.6 5100 00366 Rough
1500 1.269 91.9 1.15 346 704.0 00375 Rough
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which is always a wave-generating area. The Sver-
drup-Munk (1947) wave-height theory was tested
with the aid of instruments already described. If
equilibrium conditions prevailed, then fetch rather
than wind duration would control wave height. Such
was found to be the case (fig. 37). The curve for
measurements at Abbotts Lagoon, reported by John-
son -(1950), is shown in the figure as further veri-
fication.

Although the values of z, quoted above are
based only on measurements near the center of the
lake, they have been considered applicable to the
entire surface and used accordingly. There is cer-
tainly a possibility that z, varies downwind, since
all the conventional surface characteristics (wave
height, etc.) do so. On the other hand, one can not
precisely define, with present knowledge, the rough-
ness elements of a surface which is changing shape
in a complex fashion downwind.

GROWTH OF THE BOUNDARY LAYER. Schlich-
ting (1949) gives a derivation of an expression for
the thickness of a growing boundary layer over a
smooth plate. A similar analysis can be performed for
a rough plate. The drag W of the water surface can

be expressed as
@ 5(2)
W:f-r(x)dx:fpu(U—u)dz, (8)
0 )

so that

dW/dx = 1 (x). 9

Equation (8) can be rearranged to give the drag in
terms of the momentum integral J,

1
W = pU2 5 (x) J = pU2 8 (x) 1(1 ——“—) d (i)
.!‘U U )

Based on table 3, v can be replaced by (see equa-
tion (37), Anderson, Anderson, and Marciano, 1950)

amn

v = qus (2/20)*

where q and « vary slightly over the velocity range

observed. In evaluating J we use
u/U = (z/8)" (12)

with the result that J is a slowly varying number equal
to a/[(a + 1) (2a 4 1)]. The drag is then

W= 2 U2 § (x) (13)
@t D@atrn”
and, using equation (9), ‘
T dW a U2 _d_a (]4)

Tdx @t D@+ dx

The shear stress 7 is eval to pus? so, using equa-
tion (11),

- (15)
q% (8/z0)*¢
Now from equations (14) and (15),
. a ﬂ — 1 ) 16)
@+ 1) @a4t1) dx g% (/2002

and the solution of equation (16) is

1
= [(a+ HnQ ;{;20.)2 zozax] 1+2a . an

The thickness of the boundary layer at a downwind
point representing the average value of x at Lake
Hefner is given in table 4.

Figure 37. Wave height as a function of

wind speed and fetch,
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TABLE 4. Boundary-layer Thickness at x = 1750
Meters.

ug (meters per second) 1 4 10 15

& (meters) 41.0 42.9 43.2 47.4

These values of & seem high, and in view of the
uncertainty (Prandtl, 1934) as to boundary-layer
thickness, they may be considered approximations
only. The variation with height of various properties
in the upper part of a boundary layer is so gradual
that it is difficult to define the exact height at which
the influence of the boundary ends. During the course
of the measurements, upwind vapor-pressure profiles
were compared occasionally with those over the
middle of the lake. Little or no modification was de-
tectable at 16 meters, the highest level of measure-
ment. Considering the possibility that under stable
conditions the boundary layer would be even thinner,
it was decided to use the next lower level, 8 meters,
as the upper limit of integration in the various com-
putations.

In the development of “point”’ evaporation equa-
tions (for example, Sverdrup’s equations, where
E —F times area) the upper limit of integration can

be any height within the boundary layer, including -

the value z = 3. For “area” evaporation equations
(for example, Millar’s or Sutton’s), the upper limit of
integration must be outside the boundary layer, with
z =23 the lowest value permissible. The choice of
z=28 =8 meters for both approaches, therefore,
satisfies these requirements and insures that if the

barge is properly located, the point solution will be -

merely a special case of the general vapor-blanket
approach.

GENERAL WIND EQUATIONS. At the close of
the first phase of the project, it was concluded that
the search for a general wind equation was far from
successful. Anderson, Anderson, and Marciano (1950)
pointed out some of the objections to the Rossby-
Montgomery (1935) approach. Holzman (1943) made
an intuitive transformation of Rossby’s and Mont-
gomery’s results, with little actual improvement. Sver-
drup's'(l936) wind equation removed some of the
objections to the first approach, but retained much
of its mathematical complexity. All these attempts
at generalization were restricted to assessing the in-
fluence of stability, although Sverdrup (1938) later
suggested that his results also applied to the un-
stable case.

The Rossby-Montgomery equation is o
v v

u_ b 18
- koz\/l + oRi, (18)
while Holzman’s transformation is
Qu . Us

22 kozyi—oR )
The derivation requires that o be constant with respect
to stability. Sverdrup (1936) found that his measure-
ments, mostly in the stable range, indicated ¢ = 11
and he later (1938) suggested that the same value
applies for instability. Deacon (1949) argued that,
with observed values of Ri = —0.3 and consistent
wind profiles, c = 11 would result in (¢Ri) < 1 and
give imaginary values of 8u/8z when equation (18)
was used. While ¢ = 11 is satisfactory in the stable
range, the requirement ¢ — constant thus casts doubt
on Sverdrup’s extension of his results to the unstable
case. Insofar as equation (19) is concerned, Deacon'’s
conclusion that ¢ = 7 has the same drawback — the
equation would break down for Ri > 1/7, giving
imaginary values of 8u/8z and, therefore, imaginary
values of evaporation. To confuse the issue further,
Pasquill (1949) concluded that the Rossby-Montgom-
ery equation (18) provides “reasonable agreement
with the results in stable conditions if ¢ = 12, while
in unstable conditions the Holzman formula (19)
gives corresponding agreement using the same value
of ¢.” This complete and arbitrary change of basic
equations with changing stability can hardly be con-
sidered satisfactory when one is seeking a general
wind equation.

A series of unusually detailed wind and tempera-
ture profiles was obtained to explore this question
further. Temperature differences were measured with
a 5-junction thermocouple accurate to =0.02°C.
Wind profiles were obtained with hot-wire anemom-
eters accurate to =2 per cent. After grouping the
observations, it was found that, at the 4-meter level,
the most stable group gave an average value of
Ri = 0.225, while the most unstable gave Ri = —1.7.
Neither 0 =11 nor ¢ =7 would appear to be
proper. In fact, it appears from the data that o,
which is the reciprocal of a proportionality constant
originally used in the Rossby-Montgomery approach,
must vary with height in order to prevent the two
proposed wind equations from breaking down.

Figure 38 shows the values of o based on these
measurements, the notation across the top indicating
the number of observations entering into each group
average. Since one cannot use an equation to test
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itself, use was made of Deacon’s (1949) empirical
wind equation:

Qu/dz = az—h. (20)

This is very similar to Sverdrup’s (1936) approach,
with the added advantage that it can be applied to
instability as well. In equation (20)

B > 1 for instability,
B = 1 for the adiabatic case, and (21)
B < 1 for stability.

Using the definition
g _ol/oz
T (du/22)

with equation (20) and Deacon’s (1949) approxi-
mation*

Ri = (22)

oT/9z = bz~#, (23)

it can be shown that

. 1—B 28 Tz —1T
Ri = -%-’]"—_-B’— /201~ — 1] [_0.2_0] (24)

The constant a in equation (20) is determined
from the boundary condition that, as the surface is
approached, the effects of stability are suppressed, so

* The validity of the assumption that the index S is the
same for wind and temperature was examined using Pasquill’s
(1949) measurements and found to be approximately correct.
However, the Lake Hefner data do not substantiate this as-
sumption since the wind profiles between 2 and 8 meters were
essentially logarithmic regardless of stability. The validity of
Deacon’s assumption is therefore questionable, but it has been
tentatively accepted in order to test the entire theory.
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that the wind approaches that given by the logarith-
mic law. This results in @ = us/kg zo? 5. The constant
b in equation (23) is determined from the condition
that as z approaches zo, T approaches Ty. The latter
is not exact but simplifies the computations and makes
no essential difference in the results. Deacon’s equa-
tion can be combined with equation (19) above to
give (Anderson, Anderson, and Marciano, 1950, p. 36)

1 — (z/20)% B2
o= ——l

. 25
Ri @3)

When the value of Ri given by equation (24) is sub-
stituted in equation (25), o is obtained and figure 38
is based on this analysis. The abscissa is based on
the last term in equation (24), that is,

_Te—T,
- 2

S , (26)

us

in order to compare results with Deacon’s. The rela-
tion between S, Ri, and B for Lake Hefner is shown
in figure 39, and since this does not differ appre-
ciably from Deacon’s results for a much smaller
roughness parameter, one must conclude that the
relationship is unique and that B8 is a parameter
governed only by the Richardson number. It should
be noted that the great mass of the routine measure-
ments at Lake Hefner over a 16-month period Verify,
in figure 39, conclusions based on the relatively few
preliminary measurements. It can be concluded,
therefore, that the curves shown in figure 38, which
depend on the relationship between S, Ri, and B,
would also be further substantiated by using addi-
tional data.



Figure 39. Relation between
Richardson’s number, 8 and S.
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In summary, there is no basis for the assump-
tion that o is a constant. The measurements indicate
that ¢ decreases markedly with height and, at any
given height, varies with stability. Any choice of a
single reasonable value for ¢ would cause equations
(18) and (19) to break down numerically, entirely
aside from the fact that the theoretical basis for o
would break down unless it were constant with re-
spect to stability. The alternative, the use of the
actual variation found in ¢, would be only an arbi-
trary adjustment of an empirical number.

A final atempt was made to obtain workable
results with equation (19). It was found that ¢ and Ri
vary with height in such a way that their product is
quasi-constant with height. An evaporation equation
based on this finding produced such poor results in
all comparisons that the approach was abandoned.

The possibilities of the above approaches ap-
parently having been exhausted, it was decided to
consider further Deacon’s (1949) empirical wind
equation, based on equation (20) above:

-y 1-p__

u= PR [(z/20) 1].
The relation between S and B8 shown in figure 39
is based on this equation. With observed values of
Ts, To and v, B can be obtained from figure 39.
This value of B, with the observed ug and z, already
known, leads to a value for vs, using equation (27).
Then, with the usual assumption that v. does not
vary with height, and accepting Deacon’s (1949)
statement that B8 does not vary appreciably with
height, equation (27) can be used to reconstruct the
wind profile. It was found that this technique enabled
measured wind profiles to be reproduced with reason-

(27)

302520 O - 54 - 5
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able accuracy. Doubts as to the validity of equation
(27) are raised below but, even apart from these,
it would not necessarily follow that a relationship
suitable as an empirical wind equation would yield
an evaporation equation which would successfully
account for the effects of changing stability. Never-
theless, an evaporation equation based on equation
(27) is developed and tested below.

There is an apparent paradox in connection
with this analysis which, when resolved, leads to
some interesting speculations. First, the measured
wind profiles indicate no appreciable stability effects
between the 2- and 8-meter levels. With respect to
equation (27) and the associated analysis, this should
lead to the conclusion that 8 does not vary appre-
ciably from unity, the adiabatic case. On the other
hand, large variations in stability S were observed,
leading to large variations in B. Furthermore, the
relationship between S and B is based on a large
number of observations and verifies similar measure-
ments (Deacon, 1949) over a land surface. Finally,
it was found that the measured wind profiles could
be reproduced with reasonable accuracy by the
method described above. Considering equation (27)
and the possible variation (that is, either variable
or constant) with height of each of the three pa-
rameters ko, u. and B, which must appear together,
there are eight possible combinations which could
reconcile the apparently contradictory results. One
of these possible combinations, the one actually used,
has all three parameters constant with height. This
combination leads to the conclusion, in order to
reconcile the results, that the effects of stability are
not discernible above 2 meters. On the other hand,
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it is well known that the local lapse rate (97/0z)
usually changes with height, so that a combination
having B changing with height would also appear
attractive. Therefore, the departure of B from unity
should be increasingly large as the surface is ap-
proached, should decrease with height from the
surface to 2 meters, and then remain essentially
constant beyond 2 meters. This is in accord with
common knowledge that the largest lapse rates, both
stable and unstable, occur just above the surface.

In contrast to this model, Deacon (1949, p. 97)
states that “it is found that the values of 8 obtained
from the 4:1 m velocity ratios . . . are generally
somewhat closer to unity than those giving the best
fit to the whole velocity profile between 0.5 and 8
metres. It is considered that this is due to 8 not
being exactly constant with height; the discrepancy
would be explained if the departure of 8 from unity
increased somewhat with height.” Since the boundary
conditions for equation (27) require B8 to approach 1
as z approaches 0, this requires that the departure
of 8 from unity increase with height, which is exactly
opposite to the model proposed above.

The contradiction between these models prob-
ably arises from the neglect of the slight, but never-
theless real, variation of us with height. The first
model appears to violate the boundary condition
imposed on 8 near the surface in deriving equation
(27). However, from a physical point of view, it is
preferable to relate B to the local temperature
gradient (9T7/9z), which the first model does, so
again the inclusion of the real variation of u. with
height would probably act to reproduce the proper
valve of v. '

These considerations lead to the belief that an
evaporation equation based on equation (27) will
probably be unsuccessful in assessing the effects of
varying stability since equation (27), although useful
as an empirical wind equation, cannot unambiguously
couple the local wind shear Qu/Qz to the local tem-
perature gradient 9T/9Qz.

A new approach to the turbulence and mass-
transfer problems has recently been made by Lettau
(1949). Lettau’s boundary layer is not the same as
that discussed here and is equivalent to the ordinary
“friction layer.” The top of Lettau’s layer is the
level at which the wind vector is first normal to the
pressure-gradient force. Near the ground, Lettau
uses a “surface layer,” in which turbulence increases,
and an upper layer in which turbulence decreases,
with height, presumably reaching some residual value
at the geostrophic level.
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If we arbitrarily designate the 4-meter level
as the top of Lettau’s surface layer, in which the
vapor flux is constant with height, then Lettau’s evap-
oration equation would be

0.623 p’(o Uy (eo —_ 94)
P ([nﬂf [] + _g__a_T,fa_z_]z
2o T (Qu/ D2)6
In 3T/9z, T replaces 6 (potential temperature); T,
is the mean temperature in the surface layer; and
(Qu/0z)s is the adiabatic wind shear. The main
problem would be to evaluate the term 9T/9z, which
varies with height. Equation (23) may be a reason-
able first approximation,

For the adiabatic case, the term in brackets in
the denominator reduces to unity and the above
equation becomes similar to Sverdrup’s (1946), except
for the smaller interval of integration. Although no
results are presented below, it is obvious that Lettau’s
equation corrects Sverdrup’s in the right direction. -
The ratio of Lettau’s evaporation to Sverdrup’s works
out to

F=

(28)

_Fi: 1.1 (eo — 64). (29)

Fq (eo — eg)

In order to give close agreement between F; and
observed values, the ratio of vapor-pressure differ-
ences in the above equation must have a value of
about 0.5. The true ratio probably is close to that
value, and if the exact height of Lettau’s surface
layer were known this point could be examined. But
Lettav’s surface layer is closely related to time
changes in vapor flux (OF/Qt), so it is likely that
over relatively short periods the height of this layer
would vary within such wide limits that the choice of
one average value, as in the usual boundary-layer
approach, would not be proper. While Lettau’s theory
is in several ways an improvement over existing ap-
proaches, this study was not designed to test his
equations. Much more precise measurements and
more elaborate calculations than those used here
would be needed to verify his theory.

MASS-TRANSFER EQUATIONS

Two basic approaches were used in the develop-
ment of the various evaporation equations tested.
One group of equations is based on the concept of
discontinuous mixing as developed in Prandtl’s mixing-
length theory. One of the equations tested is based
on the concept of continuous mixing first expressed
quantitatively by Taylor (1922). A physical and math-
ematical review of the two approaches has been
given by Anderson, Anderson, and Marciano, (1950).



Discontinuous Mixing

EXISTING METHODS. The most general of the
equations involving the discontinuous-mixing concept
is that of Millar (1937). His approach is based on the
growth of a “vapor blanket” or a “moisture boundary
layer,” analogous to the growth of the momentum
boundary layer illustrated in figure 34. This approach
will be considered in more detail, with only the case
of rough flow treated.

Rearranging Millar’s symbols, his parameter f,
the “potential of vapor concentraticn,” can be re-
written as

0.622 p
P

In the discussion below, f is regarded as a trans-
ferable property in the same sense that momentum is
transferred by eddy processes.

Millar’s approach is based on the skin friction
of a flat plate as discussed by Prandtl (1934) and
von Kafman (1934). The underlying principle is that
friction between a fluid and the underlying surface
is accompanied by a corresponding change of the
momentum carried by the fluid.

Compare the momentum carried by a fluid
through cross section (1) upstream from the edge
of a plate and through cross section (2) at a distance
x (fig. 40). The mass passing per unit time per unit
area through (2) is puA. This mass had momentum U
per unit mass in (1) and v pér unit mass passing
through (2). The loss of momentum is then pu (U — v)
dA, and the total loss of momentum in unit time is
then {pu (U — v) dA, the integral being taken over
the whole of section (2). This is equal to T, the total
frictional force* acting on the plate from the leading
edge to x, that is,

f=

(eo — e;). (30)

T:f:;u(U—-u)dz 31)
0

for a plate of unit width. The value of (U— uv) is
negligible for z > 8, the height of the boundary
layer. In fact, the height where this term becomes
negligible is taken as the definition of the (momen-
tum) boundary layer. Therefore,

T e fpu (U — o) dz. (32)
[}

The friction per unit area, or the shearing stress =,
is then dT/dx. Therefore,

* T is the same as W of equation (8), a different symbol
being used here to maintain Millar’s notation.

9(2)

dT d

=— = U—u)dz|. 33

T dx  dx IPU( vldz 33)
0

We now make the transition to the property f.
In cross section (1) of figure 41 the evaporation per
unit area per unit time is Uf, while in section (2) it
is uf. If in section (2) the velocity is taken at z =3,
then we can use u for both sections. Then the total
mass of vapor evaporated per unit time, from the
leading edge to the distance x, is

6y (=

M(x) = f (u )( fo — f) dz. (34)
0

The evaporation per unit area at a point is dM/dx
or

b1 (2)

dM__ d
=2 —f .
dx dx fu (fo ) dz (@3)

0

Equation (34) is analogous to equation (32), and
equation (35) to equation (33). The term in brackets
in equation (33) is the momentum integral, while the
corresponding term in equation (35) may be called
the “vapor integral.”

Millar points out that f should be measured at
the top of the vapor blanket, z = §,, while wind
speed can be measured at any level. We here make
the assumption that § = §,, and measure both prop-
erties at the same level. It was pointed out above,
in the discussion on the growth of the momentum
boundary layer, that 8 meters has been chosen for
this reference level. Values of §,, will be calculated
below for comparison with §.

m

Figure 40. Momentum exchange in o boundary layer over a
flat plate.

m

Figure 41. Analogy between momentum boundary layer and
the vapor blanket, for 5 =3,
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It is necessary at this point to consider the
several approaches made by Millar. For evaporation
from “an infinitely extensive, free water surface
without waves” (Millar, 1937, Section 7), he considers
a smooth surface, including the laminar layer. For
evaporation from “an infinitely extensive surface,
roughened by waves” (Millar, 1937, Section 8), he
uses a three-layer model (Anderson, Anderson, and
Marciano, 1950, p. 27), accepting the Rossby
(1936) distribution of shearing stress in the vicinity
of the waves. In both these derivations there is no
mention of a boundary layer or vapor blanket, al-
though the wind equations used apply only in a
boundary layer. Obviously, Millar was implying that
8 becomes constant as x approaches infinity. There-
fore, equilibrium having been established, it is nec-
essary only to perform the various integrations up to
the proper height. Evaporation per unit area per
unit time would not be a function of x, and multipli-
cation by an area would give total evaporation.
These are essentially the assumptions involved in
equations referred to in Anderson, Anderson, and
Marciano (1950) as “point” equations. Sverdrup’s
evaporation equations, for example, are of this type
and somewhat similar to Millar’s. For moderate values
of x, F is assumed to be computed at the particular
value of x which yields a true mean for the entire
surface..

On the other hand, the vapor-blanket analogy
to the skin-friction plate was applied to “evapora-
tion from finite pans” (Millar, 1937, Section 9), and
the mathematical treatment indicates the assumption
of a smooth water surface. However, Millar found
that “the predicted evaporation was only about half
as great as was actually observed. Many minute
ripples were to be seen on the surface of the water
during the experiments, which gave it a rapidly
fluctuating, dimpled appearance.” He accordingly
changed an empirical constant, which he had orig-
inally derived from Nikuradse’s experiments in a
smooth-walled wind tunnel. It is not clear that the
mere changing of one constant makes the entire
derivation, based on smooth flow, applicable to rough
flow. It must also be noted that Millar chose a value
for this constant which “best agreed with the ob-
servations.”

For evaporation from a lake of finite length, with
the surface roughened by waves, it would be more
appropriate to combine the vapor-blanket approach
with the three-layer model used by Millar. It is de-
sirable to determine first the accuracy of Millar's
original approach.
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Millar uses a general wind equation of the form*

Yoy =L 36)

Us ko ﬂ

For a rough surface 8 =1, and 5 = z/z;. In equa-
tion (34) above, the variables are transformed so
that dz = z dy. For the lower limit of integration,
at z = zp, n = 1. At the upper limit, z =38, n=mn
= 8,,,/10.

Therefore equation (34) is rewritten, using Mil-
lar’s equation (9b),

™

LA K
' ‘!‘u ¢0( ¢1 ﬂ 17

"

— ¢ “"") (—f—)d 37
o( ; !qb Bl @
= f, ( “‘B"’ )w (na)-

This is analogous to Millar's equation (9d) which
applies to a smooth surface. Since 7 = 71 (8) =
n (x), equation (37) gives total evaporation from a
strip of unit width and length x. By a similar proce-
dure based on the transformation of variables, Mil-
lar's equation (9¢) becomes, for the rough case,

Bx ldd)l
— = (Rx), = X, = | — 2dy. (38
x) () S f $*dn.  (38)

2y 1
B 8
The mean evaporation per unit area from a strip of
length x is M (x)/x, or

F = fo us (¥/X),. (39

L] mn

This is of the same form as Millar's equation (9e),
but with a different value of F arising from differences
in ve and (¥/X).

Millar describes the evaluation of ¥ and X, and
the relation between X, and (¥/X), can be deter-
mined with the aid of tables given in Jahnke and
Emde (1945). This relationship is shown in figure 42.

A corollary result of this analysis is figure 43,
which shows the growth of the vapor blanket down-
wind over the lake. It will be seen, by comparing the
values given .in the table in figure 43 with those given
in table 4, that 8§ = §,. This is gratifying, since it
tends to verify one of the basic assumptions of the
mass-transfer approach: complete similarity of eddy
transport of momentum and water vapor in the at-
mospheric boundary layer.

* Here Millar's 8 is not to be confused with Deacon’s,
there being no connection.



Figure 42. The relation between X and \I',/X'..
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Figure 43. Growth of the vapor blanket downwind.
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The above analysis can be used to develop
evaporation equations by two methods. The exact
method is to extend equation (37), which gives total
evaporation from a strip of unit width and length x,
to a circular area. Curve-fitting figure 42 with the
relation ¥/X = 0.275 (x/z0)—%135, equation (37) can
be used with polar coordinates to give total evapora-
tion from a circular area as

2
E = 0.275 fy us z,0-135 1.865 f (cos 6)1-85 dg. (40)
: ¢

After integration and simplification, with 8 meters
as the reference level,

_ 0.535 pko us (e() _ ei) r1-865

o P [In (800/z20)]
A more direct but less accurate approach is simply
to multiply equation (39) by area. But since M (x)
given by equation (37) is not linear in x, then M (x)/x
given by equation (39) is only an approximation to
the true value of mean unit evaporation. However, if
equation (39) is multiplied by area and use is made
of the same curve-fit for figure 42, we obtain
E— 0.475 pko ug (eo -— ei) r1.86s

o P [In (800/zo)]
The more exact form, equation (41), gives values
of E about 12 per cent greater than those obtained
with equation (42). It will also be found, for Lake
Hefner, that equation (41) gives values of E within
2 per cent of those given by Sverdrup’s (1946) equa-
tion (44) below.

This agreement between the rigorous solution,
equation (41), and the point equation, equation (44),
is important. The results verify the belief that if one
is forced to use a point-evaporation equation, requir-
ing an installation on the lake, such as a barge, the
computation of total evaporation can be made with
the equation E —=F times area if the equipment is
properly located. The fact that neither equation (41)
nor equation (44) gives satisfactory results is of no
concern — the significant point is that when F is com-
puted for the properly chosen downwind point, the

(41)

(42)

simplified equation gives practically the same results
as the rigorous solution if the same flow model is used
in both cases. It should be noted that the relation
between equations (41) and (44) remains fixed under
these conditions. The constant 0.535 in equation (41)
arises from the curve-fit for figure 42, and the values
quoted above are applicable to Lake Hefner. For
another lake a different portion of the curve would
be used and the constant would change accordingly.

The most desirable location of an on-lake instal-
lation can be obtained from a graph such as figure
44, which shows the decrease of unit evaporation (F)
downwind at Lake Hefner. The “best location” gives
the true mean value of F. Anchoring problems dic-
tated a location farther downwind but still close
enough to the “best” location to give a reliable value
of F. It will be seen that only for relatively small
lakes would the location of an on-lake installation
have a major effect on the computed evaporation.

It will be shown below that a laminar-turbulent
two-layer model produces satisfactory results with a
point-evaporation equation. It therefore follows that
the same model would produce about the same re-
sults as the rigorous Millar approach described above.
The latter requires no measurements on or above the
lake except water-surface temperature. In support of
this conclusion, it will also be shown below that a

. simplified area-type equation will give results com-

parable to those given by the best point-type
equation.

Preliminary calculations were necessary to de-
cide whether the use of a three-layer model, based
on a discontinuity in v. at the wave crests, would
improve equation (41). Since equation (41) was found
to give essentially the same results as Sverdrup’s
(1946) equation given below, and since this three-
layer model is known to increase computed evapora-
tion, as compared to Sverdrup’s values, by about 10
per cent, attention was shifted to Sverdrup’s equation.
Only if Sverdrup’s equation gave results which were
too low, would any such modification of equation (41)

#
Figure 44. Variation in unit evapora-
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be worthwhile. It turns out, as discussed later, that
there is no reason for considering equation (41)
further. The decision is made on strictly numerical
grounds, but even the three-layer model (Anderson,
Anderson, and Marciano, 1950, pp. 27-29) is open
to question. It sems odd that a model having a
smooth wind profile below the wave crests should
yield more evaporation than one in which the rough
flow extends to the surface.

Several of the equations reviewed during the
course of the study can be considered special cases
of general-boundary-layer or vapor-blanket ap-
proach. With these equations, one obtains vapor
flux through unit area in unit time and multiplies by
the surface area to obtain total evaporation. Most of
these equations have already been reviewed in detail
and are only given below because they were tested
against the water-budget control. Only equation (48)
is intended to be “general” with respect to effects
of atmospheric stability; the others are limited to the
adiabatic case.

Three of the point equations already reviewed
were tested in the following form:

C. W. Thornthwaite and B. Holzman (1939)
E— 0.623 pk02 (us — uz) (ep — eg) A

43
P [In (800/200))* “3)
H. V. Sverdrup (1946)
E— 0.623 pk02 Usg (eo — es) A (44)
P [ln (800/20)]2
R. Norris (1948)
0.623 pko? ug (ep — e5) A
= ; (45)
P [In (800/z0)] [In 800/a; zo)]
where In oy = 1.76 u.s; Usg In (1/z0)

ue " ue In(ue,1/0.017)
Anderson, Anderson, and Marciano, 1950 (equa-
tion (4), p. 64) quote an evaporation equation based
on Deacon’s wind equations (20), (21), and (27)
above. This equation was not listed among those to
be tested. Since then, in view of the unsatisfactory
status of the problem of generalizing the logarithmic
wind law, it appeared that this relatively new wind
equation should be investigated. It has been shown
above that Deacon’s equation appears to be satis-
factory as a wind equation. Given Ts, To, and ug,
with zo known, one can construct wind profiles agree-
ing very closely with those observed between 2 and
8 meters. It remains to be seen whether the param-
eter B successfully shows the effect of stability on
evaporation. Although preliminary indications were
that an evaporation equation based on these wind

equations might not be satisfactory, the equation
was developed and tested in the hope that more
could be learned about the stability problem.

Point evaporation is

F= 28280y e (46)
P 0z
2
Using equation (27), K= U or
ou/0z
= ko Ue Zo (Z/Zo)ﬁ. (47)

Combining equations (46) and(47) and integrating
as usual to the 8-meter reference level:

__0.623 pko?us (1 — B)2(eg — eg) A

- P [(800/zo)!—F — 1]2 '
For B approaching 1, the adiabatic case, equation
(48) reduces to equation (44). For 8 = 1, equation
(47) gives K = ko us z which, with equation (46),
yields equation (44). Values computed from equation
(48) compared with the water-budget values of E
are discussed below.

Although specific comparisons are made in detail
in another section, a general idea of the results is
necessary at this point. Neither Millar's vapor-blanket
approach, equation (41), nor any of the point equa-
tions (43), (44), (45), and (48) yielded satisfactory
results. If some modification of theory or some cor-
rection of possible errors could not be made, then
the entire discontinuous-mixing approach would have
to be abandoned. But the approach has been so
fruitful over the years that such a step would seem
drastic. There is still the possibility that the flow
models used are not complete. After some compari-
son of approaches it is found that all equations,
except equation (43), ignore the laminar layer. Sver-
drup (1946) recognized the laminar layer in formu-
lating his expression for the eddy coefficient, but
actually extended the turbulent layer to the surface
in his integrations. The logical next step would be to
consider a two-layer model.

Sverdrup (1937) investigated a laminar-turbulent
two-layer model. This was not listed for testing be-
cause it was thought that his more recent equation
would be more satisfactory. His earlier evaporation
equation (Sverdrup, 1937, equation 14) is, in our
notation*

(48)

*In an earlier paper Sverdrup (1936) developed essen-
tially the same equation, but for its application discussed values
of z, increasing with wind speed and having values ranging
up to about 11 cm. These valves are much too large and, in his
1937 paper, he stated that they are applicable only to rapidly
changing conditions. For steady conditions he recommended
zy = 0.6 cm, and this is the value used in equation (49),
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0.623 p’(o Ue (eo - eg)
— _, 49
F= 2T B0 F (“9)

‘(08[00
_n 81+Zo + D ]

Sverdrup defined the thickness of the laminar
layer, for fully rough flow, as 8, = 27.5v/u., based
on only a few measurements. This is close to the lim-
iting value for laminar flow (8, = 30v/uv.) proposed
by von Karman (1934) on the basis of extensive

The evaporation equation resulting from Sutton’s
latest work is similar to the one he developed for
smooth flow. From the equations given by Sutton
(1949), evaporation from a circular lake of radius
ris

2—n 440
E= 0.623pG' u2+" r 2¥n(eg—e) (51)
P

l where

2—n

(2+n)m2+nsin( 2
G = 2 —n, 27 2+4n

2 2+4+n ._:’.,,z 2+n 3+n)
)P(2+n)a : 2 ‘/—r(2+n

I,(8—{-3n)
44 2n

measurements. Equation (49) was tested using the
definition §, = 30v/uv..

Continvous Mixing

The concept of continuous mixing, first advanced
by Taylor (1922), has been applied by Sutton (1932,
1934, 1949) to the diffusion problem. The latest of
Sutton’s papers may be considered a generalization
of his earlier work applying only to flow over smooth
surfaces.

Sutton (1949) introduces the “macroviscosity”
N = u. 29, presumed to play a part in exchange
processes over rough surfaces similar to that of kin-
ematic viscosity in smooth flow. For the adiabatic
wind equation Sutton uses

A B [—L—] (50)
v+ ko LN+ (/9)
For smooth flow zo = 0, so N = 0 and equation (50)
reduces to equation (4a). For rough flow, N > v
and equation (50) reduces to equation (6). As in his
previous work, the more exact logarithmic wind equa-
tion is replaced by a power-law approximation in
order to solve the conventional diffusion equations.
The macroviscosity also appears in Sutton’s new
form for the correlation coefficient R;, where

=[]
N+4+v4+wie]

For smooth flow N = 0, and this equation reduces to
the expression previously used (Sutton, 1934). The
data selected by Sutton (1949) for illustration appear
to verify the above equation as a satisfactory ap-
proximation.
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and, in G’, a is given by

(rke?/ 20 (2 — m)'=" p1= 270 (y o we 2z
- (1 — n) (2 — 2n)2—2» ’

This is to be compared with equations (24) through
(27) in Anderson, Anderson, and Marciano (1950), to
which the above would reduce if the surface were
assumed to be smooth (zo = 0).

It should be noted that the n used by Sutton
is connected to the a used in equation (11) above by
the relation a = n/(2 — n). Over the range of veloc-
ities observed at Lake Hefner, a varies between 0.150
and 0.175, which is equivalent to a variation of 0.26
to 0.30 in n. Sutton indicates that typical values of n,
presumably for a typical range of stabilities, are from
0.10 to 0.30. This illustrates one of the difficulties in-
volved in using the power law (a variation of equa-
tion (12) ) between two levels as an approximation
to the logarithmic law. The variation of n quoted
for Lake Hefner is for the observed adiabatic wind
profiles, and it is presumed that the observed varia-
tion in zo is the cause of this variation. Approximately
a twofold variation in z;, at Lake Hefner is accom-
panied by a very small change in n. On the other
hand, the threefold variation in n, which Sutton im-
plies is typical, can be accounted for only by addi-
tional effects of stability. But one cannot be sure of
the relative importance of stability and dynamic
effects on the parameter n. From the evidence at
hand, one could say that n is principally a stability
parameter, increasing with increasing stability. How-
ever, Sutton uses the power law, apparently with
no intention of accounting for effects of stability.
Further, it can be calculated from the exact log-
arithmic law that n must also increase slightly




with height to allow equation (51) to fit the entire
profile closely. This can be illustrated by the data
in Sutton’s (1949) table I, where his power law
closely represents the logarithmic profile only be-
tween 1 and 3 meters. This is perhaps the most serious
drawback to a wind equation of this type. The power
law is made approximately correct by fitting, and
this can be done only for small height ranges. Unless
the necessary variation of n with height is accounted
for, a power law assumed to apply over a greater
interval than 2 or 3 meters introduces a fictitiously
large wind shear in the expressions for eddy diffusiv-
ity. This fictitiously large wind shear would prevail
at higher levels, so one might say that for high winds
(large evaporation) the computed evaporation would
be too small. At low levels the power law would give
a fictitiously small wind shear, so by similar reason-
ing, computed evaporation would be expected to be
too large for low winds.

Another aspect of Sutton’s equations has been
mentioned in Anderson, Anderson, and Marciano
(1950). Although originally based on Taylor’s concept
of continuous mixing, in the course of his derivations
Sutton used results obtained from a mixing-length
(discontinuous-mixing) theory. It would be proper to
refer to the results as a method, rather than a theory.

Although these remarks have been offered to
clarify the background to this approach, it is rec-
ognized that they give the impression that Sutton’s
evaporation equation might not give satisfactory
results. Such was not the case, as will be shown
below. In fact, Sutton’s equation gave better results
than any of the equations originally proposed for test.

EVAPORATION IN THE ABSENCE OF WIND.
Many of the familiar empirical equations relating
evaporation to meteorological parameters are of the
general form

E=0C (14 C2u)(eo — eo), (52)

where C; and C, are experimental constants. This
implies that evaporation takes place in the absence
of wind. Equations of this type are generally ob-
tained by a statistical analysis of data from evap-
oration-pan records.

Evaporation in the complete absence of wind
occurs only by molecular diffusion, an extremely slow
process. Point evaporation is given by

F = pD (9q/92) (53)
which on integration and substitution yields
__ 0.623 pD (o — e.)
= e .

F

(54

For z — 8 meters,
F=2.52 % 108 (eg — e;) cm/3 hours. (55)

This serves to give a first approximation. Using bound-
ary-layer concepts, one finds that as v approaches
zero, the thickness of the laminar layer approaches
infinity. Therefore, for z approaching infinity in equa-
tion (54), F approaches zero. Thus, in comparison
with evaporation under turbulent conditions, evapo-
ration by molecular diffusion is negligible, unless a
strong temperature gradient exists so that free con-
vection cannot be ignored.

If substantial temperature gradients do exist,
evaporation into still air is somewhat greater than
that given by equation (54). Although stating that
the experimental verification of his theory had not
yet been completed, Yamamoto (1950) gave an equa-
tion for evaporation into still air, which on substitu-
tion of the units and symbols used in this report, is
as follows:

3 . 0.25
g 0327 (2) [w] (eo — ), (56)
P X VD

in which y, is the coefficient of expansion of air.
Using x =3.45 X 10° cm for Lake Hefner and
To — T, = 5°C, equation (56) reduces to

E=2.05 X 10—%(ep — e,) (57)

where e, and e, are in mb and E in cm/3 hours.
Thus for a given vapor pressure difference, evapora-
tion into still air is approximately the same as evapo-
ration computed using equation (49) with v — 0.32
knot.

There is sufficient reason, therefore, for ignoring
the case of zero wind in the experimental tests, aside
from the fact that this case was never observed.
Those interested in this aspect of the evaporation
problem may refer to Hickox (1946), who presents
the results of a series of excellent experiments.

COMPARISON OF COMPUTED
AND MEASURED EVAPORATION

Data Processing and Computing

The computation of evaporation from Lake
Hefner based on the mass-transfer theory required the
processing of a tremendous number of data. Obser-
vations were begun on 26 April 1950 and were
terminated on 31 August 1951, a period of 493 days.
At each of the four meteorological stations, wet- and
dry-bulb temperatures at the 2-, 4-, 8-, and 16-meter

61



levels and water-surface temperatures were measured
once each half hour and recorded on an Esterline-
Angus milliammeter recorder. Each knot of wind
movement at the same four levels, wind direction, and
rainfall depths were recorded on an Esterline-Angus
recorder. Excluding rainfall, a total of 14 items were
recorded during each half-hour period at each
station. For all four stations over the entire period
of observations, the total number of items recorded
was about 1,325,000. It was apparent that manual
tabulation of the data and computation of meteoro-
logical parameters was impracticable, and the basic
data were therefore placed on punch cards.

For each half-hour period the value of each of
the items, as read from the trace, was entered di-
rectly on the recorder tape by one person and
checked by another. The time of observation was
taken as the half-hour at which the cycle of observa-
tions was completed. Temperatures were read to the
nearest 0.1°C, and wind speed to tenths of a knot.
The wind direction was taken to be that which was
recorded most frequently during the half-hour cycle.
For all stations except the barge, wind direction was
coded to eight points of the compass, with code
figure 1 representing NE and proceeding therefrom
in a clockwise direction. For the barge station a dif-
ferent code was adopted, as described in the section
“General Description of Lake Hefner” and shown
in figure 4. For certain of the mass-transfer equations
it was necessary to use .the vapor pressure of the
unmodified air, and it was belived that this would be
best accomplished by using dry- and wet-bulb tem-
peratures at the 16-meter level at the station upwind
from the barge. If the wind at the barge station was
coded as 2, for example, humidity data at the south
station were used; if the wind was coded as 3, data
at the northeast station were used, and for code 4,
data at the intake tower station. Wind directions
coded as 1, 5, or 6 were not observed over any
3-hour period during the studies.

Two sets of punch cards were prepared and
corresponding cards checked by visual comparison.
Thus it was possible to correct almost all the punch-
ing errors before the two sets of cards containing the
half-hourly data were sent to the Institute for Nu-
merical Analysis of the National Bureau of Standards.
The two sets of cards were then compared by ma-
chine. Very few discrepancies were found as a result
of the second comparison, and most of these could
be resolved quickly. If there was any doubt, the ob-
servation in question was deleted before the half-
hourly data were tabulated.

62

Three-hourly averages were computed for each
item except wind direction. For the barge station the
most frequent wind direction during the 3-hour
period was taken as the mean and used in the com-
putations. The results were punched on another set
of cards and then tabulated.

The set of cards containing the 3-hour average
data was then used for all subsequent computations.
Although the evaporation equations tested generally
appear quite complicated, it was found that they
could be reduced to but a few variables and param-
eters. The parameters were given in graphical form.
Since a digital rather than an analog type of com-
puter was used, it was necessary to prepare a card
deck for each graph. Evaporation was then computed
for each 3-hour period for all the equations being
tested. The results were tabulated and daily totals
obtained.

Computed and Observed Evaporation

In considering the results of the mass-transfer
studies, A and B water-budget days were used for
all equations except Sverdrup’s (1946) form, for
which only A days were used.* The results are shown
in figures 45 through 48.

Three different symbols are used in figures 45
through 48 to indicate atmospheric stability. The
quantity (Ts — To) was computed for each 3-hour
period. If this difference was found to be positive for
six or more of the eight 3-hour periods, the day was
classified stable. If the difference was negative for
six or more of the eight 3-hour periods, the day was
classified as unstable. All other days were classi-
fied average.

The following values of physical constants were
used in all computations:

ko = 0.4,

p = 1000 mb,
p=12X10"3gmem~3,
r=1.725 X 10°cm, ,
v = 0.15 cm? sec™?,

D = 0.25 cm®sec—1.

The Thornthwaite-Holzman and Sverdrup (1946)
equations can be discussed together since they evolve
from basically the same approach. Figures 45 and
46, however, show a striking difference. Sverdrup’s

* When results were first assembled it was soon evident
that Sverdrup’s (1946) equation would give values of E which
were consistently too large. The pattern having been definitely
established, it was decided to use only A days so that atten-
tion could be gvien to more promising equations.
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(1946) equation (fig. 46), which essentially ignores
the laminar layer in extending the turbulent layer
to the very surface, yields results that are much too
large. The discrepancy, furthermore, appears to be
consistent, suggesting some fundamental inconsistency
in the approach. It is possible that Sverdrup’s (1946)
equation gives high results because his limits of inte-
gration for the wind profile are from z = zpto z = 2,
but for the humidity profile they are z =010 z = z.

The Thornthwaite-Holzman results (fig. 45), while
they are little better from the point of accuracy de-
sired, at least show a random scatter about the
perfect correlation line. The Thornthwaite-Holzman
approach has in its favor the fact that it is much
simpler than any of the others. The complicated
aspects of flow near the surface are avoided by
selecting two reference levels entirely within the tur-
bulent layer. However, the problem arises of meas-
uring small differences in wind speeds and vapor
pressures, particularly the latter. Vapor-pressure dif-
ferences between 2 and 8 meters could not be meas-
ured with sufficient accuracy with the equipment used
at Lake Hefner. Moreover, so far as is known, equip-
ment which will measure small vapor-pressure dif-
ferences with the required accuracy and which is also
suitable for unattended operation under field con-
ditions is not yet available.

The results obtained with Sverdrup’s (1937)
equation are shown in figure 47. These are believed
to be the best results obtainable with Sverdrup’s
two-layer model. If, for example, the “average”
thickness of the laminar layer (8; = 11.5v/u.) is used,
the -agreement between measured and computed
evaporation worsens. It should be remembered that
the individual values shown in figure 47 are daily
observations, and seldom in practice is a knowledge
of daily evaporation necessary. As is true for the
results shown for the other equations tested, the effect
of atmospheric stability is apparently not significant,
at least for daily figures of evaporation. It was con-
sidered impracticable to attempt to determine evapo-
ration by the water-budget method for periods of
less than 24 hours, so comparisons for shorter periods
could not be made.

A graph illustrating the results obtained using
Millar's vapor-blanket approach was not prepared
because it was found that it would yield results
closely approximating those obtained using the Sver-
drup (1946) equation. In spite of the difference in
methods, the two equations, when put in the form
used for computing, were so nearly alike that it was
considered unnecessary to use Millar’s equation for
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detailed computations. Figure 46, which gives the
results obtained from Sverdrup’s (1946) equation,
can be considered as showing the results to be ex-
pected from Millar’s equation.

The same argument can be used with Norris’
(1948) equation, based on a three-layer model
examined by Millar (1937). Norris modified the
Sverdrup (1946) approach to yield even more evapo-
ration, and Sverdrup’s (1946) equation has already
been shown to give values that are much too large.

Holzman’s (1943) evaporation equation, which
contains the term In (1 — oRi), must be discarded
completely on the basis of figures 38 and 39. Some
observed values of (oRi) cause this term to become
imaginary and computed evaporation therefore also
becomes imaginary. Moreover, temperatures at the
reference levels would have to be measured with
extreme precision, particularly when winds are light.
For example, if us — vz = 50 cmsec—! and Tg— T
= 1°C, computed evaporation is ten times as great
at when Tg = T,.

Deacon’s evaporation equation (48) was also
tested for a brief period. It was quickly found that,
although his wind equation is suitable as an empirical
wind law, the evaporation equation derived there-
from breaks down. The effect of the stability param-
eter 3 is to over-correct at both ends of the stability
range. For increasing stability the equation yields
values which are much too low, while at the other
end of the stability scale it yields values which are
much too high.

Frost's (1946) evaporation equation was not
tested. He assumed a form for the mixing length
which causes that factor to depend greatly on the
roughness of the surface, whereas it should be pri-
marily a property of the air. This evaporation equa-
tion is otherwise similar in development to Sutton’s
and, in view of the above discrepancy, was dropped.

Sutton’s equation gives essentially as good re-
sults (fig. 48) as Sverdrup’s (1937) form. It has been
pointed out above that Sutton’s equation was evolved
from concepts derived from two fundamentally op-
posed theories of turbulent mixing. Nevertheless, if
one is seeking a satisfactory method, this equation
must be considered. However, any modifications of
Sutton’s approach which would increase the computed
values, such as discussed by Anderson, Anderson,
and Marciano (1950, pp. 11-12) should not be
considered.

Table 5 compares the average results that can
be expected using the several equations discussed
above. Water-budget evaporation is taken as unity.
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TABLE 5. Ratios of Average Computed to Ob-
served Evaporation.

Equation Number

Source in This Report Evaporation
Water Budget (observed) () 1.00
Sverdrup (1937) (49) 1.12
Sverdrup (1946) (44) 2.10
Millar (1937) (41) 213
Norris (1948) (45) 2.20
Sutton (1949) (51) 1.07

It is evident that Sverdrup's (1937) equation and
Sutton’s equation are the only ones that give satis-
fatctory results. The standard errors of the computed
figures of daily evaporation (about the line of best
fit for the points shown in figures 47 and 48) are
0.109 for Sverdrup’s (1937) equation and 0.118 for

normally distributed, the standard error of a com-
puted figure of weekly evaporation for both equa-
tions may be expected to be about 10 per cent, and
for monthly evaporation about 5 per cent. Because
both equations give computed values that are too
high, these computed values must be divided by the
factors shown in table 5 to give average figures of
evaporation in agreement with the water-budget data.
These factors are not constant, but vary with wind
speed. Computed values are particularly high at high
wind speeds, especially with Sutton’s equation. These
relationships are shown in figure 49, where these
two equations are compared with the empirical equa-
tion of best fit for the Lake Hefner data, computed
from water-budget evaporation, wind speed, and
vapor-pressure difference. This equation is
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The deviations of computed evaporation from
the observed water-budget figures are believed to
result from imperfections in the theoretical equations
arising from our incomplete knowledge of boundary-
layer wind structure, and are therefore not peculiar
to Lake Hefner.

Notwithstanding the unsuccessful result of the
search for a general wind equation, the most striking
feature of the study is that evaporation can be ac-
curately predicted by neglecting stability, that is, by
using adiabatic equations exclusively. The principal
effect of stability is to change the thickness of the
boundary layer (vapor blanket). This effect can be
taken into account by the proper choice of a refer-
ence level.

The effect of the size of lake on the growth of
the boundary layer has already been discussed. For
large lakes, the choice of the reference level for wind
and humidity measurements can be approximated
using equation 17, and can be determined more ac-
curately by a few field measurements of the height
to which modification extends since the only require-
ment is that the reference level be at or above the
top of the boundary layer. Other evidence is avail-
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able to demonstrate that the 8-meter level chosen
for Lake Hefner was satisfactory and is also suitable
for smaller lakes.

During the course of developing an empirical
equation that could be used by the Oklahoma City
Water Department for day-to-day computations of
evaporation from Lake Hefner (Harbeck, 1952), a
study was made using wind and humidity data ob-
served at the Weather Bureau station at the Will
Rogers Airport, located 13 miles south of Lake
Hefner. Water-surface temperatures were taken
as the average of the daily maximum and mini-
mum recorded at the barge station. It was believed
that this procedure gave a record equivalent to one
that could have been obtained from a maximum-
minimum thermometer floating in deep water. Using
the airport wind and humidity data and the observed
water-surface temperature, the following empirical
equation for daily evaporation was obtained as best
fitting the data: E= 0.00177 v (ep — e,), in which E
is in inches, u in miles per hour, and (ep — ;) in mb.
Converting to cgs units, E = 6.47 X 10~ % u (ey — e,)
cm/3 hours, which is in close agreement with the
empirical equation (58) shown in figure 49.
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Because of this close agreement, it appears rea-
sonable to assume that the thickness of the modified
layer at the barge on Lake Hefner was less than 8
meters, thus substantiating the choice of this level.
For smaller lakes the modified layer would be thinner,
and the level selected for Lake Hefner could there-
fore be used.

CONCLUSIONS ON MASS-TRANSFER
STUDIES AND APPLICATIONS

General

Although boundary-layer processes are still im-
perfectly understood, a complete and detailed knowl-
edge of them does not appear necessary for the
determination of evaporation for periods of a day or
more.

It was concluded that the wind profile over
most lakes between the 2- and 8-meter levels can be
satisfactorily approximated using the logarithmic
wind law. The effects of changes in atmospheric sta-
bility are not clearly understood, but appear to be
of little practical significance so far as the determina-
tion of daily evaporation is concerned.

An evaporation equation based on Sverdrup’s
(1937) two-layer model gives results that are in
better agreement with observations than those ob-
tainable from any other equation based on the
mixing-length theory. Sutton’s equation gives about
the same results. It is realized that all mass-transfer
equations are, in a sense, partly empirical, for not
until our understanding of boundary-layer processes
is complete can a truly theoretical equation be de-
veloped. A rigorous wind law is still not available,
for example, nor are the laws governing the variation
of humidity with height. The empirical equation (58)
developed from the water-budget data is, on the
other hand, not entirely empirical, but embodies some
of the principles of mass-transfer theory. Though fur-
ther tests of this equation should be made, it is now
believed possible, despite gaps in our knowledge,
to compute daily evaporation from a water surface
with reasonable accuracy, and in that respect one of
the chief objectives of the study has been realized.
It is therefore considered feasible to apply the results
from Lake Hefner to the next phase of the study — the
determination of evaporation from Lake Mead.

The use of meteorological data from a nearby
Weather Bureau station offers tremendous advan-
tages in economy of operation. If it can be demon-
strated, for any particular reservoir, that meteorolog-
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ical data obtained at some distance from the site are
reasonably representative of unmodified air condi-
tions prevailing at the reservoir, the determination of
evaporation for operational purposes becomes rela-
tively simple. The only other physical measurement
needed, the water-surface temperature, is not difficult
to obtain.

Of considerable practical significance to those
who may have occasion to use a mass-transfer equa-
tion is the fact that, for routine computations, these
equations are not nearly so complicated as they
appear to be at first glance. Although employing
such mathematical devices as gamma functions and
integral logarithms, for example, the equations can
readily be simplified for routine use. Any of the
equations can be reduced to a simple product of
several variables, of which one or two may be ob-
tained graphically with little loss in accuracy.

The use of the mass-transfer technique also offers
considerable promise as a means of determining
evapotranspiration losses. The magnitude of such
losses has been approximated in the past by inflow-
outflow determinations and other methods (Gatewood
etal., 1950), and by the use of the mass-transfer
theory (Thornthwaite and Holzman, 1939). In the first
of these studies, a water-budget control was pro-
vided, but the meteorological observations necessary
for the computation of evapotranspiration losses using
the mass-transfer theory were not obtained. In the
second of these studies, good meteorological data
were secured and evapotranspiration computed, but
a water-budget control was lacking. Both of these
omissions need to be made good for a conclusive
test of the theory. Once the theory has been tested,
including the determination of appropriate roughness
parameters and wind and humidity profiles, the tech-
nique can be used with confidence for the determina-
tion of evapotranspiration losses from different types
of vegetation under conditions of minimum, maxi-
mum, and optimum water supplies.

Specific Findings

THEORY AND BACKGROUND. The results of
the mass-transfer studies, from the point of view of
general boundary-layer theory, may be summarized
as follows:

1. Wind speed near the center of Lake Hefner
varied logarithmically with height between 2 and
8 meters, within the limits ascribable to instrumental
error, regardless of stability variations.

2. The water surface was found to be aerody-
namically rough at all times, with no evidence of a



critical wind speed. The resistance coefficient in-
creased with wind speed, varying from 3.06 X 10—3
to 3.75 X 1073; the roughnéss parameter varied from
0.58 to 1.15 em.

3. No completely satisfactory general wind
equation could be found. For the empirical wind
equations reviewed, it was found that if wind shear
is proportional to the height raised to a power, that
power must vary with Richardson’s number and there-
fore with height.

PRACTICAL RESULTS. From the point of view
of obtaining an evaporation equation suitable for
field use, the findings can be summarized as follows:

1. Two of the theoretical equations, Sverdrup’s
(1937) form and Sutton’s, give good results.

2. It is believed that the Thornthwaite-Holzman
equation would give satisfactory results with proper
instrumentation, but the instrument requirements are
exacting.

3. All other theoretical evaporation equations
based on existing models and methods were found
to be unsatisfactory.

4. A simple empirical equation was developed
from the water-budget evaporation data, using wind
speed and vapor-pressure differences measured at
Lake Hefner. An operational version of this equation
uses standard data from a nearby U.S. Weather
Bureau station and the water-surface temperature of
the lake. No other measurement at the lake is re-
quired.
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Energy-Budget Studies

by Ernest R. Anderson*

INTRODUCTION

Since 1915, when Schmidt first attempted to
utilize the (thermal) energy budget to obtain esti-
mates of the annual evaporation from the oceans,
applications of the energy budget have been re-
stricted because of the difficulty of evaluating certain
terms, such as reflected solar radiation, atmospheric
radiation, reflected atmospheric radiation, long-wave
radiation from the body of water, advected energy,
energy conducted to or from the body of water as
sensible heat, and the change of energy storage in
the body of water.

Schmidt (1915), for instance, neglected the
change in energy storage by camputing evaporation
from the oceans over a yearly interval. Richardson
(1931) investigated evaporation from California lakes
during time intervals when the change in air tempera-
ture was small and assumed a corresponding neg-
ligible change in energy storage. Sverdrup (1940)
investigated the energy budget of two particular
regions of the oceans: (1) a region off the Bay of
Biscay which was without distinct currents so that
advected energy could be considered negligible, and
(2) a portion of the Kuroshio current where the ad-
vected energy was assumed constant throughout the
year and was determined from the energy budget by
first assuming that evaporation was negligible during
the early summer. During recent years, Holzman
(1941) and Penman (1947) both commented on the
difficulty of evaluating atmospheric radiation, long-
wave radiation from the body of water, and energy
storage.

In addition, difficulty has been experienced in

evaluating the conduction of sensible heat to or-

from the body of water. From the energy-budget
equation it is possible to obtain the sum of energy
conducted as sensible heat and energy utilized by
evaporation. During the eorly use of the energy
budget for obtaining evaporation rates, the ratio of
these two terms was estimated to be around 0.1 or
0.2. Later investigations showed that the ratio varied
considerably. Bowen (1926) theoretically examined
the ratio and developed an expression for it in terms

* Oceanographer, Research Division, U.S. Navy Electronics
Laboratory, San Diego 52, California.

of easily measured quantities. Considerable contro-
versy, however, still exists over the meaning and
validity of Bowen'’s ratio (R).

Thus, past investigations have been confined to
specific cases and large-scale features to minimize the
effect of terms that could not be evaluated. However,
the increasing attention on evaporation from lakes
and reservoirs (Anderso\n, Anderson, and Marciano,
1950), on the cooling action of lakes as applied to
industrial problems (Throne, 1951), and on the fore-
casting of thermal conditions in proposed reservoirs
requires that methods be devised to evaluate each
of the terms of the energy budget for any specified
season, locale, and time interval.

The principal objective of the energy-budget in-
vestigation at Lake Hefner was to determine the utility
of the energy budget as a method for computing
evaporation from natural bodies of water. This made
it necessary to improve our understanding of certain
terms in the energy budget, for example, reflected
solar radiation, change in energy storage, the Bowen
ratio, and effective back radiation.

The Energy-Budget Equation

The energy budget for the ocean, and as ap-
plied in the past to lakes and storage reservoirs, is
generally expressed as

Q—Q—Q—&h—Q+ Qv =Qqs (59

where Q, is the solar radiation incident to the water
surface, Q, reflected solar radiation, Q, the net
energy lost by the body of water through the ex-
change of long-wave radiation between the atmos-
phere and the body of water, Q, energy conducted
from the body of water to the atmosphere as sensible
heat, Q. energy utilized for evaporation, Q,s net
energy advected into the body of water, and Qg the
increase in energy stored in the body of water. Con-
duction of energy through the bottom, heating due to
chemical and biological processes, and the transfor-
mation of kinetic energy into thermal energy are
generally neglected because of their small magnitude.

From equation (59) it follows that the evapora-
tion, E, can be expressed as

E=Qa_Qr—Qb+Qv’_Q.9’ (60)

pL (1 4 R)
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where L is the latent heat of vaporization and R, gen-
erally referred to as the Bowen ratio, is the ratio of
energy conducted to or from the air as sensible heat
to the energy lost through evaporation.

The ratio of conduction of sensible heat to evap-
oration as given by Bowen (1926) is

Rzgﬁl’?_ T_O___T“_), (61)
1000 \ ep — e,

where P is the atmospheric pressure in mb, Ty is the
water-surface temperature and T, the air temperature
in °C, and e, is the saturated vapor pressure at the
surface-water temperature and e, the vapor pressure
of the air in mb.

Generally,

Qp = Qo — eoTe?, (62)

where Q. is the atmospheric radiation (principally
from water vapor, cloud droplets, carbon dioxide,
and ozone), Ty the water-surface temperature in °K*,
o the Stefan-Boltzmann constant, and e the emissivity
of the water surface. The emissivity of water has
variously been taken to be 0.900 to 1.000. In addi-
tion, the reflection of atmospheric radiation has gen-
erally been neglected.

Saur and Anderson (paper in preparation) dis-
cuss in detail the relations existing between advected
energy, change in energy storage, and change in
volume of a body of water. These relations will be
briefly reviewed.

When considering the energy content of a sub-
stance it is necessary to refer the energy content to
some arbitrarily selected base temperature. The
energy content of a unit mass of a liquid substance
may be written

¢ (T — T,) -+ constant, (63)

where T is the temperature in °C, the unknown con-
stant depends on the base temperature T, and the
character of the substance, and ¢ is the specific heat.
Thus, in caleulations of a change in energy content
of a fixed mass of water, the constant and base
temperature cancel out. However, if the mass of water
is not fixed, the change in energy content is not inde-
pendent of the base temperature and must be con-
sidered with the advected energy.

Let V; and V. be the volumes of the body of
water at the beginning and end of the period under
consideration, N and M the total volumes of inflow
and outflow, and p;, ps, px. pur the densities of the

* °K represents degrees Kelvin (the absolute centigrade
scale). -
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respective volumes of water; then, the equation of
continuity is

prVi—p2Ve=puM— py N. (64)
Let

pyN=prni+ppnp+ ...
(65)

and pMM=p0mo—|—psms+peme+...,

where po mg is the mass of surface outflow, p; m, the
mass of out seepage, p, m, the mass of evaporated
water, p; n; the mass of surface inflow, and p, n, the
mass of precipitated water. Then, using equations
(64) and (65)

p1V1—p2V2=pomo+psma+peme+ . e e
—plnl——p,,np--.... (66)

From equations (63) and (66) it follows that the quan-
tity (Qu-Qg) can be expressed as

c[Vipr (Ti —Tp) — Voo (T, — Ty} — pomo(To—Ty)
— ps M; (Te —To) — Pe Me (Te —To) + prny (Tr—Tp)
Fpp (T —T)4 ... — .. .] (67)

where Ty, Ty, T, To, Ty, Ty, and T, are the tempera-
tures of the respective volumes of water. Since equa-
tion (66) holds, it is clear that equation (67) is inde-
pendent of the base temperature, and that the base
temperature can be arbitrarily selected. In fact, T,
could be omitted from equation (67) but, as will be
seen, it is convenient to retain it for the purpose of
computation. Equation (67) further shows that those
terms in the energy budget associated with a term
in the water budget cannot be considered individ-
vally, but are independent of the computational
method only when the sum is considered. The con-
stant in equation (63), being a function of only the
base temperature and the nature of the substance,
cancels out as long as equation (66) holds. It is noted
that, by neglecting differences in density (thermal
expansion) and using an average value, little error
is infroduced and terms can be computed on the basis
of volume. The results obtained from equation (67)
are in units of energy per lake per interval of time.
This result must be divided by the area of the lake to
obtain calories per unit area per interval of time in
order to be consistent with the units used to measure
the radiative terms.

In addition to the energy lost because of the
latent heat of vaporization, the mass of evaporated
water represents an advected loss from the body
of water, as indicated by equation (65), solely by the



loss of a mass of water at some temperature. Thus
equation (59) should be written:

Qo+Qh=Qg—Qr—Qb_Qs+Qv—Qw,
(68)

where Q,, is the energy advected out of the body of
water by the mass of evaporated water, and Q,, con-
tains all other advected volumes. Dividing equation
(68) by Q, and rearranging:

Qo(] +R)+Qw=Qs—Q,—Q¢, —Q3'+Qv.
(69)
Also,
Q= ELPo and Q,, = Cpe E(T, —T,), (70)

where T, is the temperature at which evaporation
takes place — usually taken as the water-surface
temperature. Substituting from equation (70) in
equation (69):

E [pol (1 4 R) + cpq (To — To)]
=Qg—Qr—Qb—Q5+Qv (7])

and
=Qs—Qr—Qb—‘QS'+Qvl (72)
po [L (14 R) + ¢ (T, — T})]
where
Qs = Qz — Qqr — e0Ty?, (73)

Q.. being the amount of reflected atmospheric ra-
diation. The term (T, — T;) in the denominator of
equation (72) is of the nature of a correction factor
and will vary the evaporation about 5 per cent, de-
pending upon the magnitude of the other terms in
the equation. Obviously, the nearer the base tem-
perature is to the evaporation temperature, the
smaller will be the correction.

Intelligent selection of the base temperature can
materially increase the accuracy of the computed
evaporation obtained from equation (72). Referring
to equation (67), generally it is difficult to evaluate
n, and m, Since the loss of energy through the
volume of evaporated water is corrected for in equa-
tion (72), the base temperature should be selected
near the temperature of the seepage and/or the
precipitation temperature, since seepage and pre-
cipitation volumes are generally difficult to evaluate.
By selecting the base temperature in this manner
the effect of errors due to the errors in volume de-
termination are minimized. In general, the base tem-
perature should be selected as the best temperature
estimate of the largest unknown advected volume.

If evaporation could be determined directly from
the water-budget equation, there would be no neces-
sity for using the energy budget. However, except in
extremely well-controlled investigations, inaccuracies
exist in the determination of the water budget which
can be of the same order of magnitude as the evap-
oration. Since the latent heat of vaporization appears
in the denominator of equation (72) for computing
evaporation from the energy budget, a real advan-
tage is obtained by use of the latter method. To utilize
equation (72) it is necessary to have some knowledge
of the water budget, but not to the degree of pre-
cision necessary to determine evaporation from the
water budget.

Observational Program at Lake Hefner

The location of the instruments used for the
energy-budget investigation is shown on the map.

Table 6, showing the number of days of each
month for which complete radiation data were re-
corded, indicates in a general way the amount of
data obtained. Considerable data covering all months
and seasons were available for the study: of energy
exchange.

During October 1950, difficulty was experienced
because the thermocouple ice jug rose above 0°C,
with the result that the flat-plate temperature was
in error during much of the month. An attempt was
made to correct the flat-plate temperatures, but it

TABLE 6. Number of Days Per Month of Complete
Radiation Record.

Number of Per Cent of
Month Days of Data Total No. of Days

May 1950 9 29
Jun n 37
Jul " 35
Aug 13 42
Sep 20 67
Oct 27 87
Nov 30 100
Dec 22 7
Jan 1951 29 94
Feb 20 Al
Mar 30 97
Apr 29 97
Moy 19 61
Jun 20 67
Jul 22 Al
Avg 30 97

TOTAL 342 70
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was difficult to judge how far back in time to carry
the correction. This may have resulted in too high an
effective back radiation and consequently too low
an evaporation.

Ice formed on the lake during the month of
February 1951, making it necessary to beach the
barge from 9 February to 23 February. During this
period all energy-budget parameters except the re-
flected solar radiation were measured at the beach
position, on the south side of the lake. In addition, it
was impossible to obtain vertical temperature pro-
files of the lake from 26 January to 26 February.
Accurate data for evaluating the change of energy
storage were therefore lacking during most of
February.

In late June 1951, difficulty was encountered
with the Temperature Profile Recorder (TPR), so that
for the last two months of the observational program
it was necessary to utilize a bathythermograph to
obtain water-temperature data.

During months other than those mentioned above
the instrumentation operated with only minor or focal
difficulties which influenced the observations for only
short periods of time. For the months discussed above,
the results, even the monthly average values, may
have been affected by the instrumental difficulties.

Data Processing

The radiation data were recorded on an Ester-
line-Angus 1-mil recorder using a 15-point program-
ming switch. The following elements were recorded:
solar radiation, reflected solar radiation, flat-plate
radiometer reading, and the temperature of the flat
plate — plus a reference. This recording procedure
resulted in a 4-minute record of each element spaced
at 20-minute intervals.

The data were processed by constructing a con-
tinuous diurnal curve for each element and then read-
ing off values of each element at half-hourly intervals.
These 48 readings were averaged to obtain a daily
average value, and then converted into a daily total.
The totals were then utilized to establish an energy
budget from which evaporation could be computed.

The TPR data were processed by reading and re-
cording the mean water temperature by 1-meter
intervals. From the mean temperatures and mean
areas for each 1-meter-thick layer, the areas being
obtained from the area-capacity table for the lake,
the energy content in each layer was computed. The
energy contents of the layers were then summed to
obtain the total energy content, above an arbitrary
base temperature, of the lake.
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SOLAR RADIATION

The short-wave radiation (0.3 » to approximately
4.0 u) incident to the outside of the earth’s atmos-
phere comes primarily from the sun. This radiation
in passing through the earth’s atmosphere undergoes
depletion through scattering, reflection, and absorp-
tion by gases of the air, water vapor, clouds, and
dust. As a result of these complex processes, the
short-wave radiation arrives at the earth’s surface
partly as direct radiation and partly as diffuse ra-
diation.

Two approaches are available for evaluating the
solar radiation incident to the earth’s .surface: (1)
indirect evaluation in terms of easily observable or
measurable quantities, and (2) direct measurement
by suitable instrumentation.

Knowing the amount of radiation incident to the
outside of the earth’s atmosphere, many investigators,
for example, King (1913), Mosby (1936), Hewson
(1943), Haurwitz (1948), Klein (1948), and Kennedy
(1949), examined, both theoretically and empirically,
the modification of solar radiation by the earth’s
atmosphere, with a view to obtaining an indirect
method for evaluating this term. Because of the com-
plexity of the processes involved, complete theoretical
treatment was not possible; hence various assump-
tions, simplifications, and restrictions were necessary.
For example, King (1913) examined theoretically the
scattering of solar radiation by gaseous media and
obtained complex expressions for the intensity of
direct and diffuse solar radiation. He considered only
the effect of molecules of the atmosphere and small
particles, neglecting the effect of clouds, and assumed
the earth was a smooth plane and the density of air
a function of height only; he ignored reflection from
the earth’s surface and refraction by the atmosphere.
Mosby (1936) developed the following empirical for-
mula for computing the incoming radiation on a hori-
zontal surface, in terms of the average altitude of
the sun and the average cloudiness:

Q, = k (1 — 0.071 C) h cal cm=2 min—1, (74)

where Q, is the solar radiation, k a constant that is
a function of latitude, C the average cloud cover in
tenths of sky covered, and h the average altitude of
the sun in degrees. This equation is not valid for sun
altitudes greater than 60 degrees, but gives correct
results if they are replaced by reduced altitudes.
Hewson (1943) considered theoretically the effect of
cloud thickness, water content, and drop size on the
transmission of solar radiation. Haurwitz (1948) ex-
amined empirically the relation between total solar



radiation reaching the earth’s surface and the amount
of cloudiness, cloud density, and cloud type. Klein
(1948), utilizing the results of previous theoretical and
empirical investigations, presented a method for com-
puting direct and diffuse radiation received on the
earth’s surface. He considered the effects of terrain
reflection and of depletion by dry air, water vapor,
dust, and clouds. He summed up: “However, the
computations described in succeeding sections of this
report all involve approximations from empirical re-
lations which are true only in the mean and subject
to large deviations in individual cases. Therefore,
they should be applied only to average values from
climatological records taken over as long a period
of time as possible.” Kennedy (1949) presented a
method for computing daily insolation. The method
makes use of a pyrheliometer station, similar in lati-
tude .and altitude to the place where the radiation
data are desired. Data are extrapolated from the
station to the place in question. The method involves
obtaining a solution to the following equation:

Q,=la™, 75)

where Q, is the solar radiation, I, the solar radiation
received on a horizontal surface at the exterior of
the earth’s atmosphere, a the atmospheric trans-
mission coefficient, and m the solar air mass or the
ratio of the length of the actual path of the solar
beam to the path through zenith. Using known values
of Q,, lo, and m at a pyrheliometer station, the daily
atmospheric transmission coefficient @ may be com-
puted. The daily value is then plotted against cloudi-
ness in tenths, and a smooth curve fitted to the points.
From this plot the value of the atmospheric transmis-
sion coefficient for the unknown station may be ob-
tained for different degrees of cloudiness. Utilizing
the proper valve of a and tables giving Iy and m as
functions of latitude and the declination of the sun,
the solar radiation is computed from equation (75).

In this study, solar radiation was measured
directly by means of an Eppley pyrheliometer. The
observations are summarized in figure 50 in terms
of average monthly values. The numerals indicate the
number of complete days of solar-radiation observa-
tions obtained for each month. In addition, the maxi-
mum and minimum daily radiations during the month
are shown. As expected, there is a roughly sinusoidal
variation throughout the year with a variation from
about 250 cal cm—2 day—! in December to 625 cal
cm—2 day—1! in June. A comparison of July 1950 with
July 1951 indicates the variation that may occur from
year to year for any given month. July 1950 had an
average monthly value of about 175 (or about 25
per cent) lower than July 1951, According to the U. S.
Weather Bureau, July 1950 was one of the coldest
and rainiest on record and this is reflected in the
low monthly radiation.

The monthly range in maximum and minimum
varies from about 250 cal em—2 day—! in December
to 450 cal cm—2 day—?! in June.

In past investigations, solar radiation has usually
been evaluated by one of the indirect methods men-
tioned above. The direct solar measurements made
at Lake Hefner over a period of 16 months provided
an opportunity for evaluating some of these indirect
methods. Two were selected for evaluation: (1)
Mosby’s formula, equation (74), which represents an
empirical method designed to provide average
monthly or annual values -of solar radiation, and
(2) Kennedy’s method, which represents an extrapo-
lation designed to provide daily solar-radiation
values. These methods were selected because both
have been widely used for oceanographic and lim-
nologic studies.

The monthly solar radiation for Lake Hefner from
July 1950 to August 1951 was computed from Mosby’s
formula. According to Mosby the constant k is a
function of latitude, and for the latitude of Lake
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Hefner its value is 0.024. The average cloud cover
was computed from the hourly cloud cover as re-
ported by the U.S. Weather Bureau station located
13 miles south of Lake Hefner at Will Rogers Airport.
The average monthly sun altitude was computed by
means of a method described by Bowditch (1939).

The results obtained are summarized in table 7.
As indicated, the solar radiation values obtained from
Mosby’s formula are in general too low.

TABLE 7. Comparison of Solar Radiation Computed
from Mosby’s Formula and that Observed at Lake
Hefner.

Number Days Observed Computed Difference  Per Cent
Month Observation Qo Q,, Q.. — Qg Difference
(cal em—2 day—1)

Jul 1950 13 448 383 —65 —15
Avg 13 565 550 —15 -3
Sep 22 417 339 —78 —19
Oct 27 390 367 —23 —6
Nov 30 287 226 —61 —21
Dec 24 233 184 —49 -2
Jan 1951 29 275 189 —86 —31
Feb 24 322 239 —83 —26
Mar 30 426 312 —114 —27
Apr 29 516 449 —67 —13
May 29 541 478 —66 —12
Jun 24 591 521 -—70 —12
Jul 28 611 563 — 48 —8
Aug 30 576 599 23 4

The mean difference is about 70 cal cm—2 day—},
or about 15 per cent of the observed values. The
values obtained from Mosby’s formula are dependent
to a great extent on the accuracy of the estimate of
the amount of cloud cover. Since cloud cover is only
estimated to tenths, the formula is rather inflexible
and considerable difference in the results may be
caused by varying the cloud cover by one-tenth.
Obviously, if cloud cover were estimated with greater
accuracy, say to twentieths or hundredths, greater
flexibility would be attained. However, since cloud
cover is generally observed from the ground and fur-
thermore is visually estimated, the use of a scale in
greater detail than a tenth is not justified. Under
certain conditions it is difficult for observers to agree
even within a tenth as to the amount of cloud cover.

The negative bias, indicated by table 7, can be
removed by adjusting the constants in equation (74).
The constant k and the cloud-cover coefficient were
adjusted individually and simultaneously. Changing
(1) k to 0.0276, or (2) the cloud-cover coefficient to
0.0532, or (3) the constant k to 0.025 and the cloud-
cover coefficient to 0.059 removes the negative bias.
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The standard error of estimate, using the new con-
stants, is =50, *=38, and =41 cal em—2 day—},
respectively. These amount to approximately =10
per cent of the mean observed solar radiation. Hence,
there is some improvement from the adjusted con-
stants. The use of these constants, in preference to
those originally established by Mosby, must be made
with caution since they are probably only applicable
to the Lake Hefner area.

The effect of the differences between computed
and observed solar radiation on evaporation compu-
tations depends upon the magnitude of (Q, -+ Q)
and R. For example, during August 1950, September
1950, and January 1951, the use of solar radiation
computed from Mosby’s formula, using the original
constants, introduces differences of 6, 31, and 55
per cent, respectively, in computed evaporation.

On a mean annual basis, the observed solar
radiation from 1 September 1950 to 1 September
1951 was 432 cal em—2 day—!, while that obtained
from Mosby’s formula was 362 cal cm—2 day—?! or
approximately 15 per cent lower.

In summary, Mosby’s formula leads to results-
approximately 15 to 20 per cent too low for monthly
or yearly values. Solar radiation values obtained
from Mosby’s formula may therefore lead to large
errors in evaporation computations, unless the values
are substantiated by independent data; for other
purposes, the values may be sufficiently accurate.

Kennedy’s method of obtaining daily solar ra-
diation consists basically in extrapolating measured
data from a radiation station to the place in question,
the two locations being similar in latitude and eleva-
tion. Since the U. S. Weather Bureau maintains about
sixty radiation stations scattered throughout the United
States, it is generally possible to find a radiation
station that meets the latitude and elevation require-
ments. The radiation station at Fresno,* California,
most nearly meets the requirements for Lake Hefner.

Solar radiation for Lake Hefner was computed
for each of the 358 days for which a direct measure-
ment of solar radiation was available. Plots of the
difference between Kennedy’s value and the observed
value versus the observed value indicated that the
difference was a function of cloud cover. The data
were therefore examined in terms of cloud cover —
clear, scattered, broken, or overcast. The results are
presented in figure 51 in terms of the standard error
of estimate and the standard error of estimate as a
percentage of the mean observed solar radiation.

* The Oklahoma City data were not used because they
would not have provided a fest of Kennedy’s method.



For clear skies the standard error of estimate is less
than 10 cal em—2 day—!, or only about 2 per cent
of the mean observed radiation. This error is accept-
able for purposes of computing evaporation. How-
ever, as the cloud cover increases the standard error
increases to about 115 cal em—2 day—?, or 25 and
50 per cent for broken and overcast skies, respec-
tively. Errors of this magnitude cannot be tolerated in
computing evaporation. The increase in error with
cloud cover is related to the height of the cloud cover.
Kennedy’s method considers radiation only as a func-
tion of amount of cloud and not of cloud height. It is
apparent, however, that the amount of solar radiation
penetrating a high overcast will be greater than that
penetrating a low overcast, all other conditions being
-the same; in other words the average daily atmos-
pheric coefficient for high clouds is different from
that for low clouds. This dependence was also dem-
onstrated by Haurwitz (1948). Hence, to improve the
accuracy for cloudy conditions, it is necessary to
select a radiation station similar not only in latitude
but also in types of clouds to the location in ques-
tion. Alternatively, separate atmospheric transmission
coefficients should perhaps be defined for each of the
major cloud types — low, middle, and high.

In addition, solar radiation values were com-
puted for time intervals greater than one day. The
number of data did not permit a breakdown with
respect to cloud cover or height. The results are pre-
sented in figure 52. The standard error of estimate
decreases from a valve of 85 cal cm—2 day—! for
daily periods to 45 cal em—% day—! for a 10-day
period, and then remains essentially constant with
increasing length of time interval. Expressed as per
cent of mean observed solar radiation, the error
decreases from 20 for single days to about 12 for
intervals greater than 5 days.

It thus appears that Kennedy’s method gives
excellent results for daily solar radiation with clear
skies. For sky conditions other than clear, errors up
to 50 per cent may occur when computing daily
values. These errors may possibly be reduced by
taking into account the characteristics of the cloud
cover. For periods longer than 5 days, an error of
approximately 10 per cent may be expected.

Summarizing, of several indirect methods for
evaluating solar radiation, two were studied, namely,
Mosby’s, representative of long time intervals, and
Kennedy's, representative of short time intervals. The
results obtained were examined in detail and com-
pared with direct observations made at Lake Hefner,
Oklahoma. The conclusion was that these indirect

methods of evaluating solar radiation will give the
necessary accuracy for evaporation computations only
in selected circumstances. For applications other than
to evaporation, where accuracies of the order of
15 per cent are required, they are satisfactory. It is
necessary to measure solar radiation directly to obtain
the accuracy required for applying the energy budget
to evaporation determinations.
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REFLECTION OF
SHORT-WAVE RADIATION

As stated by Neiburger (1948), a “knowledge
of the reflectivity of the sea surface is of fundamental
importance for heat-balance studies, both of the
atmosphere and the oceans. In order to evaluate the
amount of solar energy absorbed by the seq, it is
necessary to know not only the amount incident on
the surface, but to know also what portion of that
is returned, unchanged, by reflection at the surface
and by scattering from bubbles and suspended par-
ticles immediately below it.”

The necessity for evaluating each term in the
energy budget accurately when attempting to de-
termine evaporation has been pointed out in the
preceding section. For example, an error of 30 to 40*
cal em—2 day—? in the evaluation of any term in the
energy budget results in an error of 10 to 20 per cent
in the computed evaporation.

The reflectivity of short-wave radiation by a
natural water surface has been studied by relatively
few investigators. Zenker (1888) made the first theo-
oretical study of the subject, and Schmidt (1915)
investigated the evaporation for the oceans as a
whole by utilizing the energy-budget approach. In
evaluating the incoming solar radiation, Schmidt dis-
cussed the theoretical reflectivity of both solar and
sky radiation and obtained a theoretical valve of
0.17 for the reflectivity of sky (diffuse) radiation.

Kimball and Hand (1930) made measurements
from an airplane of reflectivity over Chesapeake Bay,
Potomac River, and Patuxent River, at altitudes rang-
ing from 10 to 1000 feet. They obtained values of
reflectivity under an overcast sky of 0.06 to 0.10.
For Chesapeake Bay, they reported a value of 0.097
for a hydrodynamically smooth surface and 0.034 to
0.049 when whitecaps were present, suggesting a
decrease of reflectivity at higher wind speeds.

Powell and Clarke (1936) made 34 measure-
ments of the reflectivity of the sea water at Buzzard's
Bay in July and August 1935. Measurements were
made for red and violet light, and a variety of winds,
sky covers, and sun altitudes. They concluded that:
(1) the solar radiation is reflected not only from the
water surface but also from a stratum of relatively
opaque water (bubbles and suspended material) just
beneath the surface, and for a reflectivity of 0.09
cr less, one-half the radiation is returned by the water

* An approximate daily average value of the amount
of reflected energy at Lake Hefner.
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surface itself; (2) reflectivity increases slightly when
the surface is hydrodynamically rough and in the
presence of clouds; (3) reflectivity is not more than
0.09 for sun altitudes greater than 30 degrees in clear
weather; (4) average reﬂectivity under an overcast
sky (diffuse radiation) is 0.08.

Sverdrup (1942) synthesized Schmidt's theoretical
values for reflectivity of solar radiation and Powell
and Clarke’s observed values for sky radiation, and
obtained values of reflectivity of 0.25, 0.06, 0.03, and
0.03 for sun altitudes of 10, 30, 60, and 90 degrees,
respectively.

Neiburger (1948), using a blimp, studied diffuse
radiation off the California coast under a stratus
overcast. He made 117 observations on 45 days
during the summer of 1945, He concluded that: (1)
the radiation was not completely diffuse; (2) the
average reflectivity was 0.105, varying with cloud
thickness and sun altitude; (3) for completely diffuse
radiation, Schmidt's value of 0.17 would apply; (4)
Powell and Clarke’s value of 0.08 should be applied
only for radiation from a high sun passing through
relatively thin clouds; (5) no correlation exists be-
tween wind speed and reflectivity.

As indicated by these studies, there is lack of
agreement concerning the reflectivity of completely
diffuse radiation and the effect of wind speed. In
addition, so far as is known, no one has investigated
the effect of variable amounts of high, middle, or low
clouds on the total reflectivity.

The observations made at Lake Hefner provide
the necessary data for examining the reflectivity of
a natural water surface in considerable detail. In
this section the theory of reflectivity of solar and sky
radiation for an optically flat water surface under
clear skies will be reviewed; reflectivity will be con-
sidered as a function of sun altitude, turbidity* of
the atmosphere, hydrodynamic nature of the surface,
and amount and height of cloud cover; and a method
of determining reflectivity in terms of more easily
measured parameters will be presented.

As previously mentioned, total incoming and re-
flected radiation was measured every 20 minutes from
1 May 1950 to 31 August 1951. Observations were
made covering variable cloud conditions, winds from
0 to 40 knots, sun altitudes from O to 78 degrees, and
several different types of air masses.

* Turbidity, unless otherwise noted, is used in this section
to refer to the turbidity of the atmosphere when no clouds are
present, As will be pointed out later, the type of air mass is
related to the turbidity of the air, which in turn is related
to the reflectivity.



Theoretical Reflectivity Under a Clear Sky

Short-wave radiation reaches any surface on the
earth partly as direct radiation from the sun (solar
radiation) and partly as scattered or reflected radia-
tion from the sky (sky radiation). When considering
the total reflectivity of a surface it is necessary to
consider the reflectivity of each of these components.
If a and b are the reflectivities of solar and sky radia-
tion, and m and n are the respective fractions of the
incoming radiation from the sun and sky, then the
total reflectivity, R,, of any horizontal surface may be
expressed as

R, = am - bn. 76)

The reflectivity of both solar and sky radiation
from an optically flat water surface under a clear
sky can be examined by application of Fresnel's for-
mula for the reflection of natural unpolarized light.*
Theoretical expressions for the amount of short-wave
radiation coming from the sun and sky were obtained
by King (1913).

The theoretical examination of each term in
equation (76) makes it possible to examine the nature
of the total reflectivity of an optically fiat water sur-
face under a clear sky.

King applied the results of Rayleigh on the
scattering of parallel radiation by molecules and
small particles to radiation and absorption in the
earth’s atmosphere. He made the following simplify-
ing assumptions: the earth is a smooth plane, the
density of air is a function of height only, and re-
flection from the earth’s surface and refraction by
the earth’s atmosphere may be neglected. In addi-
tion, he considered only the effects of molecules of
the atmosphere and small particles, neglecting the
effect of clouds.

By much mathematical manipulation he de-
veloped two equations (approximations of a compli-
cated exact equation which is difficult to apply) for
obtaining the total intensity of sky radiation from
any direction. One is applicable to large sun alti-
tudes and the other to small altitudes. These equa-
tions indicate that both solar and sky radiation are
functions of the sun’s altitude, the coefficient of
attenuation of scattered radiation, and absorption.
His attenuation coefficient, C, includes the effect of
both molecules of gas and dust particles. Hence,

*A plete di i and th tical treat t of
the Fresnel formula is given by Sears (1945) and Houstoun
(1938). :

solar radiation = f, (S4, C), and 77)
sky radiation = f, (S4, C), 78)

where S, is the altitude of the sun.

Using mean coefficients of attenuation for Mt.
Wilson, California, and Washington, D. C., King com-
puted for these two stations the amount of energy
coming from the sun and sky as a function of sun's
altitude. His values are graphically presented in
figure 53a. The sky radiation is given as a fraction
of the total short-wave radiation in figure 53b. These
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Figure 53. Theoretical radiation coming from the sun and sky
for Mt. Wilson and Washington, D. C., according to King.
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data show the greater amount of sky radiation at
Washington because of the increased scattering due
to lower elevation of the station above sea level and
the greater number of small particles in the atmos-
"phere. The Mt. Wilson data probably reflect scatter-
ing caused primarily by molecules, while at Wash-
ington there is a greater particulate effect. In each
place, the sky radiation is nearly independent of
the altitude of the sun.

King’s coefficient of attenuation is similar to
Linke’s (1922) turbidity factor. This factor may be
written as

=14+ apw+ asd), @9
a

where T is a mean turbidity factor, o a mean extinc-
tion coefficient due to molecular scattering, and a,
and a; mean coefficients of extinction by water vapor
(disregarding selective absorption) and dust, respec-
tively. ‘

Haurwitz (1934) demonstrated that the turbidity
factor varies with respect to the air mass present.
Table 8 presents the average turbidity factor ob-

TABLE 8. Average Turbidity Factors for Various
Types of Air Masses According to Haurwitz.

Air Mass Turbidity Factor
Polar Continental 242
Modified Polar Pacific 2.65
Modified Polar Continental 2.81
Tropical Gulf plus Tropical Atlantic 3.49
Polar Atlantic plus Modified Polar Atlantic 3.61

tained by Haurwitz for various types of American air
masses. The effect of the variation in turbidity with
air mass would be to vary the ratio of sky radiation
to solar radiation. Thus, for modified Polar Atlantic
air the relative amount of diffuse radiation would be
greater than for Polar Continental air.

As previously stated, the reflectivity of an opti-
cally flat water surface under a clear sky for direct
solar radiation can be examined by considering
Fresnel’s formula for the reflectivity of natural un-
polarized light. This formula is

1 [fon2 (90 — S. — 1)

1 sin2 (90 — S, —r)
T 2| tan2(90 —S.+r)  sin2(90 — S4 + 1)

where a is the reflectivity of direct solar radiation,
S4 the altitude of the sun above the horizon, r the
angle of refraction, and sin (90 — S,) = p sin r where
p is the index of refraction for water relative to air.
For sun dlititude of 90 degrees, equation (80) re-
duces to

], (80)

a=@E—"10 k4012, (81)

The index of refraction for pure water relative
to air at 25°C is 1.33251 (Handbook of Chemistry
and Physics, 1947) while for sea water of salinity
34.00 °/go* it is 1.33873 at 25°C (Sverdrup, et al,
1942).

Figure 54 shows the variation of reflectivity of
direct sun radiation with altitude of the sun for pure
water. In the case of sea water, which has a slightly
higher index of refraction, the reflectivity is only
0.000 to 0.003 greater.

in the presence of thick clouds, assuming the
atmosphere obeys Lambert’s cosine law of diffuse
radiation, the sky light is of equal intensity from all
directions. Knowing the reflectivity for various sun
altitudes, and assuming the light is completely dif-
fused, then, as indicated by Schmidt (1915),

r/2
bzfa(SA) Ccos SA dSA, (82)
1]

where a (S,) is the reflection of direct sun radiation
as a function of sun altitude.t Equation (82) can be

* Parts per thousand, the standard method of expressing
the salinity of sea water.

t
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The area of a surface of revolution around the y-axis is
TR/2 /2

2r f xds or in this case 2wR2 [cos S, dS,. The amount of
0 0

/2
reflected radiation is 2wR2 f a(S,)cosS, dS,. The mean value

0
of a function is fxds/ Jds. In this case the average reflectivity
becomes

/2

T/2
21rk2fa($4)cosSAdSA
0 = fa(S,)cosS, dS,.

r/2
27R2 fcos S, dS,
0
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evaluated graphically if x =sinS4 and y == a (S,).
1
Then the integral becomes f ydx. The area under

the curve in figure 55 is ihcoan the total reflectivity
of completely diffuse sky radiation for an optically
flat water surface. This evaluation gives 0.173 for
the reflectivity of sky radiation.

The total reflectivity of an optically flat water
surface under a clear sky can be evaluated from
equation (76) using values for a, b, m, and n pre-
viously discussed. Rewriting equation (76),

R; = am -+ bn, where

[ﬂ:n2 (90 — S, —1r) , sin2 (90— S, — r)]’ (76a)
tan? (90 —S4 +4r)  sin2(90 — S, + 1)
r/2
b= § a(S4)cosS,dS,, (76b)
J
m= h (54, C) , and (76¢)
f1 (54, C) 4+ £2(S4, Q)
n= f2 (54, C) ) 76d)
fl (SAI C) + f2 (SAI C)
we obtain
_l_[ton2 (90 — S, —r) |, sin2 (90— S, —r)
‘2 Ltan? (90 — S, 4 r)  sin?(90 — S, + 1)
X fl (SA: C) f2 (sAr C)
f1(S4.C) +£2(S4, C) £ (54, C) +£2(S4,C)

T/2

X f a(Sa)cosS,dS.  (83)
0

From equation (83) it may be concluded that the total
reflection from an optically flat water surface under
a clear sky is a function of the altitude of the sun
and the type of air mass (turbidity, excluding effect
of clouds).

The effect of increasing turbidity (turbidity data
from King, 1913) is indicated by figure 56, where
equation (83) is applied to radiation data for Mt.
Wilson and Washington. This shows that the effect
of increasing turbidity at sun altitudes of less than
20 degrees is to decrease the reflectivity slightly, and
at sun altitudes greater than 20 degrees to increase
the reflectivity slightly. For different air masses and
various amounts of cloud cover, the variations would
be similar.

The total actual amount of reflected solar and
sky radiation is

Q,- pret Rg Qs, (84)

"a (S4)
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Figure 54. Variation of reflectivity of direct solar radiation
with altitude of the sun for pure water as obtained from Fresnel’s
formula.
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radiation.
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where Q, is the total amount of reflected energy and
Q, .the total incoming short-wave radiation. Using
values of reflected energy computed from equation
(83) and values of total incoming short-wave radia-
tion computed from equations (77) and (78), one can
examine the variation of the amount of reflected
energy as a function of sun altitude and time.

if knowledge of the coefficient of attenuation
for short-wave radiation were adequate, it would be
possible to obtain a family of curves showing the
amount of energy reflected from an optically flat
water surface under a clear sky as a function of sun
altitude. In addition it would be possible to present
graphically the amount of reflected energy as a func-
tion of latitude and time. The amount of reflected
energy could then be evaluated for any given loca-
tion and day. '

Since the data are inadequate, the above for-
mulas have been applied to specific cases only.
Figure 57 shows the variation of reflected energy as
a function of sun altitude for Mt. Wilson and Wash-
ington (King, 1913). Mt. Wilson represents a low
coefficient of attenuation and Washington a moder-
ately high coefficient. The amount of reflected energy
increases rapidly at low sun altitudes, reaching a
maximum at 15 degrees for Mt. Wilson and then
falling rapidly to virtually a constant value at 40
degrees. For Washington where the turbidity is
greater, the amount of reflected energy is less at
all sun altitudes, the maximum being at 25 degrees
and less pronounced. As in the case of low turbidity,
the reflected energy increases rapidly at low sun
altitudes. The maximum effect of turbidity is for sun
angles less than 30 degrees. From figure 57 it can
be seen that the maximum amount of reflected energy
for relatively transparent air is 0.085 cal cm—2
min—1 and for turbid air 0.06 cal cm=2 min—1,

Figure 58 shows the theoretical variation of re-
flected energy for a given location (Lake Hefner, 35°
30’ N) as a function of season and time of day. The
amount of reflected energy increases rapidly to a
maximum at about two hours after sunrise; it then
decreases, the amount of the decrease depending

upon the season of the year, being greater during.

the summer and less during the winter. By the late
afternoon, the reflected energy reaches an almost
constant value. It then increases rapidly until two
hours before sunset, and then decreases rapidly to
zero shortly after sunset. A decrease in turbidity in-
creases the reflected energy at all hours of the day
but exerts its greatest influence just after sunrise
and before sunset. ‘
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Figure 57. Theoretical variation of reflected energy as a func-
tion of sun altitude for Mt. Wilson and Washington, D. C.

At this stage, it becomes possible to speculate
on the effects of cloud cover and air mass. If a uni-
formly dense cloud cover were introduced, it would
effectively increase the turbidity of the atmosphere.
This in turn would theoretically decrease the amount
of reflected energy for all sun angles, latitudes, and
times of day. Hence, for any given sun altitude, re-
flected energy would be maximal on a clear day and
minimal on an overcast day. Variations in air mass
should have a similar effect, and the more turbid the
air mass, the smaller the amount of reflected energy
for a given sun altitude.

As previously mentioned, Powell and Clarke
(1936) concluded that the reflected radiation consists
of radiation reflected both from the water surface
and from bubbles and suspended matter just be-
neath the surface. For a total reflectivity of 0.09 cal
cm~2 min—! or less, only one-half is reflected by
the actual surface. It might be postulated that, with
increasing winds, the bubbles and suspended matter
would increase, thereby increasing the total reflected
energy.

Previous investigations have indicated that a
water surface changes from hydrodynamically smooth
to rough at some critical wind speed. For example,
Munk (1947), using evidence based on observations
of whitecaps, soaring characteristics of sea gulls, and
variations in resistance and evaporation coefficients,
concluded that the critical wind speed was 6 to 7
meters per second (approximately 12.5 knots). It
may be speculated that, if other characteristics
change at this critical wind speed, the reflectivity of
the water surface would also change. Hence, the wind
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in making the water surface hydrodynamically rough
may also change its reflectivity characteristics.

Recapitulating, the above theoretical examina-
tion indicates that the reflectivity of an optically flat
water surface is primarily a function of the altitude
of the sun and secondarily a function of the turbidity
of the atmosphere. The turbidity, in a general sense,
is in turn a function of the type of air mass present.
The introduction of clouds into the air mass increases
the turbidity of the air and thus decreases the amount
of reflected energy at all sun altitudes. Because ra-
diation may also be reflected by bubbles and par-
ticulate material just under the surface, theoretical
values for reflectivity should be lower than those
actually observed. The effect of wind is to increase
the suspended material and bubbles, thereby increas-
ing the reflectivity. An abrupt change in reflectivity
at wind speeds of 6 to 7 meters per second would
confirm the concept of a critical wind speed at which
a surface changes from hydrodynamically smooth
to rough.

The actual energy reflected, for a given loca-
tion, is greatest at sun altitudes less than 30 degrees,
with a nearly constant amount reflected at greater
sun altitudes. Therefore, on a given day, most energy
is reflected just after sunrise and just before sunset.
This characteristic is most pronounced during the sum-
mer and least during the winter.

Observations of Reflectivity Under a Clear Sky
At Lake Hefner, 1163 observations of reflectivity
were made under a clear sky during the year 1 May
1950 to 30 April 1951. The observations were made
under a variety of conditions: wind speeds of 0 to 30
knots; various combinations of air masses, and many
examples of essentially unadulterated Tropical Gulf
warm moist air and Polar Canadian cold dry air,
the former being considerably more turbid than the
latter; sun altitudes of O to 78 degrees. The resulting
data offer an opportunity to examine in detail the re-
flectivity of a natural water surface under a clear sky.
Since the type of air mass present is indicative
of the turbidity of the air, the effect of wind speed,
when Tropical Gulf or Polar Canadian air only is
present, will first be examined. A plot of wind speed
versus reflectivity for a given, small sun-altitude range
and a given air mass should indicate, by an abrupt
change in reflectivity at some wind speed, any effect
of a change in water surface from hydrodynamically
smooth to hydrodynamically rough. Figure 59 presents
the observations taken under these conditions. The
number of observations is indicated by N, and S,
represents sun altitude. The data clearly indicate the
absence of any wind effect or critical wind speed
over the range of wind speeds shown, and the inde-
pendence of wind speed and reflectivity. The greater
scatter of individual observations at low sun altitudes,

83



REFLECTIVITY

REFLECTHVITY

compared to high sun altitudes, is caused by the
greater percentage error in measuring reflected solar
and total solar radiation, due to their small magni-
tude, at the low sun altitudes. At sun altitudes greater
than 30 degrees, the scatter is small.

Figure 60, a plot of the median reflectivity for
5-degree sun-altitude intervals, indicates the effect
of turbidity, as defined by Polar Canadian and Trop-
ical Gulf air masses, on reflectivity. Theoretically, an
increase in turbidity will increase the reflectivity at
high sun altitudes and decrease it at low sun altitudes.
The Lake Hefner data do not show such a systematic
variation. If it be assumed that the number of data
are adequate to provide reliable median values of
reflectivity, the lack of agreement between observa-

o POLAR CANADIAN AIR MASS

tion and theory may arise from the turbidity differ-
ential between these two air masses being too small
to demonstrate the expected dependence. Hence, it
may be concluded that reflectivity under clear skies
is independent of air-mass turbidity, except for cases
of extreme turbidity such as might occur in dust-laden
or smoke-laden air.

Since the reflectivity is apparently independent
of wind speed and air-mass turbidity, it can be a
function only of the altitude of the sun. The rela-
tionship is shown in figure 61. The numerals indicate
the number of observations at each altitude. Above
sun altitudes of 55 degrees, the reflectivity is inde-
pendent of the sun altitude and its value is approxi-
mately 0.05.

WIND SPEED (KNOTS)

.50 T T y v T -0 T . .. 1. % T
P R L PR PO PRV SN RS J
N SA'35-39.9° N=94
40| - 1 .20f 1 -
. . .o Os| Wi T e e v E
s . .S 40-44.9° N =55
30} A - - g 10} ccl, E o
- * - T osh ». L T e T ‘ 4
. . . N=94 o . SA45-49.9° N=33
o o : £ .
. SOSFC L e e re .- 1
. = SA50-54.9° Ne25%
A0 4 »20} 15 o
[ . T o
o > S e e ] S S I L R
Sp 5-9.9 Nes9 | & et stee L - I SA55-59.9 Ne=40
'Y 3.10- E A LS 4 o0
z o . 5L se et Litenes v i
w0 o 5, 20-24.9 N=98 o SA60-64.9 N=22
. L1 R . i
- ol:- . ot .. o 'SA65-69.9° Ne8
- . . 4 K1Y o . e . E
.' .. L. R OSt o3 . . e
ol e IR | o | Sa25-209 N=lls ol SaT0"74.9" | L 1 JN-6
L Lt o [ 5 10 15 20 25 30
R CLTer e - . WIND SPEED (KNOTS)
-1 .. o ofF <, ... . - . - p
. BRI ( ~:,,‘ DEN -tee
o S, 10-14.9° . L  Na79 o SA30-34.9° , N=102
0 Y 10 15 20 25 30 5 10 15 20 25 30
WIND SPEED (KNOTS) WIND SPEED (KNOTS)
TROPICAL GULF AIR MASS
50 T T T T T 30 T T T T T 10 T T T T, T,
. . os} e . R
SA35-239.9' N=25
40 | . 41 .20} . . E [
. os | - o Y] . PR
. . 5A40-44.9 ~
30 - . 4 .o} . ] o =2 Ne-28
. . ost . e o
20 . ] o Spt5-19.9° N=24 o Sp45-49.9° : N =23
»O05F MERE <]
[ SA50-54.9° N =19
a0t 4 >.20} {45 o
v . 2
= . . - L . e . 4
Sp 5-9.9° N=17 .2. : g SA55-59.9° N =15
o .ot . . 12 o
i % osh PP . ]
e o o s 7.
w0 b 55 20-24.9' Ne29 o|_Sa80-64.9 N =19
. . os} e e R - e
. . SA65-69.9 N =1
30 . . . < I3 . . B J o A nd
2 o SpA25-29.9° N=28 ° 54 70-74.9° Ne7
. os} . R - -
o b v 4 ok .y . . 0 5575".79'9 L L e N=9
R . o 5 10 15 20 25 30
. X “ WIND SPEED (KNOTS)
Sp 10-14.9 N X (N=24 oL 5a%0-348° N  N=23
o ) 10 15 20 25 30 5 10 20 25 30

WIND SPEED (KNOTS)

Figure 59. Observations on the reflectivity of o natural water surface under Polar

Canadian and Tr
level.
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pical Gulf air masses as a function of the wind speed at the 8-meter



80 T T T T T
+
o+
wol .
@
®
8o}~ —
or
% o+
W sof- -
@
Y]
w
)
®
w
o 40f- -
3
= o+
5
< O+
z 30f E
2
n o+
o +
20} -
o+
[ +
10} B
° i 1 1 1 |
0 08 10 15 .20 .25 .30

REFLECTIVITY

Figure 60. Medion reflectivity of a water surface as a function
of sun altitude for Polar Canadian (Q) and Tropical Gulf (4)
air masses under clear skies.
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Figure 61. Reflectivity of a natural water surface under clear
skies.
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Comparison of these observations with the semi-
theoretical reflectivities of Sverdrup (quoted earlier)
and those in figure 56 for Washington shows that
for high sun altitudes the Lake Hefner observations
give higher reflectivities and for low sun altitudes
lower reflectivities. In general they agree within about
=0.02. Sverdrup’s results would have been closer
to those obtained at lLake Hefner if he had used
Schmidt's value of 0.173 for reflectivity of diffuse
radiation instead of Powell and Clarke’s value of
0.08. The higher observed values of reflectivity ob-
tained at high sun altitudes tend to support Powell
and Clarke’s contention that all reflection does not
take place directly at the water surface but that
about “one-half takes place from a stratum of rela-
tively opaque water just beneath the surface.” The
semitheoretical results of Sverdrup and the Wash-
ington data do not include this component, while
the Lake Hefner observations do include it.

The expression (equation 83) for the reflectivity
of an optically flat water surface under a clear sky
is complicated and suggests that the expression for
the reflectivity of a natural water surface under a
clear sky is also complicated. Nevertheless, the ob-
servations presented in figure 61 can be approxi-
mated by an equation of the form

R, = aS,?, (85)

where R; is the reflectivity, S, the sun altitude, and
a and b constants having values of 1.18 and —0.77
respectively. This equation is shown by a solid line
in figure 61.

The reflected energy can be obtained from the
reflectivity provided the total incoming solar radia-
tion is known. Figure 58 shows the theoretical varia-
tion of the amount of reflected energy, from an
optically flat surface, with season and time of day.
Days without cloud cover were infrequent at Lake
Hefner; hence very few observational data are avail-
able for comparison, On the occasional clear days,
the reflected energy rose rapidly after sunrise, re-
mained relatively constant throughout the day, and
decreased rapidly just before sunset. The secondary
features shown in figure 58 were unrecognizable.
The maximum amount of reflected energy observed
was 0.08 cal em™2 min—?, which agrees very well
with the predicted maximum of 0.085 cal em—2 min—1
(fig. 57).

Observations of Reflectivity Under a Cloudy Sky

Since for clear skies the reflectivity appears in-
dependent of the state of the water surface and
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atmospheric turbidity for Polar Canadian and Trop-
ical Gulf air masses, it is safe to assume that under
cloudy skies the same independence will exist. Enough
Lake Hefner data are available to examine the re-
flectivity of a natural water surface under low clouds
(50 to 6500 feet above the terrain) and high clouds
(greater than 20,000 feet above the terrain) for three
cloud amounts, scattered (1/10 to 5/10 sky cover-
age), broken (6/10 to 9/10 sky coverage), and over-
cast (10/10 sky coverage). Middle clouds (6500 to
20,000 feet above the terrain) occur infrequently at
Lake Hefner, so not enough data are available to
examine reflectivity under these conditions. The num-
ber of observations available for reflectivity study
under low clouds was 696, distributed as follows:
scattered clouds, 271; broken clouds, 183; and over-
cast clouds, 242, These observations were taken from
1 September 1950 to 31 August 1951,

Figure 62 illustrates the relation between reflec-
tivity and sun altitude for different amounts of low
clouds. Increased scattering of solar radiation with
increasing amounts of low clouds is clearly demon-
strated. As the amount of cloud increases, the effect
of sun altitude on reflectivity decreases. The data can
be closely approximated by empirical equations of
the same form as for clear skies, giving the constants
the following values:

constant low scattered low broken low overcast

a 2.17 0.78 0.20

b —0.96 —0.68 —0.30
These equations, using the proper constants, are
plotted as solid lines on figure 62.

LOW CLOUDS

SCATTERED (Y0~ ¥0) BROKEN (¥o-%0)

Clouds modify the reflectivity of a natural water
surface the most under a low overcast. As shown in
figure 62¢, the reflectivity is almost independent of
sun altitude, ranging from 0.05 at 80 degrees to
0.11 at 5 degrees. Although this range is small, it
indicates that the solar radiation is not completely
diffuse and that some direct solar radiation reaches
the water surface. The average reflectivity over this
range in sun altitude is about 0.085, which agrees
well with Powell and Clarke's average reflectivity
under an overcast sky of 0.08, and is slightly lower
than the 0.105 obtained by Neiburger under a low
stratus cloud cover. At low sun altitudes, when solar
radiation is most diffused, the reflectivity approaches
the theoretical value of 0.173 for completely diffused
solar radiation. This indicates that complete diffusion
of solar radiation is only attained in nature under a
low overcast cloud cover at very low sun altitudes,
and that the theoretical value of 0.173, rather than
0.08 as suggested by Powell and Clarke, is more
correct. These results agree with Neiburger’s conclu-
sion, obtained from observations under California
stratus.

The Lake Hefner observations under a low
overcast give values of reflectivity at all sun altitudes
that are slightly lower than those obtained by Nei-
burger under stratus. The difference can probably
be accounted for in terms of the height of the cloud
cover above the ground. In the case of Lake Hefner
the observations were made for a period of a year
under low clouds that varied in height from 50 to
6500 feet above the ground, with the median re-
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Figure 62. Reflectivity of natural water surface under low clouds.
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flectivity values probably representing a median cloud
height of about 3500 feet. Neiburger's observations
were made under stratus, which has a fairly constant
height of about 1500 feet. This indicates that, for
a constant sun altitude, the lower the overcast the
greater the reflectivity. Thus, for areas where the
height of the low overcast averaged around 3500
feet, figure 62c would be useful in obtaining reflec-
tivity but, if the cloud heights were consistently higher
or lower, modification would be necessary.

The reflectivity of a water surface under variable
amounts of high clouds is shown in figure 63. Again
the data can be adequately represented by the em-
pirical formula used for clear skies or low overcast,
but the constants have the following values:

constant high scattered high broken high overcast
a 2.20 1.14 0.51
b —0.98 —0.68 —0.58

A comparison of the reflectivity under high clouds
with that under low clouds indicates that for scat-
tered-cloud conditions the reflectivities are similar —
in fact, the two essentially coincide. In the case of
broken and overcast skies, however, the reflectivity
for high sun altitudes is greater under low clouds, and
for low sun altitudes is smaller under low clouds.
This indicates that the scattering or diffusing of solar
radiation becomes greater as cloud height decreases
or, what is probably more correct, the lower cloud
height is associated with thicker clouds and hence
greater diffusion of solar radiation.

A comparison of the reflectivity under a clear
sky with that under a low overcast (the two extreme

situations) shows that the reflectivity under low over-
cast clouds is slightly greater at high sun altitudes and
less at low sun altitudes, the variation being due to
the increased turbidity of the atmosphere because of
the presence of water droplets in the air. The modi-
fication of the reflectivity, in these two extreme cases,
is not great, showing that the effect of turbidity on
reflectivity is small. Thus, it may be concluded that
the reflectivity of a natural water surface is primarily
a function of sun altitude and secondarily a function
of atmospheric turbidity including the effect of clouds.

This discussion suggests that the determination
of the amount of energy reflected from a water sur-
face from empirical relationships, as represented by
figures 61, 62, and 63, is possible. It is necessary
to know only the sun altitude, type and amount of
clouds, and the total incoming solar radiation. The
type and amount of clouds can usually be obtained
from Weather Bureau observations and the total in-
coming solar radiation measured at or near the site
in question by a suitable pyrheliometer. This elimi-
nates the necessity of attempting the difficult direct
measurement of reflected solar energy. The amount
of energy reflected from Lake Hefner on 20 days
selected at random during the period 1 May 1950
to 31 August 1950 has been computed from the above
relationships and compared in figure 64 with the
observed reflected energy. On the average, the com-
puted reflected energy is smaller than the observed
by 0.004 cal em—2 min—! (5.8 cal cm—2 day~%).
Since the accuracy of the observation is 0.005 cal
cm—2 min—!, the agreement is satisfactory.
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Reflectivity of a natural water surface under high clouds.
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Comparison of reflected solar radiation observed at
Lake Hefner with that computed from empirical equations.

Average Monthly Reflected Solar Radiation
Observed at Lake Hefner

The average monthly reflected solar radiation
and the maximum and minimum daily value for each
month as recorded at Lake Hefner during the 16-
month observational period are shown in figure 65.
The reflected radiation was relatively constant, vary-
ing from 21 cal em—2 day—! in February 1951 to
48 cal cm—2 day—! in June 1950, with an extreme
daily minimum of less than 1 during February 1951
and an extreme daily maximum of 55 in June 1950.
The high solar radiation during the summer is appar-
ently offset by the greater reflectivity at the low sun
angles during the winter.

Summarizing, the reflectivity of an optically flat
water surface under clear skies is theoretically a
function of sun altitude and atmospheric turbidity.
The Lake Hefner observations indicate that under a
clear sky the effect of wind and air-mass turbidity
is negligible, and hence that reflectivity is primarily
a function of sun altitude. In addition, the observa-
tions support previous conclusions reached by Powell
and Clarke that the energy is reflected partly from
the water surface and partly from a layer of opaque
water just beneath the surface. Under cloudy skies
the reflectivity is uniformly modified by an increase in
scattering, caused by increased cloud cover and de-
creased height of cloud cover. Solar radiation is com-
pletely diffused only under conditions of low sun

altitude and low overcast clouds, and then ap-
proaches the theoretical value.

The variation of observed reflectivity with sun
altitude, for the various types and amounts of clouds,
can be approximated by simple, empirical, hyperbolic
relationships, which can be used to evaluate in-
directly the reflected solar radiation. At Lake Hefner,
the reflected radiation ranged from near zero to 55
cal em—2 day—1.

EFFECTIVE BACK RADIATION

The effective back radiation has been defined as
the difference between the long-wave radiation leav-
ing a body of water and that from the atmosphere
being absorbed by the body of water. The process
has often been referred to as the “nocturnal” radia-
tion. The terminology is misleading, however, since
the process takes place during the day as well as
during the night. In addition, there is evidence that
its magnitude is greater during the day.

A. Angstrom (1915) presented an excellent re-
view of effective back radiation and of instrumenta-
tion for measuring it. The reader is referred to his
paper for information on the status of the study
prior to 1915,

All the early instruments had disadvantages.
Some were directional, that is, measurements had to
be made at various zenith angles and then integrated
over the hemisphere to obtain the total atmospheric
radiation. All were uncompensated for convectional
effects, and therefore were limited in use to calm
or nearly calm conditions in order to obtain non-
erratic readings. Most could be used only for night
observations, since the daytime effects of short-wave
solar radiation could not be eliminated. None were
able to record continuously and automatically; it was
necessary to take several individual measurements
and then average to obtain a single representative
reading. With the development of the Gier and
Dunkle fiat-plate radiometer in 1948, most of these
disadvantages were overcome.

Since 1780, when the first primitive measure-
ments of effective back radiation were made, count-
less observations have been recorded by investigators
in all parts of the world. A great variety of instru-
ments and techniques were utilized. It is not prac-
ticable to review all this work, but certain series of
measurements are outstancl'ing and deserving of
attention, Examples are A. Angstrom’s (1915) meas-
urements made at Bassour, Algeria, in 1912 and in
California in 1913; Kimball's (1918) measurements
made at Washington, D. C., and vicinity in 1914 and



<60 Y T T T T T T ™ T T
3
o 50 J
L S N e
;w . DAILY MAXIMUM 3 i i N 3
Nl e ,/1
T W o, T e g
2 30 MONTHLY AVERAGE v I s
§ zo\./‘\—/’{, .
& 20 27 2 o~ 1 Figure 65. Average monthly re-
/’ N . .
DAILY MINIMUM L ™ flected solar radiation for Lake

10 T P e __‘// ] Hefner from 1 May 1950 to 1 Sep-

24 . T ] - tember 1951,

2 . 2 L L L s
MAY JUN UL AUG SEP OCT NOV DEC JAN FEB
1950 1951

1915; Dines and Dines (1927) measurements at
Benson, England, from 1922 to 1926; Robitzsch's
(1926) measurements at Lindenberg in 1926; Asklof's
(1920) measurements in Sweden in 1918; Ramanathan
and Desai’s (1932) measurements at Poona, Indiq, in
1930; Eckel’s (1934) measurements made at Vienna
in 1930 and 1931; Buttner's (1939) measurements
made in Africa in 1938; Wexler's (1941) measure-
ments made at Fairbanks, Alaska, and Fargo, North
Dakota, from 1936 to 1938. These observations were
made with various types of instruments during various
months of the year.

From these observations several general conclu-
sions regarding atmospheric radiation have been
formulated, namely, variations of atmospheric radia-
tion at low altitudes are due primarily to variations
in atmospheric temperature and humidity; the atmos-
pheric radiation increases as the moisture content of
the air in the lower levels increases; the radiation
during the daytime seems subject to the same laws
that hold for the radiation during the night; the effect
of clouds is variable, with low dense clouds consid-
erably decreasing the effective back radiation and
a high thin overcast having only a slight effect; there
is always a positive radiation from earth to sky.

In most cases, effective back radiation has not
been measured directly. Usually, the atmospheric
long-wave radiation has been measured, and radia-
tion from the body of water has been computed as
black-body radiation utilizing Stefan-Boltzmann's law
corrected by some emissivity coefficient, since water
radiates as a gray body rather than a black body.
Therefore, observations have usually been discussed
in terms of atmospheric radiation, rather than effec-
tive back radiation.

The atmospheric radiation does not follow any
simple low since it is a function of many variables,
such as the distributions of moisture, temperature,
ozone, carbon dioxide, and perhaps other atmos-
pheric factors as yet unknown. It was early recognized
that the total amount of moisture in the air was one
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of the primary variables. Since upper-air soundings
are not always available, early observers attempted
to correlate the incoming radiation with elements
easily observed at the ground, such as air tempera-
ture and humidity near the place of observation.
These efforts have led to the establishment of several
empirical formulas for evaluating atmospheric radia-
tion. These formulas agree only statistically with
actual observations, since the scatter of any set of
observations about the line of best fit is very great.
The following four empirical formulas for computing
radiation from a clear sky have been proposed, with
the first two receiving the greatest attention:

Q. =ag—be 7 &ngstri;m (86a)
o Tq4
=a+ble, Brunt (86b)
=(aP—be,)/T, Robitzsch (86¢)
=a-+bloge, Elsasser (86d)

where Q, is the atmospheric radiation, o the Stefan-
Boltzmann constant, T, the absolute temperature of
the air near the ground, ¢ the Naperian base, e,
the vapor pressure of the air near the ground, P the
air pressure, and a, b, and y empirical constants.
Over the usual atmospheric range of vapor pres-
sures, 2 to 30 mb, and using the presently accepted
values of the constants, the differences between the
above formulas are small. For example the difference
between Brunts and Angstrom’s formulas, and be-
tween Brunt's and Elsasser’s formulas, is only 10 per
cent. This is not a significant difference, since the
scatter of the observations is considerably greater.
These formulas all attempt to relate atmospheric ra-
diation to the local vapor pressure only, whereas it
should be related to the total vapor content of the
atmosphere, the carbon dioxide content, ozone con-
tent, and perhaps to other unknown factors. There-
fore, these formulas can only be considered as
empirical relationships which will only give average
evaluations of atmospheric radiation from a clear sky
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over relatively long periods. This is brought out by
the variations in the constants, as obtained from
various series of measurements. For example, twelve
different sets of observations fitted to Brunt’s formula
gave a value of a from 0.34 to 0.62 and of b from
0.029 to 9.082; and five different sets of observations
fitted to Angstrom’s formula gave a from 0.71 to 0.81,
b from 0.24 to 0.33, and y from 0.04 to 0.074.

The above discussion is concerned only with the
radiation from a clear sky. If clouds are present, the
atmospheric radiation is increased greatly. Syste-
matic observations undero an overcast sky were made
by Asklof (1920) and Angstrom (1929). They pre-
sented their results in the following form:

Que=o¢c Ta4 0= + AQq, (87)

where Q. is the atmospheric radiation from an over-
cast sky, T, is the temperature of the air in °K, A is an
empirical coefficient which is a function of cloud
height, and Q, is the atmospheric radiation from a
clear sky computed from equation (86a). The constant
A has been evaluated only for the Askléf and Ang-
strdm observations.

Atmospheric radiation has been treated theo-
retically by Mugge and Mdller (1932), Phillips (1940),
Elsasser (1940), and more recently by Yamamoto
(1950) who pointed out that theoretical investi-
gations of atmospheric radiation are not in too
good agreement with observation. This disagree-
ment is probably due to inability of investigators to
consider theoretically all the variables contributing to
the atmospheric radiation because of the complex
relationships of the variables.

The above discussion may be summarized as
follows: At the present time it appears possible to
evaluate from empirical relationships the atmos-
pheric radiation received from a clear sky over a
long time interval. For shorter time intervals, and for
times when clouds are present, it is necessary to
measure it directly.

The long-wave radiation from the body of water
is evaluated from the Stefan-Boltzmann law for black-

body radiation corrected by a suitable emissivity

factor. A search of the literature revealed a rather
meager knowledge of the emissivity of water: Dorsey
(1940) gave a value of 0.985, Angstr‘c’:m (1920) 0.94,
and Richardson (1931) 0.906. Variations of this mag-
nitude in the emissivity factor are important in com-
puting evaporation from the energy budget. For
example, a change of emissivity from 0.985 to 0.94
will increase the evaporation by 30 per cent at an
evaporation rate of 0.2 ¢m per day and by 20 per

90

cent at an evaporation rate of 0.4 cm per day. It is
evident that, for purposes of computing evaporation,
a more precise evaluation of the emissivity of water
is essential.

The remainder of this section is devoted to a
discussion of the observations, pertinent to the long-
wave radiation exchange, made at Lake Hefner. The
characteristics of atmospheric radiation are examined
with respect to the variation of the radiation as a
function of local vapor pressure and the limitations
placed upon the use of such relationships. In addi-
tion, the emissivity of a natural water surface is
discussed.

Atmospheric Radiation

At Lake Hefner, the atmospheric radiation was
measured directly during the night by means of a
Gier and Dunkle flat-plate radiometer. During the
day it was evaluated indirectly, using the radiometer
for measuring both the solar and atmospheric energy
irradiating the surface of the earth and an Eppley
pyrheliometer for measuring only the solar radiation;

.the daily atmospheric radiation is the difference be-

tween the two measurements.

The diurnal variation of atmospheric radiation as
obtained from this system of instruments was of an
unexpected nature. On every one of 340 days of
available measurements, the atmospheric radiation
began to decrease at sunrise, reached a minimum at
solar noon, increased until sunset, and then remained
relatively constant until sunrise. The magnitude of
the observed decrease is significant; for example, the
nighttime value of atmospheric radiation might be
0.500 cal cm—2 min—?!, decreasing to 0.250 cal
e¢cm—2 min—! at solar noon. The magnitude of the
decrease was greatest under clear skies and least
under a low overcast.

Intuitively one would expect, not a diurnal varia-
tion of this nature, but a relative constancy in the
atmospheric radiation throughout the day, with per-
haps a slight increase during the afternoon as the
lower atmosphere warms up. Water vapor in the
atmosphere is a fairly effective absorber of long-wave
radiation, except for a transparent band from 8.5
u to 11.0 p. If the observed decrease in long-wave
radiation is a true one, it would imply that some
other component in the atmosphere radiates very
strongly at the same wavelengths as the transparent
band in the water-vapor spectrum and, furthermore,
has a large diurnal fluctuation. Since this is improb-
able, the observed daytime values of atmospheric
radiation appear incorrect, and the observed diurnal



variation is therefore probably due to instrumental
errors. (See “Instrumentation” section for description
of instruments.)

Some possible instrumental errors are: (1) a high
calibration constant for the Eppley pyrheliometer,
(2) a low temperature reading on the flat plate, (3)
a low calibration constant for the flat-plate radiom-
eter, and (4) an imperfect flat-plate black body, with
the reflectivity of the flat plate for the solar radiation
dependent on the sun’s altitude.

The U.S. Weather Bureau made solar radiation
measurements at a site approximately 13 miles south
of Lake Hefner. The Lake Hefner observations are
approximately 2.5 per cent higher than those of the
Weather Bureau. At the present time the same pyr-
heliometer is in service at Lake Mead. Comparison of
the measurements being made ot Lake Mead with
those made by the Weather Bureav at Las Vegas,
Nevada, 30 miles distant, indicates that the Lake
Mead readings are about 1.5 per cent lower than
those at Las Vegas. It is therefore concluded that
these differences are within the limits of accuracy of
the technique.

A low value for the temperature of the flat plate
could be obtained if the reference thermocouple
were not maintained at 0°C. Since ice in the reference
ice jug was renewed at frequent intervals, any error
from this source would be present only for short
periods prior to the refilling of the jug, and could not
account for the consistent observed variation in at-
mospheric radiation.

In the absence of a recalibration of the flat-plate
radiometer, no direct evidence is available to indicate
that the calibration was incorrect. However, night-
time recorded values agree satisfactorily with previous
measurements made with other types of instruments.

The last possible instrumental error is concerned

with the reflectivity of the flat plate for solar radia-
tion. Dunkle et al. (1949) demonstrated in the lab-
oratory that the flat plate is essentially independent
of the altitude angle of an artificial light source. How-
ever, this may not be true when the flat plate is
irradiated by solar energy, some of which is arriving
as direct radiation and some as scattered. It has not
been possible to investigate in detail this possible
source of instrumental error.

It is tentatively concluded that the dependence
of the flat-plate reflectivity on sun altitude is the
primary cause of the observed daily decrease in at-
mospheric radiation, and that it is necessary to
develop better instrumentation. v

For this study, and in the absence of independ-
ent verification, it is ossumed that the atmospheric
radiation is relatively constant throughout the day
and night, that the night values obtained from the
Gier and Dunkle flat plate are correct, and that the
day values are incorrect. An average daily value has
therefore been obtained from the night measurements
and this valve assumed to apply throughout the
24-hour period.

Figure 66 indicates the magnitude of the atmos-
pheric radiation as observed at Lake Hefner. The
average monthly radiation (number indicates the
number of days of data) and the highest and lowest
daily value recorded during the month are shown.
The radiation averages about 800 cal em—2 day—?
during the summer and about 550 cal cm—2 day—!
during the winter. These values are approximately
200 higher than for comparable monthly average
solar radiation. The greatest daily radiation occurred
in August 1950, and amounted to 900; the minimum
occurred in February 1951, and amounted to 375.
These compare with maximum and minimum solar
radiations of 750 and 40, respectively.
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RADIATION FROM A CLEAR SKY

At Lake Hefner, for the period 1 September 1950
to 1 September 1951, 1893 observations of the night-
time atmospheric radiation were available for study.
As previously indicated, the atmospheric radiation is
primarily a function of the total amount of water
vapor in the atmosphere. However, because of a lack
of information concerning the total water-vapor
content, most investigators have adopted the local
vapor pressure as an index of the total water-vapor
content. At the Will Rogers Airport, 13 miles south of
Lake Hefner, two radiosondes per day were taken
during the course of the Lake Hefner observations.
It was originally hoped that these data might be used
in connection with the study of atmospheric radiation
at Lake Hefner. It was found, however, that two
radiosondes per day were not enough to define the
variation of the total moisture content with the ac-
curacy needed when considering half-hourly radiation
observations, and that accurate evaluation of total
water vapor in the atmosphere could not be obtained,
possibly due to the lack of accuracy or sensitivity of
the humidity-sensing element and to the fact that the
soundings did not consistently sample the entire at-
mospheric column. The use of total water vapor,
as obtained from the two daily radiosondes, in place
of the local vapor pressure, did not lead to better
results. Hence, throughout this study, the vapor pres-
sure at 2 meters has been used as the moisture
variable. Atmospheric radiation is expressed as the
ratio of the observed atmospheric radiation to the
black-body radiation at the temperature of the air
at 2 meters. Actually, the black-body radiation at
the mean water-vapor temperature should be used,
but the determination of this temperature is not feas-
ible. As noted later, the use of the local vapor pres-
sure and the local air temperature, under special
circumstances, leads 1o anomalous results.

The 1893 observations were made over a vapor-
pressure range of 2.9 to 30.3 mb. The data were
edited to exclude observations made during periods
of moderate and strong air-mass over-running. This
editing made the local temperature and vapor-
pressure observations more representative of the
air column above the instrument. The ratio of at-
mospheric radiotion to the black-body radiation of
the atmosphere, defined by the 2-meter air tem-
perature, was plotted against the 2-meter vapor pres-
sure. To simplify plotting, these ratios were grouped
by 0.5-mb intervals, and median values were ob-
tained for each group. Median values were used
rather than arithmetic means because the two did
not differ markedly and the former were easier to
compute. Figures 67 and 68 show the plots of these
median ratios versus vapor pressure. The number indi-
cates the number of observations, while the dashed
lines include two-thirds of the individual observations
within each 0.5-mb range in vapor pressure. In
general there is a definite increase in the radiation
ratio with increasing vapor pressure. However, at low
vapor pressure (5 to 8 mb) the ratio is higher than
expected, and also higher than most prior observa-
tions. These results are explainable in terms of the
local meteorology. Observations at these vapor pres-
sures were generally made during the winter, when
a thin wedge of relatively dry Polar Canadian air
was present at the ground with over-running of moist
Tropical Gulf air aloft. Under these circumstances the
total water vapor in the atmospheric column above
the station was considerably higher than indicated by
the local vapor pressure, thereby giving a higher
atmospheric radiation than expected. In addition, the
2-meter air temperature was relatively lower than the
mean water-vapor temperature.

Four empirical equations, plotted on figures 67
and 68, of the following form were fitted to these
dato:
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Figure 67. Plot of atmospheric radiation equations of the Bmgstrgm and medified Xngs'rSm type for the Lake

Hefner clear sky observations.
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the Lake Hefner clear sky observations.
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where Q, is the atmospheric radiation, o the Stefan-
Boltzmann constant, T, 2-meter air temperature, e,
the 2-meter vapor pressure, ¢ the Naperian base, and
a, b, ¢, d, f, g, h,ij v, and a are constants to be
determined from the data. The modified Angstrom
type equation gives a better fit to the data at low
vapor pressures. With the exception of one point
at 18.75 mb, determined by only three readings, all
four curves are within 5 per cent of the median points.
In addition, the curves stay fairly well within the two-
thirds band of actual radiation ratios.
The values of the constants are:

Valve
1.107
0.405
0.022
0.682
0.036
0.752
0.0048
0.542
0.781
0.740
0.0049

Constant

-8 >Q ™SQ 00X T Q

—

Various other determinations of the constants
in Brunt's and Angstrom’s equations have been sum-
marized by Elsasser (1942) and are listed for com-
parison in tables 9 and 10. The correlation coefficient

indicates the correlation between the local vapor
pressure and the observed radiation ratio, Q,/oT2*%.
In general, the radiation ratios obtained from the
Lake Hefner data are higher than those obtained
by others.

TABLE 9. Various Values of Constants for Brunt's
Atmospheric-Radiation Equation.

Correlation
Investigator Place ¢ d  Coefficient
Dines England 0.53 0.065 0.97
Asklof Sweden 0.43 0.082 0.83
éngstrgm Algeria 0.48 0.058 073
Angstrom California 0.50 0.032 0.30
Boutaric France 0.60 0.042 —_
Kimball Washington, D.C.  0.44 0.061 0.29
Eckel Austria 0.47 0.063 0.89
Raman India 0.62 0.029 0.68
Anderson Oklahoma 0.68 0.036 0.92

TABLE 10. Various Values of Constants for Xng-
strom’s Atmospheric-Radiation Equation.

Investigator Place a b ¥

Angstrom Sweden 0.806 0236  0.115
Kimball Virginia 0.80 0.326 0.154
Eckel Austria o 0.24 0.163
Raman India 0.79 0.273 0.112
Anderson Oklahoma 1.107 0.405 0.022

There are also considerable variations between de-
terminations. These variations are probably related to
the implied hypothesis that previous investigators
have made concerning the relation between the local
vapor pressure and the total water-vapor content of
the atmosphere. This relation is probably different for
different locations, since the composition of the at-
mosphere differs from one place to another. If it were
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possible to express the moisture parameter in terms
of total water-vapor content rather than local vapor
pressure, the variation would undoubtedly decrease.
Hence, it is concluded that the use of empirical rela-
tions are restricted to locations that have similar air-
mass structures. To attempt to use them in other
locations will lead to erroneous results and conclusions.

If the above relations are extrapolated to zero
vapor pressure (index for an absolutely dry atmos-
phere), the radiation ratio should express the com-
ponent of atmospheric radiation related to the other
constituents in the atmosphere that contribute to at-
mospheric radiation, namely, carbon dioxide and
ozone, provided there is no intercorrelation between
water vdpor and the other constituents. Yamamoto
(1950) indicates that at a temperature of 280°K (7°C),
the ratio for carbon dioxide is 0.146 and for ozone is
0.0086. The zero intercepts for the curves in figures
67 and 68 are considerably higher than these values.
The radiating power of the atmosphere is high even
for exceedingly small moisture contents, owing to the
very high absorptivity of water vapor for some of the
long waves. Hence, at very low vapor pressures, the
ratio should decrease rapidly. Therefore, these empir-
ical relations are only applicable over the range of
vapor pressures considered, in this case from 3 to
30 mb.

The four empirical curves were checked against
four sets of nighttime data not used in obtaining the
curves themselves, and six sets of nighttime data used
in obtaining the curves. The latter six sets were chosen
arbitrarily, except that they were spread over the
entire vapor-pressure range. The results are given in
table 11. The empirical values for the four sets of
data are from 16 per cent higher to 3 per cent lower,

TABLE 11.
Comparison of Computed and Observed ‘Atmospheric-Radiation Ratios
Modified Straight Maxi
Observed Xngnrgm Angstrom  Brunt Line  Difference Difference
(per cent) (per cent)
Days Not Included in Evaluating C
13 Jun 1950 0.817 0.864 0.864 0.856 0.856 —58 —4.8
15 Jun 0.778 0.865 0.865 0.856 0.857 —1.2 —10.0
10 Aug 0.868 0.859 0.861 0.846 0.846 25 0.8
31 Avg 0.721 0.832 0.837 0.833 0.829 —16.1 —15.0
’ Dny’ Included in Eval g C
10 Oct 0.802 0.804 0.817 0.812 0.806 —19 —0.2
4 Nov 0.699 0.748 0.7 0765 0767 —103 —7.0
19 Mar 1951 0.749 0.742 0756 0759 0.764 —20 0.9
2 May 0.728 0.789 0.806 0.801 0.795 —107 —8.4
7 July 0.854 0.862 0.863 0.854 0.855 -1 0.0
28 Aug 0.845 0.849 0.852 0.844 0.843 0.1 —0.8
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and for the six sets of data from 10 per cent higher
to 1 per cent lower than observed. Hence it might be
hazarded that 10-per-cent accuracy might be ex-
pected from the empirical curves. Since there is little
difference between the four empirical relations it
seems reasonable to consider the straight line as the
empirical expression for atmospheric radiation. At-
mospheric radiation averages about 650 cal cm=—2
day—1; hence, a 10-per-cent error is too large for
evaporation computations.

RADIATION FROM A CLOUDY SKY

Prior investigations of atmospheric radiation
were concerned chiefly with the radiation occurring
with a clear sky. The only investigations dealing with
the efjecfs of cloud cover are those of Asklof (1920)
and Angstrdém (1929). They treated the atmospheric
radiation occurring under an overcast sky. The Lake
Hefner observations include adequate data for con-
sidering the atmospheric radiation occurring when
low, middle, and high clouds in variable amounts —
scattered, broken, or overcast — are present.

These data have been examined in a manner
similar to that used in treating the data concerning
radiation from a clear sky. A linear relationship has
been used since it was shown, for the case of clear
skies, that such a relationship is as adequate as more
complicated ones in empirically expressing the results
over the vapor-pressure range generally encountered
in nature.

Figure 69 summarizes the results, and gives at-
mospheric radiation as a function of cloud height,
cloud amount, and local vapor pressure. N indicates
the number of observations. In each case, the data
have been treated in the same manner as that em-
ployed for clear skies. The heavy dashed lines indi-
cate the least-squares line for each set of data, while
the light dashed lines indicate the relationship for
clear-sky condition. An inspection of this figure reveals
a fairly consistent relation among the three vari-
ables. The radiation is least, and the effect of vapor
pressure is greatest, for clear skies over the entire
vapor-pressure range; the effect of vapor pressure
decreases as the cloud amount increases. For any
given amount of cloud cover, the radiation increases
over the entire vapor-pressure range as the height
of the clouds decreases. The modification of the ra-
diation, from the clear-sky case, is least for high
scattered clouds and greatest for low overcast. For
low overcast, the radiation is independent of the
vapor pressure. Since the average height of the low
overcast is probably around 2500 to 3000 feet above
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Figure 69. Atmospheric radiation as a function of cloud height, cloud amount, and vapor pressure.

the terrain, this indicates that for low overcast clouds
below this altitude the radiation is independent of
vapor pressure and height of clouds.
The data shown in figure 69 can be represented
empirically by an equation of the following form:
Qq/ 0Tt = a 4 be,, (89)
where
a = 0.740 4 0.025 Ce—0.0384n
b = 0.00490 — 0.00054 C¢—0-000%,
and 1600 = h = o,
Radiation for cloud heights under 1600 feet must be
considered equivalent to that occurring when the
cloud height is 1600 feet, but actually the radiation

would probably continue to increase as cloud height
decreases. In the above equation e, is the vapor

pressure in mb, C the cloud amount in tenths of sky
covered, ¢ is the Naperian base, and h the cloud
height in thousands of feet. Equation (89), using ap-
propriate cloud heights and amounts, is shown in
figure 69 as a solid line. The agreement with the
least-squares line is good.

Table 12 summarizes some comparisons of ob-
served atmospheric radiation and that obtained from
equation (89). These data indicate that accuracies
around 5 to 10 per cent are possible using the em-
pirical equation. Although the percentage errors are
small, the actual error varies from 15 to 75 cal cm—2
day—?, which is too large for purposes of comput-
ing evaporation,

Recapitulating, this analysis indicates that: (1)
Empirical relationships between atmospheric radiation

TABLE 12. Comparison of Computed and Observed Atmospheric Radiation for Selected Days

Atmospheric Radiation h

(cal cm—2 day—1) Difference T, ey C (1000’s

Date Observed  Computed  Difference  (per cent) (°C) (mb) (tenths) of feet*)
14 Jul 1950 699.8 743.0 43.2 58 228 184 3 37
6 Aug 905.8 829.4 —764 —8.4 245 264 7 14
14 Sep 803.5 822.2 17.7 2.2 185 195 10 1
24 Sep 733.0 710.1 —229 —3.2 20.6 140 3 32
23 Jan 1951 560.2 544.3 —159 —28 4.1 5.2 7 31
8 Apr 535.7 565.9 30.2 5.6 8.9 4.9 1 60

* For days with partly cloudy and clear skies, height is arbitrarily set at 100,000 feet for purposes of

determining an average height for the day.
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and local vapor pressure may be used if 10-per-cent
accuracy is acceptable, provided the air-mass struc-
ture is similar to that of the area where the original
observations were recorded. For other areas, with no
consideration of the air masses involved, the accuracy
of the relationships is more questionable. (2) A linear
relationship between atmospheric radiation and local
vapor pressure (over the vapor-pressure range gen-
erally observed in nature) is as adequats as the more
complicated expressions of Brunt and Angstrom. (3)
These empirical determinations are inadequate for
evaluating atmospheric radiation for purposes of
evaporation determinations. (4) To obtain more ac-
curate methods of determining atmospheric radiation,
in terms of more easily evaluated parameters, it will
be necessary to consider the total vapor content of
the atmosphere as the moisture variable, rather than
the local vapor pressure.

Radiation from the Body of Water

Long-wave radiation from a body of water can
be computed from the Stefan-Boltzmann law for
black-body radiation, corrected by a suitable emis-
sivity factor for water, since water radiates as a gray
body rather than a black body. It is necessary, for
purposes of evaporation determination, to know the
emissivity of the water surface to two significant
figures. Since doubt existed as to the value of the
emissivity of water, the Navy Electronics Laboratory
contracted with the Physical Standards Laboratory,
Institute of Engineering Research, University of Cali-
fornia, for determinations of the emissivity of four
water samples — distilled water, Lake Hefner water,
Lake Mead water, and sea water. The salinities of
the Lake Hefner, Lake Mead, and sea water were
347 ppm, 572 ppm, and 33.42 %/, (parts per thou-
sand), respectively. To determine the extremes of any
possible variation of emissivity, the emissivity was
determined over a range of water temperatures from
0 to 30°C and, in addition, for a sample of water
contaminated with a thin oil film.*

The emissivity of a body of water can be evalu-
ated by direct measurement or indirectly from a
measurement of the reflectivity of the water surface.

The direct method consists of heating the sample,
and taking measurements of the surface tempera-
ture with a thermocouple and of the radiation from
the surface with a directional radiometer. There are
several objections to this method: (1) It requires a
fairly large temperature difference between the

* This work was done under the supervision of R. V. Dunkle
and J.T. Gier. :
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sample and the surroundings. This involves cooling
the surroundings, since the emissivity was desired over
a water-temperature range of 0 to 30°C, (2) Since
water is opaque to long-wave radiation, and since
most of the emitted energy comes from a layer very
close to the water surface, it is extremely difficult
to obtain precise surface-temperature measurements.
(3) An appreciable error in the direct emissivity mea-
surement may arise because of the absorption of
radiation by water vapor in the air.

The indirect method consists of measuring the
reflectivity of the water surface, using calibrated
energy sources of different temperatures. According
to Kirchoff's law, when the source temperature is
equal to the water-surface temperature, the emissivity
is precisely equal to the absorptivity. In addition, the
absorptivity is equal to one minus the reflectivity.
Thus when the water-surface temperature is equal to
the source temperature, the emissivity is equal to
one minus the reflectivity. Therefore, determination of
reflectivity as a function of source temperature and
extrapolation of the resulting curve to the tempera-

ture of the sample enable an indirect determination of

the emissivity of the water sample. The reflectivity is
measured by a directional radiometer which is first
calibrated against o calibrated energy source over
the path lengths to be used in the experiment. The
reflected energy is obtained by taking the difference
between a measurement of the ambient energy
(energy source shielded from the water sample) and
a measurement made when the energy source is un-
shielded. Since the energy source is calibrated, the
reflection is the ratio of the reflected energy to the
total energy output of the calibrated energy source.
The indirect method has several advantages: (1) The
sample can be maintained at any convenient tem-
perature, the only restriction being that the tempera-
ture of the environment remain constant. (2) Since
the reflectivity of water is low, a large percentage
error in the measurement of reflectivity results in a
small error in the emissivity. (3) The problem of
water-vapor absorption is avoided by calibrating the
radiometer against the source used and over the
same path lengths used in making the reflectivity
measurement. The major disadvantage in this indirect
method is drift in the measurements caused by changes
in water-surface temperature. This source of error
can be minimized by making the two required read-
ings as rapidly as possible.

The Physical Standards Laboratory, therefore,
used the indirect method of evaluating the emissivity.
Two different energy sources were utilized. The high-



TABLE 13. Reflectivity of Various Water Samples
as a Function of Source and Water Temperatures.

Distilled Water

Sea Water
(33.429/, 00)

Source  Water

Source  Water

Temp. Temp. Reflectivity Temp. Temp. Reflectivity

(°P (°F) (°p (°F)

4320 48 0.023 4320 51 0.022

72 0.022 68 0.022

86 0.022 86 0.022

4140 48 0.023 4140 51 0.023

725 0.022 68 0.023

87 0.022 86 0.023

3920 48 0.022 3920 51 0.023

73 0.022 68 0.023

86 0.023 86 0.023

NS 43 0.030 303 46 0.032

313 n 0.0 316 n 0.030

316 86 0.030 320 86 0.031

408 72 0.029

420 86 0.030

549 75 0.024

557 75 0.026

204 85 0.030

203 62 0.030

Lake Mead Water

Lake Hefner Water

(572 ppm) (347 ppm)
Source  Water Source  Water
Temp. Temp. Reflectivity Temp. Temp. Reflectivity
(°F) (°F) (°p (°F

4320 48 0.023 4320 44 0.022

73 0.022 68 0.023

86 0.021 86 0.022

4140 49 0.025 4140 44 0.023

73 0.022 68 0.023

86 0.022 86 0.023

3920 50 0.023 3920 86 0.023

73 0.022 68 0.023

. 88 0.022 86 0.022

ni 46 0.029 307 47 0.032

307 73 0.033 315 72 0.033

N2 86 0.030 N7 86 0.031

Nns 90 0.033 408 76 0.030

405 69 0.026 41 86 0.029

549 72 0.027 551 73 0.028

55 86 0.024 556 86 0.026

405 67 0.026 12 69 0.032

212 65 0.031 207 85 0.030
221 85 0.030
405 67 0.031
406 85 0.031

Water Analysis (ppm)

Date 2 Oct 1951

Water Analysis (ppm)
Date 27 Sep 1951

Silica

Iron
Calclum
Magnesium
Sodivm
Potassium
Bicarbonate
Sulfate
Chloride
Fluoride
Nitrate

n
03
n
27
81
3.0
137

Silica

Iron
Calcium
Magnesium
Sodium
Potassium
Bicarbonate
Sulfate
Chloride
Fluoride
Nitrate

24
.00
46
7
53
5.8
170
75
60
3
4

temperature source, a 1000-watt lamp, calibrated
for total directional radiation and temperature as
a function of source voltage, was used to produce
source temperatures around 4000°F, The low-tem-
perature source, a metallic surface coated with lamp
black and heated electrically, produced source tem-
peratures around 300°F.

Table 13 summarizes the individual reflectivity
measurements. An inspection of the data in table
13 indicates that the effect of salinity and water-
surface temperature is negligible. Since the data did
not justify any other curve, a straight line was fitted
to the plot of reflectivity versus source temperature.
The equation for this line is

r = 0.0301 — 3.343 X 10—°T,, (90)

where r is the reflectivity of the water and T, the
source temperature in °C.

The greatest deviations from the straight line of
best fit for the high-temperature source were -0.002
and —0.001, with a mean deviation of 0.001. For
the low-temperature source, the greatest deviations
were —0.005 and 4-0.003, with o mean deviation
of 0.002. Extrapolation of this line to temperatures
(above freezing) normally encountered in natural
bodies of water gives a reflectivity of 0.030. It is
concluded that the emissivity of water is 0.970, with
an estimated accuracy of +=0.005, and that it is in-
dependent of water temperature and dissolved solids.

A few data were collected on the reflectivity of
tap water, muddy tap water, and tap water con-
taminated by an oil film. These data are summarized
in table 14. As expected, the tap water is similar
in reflectivity to the previously discussed samples.
Sediment suspended in the tap water has no appre-
ciable effect on the reflectivity. The contamination of
the water surface by an oil film, however, modifies
the reflectivity significantly, increasing it by about 50
per cent and decreasing the emissivity from 0.970 to
0.956. A modification of emissivity of this magnitude
is significant when considering energy-budget evap-
oration computations, since it can introduce errors of

TABLE 14. Reflectivity of Contaminated Water Sampl
Muddy Tap Qil Film on Top
Water Tap Water Water
Source  Water Source  Water Source  Water

Temp. Temp.  Reflec- | Temp. Temp.  Reflec- | Temp. Temp.  Reflec-
(°F) (°F) tivity | (°F) (°F) tivity | (°F) (°F) tivity
208 64 0.027 216 67 0.045 138 66 0.028

219 76 0.041

287 76 0.046
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10 to 15 per cent at evaporation rates of around
0.2 cm per day. It is speculated that for certain
natural bodies of water, where considerable oil con-
tamination may result from excessive plankton growth,
domestic waste, or industrial waste, the evaporation
rate may be considerably modified through the in-
fluence of the contamination on the emissivity.*

Because of time requirements it was necessary,
in this study, to utilize a preliminary value of emis-
sivity obtained prior to the completion of the above
measurements. Preliminary data indicated an emis-
sivity of about 0.967. This value was therefore used
in computing evaporation. The evaporation figures
were not recomputed because, over a range of water-
surface temperatures of 7 to 32°C, the use of the
emissivity value of 0.970 would increase the effective
back radiation by only 2 cal cm—2 day—!. The
accuracy of the determination of emissivity is ==0.005,
which amounts to an accuracy of about =4 cal
cm—2 day—! in the effective back radiation.

The long-wave radiation from Lake Hefner is
shown in figure 70. The average monthly, as well as
the individual maximum and minimum daily values
for each month, are indicated. The radiation aver-
ages around 900 cal cm—2 day—! during the summer,
and 680 cal cm—2 day—?! during the winter, with the
highest daily recorded value being 930 and the
lowest 660. This is the largest single term in the
energy budget.

Reflected Atmospheric Radiation

In prior evaporation studies utilizing the energy
budget, the reflected atmospheric energy has gen-
erally been considered negligible. In this section it
will be demonstrated that the magnitude of this term
is such that it must be considered.

In the preceding section it has been shown that
the reflectivity of a water surface, for a source tem-
perature ranging from 0 to 30°C, is 0.030. Since the
atmosphere is radiating at approximately these tem-
peratures, it follows that the reflectivity of a water
surface for atmospheric radiation is also about 0.030.

The average monthly reflected atmospheric ra-
diation, as well as the daily maximum and minimum
for each month, is shown in figure 71. The reflected
atmospheric energy is nearly constant throughout the
year, averaging about 26 cal cm~2 day—?! during
the summer and about 18 cal cm—2 day—1! during the
winter, with a daily recorded maximum of 29 and a

* Oil films, of course, also affect evaporation in other ways,
but this problem was not studied.
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daily recorded minimum of 12. The reflected atmos-
pheric radiation is, on the average, slightly less than
the reflected solar radiation, and is large enough, if
neglected, to introduce o definite error into evapora-
tion determinations based on the energy budget.

In summary, the atmospheric-radiation observa-
tions at Lake Hefner were examined in an empirical
manner similar to that employed by previous investi-
gators. However, instead of considering atmospheric
radiation only from a clear sky and as a function only
of local vapor pressure, which was done in most
previous studies, it was possible to take account of
the effects of cloud amount and height. An empirical
expression was derived relating atmospheric radiation
to the local vapof pressure (used as the moisture-
content index), cloud amount, and cloud height. This
expression allows the computation of atmospheric
radiation with an accuracy of about 10 per cent
of the observed value, provided it is used in areas
that have a relation between local vapor pressure
and total atmospheric-water content similar to that
at Lake Hefner.

In connection with long-wave radiation from the
water surface, considerable work was done to de-
termine the emissivity of water. It was shown that
the emissivity of water is independent of its tempera-
ture and composition and is 0.970 +-0.005.

A consideration of reflected long-wave radiation
indicated that this energy-budget term cannot be
neglected.

ADVECTED ENERGY

In evaluating the energy advected into or out
of a body of water, it is necessary to study the
climatological, hydrological, and geographical char-
acteristics of the particular location. These character-
istics influence the choice of the most suitable method
for measuring advected energy. It is not possible to
establish a method that will apply in all cases, but
it is possible to derive certain general principles, tech-
niques, and cautions.

Advected energy is defined as the net energy
gained or lost by a body of water through the ingress
or egress of a volume of water. Advected volumes
may result from surface inflow, rainfall, seepage,
bank storage, controlled outflows, evaporation, and
condensation. In some situations all these must be
considered, while in other situations some may be
negligible. The feasibility of applying the energy
budget to the determination of evaporation at any



1000 T T T T T T T T T T T T T L
3 900 e A
< -5 - 30
o Pt g
7. 800 e 2
. - 4 T DAILY MAXIMUM ]
Figure 70. long-wave radiation 3 Lo 2?//<MONTHLY AVERAGE
from Lake Hefner from 1 May 1950 3 700 e DAILY MINIMUM
to 1 September 1951.
m 1 1 i — L 1 Il i 1 1 1 i J. 1 - 1
MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN  JUL AUG
1950 1951
30 T T T T T T T T T T T T T T T "l
oo T e T e PRED
= 25!9 o 20 S DAILY MAXIMUM -~~~ 7"" L0 T
[ S [ - AN 2 \‘\\'\ R -~ ‘2/ e
p ™ - \ e B~
. - TN "MONTHLY AVERAGE - i
Figure 71. Reflected  atmospheric 5 2 S N -/2'0“50/ 7
- N o P
iati ~ 2 B -
radiation from Lake Hefner from 3 sl N DALY MINIMUM = |
1 May 1950 to 1 September 1951. RN NP
1 i 1 1 2 ~ 1 1 1 Il L
MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG

lake will be determined largely by the ability to
evaluate adequately the various parameters entering
into the advected term. It is probable that, for certain
situations, as in “run of the river” lakes or reservoirs,
it may be impossible to utilize the energy budget
because of difficulties encountered in connection with
estimating advected energy.

Several aspects of advected energy have already
been discussed in the beginning of this section, for
example, the relationship between advected energy
and change in energy storage for a lake of varying
volume, the energy advected out of the lake by the
volume of evaporated water, and the selection and
use of a base temperature.

In the case of Lake Hefner, surface inflow, rain-
fall directly on the lake surface, seepage, and water
withdrawals made by the city filter plant, are the
primary advected volumes of water. The tempera-
tures of these components were computed as follows:
The temperature of the surface inflow was taken as
the average of the maximum and minimum 2-meter
air temperatures at the south station. Rainfall into
the lake was assumed to be at the same temperature
as the flat-plate radiometer at the time rainfall took
place. Seepage temperatures were assumed to be
the same as that of the deep bottom water and were
obtained from vertical temperature profiles of the
deep part of the lake. The temperature of city-filter-
plant withdrawal was evaluated utilizing the periodic
TPR cruise temperature profile taken at the intake
tower and the day-to-day: temperature profile as
recorded in the filter plant; after March 1951 it was
measured by a thermocouple placed in the intake
tower at the withdrawal depth.

1951

Due to the simplicity ot the geographic and
hydrologic situation at Lake Hefner, it was possible
to evaluate the various advected components with
extreme accuracy. Table 15 summarizes information
concerning the magnitude of the four advected com-
ponents as well as the monthly average of advected
energy. Surface inflow and seepage were extremely
small, while filter-plant withdrawals were, on the
average, equal to evaporation (average daily evap-
oration was approximately 30 acre-feet per day), and
rainfall averaged about one-half the evaporation.
Rain fell on 115 days out of 488, so on about 75
per cent of the days rainfall was zero.

TABLE 15. Monthly Averages of the Advected
Water Volumes at Lake Hefner in Acre-feet per Day.

Surface Filter-Plant Out-

Month Inflow Rainfall Withdrawal Seepage
May 1950 8.1 39.0 333 23
Jun 4.0 13.0 36.4 23
Jul 7.2 43.6 35.1 23
Aug 63 13.8 348 23
Sep 1.7 °* 121 29.0 23
Oct 11 52 24.3 23
Nov 1.1 4.4 23.2 23
Dec 0.9 0.1 28.5 23
Jan 1951 0.9 4.2 25.2 23
Feb 2.1 9.6 26.3 23
Mar 2.2 9.3 25.8 23
Apr 3.8 259 26.6 23
May 15.0 373 29.0 23
Jun 8.3 20.0 347 2.3
Jul 3.5 171 41.4 23
Avg 0.5 1.7 40.7 23
3.7 16.6 30.8 23
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In evaluating the advected energy, it is neces-
sary to select a base temperature for each time in-
terval under consideration. Since, in the case of Lake
Hefner, the magnitudes of the various advected com-
ponents were both small and accurately measured; a
constant base temperature of 0°C was selected.
Figure 72 presents the daily values of advected
energy. Figures at the top show the values for the
corresponding days. In general, energy is advected
out of the lake, and the magnitude is small, being
about 15 cal cm~2 day—! during the summer and
approximately zero during the winter. It is evident
that very little improvement could be effected by
using a variable temperature base. Days on which
the advected energy was positive were days when it
rained and, generally, the heavier the rain the larger
the advected term. On 18 May 1951 the advected
energy amounted to 603.0 cal cm—2 day—1. It is ob-
vious that under these circumstances a more suitable
temperature base than 0°C could be employed.

Anderson and Pritchard (1951) made a study
of the energy advected into and out of Lake Mead.
The geographic and hydrologic characteristics of Lake
Mead are considerably more complex than at Lake
Hefner, and a different base temperature was used.

The Lake Hefner and Lake Mead studies indi-
cated that the evaluation of advected energy for any
specific body of water is an individual problem, and
extreme caution must be exercised in adopting pro-
cedures for the evaluation. It is possible that lack
of adequate consideration of this term could lead to
seriously erroneous evaporation results.

CHANGE IN ENERGY STORAGE

Early investigators, in attempting to utilize the
energy budget, had difficulty in evaluating the
storage of energy in a body of water over any speci-
fied time. It was necessary to select time intervals,
or regions of the globe, where change in energy
storage could be assumed negligible and therefore
ignored. These assumptions were in many cases diffi-
cult to substantiate.

For example, Schmidt (1915) computed evapora-
tion from the oceans over a yearly interval. Probably
his assumption that energy storage was zero over a
period of one year was valid, provided average
meteorological conditions prevailed.

In 1931 Richardson discussed the application of
the energy equation to the determination of evapora-
tion from lakes and reservoirs. He stated, “’Storage
of energy . . . for a short peried . . ., as determined
from a study of daia collected in California, is neg-
ligible.” This may be true in certain California regions
where the annual, seasonal, and daily range in air
temperature may be small, and hence little energy
stored in a body of water. However, since most areas
experience a large air-temperature range, its truth
is the exception rather than the rule. The application
of the energy budget to evaporation determinations
has, in the past, therefore been restricted to time
intervals of a year or, in the case of shorter time
intervals, to areas and times of small air-temperature
range.

Through the development of instruments capable

. of obtaining vertical temperature profiles, and the

development of the echo sounder for obtaining
bottom depths, instruments are available for evaluat-
ing this energy-budget term. The following study of
energy storage is based upon temperature data taken
at Lake Hefner, utilizing primarily the TPR.

Methods of Evaluation

As indicated by equation (67), the change of
energy storage is directly related to the advection of
energy. This section is concerned with evaluating that
part of equation (67), Vi (Ty — Tp) — Va(Ta —Ty),
which represents the change in energy storage. The
energy storage can be computed by a numerical
integration method, provided vertical temperature
profiles and an area-capacity table for the body
of water are available. The time rate of change of
energy storage is defined as the change of energy
storage, Q.
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The energy storage for a column of water one
square ¢m in area and extending from the surface
to the bottom may be expressed as:

\

n -
Qs(column) =‘2 pPC (T —Ty) Ahg + C, 1)
=1
where Qe (column) is the energy storage, p the density,
¢ the specific heat, T; the average temperature of a
standard layer of thickness Ah, T, the base tempera-
ture, n the number of standard layers, and C the
amount of energy, above the base temperature, in a
layer of nonstandard thickness extending from the
bottom of the standard layer to the bottom of the
body of water.

If the temperature structure of the body of water
is uniform, then the energy storage above a base
temperature is

Qs (totaty = 3, pcAan, (Te — To) A +A. C, (92)

te=1
where A, is the mean horizontal area of each
standard layer and A, the mean area of the non-
standard layer. ‘

The change of energy storage over a given time
interval is then the difference in the energy storage
ot the beginning of the time intérval and the end
(primed symbols), or

n - -
QS = E pCAAh‘ (T¢ - To) Ahq,
=1

n o
— 3, pcAan (T) — Tp) Ahy + A, C — A/ C'. (93)

i=1
It should be reiterated that equation (93) is

independent of the base temperature, provided the
volume of the body of water remains constant. If the
volume varies, the energy budget itself is independ-
ent of the base temperature, since it is necessary to
considet both advected energy and stored energy
in this case.

It is probable that in any body of water the
regions of similar energy storage change are defined
by the depth of water. That is, shallower water
would probably experience a change of energy stor-
age different from that in deeper water. Therefore
the most accurate procedure for obtaining the energy
storage is to (1) divide the body of water into several
smaller regions representing different depths of water,
(2) take several temperature profiles of each region
and average them to obtain a representative tem-
perature profile for the region, (3) compute the
energy storage for each smaller volume from equa-
tion (92), and (4) sum the individual energy storages
to obtain the total energy storage of the body of

water. It is obvious that this procedure is time con-
suming and tedious, and hence would restrict the use
of the energy-budget approach.

A second method of evaluating the energy
storage is to (1) take many individual temperature
profiles in all regions of the body of water, (2)
average all the individual profiles regardless of depth
of water, and (3) compute the energy storage from
equation (92).

A third method is to take one profile in a deep
section of the water and consider it representative
of the entire body of water. This procedure, of course,
assumes that the temperature structure of the body
of water is uniform and, if sufficiently accurate, is
desirable because it eliminates the necessity for
making many temperature profiles and simplifies the
computational procedure.

Energy Storage at Lake Hefnef

The original observation program for Lake
Hefner required thermal surveys at 10-day intervals
at 16 stations located with respect to the depth of
water, as indicated on the map. The program was
later changed to complete thermal surveys every 7
days, with a daily profile being made at either
station 6 or 2, depending upon weather conditions.
Because of the high wind speeds experienced in this
area, it was difficult to adhere rigorously to the
program. During the 16 months of observations, 50
complete thermal surveys and 160 daily measure-
ments at station 6 or 2 were made.

Prior to 1 March 1951, the observations were
made at a time of day convenient for the observers,
usually the forenoon but frequently the afternoon.
As the analysis progressed, it was found that the
time of day was important. If the observation were
made in the morning at one time and in the afternoon
at a later time, the afternoon heating of the upper
layers of the water introduced an apparent change in
energy storage. To eliminate this transient effect on
energy-storage computations, after 1 March 1951 the
observations were made about an hour before dawn
when thermal conditions were most stable. The best
times for the observations are obviously the beginning
and end of the period under consideration. In this
study evaporation was computed daily from midnight
to midnight, but it was not practicable to make mid-
night observations.

From 1 May 1950 to 1 July 1951, the observa-
tions were made with the TPR. During July and
August 1951, a 70- or 180-foot BT was employed,
because of operational difficulties experienced with
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the TPR. Evaluations of energy storage based on
observations made with the TPR are more accurate
than those with the BT, due to the greater precision
of the former instrument.

In addition to periodic information regarding
vertical temperature structure, it is necessary to know
the volume of water. Prior to the construction of the
Lake Hefner dam, an area-capacity table had been
prepared from a topographic survey. Although this
table was probably accurate at the time it was pre-
pared, no information was available on sedimentation
that may have occurred or on the possibility that
earth had been removed from the reservoir basin
in the construction of the dam. Hence a bathymetric
survey, using transit shore control; was made on 2-11
August 1950, with the upper 10 feet of the lake
plane-tabled on 14-24 March 1950. The results of
these surveys indicate that the reservoir capacity is
approximately 0.4 per cent less than indicated by the
preconstruction survey.

The energy storage for each cruise was com-
puted, using equation (92), by each of the three
methods outlined above: (1) averaging by depth, (2)
averaging the 16 stations, and (3) using a single deep
station. The change in energy storage, expressed in
cal em—2 day—?, was then computed for the intervals
between cruises, using equation (93). The results are
shown graphically in figures 73a and 73b. The cor-
relation coefficients are 0.99 and 0.98, respectively,
while the standard errors of estimate are ==16.8 and

+31.3 cal ecm—2 day—?!, respectively. Method @)

gives results close enough to those of method (1) to
justify its use, but method (3) does not agree with
method (1) as closely as desired. However, in this
study it was not practicable to obtain complete 16-
station data all the time, and hence’ it was necessary
to make single-station evaluations.

The temperature measurements were accurate to
+0.1°C. If the maximum error were present in a
temperature profile in the same direction at all depths,
it would introduce a maximum error of approximately
70 cal cm—2 over the time interval considered. Such
an energy error is considerable over short time in-
tervals, for example, of a few days, but over a period
of 7 to 10 days is not great.

Figure 74 presents the energy storage for lake
Hefner from 14 April 1950 to 31 August 1951, The
numerals indicate the complete cruise numbers and
the “dots” without numerals a single temperature
profile. As indicated by equation (67), the energy
storage is independent of advected energy only if
the volume of the water remains constant. Figure 74
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also shows the variation in the volume of Lake Hefner
for the above time interval. The volume varied from
a minimum of 56,000 acre-feet on 8 May 1950 to
65,000 acre-feet on 25 August 1950, with a mean
volume of approximately 62,000 acre-feet, or during
the 16 months of observation it varied by about 15
per cent of the mean volume.

From these data on energy storage, it is possible
to examine the assumptions of various investigators
concerning the magnitude of the change in energy
storage over both long and short time intervals when
volume changes are nil or small. Table 16 gives the
variation of energy storage for monthly and yearly
intervals. The variation over a yearly cycle is less
than 10 cal cm—2 day—1, while over the months of
January and August, when the monthly variations
would probably be the least, it is from 2, to 60
cal em—2 day—1. During months other than January
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tion (b).

Comparison of energy storage computed by averag-
ing by depth with average of 16 stations (a) and single sta-
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Figure 74. Energy storage (a) and variation in lake elevation, area, and volume (b) for Lake Hefner
from 15 April 1950 to 1 September 1951,
TABLE 16. Change in Energy Storage Over Yearly and TABLE 17. Change in Energy Storage During Short
Monthly Intervals. Time Intervals When Range of Air and Surface-Water
Temperature is Small and Lake Volume Constant
Change in Change in
Time Interval Storage Volume 13 Dec 1950-16 Dec 1950 6 Aug 1950-12 Aug 1950
' (cal em—2 day—1) (per cent) Time Interval (4 days) (7 days)
Yearly 15 May 1950-15 May 1951 407 —85 Average Daily
Yearly 20 Ju! 1950-20 Jul 1951 -+7.8 411 Air-Temperature 2.9t0 4.9 24.51027.5
Monthly  1Jan 1951-31 Jan 1951 —17 —20 Range (°C) (range 2.0) (range 3.0)
Mon'::y 1 Avg 1950:31 Aug 1950 —-:.13.5 _0.0 Average Daily
Monthly 1 Aug 1951-31 Aug 1951 58.4 3.9 Water Temperature 431047 25.8t0 27.4
Range (°C) (range 0.4) (range 1.6)
and August, the change in energy storage is consid- Change in
erable as shown by figure 74. In addition, the varia- Energy Storage
tion from year to year for the month of August is (cal em =2 day—1) +1-4 +-46.5
considerable, being about 15 and 60 cal cm—2
day=?! for August 1950 and August 1951, respec- On several occasions attempts were made to
tively. It may be concluded that the assumption of obtain 24-hour series of vertical temperature profiles
negligible change in energy storage is (1) valid over taken at half-hour intervals. Although the change in
a yearly cycle provided the volume does not change, energy storage is a residual term from several com-
(2) is of dubious validity over monthly intervals during ponents, each varying in some manner during a
January and August, and (3) is definitely invalid for 24-hour period, it was believed that perhaps some
other months. information on the diurnal variation of energy storage
Table 17 indicates the change in energy storage might be obtained. Only two such attempts were com-
over two short time intervals when the range in air pletely successful: one from 1300 CST, 16 November
and water-surface temperature was small and the 1950 to 1130 CST, 17 November 1950; and another
volume constant. The change in energy storage in one from 0730 CST, 21 March 1951 to 0730 CST, 22
case was negligible and the other considerable, March 1951. Figure 75 presents the results from these
making it impossible to draw general conclusions. two series of observations. They fail to indicate any
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consistent diurnal trend — the November example in-
dicates a possible linear decrease during the 24-hour
period, while the March example indicates a possible
sinusoidal variation, with a maximum energy storage
during the late afternoon and a minimum during the
early morning. Of more significance, however, is the
abrupt decrease and increase in the energy storage
observed at 2130 CST and 1330 CST on 16 Novem-
ber 1950 and 21 March 1951, respectively. These
abrupt changes are apparently associated with the
movement of cold and warm eddies of water through
the area where the temperature profiles were taken.
With the passage of the eddy, the energy storage re-
turned to a more normal value. These abrupt changes
are equivalent to approximately 350 cal cm—2,

These examples indicate the possibility of intro-
ducing considerable error into the evaluation when
single-station profiles are used since, under the above
conditions, single stations did not yield profiles rep-
resentative of the entire body of water. This error,
however, compared to errors of other terms in the
energy budget, decreases as the length of the time
interval increases and, for longer time intervals, say
a week or month, the technique may be used with
confidence.

Summarizing, analysis of three methods of eval-
vating the change of energy storage indicates that
the temperature structure of Lake Hefner is essentially
vertically and horizontally uniform, suggesting that
the change in energy storage can be evaluated from
a single vertical temperature profile or at most from
an average of several profiles taken in different
depths of water. Because of limits to the accuracy of
the temperature measurements, considerable error
may be present when evaluating the change of
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Figure 75. Diurnal variation of en-
ergy storage for Lake Hefner.

18 20 22 24

energy storage over time intervals of a few days. For
time intervals of the order of 7 to 10 days, however,
the accuracy is probably adequate for evaporation
determinations. Examination of the magnitude of
energy-storage change substantiates that over annual
cycles the change is negligible, but not over shorter
time intervals, for example, a month or less.

RATIO OF ENERGY USED FOR
CONDUCTION OF SENSIBLE HEAT
TO THAT USED FOR EVAPORATION

From the energy budget, it is possible to evaluate
the sum of the energy utilized by evaporative proc-
esses and that conducted to or from the body of
water by the air as sensible heat. Since neither term
can be evaluated directly, it is necessary to employ
a ratio, R, the ratio of conducted heat to energy
utilized by evaporation. Early workers, utilizing the
energy equation for obtaining evaporation, have
assumed various values for this ratio.

Bowen Ratio

In 1926 Bowen attempted theoretically to relate
the value of R to easily measurable quantities. He
concluded that the ratio could be expressed as follows:

R=c .TO___T_G)_LI (94)
eo — e,/ 1000

where Ty and T, are the temperatures of the air and
water surface, eq and e, the saturated vapor pressure
ot the temperature of the water surface and the vapor
pressure of the air, respectively, and P the atmos-
pheric pressure. The limiting values of ¢ are 0.58 and
0.66, depending upon the state of the atmosphere.



Bowen concluded that ¢, under normal atmospheric
conditions, was approximately 0.61.

The fundamental equations from which Bowen
started apply to the transfer of heat and water vapor
by processes of molecular diffusion. It might, there-
fore, be concluded that the computed Bowen ratio
is valid only under conditions of laminar flow. How-
ever, as Bowen states, it can be expected that heat
losses by evaporation and diffusion and by condue-
tion will follow the same laws and will be affected
in the same way by convection.” This implies that the
ratio between the energy losses will be independent
of the state of atmospheric turbulence. _

In addition, Pritchard (unpublished notes) de-
rived the same ratio as Bowen from mass-transfer
concepts, using Sverdrup’s (1946) relationships as a
basis. He found that ¢ varied from 0.57 for a smooth
surface to 0.66 for a rough surface, which agrees with
Bowen’s limiting values. A similar analysis was made
by Thom (1951) using the Thornthwaite-Holzman
evaporation equation.

Sverdrup (1943) attempted an analysis of the
general validity of the Bowen ratio. Recent work had
suggested to him that it might be necessary to con-
sider the effects of radiation on the transfer of heat
and of spray upon evaporation. These effects might
make the Bowen ratio dependent on turbulence, and
it would then have to be modified.

Sverdrup first examined radiation for air in lami-
nar motion or at rest. In a moist atmosphere, a flux
of radiant energy is directed from regions of higher
to regions of lower temperature. This flux is depend-
ent upon the selective emission and absorption of
long-wave radiation by water vapor, and is therefore
not present in dry air. lts effect can be described by
means of a coefficient which Brunt (1944) calls “ra-
diative diffusivity.” The radiative diffusivity has the
same dimensions as the diffusion coefficient for heat
energy and, when problems of diffusion of heat
energy in moist air are considered, it must be added
to the heat-energy diffusion coefficient. The ratio, R,
in this form is greater than in Bowen's form, the
increase depending upon the relative magnitudes of
the diffusivity coefficients for heat energy and ra-
diation.

Very little is known about the value of radiative

diffusivity near a boundary surface. However, making
certain primitive assumptions concerning radiative
diffusivity, Sverdrup concluded that the ratio was
about 1.30 times that obtained from equation (94).
This conclusion was only semiquantitative. He also
concluded that the application of Bowen’s formula

to atmospheric conditions breaks down because evap-
oration is increased at high wind speeds by spray.
Montgomery (1940) suggested that evaporation from
spray was of great importance and that, as a result,
the total evaporation would not remain proportional
to the wind speed as is nearly the case when transfer
by eddy diffusivity only is considered, but would in-
crease more rapidly ot high wind speeds. If this is
true, the Bowen formula gives values of the ratio
that are too high at higher wind speeds. N. W. Cum-
mings, in a discussion of Sverdrup’s (1943) paper,
indicated that in his opinion the presence of spray
does not invalidate the Bowen ratio.

In summary, Sverdrup (1943) concluded that
Bowen’s formula gives only an approximate value,
the closeness of the approximation depending upon
the radiative diffusivity, turbulence near the surface,
and the effect of spray upon evaporation.

The various developments of the ratio of heat
losses by convection to those by evaporation depend
fundamentally on the assumption that the eddy diffu-
sivities for these two quantities are identical. There is
evidence indicating that this assumption is not always
valid. For example, Pasquill (1949) made an experi-
mental study of the various factors involved in the
turbulent transfer of water vapor and heat in the
lowest layers of the atmosphere over open grass-
lands. From the data he evaluated the vertical com-
ponents of the eddy diffusivities for water vapor and
heat. He demonstrated, from evaluation of the turbu-
lent heat flux using heat-balance considerations, that
the eddy diffusivity for heat is reasonably equal to
that for water vapor under stable conditions, but is
substantially greater for unstable conditions, and may
be twice as great.

Commenting on these observed differences in
eddy diffusivities for water vapor and heat, Pasquill
stated: “Although it is not proposed in this paper to
deal in any detail with theories of turbulent mixing
it may now be noted that, in qualitative implication
at any rate, the present results are not entirely un-
expected. In a recent treatment of convection near
the ground Sutton (1948) has assembled evidence for
the existence of a difference in heat and momentum
transport. Furthermore, Priestley and Swinbank (1947)
have recently put forward a medification of the clas-
sical theory of turbulent transport of heat, taking into
account buoyancy effects. The latter treatment pos-
sesses implications as regards the transfer of physical
quantities other than that of heat, and provides
reasons for expecting different values of the eddy
diffusivity to apply to the transport of different prop-
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erties. As far as is known the present results provide
the first direct experimental demonstration of the exist-
ence of this feature in the cases of matter and heat.”

Although the eddy diffusivity for heat is approx-
imately equivalent to that for water vapor under
stable conditions, it may be twice as great for un-
stable conditions, and the computed evaporation rates
33 per cent too high. Hence Pasquill concluded that
the methods described for computing evaporation
from the energy budget may only be applied with
confidence when the atmosphere is stable, and may
be seriously in error under unstable conditions when
evaporation is at a maximum.

Since considerable controversy exists over the
validity and meaning of the Bowen ratio, an attempt
was made with Lake Hefner data to compute Bowen
ratios by observing all factors in equation (72) and
comparing the results with those obtained from me-
teorological data. However, it was found that the
various factors had not been measured with the
requisite accuracy, and inconsistent results were ob-
tained. It is suggested that a wind tunnel experiment
be designed to investigate the validity of the Bowen
ratio,

When its value is small, the Bowen ratio occurs
in equation (72) as a corrective term. Hence, errors
in its evalution are reflected as much smaller errors
in evaporation. When the ratio approaches unity, it no
longer is a small corrective term, and errors in its
determination are of greater importance.

The remainder of this section covers a study,
based on Lake Hefner data, of the implications of
the Bowen ratio and its effect upon the evaluation of
evaporation from the energy budget.

Bowen Ratios Observed at Lake Hefner

From the data collected at Lake Hefner, the
Bowen ratio was computed for single days and also
for periods varying in length up to 30 days. The ratio
was computed from equation (94), utilizing a value
of 0.61 for ¢, the surface water-temperature taken
at the barge, and the barge 2-meter wet- and
dry-bulb temperatures. Temperatures over the length
of period under consideration were averaged. The
ratios for daily, 5-, 10-, and 20-day periods are pre-
sented in figures 76 and 77. The most striking feature
of these figures is the relatively small variation in the
ratio, from an extreme of +4-0.5 to —0.5. The average
variation is from 0.2 to —0.2 from May through
October, but from October to May the daily variation
is much greater, the greatest variation occurring
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during February. For the 16-month period, the ex-
treme variation in the ratio was from —20.02 occur-
ring the latter part of April to +31.50 in February.
As the length of the period increases, the range be-
comes smaller, until for periods of 20 days the ratio
only varies throughout the year from 4-0.25 to —0.25.

Bowen ratios of approximately —1.00, large
positive ratios, and large negative ratios will next be
examined with respect to their validity and their effect
upon evaporation ccmputations.

Referring to equation (71), ratios having a value
of or close to —1.00 are of interest. Under these con-
ditions the first term in the brackets on the left side
of the equation assumes very small values (the second
term is always small), with the result that small varia-
tions in (Q; — Q, — Qp — Qs+ Q,) will vary the
computed evaporation extremely. For the case when
the ratio is equal to —1.00 and the base tempera-
ture equals the surface temperature, the. quantity
[eL (1 + R) + cpo (To — Tb)] is equal to zero. Then
the right-hand side of equation (71) must also be
equal to zero, and the evaporation is indeterminate.
It must be pointed out that on the right-hand side of
the equation the quantity (Q, — Q) is not independ-
ent of the base temperature, since the term Q, does
not include the energy advected out of the body of
water by the mass of evaporated water. This latter ad-
vected mass of water is accounted for on the left-hand
side of the equation by the quantity cp, (T, — Tp).
Hence, if the base temperature is changed in the
situation discussed above, the quantity [p,L (1 4 R)
+ ¢pe (To — Tp)] will have a finite value. The quan-
tity (Q; — Qr — Q, — Qs+ Q,) may then assume
any value depending upon the particular situation.

On a daily basis, there were 14 days when the
ratio was between —0.70 and —1.30. In all 14 cases
the lower layer of the atmosphere was stable, with
an increase in temperature between 0 and 2 meters
of 1.6 to 8.9°C. The vapor pressure in the lower 2
meters decreased with height from 1.1 to 4.9 mb.
Unfortunately, only two of these days had water
budgets classified as A. Pertinent data for these two
days are summarized in table 18. In order that the
computed evaporation equal the observed evapora-
tion, (Q;, — Q; — Qy — Qo'+ Q,) should have a
value of 3 and —1 cal em—2 day—! on 22 December
and 18 January, respectively. In other words, (Q; —
Q; — Q, — Qs + Q) would be in error by 35 and
185 cal cm—2 day !, respectively. The only term in
the energy budget that could vary the amount indi-
cated above is the change in energy storage. On a
daily basis, errors of the above magnitude in evaluat-



TABLE 18.
mately —1.00.

Pertinent Data for A Water-Budget Days When Bowen Ratio is Approxi-

Bowen

Date Ratio

Evaporation

T, — Ty Water Budget Energy Budget e, — e,

(°C

(cm)

Evaporation

(em)

Q—Q0,—Q, LO+R+T,

- Qg+ Q,
(mb)

]
(cal em—2 day—1)

—0.865
—1.109

22 Dec 1950
18 Jan 1951

1.6
5.1

0.043
0.015

—0.376
—1.291

—1.1
—27

—32
184

85

5.54 —

T T

12
3
B4~
75—
%0

3.56

Figure 76. Daily Bowen ratios for
Lake Hefner from 1 May 1950 to
1 September 1951.
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Bowen ratios for 5-, 10-,
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ner from 1 May 1950 to 1 Septem-

ber 1951,

107



ing this term are possible, since temperature-depth
measurements were not made at the beginning and
end of the evaporation period. Greater accuracy in
evaporation determinations will be obtained if the
energy-storage measurements are made at the proper
time intervals.

In addition, Bowen ratios around —1.00 occurred
during eight periods varying in length from 4 to 16
days. Results similar to those above are indicated.
Errors in evaluation of (Q;, — Q, — Qp — Qs+ Qo).
of a magnitude attributable to errors in energy-
storage évaluation, can account for the difference
between computed and observed evaporation. One
of these periods, 7 days in length, is of particular
interest since complete 16-station thermal surveys
were made both at the beginning and end of the
period. Under these conditions it was possible to make
the most accurate evaluation of the change in energy
storage that the technique employed would permit.
Pertinent data for this period follow:

Date ...........c.o.... 12 Jan to 18 Jan 1951
Bowenratio ................. —1.126
Water-budget evaporation ..... —0.027 cm
Energy-budget evaporation . . ... —0.123 cm
Temperature difference between 0

and 2 meters ....... ... ... 3.2°C
Vapor pressure difference between

Oand 2 meters............... —1.5mb

(Q— Q — Qv — Qg + Q,) 18cal cm—2day—?
LOFR T cvneneannnns —150

If (Q; — Q, — Qp — Qs+ Q,) were equal to 4 cal
cm~2 day—?!, or 14 cal cm—2 day—?! smaller than
observed, then the computed evaporation would
agree exactly with the observed evaporation. Per-
haps this difference is suggestive of the accuracy with
_which the change in energy storage can be evaluated.

Negative ratios greater than —3.00 occurred
on 7 days, and positive ratios greater than +-3.00
on 8 days. In addition, for 13 periods, varying from
2 to 8 days in length, ratios greater than =+3.00
were computed. These all occurred during the winter
and spring when there was a southerly flow of warm
moist air over a cold lake, with a resulting tempera-
ture inversion between 0 and 2 meters of 2.2 to
9.3°C, and a difference in vapor pressure between
the air and air saturated at the temperature of the
water of 0.1 to 1.0 mb. For large Bowen ratios the
denominator of equation (72) becomes very large.
Under these conditions, differences between computed
and observed evaporations cannot be accounted for
by errors in evaluating the change of energy stor-
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age, since large changes in (Q; — Q, — Qp — Qg
+ Q.) are necessary to vary the computed evapora-
tion by an appreciable amount. However, small errors
in evaluating the vapor-pressure difference in equa-
tion (94) become extremely important, since these
small differences are reflected as a large change in
the Bowen ratio.

From these observations it might be concluded
that evaporation determinations made when the
Bowen ratio approximates —1.00, or attains large
positive or negative values, may be in considerable
error. In the first case, errors in evaluating the change
in energy storage are reflected as large changes in
evaporation while, in the second, small errors in
vapor-pressure difference cause the same effect. How-
ever, only 8.0 per cent of the time did the Bowen ratio
attain the extreme values discussed above, and only
during periods of low evaporation or condensation.
During periods of high evaporation the ratio was
small, and errors in its evaluation were reflected as
smaller errors in evaporation due to its entering equa-
tion (72) as a corrective term. For periods greater
than 10 days, the extreme values of the ratio never
occurred. In a practical sense, errors in the Bowen
ratio do not greatly affect the accuracy of the com-
puted evaporation, because evaporation determina-
tions for periods of under 10 days are rarely nec-
essary or desired.

As previously stated, doubt has been cast upon
the validity of using the Bowen ratio due to three
assumptions: (1) neglect of the effect of radiative
diffusivity, (2) equality of the coefficients of mixing
for water vapor and heat over all ranges of stability,
and (3) neglect of the effect of spray. As previously
indicated, differences of opinion exist concerning the
effect of spray on the Bowen ratio. No attempt will
be made to resolve these differences. In the following
discussion it is assumed that spray modifies the ratio,
as suggested by Sverdrup and Montgomery.

Figure 78 has been prepared to indicate hypo-
thetically what the effect would be on the computed
evaporation provided these three effects were prin-
cipally functions of wind speed and varied in some
assumed fashion.

For example, assume, as Pasquill suggests, that
the eddy diffusivity coefficients for water vapor and
heat are equal under stable or neutrally stable con-
ditions, and that the diffusivity for heat is greater
than for water vapor when the atmosphere is un-
stable. Then, assuming that increasing wind speed is
indicative of an increasingly unstable atmosphere, the
presently computed evaporation rates for higher wind



speeds would be too large, and it would be necessary
to apply a negative correction to the computed evap-
oration as indicated in figure 78a.

Radiative diffusivity is assumed to be independ-
ent of wind speed. Hence, there would always be a
negative correction to apply to the computed evap-
oration, since the neglect of radiative diffusivity gives
a Bowen ratio that is too small. This is shown sche-
matically in figure 78b.

Figure 78¢ indicates the possible error if spray
is neglected. No error would occur at wind speeds
lower than the speed necessary to produce whitecaps.
When this speed is attained, water droplets are blown
into the air. Evaporation would then occur from these
water droplets before they fall back into the body of
water. The computed evaporation would then be too
small, and a positive correction would have to be
made to the computed evaporation.

The composite of these three effects would be
as indicated in figure 78d. At low wind speeds the
computed evaporation would be too large and at
high wind speeds it would be too small.

STABILITY EFFECT RADIATIVE-DIFFUSIVITY

EFFECT

—~

WIND SPEED — WIND SPEED —

SPRAY EFFECT COMPOSITE EFFECT

CORRECTION TO ENERGY BUDGET EVAP.

+ + /
0 f )
WHITE CAPS BEGIN [
TO APPEAR

WIND SPEED —» WIND SPEED —>

Figure 78. Composite hypothetical effect on evaporation of
neglecting radiative diffusivity, variations in equality of diffusivity
coefficients for water vapor and heat, and spray in computing

Bowen ratios.
\

An examination of the Lake Hefner data should
decide whether or not a consistent composite error,
such as indicated above, is introduced into the evap-
oration results when using the Bowen ratio in its
original form. The results of such an analysis are
given in figure 79 for 142 evaporation periods of 7
or more days in length. For periods of the same length
(that is, 7 days) there was no overlapping, but the
longer periods necessarily included the shorter ones.
The difference between these water-budget evapora-
tions and energy-budget evaporations are plotted
versus the average wind speed at 8 meters. The
longer evaporation periods were selected in order to
minimize errors in energy-storage evaluations. It is
evident that the scatter is essentially random, and no
relation, such as suggested above, is indicated.

Finally, the Lake Hefner data indicate that the
assumptions made in the development of the Bowen
ratio concerning spray, radiative diffusivity, and at-
mospheric stability do not introduce a consistent error
into evaporation determinations. The Bowen ratio .
appears to be sufficiently accurate for computing
energy utilized by evaporation for most conditions. In
exceptional conditions, for example, when evapora-
tion rates are small and the difference in vapor
pressure of the atmosphere and that of air saturated
at the surface-water temperature approaches instru-
mental accuracy, the Bowen ratio is inadequate. The
latter conditions occur only 8 per cent of the time.
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ENERGY CONDUCTED AS SENSIBLE
HEAT BY THE ATMOSPHERE

The heat carried away from a water surface
through a unit area in unit time may be expressed
as follows:

Q= —c,A (ir-+ y), (95)
dz

where ¢, is the specific heat of the air at constant
pressure, A the vertical component of the eddy con-
ductivity, dT/dz the temperature gradient of the air,
and y the adiabatic lapse rate. The term c,A enters,
instead of the molecular coefficient of heat conduc-
tivity of the air, because the air is nearly always in
turbulent motion; the degree of turbulence is indicated
by A, the eddy conductivity. To utilize equation (95),
it is necessary to evaluate the eddy conductivity.

Observations were made at Lake Hefner of all
quantities necessary to evaluate eddy conductivity.
It was hoped to compute eddy conductivity from the
data, and then find a method for obtaining it from
more easily measured parameters, thus making it
possible, in the future, to compute Q; from equation
(95). However, it was found that (Q, 4+ Qp), the evap-
oration, and/or dT/dz were not measured with
enough precision to obtain consistent values of eddy
conductivity. Hence, the attempt was abandoned.

It was possible to obtain a knowledge of the
gross magnitude of the conducted heat through use
of the Bowen ratio. From the preceding discussion of
this ratio, it was concluded that satisfactory values of
conducted heat could be obtained in all but the few
situations where the Bowen ratio leads to erroneous
results.

The average monthly conducted heat for the 16
months of observations is shown in figure 80. Most
energy was conducted to the lake in April 1951,
when it averaged 84.0 cal cm~—2 day—!; most was
conducted away in November 1950, when it averaged
75.0 cal em—2 day—!. During most months, the con-
ducted heat is a large enough term to be considered
in the energy budget.

The ratio of conducted heat to energy utilized
by evaporation varied, during the last 12 months of
observations, from —0.324 in February 1951 to
--0.252 in November 1950; the annual average ratio
was  —0.030. Hence, on a monthly basis the con-
ducted heat at Lake Hefner must be considered, while
on an annual basis it may be neglected.
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ENERGY UTILIZED BY
EVAPORATIVE PROCESSES

Evaporation was computed, by means of the
energy budget, for periods of 1,2, 3,4, 5,6,7, 8,9,
10, 12, 14, 16, 18, 20, 25, and 30 days, and for
periods of variable length for which complete (16-
station) thermal-survey data were available at both
the beginning and the end of the period. Only periods
where all terms in the energy budget were measured
continually were used. No extrapolated data are
included. The periods are non-overlapping and con-
secutive in time, and no attempt was made to exert
judgment as to which days should be included in a
particular period. The data were edited only to ex-
clude periods where the evaluation of energy storage
was obviously inadequate — for example, no storage
determinations were made from 26 January 1951
to 26 February 1951.

Enough data for periods varying from 1 to 10
days in length and for periods coinciding with the
thermal cruises were available for statistical treat-
ment. For periods greater than 10 days, the data were
too few to treat statistically.

The data for the above periods are plotted in
figures 81 through 85. These figures clearly indicate
the better agreement between observed and com-
puted evaporation as the length of the time interval
increases. In nearly every case the number of points
above the 45-degree line equals the number below,
while the average-energy-budget and the average-
water-budget evaporations agree within —2.4 to
—+7.1 per cent. It may be concluded that the data
are essentially randomly distributed about the line of
perfect agreement. '

Since the data were scattered normally about
the 45-degree line, it was possible to compute stand-
ard errors of estimate; these are shown as dashed
lines in figures 81 through 85. One standard error of
estimate should contain, by definition, approximately
two-thirds of all the cases. These standard errors of
estimate, as well as the standard errors of estimate
expressed as a percentage of the mean energy-
budget evaporation, are shown as a function of the
length of period in figure 86. The improvement in
accuracy of the computations is marked as the length
of period increases to 4 days, and thence more grad-
val, until for periods of 10 days the standard error
of estimate is about *=12 to 15 per cent of the mean
energy-budget evaporation. The curve appears to
follow the expected square-root law reasonably well.
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It must be remembered that these data include both
A and B water-budget days, and that the control
itself is subject to certain inaccuracies previously
discussed.

The individual sets of data for periods longer
than 10 days, which could not be treated statistically,
are listed.in table 19. With respect to percentages,
the accuracies of these data vary considerably. On
the whole, there does not appear to be any improve-
ment in accuracy as the length of period increases
beyond 10 days. This may be related to the fact,
previously indicated, that the standard errors of esti-
mate of computations of energy-storage changes from
an average of all cruise stations or a single deep
station and from the more detailed layer-depth
method are *17 and =31 cal em—2 day~}, re-
spectively. The available A and B data, for periods
when evaporation was greater than 0.5 cm day~},
indicate that an accuracy of =19 per cent is possible
for periods longer than 10 days. For shorter periods
the accuracy is inferior and decreases to about =70
per cent for single days.

A better agreement between observed and com-
puted evaporation was obtained for A periods only.
The errors in the water budget were then minimal,
and the differences should be representative of the
energy-budget variations alone. Figure 87 represents
such an analysis. As expected, the standard error of
estimate becomes less, having a value of +0.036
cm for a 10-day period; expressed as a percentage
of the mean energy-budget evaporation, the error
is ==6.4. ’

At Lake Hefner there is a season of high evap-
oration and one of low evaporation, occurring during
the summer and fall, June through November, and
during the winter and spring, December through May,
respectively. When considering accuracies in terms
of percentages of the mean evaporation, the results
differ for the two seasons. The results for the high-
evaporation season are shown in figure 88. Com-
paring figure 88 with figure 87 shows that the
standard error of estimate for the high-evaporation
season is about the same as for all A period data,
but the standard error of estimate expressed as a
percentage of the mean energy-budget evaporation
decreases. For periods of 10 days the standard error
of estimate is approximately =5 per cent of the mean
energy-budget evaporation. For the low-evaporation
season, the data are insufficient for statistical treat-
ment. However, they do indicate that the standard
error of estimate would be about the same as for the
high-evaporation season, but the percentage error
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considerably larger. For example, for single-day
periods, the standard error of estimate was =72 per
cent of the mean, whereas in the case of the high-
evaporation season it was =47 per cent.

It is evident that it is difficult to assign a par-
ticular percentage error to the energy-budget-evap-
oration determinations unless the basis of comparison
is clearly indicated. It may be concluded that com-
parisons with A water-budget periods indicate that:

TABLE 19. Comparison of Energy - Budget and
Water-Budget Evaporation for Periods of 12 to 30
Days.

Water Energy
Length Classifi- Budget Budget Difference Difference

of Period cation (em) (cm) (em) (per cent)
12 days A 0.425 0.421 —0.006 —0.9
B 0.614 0.578 __0.036 —59
A 0.494 0398 —0096 —19.5
B 0773 0.654 _0.119 154
A 0.392 0360 —0.032 —8.2
A 0.361 0.261 _—0.100 —27.6
A 0.139  0.249 0.110 79.0
B 0.108  0.257 0.149 138.0
B 0.129  0.336 0.207 161.0
A 0.379  0.493 0.114 30.1
A 0.606 0.723 0.117 19.3
A 0.640  0.650 0.010 1.6
B 0.690 0.758 0.068 9.9
A 069 0565 —0.134 _—19.2
14 days A 0.623 0.445 —_0.178 _28.6
A 0712 0628 —0.084 _—11.8
A 0368 0325 _—0.043 —11.7
A 0.325 0.356 0.031 9.5
A 0.377 0.378 0.001 0.3
A 0.363  0.446 0.083 22.8
A 0.634  0.667 0.033 5.2
A 0.698 0.670 —0.028 — 40
16 days A 0.578 0511 _—0.067 —11.6
B 0.609 0.554 __0.055 —9.0
B 0.379 0358 _—0.021 —-55
A 0.314 0.328 0.014 45
B 0.408  0.423 0.015 3.7
A 0.190 0327 0.137 72.0
A 0704 0761 0.047 6.7
18 days A 0.538 0.476 —0.062 —11.5
A 0.604 0509 _0.095 157
B 0.392 0354 _0.038 —97
B 0.431  0.447 0.016 3.7
A 0744  0.804 0.060 8.1
20 days A 0.518 0.493 _0.025 — 4.8
A 0.751  0.801 0.050 67
25 days A 0.551 0.482 _0.069 —12.5
A 0.573 0502 _—.0.071 124
B 0.382  0.447 0.065 17.0
30 days A 0.518 0.482 _—0.036 —7.0
B 0.338  0.401 0.063 18.6
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Figure 87. Accuracy of energy-budget evaporation (A periods
only) determinations as a function of length of computational
period. Figure indicates number of A periods included.

(1) the standard error of estimate over a period
of a year, a high-evaporation period, or a low-
evaporation period is about 0.250 c¢m for daily
periods, decreasing rapidly to about ==0.140 cm for
4-day periods, and then less rapidly to about #-0.050
cm for 10-day periods; (2) very little additional im-
provement occurs for periods longer than 10 days; (3)
the standard error of estimate expressed as a percent-
age of the mean energy-budget evaporation varies,
depending upon how the mean energy-budget evapo-
ration is selected. For mean epergy-budget evapora-
tions obtained for a complete year of data, for the
high-evaporation season, and for the low-evaporation
season, the error for daily periods is about +52,
#+47, and =72 per cent, respectively; while for
10-day periods it is about =7, =5, and =40 (esti-
mated) per cent respectively.

The above comparisons of the water-budget and
energy-budget evaporations are characterized by a
considerable scattering of the individual points, with
the scattering decreasing as the length of the period
increases. An inspection of the energy-budget equa-
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Figure 88. Accuracy of energy-budget evaporation (high-evapo-
ration months and A periods only) determinations as a function
of the length of computational period. Figure indicates the
number of periods included.

tion, equation (72), indicates that errors in evaluating
the Bowen ratio and/or the change in energy storage
could introduce such scattering.

The Bowen ratio has already been discussed in
considerable detail and the conclusion reached that
the ratio is sufficiently accurate. However, during
periods when the difference between vapor pressure
of the air and that of air saturated at the water
temperature is small, considerable error is introduced
because of instrumental inaccuracies. Such conditions
occurred rather infrequently and only during periods
of low evaporation; hence, they could not be respon-
sible for the above scattering.

By inference, then, the scattering can be ex-
plained in terms of the errors in the technique used
in evaluating the change of energy storage. During
the Lake Hefner observational program, attempts
were made to obtain complete thermal surveys every
7 days, although the average time interval was prob-
ably closer to 9 days; single temperature soundings
were made on as many other days as possible. The
time of determinations rarely coincided with the evap-
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oration periods, since the latter were selected chrono-
logically. In general, any error in the change in
energy storage would decrease as the number of
days in the time interval increased, since the error is
not cumulative. Hence, the agreement between the
energy-budget and water-budget evaporations will
improve as the length of the period increases. This
improvement was observed.

To illustrate the effect of errors in determinations
of change in energy storage, the energy-budget evap-
oration was computed for periods that coincided with
the times of the thermal cruises, minimizing, of course,
the error attributable to the change in energy
storage. The periods varied from 7 to 19 days, the
maijority being 8 or 9 days long. It must be remem-
bered that the errors inherent in the technique em-
ployed to evaluate this term, as previously pointed
out, may introduce considerable error for periods
shorter than 7 days. Hence, periods shorter than 7
days were eliminated from consideration. Data for
nine A periods and four B periods were available,
the pertinent data being given in table 20 and in
figure 89. Of the A periods, seven occurred during
the high-evaporation season and two during the low-
evaporation season. The standard error of estimate
for the nine A periods was *0.044 e¢m or =9.1 per
cent of the mean energy-budget evaporation; for the
seven A periods during the high-evaporation months,
the standard error of estimate was =+0.028 ¢cm or
+5.5 per cent of the mean energy-budget evap-
oration. )

The significance of the above results as related
to errors in the evaluation of the change in energy

TABLE 20. Pertinent Data for Evaporation ' Periods Coinciding with
Thermal Cruises.

Water  Energy
Budget  Budget
Length  Classifi-  Evap. Evap.  Difference
Date (days) cation (cm) (cm) (cm) Per Cent
14-22 Sep 1950 9 A 0.372 0.372 0.000 0.0
8-17 Oct 10 A 0.533 0.493 —0.040 —75
17-25 Oct 9 A 0.384 0.396 0.012 31
2-20 Nov 19 A 0.468 0.496 —0.028 —6.0
3-12Jon 1951 10 A 0371 0.290 —0.081 —21.8
4-10 Mar 7 B 0.306 0.350 0.044 144
10-19 Mar 10 8 0.346 0.406 0.060 173
3-16 Apr 14 A 0.417 0.481 0.064 153
16-23 Apr 8 B 0.283 0.374 0.091 32,2
1219 Jun 8 A 0.394 0.349 —0045 —MN14
2-10 Aug 9 B 0.746 0.878 0132 177
15-22 Aug 8 A 0.703 0.708 0.005 0.7
22-30 Avg 9 A 0.779 0.780 0.001 0.1
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storage is obscured by the variation in the length
of the periods. Of more interest are the results ob-
tained during the five 8- and 9-day A periods. The
standard error of estimate for these periods was
#+0.023 c¢cm or *=4.4 per cent of the mean energy-
budget evaporation. In comparison, the standard
error of estimate obtained for all 8- and 9-day
periods was +0.077 and ==0.066 cm, respectively,
or =15.5 and *13.7 per cent of the mean energy-
budget evaporation. These comparisons indicate a
definite improvement related to the better evaluation
of the change in energy storage.

It is concluded that evaluation of the change in
energy storage is the primary limitation to the ac-
curacy of evaporation determinations utilizing the
energy-budget technique for periods shorter than a
year, while the Bowen ratio is a secondary limitation
of importance only during periods of low evaporation
and in specific circumstances which occur infre-
quently. In addition, for periods of greater than
7 days, optimum accuracies of about =+0.030 cm
or +=5.8 per cent of the mean evaporation can be
expected during the high-evaporation months from
the energy-budget technique.

Summarizing, comparisons of evaporation de-
terminations at Lake Hefner by the energy-budget
and water-budget methods result in the following
major conclusions: (1) the energy-budget equation
must be used with caution for periods of less than
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7 days; (2) when applied to periods greater than 7
days, it will yield an accuracy approaching +5.0
per cent of the mean energy-budget evaporation, pro-
viding all terms are evaluated with the utmost care,
particularly the change in energy storage.

CONCLUSIONS FROM
ENERGY-BUDGET STUDIES

1. The classical energy-budget equation for the

oceans, and as applied in the past to lakes and stor-

age reservoirs, must be modified to correct for the
advected loss of the evaporated water. Neglect of
this term will cause an error in the computed evap-
oration of the order of 5 per cent, depending upon
the magnitude of the other terms in the equation.

2. For computing evaporation, indirect methods
of evaluating solar radiation, such as those proposed
by Mosby and Kennedy, are inadequate. It is nec-
essary to evaluate solar radiation by direct measure-
ment to obtain the requisite accuracy.

3. Theoretically, the reflectivity of an optically
flat water surface under a clear sky, for solar ra-
diation, is a function of sun altitude and atmospheric
turbidity. In addition, previous evidence (Munk, 1947)
indicated that wind speed may be a factor. The Lake
Hefner observations showed that the effects of wind
and air-mass turbidity are negligible, and hence that
reflectivity is primarily a function of sun altitude.

4. Under cloudy skies, the reflectivity is uni-
formly modified by an increase in scattering, caused
by an increasing amount and a decreasing height of
the cloud cover.

5. Solar radiation is completely diffused only
under conditions of low sun altitude and low overcast
clouds. Under these conditions the theoretical reflec-
tivity for completely diffuse radiation is approached.

6. Simple, empirical, hyperbolic relationships
can be used to express the variation of reflectivity
with sun altitude for any given cloud condition. These
relationships can be used to evaluate indirectly the
reflected solar radiation with enough accuracy for
purposes of evaporation computation.

7. A linear function expresses the relation be-
tween atmospheric radiation and local vapor pressure
(over the vapor-pressure range generally observed in
nature) just as adequately as the more complicated
expressions of Brunt and ;{ngstrﬁm.

8. Empirical relations between atmospheric ra-
diation and local vapor pressure may be used if
10-per-cent accuracy in computed atmospheric ra-
diation is acceptable, provided they are used in areas

of air-mass structure similar to that of the area where
the original observations were recorded. If they are
extended to other areas with no consideration of the
air-masses involved, the accuracy of the result is
questionable. For purposes of evaporation determi-
nation, empirical evaluations are inadequate for eval-
uating atmospheric radiation.

9. To obtain a general empirical method for
evaluating atmospheric radiation it is necessary to
consider the total vapor content of the atmosphere
as the moisture variable, rather than the local vapor
pressure (that is, as determined by standard ob-
servations).

10. The emissivity of a natural water surface is
independent of water temperature and the composi-
tion of the water. The emissivity has been found to
be 0.970 =0.005.

11, The evaluation of advected energy for any
particular body of water is an individual problem. It
is possible for certain situations, as in “run of the
river” lakes and reservoirs, that inability to evaluate
this term adequately will prohibit the use of the
energy-budget approach to the determination of
evaporation.

12. Errors in evaluating advected energy may
be minimized through proper selection of the base
temperature.

13. The Lake Hefner data indicate that the
energy storage can be evaluated from an average of
several profiles taken in different depths of water.

14, The Lake Hefner data indicate that the
Bowen ratio is valid and gives consistent results except
when the difference between the vapor pressure of
the atmosphere and that of air saturated at the
water-surface temperature is small.

15. No error seems to be introduced into evap-
oration computations by neglect of the effects of
radiative diffusivity, stability of the air, and spray.

16. Because of limits in the accuracy of the
temperature measurements, considerable error may
occur in evaluating the change of energy storage
over time intervals of a few days. However, for time
intervals of the order of 7 to 10 days, the accuracy
is probably adequate for evaporation determinations.
Over annual cycles the change in energy storage is
negligible.

17. The energy-budget equation, when applied
to periods greater than 7 days, will result in a maxi-
mum accuracy approaching =5 per cent of the mean
energy-budget evaporation, providing all terms in
the energy budget have been evaluated with the ut-
most accuracy, particularly change in energy storage.
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Cummings Radiation Integrator

Application of the energy-budget technique to
the determination of evaporation from lakes and res-
ervoirs was advocated for many years by the late
N. W. Cummings, of San Bernardino Valley Junior
College, San Bernardino, California. He suggested the
use of a thermally insulated pan to measure certain
net radiation items, and employed such a pan to
compute evaporation from Bear Lake in Utah and
Idaho in the summer of 1937 (Cummings, 1940). A
water-budget control for this experiment was lacking,
however, and Cummings could only compare his
results with those obtained from a nearby Weather
Bureau Class A pan.**

Shortly before Cummings’ death, he outlined in
a personal communication to the writer his suggested
design of an insulated pan to be constructed and
operated as a part of the Lake Hefner project. Cum-
mings’ proposed design was studied and the basic
features incorporated in the instrument constructed
at Lake Hefner.

THEORY

The energy-budget for a lake or reservoir is gen-
erally expressed as

Q—Q —Q—Q—Q+ Q— Qu=Qs (59)

in which Q, = solar radiation incident to the water
surface,

Q, = reflected solar radiation,

Q;, = net energy lost by the body of water
through the exchange of long-wave
radiation between the atmosphere
and body of water,

Q;, = energy conducted from the body of
water by the atmosphere as sensible
heat,

. — energy utilized by evaporation,
Q, = net energy advected into the body of

water, .
Q. = energy advected by the evaporated
water, and
Qg = increase in energy stored in the body
of water.

* Hydraulic Engineer, Water Resources Division, U.S.
Geologic Survey.
** See next section for discussion of Class A pans.
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The effective back radiation, Q,, is considered to be
the net exchange of long-wave radiation between the
atmosphere and the body of water, and for the
purposes of this discussion can be separated into its
various components as follows:

Qy= Qps — Qo "I" Qor, (96)

in which Q,; — long-wave radiation emitted by the
body of water,
Q, = incoming long-wave radiation from
. the atmosphere, and
Q.- = reflected long-wave radiation.
Substituting in equation (59), we obtain

Qs—Qr+Qa_Qar—Qb8
—Qh_Qg-"'Qu—Qw:QS’A (97)

Consider, then, a pan placed near the shore of
the lake. Since the pan is in effect merely a small
body of water, it will also have an energy budget
which may be expressed as

Qs, hand Qr’ + Qa’ - Qar/ - Qbs’
- Qh,, e Qe’ + Qv, - Qw' - Qsl (98)
in which the primed symbols refer to the pan.
The basic assumption is that the net sum of cer-

tain radiation terms is the same for the lake as for
a pan on the shore of the lake, as follows:

Qs’ - Qr, + Qa, - Qar’
= Qs —_ Qr + Qa - Qar- (99)

Over a short period of time, such as an hour, it is

‘probably not true that long-wave and short-wave in-

coming radiations (Q, 4+ Q,) are the same for the .
pan and the lake because of transient cloud effects,
but for longer periods, such as a day or week, the
assumption appears reasonable. Since the amount
of reflected long-wave radiation, Q,,, is dependent
only on the emissivity, or rather the absorptivity, of
the water, there appears to be no reason to question
the validity of the assumption as far as this item
is concerned, providing lake water is used in the pan
and does not become contaminated with substances
that might change its emissivity. The validity of the
assumption that reflected solar radiation is the same
for the lake as for the pan is not as obvious. In the
discussion of reflectivity of a natural water surface
(see preceding section entitled “’Energy-Budget



Studies”) it was concluded that reflectivity was inde-
pendent of wind speed and, therefore, also of surface
roughness. Therefore, the amount of solar energy re-
flected from the relatively smooth surface of the water
in the pan should not be materially different from
that reflected from the usually rougher lake surface.
The possibility that some solar radiation may be re-
flected by the bottom of the pan has not been taken
into account. However, it should be remembered that
reflected solar radiation is a relatively small item
compared with other items in the energy budget.
During the period of observation at Lake Hefner,
daily reflected solar radiation ranged between ap-
proximately 1 and 55 cal cm—2 day—?, as compared
with a range of approximately 50 to 750 cal em—2
day—! for incoming solar radiation.
Equation (98) may then be written as follows:

Qs, - Qr, + Qa’ - Qar, = Qg’
4+ Q) + Qo — Q) + Qs’ + Q¢ (100)

Using the familiar relations R = Q,//Q.", Q. =
pF U, QY =pF R L, and Q,’ = pcF (T — T;) and
using a base temperature, T, of 0°C, equation (100)
becomes

Qs’ - Qr, + Qa’ - Qar’ = pF, [L’ (] + R’) + CTO’]
+ Qbs, - Qv, + QS’- (10])
Combining equations (97), (99), and (101), and
using the relations Q; = pFl, Qp = pFRL, Q,;, = pcF
(To — Ty), T, = 0°C and the close approximations
c=p= ],

F' [L' (‘ + R‘) + TO,] + (an’ _ Qu’ + Qg') - (Qm — Qu +£§l. (‘02)
LO+R+To .

INSTRUMENTS AND METHODS

The Cummings Radiation Integrator (CRI) was
constructed as indicated in figure 90. Several features
of its construction are worthy of note. The insula-
tion was designed to limit the heat loss or gain by
conduction to 3 per cent of the energy required to
evaporate 0.1 inch of water per day, assuming a
temperature gradient of 10°F through the insulation,
Actually the average daily heat loss through the
insulation did not exceed 0.5 per cent of the energy
used for evaporation, principally because the ob-
served temperature gradients were much less than
had been assumed. A wooden platform covered with
building paper was laid on a carefully leveled site.
A block of Perlite concrete 24 inches thick was con-
structed on this platform as a base for the pan. It

302520 O - 54 - 10

would have been preferable to use a more efficient
insulating material for the base, such as rock wool,
but it was obvious that the insulating effect of rock
wool would be destroyed by the packing down re-
sulting from the load of more than 1300 pounds of
water alone. Perlite concrete appeared to be an
acceptable compromise, for its structural strength
was adequate and its thermal conductivity fairly low.
After the base had been poured and the forms re-
moved, it was covered with building paper, water-
proofed with a bituminous coating, and then painted
with aluminum paint. Because Perlite concrete is
porous and its thermal efficiency seriously impaired
by moisture, it was considered essential that the base
block be placed above ground and waterproofed.
When the pan was dismantled at the completion of
the project, the Perlite block was dry, indicating that
its insulation properties had been unimpaired.

The galvanized sheet-metal pan was 48 inches
in diameter and 24 inches deep. It was surrounded
by an 88-inch-diameter sheet-metal ring, and the
20-inch space between the pan and ring filled with
rock wool. The rock wool was covered by an annular
sheet-metal - roof or rim which sloped toward the
outside to shed rain. The roof was fastened to the
outside ring, but was separated from the pan to
prevent thermal conduction.

The rim projected inward over the pan for a
distance of 2 inches, and was provided with a Vz-inch
lip to prevent driving rain from entering the air gap
between the pan and the rim. The purpose of the
overhanging rim was to maintain the area of the
water surface exposed to solar radiation as nearly
constant as possible. Obviously, for small sun angles,
some of the incoming radiation was reflected from
the side of the pan but, at least during the middle of
the day when solar radiation. was greatest, the water-
surface area remained constant.

A fixed-point gage in a small stilling well was
affixed to the side of the pan. The point of the gage
was placed approximately 4 inches below the rim
to allow for storm rainfall; overflow was to be
guarded against to prevent wetting of the rock-wool
insulation.

It was originally contemplated that the pan be
serviced at intervals of approximately one week. The
weekly schedule was adhered to for a time, but loter
it became evident that pan servicings should be timed
to coincide with thermal surveys of the lake, which
were made at somewhat irregular intervals because
of weather conditions. When the pan was serviced,
the water was stirred thoroughly with a stick and its
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temperature then measured with a calibrated ther-
mometer. Enough water was then added to bring the
level to the point of the gage; both the quantity and
temperature of water added were carefully meas-
ured. The water in the pan was stirred again and its
temperature measured. On some occasions, it was
necessary to remove storm rainfall to bring the water
level to the point of the gage; but the procedure
was similar.

Using the average temperature as found and
the volume and temperature of the water added, the
theoretical temperature of the full pan was computed
and compared with the temperature measured after
the pan had been filled and stirred. In no instance
did the theoretical and observed temperatures differ
by more than 0.3°C, and the difference was usually
less than 0.1°C.

The CRI was located in the enclosure at the
south meteorological station. It was placed in opera-
tion on 2 November 1950, and weekly observations
were made until 30 November, when it was deemed
advisable to remove the water from the pan to
prevent possible. damage from freezing. The pan was
refilled on 7 March 1951 and observations were
made until 31 August 1951. After a preliminary
analysis of the data obtained in November, March,
and April, it was evident that certain additional in-
formation was needed. Using equipment similar to
that employed for temperature measurements at the
meteorological station, thermocouples were installed
to measure (1) the water-surface temperature in the
pan, (2) the temperature of the underside of the
overhanging rim, (3) the temperature of the soil under
the pan, and (4) rainfall temperature. A reduced
chart speed was used and each temperature was
measured once each half hour.
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The thermocouple for water-surface temperature
was suspended from a small float in the center of the
pan and was adjusted to remain just under the surface
of the water. The rim thermocouple was placed
against the underside of the steel rim but, because
of the plastic insulation on the thermocouple junction,
it was not in direct contact with the steel. The thermo-
couple for measuring soil temperature was buried %
inch in the soil under the pan.

The instrument used for measuring rainfall tem-
perature was essentially a small rain gage with a
thermocouple in the storage receptacle. A plastic

_funnel having a maximum diameter of 4-13/16 inches

and a throat diameter of 7/16 inch was used. A
small plastic cup, 7 inch in diameter and % inch in
height, was placed about 3 inches below the funnel.
A thermocouple was placed in the cup. It is believed
that during rainless periods the temperature indicated
by the thermocouple would be, on a daily basis at
least, not greatly different from the temperature of
the ambient air. When precipitation occurred, how-
ever, it was reasoned that the funnel and cup would
soon reach the temperature of the rain. The cup was
purposely made very small so that it would soon fill
and run over. It was placed 3 inches below the funnel
in order ‘that the falling water would splash in the
cup, thus assuring thorough mixing. Even a rainfall
of only 0.02 inch was sufficient to cause the cup to
overflow, but little importance was attached to record
temperatures of light rains because of the possibility
that equilibrium had not been reached.

The analysis of the data was made using in
general the methods described in the preceding sec-
tion. The method used in computing certain items of
the energy budget for the CRI are believed to be of
interest, however. '

PERLITE Figure 90. Cross-section of Cum-



" Although evaporation takes place over the
entire water surface of the CRI, the effective area
for incoming radiation is only the area encompassed
by the rim. The sum of the four radiation items in
equation (100) (which is the basic equation for the
energy budget of the CRI) is needed for the solution
of equation (97). These must be computed in terms of
the area encompassed by the rim, whereas each of
the terms on the right side of equation (100), Q,” +
QY+ Qu’ — Q) + Qy' + Q.,/, must be evaluated
on the basis of the entire water surface area. The
sum of these last items must then be divided by the
effective area for incoming radiation to determine the
sum of Q" — Q,/ + Q. — Q. on a unit-area basis.

The computation of Q,,”, the outgoing long-
wave radiation from the water surface in the CRI, was
complicated by the effect of the overhanging rim.
Temperature records obtained during the period May
to August indicate that the rim temperature was
generally 1° to 5°C higher than the water-surface
temperature, and the interchange of energy between
the water and the rim could not be neglected. The
underside of the rim was painted black, using the
same paint employed to blacken the flat-plate ra-
diometer, and its long-wave emissivity was taken as
0.90. The preliminary value of 0.967 was used for
emissivity of water. The amounts of energy being
received, emitted, absorbed, and reflected by both
the water and the rim were computed by successive
approximations. In general, the result was a net gain
for the water. The rim temperature was higher and
its emissivity lower, but its reflectivity was also higher.
The net Q" for the entire pan was then computed
as the difference between that being emitted by the
water and that being received from the rim.

The computation of Q,’, the advected energy,
was simple, since energy could be brought in only

by rainfall or through the sides and bottom of the
CRI. The volume of advected rainfall was determined
by multiplying the depth of rainfall recorded at the
south meteorological station by the area encompassed
by the rim. The temperature of the rainfall was meas-
ured using the device described above. The results
obtained for two selected storms are shown in figure
91. After the rainfall had cooled the small receiving
cup, the indicated rainfall temperature remained
fairly constant. Wet-bulb temperatures recorded at
the 8-meter level are also shown in figure 91, and
it is apparent that they agree closely with rainfall
temperatures. Other investigators have previously
obtained similar results so it appears unnecessary to
discuss the matter at length. As far as the CRI is
concerned, energy brought in by rainfall is usually
a relatively small item in the energy budget, and
rainfall-temperature measurements were made only
to substantiate the generally accepted conclusion that
rainfall and wet-bulb temperatures are approximately
equal.

The heat exchange through the insulated sides
and bottom of the pan was also a minor item. The
thermal conductivity of the Perlite concrete was taken
as the figure supplied by the manufacturer for the
particular mix used, and the temperature gradient
was taken as the difference between the water tem-
perature and the temperature of the soil under the
pan. Calculations of the heat exchange through the
rock wool were made in similar fashion, the tempera-
ture gradient being taken as the difference between
the water temperature and the dry-bulb temperature.

The change in energy storage in the CRI, Qq.
was computed from volumes and temperatures meas-
ured each time the pan was serviced. Compared to
a similar determination for Lake Hefner, it was a
simple procedure.

STORM OF 4 JULY 1951

STORM OF 24 JULY 1951

30

RAINFALL 1.75"
25 A 25
TEMPERATURE OF RAINFALL
RAINFALL 65" o '
e — %
S
g TEMPERATURE OF RAINFALL| 13-
20 ! t 20 . . .
a WET.BULB TEMPERATURE Figure 91. Comparison between rainfall
o] o= == AT 8-M. LEVEL and wet-bulb temperatures for selected
T'o' storms.
WET-BULB TEMPERATURE
' AT 8-M. LEVEL s
0300 0400 0500 0600 2100 2200 2300 2400

TIME IN HOURS

123



The Bowen ratio for the lake, R, was computed
using dry- and wet-bulb temperatures measured at
the 2-meter level at the barge. Water-surface tem-
peratures were also taken from records obtained at
the barge. The Bowen ratio for the pan, R’, was com-
puted using the same wet- and dry-bulb tempera-
tures, and the temperature of the water surface in
the pan. Wet-bulb, dry-bulb, and water-surface tem-
peratures were averaged for each period. Vapor
pressures were computed using these average tem-
peratures. Although the relation between vapor pres-
sure and temperature is not linear, for a week
selected at random the vapor-pressure difference
computed using average temperatures differed by
only 2 per cent from the average of the vapor-
pressure differences computed using the 3-hourly
data.

Thermocouples for measuring water-surface and
soil temperatures were installed in the CRI on 1 May
1951 and those for measuring rim and rainfall tem-
peratures were installed 25 May 1951. Of these, the
water-surfdce temperature measurement was by far
the most important. The amount of long-wave radia-
tion emitted by the water in the pan, which depends
only on the water-surface temperature, is a major
item in the energy budget for the pan. Its importance
relative to that of other items was not recognized at
the time observation began. An attempt was made
to estimate water temperatures during the period
before measurements were begun, but it was con-
sidered that the possible resultant error might be so
large as to cause the results to be questionable.
Rim temperatures during part of May were taken as
equal to the air temperature at the 2-meter level at
the south station.

RESULTS

Since the CRI was suggested as a possible re-
placement for the more expensive and complicated
radiation instruments, it is necessary to show whether
it measures the total radiation received, Q, — Q,
+ Qi — Qg with sufficient accuracy. Using all pe-
riods for which radiation data were sufficiently com-
plete, the sum of the four radiation items was
computed from the CRI records and from the radia-
tion records. The results are shown in table 21.
Although the general agreement is excellent, it should
be remembered that a relatively small error in meas-
uring radiation may affect computed evaporation
considerably. For example, from the data in table 21,
the standard error of measuring net radiation using
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TABLE 21. Comparison Between Average Net In-
coming Radiation Measured by Cummings Radiation
Integrator and by Pyrheliometers and Flat-plate Ra-
diometer

Net Incoming Radiation

Computed from Measured Using

CRI Records Radiation Instruments
Period (cal em—2 day—1) (cal em—2 day—1)

12-19 Jun 1310 T 1349
28 Jun-9 Jul 1296 1295
17-24 Jul 1434 1418
24 Jul-2 Aug 1281 1366
2-10 Aug 1357 1364
15-22 Aug 1282 1295
22-29 Aug 1306 1307
Weighted

average 1321 1340

the CRl is 36 cal cm—2 day—?, which is only about
3 per cent of the mean. An error of this mggnitude
would result in an error of about 9 per cent in evap-
oration if it is assumed that the radiation instruments
are without error.

Because of possible large errors resulting from
the lack of measurements of the temperature of the
water surface in the pan, evaporation was not com-
puted for periods in November, March, and April. An
attempt was made to compute evaporation for each
period between CRI servicings, which were made ap-
proximately once each week. After data for the
first five months had been analyzed, it was dis-
covered that CRI servicings should have been timed
to coincide with thermal surveys of the lake. The
change in energy storage, Qs was found to be of
considerable importance particularly for short pe-
riods. The day-to-day change in storage in the lake
was obviously erratic, and values interpolated be-
tween thermal surveys were therefore questionable.
After this had been recognized, CRI servicings were
made immediately after a successful thermal survey
of the loke had been completed.

It was deemed advisable to group certain of the
CRI servicing periods.to obtain a smaller number of
longer periods for which the change in energy storage
in the lake was sufficiently well defined by thermal
surveys. Commencing in June 1951, however, the
coincident periods averaged slightly less than 8
days in length.

Evaporation was computed for 13 periods rang-
ing in length from 5 to 20 days. The results are
shown in table 22 and figure 92. For all periods, the
mean daily evaporation as determined using the CRI



TABLE 22. Comparison Between Computed and Observed Evaporation from Similar computations were made using mete-
Lake Hefnar for Periods of Various Length orological data obtained at the Weather Bureau

lengthof  Computed  Observed station of the Will Rogers Airport, 13 miles
Petlod  Evaporation  Evaporation  Error Accuracy south of Lake Hefner, for the determination of R and
Period (days) (¢mday—1) (emday=—1) (percent) Classification

R’. There was no significant difference in the com-

3-23 May 20 0.249 0.242 +29 [ . L. .

23 May-5 Jun 13 4 a5 +63 o puted evaporation figures, which is not surprising,
512 Jun ; i;: :;: _:,': : since T, and e, in the expression for the Bowen ratio
1219 Jun . . ] )

1928 Jun 9 696 566 +23.0 A are specified as the temperature and vapor pressure
28 quma " e ot +;;‘:: N of the air before modification by the lake has oc-
ol vl o 3

17:24 3l 7 835 72 +17.3 A curred. It is believed that data obtained at the airport
24 Jul2 Aug 9 439 516 —17.5 B . s .
210 Avg 4 on 808 127 8 are representative of average conditions over periods
10-15 Aug 5 693 631 +9.8 8 of a week or longer. Moreover, this procedure indi-
1522 Avg 7 3 712 +29 8 ted that it is not ' )

2229 Avg 7 62 66 Zos 8 _cated that it is not necessary to measure air tempera-

Waighted average 544 509 +6.9 ture and humidity at the lake, which simplifies the in-
strumental requirements considerably. It should not be
assumed that this procedure can be followed at any
lake; but a series of sling psychrometer checks should
be adequate to show whether this assumption is valid.
Table 23 illustrates the relative magnitudes of
B certain of the terms in equation (102). The differences
between L' (1 4 R’) and L (1 4 R) are highly cor-
7 related with the corresponding differences between
R 7 ez To’ and T because the difference between R and R’
depends largely on these two water-surface tempera-
py tures. The differences between (Q;’ — Q,” + Qy’
09 8e and (Qps — Q, + Q3) reflect to a large extent the
change in energy storage in the lake. During the
period 5-12 June, Qg was 4235 cal cm—! day—1,
If this had been neglected, computed evaporation for
7 the period would have been 0.614 cm instead of
= o URE BESIDE PIOTTED, POMTS IOICATE 0.242 cm. An assumption that changes in energy stor-
NUMBER OF DAYS IN PERIOD age in the lake are negligible cannot be justified,
except possibly on an annual basis.

-
o
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TABLE 23. Comparison Between Values of Indicated Radiation Items for

Fi 92. ison betw ted and observed -
‘aure Comparison between computed and observed evapo Cummings Radiation Integrator and for Lake Hefner

ration,
ra+r L(]I +R T T @y —Qy +t:9'2 @, — Q,+0y

was 6.5 per cent greater than the corresponding Period (cal em™) ta (ol em™2 day—7)
water-budget evaporation, and the standard error of 3.23 May 541 572 174 178 803 950
. . 23 Moay-5 Jun 601 609 20.5 207 835 897
estimate was 0.72 cm, or 14.1 per cent of the mean. 512 Jun &36 60 220 2.5 876 1076
The computed results for periods of high evaporation 12:19 Jun 617 609 242 240 876 1075
. 19-28 Jun 545 550 250 25.1 866 981
appear to be consistently greater than those ob- 28 Jun9 Jul 549 591 239 248 854 931
; : : 917 Jul s62 581 258 263 875 984
served. No explcmohf)n can be given f?r this trend, V724 ol 520 555 263 279 a5 oer
if it be real, but it is suggested that it may result 243012 Avg 574 623 267 284 910 995
. . 210 Avg 456 557 260 28.4 839 824
from incomplete knowledge of the interchange of 1015 Avp 526 w2 251 272 a78 79
energy between the water surface and the underside 1522 Avg 524 599 248 269 836 ]
22.29 Aug as 54 243 260 868 874

of the rim. The rim effect is not directly associated
with the amount of evaporation, as might be inferred
from figure 92, but rather with rim temperature,
which in turn is correlated with solar radiation and
thus with evaporation.
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CONCLUSIONS ON CUMMINGS
RADIATION INTEGRATOR

The conclusions presented here are based on
only a relatively short period of observation. Further
experimental work is desirable, and is believed war-
ranted on the basis of the findings at Lake Hefner.

1. The Cummings Radiation Integrator offers
considerable promise as an instrument for measuring
certain net radiation items. For purposes of com-
puting evaporation, using the energy-budget tech-
nique, the instrument appears to be a satisfactory
substitute for the flat-plate radiometer and pyrheliom-
eters. It should be emphasized that no empirical
pan coefficient is involved if the CRl is used for this
purpose. Only certain physical constants, whose
valves can be or have been established in the lab-
oratory, are needed. It is estimated that the error
in computed weekly evaporation during the summer
months will ordinarily be 10 to 15 per cent or less,
if measurements of energy storage in the lake are
also made at weekly intervals; on a monthly basis,
the error is estimated as 5 to 10 per cent. There is
no apparent reason why the CRI cannot be operated
in winter using a saline solution or some other liquid
whose emissivity and other properties are known.

2. The problem of the interchange of energy
between the water surface and the underside of the
rim is as yet imperfectly understood. Elimination of
the rim would be desirable if some means could be
found of maintaining a completely filled pan or of
satisfactorily accounting for the effect of a vertical

126

rim, The rim effect could be minimized by using a

" larger pan.

3. The energy conducted to or from the CRI
as sensible heat was determined by the use of the
Bowen ratio. A comprehensive study of the validity
of the Bowen ratio, particularly as used in connection
with the CRI, would be of considerable value. The
use of a wind tunnél for this study may be practical
if the necessary physical measurements can be made
with the requisite accuracy.

4. CR! or other radiation records obtained at a
reservoir site prior fo construction are desirable for
making preconstruction estimates of evaporation using

" the energy-budget technique.

5. The use of the CRI in connection with studies
of evaporation losses from vegetation should be in-
vestigated. No data are yet available as to the areal
distribution of incoming long-wave radiation. Pyrheli-
ometer records of incoming solar radiation at selected
locations are available, but these are insufficient be-
cause long-wave radiation is excluded. Although the -
energy budget of a plant is admittedly more complex
than that of a lake, the relation between total radia-
tion received and evapotranspiration losses should
be studied in relation to available moisture.
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Lake and Pan Evaporation

BACKGROUND AND OBJECTIVES

The Weather Bureau has for many years col-
lected evaporation data as observed in a standard
4-foot pan (commonly known as the Class A pan),
and many additional stations equipped with pans of
various types have been operated by other Federal,
state, and local agencies. Admittedly, the data can-
not be considered to represent evapotranspiration
from adjacent land areas or evaporation from a
-nearby lake, but they do constitute an index to the
evaporative power of the atmosphere, and thereby
serve a real purpose in depicting geographical varia-
tions in climate.

Pan-evaporation data are of direct value in
several fields, such as planning facilities for evapo-
ative-cooling air conditioning, and have been widely
used in an indirect manner for estimating evaporation
from lakes and evapotranspiration. Estimates of lake
evaporation are commonly derived by applying a
“pan coefficient” to observed pan evaporation. This
section is primarily devoted to a discussion of the
Lake Hefner results relative to this latter application
of pan data. Specifically, the objectives of the part
of the Lake Hefner program devoted to pan studies
were as follows:

1. Obtain further information on the relative
evaporation from various types of pans.

2. Investigate the reliability of the pan-coefficient
approach for estimating monthly and annual lake
evaporation.

3. Derive a more reliable procedure for esti-
mating lake evaporation from pan evaporation and
related meteorological data normally collected by
the Weather Bureau in its established observational
programs.

To provide ready reference for comparative pur-

poses, table 24 presents a summary of pan coefficients
derived in numerous past studies. The investigator,
geographical location, and reference publication are
given in each case. Attention is called to the fact
that in some cases a 12-foot sunken pan was assumed
to be equivalent to a lake. Considering variations in

* Chief Research Hydrologist, Hydrologic Services Divi-
sion, U.S. Weather Bureau.

by Max A. Kohler*

climate and lake dimensions and the probable relia-
bility of computed lake evaporation, the coefficients
are reasonably consistent. Table 25, also presented
for comparative purposes, summarizes results of simul-
taneous observations from various types of pans as
ratios. The periods of record indicated in the foot-
notes of this table are only approximate. For example,
“Apr-Oct 1940-45"” would mean that observations
during the 6-year period were, on the average,
started by 1 April and discontinued at the end of
October. Tables 24 and 25 contain all readily ac-
cessible comparative data; however, further search
may reveal data which have not been included.

In the analyses in this chapter, particular atten-
tion has been directed to the Class A pan since it is
the official Weather Bureau instrument. This is not
to be construed as meaning that the other pans are
not equally susceptible to such detailed analysis or
that the Class A pan is believed to be the “best” of
the group. Time was simply not available for com-
plete analysis prior to publication of this report.

INSTRUMENTATICN AND
OPERATIONAL PROCEDURE

Three separate installations were mainatined
around Lake Hefner to provide data for the evapo-
ration-pan studies (see map). A plan view of each
installation is shown in figure 93. The photographs:
in figure 94 show various aspects of the installations.

Observations at the pan stations consisted of
pan evaporation, precipitation, pan-water tempera-
ture, humidity, air temperature,h wind, and, at the
south station only, soil moisture and temperature.
Observations began on 24 April 1950, and termi-
nated 31 August 1951, except that the BPl pan was
not installed until 19 May 1950. Observations were
initially made at about 1500 because of the heavy
morning work load at the Oklahoma City Weather
Bureau Office. Because of the inherent difficulties ex-
perienced in interpreting data from the maximum and
minimum thermometers, and to terminate the day
more nearly at the time of minimum evaporation,
observation time was shifted to about 0900 on 11
June 1950.
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TABLE 24. Summary of Monthly and Annual Pan-to-Lake Coefficients -

Refer- Years of Basis of BPI Colorado  Screened
Investigator ence Location Record Coefficient Class A (Sunken) (Sunken) (Sunken)
Lippincott, J. B. 10 Llake Hodges, Calif. 1919-21  Jun-Octl 0.96
O'Neill, C. M. 12  Newell Reservoir, Canada 1919-25  Approx. May-Sep 0.95
Rohwer, Carl 14  Ft. Collins, Colo. (85-ft reservoir) 1926-28  Apr-Nov2 0.70 0.79
Sleight, R.B. 15 Denver, Colo. (12-ft pan, 3 ft deep) 1915-167 Mean Annual3 0.67
Sleight, R. B, 15 Denver, Colo. (12-ft pan, 3 ft deep) 1916 Jun-Oct 0.94
White, W. N. 18  Milford Exp. Stn., Utah (pan, 12 ft x 3 ft) 192627 May-Oct 0.67
Young, A. A. 21  Fullerton, Calif. (pan, 12 ft x 3 ft) 1936-39  Mean Annual 0.77 0.94 0.89 0.98
Young, A.A. 21 Lake Elsinore, Calif. 1939-41  Mean Annual 0.77 0.98
I. B. and W. C., United
States and Mexico 24  Ft. Mcintosh, Tex. (pan, 12 ft x 3 ft) 1950 Feb-Dec 0.72 0.89
Special Committee on4
Irrigation Hydravlics 22 (recommendation of Subc. on Evap.) Mean Annval 0.70 0.78
Computed Values® 8,23 Red Bluff Reservoir, Texas 1939-47  Mean Annual 0.68
Computed Values® 8 Laoke Okeechobee, Florida 1940-46  Mean Annual 0.81 0.98
Jan 0.77 0.87
Feb 0.69 0.83
Mar 0.73 0.89
Apr 0.84 1.00
May 0.82 0.97
Jun 0.85 1.08
Jul 091 1.19
Avg 0.91 1.20
Sep 0.85 1.05
Oct 0.76 0.84
Nov 0.71 0.77
Dec 0.83 0.90
Rowher, Carl 14 Ft. Collins, Colo. (85-ft reservoir) 192728  Apr 0.60 0.75
May 0.63 0.76
Jun 0.69 0.77
Jul 0.69 0.76
Aug 0.71 0.75
1926-28  Sep 0.82 0.86
Oct 0.72 0.82
Nov 0.77 0.99
Young, A. A. 21  Lake Elsinore, Calif. 1939-41  Jan 0.82 0.96
Feb 0.63 0.77
Mar 0.68 0.92
Apr 0.66 0.87
May 0.68 0.90
. Jun 0.77 0.99
Jul 0.74 0.95
Aug 0.78 1.02 .
Sept 0.87 1.10
Oct 0.93 1.12
Nov 0.97 1.12
Dec 0.95 1.03

1 Fragmentary record; periods of data total 6 months; 2-inch chicken wire over pan.

2 No data Apr-Aug 1926.

8 Record broken for 2% months in winter.

4 Not an investigation, but r dations based on study of all previous investigations.

5 Computed from evaporation data on reservoirs and pans, respectively, from references (8) and (23); “Years of record” vefers to pan data.
€ From reference (8) and WB files; Class A pan at Belle Glade; Colorado (sunken) pan at Moore Haven.

7 Nov-Nov.



TABLE 25. Summary of Pan-to-Pan Ratios.

PAN “X"
Ratio = Pan X
PanY
Class A BPI (Sunken) Colorado (Sunken) Screened (Sunken)
0.77 Lake Kickapoo, Tex. (2) 0.89 Ft. Collins, Colo. (5) 0.91 Mansfield Dam, Tex. (1)
0.83 Buchanan Dam, Tex. (3) 0.82 Belle Glade, Fla. (7) 0.79 Lake Kickapoo, Tex. (2)
0.75 Denver, Colo. (4) 0.84 Pardee Res., Cal. (8) 0.83 Buchanan Dam, Tex. (3)
0.80 Balmorhea, Tex. (6) 0.87 Fullerton, Cal. (10) 0.73 Dryden, Tex. (3)
0.78 Pardee Res., Cal. (8) 0.95 Henshaw Res., Cal. (13) | 0.80 Ft. Mcintosh, Tex. (3)
Class A 0.69 Ft. Assinniboine, Mont. (9) 0.77 Yuma Fld. Sta., Co:. (10)
0.78 Yuma Field St., Cal. (10) 0.87 Average 0.80 Fullerton, Cal. (10)
0.82 Fullerton, Cal. (10) 0.79 Lake Elsinore, Cal. (11)
0.68 Hays, Kans. (14) 0.75 San Jacinto, Cal. (12)
0.77 Average 0.80 Average
1.30 Lake Kickapoo, Tex. (2) 1.09 San Pablo Res., Cal. (8) | 1.02 Lake Kickapoo, Tex. (2)
1.20 Buchanan Dam, Tex. (3) 1.03 Upper San Leandro 1.00 Buchanan Dam, Tex. (3)
1.33 Denver, Colo. (4) Res., Cal. (8) .98 Yuma Fld. St., Cal. (10)
1.25 Balmorhea, Tex. (6) 1.08 Pardee Res., Cal. (8) .97 Fullerton, Cal. (10)
BPI 1.28 Pardee Res., Cal. (8) 1.05 Fullerton, Cal. (10)
(Sunken) 1.45 Ft. Assinniboine, Mont. (9) 0.99 Average
1.29 Yuma Flid. Sta., Cal. (10) 1.06 Average
1.21 Fullerton, Cal. (10)
1.46 Hays, Kans. (14)
1.31 Average
}-
= 1.13 Ft. Collins, Colo. (5) 0.92 San Pablo Res., Cal. (8) 0.92 Fullerton, Cal. (10)
E 1.22 Belle Glade, Fla. (7) 0.97 Upper San leandro
® | Colorado |1.18 Pardee Res., Cal. (8) Res., Cal. (8)
(Sunken) 1.15 Fullerton, Cal. (10) 0.93 Pardee Res., Cal. (8)
1.06 Henshaw Res., Cal. (13) 0.95 Fullerton, Cal. (10)
1.15 Average 0.94 Average
1.10 Mansfield Dam, Tex. (1) 0.98 Lake Kickapoo, Tex. (2) 1.09 Fullerton, Cal. (10)
1.27 Lake Kickapoo, Tex. (2) 1.00 Buchanan Dam, Tex. (3)
1.20 Buchanan Dam, Tex. (3) 1.02 Yuma Fld. Sta., Cal. (10)
1.36 Dryden, Tex. (3) 1.04 Fullerton, Cal. (10)
1.25 Ft. Mcintosh, Tex. (3)
Screened | 1.31 Yuma Fld. Sta., Cal. (10) 1.01 Average
(Sunken) 1.25 Fullerton, Cal. (10)
1.26 Lake Elsinore, Cal. (11) .
1.34 San Jacinto, Cal. (12)
1.26 Average

(1) Jan 1950-Dec 1951
(2) Apr-Oct 1950-51
(3) Jan-Dec 1950

(4) Jun-Oct 1916

(5) Sep 1926-Nov 1928
(6) Apr 1941-Dec 1948
(7) Jun 1941-Dec 1948

(8) Jan 1930-Dec 1944
(9) Apr-Sep 1949-51
(10) Jan 1937-Dec 1939
(11) Jul 1939-Dec 1943
(12) Jul 1939-May 1946
(13) Jan 1942-Dec 1943
(14) Apr-Sep 1937-1950
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INSTRUMENT  SHELTER

CLASS A EVAPORATION PAN

BPI EVAPORATION PAN (SUNKEN)

COLORADO EVAPORATION PAN (SUNKEN)
SCREENED EVAPORATION PAN (SUNKEN)
STANDARD 8-INCH RAIN GAGE

RECORDING RAIN GAGE

ANEMOMETER, MOUNTED ON CLASS A PLATFORM
9 SOIL MOISTURE AND TEMPERATURE INSTALLATION
10 GOTHAM GAS-BULB THERMOGRAPH

11 CUMMINGS RADIATION INTEGRATOR

12 HIGH MAST (WIND, TEMPERATURE, AND HUMIDITY)
13 LOW MAST (WIND, TEMPERATURE, AND HUMIDITY)

NORTHEAST
STATION NO. 2

ONOWM A WN o

NORTHEAST
STATION NO. 1

14 HOUSING FOR NAVY RECORDER EQUIPMENT

15 STORAGE TANKS

Figure 93. Plan view of pan installations
at Lake Hefner.
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Evaporation Pans

Class A pans were installed at each site to indi-
cate areal variations, and additional pans of various
types were installed at the south station for compara-
tive purposes. Two Class A pans were maintained at
the northeast site, one in a standard enclosure and
the other more openly exposed, to test the effect of
obstructions (shelter, rain gage, etc.) on observed
evaporation.

The Class A pans were fabricated to ctandard
specifications (4 ft in diameter and 10 in. deep) and
mounted on standard wooden platforms. These pans
were generally filled to within about 2 in. of the rim
and refilled when the level had dropped approxi-
mately 1 in. The sunken screened pan was 2 ft in
diameter and 3 ft deep, covered with Y-in.-mesh
screen; the Colorado sunken pan was 3 ft square and
18 in. deep; and the BPl pan was 6 ft in diameter
and 2 ft deep. Each of the sunken pans was installed
with the rim about 2 in. above the ground surface,
and the water level was maintained at or slightly
below ground level.

Water level in the pans was observed with hook
gages calibrated to thousandths of an inch. Since the
project was to be of limited duration, every effort
was made to maintain observations as complete as
possible, even during the winter. The pans were not
emptied during cold weather as is customary. To
avoid damage by freezing, small holes were drilled
through the ice, thus relieving the pressure.

During September and early October 1950,
windblown vegetation tended to collect on the wind-
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ward side of the enclosures and in the sunkén pans,
particularly. Although an effort was made to keep
the pans and fences free of vegetation, wind and
pan evaporation were at times reduced somewhat.
Visual observation and analysis of the data demon-
strate that observed pan evaporation was occasion-
ally in error due to blowing snow and to splash-out
or spill-over during periods of heavy rain and high
wind. This deficiency of the pan is discussed in con-
siderable detail later in this section.

Water Temperatures

The Class A pan at the south station was
equipped with a Gotham gas-bulb thermograph for
recording surface-water temperature. The element
was shielded from the sun and floated as near the
surface as was feasible. It is believed the tempera-
tures represent an average through about the top
%-in. of depth. All other pans were equipped with
Sixes maximum-minimum thermometers, floated at a
depth of approximately ¥2-in. below the surface and
shielded from the sun. The thermometers were re-
moved from the pans during freezing temperatures
to avoid damage.

Precipitation

The network of precipitation gages utilized for
the project is discussed in the section of this report
on “Instrumentation.” It will suffice to state here that
standard 8-in. gages were placed at each of the
three pan installations to assist in computing pan
evaporation.



a. South station, looking east. Pans, in order of in-
creasing distance from camera, are (1) Colorado, (2)
screened, (3) Class A, and (4) Bureau of Plant Industry
(BPI). Soil moisture-temperature shelter surmounted by
Bouyoucos bridge in foreground.

c. Showing float mounting of Sixes maximum-minimum
thermometer in BPl pan.

e. Northeast installation, looking west. Station no. 1 in
foreground, station no. 2 in background, and recording
rain gage approximately midway between the two en-
closures.

3. Southwest station, looking east.

Figure 94. Photographs of pan installations at Lake Hefner.

b. South station, looking west across BPI pan toward
Class A pan.

f. Northeast installation, looking east. It will be noted
that the pan at station no. 2 (foreground) is relatively
unobstructed.

b ol

. Southwest station, looking west-southwest.
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Wind Movement

Anemometers were mounted on the supports of
all Class A pans in standard fashion, with the plane
of the cups 6 in. above the rim of the pans. The
anemometers used were 3-cup totalizing (odometer)
Bendix-Friez Model 349-N. Twenty-four-hour wind
movement in statute miles was observed and recorded
at each observation.

Air Temperature and Humidity

As is standard practice, maximum and minimum
air temperatures were observed at each of the three
sites. In addition, wet- and dry-bulb temperatures
were read at each observation and each site was
equipped with a hygrothermograph; although these
data were not used in the analyses, since more re-
liable psychrometric data were available from the
mass-transfer stations. These instruments were ex-
posed in standard cotton region shelters (5 ft above
the ground surface).

Soil Moisture and Temperature

The experimental work conducted at Lake Hefner
did not require observations of soil moisture and
temperature. However, it was envisioned that the
project data might later be used for related studies
in which such information would be required. Ac-
cordingly, thermistors. and Bouyoucos blocks were
installed at the south station at depths of 10, 20,
30, 50 and 100 cm. Satisfactory soil temperature
records were obtained, but the soil-moisture data
appear somewhat erratic, although the data have
not been analyzed critically.

PAN EVAPORATION AND
METEOROLOGICAL FACTORS

Numerous attempts have been made in the past
to derive reliable relations between pan evaporation
and meteorological factors (Bigelow, 1910; Horton,
1917; Meyer, 1942; Rohwer, 1931; Theis, 1931). Ob-
vious purposes to be served by such relationships are:

1. Extrapolation of short-period and seasonal
records.
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2. Derivation of estimated data for meteorolgi-
cal stations at which pan observations are not made.

3. Tests of the reliability and representativeness
of observed data.

4. Aids in studying lake-pan relations.

Over much of the country, pan observations are
not made during the winter months because of sub-
freezing temperatures. This represents a serious de-
ficiency in the data, particularly when studying
pan-to-pan and pan-to-lake coefficients. Thus, a re-
lation that could be used to estimate winter evapora-
tion would be of practical value. Concerning esti-
mates of evaporation at meteorological stations,
continued and numerous requests for additional evap-
oration stations point up the need for more complete
geographical coverage of evaporation data. Regard-
ing the third purpose, it should be pointed out,that
Weather Bureau evaporation stations are attended
by cooperative observers and, under the circum-
stances, it is not always possible to select a truly
representative site or to maintain observational pro-
cedures on a fully standard basis. Some observers,
for instance, add water frequently and maintain
proper water level, while others do not refill the pan
until the water level has dropped far too low. Such
variations in observational procedures are known to
affect pan evaporation and, therefore, tend to pro-
duce fictitious variations from station to station.

Two types of pan relations were developed, the
first being based on observed water-temperature data
and the second utilizing an energy-balance approach.

Water-Temperature Approach

Most empirically derived equations for evapo-
ration are similar in form to that set forth by Dalton
well over a century ago, namely,

E = (eo — ea) f (v), (103)

where E is the evaporation in unit time, e and e,
are the vapor pressures of the evaporating surface
and the atmosphere, respectively, and f (v) is a func-
tion of horizontal wind speed. Although some equa-
tions include a pressure term, variations in this factor
have no significant effect on evaporation at a par-
ticular site. The form of f (u) is usually assumed to
be such that equation (103) becomes either

E = (eo — eJ) (a + bu) (104)

or
= c(eo — el U, (105)



where a, b, ¢ and n are constants. Although these
two equations appear quite different, they fit ob-
served pan data almost equally well because of the
limited range of the wind data. Equation (104) was
fitted (least squares) to the pan data for the south
station with the results shown in table 26 and figure
95. The derived constants (a and b) yield 24-hour
evaporation in inches where v is the wind movement
at the Class A pan in miles per day, and the atmos-
pheric vapor pressure (e, in inches of mercury) is
observed at the 2-meter level (mass-transfer station).
Values of e, were obtained from mean 3-hourly wet-
and dry-bulb temperatures and then averaged for
the day. The vapor pressure of the water surface
(e¢) was based on the mean 24-hour temperature
(average of maximum and minimum). The derived
constants are strictly applicable only when the vapor-
pressure difference is computed as stated. The sub-
stitution of 6-hourly observations for 3-hourly in
computing e, should have little effect on the results.
However, computation of the mean daily water tem-
perature by any other method may produce a slight
bias in computed evaporation.

Days with rain were excluded from the correla-
tion because of the poor reliability of the evapora-
tion data during such periods. The records prior to
12 June 1950 were excluded because of the change
in time of observation, and periods when the pans
were frozen could not be used because only accumu-
lated evaporation was observed and water tempera-
tures were not available. The fact that the Class A
pan was occasionally frozen over when the sunken
pans were ice-free accounts for the difference in
number of observations used.

it will be noted from the table that the wind
factor (b) displays but little variation from pan to
pon as compared with the other constant (a). Water
temperatures in the different pans, as indicated by
values of (ep — e,), are consistent for the over-all

periods used. However, with respect to comparative
analysis of the data presented in table 26, it should
be pointed out that the data used for the various
pans were not altogether concurrent.

A pan relation based on water temperature is
limited in application because water-temperature
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Figure 95. Relation for Class A pan at south station, lake
Hefner, using water temperature.

TABLE 26. Evaporation Relations [E = (eo — e,) (a + bu)] for Pans at South Station.

Days Standard Error Daily Average*
Pan of Correlation of Estimate Evap. ey —e, Wind
Type Record a b Index inches % ofavg. (in.) (in.Hg) (mi/day)
Class A 266 0.417 0.0040 0.92 0.053 18 0.294 0.324 1224
BPI 288 0.253 0.0040 0.91 0.040 19 0.211  0.295 125.0
Colorado 285 0.212 0.0044 0.89 0.050 22 0.229 0.320 126.0
Screened 292 0.104 0.0044 0.86 0.049 24 0.203  0.337 ‘1258

* For number of days shown in second column.
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data are seldom available and, when this element 1s
observed, pan evaporation is naturally observed as
well. Nevertheless, such a relation is of value in pan-
to-pan and pan-to-lake studies, as is demonstrated
subsequently, and it is reasonably applicable for ex-
tended periods (e. g., monthly) if the air temperature
is assumed to equal the water temperature in the
pan (Linsley, et al., 1949).

Energy-Balance Approach

Pan-water temperature obviously depends on a
number of factors which affect the heat exchange
between the sun, atmosphere, earth, and pan. From
an energy approach, water temperature should cor-
relate highly with air temperature, solar radiation,
evaporation, and wind, all of which are readily
observed. Thus, by assuming numerous functional re-
lations, application of least-squares analysis should
facilitate selection of a reasonably reliable regres-
sion. The required functional relation was known to
be complex and of a form unsuited to least-squares
analysis with water temperature as the dependent
variable. Accordingly, resort was made to an ap-
proximate equation of energy balance to derive a
suitable regression relation.

The concept of combining the aerodynamic and
energy approaches for treatment of the evaporation
problem was used by Jacobs (1942) in considering
ocean evaporation, and by Penman (1948) for small
water bodies. Basically, the two equations involving
water temperature and evaporation are combined
to eliminate the need for water-temperature observa-

tions. Assuming the char;ge in heat storage ot the
water body to be negligible, Penman derived the
equation

1

E= x (Qn & + yEo) (106)

Y

where A is the slope of the saturation-vapor-pressure
vs temperature curve (de;/dT) at the air temperature
To; E, is the evaporation given by equation (104)
or (105), assuming water temperature equal to air
temperature; Q, is the net radiant energy expressed
in the same units as those of E; and vy is defined by

the equation ,
R=y (E—_Ta_) 107)

€y — €4

in which R is Bowen’s dimensionless ratio (see section
of report on “Energy-Budget Studies”). If evaporation
and convective transfer of sensible heat are restricted
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to equivalent, identical surfaces, it can be shown that
vy = 0.010 (P/Po) inches of mercury per °F, where
P and P, are actual and standard atmospheric pres-

- sures, respectively.

Penman used an equation in which
Q. =f (Qst R, Tar €4, C) (108)

where Q, is short-wave radiation from sun and sky,
R: is the reflection coefficient for the surface, and C
is the cloud cover in tenths.

Equations (106) and (108), with the coefficients
presented by Penman, are admittedly not strictly ap-
plicable to a Class A pan, but assuming the form of
equation (106) to be applicable, pan data were
correlated with meteorological elements by the co-
axial, graphical technique (Linsley et al., 1949) illus-
trated in figure 96. First assuming the standard valve
(0.01) of y, curves were constructed in quadrants
Il and 11l (light, dashed lines) directly from equation
(106) so that the entering axis of Il represents Q, A
and the final axis of lil is E. Since A is a function of
T, only, and this factor in conjunction with solar
radiation Q; constitutes a reasonably reliable index
of Q,, the duta were plotted in quadrant ! to define
the relation between Q, A, Q,;, and T,. That is, the
chart sequence was entered in reverse order with
E, T,, and E, [thus solving Q, A = EA + y (E — E,)];
values of Q, A were plotted against T, in quadrant |;
the points were labeled with values of Q;; and a fam-
ily of curves (light, dashed lines) was drawn to fit the
plotted data. Values of E, are those obtained from
the inset relation in the upper left-hand quadrant
which, incidentally, is the Class A relation of figure
95 with T, substituted for T,.

Since evaporation can occur only from the water
surface while convective transfer of sensible heat
takes place at the sides and bottom of the Class A
pan as well, y would be expected to have a value
greater than that originally assumed (0.01). Accord-
ingly, values of Q, A were computed from quadrant |
for each day and, using these data, the values of y
required to satisfy equation (106) were determined.
The derived values of y appeared to be independent
of wind, averaging about 0.025. Curves in quadrants
Il and Il were then revised to make y = 0.025
(heavy, solid curves); data were again plotted in
quadrant |; and the radiation curves were revised for
the larger value of y (heavy, solid curves). The final
relation, based on data for 246 days without rainfall,
has a correlation index of 0.96, and the standard
error of estimate is 0.038 in. (13 per cent of the
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Figure 96. Relation for Class A pan at south station, lake
Hefner, using energy balance approach.

average evaporation for those days used in the
analysis).

How well the relation will fit the data for other
localities is not yet known, but data from eight first-
order Weather Bureau stations equipped with Class
A pans are being assembled for this purpose. Ad-
mittedly, y is a function of pressure; and vapor
pressure and cloud cover (equation 108) are neg-
lected so far as Q, is concerned. However, it is be-
lieved that these omissions will not materially affect
the general applicability of the relation for low-level
stations. In mountainous regions, y will undoubtedly
require adjustment for reduced pressure.

QA

Figure 97, which is based on evaporation from
the BPl pan, was derived in the same manner as
figure 96. As would be expected, the value of y for
this pan is less than for the Class A pan (0.015 as
compared to 0.025). It should be realized, however,
that the value of y, among other things, depends
to some extent upon the type of material used in
fabricating the pan because of the resulting effect
on conduction.

The relation of figure 97, based on 288 days of
record, has a correlation index of 0.86 and a stand-
ard error of estimate of 0.049 in. While the energy-
balance approach yields a higher correlation for the
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Figure 97. Relation for BPl pan at south station, Lake Hefner,

Class A pan than was obtained when using water
temperature, the correlation index for the BP! pan
dropped from 0.91 to 0.86. Redlizing that the re-
duced correlation index was at least partially the
result of heat storage in the relatively deeper, sunken
BPI pan, the errors in computed daily evaporation
were plotted against the changes in pan-water-
surface temperature as shown in figure 98. The de-
gree of correlation indicates that changes in heat
storage cannot be assumed zero for the BPlI pan
when considering daily evaporation.

There is little doubt that similar relations could
be developed for other types of pans. Moreover,
it may be possible to apply a similar approach di-
rectly to a lake if some means can be found for
extrapolating changes in heat storage in a fashion
somewhat like that employed for water storage in
streamflow routing.
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using energy balance approach.

LAKE EVAPORATION AND
METEOROLOGICAL FACTORS

In the previous section it was shown that daily
pan evaporation could be estimated from water
temperature, vapor pressure of the air, and wind
movement. It was visualized that if a similar relation
could be developed for lake evaporation, the two
could be compared for the purpose of analyzing
the differences between pan and lake. Evaluation of
similar equations derived by Rohwer (1931), Meyer
(1942), Folse (1929), Hickox (1946), Horton (1917),
and Sleight (1927) from less detailed information
would also become possible.

With these objectives in mind, correlations were
made with several combinations of data and assumed
wind functions. The results of this analysis are pre-
sented in table 27.

MEAN DAILY AIR TEMPERATURE IN *F



The regression constants yield evaporation in
inches per day with v in miles per day and vapor
pressures in inches of mercury. Water temperature
and 4-meter wind at the barge station were used
in all six correlations, and dewpoint was taken at the
2-meter level for the barge or upwind station as in-
dicated. Since the rate of evaporation at any instant
is proportional to the corresponding instantaneous
value of (eg — e;) * f(u), best results should be ex-
pected when daily evaporation is related to the
average value of (e — e,) - Fu) rather than daily
averages of (ep — e,) and u. Accordingly, 3-hourly
means of (e — ;) and (eq — e,) u were averaged
for the day and used in solving for regression con-
stants. To determine the relative accuracy of the
shorter method, the data used for line 5 of table 27
were reanalyzed using daily means of Ty (to obtain
e¢), €q, and u. The resulting values of a and b were
0.064 and 0.00250, respectively, and the correlation
index was 0.952. Thus, it is seen that the simpler
approach is essentially as reliable, although the re-
gression constants are slightly different. This con-
clusion cannot be considered necessarily of general
application, however, since it is dependent upon the
amplitude of diurnal fluctuations in (e — e,) and v,
as well as any difference in phase.

The selection of 2-meter dewpoint and 4-meter
wind in the correlations of table 27 may appear
somewhat arbitrary. It was believed that the 2-meter
dewpoint (lowest level of observation) should con-
stitute a reliable index to the vapor-pressure gradient
near the water surface. Moreover, dewpoint obser-
vations taken in a standard Weather Bureau shelter
(ground exposure) are at approximately the 2-meter
level. The barge relations were developed first and,
since it seemed possible that the barge itself might
affect the wind observed at the 2-meter level, it
appeared advisable to use the 4-meter wind. Ac-
tually, the levels selected are rather immaterial,
since the resulting equations can readily be con-
verted through analysis of the observations at dif-
ferent levels.

It will be noted that some correlations were made
in which the coefficient o was assumed to be zero
(lines 3 and 6 of the table), and others in which it
was assumed to have a value other than zero. The
latter are in the form of equation (104), while the
former correspond to equation (105) with n equal
to unity. Statistically, the derived values of a are not
significantly different from zero and, therefore, may
partially result from the tendency for imperfect cor-
relation to reduce the slope of regression. Correla-
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Figure 98. The effect of heat storage in the BPI pan.

tions using the same data as for line 2, assuming
various values of n, and solving for corresponding
values of ¢ in equation (105), did not yield a correla-
tion index greater than that obtained for equation
(104). Thus, the Lake Hefner data provide little to
support preference for either equation.

By assuming equilibrium conditions and substi-
tuting reasonable values in the standard diffusion

TABLE 27. Equations for Lake Evaporation, E = (e9 — e;) (o 4 bu)

Days Pertod Standard Error
of of Dewpoint Correlation of Estimate
Record Record Station a b Index m
1 14 Apr 1950-Aug 1951 Barge  0.069 .00268 0.942 0.039 22
2 113 Sep 1950-Aug 1951 Barge 0.051 .00287  0.957 0.035 20
3 115 Sep 1950-Aug 1951 Barge  0.00* .00304 0.956 0.035 20
4 141 Apr1950-Aug 1951  Upwind 0.082 .00234  0.941 0.039 22
5 N5 Sep1950-Aug 1951 Upwind 0.068 .00246  0.954 0.036 2
6 115 Sep1950-Aug 1951  Upwind 0.00* .00270  0.952 0.037 22

* Assumed to be zero.
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equation, it can be shown that evaporation should
essentially cease when there is no wind (see section
on “Mass-Transfer Studies”). Nevertheless, the pos-
sibility that a is significantly greater than zero can-
not be dismissed by showing that evaporation from
a large water body is insignificant under equilibrium
conditions when v = 0. Other facts to be considered
are:

1. The anemometers in use, although probably
the best commercially available, have a starting
speed of approximately 1.5 mph in laboratory tests.
Thus, on days with light winds the true speed may
be greater than observed — a systematic error which
tends to increase the statistically derived value of a.

2. Because of insufficient ventilation, the true
wet-bulb temperature is lower than the observed
during relatively calm periods by an amount de-
pending upon wind speed (see fig. 10 of reference
1 and section on “Instrumentation”). Since the error
is negligible for wind speeds in excess of 0.5 mph,
this effect is probably not appreciable, but would
tend to increase the constant a.

3. During daylight hours when solar radiation
is heating the water, evaporation into still air would
occur primarily not by diffusion through a deep layer
of air, but by natural convection created by (a)
the temperature difference between the water and
the air, and (b) the difference in the densities of the
evaporated water vapor and the surrounding air.

It should be pointed out that the derived con-
stant a is much larger for the pans (except the
screened) than for the lake. This is to be expected
because of the lip effect and because items (1) and
(3) above become much more important in the case
of the pans. With respect to item (1), the pan an-
emometer is at a lower level where the velocities are
smaller, and with respect to item (3), some natural
convection can occur directly over a pan without
registering on the anemometer.

Referring again to table 27, it should be noted
that the data are identical for correlations (1) and
(2), and for correlations (4) and (5), except for the
record periods. Analyses were first made using all
days with A water-budget data. From examination
of the resultant errors, it appeared that the records
of surface-water temperature of the first few months
were not as reliable as those of the later months
and, accordingly, the regression equations were re-
computed using only the last full year of data. The
correlation indexes based on the last full year of
record are significantly higher than those for the
total period.
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Correlations (4), (5), and (6) are equivalent to
(1), (2), and (3), respectively, except that the dew-
point of the upwind station was substituted for that
at the barge station. To the extent that evaporation
at the barge can be considered to equal the average
over the lake, the first three regressions represent
point evaporation formulas. The three based on up-
wind dewpoint are in every sense geared to a lake
the size of Hefner, and the regression constants may
therefore require adjustment if the lake dimensions
change appreciably.

Conclusions expressed in the literature vary con-
siderably as to the effect of lake size, or downwind
dimension, on the average rate of evaporation per
unit area. Rohwer (1931) concluded that size has
no appreciable effect for diameters in excess of 12
feet; Hickox (1946) derived an equation in which
evaporation varies as the —0.25 power of diameter;
Albertson, in a discussion of Hickox's paper, stresses
the effect of assumed boundary conditions; and
Sutton’s equation (Anderson, Anderson, and Mar-
ciano, 1950) gives —0.11 power of diameter when
the lapse rate is adiabatic. Data reported by Young
(1947) on sunken pans follow —O0.11 power for
diameters of 2 to 12 feet, while for similar data
collected by Sleight (1917) the power is more nearly
—0.14. Figure 99 shows the data of Young, Sleight,
and Rohwer, as well as several points for lakes. In
those cases where 12-foot pan data were not avail-
able for comparison with lake data (such as the
Hefner case), the points are based on data from
other pans as explained in the notes.

Figure 99 indicates (within the range of data)
that the evaporation from the relatively large lake
is approximately equivalent to that from the 12-foot
sunken pan. Moreover, examination of the figure will
show that the only manner in which lake size could
have any appreciable effect would require that evap-
oration from a 12-foot natural lake be considerably
greater than that from the 12-foot pan. Since pans
in general overestimate lake evaporation because
of lip effects and heat conduction characteristics, it
seems reasonable to conclude that lake size (within
the range of interest) has no appreciable effect on
the rate of evaporation. It should be noted, however,
that this conclusion does not agree with fig. 44, based
on Millar's (1937) theory.

If it is assumed that the rate of evaporation is
essentially independent of lake size within the range
of interest, the upwind regression for Lake Hefner
may be reasonably reliable for other lakes providing
representative observations of water temperature,



4-meter wind, and 2-meter dewpoint are available.
Moreover, there is frequently a high degree of cor-
relation of dewpoint and wind as observed at differ-
ent sites within a limited area, so that a relatively
small number of observations of these elements at
the lake, when related to data from a nearby me-
teorological station, may be sufficient for estimating
average annual or monthly evaporation. The reli-
ability of such an approach can, of course, not be
determined until verification data are available for
numerous additional lakes. As a matter of interest,
mean daily Lake Hefner observations were correlated
with data for Will Rogers Airport (WBAS) with the
following results:

4-meter barge wind = 0.82 WBAS wind;
2-meter upwind vapor pressure = 0.96 WBAS vapor

pressure.

The correlation coefficient for the wind relation is
0.935, and that for vapor pressure is 0.994; the
standard error of estimate for the wind relation is
1.8 mph, and for vapor pressure 0.025 in. of mer-
cury. Both analyses were based on 479 days of
record.

It will be noted that equation (58) in the “Mass
Transfer” section is similar in form to the empirical
equations shown in lines (3) and (6) of table 27. The
question naturally arises as to how nearly these
equations agree when reduced to the same units
and levels of observation. To facilitate such com-
parison, the following relations were derived from
approximately 40 days of data selected at random:
(eo — e;) for 2-meter level = 0.91 (ep — e,) for
8-meter level, and

Ug = 0.90 us.

Using these equations and converting to proper units,
the value of b in line (3) of table 27 becomes
6.5 X 10—* compared to the value of 6.25 X 10—*
given in equation (58). This converted value of
6.5 X 10—* is based on the last 12 months of
record. Basing the computations on the full period
of record (b = 0.00292) yields a converted valve of
6.2 X 1014,

PAN VS LAKE EVAPORATION

The practice of applying a coefficient to pan
evaporation to estimate that occurring from an adja-
cent lake is of long standing, even though the reli-
ability of this approach has always been sybject to
question. Coefficients derived and recommended by
various investigators are summarized in table 24,

and results for the Lake Hefner experiment are pre-
sented in table 28.

There are several ways in which pan-to-lake
coefficients can be computed for an experiment such
as that at Lake Hefner, all of which merit considera-
tion. The first approach is to use all observed data;
second, to use only those data which are considered
reliable; and third, to adjust all data which are
believed to be in error.

If the errors in observed daily evaporation were
randomly distributed, and if each weather event had
an independent effect on evaporation, then all three
approaches should give reliable and comparable
results. However, this is not the case with respect
to lake and pan evaporation. For example, the errors
in pan evaporation brought about by water splashed
out during periods of rain and high wind are always
in the same direction, Similarly, during periods of
heavy snowfall accompanied by high wind, the
precipitation gage underestimates the amount of
snowfall and this, in conjunction with the blowing
snow trapped by the lake, results in an underestimate
of lake evaporation as computed by the water
budget. In the case of a pan, the effect of a par-
ticular weather event on evaporation is relatively
independent of antecedent weather, largely because
of its limited heat capacity. In the case of the lake,
however, the evaporation occurring on one day is not
independent of antecedent weather because the tem-
perature of the lake is a function of the energy
exchange over a considerable period of time. This
carry-over effect results from the larger heat capacity
of the lake. The large difference in heat capacities of
the pan and lake produces marked variations in the
daily pan coefficients during periods of changing
weather. The elimination of questionable data would
probably yield reliable annual coefficients except for
the fact that the correlation between weather events
and reliability of evaporation data produced biased
results. In view of these facts, it would appear that
pan coefficients should be based on continuous
records adjusted where necessary for apparent dis-
crepancies which would create a bias. Accordingly
daily pan and lake evaporation were computed by
applying the empirical relations described previously
in this section. The computed values were substituted
for observed data when the differences were large,
provided the source of the errors could be ac-
counted for.

Examination of the Lake Hefner pan evaporation
data indicates that unreasonably high evaporation
was frequently observed for the Class A pans during
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TABLE 28. Summary of Monthly Pan and Lake Evaporation and Monthly and Annual Pan-to-Lake Coefficients.
(Lake Hefner Experiment)

Evaporation (inches)* Pan Coefficients
Class A Pan Class A Pan
NE Sta. NESta. SW S S
Mo. Year No.1 No.2 Sta. Sta. Avg** | BPl Colorado Screened Lake | Sta. Avg** | BPlI Colorado Screened
May 1950 9.04 8.10 853 913 8.90 - 6.60 5.66 3.141] 034 035 - 0.48 0.55
Jun 1072 10.28 10.24 10.98 10.65 8.38 856  7.08 635 | 0.58 0.60 | 0.76 0.74 0.90
Jul 777 7.61 752 7.54 7.61 5.64 5.93 5.00 543 1072 o 0.96 0.92 1.09
Avg 8.42 8.05 8.18 8.41 8.34 6.62 6.65 5.19 6.83 | 0.81 0.82 | 1.03 1.03 1.32
Sep 6.13 5.97 6.11 596 6.07 4.76 4.81 4.32 565 | 095 093 |19 117 1.31
Oct 7.32 7.1 7.00 7.32 7.21 538 5.94 5.51 6.51 | 089 090 [ 1.21 1.10 1.18
Nov 4.53 436 449 456 4.53 3.83 4.6 4.59 599 | 1.31 132 | 1.56 1.44 1.31
Dec 256 245 277 270 2,68 2.08 2.21 2.81 284 [ 1.05 1.06 | 1.37 1.29 1.01
Jan 1951 3.06 3.04 336 3.34 3.25 2.61 3.24 3.15 247 | 074 0.76 | 0.95 0.76 0.78
Feb 3.34 322 339 338 337 | 202 2.15 2.31 0.44 | 013 0.13 | 0.22 0.20 0.19
Mar 6.48 6.26 698 6.4 670 5.3 5.72 5.67 3.39 | 0.51 051 | 0.66 0.59 0.60
Apr 9.02 8.6 9.05 872 893 6.44 7.53 6.87 3.44 { 039 039 | 0.53 0.46 0.50
May 8.66 8.13 8.19 837 8.41 6.18 7.05 6.13 4.40%| 0.53 0.52 | 0.71 0.62 0.72
Jun 9.06 870 874 937 9.06 6.95 7.87 6.43 5.87 | 0.63 0.65 | 0.84 0.75 oNn
Jul 1163 11.05 1055 11.29 1116 8.45 9.39 7.88 7.18 | 0.64 064 | 0.85 0.76 0.91
Aug 1258 12,11 12,09 1225 1231 9.18 10.08 8.90 8.83 | 0.72 0.72 | 0.96 0.88 0.99
Annual Totals
Jun-May 7792 77.75 | 59.07 63.95 58.63 5375 | 0.69 0.69 | 0.9 0.84 0.92
Jul-Jun 7631 7616 | 5764 6326 5798 5327 | 070 070 092 0.4 0.92
Aug-Jul 80.06 79.71 | 60.45 66.72 60.86 55.01 | 0.69 0.69 | 0.91 0.82 0.90
Sep-Aug 83.90 83.68 | 63.01 70.15 64.57 57.01 | 0.68 0.68 | 0.90 0.81 0.88
Evaporation amounts and coefficients based on observed data, eliminating all days (approx. 14%) requiring
Annual Totals adjustment for either pan or lake evaporation.
Jun-May 68.92 68.50 | 51.66 56.23 51.58 4795 | 070 0.70 | 0.93 0.85 0.93
Jul-Jun 65.64 6530 | 49.11 54.17 50.10 46.82 | 0.71 0.72 | 0.95 0.86 0.93
Avg-Jul 70.55 70.09 | 52.49 58.23 53.47 4896 | 0.69 0.70 | 0.93 0.84 0.92
Sep-Aug 7421 73.82 | 54.90 61.33 56.78 50.34 | 0.68 0.68 | 0.92 0.82 0.89
Annual Totals Evaporation amounts and coefficients based on observed water-budget and pan data for full period.
Jun-May 80.59 81.01 | 58.81 64.36 58.40 52,67 | 0.65 . 0.65 |} 0.90 0.82 0.90
Jul-Jun 79.48 7976 | 57.74  64.00 57.52 52.19 | 0.66 0.65 | 0.90 0.82 0N
Aug-Jul 83.61 83.46 | 60.86 67.73 60.29 5287 | 0.63 0.63 | 0.87 0.78 0.88
Sep-Avg 87.65 8776 | 63.58 71.20 - 64.03 5431 | 062 0.62 | 0.85 0.76 0.85
Partial Yr. Totals Evaporation amounts and coefficients -based on adjusted water-budget and pan data.
Jun-Oct 40.21 39.88 | 30.78  31.89 2710 3077 | 0.76 0.77 |1.00 0.96 1.14
Nov-May 3771 37.87 | 28.29 32.06 31.53 2297 | 0.61 0.61 |0.81 0.72 073
May-Oct 4934 48.78 - 38.49 3276 3391 | 0.69 0.70 - 0.88 1.04

* Except as noted otherwise, the pan evaporation listed in this table has been corrected for splash-out, and the lake evaporation has
been adjusted during periods of high inflow or blowing snow as explained in the text.
** Average of all Class A pans except NE No. 2, which was installed for comparative purposes.
t Records missing for 7 days. Monthly total obtained by adding computed values for missing days and adjusting D" days adjacent
to the missing days.
$ Computed value used for one day of missing record. Further adjustments given in text.
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periods of rain, particularly when accompanied by
high winds. Raindrop splash and wave action, as
well as pan overflow, are the probable causes. Ac-
cordingly, evaporation was computed for all pans
from relations of the type shown in figure 95 for
each storm period. The computed values were then
compared with the observed data and substituted
therefor when discrepancies were apparent. All
monthly data in table 28 were adjusted in this
manner.

The total observed and adjusted evaporations in
inches at the south station for the 16-month period
are as follows:

Observed Adjusted

Class A ............ 124.48 119.96
BPl ......oiiininnn 83.92 83.66
Colorado ........... 99.18 97.87
Screened ........... 86.34 87.50

-Records for the Class A pan required adjustment on
48 days; the adjustment was in excess of 0.20 in. on
nine days; and for one exceptionally windy day when
the pan was nearly full, the adjustment was 0.47.
Apparently, about as much water (and silt) splashed
into the sunken pans by raindrop impact as was
splashed out. Since only the screened pan required
an upward adjustment, it is possible that the screen
reduced the splash-out of rain falling into the pan,
but has essentially no effect on splash from the
ground surface into the pan.

The computed lake evaporation was substituted
for the observed only for those few periods when the
reliability of the woter budget could be questioned
because of (1) heavy precipitation accompanied by
considerable local runoff, (2) high inflow from the
intake canal, and (3) heavy snowfall with high winds.
Most of those water-budget days which were desig-
nated as C or D were so classfied because of the
error in determining mean daily change in lake level
brought about by variations in the wind pattern over
the lake. Generally speaking, errors of this type are
compensating and, therefore, need not be considered
when evaluating monthly and annual evaporation.
This is not necessarily true when such days precede
or follow a period for which adjustments are made,
since the compensating day (or days) may fall within
the adjusted period. In each case, adjustments were
made for periods between days classified as A or B.
Following is a list of the periods for which adjust-
ments were made and the reasons for the apparent
errors:

Period Remarks
7-14 May 1950 Missing water-budget data.
17-19 May 1950 Missing water-budget data.

17-21 July 1950 High inflow through intake

canal,

24-26 July 1950 High inflow through intake
canal.

18-20 August 1950  High inflow through intake
canal,

12-16 February 1951 Snow accompanied by high
wind and low temperature.

' 19-21 February 1951 High inflow through intake

canal and heavy rainfall.
29 April-1 May 1951 Heavy rainfall — culvert weirs
overtopped.
Heavy rainfall and high inflow
through intake canal.
17-22 May 1951 High inflow through intake
canal and heavy local runoff.
Missing water-budget data.

8-11 May 1951

27 May 1951

Comparison of the adjusted monthly lake evapora-
tion values in table 28 with the observed water-
budget amounts listed in table 1 shows substantial
differences for individual months, although the 16-
month totals agree reasonably well (78.76 in. for the
adjusted data, and 78.30 in. for the observed water-
budget data). The adjusted value of 0.44 in. for
February 1951 is of particular interest, since the
water budget shows a negative evaporation (con-
densation) of 0.638 in. for the month. Thus, the
adjustments for two brief periods (12-16 and 19-21
February) account for a change of 1.08 in. in the
month’s total. Since the total evaporation for the
remaining 20 days of the month computed from the
lake relation is within 0.1 in. of the observed water-
budget data, it is apparent that there is no pro-
nounced bias during this season of the year.

All monthly data and coefficients in table 28
are based on adjusted pan and loke evaporation as
described in the preceding paragraphs. The moving

annual coefficients immediately below the monthly

data and the seasonal coefficients at the bottom of
the table are also based on adjusted pan and lake
evaporation, The other two sets of annual coefficients,
based on (1) only those days which did not require
pan or lake adjustment, and (2) observed pan and
lake data for the full period, are given in order that
a comparison may be made of the three approaches.
It will be noted that the first two sets of annual
coefficients agree rather closely. However, this is not
the case on a monthly basis; for example, the ad-
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justed data give a June Class A coefficient of 0.65,
whereas the selected data (23 days) give a value
of 0.76.

Table 28 shows that the range in monthly coeffi-
cients is greater for all Lake Hefner pans than is the
case for Lake Elsinore, Lake Okeechobee, and the
85-ft reservoir at Ft. Collins, Colo. This great range
is undoubtedly caused partially by the sequence of
weather during the Lake Hefner experiment. Never-
theless, there is little doubt that pan coefficients for
Lake Hefner are normally much higher in late fall
than in early spring because of the lag between pan
(or air) and lake temperature. The limited data avail-
able for relatively few lakes indicate that the range
is greatest for deep lakes in localities with large
annual range in temperature.

Examination of tables 24 and 28 reveals varia-
tion in annual and warm-season coefficients of appre-
ciable magnitude. The obvious question arises as to
whether or not this variation is indicative of the re-
liability of the approach. There is, of course, the
possibility that the variations can be explained and
used to advantage. Among the possible causes of the
indicated variations are:

1. Errors in lake evaporation (water budget).

2. Variations in observational practice at pan
stations.

3. Variations from standard enclosure.

4. Variations in pan exposure, particularly with
respect to the lake.

5. Differences in lake size and depth.

6. Geographical variations in climate.

7. Difference between part-year and annual co-
efficients.

Sufficient, reliable pan-vs-lake evaporation data
should provide a means of evaluating these various
factors, although in the case of climatic variations it
may be necessary to resort to geographical differ-
entiation. To be sure, little would be gained by the
coefficient approach if the required water-budget
data were sufficient of themselves to estimate evapo-
ration reliably from all other existing and proposed
lakes, but this is believed not to be the case. For
example, if the Class A coefficient were assumed to
be 0.70 for those lakes shown in tables 24 and 28,
the extreme indicated error in mean annual lake
evaporation would be about 12 per cent and, if this
could be reduced by half through consideration of
one or more of the factors listed, the coefficient ap-
proach would undoubtedly provide the required
accuracy in estimating mean annual evaporation
from existing and proposed lakes and reservoirs.
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Discussing the seven items in the order listed,
the accuracy of water-budget data from natural lakes
is often in question because the magnitude of inflow
and outflow seepage is not known. Although the

. water-budget data for Lake Hefner are exceptionally

accurate, the data represented in table 24 were
derived in a somewhat less rigorous manner. It is
obvious, therefore, that a considerable portion of
the variation in pan coefficients may be the result of
incorrect lake evaporation. A detailed discussion of
the effects of variations in observational practice at
pan stations is not presented here, since they have
been described in several previous publications
(Hickox, 1946; Rohwer, 1931; Young, 1947; “Evapo-
ration from Water Surfaces,” 1934).

The effect of variations from standard exposure
of the pan and related instruments is amply shown
by the differences in evaporation and wind observed
at the two northeast Lake Hefner stations. Quite the
opposite of what might be expected, the site with
least obstructions consistently recorded lower wind
movement at pan height and, as a consequence, less
evaporation by 4.3 per cent. Anemometers were in-
terchanged to check possible instrumental deficiencies
and observations made upwind from the enclosures
showed no appreciable difference between the sites.
Apparently, the obstructions at the site with standard
layout create turbulence with a net transport of
momentum downward to anemometer height.

Wind is probably the most important factor to

-be considered in selecting a pan site representative of

a particular lake, since it has an appreciable effect
upon pan evaporation, and it can be extremely
variable over a relatively small area. If wind at the
pan site is appreciably less than over the compara-
tive lake, the true pan coefficient would necessarily
be relatively high.

Figure 99 indicates that lake area has. little
effect on the rate of evaporation (depth per unit of
time), although the data are admittedly insufficient
to be conclusive. Depth of water, on the other hand,
quite definitely influences the monthly coefficients —
the greater the depth, the greater the range. Thus,
part-year, or seasonal, coefficients must be related to
lake depth. Although mean annual coefficients are
not greatly affected by depth, it appears that they
decrease as depth increases and as the annual air
temperature range increases.

There is, of course, the possibility that the pan
coefficients vary from region to region because of
variations in climatic factors and this is frequently
advanced as a reason why pan coefficients cannot be
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relied upon, If, however, the effect is not pronounced
— and the rather minor variations observed in pan
coefficients indicate this to be the case — rather
limited pan-vs-lake data should provide the means
for showing the variation geographically by isolines
on a map.

Finally, it should be pointed out that coefficients
based on part-year data are apt to be quite erratic
because of the seasonal variation brought about by
heat storage in the lake. That they should not be
used as annual coefficients is demonstrated by the
last three lines of table 28. Except for the close
agreement of the annual and the May-October coeffi-
cient for the Class A pan, the part-year coefficients
for all pans are considerably different from the
annval values.

The preceding discussion has been directed
toward evaluation of the pan-coefficient approach to
estimating annual or mean annual lake evaporation.
Observations demonstrate conclusively that the co-
efficients vary throughout the year and that the mean
annual coefficient cannot be used to estimate monthly
lake evaporation. To provide a ready basis for dis-
tributing annual -evaporation computed from annual
pan coefficients, the Class A equation in table 26
and the fifth equation in table 27 were combined
as shown in figure 100. Since the wind data used in
developing the two relations were different, it was
necessary to relate wind at the pan to that at the
barge (4-meter level). It will be seen that while the
pan coefficient is a nonlinear function of wind, the
effect is not great within the range of winds normally
experienced, particularly for periods as long as a
month. It should be pointed out that the relation of
figure 100 is based on daily data and, because of
the nonlinear effect of wind, application to monthly
average data will result in an overestimate of the
annual evaporation.

It is evident from table 28 that the coefficient
for a particular month may vary considerably from
year to year, even though the annual coefficient is
reasonably stable. Variations in weather, coupled
with the large heat capacity of the lake, can produce
an appreciable seasonal shift in the monthly coeffi-
cients, Consequently, the monthly coefficients derived
for the sixteen months of record at Lake Hefner may
actually deviate considerably from the normal values.
Moreover, even if normal coefficients were available
for Lake Hefner, they would not necessarily be ap-
plicable to other lakes. To provide a means for dis-
tributing estimated annual evaporation, figure 101
was developed assuming that the seasonal march in
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coefficients is wholly the result of temperature lag
between the pan and the lake. While figure 101
is quite similar to figure 100, the data plotted were
computed on @ mean monthly basis (evaporation,
wind, water temperature, and dewpoint). It will be
noted that the data display a moderate seasonal
trend, but that the effect of wind is unimportant
within the small range of speeds observed.

Figure 101 provides a means of estimating the
monthly pan coefficients from observed pan and lake
water-temperatures and dewpoint. Pan water-tem-
peratures  have not normally been observed at Class
A evaporation stations, but can be computed by
entering a relation of the type shown in figure 95
with observed pan evaporation, wind, and dewpoint.
In most cases, it will be necessary to use dewpoint
data from a nearby meteorological station. Lack of
lake surface-water-temperature data constitutes the
major obstacle to the application of figure 101.
However, most approaches to the evaporation prob-
lem require surface-water-temperature data and,
therefore, it would seem that a program for initiating
nation-wide observations would be justified.

RELATIVE EVAPORATION FROM
PANS OF VARIOUS TYPES

Because several types of evaporation pans are
rather widely used in this country, numerous inves-
tigations have been conducted (Rohwer, 1931; Sleight,
1917; Young, 1947) to determine the relative evapo-
ration from each. The results of many of these experi-
ments are listed in table 25 in the form of ratios.
In addition to ratios taken from references at the end
of this chapter, values have been derived from pub-
lished and unpublished data in Weather Bureau files.

It will be noted from the footnotes that some
of the values are based on part-year data and, in
most cases, the record periods are short. Considering
these facts, the ratios are amazingly consistent — six
determinations of BPl to Class A ratio in Texas and
California average 0.797 with a maximum departure
of 4 per cent. The three lowest values of 0.69, 0.75,
and 0.77 are all based on part-year data, while all
larger values are computed from full-year data.
Whether the low ratios for Denver (0.75) and for Ft.
Assinniboine (0.69) are entirely the result of cli-
matic factors or, to some extent, of the use of part-
year data cannot be determined with the limited
records available.

Monthly and annual pan-to-pan ratios for the
Lake Hefner observations are listed in table 29. It
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will be noted that two sets of ratios are listed; the
first column in each block is based on data corrected
for splash-out as described earlier in the section; the
second column is based on incomplete data, eliminat-
ing those days when splash-out occurred. While the
paired monthly values show minor discrepancies, the
annual values are essentially equivalent.

Minor seasonal fluctuations may exist, but they
are masked by other variations, except in the case
of the screened pan. Ratios of the screened pan to
each of the other pans show a definite seasonadl
march, with the maximum occurring in December and
the minimum in June. Apparently, the screen affects
the exchange of radiant energy (and convective
transfer). It might be expected that the Class A pan
© with its vertical sides exposed to a maximum of
winter solar radiation would display the opposite
trend, but this is not borne out by the data for Lake
Hefner.

Relations of the type shown in figures 96 and
97 should be of considerable value in studying the
relative evaporation from different types of pans
under specified conditions, particularly if they can
be shown to be generally applicable. For example,
the difference in y (pages 134 and 135) for the Class
A and the BPI pans apparently indicates that climatic
variations in wind would result in corresponding
variations in the pan-to-pan ratio. However, taking
an air temperature of 80°F, a dewpoint of 50°F, and
radiation of 500 cal em—2, figures 96 and 97 yield
a Class A to BPI ratio of 1.48 for u = 50 miles per
day, and 1.46 for v = 200 miles per day, indicating
little wind effect on the pan ratio. A rather thorough
analysis of this type is planned for the near future.

Comparing the Lake Hefner ratios of table 29
with the average ratios of table 25, it will be seen
that the values are reasonably consistent. The greatest
differences are in the ratios for the Class A to Colo-
rado and Class A to screened. Much of the discrep-
ancy in these values results from the determinations
at Henshaw Reservoir and Mansfield Dam.

CONCLUSIONS ON LAKE
AND PAN EVAPORATION

Before discussing the conclusions to be reached
from the Lake Hefner observations and the analyses

presented in this chapter, it seems appropriate to
emphasize the “inconclusive” nature of a single evap-
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oration experiment, at least with respect to the pan
approach. The Lake Hefner experiment has undoubt-
edly provided the most relioble data available in
an over-all sense, and has gone far in providing
substantiating evidence. Nevertheless, additional simi-
lar experiments must be performed under other cli-
matic regimes before the reliability of the empirical
approaches described can be accurately determined.
Nor can any conclusions be reached at this time as
to the relative reliability of the several empirical
approaches discussed. Possibly all should be con-
sidered if the problem at hand warrants.

The following is a summary of the more impor-
tant conclusions drawn from the material in this
section.

1. Measured pan evaporation is frequently
greater than true pan evaporation because of splash-
out and blow-out during periods of heavy rain and
high winds.

2. Differences in wind movement and pan evap-
oration at the two northeast stations indicate that
obstructions can increase wind at pan height and
thus increase the rate of evaporation by a few
per cent.

3. Comparative observations on the four types
of pans at Lake Hefner agree quite closely with data
obtained from other studies (tables 25 and 29).

4. Daily pan evaporation at Lake Hefner can
be accurately estimated from air temperature, solar
radiation, dewpoint, and wind using an energy-
balance approach in conjunction with equation (104).

5. No appreciable seasonal variation was found
in the pan-to-pan ratios for the Class A, BPI, and
Colorado pans at Lake Hefner, The ratio of the
screened pan to each of the other three, however,
does display a minimum near June and a maximum
in about December.

6. Annual pan coefficients based on Lake Hefner
data are reasonably consistent with those derived
from previous studies. The coefficients derived for
Lake Hefner from adjusted pan and lake data are:

Class A ....... 0.69
BPl .......... .0.91

Colorado ...... 0.83
Screened ...... 0.91

To indicate the magnitude of the splash-out adjust-
ment, the coefficients were computed using observed
pan data and adjusted lake data; the results were
as follows: the Class ‘A coefficient became 0.66, the
Colorado 0.82, the BP! 0.91, and the screened 0.91.



TABLE 29. Pan-to-Pan Ratios (Lake Hefner Experiment)

Pan lell
Pan X Class A BPI Colorado Screened
Ratio = Pan Y (South Station) (Sunken) (Sunken) (Sunken)
Jon 078 0.78 Jan 097 097 Jan 0.94 0.94.
Feb 0.60 0.56 Feb 0.64 0.63 Feb 0.68 0.64
Mar 0.77 0.74 Mar 0.86 0.82 Mar 0.85 0.80
Apr 074 077 Apr 0.86 0.87 Apr 079 0.79
*May 074 0.72 | *May 078 0.77 | *May 0.67 0.66
*Jun 075 074 | *Jun 0.81 0.80 | *Jun 0.66 0.66
Class A *Jul 075 074 | *Jul 081 0.81 | *Jul 0.68 0.68
(S. Station) *Aug 076 075 | *Aug 0.81 0.80 | *Aug 0.68 0.67
Sep 0.80 0.80 Sep 0.81 0.80 Sep 0.72 0.72
Oct 073 073 Oct 0.81 0.81 Oct 075 0.75
Nov 0.84 0.79 Nov 0.91 0.87 Nov 1.01 0.97
Dec 077 077 bDec 0.82 0.82 Dec 1.04 1.04
Ann. 0.75 0.74 Ann. 0.82 0.81 Ann. 0.75 0.74
Jan 1.28 1.28 Jan 124 124 | Jan 121 121
Feb 1.67 179 Feb 1.06 1.13 Jan 1,14 1.5
Mar 1.29 135 Mar 111 1M Mar 111 1.08
Apr 135 136 Apr 1.17 1.9 Apr 1.07 1.08
“May 135 139 *May 1.14 1.15 | *May 0.99 1.00
*Jun 133 135 *Jun 1.07 1.08 | *Jun 0.88 0.89
BPI *Jul 1.34 1.35 *Jul 1.08 1.10 | *Jul 091 0.93
(Sunken) |*Aug 1.31 133 *Aug 1.06 1.06 | *Aug 0.89 0.89
Sep 1.25 1.24 Sep 1.01 1.00 Sep 0.21 0.90
Oct 136 1.36 Oct 1.10 1.10 Oct 1.02 1.02
Nov 119 1.26 Nov 1.09 1.10 Nov 1.20 1.22
Dec 1.30 1.30 Dec 1.06 1.06 Dec 1.35 135
Ann. 133 135 Ann. 1,10 1.10 Ann. 1.01 100
g; Jan 1.03 1.03 Jan 0.81 0.81 Jan 0.97 0.97
& Feb 1.57 1.59 Feb 0.94 0.88 Feb 1.07 1.01
Mar 1.16 1.22 Mar 0.90 0.90 Mar 0.99 0.97
Apr 116 1.15 Apr 0.86 0.86 Apr 091 09
*May 1.28 1.30 | *May 0.88 0.87 *May 0.87 0.86
*Jun 124 1.25 | *Jun 093 093 *Jun 0.82 0.83
Colorado [ *Jul 1.24 1.24 | *Jul 093 09N *Jul 085 0.85
(Sunken) [*Aug 1.24 1.26 | *Aug 0.94 0.95 *Aug 0.84 0.84
Sep 1.24 1.24 Sep 0.99 1.00 Sep 0.20 0.90
Oct 1.23 1.23 Oct 091 09 Oct 093 0.93
Nov 1.10 1.15 Nov 0.92 091 Nov 110 .1
Dec 1.22 1.22 Dec 0.94 0.94 Dec 1.27 1.27
Ann, 1,22 1,23 Ann. 091 0.91 Ann. 0.92 0.92
Jan 1.06 1.06 | Jan 083 083 | Jan 1.03 1.03
Feb 1.46 1.56 Feb 0.87 0.87 Feb 0.93 0.99
Mar 117 1.25 Mar 090 0.93 Mar 1.01 1.03
Apr 1.27 1.26 Apr 0.94 0.93 Apr 110 1.10
*May 1.48 1.51 | *May 1.01 1.00 |*May 1.16 1.16
*Jun 151 1.51 *Jun 113 112 | MJun 122 121
Screened | *Jul 146 1.46 | *Jul 1,09 1.08 |*Jul 1.8 1.8
(Sunken) |*Aug 1.47 1.49 | *Aug 1.12 1.13 | *Aug 119 119
Sep 1.38 1.39 Sep 1.10 1.2 Sep 1.11 1.2
Oct 133 133 Sep 0.98 0.98 Sep 1.08 1.08
Nov 0.99 1.03 Nov 0.83 0.82 Nov 0.91 Q.90
Dec 0.96 0.96 Dec 074 074 Dec 079 0.79
Ann. 132 1.34 Ann. 0.99 0.99 Ann. 1.09 1.09

Note: The first column in each block is based on data corrected for splash-out as described in the text;

h

d

.

the d col is

on

*Average of two years of data.

plete data, elimi

ting those days when splash-out occurred.
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7. Monthly pan coefficients display a pro-
nounced seasonal march which is principally the re-
sult of temperature lag between the lake and pan
brought about by the difference in heat capacity
of the two water bodies.

8. Annual lake evaporation can probably be
estimated within 10-15 per cent (on the average) by
applying an annual coefficient to pan evaporation,
provided lake depth and climatic regime are taken
into account in selecting the coefficient. Available
data are admittedly insufficient to evaluate properly
the effects of lake depth and climatic regime on pan
coefficients. However, it is hoped that current Lake
Mead observations, and possibly those from other
anticipated projects, will shed some light on this
phase of the problem.

9. Although equation (105) appears to be more
in agreement with present theory, comparative anal-
ysis indicates that equation (104) fits the Lake Hefner
data equally well.

10. Analyses presented apparently substantiate
the conclusions of Rohwer and others that the rate
of lake evaporation (depth per unit of time) is not
greatly influenced by the area of the water surface
in the range considered. This conclusion disagrees,
however, with the material presented in the section
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as to which of the pans tested provides the most
reliable means of estimating lake evaporation. The
physical characteristics of the BPI (sunken) pan seem
to be most nearly representative of those of a natural
body of water and, therefore, this pan merits high
consideration on a theoretical basis. The Class A
pan, on the other hand, is subject to convective and
radiant heat transfer to and from the sides and
bottom. One effect of this characteristic is to increase
v beyond Bowen's theoretical value, and even beyond
that for the BPI pan, as shown in figures 96 and 97.
This dissimilarity of the Class A pan is not necessarily
serious, provided a coefficient appropriate to the
given geophysical conditions is used. The relatively
few determinations which have been made to date
certainly indicate that climatic variations in the Class
A pan coefficient are rather minor and, if all its
operational advantages are viewed in the light of
the many hundreds of station-years of record now
available, any decision to replace the Class A pan
in favor of another will merit considerable delib-
eration.

1. Anderson, E.R., Anderson, L.J., and Marciano,
J. )., “A Review of Evaporation Theory and Develop-
ment of Instrumentation, Lake Mead Water Loss In-
vestigations; Interim Report,” -Navy Electronics Lab-
oratory, Report no. 159, 1 February 1950.

2. Bigelow, F.H., “Studies of the Phenomena of
Evaporation of Water Over lakes and Reservoirs,”
Monthly Weather Review, vol. 35, 1907, pp. 311-316;
vol. 36, 1908, pp. 24-39, 437-445; vol. 38, 1910,
pp. 307-313.

3. Folse, J. A., “A New Method of Estimating St
Flow, Based Upon a New Evaporation Formula,”
Carnegie Institution of Washington, Publication no.
400, 1929.

4. Harding, S.T., “Evaporation from Large Water-
Surfaces Based on Records in California and Ne-
vada,” American Geophysical Union, Transactions,
vol. 16, Pt. 2, 1935, pp. 507-511.

5. Hickox, G.H., “Evaporation from a Free Water
Surface,” American Society of Civil Engineers, Trans-
actions, vol. 111, paper 2266, 1946, pp. 1-33.

6. Horton, R.E., “A New Evaporation Formula De-
veloped,” Engineering News-Record, vol. 78, April
26, 1917, pp. 196-199.

7. Jacobs, W, C., “On the Energy Exchange Between
Sea and Atmosphere,” Journal of Marine Research,
vol. 5, no. 1, 1942, pp. 37-66.

8. Langbein, W.B., “Research on Evaporation from
Lake and Reservoirs,” Paper presented at Brussels
Assembly, 1951, pp. 9-11.

148

9. Linsley, R. K., et al., Applied Hydrology, McGraw-
Hill, 1949,

10. Lippi J. 8., "Evap on United States
Recl ion Projects,” Di: American Society
of Civil Engineers, Transactions, vol. 90, 1927, pp.
351-363.

11. Meyer, A F., “Evaporation from Lakes and Res-
ervoirs,” Minnesota Resources Commission, Bulletin,
June 1942,

12. O'Neill, C. M., “Evaporation on United States
Recl. Projects,” Di: American Society
of Civil Engineers, Transactions, vol. 90, 1927, pp.
343-351.

13. Penman, H. L., “Natural Evaporation from Open
Water, Bare Soil and Grass,” Royal Society of Lon-
don, Proceedings, Series A, vol. 193, no. 1032, April
1948, pp. 120-145.

14. Rohwer, C., “Evaporation From Free Water Sur-
faces,” U.S. Department of Agriculture, Technical
Bulletin no. 271, December 1931.

15. Sleight, R.B., “Evaporation from Surfaces of
Water and River-Bed Materials,” Journal of Agricul-
tural Research, vol. 10, no. 5, 1917.

16. Sleight, R.B., “Evaporation on United States
Recl ion Projects,” Di: American Society
of Civil Engineers, Transactions, vol. 90, 1927, pp.
303-316.

17. Theis, C.V., “Some Recent Studies in Evapora-
tion,” American Geophysical Union, Transactions, vol.
12, 1931, pp. 220-224.

18. White, W.N., “A Method of Estimating Ground-
Water Supplies Based on Discharge by Plants and
Evaporation from Soil,” U.S. Geological Survey,
Water-Supply Paper, no. 659a, 1932, pp. 1-105,

19. Whitney, H. A., “Evaporation from Lake Conches,
Mexico,” Discussion, American Society of Civil En-
gineers, Transactions, vol. 80, 1916 pp. 1983-91.

20. Young, A. A., “Evaporation from Water Surfaces
in California,” A Summary of Pan Records and Co-
efficients, 1881 to 1946, California Dept. of Public
Works, Division of Water Resources, Bulletin, no. 54,
1947.

21. Young, A.A., “Some Recent Evaporation Inves.
tigations,” American Geophysical Union, Transactions,
vol. 28, no. 2, April 1947, pp. 279-284.

22, “Evaporation from Water Surfaces: a Sympo-
sium,” American Society of Civil Engineers, Trans-
actions, vol. 99, 1934, pp. 671-747.

23. “Mean Monthly and Annual Evaporation from
the Free Water Service for United States, Alaska,
Hawaii and Puerto Rico,” U.S. Weather Bureau,
Technical Papers, no. 13, 1951, pp. 1-10.

24, “Flow of Rio Grande and Related Data from
Elephant Butte Dam, New Mexico, to Gulf of Mexico,
1950, U. S. International Boundary and Water Com-
mission, United States and Mexico, Water Bulletin,
no. 20, 1952, pp. 1-108.



and Recommendations -Lake Hefner Studies

SUMMARY OF RESULTS

1. Daily evaporation from Lake Hefner was de-
termined by the water-budget method, that is, by
measuring inflow, outflow, and changes in storage.
Although this method is impracticable for most reser-
voirs, good results were obtained at Lake Hefner
because: (1) natural surface inflow was generally
negligible; (2) filter-plant withdrawals, the major
outflow item, could be measured accurately; (3)
changes in storage could be evaluated with sufficient
accuracy; (4) deep seepage was almost negligible;
(5) evaporation, although a residual by this method
of determination, was a major item in the water
budget, thus minimizing the effects of errors in meas-
uring the other items. The water-budget control met
the fundamental requirement that errors in the water
budget not exceed 5 per cent of the monthly evapo-
ration. An objective scheme of classifying daily water-
budget evaporation figures as to their relative accur-
acy into four categories, A, B, C, and D, was
used to select the most reliable daily figures for
purposes of comparison with results obtained using
the mass-transfer and energy-budget techniques.
Sixty-two per cent of the daily figures were A or
B, and only these values were used for the com-
parison.

149



2. The equipment system developed for measur-
ing and recording the factors needed in the mass-
transfer and energy-budget methods proved reliable
and practicable. The average data yield during the
16-month operating period was 70 per cent, in spite
of such difficulties as frozen wet-bulb reservoirs during
the winter,

3. In the mass-transfer studies, both mixing-
length and continuous-mixing concepts were reviewed
in detail and the most promising evaporation equa-
tions derived therefrom were tested against the water-
budget figures. The results of these studies were as
follows: ‘

a. No deviation from the logarithmic wind law
could be detected between 2 and 8 meters, regard-
less of stability conditions, over periods of 3 hours
or longer.

b. The lake surface was aerodynamically rough
at all times, with no evidence of a critical wind speed
for water-air boundary processes. The roughness
length varied from 0.55 to 1.15 cm, increasing with
wind speed. Taken as a whole, the evidence indicates
that flow conditions very near the surface are cri-
tically important in predicting evaporation.

c. Of the mass-transfer equations tested, only
O. G. Sutton’s and Sverdrup’s (1937) form proved sat-
isfactory for use with available field instruments.

d. A new quasi-empirical equation was de-
veloped from the water-budget data, using wind
speeds and vapor-pressure differences measured at
Lake Hefner. A field version of this equation, using
standard meteorological data from a Weather Bu-
reau installation 13 miles from the lake and requiring
only a measurement of the water-surface temperature
at the lake, also gave good results. General appli-
cation of this simplified technique depends upon
whether the standard meteorological data are gen-
erally representative of the up-wind air approaching
the lake.

4. The energy-budget equation was analyzed
in detail to gain a more complete understanding of
the physical processes involved, and an improved
form of the equation was developed which makes it
more generally useful. Evaporation determined with
this equation, compared with results given by the
water-budget control, showed that:

a. For periods of less than seven days," errors
are likely to be excessive, primarily because changes
in energy storage cannot be measured with sufficient
accuracy.
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b. For periods of seven days or more, evapo-
ration can be determined with an accuracy approach-
ing =5 per cent if all terms in the energy budget are
carefully evaluated, particularly changes in energy
storage.

5. The Cummings Radiation Integrator, essen-
tially an efficiently insulated pan, was used as an
instrument for measuring the net sum of certain
radiation items. Although some aspects of this tech-
nique need further study, indications are that, for
purposes of determining evaporation, the CRI will
prove to be a satisfactory substitute for the compli-
cated and expensive radiation instruments required
for direct measurement of the individual items.

6. A plan for obtaining continuous records of
evaporation from any reservoir has been developed
and tested ot Lake Hefner. This plan utilizes the sim-
plified mass-transfer equation mentioned above, with
a calibration period of sufficient length to determine
whether data from the nearest first-order Weather
Bureau station are sufficiently representative. Calibra-
tion would be by water budget if practicable and,
if not, by energy-budget or by more detailed mass-
transfer measurements at the lake. If the Weather
Bureau data prove not to be sufficiently representa-
tive, a skeleton meteorological installation at the res-
ervoir would be necessary. Since the only other ob-
servations required would be water-surface tempera-
tures, the field observations and computations would
be relatively simple.

7. Studies of evaporation pans at Lake Hefner
included observations from four Weather Bureau
Class A pans, one Colorado pan, one Bureav of
Plant Industry pan, and one screened pan; the last
three were sunken types. The following results
were obtained from this study:

a. Pronounced seasonal and short-period fluc-
tuations in the ratio of lake evaporation to that
from all types of pans tested result principally from
differences in surface-water temperature, augmented
to some extent by other factors, such as variations
in wind and the sun’s altitude.

b. Annual coefficients between pan and Lake
Hefner evaporation are as follows:

Class Apan.............. 0.69
BPipan ................. 0.91
Colorado pan ..... e 0.83
Screened pan ............ 0.91

While it is noted that the Class A pan coefficient is
the lowest of the group, its range in monthly values



was less (though not significantly so) than that of any
other for the period of observation.

c. A high degree of corrzlation exists between
pan coefficients and dewpoint, wind, and lake and
pan temperatures. This relation: explains much of the
seasonal variation in pan coefficients.

d. Statistical relations were derived which show
that daily pan evaporation at Lake Hefner can be
reliably estimated from observations of surface-water
temperature, dewpoint, and wind. Daily lake evap-
oration is also dependent on these factors, but may
be appreciably affected by other factors as well,
such as size and shape of lake, terrain in the vicinity,
and possibly stability of the air.-The true effects of
these factors cannot be determined without addi-
tional observations at other lakes.

PRIMARY RECOMMENDATIONS

1. The techniques and methods tested at Lake
Hefner should be given further tests at another lake
with different terrain and climatic conditions. Al-
though a water-budget control would be desirable
for this additional test, it is considered that the results

at Lake Hefner are sufficiently satisfactory and that

enough has been learned of the physical processes
involved to justify making the tests on a comparative
basis without an accurate water budget. The follow-
ing methods should beremployed simultaneously and
the results compared: (a) the mass-transfer method
using Sutton’s and Sverdrup’s (1937) equations; (b)
the quasi-empirical mass-transfer equation, including
a comparison of measurements from the meteorolog-
ical installation with data from the nearest first-
order Weather Bureau station; (c) the energy-budget
method; (d) the Cummings Radiation Integrator, com-
paring results with radiation measurements for the
energy budget; (e) pan evaporation. In view of the
importance of evaporation in the operation of reser-
voirs on the lower Colorado River, and in accordance
with previous plans, these further tests are being
conducted at Lake Mead.

2. The simplified field method for obtaining con-
tinuous records of evaporation described above (para-
graph 6 of “Summary of Results”) should be tried
at a number of additional reservoirs under conditions
of different terrain and climate.

3. Both the mass-transfer and energy-budget
approaches appear promising as methods for de-
termining water losses by evapotranspiration. It is
recommended that these applications be further
studied.

4. Both the mass-transfer and energy-budget
techniques also offer promise for the prediction of
evaporation from available climatological data, prior
to the establishment of a lake or reservoir. The chief
item lacking is information on both surface tempera-
tures and energy storage in lakes of varied sizes and
shapes and in different climates. Data on surface-
water temperatures and wind movement are also
needed for better interpretation of existing records
of pan evaporation. It is therefore recommended that
the present program for measuring water tempera-
tures in lakes, reservoirs, and streams be considerably
expanded, and that wind data be taken at selected
lakes and reservoirs.

SECONDARY RECOMMENDATIONS

5. The experimental instrumentation for the
mass-transfer and energy-budget studies at Lake
Hefner proved very satisfactory and is recommended
for use in other applications requiring measurements
of temperature, humidity, wind, or radiation, provided
that humidity measurements are not required during
extended periods of below-freezing weather. For
general application of mass-transfer or energy-budget
techniques, however, further development should be
undertaken with a view to producing commercial
equipment requiring less servicing and maintenance.

6. Further research on mass-transfer processes
is needed, with more refined measurements of wind,
humidity, and temperature immediately above the
water surface, especially just above, near, and below
wave crests. Attention should also be focussed on
evaluation of von Karmdn’s constant under field con-
ditions. '

7. Further research along the following lines is
recommended to facilitate more general use of the
energy-budget technique:

a. Additional observations on the reflectivity of
a water surface under variable amounts of middle
clouds.

b. Additional measurements of atmospheric ra-
diation in conjunction with measurements of total
atmospheric water-vapor content.

c. Development of better instruments and eval-
vation methods for measuring changes in energy
storage.

d. Further studies of the Bowen ratio. Experi-
ments in a svitable wind tunnel would probably yield
useful results. The use of the Bowen ratio in connec-
tion with the Cummings Radiation Integrator might
also be studied in this way.

151

Appendix: Symbols and Dimensions

The numbers in parentheses refer to the equations where the symbol first appears or
where additional clarification may be obtained. There is some duplication of symbols
because of the desire to preserve the notation used in the original papers.

Symbol  Dimensions Description
a LT-1 A function of v, ko, and z, (20).
a Atmospheric transmission coefficient (75).
a Reflectivity of solar radiation from o water surface (76).
a Mean extinction coefficient due to molecular scattering (79).
a Empirical constant (85, 86, 104).
ag Coefficient of extinction due to dust (79).
ay Coefficient of extinction due to water vapor (79).
oy A frictiona! parameter (45).
b An empirical constant (23).
b Reflectivity of sky radiation from o water surface (76).
b Empirical constant (85, 86, 104).
c L2T—2 91 Specific heat of water (63, 101).
c Empirical constant (94, 105).
p L2T—29—1 Specific heat of air at constant pressure (95).
d L Venturi-meter throat diameter (3).
e ML—1? T—2 Vopor pressure (numerical subscript indicates height in meters) (28).
e Emissivity of @ water surface (62).
e, ML—i T—2 Vapor pressure of the air (52).
e ML—1T—2 Vapor pressure of unmodified air.
e, ML—1? T—2 Saturation vapor pressure at Ta'
e, ML—1T—2 Vapor pressure at a height z (30).
e ML—1YT—2 Vapor pressure of saturated air at the temperature of the water surface (28).
f Ml_—3 Potential of vapor concentration (30).
fo ML—3 Value of f outside the vapor blanket (34).
g T2 Acceleration of gravity (3).
h L Indicated stage change (2).
h L Venturi-meter head (3).
h L Cloud height (89).
'-7 Average altitude of the sun in degrees (74).
k Constant that is a function of latitude (74).
ko von Karman's constant (18).
m pS:::v ’cl:i:mr,ngt;"ss;"':;hrc:(';g).of the length of the actual path of the solar beam to the
m That part of the total incoming short-wave radiation that comes from the sun (76).
m, L3 Volume of evaporated water (65).
m, L3 Volume of surface outflow (65).
m, l3 Volume of out-seepage (65).
n An empirical constant (51).
That part e_f the total incoming short-wave radiation that comes from the sky (76).
n Empirical coefficient or constant (105).
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Symbol Dimensions Description

nr L3 VYolume of surface inflow (65).

ny L3 Yolume of precipitation (65).

q Empirical constant (11); also specific humidity (53).

r L Radius of a circular evoporating surface (40).

r Angle of refraction (80).

r Reflectivity of a water surface (90).

v LT-? :‘g:sg)e“‘;find speed in x-direction (numerical subscript indicates height in

T LT—1! Average wind speed at a height z (24).

Us LT—? Friction velocity, equal to V7/p (4).

Usg LT—? Friction velocity over a smooth surface (45).

w’ LT—1 Vertical p 1t of fluctuating velocity

x Distance along horizontal coordinate axis (8).

z Distance along the vertical coordinate axis (4).

Zo L Roughness parameter (6).

A L2 Area of lake surface (43).

A ML—1T—1 Vertical component of eddy conductivity (95).

Ac L2 Mean horizontal area of a nonstandard layer (92).

A-Ah‘ |_2 Mean horizontal area of a standard layer (92).

C Experimental constant (4).

C Attenuation coefficient (77).

C ML2T—2 The amount of energy.in o nonstandard layer (91).

C Average cloud cover in tenths of sky covered (74).

D 27! Molecular vapor diffusivity (49). .

E 1371 Volume of evaporated water in unit time (1).

E 1371 Evaporation given by equation (104) or (105), assuming ep=e,

F ML—2T—1 Evaporation per unit area (28).

Fr ML—2T—1 Evaporation computed from Lettau’s equation (29).

Fg ML—2T—1 Evoporation computed from Sverdrup’s equation (38), (29).

] 1371 Volume of inflow in unit time (1).

| L Thickness of an intermediate layer (45).

‘0 MT—3 Solar radiation received on a horizontal surface at the exterior of the earth’s

atmosphere (75).

J Momentum integral (10).

K 1271 Eddy diffusivity (46).

L L1272 Latent heat of vaporization (60).

M ML—1T—1 Total evaporation from a strip of unit width and lfength x (34).

M 13 Total volume of outflow (64).

N 1271 The macroviscosity (50).

N L3 Total volume of inflow (64).

(o] 1371 Volume of outflow in unit time (1).

P ML—1T—2 . Atmospheric pressure (28).

QR 13171 Venturi-meter discharge (3).

Qa ML2T—2 Atmospheric radiation (long wave) (62).

Qi M2 T harsen the. atmasshers and e body of water (39 0 © oo
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Syfnbol Dimensions Description
Q. ML2T—2 Energy utilized by evaporation (59).
Q; ML2T—2 Energy conducted from the body of water by the atmosphere as sensible heat (59).
Q, ML2T—2 Net radiant energy defined by equation (108).
Q, ML2T—2 Refiected solar radiation (59).
Q, ML2T—2 Solar radiation incident to the water surface (59).
Q”' ML2T—2 lr::'ﬂ::ev'gz ::;;:0:;4 ‘j'r:;r’}(';9)l?ody of water by all water volumes entering or
Qo MLZ T2 oy ot wator, oxcopt that volvme leaving. cs evaparead watse (4 "2
Qus ML2T—2 Long-wave radiation emitted by the body of water (96).
Qo ML2T—2 Energy advected out of the body of water by the mass of evaporated water (68).
Q N ML2T—2 The increase in energy stored in the body of water (59).
Qqs ML2T—2 Atmospheric radiation from an overcast sky (87).
Qir MLZT—2  Reflected atmospheric radiation (73).
R Bowen ratio or ratio of Qh to Qe (60).
Rf . Turbulent correlation coefficient
Ri Richardson’s Number (18).
Rt Total reflectivity of solar and sky radiation from a water surface (76).
R» Ratio x/z, (38).
S 1371 Change in reservoir contents in unit time (1).
S Standard error of mean (2).
S T2L—2¢ Stability parameter (26).
S 4 Altitude of the sun, in degrees, above the horizon (77).
T ] Absolute temperature (22).
T ] Temperature (numerical subscript indicates height in meters) (24).
T Mean turbidity factor (79).
Ta I Temperature of the air (61).
Ta [!] Absolute temperature of the air near the ground (86).
Tb (/] Arbitrary base temperature (63).
Te 0 Average temperature of evaporated water (67).
TI 0 Average temperature of surface inflow (67).
-f‘ [} Average temperature of a standard layer of water (91).
TO ] Average temperature of surface outflow (67).
Tp [} Average temperature of precipitation (67).
Ta ] Average temperature of out-seepage (67).
Ts [/] Source temperature (90).
Tz (/] Temperature at a height z (24).
Tl /] Average temperature of a body of water at the beginning of a period (67).
72 [} Average temperature of o body of water at the end of a period (67).
U LT—1 Horizontal wind speed outside the boundary foyer (8).
V1 L3 Volume of a body of water at the beginning of a time interval (64).
V2 L3 Yolume of a body of water at the end of a time interval (64).
w LT—2 Frictional drag of water surface (8).
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Symbol  Dimensions Description

a An empirical constant (11).

ﬁ An empirical constant (20).

8 An empirical number (36).

¥ A ber defined by equation (107).

Y Empirical constant (86).

Y L-19 Adiabatic lapse rate (95).

Iy L Thickness of the momentum boundary layer (10).

86 L Thickness of the laminar film (49).

Sw L Thickness of the vapor blanket (34).

€ L Mean diameter of rough | ts (5).

€ Nc'xperion base (86).

€ L Equivalent sand roughness (4).

7 The ratio z/z0 (36).

m The value of 5 at z =6w (37).

A Empirical coefficient (87).

" Index of refraction for pure water relative to air (80).

v 27—t Kinematic viscosity of the air (4).

& T Time required for Rf to decrease from 1 to 0

p ML—3 Density of the air (8).

P ML—3 Density of water (60).

po ML—3 Average density of evaporated water (65).

po ML—3 Average density of surface outflow (65).

pp ML—3 Average density of the precipitation (65).

ps ML—3 Average density of out-seepage (65).

p1 ML—3 Average density of the surface inflow (65).

3% ML—3 Average density of the volume of outflow (64).

Py ML—3 Average density of the volume of inflow (64).

I ML—3 Average density of the body of water at the beginning of a time interval (64).

P2 ML"3 Average density of the body of water ot the end of a time interval (64).
An empirical number (18).

o MT—39—1 Stefan-Boltzmann constant for black-body radiation (62).

r ML—1T—2 Eddy shearing stress (8).

¢ The ratio v/u, (36).

¢1 The value of ¢ at z = 6w (37).

r The gamma function (51).

A Slope of saturation vapor pressure vs temperature curve (106).

T MT—2 Total frictional force (31).

X, The ratio x/z0 (38).

¥, The integral defined in (37).
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