
Evaluating selected methods for estimating
reservoir evaporation in northeast Brazil

Item Type text; Thesis-Reproduction (electronic)

Authors Matias Filho, Jose,1927-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:09:15

Link to Item http://hdl.handle.net/10150/554082

http://hdl.handle.net/10150/554082


s><
tt-j-.V

EVALUATING SELECTED METHODS FOR ESTIMATING RESERVOIR 
EVAPORATION IN NORTHEAST BRAZIL

by
Jose .Matias Filho

A Thesis Submitted to the Faculty of the
DEPARTMENT OF WATERSHED MANAGEMENT

In Partial Fulfillment of the Requirements 
For the Degree of
MASTER OF SCIENCE

In the Graduate College
THE UNIVERSITY OF ARIZONA

1 9  7 2



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill
ment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library.

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknowl
edgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript 
in whole or in part may be granted by the head of the major 
department or the Dean of the Graduate College when in his 
judgment the proposed use of the material is in the inter
ests of scholarship. In all other instances, however, 
permission must be obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below:

WILLIAM G. MATLOCK ^
Professor of Soils, Water and 

Engineering
Date-



ACKNOWLEDGMENTS

Special appreciation is due to Dr. William G.
Matlock and Mr. Sol D. Resnick, my advisors, for their 
assistance.

Grateful acknowledgments are expressed to Dr.
Vicente Lopes Gondim, Dr. William J. Pistor, and Dr. Dean F. 
McAlister for their interest and cooperation in providing 
all facilities during the research program.

Gratitude is extended to Mr. Moises Custodio Saraiva 
Leao and Mr. Luiz Carlos Uchoa Saunders for their help in 
the data collection phase.

Acknowledgment is made of the assistance and friend
ship given by the Experimental Station Supervisors and 
workers.

Special thanks go to my wife, Zuleica, and children 
for their sacrifices, encouragement, and understanding 
throughout all phases of my graduate work.

The author was supported by scholarships from the 
United States Agency for International Development (USAID) 
and the Ford Foundation, to whom sincere appreciation is 
expressed. All equipment used in doing the research for 
this study was provided by the United States Agency for 
International Development (USAID), University of Arizona/ 
University of Ceara Contract.

iii



TABLE OF CONTENTS

Page
LIST OF TABLES................................... .. . vi
LIST OF ILLUSTRATIONS................................. viii
ABSTRACT..............    ix
INTRODUCTION..........................   1

The Northeast of Brazil 
Statement of the Problem 
Previous Observations 

Pan Evapo rimeters
Atmometers ........

Scope of Thesis . . . .
LITERATURE REVIEW ........

The Evaporation Process . .
Sources of Evaporation Water 
Factors Affecting Evaporation
Evaporation Measurements . . . . . .  ............  14

Atmometers...................................  16
Evaporation P a n s ............................. 18
Water Budget M e t h o d ......................... 28
Energy Budget Method ......................... 32
Mass Transfer Method......................... 34

EXPERIMENTAL PROGRAM....................    36
Physical and Climatological Characteristics
of the Research A r e a ......................   36

Investigation Facilities ......................... 39
The Evaporation Station ..................... 39
Evaporation Pans .............................  42
The Piche Atmometer .........................  43
Other Instruments ..............   44

Procedure..................    45
RESULTS AND DISCUSSION............................. . 47

iv

h co m m vo ko 
co 

cooler*



V
TABLE OF CONTENTS— Continued

Page
CONCLUSIONS AND RECOMMENDATIONS ..................... 67

Conclusions.................................  . 67
Recommendations .................................  68

APPENDIX A. ILLUSTRATION OF SUPPLEMENTAL
METEOROLOGICAL D A T A ................... 69

REFERENCES CITED . . ..............    74



LIST OF TABLES

1. Mean Monthly Ratio Standard Class A Pan
Evaporation/Standard Piche Atmometer
Evaporation.............. ..................  19

2. Ratio Annual Standard Class A Pan
Evaporation/Annual Standard Piche
Atmometer Evaporation . . . . .  ..............  20

3. Mean Monthly Reduction Coefficients for
Evaporation from a Class A Pan at the
Fullerton and Lake Elsinore Evaporation
Stations, California ...................  27

4. Mean Annual Coefficients for Reducing U. S.
Weather Bureau Class A Pan Data to Lake 
Evaporation as Determined by Various 
Investigations in the United States ........  29

5. Monthly Precipitation at the Evaporation
Station: Agricultural Experimental
Station, University of Ceara, NE Brazil
1966-1970    40

6. Meteorological Data at the Agricultural
Experimental Station, University of
Ceara, NE Brazil 12/1967-1/1969   41

7. Evaporation Amounts from a Standard Class A
Pan, a Standard Piche Atmometer, and a 
Small Lake: Agricultural Experimental 
Station, University of Ceara, NE Brazil 
6/1967-12/1970 ..............    48

8. Monthly Evaporation from a Standard Class A
Pan, a Standard Piche Atmometer, and a 
Small Lake: Agricultural Experimental 
Station, University of Ceara, NE Brazil 
6/1967-12/1970 ........................   51

Table Page

vi



vii
LIST OF TABLES— Continued

9. Daytime, Nighttime, and Total Evaporation 
from a Standard Piche Atmometer, a 
Standard Class A Pan, and a Small Lake:

Table Page

Agricultural Experimental Station,
University of Ceara, NE Brazil 8/22 to
9/21/1970  ........ .. 52

10. Monthly Evaporation Coefficients:
Agricultural Experimental Station,
University of Ceara, NE Brazil
6/1967-12/1970 .......... ....................  53

11. Minimum and Maximum Monthly Evaporation
Coefficients at the Agricultural 
Experimental Station, University of
Ceara, NE Brazil 6/1967-12/1970   54

12. Evaporation Coefficients: Agricultural
Experimental Station, University of
Ceara, NE Brazil............................  56

13. Mean Monthly Evaporation Coefficients:
Agricultural Experimental Station,
University of Ceara, NE Brazil 6/1967-
12/1970   57

14. Correlation Coefficients for Various
Comparisons in the Evaporation Study:
Agricultural Experimental Station,
University of Ceara, NE Brazil 12/1967-
1/1969 . .  ............................   58

15. Mean Daily Evaporation from Four Differently
Exposed Class A Pans, a Standard Piche 
Atmometer, and a Small Lake: Agricultural 
Experimental Station, University of Ceara,
NE Brazil 12/1967-1/1969 .....................  64

16. Monthly Evaporation Coefficients:
Agricultural Experimental Station,
University of Ceara, NE Brazil 12/1967- 
1/1969 65



LIST OF ILLUSTRATIONS

1. Map showing location of the lake and
evaporation station at the Agricultural 
Experimental Station of Guru Valley,
NE B r a z i l ...................................  38

2. Mean monthly evaporation from a standard
Class A pan, a standard Piche atmometer,
and a small lake, at the Agricultural
Experimental Station, NE Brazil . . . . . . .  50

3. Mean monthly Class A/Piche evaporation
coefficients for the station at Giza, Lod 
Airport, and NE Brazil .........  59

4. Mean monthly evaporation from a Class A
pan and Lake Elsinore, California, and
from a Class A pan and a small lake, NE
Brazil.......................................  62

5. Mean monthly air temperature at the
Agricultural Experimental Station, NE
Brazil . ...................................... 70

6. Mean monthly incoming solar radiation at
the Agricultural Experimental Station,
NE B r a z i l .................... ..............  71

7. Mean monthly wind speed at the Agricultural
Experimental Station, NE Brazil . . . . . . .  72

8. Mean monthly sunshine at the Agricultural
Experimental Station, NE Brazil .............  73

Figure Page

viii



ABSTRACT

The Northeast of Brazil is a semiarid region with a 
mean annual precipitation between 600 and 700 mm. The mean 
annual temperature is about 27°C, and the vegetation is 
characterized by cactus and other xerophytic plants. The 
extreme variability of its precipitation occurrence requires 
water storage in lakes during periods of excess rainfall 
for use during periods of deficient or no precipitation when 
evaporation plays an important role in the management of 
these reservoirs.

The present work evaluates various approaches for 
estimating lake evaporation by using different devices, a 
small lake, and available meteorological data.

Daily observations covering the period from June, 
1967, to December, 1970, were taken at the Agricultural 
Experimental Station of the University of Ceara, in the Guru 
Valley, NE Brazil.

Lake evaporation estimates in NE Brazil can be 
obtained by using standard Class A pan or standard Piche 
atmometer records with dry-season (June to February) con
version coefficients of 1.00 and 1.20, respectively.

A mean daily evaporation of 7.3 mm can be used to 
estimate dry-season evaporation from small lakes where

ix



meteorological conditions are similar to those observed at 
the experimental area.

Monthly conversion coefficients, although less 
accurate, represent reliable indices for estimating evapora 
tion from small lakes.



INTRODUCTION 

The Northeast of Brazil
The Northeast Region of Brazil lies in the Tropical 

Zone, within the latitudes 1° N and 18° 301 S and longitudes 
35° and 48° W. This region encompasses 1.5 million km^, 
representing 18.2 per cent of the total area of Brazil.

In a general way this region can be divided into 
two ecologic areas: the Litoral (coast) and the Sertao (the 
dry hinterland). The Litoral is a strip of variable width 
along the coast; it is the eastern coastal zone. Originally, 
most of it was covered by a blanket of semi-deciduous 
forest. With time, this forest has been destroyed and re
planted to sugar cane, cocoa, tobacco, and varied sub
sistence crops such as beans, manioc, corn, etc. This is 
the zone of native occurrence of coconuts, carnauba wax 
palm, and cashew nut trees. The mean annual precipitation 
is over 1,000 millimeters, with some portions receiving more 
than 2,000 mm distributed throughout the year. However, in 
other areas the rainy season is reduced to five or six 
months or less. The mean annual temperature is about 26°C 
with little amplitude between the extreme values, and the 
relative humidity is high throughout the year.

The Sertao occupies the greater part of the 
Northeast. It is a zone of recurring droughts and

1
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disastrous floods. The natural xerophytic vegetation of 
this zone contains a variety of perennial and annual types. 
Practically all the cotton and most of the subsistence crop 
production comes from this zone, and they are dependent on 
water from direct rainfall. Extensive cattle raising is the 
significant activity of the Sertao. The irrigated area in 
this zone is still comparatively small but now under rapid 
development.

During the rainy season the natural vegetation forms 
a blanket-like green cover with a density varying from wide 
spaced to very compact. During the dry season the shallow 
soils of the zone dry rapidly and most of the species lose 
their leaves and enter a dormant period. Usually, only a 
few perennials remain as widely spaced green points in the 
vast brown vegetation cover. Along the watercourses, of 
which most are intermittent, it is common to see almost 
continuous green strips formed by phreatophytes which get 
their water supply from relatively shallow water tables.

The mean annual precipitation of the Sertao is about 
600 millimeters, with more than 80 per cent of it falling 
in three or four months. The mean annual temperature is 
about 27°C, and the relative humidity is low.

Only two seasons characterize the climate of the 
Northeast: the Inverno (the winter rainy season), and the 
Verao (the dry season), when only a small amount of pre
cipitation falls, usually without appreciable benefit in the
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hinterland. There is no uniform occurrence of precipitation 
over the region. In general, the rainy season begins early 
(October or November) in the southern part of the region and 
then begins later in the northern part (January to March). 
Without considering topographic effects and air mass move
ments which promote high precipitation at isolated locations 
in the hinterland, the precipitation follows the prevailing 
winds from the ocean, being higher near the coast and slowly 
decreasing toward the interior.

Statement of the Problem
Water is a substance of great agricultural and 

economic importance, particularly in arid and semi-arid 
areas where often the demand far exceeds the supply.
Patterns of precipitation distribution, physiographic 
characteristics of drainage basins, climatic conditions, and 
hydrogeology of an area can define specific ways for better 
utilization and control of the water resources. The forms 
of occurrence (rainfall, snowfall), or storage (surface 
water, groundwater), determine to a great extent the effi
ciency and availability of water as a profitable factor in 
the productive process.

A uniform distribution of precipitation is favorable 
for many forms of water use and control. Some of the 
precipitation reaching the ground surface can infiltrate and 
soak deeply to replenish the groundwater supply. This water
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can later be used for domestic, industrial, and agricultural 
purposes. The volume of water stored as groundwater will be 
subject to small evapotranspiration losses, and depending on 
hydrogeologic characteristics of the area, the aquifers may 
yield significant amounts of water to wells.

Where hydrogeologic conditions are not favorable, 
and the precipitation distribution pattern determines that 
water must be stored during excess periods to be used during 
periods of deficiency, surface reservoirs must be built. In 
utilizing reservoirs or lakes for this purpose, it is neces
sary to make allowances for evaporation losses in order to 
predict what the available supply of water will be.

Most of Northeast Brazil has climatic and hydro
geo logic conditions requiring the storage of water in small, 
medium, and large dams. At the present time, the estimated 
total capacity of private and public reservoirs constructed 
in the region is approximately 16 billion cubic meters. Six 
of the reservoirs have individual capacities greater than 
1,500 million cubic meters or about 9 billion cubic meters 
in all, corresponding to 55 per cent of the storage capacity 
of the region.

The large amount of water surface area exposed by 
hundreds of reservoirs, and the high effectiveness of 
meteorological factors, such as temperature, wind, net 
radiation, sunlight duration, and relative humidity, during 
most of the year, lead to considerable losses of water by .
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evaporation, minimizing the net water supply available for 
useful purposes.

Studies of evaporation in Northeast Brazil are, 
therefore, of fundamental importance in achieving a more 
efficient management program for utilizing its water 
resources.

Previous Observations

Pan Evapo rimeters
Before 1960, only a few evaporation observations 

were conducted in Northeast Brazil. In 1933 investigations 
using a floating pan were started at certain lakes in the 
State of Ceara. At the same time, temperature, humidity, 
and wind measurements were taken at these lakes with the 
intent of using these data in Bigelow's (1910) formula, in 
trying to make a correlation between the measured evapora
tion in the pans and the computed evaporation formula. The 
pan used was a 1.0 m x 1.0 m square section 0.5 m deep.

In October, 1959, the enterprise Centrais Electricas 
do Rio de Contas S/A started a systematic investigation on 
the Rio de Contas Valley in the State of Bahia. This was 
the only evaporation study being conducted in the Northeast 
of Brazil at that time (Maksoud, 1961). In 1960, the 
Federal Government agency SUDENE (Superintendency for 
Development of the Northeast) began in the Jaguaribe valley, 
in the State of Ceara, the establishment of an evaporation
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station network that would cover the most important valleys 
in the Northeast. This network used standard Class A pans 
from the U. S. Weather Bureau; however, at some stations a 
12-foot diameter Class A pan was also used.

From the above studies and others of lesser signifi
cance, only the last one, with its broad scope and area 
covered, has continuous and relatively long term records. 
Others were developed for specific purposes and had little 
continuity. The usefulness of the data obtained from these 
smaller studies for design and operation purposes is of 
little value because of their shortness. In addition, the 
type of evaporation device used allows little possibility 
of making comparisons with other devices now in common use.

Atmometers
The Piche atmometer is the traditional sheltered 

evaporimeter used at all the meteorological stations in 
Brazil. Thus, a large amount of data from this instrument 
is available at various points in the region. Sometimes 
these data cover continuous periods of many years. If a 
suitable relationship could be found between the Piche 
atmometer and the standard Class A pan or lakes, the 
available data would be of great value.

Scope of Thesis
1. To establish indices by which daily, monthly, or 

annual evaporation estimates could be made.



2. To compare the resultant coefficients with those 
proposed for other regions of the world.

3. To evaluate selected evaporation pans in an attempt 
to find one that would estimate monthly lake 
evaporation with consistent coefficients.

4. To suggest suitable methods by which subsequent 
evaporation investigations could be conducted in 
Northeast Brazil.



LITERATURE REVIEW

The Evaporation Process
Evaporation is a physical process by which water in 

liquid state changes to the gaseous state through the 
influence of various factors. This change occurs when 
molecules in the water mass have attained sufficient kinetic 
energy to eject themselves from the water.

Under given conditions, evaporation is proportional 
to the deficit in vapor pressure, which is the difference 
between the pressure of the saturated vapor at the tempera
ture of the water and aqueous vapor pressure of the air 
(Veihmeyer, 1964). This principle, known as Dalton's law 
(Dalton, 1802), is expressed by the formula,

E = C (e — e ) O 3.

in which,
E = rate of evaporation;
C = coefficient dependent upon barometric pressure, 

wind velocity, and perhaps other variables;
eQ = vapor pressure of the water;
ea = actual vapor pressure in the air above.

Since the molecules with higher energy leave the 
water mass, the average energy of the remaining molecules is

8
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reduced and, consequently, the temperature of the water mass 
is lowered. Thus evaporation is a cooling process.

Sources of Evaporation Water 
Under natural conditions evaporation takes place 

from free water surfaces, from the soil, and from plants 
through the process of transpiration. The evaporation 
rates from free water surfaces are, to a large extent, a 
function of the meteorologic factors affecting the evapora
tion process. Factors inherent in water quality and 
characteristics of the containers are also important.

Evaporation from soil surfaces differs from that 
occurring from free water surfaces in two important aspects. 
First, the nature of the evaporation surface is different; 
second, when the moisture content in the soil changes from 
wet to dry, the resistance that water molecules must over
come to escape from the soil increases. When the water 
content in the soil is relatively low, the loss of moisture 
by surface evaporation practically ceases (Veihmeyer, 1964).

Transpiration is essentially the same as evaporation 
except that the surface from which the water molecules 
escape is not a free water surface. The surface for 
transpiration is largely within the leaf itself.

Factors Affecting Evaporation 
The intensity at which vapor leaves the water 

surface in the natural process of evaporation is a function
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of the properties of the air above and the supply of heat to 
the water surface. Two processes may be involved in this 
translocation of water: diffusion and convection. Diffu
sion, the process governed by a vapor-pressure deficit, will 
occur as long as the saturation vapor-pressure corresponding 
to the water temperature is higher than the actual vapor 
pressure of the air. Convection will occur whenever water 
temperature is warmer than air temperature and will usually 
be associated with wind action. The convective process is 
more effective when wind flow is turbulent (Gangopadhyaya 
et al., 1966).

The factors involved in these processes, and directly 
influencing the intensity of evaporation from free water 
surfaces include meteorological factors, such as heat 
supply, air temperature, difference in vapor pressure, 
atmospheric pressure, and wind. In addition, there are 
environmental factors such as temperature of the water and 
its surroundings, heat storage, size or shape of the 
evaporating surface, quality of water, turbulence of water 
source, and others.

Primarily, the intensity at which the water vapor 
escapes from the water surface depends on the amount of 
heat received from the sun, sky, and other radiative bodies. 
This amount differs considerably from place to place. For 
a given location, the amount of heat available changes with 
time. As a result of heat absorption, the surface water
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molecules increase their speed of motion and the surface 
temperature rises. As previously stated, the essential 
feature of the evaporation process consists in the ejection 
of those molecules with the highest kinetic energy. The 
higher the temperature of water the higher its vapor pres
sure and, consequently, the rate of emission. But evapora
tion is not dependent only on the water temperature; the 
amount of water vapor taken up by the atmosphere depends on 
the temperature of the air and its vapor pressure. As a 
pressure gradient is necessary for water molecule transmis
sion, the rate of evaporation is then proportional to the 
vapor-pressure difference between the water and the air.
In spite of these correlations there is no definite rela
tionship between water and air temperatures and the inten
sity of evaporation. "A very definite relationship indi
cates, however, that evaporation is regulated by tempera
ture, but other factors are involved and it may be expected 
that for the same average water temperature evaporation 
varies for different localities" (Debski, 1966, p. 324).

Increasing evaporation by reducing atmospheric 
pressure is easily observed under laboratory conditions.
In natural conditions, however, any change in atmospheric 
pressure is always also accompanied by changes in other 
evaporation factors. It is, therefore, impossible to 
correlate variation in evaporation only with variation in 
pressure. The net result is, in general, a decrease in
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evaporation that is more or less proportional to the de
crease in temperature.

Evaporation measurements on Mount Whitney,
California, show that the normal decrease of temperature 
with altitude causes a considerable decline in evaporation 
intensity in spite of the counteraction of reduced atmos
pheric pressure. Sometimes, however, the reverse is 
observed, as in Cuyamaca Reservoir in San Diego, California, 
at an elevation of 4,600 feet, where evaporation is greater 
than at several other reservoirs located at lower elevations 
nearer the ocean (Debski, 1966).

Wind is an important factor affecting evaporation 
by removing the overlying water vapor layer touching the 
evaporating surface. If this layer remains, there will be 
a moment at which dynamic equilibrium between the water 
molecules leaving and returning to the water surface will be 
reached, and no net evaporation will be observed. Like the 
other factors affecting evaporation, wind is never isolated 
in its action promoting evaporation. The size or shape of 
the evaporating surface, for example, affects wind action 
and modifies its effectiveness, depending on the location or 
aspect with regard to the direction of the prevailing winds. 
For small water surfaces, dry winds can carry off moist air 
over practically the entire water surface. From large 
areas, however, dry winds increase evaporation for a limited 
distance from the windward shore, but in the central area.
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and toward the leeward shore, evaporation remains fairly 
constant because the moving air has little additional 
capacity for moisture. Another aspect of wind influence on 
evaporation from free water surfaces is that when the wind 
velocity is great enough to remove all the water molecules 
escaping from the water surface, a further increase in 
velocity will not increase evaporation appreciably 
(Veihmeyer, 1964).

Various substances contained in the water can alter 
its physical properties to some extent and influence the 
course of evaporation. The rate of evaporation is thus less 
for salt water than for fresh water and decreases as the 
specific gravity increases (Linsley, Kohler, and Paulhus, 
1949). Raising the NaCl content of water, for example, 
generally diminishes the intensity of evaporation until a 
30 per cent increase in specific gravity is reached. The 
gradient is approximately linear, with the evaporation rate 
decreasing about 1 per cent for each 1 per cent increase in 
specific gravity until crusting takes place, usually at a 
specific gravity of about 1.30 (Debski, 1966).

The turbulence of the evaporating surface may be an 
important factor affecting evaporation from free water 
surfaces.

Sleight (1917) found that for wind velocities 
lower than about 0.5 meters per second the 
evaporation from flowing water was 7 to 8 per 
cent higher than the evaporation from still 
water. At moderate wind velocities, when waves
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form, evaporation increases (Montgomery, 1940;
Sverdrup, 1937; Norris, 1948). Evaporation is 
still greater when water sprays are caused by 
very high winds and breakers beating on the 
coast (Gangopadhyaya et al., 1966, p. 4).

Evaporation Measurements
The measurement of evaporation from free water 

surfaces has been subject of considerable research since at 
least 1772 when Dobson recorded the results of observations 
on rainfall and evaporation at Liverpool, England. The 
diameter of his evaporimeter was 12 inches and its depth 6 
inches (Webb, 1960).

A detailed bibliography prepared in 1908 showed that 
evaporation research was well recognized at that time. In 
fact, one early study of evaporation was conducted by Claude 
Perraut who worked with water and soils in 1670 (Cummings, 
1948).

Dalton in his studies in 1796, using a free water
c - - .

surface 6 inches in diameter was, however, the first to 
establish experimentally the basic law of evaporation from 
free water surfaces (Webb, 1960). Dalton's law has been 
used by more recent experimenters as a basis for the expres
sions which they have proposed for estimating evaporation 
rates.

Prior to the present century most of the evaporation 
investigations were conducted wholly for the purpose of 
studying natural laws affecting evaporation from water
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surfaces and the development of a general formula embracing 
all the conditions involved. The formulas of Russel (United 
States, 1887-1888), Abbassia (Egypt), Fitzgerald (United 
States, 1876-1877), Carpenter (United States, 1887),
Stelling (Russia, 1875-1882), Bigelow (United States, 1917), 
Horton (United States, 1917), constitute examples, except 
Russel's formula, based on Dalton's law. Since that time 
many investigators in various parts of the world have tried 
different approaches to estimate evaporation from free water 
surfaces. The use of atmometers and tanks was one of the 
early practices employed for this purpose. Many different 
types have been proposed. The results obtained have been 
encouraging, but much more must be done to reach a satis
factory understanding of the phenomenon and, consequently, 
a good estimate of its magnitude.

The rapid development of modern technology in the 
present century points out an extraordinary progress in 
evaporation investigations with the use of more sophisti
cated approaches, in addition to more varied and accurate 
equipment. A theoretical hydrodynamic treatment of the 
problem through the application of the turbulent diffusion 
theory in the overlying air, the energy-budget method, based 
on the conservation of energy, and the water-budget method, 
based on the principle of conservation of mass, have been 
advanced by many workers and offer a good means for evapora
tion estimation.
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Atmometers

The use of atmometers in the hope of simulating 
evaporation was one of the early approaches for direct 
measurement of evaporation. A wide variety of devices and 
instruments such as the Wild, Piche, Bellani Plate, 
Livingston, and many others have been evolved and used all 
over the world for measuring water loss either by observa
tion of depth or weight changes (Gangopadhyaya et al.,
1966).

The Piche evaporimeter is probably the most con
venient and widely used instrument purporting to measure the 
evaporation potential of the atmosphere. The first to use 
the Piche evaporimeter in field work was Huber in 1924.
After he published his results much attention was given to 
this instrument by various ecologists. Still more recently 
the instrument received increased attention in meteorological 
and agricultural investigations (De Vries and Venema, 1953).

There has been much doubt about the utility of using 
evaporation devices, such as the Piche atmometer, for the 
purpose of estimating evaporation from an extensive water 
surface (Stern and Fitzpatrick, 1965). "The correlation 
between Piche evaporation and that from a free water surface 
is not always good, owing to the different methods of expo
sure and the different effects of solar radiation and wind" 
(Hounam, 1961, p. 15). If properly exposed, however, with 
their inherent limitation, particularly their response to



wind, it is recognized that they can satisfy a practical 
need where more elaborate instrumentation is not available.

Studies conducted by Prescott and Stirk (1951) and 
Rosenan (1951) showed that evaporation from the Piche 
evaporimeter is a function of the saturation vapor pressure 
deficit and velocity of the air. Since these are the same 
parameters as those used in the aerodynamic term of 
Penman's (1956) formula and which are not commonly measured, 
a possibility of utilizing this relationship in a simplified 
form of Penman's equation was investigated with satisfactory 
results (Stanhill, 1962).

Studies conducted in Israel by Stanhill (1962) using 
average data over 10-day periods verified the conclusions of 
Prescott and Stirk (1951) and Rosenan (1951) , by demon
strating a close linear relationship between the measured 
Piche evaporation and Penman's aerodynamic component.
Results from experiments conducted by Fitzpatrick and Stern 
(1966) have shown that Piche data can be satisfactory sub
stitutes for the aerodynamic term in Penman's evaporation 
formula, according to the equation,

A = 0.0172 + 0.621 EP
in which,

A = the aerodynamic component in Penman's equation, 
in mm/day;

E = the measured evaporation in cm/day from the
^ Piche evaporimeter.

17
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Parthasarathy and Misra (1955) have reported high 

correlation between daily Piche evaporation and evaporation 
from the Class A pan at stations in India. Studies con
ducted in East African Territories (Gangopadhyaya et al., 
1966) using annual average evaporation from a screened Piche 
evaporimeter and a Class A pan resulted in the following 
equation, in units of inches:

Class A pan = 0.87 Piche + 24

Comparisons of Class A pan and Piche evaporation at 
the station of Giza, and at Lod Airport, Israel, gave the 
results shown in Tables 1 and 2.

Evaporation Pans
The difficulties involved in direct measurements of 

evaporation from large water surfaces led to the use of 
small water surfaces in standard evaporation pans. Such 
measurements may be reduced to lake of reservoir equivalents 
through the use of a conversion factor or coefficient derived 
experimentally for the type and size of pan from which the 
records at the reservoir are obtained. This conversion 
factor or coefficient is defined as the ratio of evaporation 
from a given size or type of pan to the evaporation from a 
different pan or from a larger body of water.

Evaporation pans, commonly used for direct measure
ments of evaporation, are made of galvanized iron, zinc, or 
copper, are usually circular or square, and are made in



Table 1. Mean Monthly Ratio Standard Class A Pan Evaporation/Standard Piche 
Atmometer Evaporation

Months
Station 1 2 3 4 5 6 7 8 9 10 11 12 Year

Giza^/ .92 .95 1.01 .98 .99 1.07 1.20 1.24 1.12 .98 .92 .86 1.021
hod 2/Airport^/ .73 .88 1.00 1.05 1.13 1.29 1.35 1.34 1.15 .94 .74 .68 1.06

Source: Gangopadhyaya etal., 1966. 
U 1958-1962.

June, 19 54-May, 1960



Table 2. Ratio Annual Standard Class A Pan Evaporation/Annual Standard Piche 
Atmometer Evaporation

Years 1 J

Station 1958 1959 1960 1961 1962 Mean

Giza 1.00 1.09 1.06 1.08 .95 1.03

Source: Gangopadhyaya et al., 1966.
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various sizes. They may be exposed above or in the ground, 
or may float on a water surface.

Pans above ground are cheaper and easier to install. 
Detection of leaks and emptying the pans for cleaning are 
also simplified. The main objection to their use is that 
the pan might be subject to radiation on the sides and 
bottom, resulting in a higher rate of evaporation.

Various inconveniences are associated with pans 
sunken in the ground: (1) it is difficult to detect leaks;
(2) they are more affected by dirt and debris as their rims 
are only a few inches above ground; (3) they are difficult 
to clean; and (4) more effort must be expended in maintain
ing the surrounding cover at a required height since tall 
grasses would significantly affect wind movement over the 
pan. The main advantage claimed for sunken pans is that the 
aerodynamic and radiation characteristics approximate those 
of a lake.

Floating pans have been used in an attempt to 
establish conditions similar to those of the surrounding 
water. Only a limited number of them are currently in use 
throughout the world mostly for two main reasons: first, 
they are subject to splashing either in or out of the pan; 
second, they are less accessible for measurement than land 
pans. The Soviet Union maintains a network of floating pans 
and the results obtained from them are considered reliable 
and of great practical value (Gangopadhyaya et al., 1966).
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Probably the first precise measurements of evapora

tion from a free water surface recorded by means of a tank 
were those of Greaves made in England in the Lee Valley from 
1860 to 1873 using a tank 3 ft. square (Blaney and Muckel, 
1959). From then on, pans of different sizes, types, and 
conditions of exposure have been tried by many experimenters 
in a hope to find one whose evaporation variation followed 
closely that from a nearby lake or reservoir.

The comparisons made in the various countries are of 
interest, but with these data it is impossible to derive 
firm conclusions in regard to the most reliable evaporimeter. 
However, it appears that the readings obtained by sunken 
pans are usually closer to lake evaporation than those 
obtained by pans mounted above ground.

The search for a world-wide standard evaporimeter 
continues. Several proposed models have been tested 
exhaustively in the past few years, but none have proved 
satisfactory yet.

The U. S. Weather Bureau Class A land pan, commonly 
used throughout the world, first came into use in the 
western United States about 1916 and its records are the 
most numerous of any single type of pan now used. As a 
result, they are valuable for comparative studies.

Since it is exposed above ground and receives the 
full effect of sun and wind, water in the Class A pan warms 
up rapidly in the morning and cools rapidly after sundown.
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During the day, the rate of evaporation from it exceeds that 
from any other type of pan in common use (Blaney and Muckel, 
1959).

Annual evaporation from the pan is proportional to 
annual evaporation from a larger body of water where there 
are similar meteorological conditions, but for the monthly 
ratios a relatively high amplitude of variation is observed 
as a consequence of different capacities of heat storage in 
the lake or reservoir and the pan.

Evaporation investigations were conducted by Sleight 
(1917) during the period 1915-1916, at Denver, Colorado, 
using a series of circular ground pans of diameters from 1 
to 12 feet, three feet deep, and set in the ground to a 
depth of 2.75 feet. Other types of standard pans including 
a Class A pan were also used and coefficients were deter
mined as a ratio of the evaporation from the various pans to 
evaporation from the 12-foot diameter pan. Based upon the 
totals during the time of use of the pan (11/15 to 12/13/ 
1915 and 2/29 to 11/13/1916) evaporation from the Class A 
pan was exactly 50 per cent greater than that from the large 
pan, resulting in a corresponding coefficient of 0.67 
(Sleight, 1917). Computing an additional period from 4/11 
to 9/30/1917, the percentage of the Class A pan evaporation 
to the 12-foot diameter tank was 142.1 resulting in a 
corresponding coefficient of 0.70.
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From September, 1926, to 1928, a second investiga

tion was undertaken at the Colorado Agricultural Experi
mental Station in Fort Collins, with one of the objectives 
the determination of ratios between evaporation from various 
types of standard evaporation tanks to that from a large 
water surface. Evaporation from a Class A pan, a three-foot 
square ground pan (Colorado sunken pan) and a three-foot 
square floating pan (U. S. Geological Survey floating pan) 
was compared with the loss from an 85-foot diameter 
reservoir, seven feet deep. The evaporation observations on 
the standard pans and the large circular reservoir conducted 
during 1926 were started on September 19 and continued until 
December 6. The 1927 and 1928 observations were started in 
the first week in April and were continued until the last of 
November. These experiments showed that the observed 
average evaporation from the Class A pan was 42.7 per cent 
greater than that from the B 5-foot circular -reservoir with a 
corresponding coefficient of 0.70, identical to that 
obtained by Sleight (1917) in comparison with a 12-foot 
diameter pan. These results confirm the conclusion of 
Sleight (1917) in that evaporation from a lake or reservoir 
does not differ materially from that of a tank 12 feet in 
diameter and similarly exposed (Rohwer, 1931).

To check ratios found to apply to evaporation from 
standard pans and from the 85-foot circular reservoir at 
Fort Collins, Colorado, by observations on a larger
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reservoir, investigations were conducted during the summer 
of 1930 at Stonyford, California, on evaporation from East 
Park Reservoir and various types of evaporation pans. The 
ratios of losses by evaporation from the various pans to 
loss from the East Park Reservoir show that the Class A pan 
figures require the greatest correction to reduce them to 
the equivalent reservoir evaporation. The ratio for the 
Class A pan agreed remarkably with the results of the 
comparison between this pan, the 85-foot circular reservoir 
at Fort Collins, Colorado, and the 12-foot sunken pan at 
Denver, showing that the observed mean evaporation from the 
Class A pan was 45.7 per cent greater than that from East 
Park Reservoir, resulting in a corresponding coefficient 
of 0.69 (Rohwer, 1931).

Pan studies were conducted by Young (1946) during 
the five-year period 1935-1939, inclusive, at Fullerton 
Evaporation Station, California, for the purpose of deter
mining pan coefficients relative to evaporation from various 
standard pans and a 12-foot diameter sunken pan with the 
water surface in the pan approximately coincident with the 
ground surface. The mean annual coefficient obtained for 
the Class A pan in these studies was 0.77 with variations 
from 0.76 to 0.78.

During the three-year period 1939-1941 at Lake 
Elsinore, California, the average annual coefficient for 
the Class A pan, based on computed evaporation from the



Lake was 0.77 (Young, 1947), identical with that at the 
Fullerton stations, but major differences occurred in the 
monthly coefficients as can be seen in Table 3.

Evaporation investigations conducted at Lake Hefner, 
Oklahoma, for the period 1950-1951, show that the computed 
annual pan coefficients are reasonably consistent with those 
obtained in previous studies. For the Class A pan, an 
average annual coefficient of 0.69 was determined from 
adjusted pan and lake data. Monthly coefficients, however, 
display a pronounced seasonal variation which is principally 
the result of temperature lag between the lake and the pan.
In addition, the range in average monthly coefficients for 
the Class A pan is greater than that obtained in previous 
investigations (Kohler, Nordenson, and Fox, 1955).

In 1932, on the basis of the available records at 
the time, an average annual coefficient of 0.70 was recom
mended by a special evaporation subcommittee of the American 
Society of Civil Engineers, for reducing observed evapora
tion from the Class A pan to evaporation from large water 
areas where there are no records. Admittedly, evaporation 
data from pans cannot be considered to represent evaporation 
from a nearby lake but they have been of direct value to 
management agencies and have been used in an indirect manner 
for estimating evaporation from lakes in designing and opera
tional developments.

26



27
Table 3. Mean Monthly Reduction Coefficients for Evapora

tion from a Class A Pan at the Fullerton and Lake 
Elsinore Evaporation Stations, California

Month

Coefficients
Fullerton, California, 

1935-39, Indus.
Lake Elsinore, California, 

1939-41, inclus.

January 0.65 0.82
February 0.77 0.63
March 0.76 0.68
April 0.80 0.66
May 0.81 0.68
June 0.82 0.77
July 0.81 0.74
August 0.81 0.78
September 0.76 0.87
October 0.75 0.93
November 0.72 0.97
December 0.66 0.95

Year 0.77 0.77

Source: Blaney and Mueke1, 1959
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Results obtained from the investigations previously 

described and others conducted in the United States are 
shown in Table 4.

Water Budget Method
A commonly used method of computing evaporation from 

a lake is to consider the total amounts of water flowing in 
and flowing out of the lake during a definite period of time. 
The reliability of this method, the water budget method, 
stands on the assumption that all items involved in the 
balance can be determined with a sufficient degree of 
accuracy. Although theoretically simple, the water budget 
method is usually impracticable to use because of the 
effects of errors in measuring the various items involved. 
These items can be arranged in the equation,

I + P _ 0 - E =  AS or E = I + P — 0 — AS 

in which,
I = volume of inflow to the reservoir;
P = amount of precipitation falling directly on the 

surface of the reservoir;
0 = volume of outflow from the reservoir;
E = volume of evaporation from the reservoir;
AS = change in the volume of water contained in the 

reservoir.

When I, P , 0, and AS are calculated, evaporation, E , 
is the residual item in the water balance. If the magnitude '



Table 4. Mean Annual Coefficients for Reducing U. S. Weather Bureau Class A Pan 
Data to Lake Evaporation as Determined by Various Investigations in the 
United States

Location Period Surface of Comparison Coefficient
Denver, Colo. 1915-1916

1915-1917
pan 12 ft. x 3 ft. 0.66*

0.70*
Milford Exp. Sta., Utah 1925-1927 pan 12 ft. x 3 ft. 0.67b
Fort Collins, Colo. 1926-1928 reservoir 85 ft. x 7 ft. 0.70*
East Park Reservoir, Calif. 1930 2.8 square miles 0.69
Fullerton, Calif. 1935-1939 pan 12 ft. x 3 ft. 0.77
Silver Lake, Calif. 1938-1939 20.0 square miles 0.61°
Lake Elsinore, Calif. 1939-1941 8.6 square miles 0.77
Red Bluff Reservoir, Texas 1939-1947 — — 0.68
Lake Okeechobee, Florida 1940-1946 700.0 square miles 0.81
Lake Hefner, Oklahoma 1950-1951 4.0 square miles 0.69
Ft. McIntosh, Texas 1950 pan 12 ft. x 3 ft. 0.72



Table 4.— Continued

Location Period Surface of Comparison Coefficient
Lake Mead, Nevada 1952-1953 247.0 square miles 0.74
Felt Lake, Calif. 1955 0.1 square miles 0.77

Sources: Kohler (1954); Blaney and Muckel (1959); Australian Water
Resources Council (1970).

aFor the periods indicated in the text. 
^May to October.
CMay, 1938-April, 1939.
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of one of these items is large compared with evaporation, 
even a relatively small error in measuring it can result in 
large errors in evaporation computed by this method. When 
the only process involved in water level changes is evapora
tion, it can be measured with reliable accuracy directly by 
the use of precise staff gages. However, in the above 
equation, it is assumed that seepage through the bottom of 
the lake and through the dam is negligible (Gangopadhyaya 
et al., 1966). Sometimes adjustments for computed changes 
in the lake storage are necessary. Thermal surveys for 
average lake temperature, carried out at the beginning and 
the end of each computational period, should provide the 
necessary data for this adjustment (Harbeck and Kennon,
1954). It must be understood that the requirement for less 
than 5 per cent error in inflow or outflow computation is 
not a reliable figure because in some conditions this 
percentage volume may be many times the volume of evapora
tion. Thus it may be seen that for certain lakes, and 
especially in areas with seasonal inflow, dry-season 
evaporation computations can be realized with reasonable 
accuracy by using the water budget method. Where inflow, 
outflow, or seepage rates can not be estimated with suf
ficient accuracy, evaporation computation by this method may 
be subject to considerable errors.
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Energy Budget Method

The energy budget method for estimating evaporation 
from a free water surface consists of accounting for all 
incoming and outgoing energy entering and leaving the body 
of water. The energy available for evaporation is computed 
as the residual item in the balance.

This method was used in 1915 by Schmidt (1966) to 
compute evaporation from the oceans. In recent years the 
development of required instrumentation for measuring items 
in the energy balance has made possible more frequent use of 
this method (Anderson, 1954).

From studies conducted at Lake Hefner, Oklahoma, for 
the period 1950-1951, and later tested at Lake Mead, Nevada, 
it was observed that the energy budget method can be 
utilized successfully for determining evaporation for 
periods of seven days, the usual minimum, to a month or 
more (Anderson, 1954; Koberg, 1958). In general, however, 
these "energy budget periods," which are the periods between 
thermal surveys of the reservoir, and not longer than a 
month. The optimum length of these periods increases with 
the size of the reservoir (Harbeck and Mayers, 1970).

The energy budget method is considered an excellent 
way of determining reservoir or lake evaporation under 
natural conditions. The theory is simple, yet rigorous. 
Because of high cost of instrumentation, manpower, and 
laborious data processing, however, its use in the United
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States has been limited to those reservoirs for which more 
accurate evaporation information is necessary, and since 
1953 studies have been made at some of the larger multiple 
purpose reservoirs in the West.

According to Hughes (1967),"the energy budget method 
can be used for water bodies where inflow and outflow cannot 
be measured with sufficient precision for a water budget 
determination, if the thermal energy content of the inflow 
and outflow is small in relation to the energy used for 
evaporation" (p. 175).

The energy budget technique is ordinarily used for 
a period greater than one year, after which the expensive 
equipment can be moved to another reservoir. Evaporation 
measurements can be continued in the first reservoir using 
the mass transfer approach, for which the required equipment 
is minimal, and data processing is relatively simple.

: The energy budget can be accomplished by solving the 
equation,

Qs - Qr + Qa - Qar " Qbs + Qv “ Qh ” Qw “ Q

in which,
Qe = energy utilized by evaporation;
Q = short-wave radiation incident to the water 
s surface;
Qr = reflected short-wave radiation;
Q = incoming long-wave radiation from the 
a atmosphere;
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Qar = reflected long-wave radiation;
Qĵ  = long-wave radiation emitted by the body of 

water;
Qv = net energy gained by a body of water as a

result of water entering or leaving the lake. 
It includes surface and subsurface inflow and 
outflow and rainfall on the lake surface;

= energy conducted from the body of water to the 
air as sensible heat;

Qw = energy carried away by the evaporated water;
Q = change in energy stored in the body of water.

"Conduction of energy through the bottom, heating 
due to chemical or biological processes, and transformation 
of kinetic energy into thermal energy are negligible because 
of their small magnitude" (Koberg, 1958, p. 21).

Mass Transfer Method
The mass transfer method to estimate evaporation 

from a free water surface is related to the exchange of 
water vapor between the water surface and the atmosphere, 
and based on the assumption that evaporation is proportional 
to the product of the wind speed times the vapor pressure 
difference (Harbeck, 1962).

)
The basic equation for this method is.

EMT = Nu ,eo )

in which,
EMT = evaporation;
N = mass transfer coefficient;
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u = wind speed;
eQ = saturation vapor pressure of the water 

surface;
ea = vapor pressure of the air^~' .

The instrumentation requirements for determining 
evaporation using the above equation are relatively simple. 
Temperature of the water surface, wind speed, air tempera
ture, and some measure of humidity, are the only data needed 
for this method.

During a calibration period of one year or more, 
evaporation can be determined for selected periods by using 
the energy budget method or the water budget method. For 
each of these selected periods the measured evaporation is 
divided by the average product u(eQ - e^) to determine N.

When the calibration period at a given lake ends, 
the expensive energy budget instrumentation is moved to 
another reservoir, and evaporation at the first lake can be 
estimated indefinitely by using the computed value for N and 
continued measurements of the other parameters. Thus daily 
evaporation amounts (although daily estimates are probably 
inaccurate) can be computed from which weekly or monthly 
values can be determined.



EXPERIMENTAL PROGRAM

This experimental program was conducted from June, 
1967 to December, 1970 at the Agricultural Experimental 
Station of the University of Ceara, Northeast Brazil, by 
using a small lake, an existing standard Class A evaporation 
station, and additional equipment installed in November, 
1967.

Physical and Climatological Characteristics
of the Research Area

—  - .. \

The evaporation station is located on the northwest 
part of the Experimental Station at an elevation of about 
68 m above sea level, 60 kilometers from the coast, latitude 
of 3° 46' S, and longitude of 39° 16' W. The prevailing 
winds blowing over the lake do not cross the evaporation 
station and, therefore, do not affect the meteorological 
data collected from it. Its structure follows the standard 
pattern of the U. S. Weather Bureau Class A evaporation 
stations (U. S. Weather Bureau, 1970).

The lake is about 100 meters from the evaporation 
station. Pertinent physical data for this lake are as 
follows:

Elevation at the spillway crest 65 m
Maximum depth 4.5 m

2Area at the spillway crest 32,000 m
36
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Normal drawdown 2.0 m
Capacity at spillway level 
Capacity at normal drawdown

53,430 m3 
10,830 m3

Area directly tributary to the lake 240 ha

The lake is formed by an earth dam. It is a water
tight basin and except during periods of intensive precipi
tation no inflow is observed. Seepage through the bottom 
and below the dam was undetectable by accurate measurements 
of the water surface level during hours at which net evapora
tion was observed to be practically nil.

Water use by livestock or for domestic purposes was 
negligible, and water losses by transpiration are assumed to 
be insignificant because only a very narrow strip of small 
plants borders the lake.

Figure 1 shows the topographic conditions of the 
research area and the lake. To the East the lake is 
surrounded by a hill several meters in height which modifies 
the prevailing winds from the East.

The climate at the research area is characterized by 
a mean annual temperature of about 27°C and an annual pre
cipitation of 718 millimeters. Annual relative humidity 
computed from daily readings taken at 7:00 a.m. was about 
72 per cent. From December, 1967, to January, 1969, the 
average monthly temperature for the warmest months was 
28.4°C and 25.6°C for the coldest months. For the same
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Figure 1. Map showing location of the lake and evaporation 
station at the Agricultural Experimental Station 
of Guru Valley, NE Brazil.
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period the average monthly difference between maximum and 
minimum temperatures was 12.5°C.

Tables 5 and 6, and Figures 5, 6, 7, and 8 in 
Appendix A, give additional information about the climatic 
conditions of the area.

Investigation Facilities 

The Evaporation Station
The evaporation station was installed at the end of 

1965. Initially it consisted of a square area of 7 m x 7 m 
enclosed by a barbed wire fence to prevent the entrance of 
animals that could damage the instruments or drink the water 
in the pans, and to keep out intruders. Within this 
enclosure a standard rain gauge, a recording rain gauge, a 
U. S. Weather Bureau Class A land pan, and a standard 
thermometer shelter containing maximum and minimum tempera
ture thermometers, wet and dry bulb thermometers, and a 
Piche atmometer were installed.

To meet the special needs of the investigation, the 
fenced area was increased to 10 m x 10 m and additional 
equipment consisting of three Class A evaporation pans were 
set up.

Natural vegetation, normally about 4 m in height, 
was eliminated out to 10 m from the fence in order to have 
the instruments free from shade and obstructions to wind.
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Table 5. Monthly Precipitation at the Evaporation Station: 

Agricultural Experimental Station, University of 
Ceara, NE Brazil 1966-1970

Precipitation (mm)
Month 1966 1967 1968 1969 1970

January 19.4 33.1 19.9 64.1
February 81.6 239.0 70.3 51.3 38.6
March 138.6 274.4 220.0 168.1 199.6
April 87.2 171.4 172.1 284.8 118.9
May 186.8 220.9 215.6 109.6 21.6
June 18.3 34.7 4.0 62.0 10.6
July 24.2 0.0 29.2 69.0 9.4
August 11.0 0.0 0.0 17.2 0.0
September 0.0 0.0 0.0 0.0 0.0
October 0.0 0.0 0.8 0.0 0.0
November 4.5 0.0 0.0 0.0 0.0
December 43.1 19.6 12.6 0.0 14.0

Total 595.3 979.4 757.7 781.9 476.8
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Table 6. Meteorological Data at the Agricultural Experi

mental Station, University of Ceara, NE Brazil 
12/1967-1/1969

Month
Windb
Km/d

Sun—
shinea
hr/d

Incoming 
S.Radia

tion^ cal/cmz/d

Relat. 
Humid
ity b 
%

Temperature (
Avg. Avg.
Max. Min.

° c ) b

Avg.

12/67 87.5 7.3 444.5 — 34.2 20.4 27.2
1/68 79.8 6. 6 402.0 72 33.9 21.8 27.8
2 73.2 6.3 — — 73 34.0 21.5 27.7
3 34.1 3.9 —— 87 30.5 21.5 26.0
4 25.4 5.3 — — 84 30.7 21.6 26.1
5 21.7 4.3 380.0 90 29.9 21.1 25.5
6 27.3 6.5 413.0 76 30.9 19.8 25.3
7 43.9 7.0 433.0 70 32.5 19.3 25.9
8 60.2 8.5 469.0 61 34.5 19.0 26.7
9 84.1 8.7 508.0 59 35.4 19.9 27.6
10 88.5 5.8 512.0 61 35.6 20.9 28.2
11 86.6 8.1 472.0 65 35.4 21.3 28.3
12 76.4 6.7 448.0 65 34.7 21.8 28.2
1/69 67.6 7.0 449.0 —  — 35.1 22.2 28.6

aData collected at a first class meteorological
station about 1 kilometer from the evaporation station. 

^Data collected at the evaporation station.
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The ground surface in the evaporation station was maintained 
without any cover and free from vegetation.

Evaporation Pans
The type of evaporation pan used was the U. S. 

Weather Bureau Class A land pan with four different 
exposures: standard, shaded, insulated, and buried. It is 
made of 22 gauge unpainted galvanized iron, 1.20 m in 
diameter and 10 cm deep. The bottom is supported on a 
wooden frame 15 cm above the ground surface so that air can 
circulate beneath the pan. A circular dial 3-cup anemometer 
for measuring wind velocity was mounted at one of the 
corners of the square frame with the spindle center of the 
cups about 15 cm above the rim of the pan. The water 
surface, maintained between 5 and 7.5 cm below the rim of 
the pan, was measured with a hook gauge in a stilling well 
which provides an undisturbed water surface for more accu
rate measurements. The evaporation was computed as the 
difference between observed water levels, corrected for any 
precipitation measured in a nearby standard rain gauge. The 
hook gauge readings are given with an accuracy of hundredths 
of a millimeter.

The shaded exposure consisted of a standard Class A 
pan installed as previously described and shaded with a 
white painted wooden cover 2.10 m x 2.10 m, supported by 4
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wooden legs, and 0.60 m high to protect the pan from direct 
solar radiation.

In the insulated exposure, the tank was put into a 
white painted box 1.25 m x 1.25 m and 0.30 m high in a way 
to maintain the rim of the pan at the same level as the 
top of the wooden box. The inside surface of the box was 
covered with sheets of styrofoam 2 cm thick so that some 
void between the walls of the pan and the styrofoam cover 
existed.

In the buried exposure the pan was put into the 
ground with the rim 5 cm above it.

The standard, shaded and insulated pans had the 
same rim height.

The Piche Atmometer
The Piche atmometer, as currently standardized, 

consists of a glass tube of 11 millimeters internal 
diameter, external diameter of 13 millimeters, with the top 
hermetically sealed. The lower end is closed by a circular 
disk of blotting paper 3 cm in diameter giving an evapora
tion surface on the two sides of approximately 13 square 
centimeters. The paper disk is held to the open end of the 
tube by a brass ring and spring clips. The amount of 
evaporation is determined by measuring changes in water 
level in the tube. The modern French instrument used is 
calibrated to read directly the depth of water evaporated
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in millimeters and tenths based on an evaporating surface 
of 12.75 square centimeters (Prescott and Stirk, 1951). 
Since the tube is filled with water, the paper disk is kept 
wet with a continuous supply to replace whatever is 
evaporated. The supply should be sufficient to keep the 
small disk of paper wet even in direct winds.

Other Instruments
The standard rain gauge had a special glass tube 

which gave the depth of rainfall in millimeters and tenths. 
The sharp upper edge of the rim was 1.50 m above level 
ground.

The recording rain gauge was a weighing type with a 
receiving funnel 8 inches in diameter and 1.50 m above the 
ground.

The maximum and minimum temperature thermometers, 
the psychrometer, and a Piche atmometer were enclosed in an 
instrument shelter. This has a single roof and louvered 
sides with the floor about 1.30 m above the ground and the 
instruments stand at about 1.50 m above the ground surface.

A Stevens Type F water level recorder was installed 
in a stilling well at the lake. A metal staff gauge with 
1 mm accuracy was set up near the water level recorder for 
checking the recorder's accuracy.
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Procedure

Originally measurements started at the evaporation 
station in December, 1965, but only from June 1, 1967, were 
continuous records obtained from the Class A pan, the lake, 
and the sheltered equipment.

In an attempt to find a pan in which the monthly 
evaporation was more closely related to lake evaporation, 
three new Class A pans were installed on November 11, 1967. 
Prior to any modification they were installed at standard 
conditions near the same type of pan already functioning. 
They were filled with water and observed for two weeks to 
determine any inherent irregularities in evaporation rate or 
leakage. After finding that the pans agreed satisfactorily 
in their evaporation rates, one of them was put in the 
shaded exposure, a second was insulated, and the third was 
buried in the ground.

The equipment in the instrument shelter, the rain 
gauge, and the recording rain gauge at the evaporation 
station, and the water level recorder and the staff gauge in 
the lake remained in their original positions throughout the 
study.

On December 1, 1967, readings began to be taken once 
a day, at 7:00 a.m., of all non-recording equipment.

In continuing the work the pans were emptied and 
refilled whenever judged necessary to keep them as clean as 
possible. The water used was taken from the reservoir.
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Because of its small height above the ground surface, the 
buried pan was always subject to more pollution than the 
other pahs.

The paper disk on the Piche atmometer was changed 
whenever dust deposition was observed on its exposed 
surfaces. The water used for filling and refilling the 
atmometer was distilled water.

The charts from the water level recorder were 
changed weekly and checked against the measurements taken 
at the adjacent staff gauge.

At the end of ouch month the data were sent to the 
Agricultural Engineering Department for processing. Daily 
measurements considered inaccurate were eliminated and for 
the purposes of this study the data were computed on a 
monthly basis, although some months are not complete in 
their number of days.



RESULTS AND DISCUSSION

The results of the study were analyzed in two 
groups. In the first group the evaporation data from a 
standard Class A pan, a standard Piche atmometer, and a 
small lake were considered for the period from June, 1967, 
to December, 1970. Four sub-groups of continuous records, 
with a total of 993 days, were analyzed separately. Each 
sub-group comprises a period of nine months, from June to 
February, in which the amount of rainfall is relatively 
small and inflow to the lake is, in general, nil. These 
periods, for the purpose of studying the water balance of 
the reservoir, can be considered as dry-seasons since 
evaporation is the most important factor affecting water 
level changes in the lake, and the small amount of inflow, 
as rainfall, was accurately measured. Losses due to 
domestic and animal use, and seepage were negligible.

The periods from March to May, during which about 
75 per cent of the annual precipitation falls on the area 
(Table 5), were excluded from the study because accurate 
measurements of inflow and outflow entering and leaving the 
lake were not possible. Some of the most important rainfall 
events producing runoff are so intensive that the hydrographs 
of inflow runoff were impossible to analyze.
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The days when questionable measurements were 

observed in one or more of the evaporation devices were 
excluded from the study making some months incomplete in 
their number of days. Computations embracing the whole 
period from June, 1967, to December, 1970, as one unit of 
time provide the results shown in Table 7.

Table 7. Evaporation Amounts from a Standard Class A Pan, 
a Standard Piche Atmometer, and a Small Lake: 
Agricultural Experimental Station, University of 
Ceara, NE Brazil 6/1967-12/1970

Figure Class A Piche Lake

Total (mm) 7,536.1 6,101.7 7,438.7
Mean daily (mm/day) 7.6 6.1 7.5
Coefficient 1. 23a 1. 22b o VO VO o

aRatio of total Class A evaporation to total Piche 
evaporation.

kRatio of total lake evaporation to total Piche 
evaporation.

cRatio of total lake evaporation to total Class A 
evaporation.

The evaporation from the Class A pan was only 1.3 
per cent greater than that from the lake, and the evapora
tion from the lake was 21.9 per cent greater than that from
the Piche atmometer
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On a seasonal basis (June to February) evaporation 

from the standard Class A pan, the standard Piche atmometer, 
and the lake followed a similar trend of variation (Figure 
2). Monthly evaporation from the standard Class A pan was 
always greater than that from the Piche atmometer, and for 
two of the thirty-four months computed (October and 
December, 1967) evaporation from the Piche atmometer was a 
little higher than that from the lake (Table 8). The dif
ferences in magnitude of evaporation between the Piche 
atmometer and the other two evaporation containers are 
explained by the different conditions of exposures of their 
evaporation surfaces showing that the sheltered instrument 
is much less affected by the meteorological factors than the 
open surfaces.

Besides the meteorological factors, the relations 
between evaporation from the Class A pan and the lake were 
still affected by their different heat storage capacities. 
The ratio of lake to Class A pan evaporation is generally 
greater than 1.00 for the months of June, July, and August 
(Table 10), and shows the effect of the diurnal heat storage 
on evaporation rates. In fact, more frequent measurements 
taken at 7:00 a.m., 1:00 p.m., and 4:00 p.m. from August 22 
to September 21, 1970, showed that during the day, from 7:00 
a.m. to 4:00 p.m., the Piche atmometer had the greatest 
amount of evaporation, followed by the Class A pan and the 
lake in that order. During the night, from 4:00 p.m. to
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Figure 2. Mean monthly evaporation from a standard Class A pan, a standard Piche
atmometer, and a small lake, at the Agricultural Experimental Station,
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Table 8. Monthly Evaporation from a Standard Class A Pan, 

a Standard Piche Atmometer, and a Small Lake: 
Agricultural Experimental Station, University of 
Ceara, NE Brazil 6/1967-12/1970

Month
Evaporation (mm)

No. of 
daysClass A Pan Piche Lake

6/67 108.5 55.0 144.5 24
7 175.1 133.2 192.5 30
8 235.5 192.7 216.0 31
9 255.2 220.2 244.0 30
10 314.7 293.0 266.0 31
11 253.1 222.5 230.3 30
12 234.4 215.1 209.4 29
1/68 146.2 133.6 141.0 21
2 203.0 180.2 194.0 29
6/68 135.8 88.4 166.0 30
7 181.2 150.8 202.0 31
8 238.4 221.4 243.0 31
9 272.9 244.4 275.0 30
10 281.0 250.7 264.0 31
11 260.7 195.3 241.0 30
12 240.4 218.9 235.0 31
1/69 211.1 183.5 195.0 28
2 173.0 151.2 177.0 27
6/69 115.5 68.6 158.0 26
7 139.6 90.1 158.0 29
8 207.2 155.0 217.0 31
9 254.6 203.4 239.0 30
10 260.0 215.8 251.0 31
11 267.5 210.1 251.0 30
12 262.3 205.1 248.0 31
1/70 205.2 166.4 198.0 26
2 171.8 112.6 181.0 27
6/70 182.3 104.4 190.0 30
7 229.0 163.0 223.0 31
8 260.2 206.8 262.0 31
9 281.5 249.4 286.0 30
10 278.1 231.4 291.0 31
11 225.2 179.3 206.0 27
12 275.9 190.2 244.0 31
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7:00 a.m., the lake had the greatest evaporation and the 
Piche atmometer the least. Table 9 shows these results, and 
although the greater nighttime evaporation from the lake had 
been exactly compensated for by the greater daytime evapora
tion from the Class A pan, it became evident, however, that 
the heat storage in the lake during the day has a pronounced 
effect on nighttime lake evaporation. For the months from 
October to January (except for October, 1970) evaporation 
from the Class A pan was greater than that from the lake 
(Table 8 and Figure 2). During these months the extreme 
values of meteorological factors, mostly wind, temperature, 
and relative humidity (Table 6) promote high daytime 
evaporation from the Class A pan. The differences between 
daytime pan and lake evaporation are much greater than for 
the nighttime periods.

Table 9. Daytime, Nighttime, and Total Evaporation from a 
Standard Piche Atmometer, a Standard Class A Pan, 
and a Small Lake: Agricultural Experimental 
Station, University of Ceara, NE Brazil 8/22 to 
9/21/1970

Period
Evaporation (mm)

Piche Class A Lake

Daytime 174.91 173.08 134.00
Nighttime 75.90 110.90 150.00
Total 250.81 283.98 284.00
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Table 10. Monthly Evaporation Coefficients: Agricultural 

Experimental Station, University of Ceara, NE 
Brazil 6/1967-12/1970

Month
Class A Pan Lake Lake

No. of 
DaysPiche Piche Class A Pan

6/67 1.97 2.63 1.33 24
7 1.31 1.44 1.10 30
8 1.22 1.12 0.92 31
9 1.16 1.11 0.96 30
10 1.07 0.91 0.84 31
11 1.14 1.03 0.91 30
12 1.09 0.97 0.89 29
1/68 1.09 1.05 0.96 21
2 1.12 1.08 0.95 29
6 1.54 1.88 1.22 30
7 1.20 1.33 1.11 31
8 1.08 1.10 1.02 31
9 1.12 1.12 1.01 30
10 1.12 1.05 0.94 31
11 1.33 1.23 0.92 30
12 1.10 1.07 0.98 31
1/69 1.15 1.07 0.92 28
2 1.14 1.17 1.02 27
6 1.68 2.31 1.37 26
7 1.55 1.75 1.13 29
8 1.33 1.40 1.05 31
9 1.25 1.18 0.94 30
10 1.20 1.16 0.96 31
11 1.27 1.19 0.94 30
12 1.28 1.21 0.94 31
1/70 1.23 1.19 ’ 0.96 26
2 1.52 1.60 1.05 24
6 1.75 1.83 1.04 30
7 1.40 1.32 0.97 31
8 1.26 1.26 1.01 31
9 1.13 1.15 1.01 30

10 1.20 1.26 1.05 31
11 1.25 1.15 0.91 2712 1.45 1.28 0.88 31
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The monthly coefficients represented by the ratios 

Lake/Piche, Class A/Piche, and Lake/Class A were computed 
without any adjustment for the months in which the number of 
days is less than the number of days in the month. A wide 
amplitude of variation from month to month and even for the 
same month (Table 11) can be observed.

Table 11. Minimum and Maximum Monthly Evaporation
Coefficients at the Agricultural Experimental 
Station, University of Ceara, NE Brazil 6/1967- 
12/1970

Monthly Evaporation Coefficients
Class A/Piche Lake/Piche Lake/Class A

Month Min. Max. Min. Max. Min. Max.

January 1.10 1.23 1.05 1.19 .92 .96
February 1.12 1.54 1.07 1.61 .95

• .
1.05

June 1.54 1.96 1.82 2.63 .97 1.37
July 1.20 1.56 1.33 1.75 .97 1.13
August 1.07 1.33 1.10 1.41 .92 1.05
September 1.12 1.25 1.11 1.18 .94 1.01
October 1.07 1.20 0.91 1.26 .84 1.05
November 1.14 1.33 1.03 1.23 .91 .94
December 1.09 1.45 0.97 1.28 .88 .98
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The coefficients shown in Table 12 were computed as 

follows: (1) mean monthly coefficient is the sum of nine 
monthly coefficient values divided by nine; and (2) seasonal 
and annual coefficients are defined by the ratio between 
total evaporation from the specified devices for the indi
cated periods. These coefficients should not be used for 
daily or monthly estimations because they could be subject 
to considerable error.

Although a wide amplitude of variation is also 
observed between coefficients from the same month (Table 
11), an average value of the coefficients for each month 
(Table 13) provides a monthly conversion coefficient more 
meaningful than mean monthly, seasonal, or annual coeffi
cients. For seasonal or annual evaporation, the average 
seasonal or annual coefficients should provide more 
accurate estimation.

Computer analysis for simple correlations between 
monthly evaporation data (12/67 to 1/69) showed the results 
presented in Table 14 where high correlation coefficients 
can be seen for comparisons between evaporation from the 
Class A pan, the Piche atmometer, and the lake.

Comparing the monthly ratios Class A/Piche obtained 
in NE Brazil (Table 13) with those found at Giza and Lod 
Airport, we can observe (Tables 1 and 2) that they are 
quite different in magnitude and distribution pattern 
(Figure 3). It must be emphasized, however, that the values



Table 12. Evaporation Coefficients: Agricultural Experimental Station, University 
of Ceara, NE Brazil

Period
Mean Monthly Coef. Seasonal Coef.a Annual Coef

Cic c / C36 C1 C2 C3 C1 C2 C3
6/67-2/68 1.20 1.15 .98 1.18 1.12 .95 —— — ——
6/68-2/69 1.19 1.19 1.02 1.18 1.18 1.00 — — ——
6/69-2/70 1.35 1.34 1.04 1.31 1.33 1.01 — — — — —

1-12/68 1.18 1.18 1.01 —— — — — 1.16 1.16 1.00
1-12/69 1.30 1.30 1.03 — — — 1.28 1.28 1.00
1-12/70 1.33 1.31 .99 — — — — 1.25 1.25 .99
Average 1.22 1.20 .99 1.25 1.25 1.00

aJune to February.
kJanuary, February, and from June to December. 
cRatio standard Class A pan/standard Piche atmometer. 
dRatio lake/standard Piche atmometer. 
eRatio lake/standard Class A pan.
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Table 13. Mean Monthly Evaporation Coefficients: 

tural Experimental Station, University 
NE Brazil 6/1967-12/1970

Agricul- 
of Ceara,

Class A Pan Lake Lake
Month Piche Piche Class A Pan

January 1.16 1.10 0.94
February 1.25 1.25 1.00
June 1.73 2.13 1.24
July 1.37 1.47 1.07
August 1.22 1.22 1.00
September 1.18 1.15 0.98
October 1.15 1.09 0.94
November 1.25 1.15 0.92
December 1.22 1.12 0.92



Table 14. Correlation Coefficients for Various Comparisons in the Evaporation
Study:
Brazil

Agricultural Experimental Station, University of Ceara, 
12/1967-1/1969

NE

Devices

Correlation Coefficients

Standard 
Class A Pan

Standard 
Piche Atmo.

Meteorological Data
Max. Temp. Wind Rad. Sunshine

Standard Class A 1.000 . 955a .793 .969 .931 .955
Standard Piche .984 1.000 .829 .968 .881 .922
Lake .964 .956 .789 .917 .938 .938

. 953a . 901a

^Correlation coefficients for the period 6/67-12/70 (1046 days).
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for the months of March, April, and May were computed by 
adjusting incomplete monthly evaporation records (not 
included in the text) for the number of days for each month 
and, consequently, they must be less accurate than the 
values determined for the other months. Annual figures at 
Giza and Lod Airport were 1.03 and 1.06, respectively, while 
in NE Brazil the average coefficient for the months January, 
February, and from June to December was 1.25 (Table 12).
This coefficient should be higher if the records from March, 
April, and May were considered. During these three months, 
evaporation from the Piche atmometer is much lower than that 
from the Class A pan.

The ratio obtained at the Agricultural College of 
Norway, the conclusions from the Meteorological Services in 
Egypt and the Sudan, and the relationship from studies 
conducted in East African Territories (Gangopadhyaya et al., 
1966) previously mentioned, are quite inconsistent with the 
results from NE Brazil. Different climatic conditions or 
type of Piche atmometer used, or both, could explain the 
differences between the relations of Piche/Class A pan 
evaporation found in NE Brazil and those found in the other 
cited countries.

The monthly and mean monthly coefficients for re
ducing evaporation from the Class A pan to that from the 
lake show a wide amplitude of variation (Tables 11 and 13), 
but the seasonal or annual coefficients (Table 12), as have
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been observed in other parts of the world (Blaney and 
Muckel, 1959;' Hounam, 1961; Houk, 1927; Rohwer, 1931, 1934; 
Sleight, 1917; Young, 1942), are much more consistent.

Comparing mean monthly evaporation coefficients 
(Table.13) obtained in NE Brazil to those obtained at 
Fullerton and Lake Elsinore (Table 4), California, shows 
that they are quite different in their distribution pattern 
throughout the year and also their magnitude (Figure 4). As 
a consequence of different climatic conditions in California, 
U. S., and Ceara, Brazil, there is a three month time lag 
between maximum evaporation rates in California and NE 
Brazil. Monthly evaporation from the Class A pan at the two 
American stations was, at least on the average, always 
greater than that from the compared lakes.

Whereas for many parts of the western United States 
(Table 4), mean annual coefficients varied from 0.61 to 0.77, 
in NE Brazil, for three year periods covering the months of 
January, February, and from June to December (1968, 1969, 
and 1970) an average coefficient of 1.00 was found (Table 
12). If evaporation data for March, April, and May had been 
available for computing the mean annual coefficient, it 
should be a little higher than 1.00. During these months 
evaporation from the lake is expected to be greater than 
that from the Class A pan as a consequence of heat stored 
during the dry season and brought in by inflowing water
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during the rainy season, probably raising the average water 
temperature in the lake with respect to that in the pan.

Considering only evaporation data grouped in dry- 
season periods (June to February), which is probably a more 
reasonable procedure, we have the seasonal lake to Class A 
pan coefficients shown in Table 12, with an average of 0.99.

The data from the additional equipment included in 
the research program during the period from December 1,
1967, to January 21, 1969 (second group of data) are shown 
in Table 15. These instruments were installed in an attempt 
to find a pan that would more closely follow evaporation 
trends of the lake. The number of days computed for some 
months in this group are different from that for the first 
group because only the days were used when measurements from 
all the devices were available.

Evaporation from the standard Class A pan and the 
lake was greater than that from the other pans; the shaded 
Class A pan had the least evaporation. Excluding January, 
1969, evaporation from the insulated Class A pan was less 
than that from the standard Class A pan.

For the purpose of further evaluating the relation
ships between the various devices under study, monthly 
evaporation ratios were computed and presented in Table 16.
A wide amplitude of variation can be observed for all 
monthly relations with the exception of buried pan to



Table 15. Mean Daily Evaporation from Four Differently Exposed Class A Pans, a 
Standard Piche Atmometer, and a Small Lake: Agricultural Experimental 
Station, University of Ceara, NE Brazil 12/1967-1/1969

Month

Evaporation (mm)
Class A Pans Piche Atmometer

Lake
No. of 
daysS.P. SH.P. I.P. B.P. S. A.

12/67 8.2 4.9 6.4 6.9 7.5 7.4 28
1/68 7.6 4.2 6.5 6.2 7.1 7.2 24
2 7.7 4.3 6.3 6.5 7.1 7.5 21
3 4.7 1.9 4.2 3.9 2.9 4.5 11
4 4.1 1.6 3.7 3.4 2.1 — — 17
5 3.8 2.1 3.2 3.2 1.9 — — 16
6 4.6 2.0 4.0 3.9 3.0 5.7 27
7 6.2 3.2 5.3 5.1 5.2 6.8 26
8 7.7 4.4 6.5 6.7 7.1 7.8 31
9 9.1 5.5 7.8 7.8 8.1 9.2 30

10 9.1 5.5 8.1 7.9 8.1 8.5 31
11 8.7 5.0 7.6 7.3 6.5 8.0 30
12 8.0 4.7 6.9 6.7 7.2 7.4 30
1/69 8.1 4.7 8.5 6.9 7.1 7.6 21

S.P. as Standard Pan ; SH.P. = Shaded Pan; I.P. as Insulated Pan; S.A. S

Standard Atmometer; B.P. = Buried Pan.



Table 16. Monthly Evaporation Coefficients: Agricultural Experimental Station, 
University of Ceara, NE Brazil 12/1967-1/1969

Coefficients

Month
Lake Lake Lake Lake S.P. P. S.P. S.P. Lake

No. of 
daysSH. P. I.P. B.P. S.A. S.A. SH. P. I.P. B.P. S.P.

12/67 1.51 1.16 1.07 0.99 1.09 1.66 1.28 1.19 .90 28
1/68 1.69 1.11 1.15 1.01 1.08 1.82 1.19 1.23 .94 24
2 1.72 1.19 1.16 lo06 1.09 1.78 1.23 1.19 .97 21
3 2.32 1.07 1.15 1.56 1.61 2. 38 1.11 1.19 .96 11
4 —— —  — —  —— —  — 1.91 2.63 1.12 —  — —  — 17
5 — — mm mm —  — —  — 1.97 1.78 1.18 1.18 — — 16
6 2.77 1.41 1.43 1.89 1.54 2.27 1.14 1.16 1.23 27
7 2.13 1.28 1.33 1.30 1.19 1.96 1.18 1.22 1.09 26
8 1.78 1.22 1.18 1.10 1.07 1.96 1.19 1.15 1.02 31
9 1.66 1.18 1.18 1.12 1.12 1.66 1.16 1.16 1.00 30

10 1.56 1.05 1.07 1.05 1.12 1.66 1.11 - 1.14 .94 31
11 1.61 1.06 1.10 1.23 1.33 1.75 1.15 1.19 .92 30
12 1.59 1.07 1.11 1.03 1.11 1.69 1.16 1.20 .92 30
1/69 1.61 0.90 1.11 1.07 1.15 1.72 0.96 1.18 .93 21

Average3 1.75 1.14 1.16 1.14 1.17 1.82 1.15 1.19 .99

aOnly the months with more than 20 days were computed.
SH.P. = Shaded Pan; I.P. = Insulated Pan; B.P. = Buried Pan; S.A. = 

Standard Atmometer; S.P. = Standard Pan.
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standard pan ratio in which the most consistent values were 
found.



CONCLUSIONS AND RECOMMENDATIONS

Conclusions
The present study provides evaporation indices which 

can be used for estimating lake evaporation in Northeast 
Brazil. The results found in NE Brazil for the standard 
Class A pan/standard Piche atmometer evaporation ratios 
differ from those obtained in other countries. This can be 
attributed to diverse climatic conditions and variability in 
instrumentation.

A mean daily evaporation rate of 7.3 mm can be used 
for estimating seasonal (June to February) evaporation from 
lakes in areas with climatic conditions similar to those 
prevailing in the experimental area.

For estimating seasonal lake evaporation from 
standard Class A pan or standard Piche atmometer records, 
the conversion coefficients 1.00 and 1.20, respectively, can 
be used. For shorter periods, the coefficients from Table 
13 should be used.

The results obtained from the shaded, insulated, and 
buried Class A pans showed a high correlation to lake 
evaporation; however, pan coefficients varied greatly from 
month to month.

67
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Recommendations

The records from the Class A pan and the Piche 
atmometer collected at other stations in the region should 
be computed for comparisons with the results obtained for 
the Agricultural Experimental Station in the Guru Valley.

A plan for evaporation investigations at selected 
(Harbeck, 1951) lakes in NE Brazil should be developed 
including the standard Piche atmometer, other types of 
recommended pans, the water budget method, and the mass 
transfer method.

Where the water budget method is impracticable and 
required facilities are available, the energy balance method 
could be used for one or more reservoirs in each setting.



APPENDIX A

ILLUSTRATION OF SUPPLEMENTAL METEOROLOGICAL DATA
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Figure 5. Mean monthly air temperature at the Agricultural Experimental Station,
NE Brazil.

o



MONTHS/

. Mean monthly incoming.solar radiation at the Agricultural Experimental
Station, NE Brazil.

Figure 6



I

MONTHS

Figure 7. Mean monthly wind speed at the Agricultural Experimental Station, NE
Brazil.
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