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MANUALS AND REPORTS ON
ENGINEERING PRACTICE

(As developed by the ASCE Technical Procedures Committee, July 1930,
and revised March 1935, February 1962, and April 1982)

A manual or report in this series consists of an orderly presentation of
facts on a particular subject, supplemented by an analysis of limitations and
applications of these facts. It contains information useful to the average
engineer in his or her everydaywork, rather thanfindings thatmaybeuseful
only occasionally or rarely. It is not in any sense a “standard,” however; nor
is it so elementary or so conclusive as to provide a “rule of thumb” for
nonengineers.

Furthermore, material in this series, in distinction from a paper (which
expresses only one person’s observations or opinions), is the work of a
committee or group selected to assemble and express information on a
specific topic. As often as practicable the committee is under the direction of
one or more of the Technical Divisions and Councils, and the product
evolved has been subjected to review by the Executive Committee of the
Division or Council. As a step in the process of this review, proposed
manuscripts are often brought before the members of the Technical Divi-
sions and Councils for comment, which may serve as the basis for improve-
ment. When published, each work shows the names of the committees by
which it was compiled and indicates clearly the several processes through
which it has passed in review, so that itsmeritmay be definitely understood.

In February 1962 (and revised inApril 1982), the Board ofDirection voted
to establish a series titled “Manuals andReports onEngineeringPractice,” to
include the Manuals published and authorized to date, future Manuals of
Professional Practice, andReports on Engineering Practice. All suchManual
or Report material of the Society would have been refereed in a manner
approved by the Board Committee on Publications and would be bound,
with applicable discussion, in books similar to past Manuals. Numbering
would be consecutive and would be a continuation of present Manual
numbers. In some cases of joint committee reports, bypassing of journal
publications may be authorized.

A list of available Manuals of Practice can be found at http://www.asce.
org/bookstore.

http://www.asce.org/bookstore
http://www.asce.org/bookstore
http://www.asce.org/bookstore
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PREFACE

ThisManual of Practice provides information on evaporation and evapo-
transpiration that practicing engineers, hydrologists, and others need to
evaluate data received from various sources. It also provides background
information to enable practicing engineers, educators, and researchers to
improve procedures for estimating evapotranspiration (ET) to achieve the
accuracy needed for specific purposes.

This manual updates and expands the scope of the first edition, Evapo-
transpiration and Irrigation Water Requirements, published in 1990. The man-
ual is intended for use by consulting engineers working onwater issues and
instructors in agricultural and civil engineering, environmental sciences,
and agronomy. It is intended to serve as a primary reference for agricultural,
environmental, and engineering students, and professionals in water-relat-
ed agencies. This revised edition incorporatesmany years of user experience
with the previousmanual and recent advances in the physics of evaporation
from plant and soil surfaces. It also incorporates extensivematerial from the
ASCE Hydrology Handbook (1996). The first edition of this manual required
many years of planning, and its organization evolved through a series of
revisions starting with the report “Consumptive Use and Irrigation Water
Requirements” (Jensen 1973). Manual 70 followed the same organization as
Jensen (1973), with several new sections added. This revised edition has
been restructured based on the experience gainedbyusers ofManual 70. The
scope now includes a chapter on evaporation from water surfaces and
expanded and more detailed information on estimating evaporation from
land surfaces using the crop coefficient method. The manual includes
chapters on applying the direct Penman-Monteith and other resistance-
based ET estimating methods, producing regional ET and stream depletion
estimates, and irrigation requirement estimates. Appendixes A-L have been
expanded to include more details on the crop coefficient method, weather
data integrity, and derivation of the Penman-Monteith equation and to
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include a section summarizing estimating methods not commonly used in
the United States.

Data sets used for evaluations have been revised based on new data and
information from test sites. In this edition, evaluations focused on accuracy
of estimates rather than on comparing various estimating methods, as was
done in the first edition. Some comparative statistics among ET methods
from the first edition are repeated in Appendix L of this edition.

International System of Units (SI) units are used throughout the manual,
as in the first edition. The SI unit used for daily total energy, megajoules per
square meter (MJ=m2), was retained even though some users may prefer to
work with average daily or hourly energy units of watts per square meter
(W=m2).

Background information on consumptive use in Chapter 1 of the first
editionwas originally prepared by early experts such asH. F. Blaney Sr. Part
of this information was retained in the second edition for historical pur-
poses. The editors, Jensen andAllen, updated chapters from the first edition
and functioned as the principal authors of new chapters and sections. Drafts
of updated and new chapters were reviewed by the Task Committee, and
the finalmanuscript was reviewed and accepted by the Blue Ribbon Review
Committee.

Marvin E. Jensen
Richard G. Allen

xiv PREFACE
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NOTATION

Abbreviations, symbols, and common subscripts and superscripts are
listed, along with a chart of units used in the International System. Only the
most frequently used symbols are included with their common units. Less
frequently used symbols and empirical expressions are defined in the text.
Some abbreviations and symbols have other dimensions, which are speci-
fied in the text. In a few cases, the same symbol is used for different variables;
the use will be specified in the text. Symbols for empirical equations are
defined in the text.

Abbreviations

AW Available soil water
BREB Bowen ratio energy balance
CU Consumptive use
E Evaporation
ET Evapotranspiration
FWS Free-water surface
LAI Leaf-area index
MAD Management allowed depletion
PM Penman-Monteith
RAW Readily available water
TAW Total available water
VPD Vapor pressure deficit
YTD Year to date
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Symbols

Symbol Definition Common units

A Area m2

Cd Denominator coefficient for the
ASCE Standardized PM
equation

—

Cn Numerator coefficient for the
ASCE Standardized PM
equation

—

E Evaporation, depth rate mmd−1, mm h−1

Eeq Equilibrium evaporation mmd−1, mm h−1

Eo Evaporation rate from free water mmd−1, mm h−1

as latent heat flux density, λE MJm−2 d−1, MJ m−2 h−1,
Wm−2

Epan Evaporation rate from Class A
pan

mmd−1

ECe Electrical conductivity of the
saturated soil extract
(1mmho cm−1¼1 dSm−1)

dSm−1

ET Evapotranspiration rate mmd−1, mm h−1

ETc ET from a particular crop mmd−1, mm h−1

ETo ET from a well-watered grass
reference crop

mmd−1, mm h−1

as latent heat flux density, λETo MJm−2 d−1, MJ m−2 h−1,
Wm−2

ETr ET from a well-watered alfalfa
reference crop

mmd−1, mm h−1

as latent heat flux density, λETr MJm−2 d−1, MJ m−2 h−1,
Wm−2

ETref Reference evapotranspiration,
general

mmd−1, mm h−1

G Heat flux density to the ground MJm−2 d−1, MJ m−2 h−1,
Wm−2

Gsc Solar constant MJm−2 h−1, Wm−2

H Heat flux density to the air MJm−2 d−1, MJ m−2 h−1,
Wm−2

J Day of the year
KA Clearness index for solar

radiation
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(Continued)

Symbol Definition Common units

KB Clearness index for direct beam
solar radiation

Kc Crop coefficient general (not the
same as the Blaney-Criddle K)

Kcb Crop coefficient (basal), soil
water not limiting
transpiration, but the soil
surface is visually dry

Kcm Mean, or single, crop coefficient
Ke Coefficient to adjust for increased

evaporation from the soil
KL Landscape coefficient
Ks Adjustment coefficient for water

stress
Kt Turbidity coefficient
LAI Leaf-area index
LF Leaching fraction
LR Leaching requirement
P Atmospheric pressure kPa
P Precipitation mm

Qi Inflow rate m3 d−1

Qo Outflow rate m3 d−1

R Universal gas constant kJ kg−1 K−1

R Radiation, general MJm−2 d−1, MJ m−2 h−1,
Wm−2

Ra Exoatmospheric (extraterrestrial)
solar radiation on a horizontal
surface

MJm−2 d−1, MJ m−2 h−1,
Wm−2

Rb Net outgoing long-wave
radiation

MJm−2 d−1, MJ m−2 h−1,
Wm−2

Rbo Net outgoing long-wave
radiation on a cloudless day

MJm−2 d−1, MJ m−2 h−1,
Wm−2

Rn Net incoming radiation MJm−2 d−1, MJ m−2 h−1,
Wm−2

Rnl Net outgoing long-wave
radiation

MJm−2 d−1, MJ m−2 h−1,
Wm−2

(Continued)
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(Continued)

Symbol Definition Common units

Rns Net solar radiation MJm−2 d−1, MJ m−2 h−1,
Wm−2

Rs Solar radiation at the surface on a
horizontal plane

MJm−2 d−1, MJ m−2 h−1,
Wm−2

Rso Solar radiation on a cloudless day MJm−2 d−1, MJ m−2 h−1,
Wm−2

RH Relative humidity %
RHmax Daily maximum relative

humidity
%

RHmin Daily minimum relative
humidity

%

T Temperature °C, K, °F
Td Dew point temperature of the air °C, K
Tmax Maximum daily air temperature °C, K
Tmin Minimum daily temperature °C, K
To Surface temperature °C, K
Tw Wet bulb temperature of the air °C, K
VPD Vapor pressure deficit kPa
Wf Wind function, linear

Wf ¼ aw þ bwu2
Z Elevation cm, m

a, b Constants See usage
cp Specific heat at constant pressure kJ kg−1 °C−1

d Zero plane displacement of wind
profile

cm, m

e Water vapor pressure in air kPa
ea Actual vapor pressure kPa
eod Saturation vapor pressure at dew

point temperature of air
kPa

es Saturation vapor pressure kPa
eow Saturation vapor pressure at wet

bulb temperature
kPa

eoz Saturation vapor pressure of air
at height z

kPa

g Acceleration of gravity m s−2

gs Surface conductance m s−1

h Height of vegetation cm, m
k von Kármán’s constant
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(Continued)

Symbol Definition Common units

kp Evaporation pan coefficient
m Mass, mv for water vapor, ma for

dry air, ms for soil
kgm−3

q Specific humidity¼
mvðmv þmaÞ−1

—

ra Diffusion resistance of air layer
(aerodynamic resistance)

s m−1

rah for sensible heat flux s m−1

rav for vapor flux s m−1

ri Internal leaf diffusion resistance s m−1

rl Single leaf stomatal resistance s m−1

rs Surface resistance (generally a
bulk canopy resistance)

s m−1

t Time s, h, d
uz Horizontal wind speed at

height z
m s−1, km d−1

zom Roughness length, momentum cm, m
zov Roughness length, heat and

water vapor
cm, m

α Shortwave reflectance coefficient
or albedo

ß Bowen ratio;¼H=λE
Γ Adiabatic lapse rate °Cm−1 and Km−1

γ Psychrometric constant,
γ¼ cpP=ð0.622λÞ

kPa °C−1

γ� Psychrometric constant modified
by the ratio of surface

kPa °C−1

resistance to atmospheric
resistance,
γ� ¼ γð1þ rs=raÞ

Δ Slope of the saturation vapor
pressure-temperature curve,
de=dT

kPa °C−1

Δ Difference See usage
ε Emissivity, ε 0 = net emissivity,

εa = atmospheric emissivity,
and εvs = vegetative and soil
emissivity

(Continued)
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Symbol Definition Common units

λE Latent heat flux density MJm−2 d−1, MJ m−2 h−1,
Wm−2

Θ Volumetric soil water content
λ Latent heat of vaporization MJ kg−1

π Pi, π¼3.14159
ρa Air density, ρw for water vapor,

ρb for bulk soil, and ρy for
absolute humidity

kgm−3

σ Stefan-Boltzmann constant kJ m−2 s−1 K−4,
MJ m−2 d−1 K−4,
Wm−2 K−4

ωs Sunset hour angle radians

Subscripts

a Property of air
o Property at the atmosphere-surface interface, or reference value
s Property of soil or the surface
v Property of vegetation or vapor
w Property of water
z Property at height z
1, 2 Reference times

Superscript

o Saturation

International System (SI) of Units

Quantity Unit Symbol Formula

Base Units
Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
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Quantity Unit Symbol Formula

Thermodynamic
temperature

kelvin K

Amount of substance mole mol

Derived Units
Force newton N kgm s−2

Pressure pascal Pa Nm−2

energy, work,
quantity of heat

joule J N m

Radiant flux watt W J s−1

Electric potential volt V WA−1

Conductance siemens S AV−1

Additional Units
Time minute min 1 min = 60 s

hour h 1 h = 60 min = 3,600 s
day d 1 d = 24 h = 86,400 s

Temperature degree Celsius °C °C = K − 273.15
Volume liter L 1 L¼1 dm3¼10−3 m3

Mass metric ton t 1 t¼103 kg

Prefixes

Multiplication factor Prefix Symbol

1,000,000,000¼109 giga G
1,000,000¼106 mega M
1,000¼103 kilo K
0.1¼10−1 deci D
0.01¼10−2 centi C
0.001¼10−3 milli m
0.000001¼10−6 micro :
0.000000001¼10−9 nano H

Sources: ASTM 380-76 (1976); Wandmacher and Johnson (1995).
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CHAPTER 1

INTRODUCTION AND HISTORY

1.1 INTRODUCTION TO SECOND EDITION

In 1990, the American Society of Civil Engineers (ASCE) published the
first edition of Manuals and Reports on Engineering Practice No. 70, which
was prepared by the Irrigation Water Requirements Committee of the
Irrigation and Drainage Division. In 1995, the Committee was renamed
the “Evapotranspiration in Irrigation and Hydrology Technical Commit-
tee” to include evapotranspiration on nonirrigated lands. The mission of
the committee is to advance the science and practice of measuring and
estimating evapotranspiration with emphasis on developing and evaluat-
ing procedures and tools for integrated water management needed in
planning, design, and management of irrigation projects, hydrologic units,
and water resources systems. In 2000, when the stock of printed copies had
been sold, the Committee appointed a Task Committee to prepare an
updated revised edition of the manual.

Since its publication, Manual 70 has served as a valuable reference for
specialists working in agrometeorology, hydrology, and irrigation plan-
ning and management. The first edition contained equations for estimating
evapotranspiration, both theoretical and empirical, and equations to cal-
culate parameters in the ET equations and for various components of the
energy balance. Because the general knowledge base of users has improved
greatly over the past two decades, the manual has been restructured for
greater ease in applying new technology and standardized calculations,
and new information has been included. The manual’s current focus is
on state-of-the-art technology with less emphasis on older empirical
equations and comparisons among various methods of estimating evapo-
transpiration (ET).
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