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FOREWORD

For many years, the State Department of Water Resources,

and its predecessor agencies, have cooperated with the United States

Department of Agriculture in study and research on the subject of

evaporation from water surfaces in California.

The results of this research have been published in a

series of bulletins. The first of these bulletins contains general

explanatory textual matter. The latter two contain extensive tables

of evaporation, wind, and temperature data for various stations

located in California and adjacent states. The bulletins previously

published are:

Division of Water Resources Bulletin No. 54, "Evaporation

From Water Surfaces in California, A Summary of Pan Records and

Coefficients, 1881 to 1946", 1947.

Division of V/ater Resources Bulletin No. 54-A, "Evaporation

From Water Surfaces in California, Basic Data", 1948.

Division of V/ater Resources Bulletin No. 54-B, "Evaporation

From Water Surfaces in California, 1946 to 1954", 1955.

The present publication. Department of Water Resources

Bulletin No. 73, includes most of the text of the original Bulletin

No, 54. Minor editorial changes have been made in order to include

recent material and to simplify the identification of subdivisions

of the various agencies involved. Since the original bulletin is

out of print, this will provide a means of preserving and effecting

wider dissemination of the valuable background material. Appendix

B of the present publication presents the results of a recent special

study of evaporation in the San Francisco Bay and Sacramento-San

Joaquin Delta regions.
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Appendix A of Bulletin No. 73 will be published as quickly

as available data can be collected and checked, and will include

basic data for evaporation stations throughout California. Since

Bulletin 54-B is no longer available, the tabular data will cover

the period since 1946, preserving the continuity of records previ-

ously published. Future bulletins in the 73-series will be published

from time to time and will include data collected in the interim

between dates of publication, together with complete records of

stations not previously published.

I

k





CHAPTER I

INTRODUCTION

Much of the irrigated agriculture of the west has been made

possible by the impounding of flood v/aters. Storage dams conserve a

water supply that otherwise might be wasted, help to prevent floods,

and make possible the production of power. Reservoirs replenished

by snow-fed streams flowing out of high mountains receive a more uni-

form v/ater supply than those located in lower areas where snowfall is

small and run-off is deficient. Reservoir replenishment in the higher

areas occurs during late spring and early summer. Along the secondary

streams of the lower mountains run-off quickly approaches a peak and

as rapidly diminishes into periods of minimum stream flow. In such

areas reservoirs must be designed for a carry-over supply from wet

years for use during years of water deficiency. Under such con-

ditions an extensive system of storage reservoirs may be the only

means of maintaining an adequate water supply.

Both conditions prevail in California, water being plenti-

ful in the north and generally deficient in the southern portion of

the State. Wherever water is scarce, losses are closely scrutinized.

For this reason, evaporation from water surfaces is a subject that

has been given considerable attention. Experimental studies have

been conducted by the United States Department of Agriculture in

cooperation with the California Department of Water Resources and

its predecessors. Evaporation measurements have been recorded at

many places by state and private organizations and by departments of

the Federal Government including the Forest Service, Bureau of Re-

clamation, Bureau of Plant Industry, and the Agricultural Research

Service.
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Evaporation is the natural process of changing water into

vapor. Dry air has a greater capacity for absorbing moisture than

moist axr; hence, evaporation increases under conditions of low

humidity. It increases with high temperatures and decreases v/ith

low temperatures. V/ind increases evaporation from small water surfaces

by replacing moist air over the water with drier air moving in from

a distance. From large water areas dry winds increase evaporation

for limited distances from the windward shore, but for the central

area and toward the leeward shore evaporation remains fairly constant

because the moving air has little additional capacity for moisture.

In general, relatively low evaporation occurs in coastal areas and at

high elevations, and high evaporation occurs in places v/here high

temperature, low humidity, or strong winds prevail. Evaporation

varies from day to day and from year to year according to the weather

conditions at each locality. Differences in evaporation up to 50 or

100 per cent have been determined for localities separated by only

a few miles. Evaporation measurements, therefore, should be made at

each reservoir where records are desired. Attempts to use records

obtained elsewhere may lead to error.

Studies of evaporation from storage reservoirs indicate

that for long periods of deficient stream-flow, reservoirs may yield,

for useful purposes, as little as 50 per cent of the total water

supply, the balance being lost by evaporation through years of carry-

over storage. This being so, reservoirs are not always designed for

the maximum quantity of water a stream will deliver over a period of

years, as smaller reservoirs having less evaporating surface and

smaller losses may yield in a similar period as much Water as could

have been obtained from the larger storage. On streams of more uni-

form flow a reservoir will be more completely replenished each year
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and evaporation will be limited to a smaller percentage of the total

water supply. In some places replenishment occurs only during winter

and spring months, whereas evaporation continues throughout the year.

' Under such conditions annual evaporation sometimes exceeds annual re-

plenishment .

The topography of the State, with its high mountains and

narrow valleys, encourages the construction of storage dams which

now number over 800 of all types. The aggregate storage capacity is

nearly 12 million acre-feet. One hundred of these have individual

capacities of 10,000 acre-feet or more. An estimate of evaporation

from reservoirs is difficult to obtain, as the aggregate surface area

is unknown. Reservoir evaporation in California varies according to

location from three to five feet in depth annually, which when ap-

plied to the total surface area of all reservoirs, undoubtedly amounts

to an impressive total.

Evaporation losses are of importance as an element affect-

ing the net water supply available for irrigation of crops, for pro-

duction of power, and for municipal and industrial uses. Except in

unusual instances they cannot be measured directly because of unknown

elements of supply and loss of water entering or leaving the reservoir.

Thus, recourse is necessary to research studies for determination of

the relationships existing between evaporation from small containers,

which is measurable, and from large bodies of water for which direct

measurements are impossible.

Of the items in the hydrologic equation, precipitation is

measured over a wide network of stations throughout the Nation, stream-

flow is recorded, and both sets of data are set forth in government

publications. Evaporation records are less extensive and few are

made available by publications. For the most part government agencies
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have confined evaporation measurements to ran investigations and the

collection of data has been left principally to private organizations

that are interested in the conservation and use of water. It is the

purnose of this report to overcome the lack of published evaporation

recoras in California through compilation of such existing data as

are obtainable from publications and private and public files.

Search has disclosed many records not heretofore available for public

use. The total of some 250 evar^oration records throughout the State

v'ill be helpful in desip^ninc- new reservoirs and estimating evaporation

losses 1 rom others.

In the northern portion of the btate water is more plenti-

ful than in the south and less interest has been shov/n in collection

of evaporation records, particularly in the northeastern counties

ano along the coast as far south as Santa Barbara County. Very few

records exist in these areas. In the Sacramento and San Joaquin

Valleys evaporation measurements have been made in various localities

by government and private agencies. The first such measurement to be

recorded was by the State Engineer at Kingsburg from 1881 to 1885-

(1^), (31). In mountain areas tributary to the Central Valley some

records are available but they are not as numerous as might be ex-

pected, v/ith the advent of the Central Valley Project and the con-

struction of Shasta and Friant Dams, the lack of adequate evaporation

data has been recognized and nlans have been made by the Bureau of

Reclamation for installation of a network of evaporation stations

throughout the area. A considerable percentage of all evaporation

measurements within the State has been made in Los Angeles County

where great sums have been spent for importation of water from out-

side sources, and in San Diego County, where a small water supply

Numbers in parenthesis refer to literature cited
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and a large population growth have required constructioii of an ex-

tensive reservoir system.

Because of the size of the State and the differences in

altitude and climate, depths of evaporation vary greatly in different

localities. The greatest differences occur in the south where evapo-

ration in the Mojave and Colorado desert regions may be two to three

times the depth that occurs along the coast. This difference in

evaporation is caused by differences in temperature and humidity.

The desert effect is noted at borderline stations where winds alter-

nately blow from the desert and from the coast. At Beaumont, in

San Gorgonio Pass, dry fall winds from the desert sometimes increase

evaporation to twice that occurring in a nearby area not so affected.

P Evaporation has been defined as "the process by which water

passes from a liquid or a solid state to a vapor" (2). Usually,

evaporation is recorded from small evaporation pans by hook-gage

measurement, although occasionally volumetric measurements are used.

Allowance is made for rain falling in the pan which is treated in

computations as so much water added, the net result being the actual

depth of evaporation for the period of measurement. Evaporation

from large water areas may be computed by applying the proper coef-

ficient to pan records. It also may be computed as the residual

factor in the summation of the items of inflow and outflow including

bank storage, rain on the water area, and changes in the elevation

of the water surface. This total is sometimes referred to as "gross"

evaporation, as it is the actual loss from lake or reservoir. Gross

evaporation minus the rainfall is called "net" evaporation, a term

intended to indicate the net loss in storage resulting from evapora-

tion losses and precipitation gains. Net evaporation may be a minus

quantity. Gross evaporation is always positive.
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An evaporation coefficient is defined as the ratio for con-

version of evaporation from a given volume of water to equivalent

evaporation from another volume of water, differing in depth or area.

It is useful for the conversion of known evaporation from a small

water area, such as an evaporation pan, to equivalent evaporation

from a larger area, as a lake or reservoir. It may be used for the

reduction of a normally high rate of evaporation from a small pan to

equivalent evaporation from a large pan or from one type of pan to

another of different characteristics. Later in this report a tabu-

lation shows all known coefficients for the principal evaporation

pans as determined by experiments of the former Research Division of

Irrigation and Water Conservation, Soil Conservation Service (now

Agricultural Research Service), U. S. Department of Agriculture.

(
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CHAPTER II

TYPES OF EVAPORATION PANS

The importance of evaporation has been recognized by engi-

neers as an item in the water supply of a region, but there has been

no organized effort to obtain widespread records from a single standard

type evaporation pan. Neither has there been planned coverage of a

region by evaporation stations to obtain a comparable group of records

that would show the extent of evaporation losses from water surfaces

under different conditions of topography, climate, altitude or lati-

tude. Consequently, a haphazard group of records has been accumulated

by various organizations throughout the western states that have only

relative values to each other since different types and sizes of

evaporation pans were used in obtaining them. The principal pans

used in obtaining these records are the Weather Bureau Class A pan,

the Bureau of Plant Industry pan, a square floating pan sometimes

called the United States Geological Survey pan, and a corresponding

land pan of the same size sometimes designated as the Colorado pan.

These are used under many conditions in several states. In Los

Angeles County there also is a group of about 25 ground pans used by

the Los Angeles County Flood Control District, for which records of

10 to 15 years are available representing both valley and mountain

areas. Ground pans of various diameters have been used in experi-

mental studies and their records are valuable in showing the effect

of size of pan on the depth of evaporation loss. Since 1936 the

Department of Agriculture has experimented with a screen covered pan

designed to reduce the evaporation approximately to the depth of loss

from a larger body of water.
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The Weather Bureau Fan

The Weather Bureau pan first came into use in the western

states about 1916 and its records are the most numerous of any single

I

type of pan now used. As a result they are valuable for comparative

study. Because of the extent of the water requirements and the need

' for ivater storage in most sections of the state, the Weather Bureau

pan has been used extensively in California and about 50 of its

records have been collected from publications and public and private

files for tabulation in this report. The "Weather Bureau pan is four

feet in diameter, 10 inches deep, made of 22-gage galvanized iron,

and set on 2 x 4-inch timbers that permit circulation of air beneath

the pan. A stilling well in the pan permits measurement, by hook

gage, of water evaporated. Depth of water in the pan should not be

less than seven inches nor more than eight inches (36) although

these limitations often are difficult to meet and many times water

surfaces have been too high or too low. Since it is exposed above

ground and receives the full effect of sun and wind, water in the

Weather Bureau pan warms up rapidly in the morning and cools rapidly

after sundown. During the daytime it has a high rate of loss that

exceeds that of any other evaporation pan in common use. Although

it is set above ground where it is relatively free from drifting

sand or rolling weeds it is not easy to keep the water clean. At

certain temperatures growths of algae accumulate to form a scum on

the water surface. Copper sulphate kills the algae but it should not

be used, as the copper replaces the galvanizing and forms rust spots

that eventually become leaks. A more satisfactory method is to use

any one of a niiraber of bleaching liquids containing a small percentage

of sodiura-hypochlorite. These liquids may be obtained at any grocery

store. Within a few minutes the chlorine kills the algae and clarifies
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the water. Experience has demonstrated that it is harmless to the

galvanized surface. Infrequently the Weather Bureau pan has been

placed on a raft floating on the surface of a lake or reservoir or

used as a floating pan partly submerged in water. Few Weather Bureau

pan records are published regularly, but a small group are included

in the monthly U. 3. Weather Bureau Climatological Data (41). Usu-

ally air temperature and rainfall records may be c "tained from the

same publication so that fairly complete meteorologic data are often

available for use with the evaporation records.

The Bureau of Plant Industry Pan

This pan has been used by the Bureau of Plant Industry,

United States Department of Agriculture, at its numerous plant ex-

periment stations throughout the West. The first records were made

about 1907. Records for a majority of the stations prior to 1934

have been published in issues of the ^^ionthly Weather Review (21)

(22). As compared with the 50 Weather Bureau pans in California only

five Bureau of Plant Industry pans appear to have been used at one

time or another in the State. These were located at the Biggs Rice

Station, Butte County; U. S. Cotton Field Station at Shafter, Kern

County; the U. S. Date Garden, Indio, Riverside County; the U, S,

Yuma Field Station, near Bard, Imperial County, all being operated

by the Bureau of Plant Industry. An experimental pan of the same

type was at the Division of Irrigation Experiment Station, Fullerton,

Orange County. These pans were made of 22-gage galvanized iron six

feet in diameter, 24 inches deep, set 20 inches in the ground with

the water surface in the pan at ground level (36). Changes in v/ater

level in such pans should approximate one inch. Measurement is made

with a hookgage in an outside stilling well. A rain gage, anemometer,





maximum and minimum thermometers in a shelter, and a psychrometer are

standard equipment at each Bureau of Plant Industry Station, Because

this pan is set in the ground and contains a greater volume of water

than the Weather Bureau pan, its water temperatures are cooler during

the day and warmer during the night. Consequently, evaporation is

i lower than from the more exposed pan,

1 The Square Ground Pan

The square ground pan, sometimes called the Colorado pan,

was first used at the Colorado Agricultural Experiment Station about

1890 and with a few exceptions has since been in continuous use. It

appears to have the longest record of any evaporation pan known.

This ran is made of l8.-gage galvanized iron, three feet square, usu-

ally IB inches deep, and set 14 inches in the ground with the water

surface held at ground level o Water surface fluctuation should not

exceed one inch. Measurements are made by hook gage in a stilling

well on the inside wall of the pan (36), The evaporation loss is

less than from the Weather Bureau pan because it is protected by

surrounding soil but mere than from the Bureau of Plant Industry

six-foot pan because of its smaller size. About 37 of these pans

have been used in California,

The Square Floating Pan

This is sometimes known as the United States Geological

Survey pan, but according to a letter to Rohwer (36) from the former

Chief Hydraulic Engineer of the U, S, Geological Survey, the survey

has no official floating pan. It is the same type and size as the

square ground pan. This pan is made of l8-gage galvanized iron and

is sometimes supported by two metal cylinders so placed that the





surface of the water in the pan coincides with the surface of the

reservoir. Diagonal perforated diaphragms, extending from corner to

corner, reduce surge, although many of the floating pans used in

California reservoirs do not have them. The pans are partly pro-

tected from wave action by surrounding rafts that may be either square

or triangular and they may be attached to rafts either flexibly by

chains or fastened solidly to the raft timbers. I the pan is thus

supported the metal cylinders are unnecessary.

Depth of evaporation is determined by cup measurement to

bring the water level up to a fixed index point in the center of the

pan. Advantages of the floating pan are that because it is partly

submerged, temperatures of the water in the pan and in the reservoir

are almost identical; they change slowly and are more uniform than

temperatures in the IVeather Bureau pan. As the pan is located off-

shore, it is subject to the same conditions of wind, humidity and

temperature that control reservoir evaporation. The main disadvantage

of the floating pan is loss of record by splashing of water into or

out of the pan in time of storm. It is not always possible to know

when this occurs, and there is little doubt that many evaporation

records for floating pans are erroneous.

The Los Angeles County Flood Control District Pan

The pan commonly used by the Los Angeles County Flood Con-

trol District is two feet in diameter, three feet deep, and set in

the ground with three inches of the rim exposed. A brass rod pointed

at the upper end and set in a block of concrete on the bottom of the

pan is the index point for the water level which normally is at the

level of the ground surface. Depth of water evaporated is computed

from cup measurements which restore the water level to the height
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of the index point. Prior to Sertember, 1937, the index point in

the Flood Control pan at the Baldwin Park Station, near Los Angeles,

was at a level about one inch above ground; after this date it was

lowered to the level of the ground surface. Because of the change

:
the Flood Control pan record is divided in two periods of approxi-

mately equal length, showing 10 inches greater annual evaporation

for the period of higher water surface. The reasc s for the hip:her

evaporation are readily apparent: First, the water surface is closer

to the top of the pan where it has greater exposure to wind; second,

with the water surface higher than the surrounding ground, the heat

of the sun shining on the exposed side of the pan between the ground

and the water surface is transmitted to the water within, with re-

sultant increased evaporation. This example emphasizes the value of

maintaining water levels in ground pans at or below the level of the

ground surface.

The Screened Pan

The screened pan has been used experimentally by the Depart-

ment of Agriculture at the Fullerton Evaporation Station and else-

i where in order to study the effect on evaporation of shading the

water surface (49). The pan was of the same size as the Flood Con-

trol pan, two feet in diameter by three feet deep, set in the ground

2.75 feet. Water levels were maintained at ground level and measure-

ments of water evaporated were made with a hook gage in an outside

stilling well. The screen was made of galvanized hardware cloth

with one-fourth inch mesh and suspended horizontally in the pan mid-

way between the rim and the water surface. Tests were also made with

a screen of six meshes per inch, but the annual evaporation result-

ing from use of the finer mesh was only slightly less than from the
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more open screen. Experiments with the screened pan were undertaken

for the purpose of finding one that would have the same annual evapo-

ration as a larger water surface. If evaporation could be reduced

to an amount equivalent to that from a lake or reservoir no reduction

factor would be necessary for estimating reservoir evaporation from

pan measurements. Experiments with the screened pan under different

climatic conditions in Southern California indicat dthat a coefficient

of nearly unity could be obtained. Following these experiments, the

Los Angeles County Flood Control District adopted the one-forth inch

screen for use with all Flood Control District pans. This could be

accomplished without difficulty as both sets of nans were of the

same dimensions.

Meteorologic Equipment

Since evaporation varies with the atmospheric changes there

should be at each major evaporation station a set of instruments for

recording meteorologic data including wind movement, maximum and

minimum air and water temperatures, humidity, and precipitation.

The anemometer for recording v/ind movement should be set at the north-

west corner of the 2 x 4's supporting the V/eather Bureau pan where

it will not throw shadows on the water. The anemometer cups should

be six inches above the rim of the pan. It is best to employ a

standard height for the cups as the velocity of the wind increases

with distance above ground. At a number of stations in Southern

California, the anemometer is placed about seven feet above ground,

thereby setting up a different standard of wind velocity than that

obtained from the lower instruments.

Thermometers of the recording maximum and minimum Weather

Bureau type should be kept in a standard thermometer shelter about
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five feet above ground , with the opening on the north side to prevent

the sun from shining on the instruments when the door is open. Float-

ing maximum and minimum thermometers supported by corks or by stop-

pered test tubes are suitable for registering water temperatures in

evaporation pans. Mean temperatures, both for air and for water, are

taken as the average of the maximum and minimum recordings. Air

temperatures are sometimes recorded on the chart r a seven-day

thermograph but they are less accurate than thermometer readings.

In this case the mean temperatures may be taken as the average of

the sum of the izemperatures shown for each of the two-hour periods

throughout the 24 hours. It also may be determined by means of a

planimeter but the two-hour average method is simpler.

Humidity may be determined from the temperatures of the

wet and dry bulbs of either the sling or whirling type of psychrometer

,

or from the recording charts cf a hygrothermograph or a hair hygro-

meter. The psychrometer gives the most accurate results. If either

of the recording instruments is used it should be kept in the shelter

..'ith the thermometers.

The standard eight-inch V/eather Bureau type rain gage

should be installed at all stations where evaporation is measured,

as the depth of rain falling in the pan must be known in computing

the true depth of evaporation. The station should be enclosed in

a tight mesh wire fence for protection of equipment and to keep out

intruders, A gate in the fence should be kept locked. Reference

is made to Circular L, Instrument Division of the V/eather Bureau

(24) for instructions as to size of fence necessary for enclosure

of the station equipment and its location within the fence, (The

12-inch X 15-foot area shovvT?. in Circular L is the minimum size that

will hold the necessary equipment,) It is the opinion of the author
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that the close proximity of the 4 x 4-inch fence posts to the evapo-

ration pan permits undesirable shadows to pass over the water surface.

They also create wind eddies over the pan and at the anemometer. As

few posts as possible should be used and they should be kept as far

as is feasible from the pano Four posts of boiler tubin/?; or two-

inch pipe set 16 feet apart at the corners, with horizontal tubular

bracing at the level of the top strand of wire, ma'? a strong and

satisfactory fence that throws few shadows and creates a minimum of

wind disturbance.

Wherever possible the evaporation station should be located

on open, level ground » free from shade and obstructions to wind. In

the preparation of the tabulations in this report there have come to

light some records obtained from evaporation pans located in the

vicinity of shrubs or trees which, while small in the beginning, grew

each year until in the course of time the grown shrubbery shaded the

water in the pan or blanketed it from the wind 3 resulting in a

gradual reduction of the evaporation » The future growth of vege-

tation or the possibility of future building construction that will

have an influence on the evaporation should be considered in select-

ing the site of an evaporation station.
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CHAPTER III

EVAPORATION INVESTIGATIONS

In order to make use of existing evaporation records and

obtain the greatest benefit from them, the relationship between evapo-

ration from various small standard pans and from larger bodies of

water has long been of interest to engineers. In ''jlietin 54~A and

in this bulletin there are tabulated a large number of evaporation

data recorded by various v/ater organizations throughout the State.

In the present- chapter are brief descriptions of evaporation experi-

ments carried on, not only in California but in other areas where

different climatic conditions prevail. To a considerable degree the

experimental studies have been made for the purpose of arriving at

factors or coefficients showing the monthly and annual relationships

existing betv/een evaporation from small artificial water surfaces

contained in metal tanks or pans and the larger water areas such as

those of large tanks or lakes and reservoirs. In most cases the

accuracy of coefficients obtained by investigation has had little

opportunity for proof, but where such opportunity has occurred there

has been good correlation.

It is generally assumed that agreement is reasonably good

under all conditions of water storage. The principal error in this

assumption lies m the favorable conditions under which the coef-

ficient is determ.ined as related to the less favorable conditions

where pan evaporation is measured at the lake or reservoir. "Usually

an experimental station is in an open, level location where there

are no immediate obstructions to divert the wind from the pan or

create wind eddies over its water surface. Because of rough topo-

graphy at many reservoirs the evaporation pan is sometimes placed
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on top of the dam and thus above the reservoir surface which fluctu-

ates widely with the seascr, or at, some distance from it at either

a higher or a lower level o Its location is determined by topography

or the convenience of ths operator.

Evaporation froir a pan situated in an area where hillside

slopes, brush and tall trees offer obstruction to v/inds cannot be

expected to agree with evaporation from a similar ' ai located on a

float at the water surface, or on an island where wind movement over

the water surface is uninterrupted. Moreover, greater humidity

exists close to the water surface m a reservoir than at a distance

or at another elevation. For these reasons, land pans at reservoirs

frequently are not in the best locations for estimating reservoir

evaporation. In theory, floating pans, partly submerged, would have

evaporation losses more nearly commensurate with actual reservoir

evaporation were it not f'jr their unreliability caused by water

splashing into or cut of the pan during times of storm. A number

of floating pans are used in California, they would be more numerous

but for this tendency tovrard unreliability.

Relation of
^

Vifater Temperature to Evaporation

At various times in the past 40 years evaporation studies

have been carried on by the Agricultural Research Service or its

predecessors. All but two of these studies were in cooperation with

the State of California, The first was in connection with investi-

gations of evaporation in irrigation and water requirements of crops

in the years 1903-05 (14) « Among other studies, the relation of

temperature of the water to evaporation was established by means of

heated v;ater in evaporation pans. Average daily water temperatures

were obtained at four stations during the summers of 190'->.-05 for
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comparison with average daily evaporation. The results indicated in

Fig. 1-a, shov/ that evaporation increases with water temoeratures, but

as other factors were involved it may be expected that for the same

average water temperature evaporation varies for different localities.

Thus, in Fig. 1-a, the line representing Berkeley conditions shows

less evaporation for the same average temperature because of the higher

humidity of the coastal area than that shown for ' oldiers Camp near

Lone Pine, which is removed from the coastal influence.
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A different form of curve was obtained during studies at

Baldwin Park, Los Angeles County, through plotting maximum daily

water temperatures against daily evaporation from a Weather iiureau

pan (46). The points on the curve, shown in Figure 1-b, are weighted

averages of many observations, so that the diffusion of points is

confined to a narrow range. The curved line is fitted to the points

by observation. The tendency of the curve to approach the horizontal

at its upper limits is an indication of heat dissipation resulting

from the process of evaporation.

The Relation of Air Temperature to Evaporation

K Although temperature is one of the principal factors caus-

ing evaporation, it is not the only one. The differences between

air and water temperatures, wind, and humidity, together with the

length of the day (which differs with the seasons), all combine to

control the evaporation rate. The relation of evaporation to air

temperature plots as a temperature-loop instead of a straight line.

The longer the period of record the greater is the opportunity for

securing a smooth curve with all points falling in regular order.

The temperature-loop in Figure 2 shows the relation betv/een monthly

evaporation from a 12-foot diameter ground pan and mean monthly

air temperature at the evaporation station near Fullerton. Wot all

points fall directly on the curve, as other factors are involved.

The temperature-loop plots in two parts, each representative of a

different period of the year. For the same mean monthly air temper-

ature, evaporation from a shallow pan is greater in the first half

of the year than during later months. For example, for a mean

monthly temperature of 65 aegrees the average monthly evaporation

in Figure 2 is approximately 6.3 inches in early summer as compared
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with 4.3 inches for the same length of time in the Jeptember-October

period. For a deep lake or reservoir the temperature-loop is re-

versed, since the heat stored at depth in the water returns Lo the

surface in the late summer or fall, where it causes increased evapo-

ration.





water surface. Highei' elevations, however, ai-e characte:»'ized by-

lower temoeratures and changes in other climatic factors that more

than offset the effect of decrease in barometric pressure. The net

result is a decrease in evaporation that is more or less proportional

to the decrease in temperature. Few attempts have been made to

determine this relationship; - the wt . V/hitney study is the only one

known to have been undertaken in California.

Mt. 'jVhitney Study , An early attempt was made in 1905 by

Frank Adams, then of the Office of Experiment Stations, J. S. Depart-

ment of Agriculture, in cooperation with the State of California (14)

to determine the effect of altitude on evaporation from a water

_ surface by measuring the depth of water vaporized from a series of

pans set in the ground at different elevations on the eastern slope

of Mt, 'iftfhitney. Each pan was 22 inches in diameter. Besides the

evaporation pans the equipment at each station consisted of a rain

gage, maximum and minimum thermometers, hook gage and sling psy-

chrometer. The period of measurement was limited to 20 days. The

positions of the stations, located between Lone Pine and Mt . Whitney,

were selected with care but did not possess altogether uniform

conditions as regards the surrounding topography and ground cover.

_ Observations were conducted at the following places be-

w
tween elevations 4,51$ and the top of Mt. Whitney at 14,502 feet:

Station Kiev. ,feet

Soldiers Camp , , 4,515
Junction South Fork and Lone Fine Creeks . . . 7,125
Hunters Camp .,.,....,.,....., 8,370
Lone Pine Lake , 10,000
Mexican Camp , , 12,000
Summit Mt , IvTiitney. .... ,......., . 14,502
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From examination of the Mt. Whitney topographic map it ap-

pears the evaporation stations probably followed Lone Pine Creek

approximately. The lower station at Soldiers Camp appears to have

been in the moderately rough country three to four miles west of Lone

Fine. The .junction of South Fork and Lone Pine Creeks probably was

in steep country rising sharply above the creek on both north and

south slopes, and from there on to the top of the mountain the slopes

appear to be rough and steep. Under such conditions it is probable

that pan exposure varied with respect to sun, wind, and temperature.
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Copies of the original data are unavailable, but from a chart of the

results prepared by Carl Rohwer, Table 1 and Fip;ure 3 have been nre-

pared showing probable daily evaporation and temperatures that are

in conformity with curves plotted at earlier times when the data must

have been at hand,

TABLE 1

Evaporation and Temperatures at Locations
on the East Slope of Mt . V/hitney, California

Elevation

,

feet
Mean daily

evaporation, foot
Mean daily

temperature, °F.

4,515
7,125
S,370

10 , 000
12,000
14,502

0.223
.170
.147
.136
.134
.140

82
82
74
58
49
48

Plotted evaporation and temperatures show a close relation-

ship to each other. The curves are nearly parallel except at ele-

vations 4,515 and 7,125 feet where there was little or no change in

temperature regardless of altitude. Evaporation decreased uniformly

from elevation 4,515 to 8,370 feet and more rapidly from there on

up to 12,000 feet. The evaporation pan on the summit of Mt . Whitney,

in contrast with those on the eastern slope, was exposed to winds

from all directions and shows a slightly higher rate of evaporation

than that from the two pans below. It is doubtful if the curve

should pass through the summit point, and for this reason the dot-

ted line misses it at the left. Above 7,000 feet the temperature

decreases at a nearly uniform rate up to 10,000 feet, more rapidly

to 12,000 feet, and from this point to the summit the temr^erature
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difference appears to be only one degree. This study was made for

the purpose of determining the effect of altitude on evaporation,

but the results are inconclusive as they show a decrease in evapo-

ration to be more closely related to change in temperature than to

change in barometric pressure. Under certain conditions, hov/ever,

evaporation may increase at higher elevations. This relationship

is best shown from records of the Los An^rceles County Flood Control

District pans obtained from sea level to elevations of 3,000 to

4,000 feet in the San Gabriel Mountains. The Flood Control pans are

all of the same size, so that a direct comparison is possible. Al-

though other factors than elevation affect the evaporation, it has

been found in Los Angeles and San Diego Counties that evaporation

increases with elevation. Also evaporation increases with distance

from the ocean, as the higher mountain areas are the farthest from

the coast. In the areas involved, the lov;er altitudes, being closer

to the ocean, have higher humidities than those at a distance or at

greater elevations. In the lower levels fogs are not uncommon.

They may be dense local ground fogs or high fogs; in either case

they obscure the sun and cool the atmosphere. Thus, evaporation is

lowered. The higher elevations, being at some distance from the

ocean, are less affected and usually are entirely above the fog belt;

thus evaporation is increased. In some instances, particularly for

stations situated in summit areas betv;een the ocean and desert

regions, dry winds from the desert contribute further to increase

the evaporation. The relationship of evaporation to altitude in

Los Angeles County is shovm roughly in Figure 4-a. The same data

have been used in Figure U-h to show the general relationship be-

^.•fi.-^n evaporation and distance of the evapor-ition pans from the

\'./ic Ocean. Both charts show higher evanoration as both elevation
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and distance from the ocean increase. Cuyamaca Reservoir in San

Diego County, at elevation 4,600 feet near the summit between San

Diego and the Imperial Valley, is thus affected. Evaporation at

Cuyamaca Reservoir is greater than at several other reservoirs

located at lower elevations nearer the ocean.

ft
The Salton Sea Investigation

Prior to 1907 there had been little interest in evaporation

investigations made wholly for the purpose of studying evaporation

—laws and developing formulas applicable to western arid and semiarid

conditions. In 190? the U. S. Weather Bureau undertook some pre-

liminary studies at Reno, Nevada (3) in order to determine the means

of approach and the type of equipment necessary for further studies

then contemplated in the Salton Sea desert area of Southern Cali-

fornia. In 1908 preliminary studies were undertaken in the area

surrounding Salton Sea, and in 1909-10 the Salton Sea investigation

was in progress. The purpose of the investigation was the study of

natural laws affecting evaporation from water surfaces and the

development of a general formula embracing all the conditions in-

volved. As far as can be determined, however, the results were

inconclusive and published reports on the investigation are fragmen-

tary.

The program included study of air and water temperatures,

v;ind movemeQt at different levels, vapor pressure, evaporation from

'^ans of different sizes and at difl'erent elevations with regard to

.he surface level. The main portion of the study was undertaken at

^alt Creek Bridge over an arm of Salton Sea, but supplementary

studies were carried on concurrently at Indio and Mecca in the

Coachella Valley to the north of Salton Sea, at Brawley in the
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Imperial Valley, and at Mammoth in the desert area southeast of the

sea.

Salt Creek Bridge was on the Southern Pacific Railroad on

the eastern shore at Salton Sea. This large body of water, which had

an area of approximately 42$ square miles at the time of the investi-

:-ation, lies below sea level in a desert region of extremely high

summer temperatures. The water surface fluctuated according to in-

flow from the few streams in the vicinity, principally Nev/ and Alamo

Rivers, which carried surplus water from the Imperial Valley; also

from rainfall on the water area and by loss of water from evaporation,

San Felipe Creek and Whitewater River flow into the sea following

storms, but published records for the period of investigation are

not available. Being below sea level there was no outflow, and since

the bottom of the sea is presumed to be composed of tight materials,

seepage losses may be considered negligible.

Evaporation was measured from pans located at towers

erected on land and offshore. Tower No., 1 was 1,500 feet inland

from Salt Creek Bridge, on a mesa 30 to 40 feet above the sea. Five

two-foot diameter pans each about 10 inches deep were observed. Pan

Mo. 1 was at the bottom of the tower and four similar pans were at

10-foot intervals on staging to a height of 40 feet. Anemometers

accompanied each pan, but the records of wind movement at all levels

do not appear to be available. Tower No. 2 was 500 feet offshore

in 2$ feet of water. Pans at this tower were four feet in diameter

with Fan No. 1 suspended above the water as close as the waves would

permit, with other pans at 10-foot intervals to a height of 45 feet.

Tower I'lo. 3 was offshore and was used for special experiments which

are not here discussed. Tower No. 4 was about 7,500 feet offshore

in y5 feet of v;ater with four-foot circular pans placed as at Tower

I
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No. 2. In addition, several land pans were located in line between

the sea and Tov\'er No. 1 to determine the effect of distance from a

water surface on the evaporation. Data for these pans are not

available.

At each of the four supplementary stations six-foot pans

were placed on boards at the ground level and tv/o-foot pans on towers

10 feet above ground. There appears to have been no effort to have

all pans exactly true to dimensions of diameter and depth. Nominally,

the pans were described as tv;o, four and six feet in diameter and

10 inches deep. Actually these dimensions were not maintained in

Iconstruction as apparently it was not understood by the investi-

gators that uniformity in size was of any importance. At the be-

ginning of the investigation it apparently was believed that evaporation

would be the same from pans similarily exposed regardless of size.

During the course of the work it developed that such an assumption

was in error. Diameters of the two-foot pans varied from 23 to 26

inches, which was sufficient to affect evaporation rates slightly.

Diameters of the four-foot pans were more uniform, but their depths

ciffered from 9.4 to 10.4 inches, a variation that probably would

have less influence on evaporation loss than variations in diameter.

The six-foot pans varied in diameter from 70.0 to 73.9 inches and in

derth from 9.1 to 9.4 inches instead of the prescribed 10 inches.

No corrections appear to h'ive been made in any of the evaporation

records on account of discrepancies in size.

Some of the results of the study at Salt Creek Bridge

uring narts of 1909 and 1910 are presented in Table 2. Mean temper-

atures are shown in Table 3. Only data for pans at the top and the

bottom of the towers are shown, and these are not for a complete 12-

m. ' .^h period. There is, however, a complete set of evaporation data
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for the top and bottom of the three tov/ers for the last six months

of 1909 (4) and from them certain conclusions can be drawn: In all

cases, evaporation is considerably higher at the top of the towers

than at lower levels regardless of whether the pans were over land

or water. This resulted from greater wind movement and lower humidity

in vertical sections. Evaporation at Towers 2 and 4 was nearly

identical for each elevation above the water surface, indicating

probable uniform moisture conditions of the air at these levels re-

gardless of distance from the shore. This could be expected, since

prevailing winds passed over several miles of water surface before it-

reached the towers.

TABLE 3

Temperature at Salt Creek Bridge
(Tower No. 1, Salton Sea Investigation),

Riverside County, California

Month
Mean air
temperature
degrees F,-^

Month
Mean air-

temperature-,
degrees F,

1909
June
July
August
September
October
November
December





The evaporation station at Indio was in an alfalfa patch

which was irrigated and cut as necessary. The effect of the tall

grass surrounding the pan was to decrease wind movement at the water

surface and have a lowering effect on the evaporation. However, the

yearly total amounted to 119 inches from a 6-foot diameter pan

(Table 4), which is a reflection of the high temperatures and long

evaporating season in the Indio region. Evaporation from the 2-foot

pan at the top of the 10-foot tower totaled 200 inches, an increase

that should be expected because of the opportunity for greater wind

travel and because of the smaller size of the pan. Evaporation

measured at Mecca, Brawley and Mammoth during a 12-month period is

shown in Tables 5 to 7. The data were taken directly from the United

States Weather Bureau Abstract of Data No. 4 (4) in which the year

was not specified. There is some reason to believe that the tabu-

lation was made up of broken records obtained during 1909-10. The

high rates of evaporation indicated for these localities show the

effect of desert temperature and humidity.

Estimates of Probable Evaporation From Salton Sea . Salt on

Sea was formed in 1905 as a result of a break in the banks of the

Colorado River which poured into the Salton Basin for a period of

nearly two years, eventually forming a body of water some 15 miles

wide by 45 miles long. From this area there is no outlet, as the

bottom of the Salton Sea lies at a depth of 273.5 feet below sea

level. Into it drain the flood waters of a large mountain and desert

region through the channels of Vi/hitewater River, San Felipe Creek

and Mammoth Wash. Surplus water from the Imperial Irrigation District

flows into the sea through Alamo and New Rivers. Flood v/aters

enter unmeasured, but for many years the irrigation district has

kent records of drainage inflow. Rainfall records are maintained
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at several stations north and south of the sea from which it is

possible to estimate the depth of rain falling on the water surface.

Stage heights also are recorded by the Imperial Irrigation District.

Data are available from which estimates of water surface areas may-

be computed for different water stages. With these records it be-

comes possible to estimate roughly the probable evaporation from

Salton Sea for periods of moderate to normal precipitation and of low

flow in unmeasured streams. In other years there probably would be

sufficient contribution to the sea to affect the accuracy of the

estimated evaporation. These years should not be included in evapo-

ration tabulations.

Using such data a few engineers have estimated evaporation

for Salton Sea, the results being in general agreement. Unpublished

figures prepared by the Salton Sea investigators show computed evapo-

ration for the 10-year period 1909--10 to 191^.-19 to be 6^,76 inches

annually as shown in Table S. In estimating these values the in-

flow from Alamo and Nev; Rivers was arbitrarily taken as 277,000

acre-feet annually. The records do not show that any inflov; was

considered from such streams as San Felipe Creek, V/hitewater RiA^er

or the numerous flood washes that enter from the east.

Robson (34) estimated total evaporation for the six-year

period April 1, 1907 to April 1, 1913, to be 65.34 inches, on basis

of the following data:

Loss in elevation of Salton Sea 26oj.O feet
Total rainfall on lake surface 1,3^ feet
Total run-off into Salton Sea 1.25 feet
Discharge from Alamo and New Rivers (estimated) 4.19 feet

I

Total 32.92 feet
Yearly average 65.84 inches
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,
oince the dischar.^zie from Alamo and i\iev/ Rivers h-aa to be estimated and

there was no record of inflow from ^vhibewater River and dan Felipe

Creek it is probable that the total and average are too lov;.

TABLE 8

Average Computed (Lake) Evanoration From
Salton Sea, California, 1909-10 to 1918-19

(Source: Unpublished estimates by Salton Sea
investigators, U.S. '«i'eather iiureau)

Year





Southern California localities. The results obtained have been of

general benefit to engineers through discussion of evaporation funda-

mentals, the development of evaporation formulas, and in establishing

the values of evaporation coefficients for the reduction of pan evapo-

ration to equivalent evaporation from larger water areas. The

difficulty of direct determination of evaporation from large water

areas results from the general impossibility of obtaining a complete

inventory of all the waters entering and leaving the reservoir. In

isolated instances where the only change in water levels is through

dissipation of moisture into the atmosphere, evaporation may be

measured directly with staff gages. Occasionally, opportunities exist

for computing evaporation from records of inflow, outflow, bank

storage, precipitation on the water surface, and changes in water

surface levels. In such cases evaporation is the residual item in

the water supply. Both conditions are predicated on the assumption

that seepage from the bottom of the reservoir is negligible.





Usually evaporation is measured from small water surfaces in

standard evanoration pans. Such measurements may be reduced to lake

or reservoir equivalents through use of conversion factors or coef-

ficients derived experimentally for the type and size of pan from

which the records at the reservoirs are obtained. In actual practice

a number of types and sizes of evaporation pans are in common use.

The Weather Bureau pan is set above the ground surface where it is

exposed to the sun's rays and the svveep of the wind, both of which

increase the evaporation. Both circular and square pans set in the

ground with only a few inches of rim exposed are partly insulated by

the surrounding soil so that there is a tendency toward a more uni-

form water temperature and a lower evaporation than in the exposed

Weather Bureau pan. The ratio of the wetted perimeter of the pan to

the water area is likewise a factor in increasing the evaporation, as

water evaporates at a more rapid rate when in contact with the warm

metal that forms the boundary of the water surface. The rim effect

varies inversely according to the diameter of the pan, the greatest

relative effect being on pans having the smallest diameters. The

ratio of pan circumference to area of the water surface is — which
d

is equal to a value of four for a one-foot diameter pan as compared

with a value of 0.333 for the 12-foot pan. Thus, the rim effect is

12 times greater per unit area for the small pan than for the larger

one. The capillary rise of moisture on the inside of the pan, in-

creased by a slight wave action, creates a wetted area from which

evaporation occurs at a higher rate than from the horizontal water

surface.

Denver, Colorado, Investigations . Determination of evapo-

ration coefficients for a variety of pans has been one of the long

time objectives of the Department of Agriculture. The first of these
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studies was undertaken at Denver, Colorado, where an outdoor evapo-

ration laboratory was established in 1915 for studying, from an engi-

neering point of view, problems connected with the utilization of

water in irrigation. A general lack of information regarding specific

conclusions that would be useful to the engineering profession prompted

the investigators to undertake the following studies:

(a) Variation in the amount of evaporation from pans of varying
sizes

;

(b) Variation in the amount of evaporation from pans of varying
depths;

(c) Comparison of the amount of evaporation from flowing and
still water;

(d) Comparison of the results obtained from different types of
so-called standard evaporation pans;

(e) Comparison of the evaporation amounts from round pans and
square pans of small size;

(f) An extension of the results of experimental pans to larger
water areas.

Measurements were made during 1916 and 1917 from a series of

circular ground pans of diameters from 1 to 12 feet, each three feet

deep, set in the ground 2.75 feet. Other types included a Bureau of

Plant Industry pan, a Colorado type square pan, a V»eather Bureau pan

and a floating pan. Coefficients were determined as a relation of

the evaporation from the various pans to evaporation from the 12-foot

diameter pan. Because of climatic conditions resulting from the

high altitude at Denver it was not possible to carry on evaporation

measurements during winter months and the coefficients are necessarily

based on approximately eight months of record.

On completion of the season of 1916 a progress report pre-

sented a partial list of evaporation coefficients for the principal

pans studied (37). During the following year, 1917, measurements
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were continued and a summary of the coefficients obtained during the

investigation was published (3^).

Fort Collins, Colorado, Investigations . A second investiga-

tion was undertaken at the Colorado Agricultural Experiment Station,

in which the objectives were "determination of factors causing the

derivation of the general law under which these factors operate and

the evaluation of the relation between evaporation as it takes place

from various types of standard evaporation tanks and as it is found to

occur from a larger water surface." Evaporation from a V/eather Bureau

pan, a three-foot square ground pan and a three-foot square floating

pan was compared with the loss from an 85-foot diameter reservoir

seven feet in depth. Measurements were begun in September, 1926, and

continued through the open-water season of 1927 and 192^. This study

was also limited to a period of approximately eight months each season,

Although determination of an evaporation formula was the principal

objective, the data permitted establishment of coefficients relative

to evaporation from the 85-foot reservoir. Descriptions of the ex-

periment and conclusions arrived at were published in 1931 (35).

Southern California Investigation . This investigation dealt

with evaporation losses from various types of evaporation pans in a

coastal region where freezing was not a factor and measurements were

possible throughout the year. It established relationships of such

losses for monthly and annual periods continuously from 1935 to 1939,

inclusive, at a central evaporation station at Fullerton, Orange

County, about 10 miles from the coast, and from 1939 to 1941 at Lake

Elsinore, Riverside County, about 25 miles inland.

Fullerton Evaporation Station . At this station the mean

annual temperature during the period of investigation was 60 degrees

and the relative humidity was 68 per cent, with high thin fogs a
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common occurrence during summer months. Wind velocity, 20 inches

above ground, averaged 2.8 miles per hour. Rainfall, varying from

11 to 23 inches annually during the periods November to April, averaged

ft̂5.75 inches per season.

The principal study was determination of pan coefficients

relative to evaporation from a 12-foot diameter pan, three feet deep,

set 2.75 feet in the ground, with the water surface coincident with

the ground surface. Previous experiences with a 12-foot pan and an

8$-foot diameter reservoir by Sleight (37) and Rohwer (35) had led to

the general conclusion that for diameters greater than 12 feet the

size of the pan had little effect on evaporation. It is believed,

however, as a result of the author's studies, that evaporation from a

12-foot pan is not the absolute minimum that would be obtained from a

larger pan, but that the difference is immaterial in view of other

discrepancies often appearing in evaporation measurements.

For comparison with evaporation from the 12-foot pan measure-

ments v/ere made from a series of circular ground pans of similar depth,

with diameters of from one to six feet. In addition there was a

V^'eather Bureau pan, a square ground pan of the Colorado type, a Bureau

of Plant Industry pan, screened pan and an insulated pan, from all of

which evaporation measurements were obtained continuously for periods

of from two to five years. Also, there was a series of small pans

i
from which tests were made to determine the effect of color of pans

and the effect of different concentrations of salt solution on evapo-

ration losses. Summaries of evaporation from the principal pans at

the Fullerton Station are shovm later in this report.

Lake Elsinore Evaooration Station. Lake Elsinore, with an

area of about 5,500 acres, is an excellent outdoor evaporation labo-

ratory. Its water supply comes from the San Jacinto River which
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flows only during the winter and spring months; this flov/ is measured

by the U. S. Geological Survey a short distance above the lake. There

has been no outflow since 1916. All the evidence points toward a

tight lake bottom that prevents seepage losses of any importance.

Evaporation studies were undertaken for the purpose of checking some

of the Fullerton station coefficients. Evaporation was measured from

a Weather Bureau pan and from a screened pan and was computed for the

lake from records of inflow, rainfall on the lake surface, and changes

in lake levels. A considerable degree of accuracy was possible in

arriving at lake evaporation throughout the long dry summer months

when the only change in water surface v/as through evaporation.

Meteorologic conditions at the lake were similar to those

at the Fullerton station. During the period of measurement the average

temperature was 64 degrees; wind movement averaged 2.0 miles per hour,

alternating between land and ocean breezes. Rainfall varied from

10.96 to 24.45 inches annually.
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CHAPTER IV

EVAPORATION COEFFICIENTS

The usefulness of evaporation coefficients is better under-

stood when it is recognized that evaporation from small artificial

water surfaces is greater than the loss for larger areas. Ground pans

of equal depth but of different diameters, installed under identical

conditions of temperature j wind, humidity and rainfall, have different

rates of evaporation, the smaller pans having the higher losses. The

relation of evaporation from a given size or type of pan to evapo-

ration from a different pan or from a larger body of water is designated

as a coefficient and is a ratio. It is variable according to the

integrated effect of the meteorologic factors on different pans, and

is usually higher in summer than in winter. Annual coefficients are

less variable than monthly coefficients. Coefficients are useful for

the reduction of evaporation from a small pan to that from a larger

pan or from one pan to another of different characteristics. It is

the common method of estimating reservoir evaporation from pan records.

In general, it may be presumed that coefficients obtained

as a result of the investigations in Colorado are applicable to the

region of the inter-mountain states where winter temperatures are be-

low freezing. Coefficients obtained in Southern California would

appear to be applicable to the lower areas of the southwestern states

where winters are short and mild. In California the Colorado coef-

ficients probably apply to the higher mountain regions, while the

Southern California coefficients are more suitable for the lower ele-

vations of coastal and interior valleys.
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The Weather Bureau Pan Coefficient

A summary of evaporation records at the Fullerton station

is presented later in this report. The ratio of evaporation from the

12-foot diameter pan to evaporation from the smaller pans gives the

value of the coefficients that are for use under similar conditions

of exposure and weather conditions. The Weather Bureau pan coefficients

were consistent throughout the five-year period of investigation, the

average annual value being 0.77 with variations from O.76 to 0.7^.

During the three-year test at Lake Elsinore the average annual coef-

ficient for the 'Weather Bureau pan, based on computed evaporation from

the lake, was identical with that at the Fullerton stations, but

major differences occurred in the monthly coefficients as shown in

Table 10. The excellent agreement obtained through the use, as basic

evaporation areas, of such dissimilar v;ater areas as a 12-foot pan

and a $,500-acre lake is proof that the 12-foot pan is as large as is

necessary for the computation of satisfactory evaporation coefficients.

Differences in coefficients as regards pans and reservoirs

are due to the capacity for heat storage in the different water

volumes. In the pans much of the heat recieved from the sun during

the day is lost at night. In the larger volumes of v;;;ter a portion

of the heat received during the spring and early summer is used in

evaporating the surface water and another portion is absorbed in

warming the water to a considerable depth. Later in the season the

heat in storage gradually returns to the surface where it becomes

available for increasing the evaporation during the cooler fall months

when pan evaporation is approaching a minimum. During the early part

of the season pan evaporation exceeds lake evaporation, but in the

fall and winter months evaporation from the deeper body of water may
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equal or exceed pan evaporation. The length of this excess period

depends on the depth of the lake, the amount of heat stored in the

water and the time required for its return to the surface. Thus it

may be expected that monthly evaporation from a deep lake or reser-

voir will differ from the computed values that are based on pan

records and predetermined monthly evaporation coefficients. Regard-

less of such monthly differences the annual heat energy received at

the reservoir and pan should be about the same; hence, the ann'ial

evaporation from the reservoir should be nearly identical with the

value computed by means of annual coefficients.

The Six-foot Diameter Ground Pan Coefficient

Comparison was made of evaporation from two six-foot diameter

pans at the Fullerton station, one being three feet in depth with a

three-inch rim above ground, the other a standard Bureau of Plant

Industry pan which was two feet in depth with a four-inch rim. Evapo-

ration from the Bureau of Plant Industry Toan was consistently less

than that from the deeper pan, but only by a small amount each month.

Since the pans were of the same diameter and received the same heat

energy, the differences in evaporation must be attributed to some

special pan characteristics such as depth of water or height of rim

above the water surface. The coefficient for the deeper pan, based

on five years of measurement, averaged 0.91 as compared with 0.94 for

the Bureau of Plant Industry pan in a two-year period. Few of the

six-foot pans are used in California.

The Souare Ground Pan Coefficient

The square pan, 3x3 feet, 18 inches deep, is used in some

areas both as land and floating types. The land pan usually is set
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1/f or 15 inches in the ground. Both land and floating pans are fre-

quently painted black inside and outside, a condition that increases

the evaporation. The annual coefficient for conversion of evapora-

tion from the unpainted square ground pan to that from the 12-foot

pan at the Fullerton station averaged 0.39 for the five-year period

1935 to 1939, inclusive, with annual values ranging from O.S? to

0.90 (49). This coefficient is not in agreement with the Colorado

values for this pan, which according to Sleight (36) and Rohwer (35)

was 0.79. A comparison of the records shows different rim heights

for the two pans. Sleight (3S) described the square ground pan at

Denver, as three feet deep, set 2,75 feet in the ground with the water

surface approximately at ground level. Rohwer 's (3 5) pan at Fort

Collins, was IS inches deep, set in the ground with its top edge

1 3/4 inches above the ground level. Allowance for variation in the

water surface in Rohwer' s pan was one inch and the maximum distance

below the rim was two inches. The square pan at the Fullerton station

was 18 inches deep, set in the ground 14 inches so that there was a

four-inch rim as compared with a three-inch rim at Denver and a 1 3/4 -

inch rim at Fort Collins. Experiments have shown a rapid decrease

in evaporation when water stands at progressively greater depths

below the top of the pan, A lower rim at the Fullerton station should

result in more evaporation and a lower coefficient that would more

nearly approach those derived through the Colorado studies. The

monthly coefficients were quite uniform, showing a range of values

from 0.87 to 0.93. This narrow range, similar to that found for the

Bureau of Plant Industry pan, fails to show the seasonal trend in

coefficients that has been disclosed for pans other sizes. For

example, monthly coefficients for various circular ground pans are

high in summer and low in winter. They follow the seasonal range of
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temperature. Likewise, coefficients for the Weather Bureau pan are

highest during the hottest months when comparison is made with the

12-foot pan, but v/hen evaporation from a V^/eather Bureau pan is com-

pared with that from Lake Elsinore, the highest coefficients are seen

to occur in the fall and the lowest in early spring (47). This is

the direct result of heat storage in the lake.

The Square Floating Pan Coefficient

The square floating pan in California is used primarily in

San Diego County, although its use is by no means confined to that

area. The longest period of record was 23 years at Henshaw Reservoir

where a land pan of the same size was also in use for the same period.

The floating pan is used for estimating reservoir evaporation by

approximating reservoir conditions as to water temperatures and ex-

posure to wind. Although it is partly protected -from waves by a

surrounding float there often is uncertainty as to the exact depth

of evaporation during storms when water splashes into or out of the

pan. If water splashes in, too little evaporation is indicated; if

it splashes out, the evaporation recorded is too high. V/hen records

from the floating pan are uncertain, measurements from a square

ground pan may be substituted with a reasonable degree of accuracy.

To obtain the best results, water inside the land and floating pans

should be kept at the same depth as the outside surface. Paint

should not be applied, as it changes the rate of evaporation. It

does, however, delay rusting and prolongs the life of the metal.

In practice, the floating pan is subject to more wind than the land

pan, with the probability that the wind movement increases the evapo-

ration. Other differences occur because of splash. Examination of

records of 19 pairs of land and floating square pans, as indicated
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in Table 11, shows a few great differences in mean annual evaporation.

The mean ratio of evaporation from the floating pan to the ground

pan for the 19 stations is 0.95, as compared with an experimental

value of lo03 obtained as one of the results of Rohwer's studies (35)

•

The length of the record and the number of places of observation

scattered throughout the State indicate average figures that might

ordinarily be expected in practice. Most of the stations are at

reservoirs or lakes where water in storage has opportunity to warm

up by standing in the sun. The floating pans at Independence and at

Kingsburg were in running water which is colder, especially at

Independence where the Owens River flows out of the high mountains.

This condition could readily account for the low evaporation from

the floating pan as compared with the ground pan.

The coefficient for converting evaporation from the three-

foot square floating pan to evaporation from a 12-foot diameter pan

at Denver, as recorded by Sleight (3^) was 0,89 in 1915 to 1917.

This is higher than Rohwer's value (35) of 0.77 obtained by comparison

with evaporation from an 85-foot diameter reservoir. Wo studies to

determine the values of coefficients for the floating pan have been

made in California although the generally accepted value in practice

appears to range from 0,79 to 0,83, This is in agreement with results

obtained by experiment and by reservoir practice. A comparison of

coefficients for square pans as determined by experiment, with those

recommended in a Final Report of Subcommittee on Evaporation of the

Special Committee on Irrigation Hydraulics (1) and others suggested

by Hall (17) are presented in Table 12, As a result of this tabu-

lation it appears that an average value of 0.80 may be accepted by

engineers for computing reservoir evaporation from a three-foot

square land or floating pan. Exceptions to these values are
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coefficients determined by Sleight l3S) for a floating pan and by the

author (i. V) for a lane pan. Sleight's floating pan was 3,400 feet

from the laboratory where his other records were obtained and the

different location or ohe higher humidity at the lake, could account

for the higher evaporation ratio. The high coefficient for the land

pan at the Fullerton station has previously been explained as the

result of a higher pan rim than those reported at other evaporation

stations. For square land pans similarly installed a coefficient of

0.89 is applicable for Southern California.

TABLE 12

Comparison of Evaporation Coefficients for 3x3 Foot Square Land
and Floating Pans for Reducing Pan Evaporation to

Equivalent Evaporation From Larger Water Areas

Investigator
Evaporation coefficients

for 3 X 3 ft. pans
Land Floating

Sleight
Rohwer
Subcommittee
Hall
Young

(38)
(35)
( 1)

(17)
(49)

0.79





principle in evaporation studies v/a3 introduced in the form of a

$-inch galvanized mesh screen suspended horizontally midway between

the top of the pan and the average water surface. The screen reduced

the interception of heat energy at the water surface during the day,

reduced back radiation at night and lessened the wind effect over the

water. Average annual evaporation was less than that for any other

type of small pan and closely approximated the evaporation from a

12-foot ground pan.

The average annual coefficient for reducing evaporation from

the screened pan to equivalent evaporation from the 12-foot pan was

0.98. Monthly coefficients varied considerably, being slightly above

unity from March through July and tapering off to values as low as

0.81 during the colder months. At Lake Elsinore a three-year test

produced identical annual coefficients (47) but viith significant

differences in the monthly coefficients. Because of the greater

capacity of the lake, heat stored in the water at depth earlier in

the year moved upward as the surface water turned colder and sank.

Thus, the surface of the lake continued v/ar-m for many weeks after the

_ air temperatures began to cool and lake evaporation during fall months

exceeded the loss from the evaporation pan. In consequence, the

monthly coefficients were less than unity during the early part of

the year and greater than unity during the later months. Results

of the screened pan tests at both stations have been shown in Table 10,

For a more general application, Table 13 shows evaporation

coefficients for a majority of evaporation pans in common use as

determined by similar investigations at Denver and Fort Collins, Colo-

rado, Milford, Utah, and Fullerton, California. The agreement for

the several locations was generally good although some tendency

existed toward higher values at the Fullerton Station. For the
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.;eather Bureau pan at the Fullerton coefficient was 0.77 as compared

with an average of 0.70 obtained through the Colorado studies. For

the Colorado-type square ground pan the coefficient was found to be

0.89 at the Fullerton station (49) as compared with 0.79 obtained at

both Colorado investigations. This has been explained as being

caused by the difference in rim heights at the different stations.

TABLE 13

Evaporation Coefficients as Determined by Various

Investigations in Western States





CHAPTER V

EVAPORATION FROM LARGE V^ATER AREAS

The number of evaporation records and coefficients available

permit estimation of lake evaporation that is fairly dependable and the

probable evaporation from most lakes and reservoirs is computed by

this means. The most accurate data are obtained directly from staff

gage measurements from closed lakes during the dry season when there is

neither inflow nor outflow. A tight lake bottom is a prerequisite for

this condition. Such opportunities are few. During the rainy season

when streams are flowing, evaporation is computed from records of in-

flow, outflow, rainfall on the lake surface and change in water levels.

A few such records of monthly evaporation for California and Nevada

are shown in Table 14. Mean annual evaporation is shov;n in Table 15.

Buena Vista Lake is a shallow reservoir of fluctuating size

covering several thousand acres about 20 miles southwest of Bakersfield,

The data representing this reservoir are summarized for the period

1937 to 1945 from records of inflov;, outflov>f, rainfall on the lake

surface and lake fluctuations by ';i/alter Ruppel, office of Harry L.

Haehl, consulting engineer, San Francisco. The lake records were

obtained by the Buena Vista V/ater Storage District. Rainfall was

averaged from Vveather Bureau stations at Bakersfield, Buttonwillow and

Maricopa.

Evaporation from Tulare Lake has been estimated by Harding

(20) for a period prior to 1916 when there was no inflow, and with the

exceptions of periods of rainfall the evaporation could be measured

directly from changes in lake levels as shown on staff gages. Seepage

was considered to be negligible. Rainfall was taken from the Hanford

records. Computed records for Buena Vista and Tulare Lakes, although
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prepared independently and for different series of years, are in

harmony with each other, each showing a mean evaporation of 55 to 5^

inches annually.

TABLE 15

Computed Mean Annual Evaporation for Several Lakes in California

Lo





I
and its area about 90 square miles. Rainfall and most stream flow

v;ere unmeasured at the north end of the lake. Some local unmeasured

flow occurred, but in years of low rainfall it was insufficient to

affect the computed depth of evaporation measurably.

Pyramid Lake, also in western Nevada, at the time of record

had an area of about 200 square miles at altitude 3,^30 feet. It

received the measured flow of Truckee Hiver and gage heights and

rainfall records were available. Annual evaporation for the 7-year

period 192? to 1934, inclusive, amounted to 49.^ inches, v/hich is

practically identical with the computed evaporation from Vi/alker Lake,
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CHAPTER VI

SUM'IARY

Additions to the irrigated acreage in the V/est since the

first of the century, and the widespread demand for power, have

resulted in the development of many reservoirs from which losses by

evaporation are becoming increasingly important as a factor in the

water supply. Construction programs for the future call for more

and larger reservoirs and for further economy in water use. In early

years when the supply was plentiful no attention was given to water

losses, but as the demand increased attention became focused on them.

This interest is expected to continue as water requirements are

extended and the value of water increases. This report has been

prepared as a foundation for estimating evaporation from present and

future reservoirs throughout California.

The depth of evaporation varies throughout the State from

a maximum in the hot desert regions to a minimum in the snowclad

mountains. Along the coast it is held to a medium loss by moderate

temperatures and the presence of haze or fog which often partially

obscures the sun. At the lower elevations evaporation is recorded

throughout the year, but in the mountains freezing prevents measure-

ment during the winter months. Pan records vary also according to

type of evaporation pan from which they are obtained. Pans exposed

above the ground surface have the highest loss. Of the pans set in

the ground the greatest depth of evaporation occurs from the smallest

and the Igast depth from the largest pan. The four-foot diameter

Weather Bureau pan is a favorite in many places. Evaporation from

this pan has been recorded as high as 1$6 inches a year on the Colo-

rado Desert, and as low as 58 inches annually along the coast.
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Desert winds at pans located on summit areas between coast and desert

increase the normally low evaporation. An example is the record at

Fern Canyon, at elevation 5,100 feet in the San Gabriel Mountains,

where the recorded evaporation averages 76 inches annually or 18

inches higher than at sea level and approximately the same latitude.

Fern Canyon is above the fog belt.

Evaporation usually is measured from small metal pans and

translated to equivalent evaporation for large water areas through

use of reduction coefficients that must first be determined by experi-

ment. Evaporation recorded from pans is the true evaporation, with

rain falling in the pan accounted for as water added. This is the

common method of calculating pan evaporation. In some cases evapo-

ration from reservoirs is designated as "gross" or "net" evaporation.

Gross reservoir evaporation is the actual depth of water lost to the

atmosphere. Net evaporation is the gross evaporation minus the

depth of rain falling on the water surface. Gross evaporation is

always positive but net evaporation is negative in months when the

true evaporation is less than the rainfall. The terms "gross" and

"net" are used in connection with estimating reservoir losses but

not in connection with pan evaporation.

Different types and sizes of evaporation pans are in common

use. The standard Vifeather Bureau pan is the most popular one and has

the most extensive list of records, but it also has a rate of annual

evaporation that is at least 30 per cent higher than evaporation from

a large water surface. The Bureau of Plant Industry pan, six feet

in diameter, is set in the ground. Its rate of loss is considerably

less than that from the more exposed V/eather Bureau pan. Ground

and floating pans, each three feet square, are used in many places

for estimating reservoir evaporation. Evaporation records from
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these pans are not identical but are close enough so that when a

floating pan record is lost through wave action a substitute record

may be obtained from the ground pan. The Los Angeles County Flood

Control District observes some 25 evaporation pans forming a county

network throughout valley and mountain areas. Records usually have

been continuous for the past 15 years. The screened pan was de-

signed to reduce evaporation to an amount approximately equal to the

loss for a large water area. Its principal use has been experimental,

but the Los Angeles County Flood Control District, beginning about

the first of 1946, adopted it as a standard pan.

Theoretically, at the higher elevations, evaporation should

increase as a result of the decreasing barometric pressures, but

practically it decreases as a result of the lower temperatures.

This was demonstrated by the Mt . V/hitney study by Frank Adams in 1905.

The Salton Sea investigations by the U, S. Vifeather Bureau

in 1909-10 demonstrated the difference in evaporation over land and

water areas. Evaporation was greater over a land area than over a

water area. On a water area as large as Salton Sea evaporation

close to the windward shore is greater than at a distance offshore.

As the air moving over the water absorbs moisture, evaporation

decreases until it becomes nearly constant. Air moving from the

water to dry land loses some of the moisture absorbed in its passage.

For both land and water locations evaporation increased in vertical

sections.

Investigations by the Department of Agriculture at Fuller-

ton demonstrated that different rates of evaporation occurred from

different types and sizes of evaporation pans. Evaporation coef-

ficients were determined that are applicable in estimating evaporation

-from large water areas from records of pans similarly located.
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Coefficients used should be those developed under climatic conditions

closely similar to those existing where they are to be applied. Coef-

ficients obtained by experiment in Colorado should be useful in

mountain areas where winter conditions prevent evaporation from water

surfaces during winter months. Calilornia coefficiem^s were ae-

terminea at a low elevation and should be applicable for valley and

mountain areas where winter conditions prevent evaporation from

water surfaces during winter months.

Coefficients for a majority of evaporation pans have been

derived through comparison with evaporation from a 12-foot diameter

pan similarly situated. At Fort Collins, Colorado, comparison was

made with evaporation from an 85-foot diameter shallow reservoir.

The results show little difference in the coefficients regardless of

the size of the base pan. Coefficients determined in California

agree generally with those obtained in Colorado with the exception

of the coefficient for the Weather Bureau pan, which was 10 per cent

higher at the California station. Coefficients vary from month to

month, usually being higher in summer than in winter. Annual coef-

ficients are the mean values of all the monthly coefficients.

Monthly evaporation from shallow pans differs from evaporation from

deep bodies of water. The difference is due to amount of heat stor-

age in the different volumes of water. Shallow pans hold but little

heat in the water. Deep reservoirs absorb heat during the early

months of the year and return it to the surface in the fall when the

air is cooler. This increases the temperature of the water surface
I

and the depth of evaporation at a time of year when pan evaporation

is decreasing. Because of this it is not likely that monthly evapo-

ration computed by means of coefficients will agree with actual

monthly reservoir evaporation. Annual evaporation should be
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approximately the same in either case, as both pan and reservoir are

exposed to the same total amount of heat from the sun.

Pan coefficients vary according to the size and exposure of

the evaporation pan. The Weather Bureau pan is the least efficient

as it has the highest rate of loss and the lowest coefficient. For

pans set in the ground the largest are the most efficient and have

the highest coefficients. In experimental studies, coefficients for

all other pans are based on evaporation from the 12-foot pan, or as

in the Fort Collins study, on evaporation from the 85-foot diameter

shallow reservoir. A coefficient of 1.00 has been adopted for both

the 12-foot pan and the 85-foot reservoirs and all other coefficients

are ratios based on this value

»

Evaporation from large water areas may be computed directly

from records of inflow, outflow, rainfall on the water surface, and

change in water levels. Such computations give results that are

more or less approximate, as usually all items entering into the

equation cannot be evaluated. In most cases, however, where such

computations have been attempted the results have been sufficiently

accurate to provide valuable data.

A large number of evaporation records are presented in the

appendixes to this report. They include pan measurements obtained

because of the interest of many organizations in many
.
portions of

the State. Records are most numerous where there is a scarcity of

water and many areas where water is plentiful or is in small demand

have not found it necessary to observe evaporation losses. For

years evaporation has been recorded at many of the larger reservoirs

storing water for irrigation, municipal use, or power. '»fliere stream

flow is unreliable as a result of dry years, carry-over storage is
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a necessity. Under such conditions evaporation may become a higher

percentage of the total replenishment than on streams v/here the flow

is more regular,

p The long-term mean evaporation for a small group of iv'eather

Bureau pans located at various places in Southern California is shown

in Table 16. The base station for this tabulation is the Riverside

Citrus Station, which has a record of 21 years of measurement. The

table shows the annual index of evaporation for each station and sets

up a comparison of the mean evaporation with the 21-year calculated

mean. A similar tabulation was computed for Vceather Bureau pans at

stations in the Central Valley based on a 19-year record of evapo-

ration at the College of Agriculture at Davis, as shown in Table 1?.

m general, the tabulations show only small differencos between the

.v.er^n of record and che calculated long-term mean.

I
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EVAPORATION IN THE SAN FRANCISCO BAY AND

SACRAMENTO-SAN JOAQUIN DELTA AREAS

By Dean C, Muckel, Irrigation Engineer, United
States Department of Agriculture, Agricultural Research Service,
Berkeley, California

During 1953 and 1954 the California State Engineer

made an investigation into the feasibility of barriers across the

San Francisco Bay to create fresh water pools or lakes. As a

part of this investigation, the State entered into a contract

with the U. S. Agricultural Research Service, Soil and Water

Conservation Research Division to determine the evaporation losses

which might occur from any fresh water pools so formed. At the

conclusion of the investigation by the State, the U. S. Army

Engineer District, San Francisco, Corps of Engineers, started a

comprehensive investigation of the entire San Francisco Bay system

and requested that the evaporation studies be continued for a

five-year period under a cooperative agreement beginning in 1955.

The area covered included South San Francisco Bay, San Pablo Bay,

Suisun Bay, and the Sacramento-San Joaquin Delta. This report

presents evaporation data collected during the period 1953 to date,

A survey of data existing in 1953 revealed that evapo-

ration measurements were being made from United States Weather

Bureau type pans (four feet in diameter and ten inches deep) at

15 locations in the San Francisco Bay and Sacramento-San Joaquin

Delta areas (see figure 1). A concentration of these records was

found along the southern shores of South San Francisco Bay. Two
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records were found on the northern shore of San Pablo Bay, two

on the south edge of Suisun Bay, and others in outlying areas as

the upper fringe of the delta. Slightly inland, two evaporation

records were found near Berkeley and San Leandro,

In order to obtain better coverage, three additional

evaporation stations were installed in 1953. One station was

located at the University of California Richmond Field Station

in the City of Richmond. This station was well exposed to the

prevailing winds off the bay and was believed to represent condi-

tions along the waterfront on the eastern side of San Pablo Bay.

Another station was installed on the northern edge of San Pablo

Bay about one mile north of Sears Point Road and midway between

Napa River and Sonoma Creek on the southern levee of South Slough.

This location represents conditions along the northerly edge of

San Pablo Bay. A third station was installed on Joice Island

near Volanti Slough in the middle of a large water consuming area.

In 1955 in cooperation with the Corps of Engineers,

additional stations were installed. Three were in the Sacramento-

San Joaquin Delta, one at Walnut Grove, one on Mandeville Island,

and one near Stockton Mowry Bridge. Other stations were located

at Hamilton Air Force Base and the Burlingame City Sewerage Plant.

The California Department of Water Resources cooperated in the

installation of the three delta stations.

Table 1 is a list of the evaporation station pans in

the San Francisco Bay region and shows the 'period of record and

average annual gross evaporation for the period of record.
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TABLE 1.--LIST OP EVAPORATION STATIONS
IN THE SAN FHANCISCO BAY REGION

Station

: : Average annual
Looatlon : Period of : gross evaporation from

niunber on : rooord : Weather Bureau type pons
figure 1

;
: for period of raoord

San Pranoisoo Bay
Alvai-odo (.ra)

Newark (WB)

Plant No. 1 (i;.oslle SeJ.t Co.)

Plant No. 2 (Loslio Salt Co.)

Baumborg (Lenllo SpJlt Co.)

Alvioo (Leslie Sflt Co.)

Redwood Clt^^ (Laslio SpJ.t Co.)

Riohiaond 1/
Burllngame 2/
Hamilton Field 2/

San Pi\blo 3ej
Sew:; Point Road 1/
A-14 (Losllo Seat Coj)

A-20 (Dutto.i'o Laiiding) ^
Suisun BCiy

Aatloch (U. S. Buroau of Reclajn.)

Martinez (U. S. Buroau of Roolaa.)

Joloe Island 1/

Saorainento.~)an Joaquin Delta

Davis (VB)"

Lodl (MB)

Tracy (Uo S, Bureau of Roolara,

)

Traoy Pumping Plant (U. S. Bureau of Reel.)
Walnut Grove 2/
Msmdevlllo Island 2j •

Mowry Bridge 2/

Stations ad .lag nit to arer.

San Pablo Ru-sei^/olr (EBMUD)

Upper San Leondro Reservoir (EBMUD)
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In connection Vv'ith the Corps of Engineers comprehensive

investif.ation of the San Francisco Bay, it was required that evapo-

ration be determined for the period October, 1922, to September,

1955, inclusive. Only two records were of sufficient length to

cover this period, one at Davis and one at Newark. The Newark

station was originally at Alvarado and the two records (Alvaradc

and Newark) are sometimes combined to form a continuous record.

Studies during this investigation showed that the two records

differed and that an adjustment should be made of the Alvarado

record in order to extrapolate the Newark record. This was done

by accumulating the Alvarado-Newark record in reverse chronological

order and plotting, A distinct break in the plotted line occurred

at the time when the station was moved from Alvarado to Newark,

Calculations showed that the Alvarado records should be multiplied

by 1.056 to extend the Newark record properly.

From the records of the two base stations (Davis and

Newark extended) monthly percentages of the means were calculated

and the short-time records at various other stations extrapolated

on this basis. Table 2 shows the mean monthly evaporation at

Davis with the per cent variation from mean for each month. Table

3 presents similar data for the Newark station. The annual evapo-

ration at Davis varied from 89 to 115 per cent of the 33-year

average and the annual evaporation at Newark varied from 93 to

108 per cent of the 33-year average. Somewhat greater departures

from the 33 -year average will be found for individual months.

In Table 4, the computed 33-year average monthly evapo-

ration at several stations within the San Francisco Bay and

bacramento-San Joaquin Delta areas are shown,
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Experimental work by tlse Agricultural Research Service

at Lake Elsinore and Fullerton (Bulletin 54, California Department

of Public Works, 1947) indicated that evaporation as measured in

a Weather Bureau type pan should be multiplied by 0.77 to convert

it to lake evaporation. In Weather Bureau Research Paper No. 3S

entitled "Evaporation from Pans and Lakes" by Kohler, Nordenson,

and Fox dated Ray, 1955, evaporation data from Lake Hefner and

elsewhere are discussed. According to this paper, an annual

reduction coefficient of O.7O (as commonly used throughout the

United States) is correct provided the average water temperature

in the pan is equal to the average air temperature. In the pans

operated within the San Francisco Bay region, the water tempera-

tures average from three to five degrees above the air temperatures,

The consistency of this temperature differential is immediately

apparent from Table 5. Applying adjustments from these temperature

differences in the equation contained in Research Paper No. 3^

indicated that the annual reduction coefficient for the San Fran-

cisco Bay region should be increased to about O.76.

The equation as given and solved graphically in Research

Paper No. 38 is:

Lake evaporation = O.7O /pan evaporation + 0,00051 Pxp

(0.37 + 0.0041^p)(Ta - To)0-^£7 where

P = atmospheric pressure

xp = proportion of advected energy (Class A pan) used

for evaporation

vp = daily wind movement at Class A pan (6 inches above

rim)
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Tq = water surface temperature, in degrees Fahrenheit

Tq = air temperature, in degrees Fahrenheit

The coefficients nov/ being used for the San Francisco

Bay area are given in Table 6,

TABLE 6. --MONTHLY COEFFICIENTS FOR REDUCTION OF
EVAPORATION AS MEASURED IN A WEATHER BUREAU TYPE

PAN TO EVAPORATION FROM A LAKE SURFACE,
SAN FRANCISCO BAY REGION

Month :
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