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Due to increased agricultural production, irrigated land has increased in the arid and 
subhumid zones around the world. Agriculture has started to compete for the water 
use with industries, municipalities and other sectors. This increasing demand along 
with increments in water and energy costs have made it necessary to develop new 
technologies for the adequate management of water. The intelligent use of water for 
crops requires understanding of evapotranspiration processes.

Evapotranspiration (ET) is a combination of two processes: evaporation and tran-
spiration. Evaporation is a physical process that involves conversion of liquid water 
into water vapor and then into the atmosphere. Evaporation of water into the atmo-
sphere occurs on the surface of rivers, lakes, soils and vegetation. Transpiration is a 
SK\VLFDO�SURFHVV�WKDW�LQYROYHV�ÀRZ�RI�OLTXLG�ZDWHU�IURP�WKH�VRLO��URRW�]RQH��WKURXJK�
the trunk, branches and surface of leaves through the stomates. An energy gradient is 
created during the evaporation of water, which causes the water movement into and 
out of the plant stomates. In the majority of green plants, stomates remain open during 
the day and stay closed during the night. If the soil is too dry, the stomates will remain 
closed during the day in order to slow down the transpiration.

Evaporation, transpiration and ET processes are important for estimating crop wa-
ter requirements and for irrigation scheduling. To determine crop water requirements, 
it is necessary to estimate ET by on-site measurements or by using meteorological 
data. On-site measurements are very costly and are mostly employed to calibrate ET 
methods using climatological data. There are a number of proposed mathematical 
equations that require meteorological data and are used to estimate the ET for periods 
of one day or more. The generalized Penman-Monteith (PM) method is a physically 
based method. The simplest methods require only data about average temperature 
of air, length of the day and the crop. Other equations require daily radiation data, 
temperature, vapor pressure and wind velocity. After comparing the PM method with 
other 20 methods worldwide, the FAO has stated that the PM method can be used at all 
locations and that it is better to use the PM method (estimating the missing data) than 
to use simpler method that ignore variables.

Potential ET is the ET from a well-watered crop, which completely covers the 
surface. Meteorological processes determine the ET of a crop. Closing of stomates 
and reduction in transpiration are usually important only under drought or under stress 
conditions of a plant. The ET depends on four factors: (1) climate, (2) vegetation, (3) 
water availability in the soil and (4) behavior of stomates. Vegetation affects the ET 
LQ�YDULRXV�ZD\V��,W�DIIHFWV�WKH�DELOLW\�RI�WKH�VRLO�VXUIDFH�WR�UHÀHFW�OLJKW��7KH�YHJHWDWLRQ�
affects the amount of energy absorbed by the soil surface. Soil properties, including 
VRLO�PRLVWXUH��DOVR�DIIHFW�WKH�DPRXQW�RI�HQHUJ\�WKDW�ÀRZV�WKURXJK�WKH�VRLO��7KH�KHLJKW�
DQG�GHQVLW\�RI�YHJHWDWLRQ�LQÀXHQFH�HI¿FLHQF\�RI�WKH�WXUEXOHQW�KHDW�LQWHUFKDQJH�DQG�WKH�
water vapor of the foliage.
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App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



xxii Preface 1

The mission of this compendium is to serve as a textbook or a reference manual 
for graduate and undergraduate students of agricultural sciences and engineering. This 
book will be a valuable reference for professionals and technicians who work with 
ZDWHU�PDQDJHPHQW�IRU�DJULFXOWXUH�DQG�IRUHVWU\��DQG�ZLOO�EH�EHQH¿FLDO�WR�VWXGHQWV��K\-
drologists, engineers, meteorologists, water managers and others.

There are several books on ET, such as, ET in the Soil-Plant-Atmosphere System 
by Viliam Novák, Springer; ET by Jesse Russell et al., by Book on Demand Ltd; Evap-
oration and ET: Measurements and Estimations by Wossenu Abtew et al., Springer; 
ET &RYHUV�IRU�/DQG¿OOV�DQG�:DVWH�6LWHV by Victor L. Hauser, CRC Press; The ASCE 
Standardized Reference ET Equation by Richard G. Allen et al., American Society of 
Civil Engineers; ET: Webster’s Timeline History by Icon Group International; Evaluat-
ing ET for Six Sites in Benton, Spokane, and Yakima Counties, Washington by Stewart 
A. Tomlinson, University of Michigan Library; ET and Irrigation Water Requirements 
ASCE Manual No 70 by M. E. Jensen et al., ASCE; Crop Evapotranspiration: Guide-
lines for Computing Crop Water Requirements (FAO Report 56); Water Requirements 
for Irrigation and the Environment by Marinus G. Bos et al., Springer; Evapotranspi-
ration by Leszek Labedzki, InTech Open Access.

This compendium complements all books on evapotranspiration that are current-
ly available on the market, and our intention is not to replace anyone of these. This 
book on evapotranspiration is unique because it is complete and simple, a one-stop 
manual, with worldwide applicability to water management in agriculture. Its cover-
DJH�RI� WKH�¿HOG�RI�(7� LQFOXGHV�KLVWRULFDO� UHYLHZ��EDVLF�SULQFLSOHV�DQG�DSSOLFDWLRQV��
how to generate missing climatic data; research results using remotely sensed cli-
matic data; research studies from Colombia, India, Mexico, Puerto Rico, Saudi Arabia, 
Thailand, Trinidad and U.S.A.; studies related to agronomical crops and forest trees 
in arid, humid, semiarid, and tropical climates; and methods and techniques that can 
be easily applied to other locations (not included in this book). This book offers basic 
principles, knowledge and techniques of evapotranspiration to water management in 
agriculture and forestry, which are necessary to understand before designing/develop-
ing and evaluating an agricultural water management system. This book is a must for 
those interested in water resources planning and management, namely, researchers, 
scientists, educators and students.

This book, Evapotranspiration: Principles and Applications for Water Management, 
includes 30 chapters that are presented in three parts—Part I: Principles, Part II: Applica-
tions and Part III: Water Management in the Tropics. Book chapters include Historical 
HYROXWLRQ�RI�(7�PHWKRGV�E\�0��(��-HQVHQ��:DWHU�YDSRU�ÀX[�PRGHOV�IRU�DJULFXOWXUH�E\�9��
H. Ramirez and E. W. Harmsen; Direct measurement of transpiration by V. H. Ramirez; 
Design of lysimeter for turfgrass water use by B. Wherely, T. Sinclair, M. Dukes and 
G. Miller; ET: Meteorological methods by M. R. Goyal; Evaporation estimations with 
neural networks by P. Shirgure and G. S. Rajput; Pan evaporation modeling: Indian agri-
culture by P. Shirgure and G. S. Rajput; ET for cypress and pine forests: Florida, USA by 
D. M. Sumner; ET for pinelands in New Jersey, USA by D. M. Sumner, R. S. Nicholson 
and K. L. Clark; Water management in citrus by P. Shirgure, A. K. Srivastava and S. 
Singh; Vegetation water demand and basin water availability in Mexico by J. Ramos, 
)��-��*RQ]DOH]��/��0DUUXIR�DQG�5��'RPLQJXH]��7XUIJUDVV�GH¿FLW�LUULJDWLRQ�SUDFWLFHV�IRU�
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ZDWHU�FRQVHUYDWLRQ�E\�%��:KHUOH\��(7�IRU�6DXGL�$UDELD��0RGL¿HG�+DUJUHDYHV�PRGHO�E\�
M. N. Elnesr; ET with distant weather stations: Saudi Arabia by M. N. Elnesrr; Actual 
ET using LANDSAT 5™ in Thailand by P. Kosa; Sensor based irrigation scheduling 
by K. Bellingham; Snow budgeting and water resources by K. Bellingham; Historical 
overview of ET in Puerto Rico by E. W. Harmsen; Reference ET for Colombia by V. 
H. Ramírez; Water management for agronomic crops in Trinidad by M. R. Goyal; Crop 
water stress index for common beans by V. H. Ramírez, E.W. Harmsen and T. Porch; 
Temperature versus elevation relationships: ET by M. R. Goyal; Generation of missing 
FOLPDWLF�GDWD��3XHUWR�5LFR�E\�0��5��*R\DO��(VWLPDWLRQ�RI�SDQ�HYDSRUDWLRQ�FRHI¿FLHQWV�
by E. W. Harmsen, A. Gonzaléz and A. Winter; Daily ET estimations using satellite re-
mote sensing by E. W. Harmsen, J. Mecikalski, M. J. Cardona, A. Rojas and R. Vasquez; 
9DSRU�ÀX[�PHDVXUHPHQWV�E\�(��:��+DUPVHQ��9��+��5DPLUH]��0��'��'XNHV��;��-LD��/��5��
Pérez, and R. Vasquez; Climate change impacts on agricultural water resources: 2090 
by E. W. Harmsen, N. L. Miller, N. J. Schlegel and J. E. Gonzalez; ET using satellite 
remote sensing for the tropical climate by E. W. Harmsen, J. Mecikalski, A. Mercado 
and P. Tosado; Water management for sweet peppers by E. W. Harmsen, J. Colón, C. L. 
Arcelay and D. Cádiz; Web based irrigation scheduling by E. W. Harmsen; Appendix; 
and Subject Index.

The contributions by all cooperating authors to this edition has been most valuable 
in the compilation of this compendium. Their names are mentioned in each chapter. 
This book would not have been written without the valuable cooperation of these in-
YHVWLJDWRUV��PDQ\�RI�ZKRP�DUH�UHQRZQHG�VFLHQWLVWV�ZKR�KDYH�ZRUNHG�LQ�WKH�¿HOG�RI�
evapotranspiration throughout their professional careers.

Dr. Eric W. Harmsen and I will like to thank editorial staff, Sandy Jones Sick-
els, Vice President, and Ashish Kumar, Publisher and President, at Apple Academic 
Press, Inc., for making every effort to publish the book when the diminishing water 
resources is a major issue worldwide. Special thanks are due to the AAP Production 
Staff, Apple Academic Press, Inc., for typesetting the entire manuscript and for the 
quality production of this book. We request the reader to offer us your constructive 
suggestions that may help to improve the next edition. The reader can order a copy of 
this book for the library, the institute or for a gift from CRC Press [Taylor and Francis 
Group], 6000 Broken Sound Parkway, NW Suite 300, Boca Raton, FL, 33487, USA; 
Tel.: 800-272-7737.

Eric W. Harmsen joins me to express thanks to our families for their understanding 
and collaboration during the preparation of this book. With our whole heart and best 
affection, we dedicate this book to our mothers, Daya W. Goyal and June Rose Harm-
sen, whose hopes were that their sons would add their drop to the ocean of service to 
the world of humanity.

— Megh R. Goyal, PhD, PE, Editor-in-Chief
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PREFACE 2

Knowledge of evapotranspiration (ET) is critically important for efficient management 
of water resources. ET is often an overlooked component of the hydrologic cycle, un-
like rainfall or surface water, which are perceptible to the human eye. Nevertheless, 
this invisible flux of water vapor is relentless in its ability to remove water from the 
soil, and in many cases lead to devastating drought. Only by understanding its com-
plex nature can we hope to manage our water resources in a wise manner.

During the last century great advances have been made in our understanding of the 
process of evapotranspiration. Initially, the methods for estimating ET were simple, 
yet effective, as for example nonweighing lysimeters and pan evaporation tanks. This 
was followed by a rich period of development of meteorological methods, some em-
pirically based, others physically based. This period also included the development 
and increased use of weighing lysimeters in research.

Two important milestones were reached with the publication of the United Nations 
Food and Agriculture Organization (FAO) 1977 and 1998 documents on estimating 
crop water requirements, representing concrete examples of the global promotion of 
LQFUHDVLQJ�DJULFXOWXUDO�ZDWHU�XVH�HI¿FLHQF\��7KH�PRUH�UHFHQW�)$2�SXEOLFDWLRQ�UHVXOWHG�
in the worldwide adoption of the Penman-Monteith (PM) methodology for estimating 
crop ET, and enumerated data and knowledge gaps that scientists have been address-
ing since the date of that publication. Recent studies have led to the widespread adop-
tion of the eddy covariance and satellite remote sensing methods; while the former 
method has remained a research instrument because of its relatively high cost and 
complexity, the latter has evolved into a practical tool which farmers can use on a daily 
basis via web-based applications (e.g., see Chapter 30).

Despite the advances, many farmers, especially in developing countries, are not 
aware of crop water requirements and are consequently over- or under-applying ir-
rigation. This is a serious problem leading to loss in crop yields, wasting of resources 
(water, energy, chemicals) and in many cases contamination of the environment. Dur-
LQJ�DQ�HUD�RI�FOLPDWH�FKDQJH��RYHU�SRSXODWLRQ��DQG�H[WUHPH�SRYHUW\��VXFK�LQHI¿FLHQF\�
is morally unacceptable.

Initially I got interested in the phenomenon referred to as ET during my graduate 
work at Michigan State University. This of course was coupled with the need to ex-
plain to my family and friends that ET did not mean to Extraterrestrial, but rather that 
it meant evapotranspiration, after which their eyes glazed over and the conversation 
quickly changed to another subject. During my PhD at the University of Wisconsin-
Madison, a postdoc at North Carolina State University, and eight years in private en-
YLURQPHQWDO�FRQVXOWLQJ��,�IRFXVHG�RQ�WRSLFV�OLNH�JURXQGZDWHU�ÀRZ�DQG�WUDQVSRUW�DQG�
vadose zone processes. In the last 13 years, I have had the privilege of being able to 
pursue various studies related to ET in the tropics, with the goal of promoting agricul-
tural water conservation, especially within the island nations of the Caribbean. This 
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xxvi Preface 2

region is rich with problems to be solved, and God willing, I will spend the remainder 
of my career working on the solution to some of these problems.

I am indebted to my wife, Rhea Harmsen-Howard, who has been my unwavering 
support since we initiated our undergraduate studies together so many years ago. I 
would also like to acknowledge the NOAA-CREST (grant NA06OAR4810162) and 
86'$�+DWFK��+������SURMHFWV��ZKLFK�SURYLGHG�SDUWLDO�¿QDQFLDO�VXSSRUW�IRU�P\�SDU-
ticipation on this book project. It is my hope that this book may serve as a stepping-
VWRQH�IRU�IXUWKHU�GHYHORSPHQW�LQ�WKH�¿HOG�DQG�IRU�WKH�SURPRWLRQ�RI�ZDWHU�FRQVHUYDWLRQ�
GXULQJ�WKH�WZHQW\�¿UVW�FHQWXU\�

— Eric W. Harmsen, PhD, PE, Co-editor

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



FOREWORD

Megh R. Goyal, PhD, PE, and Eric W. Harmsen, PhD, PE, have chosen to write a 
textbook on a very important topic in soil and water conservation engineering. Evapo-
transpiration: Principles and Applications for Water Management presents principles, 
procedures and applications as they apply to the more critical components of water 
management, concentrating on the engineering approaches to understanding the water 
management problems in agriculture. The chapters provide comprehensive coverage 
of evaporation and transpiration processes in the hydrological cycle. The book should 
serve as a text for a course or as a valuable reference with practical applications of 
evapotranspiration processes that will be useful to students, instructors, researchers 
and device designers alike. Engineering scientists, and students should find this book 
equally valuable. I am honored to write the foreword for this valuable and unique 
compendium.

I want to share with the readers of this compendium the revised/edited version 
of my article: “Basics of Evapotranspiration”, <http://www.stevenswater.com/articles/
etbasics.aspx>. Evapotranspiration (ET) is a combination of direct evaporation and 
plant transpiration. ET represents the loss of water from the Earth’s surface. ET is usu-
ally expressed as a rate such as inches per day or milliliters per day. Knowledge of ET 
is important for irrigation scheduling but it is also an important factor for other land 
XVH�DSSOLFDWLRQV��VXFK�DV�VHSWLF�WDQN�GUDLQ�¿HOGV��XUEDQ�SODQQLQJ��ZDWHU�VKHG�EXGJHW-
ing, and climate and weather models. ET can be used as a historical tool but usually it 
is predicted or used in a forecast to help irrigators optimize irrigation.

Factors affecting ET are: (1) Current weather conditions: Conditions include wind 
speed, air temperature, relative humidity, and sunlight. The effect weather has on ET 
rate is rather intuitive. Warm, sunny, and dry weather with a lot of wind will have 
greater ET rates; (2) Plant type: The ET rates between different plant species can vary 
greatly. For example, needle leaf trees such as pine trees will have a much greater ET 
than a deciduous tree such as an oak tree. Even though the pine needle can be very 
small, the needles have much more surface area than deciduous leaves allowing for 
more transpiration; (3) Soil chemistry (Soil conditions): The chemical makeup of soil 
is also a major factor affecting ET rates. At the molecular level, most clays will have a 
FKHPLFDO�DI¿QLW\��DWWUDFWLRQ��IRU�ZDWHU��&OD\¶V�FKHPLFDO�DI¿QLW\�IRU�ZDWHU�UHVXOWV�IURP�
a planner geometry and the charge distribution at the molecular level. The chemical 
DI¿QLW\�IRU�ZDWHU�LV�PXFK�OHVV�IRU�VDQGV�DQG�VLOWV��7KH�FKHPLFDO�LQWHUDFWLRQ�EHWZHHQ�
the clay and the water impedes both the evaporation and the plant transpiration. The 
evaporation rate of a soil that is mostly sand, on the other hand, will be close to what 
the evaporation rate would be out of a pan. For example, if the soil moisture is 20% by 
volume, the ET rate in sand would be very high and very low in clay under the same 
weather conditions. On the other hand, if the soil moisture is 30% by volume, the 
sandy soil will dry out quicker than the clay-rich soil and the clay-rich soil will have a 
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xxviii Foreword

higher ET rate over a longer period of time; (4) Soil salinity (Soil conditions): Another 
factor that affects the plant transpiration is the salt content of soil. Plant transpiration 
is the movement of water from the roots and the subsequent loss of water vapor from 
the stomata in the leaves. The primary driving force of the movement of water from 
the roots to the leaves is osmoses. Osmosis is the diffusion or movement of water that 
is driven by a salt concentration gradient. Increasing soil salinity will decrease plant 
transpiration because the salt concentration gradient will diminish, thus affecting the 
overall ET; (5) Geographical locations: Elevation, longitude, latitude and time of year 
for the location for which ET data are needed. In general, ET rates increase toward the 
equator (Fig. 1) and will be higher in summer than in winter. Figure 1 shows the areas on 
Earth where ET is the highest. In areas where ET is greater than precipitation, there 
will be very little recharge to the aquifer and a net upward movement of water. This 
net upward movement of water followed by ET will cause salts and minerals to ac-
cumulate near the surface. This explains why soils in arid lands tend to have a high 
pH and a higher salinity. Conversely, if precipitation is greater than ET, minerals and 
nutrients will be leached out of the soil, and there will be a shallow aquifer. Highly 
leached soils will develop more clay loam textured soils and will typically have a 
lower base saturation. 

ET Methods: The simplest method for approximating ET is the pan evaporation 
method. Measuring the rate of evaporation of water in a pan provides a quick and rea-
sonable approximation of ET with little or no cost. While convenient, the pan evapora-
tion method does not take into account the contribution of plant transpiration, and it 
makes the assumption that water evaporates out of the soil at the same rate it would 
out of a pan. Developed in the late 1940s, the Penman-Monteith method provides a 
correlation between ET and the energy the earth’s surface receives. One of the prob-
lems with the previous ET models such as pan evaporation methods does not take into 
account the variability of ET from one kind of crop to the next. The Penman-Monteith 
method became a widely accepted ET method because a reference ET could be ob-
tained from weather data. A reference ET is the calculated ET for a standard grass 
RI�D�VWDQGDUG�KHLJKW��7KH�(7�IRU�D�VSHFL¿F�FURS�FRXOG�WKHQ�EH�FDOFXODWHG�E\�VLPSO\�
PXOWLSO\LQJ�WKH�UHIHUHQFH�(7�E\�D�FURS�FRHI¿FLHQW��:LWK�WKH�GHYHORSPHQW�RI�EHWWHU�DQG�
more reliable weather instruments, farm agencies could publish reference ET values 
DORQJ�ZLWK�WKH�FURS�FRHI¿FLHQWV�VR�WKH�(7�FRXOG�EH�GHWHUPLQHG�IRU�WKH�HQWLUH�FURS�LQ�
a particular region. Despite the advances in weather measurements in the 1950s, the 
Penman-Monteith method had a few drawbacks. The reference ET calculation was 
mathematically tedious and few computers in the past had the computational power 
to calculate it and few mathematicians were able to calculate with a pencil and paper. 
In the 1980s, the Priestly Taylor method was introduced as an alternative to Penman-
Monteith method. Based on the same heat budget principles as the Penman-Monteith 
PHWKRG��WKH�3ULHVWO\�7D\ORU�PHWKRG�UHOLHV�RQ�VHYHUDO�DVVXPSWLRQV�DQG�VLPSOL¿HV�WKH�
calculation of reference ET. However, with advances in computers in the 1990s the 
Priestly Taylor method was short lived and the Penman-Monteith method became 
VWDQGDUG�PHWKRG� IRU� FDOFXODWLQJ�(7� E\� WKH� VFLHQWL¿F� FRPPXQLW\� DQG� RUJDQL]DWLRQV�
such as the American Society of Civil Engineers and the Food and Agriculture Or-
ganization (FAO) of the United Nations. While much emphasis has been placed 
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on calculating ET from weather calculation modules such and the Penman-Monteith 
method, a previously overlooked method for calculating ET using Darcy’s Law and 
soil hydrology has been slow to emerge. ET rates can also be measured with soil 
moisture sensors by looking at the water balance in the soil. For example, the amount 
of water recharging the water table can be measured with a deeply place soil moisture 
sensor while changes in soil moisture can be monitored with soil sensors throughout 
WKH�SUR¿OH��%\�H[DPLQLQJ�FKDQJHV�LQ�VRLO�PRLVWXUH�WKURXJK�WKH�VRLO�SUR¿OH�RYHU�D�SH-
riod of time, an ET rate can be calculated.

Evapotranspiration Measurement Networks: An ET station consists of weather 
sensors, a data logger, a solar panel to provide electric power and radio telemetry. The 
radio telemetry communicates the weather data in real time back to a computer where 
a computer program calculates the reference ET. The typical sensors included on an 
ET station are an anemometer for wind speed and direction, a relative humidity sensor, 
air temperature sensor, pyronometer for solar radiation measurements, a barometer, 
and rain gauge.

Federal agencies such and the US Bureau of Reclamation, The US Department 
of Agriculture National Resources Conservation Service (NRCS) and state soil 
ZDWHU� FRQYHUVDWLRQ� GLVWULFWV� SURYLGH� GDLO\�(7� UDWHV� DORQJ�ZLWK� FURS� FRHI¿FLHQWV�
for local crops for network of ET stations. One of the most comprehensive ET 
networks in the western US is the AgriMet network provided by the US Bureau 
of Reclamation. In the Midwestern US, many states provide ET rates from state-
funded Mesonets.

FIGURE 1 Regional annual evapotranspiration rates. ET rate increase toward the equator 
(United Nations World Atlas of Desertification, 1997).
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xxx Foreword

FIGURE 2 Available soil water vs. soil texture.

ET and Irrigation Management: Perhaps the most important application for ET 
rates is irrigation scheduling. The weekly irrigation schedule can be calculated from 
IRUHFDVWHG�(7�UDWHV�� VSULQNOHU�HI¿FLHQFLHV�� URRW�]RQH�GHSWK��DQG� WKH�DYDLODEOH�ZDWHU�
capacity of the soil. With ET irrigation scheduling, an irrigator will know the approxi-
mate amount of water the crop will need for any given week. While ET-based irrigation 
scheduling has shown to save water and to optimize crop yields, ET-based irrigation 
scheduling is based on many assumptions to give an approximation of the actual water 
requirements of the crops. Microclimates and highly varying soil conditions introduce 
a lot of error in weather station based ET calculation, which in turn will increase error 
in the scheduling. Because of this uncertainty, crop advisors and irrigation schedul-
ing calculators will manipulate factors in the ET calculation so that the schedule will 
overirrigate by 10 to 20%. In other words, if there is a 10 to 20% error in the ET-based 
irrigation schedule calculation, adding 10 to 20% more water will ensure that the crop 
will not be stressed. The ultimate goal for an irrigation scheduling is to keep the soil 
moisture at a level that is best for the crops. ET-based calculations basically estimate 
what the soil moisture would be based on weather data. Figure 1 indicates regional an-
nual evapotranspiration rates. ET rates increase toward the equator. Figure 2 shows the 
UDQJH�RI�SODQW�DYDLODEOH�ZDWHU�EDVHG�RQ�VRLO�WH[WXUH�DQG�LOOXVWUDWHV�WKH�FKDQJHV�LQ�¿HOG�
capacity and permanent wilting point, as the soil becomes clay rich.

Basically, with almost any crop, the soil moisture needs to be maintained above 
SHUPDQHQW�ZLOWLQJ�SRLQW�DQG�LQ�JHQHUDO�VWD\�EHORZ�¿HOG�FDSDFLW\��3HUPDQHQW�ZLOWLQJ�
point is a condition where the soil moisture is at low level where a plant can’t uptake 
any water. Field capacity is the amount of water that can be held in soil before gravity 
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ZLOO�EHJLQ�WR�GUDLQ�WKH�VRLO��'HHS�LQ¿OWUDWLRQ�DQG�DTXLIHU�UHFKDUJH�ZLOO�RFFXU�LI�WKH�VRLO�
PRLVWXUH�VWD\V�DERYH�¿HOG�FDSDFLW\�

In precision agriculture, the most accurate irrigation schedules use regional ET 
forecasts in combination with soil moisture sensors to ensure that the soil moisture 
values stay at a level that is best for the crop health and yields. The ET forecasts help 
the irrigator create a weekly irrigation schedule, while soil moisture data takes into ac-
FRXQW�PLFURFOLPDWHV�DQG�VRLO�FRQGLWLRQV�DQG�¿QH�WXQH�WKH�ZHHNO\�VFKHGXOH�RQ�D�GDLO\�
basis. With the growing demands on agricultural products and the growing importance 
to protect and restore natural aquatic habitats, water conservation is more important 
than ever. Proper irrigation management is a key to ensure healthy, high quality crops 
while protecting valuable water resources. Knowledge of ET is critical for environ-
mental and economic best irrigation management practices.

In addition to ET models to help manage crops, products such as the Stevens Hy-
GUD�3UREH�RU�6$0��6WHYHQV�$JULFXOWXUDO�0RQLWRULQJ��V\VWHP�FDQ�IXUWKHU�KHOS�GH¿QH�
exactly how much water is needed and when it should be applied. Combining actual 
soil moisture measurements with a local ET forecast can give the user an incredibly 
detailed look at actual soil moisture information, leading to better managed crops with 
increased yield and reduced waste.

3URIHVVRUV�*R\DO�DQG�+DUPVHQ�DUH�ZHOO�TXDOL¿HG�WR�SUHVHQW�WKLV�LPSRUWDQW�ERRN��
I have learned a great deal while browsing this book. I recommend Apple Academic 
Press Inc., for publishing more books on water management.

B. Keith Bellingham
Certified Professional Hydrologist

Soil Scientist and Geochemist
Stevens Water Monitoring Systems Inc,

<http://www.stevenswater.com/contact.aspx>  
12067 NE Glenn Widing Drive Suite 106 

Portland, Oregon 97220 
Phone: United States (800) 452-5272; (503) 445-8000  

Fax: (503) 445-8001 
E-mail: kbellingham@stevenswater.com

B. Keith Bellingham, with 20 years of experience in the water resources industry, 
holds MS in Environmental Science and Engineering from the Oregon Health and Sci-
ence University at the Oregon Graduate Institute; a BS in Chemistry from the Univer-
sity of Cincinnati. He is also a sensor technology advisor for Safe Harvest, providing 
integrated hydrological and meteorological monitoring instrumentation, and informa-
tion systems that optimize water resource management and enhance forecasting.
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PLEASE READ CAREFULLY
The editors, the contributing authors, the publisher and the printing company have 
made every effort to make this book as complete and as accurate as possible. However, 
there still may be grammatical errors or mistakes in the content or typography. There-
fore, the contents in this book should be considered as a general guide and not a com-
plete solution to address any specific situation in water management. For example, all 
water management systems are not same and are different. 

The editors, the contributing authors, the publisher and the printing company shall 
have neither liability nor responsibility to any person, any organization or entity with 
respect to any loss or damage caused, or alleged to have caused, directly or indirectly, 
by information or advice contained in this book. Therefore, the purchaser/reader must 
assume full responsibility for the use of the book or the information therein.

The mentioning of commercial brands and trade names are only for technical pur-
poses. It does not mean that a particular product is endorsed over to another product or 
equipment not mentioned. Editors, cooperating authors, educational institutions, and 
the publisher Apple Academic Press Inc. do not have any preference for a particular 
product.

All weblinks that are mentioned in this book were active on June 30, 2013. The 
editors, the contributing authors, the publisher and the printing company shall have 
neither liability nor responsibility, if anyone of the weblinks is inactive at the time of 
reading of this book. 

WARNING/DISCLAIMER
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University, Ludhiana, India; his MSc degree in 1977 
and PhD degree in 1979 from the Ohio State Univer-
sity, Columbus; his Master of Divinity degree in 2001 
from Puerto Rico Evangelical Seminary, Hato Rey – 
Puerto Rico.

Since 1971, he has worked as Soil Conservation 
Inspector; Research Assistant at Haryana Agricultural 
University and the Ohio State University; and Re-
search Agricultural Engineer at Agricultural Experi-
ment Station of UPRM. At present, he is a Retired Pro-
fessor in Agricultural and Biomedical Engineering in 

the College of Engineering at University of Puerto Rico – Mayaguez Campus; and 
Senior Acquisitions Editor in Agriculture and Biomedical Engineering for Apple 
Academic Press Inc.

+H�ZDV�WKH�¿UVW�DJULFXOWXUDO�HQJLQHHU�WR�UHFHLYH�D�SURIHVVLRQDO�OLFHQVH�LQ�$J-
ricultural Engineering in 1986 from the College of Engineers and Surveyors of 
Puerto Rico. On September 16, 2005, he was proclaimed as “Father of Irrigation 
Engineering in Puerto Rico for the 20th Century” by the ASABE – Puerto Rico Sec-
tion, for his pioneer work on microirrigation, evapotranspiration, agroclimatology, 
and soil and water engineering. During his professional career of 42 years, he has 
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search Paper Award, Nolan Mitchell Young Extension Worker Award, Agricultural 
Engineer of the Year, Citations by Mayors of Juana Diaz and Ponce, Membership 
Grand Prize for ASAE Campaign, Felix Castro Rodriguez Academic Excellence, 
Rashtrya Ratan Award and Bharat Excellence Award and Gold Medal, Domingo 
Marrero Navarro Prize, Adopted son of Moca, Irrigation Protagonist of UPRM, 
Man of Drip Irrigation by Mayor of Municipalities of Mayaguez/ Caguas/ Ponce 
and Senate/Secretary of Agric. of ELA – Puerto Rico.  He has authored more than 
200 journal articles and textbooks including: Elements of Agroclimatology (Span-
ish) by UNISARC, Colombia, two Bibliographies on Drip Irrigation, %LRÀXLG�'\-
namics of Human Body Systems by Apple Academic Press Inc., Biomechanics of 
$UWL¿FLDO�2UJDQV�DQG�3URVWKHVHV by Apple Academic Press Inc., and Management 
of Drip/Trickle or Micro Irrigation by Apple Academic Press Inc. Readers may 
contact him at: <goyalmegh@gmail.com>
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Dr. Eric W. Harmsen received his BSc and MSc degrees 
in Agricultural Engineering from Michigan State Univer-
sity and his PhD degree from the University of Wiscon-
sin. He holds a Professional Engineer License. Currently 
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1I thank the organizers of Evapotranspiration Workshop on 10th March, 2010 by Colorado State University 
and USDA – ARS for giving me an opportunity to express my personal involvement in the ET research. I 
ask the readers of this chapter to bear with me, as I have over emphasized my involvement, it is because I 
have been associated with the development of ET estimating methods for the past 50 years.
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2 Evapotranspiration: Principles and Applications for Water Management

1.1 INTRODUCTION

This chapter is a condensation of a more detailed paper that Rick Allen and I pre-
pared in 2000 [53] for the presentation at the Fourth National Irrigation Symposium, 
ASAE in Phoenix, Arizona. This chapter is also an edited version of my original paper 
that was prepared for a workshop on Evapotranspiration. This chapter emphasizes my 
involvement or association with my colleagues in the development and dissemina-
tion of new technology for estimating evapotranspiration [ET] in the United States 
of America [USA]. I reviewed current ET literature and older documents relating to 
the development of early evapotranspiration estimating methods in the USA. In this 
chapter, I have included some history of the development of the “ASCE Manual 70 
Evapotranspiration and Water Requirements [54],” “FAO-56 Crop Evapotranspiration 
[4],” development of programs to calculate ET using satellite data [5, 9, 10], the new 
“ASCE Standardized Reference ET Equation [8],” a proposal for a one-step approach 
to estimate ET, and an update on the second edition of ASCE Manual 70. More de-
tailed but less personnel-oriented, progress in measuring and modeling ET in agricul-
ture can be found in a recent review article by Farahani et al. [34].

1.2 EARLY STUDIES

With the rapid development of irrigation in the western USA after about 1850, ef-
forts to reduce water losses from both beneficial and nonbeneficial vegetation became 
more important. Measured water deliveries varied widely and deliveries often greatly 
exceeded consumptive use. This problem was recognized early on as Buffum [24] 
stated that overirrigation was the first and most serious mistake made by early settlers. 
Most early methods that were developed for estimating evapotranspiration (ET) or 
consumptive use (CU) for irrigated areas were for seasonal values based on observed 
or measured water deliveries. Air temperature was the main weather variable that was 
used. Solar radiation was not considered directly as a separate variable. For monthly 
values, crop stage of growth effects became important. As developers of empirical 
estimating methods adjusted and modified their temperature based methods, the meth-
ods tended to become more complex. A measured change in soil moisture content over 
periods of seven or more days was the main source of measured ET data before and 
during the 1950s. Reliable published data were scarce, especially for measured ET 
rates by stage of crop growth.

1.3 MY INVOLVEMENT

My involvement in methods of estimating ET began in 1960, when I evaluated monthly 
coefficients for the Blaney-Criddle equation. In the late 1950s, the United States De-
partment of Agriculture-Soil Conservation Service [USDA-SCS] asked the USDA 
- Agricultural Research Service (USDA-ARS) to develop monthly coefficients for 
the Blaney-Criddle (B-C) method. Howard Haise and Harry Blaney had requested 
USDA-ARS researchers to use their available data to calculate monthly coefficients 
for the B-C method. A stack of data sheets was collected and given to me when I ar-
rived in Fort Collins in 1959. Before this request, the data had not been analyzed, 
because Harry Blaney went to Israel for a year and Howard Haise went to University of 
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Historical Evolution of Evapotranspiration Methods 3

California, Davis – California for a six-month sabbatical leave. I was asked to work 
on the data during their absence. I started reviewing the numbers and the results were 
highly variable. Researchers with little or no prior experience with the B-C method 
had calculated monthly coefficients. Many did not have the experience to judge good 
input data from bad data such as drainage that may have occurred following rains. 
Also, some time periods were too short to be reliable. The plotted monthly coefficients 
were widely scattered. I revised the questionnaire that was sent to ARS researchers by 
Howard Haise, as he was well known to ARS researchers at that time. As part of this 
task, I reviewed current literature and many early publications on development of ir-
rigation and ET estimating methods. These reviews were never published, but served 
as a good personal reference and the main source of information for a later 1962 ET 
workshop report [55].

The main difference in the new questionnaire that I prepared was that we asked for 
basic soil water and weather data, mainly air temperature and precipitation along with 
VXSSRUWLQJ�GDWD�DQG�QRW�WKH�%�&�FRHI¿FLHQWV�WKDW�WKH\�KDG�FRPSXWHG��:H�HVWDEOLVKHG�
criteria for reviewing datasets before making our own calculations. Where possible, 
we estimated solar radiation for each measurement period, usually from cloud cover 
at one or more nearby weather stations. We ended up with about 1,000 ET rates for 
periods of seven or more days. When searching for full crop cover ET data, we found 
only about 100 datasets represented reasonably reliable values. The general equation 
[56] summarizing the ET rates and solar radiation (Rs) data from the full cover data-
sets was developed: 

 ET = ((0.014 × T) – 0.37) × (Rs) (1)

where, T is an air temperature in °F, and Rs is solar radiation in mm/day or inches/day. 
A tabulated summary of the results was presented at an Consumptive Use (CU) work-
shop that was organized by ARS-SCS in March 1972 and later at the annual meeting 
of the Soil Sci. Society of America [80]. The workshop report contained: Charts of the 
ratio of ET to solar radiation for seven crops versus percent of the growing season and 
between cuttingsof alfalfa grown in lysimeters at Reno, Nevada; a summary of solar 
radiation relationships; and tabulated weekly mean solar radiation, mean air tempera-
ture and cloud cover for 20 locations in the western USA. Copies of this workshop 
report were sent to others involved in estimating ET who did not attend the workshop 
such as Jerry Christiansen at Utah State University and David Robb at U.S. Bureau of 
Reclamation (USBR) in Denver – Colorado.

The main results of my research were published in 1963 [56]. The main purpose of 
this paper was to encourage engineers, soil scientists and agronomists to begin think-
ing about radiant energy as the primary source of energy for evaporation instead of air 
temperature, which had been the practice for decades. Using our 1962 report, Dave 
5REE�>��@�ZLWK�WKH�86%5�LQ�'HQYHU��&RORUDGR�GHYHORSHG�D�VHW�RI�QLQH�FURS�FRHI¿FLHQW�
curves for use with the Jensen–Haise Eq. (1).

1.4 EARLY RESEARCH: IRRIGATION AND CONSUMPTIVE USE

Many books on irrigation had been written on irrigation in England, France and Italy 
from 1846 to 1888 along with reports on irrigation in California [25]. In 1897, joint 
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4 Evapotranspiration: Principles and Applications for Water Management

efforts were started for irrigation research by USDA – Experiment Stations under the 
supervision of the Office of Experiment Stations [82]. These investigations were con-
tinued for the next 55 years under various USDA departments, but were transferred 
to the Soil Conservation Service (USDA-SCS) in 1939 [59]. In 1902, the Bureau of 
Plant Industry was established in the USDA and detailed studies of transpiration were 
conducted by this organization in the early 1900s.

From about 1890 to 1920, the term duty of water was used to describe the water 
XVH�LQ�LUULJDWLRQ�ZLWK�QR�VWDQGDUG�GH¿QLWLRQ�>��@��'XW\�RI�ZDWHU�ZDV�VRPHWLPHV�UHSRUW-
HG�DV�WKH�QXPEHU�RI�DFUHV�WKDW�FRXOG�EH�LUULJDWHG�E\�D�FRQVWDQW�ÀRZ�RI�ZDWHU�VXFK�DV���
cubic foot per second or as depth of water applied. Water measured at farm turnouts 
was referred to as net duty of water. Examples of early studies were those by: Widstoe 
[93, 94] in Utah from 1902 to 1911 on 14 crops; Harris [41, 42] who summarized 17 
years of study in the Cache Valley of Utah; Lewis [61] who conducted studies near 
Twin Falls – Idaho from 1914 to 1916; Hemphill [44] who summarized studies in the 
Cache La Poudre river valley of northern Colorado; Israelson and Winsor [47, 48] who 
made duty of water studies in the Sevier River valley in Utah from 1914 to 1918; and 
Crandall [28] who worked in the Snake River area near Twin Falls, Idaho in 1917 and 
1918. An excellent summary of early seasonal CU studies was presented in a progress 
report of the Duty of Water Committee in the Irrigation Division of the American 
Society of Civil Engineers (ASCE). It was presented in 1927 by O.W. Israelson and 
later published [7].

L. J. Briggs, a biophysicist, and H. L. Shantz, a plant physiologist, conducted 
KLJKO\� VLJQL¿FDQW� VWXGLHV� RI� WUDQVSLUDWLRQ� LQ� HDVWHUQ�&RORUDGR� >��±��@�� %ULJJV� DQG�
Shantz recognized that solar radiation was the primary cause of the cyclic change of 
environmental factors [23]. They developed hourly transpiration prediction equations 
using: the vertical component of solar radiation and temperature rise, solar radiation, 
DQG�YDSRU�VDWXUDWLRQ�GH¿FLW��7KH\�DOVR�UHFRJQL]HG�WKH�VLJQL¿FDQFH�RI�DGYHFWHG�HQHUJ\��
A summary of the Briggs and Shantz 1910–1917studies was later published by Shantz 
DQG�3LHPHL]HO�>��@��:LGVWRH�>��@�EHJDQ�VWXG\LQJ�WKH�LQÀXHQFH�RI�YDULRXV�IDFWRUV�DI-
fecting evaporation and transpiration in 1902. Harris and Robinson [42] conducted 
similar studies from 1912 through 1916.Widstoe and McLaughlin [94] concluded that 
temperature is the most important factor than the sunshine and relative humidity.

Other studies conducted during the 1900–1920 period were related with the fac-
tors causing and controlling water loss due to irrigation. During the next two decades 
emphasis was on the development of procedures to estimate seasonal CU using avail-
able climatic data.

1.5 EARLY ESTIMATING METHODS: EVAPOTRANSPIRATION

In 1920, the U.S. Bureau of Reclamation (USBR) began studying the relationships 
between CU and temperature [62]. Hedke [43] proposed a procedure to the ASCE 
Duty of Water Committee in 1924 for estimating valley CU based on heat available. 
Heat available was estimated using degree-days. Radiant energy was not considered 
directly. The ASCE committee concluded in 1927 that there was an urgent need for a 
relatively simple method of estimating CU [7]. In the 1920s, Harry Blaney began mea-
suring CU of crops based on soil samples. He worked on crops grown along the Pecos 
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Historical Evolution of Evapotranspiration Methods 5

River for the Division of Irrigation and Water Conservation under the USDA-SCS. His 
first procedure for estimating seasonal and annual CU used mean temperature, percent 
of annual daylight hours and average humidity [17]. From 1937 to 1940, Lowry with 
the National Resources Planning Board, and Johnson with the USBR, developed a pro-
cedure for estimating: Seasonal CU using maximum temperature above 32°F during 
the growing season, and annual inflow minus outflow data for irrigation projects [62]. 
Thornthwaite [84] correlated mean monthly temperature with ET based on eastern 
river basin water balance studies and developed an equation for potential evapotrans-
piration which was widely used for years. Thornthwaite recognized the limitations 
of his equation pointing out the lack of understanding of why potential ET at a given 
temperature is not the same everywhere. Because of its simplicity, the equation was 
applied everywhere and, in general, underestimated ET in arid areas. All of these early 
methods were based on correlations of measured or estimated CU data with various 
available or calculated climatic data. The resulting equations were relatively simple 
because computers were not available—only slide rules and perhaps hand-operated 
adding machines. This may be difficult for young people to comprehend today since 
they are very dependent on personal computers.

Numerous other reports and publications were prepared between 1920 and 1945 
by various state and federal agencies. Many of them dealt with investigations of water 
UHTXLUHPHQWV�IRU�VSHFL¿F�DUHDV�DQG�PHDVXUHG�IDUP�GHOLYHULHV�DQG�QRW�RQ�WHFKQLTXHV�IRU�
estimating CU or ET. Bibliographies of publications on seasonal CU can be found in 
books such as Israelsen [47] and Houk [45].

1.5.1 BLANEY-CRIDDLE METHOD
In the 1950s and 1960s, the most widely known empirical ET estimating method used 
in the USA was the Blaney-Criddle (BC) method. The procedure was first proposed by 
Blaney and Morin in 1942 [17]. It was modified later by Blaney and Criddle [12–15]. 
The Eq. (2) was well-known older engineers: 

 U = KF� ���k×f (2)

where, U = estimated CU (or ET) in inches; F = the sum of monthly CU factors, f, for 
the period (f = t×p/100); t = mean monthly air temperature in °F; p = mean monthly 
percent of annual daytime hours (daytime is defined as the period between sunrise and 
sunset); K = empirical CU coefficient (irrigation season or growing period); and k = 
monthly CU coefficient.

For long-time periods mean air temperature was considered to be a good measure 
of solar radiation [15]. Phelan [73] developed a procedure for adjusting monthly k 
values as a function of air temperature, which later became part of SCS publication on 
the BC method [86]. Criddle also developed a table of daily peak ET rates as a function 
of depth of water to be replaced during irrigation. Hargreaves [38] developed a pro-
cedure similar to the BC method for transferring CU data to other areas of the globe. 
Christiansen and Hargreaves developed a series of regression equations for estimating 
monthly grass ET based on pan evaporation, air temperature and humidity data [26, 
27]. They initiated efforts to reduce weather data requirements to only air tempera-
ture, calculated extraterrestrial radiation and the difference between maximum and 
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6 Evapotranspiration: Principles and Applications for Water Management

minimum air temperature to predict the effects of relative humidity and cloudiness. A 
culmination of these efforts was the well-known 1985 Hargreaves equation for grass 
reference ET [39, 40].

A summary of early studies and the BC method was published in a USDA techni-
FDO�EXOOHWLQ�LQ�FRRSHUDWLRQ�ZLWK�WKH�2I¿FH�RI�8WDK�6WDWH�(QJLQHHU�>��@��&ULGGOH�ZDV�
Utah State Engineer at that time. This publication presented the BC equation in Eng-
lish and metric units and updated records of measured CU by crops, percent of day-
time hours of the year for latitudes of 0 to 65°N. and 0 to 50°S, monthly CU factors 
E\�VWDWHV��VXJJHVWHG�PRQWKO\�FURS�FRHI¿FLHQWV��k) for selected locations, monthly CU 
factors (f) and average precipitation in various foreign countries, and a summary of 
BC method applications that were made by various consultants such as Claude Fly in 
Afghanistan, Tipton and Kalmbach in Egypt and West Pakistan. The BC method is still 
used in some states because historical water records such as water rights have been 
based on this method.

Prior to about 1960 and U.S. engineers were usually taught only the Blaney-Crid-
dle method of estimating CU or ET. Today, students and young engineers generally 
have had a fairly broad training in modern methods of estimating ET and ET-climate 
relationships.

It is unfortunate that Blaney and Criddle did not select extraterrestrial solar radia-
tion as an index of solar energy instead used percent of daytime hours. Daytime hours 
from sunshine tables of Marvin [65] do not adequately account for effects of solar 
angle, especially in higher latitudes as illustrated in Fig. 1. “Smithsonian Meteorologi-
cal Tables” would have had an equation for calculating total daily solar radiation at 
the top of the atmosphere and total daily solar radiation for selected dates during the 
year at that time.

1.5.2 TRANSITION METHODS IN THE USA
In the 1960s, estimating ET methods in the USA began to change from methods based 
primarily on mean air temperature to methods considering both temperature and solar 
radiation. Several of these methods are listed below: 

Alfalfa reference ET Jensen and Haise [56] ET = ((0.014× T – 0.37))× 
(Rs) (3)

Grass reference ET Hargreaves and Samani 
[40] and Hargreaves et al. 
[39]

ET= (0.0023)× Ra ×(T + 
17.8) ×(TD)°.5°

(4)

Grass reference ET, Florida Stephens and Stewart ET = (0.0082 ×Tf – 0.19)× 
(Rs) (5)

where, ET = Potential evapotranspiration in mm/day, T is a mean air temperature in °C, Rs is solar radia-
tion in mm per day or inches per day, Ra = Extraterrestrial radiation, mm/ day, and TD is the difference 
between maximum and minimum daily air temperature in°C.
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Historical Evolution of Evapotranspiration Methods 7

FIGURE 1 Change in relative solar radiation vs. change in relative percent daylight hours.

1.5.3 THEORETICAL METHODS

The Bowen ratio is the ratio of temperature to vapor pressure gradients, ǻt/ǻe, [18 26]. 
Bowen ratio and energy balance concepts were not incorporated at an early date into 
methods for estimating ET as they were for estimating evaporation from water sur-
faces. Examples of early work on evaporation from water using the Bowen ratio were 
those of Cummings and Richardson [31], McEwen [96], Richardson [97], Cummings 
[29], Kennedy and Kennedy [58] and Cummings [30].

In contrast to development of largely empirical methods in the USA, Penman [67] 
in the United Kingdom took a basic approach and related ET to energy balance and 
rates of sensible heat and water vapor transfer. Penman’s work was based on the phys-
ics of the processes, and it laid the foundation for current ET estimating methodology 
using standard weather measurements of solar radiation, air temperature, humidity, 
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8 Evapotranspiration: Principles and Applications for Water Management

and wind speed. The Penman equation [69–71] stands out as the most commonly ap-
plied physics-based equation. Penman [69] used the Bowen ratio principle in develop-
ing the well-known equation for estimating evaporation from a water surface along 
ZLWK�UHGXFWLRQ�FRHI¿FLHQWV�IRU�JUDVV��/DWHU��D�VXUIDFH�UHVLVWDQFH�WHUP�ZDV�DGGHG�>����
72, 74]. Howell and Evett [46] provided an excellent summary of the Penman equa-
tion and its evolution to the development of a standardized equation by the American 
Society of Civil Engineers. The modern combination equation applied to standardized 
surfaces is currently referred to as the Penman-Monteith Eq. (PM). It represents the 
state-of-the-art in estimating hourly and daily ET. When applied to standardized sur-
faces, it is now calledthe Standardized Reference ET Equation [8].

Other methods of estimating and measuring ET range from eddy covariance and 
HQHUJ\�EDODQFH�XVLQJ�%RZHQ�UDWLR�RU�VHQVLEOH�KHDW�ÀX[�EDVHG�RQ�VXUIDFH�WHPSHUDWXUH��
UDGLRVRQGH�PHDVXUHPHQWV�RI�FRPSOHWH�ERXQGDU\�OD\HU�SUR¿OHV�RI�WHPSHUDWXUH��KXPLG-
ity and energy balance estimates based on satellite imagery.

A radiosonde (Sonde is French and German for probe) is a unit for use in things 
such as weather balloons that measures various atmospheric parameters and transmits 
WKHP�WR�D�¿[HG�UHFHLYHU��5DGLRVRQGHV�PD\�RSHUDWH�DW�D�UDGLR�IUHTXHQF\�RI���� MHz 
or 1680 MHz and both types may be adjusted slightly higher or lower as required. A 
rawinsonde is a radiosonde that is designed to only measure wind speed and direction. 
Colloquially, rawinsondes are usually referred to as radiosondes. Modern radiosondes 
measure or calculate the following variables: Pressure, Altitude, Geographical posi-
tion (Latitude/ Longitude), Temperature, Relative humidity, Wind (both wind speed 
and wind direction), Cosmic ray readings at high altitude. Radiosondes measuring 
ozone concentration are known as ozonesondes [<http://en.wikipedia.org/wiki/Radio-
sonde>].

1.5.4 OTHER METHODS
During the 1950s and early 1960s, many other equations were proposed, but they have 
not been widely used in the USA. Some of these are Halkias et al. [37], Ledbedevich 
[60], Romanov [98], Makkink [63] and Vitkevich [90]. In 1957, Makkink published a 
formula for estimating potential ET based on solar radiation and air temperature [74] 
that is still used in Western Europe. Makkink used the energy-weighting term of the 
Penman equation, solar radiation and a small negative constant. The Makkink equa-
tion formed the basis of the subsequent FAO Radiation method that was included in 
FAO Irrigation and Drainage Paper No. 24 on crop water requirements by Doorenbos 
and Pruitt [33, 34]. Turc developed a formula in 1960, which was later modified [85]. 
It was based on mean air temperature and solar radiation for 10-day periods. Rijtema 
[74] proposed the Turc formula for individual crops using crop factors and length of 
growing season. Olivier [68] in England developed a procedure for estimating average 
monthly CU for planning new projects where climatic data were limited. The Olivier’s 
equation used average monthly wet-bulb depression and a factor based on clear sky 
solar radiation values.

In 1968, I described the process of using the rate of ET from a well-watered crop 
with an aero-dynamically rough surface like alfalfa with 30–50 cm of growth as a 
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Historical Evolution of Evapotranspiration Methods 9

measure of potential ET or Eo [50]. ET for a given crop could be related to Eo using a 
FRHI¿FLHQW��QRZ�FRPPRQO\�NQRZQ�DV�D�FURS�FRHI¿FLHQW��

 ET = [Kc]×[Eo] (6)

where, Kc is a dimensionless crop coefficient similar to that proposed by van Wijk 
and de Vries [89] representing the combined effects of resistance to water movement 
from the soil to the evaporating surfaces, resistance to diffusion of water vapor from 
the evaporating surfacesthrough the laminar boundary layer, resistance to turbulent 
transfer to the free atmosphere, and relative amount of radiant energy available as 
compared to the reference crop. At that time, methods other than those based on air 
temperature were not well known. In order to facilitate the understanding of the of the 
“[Eo ×Kc] process,” illustrating the change in the Kc as crop cover develops enabled 
users to visualize how the coefficient changed from a value near 0.15 for bare soil to 
1.0 at full cover.

Routine use of computers for estimating ET was in its infancy. Estimates of alfalfa 
UHIHUHQFH�(7�DQG(7U��WKDW�ZHUH�XVHG�LQ�RXU�¿UVW�FRPSXWHUL]HG�LUULJDWLRQ�VFKHGXOLQJ�
program [51] were calculated using the Penman method with alfalfa wind speed coef-
¿FLHQWV�GHYHORSHG�DW�.LPEHUO\��,'�>��@��6LQFH�ZH�GLG�QRW�KDYH�D�FRPSXWHU�DW�.LPEHUO\�
– Idaho, we used a time-share computer located in Phoenix – Arizona connected via 
the telephone system with a teletype paper tape reader and printer at Kimberly. In 
1970, copies of a FORTRAN computer program that Ben Pratt and I had written for 
estimating daily ET and scheduling irrigations using the Penman equation was widely 
distributed following an informal workshop at Kimberly – Idaho in 1970.

7KH�PHWKRG�RI�XVLQJ�UHIHUHQFH�(7�DQG�FURS�FRHI¿FLHQWV�KDV�EHHQ�ZLGHO\�XVHG�IRU�
nearly a half century. In general, it has been relatively robust. For example, in 2004, 
Ivan Walter and I estimated ET for the Imperial Irrigation District in California using 
this approach. Our estimateof ET for agricultural land for CY 1998 was 2% higher 
than that of a SEBAL estimate for entire district; and 5% higher for agricultural crops 
for water year 1998 [83] of 2.01 million ac-ft or 2.5 km3. Whether the [ETref ×Kc] 
method, also known as the two-step method, will be replaced by the direct PM meth-
od, or one-step method, in the near future is uncertain.

Various methods of measuring ET and methods of estimating ET were summa-
rized during a conference held in Chicago following the ASAE winter meeting on Dec. 
5–6, 1966. Leading researchers from many different organizations and disciplines pre-
sented papers on the current state-of-the-art of estimating ET in the early 1960s. I was 
the conference chairman and program committee members represented ASCE, Ameri-
can Meteorological Society, Soil Sci. Society of America, International Commission 
of Irrigation and Drainage, and several Canadian organizations. W.O. Pruitt assisted in 
editing the proceedings [49].

8QIRUWXQDWHO\��ZH�QRW�GLG�JHW�DQ\RQH�WR�VSHFL¿FDOO\�GLVFXVV�WKH�3HQPDQ�PHWKRG��,�
tried to get Howard Penman to attend and present a paper, but he declined after several 
letters and a phone call. Leo Fritschen discussed the energy balance method, C.H.M. 
van Bavel discussed combination methods [87, 88], and Champ Tanner discussed a 
comparison of energy balance and mass transfer methods for measuring ET [81]. The 
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10 Evapotranspiration: Principles and Applications for Water Management

conference proceedings contained pictures of the authors who were leaders in their 
¿HOG�DW�WKH�WLPH�DQG�VHVVLRQ�FKDLUPHQ�

1.6 DISSEMINATING AND ADOPTING NEW ESTIMATING TECHNOLOGY 
FOR EVAPOTRANSPIRATION

Disseminating and adopting advances in ET estimating technology has not been rapid 
as compared with many other fields because dissemination-adaption involves many 
disciplines such as agricultural engineering, hydrology, water science, meteorology, 
soils, and plants. Dissemination and adaption of new technology did not occur rapidly 
as it did in single disciplines. The users of the technology, a half-century ago, were 
mainlyengineers.

Penman had a comprehensive understanding of the physical processes involved in 
ET. He presented an introductory paper at the informal meeting on physics that was 
held in The Netherlands in September 1955 [70]. He concluded with the sentence: 
“Though the physicist still has some problems he can solve by himself, much of his 
future contribution to understanding evaporation in agriculture must be in collabora-
tion with the biologist and the soil scientist.”

In my 1960 review of old and current literature, it was clear that new advances 
in estimating ET had to depart from the traditional use of temperature as the prima-
ry input variable. The Penman equation had been developed, but was not in general 
use by engineers designing and managing irrigation projects. Generally, the Penman 
equation was thought to be too complicated for use by engineers given the status of 
computational tools and weather data commonly collected at that time. In developing 
countries, it is still considered complex.

During the 1966 meeting of the Irrigation and Drainage Division of ASCE in Las 
Vegas, Nevada, I was asked to chair the ASCE committee on Irrigation Water Require-
ments, formerly the Committee on CU of Crops and Native Vegetation. The committee 
was charged with developing a manual on CU. The committee had been chaired by 
Harry Blaney, but it was not making much progress on this task. A few papers that had 
been prepared were reproductions of old temperature based methods of estimating 
ET. My one condition on accepting chairmanship was that I could bring in nonASCE 
members into the committee such as Bill Pruitt. Bill, who was with the University 
of California at Davis and was not an ASCE member then. Bill had been measuring 
ET using weighing lysimeters and collecting associated basic meteorological data. 
The committee had control of the Corresponding and Non-member advisors. Control 
members were: Robert Burman, University of Wyoming; Harlan Collins, SCS; Albert 
Gibbs, USBR; Marvin E. Jensen, ARS-USDA; and Arnold Johnson, USGS. Harry 
Blaney remained on the committee, but never attended any of our meetings. We made 
progress and produced a report that was the start of the ASCE manual on ET. In 1973, 
we prepared as a camera-ready document at Kimberly – Idaho that was printed as the 
ASCE report Consumptive Use and Irrigation Requirements [52] and widely dissemi-
nated in the U.S. and in other countries like China.

I left the ET committee for three years when I became a member of the ex-
ecutive committee of the ASCE-I&D Division in October 1974. Members of the 
ET committee continued to work on the manual. Several members served as ET 
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Historical Evolution of Evapotranspiration Methods 11

committee chairman between October 1973 and 1986. In 1986, a subcommittee 
of the ET committee was formed. Its members were Rick Allen, Ron Blatchley, 
Bob Burman, Marvin E. Jensen, Eldon Johns, Jack Stone and Jim Wright. I was 
designated as chairman. We were charged with the task of preparing the CU or ET 
PDQXDO��7KH�¿UVW�GUDIW��ZKLFK�KDG�ERWK�(QJOLVK�DQG�PHWULF�XQLWV��ZDV�FRPSOHWHG�
for review by one or several ASCE committees in 1988. One reviewer suggested 
that we use only metric units. This was a good advice, but delayed the manuscript 
another year as changes were made in the manuscript. The manual was published 
in 1990 as ASCE Manual No. 70 [54]. The ASCE-PM equation from ASCE Manu-
al 70 has been widely accepted for standardized calculations such as in the Natural 
Resources Conservation Service National Engineering Handbook [64].

Allen et al. [2] prepared a paper for publication in the Agron. J. to disseminate new 
information to soil scientists and agronomists. In 1990, the FAO needed to update its 
1975–1977 publication on crop water requirements (FAO-24). It organized an expert’s 
consultation on the revision of FAO-24 in Rome on 28–30 May 1990 [79]. There were 
10 participants from seven countries: John Monteith from the International Crops Re-
search Institute for Semi-arid Tropics, D. Rijks from WMO, and several participants 
from FAO. USA participants were Rick Allen, Marvin E. Jensen, and Bill Pruitt. At 
this conference several manuscript copies of the ASCE Manual 90 were made avail-
able and became a key reference. The revision of FAO-24 with major contributions by 
Rick Allen resulted in the well-known FAO-56 publication on crop evapotranspiration 
by Allen et al. [4].

In the Netherlands, R.A. Feddes had been working on models of ET, plant root 
systems and soil water extraction [35]. In 1998, Bastiaanssen et al., including Feddes, 
published a paper describing a surface energy balance model for land (SEBAL) using 
satellite- based imagery [9, 10]. In the USA, Allen et al., developed a high resolution-
mapping model with internalized calibration using principles and similar techniques 
as used in the SEBAL model [5]. It uses a near-surface temperature gradient, dT, that 
is indexed to the radiometric surface as in SEBAL. The METRIC technique [5] uses 
the SEBAL technique for estimating dT.METRIC also uses weather-based reference 
ET to establish energy balance conditions for a cold pixel and is internally calibrated 
at two extreme conditions (wet and dry) using local available weather data. The auto-
calibration is done for each image using alfalfa-based reference ET. Both of these 
models are now being used in the U.S. to map ET at a high resolution over large areas.

In 2000, the Irrigation Association and landscape industry requested the ASCE Ir-
rigation Water Requirements committee, now renamed Committee on Evapotranspira-
tion in Irrigation and Hydrology, to recommend a single procedure for estimating ref-
erence ET for use in the USA. This request in part resulted in an ASCE task committee 
of the ET Committee consisting of engineers and scientists from around the USA. 
They agreed on a single equation for estimating reference crop ET. The equation is a 
VLPSOL¿FDWLRQ�RI�WKH�$6&(�30�HTXDWLRQ��7KH�UHTXHVW�ZDV�PDGH�WR�KHOS�VWDQGDUGL]H�
WKH�EDVLV�IRU�WKH�P\ULDG�RI�ODQGVFDSH��L�H���FURS��FRHI¿FLHQWV�WKDW�KDYH�EHHQ�GHYHORSHG�
since the late 1980s. The task committee suggested applying the PM equation to both 
a tall reference crop like alfalfa and short reference crop like clipped grass by changing 
VHYHUDO�FRHI¿FLHQWV�LQ�RUGHU�WR�VXSSRUW�XVDJH�LQ�ERWK�DJULFXOWXUDO�DQG�ODQGVFDSH�LQGXV-
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12 Evapotranspiration: Principles and Applications for Water Management

tries. A reduced form of the PM equation was adopted for both reference types, with 
the grass form being the same as in the FAO-56 publication. This was done to promote 
DJUHHPHQW�LQ�XVDJH�EHWZHHQ�WKH�86$�DQG�RWKHU�FRXQWULHV��6HWV�RI�FRHI¿FLHQWV�ZHUH�
presented in a table for estimating daily or hourly reference ET for the short and tall 
references. Details of that equation and its development were presented in separate pa-
pers at the 2000 ASAE National Irrigation Conference in Phoenix, Arizona [91]. The 
various forms and applications of the PM and Penman equations, as well as commonly 
used empirical equations, were implemented in REF-ET software (Allen, 2000: Per-
sonal communication) that was available for free downloading from: [<http://www.
kimberly.uidaho.edu/ref-et> Current Version: 3.1.08, updated January, 2012]

Rick Snyder also has several reference ET programs (monthly, daily, and hourly) 
for Excel spreadsheets on the web site: http://biomet.ucdavis.edu/evapotranspiration.
html.

A summary of the reference ET methodology and tables of mean and basal crop 
FRHI¿FLHQWV�ZHUH�SXEOLVKHG�DV�D�PDMRU�FKDSWHU�LQ�WKH��QG�HGLWLRQ�RI�WKH�$6$%(�ERRN�
Design and Operation of Farm Irrigation Systems [6]. It contains a great deal of detail 
on factors controlling ET and on estimating ET. There are numerous recent publica-
WLRQV� RQ�PDQ\� GLIIHUHQW� FURS� FRHI¿FLHQWV�ZULWWHQ� E\� DXWKRUV� LQ� WKH�86$� DQG� RWKHU�
FRXQWULHV��%HIRUH�XVLQJ�WKHVH�FRHI¿FLHQWV��WKH�XVHUV�QHHG�WR�FDUHIXOO\�UHYLHZ�KRZ�WKH�
FDOFXODWLRQV�ZHUH�PDGH��)$2����FURS�FRHI¿FLHQWV�KDYH�EHHQ�UH¿QHG�LQFRUSRUDWLQJ�WKH�
fraction of ground cover and plant height [3]. Others have used remote sensing with 
ground-based or aircraft-based cameras, and satellite images to measure the normal-
ized difference vegetation index [NDVI] and then related NDVI to ETref-based crop 
FRHI¿FLHQWV��7KH�XVH�RI�WKH�UHIHUHQFH�(7�DQG�FURS�FRHI¿FLHQW�PHWKRG�LV�H[SHFWHG�WR�
FRQWLQXH�EHFDXVH�RI�WKH�H[WHQVLYH�FROOHFWLRQ�RI�DYDLODEOH�FURS�FRHI¿FLHQWV�

Some scientists are suggesting a more direct approach to estimating crop water re-
quirements such a one-step method or direct PM [66]. Shuttleworth derived a Penman-
Monteith based, one-step estimation equation that allows for different aerodynamic 
characteristics of crops in all conditions of atmospheric aridity to estimate crop ET 
IURP�DQ\�FURS�RI�D�VSHFL¿HG�KHLJKW�XVLQJ�VWDQGDUG���P�FOLPDWH�GDWD�>��@��1RW�HYHU\-
one agrees that the concept can adequately account for surface soil water conditions. 
6KXWWOHZRUWK� FDOOHG� IRU�¿HOG� VWXGLHV� WR� DGGUHVV� WKH� SUREOHP�RI� HIIHFWLYH� YDOXHV� IRU�
VXUIDFH�UHVLVWDQFH�IRU�GLIIHUHQW�FURSV�HTXLYDOHQW�WR�WKDW�IRU�FURS�FRHI¿FLHQWV��6KXWWOH-
worth and Wallace summarized a detailed study that was conducted in Australia using 
WKH�RQH�VWHS�DSSURDFK�>��@��,�DP�QRW�DZDUH�RI�DQ\�VSHFL¿F�DSSOLFDWLRQV�WKDW�KDYH�EHHQ�
made in the USA. In the second edition of Manual 70, we have a chapter on “Direct 
Penman-Monteith method.”

7KH�¿UVW�HGLWLRQ�RI�0DQXDO����LV�RXW�RI�SULQW��,Q�������WKH�(7�FRPPLWWHH�GHFLGHG�WR�
have a technical committee prepare a second edition. Marvin E. Jensen and Rick Allen 
were designated cochairmen. Other members were Terry Howell, Derrel Martin, Rick 
Snyder, and Ivan Walter. The second edition has been completely restructured. We are 
QHDU�KDYLQJ�D�¿QDO�GUDIW�UHDG\�IRU�UHYLHZ�E\�$6&(�FRPPLWWHHV��,�KRSH�WKDW�WKLV�FDQ�EH�
completed this year.

Major progress on developing improved methods of estimating ET was made 
during the past third of a century because of the efforts of many Europe and U.S. 
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Historical Evolution of Evapotranspiration Methods 13

individuals. Some are R. Feddes and W. Bastiaannsen in the Netherlands; L. Pereira 
in Portugal; and M. Smith with FAO who led the FAO effort. Many individuals in 
the U.S. were major contributors to ET development technology. Some of these 
are Rick Allen, Terry Howell, Bill Pruitt, Joe Ritchie, Rick Snyder and Jim Wright. 
Bill Pruitt measured ET in weighing lysimeters near Davis – California along with 
detailed weather data for many years. His technical guidance and data were very 
valuable in the development of new technology. Jim Wright measured ET from vari-
ous crops using a weighing lysimeter at Kimberly, ID over an eight year period and 
KH�GHYHORSHG�WKH�FRQFHSW�RI�WKH�EDVDO�FURS�FRHI¿FLHQW�UHSUHVHQWLQJ�FRQGLWLRQV�ZKHQ�
soil evaporation is minimal and most of the ET is transpiration [95]. Wright’s mea-
VXUHG�GDWD�ZHUH�DOVR�XVHG�WR�UH¿QH�QHW�UDGLDWLRQ�DQG�FURS�FRHI¿FLHQWV�

1.7 SUMMARY

This chapter summarizes a century of progress in the development of modern meth-
odology for accurately estimating daily and hourly evapotranspiration. Why did this 
process take so long? Evaporation from soil and plant services is a complex process 
involving plants, soils, local weather data like wind speed and humidity, solar and 
long-wave radiation. Its developments involved many disciplines. It has only been 
200 years since hydrologic principles were first understood and described by Dalton 
so perhaps a century is not that unreasonable.

Most of the progress in developing new methodology in the U.S. was made during 
the last third of a century. Many scientists and engineers were involved in the evolu-
tion of ET-estimating technology. Scientists and engineers in Europe have also been 
instrumental in advancing the technology. In this chapter, I tried to highlight major 
contributions of people many of whom I knew personally or at least I had met them 
EULHÀ\��0\�LQYROYHPHQW�LQ�WKH�SURFHVV�RI�GHYHORSPHQW�EHWWHU�(7�HVWLPDWLQJ�WHFKQRO-
ogy and association with other engineers and scientists was a learning experience. 
It started me on a very rewarding career path. The experience that I gained working 
leading scientists and engineers over the past half century has been very rewarding 
personally. If I have emphasized my involvement too much it is because I have been 
associated with the development of ET estimating methods for the past 50 years. More 
detailed progress on measuring and modeling ET can be found in a review paper by 
Farahani et al. [34].
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2.1 INTRODUCTION

The water vapor flux in agroecosystems is the second largest component in the hydro-
logycal cycle. Water vapor flux or evapotranspiration (ET) from the vegetation to the 
atmosphere is a widely studied variable throughout the world. ET is important for 
determining the water requirements for the crops, climatic characterization, and for 
water management. The estimation of ET from vegetated areas is a basic tool to com-
pute water balances and to estimate water availability and requirements. In the last 60 
years, several methods and models to measure the water flux in agroecosystems have 
been developed. The aim of this chapter is to provide a literature review on the subject, 
and provide an overview of methods and model developed which are widely used to 
estimate and/or measure ET in agroecosystems.

(YDSRWUDQVSLUDWLRQ�FRQVWLWXWHV�DQ�LPSRUWDQW�FRPSRQHQW�RI�WKH�ZDWHU�ÀX[HV�RI�RXU�
hydrosphere and atmosphere [21], and is a widely studied variable throughout the 
world, due to it applicability in various disciplines, such as hydrology, climatology, 
and agricultural science. Pereira et al. [80] has reported that the estimation of ET from 
vegetated areas is a basic tool for computing water balances and to estimate water 
availability and requirements for plants. Measurement of ET is needed for many ap-
plications in agriculture, hydrology and meteorology [102]. ET is a major component 
of the hydrologic water budget, but one of the least understood [120]. ET permits the 
return of water to the atmosphere and induces the formation of clouds, as part of a 
never-ending cycle. ET also permits the movement of water and nutrients within the 
plant; water moving from the soil into the root hairs, and then to the plant leaves.

ET is a complicated process because it is the product the different processes, such 
as evaporation of water from the soil, and water intercepted by the canopy, and tran-
spiration from plant leaves. Physiological, soil and climatic variables are involved in 
these processes. Symons in 1867 described evaporation as “…the most desperate art 
of the desperate science of meteorology´�>��@��7KH�¿UVW�YDSRU�ÀX[�PHDVXUHPHQWV�ZHUH�
initiated by Thornthwaite and Holzman in 1930s, but that works was interrupted by 
World War II [69]. In the late 1940s Penman [78] published the paper “Natural Evapo-
ration from open Water, Bare Soil and Grass” in which he combined a thermodynamic 
equation for the surface heat balance and an aerodynamic equation for vapor transfer. 
The “Penman equation” is one of the most widely used equations in the world. The 
HTXDWLRQ�ZDV�ODWHU�PRGL¿HG�E\�0RQWHLWK�>������@�DQG�LV�ZLGHO\�NQRZQ�DV�WKH�³The 
Penman-Monteith Model.” It is also necessary to introduce a review of the work of 
Bowen, who in 1926 [11] published the relationship between the sensible and latent 
KHDW�ÀX[HV��ZKLFK�LV�NQRZQ�DV�WKH�³Bowen ratio.” Measurement of the water vapor 
ÀX[�EHFDPH�D�FRPPRQ�SUDFWLFH�E\�PHDQV�RI�WKH�³Bowen ratio energy balance meth-
od´�>���@��$OOHQ�HW�DO��>�@�FODVVL¿HG�WKH�IDFWRUV�WKDW�DIIHFW�WKH�(7�LQWR�WKUHH�JURXSV��

a. Weather parameters, such as radiation, air temperature, humidity and wind 
speed: The evapotranspirational component of the atmosphere is expressed by 
the reference crop evapotranspiration (ETo) as the Penman-Monteith (FAO-
56), or using direct measurements of pan evaporation data [22], or using other 
empirical equations;

b. Crop factors such as the crop type, variety and developmental stage should 
be considered when assessing the ET from crops grown in large, well-man-
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agement fields. Differences in resistance to transpiration, crop height, crop 
roughness, reflection, ground cover and crop rooting characteristics result in 
different ET levels in different types of crops under identical environmental 
conditions. Crop ET under standard conditions (ETc) refers to excellent man-
agement and environmental conditions, and achieves full production under 
given climatic conditions (Eq. (2)); and

c. Management and environmental conditions (ETcadj). Factors such soil salin-
ity, poor land fertility, limited applications of fertilizers, the presence of hard 
or impermeable soil horizons, the absence the control of dizease and pest and 
poor soil management may limit the crop development etc., and reduce the ET, 
(ETcadj Eq. (3)).

One of the most common and fairly reliable techniques for estimating ET0 is using 
evaporation pan data when adjustments are made for the pan environment [31] using 
WKH�SDQ�HYDSRUDWLRQ�DQG�WKH�SDQ�FRHI¿FLHQW��.p).

 ETo = Kp
. Ep (1)

where, Ep is the pan evaporation (mmday–1), and Kp is the pan coefficient, and depends 
on location. It is important to know or calculate pan coefficient before calculating the 
ETo. Allen et al., [5] gave a methodology to calculate it. Kp is essentially a correction 
factor that depends on the prevailing upwind fetch distance, average daily wind speed, 
and relative humidity conditions associated with the siting of the evaporation pan [22].

2.2 CROP WATER FLUX USING SINGLE CROP COEFFICIENTS: THE FAO 
APPROACH

The FAO approach is well known as the Two steps method, which is very useful for 
single crops and when “references” conditions are available (i.e., no crop water stress). 
In this case, crop evapotranspiration (ETc) can be estimated using Eq. (2) [5, 22]: 

 ETc = Kc. ETo (2)

where, Kc is the coefficient expressing the ratio of between the crop and reference ET 
for a grass surface. The crop coefficient can be expressed as a single coefficient, or 
it can be split into two factors, one describing the affect of evaporation and the other 
the affect of transpiration. As soil evaporation may fluctuate daily, as a result of rain-
fall and/or irrigation, the single crop coefficient expresses [5] only the time-average 
(multiday) effects of crop ET, and has been considered within four distinct stages of 
growth (see FAO #56 by Allen et al. [5]). When stress conditions exist, the effects can 
be accounted for by a crop water stress coefficient (Ks) as follows: 

 ETcadj.= Ks. Kc. ETo (3)

2.2.1 CROP COEFFICIENTS
Although a number of ETc estimation techniques are available, the crop coefficient (Kc) 
approach has emerged as the most widely used method for irrigation scheduling [45]. 
As ET is not only a function of the climatic factors, the crop coefficients can include 
conditions related to the crop development (Kc), and nonstandard conditions (Ks). The 
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Kc is the application to two concepts [5]: a. Crop transpiration represented by the basal 
crop coefficient (Kcb); and b. The soil evaporation, Ke, is calculated using Eq. (4): 

 Kc = Kcb + Ke (4)

Kc is an empirical ratio between ETc and ETo over grass or alfalfa, based on historically 
measurements. The curve for Kc is constructed for an entire crop growing season, and 
which attempts to relate the daily water use rate of the specific crop to that of the refer-
ence crop [45]. The United Nations Food and Agriculture Paper FAO #56 by Allen et 
al. [5] provided detailed instructions for calculating these coefficients. For limited soil 
water conditions, the fractional reduction of Kc by Ks depends on the crop, soil water 
content, and magnitude of the atmospheric evaporative demand [22].

The value for Kc equals Kcb for conditions: the soil surface layer is dry (i.e., when 
Ke = 0) and the soil water within the root zone is adequate to sustain the full transpira-
tion (nonstressed conditions, i.e., Ks = 1). When the available soil water of the root 
zone becomes low enough to limit potential ETc, the value of the Ks�FRHI¿FLHQW�LV�OHVV�
than 1 [5, 44, 45].

7KH�VRLO�HYDSRUDWLRQ�FRHI¿FLHQW�DFFRXQWV� IRU� WKH�HYDSRUDWLRQ�FRPSRQHQW�RI ETc 
when the soil surface is wet, following irrigation or rainfall [5,45]. When the avail-
able soil water of the root zone become low enough, crop water stress can occur and 
reduce ETc. In the FAO-56 procedures, the effects of water stress are accounted for by 
multiplying Kcb (or Kc��E\�WKH�ZDWHU�VWUHVV�FRHI¿FLHQW��.s): 

 Kc. Ks = (Kcb. Ks + Ke) = ETc/ETo (5)

where, Ks < 1 when the available soil water is insufficient for the full ETo and Ks = 1 
when there is no soil water limitation on ETc. Thus, to determine Ks, the available soil 
water within the crop zone for each day needs to be measured or calculated using a soil 
water balance approach [45].

The estimation of Ke XVLQJ�WKH�)$2����PHWKRG��UHTXLUHV�WKH�XVH�RI�WKH�VRLO�¿HOG�
capacity (FC), the permanent wilting point (PWP), total evaporable water (TEW), the 
fraction of the soil surface wetted (fw) during each irrigation or rain, and the daily frac-
tion of the soil surface shaded by vegetation (fc), or conversely the unshaded fraction 
(1–fc). Hunsaker et al., [45] reported an exponential relation between 1-fc and height 
to the Alfalfa crop.

The measurement of Ke and Kcb can be made by performing a daily water balance, 
and use of the following equations from FAO Paper 56 [5].

 ETc = (Kcb+Ke) ETo (6)

 Kcb = (ETc/ETo)–Ke (7)

The soil evaporation (E) can be calculated using the Eqs. (8) and (9): 

 E = Ke ETo and (8)

 Ke = E/ETo (9)

The soil evaporation (E) can be measured using the water balance Eq. (10): 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Water Vapor Flux Models for Agriculture 23
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f f−= − − − + + +  (10)

where, De, i-1 is the cumulative depth of evaporation following complete wetting from 
the exposed and wetted fraction of the topsoil at the end of day i–1 (mm), Pi is the pre-
cipitation on day i (mm); ROi is precipitation runoff from the surface on day i (mm), 
Ii is the irrigation depth on day i that infiltrates into the soil (mm), Ei is evaporation on 
day i (i.e., Ei=Ke/ETo) (mm), Tew, i is depth of transpiration from the exposed and wetted 
fraction of the soil surface layer on day i (mm), fw is fraction of soil surface wetted by 
irrigation (0.01 to 1), and few is the exposed and wetted soil fraction (0.001 to 1).

The ratio of reference evaporation to reference transpiration depends on the devel-
RSPHQW�VWDJH�RI�WKH�OHDI�FDQRS\�H[SUHVVHG�DV�³į´�WKH�GLPHQVLRQOHVV�IUDFWLRQ�RI�LQFL�į´�WKH�GLPHQVLRQOHVV�IUDFWLRQ�RI�LQFL�” the dimensionless fraction of inci-
dent beam radiation that penetrates the canopy [15] mentioned by Zhang et al. [124].

 ( )LAIK.exp −=δ  (11)

where, K is the dimensionless canopy extinction coefficient, and therefore, evapora-
tion and transpiration can be calculated using Eqs. (12) and (13): 

 0 0.E ETδ=  (12)

 (1 ).T ETδ= −  (13)

Hunsaker, [44] found that ETc in cotton was higher when the crop was submitted to 
high depth of irrigation (820–811 mm) that when have low depth of irrigation level 
(747–750 mm), similar to the KcbKs curves, obtaining higher values than the treatment 
with high frequency (i.e., KcbKs =1.5, 90 days after planting) than the low frequency 
(i.e., KcbKs = 1.4, 90 days after planting).

2.2.2 LIMITATIONS IN THE USE OF KC

Katerji and Rana, [52] reviewed recent literature related to Kc and found differences 
of ± 40% between Kc values reported in the FAO-56 paper [5] and the values ex-
perimentally obtained, especially in the mid growth stage. According to the authors, 
these large differences are attributable to the complexity of the coefficient Kc, which 
actually integrate several factors: aerodynamic factors linked to the height of the crop, 
biological factors linked to the growth and senescence of the surfaces leaves, physical 
factors linked to evaporation from the soil, physical factors linked to the response of 
the stomata to the vapor pressure deficit and agronomic factors linked to crop manage-
ment (distance between rows, using mulch, irrigation system, etc.). For this reason Kc 
values needs to be evaluated for local conditions

The variation in crop development rates between location and year have been ex-
SUHVVHG�DV�FRUUHODWLRQV�EHWZHHQ�FURS�FRHI¿FLHQWV�DQG�LQGLFHV�VXFK�DV�WKH�WKHUPDO�EDVH�
index, ground cover, days after emergence or planting, and growth rate (i.e., Wright 
and Jensen, [122]; Hunsaker, [44]; Brown et al., [14]; Nasab et al., [72]; Hanson and 
May [34]; Madeiros et al., [61]; and Ramírez, [87]). The Kc is well related with the 
growing degree grades-GDD and with the fraction of the soil cover by vegetation (fc) 
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(Fig. 1), and depends on the genotype and plant densities [87]. The Eqs. (15) and (16) 
are for common bean genotype Morales with 13.6 plants.m-2. The Eqs. (17) and (18) 
are for common bean genotype SER 16, with 6.4 plants.m–2.

 Kc= -3 x 10-6CGDD2 + 0.053; R2 = 0.76;  P<0.0000 (15)

  (16)

  (17)

  (18)

2.2.3 WATER STRESS COEFFICIENT (KS)
The soil water stress coefficient, Ks, is mainly estimated by its relationship to the 
average soil moisture content or matric potential in a soil layer, and it can usually be 
estimated by an empirical formula based in soil water content or relative soil water 
available content [124].

The Ks�LV�DQ�LPSRUWDQW�FRHI¿FLHQW�EHFDXVH�LW�LQGLFDWHV�WKH�VHQVLWLYLW\�RI�WKH�FURS�WR�
ZDWHU�GH¿FLW�FRQGLWLRQV��IRU�H[DPSOH�FRUQ�JUDLQ�\LHOG�LV�HVSHFLDOO\�VHQVLWLYH�WR�PRLV-
WXUH�VWUHVV�GXULQJ�WDVVHOOLQJ�DQG�FRQWLQXLQJ�WKURXJK�JUDLQ�¿OO��5R\JDUG�HW�DO���>��@�RE-
served that depletion of soil water to the wilting point for 1 or 2 days during tasselling 
or pollenization reduced yield by 22%. Six to eight days of stress reduced yield by 
50%. Allen et al. [5], presented the following methodology for estimating Ks: 

  (19)

where, TAW is total available water and refers to the capacity of the soil to retain 
water available for plants (mm); Dr is root zone depletion (mm); RAW is the readily 
available soil water in the root zone (mm), p is the fraction of TAW that the crop can 
extract from the root zone without suffering water stress.

  (20)

where, șFC is the water content at field capacity (m3.m–3), șWP is the water content at 
wilting point (m3.m–3), and Zt is the rooting depth (m).

  (21)

Allen et al. [5] give values for different crops (FAO #56. p. 163) [5]. Roygard et al. 
[94] and Zhang et al. [124], reported that Ks is a logarithmic function of soil water 
availability (Aw), and can be estimated as follows: 

  (22)
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where, Aw is calculate according to the Eq. (23): 

  (23)

where, șa is average soil water content in the layers of the root zone depth. An example 
of the relationships between Ks and available soil water changes, estimated as a root 
zone depletion, is presented by Ramirez [87] The root zone depletion (Dr), can be cal-
culated using the water balance Eq. (24): 

  (24)

where, Dr, i is the root zone depletion at the end of day i; Dr, i-1 is water content in the 
root zone at the end of the previous day, i–1; (P-RO)i is the difference between pre-
cipitation and surface runoff on day i; Ii is the irrigation depth on day i; ETc, i is the crop 
ET on day i and DPi is the water loss from the root zone by deep percolation on day i; 
all the units are in mm.

The root zone depletion associated with a Ks = 1.0 (i.e., no water stress), was up to 
10 mm for a root depth between 0 to 20 cm, and up to 15 mm for a root depth of 0 to 
40 cm in common beans. Fifty percent of the transpiration reduction was reached for 
Dr = 22 mm and 25 mm for the common bean genotype Morales and genotype SER 
16, respectively. Transpiration ceased completely (Ks = 0) when Dr = 37 mm and 46 
mm, respectively, for Morales and SER 16 [87].

2.3 DIRECT WATER VAPOR FLUX MEASUREMENT: LYSIMETERS

The word ‘lysimeter’ is derived from the Greek root ‘lysis,’ which means dissolution 
or movement, and ‘metron,’ which means to measure [41]. Lysimeters are tanks filled 
with soil in which crops are grown under natural conditions to measure the amount of 
water lost by evaporation and transpiration [5]. A lysimeter is the method of determin-
ing ET directly. The lysimeter are tanks buried in the ground to measure the percola-
tion of water through the soil. Lysimeter are the most dependable means of directly 
measuring the ET rate, but their installation must meet four requirements for the data 
to be representative of field conditions [19]: 

Requirement 1: The lysimeter itself should be fairly large and deep to reduce 
the boundary effect and to ovoid restricting root development. For short crops, the 
lysimeter should be at least one cubic meter in volume. For tall crops, the size of the 
lysimeter should be much larger.

Requirement 2: The physical conditions within the lysimeter must be comparable 
WR�WKRVH�RXWVLGH��7KH�VRLO�VKRXOG�QRW�EH�ORRVHQHG�WR�VXFK�D�GHJUHH�WKDW�WKH�URRW�UDPL¿-
cation and water movement within the lysimeter are greatly facilitated. If the lysimeter 
is unclosed on the bottom, precaution must be taken to avoid the persistence of a water 
table and presence of an abnormal thermal regime. To ensure proper drainage, the bot-
WRP�RI�DQ�LVRODWHG�VRLO�FROXPQ�ZLOO�RIWHQ�UHTXLUH�WKH�DUWL¿FLDO�DSSOLFDWLRQ�RI�D�PRLVWXUH�
suction, equivalent to that present at the same depth in the natural soil [20].
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Requirement 3: The lysimeter will not be representative of the surrounding area 
if the crop in the lysimeter is taller, shorter, denser, or thinner, or if the lysimeter is on 
WKH�SHULSKHU\�RI�QR�FURSSHG�DUHD��7KH�HIIHFWLYH�DUHD�RI�WKH�O\VLPHWHU�LV�GH¿QHG�DV�WKH�
UDWLR�RI�WKH�O\VLPHWHU�(7�SHU�XQLW�DUHD�RI�WKH�VXUURXQGLQJ�¿HOG��7KH�YDOXHV�RI�WKLV�UDWLR��
other than unity, are caused by the in homogeneity of the surface. The maintenance of 
uniform crop height and density is not an easy task in a tall crop, spaced in rows. If the 
surface is indeed inhomogeneous, there is no adequate way to estimate the effective 
area from tank area overlap corrections or plant counts.

Requirement 4: Each lysimeter should have a “guard-ring” area around it main-
tained under the same crop and moisture conditions in order to minimize the clothes-
line effect. In arid climates, Thornthwaite in 1954, suggested that a “guard-ring” area 
of ten acres may or may not be large enough. Where several lysimeters are installed 
LQ�WKH�VDPH�¿HOG��WKH�³JXDUG�ULQJ´�UDGLXV�PD\�KDYH�WR�EH�DERXW�WHQ�WLPHV�WKH�O\VLPHWHU�
separation [19].

FIGURE 1 Crop coefficients (Kc) as related to cumulative growing degree days (CGDD) and 
fraction covered by vegetation (fc) for two common bean genotypes: (a) Morales CGDD vs Kc, 
(b) SER 16 CGDD vs Kc, (c) Morales fc vs Kc, (d) SER 16 fc vs Kc. The curves were fitted from 
growth periods V1 to R9 (Data from: Ramirez, 2007). (These data were obtained under the 
project sponsored by NOAA-CREST (NA17AE1625), NASA-EPSCoR (NCC5–595), USDA-
TSTAR-100, and University of Puerto Rico Agricultural Experiment Station, Mayaguez, USA). 
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Lysimeters surrounded by sidewalks or gravel will not provide reliable data, nor 
will lysimeters planted to a tall crops if it is surrounded by short grass, or planted to 
grass and surrounded by a tall crop. Differences in growth and maturity between the 
O\VLPHWHUV�SODQWV�DQG�VXUURXQGLQJ�SODQWV�FDQ�UHVXOW�LQ�VLJQL¿FDQW�GLIIHUHQFHV�LQ�PHD-
sured ET in and outside the lysimeter [4]. 7KH�O\VLPHWHUV�DUH�FODVVL¿HG�EDVLFDOO\�LQ�WZR�
types: Weighing and Non-weighing.

2.3.1 NON-WEIGHING LYSIMETERS (DRAINAGE LYSIMETERS)
These operate on the principle that ET is equal to the amount of rainfall and irrigation 
water added to the system, minus percolation, runoff and soil moisture changes. Since 
the percolation is a slow process, the drainage lysimeters is accurate only for long peri-
ods for which the water content at the beginning exactly equals that at end. The length 
of such a period varies with the rainfall regime, frequency and amount of irrigation 
water application, depth of the lysimeters, water movement, and the like. Therefore, 
records of drainage lysimeters should be presented only in terms of a long-period more 
than one day [19], and they are not useful for estimating hourly ET.

Allen et al. [4] discusses two types the nonweighing lysimeters: a) non weighing 
constant water-table type, which provides reliable data in areas where a high water 
table normally exists and where the water table level is maintained essentially at the 
same level inside as outside the lysimeters; b) Non-weighing percolation type, in which 
changes in water stored in the soil are determined by sampling or neutron methods or 
other soil humidity sensors like TDR, and the rainfall and percolation are measured.

2.3.1.1 GENERAL PRINCIPLES OF A DRAINAGE LYSIMETER
Provisions are made at the bottom of the lysimeter container to collect and mea-
sure volumetrically the deep percolation. Precipitation is measured by rain gauge(s). 
Evapotranspiration is considered as the difference among water applied, water drain-
age and soil water change [108,123].

:KHQ�¿OOLQJ�LQ�D�O\VLPHWHU��WKH�VRLO�GXJ�RXW�IURP�WKH�SLW�RI�D�O\VLPHWHU�LV�UHSODFHG�
in the container, special precautions are needed to return the soil to its original status 
E\�UHVWRULQJ�WKH�FRUUHFW�VRLO�SUR¿OH�DQG�FRPSDFWLQJ�WKH�VRLO�OD\HUV�WR�WKH�RULJLQDO�GHQ-
sity. It is desirable to have a similar soil state inside the lysimeter relative to the out-
side. However if the roots are well developed and nutrients are available, and as long 
DV�WKH�ZDWHU�VXSSO\�WR�WKH�URRWV�LV�XQUHVWULFWHG��GLVVLPLODU�VRLO�ZLOO�QRW�JLYH�VLJQL¿FDQW�
variation in water use and yield, provided other conditions are similar [123].

$OWKRXJK�GLVWXUEHG�VRLO�LQ�¿OOHG�LQ�O\VLPHWHUV�GRHV�QRW�SRVH�VHULRXV�SUREOHPV�LQ�
ET measurement, the soil can affect plant growth. Breaking up the soil, will change 
soil structure, aeration, and soil moisture retention characteristics. The lysimeters 
VKRXOG�SURYLGH�D�QRUPDO�URRWLQJ�SUR¿OH��,W�VKRXOG�EH�ODUJH�HQRXJK�WR�OHQGHU�WKH�HIIHFW�
RI�WKH�ULP�LQVLJQL¿FDQW��,W�FDQ�JLYH�UHODWLYHO\�ODUJH�HUURUV�LQ�WKH�(7�PHDVXUHPHQW�LI�
the container is small. However, the greater the lysimeters area, the more costly and 
complicated the installation and operation becomes [123].

Installation and walls: The wall can be different materials: reinforced concrete, 
SRO\HVWHU�UHLQIRUFHG�ZLWK�VWHHO��¿EHUJODVV�RU�SODVWLF��7KH�LQVWDOODWLRQ�SURFHHGV�LQ�WKH�
following steps: Excavation (e.g. 1 m×1 m×1.2 m) in the experimental site. Each layer 
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28 Evapotranspiration: Principles and Applications for Water Management

of soil (e.g., 0–30 cm, 30–60 cm and 60–100 cm) is separated. Once the excavation 
it completed, the lysimeter is placed in the excavated hole with 4 wooden boards out-
side. Before repacking the soil layers, make a V-shaped slope at the bottom and place 
a 25 mm inside diameter perforated PVC pipe (horizontal). There should be a screen 
material placed around the perferated pipe to ovoid the soil particles from entering the 
pipe. Connect an access tube (25 mm PVC), approximately 1 m long (vertical). Cover 
WKH�KRUL]RQWDO�SLSH�ZLWK�¿QH�JUDYHO�DSSUR[LPDWHO\��±��FP� WKLFN��)LOO� WKH�FRQWDLQHU�
with the excavated soil where each layer is repacked inside the lysimeter to match the 
original vertical soil state [123].

2.3.2 WEIGHING LYSIMETER
A weighing Lysimeter is capable of measuring ET for periods as short as ten minutes. 
Thus, it can provide much more additional information than a drainage lysimeter can. 
Problems such as diurnal pattern of ET, the phenomenon of midday wilt, the short-
term variation of energy partitioning, and the relationship between transpiration and 
soil moisture tension, can be investigated only by studying the records obtained from 
a weighing lysimeter [5, 19, 60, 76, 92, 101, 105, 117].

Weighing lysimeters make direct measurements of water loss from a growing crop 
and the soil surface around a crop and thus, provide basic data to validate other water 
YDSRU�ÀX[�SUHGLFWLRQ�PHWKRGV�>���������������@��7KH�EDVLF�FRQFHSW�RI�WKLV�W\SH�RI�O\-
simeter is that it measures the difference between two mass values, the mass change is 
then converted into ET (mm) [47, 62].

During periods without rainfall, irrigation and drainage, the ET rate is computed 
as indicated by Howell [41], as: 

  (25)

where, ET is in units of (mm.h–1 or Kg.m2) for time interval i; M is the lysimeter soil 
mass, (Kg); Al is lysimeter inner tank surface area (m2); Af is lysimeter foliage area 
(mid wall-air gap area) (m2); T is the time period (h). The ratio Af /Al is the correction 
factor for the lysimeter effective area. This correction factor assumes the outside and 
inside vegetation foliage overlap evenly on all of the sides or edges. If there is no 
overlap, as occurs in short grass, the Af /Al=1.0 [41].

Weighing lysimeters provide the most accurate data for short time periods, and can 
be determined accurately over periods as short as one hour with a mechanical scale, 
ORDG�FHOO�V\VWHP��RU�ÀRDWLQJ�O\VLPHWHUV�>�@��6RPH�ZHLJKLQJ�O\VLPHWHUV�XVH�D�ZHLJK-
ing mechanism consisting of scales operating on a lever and pendulum principle [62]. 
+RZHYHU��VRPH�GLI¿FXOWLHV�DUH�YHU\�FRPPRQ�OLNH��HOHFWURQLF�GDWD�ORJJHU�UHSODFHPHQW��
GDWD�ORJJHU�UHSDLU��ORDG�FHOO�UHSODFHPHQW��PXOWLÀH[RU�LQVWDOODWLRQ etc. [62].

The measurement control in these lysimeters are important because of the follow-
ing issues: a) recalibration requirements, b) measurement drift (e.g., slope drift, vari-
ance drift), c) instrument problems (e.g., localized nonlinearity of load cell, load cell 
damage, data logger damage), d) human error (e.g., incorrectly recording data during 
FDOLEUDWLRQ��DQG�H��FRQ¿GHQFH�LQ�PHDVXUHPHQW�UHVXOWV�>��@�
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A load cell is a transducer that coverts a load acting on it into an analog electrical 
signal. The electrical signal is proportional to the load and the relationship is deter-
mined through calibration, employing linear regressions models (mV/V/mm water), 
and it is used to determine mass changes of a lysimeter over the period interest (e.g., 
day, hour, etc.).

The lysimeter characteristics can be different, for example: Malone et al., [62] 
built a lysimeter of the following form: 8.1 m2 in surface area and 2.4 m depth, the 
O\VLPHWHU�LV�FRQVWUXFWHG�ZLWKRXW�GLVWXUELQJ�WKH�VRLO�SUR¿OH�DQG�WKH�XQGHUO\LQJ�IUDFWXUH�
bedrock. The soil monolith is supported by a scale frame that includes a 200:1 lever 
system and a counterweight for the deadweight of the soil monolith. The gap between 
the soil in the lysimeters and the adjacent soil is between 5.1 cm and 7.0 cm except at 
the bottom slope where the runoff trough is located, this same author has given instruc-
tions for achieving a good calibration for this type of lysimeter.

Tyagi et al., [114] in wheat and sorghum used two rectangular tanks, an inner and 
outer tank, constructed from 5-mm welded steel plates. The dimensions of the inner 
tank were 1.985 × 1.985 × 1.985 m3 and those of the outer tank were 2.015 × 2.015 
× 2.015 m3��7KH�O\VLPHWHUV�ZHUH�VLWXDWHG�LQ�WKH�FHQWHU�RI�D����KD�¿HOG��7KH�VL]H�UDWLR�
of the outer tank to the inner tank is 1.03, so the error due to wall thickness is mini-
mal. The effective area for crop ET was 4 m2. The height of the lysimeter rim was 
maintained near ground level to minimize the boundary layer effect in and around 
the lysimeter. The lysimeter tank was suspended on the outer tank by four load cells. 
The load cells were made out of the steel shear beam type with 40,000-kg design load 
capacity. The total suspended mass of the lysimeter including tank, soil, and water was 
about 14,000 kg. This provided a safety factor of 2.85. The high safety factor was pro- kg. This provided a safety factor of 2.85. The high safety factor was pro-. This provided a safety factor of 2.85. The high safety factor was pro-
vided to allow replacement of a load cell without the danger of overloading and also 
to account for shock loading. A drainage assembly connected with a vertical stand and 
gravel bedding to facilitate pumping of drainage water was provided. The standpipe 
also can be used to raize the water table in the lysimeter.

To calculate the ET using Lysimeter, we need to employ the soil water balance 
(SWB) equation: 

 ET = R + I – P – Rff ± ¨60� ����

where, R is the rain, I is the irrigation, Rff is the runoff, and ±¨60�VRLO�PRLVWXUH�
changes, all in mm. The size of the Lysimeter is an important element to be considered 
in water vapor flux studies with this method. For example, Dugas et al. [23] evaluated 
small square lysimeters (<1.0 m2) and reported significant differences in the ET esti-
mations, basically associated with the differences in the leaf area index (LAI) inside 
the lysimeters, which differed among lysimeter, this problem can be addressed using 
LAI corrections

2.3.3 CALIBRATION OF THE WEIGHING LYSIMETER
Seyfried et al., [98] made a weighing lysimeter calibration by placing known weights 
on the lysimeters and then recording the resultant pressure changes. The weights used 
in that study were as follows: 19.9 kg for supportive blocks placed on the lysimeter, 
43.4 kg for the tank which contained the weights, and then 20-four 22.7 kg sacks of 
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rock added in four-sack increments. The weight of each sack corresponded to about a 
13 mm addition of water; so that weight increments were equivalent to ~52 mm and 
the total range was ~360 mm of water. Measurements were made both as weight was 
added and removed.

The main arguments against the use of weighing lysimeters for monitoring water 
balance parameters and measuring solute transport parameters in the soil and unsatu-
rated zone has been the discussion of potential sources of error, such as the well known 
RDVLV�HIIHFW��SUHIHUHQWLDO�ÀRZ�SDWKV�DW�WKH�ZDOOV�RI�WKH�O\VLPHWHU�F\OLQGHUV�GXH�WR�DQ�
LQVXI¿FLHQW�¿W�RI�VRLO�PRQROLWKV� LQVLGH� WKH� O\VLPHWHUV��RU� WKH� LQÀXHQFH�RI� WKH� ORZHU�
ERXQGDU\�FRQGLWLRQV�RQ�WKH�RXWÀRZ�UDWHV�>��@�

2.4 THE MICROMETEOROLOGICAL METHODS

For many agricultural applications, micrometeorological methods are preferred since 
they are generally nonintrusive, can be applied on a semicontinuous basis, and provide 
information about the vertical fluxes that are occurring on scales ranging from tens of 
meter to several kilometers, depending the roughness of the surface, the height of the 
instrumentation, and the stability of the atmosphere surface layer. Meyers and Baldoc-
chi [65] have separated micrometeorological methods into four categories: 1) eddy 
covariance, 2) flux-gradient, 3) accumulation, and 4) mass balance. Each of these ap-
proaches are suitable for applications that depend on the scalar of interest and surfaces 
type, and instrumentation availability. Some of these methods are described in the 
following sections of this chapter.

2.4.1 HUMIDITY AND TEMPERATURE GRADIENT METHODS
Movement of energy, water and other gases between field surface and atmosphere 
represent a fundamental process in the soil-plant-atmosphere continuum. The turbu-
OHQW� WUDQVSRUW� LQ� WKH� VXUIDFH� ERXQGDU\� OD\HU� DIIHFW� WKH� VHQVLEOH� �+�� DQG� ODWHQW� �Ȝ(��
heat fluxes, which along with the radiation balance, govern the evapotranspiration and 
canopy temperature [33].

0RQWHLWK� DQG�8QVZRUWK� >��@�SUHVHQWHG� WKH� IXQFWLRQDO� IRUP�RI� WKH�JUDGLHQW�ÀX[�
equation, and which has applied by Harmsen et al. [36], Ramírez et al. [88] and Harm-írez et al. [88] and Harm-rez et al. [88] and Harm-
sen et al. [37]: 

 ET
ρa cp⋅

γ ρw⋅

⎛
⎜
⎝

⎞
⎟
⎠

ρvL ρvH−( )
ra rs+( )⋅=

.
 (27)

where, ȡw is the density of water, ȡv is the water vapor density of the air,  ra is the air 
GHQVLW\��Ȗ���LV�WKH�SV\FKRPHWULF�FRQVWDQW��Fp is specific heat of air, ra and rs  are aerody-
namic and bulk surfaces resistances (all these variables are discussed in detail below). 
L and H are vertical positions above the canopy (L: low and H: High positions), for 
example in small crops like beans or grass, possible values of L and H could be 0.3 m 
and 2 m above the ground, respectively.

Harmsen et al. [36] developed an automated elevator device (ET Station) for mov-
ing a temperature and relative humidity sensor (Temp/RH) between the two vertical 
positions (Fig. 2). The device consisted of a plastic (PVC) frame with a 12 volt DC 
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motor (1/30 hp) mounted on the base of the frame. One end of a 2-m long chain was 
attached to a shaft on the motor and the other end to a sprocket at the top of the frame. 
Waterproof limit switches were located at the top and bottom of the frame to limit the 
range of vertical movement. For automating the elevator device, a programmable logic 
controller (PLC) was used which was composed of “n” inputs and “n” relay outputs. 
To program the device, a ladder logic was used which is a chronological arrangement 
of tasks to be accomplished in the automation process. The Temp/RH sensor was con-
nected to the elevator device, which measured relative humidity and temperature in the 
up position for two minutes then changed to the down position where measurements 
were taken for two minutes. This process started each day at 0600 hours and ended at 
1900. When the elevator moves to the up position it activates the limit switch which 
sends an input signal to the PLC. That input tells the program to stop and remain in 
that position for two minutes. At the same time it activates an output which sends a 5 
volt signal to the control port C2 in the CR10X data logger in which a small subroutine 
LV�H[HFXWHG��7KLV�VXEURXWLQH�DVVLJQV�D�³�Ǝ�LQ�WKH�UHVXOWV�PDWUL[�ZKLFK�LQGLFDWHV�WKDW�
the temperature and relative humidity corresponding to the up position. At the end of 
the two minute period, the elevator moves to the down position and repeats the same 
process, but in this case sending a 5 volts signal to the data logger in the control port 
C4, which then assigns a “2” in the results matrix. All information was stored in the 
ZHDWKHU�VWDWLRQ�GDWD�ORJJHU�&5���;��&DPSEHOO�6FLHQWL¿F��,QF���IRU�ODWHU�GRZQORDGLQJ�
to a personal computer. 

FIGURE 2 Automated elevator device developed for moving the Temp/RH sensor between 
the two vertical positions: (a) Temp/RH sensor in down position and (b) Temp/RH sensor in 
up position. Measuring over common bean (Phaseolus vulgaris L.). [Picture obtained by the 
project sponsored by NOAA-CREST (NA17AE1625), NASA-EPSCoR (NCC5–595), USDA-
TSTAR-100, and University of Puerto Rico Experiment Station]
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2.4.2 THE BOWEN RATIO ENERGY BALANCE METHOD
The basis for this method is that the local energy balance is closed in such a way that 
the available net radiative flux (Rn) is strictly composed of the sensible (H), latent 
�Ȝ(���DQG�JURXQG�KHDW��*��IOX[HV��RWKHU�VWRUHG�WHUPV�VXFK�DV�WKRVH�UHODWHG�WR�FDQRS\�
heat storage and photosynthesis are negligible [65].

This method combines measurements of certain atmospheric variables (tem-
perature and vapor concentration gradients) and available energy (net radiation and 
changes in stored thermal energy) to determine estimates of evapotranspiration (ET) 
[58]. The method incorporates energy-budget principles and turbulent-transfer theory. 
%RZHQ�VKRZHG�WKDW�WKH�UDWLR�RI�WKH�VHQVLEOH��WR�ODWHQW�KHDW�ÀX[��ȕ��FRXOG�EH�FDOFXODWHG�
from the ratio of the vertical gradients of temperature and vapor concentration over a 
surface under certain conditions.

Often the gradients are approximated from air-temperature and vapor-pressure 
measurements taken at two heights above de canopy. The Bowen-ratio method as-
sumes that there is no net horizontal advection of energy. With this assumption, the 
FRHI¿FLHQWV��HGG\�GLIIXVLYLWLHV��IRU�KHDW�DQG�ZDWHU�YDSRU�WUDQVSRUW��NK�DQG�NZ��UHVSHF-
tively, are assumed to be equal. Under advective conditions, kh and kw are not equal 
[112] and the Bowen-ratio method fails to accurately estimate ET.

Based on the assumption that Kh and Kw are equal, and by combining several 
terms to form the psychometric constants, the Bowen-ratio take the form of the eq. 
(2). Although the theory for this method was develop in the 1920s by Bowen [11], its 
practical applications has only been possible in recent decades, due to the availability 
of accurate instrumentation [77]. The Bowen ratio initial concept is shown below: 

 p
dTPC Kh
dz

deKw
dz

β
λε

=  (28)

If it is assumed that there is no net horizontal advection of energy, Eq. (28) can be 
simplified as shown below: 

 
p

dTPC
dz

de
dz

β
λε

=  (29)

where, P is the atmospheric pressure (kPa), Cp LV�WKH�VSHFLILF�KHDW�RI�DLU��������-��Jƕ&���ε is the ratio molecular weight of water to air = 0.622 and Ȝ is the latent-heat flux 
(Jg-1). Once the Bowen ratio is determined, the energy balance can be solved for the 
sensible-heat flux (H) and latent-heat flux (ȜE).

 Rn = ȜE + H + G  (30)

where, Rn is the net radiation, ȜE is the latent-heat flux, H is the sensible-heat flux and 
G is the soil-heat flux.
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 H Eβλ=  (31)

 )1(
)(

β
λ

+
−= GRE n

 (32)

The latent heat flux can be separated into two parts: the evaporative flux E (g m–1 
day–1) and the latent heat of vaporization Ȝ (Jg–1), which can be expressed as a func-
tion of air temperature (T) (Ȝ = 2,502.3–2.308 T). The latent-heat of vaporation (Ȝ) is 
defined as the amount of energy required to convert 1 gram of liquid water to vapor 
at constant temperature T. Sensible-heat flux (H) is a turbulent, temperaturegradient 
driven heat flux resulting from differences in temperature between the soil and vegeta-
tive surface and the atmosphere.

7KH� VRLO�KHDW� ÀX[� �*�� LV� GH¿QHG� DV� WKH� DPRXQW� RI� HQHUJ\� PRYLQJ� GRZQZDUG�
WKURXJK�WKH�VRLO�IURP�WKH�ODQG�VXUIDFH��FDXVHG�E\�WHPSHUDWXUH�JUDGLHQW��7KLV�ÀX[�LV�
considered positive when moving down through the soil from the land surface and 
negative when moving upward through the soil toward the surface [111]. The soil heat 
ÀX[�LV�REWDLQHG�E\�PHDVXULQJ�WZR�VRLO�KHDW�ÀX[�SODWHV�EHORZ�WKH�VRLO�VXUIDFH�DW���DQG�
8 cm, soil moisture at 8 cm, and soil temperature at 6 cm between the two soil heat 
ÀX[�SODWHV�>��@�

%HFDXVH�WKH�VRLO�KHDW�ÀX[�LV�PHDVXUHG�EHORZ�WKH�VRLO�VXUIDFH��VRPH�RI�WKH�HQHUJ\�
crossing the soil surface could be stored in, or come from, the layer of soil between the 
VXUIDFH�DQG�ÀX[�SODWH�ORFDWHG�FORVHVW�WR�WKH�VXUIDFH��IRU�WKLV�UHDVRQ�D�FKDQJH�LQ�VWRUDJH�
WHUP��6�LV�DGGHG�WR�WKH�PHDVXUHG�KHDW�ÀX[��HT���������>��@��

 ( )( )s wb

TsS d C WC
t

ρ∆⎡ ⎤= +⎢ ⎥∆⎣ ⎦
 (33)

where, S is the heat flux going into storage (Wm–2���¨W�LV�WKH�WLPH�LQWHUYDO�EHWZHHQ�
PHDVXUHPHQW��VHF���¨7V�LV�WKH�VRLO�WHPSHUDWXUH�LQWHUYDO�EHWZHHQ�PHDVXUHPHQW��G�LV�WKH�
depth to the soil-heat-flux plates (0.08 m), ȡb is the bulk density of dry soil (1300 kgm–3), 
Cs is the specific heat of dry soil (840 J./Kg°C), W is the water content of soil (kg the 
water/Kg the soil) and Cw LV�WKH�VSHFLILF�KHDW�RI�ZDWHU��������-��.Jƕ&���7KH�VRLO�KHDW�
flux (G) at the surface is obtained by including the effect of storage between the sur-
face and depth, d, using equation 11.

 1 2
2

FX FXG S+⎛ ⎞= +⎜ ⎟⎝ ⎠
  (34)

where, FX1 is the soil-heat flux measured 1 (Wm–2), FX2 is the soil-heat flux mea-
sured 2 (Wm–2). One of the requirements for using the Bowen-ratio method is that the 
wind must pass over a sufficient distance of similar vegetation and terrain before it 
reaches the sensors. This distance is referred to as the fetch, and the fetch requirement 
is generally considered to be 100 times the height of the sensors above the surface 
[16]. More detail about determination of the minimum fetch requirement is presented 
later in this document.

+DQNV�HW�DO����������GHVFULEHG�E\�)UDQN�>��@��UHSRUWHG�ȜǼ�5Q�RI������IRU�GU\�VRLO�
FRQGLWLRQV� DQG������ IRU�ZHW� VRLO� FRQGLWLRQV��2Q� WKH� RWKHU� KDQG�KH� IRXQG� Ȝ(�5Q� WR�
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34 Evapotranspiration: Principles and Applications for Water Management

be lowest in grazed prairie, suggesting that defoliation changes the canopy structure 
and energy budget components, which may have contributed to increase water loss 
through evaporation compared with the nongrazed prairie treatment. Hanson and May 
[34], using the Bowen Ratio Energy Balance Method to measure ET in tomatoes, 
found that ET rates decreased substantially in respond to drying of the soil surface. 
Perez et al. [83] proposed a simple model for estimating the Bowen ratio ( β ) based on 
the climatic resistance factors: 

 1
1
1. −

+
+

∆
+∆=

C
Sγβ  (35)
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=  (37)

where, rc is the canopy resistance (s m–1) based on the “big leaf” concept, and ra is the 
aerodynamic resistance (s m–1). These resistance factors are described in detail in the 
next section. The factor ri is the climatological resistance as reported by [66]: 

 ( )GR
VPDC

r
n

pa
i −

=
γ
ρ

 (38)

where, aρ is the air density at constant pressure (Kg.m–3), Cp is the specific heat of 
moist air at constant pressure (1004 J.Kg–1°C–1), VPD is the vapor pressure deficit of 
the air (Pa), γ is the pychrometric constant (Pa.°C–1) and Rn and G are in W.m–2. For 
homogeneous canopies, the effective crop surface and source of water vapor and heat 
is located at height d + zoh, where d is the zero plane displacement height and zoh is the 
roughness length governing the transfer of heat and vapor [5].

2.4.3 THE PENMAN-MONTEITH METHOD
The important contribution of Monteith and Penman’s original equation was the use of 
resistances factors, which was based on an electrical analogy for the potential differ-
ence needed to drive unit flux systems that involve the transport of momentum, heat, 
and water vapor [69, 70]. The resistances have dimensions of time per unit length, as 
will describe later. This methodology calculates the latent heat flux using the vapor 
pressure deficit, the slope of the saturated vapor-pressure curve and aerodynamic re-
sistance to heat, and canopy resistance in addition to the energy-budget components 
of the net radiation, soil heat flux, and sensible heat flux. Field measurements of air 
temperature, relative humidity, and wind speed are needed to determine these vari-
ables [11]. Eq. (21) describes the Penman-Monteith (P-M) method to estimate the ȜE 
[5, 54]: 
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where, ȜE, Rn, and G in W.m-2, VPD is vapor pressure deficit (kPa), s∆ is slope of satu-
UDWLRQ�YDSRU�SUHVVXUH�FXUYH��N3D�ƕ&–1) at air temperature, ȡ is density of air (Kgm–3), 
Cp in J. Kg–1ƕ&–1, Ȗ�LQ�N3D�ƕ&–1, ra is aerodynamic resistant (s m–1) rs surface resistance 
to vapor transport (s m–1).

According to Monteith [69], the appearance of a wind-dependent function in the 
denominator as well as in the numerator implies that the rate of evaporation calculated 
from the P-M model is always less dependent on wind speed than the rate from corre-
sponding the Penman equation when other elements of climate are unchanged. In gen-
eral, estimated rates are usually insensitive to the magnitude of ra and the error gener-
DWHG�E\�QHJOHFWLQJ�WKH�LQÀXHQFH�RI�WKH�EXR\DQF\�FRUUHFWLRQ�LV�RIWHQ�VPDOO��,Q�FRQWUDVW��
the evapotranspiration rate is usually a strong function of the surfaces resistance (rs).

Kjelgaard and Stockle [54] say the surface resistance (rs) parameter in the P-M 
PRGHO�LV�SDUWLFXODUO\�GLI¿FXOW�WR�HVWLPDWH�GXH�WR�WKH�FRPELQHG�LQÀXHQFH�RI�SODQW��VRLO�
and climatic factors that affect its value. The magnitude of the stomatal resistance can 
be estimated in principle from the number of stomata per unit leaf area and from the 
GLDPHWHU�DQG�OHQJWK�RI�SRUHV��ZKLFK�LV�GLI¿FXOW�DQG�WKHUHIRUH�UDUHO\�PHDVXUHG��WKHUH-
fore, the stomatal resistance is usually calculated from transpiration rates or estimated 
gradients of vapor concentration [69].

Knowing the value of the aerodynamic resistance (ra) permits estimation of the 
transfer of heat and water vapor from the evaporating surface into the air above the 
canopy. The aerodynamic resistance for a single leaf to diffusion through the boundary 
layer surrounding the leaf, within which the transfer of heat, water vapor, etc., occurs, 
proceeds at a rate governed by molecular diffusion. Provided the wind speed is great 
enough and the temperature difference between the leaf and air is small enough to en-
sure that transfer processes are not affecting by gradients of air density, the boundary 
layer resistance depends on air velocity and on the size, shape, and altitude of the leaf 
with respect to the air stream. In very light wind, the rates of transfer are determined 
mainly by gradients of temperature and therefore by density, so that the ra depends 
more on the mean leaf-air temperature difference than on wind speed. According to 
Thom [109], the ra for heat transfer can be determined as follows: 

 ( )s a
ah

C T Tr
H

ρ ρ −=  (40)

At the field level, ra for homogeneous surfaces, such as bare soil or crop canopies, 
there is a large-scale analogous boundary layer resistance, which can be estimated or 
derived from measurements of wind speed and from a knowledge of the aerodynamic 
properties of the surface as is described later [69]. The ra can be determined given 
values of roughness length (Zo) and zero plane displacement height (d), that depend 
mainly on crop height, soil cover, leaf area and structure of the canopy [1]: 
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⎡ ⎤ ⎡ ⎤− −
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦=

 (41)

where, Zm is height of wind measurements (m), Zh is height of humidity measurements 
(m), d is zero displacement height (m), Zom is roughness length governing momentum 
transfer of heat and vapor (m) is 0.123h, Zoh is roughness length governing transfer of 
heat and vapor (m) is 0.1Zom, K is the von Karman’s constant (0.41), uz is wind speed 
at height z.

The Eq. (41) is restricted for neutral stability conditions, i.e., where temperature, 
atmospheric pressure, and wind speed velocity distribution follow nearly adiabatic 
conditions (no heat exchange). The application of the equation for short time periods 
(hourly or less) may require the inclusion of corrections for stability. However, when 
predicting ETo in the well watered reference surface, heat exchange is small, and there-
fore the stability correction is normally not required [1].

Alves et al. [1] state that though this is the most used expression for ra, in fact it is 
QRW�HQWLUHO\�FRUUHFW��VLQFH�LW�DVVXPH�D�ORJDULWKPLF�SUR¿OH�IURP�WKH�VRXUFH�KHLJKW��G���
Zoh) with increasing z in the atmosphere, using the concept to the “big leaf,” Eq. (41) 
FDQ�EH�PRGL¿HG�DV�IROORZV��

 
2

c om
a

z

z d z dLn Ln
h d Z

r
K u

⎛ ⎞ ⎛ ⎞− −
⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠

=
 (42)

where, hc is the height of the crop canopy. According to Tollk et al. [110], the ra to 
momentum transport in the absence of buoyancy effects (neutral stability) follows the 
Eq. (43): 

 ( ) 2 2ln / /am om zr Zi d Z k u⎡ ⎤= −⎣ ⎦  (43)

Under adiabatic conditions, the equations must be corrected using the Richardson 
number for stability correction, assuming similarity in transport of heat and momen-
tum, yielding: 

 ( )1 5ah am ir r R= +  (44)

7KH�5L�IRU�VWDELOLW\�FRQGLWLRQV�LV�FRQVLGHUHG�ZKHQ��±������5i��������DQG�LV�FDOFXODWHG�E\��

 ( )( ) 2/ .i a s av zR g T T Z d T u⎡ ⎤= − −⎣ ⎦  (45)

where, g is the acceleration of the gravity (9.8 m.s–2), Ta is the air temperature (K), Tc is 
the plant canopy temperature (K), Tav is the average temperature taken as ((Ta+Tc)/2). 
The advantage of the Ri over other stability corrections is that it contains only experi-
mentally determined gradients of temperature and wind speed and does not depend 
directly on sensible heat flux [110].
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The bulk surface resistance (rs)� GHVFULEHV� WKH� UHVLVWDQFH� RI� YDSRU� ÀRZ� WKURXJK�
transpiring crop leaves and evaporation from the soil surface. Where the vegetation 
does not completely cover the soil, the resistance factor should indeed include the ef-
fects of the evaporation from the soil surface. If the crop is not transpiring at a poten-
tial rate, the resistance depends also on the water status of the vegetation [5,115], and 
for this case they proposed the use of the following approximate: 

 
active

L
s LAI

rr =  (46)

where, LAIactive is 0.5 times the leaf area index (m2 of leaf per m2 of soil), and rL is bulk 
stomatal resistance, which is the average resistance of an individual leaf, and can be 
measured using an instrument called a porometry, the first stomatal readings were 
developed by Francis Darwin who developed horn hygrometer [113].

The rL readings are highly variable and depend on several factors, such as: crop 
type and development stage, the weather and soil moisture variability, the atmospheric 
pollutants and the plant phytohormone balance [113]. Typically to determine mini-
mum rL using a porometer, fully expanded, sunlit leaves near to the top of the cano-
py are surveyed during maximum solar irradiance (approximately solar noon under 
cloudless conditions) and low VPD periods [54]. This “standard” value from literature 
RU�SRURPHWHU�PHDVXUHPHQWV�DUH�KHUHDIWHU�LGHQWL¿HG�DV�ULmin. In addition, rL has been 
shown to increase with increasing VPD and/or reduced solar irradiance (Rs). Adjust-
ment factors for VPD (fVPD) and Rs (fRs) were empirically derived and used as multipli-
ers of rLmin. The dependence of rL on VPD can be represented by a linear function [46] 
as: 

 ][VPDbafVPD +=  (47)

where, a and b are linear regression coefficients, and fVPD is equal to 1 (no adjustment) 
IRU�93'���D�WKUHVKROG�YDOXH��ZKLFK�FDQ�EH�WDNHQ�DV�����N3D��7KH�VDPH�DXWKRUV�SUH-
sented a calibrated form of equation 47 for corn as, fVPD = 0.45+0.39(VPD). Kjelgaard 
and Stockle [54] presented a modified form of the adjustment factor: 

 max

2

s
Rs

s

Rf
C R

=
+  (48)

where, Rs and Rs max are the actual and maximum daily solar irradiance (MJ m–2 day–1) 
and C2 is a fitted constant. Taking the maximum of the adjustment factors for VPD and 
Rs, rLmin is modified to give the rL [54]: 

 { }min max ,L L VPD Rsr r f f=   (49)

where, fVPD and fRs, are equal to or greater than 1. Alves et al. [1] indicated that the 
surface resistance term (rs) has been the most discussed in the literature. Several com-
ponents to be considered here include: a) The resistances to water vapor at the evapo-
rating surfaces: plants and their stomates (rs

c) and soil (rs
s); b) the resistance to vapor 
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transfer inside the canopy from these evaporating surfaces up to the “big leaf” (rs
a). 

The resistance rs
c, can be approximated using Eq. (50).

 

1

1

1
−

=
⎟
⎟
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⎞
⎜
⎜
⎝

⎛

=
∑
LAI

r
r

n

i stjc
s

  (50)

where, rst is the single leaf stomatal resistance (sm–1), n is a leaf number. The bulk 
surface resistance can also be calculated using the inversion of the Penman-Monteith 
equation with incorporation of the Bowen ratio as follow [1, 3]: 

 1 a p
s a

C VPDsr r
E

ρ
β

γ γλ
⎛ ⎞∆= − +⎜ ⎟⎝ ⎠

 (51)

Accurate prediction of rs UHTXLUHV�D�JRRG�HVWLPDWH�RI� WKH�%RZHQ�UDWLR� �ȕ���5DPLUH]�
[87] has used the following inversion form of the Penman-Monteith equation to obtain 
estimates of rs: 
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as .

 (52)

Similarly these authors, analyzing the resistance concepts, concluded that the rs of 
dense crops cannot be obtained by simply averaging stomatal resistance because the 
driving force (vapor pressure deficit) is not constant within the canopy.

Saugier [96] addressed canopy resistance (rc), stating that it is normally a mixture 
of soil and plant resistances to evaporation. If the top the soil is very dry, direct soil 
evaporation may be neglected and rc is approximately equal to the leaf resistance (rL) 
divided by the LAI. Baldocchi et al. [10], indicated that the inverse of the ‘big-leaf’ 
model (eg., inverse of the P-M model) will be a good estimate of canopy resistance or 
surface resistances if certain conditions are met. These conditions include: i) a steady-
state environment; ii) a dry, fully developed, horizontally homogeneous canopy situ-
ated on level terrain; iii) identical source-sink levels for water vapor, sensible heat and 
momentum transfer, and negligible cuticular transpiration and soil evaporation. Szeicz 
DQG�/RQJ�>���@�GHVFULEHG�D�SUR¿OH�PHWKRG�WR�HVWLPDWH rs as: 

 
E
VPDC

r pa
s λγ

ρ
.

,.
=  (53)

These methods can be used in the field when the rate of evapotranspiration is mea-
sured by lysimeters or calculated from the Bowen ratio energy balance method, and 
the temperature, humidity and wind profiles are measured within the boundary layer 
simultaneously. Ortega-Farias et al. [74], evaluated a methodology for calculating the 
canopy surface resistance (rcv�§�Us) in soybean and tomatoes, using only meteorological 
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variables and soil moisture readings. The advantage of this method is that it can be 
XVHG�WR�HVWLPDWH��Ȝ(�E\�WKH�JHQHUDO�3HQPDQ�0RQWHLWK�PRGHO�ZLWK�PHWHRURORJLFDO�UHDG-
ing at one level, and without rL and LAI measurements.

 ( )
. .

.
. )
a p FC WP

s
n i WP

c VPD
r

R G
ρ θ θ

θ θ
−=

∆ − −  (54)

where, θ FC and θ WP are the volumetric moisture content at field capacity (fraction) 
and wilting point (fraction), respectively, and θ i is a volumetric soil content in the 
root zone (fraction) measured each day. Kamal and Hatfield [48] used the Eq. (51) 
to determine the surface resistance in Potato: and stated that the canopy resistance (rc 
in s.m–1; “mean stomatal resistances of crops”), can be determined by dividing the rs 
by the effective LAI as defined by other authors such as Hatfield and Allen [38] and 
for well watered crops, rc can be can be estimated using Eq. (55).

 
0.3 1.2

c s
LAIr r
LAI

+=  (55)

Kjelgaard and Stockle [54] discussed the estimation of canopy resistance (rc) from 
single-leaf resistance (rL, Eq. (56)), as originally proposed by Szeicz and Long [104]: 

 L
c

active

rr
LAI

=   (56)

Kamal and Hatfield [48] divided the surface resistance (rs) used in the P-M model 
into two components, and conceptualized an excess resistance (ro) in series with the 
canopy stomatal resistance. This excess resistance was linked to the structure of the 
crop, particularly crop height.

 rs = rc+ro (57)

Pereira et al. [81] stated that the surface resistance (rs) is the sum of two components: 
one corresponding mainly to the stomatal resistance (rst), the other to the leaf boundary 
layer and turbulent transfer inside the canopy (rai), eq. (58), thus, surface resistance is 
not a purely physiological parameter: 

 rs = rst+rai (58)

Stomatal resistance can take values from 80 s.m–1 to 90 s.m–1 as a common range for 
agricultural crops suggested a value of 100 s.m–1 for most arable crops [67]. Table 1 
lists mean average values for various crops under well water conditions.

The rL is strongly dependent on the time of day (basically due to the temporal na-
ture of climatic conditions), for the soil moisture content and by the genotype. Figure 
3a shows how larger differences in rL occur, with and without drought stress, after 9: 00 
am until late in the afternoon, and the most critical point is at 13:00 hours when the 
highest VPD occurred. For this reason, when this variable (rL) is not measured, ap-
SURSULDWH�SDUDPHWHUL]DWLRQ�LV�UHTXLUHG�IRU�JRRG�ZDWHU�ÀX[�RU�(7�HVWLPDWLRQ��HVSHFLDOO\�
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under drought stress conditions. In Figure 3c, it is possible to see in a common bean 
genotype under drought stress conditions, lower rL as compared with less drought 
resistance during several days with drought stress. Perrier (1975), as reported in Kjel-
gaard and Stockle [54], conceptualized the excess resistance (ro) as a linear function 
of crop height and LAI: 

 o cr ah bLAI= +  (59a)

where, a and b are constants. For corn, Kjelgaard and Stockle [54] parameterized Eq. 
(59a) as follows: 

 ro= 16.64hc+0.92LAI (59b)

Canopy resistance can also be determined from leaf or canopy temperature since it is 
affected by plant characteristics, eg. Leaf area index (LAI), height, and maturity. Soil 
factors (available soil water-ASW, and soil solution salinity) and weather factors (Rn 
and wind speed) also affect the canopy resistance.

Montheith [66] showed that transpiration rate physically depends on relative 
changes of surface temperature and ra, and concluded that ra depends on the Reynolds 
number of the air and can be determined from wind speed, the characteristic length 
of the plant surface, and the kinematic viscosity of the air. An increase in rc for Wheat 
was caused by a decrease in total leaf area, by an increase in the resistance of indi-
vidual leaves due to senescence, or by a combination of both effects; in Sudan grass, rc 
increased with plant age and a decrease in soil moisture. Van Bavel [115] studied Al-
falfa throughout an irrigation cycle and found that canopy resistance increased linearly 
ZLWK�GHFUHDVLQJ�VRLO�ZDWHU�SRWHQWLDO��.DPDO�DQG�+DW¿HOG�>��@�IRXQG�DQ�H[SRQHQWLDOO\�
inverse relationship between canopy resistance and net radiation, and a linear inverse 
relationship between canopy resistance and available soil water.

The Drainage and Irrigation Paper-FAO 56 [5] recommended the Szeicz and Long 
[104] method for calculating rs (Eq. (56)), where an average of rL for different positions 
within the crop canopy, weighted by LAI or LAIeffective is used. This method gives good 
results only in very rough surfaces, like forest and partial cover crops with a dry soil 
[67]. Alves et al. [1] concluded that rs of dense crops cannot be obtained by simply 
averaging stomatal resistance (rL) because VPD, which is the “driving force,” is not 
constant within the canopy. Alves and Pereira [3] have stated “The PM model can be 
used to predict ET if accurate methodologies are available for determining the rs that 
take into account the energy partitioning.”

In addition to the lack of rs values for crops, questions have been raised relative to 
the appropriateness of using the PM model for partial or sparse canopies because the 
VRXUFH�VLQN�ÀX[HV�PD\�EH�GLVWULEXWHG�LQ�D�QRQXQLIRUP�PDQQHU�WKURXJKRXW�WKH�¿HOG�>����
32, 55, 75]. Adequate parameterization of the surface resistance makes the P-M model 
a good estimator of ET [3, 74–90, 96].

Ramirez [87], reported that the daily ET estimation with the P-M model with rs 
based on rL and LAIeffective gave a good estimation in two common bean genotypes 
with variable LAI, without and with moderate drought stress for both years (2006 and 
2007).

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Water Vapor Flux Models for Agriculture 41

Ramirez et al. [88] reported inverse relation between ra and rs and rL in beans 
(Phaseolus vulgaris L), as well as those reported by Alves and Pereira [3] (Fig. 4), 
which implies that with low ra (windy conditions), the rL (and therefore rs) increases. 
The Alves and Pereira [3] study did not measure the rL, rather the rs was estimated 
based on micrometeorological parameters.

Disparities in the measured rs using the P-M inverse model arise from: a) imper-
fect sampling of leaves and the arbitrary method of averaging leaf resistance over the 
whole canopy, b) from the dependence of rs on nonstomatal factors such as evaporation 
from wet soil or stems, or others and c) the complex aerodynamic behavior of canopies 
[68].

Lower LAI index (LAI <1.0) and drought stress also affect the precision in the 
rs estimation [87]. Use of the LAIeffective when LAI < 1.0 is not necessary and tends to 
overestimate the rs and under-estimate the ET. Katerji and Perrier [51] found for LAI 
>1.0 a good agreement between measurement values of evapotranspiration over al-
falfa crops using the energy balance method, and values calculated with P-M equation 
using variable rs. Katerji and Perrier [50] proposed to simulate rs using the following 
relation: 

 
*s

a a

r ra b
r r

= +  (60)

where, a and b are linear coefficients that should be determined empirically, *r (s.m–1) 
is a climatic resistance [52] giving by: 

 ( )* . p

n

C VPD
r

R G
ργ

λ
∆ +=
∆ −

 (61)

TABLE 1 Average values of the stomatal resistance (rL) for several crops.

Cover crops rL
s/m

Source Cover crops rL
s/m

Source

Corn 200 Kirkham et al. [53] Cassava 714
Between

476 to 1428

Oguntunde [73]. 
This data under 
limited soil water 
conditions. 

Sunflower 400 Kirkham et al. [53] Eucalyptus 200–400 Pereira and Alves 
[81]

Soybean and po-
tato

350 Kirkham et al. [53] Maple 400–700 Pereira and Alves 
[81]

Sorghum 300 Kirkham et al. [53] Crops-General 50–320 Pereira and Alves 
[81]

Millet 300 Kirkham et al. [53] Grain
sorghum

200 Pereira and Alves 
[81]
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Cover crops rL
s/m

Source Cover crops rL
s/m

Source

Aspen 400 Pereira and Alves 
[81]

Soybean 120 Pereira and Alves 
[81]

Maize 160 Pereira and Alves 
[81]

Barley 150–250 Pereira and Alves 
[81]

Alfalfa 80 Pereira and Alves 
[81]

Sugar beet 100 Pereira and Alves 
[81]

Clipped grass
(0.15 m)

100–
150

Pereira and Alves 
[81]

Clipped and 
Irrigated grass 
(0.10–10.12 m)

75 Pereira and Alves 
[81]

Common beans 170–
270

Ramirez [87] Sorghum 192 Stainer et al. [101] 

Corn 264 Ramirez and 
Harmsen (2007). 
Unpublished data.

Andes Tropical
Forestry

132 Ramirez and Jara-
millo [89].
(Calculated)

Coffee 149 Ramirez and 
Jaramillo [89]. 
(Calculated)

Coffee 150 Angelocci et al. [7]

Wheat 134 Howell et al. [42] Corn 252 Howell et al. [42]

Sorghum 280 Howell et al. [42]

Table 2 presents values of a and b for several crops. The Penman-Monteith model 
is considered as a ‘single-layer’ model, Shuttlewoth and Wallace [100] developed a 
‘double-layer’ model, relying on the Penman-Monteith model concept to describe the 
ODWHQW�KHDW�ÀX[�IURP�WKH�FDQRS\��Ȝ7��DQG�IURP�WKH�VRLO��Ȝ(��DV�IROORZV��
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 (62)
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 (63)

where, Rns is the absorbed net radiation at the soil surface, rc
a is the bulk boundary layer 

resistance of the canopy elements within the canopy, rc
s is the bulk stomatal resistance 

TABLE 1 (Continued)
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of the canopy, rs
a is the aerodynamic resistance between the soil and the mean canopy 

height, rs
s is the surfaces resistance of the soil and VPDo is the vapor pressure deficit at 

the height of the canopy air stream.

2.4.4 THE DOUBLE-LAYER SHULTTLEWORTH-WALLACE MODEL
The Shulttleworth-Wallace Model (S-W) assumes that there is blending of heat fluxes 
from the leaves and the soil in the mean canopy airflow at the height of the effective 
canopy source [100]. The full expression of the Shulttleworth-Wallace Model (S-W) 
is presented by Zhang et al. [125] as follows: 

 
`
S S P P
SW SW SW SWET E T C PM C PMλ λ λ= + = +   (64)

 ( )( ) ( )
( )

/

1 /

s s a s
SW a Sw SW a aS

SW s a s
s a a

A CpD r A A r r
PM

r r r

ρ

γ

⎡ ⎤∆ + − ∆ − +⎣ ⎦=
⎡ ⎤∆ + + +⎣ ⎦

 (65)
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  (66)
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 (68)

 ( )S s s
SW a sR r rγ γ= ∆ + +   (69)

,Q�(T������±������Ȝ(�LV�WKH�ODWHQW�KHDW�IOX[�RI�HYDSRUDWLRQ�IURP�WKH�VRLO�VXUIDFHV��:�
m2���Ȝ7�WKH�ODWHQW�KHDW�IOX[HV�RI�WUDQVSLUDWLRQ�IURP�FDQRS\��:�P2), p

sr  the canopy re-
sistance (s/m), p

ar  the aerodynamic resistance of the canopy to in-canopy flow (s/m), 
s

sr  the soil surfaces resistance (s/m), a
ar  and s

ar  the aerodynamic resistance from the 
reference height to in-canopy heat exchange plane height and from there to the soil 
surface (s/m), respectively. swA  and s

SWA  are the total available energy and the avail-
able energy to the soil (W/m2), respectively and defined in Eqs. (70)–(73): 

 ( )P p p
SW a sR r rγ γ= ∆ + +  (70)

 ( )P a
SW aRa rγ= ∆ +  (71)

 sw nA R G= −  (72)
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 s s
SW nswA R G= −  (73)

In Eq. (73), s
nswR  is the net radiation fluxes into the soil surface (W/m2), and can be 

calculated using the Beer’s law: 

FIGURE 3 Relationship between: (a) Changes in the stomatal resistance during the day with 
and without drought stress in Phaseolus vulgaris L. genotype ‘Morales’; (b) Surfaces resistance 
and Leaf area index; and (c) Stomatal behavior represented in stomatal resistance (rL) under 
drought stress conditions for two common bean genotypes — ‘Morales’ lest drought tolerant 
DQG�µ6(5���ƍ�GURXJKW�VWUHVV�WROHUDQW�
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FIGURE 4 (a) Aerodynamic resistance (ra) as a function of stomatal resistance (rL); and (b) 
Aerodynamic resistance (ra) as a function of measured surface resistance (rs =  rL/LAIeffective) [87].

 ( . ).exps c LAI
nsw nR R −=  (74)

In Eq. (74), c is the extinction coefficient of light attenuation (e.g., Sene, [97] indicate 
k=0.68 for fully grown plant, k=0 for bare soil; Zhang et al., [125] use 0.24 for vine-
yard crops).

The surfaces resistance is calculated as follows: 

 min

( )
p st

s
effective i i i

rr
LAI F X

=
Π

 (75)

where, rst min is the minimal stomatal resistance of individual leaves under optimal 
conditions. LAIeffective LV��HTXDO�WR�/$,�IRU�/$,�������/$,���IRU�/$,������DQG���IRU�LQWHU-
mediate values of LAI, Xi is a specific environmental variable, and Fi(Xi) is the stress 
IXQFWLRQ�ZLWK������)i(Xi�������>��@��

 1
1

1

1100( )
1100

aSF S
S a

⎛ ⎞+⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠ +⎝ ⎠
 (76)
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 ( )( ) ( ) ( )

( )( ) ( ) ( )

2 2

2 2

/

2 /
2 2

( )
L

L

TH a a T
L H

TH a a T
L H

T T T T
F T

a T T a

− −

− −

− −
=

− −
 (77)

 3

2
( ) a DF D e= −  (78)

 4

1,

( ) ,

0

F

W
F W

F W

W

if

F if

if

θ θ
θ θθ θ θ θ
θ θ

θ θ

⎡ ⎤− − − − − ≥
⎢ ⎥−⎢ ⎥= − − < <⎢ ⎥−
⎢ ⎥

− − − − − − − ≤⎢ ⎥⎣ ⎦

 (79)

where, S is the incoming photosynthetically active radiation flux (W/m2), T is the air 
WHPSHUDWXUH���.���șF is the soil moisture at field capacity (cm3/cm3), qw is the soil mois-
ture at wilting point (cm3/cm3���DQG�ș�LV�WKH�DFWXDO�VRLO�PRLVWXUH�LQ�WKH�URRW�]RQH���FP3/
cm3). TH and TL are upper and lower temperatures limits outside of which transpiration 
is assumed to cease (°C) and are set at values of 40 and 0°C [39, 125]. The a1 = 57.67, 
a2 = 25.78, and a3 = 9.65 that were determined by multivariate optimization [125].

TABLE 2 Coefficients a and b for several crops.

Crop a b Source

Grass 0.16 0.0 Katerji and Rana [52]

Tomato 0.54 2.4 Katerji and Rana [52]

Grain sorghum 0.54 0.61 Katerji and Rana [52]

Soybean 0.95 1.55 Katerji and Rana [52]

Sunflower 0.45 0.2 Katerji and Rana [52]

Sweet sorghum 0.845 1.0 Katerji and Rana [52]

Grass (Tropical climate) 0.18 0.0 Gosse (1976) in Rana et al. [91] 

Grass (Mediterranean climate) 0.16 0.0 Rana et al. [91]

Alfalfa 0.24 0.43 Katerji and Perrier (1983) in Rana 
et al. [91]

Sorghum 0.94 1.1 Rana et al. [92]

Sunflower 0.53 1.2 Rana et a.l [92]

The aerodynamic resistances [ a
ar  and s

ar ] are calculated from the vertical wind 
SUR¿OH� LQ� WKH�¿HOG�DQG�WKH�HGG\�GLIIXVLRQ�FRHI¿FLHQW��$ERYH�WKH�FDQRS\�KHLJKW�� WKH�
HGG\�GLIIXVLRQ�FRHI¿FLHQW��.��LV�JLYHQ�E\��

 ( )*K ku z d= −  (80)
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where, u* is the wind friction velocity (m/s), k is the van-Karman constant (0.41), z 
is the reference height (m), and d the zero plane displacement (m). The exponential 
decrease of the eddy diffusion coefficient (K) through the canopy is given as follows: 

 .exp 1h
zK k n
n

⎡ ⎤⎛ ⎞= − −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  (81)

where, kh is the eddy diffusion coefficient at the top of the canopy (m2/s), and n is the 
extinction coefficient of the eddy diffusion. Brutsaert (1982) cited by [125] indicated 
that n =2.5 when hc <1 m; n = 4.25 when hc>10 m, linear interpolation could be used 
for crops with h between those values. kh is determined as follows: 

 ( )*h ck ku h d= −  (82)

The aerodynamic resistance a
ar  and s

ar are obtained by integrating the eddy diffusion 
coefficients from the soil surface to the level of the “preferred” sink of momentum in 
the canopy, and from there to the reference height (Shutlleworth and Gurney, 1990, 
cited [125]) as follows: 

 
1 ln exp 1 1

*
a c

a
c h c

hz d zo dr n
Ku h d nk h

⎡ ⎤⎡ ⎤⎛ ⎞ ⎛ ⎞− += + − −⎢ ⎥⎢ ⎥⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦⎣ ⎦
 (83)

 
( )

0exp 'exp exp
n

s c o
a

h c c

h nz z dr n
nk h h

⎡ ⎤⎡ ⎤⎛ ⎞ ⎛ ⎞− += − −⎢ ⎥⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦⎣ ⎦
 (84)

The bulk boundary layer resistance of canopy is calculated as follows: 

 
2

p b
a

rr
LAI

=  (85)

where, rb is the mean boundary layer resistance (s/m) (e.g., Brisson et al., [13], recom-
mend use 50 s/m).

The soil surface resistance s
sr is the resistance to water vapor movement from the 

interior to the surface of the soil, and is strongly depending of the water content (qs), 
DQG�LV�FDOFXODWHG�XVLQJ�WKH�(T�������GH¿QHG�E\�$QDQGULVWDNLV�HW�DO��>�@��

 ( )
min

s s
s s sr r f θ=  (86)

where, qs is soil volumetric water content (cm3/cm3), and min
s

sr is the minimum soil 
VXUIDFHV�UHVLVWDQFH��WKDW�FRUUHVSRQG�ZLWK�WKH�VRLO�ILHOG�FDSDFLW\��șFC) and is assumed 
equal to 100 s/m (e.g., [18, 125]). The ( )sf θ  is expressed by Eq. (87) defined by 
Thompson (1981), cited by [125]

 ( ) 2.5 1.5FC
s

s

f θθ
θ

⎛ ⎞
= −⎜ ⎟⎝ ⎠

 (87)

2.4.5 CLUMPING MODEL
The Clumping model is based on the Shulttleworth-Wallace model, this model sepa-
rated the soil surfaces into fractional areas inside and outside the influence of the 
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canopy, and included the fraction of canopy cover (f). Brenner and Incoll [12] and 
Zhang et al. [125] expressed the model as follows: 

 ( ) ( )1s bs s s p p bs bs
c c c c c cE E E T f C PM C PM f C PMλ λ λ λ= + + = + + −  (88)

where, sEλ  is the latent heat of evaporation from soil under the plant (W/m2); bsEλ  is 
the latent heat of evaporation from bare soil (W/m2); f is the fractional vegetative cover 
and the other terms are expressed as follows: 

 

( )

1

p s
a c

c a p
a ap

c p
s

a p
a a

CpD r A
A

r r
PM

r
r r

ρ

γ

⎡ ⎤− ∆
∆ + ⎢ ⎥

+⎢ ⎥⎣ ⎦=
⎡ ⎤

∆ + +⎢ ⎥+⎣ ⎦

 (89)

 

( )

1

s p
a c

c a s
a as

c s
s

a s
a a

CpD r A
A

r r
PM

r
r r

ρ

γ

⎡ ⎤− ∆
∆ + ⎢ ⎥

+⎢ ⎥⎣ ⎦=
⎡ ⎤

∆ + +⎢ ⎥+⎣ ⎦

 (90)

 

( )

1

bs
c a bs

a abs
c bs

s
a bs

a a

CpD
A

r r
PM

r
r r

ρ

γ

⎡ ⎤
∆ + ⎢ ⎥+⎣ ⎦=

⎡ ⎤
∆ + +⎢ ⎥+⎣ ⎦

 (91)

 
( )

( )1

bs p s a
c c c cs

c s p bs s p a bs s a bs p a
c c c c c c c c c c c c

R R R R
C

R R R f R R R fR R R fR R R

+
=

⎡ ⎤+ − + +⎣ ⎦
 (92)

 
( )

( )1

bs s p a
c c c cp

c s p bs s p a bs s a bs p a
c c c c c c c c c c c c

R R R R
C

R R R f R R R fR R R fR R R

+
=

⎡ ⎤+ − + +⎣ ⎦
 (93)

 ( )
( )1

s p bs a
c c c cbs

c s p bs s p a bs s a bs p a
c c c c c c c c c c c c

R R R R
C

R R R f R R R fR R R fR R R

+
=

⎡ ⎤+ − + +⎣ ⎦
 (94)

 ( )s s s
c a sR r rγ γ= ∆ + +  (95)

 ( )p p p
c a sR r rγ γ= ∆ + +  (96)

 ( )bs bs bs
c a sR r rγ γ= ∆ + +  (97)
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 ( )a a
c aR rγ= ∆ +  (98)

where, cA , p
cA , s

cA and bs
cA  are energy available to evapotranspiration, to the plant, to 

soil under shrub and bare soil (W/m2) respectively, bs
ar  the eddy diffusion resistance 

from in-canopy heat exchange plane height to the soil surface (s/m), bs
sr  the soil sur-

faces resistance of bare soil (s/m). The Available energy for this model, the net radia-
tion (Rn) is divided into net radiation in the plant ( p

nR ) and the net radiation in the soil 
( s

nR ). If the energy storage in the plant is assumed to be negligible, then: 

 ( )/exp CLAI fs
nc nR R −=  (99)

 p s
nc n ncR R R= −  (100)

 s s s
c ncA R G= −  (101)

 bs bs
c nA R G= −  (102)

 p p
c ncA R=  (103)

where, p
ncR  and s

ncR  are the radiation absorbed by the plant and the radiation by the 
soil (W/m2) respectively, sG and bsG  are the soil heat flux under plant and bare soil (W/
m2), respectively, C is the extinction coefficient of light attenuation according for Sene 
[97] is equal to 0.68 for fully grown plant. The resistance for the bare soil surfaces bs

sr
can be calculated equally as in the S-W model, mentioned before. The aerodynamic 
resistance between the bare soil surface and the mean surfaces flow height ( bs

ar ) can 
be calculated assuming that the bare soil surface is totally unaffected by adjacent veg-
etation so that is aerodynamic resistance equal to b

ar  and defined for: 

 

2

2

'
ln

m

ob
a

m

Z
Z

r
k U

⎛ ⎞
⎜ ⎟⎝ ⎠

=
 (104)

where, Zm is the mean surface flow height (m), and could be assumed equal to 0.75hc, 
and um is the wind speed at the Zm (m/s). According with Zhang et al. [125], the aero-
dynamic resistance ( bs

ar ) varies between b
ar  and s

ar as f varies from 0 to 1, and the 
functional relationship of this change is not known.

2.4.6 COMBINATION MODEL
Theoretical approaches to surface evaporation from the energy balance equation com-
bined with sensible heat and latent heat exchange expressions give the following equa-
tion for actual evapotranspiration [81]: 

 ( ) ( )n
CpET R G Hu VPDa VPDsρ

γ
∆ ⎡ ⎤= − + −⎢ ⎥∆ + ∆⎣ ⎦

 (105)
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where, (Rn – G) = Available energy (MJ/m2) for the canopy consisting of net radiation, 
Rn and the soil heat flux, G; H(u) = exchange coefficient (m/s) between the surface 
level and a reference level above the canopy but taken inside the conservative bound-
ary sublayer; VPDs and VPDa (kPa) = vapor pressure deficits (VPD) for the surface 
level and the reference level, respectively; ȡ = atmospheric density (kg/m3); Cp = 
VSHFLILF�KHDW�RI�PRLVW�DLU��-��NJ�&���¨� �VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH��3D�°C); and 
Ȗ= psychrometric constant (Pa/°C). To obtain evapotranspiration with the Eq. (105), 
it is not an easy task to estimate VPDs, representing the vapor pressure deficit at the 
evaporative surface. If VPDs can be associated with a surface resistance term (rs). 
Therefore, ET can be calculated directly from the flux equation: 

 
s

Cp VPDsET
r

ρ
γ

=   (106) 

and 1
ar Hu

=  (107)

where, ra can be calculated using the equations discussed later in this chapter. Two 
main solutions can be defined for the Eq. (105) using climatic data: 

1. The case of full water availability corresponding to saturation at the evapora-
tive surface. Then VPDs = 0 and rs becomes null. Eq. (105) then gives the 
maximum value for ET, the potential evaporation (EP), which depends only 
on climatic driving forces: 

 
( ) ( )nR G CpF u VPDaEP ρ

λ
∆ − +=

∆  (108)

 where, F(u) = 1/ra. The combination the equations can get: 

 
(1 )s

a

EPET r
r

γ
γ

=
+

∆ +  (109)

2. The case for equilibrium between the surface and the reference levels corre-
sponds  to VPDs = VPDa. In this case, the evapotranspiration is referred to as 
the equilibrium  evaporation (Ee): 

 
e

Cp VPDaEe
r

ρ
γ

=  (110)

where, rs was renamed re, termed the equilibrium surface resistance, indicating that the 
term, in this case, represents the surface resistance for equilibrium evaporation. The 
value for re depends predominately on climatic characteristics although these charac-
teristics are influenced by Rn and G of the vegetative surface. For purposes here, the re 
term can be called the climatic resistance for the surface: 

 e
n

Cp VPDar
R G

ρ γ
γ

∆ +=
∆ −  (111)

EP can be estimated: 
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1 e

a

rEP Ee
r

γ
γ

⎛ ⎞
= + +⎜ ⎟∆ +⎝ ⎠  (112)

and ET can be estimated using: 

 
(36)

1 s

a

EP
ET

r
r

γ
γ

=
⎛ ⎞

+⎜ ⎟∆ +⎝ ⎠
  (113)

2.4.7 PRISTLEY AND TAYLOR MODEL
Pristley and Taylor [84], proposed to neglect the aerodynamic term and replace the 
UDGLDWLRQ�WHUP�E\�D�GLPHQVLRQOHVV�FRHIILFLHQW��Į���

 ( )nET R Gα
γ

∆= −
∆ +

 (114)

where, ET is water flux under references conditions (well watered grass) in mm.day–1; 
Rn and G are net radiation and soil heat flux respectably in mm.day–1; ǻ and Ȗ in 
kPa.°C–1��7KH�WHUP�Į�LV�JLYHQ�DV������IRU�JUDVV�ILHOG�LQ�KXPLG�ZHDWKHU�FRQGLWLRQV��DQG�
ZDV�DGRSWHG�E\�3ULVWOH\�DQG�7D\ORU�>��@�IRU�ZHW�VXUIDFHV��+RZHYHU�Į�UDQJHV�IURP�����
to 1.6 for various landscape situations [26]. According with Zhang et al. [124], the 
WHUP�Į�FDQ�EH�FDOFXODWHG�DV�IROORZV��

 
( )

( ) ( )1n

E
R G

λ γ γα
β

∆ + ∆ += =
∆ − ∆ +  (115)

$OVR�WKH�WHUP��Į��VHQVLEOH�KHDW�IOX[�DW�WKH�VRLO�PRLVWXUH�FKDQJHV�>�����������@��DQG�FDQ�
be estimated using a model given below: 

 1 exp
FC

dk c θα
θ

⎡ ⎤⎛ ⎞−= − −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
 (116)

where, k, c and d are parameters of the model, θ  is the actual volumetric soil moisture 
content (cm3.cm–3) and FCθ  is the volumetric moisture content at field capacity (cm3.
cm-3).

2.4.8 EDDY COVARIANCE METHOD
The eddy covariance method is, in general, the most preferred because it provide a 
direct measure of the vertical turbulent flux across the mean horizontal streamlines, 
provided by fast sensors (~10 Hz) [65]. Realizing the limitation of the Thornthwaite-
Holzman type of approach, Swinbank (1951) cited by Chang [19] was the first to at-
tempt a direct measurement by the so-called eddy correlation technique. The method 
is based on the assumption that the vertical eddy flux can be determined by simultane-
ous measurements of the upward eddy velocity and the fluctuation in vapor pressure. 
Actually is a routinely technique for direct measurement of surfaces layer fluxes of 
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52 Evapotranspiration: Principles and Applications for Water Management

momentum, heat, and traces gases (CO2, H2O, O3) between the surfaces and the turbu-
lent atmosphere [63].

This system recognizes that the transport of heat, moisture, and momentum in 
the boundary layer is governed almost entirely by turbulence. The eddy correlation 
PHWKRG�LV�WKHRUHWLFDOO\�VLPSOH�XVLQJ�DQ�DSSURDFK�WR�PHDVXUH�WKH�WXUEXOHQW�ÀX[HV�RI�
YDSRU�DQG�KHDW�DERYH�WKH�FDQRS\�VXUIDFH��7KH�HGG\�FRUUHODWLRQ�ÀX[HV�DUH�FDOFXODWHG�
and recorded in a 30 min or less temporal resolution. Assuming the net lateral advec-
WLRQ�RI�YDSRU� WUDQVIHU� LV� QHJOLJLEOH�� WKH� ODWHQW� KHDW�ÀX[� �HYDSRWUDQVSLUDWLRQ�� FDQ�EH�
FDOFXODWHG�IURP�WKH�FRYDULDQFH�EHWZHHQ�WKH�ZDWHU�YDSRU�GHQVLW\��ȡn) and the vertical 
wind speed (w): 

 '' vwE ρλλ =  (117)

where, Eλ  is the latent heat flux (W m–2), l is the latent heat of vaporization (J. kg–1), 
ȡn‘ is the fluctuation in the water vapor density (kg m–3), and w’ is the fluctuation 
in the vertical wind speed (m s–1). The over bar represents the average of the period 
and primes indicate the deviation from the mean values during the averaging period. 
According to Weaver [118], the eddy correlation method depends on the relations 
between the direction of air movement near the land surface and properties of the at-
mosphere, such as temperature and humidity. The sensible heat flux can be calculated 
from the covariance of air temperature and the vertical wind speed.

 ''TwCH paρ=  (118)

where, H = the sensible heat flux (W m–2���ȡa the air density (kg m–3), Cp = the specific 
heat of moist air (J. kg–1°C–1) and T’ = the fluctuation in the air temperature (°C).

7KH�¿QH�ZLUH�WKHUPRFRXSOHV�������PP�GLDPHWHU��DUH�QRW�LQFOXGHG�LQ�WKH�HGG\�FRU-
UHODWLRQ�V\VWHP��7KH�DLU�WHPSHUDWXUH�ÀXFWXDWLRQV��PHDVXUHG�E\�WKH�VRQLF�DQHPRPHWHU��
DUH�FRUUHFWHG�IRU�DLU�WHPSHUDWXUH�ÀXFWXDWLRQV�LQ�HVWLPDWLRQ�RI�VHQVLEOH�KHDW�ÀX[HV��7KH�
correction is for the effect of wind blowing normal to the sonic acoustic path. The 
VLPSOL¿HG�IRUPXOD�E\�6FKRWDQXV�HW�DO��>��@�LV�DV�IROORZV��

 ( )0.51 273.15 'sw T w T T w q′ ′= − +′ ′ ′  (119)

where, w'T' is rotated covariance of wind speed and sonic temperature (m°C s–1), T is 
air temperature (°C) and q is the specific humidity in grams of water vapor per grams 
of moist air.

7ZR�(GG\� FRYDULDQFH� V\VWHPV� DUH� XVHG� WR�PHDVXUH� WKH�ZDWHU� YDSRU�ÀX[HV�� WKH�
open path and close path. According to Anthoni et al. [8] the Open-path eddy covari-
DQFH�V\VWHPV�UHTXLUH�FRUUHFWLRQV�IRU�GHQVLW\�ÀXFWXDWLRQV�LQ�WKH�VDPSOHG�DLU�>�������@�
and in general closed-path system require incorporation of a time lag and corrections 
for the loss of high frequency information, due to the air being drawn through a long 
sampling tube [64, 71]. The most common correction in the eddy covariance system 
is described by Wolf et al. [121] as: (1) Coordinate rotation, (2) Air density correction, 
and (3) Frequency-dependent signal loss.

(VWLPDWLRQ�RI�WXUEXOHQW�ÀX[HV�LV�KLJKO\�GHSHQGHQW�RQ�WKH�DFFXUDF\�RI�WKH�YHUWLFDO�
wind speed measurements. Measurement of wind speed in three orthogonal directions 
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ZLWK�VRQLF�DQHPRPHWHU�UHTXLUHV�D�UH¿QHG�RULHQWDWLRQ�ZLWK�UHVSHFW�WR�WKH�QDWXUDO�FR-
ordinate system through mathematic coordinate rotations [103]. The vector of wind 
has three components (u, v, w) in three coordinate directions (x, y, z). The z-direction 
is oriented with respect to gravity, and the other two are arbitrary. Baldocchi et al. [9] 
provide procedures to transform the initial coordinate system to the natural coordinate 
system. Described in details by Sumner [103], the coordinate system is rotated by an 
angle Ș about the z-axis to align u into the x-direction on the x-y plane, then rotated 
by an angle ș about the y-direction to align w along the z-direction. The resultant 
forces v  and w  are equal to zero, and u  is pointed directly to the air stream. When 
ș�ZDV�JUHDWHU� WKDQ����GHJUHHV�� WKH� WXUEXOHQW�ÀX[�GDWD�VKRXOG�EH�H[FOXGHG�EDVHG�RQ�
the assumption that spurious turbulence was the cause of the excessive amount of the 
coordinate rotation: 

 
( )

( )222

22

cos
wvu

vu
++

+=θ  (120)

 ( )222
sin

wvu
w

++
=θ  (121)

 ( )22
cos

vu
u
+

=η  (122)

 ( )22
sin

vu
v
+

=η  (123)

The latent heat and sensible heat fluxes are computed from the coordinate rotation-
transformed covariance: 

 ηθρηθρθρρ sinsincossincos ′′−′′−′′=⎟
⎠
⎞⎜

⎝
⎛ ′′ vvv

r
v vuww  (124)

 ηθηθθ sinsincossincos ′′−′′−′′=⎟
⎠
⎞⎜

⎝
⎛ ′′ sss

r
s TvTuTwTw  (125)

After the coordinate rotation, the final latent heat flux can be estimated from Eq. (117) 
and the following correction of air density (Cair) [119] and correction of oxygen (CO2) 
[107]: 

 ( )273.15
v

air
p

HC
C T

ρ λ
ρ

=
+  (126)

 ( )2 273.15
o

2
w

FK HC
K T

λ=
+  (127)

where, F is a factor used in krypton hygrometer correction that accounts for molecular 
weights of air and oxygen, and atmospheric abundance of oxygen and is equal to 0.229 
g°C J. –1, Ko is the extinction coefficient of hygrometer for oxygen, estimated as 0.0045 
m3 g–1 cm–1, Kw is the extinction coefficient of hygrometer for water and is 0.149 m3 
g–1 cm–1, provided by the manufacturer:  

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



54 Evapotranspiration: Principles and Applications for Water Management

:LWK�WKH�PHDVXUHG�IRXU�ÀX[�FRPSRQHQWV�IURP�WKH�HQHUJ\�EDODQFH�HTXDWLRQ�� WKH�
energy balance should be closed, however, this is not practically the case. A tendency 
WR�XQGHUHVWLPDWH�HQHUJ\�DQG�PDVV�ÀX[HV�KDV�EHHQ�D�SHUYDVLYH�SUREOHP�ZLWK�WKH�HGG\�
covariance technique [33]. Ham and Heilman [33] reported closure of 0.79 for priarine 
locations and 0.96 for forest. Ramirez and Harmsen (2007-Data without publication) 
indicated 0.71 for grass and 0.75 for corn.

The errors in eddy covariance method are associated with: 1. Accuracy of the Rn 
and G measurements (errors are often 5 to 10%); 2. The length scale of the eddies 
responsible for transport (if is larger, the frequency response and sensor separation er-
ror may have been smaller); 3. Sensor separation and inadequate sensor response (can 
XQGHUHVWLPDWH�E\�����RI�Ȝ(�E\�>��@�DQG�����UHSRUWHG�E\�/DXEDFK�DQG�0F1DXKWRQ�
[57]; and 4. Ham and Heilman [33] conclude “The inherent tendency to underestimate 
ÀX[HV�ZKHQ�XVLQJ�HGG\�FRYDULDQFH�PD\�EH�OLQNHG�WR�WKH�HUURUV�FDXVHG�E\�VHQVRU�VHSD-
ration and inadequate frequency response of the sensors. The correction proposed by 
0DVVPDQ�DQG�/HH�>��@�LV�GLI¿FXOW�WR�LPSOHPHQW�IRU�WKH�QRQVSHFLDOLVW�EHFDXVH�WKH\�UH-
quire calculation of cospectra using high-frequency (10 Hz) data, and also is required 
expertize experience to interpret the cospectra properly.”

The “energy balance closure” is corrected using the Bowen ratio [56] as follows: 

� Ǿ� �ȕȜ(� �����

� Ȝ( �5Q�±�*���+� �����

ZKHUH��ȕ�DQG�ȜǼ�DUH�GXH�WR�HGG\�FRYDULDQFH�V\VWHP��5n and G are measured.
The Massman Analytical Formulae for Spectral Corrections to Measured Momen-

tum and Scalar Fluxes for Eddy Covariance Systems: Massman [63] developed an 
analytical method for frequency response corrections, based on the procedure devel-
oped by Horst [43]: 
For Stable atmospheric conditions����]������
Fast-response open path system: 

 ( )( ) ( )( ) ( ) ( )( )
1 1

1 1 1 1
mFlux ab ab p

Flux a b a p b p p a a p
⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= −⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ + + + + + +⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 (130)

Scalar instrument with 0.1–0.3s response: 

 ( )( ) ( )( ) ( ) ( )( )
1 1 0.91

1 1 1 1 1
mFlux ab ab p p

Flux a b a p b p p a a p p
⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤+= −⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ + + + + + + +⎣ ⎦⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (131)

8QVWDEOH�DWPRVSKHULF�FRQGLWLRQV��]�����

 ( )( ) ( )( ) ( ) ( )( )
1 1

1 1 1 1
mFlux a b a b p

Flux a b a p b p p a a p

α α α α α

α α α α α α α α α α

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= −

+ + + + + + +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 (132)

where, the subscript m refers to the measurement flux, ∫= hxa τπ2 ; ∫= bxb τπ2 ; 
∫= cxp τπ2 ; and hτ  and bτ are the equivalent time constants associated with trend 

removal ( hτ ) and block averaging ( bτ ). For relatively broad coespectra with relatively 
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shallow peaks, such as the flat terrain neutral/stable, such as flat terrain coespectrum: 
Į �������DQG�IRU�VKDUSHU��PRUH�SHDNHG�FRHVSHFWUD��VXFK�DV�WKH�VWDEOH�WHUUDLQ�FRHVSHF-
WUD��Į ������>��@�

These approximations are clearly easier to employ than numerical approaches and 
DUH�DSSOLFDEOH�HYHQ�ZKHQ�ÀX[HV�DUH�VR�VPDOO�DV�WR�SUHFOXGH�WKH�XVH�RI�in situ methods. 
Nevertheless, this approach is subject at the next conditions: i) horizontally homoge-
QHRXV�XSZLQG�IHWFK��LL��WKH�YDOLGLW\�RI�WKH�FRHVSHFWUDO�VLPLODULW\��LLL��VXI¿FLHQWO\�ORQJ�
averaging periods, and preferably, iv) relatively small corrections [63].

2.4.9 THE INFRARED SURFACE TEMPERATURE METHOD
The infrared surface temperature has also been used for the estimation of the sensible 
heat flux (H) using the resistance model [2]: 

 .
a

To TaH Cp
r

ρ −=  (133)

where, ȡ is air density (Kgm–3), Cp specific heat at constant pressure (Jkg–1°C–1), To is 
the temperature at surface level (°C), Ta is the temperature at the reference level (°C), 
and ra is the aerodynamic resistance to heat flux between the surface and the reference 
level (s.m–1), the latent heat flux (ȜE) can be computed as the residual term in the 
energy balance: 

 .
a

To TaE Rn G H Rn G Cp
r

λ ρ −= − − = − −  (134)

Alves et al. [2] say the radioactive surface temperature has a several drawbacks. Ther-
mal radiation received by the instrument can originate from the leaves but also from 
de soil, and the measurement can be highly dependent on crop cover, inclination of 
radiometer and sun height and azimuth, especially en partial cover crops, the first one 
lies in the use of an adequate value of ra. The variable d is zero plane displacement 
height (m), ZoM and ZOH are the roughness lengths (m) for momentum and heat respec-
tively, k is the von Karman constant, uz is the wind speed (ms–1) at the reference height 
z (m), and ȥM and ȥH are the integrated stability functions for describing the effects 
of the buoyancy or stability on momentum transfer and heat between the surface and 
the reference level.

The necessary instruments are: Wind speed and direction sensor at (0.85 and 1.46 
m), psychrometer at the same height that wind sensor, a net radiometer placement a 
1.5 m and infrared thermometer perpendicular to the rows the crop, and positioned at 
an angle of 60° below horizontal to view the top leaves of the plants at 0.40 m distance 
>�@��7KH�VHQVLEOH�KHDW�ÀX[�>+@�LV�FDOFXODWHG�ZLWK�WKH�ÀX[�DSSOLHG�WR�OHYHOV�=1 and Z2: 

 [ ] 2

1

1 2T TH Cp
ra

ρ −=  (135)

where, [ ] 2

1ra  is the aerodynamic resistance to heat flux between the two levels, and is 
computed using the Eq. (136): 
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 [ ] 2

1

2ln
1

*

Z d
Z dra
ku

−⎛ ⎞
⎜ ⎟⎝ ⎠−=  (136)

where, u* = the friction velocity, obtained in the process of determining aerodynamic 
parameter [d] and ZoM from the win profile measurements.

The air temperature at the surface level (To) is calculated using Eq. (137). The 
stability conditions can be calculated using the Richardson number.

 aHrTo Ta
Cpρ

= +  (137)

Fetch requirements: The air that passing over a surface is affected by the field sur-
faces feature [93]; the minimal fetch requirement was estimated based on the thickness 
RI�WKH�LQWHUQDO�ERXQGDU\�OD\HU��į�LQ�P��DQG�D�URXJKQHVV�SDUDPHWHU��=o in m) for each 
genotype considering the minimal and maximal crop height during the grown season. 
7KH�į��ZDV�FDOFXODWHG�XVLQJ�WKH�(T��������SURSRVHG�E\�0RQWHLWK�DQG�8QVZRUWK�>��@��

 4/5 1/50.15. . oL Zδ =  (138)

where, L is the distance of traverse (fetch) across a uniform surface with roughness Zo. 
The Zo for crops is approximately one order of magnitude smaller than the crop height 
h, and can be calculated according with Rosenberg et al. [93] as follows: 

 Log10Zo = 0.997 log10 h – 0.883 (139)

As a factor of safety, a height to fetch of 1: 50 to 1: 100 is usually considered adequate 
for studies made over agricultural crop surfaces [5, 93] but may be too conservative 
and difficult to achieve in practice. Alves et al. [1] obtained full profile development 
using a 1: 48 fetch relation in Wheat and lettuce. Heilman et al. [40] found that for 
Bowen-Ratio estimates a fetch 1:20 was sufficient over grass, and Ham and Heilman 
[32] and Frithschen and Fritschen [28] obtained similar results.

Stability correction: The gradient method need a stability correction, one of the 
PRVW�XVHG�LV�WKH�0RQLQ�2EXNKRY�VWDELOLW\�IDFWRU��ȗ���GHVFULEHG�E\�>����������@��

 ( )3

( . . . )
. . . *a p a

k z g H
C T u

ξ
ρ

−=  (140)

where, K is von Karman’s constant, z is height of wind and air temperature measure-
ments (m), g is the gravitational constant (9.8 m.s–2���+� �ȕ�Ȝ(��7a is air temperature 
(°K), u× is the friction velocity given by Kjelgaard et al. [55] without the stability 
correction factor: 

 

.*
ln

z

om

om

k uu
z d Z

Z

=
⎛ ⎞− +
⎜ ⎟⎝ ⎠

 (141)

)OX[�ZLWK�D�QHJDWLYH�VLJQ�IRU�ȗ�� �LQGLFDWLQJ�XQVWDEOH�FRQGLWLRQV�DQG�QHHGV�WR�EH�H[-
FOXGHG��)RU�IOX[�XQGHU�XQVWDEOH�FRQGLWLRQV�WKH�Ȝ(�LV�RYHU�5n (Fig. 5a); For the flux with 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Water Vapor Flux Models for Agriculture 57

QHJDWLYH��ȗ��DUH���H[FOXGHG�DQG�Ȝ(�LV�ORZHU�WKDQ�5n (Fig. 5b). Payero et al. [77] indicated 
WKDW�IOX[HV�ZLWK�LQFRUUHFW�VLJQ�DQG�ȕ�§�í�VKRXOG�QRW�EH�FRQVLGHUHG�ZKHQ�HVWLPDWHG�WKH�
energy balance components by the energy balance Bowen ratio method. The negative 
ȗ���FRUUHVSRQGV�WR�QHJDWLYH�ȕ��)LJ�����

The Richardson number (Ri) is represented by the Eq. (45), also is well known 
as stability factor [2, 110] and represent the ratio of the buoyancy – “thermal effect” 
to “mechanical –wind shear” [86]. Negative values indicate instability conditions 
where surfaces heating enhances buoyancy effects, and positive Ri values indicate 
a stable conditions where temperature near the surfaces are cooler than away from 
the surfaces.

FIGURE 5 Energy balance components measured by Bowen ratio method in grass: 
(a) without stability correction and (b) with stability correction.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



58 Evapotranspiration: Principles and Applications for Water Management

FIGURE 6 5HODWLRQVKLS�EHWZHHQ�%RZHQ�UDWLR��ȕ����DQG�WKH�0RQLQ�2EXNKRY�VWDELOLW\�IDFWRU�

2.5 SUMMARY

The water vapor flux in the agroecosystems is the second largest component in the 
hydrologycal cycle. Water vapor flux from the vegetation to the atmosphere is a wide-is a wide-
ly studied variable throughout the world, due to it applicability in various disciplines 
such as hydrology, climatology, and agricultural science. The evapotranspiration is 
important to calculate the water requirement to the crops, to made climatic character-
izations and water management. The estimation of evapotranspiration from vegetated 
area is a basic tool to compute water balances and to estimate water availability and 
requirements and also to estimate agroclimatic and hydrologic indices. During the last 
60 year several methods and models to measure the water flux in agroecosystems has 
been developed, the aim of this first part of the review is to make a review from de 
mass balance methods and models in the water flux estimation and the application of 
the two steps model and the direct transpiration measurements techniques. This chap-
ter provides a revision of these methods and model with special application to crops 
and covered areas.

KEYWORDS

 • aerodynamic resistance

 • calibration

 • clumping model

 • combination model

 • crop coefficients

 • cumulative growing degree days

 • drainage Lysimeter
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 • eddy covariance method

 • energy balances

 • evapotranspiration

 • fetch requirements

 • fluxes

 • humidity and temperature method

 • latent heat fluxes

 • leaf Area Index [LAI]

 • micrometeorological method

 • Pristley–Taylor model

 • resistances

 • sensible heat flux

 • Shulttleworth-Wallace model

 • soil heat flux

 • stability correction

 • stomatic resistance

 • surfaces resistance

 • the Bowen ratio energy balance

 • the infrared surface temperature method

 • the Penman-Monteith reference evapotranspiration method

 • the Penman-Monteith general evapotranspiration method

 • water stress coefficient

 • water vapor deficit

 • water vapor flux

 • weighing lysimeter
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3.1 INTRODUCTION

The transpiration (T) is the water moving from soil layer around the roots to the atmo-
sphere trough the plant by vascular cells and moving forward to the atmosphere as a 
vapor by the stomas principally. The transpirations is part of the gas interchange of the 
plant and can be called as the cost that the plant pay by take the carbon dioxide (CO2) 
for the photosynthesis. The transpiration is necessary processes in the cycle of live of 
the plants because by mean of transpiration the plant can take the nutrients from the 
soil solution, regulate his temperature, and keep growing. In the evapotranspiration 
(ET) process the transpiration is the water that really uses the plants, but in many cases 
is not easy separated of the ET complex especially in diverse agroecosystems. In the 
transpiration process are involve two main factors: 

1. Physical factors: The physical factors include the available energy (Rn-G), 
the water vapor pressure deficit (VPD), wind that influence in the VPD, and 
the stomatical control and available water in the soil layer around the root 
system; and

2. Physiological factors: The physiological factors include the stomas number 
per unit of area and stomatical control, the leaf area, the height of the plant, 
and the root depth and density. The stomatical control is defined as the capac-
ity of the stomas to keep open or close as a function of a drought or other 
physiological stress conditions like wind, salinity, air temperature and others.

The transpiration measurements are useful for direct estimation of water consum-
LQJ�E\�WKH�SODQWV��DV�D�SDUW�RI�WKH�LQFUHDVLQJ�WKH�ZDWHU�XVH�HI¿FLHQF\�LQ�DJURHFRV\V-
WHPV��IRU�HVWLPDWLRQ�RI�WUDQVSLUDWLRQ�XVH�HI¿FLHQF\��78(��HVSHFLDOO\�LQ�SODQW�EUHHGLQJ�
programs for a biotic stress conditions, for indirect estimation of the gas interchange 
at physiological level, to evaluate external transpiration regulators, and others. This 
FKDSWHU�GLVFXVVHV�PHWKRGV�IRU�WUDQVSLUDWLRQ�PHDVXUHPHQWV�GLUHFWO\�LQ�¿HOG�FRQGLWLRQV�

3.2 METHODS TO MEASURE TRANSPIRATION

3.2.1 THE SAP FLOW METHOD
The thermal methods based on heat supply to the stem to determine sap flow (SF) 
represents an advance in the measurements of water consumption by woody plants 
[5]. The sap flow meter is widely used in the transpiration estimations, in small crops, 
trees and forest ecosystems [6, 7, 9], according with Bucci et al., [3], the transpiration 
based on sap flow measurements can be estimated as follow: 

 T
i

SFT BA
BA

⎛ ⎞
= ⎜ ⎟⎝ ⎠

 (1)

where, T is transpiration (mm.day–1), SF is the average daily sap flow per tree (Kg.
day–1), BAi is the mean basal area per tree (cm2) and BAT is the total basal area per unit 
of ground (cm2.m–2). The SF can be estimated using the method proposed by Suku-
ratani [11]. A constant power [Pw, watts] related to the insolate section of the steam is 
divided into the components shown below: 
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 Pw = Qr + Qv + Qs + Qf (2)

where, Qr is the radial heat flow by conduction in the stem; Qv the heat transported by 
conduction along the axis of the stem, corresponding to the sum of the heat flows by 
conduction above (Qc) and below (Qb) the heating element; Qs is the energy stored per 
time unit in the heated section; Qf is the heat transported by convection through the 
moving sap. The Qr can be determinate as follows: 

 r sh rQ K T= ∆  (3)

where, Ksh is the thermal conductivity of the cork sheath of the radial thermopile (W.K–1), 
and Ǎ6r is the difference of temperature between the inner and the outer surface of 
sheath, which is determined by the electromotive force generated in the thermopile. 
The heat flow transported along the axis (Qv) is calculated as: 

 
c b

v st
T T

Q AK
z

∆ +∆⎡ ⎤= ⎢ ⎥∆⎣ ⎦  (4)

where, A is the cross section area of the heated stem; Kst is the thermal conductivity of 
the stem, assumed as 0.42 W m–1 K–1�IRU�ZRRG\�VSHFLHV�>��@��ǻTc DQG�ǻTp upper and 
ORZHU� WHPSHUDWXUH�GLIIHUHQFHV�RI� WKH�KHDWHG�VWHP�VHJPHQW�DQG�ǻZ is the difference 
between pair of junctions fixed just above and below of heating jacket. The sap flow 
(SF) is estimated below: 

 f

p sap

Q
SF

C T
=

∆
 (5)

where, Qf is determined as the residual of the Eq. (2); In Eq. (2), if the steam diameter 
is higher than 3 cm, then the Qs is neglected [5, 13,14]; Cp is the heat capacity of the 
sap (4.186 kJ kg–1 K–1���DQG�ǻTsap is the difference of the sap temperature between the 
upper and lower limits of the heated segment. Smith and Allen [9] described heat ba-Smith and Allen [9] described heat ba-[9] described heat ba- described heat ba-
lance method for the trunk sector in the sap flow measurement. 7KH�ǻTsap is calculated 
with Eq. (6).

 
2

c b
sap

T T
T

∆ − ∆
∆ =  (6)

3.2.2 THE LEAF POROMETER METHOD
The water vapor flux through the stomatas can be measured using the leaf porometer 
and meteorological measurements based on approach described by Campbell [4] in 
Eq. (7).

 

( )
1 1

i a
ab

s b

X X
T

g g

−
=

⎛ ⎞
+⎜ ⎟⎝ ⎠

 (7)

where, Tab is transpiration from abaxial leaf surfaces (g.m–2.h–1); gs is the stomatal 
conductance (m.s–1) measured by the porometer; gb is the boundary layer conductance 
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(m.s–1); Xi is the leaf absolute humidity, assuming saturation (g.m–3), Xa is the atmo-
spheric absolute humidity. The gb can be calculated from the sum of the forced and 
free convection [2].

 
0.67 0.5

0.5 0.17
0.66

b forced
D ug

d v− =  (8)

 
( )0.250.75 0.25 0.25

0.25 0.25

0.54 s
b free

D g a T T
g

d v−
−

=  (9)

 gb = [gb-forced] + [gb-free] (10)

where, d is the characteristics dimension of the leaf (m); u is the wind speed (m.s–1); 
(Ts–T) is the difference in temperature (°K) between the leaf and the air. Physical 
constant at 20°C are: a is a coefficient of thermal expansion of the air (~1/293K–1); D 
is diffusion coefficient of the air for water vapor (2.4×10–5 m2.s–1); g is the accelera-
tion of the gravity (9.81 m.s–1); v is the kinematic viscosity of the dry air (1. 5×10–5 

m2.s–1). In many cases the stomatal density from adaxial leaf surfaces is great, therefore 
it is necessary to use a correction factor or include adaxial reading for an appropriate 
transpiration measurement. For a honey mesquite (Prosopis glandulosa), Ansley et al. 
[2] presented following the modified transpiration Eq. (11), where 1.37 is a coefficient 
derived from adaxial/abaxial gs ratio.

 
( )

1 1
1.37

i a

s b

X X
T

g g

−
=

⎛ ⎞
+⎜ ⎟⎝ ⎠

 (11)

3.3 METHODS TO CALCULATE TRANSPIRATION

3.3.1 THE DUAL CROP COEFFICIENTS METHOD
The transpiration, can be estimated using several indirect approaches. In one of the 
most common method, crop potential transpiration is assumed to be approximately 
equal to the basal crop transpiration coefficient (ETcb) multiplied by the reference 
evapotranspiration, as shown in Eq. (12).

 FE FE 2T ET K ET≅ =  (12)

The measurement of the ETcb can be estimated using a method described in the FAO-56 
report [1]. FAO-56 method indicates that the the crop coefficient (Kc) can be divided 
into dual crop coefficient, and the dual crop coefficients are the basal crop coefficient 
(Kcb) and soil evaporation coefficient (Ke). The coefficients Kbc and Ke are related to 
the potential plant transpiration and soil evaporation, respectively. The procedure is 
summarized in Eqs. (13) and (14).

 ETc = (Kcb + Ke) × ETo (13)

 Kcb = (ETc/ETo) – Ke (14)
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The Ke is estimated as a function of field surface wetted by irrigation (few). Kc in Eq. 
(15) and the few are estimated as a minimum value between the fraction of the soil that 
is exposed to sunlight and air ventilation and serves as a source of soil evaporation [1–
fc]. The fc is the soil fraction cover by vegetation and the fraction of soil surface wetted 
by irrigation or precipitation (fw) as shown in Eqs. (16) and (17). Both the fractions 
should be measured throughout the growing season. The Eq. (17) is for a drip irriga-
tion system. If the water source is from a drip irrigation system, the fw is estimated as 
a cover crop fraction, Eq. (18). For days with rain, fw is equal to 1.0.

 Ke = few × Kc (15)

 few = min [(1–fc); (fw)] (16)

 few = min [(1–fc); (1–0.67×fc)×(fw)] (17)

 
21
3w cf f= −  (18)

3.3.2 THE EXTINCTION COEFFICIENTS METHOD

The ratio of crop evaporation to crop transpiration without water or other limitations 
depends on the development stage of the leaf canopy expressed as “Ǭ” the dimension-
less fraction of incident beam radiation that penetrates the canopy [15].

 ( )LAIK.exp −=δ  (19)

where, K is the dimensionless canopy extinction coefficient, and LAI is a leaf area 
index. The evaporation and transpiration can be calculated using Eqs. (20) and (21): 

 0 0.E ETδ=  (20)

 0(1 ).T ETδ= −  (21)

3.4 EXAMPLE PROBLEM

One of the utility of the transpiration measurement is the calculation of the transpi-
ration efficiency (TE). The TE is defined as the above ground (aerial) biomass (dry 
matter of stems, leaves, and fruit) divided by the mass of water transpired during the 
accumulation of the biomass (T) and was described by the Bierhuizen and Slatyer 
[12], as shown in Eq. (22).

 
d

DM kTE
T VPD

= =  (22)

The Eq. (22) indicates that the correlation between DM and T is dependent on k. The k 
is a species-dependent water-use constant, and VPD is an atmospheric vapor pressure 
deficit. The VPD is defined as the drying capacity of the air or the driving force for 
evaporation and transpiration [8]. The T was calculated using the dual crop coefficients 
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approach described in Eq. (12). The Table 1 indicates the differences in the TE for two 
common bean genotypes and two water conditions (reducted stress and drought stress) 
during two year trials [8].

The results for TE show relatively large differences between water levels and ex-
periments, with k ranging from 1.0 to 2.2 Pa under drought stress and from 2.2 to 4.2 
Pa under nonstress conditions (Table 1). For both years, both genotypes showed the 
large reductions in k under drought stress conditions. The difference between knonstress 
and kstress were: 2.0 Pa in 2006 and 2.3 Pa in 2007 for the common bean genotype 
Morales, and 1.7 Pa in 2006 and 1.1 Pa in 2007 for the common bean genotype SER 
16 [8]. As is indicated in the Table 1, the TE depends of the crop and genotype, the 
environment and water conditions. For similar water conditions the TE can be uses as 
indicator of better water uses between genotypes and/or species. 

TABLE 1 Estimated transpiration efficiency coefficient (k) for two common bean genotypes 
[16] under drought stress and reduced stress conditions during two years (2006 and 2007) in 
Juana Diaz – Puerto Rico [8].

Year Genotype Treatment Mean day time VPD K

2006 SER 16 Reduced stress 1318.3 4.2

SER 16 Drought stress 1289.3 2.6

Morales Reduced stress 1347.9 3.8

Morales Drought stress 1328.8 1.8

2007 SER 16 Reduced stress 1451.9 2.2

SER 16 Drought stress 1464.2 1.0

Morales Reduced stress 1451.9 3.6

Morales Drought stress 1498.7 1.3

The transpiration estimation or measurement can be related to crop density and 
water use by the crop due to transpiration and evaporation from the bare soil. In the 
case of the coffee crop (Coffee arabica L.Var. Colombia), the transpiration and soil 
evaporation were estimated using the Eqs. (20) and (21) at the same location for dif-
ferent plant densities and leaf area index (LAI). The transpiration fraction (T) with 
respect to the crop evapotranspiration (ETc) increased with the plant density (Fig. 1). 
The ratio, [T/ETc], was 0.82 in low plant densities (2,500 plants.ha–1) and 0.97 in high-
er plant densities (near to 10,000 plants.ha–1). When the plant density was increased 
over 10,000 plants.ha–1, the T/ETc started to reduce. This reduction is related to the 
biological optimum in yield, which is approximately 10,000 plant.ha–1 without water 
limitations (Fig. 1).
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FIGURE 1 Relationship between the transpiration fraction of the crop evapotranspiration with 
the plant  density in a coffee crop (Coffea arabica L. Var, Colombia).

3.4 SUMMARY

The transpiration (T) is an important component in the water uses in agricultural sys-
tem and is related to the crop water use It is an important biophysical component, be-
cause the T is a driving force for the gas interchange, the nutrient uptake and the crop 
growth. The T – process is influenced by physical and physiological factors. The T for 
crops can be measured or estimated using meteorological methods that are described 
in this chapter.

KEYWORDS

 • basal crop coefficient

 • beans

 • coffee

 • Columbia

 • crop coefficient

 • drought stress

 • extinction coefficient

 • genotypes

 • leaf area

 • root depth

 • sap flow

 • soil evaporation coefficient

 • stomata

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



74 Evapotranspiration: Principles and Applications for Water Management

 • stomatic conductance

 • stomatic resistance

 • transpiration

 • transpiration coefficient

 • transpiration use efficiency

 • water use efficiency

 • water vapor deficit

 • wind
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4.1 INTRODUCTION

Population growth and water concerns are creating an increased need to better under-
stand water use by all plants, including turfgrasses. Lysimeters, which are often used 
in water-use studies, are containers of soil representing the field environment used to 
determine the evapotranspiration (ET) of a growing crop or evaporation from bare soil 
[1]. ET can be estimated using lysimeters, which allow for direct calculation of mass 
changes due to plant water uptake and soil evaporation [22]. A wide range of lysim-
eters have been documented in the literature, however there is currently no standard 
for lysimeter design in turfgrass studies, and consequently, a wide variety of styles and 
sizes have been used [5]. Lysimeters may be round, square or rectangular, constructed 
from concrete, steel, fiberglass or plastic, and range in size from 50 mm to 2 m in di-
ameter and from 0.4 to 2 m deep [20].

With regard to turfgrass ET studies, lysimeter volumes ranging from as small as 
1.5 L [6] to as large as 20,000 L [21] have been used. Although a smaller lysimeter 
volume allows for greater ease of handling, replication, and ease of repeated measure-
ments, numerous studies involving a range of species have shown decreased growth 
and/or water use can occur when plants are grown in too limiting soil volume [13, 15, 
16, 19]. Conversely, while very large lysimeter volumes allow for maximal rooting, 
units cannot be easily weighed and ET is usually estimated indirectly from water bal-
ance techniques [4, 7, 12]. Furthermore, the number of replicates that can be easily 
measured is drastically reduced in studies using large lysimeters [7, 21].

Consequently, a vast number of turfgrass researchers have settled on lysimeters 
ranging in volume from 6 to 12 L [2, 3, 9–11, 14, 17, 18], because units of this size 
can be repeatedly lifted from the soil. While not always explicitly detailed, weighing 
events in these studies typically entail manually lifting units up out of the ground and 
onto portable scales, or even transporting units to a central location for weighing [8].

This chapter presents the design and construction of an inexpensive lysimeter/ 
weighing system that would be an improvement over past approaches with regard to 
rooting volume, construction, and weighing technique. The system described here is 
an improvement over the existing versions reported in the literature because of: (1) 
the lysimeters provide greater rooting volume than what has generally been provided 
LQ�SDVW�VWXGLHV������WKH�UHODWLYHO\�ORZ�FRVW�RI�PDWHULDOV�DOORZV�D�VLJQL¿FDQW�QXPEHU�RI�
UHSOLFDWHV�WR�EH�LQVWDOOHG�LQ�WKH�¿HOG��DQG�����WKH�O\VLPHWHUV�FDQ�EH�HDVLO\�DQG�UDSLGO\�
ZHLJKHG�E\�RQH�SHUVRQ�LQ�WKH�¿HOG�����PHDVXUHPHQWV�LQ�XQGHU���KRXUV��XVLQJ�D�SRU-
WDEOH�WULSRG�DQG�ORDG�FHOO�WKDW�HOLPLQDWHV�WKH�GLI¿FXOWLHV�DVVRFLDWHG�ZLWK�PDQXDOO\�OLIW-
ing and transporting units to a central location for weighing. It was also of interest to 
determine whether these lysimeters would produce an environment representative of 
the soil in ambient plots with respect to soil temperature and volumetric water content.

4.2 MATERIALS AND METHODS
Various materials were considered in designing a lysimeter that would meet our re-
search needs. However, due to the frequent removal from the ground and the need to 
fabricate a sleeve to maintain a vertical soil wall around the lysimeter, a smooth-sided 
lysimeter was needed, and polyvinyl chloride (PVC) pipe was chosen.
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Design of Lysimeter for Turfgrass Water Use 77

Final cost for the lysimeter and sleeve design was considered during the prototype 
stage. Due to the number of lysimeters needed and minimum sizes of available stock 
materials, many of the stock materials (PVC pipe, foam board, buckets, metal rods, 
HWF���ZHUH�SXUFKDVHG�DV�D�ODUJH�XQLW�VL]H�RU�LQ�EXON�TXDQWLWLHV��%DVHG�RQ�WKH�¿QDO�O\VLP-
eter design and materials cost at the time of purchase, the cost per lysimeter was ap-
proximately $21. A breakdown of materials and cost for the lysimeter, outside sleeve, 
and weighing apparatus are presented in Table 1.

TABLE 1 Components and approximate cost of materials used in construction of a single 
lysimeter, outside sleeve, and cost of items for weighing apparatus (I. D. = inner diameter, PVC 
= polyvinyl  chloride). 

Components Quantity Cost

Lysimeter materials $21

     10 in I.D. x 13 in length PVC pipe 1

     10 in diameter x 6 mm rigid PVC foam board      1

     ½ in PVC threaded plugs 4

     ¼ in x 10 ¾ in steel round stock 1

     ¼ in x 2 ¼ in steel round stock 6

     4mm x 9 in utility cord 3

     Caulk tube (silicon based) 1

     10 in diameter round landscape fabric (DuPont geotextile) 1

Outside Sleeve $5

     5 gallon bucket (7 needed to make 6 sleeves)     1

     1/8 in pop rivets 8

Weighing Apparatus

     Game hoist tripod (Cabela’s Inc., Sidney, NE) 1 $135

     Load cell (Central Carolina Scale, Sanford, NC) 1 $625 

     Carabineers 3 $20

I.D. = Internal diameter;  PVC = Polyvinly chloride

4.2.1 LYSIMETER CONSTRUCTION
Lysimeters were constructed of PVC pipe and foam board. Schedule 40 PVC of 254 
mm (10 in) inside diameter was purchased in standard 6.1 m (20 ft) lengths. The pipe 
was cut with either a hand-held circular saw with a high-tooth count blade or with an 
industrial band saw with gates to hold the PVC square (preferred method). The pipe 
was cut to 330 mm (13 in) lengths to allow adequate room to insert steel rods to sup-
port the bottom plate such that the resulting interior depth was 305 mm (12 in). To 
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make the lysimeter bottom, 6-mm thick, rigid PVC foam board was cut using a router 
or jigsaw after careful measurement using the inside edge of the lysimeter. A router is 
ideal, as after a template is made with the jigsaw, additional bottoms can be produced 
rapidly using a router with a flute bit with bearing. Four 17.5 mm (11/16 in) drain 
holes were drilled in each foam board bottom. These were laid out equally from the 
center point. The 12.7 mm (1/2 in)-14 NPT (National Pipe Thread) tap was used to 
thread these holes to accept 12.7 mm (1/2 in) PVC plugs. Four 12.7 mm (1/2 in) plugs 
were installed.

The foam board bottom was placed into the PVC pipe, resting on steel rod supports 
(Fig. 1). The steel rods were inserted in the wall of the pipe. Eight 6.4 mm (1/4 in) 
holes, centered 16 mm (5/8 in) above the bottom edge, were drilled around the bottom 
edge of PVC tube. Two of these holes were drilled directly across from one another. A 
6.4 × 273 mm (1/4 × 10 ¾ in) steel rod was placed into these two opposing holes. The 
remaining six holes were spaced evenly, three on each side of the steel rod that divided 
the diameter of the pipe in half. The 6.4 × 57 mm (1/4 × 2 ¼ in) steel rod pieces were 
SODFHG�LQ�WKHVH�VL[�KROHV��VXFK�WKDW�WKH\�ZHUH�ÀXVK�ZLWK�WKH�RXWVLGH�VXUIDFH�RI�WKH�39&�
pipe. Once the foam board was placed in the PVC pipe the interior seam was sealed 
ZLWK�VLOLFRQH�EDVHG�FDXON��$�VLQJOH�OD\HU�RI�ODQGVFDSH�IDEULF�ZDV�FXW�WR�¿W�WKH�LQVLGH�
diameter of PVC pipe and placed inside the lysimeter to prevent soil from exiting the 
drainage holes in the foam board bottom.

Three 6.4 mm (1/4 in) holes centered 9.5 mm (3/8 in) below the top edge were 
drilled around the top edge of PVC tube, evenly spaced around the diameter of the tube 
(Fig. 1). Braided reinforced nylon cord (4 mm diameter) was threaded through each 
hole with an overhand knot tied on the inside and a bowline knot tied on the outside 
of the lysimeter to allow it to be hooked to a carabineer. The carabineer served as the 
DWWDFKPHQW�SRLQW�IRU� OLIWLQJ�WKH� O\VLPHWHUV�RXW�RI� WKH�JURXQG��$IWHU�VXEVHTXHQW�¿HOG�
testing, some cord attachments in the lysimeters were removed. In place of the rope, 
steel hooks were made for attaching to the lysimeter via the drilled holes. These hooks 
were made from the bucket handles that were removed from the 18.9 L (5 gal) buckets 
used for the outer sleeves. The ‘hooked’ end works well for attaching to the holes on 
the lysimeter. These handles were cut at the straight end and curved with pliers to form 
a closed end.

4.2.2 OUTER SLEEVE CONSTRUCTION
The outer sleeve was constructed using a typical 18.9 L (5 gal) paint bucket with the 
bottom cut out. The bucket was modified, as the original inside diameter is less than 
the outside diameter of the lysimeter. Expansion of the bucket was accomplished by 
pulling the handle out of the bucket and slicing the bucket from top to bottom using a 
circular saw. Using a router with a flute bit with bearing, the bottoms were cut out of 
the buckets (a PVC handsaw can also be used).

An additional 140 mm (5½ in) wide vertical bucket slice was required to ex-
pand the diameter of the outer sleeve bucket. This piece was riveted onto the 
outside of the outer sleeve bucket to create an inside diameter that allowed for a 
6 mm (1/4 in) gap between the lysimeter and outer sleeve. The inside diameter of 
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Design of Lysimeter for Turfgrass Water Use 79

the outer bucket was between 279 and 283 mm (11 and 11–1/8 in). This measure-
ment should be taken on the bottom of the bucket, which will ultimately be the top 
when the sleeve is put in the ground. Before riveting the slice onto the outer sleeve 
bucket, the protruding rings from the slice added to the bucket were removed using 
a PVC handsaw. Using spring clamps, the slice was clamped onto the outer sleeve 
bucket, taking care to achieve the proper inside diameter measurement. Four holes 
were drilled through both layers on both sides before installing 3.2 mm (1/8 in) 
pop rivets. The bottom portion of the paint bucket becomes the top of the outer 
sleeve.

4.2.3 FIELD INSTALLATION
Depending on soil type, a two-man auger or tractor-mounted auger may be used to 
prepare a hole for the lysimeter plus outer sleeve. For our testing, sod placed in the 
lysimeters was removed from the exact spot for the lysimeter before the hole was au-
gured. A piece of 25 cm (10 in) PVC cut to a length of 15 cm (6 in) was used to extract 
the sod, so that it fit in the lysimeter. A beveled edge was ground on this piece of PVC 
using a hand grinder to allow for easier insertion. 

FIGURE 1 Diagram of lysimeter cylinder without the exterior sleeve.
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FIGURE 2 Photograph of tripod placement, hoist, load cell, harness, lysimeter, and output 
display.

Using a piece of wood and a mallet, the PVC was driven into the ground to cut the 
sod. The soil below the extracted sod was removed to form a hole to insert the lysim-
eter sleeve. The auger hole was approximately 30 cm (12 in) in diameter and about 
38 cm (15 in) deep (depth of the outer sleeve’s length). This depth allowed for a base 
of rock (8–25 mm diameter) under the lysimeter facilitating water percolation below 
the lyimeter. Once the hole was dug, the outer sleeve was installed with the protruding 
ULQJV�RQ�WKH�ERWWRP��$Q\�JDSV�LQ�WKH�VRLO�ZHUH�EDFN¿OOHG�DURXQG�WKH�VOHHYH�ZLWK�QD-
tive soil from the site. Rock (8–16 mm diameter) was placed at the bottom inside the 
lysimeter on top of the geotextile fabric to facilitating drainage from the lysimeter. The 
O\VLPHWHUV�ZHUH�¿OOHG�ZLWK�GHVLUHG�VRLO�D�IHZ�FHQWLPHWHUV�DW�D�WLPH�DQG�OLJKWO\�WDPSHG��
$IWHU�¿OOLQJ��WKH�VRG�UHPRYHG�IURP�WKH�VLWH�ZDV�DGGHG�DV�WKH�WRS�OD\HU�LQ�WKH�O\VLPHWHU�
at the appropriate level. The lysimeter was inserted into the sleeve and its height was 
DGMXVWHG�E\�DGGLQJ�RU�UHPRYLQJ�JUDYHO�DW�WKH�ERWWRP�RI�WKH�KROH�VR�WKDW�LW�ZDV�ÀXVK�
with the surrounding turfgrass. If settling in the hole was experienced later on, it was 
easily corrected by adding gravel.

4.2.4 LIFTING AND WEIGHING LYSIMETERS
A commercially produced deer hoist (Cabela’s Inc, Sidney, NE) was purchased to 
serve as a tripod to aid in removing the lysimeters during weighing events (Fig. 2). The 
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hoist comes fitted with a crank and cable to raize and lower the lysimeter. A battery-
powered load cell (CAS S-Beam, NTEP CoC 96–073A1, Central Carolina Scale, San-
ford NC) connecting the hoist cable to the lysimeter was used to weigh the lysimeters. 
The load cell had a resolution of 5 g, which resulted in a resolution of 0.1 mm water 
loss for these lysimeters. The S-shaped load cell was attached to the lysimeter via a 
3-point rope hitch. The load cell was also connected to a battery- powered digital indi-
cator (Salter 200 SL, Central Carolina Scale, Sanford, NC). When a lysimeter was to 
be weighed, the hoist with the load cell was centered over the lysimeter. Three carabi-
neers attached to the hitch allowed for quick connect-disconnects to the lysimeter. A 
shield to deflect wind was fitted around the hoist legs to minimize wind interference 
but the shield was generally unnecessary.

4.3 RESULTS AND DISCUSSION

4.3.1 UNIFORMITY OF SOIL CONDITIONS: LYSIMETERS VERSUS 
AMBIENT SOIL
One of the objectives of this study was to design a system that produced a minimal 
air gap between the lysimeters and plastic sleeves which lined surrounding soil, thus 
reducing the potential for variation in temperatures between lysimeters and ambient 
soils. In readings obtained three weeks after installation as well as more recently, soil 
temperatures (at the 15 cm depth) did not significantly differ between lysimeters and 
ambient soil (Table 2). Two factors likely contributed to this. First, care was taken 
to ensure that holes into which lysimeters were installed were only large enough for 
outer sleeves to fit into, minimizing the amount of bare soil between the lysimeter and 
surrounding turf immediately following installation. Furthermore, the design, which 
uses a sleeve that has an inner diameter similar to the outer diameter of the lysimeter, 
leaves only a 6 mm (1/4 in) air gap between the lysimeter wall and outer sleeve, further 
minimizing the likelihood of preferential warming or cooling.

Volumetric water content (VWC) of soil was also monitored in lysimeters and am-
ELHQW�SORWV�XVLQJ�WLPH�GRPDLQ�UHÀHFWURPHWU\��)LHOG�6FRXW�7'5������6SHFWUXP�7HFK-
QRORJLHV��3ODLQ¿HOG��,/���5HDGLQJV��REWDLQHG�IURP�WKH��±���FP�GHSWK����KRXUV�IROORZ-
LQJ�UDLQIDOO�RU�LUULJDWLRQ��UHYHDOHG�VLJQL¿FDQW�GLIIHUHQFHV�LQ�9:&�EHWZHHQ�O\VLPHWHUV�
and ambient soil. On average, VWC of lysimeter soils was approximately 0.03 m3 m–3 
KLJKHU�WKDQ�DPELHQW�VRLOV��7DEOH�����7KLV�KDV�DFWXDOO\�EHHQ�EHQH¿FLDO�LQ�WKH�FXUUHQW�
project because well-watered treatments are required and drainage holes are sealed.

TABLE 2 Soil temperatures (°C) at 15 cm depth within lysimeters and ambient soil from 
immediate plots for three dates during the 2008 season. There were no significant differences 
within species x sampling date based on ANOVA at Į�= 0.05 (n=12).

3 April 9 April 18 July

Species a lysimeter 23.0 21.9 30.3 

ambient 23.2 22.1 30.3 
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3 April 9 April 18 July

Species b lysimeter 22.0 21.2 29.7 

ambient 22.0 21.1 29.7 

Species c lysimeter 21.7 21.0 29.2 

ambient 21.6 21.0 29.1 

Species d lysimeter 22.0 21.5 29.6 

ambient 21.9 21.7 29.5 

combined lysimeter 22.2 21.4 29.7 

ambient 22.2 21.5 29.6 

TABLE 3 Water content (m3 m–3 soil) of lysimeters and ambient soil from immediate plots for 
four turfgrass species over three dates during the 2008 season. Measurements were obtained 
for the 0–25 cm depth using a time domain reflectometry probe. Asterisks denote significant 
differences within species x sampling date based on ANOVA at Į�= 0.05 (n=12).

3 April 9 April 18 July

Species a lysimeter 0.11 0.12 * 0.15 *

ambient 0.09 0.10 0.11 

Species b lysimeter 0.12 * 0.14 0.14 *

ambient 0.09 0.10 0.11 

Species c lysimeter 0.13 * 0.14 * 0.16 *

ambient 0.10 0.10 0.12 

Species d lysimeter 0.10 * 0.11 * 0.14 *

ambient 0.08 0.08 0.11 

combined lysimeter 0.11 * 0.13 * 0.15 *

ambient 0.09 0.09 0.11 

4.3.2 REPEATABILITY OF LYSIMETER WEIGHT MEASUREMENTS
There was concern that due to the large total mass of the lysimeters combined with the 
experimental error from using the load cell, that measurement sensitivity would not be 
sufficient to produce reproducible results. To test the system a study was performed at 
North Carolina State University Turfgrass Field Research Laboratory, Raleigh, NC, to 
analyze the reproducibility of the system for measuring lysimeter weights. Eighteen 
field-installed lysimeters containing dormant Bermuda grass (Cynodon dactylon × C. 

TABLE 2 (Continued)

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Design of Lysimeter for Turfgrass Water Use 83

transvaalensis Burtt-Davy) established atop clay loam soil were weighed using the 
load cell attached to the tripod hoist. Drainage holes in the bottoms of lysimeters had 
been plugged during the study. Sixty minutes was required to weigh the 18 lysimeters 
(once). The lysimeters were then immediately weighed again in the same order. The 
weights (in kg) were recorded and subjected to analysis of group means and paired t 
tests (SAS 9.2, Cary, NC). The mean lysimeter weights were 30,539 ± 224 (S.E.) g 
for the first weighing and 30,540 ± 223 (S.E.) g for the second (Table 4). Total range 
in lysimeter weight was 28,990 to 32,170 g. The greatest weight difference noted be-
tween the first and second weighing was 25 g, most likely due to some attached mud 
on the bottom of the lysimeter that was knocked off when reinserting the lysimeter. 
Otherwise, the mean difference between the two weighings was 5.8 ± 0.8 (S.E.) g, 
corresponding to the sensitivity of the load cell. Based on analysis of data, no signifi-
cant difference could be detected between the first and second weighings (P > 0.998), 
demonstrating the high precision and reproducibility of system and load cell for taking 
weight measurements.

TABLE 4 Summary of t test results analyzing the reproducibility of weight measurements 
made  using the load cell and tripod hoist system (n = 18). Values are means ± standard error.

Weight 1 Weight 2 Difference (1-2) P value

grams

Minimum 28,990 28,995 -- ---

Maximum 32,170 32,165 --- ---

Mean 30,539 ± 224 30,540 ± 223 0.83 ± 1.3 0.998

4.4 CONCLUSIONS

These lysimeters have been successfully used for over a year in turfgrass water use 
studies on both sand and clay soil types. This system is an improvement over the ver-
sions previously reported in the literature because of: (1) the increased rooting volume 
offered relative to past studies, (2) the relatively low cost of materials, allowing a large 
number of replicates to be installed in the field, and (3) the ease and speed at which 
portable measurements can be made by a single person in the field. Furthermore, our 
results demonstrate that the environment produced by the lysimeter is reflective of sur-
rounding soil with regard to temperature. Volumetric water content of lysimeters was 
slightly higher than surrounding soil; however, this may be advantageous in studies 
requiring well-watered conditions. We feel this lysimeter system will be of significant 
benefit to those conducting future studies involving water use.

4.5 SUMMARY

Lysimeters are often used in turfgrass and plant water-use studies; however no de-
tailed description exists for a lysimeter system of moderate volume allowing for rapid, 
direct measurement of evapotranspiration on a number of replicates. A lysimeter was 
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developed using 250-mm diameter and 330-mm long polyvinvyl chloride piping re-
sulting in a lysimeter volume of 15.5 L. These lysimeters were installed in the field 
by constructing a plastic soil-retention sleeve that was placed in the soil. The sleeve 
was matched to the lysimeter diameter so that there was only a 6-mm air gap between 
the lysimeter and the sleeve. After turf had filled in around lysimeter edges, there 
was no detectable difference in measured soil temperatures between lysimeters and 
surrounding plots at the 15 cm depth, however, volumetric soil moisture content of 
lysimeters was ~3% higher than that of surrounding soil. The lysimeter was weighed 
in the field by positioning a tripod hoist over the lysimeter. A load cell was installed in 
the hoist cable assembly so that when the lysimeter was lifted free of the soil-retention 
sleeve the weight of the lysimeter could be recorded. The system was shown to pro-
vide highly reproducible weight measurement data based on paired t test analysis of 
repeated weighing data.
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5.1 INTRODUCTION

Due to increased agricultural production, irrigated land has increased in the arid and 
subhumid zones around the world. Agriculture has started to compete for water use 
with industries, municipalities and other sectors. This increasing demand along with 
increments in water and energy costs have absolutely made necessary to develop new 
technologies for the adequate management of water. The intelligent use of water for 
crops requires understanding of evapotranspiration processes.

Evapotranspiration (ET) is a combination of two processes: Evaporation and tran-
spiration. Evaporation is a physical process that involves conversion of liquid water 
into water vapor into the atmosphere (Fig. 1). Evaporation of water into the atmosphere 
occurs on the surface of rivers, lakes, soils and vegetation. Transpiration is basically 
D�SURFHVV�RI�HYDSRUDWLRQ��7KH�WUDQVSLUDWLRQ�LV�D�SK\VLFDO�SURFHVV�WKDW�LQYROYHV�ÀRZ�RI�
liquid water from the soil (root zone) to the surface of leaves/ branches and trunk; and 
conversion of liquid water from the plant tissue into water vapors into the atmosphere.

FIGURE 1 Evapotranspiration process.
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The water evaporates from the leaves and plant tissue, and the resultant water 
vapor diffuses into atmosphere through the stomates. An energy gradient is created 
during the evaporation of water, which causes the water movement into and out of the 
plant stomates. In the majority of green plants, stomates remain open during the day 
and stay closed during the night. If the soil is too dry, the stomates will remain closed 
during the day in order to slow down the transpiration.

Evaporation, transpiration and evapotranspiration processes are important for es-
timating crop irrigation requirements and for irrigation scheduling [4]. To determine 
crop irrigation requirements, it is necessary to estimate ET by on site measurements 
or by using meteorological data. On site measurements are very costly and are mostly 
employed to calibrate ET methods using climatological data. There are number of pro-
posed equations that require meteorological data and are used to estimate the ET for 
periods of one day or more. All of these equations are empirical in nature. The simplest 
methods require only data about average temperature of air, length of the day and the 
crop. Other equations require daily radiation data, temperature, vapor pressure and 
wind velocity. Figure 2 shows the instruments for a weather station. None of the equa-
tions should be rejected, because the data is not available. Not all methods are equally 
precize and reliable for different regions of the world. There is no unique meteorologi-
cal method that can be universally adequate under all climatological conditions.

FIGURE 2 Recommended instruments for a typical weather station.
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90 Evapotranspiration: Principles and Applications for Water Management

5.2 POTENTIAL EVAPOTRANSPIRATION

Potential evapotranspiration (PET) is a water loss from the soil surface completely 
covered by vegetation. Meteorological processes determine the evapotranspiration of 
a crop [7]. Closing of stomates and reduction in transpiration are usually important 
only under drought or under stress conditions of a plant. The evapotranspiration de-
pends on three factors: (1) Vegetation, (2) Water availability in the soil and (3) Be-
havior of stomates. Vegetation affects the ET in various forms. It affects ability of soil 
surface to reflect light. The vegetation changes amount of absorbed energy by the soil 
surface. Soil properties, including soil moisture, also affect the amount of energy that 
flows through the soil. The height and density of vegetation influence efficiency of the 
turbulent heat interchange and the water vapor of the foliage [15].

Changes in the soil moisture affect direct evaporation from the soil surface and 
available water to the plants. As the plants are water stressed, stomates close resulting 
in the reduction of a water loss and CO2 absorption. This is a factor that is not con-
sidered in the potential evapotranspiration equation. Under normal conditions (with 
enough water), there is a variation among stomates of different plant species. Besides, 
these variations are usually small and the concept of PET results useful for the major-
ity of crop species with complete foliage [10, 13].

5.3 MATHEMATICAL MODELS FOR PET

There are different methods to estimate or measure the ET and the PET. The preci-
sion and reliability vary from one method to another, some provide only an approxi-
mation. Each technique has been developed with the available climatological data to 
estimate the ET. The direct measurements of PET are expensive and are only used for 
local calibration of a given method using climatological data. The most frequently used 
techniques are: Hydrological method or water balance method, climatic methods and 
micro meteorological methods. Many investigators have modified the equations that are 
already established. For example, one may find modification of Blaney-Criddle formula, 
Hargreaves-Samani, Class A pan evaporation, etc. Allen [1] investigated 13 variations 
of the Penman equation. He found that the Penman-Monteith formula was most precize. 
Modified equations are actually recommended by the FAO and the USDA – Soil Con-
servation Service. Most of investigators agree that Penman, Class A Pan Evaporation, 
Blaney-Criddle and Hargreaves-Samani equations, can be trusted. High precision can 
be obtained with local calibration of a given method. Every researcher has its preferred 
formula that may give good results. Hargreaves and Samani [7] a simplest and practical 
formulae. I can add that, “There is no evidence of a superior method.” Allen and Pruitt 
[2] presented the FAO modified Blaney-Criddle method, which involves relatively easy 
calculations and give precize estimates of PET (when it is calibrated for local condi-
tions). Every researcher has preference. However, each formula, depending where it was 
evaluated, may or may not result in the first or the last place.

5.3.1 HYDROLOGIC METHOD OR WATER BALANCE
This technique employs periodic determination of rainfall, irrigation, drainage, and 
soil moisture data. The hydrologic method uses water balance equation: 
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 PI + SW – RO – D – ET = 0 (1)

where, PI =Precipitation and/or irrigation; RO = Runoff; D = Deep percolation; SW = 
Change in the soil moisture, and ET = Evapotranspiration. In Eq. (1), every variable 
can be measured with precision with the lysimeters (Figs. 3a, 3b, and 3c; Chapter 3). 
The ET can be calculated as residual, knowing values of all other parameters (Fig. 4).

5.3.2 CLIMATIC METHODS
Using weather data [3], numerous equations have been proposed. Also, numerous 
modifications have been made to the available formulae for application to a particular 
region.

FIGURE 3A A typical lysimeter with its components in Australia.
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FIGURE 3B A field lysimetertest facility.
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FIGURE 3C PVC tube lysimeter.
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FIGURE 4 Water balance method.
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5.3.2.1 PENMAN
The Penman formula was presented in 1948. It employs net radiation, air temperature, 
wind velocity and deficit in the vapor pressure. He gave the following equation: 

 PET = [Rn/(a + b Ea)] ÷ [c + b] (2)

 Ea = 0.263 ((ea – ed) × (0.5 + 0.0062 × u2)) (2a)

where, PET = Daily potential evapotranspiration, mm/day; C = Slope of saturated 
air vapor pressure curve (See Appendix F), mb/°C; Rn = Net radiation, cal/cm2 day; 
a = Latent heat of vaporization of water =(59.59–0.055 (T)), cal/cm2 -mm = 58 cal/
cm2 – mm at 29°C; Ea= Average vapor pressure of air, mb = ((emax– emin) / 2); ed = Va-
por pressure of air at minimum air temperature, mb; u2 = Wind velocity a height of 2 
meters, km/ day; b = Psychrometric constant = 0.66, mb/°C; T = ((Tmax– Tmin) / 2), in 
degrees°C; (emax– emin) = Difference between maximum and minimum vapor pressure 
of air vapor, mb; and (Tmax– Tmin) = Difference between maximum and minimum daily 
temperature,°C.

5.3.2.2 PENMAN MODIFIED BY MONTEITH [14]
After modification, the resultant equation is as follows: 

 LE = – [s (Rn – S) + Pa × Cp (es – ea) / ra] ÷ {((s + b) × ( ra + rc)) / ra } (3)

where, LE = Latent heat flow; Rn = Net radiation; S = Soil heat flow; Cp = Air specific 
energy at constant pressure; s = Slope of saturated vapor pressure of air, at air average 
temperature of wet bulb thermometer; Pa = Density of humid air; es= Saturated vapor 
pressure of water; ea = Partial water vapor pressure of air; ra = Air resistance; rc = Leaf 
resistance; b = Psychrometric constant (see appendix D).This method has been suc-
cessfully used to estimate the ET of a crop. The Penman-Monteith equation is limited 
to research work (experimentation) since the ra and rc data are not always available.

5.3.2.3 PENMAN MODIFIED BY DOORENBOS AND PRUITT [4]

 PET = c × [ W×Rn + (1 – W) × F(u) × (ea– ed)] (4)

where, PET = Potential evapotranspiration, mm/day; W = A factor related to tempera-
ture and elevation; Rn= Net radiation, mm/day; F(u) = Wind related function; (ea– ed) 
= Difference between the saturated vapor pressure of air at average temperature and 
vapor pressure of air, mb; and c = A correction factor. The Penman formula is not 
popular, because it needs data that is not available at majority of the weather stations. 
Estimations of PET using Penman formula can be complex. The equation contains too 
many components, which should be measured or estimated, when data is not available.

5.3.2.4 THORNTHWAITE
This methoduses monthly average temperature and the length of the day.
 PET = 16 Ld [ 10 T / I] a (5)
where, PET = Estimated evapotranspiration for 30 days, mm; Ld = Hours of the day 
divided by 12; T = Average monthly temperature, °C; and

 A = [(6.75 × 10–7 I3) – (7.71 × 105 I2) + 0.01792 I + 0.49239] (5a)
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 I = i1 + i2 + . . . + i12,  (5b)

where, i = [Tm/ 5] × 1.514
The Thornthwaite method underestimates PET during the summer when maximum ra-
diation of the year occurs. Besides, the application of equation to short periods of time 
can lead to an error. During short periods, the average temperature is not an adequate 
measure of the received radiation [10, 14]. During long-terms, the temperature and the 
ET are similar functions of the net radiation. These are related, when the long periods 
are considered.

5.3.2.5 BLANEY-CRIDDLE [2, 9, 10, 14]
The original Blaney-Criddle equation was developed to predict the consumptive use 
of PET in arid climates. This formula uses percentage of monthly sunshine hours and 
monthly average temperature.

 PET = Km F (6)

where, PET = Monthly potential evapotranspiration, mm; Km= Empirically derived 
coefficient for the Blaney-Criddle method; T = Monthly average temperature, °C; PD 
= Monthly percentage daily sunshine hour; and

 F = Monthly ET factor = {[25.4 × PD × (1.8 T +32)] / 100} (6a)

This method is easy to use and the necessary data are available. It has been widely 
used in the Western United States with accurate results, but not the same in Florida, 
where ET is underestimated during summer months.

5.3.2.6 BLANEY-CRIDDLE MODIFIED BY FAO [4]

 PET ={C × P × [(0.46 × T) + 8]} (7)

where, PET = Potential evapotranspiration, mm/day; T = Monthly average tempera-
ture; P = Percentage daily sunshine hours [See Table 1]; and C= Correction factor, 
which depends on the relative humidity, light hours and wind.Doorenbos and Pruitt [4, 
5] recommended individual calculation for each month. They indicated that it may be 
necessary to increase its value for high elevations.

TABLE 1 Percentage average daily sunshine hours (P) based on annual day light hour for 
different latitudes.

Latitude, degrees

North January February March April May June

South* July August September October November December

60 0.15 0.20 0.26 0.32 0.38 0.41

58 0.16 0.21 0.26 0.32 0.37 0.40

56 0.17 0.21 0.26 0.32 0.36 0.39

54 0.18 0.22 0.26 0.31 0.36 0.38

52 0.19 0.22 0.27 0.31 0.35 0.37

50 0.19 0.23 0.27 0.31 0.34 0.36
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Latitude, degrees

North January February March April May June

South* July August September October November December

48 0.20 0.23 0.27 0.31 0.34 0.36

46 0.20 0.23 0.27 0.30 0.34 0.35

44 0.21 0.24 0.27 0.30 0.33 0.35

42 0.21 0.24 0.27 0.30 0.33 0.34

40 0.22 0.24 0.27 0.30 0.32 0.34

35 0.23 0.25 0.27 0.29 0.31 0.32

30 0.24 0.25 0.27 0.29 0.31 0.32

25 0.24 0.26 0.27 0.29 0.30 0.31

20 0.25 0.26 0.27 0.28 0.29 0.30

15 0.26 0.27 0.27 0.28 0.29 0.29

10 0.26 0.27 0.27 0.28 0.28 0.29

5 0.27 0.27 0.27 0.28 0.28 0.28

0 0.27 0.27 0.27 0.27 0.27 0.27

Latitude, Degrees

North July August September October November December

South* Jan February March April May June

60 0.40 0.34 0.28 0.22 0.17 0.13

58 0.39 0.34 0.28 0.23 0.18 0.15

56 0.38 0.33 0.28 0.23 0.18 0.16

54 0.37 0.33 0.28 0.23 0.19 0.17

52 0.36 0.33 0.28 0.24 0.20 0.17

50 0.35 0.32 0.28 0.24 0.20 0.18

48 0.35 0.32 0.28 0.24 0.21 0.19

46 0.34 0.32 0.28 0.24 0.21 0.20

44 0.34 0.31 0.28 0.25 0.22 0.20

42 0.33 0.31 0.28 0.25 0.22 0.21

40 0.33 0.31 0.28 0.25 0.22 0.21

35 0.32 0.30 0.28 0.25 0.23 0.22

30 0.31 0.30 0.28 0.26 0.24 0.23

25 0.31 0.29 0.28 0.26 0.25 0.24

20 0.30 0.29 0.28 0.26 0.25 0.25

15 0.29 0.28 0.28 0.27 0.26 0.25

10 0.29 0.28 0.28 0.27 0.26 0.26

5 0.28 0.28 0.28 0.27 0.27 0.27

0 0.27 0.27 0.27 0.27 0.27 0.27

* Southern latitudes have six months of difference as shown in Table 1.

TABLE 1 (Continued)
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5.3.2.7 BLANEY AND CRIDDLE MODIFIED BY SHIH

 PET = {25.4 × K × [MRs × (1.8 T + 32)]} / [TMRs] (8)

where, PET = Monthly potential evapotranspiration, mm; K = Coefficient for this 
modified method; MRs = Monthly solar radiation, cal/cm2.; T = Monthly average tem-
perature, °C; and TMRs = Sum of monthly solar radiation during the year, cal/cm2.

5.3.2.8 JENSEN-HAISE
The Jensen-Haise equation [9] resulted from about 3,000 measurements of the ET 
taken in the Western Regions of the United States for a 35-years period. It is an em-
pirical equation.

 PET ={Rs (0.025 × T + 0.08)} (9)

where, PET = Potential evapotranspiration, mm/day; Rs = Daily total solar radiation, 
mm of water; T = Average air temperature, °C. This method seriously underestimates 
ET under conditions of high movements of atmospheric air masses. However, it gives 
reliable results for calm atmospheres.

5.3.2.9 STEPHENS-STEWART
Stephens-Stewart used solar radiation data. It is similar to the original Jensen-Haise 
method [9]. The equation is given below: 

 PET ={0.01476 × [(T + 4.905) × MRs]}/b (10)

where, PET = Monthly potential evapotranspiration, mm; T = Monthly average tem-
perature, °C; MRs = Monthly solar radiation, cal/cm2; b= Latent vaporization energy 
of water = [59.59–0.055 Tm], cal/ cm�ímm = 58 cal/cm�ímm at 29°C.

5.3.2.10 PAN EVAPORATION
Class A pan instrument is commonly used to measure evaporation. The evaporation 
pan (Fig. 5) integrates the climate factors and has proven to give accurate estimations 
of PET. It requires a good service, maintenance and management. Table 2 gives class 
A pan coefficients under different conditions [4, 5]. The relationship between PET and 
pan evaporation can be expressed as: 

 PET = Kp × PE (11)

where, PET = Potential evapotranspiration, mm/day; Kp= Pan coefficient (Table 2); 
and PE= Class A pan evaporation.
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FIGURE 5 A typical class A pan.

5.3.2.11 HARGREAVES METHOD
Hargreaves method uses a minimum of climatic data. The formula is as below: 

 PET = [MF × (1.8 T + 32)] × CH (12)

where, PET = Potential evapotranspiration, mm/month; MF = Monthly factor depend-
ing on the latitude; T = Monthly average temperature, °C; and

CH = Correction factor for the relative humidity (HR) = To be used for HR> 64%

  = 0.166 [(100 – HR)]1/2 (12a)

TABLE 2 Pan coefficient (KP) for the class A pan evaporation under different conditions.
Class A Condition A Condition B*

Pan Pan surrounded by grass Pan surrounded by dry uncovered soil 

Average of HR% Low Medium High Low Medium High

  40 40–70 70 40 40–70 70

Wind** Distance from Distance from    

km / day the green crop, the dry fallow,   

 m m   
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Light 0 0.55 0.55 0.75 0 0.70 0.80 0.85

175 10 0.65 0.75 0.85 10 0.60 0.70 0.80

 100 9.70 0.80 0.85 100 0.55 0.65 0.75

 1000 0.75 0.85 0.85 1000 0.50 0.60 0.70

Moderate 0 0.50 0.60 0.65 0 0.65 0.75 0.80

175–425 10 0.60 0.70 0.75 10 0.55 0.65* 0.70

 100 0.65 0.75 0.80 100 0.50 0.60 0.65

 1000 0.70 0.80 0.80 1000 0.45 0.55 0.60

Strong 0 0.45 0.50 0.60 0 0.60 0.65 0.70

425–700 10 0.55 0.60 0.65 10 0.50 0.55 0.65

 100 0.60 0.65 0.70 100 0.45 0.45 0.60

 1000 0.65 0.70 0.75 1000 0.40 0.45 0.55

Very 0 0.40 0.45 0.50 0 0.50 0.60 0.65

Strong 10 0.45 0.55 0.60 10 0.45 0.50 0.55

 100 0.50 0.60 0.65 100 0.40 0.45 0.50

 1000 0.55 0.60 0.65 1000 0.35 0.40 0.45

* For areas of extensive uncovered and not developed agricultural soils. Reduce values of KP by 20% 
under hot wind conditions and by 5 to 10 % for moderatewind conditions, temperature and humidity.

** Total wind movement in km/day.

The Hargreaves original formula for the PET was based on radiation and tempera-
ture as given below: 

 PET = [(0.0135 × RS)] × [T + 17.8] (13)

where, RS= Solar radiation, mm/day; and T = Average temperature, °C.To estimate 
solar radiation (RS) using extraterrestrial radiation (RA), Hargreaves and Samani [7, 
8] formulated the following equation: 

 RS =Krs × RA × TD°.5° (13a)

where, T = Average temperature, °C; RS = Solar radiation; RA = Extraterrestrial radia-
tion; Krs= Calibration coefficient; and TD = Difference between maximum and mini-
mum temperatures,°C.

5.3.2.12 HARGREAVES AND SAMANI MODIFIED METHOD
Finally after several years of calibration, Eq. (13) was modified as follows: 

 PET = 0.0023 Ra × [T + 17.8] × (TD)°.5° (14)

where, PET = Potential evapotranspiration, mm/day; Ra = Extraterrestrial radiation, 
mm/day; T = Average temperature,°C; and TD = Difference between maximum and 
minimum temperatures,°C. The Eq. (14) requires only maximum and minimum tem-°C. The Eq. (14) requires only maximum and minimum tem-. The Eq. (14) requires only maximum and minimum tem-
perature data. This data is normally available. This formula is precize and reliable.

TABLE 2 (Continued)
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5.3.2.13 LINACRE METHOD
The Linacre equation is given below: 

 PET ={700 Tm / [100–La] + 15 [T–Td]} ÷ {80 – T} (15)

where, PET = Potential evapotranspiration, mm; Z = Elevation, m; T = Average 
temperature,°C; La = Latitude, degrees; Td = Daily average temperature, °C; and

 Tm = (Ta + 0.0062 × Z) (15a)

The variations in PET values by this formula are 0.3 mm/day based annual data and 
1.7 mm/day based on daily data.

5.3.2.14 MAKKINK METHOD
This formula provides good results in humid and cold climates, and in arid regions. 
Makkink used radiation measurements to develop a following regression equation: 

 PET = {Rs × [s / (a + b)] + 0.12} (16)

where, PET = Potential evapotranspiration, mm/day; Rs = Total daily solar radiation, 
mm/day; b = Psychrometric constant [See Appendix D]; and s = Slope of saturated 
vapor pressure curve at average air temperature [See Appendix F].

5.3.2.15 RADIATION METHOD
Doorenbos and Pruitt [4] presented following radiation equation, which is a modified 
Makkink formula [16]: 
 PET = c × (W × Rs) (17)
where, PET = Potential evapotranspiration for the considered period, mm/day; Rs= 
Solar radiation, mm/day; W = Correction factor related to temperature and elevation; 
and C = Correction factor, which depends on the average humidity and average wind 
speed. This method was employed in the Equator zone, in small islands and in high 
latitudes. Solar radiation maps provide the necessary data for the formula. 

5.3.2.16 REGRESSION METHOD
The simple lineal regression equation is given as below: 

 PET = {[a × Rs] + b} (18)

where, PET = Potential evapotranspiration, mm/day; a and b = Empirical constants 
(regression coefficients), which depend on the location and season; and Rs= Solar ra-
diation, mm/day. This regression method is simple and easy to use. However, it is not 
frequently used because of highly empirical nature.

5.3.2.17 PRIESTLY TAYLOR METHOD
In the absence of atmospheric air mass movement, Priestly and Taylor showed that the 
PET is directly related to evaporation equilibrium: 

 PET = {A × [s/( S + B)] × [(Rn + S)]} (19)

where, PET = Potential evapotranspiration, mm/day; A = Empirically derived con-
stant; s = Slope of saturated vapor pressure curve, at average air temperature [see 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



102 Evapotranspiration: Principles and Applications for Water Management

Appendix F]; B = Psychrometric constant [see Appendix D]; and Rn= Net radiation, 
mm/day. This method is of semiempirical in nature. It is reliable in humid zones, and is 
not adequate in arid regions. Table 3 shows advantages and disadvantages of different 
methods of estimation of potential evapotranspiration.

5.4 CALIBRATION OF PET METHOD FOR LOCAL CONDITIONS

The methods that use weather data are not adequate for all the locations, especially 
in tropical areas and at high elevations. Local calibration is always necessary to ob-
tain reliable and good estimates of the crop water requirements. Table 4 shows the 
data used in different equations in this chapter. For the Blaney- Criddle method, ET 
can be estimated using measurements of the soil moisture in lysimeters, and that can 
measure water entering and going out. Only ambient temperatures and rainfall data 
are necessary for complete calibration when determining appropriate monthly crop 
coefficient. The Jensen-Haise method [9] is recommended for periods of 5 to 30 days. 
To make a calibration, local field data or lysimeters can be used for periods of 5 days. 
For a monthly calibration, the ET can be estimated by soil moisture measurements, 
inlet and outlet flows, in lysimeters, etc. The Penman equation can provide precize 
estimations from a month to an hour depending on the calibration method. For short 
periods, lysimeters can provide the necessary data for the ET. Usually local calibration 
is completed through a calibration correction factor.

5.5 CROP EVAPOTRANSPIRATION (ETC)

To obtain the ETc (consumptive use), it is necessary to know crop and ambient condi-
tions. This includes climate, soil moisture, crop type, growth stage and the amount soil 
coverage by the crop. The ETc indicates amount of water consumed for a given crop 
stage and the irrigation requirements can be determined. The procedure involves use of 
PET estimations and the experimental crop coefficients for the ET. This method is ex-
tensively used to schedule irrigation. The Blaney-Criddle method does not need a crop 
coefficient. The estimate of the ETc is only made in one step. Doorenbos and Pruitt [4] 
provided an appropriate crop coefficient to estimate the ET for specific crops. These 
procedures resulted in precize estimates for periods of ten days to a month.

TABLE 3 Advantages and disadvantages of different methods to estimate potential 
evapotranspiration [PET].

Method Advantages Disadvantages

1. Penman Easy to apply. Underestimates ET under high move-
ment conditions of atmospheric air 
masses. 

2.  Penman (FAO) Provide satisfactory 
results. 

The formula contains many com-
ponents, which may result complex 
calculations.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Evapotranspiration: Meteorological Methods 103

Method Advantages Disadvantages

3. Water balance Easy to process the data 
and integrate with the 
observations.

Low precision on the daily measures 
and difficult to obtain

the ET when it is raining.

4. Thornthwaite Is reliable for long-terms. Underestimate the ET during the sum-
mer. Is not precize for

short-terms.

5. Blaney- Criddle Easy to use, The data is 
usually available.

The crop coefficient depends a lot on 
the climate.

6. Blaney- Criddle

(FAO)

The given crop coeffi-
cient depend less on the 
climate. 

In high elevations, coasts and small 
islands there is

no relation between temperature and 
solar radiation.

7. Stephens- 
Stewart

Is reliable on the western 
side of the United States 
(where it was developed).

Need to be evaluated in other loca-
tions.

8. Jensen- Haise Is reliable under calm 
atmospheric conditions.

Underestimates ET under conditions 
of high movement

of atmospheric air masses.

9. Evaporation 
pan

Integrate all climatologi-
cal factors.

Evaporation continues during the 
night in the pan, which

affects the PET estimates.

10. Hargreaves Requires a minimum of 
climatological data.

Underestimates PET on the coasts and 
under high

movements of air masses.

11. Hargreaves and 
Samani

Requires only maximum 
and minimum tempera-
ture data.

Needs to be evaluated in many loca-
tions for its

acceptance.

12. Radiation Is reliable in Equator, 
small islands and high 
altitudes.

Monthly estimates are often necessary 
outside Equator.

13. Makkink Good for humid and cold 
climates.

It is not reliable in arid regions.

TABLE 3 (Continued)
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Method Advantages Disadvantages

14. Linacre Is precize on annual 
basis.

Precision decreases on daily base.

15. Priestly Taylor Reliable on humid areas. Not adequate for arid zones.

TABLE 4 Parameters used in different formulas to estimate the PET.

Method Temp. HR Wind Sun Radiation Evaporation Ambient

      Class A  

1 Blaney – Criddle * 0 0 0  0  

2 Radiation * 0 0 *  0 (*)

3 Penman * * * *  0 (*)

4 Class A Pan  0 0  * *  

5 Thornthwaite *   *    

6 Hargreaves * 0    0  

7 Linacre *     *  

8 Jensen-Haise *      *

9 Makkink *      *

10 Priestly-Taylor *      *

11 Regression       *

* = Measured data essential, 0 = Estimation required, (*) = Available data, but not essential.

5.6 CROP COEFICIENTS

The crop coefficients (Kc) are related to crop species, crop physiology, crop growth 
stage, days after planting, degree of ground coverage and the PET. When using the 
coefficients, it is important to know, how these were obtained. The empirical relation 
between ETcand PET is given in Eq. (20): 

 Kc = [ETc/ PET] (20)

The combined Kc includes evaporation from the soil surface and the plant surface. The 
evaporation from the soil surface depends on the soil moisture and soil characteristics. 
The transpiration depends on the amount and nature of leaf area index of a plant and 
the available soil moisture to the root zone. The Kc can be adjusted to the available soil 
moisture and evaporation on the surface. Crop coefficient curve shows variation of Kc 
with days after planting (Fig. 6). 

TABLE 3 (Continued)
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FIGURE 6 A typical crop coefficient curve.

5.6.1 REFERENCE CROP (ALFALFA)
The alfalfa is frequently selected as a reference crop, because it has high ET rates in 
arid regions [9]. Under these conditions, the PET is equal to the daily ET. When the 
crop is actively growing, alfalfa has a height of about 20 cm. and there is sufficient 
available soil moisture. The PET obtained with alfalfa is usually higher for the Ber-
muda grass, particularly in windy arid regions. The daily ET rates can be measured 
with the sensitive lysimeters.

5.6.2 CROP COEFFICIENT
Crop coefficients are given in Table 5. It is possible to estimate the consumptive water 
use (ETc) using the crop coefficient and the calculated PET relation: 
 ETc=Kc · PET (21)
where, ETc=Crop evapotranspiration (consumptive water use), mm/day; Kc= Crop co-
efficient (Table 5); and PET = Potential evapotranspiration, mm/day.

5.7 SUMMARY

Evapotranspiration (ET) is a combination of two processes: Evaporation and transpira-
tion. Evaporation is a conversion of liquid water into water vapor. The transpiration is 
the flow of liquid water from the soil to the surface of leaves/branches and trunk; and 
conversion of liquid water from the plant tissue into water vapor. Evapotranspiration 
processes are important for estimating crop irrigation requirements and for irrigation 
scheduling. Potential evapotranspiration (PET) is a water loss from the soil surface 
completely covered by vegetation. This chapter includes various Methods to estimate 
the ET and PET: Hydrologic method or water balance, climatic method, Penman equa-
tion, the Penman-Monteith equation, the Penman equation modified by Doorebos and 
Pruitt, Thornthwaite, Blaney-Criddle, the Blaney-Criddle equation modified by FAO, 
the Blaney-Criddle equation modified by Shih, Jensen-Haise, Stephens-Stewart, the 
Pan evaporation, Hargreaves method, Hargreaves and Samani modified method, Lin-
acre method, Makkink method, Radiation method, Regression method and Priestly 
Taylor method. The methods that use weather data like Blaney-Criddle, Jensen-Haise 
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and Penman are not adecuate for all the locations, especially in tropical areas and at 
high elevation. To obtain the crop water use (ETc), it is necessary to know crop and 
ambient conditions. The crop coefficients (Kc) are related to the crop type, the crop 
physiology, crop stage, days after planting, the degree of coverage and the PET.

TABLE 5 Crop coefficients (Kc) at different growth stages of a given crop.

 Growth stage

Crop Initial1, 2 
Vegetative

Development
Fruit

Formation
Late

Period
Crop

Maturity

Total
Growth
Period

Banana  — 0.70–0.85 1.00–1.10 1.90–1.00 0.75–0.85 0.70–0.80

Beans: Green 0.30–0.40 0.65–0.75 0.95–1.05 0.90–0.95 0.85–0.95 0.85–0.90

Dry 0.30–0.40 0.70–0.80 1.05–1.12 0.65–0.75 0.25–0.30 0.70–0.80

Cabbage 0.40–0.50 0.70–0.80 0.95–1.11 0.90–1.00 0.80–0.95 0.70–0.80

Grape 0.35–0.55 0.60–0.80 0.70–0.90 0.60–0.80 0.55–0.70 0.55–0.75

Corn: Sweet 0.30–0.50 0.70–0.90 1.05–1.20 1.00–1.15 0.95–1.10 0.80–0.90

Corn: Field 0.30–0.50 0.70–0.85 1.05–1.20 0.8–0.95 0.55–0.60 0.75–0.90

Onion: Dry 0.40–0.60 0.70–0.80 0.95–1.10 0.85–0.90 0.75–0.85 0.80–0.90

Green 0.40–0.60 0.60–0.75 0.95–1.05 0.95–1.05 0.95–1.05 0.65–0.80

Pepper 0.30–0.40 0.60–0.75 0.95–1.10 0.85–1.00 0.80–0.90 0.70–0.80

Potato 0.40–0.50 0.70–0.80 1.05–1.20 0.85–0.95 0.70–0.75 0.75–0.90

Rice 1.10–1.15 1.10–1.50 1.10–1.30 0.95–1.05 0.95–1.05 1.05–1.02

Sorghum 0.30–0.40 0.70–0.75 1.00–1.15 0.75–0.80 0.50–0.55 0.75–0.85

Soy 0.30–0.40 0.70–0.80 1.00–1.05 0.70–0.80 0.40–0.30 0.75–0.90

Sugarcane, 
(stalk) 0.40–0.50 0.70–1.00 1.00–1.30 0.75–0.80 0.50–0.60 0.85–1.05

Tobacco 0.30–0.40 0.70–0.80 1.00–1.20 0.90–1.00 0.75–0.85 0.85–0.95

Tomato 0.40–0.50 0.70–0.80 1.05–1.25 0.80–0.95 0.60–0.65 0.75–0.90

Watermelon 0.40–0.50 0.70–0.80 0.95–1.05 0.80–0.90 0.65–0.75 0.75–0.85

1 Value for high humidity of HR 70% and low wind velocity, U = 5 meters per second.
2 Value for low humidity of HR 20% and high wind velocity, U = 5 meters per second.
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6.1 INTRODUCTION

Evaporation is a complex and nonlinear phenomenon because it depends on several 
interacting climatological factors, such as temperature, humidity, winds speed, bright 
sunshine hours, etc. An Artificial Neural Networks (ANN) is a flexible mathematical 
structure, which is capable of identifying complex nonlinear relationships between 
input and output datasets. The ANN models have been found useful and efficient, 
particularly in problems for which the characteristics of the processes are difficult to 
describe using physical equations. An ANN model can compute complex nonlinear 
problems, which may be too difficult to represent by conventional mathematical equa-
tions. These models are well suited to situations where the relationship between the 
input variable and the output is not explicit. Instead, ANN, map the implicit relation-
ship between inputs and outputs through training by field observations. The model 
may require significantly less input data than a similar conventional mathematical 
model, since variables that remain fixed from one simulation to another do not need to 
be considered as inputs. The ANN is useful, requiring fewer input and computational 
effort and less real time control. An ANN can quickly present sensitive responses to 
tiny input changes in a dynamic environment. ANN are effective tools to model non-
linear systems [52–81]. A neural network model is a mathematical construct whose 
architecture is essentially analogous to the human brain. Basically, the highly intercon-
nected processing elements, arranged in layers are similar to the arrangement of neu-
rons in the brain. The ANN has found successful applications in the areas of science, 
engineering, industry, business, economics and agriculture. Recently, ANN have been 
applied in meteorological and agro ecological modeling and applications [37]. Most of 
the applications reported in literature concern estimation, prediction and classification 
problems. Neural network applications have diffused rapidly due to their functional 
characteristics, which provide many advantages over traditional analytical approaches 
[38–57].

6.1.1 HISTORIC REVIEW OF EVAPORATION MODELS WITH NEURAL 
NETWORKS
The ANN provide better modeling flexibility than the other statistical approaches with 
its successive adaptive features of error propagation, where each meteorological vari-
able takes its share proportionally. Numerous researchers have shown applicability of 
multiple linear regression (MLR) for estimating the evaporation by Baier and Robert-
son [7], Hanson [35], Sharma [78] and Jhajharia [45], but very few have been seen on 
ANN in agricultural and hydrological processes in India. For instance multilayered 
feed forward ANN with error back propagation techniques has been used for estimat-
ing air temperature by Cook and Wolfe [19], Dimri [25], Smith [80], wind speed by 
Mohandes [62], rainfall by Lee [53] and Chattopadhya, [15], rainfall-runoff by Minns 
and Hall [61], Braddock [9], Dawon and Wilbye [21], Sajikumar [75], Rajurkar [72], 
Mamdouh [58], and Sarkar [76], runoff by Jagdesh [42], solar radiation by Elizondo 
[28], Dorvlo [27], Irmak [41], Reddy and Ranjan [71] and Bocco [8], evapo-transpi-
ration by Kumar [52], soil water content by Schaap and Bouten [77], Pachepsky [68], 
soil temperature by Mehuys [60] and Tasadduq [84], soil water evaporation by Han 
and Felkar [34], and various neuro-computing techniques for predicting the various 
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atmospheric processes and parameters [5, 16, 32, 49, 59]. The ANN is also widely 
used in number of diversified fields of soil and water engineering. The neural net-
works is used in river flow prediction by Imrie [40], Kisi, [51], river flow forecasting 
by Dibike and Solomatine [24], stream flow by Zealand [94], remote sensing and land 
use classification by Ashis D [6], land drainage engineering by Yang [92], prediction 
and estimation of sediment concentration by Kisi, [50] prediction of water quality 
parameters by Maier and Dandy [56], and for control of frost damage by Mort and 
Robinson [64] and Jain [43].

A number of researchers have attempted to estimate the evaporation values from 
the climatic variables and most of these methods require data that are not easily avail-
DEOH��7KH�VLPSOHU�PHWKRGV�WKDW�DUH�UHSRUWHG�WR�¿W�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�YDUL-
ables are multiple linear regression. However, the process of evaporation (pan) is high-
ly nonlinear in nature, as it is evidenced by many of the estimation procedures. Many 
researchers have emphasized the need for accurate estimates of evaporation modeling 
using better models that will consider the inherent nonlinearity in the evaporation 
process.

The comparison of automatically and manually collected pan evaporation data was 
done by Bruton [12]. Recent researchers have reported that ANN may offer a promiz-
ing alternative to the conventional methods for estimating the evaporation by Clayton 
[18]; Arca [4]; Gavin and Agnew [31]; Ozlem and Evolkesk [67]; Terzi and Keskin 
[86]; Keskin and Terzi [48] and the lake evaporation by Bruin [11]; Anderson and Job-
son [3]; Reis and Dias [74]; Coulomb [20] and Murthy and Gawande [60].

6.2 RESEARCH REVIEW

Evaporation reflects the influence of several meteorological parameters like air tem-
perature, sunshine hours, wind velocity, relative humidity, solar radiation, evaporating 
power of the air and vapor pressure deficit of a locality. But measurement of evapora-
tion with accuracy is difficult task. In such cases, it becomes assertive to use formulae 
or neural network model that can estimate pan evaporation from available climatic 
data, may give more accurate results than the measured pan evaporation. In this re-
gard, a number of models have therefore been proposed and developed by several 
investigators for different locations in India and abroad are reviewed in following 
sections.

1. General Artificial Neural Network (ANN) Models
2. Artificial Neural Network Evaporation Models
In this chapter, the evaporation from open pan as well as surface evaporation 

modeling is discussed in brief. The process of evaporation is very much complex 
DQG�QRQOLQHDU�LQ�QDWXUH�ZLWK�UHVSHFW�WR�WKH�PHWHRURORJLFDO�SDUDPHWHU��ZKLFK�LQÀX-
ences the evaporation. The review related to general evaporation models is dis-
cussed. The neural network is a new tool that can solve the more complex modeling 
SUREOHPV�OLNH�HVWLPDWLQJ�HYDSRUDWLRQ�IURP�SDQ��ZKLFK�PD\�EH�GLI¿FXOW�WR�VROYH�E\�
conventional mathematical equations and multiple linear regression. It is observed 
from this review that the prediction model for of evaporation is superior with neural 
networks.
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6.2.1 GENERAL ARTIFICIAL NEURAL NETWORK MODELS
An ANN is a capable of identifying complex nonlinear relationships between input 
and output datasets. ANN models have been found useful and efficient, particularly 
in problems for which the characteristics of the processes are difficult to describe us-
ing physical equations. The conventional model requires many input parameters and 
variables, some of which cannot be obtained easily from the field and may vary from 
site to site even within the same geographical region. An artificial neural network has 
found successful applications in the areas of science, engineering, industry, business, 
economics and agriculture. For example, ANN have improved the technique of satel-
lite images and patterns recognition, wastewater treatment, remote sensing and seawa-
ter pollution classification. Neural Network (NN) have been used to model a variety of 
biological and environmental processes by Altendorf [2] and [30].

$11�PRGHOV� FRPSXWH� FRPSOH[� QRQOLQHDU� SUREOHPV��ZKLFK�PD\� EH� GLI¿FXOW� WR�
represent by conventional mathematical equations. These models are well suited to 
situations, where the relationships between the input variable and the output are not 
H[SOLFLW��7KH�PRGHO�PD\�UHTXLUH�VLJQL¿FDQWO\�OHVV�LQSXW�GDWD�WKDQ�D�VLPLODU�FRQYHQ-
tional mathematical model, since variables that remain constant from one simulation 
to another, do not need to be considered as inputs. The advantage of the ANN approach 
in estimating evaporation is that it requires only limited climatic data. Pan evaporation 
data are limited and methods are required to estimate evaporation with a minimum of 
climatic data. Most of the available models for estimation of evaporation may be reli-
able and most appropriate for use in climates similar to where they were developed. It 
is likely that errors may occur when these models are used under climatic conditions 
that are different under which they were developed. Since no evaluation of the dif-
ferent ANN evaporation models has been undertaken there is a need to determine the 
applicability of these models under the different agro-climatic regions of India [36].

The different methods of estimating pan evaporation approaches reviewed gener-
ally performed better when solar radiation and relative humidity were included as in-
put variables. However, these data are often not available. Models of pan evaporation 
are required to be established that corresponds to the relatively minimum weather data 
variable for most of the locations. In earlier research work of empirical modeling and 
HTXDWLRQ�ZHUH�¿W�WR�WKH�GDWD�DQG�WKH�FRUUHODWLRQ�ZDV�GHWHUPLQHG�ZLWK�VDPH�GDWDVHW��1R�
attempt was made to apply those models to the other independent dataset of different 
location. The evaporation prediction also highly depends upon the quality of the pan 
evaporation measurements used in the ANN modeling. Large number of researchers 
have been established the applicability of ANNs to the problems in agricultural, hy-
GURORJLFDO��PHWHRURORJLFDO�DQG�HQYLURQPHQWDO�¿HOGV��+X�>��@�LQLWLDWHG�WKH�LPSOHPHQWD-
tion of ANN, an important soft computing methodology in weather forecasting.

Allen and Marshall [1] compared the performance of ANN approach and discrimi-
nation analysis method for operational forecasting of rainfall and established the su-
periority of neural network approach over conventional statistical approach in fore-
casting rainfall over Australia. Elizondo [28] developed an ANN model to estimate 
daily solar radiation for locations in south-eastern US based on daily maximum and 
minimum air temperature, precipitation, clear sky radiation, and daylength. Of these 
LQSXWV��RQO\�WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ�ZHUH�PHDVXUHG�XQGHU�¿HOG�FRQGLWLRQV��7KH�
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researchers found r2 values as high as 0.74 and a root error as low as 2.92 MJ/m2. 
Schaap and Bouten [77] developed an ANN to model water retention curves of sandy 
soils using particle size distribution, bulk density, and organic matter content as inputs. 
From this model they estimated soil water contents at different tensions with a root 
mean square error as low as 0.020 cm3/cm3.

<DQJ� >��@�GHYHORSHG�DQG� WUDLQHG�DQ�DUWL¿FLDO�QHXUDO�QHWZRUN�E\�XVLQJ� WKH� VLP-
ulated mid span water table depths from DRAINMOD, a conventional water table 
management model. Compared to DRAINMOD, the model was very simple to run 
and required only a small amount of data, such as precipitation, ET, and initial mid 
VSDQ�ZDWHU�WDEOH�GHSWK��7KH�UHVXOWV�LQGLFDWHG�WKDW�WKH�DUWL¿FLDO�QHXUDO�QHWZRUN�PRGHO�
could make predictions similar to DRAINMOD, with the least root mean square error 
RI��������DQG�GRLQJ�WKLV�VLJQL¿FDQWO\�IDVWHU�DQG�ZLWK�IHZHU�LQSXW�GDWD��*HQHUDOO\��WKH�
DUWL¿FLDO�QHXUDO�QHWZRUN�VWUXFWXUH�ZLWK�VL[�SURFHVVLQJ�HOHPHQWV�DQG�RQH�KLGGHQ�OD\HU�
ZDV�VXI¿FLHQW�IRU�WKH�VWXG\��,W�ZDV�IRXQG�WKDW�WKH�QHWZRUN�VKRXOG�EH�WUDLQHG�ZLWK�DW�
least 145,000 cycles but more than 200,000 cycles are unnecessary. A lag procedure 
was suggested which improved the performance of ANN under irregular situations, 
such as sudden and large rainstorms. A 3-day lag of all input parameters was the best 
choice when the weather conditions were irregular.

Daily soil water evaporation has been estimated using a radial basis function ANN 
by Han and Felkar [34]. The ANN models were implemented to establish daily soil 
water evaporation from average relative humidity, air temperature, wind speed and 
VRLO�ZDWHU�FRQWHQW�LQ�FDFWXV�¿HOG�VWXG\��7KLV�$11�KDG�DQ�DYHUDJH�DEVROXWH�SHUFHQW�HU-
ror of 21.0 % and a root mean square error (RMSE) of 0.17 mm/day. This was better 
than a multiple linear regression models with values of 30.1 % and 0.28 mm/day for 
the same parameters. They used daily values of average temperatures, relative humid-
ity and wind speed as inputs to the model. This study was based on only 40 daily evap-
oration observations. It was also limited in that the weather data were obtained from 
a weather station 40 km from the site of evaporation measurements. They concluded 
that the ANN technique appeared to be an improvement over multilinear regression 
technique for estimating soil temperature.

Mohandes [62] also applied ANN approach for prediction of wind speed. Gardner 
DQG�'RUOLQJ��������GLVFXVVHG�WKH�SUR¿FLHQF\�RI�WKH�0XOWL�OD\HU�3HUFHSWURQ�DV�D�VXLW-
able model for atmospheric prediction. Lee [53] applied ANN in rainfall prediction by 
splitting the available data into homogeneous subpopulations.

Tokar and Johnson [87] used ANN methodology was employed to forecast daily 

runoff as a function of daily precipitation, temperature, and snowmelt for the Little 
Patuxent River watershed in Maryland. The sensitivity of the prediction accuracy 
to the content and length of training data was investigated. The ANN rainfall-runoff 
model compared favorably with results obtained using existing techniques including 
statistical regression and a simple conceptual model. The ANN model provides a more 

systematic approach, reduces the length of calibration data, and shortens the time spent 
in calibration of the models. At the same time, it represents an improvement upon 
the prediction accuracy DQG�ÀH[LELOLW\�RI�FXUUHQW�PHWKRGV��7UDMNRYLF� >��@�SUHVHQWHG�
the application of radial basis function (RBF) network to estimate the FAO Blaney-
Criddle b factor. Tabular b values are given in the United Nations FAO Irrigation and 
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Drainage Paper Number 24. The b values obtained by the RBF network compared to 
the appropriate b values produced using regression equations. An example was given 
to illustrate the simplicity and accuracy of the RBF network for b factor.

Yang [93] developed a back propagation ANN model that could distinguish young 
corn plants from weeds. Although only the color indices associated with image pixels 
were used as inputs, it was assumed that the ANN model could develop the ability to 
use other information, such as shapes, implicit in these data. The 756 × 504 pixel im-
DJHV�ZHUH�WDNHQ�LQ�WKH�¿HOG�DQG�ZHUH�WKHQ�FURSSHG�WR����î����SL[HO�LPDJHV�GHSLFWLQJ�
only one plant, either a corn plant or weeds. There were 40 images of corn and 40 of 
weeds. The ability of the ANNs to discriminate weeds from corn was then tested on 
20 other images. A total of 80 images of corn plants and weeds were used for training 
purposes. For some ANNs, the success rate for classifying corn plants was as high as 
100%, whereas the highest success rate for weed recognition was 80%. This is consid-
ered satisfactory, given the limited amount of training data and the computer hardware 
limitations. Therefore, it is concluded that an ANN-based weed recognition system 
FDQ�SRWHQWLDOO\�EH�XVHG�LQ�WKH�SUHFLVLRQ�VSUD\LQJ�RI�KHUELFLGHV�LQ�DJULFXOWXUDO�¿HOGV�

Perez and Reyes [71] applied Multi-layer Perceptron model in predicting the par-
ticulate air pollution. Maqsood [59] established the usefulness of ANN in atmospheric 
modeling explained its potential over conventional weather prediction model. Patel 
[69] studied the applicability of ANNs for predicting salt build-up in the crop root 
]RQH��$11�PRGHOV�ZHUH�GHYHORSHG�ZLWK�VDOLQLW\�GDWD� IURP�¿HOG� O\VLPHWHUV�VXELUUL-
gated with brackish water. Different ANN architectures were explored by varying the 
number of processing elements (PEs) (from 1 to 30) for replicate data from a 0.4 in 
water table, 0.8 in water table, and both 0.4 and 0.8 in water table lysimeters. Different 
ANN models were developed by using individual replicate treatment values as well 
as the mean value for each treatment. For replicate data, the models with 20, seven, 
and six PEs were found to be the best for the water tables at 0.4 in, 0.8 in and both 
ZDWHU�WDEOHV�FRPELQHG��UHVSHFWLYHO\�7KH�FRUUHODWLRQ�FRHI¿FLHQWV�EHWZHHQ�REVHUYHG�VD-
linity and ANN predicted salinity of the test data with these models were 0.89, 0.91, 
and 0.89, respectively. The performance of the ANNs developed using mean salinity 
values of the replicates was found to be similar to those with replicate data. Not only 
was there agreement between observed and ANN predicted salinity values, the results 
clearly indicated the potential use of ANN models for predicting salt build-up in soil 
SUR¿OH�DW�D�VSHFL¿F�VLWH�

Chaloulakou [14] made a comparative study between multiple regression models 
and feed forward ANN with respect their predictive potential for PM10 over Athens 
and established that neural network approach has and edge over regression method 
expressed both in terms of prediction error and of episodic prediction ability.

Jain [43] developed ANN models to forecast air temperature in hourly increments 
from 1 to 12 hours for Alma, Fort Valley and Blairsville in Georgia, USA. However, 
WKLV� VWXG\�ZDV� OLPLWHG�E\� WKH� IDFW� WKDW� WKH�PRGHO�ZDV�QRW� VSHFL¿FDOO\�GHYHORSHG� WR�
predict frosts. So, even though the model could give a good overall performance, 
a dedicated model might be able to perform better on the near freezing and freeing 
temperatures. Jian-Ping Suen and Wayland Eheart [46] studied the ANN (ANNs) are 
applied to estimating nitrate concentrations in a typical Midwestern river, i.e., the 
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Upper Sangamon River in Illinois. Throughout the Midwestern United States, nitrate 
in raw water has recently become an increasingly important problem. This is due to 
recent changes in the U.S. EPA nitrate standard and to the increasingly widespread use 
of chemical fertilizers in agriculture. Back-propagation neural networks (BPNNs) and 
radial basis function neural networks (RBFNNs) are compared as to their effective-
ness in water quality modeling. Training of the RBFNNs is much faster than that of 
the BPNNs, and yields more robust results. These two types of ANNs are compared to 
traditional regression and mechanistic water quality modeling, based on overall accu-
racy and on the frequency of false-negative prediction. The RBFNN achieves the best 
results of all models in terms of overall accuracy, and both BPNN and RBFNN yield 
the same false-negative frequency, which is better than that of the traditional models.

Li [54] established the suitability of ANN model in establishing maximum sur-
face temperature, minimum surface temperature and solar radiation over regression 
PHWKRG�DW�7LIWRQ��*HRUJLD�DQG�*ULI¿Q��-HI�>��@�GHYHORSHG�DQ�$11�PRGHO�WR�SUHGLFW�
daily PM10 concentration over Belgium.

Trajkovic [90] studied the application of RBF (Radial Basis Function) networks 
to estimate the FAO Penman c factor. The values of the c factors obtained by RBF 
networks were compared to the appropriate c values produced using regression ex-
pressions. It was shown that the RBF networks ensure a better agreement with table c 
values, thus improving the accuracy of the estimation of reference crop evapo-transpi-
ration. An example that demonstrated the simplicity of the use of RBF networks and 
the accuracy of the c factor estimation was presented.

Lopez [55] studied a series of algorithms developed to estimate hydraulic rough-
QHVV�FRHI¿FLHQWV� IRU�RYHUODQG�ÀRZ��7KH�DOJRULWKPV�DUH�FRPELQDWLRQV�RI�QHXUDO�QHW-
ZRUNV�WKDW�XVH�VXUIDFH�FRQ¿JXUDWLRQ�SDUDPHWHUV�DQG�WKH�ORFDO�ÀRZ�5H\QROGV�QXPEHU�
DV�LQSXWV�DQG�SURYLGH�DQ�HVWLPDWH�RI�WKH�URXJKQHVV�FRHI¿FLHQW��7KH�UHVXOWV�VKRZHG�WKDW�
as new neural networks were combined into the stacked algorithm, the estimate errors 
become gradually smaller. The scarcity of data points in some regions of the output 
space for the Darcy-Weisbach and Manning models caused a reduction in the predict-
ability of the algorithms for these regions and prevented the use of more complex 
neural networks.

Kumar [52] investigated the utility of ANNs for estimation of daily grass reference 
crop Evapo-transpiration (ET0) and compared the performance of ANNs with the con-
ventional method (Penman-Monteith) used to estimate ET0. Several issues associated 
with the use of ANNs were examined, including different learning methods, num-
ber of processing elements in the hidden layer(s), and the number of hidden layers. 
Three learning methods, namely, the standard back-propagation with learning rates of 
0.2 and 0.8, and back propagation with momentum were considered. The networks 
were trained with climatic data (solar radiation, maximum and minimum temperature, 
maximum and minimum relative humidity and wind speed) as input and the Penman-
Monteith estimated ET0 as output. The best ANN architecture was selected on the 
basis of weighed standard error of estimate (WSEE) and minimal ANN architecture. 
The ANN architecture of 6–7–1 (six, seven and one neuron(s) in the input, hidden and 
output layers, respectively) gave the minimum WSEE (less than 0.3 mm/day) for all 
learning methods. That value was lower than the WSEE (0.74 mm/day) between the 
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Penman-Monteith and lysimeter measured ET0 as reported by Jensen et al., in 1990. 
Similarly, ANNs were trained, validated and tested using the lysimeter measured ET0 
and corresponding climatic data. Again, all learning methods gave less WSEE (less 
than 0.6 mm/day) as compared to the Penman-Monteith method (0.97 mm/day). Based 
on these results, it can be concluded the ANN can predict ET0 better than the conven-
tional method. Sudheer [82] examined the potential of ANN in estimating the actual 
crop evapotranspiration (ETc) from limited climatic data. The study employed RBF 
type ANN for computing the daily values of evapotranspiration for rice crop. Six RBF 
networks, each using varied input combinations of climatic variables, had been trained 
and tested. The model estimates were compared with measured lysimeter evapotrans-
SLUDWLRQ��7KH� UHVXOWV� RI� WKH� VWXG\� FOHDUO\�GHPRQVWUDWHG� WKH�SUR¿FLHQF\�RI� WKH�$11�
method in estimating the evapotranspiration. The analyzes suggest that the crop ET 
could be computed from air temperature using the ANN approach. However, the study 
used a single crop data for a limited period, therefore further studies using more crops 
as well as weather conditions may be required to strengthen these conclusions.

Trajkovic [91] applied a sequentially adaptive radial basis function network to the 

forecasting of reference evapotranspiration (ETo). The sequential adaptation of pa-
rameters DQG� VWUXFWXUH�ZDV� DFKLHYHG�XVLQJ� DQ� H[WHQGHG�.DOPDQ�¿OWHU��7KH criterion 
IRU�QHWZRUN�JURZLQJ�ZDV�REWDLQHG�IURP�WKH�.DOPDQ�¿OWHU¶V consistency test, while the 
criteria for neuron/connection pruning were based RQ�WKH�VWDWLVWLFDO�SDUDPHWHU�VLJQL¿-
cance test. The weather parameter data (air temperature, relative humidity, wind speed, 
and sunshine) were available at Nis, Serbia and Montenegro, from January 1977 to 
December 1996. The monthly reference evapotranspiration data were obtained by the 

Penman-Monteith method, which was proposed as the sole standard method for the 
computation of reference evapotranspiration. The network learned to forecast ETo, t + 1 
based on ETo, t–11 and ETo, t–23. The results showed that ANNs can be used for forecasting 
reference evapotranspiration with high reliability.

5DMXUNDU�>��@�SUHVHQWHG�DUWL¿FLDO�QHXUDO�QHWZRUN�IRU�PRGHOLQJ�GDLO\�ÀRZV�GXULQJ�
ÀRRG� HYHQWV��7KH� UDLQIDOO�UXQRII� SURFHVV�ZDV�PRGHOHG� E\� FRXSOLQJ� D� VLPSOH� OLQHDU�
(black box) model with the ANN. The study uses data from two large size catchments 
LQ�,QGLD�DQG�¿YH�RWKHU�FDWFKPHQWV�XVHG�HDUOLHU�E\�WKH�:RUOG�0HWHRURORJLFDO�2UJDQL]D-
tion (WMO) for intercomparison of the operational hydrological models. The study 
demonstrated that the approach adopted herein for modeling produced reasonably sat-
isfactory results for data of catchments from different geographical locations, which 
thus proves its versatility. Most importantly, the substitution of the previous days run-
off (being used as one of the input to the ANN by most of the previous researchers), 
by a term that represents the runoff estimated from a linear model and coupling the 
simple linear model with the ANN may prove to be very much useful in modeling the 
rainfall-runoff relationship in the nonupdating mode.

Sarkar [76] studied the rainfall-runoff modeling through the use of ANN approach 
with reasonable accuracy. In the study back propagation ANN runoff models have 
been developed to simulate and forecast daily runoff for a part of the Satluj basin of 
India. It is observed that only rainfall and temperature are considered as input are not 
adequate to develop a model for the simulation as well as forecasting of the catch-
ments runoff resulting from rainfall and snowmelt contribution. In order to improve 
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upon the performance of the models, the runoff of the upstream site are also included 
as an additional input to the model.

Patil [70] developed simulation models for predicting the soil hydraulic proper-
ties in which indirect estimation can be obtained using pedotransfer functions (PTF). 
(PSLULFDO�UHODWLRQVKLS�EHWZHHQ�ZDWHU�UHWHQWLRQ�DW�K\GUROLPLWV�L�H��¿HOG�FDSDFLW\��)&��
and permanent wilting point (PWP) and physical properties of soil was explored to 
develop pedotransfer functions. Textural data and bulk density input was used for 
GHYHORSLQJ�37)¶V��ZKHUH�DV�UHJUHVVLRQ�DQDO\VLV�DQG�DUWL¿FLDO$11�ZDV�HPSOR\HG�IRU�
the study. The study pertains to clay and associated soils of Madhya Pradesh. PTF’s 
developed by other researchers were also used for comparative evaluation. Results 
VKRZHG�WKDW�WKH�XVH�RI�$11�LPSURYHG�WKH�DFFXUDF\�RI�SUHGLFWLRQ�RI�¿HOG�FDSDFLW\�E\�
25 % in relative terms.

Ferentinos and Albright [29] presented an ANN model that predicts pH and EC 
changes in root zone of lettuce grown in hydrophonic system. A feed forward NN 
is the basis of modeling. The NN model has nine inputs (pH, EC, nutrient solution 
temperature, air temperature, relative humidity, light intensity, plant age, amount of 
added acid and amount of added base.) and two outputs (pH and EC at the next time 
step). The most suitable and accurate combination of network architecture and training 
method was one hidden layer with nine hidden nodes trained with given quasi-Newton 
back propagation algorithm. The model proved capable of predicting pH at the net 
20-minute time step with in 0.01 pH units and EC with in 5 m S cm-1. Simpler predic-
tion methods like linear extrapolation performed poorly in situations where control 
actions of the system activated and produced relatively rapid changes in predicted 
SDUDPHWHUV��,Q�WKRVH�FDVHV��WKH�QHXUDO�QHWZRUN�PRGHO�GLG�QRW�HQFRXQWHU�LQ�GLI¿FXOWLHV�
predicting the rapid changes.

Bocco [8] developed neural network models of back propagation type to estimate 
solar radiation based on extraterrestrial radiation data, daily temperature range, pre-
cipitation, cloudiness and relative sunshine duration. Data from Cordoba, Argentina 
were used for the development and validation. The behavior and adjustment between 
values observed and obtained by neural networks for different combinations of inputs 
were assessed. These estimates showed root mean square error between 3.15 and 3.88 
MJ m–2 d–1. The latter corresponds to the model that calculates radiation using only 
precipitation and daily temperature range. In all models, results show good adjustment 
to seasonal solar radiation. These results allow inferring the adequate performance 
and pertinence of this methodology to estimate complex phenomenon, such as solar 
radiation.

Brian [10] created the Models to predict air temperature at hourly intervals from 
one to 12 hours ahead. Each ANN model, consisting of a network architecture and set 
of associated parameters, was evaluated by instantiating and training 30 networks and 
calculating the mean absolute error (MAE) of the resulting networks for some set of 
input patterns. The inclusion of seasonal input terms, up to 24 hours of prior weather 
information, and a larger number of processing nodes were some of the improve-
ments that reduced average prediction error compared to previous research across all 
horizons. For example, the four-hour MAE of 1.40°C was 0.20°C, or 12.5%, less than 
the previous model. Prediction MAEs eight and 12 hours ahead improved by 0.17°C 
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and 0.16°C, respectively, improvements of 7.4% and 5.9% over the existing model at 
these horizons. Networks instantiating the same model but with different initial ran-
dom weights often led to different prediction errors. These results strongly suggest that 
ANN model developers should consider instantiating and training multiple networks 
with different initial weights to establish preferred model parameters.

Muleta and Nicklow [65] stated that ANNs have become common data driven 
tools for modeling complex, nonlinear problems in science and engineering. Many 
previous applications have relied on gradient-based search techniques, such as the 
back propagation (BP) algorithm, for ANN training. Such techniques, however, are 
highly susceptible to premature convergence to local optima and require a trial-and-er-
ror process for effective design of ANN architecture and connection weights. This pa-
per investigates the use of evolutionary programming (EP), a robust search technique, 
and a hybrid EP–BP training algorithm for improved ANN design. Application results 
indicate that the EP–BP algorithm may limit the drawbacks of using local search algo-
rithms alone and that the hybrid performs better than EP from the perspective of both 
WUDLQLQJ�DFFXUDF\�DQG�HI¿FLHQF\��,Q�DGGLWLRQ��WKH�UHVXOWLQJ�$11�LV�XVHG�WR�UHSODFH�WKH�
hydrologic simulation component of a previously developed multiobjective decision 
VXSSRUW�PRGHO�IRU�ZDWHUVKHG�PDQDJHPHQW��'XH�WR�WKH�HI¿FLHQF\�RI�WKH�WUDLQHG�$11�
with respect to the traditional simulation model, the replacement reduced the overall 
computational time required to generate preferred watershed management policies by 
75%. The reduction is likely to improve the practical utility of the management model 
from a typical user perspective. Moreover, the results reveal the potential role of prop-
erly trained ANNs in addressing computational demands of various problems without 
VDFUL¿FLQJ�WKH�DFFXUDF\�RI�VROXWLRQV�

Mamdouh [89] is presented a rainfall-runoff model based on an ANN for the 
Blue Nile catchment. The best geometry of the ANN rainfall-runoff model in terms 
RI�QXPEHU�RI�KLGGHQ�OD\HUV�DQG�QRGHV�LV�LGHQWL¿HG�WKURXJK�D�VHQVLWLYLW\�DQDO\VLV��7KH�
Blue Nile catchment (about 300,000 km2) in the Nile basin is selected here as a case 
VWXG\��7KH�FDWFKPHQW�LV�FODVVL¿HG�LQWR�VHYHQ�VXEFDWFKPHQWV��DQG�WKH�PHDQ�DHULDO�SUH-
cipitation over those subcatchments is computed as a main input to the ANN model. 
The available daily data (1992–1999) are divided into two sets for model calibra-
tion (1992–1996) and for validation (1997–1999). The results of the ANN model are 
compared with one of physical distributed rainfall-runoff models that apply hydraulic 
and hydrologic fundamental equations in a grid base. The results over the case study 
area and the comparative analysis with the physically based distributed model show 
that the ANN technique has great potential in simulating the rainfall-runoff process 
adequately. Because the available record used in the calibration of the ANN model is 
too short, the ANN model is biased compared with the distributed model, especially 
IRU�KLJK�ÀRZV�

Tokar and Johnson [87] was employed An ANN methodology to forecast daily 

runoff as a function of daily precipitation, temperature, and snowmelt for the Little 
Patuxent River watershed in Maryland. The sensitivity of the prediction accuracy 
to the content and length of training data was investigated. The ANN rainfall-runoff 
model compared favorably with results obtained using existing techniques including 
statistical regression and a simple conceptual model. The ANN model provides a more 
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systematic approach, reduces the length of calibration data, and shortens the time spent 
in calibration of the models. At the same time, it represents an improvement upon the 
prediction accuracy DQG�ÀH[LELOLW\�RI�FXUUHQW�PHWKRGV�

Tokar and Markus [88] inspired by the functioning of the brain and biological ner-
vous systems, ANNs have been applied to various hydrologic problems in the last 10 
years. In this study, ANN models are compared with traditional conceptual models in 
predicting watershed runoff as a function of rainfall, snow water equivalent, and tem-
perature. The ANN technique was applied to model watershed runoff in three basins 
with different climatic and physiographic characteristics—the Fraser River in Colo-
rado, Raccoon Creek in Iowa, and Little Patuxent River in Maryland. In the Fraser 
5LYHU�ZDWHUVKHG��WKH�$11�WHFKQLTXH�ZDV�DSSOLHG�WR�PRGHO�PRQWKO\�VWUHDP�ÀRZ�DQG�
was compared to a conceptual water balance (WATBAL) model. The ANN technique 
was used to model the daily rainfall-runoff process and was compared to the Sacra-
mento soil moisture accounting (SAC-SMA) model in the Raccoon River watershed. 
The daily rainfall-runoff process was also modeled using the ANN technique in the 
Little Patuxent River basin, and the training and testing results were compared to those 
of a simple conceptual rainfall-runoff (SCRR) model. In all cases, the ANN models 
provided higher accuracy, a more systematic approach, and shortened the time spent 
LQ�WUDLQLQJ�RI�WKH�PRGHOV��)RU�WKH�)UDVHU�5LYHU��WKH�DFFXUDF\�RI�PRQWKO\�VWUHDP�ÀRZ�
IRUHFDVWV�E\�WKH�$11�PRGHO�ZDV�VLJQL¿FDQWO\�KLJKHU�FRPSDUHG�WR�WKH�DFFXUDF\�RI�WKH�
:DWEDO�PRGHO��7KH�EHVW�¿W�$11�PRGHO�SHUIRUPHG�DV�ZHOO�DV�WKH�6$&�60$�PRGHO�
in the Raccoon River. The testing and training accuracy of the ANN model in Little 
Patuxent River was comparatively higher than that the SCRR model. The initial results 
indicate that ANNs can be powerful tools in modeling the precipitation-runoff process 
for various time scales, topography, and climate patterns.

Grivas and Chaloulakou [33] evaluated the potential of various developed neural 
network models to provide reliable predictions of PM10 hourly concentrations, a task 
WKDW�LV�NQRZQ�WR�SUHVHQW�FHUWDLQ�GLI¿FXOWLHV��7KH�PRGHOLQJ�VWXG\�LQYROYHV���PHDVXUH-
PHQW�ORFDWLRQV�ZLWKLQ�WKH�*UHDWHU�$WKHQV�$UHD��ZKLFK�H[SHULHQFHV�D�VLJQL¿FDQW�30�
related air pollution problem. The PM10 data used cover the period of 2001–2002. 
$UWL¿FLDO�QHXUDO�QHWZRUN�PRGHOV�ZHUH�GHYHORSHG�XVLQJ�D�FRPELQDWLRQ�RI�PHWHRURORJL-
cal and time-scale input variables. A genetic algorithm optimization procedure for the 
selection of the input variables was also evaluated. The results of the neural network 
PRGHOV�ZHUH�UDWKHU�VDWLVIDFWRU\��ZLWK�YDOXHV�RI�WKH�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ��r2) for 
independent test sets ranging between 0.50 and 0.67 for the four sites and values of 
the index of agreement between 0.80 and 0.89. The performance of examined neural 
network models was superior in comparison with multiple linear regression models 
that were developed in parallel (r2 for regression models ranging between 0.29 and 
0.35). Their performance was also found adequate in the case of high-concentration 
events, with acceptable probabilities of detection and low false alarm rates. The suit-
ability of the developed neural network models for use at real-time conditions was 
further evaluated for PM10 hourly concentrations recorded during the days of the 2004 
Athens Olvmpic Games.

Chokmani [17] studied to assess the ability of the ANN models in estimating river 
LFH�WKLFNQHVV�XVLQJ�HDV\�DYDLODEOH�FOLPDWH�GDWD��$�VLWH�VSHFL¿F�$11�PRGHOV�ZHUH�GH-
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veloped for two hydrometric stations at two rivers in Alberta (Canada). The ANN 
models were found to adequately estimate ice thickness. Ways to improve the perfor-
mances of the ANN models are proposed.

6.2.2 ARTIFICIAL NEURAL NETWORK EVAPORATION MODELS
Evaporation involves the transformation of water from its liquid state into a gas and 
the subsequent diffusion of water vapor into the atmosphere. There is growing demand 
for evaporation data for studies of surface water and energy fluxes, especially for the 
studies, which address the impacts of global warming. However, the measurement of 
evaporation in the open environment is difficult and is usually done by proxy. Poten-
tial evaporation is the variable most often used. Potential evaporation is a measure 
of the ability of the atmosphere to remove water from a surface assuming no limit to 
water availability, whereas actual evaporation is the quantity of water that is removed 
from that surface by evaporation [13]. The review of literature on artificial neural net-
work and evaporation models is presented here.

Bruton [12] developed ANN models to estimate daily pan evaporation using mea-
sured weather variables as inputs. Weather data from Rome, Plains and Watkinville, 
Georgia, consisting of 2044 daily records from 1992 to 1996 were used to develop 
the models of daily pan evaporation. Additional weather from these locations, which 
included 720 daily records from 1997 and 1998, served as an independent evaluation 
dataset for the models. The measured variables included daily observations of rainfall, 
temperature, relative humidity, solar radiation, and wind speed. Daily pan evapora-
tion was also estimated using multiple linear regression and compared to the results 
of the ANN models. The ANN models of daily pan evaporation with all available 
variables as an input was the most accurate model delivering an r2 of 0.717 and a root 
mean square error 1.11 mm for the independent evaluation dataset. ANN models were 
developed with some of the observed variables eliminated to correspond to different 
levels of data collection as well as for minimal datasets. The accuracy of the models 
was reduced considerably when variables were eliminated to correspond to weather 
stations. Pan evaporation estimated with ANN models was slightly more accurate than 
the pan evaporation estimated with a multiple linear regression models.

Sudheer [81] investigated the prediction of Class A pan evaporation using the ANN 
technique. The ANN back propagation algorithm has been evaluated for its applica-
bility for predicting evaporation from minimum climatic data. Four combinations of 
input data were considered and the resulting values of evaporation were analyzed and 
compared with those of existing models. The results from this study suggest that the 
neural computing technique could be employed successfully in modeling the evapora-
tion process from the available climatic dataset. However, an analysis of the residuals 
IURP�WKH�$11�PRGHOV�GHYHORSHG�UHYHDOHG�WKDW�WKH�PRGHOV�VKRZHG�VLJQL¿FDQW�HUURU�LQ�
predictions during the validation, implying loss of generalization properties of ANN 
models unless trained carefully. The study indicated that evaporation values could be 
reasonably estimated using temperature data only through the ANN technique. This 
would be of much use in instances where data availability is limited.

Taher [85] estimated potential evaporation, especially in arid regions such as Saudi 
Arabia, has been of a great concern to many researchers. Its importance is obvious 
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in many water resources applications such as management of hydrologic, hydraulic 
and agricultural systems. For this purpose, four three-layer back propagation neural 
networks were developed to forecast monthly potential evaporation in Riyadh, Saudi 
Arabia, based on four explanatory climatic factors. Observations of relative humidity, 
solar radiation, temperature, wind speed and evaporation for the past 22 years have 
been used to train and test the developed networks. Results revealed that the networks 
were able to well learn the events they were trained to recognize. Moreover, they were 
capable of effectively generalizing their training by predicting evaporation for sets of 
XQVHHQ�FDVHV��7KHVH�HQFRXUDJLQJ�UHVXOWV�ZHUH�VXSSRUWHG�E\�KLJK�YDOXHV�RI�FRHI¿FLHQW�
of correlation and low mean square errors reaching 0.98 and 0.00015, respectively. 
The study has also evolved a comparison with traditional methods and has proven that 
the developed neural networks were superior.

Keskin [47] concluded that evaporation is one of the fundamental elements in 
the hydrological cycle, which affects the yield of river basins, the capacity of reser-
voirs, the consumptive use of water by crops and the yield of underground supplies. 
In general, there are two approaches in the evaporation estimation, namely, direct and 
indirect. The indirect methods such as the Penman and Priestley-Taylor methods are 
based on meteorological variables, whereas the direct methods include the class A 
pan evaporation measurement as well as others such as class GGI-3000 pan and class 
8�SDQ��7KH�PDMRU�GLI¿FXOW\�LQ�XVLQJ�D�FODVV�$�SDQ�IRU�WKH�GLUHFW�PHDVXUHPHQWV�DUL]HV�
EHFDXVH�RI�WKH�VXEVHTXHQW�DSSOLFDWLRQ�RI�FRHI¿FLHQWV�EDVHG�RQ�WKH�PHDVXUHPHQWV�IURP�
D�VPDOO�WDQN�WR�ODUJH�ERGLHV�RI�RSHQ�ZDWHU��6XFK�GLI¿FXOWLHV�FDQ�EH�DFFRPPRGDWHG�E\�
fuzzy logic reasoning and models as alternative approaches to classical evaporation 
estimation formulations were applied to Lake Egirdir in the western part of Turkey. 
This study has three objectives: to develop fuzzy models for daily pan evaporation 
estimation from measured meteorological data, to compare the fuzzy models with the 
ZLGHO\�XVHG�3HQPDQ�PHWKRG��DQG�¿QDOO\�WR�HYDOXDWH�WKH�SRWHQWLDO�RI�IX]]\�PRGHOV�LQ�
such applications. Among the measured meteorological variables used to implement 
the models of daily pan evaporation prediction are the daily observations of air and 
water temperatures, sunshine hours, solar radiation, air pressure, relative humidity and 
wind speed. Comparison of the classical and fuzzy logic models shows a better agree-
ment between the fuzzy model estimations and measurements of daily pan evaporation 
than the Penman method.

Ozlem [67] estimated daily pan evaporation is achieved by a suitable ANN model 
for the meteorological data recorded from the Automated GroWheather meteorologi-
cal station near Lake Egirdir, Turkey. In this station six meteorological variables are 
measured simultaneously, namely, air temperature, water temperature, solar radiation, 
air pressure, wind speed and relative humidity. Since the purpose in the estimation 
of evaporation the ANN architecture has only one output neuron with up to 4 input 
neurons representing air and water temperature, air pressure and solar radiation. Prior 
to ANN model construction the classical correlation study indicated that the insig-
QL¿FDQFH�RI�WKH�ZLQG�VSHHG�DQG�WKH�UHODWLYH�KXPLGLW\�LQ�WKH�/DNH�(JLUGLU�DUHD��+HQFH�
WKH�¿QDO�$11�PRGHO�KDV��� LQSXW�QHXURQV� LQ� WKH� LQSXW� OD\HU�ZLWK�RQH�DW� WKH�RXWSXW�
layer. The hidden layer neuron number is found 3 after various trial and error models 
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running. The ANN model provides good estimate with the least Mean Square Error 
(MSE).

Molina Martinez [63] developed and validated a simulation model of the evapora-
tion rate of a Class A evaporimeter pan (Epan���$�PXOWLOD\HU�PRGHO�ZDV�¿UVW�GHYHORSHG��
based on the discretization of the pan water volume into several layers. The energy 
balance equations established at the water surface and within the successive in-depth 
layers were solved using an iterative numerical scheme. The wind function at the pan 
VXUIDFH�ZDV�LGHQWL¿HG�IURP�SUHYLRXV�H[SHULPHQWV��DQG�WKH�FRQYHFWLYH�SURFHVVHV�ZLWKLQ�
the tank were accounted for by introducing an internal ‘mixing’ function, which de-
pends on the wind velocity. The model was calibrated and validated using hourly aver-
aged measurements of the evaporation rate and water temperature, collected in a Class 
A pan located near Cartagena (South-east Spain). The simulated outputs of both water 
temperature and Epan proved to be realistic when compared to the observed values. Ex-
perimental data evidenced that the convective mixing process within the water volume 
LQGXFHG�D�UDSLG�KRPRJHQL]DWLRQ�RI�WKH�WHPSHUDWXUH�¿HOG�ZLWKLQ�WKH�ZKROH�ZDWHU�ERG\��
7KLV�UHVXOW�OHG�XV�WR�SURSRVH�D�VLPSOL¿HG�YHUVLRQ�RI�WKH�PXOWLOD\HU�PRGHO��DVVXPLQJ�
an isothermal behavior of the pan. The outputs of the single layer model are similar to 
those supplied by the multilayer model although slightly less accurate. Due to its good 
SUHGLFWLYH�SHUIRUPDQFHV��IDFLOLW\�RI�XVH�DQG�LPSOHPHQWDWLRQ��WKH�VLPSOL¿HG�PRGHO�PD\�
be proposed for applied purposes, such as routine prediction of Class A pan evapora-
tion, while the multilayer model appears to be more appropriate for research purposes.

Keskin and Terzi [48] studied the ANN models and proposed as an alternative ap-
proach of evaporation estimation for Lake Eirdir. This study has three objectives: (1) to 
develop ANN models to estimate daily pan evaporation from measured meteorological 
data; (2) to compare the ANN models to the Penman model; and (3) to evaluate the po-
tential of ANN models. Meteorological data from Lake Eirdir consisting of 490 daily 
records from 2001 to 2002 are used to develop the model for daily pan evaporation 
estimation. The measured meteorological variables include daily observations of air 
and water temperature, sunshine hours, solar radiation, air pressure, relative humidity, 
and wind speed. The results of the Penman method and ANN models are compared to 
pan evaporation values. The comparison shows that there is better agreement between 
the ANN estimations and measurements of daily pan evaporation than for other model.

Dogan and Demir [26] investigated that the evaporation amount from the lake 
surface is important in terms of drinking water, irrigation, demand of industrial water, 
cultivated plant. Generally, daily evaporation amount is calculated two ways. First 
way is directly evaporation pan estimation. Secondly way is indirectly depending on 
meteorological data like Penman-Monteith model (PM model). There are some dif-
¿FXOWLHV� LQ� WKLV�PHWKRG�� VXFK� DV�� ORQJ�PHDVXUHPHQW� WLPHV�� GLI¿FXOWLHV� LQ�PHDVXUH-
ment, evaporation calculation equations are not universal, etc. In this study, Genetic 
Algorithm (GA) and Back propagation Feed Forward Neural Network (FFNN) have 
been adapted to estimate daily evaporation amount for Lake Sapanca. FFNN and GA 
models have been applied to daily evaporation estimation depending on daily min and 
max temperature, wind speed, relative humidity, real solar period and maximum solar 
period. When performances of the ANN and GA models compared, it has been seen 
that ANN model yields best result.
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Tan Stephen Boon Kean [83] studied evaporation rate estimation is important for 
water resource studies. Previous studies have shown that the radiation-based models, 
mass transfer models, temperaturebased models and ANN models generally perform 
well for areas with a temperate climate. This study evaluates the applicability of these 
models in estimating hourly and daily evaporation rates for an area with an equatorial 
climate. Unlike in temperate regions, solar radiation was found to correlate best with 
pan evaporation on both the hourly and daily time-scales. Relative humidity becomes 
D�VLJQL¿FDQW�IDFWRU�RQ�D�GDLO\�WLPH�VFDOH��$PRQJ�WKH�VLPSOL¿HG�PRGHOV��RQO\�WKH�UD-
diation-based models were found to be applicable for modeling the hourly and daily 
HYDSRUDWLRQV��$11�PRGHOV�DUH�JHQHUDOO\�PRUH�DFFXUDWH�WKDQ�WKH�VLPSOL¿HG�PRGHOV�LI�
DSSURSULDWH�QHWZRUN�DUFKLWHFWXUH�LV�VHOHFWHG�DQG�D�VXI¿FLHQW�QXPEHU�RI�GDWD�SRLQWV�DUH�
used for training the network. ANN modeling becomes more relevant when both the 
energy- and aerodynamics-driven mechanisms dominate, as the radiation and the mass 
transfer models are incapable of producing reliable evaporation estimates under this 
circumstance.

'HVZDO�DQG�0DKHVK�3DO�>��@�VWXGLHG�DQ�$UWL¿FLDO�1HXUDO�1HWZRUN�EDVHG�PRGHOLQJ�
WHFKQLTXH�KDV�EHHQ�XVHG� WR�VWXG\� WKH� LQÀXHQFH�RI�GLIIHUHQW�FRPELQDWLRQV�RI�PHWHR-
rological parameters on evaporation from a reservoir. The dataset used is taken from 
DQ�HDUOLHU�UHSRUWHG�VWXG\��6HYHUDO�LQSXW�FRPELQDWLRQ�ZHUH�WULHG�VR�DV�WR�¿QG�RXW�WKH�
importance of different input parameters in predicting the evaporation. The prediction 
DFFXUDF\�RI�$UWL¿FLDO�1HXUDO�1HWZRUN�KDV�DOVR�EHHQ�FRPSDUHG�ZLWK�WKH�DFFXUDF\�RI�
linear regression for predicting evaporation. The comparison demonstrated superior 
SHUIRUPDQFH�RI�$UWL¿FLDO�1HXUDO�1HWZRUN�RYHU�OLQHDU�UHJUHVVLRQ�DSSURDFK��7KH�¿QG-
ings of the study also revealed the requirement of all input parameters considered 
together, instead of individual parameters taken one at a time as reported in earlier 
VWXGLHV��LQ�SUHGLFWLQJ�WKH�HYDSRUDWLRQ��7KH�KLJKHVW�FRUUHODWLRQ�FRHI¿FLHQW���������DORQJ�
with lowest root mean square error (0.865) was obtained with the input combination 
of air temperature, wind speed, sunshine hours and mean relative humidity. A graph 
between the actual and predicted values of evaporation suggests that most of the val-
XHV�OLH�ZLWKLQ�D�VFDWWHU�RI������ZLWK�DOO�LQSXW�SDUDPHWHUV��7KH�¿QGLQJV�RI�WKLV�VWXG\�
suggest the usefulness of ANN technique in predicting the evaporation losses from 
reservoirs.

Shirgure and Rajput [79] developed the model, which can generalize for the di-
YHUVL¿HG�,QGLDQ�FRQGLWLRQV��7KH�LQYHVWLJDWLRQ�ZDV�FDUULHG�RXW�WR�GHYHORS�DQG�WHVW�WKH�
daily pan evaporation prediction models using various weather parameters as input 
YDULDEOHV�ZLWK�$11�DQG�YDOLGDWHG�ZLWK�WKH�LQGHSHQGHQW�VXEVHW�RI�GDWD�IRU�¿YH�GLIIHUHQW�
locations in India. The measured variables included daily observations of maximum 
and minimum temperature, maximum and minimum relative humidity, wind speed, 
sunshine hours and rainfall. In this GM model development and evaluation has been 
GRQH�IRU�WKH�¿YH�ORFDWLRQV�YL]��1DJSXU��-DEDOSXU��$NROD��+\GHUDEDG�DQG�8GDLSXU��7KH�
daily data of pan evaporation and other inputs for two years was considered for model 
development and subsequent 1–2 years data for validation. Weather data consisting of 
3305 daily records from 2002–2006 were used to develop the GM models of daily pan 
HYDSRUDWLRQ��$GGLWLRQDO�ZHDWKHU�IURP�WKHVH�¿YH�ORFDWLRQV��ZKLFK�LQFOXGHG������GDLO\�
records from 2004–2007, served as an independent evaluation dataset for the perfor-
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mance of the models. From the studies it is concluded that three layered feed forward 
neural networks with Levenberg Marquardt minimization training function gave the 
best network training when used in the back propagation algorithm with hidden nodes 
as 2n+1 for GM modeling. The General ANN models of daily pan evaporation with all 
available variables as an input was the most accurate model delivering an R2 of 0.84 
and a root mean square error 1.44 mm/day for the model development dataset. The 
GM evaluation with NM model development data shown lowest RMSE (1.961 mm/d), 
MAE (0.038 mm) and MARE (2.30 %) and highest r (0.848), R2 (0.719) and d (0.919) 
with ANN GM with all input variables. The GM evaluation data has shown the lowest 
RMSE (1.615 mm/d) and highest R2 (0.781) with ANN GM model consisting of all in-
puts except sunshine hours (Model M-3). The General model evaluation with NRCC, 
Nagpur data has shown the lowest RMSE as 1.86 mm/day; with JNKVV, Jabalpur 
has shown the lowest RMSE as 1.547 mm/day; with PDKV, Akola as 1.572 mm/day 
RMSE; with ICRISAT, Hyderabad as 1.481 mm/day RMSE and with MPUAT, Udai-
pur as 2.069 mm/day.

6.3 SUMMARY

Evaporation is an essential component of the hydrological cycle and influenced by 
several meteorological parameters. But measurement of evaporation with accuracy 
is and continuous is a difficult operation. In such situations, it becomes an imperative 
to use neural network models that can estimate evaporation from available climatic 
data and may give more accurate results than the measured pan evaporation. In this 
regard, a number of models for predicting the pan evaporation have been developed 
by several investigators for different locations of India and abroad. Most of the current 
models for predicting evaporation use the principles of the deterministically based 
combined energy balance – vapor transfer approach or empirical relationships based 
on climatological variables. This resulted in relationships that were often subjected to 
rigorous local calibrations and therefore proved to have limited global validity. Due 
to these limitations the conventionally applied regression modeling techniques need 
to be further refined to achieve improved performance by adopting new and advanced 
technique like neural networks. Evaporation process is complex and needs nonlinear 
modeling and hence, can be modeled through ANN. Large number of researchers have 
been established the applicability of ANN to the problems in agricultural, hydrologi-
cal, meteorological and environmental fields. The research review related to evapora-
tion modeling using neural networks is discussed here in brief.

KEY WORDS

 • Artificial Neural Network

 • bias weight

 • coefficient of determination

 • correlation coefficient

 • epochs

 • error back propagation algorithm
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 • evaporation

 • evaporation modeling

 • evapotranspiration

 • feed forward neural networks

 • hidden layer

 • hydrological process

 • hydrology

 • index of agreement

 • input variable

 • input weight

 • irrigation management

 • land resources management

 • layer weight

 • learning rate

 • Levenberg Marquardt minimization training function

 • linear regression methods

 • linear regression model

 • logistic sigmoid

 • MATLAB

 • maximum temperature

 • mean absolute error

 • mean absolute relative error

 • mean square error

 • minimum temperature

 • model evaluation

 • model architecture

 • model development

 • model strategies

 • model validation

 • modeling

 • momentum

 • multi-layer preceptron

 • multi-layered feed forward ANN

 • multiple linear regression

 • network function

 • non-linear regression models
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 • observed

 • output variable

 • pan evaporation

 • predicted

 • prediction of evaporation

 • rainfall

 • relative humidity

 • root mean square error

 • soil water evaporation

 • sunshine hours

 • the class ‘A’ pan evaporimeter

 • water balance assessment

 • water resources planning

 • weather forecasting

 • wind speed
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7.1 INTRODUCTION

Artificial neural networks are much easier to set-up than many of the statistical mod-
els, such as regression (with only a small amount of time an ANN can be set-up; with 
learning and practice they can provide better results, since it is more of an art to setting 
one up, than a science). Most of the research on the application of ANN in agriculture 
science has been done in the last decade, mainly in the area of yield prediction, spa-
tial modeling, and spatial-temporal forecasting. This chapter will introduce the basic 
concepts about neural network. Also the work done on the application of ANN in 
agriculture research will be reviewed. The application of ANN in agriculture research 
using real data will be presented.

7.2 ARTIFICIAL NEURAL NETWORK (ANN) MODELING

Artificial neural networks (ANN) are among the newest signal-processing technolo-
gies in the engineer’s toolbox. The field is highly interdisciplinary, but our approach 
will restrict to the engineering perspective. In engineering, neural networks serve two 
important functions: as pattern classifiers and as nonlinear adaptive filters. This chap-
ter will provide a brief overview of the theory, learning rules, and applications of 
the most important neural network models. Definitions and Style of Computation an 
Artificial Neural Network is an adaptive, most often nonlinear system that learns to 
perform a function (an input/output map) from data. Adaptive means that the system 
parameters are changed during operation, normally called the training phase. After 
the training phase the Artificial Neural Network parameters are fixed, and the system 
is deployed to solve the problem at hand (the testing phase). The Artificial Neural 
Network is built with a systematic step-by-step procedure to optimize a performance 
criterion or to follow some implicit internal constraint, which is commonly referred to 
as the learning rule.

The input/output training data are fundamental in neural network technology, 
because they convey the necessary information to “discover” the optimal operating 
point. The nonlinear nature of the neural network processing elements (PEs) provides 
WKH�V\VWHP�ZLWK�ORWV�RI�ÀH[LELOLW\�WR�DFKLHYH�SUDFWLFDOO\�DQ\�GHVLUHG�LQSXW�RXWSXW�PDS��
L�H��� VRPH�$UWL¿FLDO�1HXUDO�1HWZ�� DUH� XQLYHUVDO�PDSSHUV��7KHUH� LV� D� VW\OH� LQ� QHXUDO�
computation that is worth describing.

An input is presented to the neural network and a corresponding desired or target 
response set at the output (when this is the case the training is called supervized). An 
error is composed from the difference between the desired response and the system 
output. This error information is fed back to the system and adjusts the system pa-
rameters in a systematic fashion (the learning rule). The process is repeated until the 
performance is acceptable. It is clear from this description that the performance hinges 
KHDYLO\�RQ�WKH�GDWD��,I�RQH�GRHV�QRW�KDYH�GDWD�WKDW�FRYHU�D�VLJQL¿FDQW�SRUWLRQ�RI�WKH�
operating conditions or if they are noisy, then neural network technology is probably 
not the right solution. On the other hand, if there is plenty of data and the problem is 
poorly understood to derive an approximate model, then neural network technology is 
a good choice. This operating procedure should be contrasted with the traditional engi-
QHHULQJ�GHVLJQ��PDGH�RI�H[KDXVWLYH�VXEV\VWHP�VSHFL¿FDWLRQV�DQG�LQWHUFRPPXQLFDWLRQ�
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SURWRFROV��,Q�DUWL¿FLDO�QHXUDO�QHWZRUNV��WKH�GHVLJQHU�FKRRVHV�WKH�QHWZRUN�WRSRORJ\��WKH�
performance function, the learning rule, and the criterion to stop the training phase, 
EXW�WKH�V\VWHP�DXWRPDWLFDOO\�DGMXVWV�WKH�SDUDPHWHUV��6R��LW�LV�GLI¿FXOW�WR�EULQJ�D�SULRUL�
information into the design, and when the system does not work properly it is also hard 
WR�LQFUHPHQWDOO\�UH¿QH�WKH�VROXWLRQ��%XW�$11�EDVHG�VROXWLRQV�DUH�H[WUHPHO\�HI¿FLHQW�
LQ�WHUPV�RI�GHYHORSPHQW�WLPH�DQG�UHVRXUFHV��DQG�LQ�PDQ\�GLI¿FXOW�SUREOHPV�DUWL¿FLDO�
QHXUDO�QHWZRUNV�SURYLGH�SHUIRUPDQFH�WKDW�LV�GLI¿FXOW�WR�PDWFK�ZLWK�RWKHU�WHFKQRORJLHV��
'HQNHU�LQGLFDWHG�WKDW�³DUWL¿FLDO�QHXUDO�QHWZRUNV�DUH�WKH�VHFRQG�EHVW�ZD\�WR�LPSOHPHQW�
a solution” motivated by the simplicity of their design and because of their univer-
sality, only shadowed by the traditional design obtained by studying the physics of 
WKH�SUREOHP��$W�SUHVHQW��DUWL¿FLDO�QHXUDO�QHWZRUNV�DUH�HPHUJLQJ�DV�WKH�WHFKQRORJ\�RI�
FKRLFH�IRU�PDQ\�DSSOLFDWLRQV��VXFK�DV�SDWWHUQ�UHFRJQLWLRQ��SUHGLFWLRQ��V\VWHP�LGHQWL¿-
cation, and control.

7.3 THE BIOLOGICAL MODEL

Artificial neural networks emerged after the introduction of simplified neurons. These 
neurons were presented as models of biological neurons and as conceptual compo-
nents for circuits that could perform computational tasks. The basic model of the neu-
ron is founded upon the functionality of a biological neuron. “Neurons are the basic 
signaling units of the nervous system” and “each neuron is a discrete cell whose sev-
eral processes arize from its cell body.”

The neuron has four main regions to its structure: The cell body, or soma, has two 
offshoots from it, the dendrites, and the axon, which end in presynaptic terminals. 
The cell body is the heart of the cell, containing the nucleus and maintaining protein 
synthesis. A neuron may have many dendrites, which branch out in a treelike structure, 
and receive signals from other neurons. A neuron usually only has one axon which 
grows out from a part of the cell body called the axon hillock. The axon conducts 
electric signals generated at the axon hillock down its length.

These electric signals are called action potentials. The other end of the axon may 
split into several branches, which end in a presynaptic terminal. Action potentials are 
the electric signals that neurons use to convey information to the brain. All these sig-
nals are identical. Therefore, the brain determines what type of information is being 
received based on the path that the signal took. The brain analyzes the patterns of 
signals being sent and from that information it can interpret the type of information 
being received. Myelin is the fatty tissue that surrounds and insulates the axon. Often 
short axons do not need this insulation. There are un-insulated parts of the axon. These 
areas are called Nodes of Ranvier. At these nodes, the signal traveling down the axon 
is regenerated. This ensures that the signal traveling down the axon travels fast and 
remains constant (i.e., very short propagation delay and no weakening of the signal). 
The synapse is the area of contact between two neurons. The neurons do not actually 
physically touch. They are separated by the synaptic cleft, and electric signals are sent 
through chemical 13 interaction. The neuron sending the signal is called the presynap-
tic cell and the neuron receiving the signal is called the postsynaptic cell. The signals 
are generated by the membrane potential, which is based on the differences in concen-
tration of sodium and potassium ions inside and outside the cell membrane. Neurons 
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FDQ�EH�FODVVL¿HG�E\�WKHLU�QXPEHU�RI�SURFHVVHV��RU�DSSHQGDJHV���RU�E\�WKHLU�IXQFWLRQ��
7KHLU�SURFHVVHV�DUH�FODVVL¿HG�LQWR�WKUHH�FDWHJRULHV��8QL�SRODU�QHXURQV�KDYH�D�VLQJOH�
process (dendrites and axon are located on the same stem), and are most common in 
invertebrates. In bipolar neurons, the dendrite and axon are the neuron’s two separate 
processes. Bipolar neurons have a subclass called pseudobipolar neurons, which are 
used to send sensory information to the spinal cord. Finally, multipolar neurons are 
most common in mammals. Examples of these neurons are spinal motor neurons, py-
UDPLGDO�FHOOV�DQG�3XUNLQMH�FHOOV��LQ�WKH�FHUHEHOOXP���,I�FODVVL¿HG�E\�IXQFWLRQ��QHXURQV�
DJDLQ�IDOO�LQWR�WKUHH�VHSDUDWH�FDWHJRULHV��7KH�¿UVW�JURXS�LV�VHQVRU\��RU�DIIHUHQW��QHXURQV��
which provide information for perception and motor coordination. The second group 
provides information (or instructions) to muscles and glands and is therefore called 
motor neurons. The last group, interneuronal, contains all other neurons and has two 
subclasses. One group called relay or projection interneurons have long axons and 
connect different parts of the brain. The other group called local interneurons are only 
used in local circuits.

7.4 THE NEURAL NETWORK MODEL

Neural networks are composed of simple elements operating in parallel. These ele-
ments are inspired by biological nervous systems. As in nature, the network function 
is determined largely by the connections between elements. A neural network can be 
trained to perform a particular function by adjusting the values of the connections 
(weights) between the elements. Commonly neural networks are adjusted, or trained, 
so that a particular input leads to a specific target output.

Neural networks use a complex combination of weights and functions to convert 
input variables into an output (the prediction). The Multi-Layer Perceptron (MLP) 
consists of a system a simple processing inter connected elements called neurons, 
cells or nodes. Each of the various inputs to the network is multiplied by a connection 
weight. These products are simply summed, fed through a transfer function to generate 
a result, and then output. This is a gradient-decent algorithm that is normally used to 
train a MLP network. Errors in the output of this procedure are assumed to be due to 
all processing element and connections, and these errors are reduced by propagating 
the output error backward to the connections in the previous layers.

Feed forward ANN models comprize a system of neurons, which are arranged in 
successive layers, namely input and output layers in addition to one or more hidden 
layers. The neurons in each layer are connected to the neurons in the subsequent layer 
by a weight w, which may be adjusted during training. A data pattern comprizing the 
values xi presented at the input layer i, is propagated forward through the network to-
wards the hidden layer j. Each hidden neuron receives the weighted outputs wji xi, from 
the neurons in the previous layer. These are summed to produce a net value (NETj), 
which is then transformed to an output value upon the application of an activation 
function.

A typical three-layer feed-forward ANN consists of three layers namely input, hid-
den and output layers. Input layer neurons are x1, x2, x3, ….xn; hidden layer neurons are 
h1, h2, h3, …….hn��DQG�¿QDOO\�RXWSXW�OD\HU�QHXURQV�DUH�o1, o2, o3, …….on.
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A neuron consists of multiple inputs and single output. The sum of inputs and their 
weights lead to a summation operation as, 

 NETj� �ȈWij Xi (1)

where, Wij is established weight, Xi is input value and NETj is input to a node in a layer j.
The output of a neuron is decided by an activation function. There are number of 

activation functions that can be used in ANNs such as step, sigmoid, threshold, linear 
etc. The logistic sigmoid function, f(x), commonly used, can be formulated mathemati-
cally as: 

 f(x) =1/[1+exp(–x)]

 OUTPUTj = f(NETj) = 1/[1+exp(–NETj)] (2)

When creating a functional model of the biological neuron, there are three basic com-
ponents. First, the synapses of the neuron are modeled as weights. The strength of 
the connection between an input and a neuron is noted by the value of the weight. 
Negative weight values reflect inhibitory connections, while positive values designate 
excitatory connections. The next two components model the actual activity within the 
neuron cell. An adder sums up all the inputs modified by their respective weights. This 
activity is referred to as linear combination. Finally, an activation function controls 
the amplitude of the output of the neuron. An acceptable range of output is usually 
EHWZHHQ���DQG����RU�í��DQG����0DWKHPDWLFDOO\��WKLV�SURFHVV�LV�GHVFULEHG�LQ�WKH�)LJ����

FIGURE 1 The mathematical process.
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From this model the interval activity of the neuron is shown below: 

  (3)

The output of the neuron, yk, is therefore be the outcome of some activation function 
on the value of vk.

7.4.1 ACTIVATION FUNCTIONS
As mentioned previously, the activation function acts as a squashing function, such 
that the output of a neuron in a neural network is between certain values (usually 0 and 
���RU�í��DQG�����,Q�JHQHUDO��WKHUH�DUH�WKUHH�W\SHV�RI�DFWLYDWLRQ�IXQFWLRQV��GHQRWHG�E\���
First, there is the Threshold Function, which takes on a value of 0 if the summed input 
is less than a certain threshold value (), and the value 1 if the summed input is greater 
than or equal to the threshold value.

  (4)

Secondly, there is the Piecewise-Linear function. This function again can take on the 
values of 0 or 1, but can also take on values between that depending on the amplifica-
tion factor in a certain region of linear operation.

  (5)

Thirdly, there is the sigmoid function (Fig. 2). This function can range between 0 and 
���EXW�LW�LV�DOVR�VRPHWLPHV�XVHIXO�WR�XVH�WKH�í��WR���UDQJH��$Q�H[DPSOH�RI�WKH�VLJPRLG�
function is the hyperbolic tangent function.

  (6)

The artificial neural networks that we describe are all variations on the parallel-distrib-
uted processing (PDP) idea. The architecture of each neural network is based on very 
similar building blocks, which perform the processing. In this chapter we first discuss 
these processing units and discuss different neural network topologies. Learning strat-
egies as a basis for an adaptive system
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FIGURE 2 Common nonlinear functions for synaptic inhibition.

7.5 NEURAL NETWORK TOPOLOGIES

In the previous section, we have discussed the properties of the basic processing unit 
in an artificial neural network. This section focuses on the pattern of connections be-
tween the units and the propagation of data. As for this pattern of connections, the 
main distinction we can make is between: 

�� Feed-forward neural networks, where the data flow from input to output units 
is strictly feed forward. The data processing can extend over multiple (layers 
of) units, but no feedback connections are present, that is, connections extend-
ing from outputs of units to inputs of units in the same layer or previous layers.

�� Recurrent neural networks that do contain feedback connections. Contrary to 
feed-forward networks, the dynamical properties of the network are important. 
In some cases, the activation values of the units undergo a relaxation process 
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such that the neural network will evolve to a stable state in which these activa-
tions do not change anymore. In other applications, the change of the activation 
values of the output neurons is significant, so that the dynamical behavior con-
stitutes the output of the neural network. 

7.5.1 THE FEED-FORWARD NEURAL NETWORK MODELS
If we consider the human brain to be the ‘ultimate’ neural network, then ideally we 
would like to build a device, which imitates the brain’s functions. However, because 
of limits in our technology, we must settle for a much simpler design. The obvious 
approach is to design a small electronic device, which has a transfer function similar 
to a biological neuron, and then connect each neuron to many other neurons, using 
RLC networks to imitate the dendrites, axons, and synapses. This type of electronic 
model is still rather complex to implement, and we may have difficulty ‘teaching’ 
the network to do anything useful. Further constraints are needed to make the design 
more manageable. First, we change the connectivity between the neurons so that they 
are in distinct layers, such that each neuron in one layer is connected to every neuron 
in the next layer. Further, we define that signals flow only in one direction across the 
network, and we simplify the neuron and synapse design to behave as analog com-
parators being driven by the other neurons through simple resistors. We now have a 
feed-forward neural network model that may actually be practical to build and use.

As shown in Figs. 3 and 4, the network functions as follows: Each neuron receives 
a signal from the neurons in the previous layer, and each of those signals is multiplied 
by a separate weight value. The weighted inputs are summed, and passed through a 
OLPLWLQJ�IXQFWLRQ�ZKLFK�VFDOHV�WKH�RXWSXW�WR�D�¿[HG�UDQJH�RI�YDOXHV��7KH�RXWSXW�RI�WKH�
limiter is then broadcast to all of the neurons in the next layer. So, to use the network 
WR�VROYH�D�SUREOHP��ZH�DSSO\�WKH�LQSXW�YDOXHV�WR�WKH�LQSXWV�RI�WKH�¿UVW�OD\HU��DOORZ�WKH�
signals to propagate through the network, and read the output values.

FIGURE 3 A Generalized neural network.
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FIGURE 4 The structure of a neuron.

6WLPXODWLRQ�LV�DSSOLHG�WR�WKH�LQSXWV�RI�WKH�¿UVW�OD\HU��DQG�VLJQDOV�SURSDJDWH�WKURXJK�
the middle (hidden) layer(s) to the output layer. Each link between neurons has a 
unique weighting value. Inputs from one or more previous neurons are individually 
weighted, then summed. The result is nonlinearly scaled between 0 and +1, and the 
output value is passed on to the neurons in the next layer.

Since the real uniqueness or ‘intelligence’ of the network exists in the values of 
the weights between neurons, we need a method of adjusting the weights to solve a 
particular problem. For this type of network, the most common learning algorithm is 
called Back Propagation (BP). A BP network learns by example, that is, we must pro-
vide a learning set that consists of some input examples and the known-correct output 
for each case. So, we use these input-output examples to show the network what type 
of behavior is expected, and the BP algorithm allows the network to adapt. The BP 
learning process works in small iterative steps: one of the example cases is applied to 
the network, and the network produces some output based on the current state of it’s 
synaptic weights (initially, the output will be random). This output is compared to the 
known-good output, and a mean-squared error signal is calculated. The error value is 
then propagated backwards through the network, and small changes are made to the 
weights in each layer. The weight changes are calculated to reduce the error signal for 
the case in question. The whole process is repeated for each of the example cases, then 
EDFN�WR�WKH�¿UVW�FDVH�DJDLQ��DQG�VR�RQ��7KH�F\FOH�LV�UHSHDWHG�XQWLO�WKH�RYHUDOO�HUURU�YDO-
ue drops below some predetermined threshold. At this point we say that the network 
has learned the problem “well enough” – the network will never exactly learn the ideal 
function, but rather it will asymptotically approach the ideal function.

7.5.2 MULTI-LAYER FEED FORWARD NETWORKS
A single-layer network has severe restrictions: the class of tasks that can be accom-
plished is very limited. In this chapter we will focus on feed-forward networks with 
layers of processing units. A two layer feed-forward network can overcome many 
restrictions, but did not present a solution to the problem of how to adjust the weights 
from input to hidden units. The errors for the units of the hidden layer are determined 
by back-propagating the errors of the units of the output layer. For this reason the 
method is often called the back-propagation learning rule. Back-propagation can also 
be considered as a generalization of the delta rule for nonlinear activation functions 
and multilayer networks.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



140 Evapotranspiration: Principles and Applications for Water Management

7.5.2.1 MULTI-LAYER FEED-FORWARD NETWORK ALGORITHM
A feed-forward network has a layered structure. Each layer consists of units, which 
receive their input from units from a layer directly below and send their output to units 
in a layer directly above the unit. There are no connections within a layer. The Ni 
inputs are fed into the first layer of Nh;1 hidden units. The input units are merely ‘fan-
out’ units; no processing takes place in these units. The activation of a hidden unit is a 
function Fi of the weighted inputs plus a bias, as given in in equation below.

  (7)

The output of the hidden units is distributed over the next layer of Nh; two hidden 
units, until the last layer of hidden units, of which the outputs are fed into a layer of 
No output units [Fig. 5].

FIGURE 5 The output of hidden units in multilayer feed-forward network algorithm.

Although back-propagation can be applied to networks with any number of layers, 
just as for networks with binary units it has been shown that only one layer of hidden 
XQLWV�VXI¿FLHQW�WR�DSSUR[LPDWH�DQ\�IXQFWLRQ�ZLWK�¿QLWHO\�PDQ\�GLVFRQWLQXLWLHV�WR�DUEL-
trary precision, provided the activation functions of the hidden units are nonlinear (the 
universal approximation theorem). In most applications a feed-forward network with 
a single layer of hidden units is used with a sigmoid activation function for the units.

7.6 DELTA LEARNING RULE

Since we are now using units with nonlinear activation functions, we have to general-
ize the delta rule: The activation is a differentiable function of the total input, given by

where:  (8)
To get the correct generalization of the delta rule, we must set: 
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  (9)

The error measure (Ep) is defined as the total quadratic error for pattern p at the output 
units:

  (10)

where:  is the desired output for unit o when pattern p is clamped. We further set the 
equation (11) for summed squared error.

   (11)

We can write: 

  (12)

,Q�(T��������WKH�VHFRQG�IDFWRU�LV�GH¿QHG�DV��

  (13a)

and  (13b)

From Eqs. (11)–(13), we will get an update rule which is equivalent to the delta rule 
as described above, resulting in a gradient descent on the error surface if we make the 
weight changes according to Eq. (14): 

  (14)

The procedure involves finding out what should be for each unit k in the network. The 
Eq. (14) is a simple recursive computation of these į¶V��ZKLFK can be implemented by 
propagating error signals backward through the network.

To compute we apply the chain rule to write this partial derivative as the product 
RI�WZR�IDFWRUV��RQH�IDFWRU�UHÀHFWLQJ�WKH�FKDQJH�LQ�HUURU�DV�D�IXQFWLRQ�RI�WKH�RXWSXW�RI�
the unit and one reacting the change in the output as a function of changes in the input. 
Thus, we have: 

  (15)

Now, we shall compute the second factor as follows: 

   (16)

  (17)
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The Eq. (17) is the same result as we obtained with the standard delta rule. Substituting 
this and Eq. (18) in Eq. (17), we get Eq. (19) for any output unit o: 

  (18)

  (19)

Secondly, if k is not an output unit but a hidden unit k = h, we do not readily know the 
contribution of the unit to the output error of the network. However, the error measure 
can be written as a function of the net inputs from hidden to output layer;  =  (sp1, 
sp2,......., spj.....) and we use the chain rule to write equation (20): 

 (20)

From eqs (15) and (20), we get: 

  (21)

Eqs. (15) and (21) give a recursive procedure for computing the į›s for all units in the 
network, which are then used to compute the weight changes according to equation. 
This procedure constitutes the generalized delta rule for a feed-forward network of 
non-linear units.

7.6.1 UNDERSTANDING BACK-PROPAGATION NETWORKS
The Eqs. (21) may be mathematically correct, but what do they actually mean? Is there 
a way of understanding back-propagation other than reciting the necessary equations? 
The answer is, of course, yes. In fact, the whole back-propagation process is intui-
tively very clear. What happens in the above equations is the following: 

When a learning pattern is clamped, the activation values are propagated to the 
output units, and the actual network output is compared with the desired output values, 
we usually end up with an error in each of the output units. Let’s call this error eo for a 
particular output unit o. We have to bring eo to zero The simplest method to do this is 
the greedy method: we strive to change the connections in the neural network in such 
a way that, next time around, the error [eo] will be zero for this particular pattern. We 
know from the delta rule that, in order to reduce an error, we have to adapt its incoming 
weights according to:

  (22)

This is step one. However, this is not enough: when we only apply this rule, the 
weights from input to hidden units are never changed, and we do not have the full 
representational power of the feed-forward network as promized by the universal ap-
proximation theorem. In order to adapt the weights from input to hidden units, we 
DJDLQ�ZDQW�WR�DSSO\�WKH�GHOWD�UXOH��,Q�WKLV�FDVH��KRZHYHU��ZH�GR�QRW�KDYH�D�YDOXH�IRU�į�
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for the hidden units. This is solved by the chain rule which does the following: distrib-
ute the error of an output unit o to all the hidden units that is it connected to, weighted 
by this connection. Differently put, a hidden unit h receives a delta from each output 
unit o equal to the delta of that output unit weighted with (= multiplied by) the weight 
of the connection between those units.

The application of the generalized delta rule thus involves two phases: During 
WKH�¿UVW�SKDVH�WKH�LQSXW�x is presented and propagated forward through the network 
to compute the output values [yp

o] for each output unit. This output is compared with 
LWV�GHVLUHG�YDOXH�GR��UHVXOWLQJ�LQ�DQ�HUURU�VLJQDO�įp o for each output unit. The second 
phase involves a backward pass through the network during which the error signal is 
passed to each unit in the network and appropriate weight changes are calculated.

7.6.2 WEIGHT ADJUSTMENTS WITH SIGMOID ACTIVATION FUNCTION
�� The weight of a connection is adjusted by an amount proportional to the product 

of an error signal į, on the unit k receiving the input and the output of the unit j 
sending this signal along the connection:

  (23)

�� If the unit is an output unit, the error signal is given by:

  (24)

�� Take as the activation function  the ‘sigmoid’ function as defined:

   (25)

In this case the derivative is equal to:

 

  (26)

  
Such that the error signal for an output unit can be written as:

  (27)

�� The error signal for a hidden unit is determined recursively in terms of error 
signals of the units to which it directly connects and the weights of those con-
nections. For the sigmoid activation function: 
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  (28)

7.6.2.1 LEARNING RATE AND MOMENTUM

The learning procedure requires that the change in weight is proportional to .   

True gradient descent requires that infinitesimal steps are taken. The constant of pro-
portionality is the learning rate. For practical purposes we choose a learning rate that 
is as large as possible without leading to oscillation. One way to avoid oscillation at 
large, is to make the change in weight dependent of the past weight change by adding 
a momentum term:

  (29)

where: t indexes the presentation number and F is a constant which determines the 
effect of the previous weight change.

Although, theoretically, the back-propagation algorithm performs gradient descent 
on the total error only if the weights are adjusted after the full set of learning patterns 
has been presented, more often than not the learning rule is applied to each pattern 
separately, i.e., a pattern p is applied, Ep is calculated, and the weights are adapted (p 
= 1, 2, …. P). There exists empirical indication that this results in faster convergence. 
Care has to be taken, however, with the order in which the patterns are taught. For 
example, when using the same sequence over and over again the network may become 
IRFXVHG�RQ�WKH�¿UVW�IHZ�SDWWHUQV��7KLV�SUREOHP�FDQ�EH�RYHUFRPH�E\�XVLQJ�D�SHUPXWHG�
training method.

The back propagation-learning algorithm is applied to multilayered feed-forward 
networks consisting of processing element with continuous and differentiable activa-
tion functions. Given a training set of input-output pairs, the algorithm provides a pro-
cedure for changing the weights in a back-propagation learning algorithm to classify 
the given input patterns correctly. The basis for this weight update algorithm is simply 
the gradient descent method as used for simple perceptron with differentiable neurons.

For a given input-output pair, the back propagation algorithm performs two phases 
RI�GDWD�ÀRZ��)LUVW��WKH�LQSXW�SDWWHUQ�LV�SURSDJDWHG�IURP�WKH�LQSXW�OD\HU�WR�WKH�RXWSXW�
OD\HU��DQG�DV�D�UHVXOW�RI�WKLV�IRUZDUG�ÀRZ�RI�GDWD��LW�SURGXFHV�DQ�DFWXDO�RXWSXW��7KHQ�
the error signals resulting from the difference between output pattern and an actual 
output are back-propagated from the output layer to the previous layers for them to 
update their weights. The type of neural network used in this study is three-layer 
back-propagation network, consisting of an input layer, a hidden layer and an output 
layer. The learning algorithm used in this present research work Levenberg-Marquardt 
back-propagation of MATLAB Neural Network Tool Box (version 7.4, 2007). The 
transfer function selected for the layers will be sigmoid, for the hidden layer and linear 
for the output layer.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Pan Evaporation Modeling: Indian Agriculture 145

7.6.3 TRAINING AND TESTING OF NEURAL NETWORKS
A neural network has to be configured such that the application of a set of inputs pro-
duces (either ‘direct’ or via a relaxation process) the desired set of outputs. Various 
methods to set the strengths of the connections exist. One way is to set the weights 
explicitly, using a priori knowledge. Another way is to ‘train’ the neural network by 
feeding it teaching patterns and letting it change its weights according to some learn-
ing rule. We can categorize the learning situations in two distinct sorts. These are: 

�� Supervized learning or Associative learning (Fig. 6) in which the network is 
trained by providing it with input and matching output patterns. These input-
output pairs can be provided by an external teacher, or by the system which 
contains the neural network (self-supervized).

FIGURE 6 Training the networks with supervized learning.

�� Unsupervized learning or Self-organization in which an (output) unit is trained 
to respond to clusters of pattern within the input. In this paradigm the system is 
supposed to discover statistically salient features of the input population. Un-
like the supervized-learning paradigm, there is no a priori set of categories into 
which the patterns are to be classified; rather the system must develop its own 
representation of the input stimuli.

�� Reinforcement Learning This type of learning may be considered as an in-
termediate form of the above two types of learning. Here the learning machine 
does some action on the environment and gets a feedback response from the 
environment. The learning system grades its action good (rewarding) or bad 
(punishable) based on the environmental response and accordingly adjusts its 
parameters. Generally, parameter adjustment is continued until an equilibrium 
state occurs, following which there will be no more changes in its parameters. 
The self-organizing neural learning may be categorized under this type of learning.

7.6.3.1 NEURAL NETWORK TRAINING AND ANN MODEL DESCRIPTION
A multilayer neural network consists of a number of interconnected nodes arranged 
into layers where each node (neuron) operates as a simple processing element. Each 
node in the network is interconnected with all nodes in the preceding and following 
layers. There are no interconnections within nodes of the same layer. The number of 
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layers and the number of nodes by layer represent the network architecture. The input 
layer serves as an entry for the vector of input data presented to the network where 
each node corresponds to one explanatory variable (input). The output layer represents 
the output data (target). All layers between the input and output layers are referred to 
hidden layers.

The input (Ij) to a node (j) is the weighted sum (using wij) of the outputs (2i) from 
the nodes of the preceding layer (i). This sum is then passed through an activation 
function (f) to produce the node’s output (2j) within the range of the activation func-
tion. The activation function is usually a sigmoid or hyperbolic tangent, which is a 
nonlinear function with an asymptotic behavior. In our case, we used the hyperbolic 
tangent sigmoid function. The interconnecting weight values are adjusted and updated 
during the training phase to achieve minimal overall training error between the desired 
and calculated output vectors. All data should be rescaled to ensure they receive equal 
attention during the training process. In this study, data were rescaled to the interval 
(–1, 1).

All parameters in neural network (weight and biases) can be denoted by the vector: 

  (30)

where, P is the total number of parameters of the network. Training a neural network 
involves selecting the ‘best’ set of network parameters (w) that minimize a training 
error estimator. The error estimator used here was the sum-squared error (SSE). Pre-
liminary, training explored how possible architectures performed when training with 
different training algorithms. Next, the best combination of network architecture and 
training algorithm was selected. Finally the chosen combination was further tested and 
trained to obtain the best generalization capacity. The training methodology used was 
back propagation training algorithm.

While back propagation with gradient decent technique is a steepest descent algo-
rithm, the Levenberg – Marquardt algorithm is an approximation to Newton’s method. 
The minimization algorithm used was the Levenberg – Marquardt algorithm. In back 
propagation algorithm, the vector of the network parameters (w) is updated in each 
epoch (training step) using, 

 Wk+1 = Wk�±�Įk M k g k (31)

where, a = learning rate; g = gradient of the error functions; M = approximation of the 
inverse of the Hessian matrix. This matrix is positive definite in order to ensure the 
descent. All quantities are for the kth iteration. In the Levenberg-Marquardt algorithm, 
the inverse of the Hessian matrix approximated by: 

 ( ɽ��,���J. – JT��í1 (32)

where, ɽ�= small quantity; I = identity matrix; J. = Jacbian matrix (Jij) with: 

  (33)
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where, ej is the error (yj – tj) from the target value. A crucial point in the back propaga-
tion algorithm is the chose of the learning rate (a), which minimizes the error of the 
nest step (epoch). In the large majority of the works in the literature a fixed value of 
the learning rate is used during the training of the neural network.

7.6.4 MODEL ARCHITECTURE
The best neural network architecture can only be determined experimentally for each 
particular application. According to de Villiers and Barnard (3), ANN models with 
one hidden layer can approximate any continuous function. Thus, in this study, model 
architecture of one hidden layer was used. The number of nodes in the hidden layer(s) 
should be large enough to ensure a sufficient number of degrees of freedom for the 
network function and small enough to minimize the risk of loss of the network’s gen-
eralization ability. Furthermore, it’s important to note that a useless increase of the 
neural network size will lead to a significant increase in training and running time. As 
recommended by Maier and Dandy [12], the node number upper limit in the hidden 
layer(s) was fixed as follows: 

 NH = min (2NI+1; NTR /NI+1) (34)

where, NH is the number of nodes in the hidden layer(s), NI number of input nodes and 
NTR the number of training sample.

7.7 PREDICTION OF DAILY PAN EVAPORATION USING NEURAL 
NETWORKS MODELS: INDIAN AGRICULTURE

The evaporation is a complex and nonlinear phenomenon involving several weather 
factors in the hydrological process. It is the necessary components of any water bal-
ance assessments for different water resources planning, design, operation and man-
agement studies including hydrology, agronomy, horticulture, forestry, land resources, 
irrigation management, flood forecasting, investigation of agro-ecosystem and mod-
eling etc. and perhaps the most difficult to estimate owing to complex interactions 
between the components of the soil-water-plant-atmosphere system. Evaporation is 
an important variable in making the crop management decision and modeling crop 
response to weather conditions and climate change. It has been extensively used for 
estimating the potential and reference evapotranspiration of various crops [5]. Based 
on the limitations in measuring the pan evaporation research has been performed to 
model pan evaporation using various meteorological variables. It is therefore nec-
essary to develop approaches to estimate the evaporation rates from other available 
meteorology variables, which are comparatively easier for measurements. The class 
A pan evaporation is direct method. Indirect method includes those that use meteoro-
logical data to estimate evaporation from other weather variables through empirically 
developed methodologies or artificial neural network and statistical approaches.

The study was conducted to develop and test the daily pan evaporation predic-
WLRQ�PRGHOV�XVLQJ�YDULRXV�ZHDWKHU�SDUDPHWHUV�DV�LQSXW�YDULDEOHV�ZLWK�DUWL¿FLDO�QHXUDO�
QHWZRUN��$11��DQG�YDOLGDWHG�ZLWK�WKH�LQGHSHQGHQW�VXEVHW�RI�GDWD�IRU�¿YH�GLIIHUHQW�
locations in India. The measured variables included daily observations of maximum 
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and minimum temperature, maximum and minimum relative humidity, wind speed, 
sunshine hours, rainfall and open pan evaporation.

In this general model (GM), model development and evaluation has been done for 
WKH�¿YH�ORFDWLRQV�LQ�,QGLD��

�� NRCC, Nagpur (Maharashtra)
�� JNKVV, Jabalpur (Madhya Pradesh)
�� PDKV, Akola (Maharashtra)
�� ICRISAT, Hyderabad (Andhra Pradesh) and
�� MPUAT, Udaipur (Rajasthan).
The daily data of pan evaporation and other inputs for two years was considered 

for model development and subsequent 1–2 years data for validation. Weather data 
consisting of 3305 daily records from 2002 to 2006 were used to develop the GM 
models of daily pan evaporation. Additional weather data of Nagpur station, which 
included 2139 daily records from 1996–2004, served as an independent evaluation 
dataset for the performance of the models. The model plan strategy with all inputs 
has shown better performance than the reduced number of inputs. The General ANN 
models of daily pan evaporation with all available variables as inputs was the most 
accurate model delivering an R2 of 0.84 and a root mean square error 1.44 mm for 
the model development dataset. The GM evaluation with Nagpur model development 
(NMD) data shown lowest RMSE (1.961 mm), MAE (0.038 mm) and MARE (2.30%) 
and highest r (0.848), R2 (0.719) and d (0.919) with ANN GM M-1with all input vari-
ables.

The basic aim of this research was to improve the effectiveness and operational 
ability of classic and sophisticated methods and discover perspectives of modern and 
VRSKLVWLFDWHG�DSSURDFKHV�VXFK�DV�DUWL¿FLDO�QHXUDO�QHWZRUNV��$11��IRU�WKH�SUHGLFWLRQ�
and estimation of pan evaporation. The regression models developed from meteoro-
logical data involve empirical relationships to some extent accounts for many local 
conditions. Therefore, most regression models gave reliable results when applied to 
climatic conditions similar to those for which they were developed. The correlations 
and regression studies between different meteorological parameters and evaporation 
measured from US Class A open pan evaporimeter under Indian conditions. Linear 
regression methods for prediction of evaporation using weather variables has been 
applied for decades and are well and understood [8, 16]. The highest correlation was 
IRXQG�ZLWK�PD[LPXP�WHPSHUDWXUH�IROORZHG�E\�ZLQG�VSHHG��7KH�FRHI¿FLHQW�RI�GHWHU-
mination for maximum temperature, minimum temperature, wind speed and soil tem-
perature at 5 cm depth was positively correlated. The relative humidity was negatively 
correlated [10]. The pan evaporation and the meteorological parameters recorded at 
Jabalpur revealed that the morning relative humidity and the maximum temperature 
KDYH� D� VLJQL¿FDQW� LQÀXHQFH� RQ� WKH� UDWH� RI� HYDSRUDWLRQ� >��@��7KHUH�ZDV� D� QHHG� IRU�
GHYHORSLQJ�WKH�PRGHO��ZKLFK�FDQ�JHQHUDOL]H�IRU�WKH�GLYHUVL¿HG�,QGLDQ�FRQGLWLRQV��$UWL-
¿FLDO�QHXUDO�QHWZRUN��$11��LV�HIIHFWLYH�WRRO�WR�PRGHO�QRQOLQHDU�SURFHVV�OLNH�HYDSRUD-
tion from open pan. Pan evaporation has been widely used as an estimate for irrigation 
scheduling of vegetables and horticultural crops [15].

7KH�DUWL¿FLDO�QHXUDO�QHWZRUNV�SURYLGH�EHWWHU�PRGHOLQJ�ÀH[LELOLW\� WKDQ� WKH�RWKHU�
statistical approaches. Numerous researchers have shown applicability of multiple 
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linear regression technique for estimating the evaporation, but very few have been 
VHHQ�RQ�DUWL¿FLDO�QHXUDO�QHWZRUNV�LQ�DJULFXOWXUDO�DQG�K\GURORJLFDO�SURFHVVHV�LQ�,QGLD��
For instance multilayered feed forward ANN with error back propagation techniques 
has been used for estimating evaporation [1, 9, 14, 18], evapo-transpiration [11, 18], 
soil water evaporation [7] and various neuro-computing techniques for predicting the 
various atmospheric processes and parameters [6]. Bruton et al. [2] developed ANN 
models to estimate daily pan evaporation using measured weather variables as inputs. 
The measured variables included daily observations of rainfall, temperature, relative 
humidity, solar radiation, and wind speed. Daily pan evaporation was also estimated 
using multiple linear regression and compared to the results of the ANN models. The 
ANN models of daily pan evaporation with all available variables as a inputs was the 
most accurate model delivering an r2 of 0.717 and a root mean square error 1.11 mm for 
the independent evaluation dataset. The accuracy of the models was reduced consider-
ably when variables were eliminated to correspond to weather stations. Pan evapora-
tion estimated with ANN models was slightly more accurate than the pan evaporation 
estimated with a multiple linear regression models. Sudheer et al. [19] investigated 
the prediction of Class A pan evaporation using the ANN technique. The ANN back 
propagation algorithm has been evaluated for its applicability for predicting evapora-
tion from minimum climatic data. The study indicated that evaporation values could 
be reasonably estimated using temperature data only through the ANN technique. This 
would be of much use in instances where data availability is limited. These features 
provide neural networks the potential to model complex nonlinear phenomenon like 
prediction of daily pan evaporation using meteorological measured variables. Obser-
vations of relative humidity, solar radiation, temperature, wind speed and evaporation 
for the past 22 years have been used to train and test the developed networks. Results 
revealed that the networks were able to well learn the events they were trained to 
UHFRJQL]H��7KHVH�HQFRXUDJLQJ�UHVXOWV�ZHUH�VXSSRUWHG�E\�KLJK�YDOXHV�RI�FRHI¿FLHQW�RI�
correlation and low mean square errors reaching 0.98 and 0.00015 respectively [20]. 
Daily pan evaporation was estimated by a suitable ANN model for the meteorologi-
cal data recorded from the Automated GroWheather meteorological station near Lake 
Egirdir, Turkey [14]. The ANN models were developed and validated a simulation 
model of the evaporation rate of a Class A evaporimeter pan located near Cartagena 
(South-east Spain) [13]. Keskin and Terzi [9] studied the ANN models and proposed 
as an alternative approach of evaporation estimation for prediction of daily pan evapo-
ration estimation. The comparison shows that there is better agreement between the 
ANN estimations and measurements of daily pan evaporation than for other model. 
'HVZDO� DQG�0DKHVK�3DO� >�@� VWXGLHG� DQ�$11�EDVHG�PRGHOLQJ� DQG� WKH� LQÀXHQFH� RI�
PHWHRURORJLFDO�SDUDPHWHUV�RQ�HYDSRUDWLRQ�IURP�D�UHVHUYRLU��7KH�¿QGLQJV�RI�WKH�VWXG\�
also revealed the requirement of all input parameters considered together, instead of 
LQGLYLGXDO�SDUDPHWHUV�WDNHQ�RQH�DW�D�WLPH��7KH�KLJKHVW�FRUUHODWLRQ�FRHI¿FLHQW���������
along with lowest root mean square error (0.865) was obtained with the input com-
bination of air temperature, wind speed, sunshine hours and mean relative humidity.

The basic objectives of this research work are to develop three-layered feed for-
ward with error back propagation neural network models to estimate daily pan evapo-
ration values based on different meteorological data. The other objectives are to test 
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WKH�VXLWDELOLW\�RI�WKH�DUWL¿FLDO�QHXUDO�QHWZRUNV�IRU�PRGHOLQJ�GDLO\�SDQ�HYDSRUDWLRQ�DQG�
to test and validate the developed ANN evaporation models for the input variables us-
ing the independent subset of data for other locations.

7.7.1 STUDY AREA AND DATASET
Data were taken from agro-meteorological stations at: Nagpur (National Research 
Centre for Citrus, Experiment Station, lat. 21.09°N., long. 79.22°W. 311.3 m amsl), 
Jabalpur (Jawaharlal Nehru Agricultural University, lat. 23.10°N., long. 79.58°W, 
410 m amsl), Akola (Dr. Panjabrao Deshmukh Agricultural University, lat. 20.42°N. 
long. 77.04°W. 309 m amsl), Hyderabad (International Crop Research Institute for 
Semi Arid Tropics, lat. 17.53°N. long. 78.27°W. 545 m amsl) and Udaipur (Maharana 
Pratap University of Agriculture and Technology, lat. 24.35 °N. long.73.42 °W. 582 m 
amsl). These locations represent the dry subhumid, subhumid, semiarid and arid 
climatic regions within the state of Maharashtra, Madhya Pradesh, Andhra Pradesh 
and Rajasthan. The intent was to develop a single model that could be used for any of 
the agro-climatic zones of India. The data were partitioned into a model development 
dataset and an independent evaluation dataset. The model development dataset con-
sisted of 607, 731, 507, 730 and 730 days of data (3305 total observations) for Nagpur, 
Jabalpur, Akola, Hyderabad and Udaipur respectively, from 2002 to 2006. The model 
development dataset was further divided by randomly placing 80% of the observations 
in a training dataset and the remainder 20% in a testing dataset. The training dataset 
was used to develop the neural network models. The testing set was used to evaluate 
the accuracy of the ANN models during training in order to determine when to stop 
the training, Training was continued as long as the minimum goal of error of the ANN 
estimate of pan evaporation on was kept as 0.001. The model development dataset 
was used to choose preferred ANN training parameters and to develop ANN models 
of pan evaporation based on various numbers of inputs. With this procedure, all model 
development and parameter selection were done with the model development dataset. 
The Nagpur model development (NMD) data size was 2139. The model GM evalua-
tion dataset consisted of 2066 observations for Nagpur, Jabalpur, Akola, Hyderabad 
and Udaipur respectively, from 2004 to 2007 for the five locations. Weather variables 
included in the evaluation dataset were the same as those in the model development 
dataset. The evaluation dataset was not used in model development in any way and 
was only used to assess the accuracy of the ANN models.

A three-layer back propagation ANN architecture was employed in all models. 
The MATLAB (Ver.7.4, 2007) software package was used to develop the ANN pan 
evaporation models, The dataset included daily records of eight measured variables 
viz. maximum temperature (TMAX), minimum temperature (TMIN), maximum rela-
tive humidity (RMAX), minimum relative humidity (RMIN), wind speed (WISP), 
sunshine hours (SNHR), rainfall (RAIN) and pan evaporation (EPAN). The number 
of measurable weather variables used as inputs in the development of the ANN pan 
evaporation models (M-1 to M-7) was varied with emphasis placed on investigating 
models with reduced numbers of inputs, based on positive and negative effects of the 
parameters on evaporation process. Seven model strategies (combination of variable 
inputs) to be evaluated in this study are shown in Table 1.
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Modeling strategy in M-1 included all seven available daily weather input vari-
ables. Model strategy M-2 considered the effect of removing rainfall from the vari-
ables in modeling strategy M-1creating the situation of nonrainy period evaporation 
process. Model strategy M-3 considered removing sunshine hours and inclusion of 
rainfall crating the weather with rainy season and without sunshine hours. The effect 
of absence of maximum and minimum relative humidity in the evaporation process 
is tested in model strategy M-4. This is like without humidity days. In modeling plan 
M-5 the maximum and minimum temperature as well as relative humidity was as vari-
ables, modeling the situation with temperature and humidity. Modeling strategy M-6 
included maximum temperature, wind speed and sunshine hours as input variables. 
The model M-7 included maximum temperature and wind speed as the only observed 
weather values.

TABLE 1 The modeling strategies in development of ANN pan evaporation models.

Variables Modeling strategies

M-1 M-2 M-3 M-4 M-5 M-6 M-7

TMAX ¥ ¥ ¥ ¥ ¥ ¥ ¥

TMIN ¥ ¥ ¥ ¥ ¥ — —

RMAX ¥ ¥ ¥ — ¥ — —

RMIN ¥ ¥ ¥ — ¥ — —

WISP ¥ ¥ ¥ ¥ — ¥ ¥

SNHR ¥ ¥ — ¥ — ¥ —

RAIN ¥ — ¥ ¥ — — —

¥�— indicates the inclusion of the variable in neural network modeling.

7.7.2 MODEL ARCHITECTURE
The best neural network architecture according to de Villiers and Barnard [3], ANN 
models with one hidden layer can approximate any continuous function. Thus, in this 
study, model architecture of one hidden layer was used. The number of nodes in the 
hidden layer(s) should be large enough to ensure a sufficient number of degrees of 
freedom for the network function and small enough to minimize the risk of loss of 
the network’s generalization ability. Furthermore, it’s important to note that a useless 
increase of the neural network size will lead to a significant increase in training and 
running time. As recommended by Maier and Dandy [12], the node number upper 
limit in the hidden layer(s) was fixed as follows: 

 NH = min (2NI+1; NTR /NI+1) (35)

where, NH is the number of nodes in the hidden layer(s), NI number of input nodes 
and NTR the number of training sample. The number of hidden nodes is therefore taken 
from 5 to 20 as the inputs vary from seven in model M-1 to two in model M-7. The 
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number of training samples is large. So, the ratio of the training samples to training 
parameters is large and 2NI+1 is minimum number of hidden nodes of the networks. 
The accuracy increase with increasing the nodes, but the generalization ability of the 
model goes down. So, the optimization of nodes is done with minimum squared and 
absolute error. The final GM models were developed with 15 hidden nodes, which 
gave minimum errors. The developed model evaluation was done with the help of 
the Nagpur model development dataset and GM evaluation dataset. The number of 
records used for evaluation is 484 for NRCC, Nagpur; 487 for JNKVV, Jabalpur; 365 
each for PDKV, Akola, ICRISAT, Hyderabad and MPUAT, Udaipur.

7.7.3 ANN MODELING SOFTWARE SOURCE CODE PROGRAM USING 
MATLAB
The neural network utility file was edited in MATLAB (version 7.4, 2007) source 
code program. The main GUI consisting of all the input variables selection, input data 
source file, network options, training and testing functions, setting the data for train-
ing, evaluation, plotting the predicted values and saving the network is created and run 
in MATLAB software. The mainframe is executed by running the MainGUI.mat file in 
MATLAB program. The Graphical User Interface (GUI) appears by changing the di-
rectory option, which gives the details of the ANN modeling selections. The program 
displays the title, the input variables to be selected by making the tick marks on/off. 
The source data input file (.csv) is browsed for the training, testing and evaluation. The 
variables were selected according to the model plan M-1 to M-7 for developing and 
evaluating the ANN models. The ANN model architecture is three-layered feed for-
ward with error back propagation. Which is most commonly used neural network for 
the prediction of the nonlinear process like prediction of pan evaporation. The number 
of hidden nodes selection is done from 5 to 20. The transfer function from input to 
hidden layer is logistic sigmoid and from hidden layer to output layer is linear (as the 
output is one i.e., EPAN). The training function is Levenberg-Marquardt, which is 
most common and accurate is selected.

The performance functions for training and testing the networks used are MAE 
(mean absolute error) and MSE (mean squared error). The learning rate, which decides 
the accuracy of the training is used for optimization are 0.1, 0.3, 0.5 and 0.7. The mo-
mentum of the training the network, which gives the speed of the training varied from 
0.1, 0.3, 0.5, 0.7 and 0.9. The various combinations of hidden nodes, learning rate and 
momentum is done to arrive at optimum combinations to give less error. The network 
iterations (epochs) were kept at 1000. The ANN model development and evaluation 
with saved model plans is done as follows. The mainframe of the ANN modeling with 
0$7/$%�LV�VKRZQ�LQ�)LJ�����7KH�*8,�PDW�¿OH�LV�RSHQHG�LQ�0$7/$%�VRIWZDUH��7KH�
PRGHO�GHYHORSPHQW�LQSXW�GDWD�¿OH��VDYHG�LQ�FVY�IRUPDW��LV�EURZVHG�WR�WKH�PDLQ�*8,�
frame. The hidden nodes, training and transfer functions are selected. The model is 
generated on clicking the button Generate model. This generated model is displayed 
in command window of the MATLAB program. This gives the network architecture, 
input, hidden and output layer weights and bias weights. The generated ANN model 
is trained by clicking on the Train model option. Training is undertaken by setting the 
percentage training, testing and validation values as 80%, 20% and 100% respectively. 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Pan Evaporation Modeling: Indian Agriculture 153

The network training process is displayed on the screen with minimum error in com-
parison with the set 0.001 goal. The program gives the graphical output with set goal 
value. The model when gives the minimum value of MSE/MAE is saved as a model 
ZLWK�SDUWLFXODU� LGHQWL¿FDWLRQ�QDPH��7KH�*0�PRGHOV� �*0��ZHUH�VDYHG� LQ� WKH�QDPH�
as GM 15 M-1 to GM 15 M-7. This also indicates the General model with 15 hidden 
nodes, 0.1 learning rate and momentum each and for the model plans.

FIGURE 7 The Graphical User Interface (GUI) of ANN modeling for EPAN prediction.

These saved models were used for validation of the same data on screen or the oth-
HU�VRXUFH�GDWD�RI�WKH�LQGHSHQGHQW�ORFDWLRQV��7KLV�ZDV�GRQH�E\�VHOHFWLQJ�WKH�VRXUFH�¿OH�
and clicking on the button Evaluate model on mainframe of the program. The saved 
QHXUDO�QHWZRUN�PRGHO�ZDV�XVHG�IRU�HYDOXDWLRQ�RI�QHZ�LQSXW�¿OH��ZKLFK�LV�EURZVHG�LQ�
evaluation module of the mainframe. The output of the pan evaporation is predicted 
in command window of the MATLAB program. The same is copied and used for esti-
mating the model performance like RMSE, MAE, MARE, r, R2 and d. The graphical 
output of the training, testing and validation of the network as well as the plotting of 
the observed and ANN predicted EPAN is displayed on the desktop, which was saved 
for the comparison of the different ANN model plans. In this way model plans M-1 to 
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0���RI�WKH�*HQHUDO�PRGHO�ZDV�GHYHORSHG�DQG�HYDOXDWHG�ZLWK�¿YH�GLIIHUHQW�ORFDWLRQV�
in India, as shown in this section.

7.7.4 EVALUATION OF PERFORMANCE PARAMETERS FOR THE MODEL
The ANN model development and evaluation using the independent datasets of vari-
ous locations was done with help of the MATLAB source code program and the data-
sets concerned. The developed and evaluated models were verified with the squared 
and absolute statistics of different performance functions. Mean squared error (MSE), 
Root mean squared error (RMSE), Mean absolute relative error (MARE), Correlation 
coefficient (r) and coefficient of determination (R2) are used as model development as 
well as evaluation criteria’s. Based on these criteria’s the superiority of the model is 
judged. The R2 measures the degree to which two variables are linearly related. MSE 
and MARE provide different types of information about the predictive capabilities of 
the model. The MSE and RMSE measures the goodness of fit relevant to high evapo-
ration values, whereas the MARE yields a more balanced perspective of the goodness 
of fit at moderate evaporation. In addition an index of agreement (d) between the ob-
served and predicted values was calculated.

7.7.5 GENERAL MODEL DEVELOPMENT
The General model (GM) is developed using daily records of the weather inputs from 
Nagpur, Jabalpur; Akola; Hyderabad and Udaipur. The program in MATLAB codes is 
opened and run for the main frame of the ANN modeling. The main frame which helped 
in selecting the input data file, selecting the input variables, number of the hidden nodes, 
training, learning and transfer functions, learning rate and momentum. The model input 
file which is saved in spreadsheet (with csv format) is browsed and selected. The number 
of hidden nodes, learning rate and momentum is kept as 15, 0.1 and 0.1 respectively, 
as it has shown optimum parameters. The training function is back propagation with 
Levenberg-Marquardt algorithm and transfer function is logistic sigmoid. The number 
of iterations (epochs) were kept 1000. The network performance functions are kept as 
MAE and MSE. The goal set for testing the neural networks was 0.001 (0.1%). The data 
was set to train, test and validate in the ratios of 80%, 20% and 100% respectively. The 
training network figure for lowest MSE / MAE is also saved. The process of training 
the network was repeated many times and when the MSE/MAE was shown minimum 
the ultimate network is saved in .mat file with some name. Like this GM models with 
15 hidden nodes and 0.1 learning rate and 0.1 momentum were saved optimally in the 
names of GM 15 M-1 to GM 15 M-7. The ANN General models M-1 to M-7 has input 
layer and bias weights. The input weights, layer weights and bias weights of these ANN 
models are explored in window of the MATLAB program and saved.

7.8 RESULTS AND DISCUSSION

The model development dataset was used to determine preferred values for number 
of hidden nodes, learning rate, and momentum. Data for all five sites were included 
to obtain the best model parameters, as well as all seven input parameters. The ANN 
parameters for learning rate and momentum have values, which are typically less than 
one. Learning rate and momentum combinations using 0.1, 0.3, 0.5, and 0.9 were 
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tested with hidden node numbers ranging from 5 to 20. The training data were used 
for training and the testing data were used to determine when to stop training. The ac-
curacy of the model on the model development dataset (training data and testing data) 
was then determined. In the initial experimentation, it was found that the accuracy of 
the models was reduced for number of hidden nodes above 15, and Learning rate and 
momentum below 0.1. Otherwise, there was little variation in accuracy for the various 
combinations of parameters. The accuracy was higher for 15 hidden nodes, a learning 
rate of 0.1 and a momentum of 0.1. Experimentation was performed due to the limited 
effect of the ANN parameters on model accuracy. The accuracies of the models in feed 
forward mode for the development and evaluation datasets are shown in Table 2. The 
results for the evaluation dataset provide an independent evaluation of the prediction 
accuracy of the models.

TABLE 2 RMSE, coefficient of determination (R2) and index of agreement (d) of ANN  
General model development and evaluation dataset.

ANN GM models GM model development GM model evaluation with NMD data

Model RMSE mm/d R2 d RMSE mm/d R2 d

GM M-1 1.44 0.84 0.95 1.96 0.72 0.92

GM M-2 1.48 0.83 0.95 1.97 0.71 0.91

GM M-3 1.56 0.81 0.94 1.98 0.71 0.91

GM M-4 1.62 0.79 0.94 2.08 0.68 0.90

GM M-5 1.68 0.78 0.93 2.06 0.69 0.91

GM M-6 1.70 0.77 0.93 2.12 0.67 0.90

GM M-7 1.76 0.76 0.92 2.11 0.67 0.90

7.8.1 ERROR STATISTICS OF GENERAL MODEL (GM) DEVELOPMENT
The ANN General model development data shows that the RMSE, MAE and MARE 
is increased and r, R2 and d is decreased when the input variables were sequentially re-
moved from seven variables in M-1 to two variables in M-7. The lowest RMSE (1.439 
mm), MAE (0.0207 mm) and MARE (0.915%) and highest r (0.916), R2 (0.839) and 
d (0.956) was observed with GM M-1 model, in which all the input variable are taken 
into consideration. In model M-2, where all the six input variables excluding RAIN 
was considered in ANN model has also shown lower RMSE, MAE and MARE and 
higher r, R2 and d. The RMSE, MAE and MARE was 1.478 mm, 0.0218 mm and 
1.076%, which is slightly more than the model M-1, but not a significant difference 
exists. The r, R2 and d in model M-2 is 0.911, 0.831 and 0.953, respectively. These 
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values are less than the values of model M-1. The RMSE, MAE and MARE of GM 
M-3 model are higher and r, R2 and d are lower as compared to ANN model M-1 and 
M-2. This is mainly due to the replacement of sunshine hours input of model M-2 with 
RAIN variable. This indicates that the performance of all variables without SNHR (but 
with RAIN variable) shows higher RMSE, MAE and MARE and lower r, R2 and d as 
compared to model M-2. The RMSE, MAE and MARE of model M-3 are 1.559 mm, 
0.024 mm and 1.362%, respectively. The r, R2 and d of model M-3 are 0.901, 0.812 and 
0.947, respectively. The error statistics of model GM M-4 in which the relative humid-
ity (RMAX and RMIN) are not the input variables. The RMSE, MAE and MARE of 
model M-4 is 1.625 mm, 0.026 mm and 1.506%, which is higher than the models M-1, 
M-2 and M-3. The r, R2 and d of M-4 is 0.892, 0.796 and 0.942, respectively and these 
values are higher than model M-1 M-2 and M-3. It is mainly due to the absence of 
RMAX and RMIN input variables and have higher negative correlation with the pan 
evaporation. Although five variables are there in model M-4, but the important vari-
ables i.e., RMAX and RMIN are not considered for modeling has shown more error.

The model M-5 performance is better than the model M-4. The RMSE, MAE 
and MARE in model M-5 is increased to 1.685 mm, 0.0284 mm and 1.549% from 
1.625 mm, 0.026 mm and 1.50% in model M-4. The r, R2 and d is also decreased to 
0.883, 0.78 and 0.935 in model M-5 as compared to model M-4.The input variables 
are TMAX, WISP and SNHR in model M-6. The RMSE, MAE and MARE of model 
M-6 is 1.702 mm, 0.0289 mm and 1.996%, respectively. The r, R2 and d of model 
M-6 was 0.88, 0.776 and 0.935 which are lower as compared to M-5 and higher than 
model M-7. The RMSE, MAE and MARE is increased to 1.759 mm, 0.0309 mm and 
2.52% in GM model M-7, in which only TMAX and WISP are the input variables of 
the model. The r, R2 and d were also lowest in model M-7 as compared to M-1 to M-6. 
The r, R2 and d in model M-7 were 0.872, 0.76 and 0.929, respectively. The evaluation 
of general model development is graphically presented (Fig. 8).

7.8.2 GENERAL MODEL EVALUATION WITH NAGPUR MODEL 
DEVELOPMENT (NMD) DATASET
The Nagpur model development (NMD) data from April, 1996 to March, 2004 (2139 
observations) was used for evaluating the ANN General model with M-1 to M-7 mod-
el strategies. The optimum number of hidden nodes, learning rate and momentum for 
General model (GM) is 15, 0.1 and 0.1, respectively. The trained ANN models M-1 to 
M-7 with minimum error reaching towards the goal. Each saved model architecture 
indicates the input variables, hidden layers and number of nodes in it, biases, input, 
hidden and output layer weights, bias weights. The corresponding model output values 
of the predicted EPAN as used for evaluation of these developed models. The output 
resulted from the ANN models at minimum MSE / MAE was compared with observed 
EPAN and the various model evaluation parameters were analyzed to decide the best 
predictive model for pan evaporation. The absolute and squared statistics of the ANN 
models is tabulated and presented in Table 2. ANN General model evaluation using 
Nagpur model development data shows that the RMSE, MAE and MARE is increased 
and r, R2 and d is decreased when the input variables were sequentially removed from 
seven inputs in model M-1 to six inputs in model M-2 and M-3. The lowest RMSE 
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(1.961 mm), MAE (0.038 mm) and MARE (2.30%) and highest r (0.848), R2 (0.719) 
and d (0.919) was observed with GM M-1 model, in which all the input variables are 
taken into consideration. However, in model M-2 and M-3, where six input variables 
are considered in GM modeling has also shown lower RMSE, MAE and MARE and 
higher r, R2 and d. This shows that the GM model generalization capacity is better 
when tested with Nagpur model development data. The RMSE, MAE and MARE in 
model plan M-2 was 1.973 mm, 0.0389 mm and 2.49%, which is slightly more than 
the model M-1. The r, R2 and d in model M-2 is 0.845, 0.715 and 0.917, respectively. 
These values are also less to the values of model M-1. The RMSE, MAE and MARE 
of GM M-3 model are higher and r, R2 and d are lower as compared to model M-1 and 
M-2. This is mainly due to the replacement of sunshine hours input of model M-2 with 
RAIN variable. This indicates that the performance of all variables without SNHR 
(but with RAIN variable) shows higher RMSE, MAE and MARE and lower r, R2 and 
d as compared to model M-2. The RMSE, MAE and MARE of model M-3 are 1.984 
mm, 0.0394 mm and 2.86%, respectively. The r, R2 and d of model M-3 are 0.844, 
0.712 and 0.915%, respectively. The error statistics of model GM M-4 in which the 
relative humidity (RMAX and RMIN) are not the input variables. The RMSE, MAE 
and MARE of model M-4 is 2.081 mm, 0.0433 mm and 3.27%, which is higher than 
the models M-1, M-2 and M-3. The r, R2 and d of M-4 is 0.826, 0.683 and 0.906, re-
spectively and these values are higher than model M-3. It is mainly due to the absence 
of RMAX and RMIN input variables and have higher negative correlation with the 
pan evaporation.

The model M-5 performance is better than the model M-4. The RMSE, MAE and 
MARE in model M-5 is reduced to 2.061 mm, 0.0425 mm and 3.24% from 2.081 
mm, 0.0433 mm and 3.27% in model M-4. The r, R2 and d is also increased to 0.830, 
0.689 and 0.910 in model M-5 as compared to model M-4. The model M-5, in which 
four input variables is assumed to be one of the better models with minimum number 
of input variables. The input variables are TMAX, WISP and SNHR in model M-6. 
The RMSE, MAE and MARE of model M-6 is 2.127 mm, 0.0453 mm and 4.24%, 
respectively. The r, R2 and d of model M-6 was 0.818, 0.669 and 0.904, which are 
lower as compared to M-5. The RMSE, MAE and MARE is decreased to 2.111 
mm, 0.0445 mm and 5.01% in GM model M-7, in which only TMAX and WISP are 
the input variables of the model. The r, R2 and d was also slightly higher in model 
M-7 as compared to M-6. The r, R2 and d in model M-7 is 0.821, 0.674 and 0.902, 
respectively. The evaluation of General models using Nagpur model development 
data with ANN model M-1 to M-7 are graphically presented (Fig. 9). These results 
indicated that maximum temperature and relative humidity observations were very 
EHQH¿FLDO� LQ�DFFXUDWH�HVWLPDWLRQ�RI�SDQ�HYDSRUDWLRQ��ZKHQ�FRPSDUHG�WR�DQ\�RWKHU�
single variable.
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FIGURE 8 Observed and predicted EPAN with General models (GM M1- M7) development 
data.
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FIGURE 9 ANN Models evaluation with Nagpur model development data (NMD).
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7.9 SUMMARY

The three-layered feed forward neural network with back propagation prediction 
method that uses Artificial Intelligence (AI) to model the daily pan evaporation was 
developed and evaluated using independent datasets. From these research results, it 
is concluded that the constructed ANN models successfully identifies the evapora-
tion process and accurately predict the pan evaporation in a next time step. Three 
layered feed forward neural networks with error back propagation was found suit-
able for modeling the evaporation. Once the network is trained, with a satisfactory 
amount of input data, it can accurately predict the daily pan evaporation. The network 
architectures performed better with one hidden layer and 15 hidden nodes (2n+1) for 
GM modeling problems. Single hidden layer performed well for both the models. The 
Levenberg Marquardt minimization training function gave the best network training 
results when used in the back propagation algorithms. While evaluating the data the 
model plan strategy with all inputs has shown better performance than the reduced 
number of inputs. The daily pan evaporation is estimated for the five locations using 
three layers feed forward neural network with error back propagation. Seven model 
strategies with combinations of input variables to develop the ANN models of pan 
evaporation were developed. Strategy M-1, which includes all 7 input variables, had 
the highest accuracy. This ANN model had an R2 of 0.78 and an RMSE of 1.61 mm 
on the independent GM evaluation dataset. The models evaluation with Nagpur model 
development (NMD) dataset had an R2 of 0.72 and an RMSE of 1.96 mm. The ANN 
model has a strong correlation with observed pan evaporation. Differences between 
the ANN model prediction and observed pan evaporation do not appear to be biased as 
the observation of pan evaporation changes.

KEYWORDS

 • Artificial Neural Network

 • coefficient of determination

 • correlation coefficient

 • Dr. Panjabrao Deshmukh Agricultural University, Akola

 • Epochs

 • error back propagation algorithm

 • evaporation

 • evaporation modeling

 • evapotranspiration

 • feed forward neural networks

 • hidden layer

 • hydrological processes

 • hydrology

 • index of agreement

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Pan Evaporation Modeling: Indian Agriculture 161

 • India

 • Indian Agriculture

 • Input variables

 • Input weights

 • International Crop Research Institute for Semiarid Tropics, Hyderabad

 • Jawaharlal Nehru Agricultural University, Jabalpur

 • land water resources

 • layer weight

 • learning function

 • learning rate

 • Levenberg Marquardt minimization

 • linear regression methods

 • linear regression model

 • logistic sigmoid function

 • Maharana Pratap University Agricultural and Technology, Udaipur

 • MATLAB software

 • maximum relative humidity

 • maximum temperature

 • mean absolute error

 • mean absolute relative error

 • mean square error

 • minimum relative humidity

 • minimum temperature

 • model evaluation

 • model architecture

 • model development

 • model strategies

 • model validation

 • modeling criteria

 • momentum

 • multi-layer receptron

 • multi-layered feed forward ANN

 • multiple linear regression

 • National Research Centre for Citrus, Nagpur
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 • network function

 • neural network

 • non-linear regression models

 • observed values

 • output variable

 • pan evaporation

 • predicted values

 • prediction of pan evaporation

 • rainfall

 • root mean square error

 • soil water evaporation

 • sunshine hours

 • the class ‘A’ pan evaporimeter

 • Training function

 • water management

 • water resources planning and management

 • weather forecasting

 • wind speed
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8.1 INTRODUCTION

The importance of evapotranspiration (ET) in the hydrologic cycle has long been 
recognized; in central Florida, evapotranspiration is second only to precipitation in 
magnitude. Of the approximately 1,320 millimeters (mm) of mean annual rainfall in 
central Florida, 680 to 1,220 mm have been estimated to return to the atmosphere 
as evapotranspiration [44, 49]. Despite the importance of evapotranspiration in the 
hydrologic cycle, the magnitude, seasonal and diurnal distributions, and relation to en-
vironmental variables of evapotranspiration remain relatively unknown. Uncertainty 
in evapotranspiration from nonagricultural vegetation is particularly apparent. The 
mixed cypress wetland and pine flat wood forest cover examined in the present inves-
tigation is common in central Florida, as are the fires that burned much of the forest 
during the study. Accurate estimates of evapotranspiration from commonly occurring 
land covers are fundamental to the quantitative understanding necessary for prudent 
management of Florida’s water resources.

The eddy correlation method (or eddy covariance method) has been used suc-
cessfully to directly measure evapotranspiration in Florida by Bidlake and others [3]; 
Knowles [22]; and Sumner [44]. This micrometeorological method offers several ad-
vantages to alternative water-budget approaches (lysimeter or regional water budget) 
by providing more areal integration and less site disruption than lysimeters, by elimi-
nating the need to estimate other terms of a water budget (precipitation, deep perco-
ODWLRQ��UXQRII��DQG�VWRUDJH���DQG�E\�DOORZLQJ�UHODWLYHO\�¿QH�WHPSRUDO�UHVROXWLRQ��OHVV�
than 1 hour).

Evapotranspiration can be estimated by using evapotranspiration models. These 
models also provide insight into the relative importance of individual environmen-
tal variables in the evapotranspiration process. The Priestley-Taylor model [34] for 
HYDSRUDWLRQ�IURP�D�ZHW�VXUIDFH��SRWHQWLDO�HYDSRWUDQVSLUDWLRQ��ZDV�PRGL¿HG�WR�DOORZ�
for nonpotential conditions [13], and has successfully simulated evapotranspiration in 
the Florida environment [15, 22, 44].

The U.S. Geological Survey (USGS), in cooperation with the St. Johns River Wa-
ter Management District and the County of Volusia, began a 4-year study in 1996 
to estimate the temporal pattern of evapotranspiration in the Tiger Bay watershed, 
Volusia County, Fla., a forested watershed, and to develop a quantitative description 
of the effect of environmental variability on evapotranspiration from forested areas in 
Florida. This analysis can provide guidance in the estimation of evapotranspiration 
and the description of the relation between the environment and evapotranspiration 
in other areas with similar environmental characteristics. During the study period, the 
ZDWHUVKHG�H[SHULHQFHG�D�VHYHUH�GURXJKW�DQG�QDWXUDO�¿UHV��ZKLFK�SURYLGHG�WKH�RSSRU-
tunity to study the effects of such extreme events on the evapotranspiration process.

This chapter presents daily estimates of evapotranspiration during a 2-year period 
from a forested watershed (Tiger Bay, Volusia County, Fla.), which was subjected to 
QDWXUDO�¿UHV�� DQG�SURYLGHV� HYDOXDWLRQV�RI� WKH� FDXVDO� UHODWLRQV�EHWZHHQ� WKH� HQYLURQ-
ment and evapotranspiration. Measurements were made on a nearly continuous basis 
from January 1998 through December 1999 at an evapotranspiration station just out-
side the watershed, using eddy correlation and meteorological instrumentation. An 
evapotranspiration model based on the Priestley-Taylor equation was used to estimate 
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evapotranspiration for burned and unburned areas and to quantify the relation between 
evapotranspiration and the environment. A water budget of the watershed was con-
structed to assess the validity of the eddy correlation-measured evapotranspiration 
totals for the 2-year period.

8.1.1 DESCRIPTION OF THE STUDY AREA
The study area is the approximately 7,500-hectare Tiger Bay watershed within Volusia 
County, Fla. (Fig. 1). The watershed was almost completely forested in January 1998, 
but was subjected to extensive burning and logging during the study period. The wa-
tershed characteristics are typical of many areas within the lower coastal plain of the 
south-eastern United States—nearly flat, slowly draining land with a vegetative cover 
consisting primarily of pine flat wood uplands interspersed within cypress wetlands. 
The northern part of the watershed mostly is within the 9,500-hectare Tiger Bay State 
Forest; the southern part of the watershed primarily is privately owned land used for 
timber production. The watershed is within the relatively flat Talbott Terrace physio-
graphic area [37]. More than 90% of the watershed is at an altitude of 11 to 13 meters 
(m). Small variations in local topography result in areal variations in hydroperiod. A 
low-lying wetland can be inundated much of the year, whereas an adjacent upland, less 
than a few tens of centimeters (cm) elevated above the wetland, may only occasion-
ally or never exhibit standing water. Most of the surface runoff from the watershed is 
through interconnected wetlands [36].

FIGURE 1 Location of Tiger Bay watershed.
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168 Evapotranspiration: Principles and Applications for Water Management

More than 95% of the watershed is forested. Two tree species dominate the forest 
cover in the watershed: slash pine (evergreen) and pond cypress (deciduous; leaves 
drop in November-December with regrowth in March–April). The distribution of veg-
etation in the vicinity of the evapotranspiration station is shown in Fig. 2.

FIGURE 2 Distribution of vegetation in vicinity of evapotranspiration station.

9HJHWDWLRQ�LQ� WKH�ZDWHUVKHG�UHÀHFWV� WKH�YDULDWLRQ�LQ�K\GURSHULRG�>��@��:HWODQGV�
are dominated by pond cypress (Taxodium ascendens), with lesser amounts of other 
wetland tree species including blackgum (1\VVD�ELÀRUD), loblolly bay (Gordonia la-
sianthus), and red maple (Acer rubrum). The under story of wetlands consists of a 
wide variety of plants including leather fern (Acrostichum danaeifolium), marsh fern 
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(Thelypteris palustris), cinnamon fern (2VPXQGD�FLQQDPRPHD), swamp lily (Crinum 
americanum), maidencane (Panicum hemitomon), red root (Lachnanthes carolin-
iana), hooded pitcher plant (Sarracenia minor), St. John’s Wort (Hypericum fascicula-
tum), yellow colic root (Aletris lutea), pipewort (Eriocaulon decangulare), and white-
topped sedge (Rhynchospora colorata). Water level varies from about 0.3 m above 
land surface to as much as 1 m below land surface in low-lying areas, although these 
areas are inundated more than 50% of the time [40].

Uplands generally are either slash pine tree (Pinus elliottii) plantations or naturally 
VHHGHG�SLQH�ÀDWZRRGV��SULPDULO\�VODVK�SLQH�ZLWK�VRPH�ORQJOHDI�SLQH��Pinus palustris)). 
These areas have an under story including saw palmetto (Serenoa repens), gallberry 
(Ilex glabra), wax myrtle (Myrica cerifera), red root (Lachnanthes caroliniana), and 
broomsedge (Andropogon virginicus). Under story vegetation in the pine plantations 
is control-burned about every 3 years. Water level varies from about 0.1 m above land 
surface to as much as 2 m below land surface in uplands; however, water levels are 
always greater than 2 m below land surface in the small part of the uplands within 
the Rima Ridge (Fig. 1). The Rima Ridge consists of discontinuous remnants of ter-
race deposits parallel to the present-day coastline [37]. Vegetation on the ridge areas 
includes sand live oak (Quercus geminata) and sand pine (Pinus clausa). Most of the 
limited urbanization within the Tiger Bay watershed is on the Rima Ridge.

%UXVK�¿UHV�EXUQHG�H[WHQVLYHO\�WKURXJKRXW�SHQLQVXODU�)ORULGD�GXULQJ�VSULQJ������DV�
a result of a severe drought. A high-pressure system remained stationary over the State, 
blocking the normal pattern of convective thunderstorms [48]. During the 3-month 
period, April-June, National Oceanic and Atmospheric Administration (NOAA) sta-
tions at Daytona Beach and DeLand recorded about 10 and 30% of long-term, average 
SUHFLSLWDWLRQ��UHVSHFWLYHO\��%UXVK�¿UHV��LJQLWHG�E\�OLJKWQLQJ�VWULNHV��EHJDQ�LQ�9ROXVLD�
County on June 19, 1998, and continued until rainfall resumed in late June and early 
-XO\��EXUQLQJ�DERXW��������KHFWDUHV��RQH�¿IWK�RI�WKH�&RXQW\��DQG�DERXW�����RI�WKH�
watershed (Fig. 3). Although areas of both wetlands and uplands were burned during 
WKH�-XQH�-XO\�¿UHV��D�FRPSDULVRQ�RI�)LJXUHV���DQG���UHYHDOV�WKDW�XSODQG�DUHDV�ZHUH�
burned more extensively than wetland areas. Re-growth of under story vegetation oc-
FXUUHG�UDSLGO\�DIWHU�WKH�¿UHV�FHDVHG�DQG�WKH�UDLQV�EHJDQ��(PHUJHQW�JURZWK�RI�UHG�URRW�
(Lachnanthes caroliniana) in burned areas was particularly evident. Some trees were 
NLOOHG�E\�WKH�¿UH��ZKHUHDV�RWKHU�EXUQHG�WUHHV�ZHUH�PHUHO\�GDPDJHG�DQG�H[KLELWHG�OHDI�
UHJURZWK�VRRQ�DIWHU� WKH�¿UH� �)LJ������/DUJH�VFDOH�KDUYHVWLQJ�RI� LQVHFW�LQIHVWHG��¿UH-
damaged trees (both living and dead trees) occurred during the months following the 
¿UHV��2I�WKH�DSSUR[LPDWHO\�������KHFWDUHV�WKDW�EXUQHG�ZLWKLQ�WKH�������KHFWDUH�7LJHU�
Bay State Forest, about 3,200 hectares were logged (Catherine Lowenstein, Tiger Bay 
State Forest, oral communication, 2000).

Fires moved from west-to-east through the area of the evapotranspiration station 
on June 25, 1998. Damaged trees in the vicinity of the evapotranspiration station were 
logged during November–December 1998.

7KH�WZR�GRPLQDQW�VRLO�JURXSV�RI�WKH�ZDWHUVKHG�DOVR�UHÀHFW�WKH�DUHDO�YDULDWLRQ�LQ�
hydroperiod and vegetation [2]. Wetlands tend to be underlain by organic soils (hy-
perthermic family of Terric Medisaprists) of the Samsula-Terra Ceia-Tomoka group, 
that are very poorly drained. The uplands tend to be underlain by poorly drained soils 
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(sandy, siliceous, hyperthermic family of Ultic Haplaquods) of the Pomona-Wauchula 
group that have a dark, organic-stained subsoil underlain by loamy material.

FIGURE 3 Infrared photograph (July 7, 1998) of vicinity of evapotranspiration station 
showing area: burned during fires of June 1998.
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FIGURE 4 Photographic times series of vegetation in vicinity of evapotranspiration station.

The climate of central Florida is humid subtropical and is characterized by a warm, 
wet season (June–September) and a mild, relatively dry season (October–May). Dur-
ing the dry season, precipitation commonly is associated with frontal systems. Rainfall 
averages about 1,350 mm/yr in Volusia County [37]. More than 50% of the annual 
rainfall generally occurs during the wet season when diurnal thunderstorm activity 
is common. Mean air temperature in the study area is about 21 °C, ranging from oc-
casional winter temperatures below 0°C to summer temperatures approaching 35°C. 
Diurnal temperature variations average about 12°C.

FIGURE 5 Krypton hygrometer (foreground) and sonic anemometer (background) mounted 
at top of tower at evapotranspiration station.  
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FIGURE 6 Evapotranspiration station being serviced by hydrologic technician. 

TABLE 1 Study instrumentation [CSI, Campbell Scientific, Inc.; REBS, Radiation and Energy 
Balance Systems, Inc.; RMY, R. M. Young, Inc.; TE, Texas Electronics, Inc.]. Note: Negative 
height is depth below land surface.

Parameter Instrument Height(s) above 

land surface, meters

Evapotranspiration CSI eddy correlation system including model 
CSAT3 3-D sonic anemometer and model KH20 
krypton hygrometer.

36.5

Air temperature/

Relative humidity

CSI model HMP35C temperature and relative 
humidity probe.

1.5, 9.1, 18.3 and 35

Net radiation REBS model Q-7.1 net radiometer. 35

Wind speed & direction RMY model 05305-5 wind monitor - AQ 35

Photosynthetically active 
radiation (PAR)

LI-COR, Inc., Model LI-190SB quantum sensor. 35

Soil moisture CSI model CS615 water content reflectometer. 0.0 to -0.3

Precipitation TE model 525 tipping bucket rain gage and No-
vaLynx model 260-2520 forester’s (storage) rain 
gages (two)

18.3 (tipping bucket)

and 1.0 (storage)

Water level in well Druck, Inc., Model PDCR950 pressure trans-
ducer.

- 2.0

Datalogging CSI model 21X and model 10X data loggers; 12 
volt deep-cycle batteries (two); 20 watt solar pan-
els (two)

0 to 1.0
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Rainfall to the watershed leaves the basin as runoff, evapotranspiration, or deep 
OHDNDJH�IURP�WKH�VXU¿FLDO�DTXLIHU�V\VWHP�WR�WKH�XQGHUO\LQJ�8SSHU�)ORULGDQ�DTXLIHU�>����
33]. Intermittent runoff gaged at Tiger Bay canal along the northern edge of the water-
shed (Fig. 1) averaged 0.47 cubic meters per second (m3/s) or about 200 millimeters 
per year (mm/yr) from 1978 to 1999 [53]. Evapotranspiration has been estimated to 
average about 990 mm/yr over Volusia County [37] and about 890 mm/yr in the Tiger 
Bay watershed [7]. Previous researchers have documented relatively small differences 
in the annual evapotranspiration rates from the two primary land covers. Bidlake and 
others [3] estimated annual cypress evapotranspiration (970 mm) to be only 8.5% less 
WKDQ�WKDW�IURP�SLQH�ÀDWZRRGV��������PP���EDVHG�RQ�VWXGLHV�FRQGXFWHG�LQ�6DUDVRWD�DQG�
Pasco Counties, Fla. Liu [24] estimated average annual evapotranspiration from both 
covers to be 1,080 mm, based on a study conducted in Alachua County, Fla.

7KH�K\GUDXOLF�KHDG�LQ�WKH�VXU¿FLDO�DTXLIHU�V\VWHP�ZLWKLQ�WKH�ZDWHUVKHG�JHQHUDOO\�LV�
above that of the underlying Upper Floridan aquifer. Consequently, water leaks down-
ZDUG�IURP�WKH�VXU¿FLDO�DTXLIHU�V\VWHP��WKURXJK�WKH�LQWHUPHGLDWH�FRQ¿QLQJ�XQLW��WR�WKH�
8SSHU� )ORULGDQ� DTXLIHU��'HHS� OHDNDJH�ZDV� HVWLPDWHG� �EDVHG� RQ� JURXQG�ZDWHU� ÀRZ�
simulations) to have been about 56 mm/yr prior to ground-water development, but in 
1995, the rate was estimated to have doubled to 112 mm/yr, as a result of lowering the 
hydraulic head in the Upper Floridan aquifer by pumping (Stan Williams, St. Johns 
River Water Management District, oral communication, 2000).

8.2 METHODS AND MATERIALS: MEASUREMENT AND SIMULATION OF 
EVAPOTRANSPIRATION

Evapotranspiration was measured at a site just outside the study area (Fig. 1) using the 
eddy correlation method in a manner similar to that described by Sumner [44]. The 
site chosen for the evapotranspiration station was within an 18.3-m-tall, 30-year-old 
pine plantation (Fig. 2). Eddy correlation instrumentation was mounted on a 36.5-m-
tall Rohn 45G communications- type tower at the site (Figs. 5 and 6), and data were 
collected for a 2-year period from January 1, 1998, to December 31, 1999. Other me-
teorological instrumentation also was deployed on or around the tower to collect data 
for evapotranspiration modeling and to provide ancillary data for the eddy correlation 
analysis. Instrumentation used in the study is described in Table 1. Measured daily val-
ues of evapotranspiration were used to calibrate evapotranspiration models (modified 
Priestley-Taylor). Evapotranspiration was estimated for burned and unburned areas 
using the calibrated evapotranspiration models. A water budget for the watershed over 
the study period was constructed based on measured or estimated values of precipita-
tion, evapotranspiration, runoff, leakage, and storage.

8.2.1 MEASUREMENT OF EVAPOTRANSPIRATION

8.2.1.1 EDDY-CORRELATION METHOD
The eddy correlation method [9, 45] was used to measure two components of the en-
ergy budget of the plant canopy: latent and sensible heat fluxes. Latent heat flux (ȜE) 
is the energy removed from the canopy in the liquid-to- vapor phase change of water, 
and is the product of the heat of vaporization of water (Ȝ) and the evapotranspiration 
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rate (E). Sensible heat (H) is the heat energy removed from the canopy as a result of a 
temperature gradient between the canopy and the air.

%RWK�ODWHQW�DQG�VHQVLEOH�KHDW�ÀX[HV�DUH�WUDQVSRUWHG�E\�WXUEXOHQW�HGGLHV�LQ�WKH�DLU��
Turbulence is generated by a combination of frictional and convective forces. The 
HQHUJ\�DYDLODEOH�WR�JHQHUDWH�WXUEXOHQW�ÀX[HV�RI�YDSRU�DQG�KHDW�LV�HTXDO�WR�WKH�QHW�UD-
diation (Rn��PLQXV�WKH�VXP�RI�WKH�KHDW�ÀX[�LQWR�WKH�VRLO�VXUIDFH��G) and the change in 
storage (S��RI�HQHUJ\�LQ�WKH�ELRPDVV�DQG�DLU��7KH�HQHUJ\�LQYROYHG�LQ�¿[DWLRQ�RI�FDUERQ�
dioxide usually is negligible [5]. Net radiation is the difference between incoming 
radiation (shortwave solar radiation and long wave atmospheric radiation) and outgo-
LQJ�UDGLDWLRQ��UHÀHFWHG�VKRUWZDYH�DQG�ORQJ��ZDYH�UDGLDWLRQ��DQG�HPLWWHG�ORQJ�ZDYH�
canopy radiation). Energy is transported to and from the base of the canopy by conduc-
tion through the soil.

Assuming that net horizontal advection of energy is negligible, the energy-budget 
equation, for a control volume extending from land surface to a height zs at which the 
WXUEXOHQW�ÀX[HV�DUH�PHDVXUHG��LV�JLYHQ�LQ�(T������

  (1)

  (2)

  (3)

  (4)

In the energy-budget eq. (1): the left side of represents the available energy and the 
right side represents the turbulent flux of energy; Rn is net radiation to or from plant 
canopy, in watts per square meter; G is soil heat flux at land surface, in watts per 
square meter; S is change in storage of energy in the biomass and air, in watts per 
square meter; H is sensible heat flux at height zs above land surface, in watts per square 
meter; and ¨E is latent heat flux at height zs above land surface, in watts per square 
meter.  The sign convention is such that Rn and G are positive downwards; and H and 
¨E are positive upwards.

The eddy correlation method is a conceptually simple, one-dimensional approach 
IRU�PHDVXULQJ�WKH�WXUEXOHQW�ÀX[HV�RI�YDSRU�DQG�KHDW�DERYH�D�VXUIDFH��)RU�WKH�FDVH�RI�
YDSRU�WUDQVSRUW�DERYH�D�ÀDW��OHYHO�ODQG��VFDSH��WKH�WLPH�DYHUDJHG�SURGXFW�RI�PHDVXUHG�
values of vertical wind speed (w) and vapor density (ȡv��LV�WKH�HVWLPDWHG�YDSRU�ÀX[�
(evapotranspiration rate) during the averaging period, assuming that the net lateral 
DGYHFWLRQ�RI�YDSRU�LV�QHJOLJLEOH��%HFDXVH�RI�WKH�LQVXI¿FLHQW�DFFXUDF\�RI�LQVWUXPHQWD-
tion available for measurement of actual values of wind speed and vapor density, this 
SURFHGXUH�JHQHUDOO\� LV�SHUIRUPHG�E\�PRQLWRULQJ�WKH�ÀXFWXDWLRQV�RI�ZLQG�VSHHG�DQG�
vapor density about their means, rather than monitoring their actual values.   

This formulation is represented in eqs. (2) to (4), where: E is evapotranspiration 
rate, in grams per square meter per second; w is vertical wind speed, in meters per 
second; ȡv is vapor density, in grams per cubic meter; and overbars and primes indicate 
means over the averaging period and deviations from means, respectively.  
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7KH�¿UVW�WHUP�RI�WKH�ULJKW�VLGH�RI�HT������LV�DSSUR[LPDWHO\�]HUR�EHFDXVH�PDVV�EDO-
ance considerations dictate that mean vertical wind speed perpendicular to the surface 
is zero; this conclusion is based on an assumption of constant air density (correction 
IRU�WHPSHUDWXUH�LQGXFHG�DLU�GHQVLW\�ÀXFWXDWLRQV�LV�GLVFXVVHG�ODWHU�LQ�WKLV�FKDSWHU���7KH�
VHFRQG�DQG�WKLUG�WHUPV�DUH�]HUR�EDVHG�RQ�WKH�GH¿QLWLRQ�WKDW�WKH�PHDQ�ÀXFWXDWLRQ�RI�D�
variable is zero. Therefore, it is apparent from eq. (4) that vertical wind speed and va-
SRU�GHQVLW\�PXVW�EH�FRUUHODWHG�LQ�RUGHU�IRU�WKH�YDOXH�RI�YDSRU�ÀX[�WR�EH�QRQ�]HUR��7KH�
WXUEXOHQW�HGGLHV�WKDW�WUDQVSRUW�ZDWHU�YDSRU��DQG�VHQVLEOH�KHDW��SURGXFH�ÀXFWXDWLRQV�LQ�
both the direction and magnitude of vertical wind speed. The ascending eddies must 
on average be more moist than the descending eddies for evapotranspiration to occur, 
that is, upward air movement must be positively correlated with vapor density and 
downward air movement must be negatively correlated with vapor density.

8.2.2 SOURCE AREA OF MEASUREMENTS
The source area for a turbulent flux measurement defines the area (upwind of measure-
ment location) contributing to the measurement. The source area can consist of a sin-
gle vegetative cover if that cover is adequately extensive. This condition is met if the 
given cover extends sufficiently upwind such that the atmospheric boundary layer has 
equilibrated with the cover from ground surface to at least the height of the instrumen-
tation. If this condition is not met, the flux measurement is a composite of fluxes from 
two or more covers within the source area. The source area is defined in this report 
as the area contributing to 90% of the sensor measurement. Schuepp and others [39] 
provide an estimate of the source area, and the relative contributions within the source 
area, based on an analytical solution of a one-dimensional (upwind) diffusion equa-
tion for a uniform surface cover. In this approach, source area varies with instrument 
height (zs), zero displacement height (d), roughness length for momentum (zm), and 
atmospheric stability. The instrument height in this study was 36.5 m. Campbell and 
Norman [8] proposed empirical relations based on canopy height (h) for zero displace-
ment height (d~ 0.65h) and roughness length for momentum (zm ~ 0.10h.). Uniform 
canopy heights of 18.3 m (prelogging) and 0.3 m (assuming complete logging) were 
assumed in this analysis. The source area estimates were made assuming mildly un-
VWDEOH�FRQGLWLRQV��WKH�2EXNKRY�VWDELOLW\�OHQJWK�>�@�ZDV�VHW�HTXDO�WR�í���P��7KH�VRXUFH�
area increases as the height of the instrument above the vegetative canopy increases 
and as the roughness length for momentum decreases; therefore, the extensive logging 
that occurred following the fires enlarged the source area. The source area for the tur-
bulent flux measurements (Fig. 7) was estimated to be within an upwind distance of 
about 1,000 m (prelogging) or 4,800 m (assuming complete logging). As stated earlier, 
unburned areas generally were not logged and logging of the burned areas was partial 
(about two-thirds). Therefore, the “complete logging” source area depicted in Fig. 7 is 
of a larger radius than that of the true postlogging source area.

The site of the evapotranspiration station was chosen such that the source area 
RI� WKH� WXUEXOHQW� ÀX[�PHDVXUHPHQWV�ZRXOG� EH� UHSUHVHQWDWLYH� RI� WKH� UHODWLYH�PL[� RI�
ZHWODQGV�DQG�XSODQGV�LQ�WKH�SUH¿UH�ZDWHUVKHG��)LJ������%HIRUH�WKH�¿UH�DQG�DVVRFLDWHG�
ORJJLQJ��WKH�VRXUFH�DUHD�RI�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQW��)LJ�����FRQVLVWHG�RI��������
upland, 56.1% wetland, and 0.2% lake. These relative fractions of wetland and upland 
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were very close to those of the entire Tiger Bay watershed (43.8% upland, 55.5% 
ZHWODQG��DQG������ ODNH��EHIRUH� WKH�¿UHV��$OVR��DUHDV�RI�ZHWODQG�DQG�XSODQG�ZLWKLQ�
WKH�SUH�¿UH�VRXUFH�DUHD�ZHUH�LQWHUVSHUVHG��LQGLFDWLQJ�WKDW�WXUEXOHQW�ÀX[�PHDVXUHPHQWV�
approximated a representative value of the composite mix of wetlands and uplands, 
regardless of the wind direction.

Fires within the watershed during spring 1998 changed the primary components of 
source area heterogeneity from wetland/upland to burned/unburned (Fig. 3) and com-
SOLFDWHG�LQWHUSUHWDWLRQ�RI�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQWV��%XUQHG�DQG�XQEXUQHG�DUHDV�
ZHUH�QRW�ZHOO�LQWHUVSHUVHG��UHVXOWLQJ�LQ�PHDVXUHPHQWV�WKDW�UHÀHFWHG�YDU\LQJ�IUDFWLRQV�
RI�EXUQHG�DQG�XQEXUQHG�DUHDV��GHSHQGLQJ�RQ�WKH�ZLQG�GLUHFWLRQ��)ROORZLQJ�WKH�¿UHV��
WXUEXOHQW�ÀX[HV�UHSUHVHQWDWLYH�RI�EXUQHG�DUHDV�ZHUH�PHDVXUHG��ERWK�SUH�DQG�SRVWORJ-
ging, when the wind was from the north-west (zone IV in Fig. 3).

7XUEXOHQW�ÀX[HV�UHSUHVHQWDWLYH�RI�XQEXUQHG�DUHDV�ZHUH�PHDVXUHG�ZKHQ�WKH�ZLQG�
was from the east (zone II) throughout the study period. The absence of near-station 
burning in zone II, and therefore a lack of subsequent near-station logging in this 
zone, resulted in a consistently small (radius of 1,000 m), and unburned, source area 
WKURXJKRXW�WKH�VWXG\�SHULRG�ZKHQ�WKH�ZLQG�ZDV�IURP�]RQH�,,��7XUEXOHQW�ÀX[HV�UHS-
UHVHQWDWLYH�RI�EXUQHG�DUHDV�ZHUH�PHDVXUHG� IROORZLQJ� WKH�¿UHV�DQG�SULRU� WR� ORJJLQJ�
when the wind was from the north-east (zone I). With the expansion of the source area 
DVVRFLDWHG�ZLWK�ORJJLQJ��KRZHYHU��WKH�SRVWORJJLQJ�WXUEXOHQW�ÀX[�PHDVXUHPHQWV�ZHUH�
representative of a composite of burned and unburned areas when the wind was from 
zone I. Examination of the estimated [39] cumulative fractional contribution to the 
WXUEXOHQW�ÀX[�PHDVXUHPHQW�DV�D�IXQFWLRQ�RI�XSZLQG�GLVWDQFH�IURP�WKH�PHDVXUHPHQW�
(Fig. 7) provided information to approximate the relative degree of burned/unburned 
area compositing. Based on this approach, an estimate was made that postlogging 
WXUEXOHQW�ÀX[�PHDVXUHPHQWV�PDGH�ZKHQ�WKH�ZLQG�ZDV�IURP�]RQH�,�UHÀHFWHG�D�VXUIDFH�
cover that was 75% burned and 25% unburned. Burned and unburned areas within 
zone III were relatively well interspersed and in approximately equal relative amounts 
IROORZLQJ�WKH�¿UHV��7KHUHIRUH��SRVW¿UH�WXUEXOHQW�ÀX[HV�PHDVXUHG�ZKHQ�WKH�ZLQG�ZDV�
IURP�]RQH�,,,�ZHUH�DVVXPHG�WR�UHÀHFW�D�VXUIDFH�FRYHU�WKDW�ZDV�����EXUQHG�DQG�����
unburned. Estimates of the relative contribution (as a function of wind direction and 
VWDWXV�RI�WKH�VXUIDFH�FRYHU��RI�EXUQHG�YHJHWDWLRQ�WR�WKH�PHDVXUHG�WXUEXOHQW�ÀX[�VLJQDO�
DUH�VXPPDUL]HG�LQ�7DEOH����7KHVH�HVWLPDWHV�ZHUH�XVHG�WR�GHYHORS�ZHLJKWLQJ�FRHI¿-
FLHQWV�LQGLFDWLYH�RI�WKH�IUDFWLRQ�RI�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQW�IRU�D�JLYHQ�GD\�WKDW�
UHÀHFWHG�EXUQHG�YHJHWDWLRQ��ZKLFK�LV�IXUWKHU�GLVFXVVHG�ODWHU�LQ�WKLV�FKDSWHU�

8.2.3 INSTRUMENTATION
Instrumentation capable of high-frequency resolution must be used in an application 
of the eddy correlation method because of the relatively high frequency of the tur-
bulent eddies that transport water vapor. Instrumentation included a three-axis sonic 
anemometer and a krypton hygrometer to measure variations in wind speed and vapor 
density, respectively (Fig. 5). The sonic anemometer relies on three pairs of sonic 
transducers to detect wind-induced changes in the transit time of emitted sound waves 
and to infer fluctuations in wind speed in three orthogonal directions. The measure-
ment path length between transducer pairs is 10.0 cm (vertical) and 5.8 cm (horizon-
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tal); the transducer path angle from the horizontal is 60 degrees. In contrast to some 
sonic anemometers used previously [44], the transducers of this improved anemom-
eter are not permanently destroyed by expo- sure to moisture, and thus are suitable for 
long-term deployment. Operation of the anemometer used in this study ceases when 
moisture on the transducers disrupts the sonic signal, but recommences upon drying 
of the transducers.

The hygrometer relies on the attenuation of ultra-violet radiation, emitted from a 
source tube, by water vapor in the air along the 1-cm path to the detector tube. The 
instrument path line was laterally displaced 10 cm from the midpoint of the sonic 
transducer path lines. Hygrometer voltage output is proportional to the attenuated ra-
GLDWLRQ�VLJQDO��DQG�ÀXFWXDWLRQV� LQ� WKLV�VLJQDO�FDQ�EH�UHODWHG� WR�ÀXFWXDWLRQV� LQ�YDSRU�
density by Beer’s Law [59]. Similar to the anemometer, the hygrometer ceases data 
collection when moisture obscures the windows on the source or detector tubes. Also, 
the tube windows become “scaled” with exposure to the atmosphere, resulting in a loss 
RI�VLJQDO�VWUHQJWK��7KH�K\JURPHWHU�LV�GHVLJQHG�VXFK�WKDW�YDSRU�GHQVLW\�ÀXFWXDWLRQV�DUH�
accurately measured in spite of variable signal strength; however, if signal strength 
GHFOLQHV�WR�QHDU�]HUR�YDOXHV��WKH�ÀXFWXDWLRQV�FDQQRW�EH�GLVFHUQHG��3HULRGLF�FOHDQLQJ�RI�
the windows (performed monthly in this study) with a cotton swab and distiled water 
restored the signal strength. Eddy correlation instrument-sampling frequency was 8 
Hertz with 30-minute averaging periods. The eddy correlation instrumentation was 
placed about 18.2 m above the tree canopy (Fig. 6). Data were processed and stored in 
a data logger near ground-level.

7R� EH� UHSUHVHQWDWLYH� RI� WKH� VXUIDFH� FRYHU�� ÀX[�PHDVXUHPHQWV�PXVW� EH�PDGH� LQ�
WKH�LQHUWLDO�VXEOD\HU��ZKHUH�YHUWLFDO�ÀX[�LV�FRQVWDQW�ZLWK�KHLJKW�DQG�ODWHUDO�YDULDWLRQV�
LQ�YHUWLFDO�ÀX[�DUH�QHJOLJLEOH�>��@��0HDVXUHPHQWV�PDGH�LQ�WKH�XQGHUO\LQJ�URXJKQHVV�
VXEOD\HU�FDQ�UHÀHFW�LQGLYLGXDO�URXJKQHVV�HOHPHQWV��IRU�H[DPSOH��LQGLYLGXDO�WUHHV�RU�
JDSV�EHWZHHQ�WUHHV���UDWKHU�WKDQ�WKH�FRPSRVLWH�VXUIDFH�FRYHU��*DUUDW�>��@�GH¿QHV�WKH�
lower boundary of the inertial sublayer to be at a height such that the difference of this 
height and the zero displacement height (d) is much greater than the roughness length 
for momentum (zm). Employing Campbell and Norman’s [8] empirical relations and 
assuming that “much greater than” implies greater by a factor of ten [10], leads to an 
instrument height (zs) requirement of zs >[1.65*h]. A factor of about two was used in 
this chapter as a conservative measure. As a conservative measure, the instrument 
height (36.5 m) used in this chapter was about twice canopy height.

8.2.4 CALCULATION OF TURBULENT FLUXES
Latent heat flux [see Eq. (5)] was estimated based on a modified form of Eq. (4). In 
(T�������ȜE is latent heat flux, in watts per m2��Ȝ�LV�ODWHQW�KHDW�RI�YDSRUL]DWLRQ�RI�ZDWHU��
HVWLPDWHG�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�>��@��LQ�MRXOHV�SHU�JUDP��ȡ�LV�DLU�GHQVLW\�WKDW�LV�
estimated as a function of air temperature, total air pressure, and vapor pressure [28], 
in grams per cubic meter; H is sensible heat flux, in watts per m2; Cp is specific heat 
capacity of air, estimated as a function of temperature and relative humidity [43], 
in joules per gram per degree Celsius; Ta is air temperature, in °C; F is a factor that 
accounts for molecular weights of air and atmospheric abundance of oxygen, and is 
equal to 0.229 gram-degree Celsius per joule; Ko is an extinction coefficient of 
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hygrometer for oxygen, estimated as 0.0045 cubic meters per gram per centimeter 
[46]; Kw is an extinction coefficient of hygrometer for water, equal to the manufactur-
er-calibrated value, in cubic meters per gram per centimeter; and overbars and primes 
indicate means over the averaging period and deviations from the means, respectively. 
The second and third terms of the right side of Eq. (5) account for temperatureinduced 
fluctuations in air density [58] and for the sensitivity of the hygrometer to oxygen [45], 
respectively.

FIGURE 7 Radial extent of source areas of turbulent flux and net radiation measurements.

TABLE 2 Relative fraction of burned vegetation sensed by eddy correlation instrumentation 
[The sector is in degrees measured clockwise from north (Fig. 3); gi is the fractional contribution 
of burned area within burn zone i to the measured latent heat flux when wind direction is from 
burn zone i].

Burn zone i Sector gi = Fractional contribution

Pre-fire Post – fire/pre-logging Post-logging

I 0 to 45 0.0 1.0 0.75

II 45 to170 0.0 0.0 0.00

III 170 to 320 0.0 0.5 0.50

IV 320 to 360 0.0 1.0 1.00
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Similarly to vapor transport, sensible heat can be estimated by using Eq. (6). The 
sonic anemometer is capable of measuring “sonic” temperature based on the depen-
dence of the speed of sound on this variable [19, 20]. Schotanus and others [38] related 
WKH�VRQLF�VHQVLEOH�KHDW�EDVHG�RQ�PHDVXUHPHQW�RI�VRQLF�WHPSHUDWXUH�ÀXFWXDWLRQV�WR�WKH�
true sensible heat given in Eq. (6). Those researchers included a correction, for the 
effect of wind blowing normal to the sonic acoustic path that has been incorporated 
directly into the anemometer measurement by the manufacturer (Swiatek, E., 1998. 
&DPSEHOO�6FLHQWL¿F��,QF���ZULWWHQ�FRPPXQLFDWLRQ���OHDGLQJ�WR�D�VLPSOL¿HG�IRUP�RI�WKH�
Schotanus and others [38] formulation given in Eq. (7).

In Eq. (7): Ts is the sonic temperature, in °C; and q�LV�VSHFL¿F�KXPLGLW\��LQ�JUDPV�
RI�ZDWHU�YDSRU�SHU�JUDPV�RI�PRLVW�DLU��)OHDJOH�DQG�%XVLQJHU�>��@�GH¿QHG�WKH�VSHFL¿F�
humidity [q@� LQ�(T�� �����EDVHG�RQ� WKH� UHODWLRQ�EHWZHHQ�VSHFL¿F�KXPLGLW\�DQG�YDSRU�
density.

,Q�(T�������ȡv is vapor density, in grams per cubic meter; Rd is the gas constant for 
dry air (= 0.28704 joules per degree Celsius per gram); and Pa is atmospheric pressure, 
in pascals (assumed to remain constant at 100.7 kilopascals at top of tower at about 
���PHWHUV�DERYH�VHD�OHYHO����(T������FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�ÀXFWXDWLRQV�LQ�WKH�
K\JURPHWHU�PHDVXUHG�ZDWHU�YDSRU�GHQVLW\�UDWKHU�WKDQ�ÀXFWXDWLRQV�LQ�VSHFL¿F�KXPLGLW\�
as shown in Eq. (9). 

  (5)

  (6)

  (7)

  (8)

  (9)

  (10)

  (11)

  (12)
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  (13)

  (14)

Estimation of turbulent fluxes (eqs. (5) and (6)) relies on an accurate measurement of 
velocity fluctuations perpendicular to the lateral airstream. The study area is relatively 
flat and level, indicating that the air stream is approximately perpendicular to gravity 
and the sonic anemometer was oriented with respect to gravity with a bubble level. 
Measurement of wind speed in three orthogonal directions with the sonic anemometer 
allows for a more refined orientation of the collected data with the natural coordinate 
system through mathematical coordinate rotations. The magnitudes of the coordinate 
rotations are determined by the components of the wind vector in each 30-minute 
averaging period.

The wind vector is composed of three time-averaged components (u, v, w) in three 
initial coordinate directions (x, y, z). Using a bubble level, direction z initially was 
approximately oriented with respect to gravity, and the other two directions were ar-
bitrary. Tanner and Thurtell [47] and Baldocchi and others [1] outline a procedure in 
which measurements made in the initial coordinate system are transformed into values 
consistent with the natural coordinate system. First, the coordinate system is rotated 
E\�DQ�DQJOH�Ș�DERXW�WKH�]�D[LV�WR�DOLJQ�X�DORQJ�D�WUDQVIRUPHG�[�GLUHFWLRQ�RQ�WKH�[�\�
SODQH��1H[W��URWDWLRQ�E\�DQ�DQJOH�ș�LV�SHUIRUPHG�DERXW�WKH�\�GLUHFWLRQ�WR�DOLJQ�Z�DORQJ�
a transformed z-direction. These rotations result in a natural coordinate system with 
mean values of wind speed along the transformed y and z axes equal to zero and the 
mean airstream pointed directly along the transformed x axis.

The coordinate rotation-transformed covariances needed to compute turbulent 
ÀX[HV�DUH�GHVFULEHG�LQ�HT��������ZKHUH�

 = is the rotated covariance;
 = is the rotated covariance;

� � � �LV�WKH�ÀXFWXDWLRQ�LQ�HLWKHU�YDSRU�GHQVLW\�(r v) or virtual tempera-
ture (T s); and

 = are covariances measured in the original coordinate system.
The [cos ș@, [sin ș@, [sin Ș], and [cos Ș@�DUH�GH¿QHG�LQ�HTV�������WR�������UHVSHFWLYHO\��� 

The presence of the tower and the anemometer produced spurious turbulence which 
possibly LPSDFWHG�PHDVXUHG� YHORFLW\� ÀXFWXDWLRQV�� SDUWLFXODUO\� ZKHQ� WKH� ZLQG� ZDV�
IURP� WKH� WRZHU�VLGH�RI� WKH� VHQVRU��7XUEXOHQW�ÀX[�GDWD� IRU�ZKLFK�³WKH� LQIHUUHG�PLV�
leveling angle ș�greater than 10o” were excluded based on the assumption that spurious 
turbulence was the cause of the excessive amount of coordinate rotation.

8.2.5 CONSISTENCY OF MEASUREMENTS WITH ENERGY BUDGET
Previous investigators [3, 15, 17, 23, 29, 44, 50] have described a recurring problem 
with the eddy correlation method: A common discrepancy of the measured latent and 
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sensible heat fluxes with the energy-budget equations (Eq. (1)). The usual case is that 
measured turbulent fluxes (H + Ȝ E) are less than the measured available energy (Rn – 
S). Bidlake et al. [3] accounted for only 49 and 80% of the measured available energy 
with measured turbulent fluxes (H + Ȝ E) at cypress swamp and pine flat- wood sites, 
respectively. Turbulent fluxes measured above a coniferous forest by Lee and Black 
[23] accounted for only 83% of available energy. Several researchers [15, 17, 29] have 
shown that the eddy correlation method performs best in windy conditions (relatively 
high friction velocity, u*). Friction velocity is directly proportional to wind speed, but 
also incorporated rates the frictional effects of the plant canopy and land surface on 
the wind and the effects of atmospheric stability [8]. Friction velocity can be computed 
with three dimensional sonic anemometer measurements of velocity fluctuations as 
[43] shown in Eq. (15).

Goulden and others [17] concluded that eddy correlation-measured values of car-
ERQ�ÀX[�IURP�D�IRUHVW�ZHUH�XQGHUHVWLPDWHG�ZKHQ�u* was less than 0.17 m/s. German 
[15] noted that at u* greater than 0.3 m/s, little discrepancy existed between measured 
DYDLODEOH�HQHUJ\�DQG�PHDVXUHG�WXUEXOHQW�ÀX[HV��Possible explanations for the observed 
discrepancy between the PHDVXUHG�WXUEXOHQW�ÀX[HV�DQG�the measured available energy 
LQFOXGH��D�VHQVRU�IUHTXHQF\�UHVSRQVH�WKDW�LV�LQVXI¿FLHQW�WR�FDSWXUH�KLJK�IUHTXHQF\�HG-
GLHV��DQ�DYHUDJLQJ�SHULRG�LQVXI¿FLHQW�WR�FDSWXUH�ORZ�IUHTXHQF\�HGGLHV��UHVXOWLQJ�LQ�D�
nonzero mean wind speed perpendicular to the airstream; drift in the absolute values 
of anemometer and hygrometer measurements resulting in statistical nonstationarity 
within the averaging period; lateral advection of energy; and overestimation of avail-
able energy. Lateral advection of energy is not a likely explanation because most of 
the studies reporting underestimation RI�WXUEXOHQW�ÀX[HV�ZHUH�FRQGXFWHG�DW�VLWHV�ZLWK�
DGHTXDWHO\�H[WHQVLYH�VXUIDFH�FRYHUV��0HDVXUHPHQW�RI� WKH�VRLO�KHDW�ÀX[�DQG�VWRUDJH�
WHUPV�RI�WKH�DYDLODEOH�HQHUJ\�FDQ�EH�SUREOHPDWLF��JLYHQ�WKH�GLI¿FXOW\�LQ�PDNLQJ�UHS-
resentative measurements of WKHVH�WHUPV��KRZHYHU��WKH�WXUEXOHQW�ÀX[�underestimation 
RFFXUV�HYHQ�ZLWK�D�GDLO\�FRPSRVLWH�RI�ÀX[HV��LQ�ZKLFK�FDVH�WKHVH�WHUPV�JHQHUDOO\�DUH�
negligible).

Likewise, overestimation of net radiation seems unlikely, given the relative sim-
plicity and laboratory calibration of net radiometers. For these reasons, it was assumed 
in this study that the available energy was accurately measured and that any error in 
HQHUJ\�EXGJHW�FORVXUH�ZDV�DVVRFLDWHG�ZLWK�HUURUV�LQ�PHDVXUHPHQW�RI�WXUEXOHQW�ÀX[HV��
Moore [29] also noticed an under-estimation RI�WXUEXOHQW�ÀX[HV�DQG�VXJJHVWHG�WKDW�WKLV�
XQGHU�HVWLPDWLRQ�ZRXOG�OLNHO\�DSSO\�HTXDOO\�WR�HDFK�RI�WKH�WXUEXOHQW�ÀX[HV��VHQVLEOH�
DQG�ODWHQW�KHDW�ÀX[���OHDGLQJ�WR�WKH�FRQFOXVLRQ�WKDW�WKH�UDWLR�RI�WKH�ÀX[HV�FDQ�EH�PHD-
sured adequately. This assumption seems reasonable, given that the same turbulent ed-
dies transport both sensible and latent heat, and therefore, any eddies that are missed by 
the instrumentation because of anemometer response or averaging period would have 
a proportionDOO\�HTXDO�HIIHFW�RQ�ERWK�WXUEXOHQW�ÀX[HV��German [15] provided empirical 
support for this assumption at a saw-grass site in south Florida where simultaneous 
PHDVXUHPHQW�RI�WKH�UDWLR�RI�ÀX[HV�ZDV�EDVHG�RQ�WZR�DSSURDFKHV��WKH�HGG\�FRUUHODWLRQ�
method (using instrumentation identical to that used in the present study) and the mea-
surement of temperature and vapor pressure differentials between vertically separated 
VHQVRUV�>�@��7KHVH�LQGHSHQGHQW�DSSURDFKHV�IRU�HVWLPDWLQJ�WKH�UDWLR�RI�WXUEXOHQW�ÀX[HV�
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were in reasonable agreement during the daylight hours when evapotranspiration pre-
GRPLQDWHG��$VVXPLQJ�WKDW�WKH�UDWLR�RI�WXUEXOHQW�ÀX[HV�LV�DGHTXDWHO\�PHDVXUHG�E\�WKH�
eddy correlation method, the energy budget equation (Eq. (1)), along with turbulent 
ÀX[HV��H and ȜE) measured using the standard eddy correlation technique, can be used 
to produce corrected (Hcor and ȜEcor��WXUEXOHQW�ÀX[HV�LQ�DQ�energy-budget variant of the 
eddy correlation method, as shown in Eq. (16). As shown below, we get Eq. (19) for 
Hcor, after introducing the Bowen ratio [Eq. (17)].

  (15)

  (16)

Bowen ratio is defined in eq. (17): 

  (17)

Rearranging eq. (16), we get:

  (18)

Combining eq. (17) and (18): 

 (19)

Instrumentation was installed at the evapotranspiration station to provide estimates of 
soil heat flux (G) and changes in stored energy (S) in the biomass and air. Soil heat flux 
at a depth of 8 cm was measured at two representative locations using soil heat-flux 
plates. An estimate of the soil heat flux at land surface was computed based on the 
estimated change in stored energy in the soil above the heat flux plates. The changes 
in stored energy in the soil above the heat flux plates were estimated based on thermo-
couple-measured changes in soil temperature and estimates of soil heat capacity. The 
estimates of soil heat capacity were based on mineralogy, soil bulk density, and soil 
moisture content. Soil moisture content was measured using time-domain reflectom-
etry (TDR) probes placed within the upper 8 cm of soil. Thermocouples were installed 
at multiple locations within the trunks of representative trees to allow for estimation of 
changes in storage of energy within the biomass. Estimates of biomass density (based 
on tree surveys) and biomass heat capacity (available from previous studies) also are 
required for calculation of changes in biomass stored energy. Changes in storage of 
energy in the air generally are small in comparison with soil heat flux and biomass heat 
storage, but were estimated based on measurement of the temperature and relative hu-
midity profile below the turbulent flux sensors. With the exception of the temperature 
and relative humidity sensors, all of the instrumentation intended to provide data to 
estimate soil heat flux and changes in stored energy was destroyed by earth-moving 
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equipment used to construct a fire break around the evapotranspiration station a few 
hours before a fire passed through the area of the station. 

Energy generally enters the soil surface and is stored in the biomass and air during 
WKH�GD\�DQG�UHOHDVHG�DW�QLJKW��,W�ZDV�DVVXPHG�WKDW�VRLO�KHDW�ÀX[�DQG�FKDQJHV�LQ�HQHUJ\�
storage in the biomass and air were negligible over a diurnal cycle. This facilitated the 
evaluation of Eqs. (18) and (19), using daily composites of terms in these equations. 
This approach allowed for neglect of those terms of the energy budget that were not 
measured as a result of ¿UHGDPDJHG�instrumentation.

During periods of rapid temperature changes (for example, cold front passage), 
KRZHYHU�� WKH�QHW� VRLO� KHDW�ÀX[�DQG� WKH�QHW� FKDQJH� LQ� HQHUJ\� VWRUHG� LQ� WKH�ELRPDVV�
and air over a diurnal cycle may not be negligible. As mentioned previously, prob-
lems such as scaling of hygrometer windows, moisture on anemometer or hygrometer, 
RU�H[FHVVLYH�FRRUGLQDWH�URWDWLRQ�FDQ�UHVXOW�LQ�PLVVLQJ����PLQXWH�WXUEXOHQW�ÀX[�GDWD��
These data must be estimated prior to construction of daily composites of turbulent 
ÀX[HV��,Q�WKH�SUHVHQW�VWXG\��UHJUHVVLRQ�DQDO\VLV�RI�PHDVXUHG�WXUEXOHQW�ÀX[�GDWD�DQG�
photosynthetically active radiation (PAR) was used to estimate unmeasured values 
RI�WXUEXOHQW�ÀX[HV��7KHVH�UHJUHVVLRQ�HVWLPDWHG�YDOXHV�RI� WXUEXOHQW�ÀX[HV�DUH�QRW�DV�
UHOLDEOH�DV�PHDVXUHG�YDOXHV��7KHUHIRUH��WKH�IUDFWLRQ�RI�GDLO\�FRPSRVLWHG�WXUEXOHQW�ÀX[�
data derived from regression estimates was limited to 25% (up to 6 hours per day). The 
procedure outlined above for culling, estimating, and compositing 30-minute turbulent 
ÀX[�GDWD�VWLOO�UHVXOWHG�LQ�PLVVLQJ�YDOXHV�IRU�VRPH�GD\V�

8.2.6 SIMULATION OF EVAPOTRANSPIRATION
An evapotranspiration model was developed for estimating daily values of evapo-
transpiration representative of both burned and unburned areas. Post-fire measure-
ments of evapotranspiration generally reflected a composite of evapotranspiration 
from burned and unburned vegetation. A model was developed that reflected the mix-
ture of source area characteristics and allowed calculation of the evapotranspiration 
from each source area.

8.2.7 EVAPOTRANSPIRATION MODELS
The eddy correlation instrumentation can have extended periods of inoperation, as dis-
cussed previously. However, more robust meteorological and hydrologic instrumenta-
tion (sensors for measurement of net radiation, air temperature, relative humidity, PAR, 
wind speed, soil moisture, and water-table depth) can provide nearly uninterrupted 
data collection. Evapotranspiration models, calibrated to measured turbulent flux data 
and based on continuous meteorological and hydrologic data, can provide continuous 
estimates of evapotranspiration. Evapotranspiration models also can provide insight 
into the cause-and-effect relation between the environment and evapotranspiration.

Physics-based evapotranspiration models generally rely on the work of Penman 
[32], who developed an equation for evaporation from wet surfaces based on ener-
gy budget and aerodynamic principles. Penman equation has been used to estimate 
evapotranspiration from well-watered, dense agricultural crops (reference or potential 
evapotranspiration). In Penman’s equation, the transport of latent and sensible heat 
ÀX[HV�IURP�D�³ELJ�OHDI´�WR�WKH�VHQVRU�KHLJKW�LV�VXEMHFW�WR�DQ�DHURG\QDPLF�UHVLVWDQFH��

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



184 Evapotranspiration: Principles and Applications for Water Management

The big leaf assumption implies that the plant canopy can be conceptualized as a sin-
gle source of both latent and sensible heat at a given height and temperature. Inherent 
in the Penman approach is the assumption of a net one-dimensional, vertical transport 
of vapor and heat from the canopy. The Penman equation is shown in Eq. (20).

  (20)

  (21)

  ( )nR S
Eλ α

γ
∆ −

=
∆ +

 with 3ULHVWOH\�7D\ORU�FRHIILFLHQW��Į (22)

  (23)

,Q�HT��������Ȝ(�LV�ODWHQW�KHDW�IOX[��LQ�ZDWWV�SHU�VTXDUH�PHWHU���ǻ�LV�VORSH�RI�WKH�VDWXUD�Ȝ(�LV�ODWHQW�KHDW�IOX[��LQ�ZDWWV�SHU�VTXDUH�PHWHU���ǻ�LV�VORSH�RI�WKH�VDWXUD��LV�ODWHQW�KHDW�IOX[��LQ�ZDWWV�SHU�VTXDUH�PHWHU���ǻ�LV�VORSH�RI�WKH�VDWXUD-
tion vapor-pressure curve, in kilopascals per degree Celsius; G is soil heat flux at land 
surface, in watts per square meter; S is change in storage of energy in the biomass 
and air, in watts per square meter;  Cp is specific heat capacity of the air, in joules 
per gram per degree Celsius; es is saturation vapor pressure, in kilopascals; e is vapor 
pressure, in kilopascals; rh�LV�DHURG\QDPLF�UHVLVWDQFH��LQ�VHFRQGV�SHU�PHWHU��DQG�Ȗ�LV�
the psychrometric constant =  approximately 0.067 kilopascals per degree Celsius, but 
varying slightly with atmospheric pressure and temperature.  The first term is known 
as the energy term; the second term is known as the aerodynamic term. The eq. (21) is 
simplification of the Penman equation for the case of saturated atmosphere (e = es), for 
which the aerodynamic term is zero. 

However, Priestley and Taylor [34] noted that empirical evidence suggests that 
evaporation from extensive wet surfaces is greater than this amount, presumably be-
cause the atmosphere generally does not attain saturation. Therefore, the Priestley-
7D\ORU�FRHI¿FLHQW�>��HT������@�ZDV�LQWURGXFHG�DV�DQ�HPSLULFDO�FRUUHFWLRQ�WR�WKH�WKHRUHWL-
cal expression [eq. (21)].  This formulation assumes that the energy and aerodynamic 
terms of the Penman equation are proportional to each other. The value of  has been 
estimated to be 1.26, which indicates that under potential evapotranspiration condi-
tions, the aerodynamic term of the Penman equation is about 21 percent of the total 
latent KHDW�ÀX[��(LFKLQJHU�DQG�RWKHUV�>��@�KDYH�VKRZQ�WKDW�WKH�HPSLULFDO�YDOXH�RI��KDV�
a theoretical basis: A nearly constant value of  is expected under the existing range of 
Earth-atmospheric conditions.

Previous studies [13, 41, 44] KDYH�DSSOLHG�D�PRGL¿HG�IRUP�RI�WKH�3ULHVWOH\�7D\ORU�
equation. The approach in these studies relaxs the Penman assumption of a free-water 
VXUIDFH�RU� D�GHQVH��ZHOO�ZDWHUHG�FDQRS\�E\�DOORZLQJ�Į� WR�EH� OHVV� WKDQ������DQG� WR�
vary as a function of environmental factors. The Penman-Monteith equation [27] is a 
more theoretically rigorous generalization of the Penman equation that also accounts 
for a relaxation of the these Penman assumptions. However, Stannard [] noted that 
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the�PRGL¿HG�3ULHVWOH\�7D\ORU�DSSURDFK�WR�VLPXODWLRQ�RI�REVHUYHG�HYDSRWUDQVSLUDWLRQ�
rates was superior to the Penman-Monteith approach for a sparsely vegetated site in 
WKH�VHPLDULG�UDQJHODQG�RI�&RORUDGR��6LPLODUO\��6XPQHU�>��@�QRWHG�WKDW�WKH�PRGL¿HG�
Priestley-Taylor approach performed better than did that of Penman-Monteith for a 
VLWH�RI�KHUEDFHRXV��VXFFHVVLRQDO�YHJHWDWLRQ�LQ�FHQWUDO�)ORULGD��7KHUHIRUH��WKH�PRGL¿HG�
Priestley-Taylor approach was chosen for the present investigation.

8.2.8 PARTITIONING OF MEASURED EVAPOTRANSPIRATION
An evapotranspiration model (daily resolution) was developed to partition the mea-
sured evapotranspiration into two components characteristic of the primary types of 
surface cover (burned and unburned) of the watershed during the study period. As 
mentioned previously, upland areas were more likely to have been burned during the 
June-July 1998 fires than wetland areas. Therefore, to some extent, the model results 
also reflect the variation between upland and wetland evapotranspiration. The model 
was of the form, as shown in Eq. (23), where: Ȝ( is measured latent heat flux at the 
station, in watts per m2; w b is the fraction of the measured latent heat flux originat-
ing from burned areas, dimensionless; Ȝ Eu is latent heat flux from unburned areas, in 
watts per m2; and Ȝ Eb is latent heat flux from burned areas, in watts per m2.

  (24)

  (25)

In Eq. (24): the weighting coefficient (wb) for a given day must incorporate the spa-
tial distribution of surface cover types near the point of flux measurement (Fig. 3 
and Table 2), the changing (upwind) source area for the measurement associated with 
changes in wind direction, and the diurnal changes in evapotranspiration. If the rela-
tive fraction of burned surface cover in the upwind source area remained constant for 
a given day (that is, the wind direction remained from a given zone of a relatively 
uniform mixture of surface cover types), wb would be simply the fraction of burned 
surface cover within the zone. Also, if evapotranspiration from each surface cover type 
remained constant during a given day, wb would be simply the time-weighted aver-
age of the fraction of burned surface cover within the upwind source areas. However, 
intra-day changes in source area composition, associated with changes in wind direc-
tion, and the strong diurnal cycle in evapotranspiration had to be considered during 
computation of day-by-day values of wb. For example, suppose that the wind were 
from the west during the night and from the east during the day. In this situation, the 
measured daily evapotranspiration would be much more representative of the surface 
cover to the east because day- time evapotranspiration generally is much higher than 
nighttime evapotranspiration. Strong diurnal biases in wind direction (Fig. 8) exist in 
the study area, which can lead to situations such as that described. Therefore, weight-
ing coefficients must reflect these diurnal patterns in evapotranspiration.

The diurnal pattern of evapotranspiration during a given day generally is strongly 
correlated with the diurnal pattern of incoming radiation, as can be inferred from the 
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Priestley-Taylor equation (Eq. (22)) or seen empirically [44]. PAR was used as a sur-
rogate for the factors that produce intraday variations in evapotranspiration for both 
surface cover types. Nighttime PAR is equal to zero, implying that only daytime winds 
IURP�D�JLYHQ�]RQH�DUH�DVVXPHG� WR�FRQWULEXWH� WR� WKH�PHDVXUHG� ODWHQW�KHDW�ÀX[� IRU�D�
given day. Other factors (such as variations in air temperature) that contribute to the 
diurnal pattern of evapotranspiration were considered minor, compared to the effect 
of PAR, and were not considered in the determination of weights for use in the Eq. 
(23). The computation for the day-by-day values of wb is derived in Appendix I at the 
end of this chapter and is shown in Eq. (24), where: gi is the fractional contribution of 
EXUQHG�DUHD�ZLWKLQ�EXUQ�]RQH�L�WR�WKH�PHDVXUHG�ODWHQW�KHDW�ÀX[�ZKHQ�ZLQG�GLUHFWLRQ�LV�
from burn zone i (Table 2); i is an index for the burn zones (Fig. 3); and fi is the PAR-
weighted fraction of the day that wind direction is from burn zone i and is computed 
using Eq. (25).

In Eq. (25): k is an index for the 48 measurements of 30-minute averages within a 
given day;�įȚ(Ȍț)�LV�D�ELQDU\�IXQFWLRQ�HTXDO�WR����LI�Ȍț is within burn zone i and other-
wize equals 0; PARk is the measured PAR for time period k�ZLWKLQ�D�JLYHQ�GD\��DQG�Ȍț 
is the wind direction for time period k within a given day.

In the evapotranspiration model (Eq. (23)): Both Ȝ Eu and Ȝ Eb are simulated by the 
PRGL¿HG�3ULHVWOH\��Taylor equation (Eq. (22)) with individual 3ULHVWOH\�7D\ORU�Į�IXQF-
WLRQV��7KH�Į�IXQFWLRQ�IRU�Ȝ Eu was assumed to remain unchanged throughout the 2-year 
VWXG\�SHULRG��KRZHYHU��WKH�Į�IXQFWLRQ�IRU�Ȝ Eb was divided into multiple time periods 
WR�UHÀHFW�WKH�UDGLFDO�FKDQJH�LQ�VXUIDFH�FRYHU�RI�WKH�EXUQHG�DUHDV�IROORZLQJ�WKH�¿UH��
logging, and regrowth of vegetation. The measurements of average, daily evapotrans-
piration provided a standard with which to calibrate the Priestley-Taylor evapotrans-
SLUDWLRQ�PRGHO��&DOLEUDWLRQ�RI�WKH�3ULHVWOH\��7D\ORU�PRGHO�LQYROYHG�TXDQWL¿FDWLRQ�RI�
WKH�IXQFWLRQDO�UHODWLRQV�EHWZHHQ�WKH�3ULHVWOH\�7D\ORU¶V�Į�DQG�HQYLURQPHQWDO�YDULDEOHV��
7KLV�TXDQWL¿FDWLRQ�ZDV�DFKLHYHG�WKURXJK�LGHQWL¿FDWLRQ�RI�WKH�IRUP�RI�WKH�IXQFWLRQDO�
relation (trial-and-error approach) and estimation of the parameters of that relation 
(regression analysis) that produced optimal correspondence between measured and 
VLPXODWHG�YDOXHV�RI�ODWHQW�KHDW�ÀX[�

The form of the calibrated model (Eq. (23)) allowed for evapotranspiration to be 
estimated for any mix of burned and unburned areas through appropriate VSHFL¿FDWLRQ�
of wb. Daily values of evapotranspiration for burned and unburned areas were esti-
mated with wb equal to 1 and 0, respectively. Evapotranspiration from the watershed 
was estimated with wb equal to 0 and 0.4 (burned fraction of watershed) prior to and 
IROORZLQJ�WKH�¿UHV��UHVSHFWLYHO\��7KH�SRWHQWLDO�HYDSRWUDQVSLUDWLRQ�IURP�WKH�ZDWHUVKHG�
ZDV�HVWLPDWHG�ZLWK�VLPLODU�ZHLJKWLQJ��EXW�ZLWK�D�3ULHVWOH\�7D\ORU�Į�HTXDO�WR�D�FRQVWDQW�
value of 1.26.

8.2.9 MEASUREMENT OF ENVIRONMENTAL VARIABLES
Meteorological, hydrologic, and vegetative data were collected in the study area for 
several reasons: (1) as ancillary data required by the energy- budget variant of the eddy 
correlation method, (2) as independent variables within the evapotranspiration model, 
and (3) to construct a water budget for the Tiger Bay watershed. Meteorological vari-
ables monitored included net radiation, air temperature, relative humidity, wind speed, 
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and PAR. These data were recorded by data loggers at 15-second intervals, using in-
strumentation summarized in Table 1, and the resulting 30-minute means were stored.

Two net radiometers, each deployed at a height of 35 m, provided redundant mea-
surements of net radiation at the evapotranspiration station. Measured values of net 
radiation were corrected for wind-speed effects as suggested by the instrument manual 
for the Radiation and Energy Balance Systems, Inc., Model Q-7.1 net radiometer. In 
late 1999, missing net radiation data necessitated an estimate of net radiation based on 
a regression of PAR and net radiation. PAR consists of that part of incoming solar radia-
tion that is used in plant photosynthesis and is highly correlated with incoming solar 
radiation. Based on data collected during 1993–1994 in Orange County – Florida, 
solar radiation (in watts per m2) can be approximated (standard error of estimate = 11 
watts per m2) as 0.49 times PAR (in micromoles per second per m2).

The source area of the net radiation measurement was estimated by using the ap-
proach of Reifsnyder [35] and Stannard [42]. The measurement of net radiation had a 
PXFK�VPDOOHU�VRXUFH�DUHD�WKDQ�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQW��)LJ������$ERXW�����RI�
the source area for the net radiometers was within a radial distance of 55 m (prelog-
ging) or 110 m (post logging). Therefore, the source area for the net radiometer in the 
near-vicinity of the evapotranspiration station was one of the following: (1) pine planta-
tion (prelogging), ����EXUQHG�SLQH�SODQWDWLRQ��SRVW¿UH��EXW�prelogging), or (3) clear-cut, 
with under story regrowth (postlogging). Other covers also existed within the watershed, 
primarily wetlands and unburned pine lands. Lacking net radiation measurements over 
more than one cover, the assumption was made that net radiation measured at the un-
burned pine plantation was representative of all unburned surface covers. The period of 
UHFRUG�SULRU�WR�WKH�¿UH��WKH�LQLWLDO�����GD\V�RI�������ZDV�XVHG�WR�GHYHORS�D�regression-
based predictor of net radiation as a function of PAR. This relation was used to estimate 
net radiation in unburned areas following the burning of the area around the evapotrans-
piration station. The net radiation measured at the evapotranspiration station following 
burning was assumed to be representative of all burned areas. Logging of the burned 
area near the evapotranspiration station occurred during a period of extensive logging 
through- out the watershed. Some error is introduced to the estimation of net radiation 
over burned areas because the logging was not simultaneous for all burned areas and 
because the logging over burned areas was not complete (as mentioned previously, two-
thirds of the burned forest within Tiger Bay State Forest was logged). Estimates of daily 
net radiation for burned and unburned areas were composited as shown in Eq. (26) into 
D�YDOXH�FRQVLVWHQW�ZLWK�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQWV��(TV�������DQG�������XVLQJ�WKH�
ZHLJKWLQJ�FRHI¿FLHQW��wb��SUHYLRXVO\�GH¿QHG��(T��������

  (26)

  (27)

In Eq. (26):  Rn is composited net radiation, in watts per square meter; Rnu is net radia-
tion for unburned areas, in watts per square meter; and Rnb is net radiation for burned 
areas, in watts per square meter.
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A regression between postlogging, daily values of net radiation and PAR was used 
to estimate net radiation from burned and logged surfaces during the latter part of 
1999 after net radiometer domes were damaged, perhaps by birds. Vegetation within 
the study area was mapped previously by Volusia County Department of Geographic 
,QIRUPDWLRQ�6\VWHPV�>������@�DQG�6LPRQGV�DQG�RWKHUV�>��@��3RVW�¿UH��LQIUDUHG��DHULDO�
photographs were used to identify the areal distribution of burned vegetation in the 
watershed.

FIGURE 8 Wind direction frequency pattern at location of evapotranspiration station.

Temporal variations in vegetation were documented with monthly photographs 
taken from the tower at the evapotranspiration station and with normalized difference 
vegetation index (NDVI) data. NDVI data were provided by the USGS Earth Resourc-
es Observation Systems (EROS) Data Center through analysis of the Advanced Very 
High Resolution Radiometer (AVHRR) data [11, 52, 54] from operational National 
Oceanic and Atmospheric Administration (NOAA) polar-orbiting satellites. NDVI is 
GH¿QHG�LQ�(T��������ZKHUH��1,5�LV�QHDU�LQIUDUHG�UHÀHFWDQFH�PHDVXUHG�LQ�$9+55�EDQG�
������±�����QDQRPHWHUV���DQG�9�LV�LV�YLVLEOH�UHÀHFWDQFH�PHDVXUHG�LQ�$9+55�EDQG���
(580–680 nanometers).
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FIGURE 9 Location of rain gages in vicinity of Tiger Bay watershed.

NDVI is highly correlated with the density of living, leafy vegetation. The physi-
cal basis for this correlation is the sharp contrast in the absorptivity of visible and 
near-infrared radiation by leaves, which absorb approximately 85% of incident visible 
radiation, but only 15% of near-infrared radiation [8]. Other ground covers (dead plant 
material, soil, and water) do not exhibit this extreme spectral differential in absorp-
tion. The AVHRR-computed NDVI data are provided at 2-week and 1-kilometer (km) 
by 1-km resolution. For the present study, NDVI data, within a 3-km by 3-km square 
and approximately centered on the location of the evapotranspiration station, were 
composited to quantify temporal trends in the density of living, leafy vegetation in the 
YLFLQLW\�RI�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQWV�GXULQJ�WKH�VWXG\�SHULRG�

Air temperature and relative humidity were monitored at the evapotranspiration 
station at heights of 1.5, 9.1, 18.3, and 35 m. The slope of the saturation vapor pressure 
FXUYH��D�IXQFWLRQ�RI�DLU�WHPSHUDWXUH��DQG�YDSRU�SUHVVXUH�GH¿FLW�ZHUH�FRPSXWHG�LQ�WKH�
manner of Lowe [25] using the average of air temperature and relative humidity values 
measured at these four heights. A propeller-type anemometer to monitor wind speed 
and direction and an upward-facing quantum sensor to measure incoming PAR were 
deployed at a height of 35 m at the evapotranspiration station.

Hydrologic variables that were monitored included precipitation, water-table 
depth, stream discharge, and soil moisture. Precipitation records were obtained from 
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a tipping bucket rain gage mounted at a height of about 18.3 m at the evapotranspira-
tion station and from two storage rain gages installed in forest clearings and monitored 
weekly (Fig. 9). Spatial variability in annual rainfall can be substantial within Volusia 
County, based on the long-term NOAA stations at DeLand and Daytona Beach (Fig. 
9). The Daytona Beach area, on average, receives about 15% less annual rainfall than 
does the DeLand area [30, 31]. The uncertainty associated with the rainfall distribution 
between these two stations precluded the use of both stations for estimation of rainfall 
to the Tiger Bay watershed during the study period. Rather, the rainfall totals from the 
two storage rain gages located near the watershed were averaged to provide estimates 
of rain- fall to the watershed. Tipping bucket rain gages can underestimate rainfall, 
particularly during high-intensity events; therefore, the tipping bucket gage monitored 
at the evapotranspiration station was used primarily to provide a high-resolution de-
scription of the temporal rainfall pattern, and the storage rain gages were used primar-
ily to estimate cumulative rainfall.

:DWHU�WDEOH�GHSWK�ZDV�PRQLWRUHG�DW�WZR�VXU¿FLDO��DTXLIHU�V\VWHP�ZHOOV�DW�RSSRVLWH�
ends of the watershed. Water-level measurements were obtained at 30-minute inter-
YDOV�XVLQJ�D�SUHVVXUH�WUDQVGXFHU�LQ�WKH�QRUWK�ZHOO��86*6�VLWH�LGHQWL¿FDWLRQ�QXPEHU�
290813081111801), located at the evapotranspiration station. The south well (USGS 
VLWH�LGHQWL¿FDWLRQ�QXPEHU�290119081074001), at the location of the south storage rain 
gage (Fig. 1), was measured weekly using an electric tape. Although the two wells 
monitored were located at opposite ends of the watershed (Fig. 1), both wells were 
within similar upland settings. Although the water-table depth in wet- land areas would 
be expected to be less than that measured in upland wells, water levels are expected 
to change at the same rate in the low relief environment of this watershed. Therefore, 
changes in the measured upland water-table depths can be regarded as indicators of 
changes in the representative water-table depth of the watershed.

'DLO\�YDOXHV�RI�VWUHDP�GLVFKDUJH�IRU�WKH�RQO\�VXUIDFH�ZDWHU�RXWÀRZ�IURP�WKH�7LJHU�
Bay watershed, Tiger Bay canal near Daytona Beach (Fig. 1; USGS station number 
02247480), were obtained from the USGS database [51, 53, 55]. Soil moisture at two 
representative locations at the evapotranspiration station was monitored using time-
GRPDLQ�UHÀHFWRPHWU\��7'5��SUREHV�LQVWDOOHG�WR�SURYLGH�DQ�DYHUDJHG�YROXPHWULF�VRLO�
moisture content within the upper 30 cm of the soil. Soil moisture measurements were 
made and recorded on the data logger every 30 minutes. The TDR probes were dam-
DJHG�E\�D�¿UH� LQ� ODWH� -XQH�������EXW�ZHUH� UHSODFHG� LQ�HDUO\�$XJXVW�������7KH�VRLO�
moisture measurements made at the evapotranspiration station probably are indicative 
of only the uplands; wetlands commonly are inundated at times when shallow upland 
soils are not.

8.3 RESULTS AND DISCUSSION: EVAPOTRANSPIRATION MEASUREMENT 
AND SIMULATION

Most (73%) of the 30-minute resolution eddy correlation measurements made during 
the 2-year study period were acceptable and could be used to develop an evapotrans-
piration model to estimate missing data and to discern the effects of environmental 
variables on evapotranspiration. Unacceptable measurements resulted from failure of 
the krypton hygrometer or sonic anemometer, or because of excessive (more than 
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10 degrees) coordinate rotation in the postprocessing “leveling” of the anemometer 
data. Unacceptable data were most extensive in the evening and early morning hours 
(Fig. 10) because dew formation on the sensors during these times of day was com-
mon. This diurnal pattern of missing data was fortunate because turbulent fluxes are 
expected to be relatively small during the evening and early morning, when solar 
radiation is low. Missing data were estimated based on linear regression between the 
turbulent fluxes and PAR (Figs. 11 and 12). Because PAR is zero at night, this approach 
assigned constant values of latent and sensible heat flux to missing night time data. 
The assumed constant value of night time latent heat flux assigned to missing data was 
9.04 watts per m2 (Fig. 11). This value generally was small relative to daytime values 
of latent heat flux, and therefore, not significantly inconsistent with the assumption of 
negligible nighttime latent heat flux inherent in the development of weighting coef-
ficients (Eqs. (23)–(25)). Examples of measured and PAR-estimated turbulent fluxes 
are shown for a period in late February 1998 in Fig. 13.

7XUEXOHQW�ÀX[�GDWD� H[KLELWHG� SURQRXQFHG�GLXUQDO� SDWWHUQV��7KH� DYHUDJH�GLXUQDO�
pattern of turbulent ÀX[HV�and PAR (Fig. 14) indicates that the vast majority of evapo-
transpiration occurs in daytime, driven by incoming solar radiation. During average 
GD\WLPH�FRQGLWLRQV��ERWK�ODWHQW�DQG�VHQVLEOH�KHDW�ÀX[�DUH�XSZDUG��ZLWK�PRVW�RI� WKH�
DYDLODEOH�HQHUJ\�SDUWLWLRQHG�WR�ODWHQW�KHDW�ÀX[��$W�QLJKW��WKH�ODQG�RU�FDQRS\�VXUIDFH�
FRROV�EHORZ�DLU�WHPSHUDWXUH��SURGXFLQJ�D�UHYHUVDO�LQ�WKH�GLUHFWLRQ�RI�VHQVLEOH�KHDW�ÀX[�
�)LJ�������$OWKRXJK�WKH�DYHUDJH��QLJKWWLPH�ODWHQW�KHDW�ÀX[�LV�XSZDUG��)LJ�������GHZ�
IRUPDWLRQ��GRZQZDUG�ODWHQW�KHDW�ÀX[��FRPPRQO\�RFFXUV�

The relation between net radiation and PAR�YDULHG�DV�D�UHVXOW�RI�WKH�¿UH��ORJJLQJ��
and regrowth. Regressions between daily values of net radiation and PAR are shown in 
)LJ�����IRU�WKUHH�SHULRGV��SUH¿UH��SRVW¿UH�SUHORJJLQJ��and postlogging. The measured 
and estimated values of daily net radiation for burned and unburned areas are shown 
in Fig. 16. Measured values of PAR, a quantity highly correlated with incoming solar 
radiation, are shown in Fig. 17. The strong seasonality of net radiation evident in Fig. 
16 was a consequence of the yearly solar cycle, which produces a sinusoidal input of 
solar radiation to the upper atmosphere. Deviations from the sinusoidal pattern (such 
as during September–October 1999) were largely the result of cloudy conditions that 
produced periods of low PAR��7KH�FORXG\�DQG�UDLQ\�SHULRG�LPPHGLDWHO\�DIWHU�WKH�¿UH�
resulted in relatively low values of PAR and low estimated values of net radiation in 
unburned areas. The measured (burned) net radiation, however, was relatively high, 
LQGLFDWLQJ�WKDW�WKH�VXUIDFH�UHÀHFWDQFH�RI�EXUQHG�DUHDV�GHFUHDVHG�PDUNHGO\�DIWHU�WKH�¿UH�
blackened much of the landscape. The measured net radiation for burned areas was 
about 20% higher than the estimated net radiation for unburned areas in the 6 months 
IROORZLQJ�WKH�-XQH������¿UH��:LWK�WKH�UHJURZWK�RI�YHJHWDWLRQ��UHÀHFWDQFH�JUDGXDOO\�
LQFUHDVHG�WR�QHDU�SUH¿UH�YDOXHV�LQ�WKH�SRVWORJJLQJ�SHULRG��DQG�WKH�GLIIHUHQFHV�EHWZHHQ�
values of net radiation for burned and unburned areas were less distinct.

$V�GHVFULEHG�SUHYLRXVO\��GDLO\�FRPSRVLWHV�RI�PHDVXUHG�WXUEXOHQW�ÀX[HV�ZHUH�FRQ-
structed with the restriction that no more than 6 hours of data for a given day could 
be missing and subject to estimation using the gross PAR-based relations (Figs. 11 
and 12). This restriction limited the number of acceptable daily values of measured 
WXUEXOHQW�ÀX[HV�WR�����GXULQJ�WKH���\HDU������GD\V��VWXG\�SHULRG��2QO\�D�VPDOO�DPRXQW�
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RI�WKH�WRWDO�WXUEXOHQW�ÀX[������DQG������IRU�ODWHQW�DQG�VHQVLEOH�KHDW�ÀX[��UHVSHFWLYHO\��
comprizing the acceptable daily values was estimated by the PAR-based relation. As 
expected from previous studies, the available energy tended to be greater (measured 
WXUEXOHQW�ÀX[HV�DFFRXQWHG�IRU�RQO\�DERXW�������RI�HVWLPDWHG�DYDLODEOH�HQHUJ\��WKDQ�
WKH�WXUEXOHQW�ÀX[HV�GHULYHG�IURP�WKH�VWDQGDUG�HGG\�FRUUHODWLRQ�PHWKRG��)LJ�������DQG�
the energy-budget closure tended to improve with increasing friction velocity (Fig. 
�����7KH�PHDVXUHG�WXUEXOHQW�ÀX[HV�JHQHUDOO\�DFFRXQWHG�IRU�HVWLPDWHG�DYDLODEOH�HQHUJ\�
at friction velocity values greater than about 0.6 m/s. The acceptable daily values of 
WXUEXOHQW�ÀX[HV��FRPSXWHG�E\�ERWK�WKH�VWDQGDUG�HGG\�FRUUHODWLRQ�PHWKRG��(TV������DQG�
(6)) and the energy-budget variant of the eddy correlation method (Eqs. (18) and (19)), 
are presented in Figs. 20 and 21.

7KHVH�YDOXHV�UHSUHVHQW�WKH�ÀX[HV�PHDVXUHG�DW�WKH�HYDSRWUDQVSLUDWLRQ�VWDWLRQ��DQG�
therefore, represent varying proportions of burned and unburned source areas. The 
UHODWLYH�SURSRUWLRQV�YDULHG�ZLGHO\� IROORZLQJ� WKH�¿UH� �)LJ�������ZLWK�YDOXHV� UDQJLQJ�
from those that were almost completely representative of unburned areas (wb = 0) to 
those with 80% representative of burned areas (wb = 0.8).

As a consequence of the previously mentioned discrepancy between available en-
HUJ\�DQG�PHDVXUHG�WXUEXOHQW�ÀX[HV��WKH�VWDQGDUG�HGG\�FRUUHODWLRQ�PHWKRG�SURGXFHG�
WXUEXOHQW� ÀX[� YDOXHV� WKDW�ZHUH�� RQ� DYHUDJH�� RQO\� ������ RI� WKRVH� SURGXFHG� E\� WKH�
energy-budget variant.

8.3.1 CALIBRATION OF EVAPOTRANSPIRATION MODEL
Calibration of the evapotranspiration model was essentially a process of determining 
the best functional form of the modified Priestley-Taylor coefficient, Į��7KH�HQYLURQ-
mental variables considered as possible predictors of Priestley-Taylor’s Į��(T��������LQ-
cluded: water-table depth, soil moisture, PAR, air temperature, vapor-pressure deficit, 
daily rainfall, NDVI, and wind speed. Of these variables, only water-table depth, soil 
moisture, and PAR�ZHUH�LGHQWLILHG�DV�VLJQLILFDQW�GHWHUPLQDQWV�RI�3ULHVWOH\�7D\ORU¶V�Į��
Soil moisture was highly correlated with water-table depth (Fig. 23), and there fore, 
RQH�RI�WKHVH�YDULDEOHV�FDQ�EH�H[FOXGHG�IURP�WKH�Į�IXQFWLRQ�WR�DYRLG�UHGXQGDQF\��7R�
enhance the transfer value of this study, water-table depth was retained as a variable 
LQ�WKH�Į�IXQFWLRQ��DQG�VRLO�PRLVWXUH�ZDV�HOLPLQDWHG��EHFDXVH�ZDWHU�OHYHO�GDWD�DUH�PRUH�
commonly available than soil moisture data. In other environmental settings, such as 
areas with a relatively deep water table or coarse-textured soils, the water table may be 
hydraulically de-coupled from the shallow soil moisture much of the time, and a dif-
IHUHQW�IXQFWLRQDO�UHSUHVHQWDWLRQ�RI�Į�WKDQ�ZDV�XVHG�LQ�WKLV�VWXG\�ZRXOG�EH�DSSURSULDWH�

3ULHVWOH\�7D\ORU¶V�Į�ZDV�LQLWLDOO\�VLPXODWHG�ZLWK�D�WKUHH�SDUW�PRGHO�LQFRUSRUDWLQJ�
WKH�WKUHH�GLIIHUHQW�VXUIDFH�FRYHUV������XQEXUQHG�DUHDV������SRVW¿UH�SUH�ORJJLQJ��EXUQHG�
areas (June 25 to December 16, 1998); and (3) postlogging, burned areas (December 
17, 1998 to December 31, 1999). The time divisions for the burned areas grossly ap-
proximated the observed variation in NDVI over the study period (Fig. 24). The ef-
IHFWV�RI�WKH�¿UH�DQG�WUDQVLHQW�UHJURZWK�RI�YHJHWDWLRQ��)LJ�����RQ�1'9,�ZHUH�HYLGHQW�
�)LJ�������,Q�WKH�DOPRVW���PRQWKV�SULRU�WR�WKH�¿UH��-DQXDU\��±-XQH������������1'9,�
maintained a relatively constant value of about 0.5. NDVI sharply declined at the 
WLPH�RI� WKH�¿UH��EXW� UHFRYHUHG�ZLWKLQ���PRQWKV� WR�D�YDOXH�RI�DERXW������ZKLFK�ZDV�
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PDLQWDLQHG�WKURXJKRXW�WKH�UHPDLQGHU�RI�WKH�VWXG\��$V�D�VLPSOL¿FDWLRQ��WKH�HIIHFW�RI�WKH�
transient aspect of vegetative regrowth within the 4-month recovery period was not 
LQFRUSRUDWHG�LQWR�WKH�PRGHO�IRU�Į��,QVWHDG��WKH�IXQFWLRQ�RI�Į�IRU�WKLV�UHFRYHU\�SHULRG��DV�
for all time periods, was a function solely of water-table depth and PAR.

FIGURE 10 Diurnal pattern of rejected flux measurements.

FIGURE 11 Relation between measured 30-minute averages of photosynthetically active 
UDGLDWLRQ��3$5��DQG�ODWHQW�KHDW�IOX[��ȜE).

Surprizingly, the annual pattern of leaf growth and drop for the deciduous cypress 
trees within the watershed was not apparent in values of NDVI, perhaps because of the 
exposure of under story vegetation following leaf drop. Simulations that attempted to 
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194 Evapotranspiration: Principles and Applications for Water Management

use NDVI directly as an explanatory variable for variations in evapotranspiration were 
unsuccessful. This failure is perhaps related to erratic variations in NDVI (Fig. 24), 
which are a product of sensor and data registration limitations (Kevin Gallo, NOAA, 
written communication, 2001).

An analysis of error in the preliminary model showed a seasonal pattern in the 
residuals (difference of�PHDVXUHG�DQG�VLPXODWHG�ODWHQW�KHDW�ÀX[HV��within the postlog-
ging period (Fig. 25). Measured evapotranspiration generally was overestimated in the 
early part of this period and underestimated in the late part of the period. The bias was 
apparently unrelated to changes in green leaf density, based on the relatively constant 
value of NDVI following logging (Fig. 24). Possible explanations for the model bias 
LQFOXGH�IDFWRUV�QRW�FOHDUO\�LGHQWL¿HG�E\�1'9,��SKHQRORJLFDO�FKDQJHV�associated with 
maturation or seasonality RI�SODQWV�WKDW�HPHUJHG�DIWHU�WKH�¿UH�RU�VXFFHVVLRQDO�FKDQJHV�
LQ�FRPSRVLWLRQ�RI�WKH�SODQW�FRPPXQLW\�ZLWKLQ�EXUQHG�DUHDV��7R�UHÀHFW�WKH�DSSDUHQW�
change in system function during the postlogging period, this period was further sub-
divided into an early period (December 17, 1998 through April 22, 1999) and a late 
period (April 23 through December 31, 1999). This subdivision of the postlogging 
period resulted in an improved model (standard error of estimate = 9.67 watts per m2), 
compared to the model with a single postlogging period (standard error of estimate = 
10.82 watts per m2) and reduced the seasonal bias in residuals (Fig. 25).

FIGURE 12 Relation between measured 30-minute averages of photosynthetically active 
radiation (PAR) and sensible heat flux (H).

7KH�JHQHUDO� IRUP�RI�Į�ZDV� LGHQWLFDO� IRU� DOO� VXUIDFH� FRYHUV� �(T�� ������� DOWKRXJK�
model parameter values varied with surface cover (Table 3):

  (28)
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,Q�(T��������Įj�LV�WKH�3ULHVWOH\�7D\ORU�FRHI¿FLHQW�IRU�WKH�MWK�VXUIDFH�FRYHU��j is an 
index denoting the surface cover; j = 1 (unburned areas); j = 2 (burned areas during 
SRVW¿UH�SUHORJJLQJ�SHULRG��j = 3 (burned areas during initial postlogging period); and 
j� ����EXUQHG�DUHDV�GXULQJ�¿QDO�SRVW�ORJJLQJ�SHULRG���C1j, C2j, and C3j are empirical pa-
rameters that are estimated through regression, within the context of Eqs. (22) to (25); 
and hwt is water table depth below a reference level placed at the highest water level 
measured (0.11 meters above land surface) at the evapotranspiration station (uplands 
environment) during the study period, in meters. hwt is constrained to be greater than 
zero.

Regressions to estimate the model parameters within Eq. (28) were designed to 
minimize the sum of squares of error residuals between measured and simulated latent 
KHDW�ÀX[HV��0HDVXUHG�ODWHQW�KHDW�ÀX[�ZDV�XVHG�DV�WKH�GHSHQGHQW�YDULDEOH�RI�WKH�UH-
gression; the right side of Eq. (22) contained the independent variables, as well as the 
unknown parameter (C1j, C2j, and C3j; and j� ���WR�����7KH�YDOXHV�RI�ȜEu�DQG�ȜEb were 
estimated with Eq. (22), using the appropriate values of net radiation (Rnu and Rnb of 
(T�������IRU�ȜEu�DQG�Ȝ(E��UHVSHFWLYHO\���DQG�(T��������7KH�YDULDEOH�wb was estimated 
with the Eqs. (24) and (25).

7KH�IRUP�RI�Į�XVHG�LQ�WKLV�VWXG\�LV�VLPLODU�WR�WKDW�XVHG�E\�*HUPDQ�>��@�IRU�VRXWK�
Florida wetlands, where water level and incoming solar radiation were the sole deter-
PLQDQWV�RI�Į��,Q�WKH�VWXG\�E\�*HUPDQ��KRZHYHU��WKH�IRUP�RI�Į�LQYROYHG�ERWK�¿UVW�DQG�
second order terms of incoming solar radiation. In this study, addition of the second-
order PAR term added negligible improvement to simulation of evapotranspiration.

A comparison between simulated and measured values of ODWHQW�KHDW�ÀX[�is shown 
in Fig. 26 and regression statistics are shown in Table 3. The model exhibited little 
WHPSRUDO�ELDV��)LJ�������HYHQ�LQ�WKH�SRVW¿UH�SUHORJJLQJ�period when substantial tran-
sient changes (regrowth) in vegetative cover occurred in the burned areas. The lack of 
VLJQL¿FDQW�temporal bias supports the utilization of the particular discretization of time 
XVHG�LQ�WKH�PRGHO��0RUH�WKDQ�����RI�WKH�YDOXHV�RI�ODWHQW�KHDW�ÀX[�ZHUH�ZLWKLQ�����
of the measured values.

8.3.2 APPLICATION OF EVAPOTRANSPIRATION MODEL
7KH�FDOLEUDWHG�HYDSRWUDQVSLUDWLRQ�PRGHO��(TV�������DQG�������ZLWK�Į�YDOXHV�JLYHQ�E\�
Eq. (28) and regression-derived parameters given in Table 3) described in the previ-
ous section was used to estimate average, daily values of evapotranspiration for both 
burned and unburned areas of the watershed during the 2-year study period. The model 
also provided a quantitative framework to examine the relation between evapotrans-
piration and the environment. The input variables for the model included daily values 
of net radiation (Fig. 16), PAR (Fig. 17), water-table depth at the evapotranspiration 
station (Fig. 27), and air temperature (Fig. 28).
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FIGURE 13 Measured and photosynthetically active radiation (PAR)-estimated values of (a) 
latent heat flux and (b) sensible heat flux during 10-day period in late February 1998.  

FIGURE 14 Average diurnal pattern of energy fluxes and photosynthetically active radiation 
(PAR).
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FIGURE 15 Relation between daily values of measured net radiation and photosynthetically 
active radiation (PAR). 

FIGURE 16 Average daily net radiation for burned and unburned areas.
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FIGURE 17 Average daily photosynthetically active radiation (PAR).

FIGURE 18 Temporal distribution of daily relative energy-budget closure.
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FIGURE 19 Relation between daily energy-budget closure and average daily friction velocity.

FIGURE 20 Average daily latent heat flux measured by the eddy correlation method and the 
energy-budget variant.
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FIGURE 21 Average daily sensible heat flux measured by the eddy correlation method and 
the energy-budget variant.

FIGURE 22 Daily values of fraction of burned fraction of turbulent flux measurement.
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FIGURE 23 Relation between soil moisture content and water level.

FIGURE 24 Temporal variability of normalized difference vegetation index (NDVI).
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TABLE 3 Summary of parameters and error statistics for daily evapotranspiration models
[Parameters C1j, C2j, and C3j are defined by the equation: Įj =  C1 j hwt + C2 j PA R + C3 j  
where: j is an index denoting the surface cover; hwt is water-table depth below a reference level 
placed at the highest water level measured (0.11 m above land surface) at the evapotranspiration 
station (uplands environment), in meters; and PAR is photosynthetically active radiation, in 
micromoles per m2 per second. Error statistics: r2, coefficient of determination of measured and 
simulated values of latent heat flux, dimensionless; SEE, standard error of estimate (in watts 
per m2); CV, coefficient of variation, dimensionless, equal to SEE divided by the mean of the 
measured values of latent heat flux]

Parameters Unburned

area (j = 1)

Three-part model for burned area

Post-fire/pre-logging (j=2) Post-logging I (j=3) Post-logging II
(j=4)

Time period

01-1-1998 to

31-12-1999

25-06-1998 to

16-12-1998

17-12-1998 to

22-04-1999

23-04-1999 to

31-12-1999

C1j -0.175 -0.167 -0.312 -0.508

C2j -0.00102 -0.00147 -0.00031 0.00013

C3j +1.42 1.26 1.03 1.36

 Error statistics: r2 = 0.90; SEE = 9.67 and CV= 0.11

9DOXHV�RI�ODWHQW�KHDW�ÀX[�DQG�HYDSRWUDQVSLUDWLRQ�IRU�-DQXDU\������WKURXJK�'HFHP-
ber 1999 were estimated using the calibrated model (Fig. 29). Despite the relatively 
high net radiation in burned areas (Fig. 16), evapotranspiration from burned areas gen-
erally remained lower than that from unburned areas until spring 1999. This effect pre-
VXPDEO\�ZDV�D�UHVXOW�RI�GHVWUXFWLRQ�RI�WUDQVSLULQJ�YHJHWDWLRQ�E\�¿UH�DQG�WKHQ�ORJJLQJ��
Beginning in spring 1999 (postlogging II period for burned areas), evapotranspiration 
from burned areas increased sharply relative to unburned areas, sometimes exceeding 
evapotranspiration from unburned areas by almost 100 percent. From a simulation 
perspective, this change in evapotranspiration in spring 1999 was clearly the result 
RI� WKH�FKDQJH� LQ�3ULHVWOH\�7D\ORU�Į�PRGHO�SDUDPHWHUV�EHWZHHQ� WKH� WZR�SRVWORJJLQJ�
periods. From a physics perspective, the possible explanation(s) for the change in 
evapotranspiration is identical to those described in the earlier discussion of the dif-
ferentiation of the early and late post logging periods within the evapotranspiration 
model. Evapotranspiration from burned DUHDV� IRU� WKH����PRQWK�SHULRG�DIWHU� WKH�¿UH�
(July 1998–April 1999) averaged about 17% less than that from unburned areas and, 
for the following 8-month period (May 1999–December 1999), averaged about 31% 
KLJKHU�WKDQ�IURP�XQEXUQHG�DUHDV��'XULQJ�WKH�����GD\�SHULRG�DIWHU�WKH�¿UH��WKH�DYHUDJH�
evapotranspiration for burned areas (1,043 mm/yr) averaged 8.6% higher than that for 
unburned areas (960 mm/yr).

Annual evapotranspiration from the watershed was 916 mm for 1998 and 1,070 
mm for 1999, and averaged 993 mm. The extensive burning and logging that occurred 
during the study produced a landscape that was not typical of forested areas of Florida. 
The estimated evapotranspiration from unburned areas can be considered representa-
tive of more typical forest cover. Annual evapotranspiration from unburned areas was 
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937 and 999 mm for 1998 and 1999, respectively, and averaged 968 mm. Both actual 
and potential evapotranspiration showed strong seasonal patterns and day-to-day vari-
ability (Figs. 29 and 30). Actual evapotranspiration from the watershed averaged only 
72% of potential evapotranspiration.

FIGURE 25 Temporal variability in relative error of evapotranspiration model.
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FIGURE 26 Comparison of simulated and measured values of daily latent heat flux.

The effect of the extreme drought period in spring 1998 (Fig. 27) on turbulent 
ÀX[HV�ZDV� VXEVWDQWLDO� �)LJV�� ���� ���� DQG� �����7XUEXOHQW� ÀX[HV� XVXDOO\� HPXODWH� WKH�
general sinusoidal, seasonal pattern of solar radiation and air temperature [15, 22, 44]. 
7KH�XVXDO�VLQXVRLGDO�SDWWHUQ�RI�ODWHQW�KHDW�ÀX[�ZDV�WUXQFDWHG�LQ�VSULQJ�������)LJ������
because of a lack of available moisture (Figs. 27 and 33). The drought-induced reduc-
WLRQ�LQ�ODWHQW�KHDW�ÀX[�ZDV�FRPSHQVDWHG�E\�DQ�LQFUHDVH�LQ�VHQVLEOH�KHDW�ÀX[��)LJ������
with an associated increase in the Bowen ratio. Comparison of the Bowen ratio (Fig. 
32) with the water-table and soil moisture records (Figs. 27 and 33) indicates that the 
moisture status of the watershed has a major role in the partitioning of the available 
energy. Relative evapotranspiration is a ratio of actual to potential evapotranspira-
WLRQ� DQG�ZDV� FRPSXWHG�DV�Į� /1.26; and it decreased from about 1 in the early, wet 
part of 1998 to less than 0.50 during the drought (Fig. 34). After the drought ended in 
late June and early July 1998 and water levels quickly returned to near land surface, 
evapotranspiration increased sharply. The evapotranspiration rate, however, averaged 
only about 60% of the potential rate in the burned areas, as compared to about 90% 
LQ�WKH�XQEXUQHG�DUHDV��7KLV�GLVFUHSDQF\�FDQ�EH�H[SODLQHG�DV�D�UHVXOW�RI�¿UH�GDPDJH�WR�
vegetation.

Potential evapotranspiration rates for burned and unburned areas were similar (Fig. 
30), although actual evapotranspiration rates for the two areas were quite distinct from 
each other (Fig. 29). The relation between actual and potential evapotranspiration was 
not a simple constant multiplier (for example, a crop factor), but rather was time-
varying as a function of water-table depth, PAR, and surface cover (Fig. 34). Relative 
evapotranspiration exceeded a value of 1 at times, probably as a result of experimen-
tal error, as well as the approximate and empirically derived nature of the assumed 
SRWHQWLDO�YDOXH�RI������IRU�Į��7KH�SRWHQWLDO�HYDSRWUDQVSLUDWLRQ�UDWHV��)LJ������GLG�QRW�
VWURQJO\�UHÀHFW�HLWKHU�WKH�GURXJKW�RU�VXUIDFH�EXUQLQJ�DQG�ORJJLQJ��DV�GRHV�WKH�DFWXDO�
evapotranspiration.
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Within the framework of the calibrated model, variations in the environmental 
YDULDEOHV�FRQWDLQHG�LQ�Į��ZDWHU�WDEOH�GHSWK�DQG�PAR) reduce actual evapotranspiration 
below potential evapotranspiration for a given surface cover. The evapotranspiration 
model indicated that relative evapotranspiration decreased as the depth to the water 
table increased (Fig. 35). The range of water-table depths prevalent during the study 
period was slightly above land surface to about 1.75 m below land surface. Presum-
ably, at some water-table depth greater than 1.75 m, relative evapotranspiration would 
reach an asymptotic constant value as vegetation becomes unable to access moisture 
below the water table. The rate of decline of relative evapotranspiration with water-
table depth was greater for the postlogging period than for the prelogging period. 
This result is perhaps a manifestation of the replacement of many deep- rooted trees 
E\�VKDOORZ�URRWHG�XQGHU�VWRU\�YHJHWDWLRQ� IROORZLQJ� WKH�¿UHV��Shallow-rooted plants 
would be less able to tap into deep soil moisture or the water table than would deep-
rooted vegetation.

Water-table depth has been considered an important predictor of evapotranspi-
ration in hydrologic analysis [49], but little empirical evidence has been available 
WR�GH¿QH� WKH� UHODWLRQ�EHWZHHQ� WKHVH� WZR�environmental variables. The USGS mod-
XODU� ¿QLWH� ±� GLIIHUHQFH� JURXQG�ZDWHU� ÀRZ�PRGHO� �MODFLOW) simulates relative 
evapotranspiration as a unique, piece-wise, linear function of water-table depth, where 
evapotranspiration declines from a potential rate when the water table is at or above 
land surface to zero at the “extinction depth” [26]. Contrary to the MODFLOW con-
ceptualization of evapotranspiration, this study indicates that the variation in relative 
evapotranspiration is explained not only by water-table depth, but also by PAR. Rela-
tive evapotranspiration decreased with increasing PAR (Fig. 36), with the exception of 
the late postlogging period, which showed a slight increase in relative evapotranspira-
tion with increasing PAR. This observation perhaps can be explained by assumptions 
within the Priestley- Taylor formulation that the energy and aerodynamic terms of the 
Penman equation are proportional to each other. Under nonpotential conditions, these 
two terms might deviate from the assumption of proportionality, but in such a manner 
WKDW�FDQ�EH�³FRUUHFWHG´�WKURXJK�D�IXQFWLRQDO�UHODWLRQ�EHWZHHQ�WKH�PXOWLSOLHU�Į�DQG�D�
term (PAR) strongly correlated with the energy term.

Within the model developed in this study, net radiation and air temperature do 
QRW�GLUHFWO\�DIIHFW�WKH�3ULHVWOH\�7D\ORU�Į�DQG�UHODWLYH�HYDSRWUDQVSLUDWLRQ��although net 
radiation has an indirect effect through the correlation of this variable with PAR. These 
variables, however, are important in the determination of evapotranspiration, as can 
EH�VHHQ�LQ�(T��������(YDSRWUDQVSLUDWLRQ�LV�GLUHFWO\�SURSRUWLRQDO�WR�>¨����¨���Ȗ)], a term 
that is a function of temperature (Fig. 37).

For example, a change in air temperature from 20 to 30°C will produce about 
a 14-percent increase in evapotranspiration, assuming the environment is otherwize 
unchanged. The relation of net radiation and evapotranspiration is one of direct pro-
portionality. Net radiation displayed dramatic temporal variations, both day-to-day (as 
a result of variations in cloud cover) and seasonally (Fig. 16), making this variable the 
most important determinant of evapotranspiration. This conclusion is supported by a 
sensitivity analysis (Table 4) based on perturbing each environmental variable of the 
evapotranspiration model by an amount equal to the observed standard deviation of the 
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206 Evapotranspiration: Principles and Applications for Water Management

daily values of that variable. All unperturbed variables were assumed equal to mean 
values. This analysis indicated that variations in net radiation explained the greatest 
amount of the variation in evapotranspiration. Variations in PAR, closely correlated 
with net radiation, explained a large amount of the variation in evapotranspiration 
prior to logging, but explained little of the variation after logging. Evapotranspiration 
was moderately sensitive to variations in air temperature. Variations in water-table 
depth explained a moderate amount of the variation in evapotranspiration prior to the 
¿UH��KRZHYHU��HYDSRWUDQVSLUDWLRQ�EHFDPH�PRUH�VHQVLWLYH�WR�YDULDWLRQV�LQ�ZDWHU�WDEOH�
depth after logging.

FIGURE 27 Water-table depth and cumulative rainfall.

FIGURE 28 Average daily air temperature.
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7KH�PRGHO�GHYHORSHG�LQ�WKLV�VWXG\�LV�VXEMHFW�WR�VHYHUDO�TXDOL¿FDWLRQV��7KH�IRUP�RI�
WKH�HTXDWLRQ�GHYHORSHG�IRU�Į�ZDV�HPSLULFDO��UDWKHU�WKDQ�SK\VLFV�EDVHG��DQG�ZDV�VLPSO\�
designed to reproduce measured values of evapotranspiration as accurately as possible. 
The correlation between environmental variables complicates a unique determination 
of parameters.

FIGURE 29 Average daily latent heat flux and evapotranspiration.

FIGURE 30 Average daily potential latent heat flux and potential evapotranspiration.

The model was developed for a limited range of environmental conditions, and 
therefore, extrapolation of the model to conditions not encountered in this study should 
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be done with caution. The measured (upland) water-table depth at the evapotranspi-
ration station, used as an independent variable in the model, explained some of the 
variation in evapotranspiration from the mixed upland/wetland watershed. However, 
water-table depth is not uniform within the watershed and, in particular, water-table 
depth in wetland areas usually is less than in upland areas. Therefore, caution should 
be used in applying the model to estimate evapotranspiration based on water-table 
depth measurements made at other locations in the watershed. For these reasons, the 
evapotranspiration model described in this report should be viewed as a general guide, 
UDWKHU�WKDQ�DV�D�GH¿QLWLYH�GHVFULSWLRQ�RI�WKH�UHODWLRQ�RI�HYDSRWUDQVSLUDWLRQ�WR�HQYLURQ-
mental variables. The fact that the model successfully (r2 = 0.90) reproduced 449 daily 
measurements of site evapotranspiration over a wide range of seasonal and surface-
cover values lends credence to the ability of the model to estimate evapotranspiration 
at the site.

8.3.3 WATER BUDGET
Construction of a water budget for the Tiger Bay watershed serves to provide a tool for 
watershed management and for assessing the integrity of the eddy correlation evapo-
transpiration measurements. The water budget for the watershed is given in Eq. (29), 
where: P is precipitation, in millimeters per year; ET is evapotranspiration, in millime-
ters per year; R is runoff, in millimeters per year; L is leakage to the Upper Floridan 
DTXLIHU��LQ�PLOOLPHWHUV�SHU�\HDU��DQG�¨S is rate of change in storage, in millimeters per 
year.

  (29)

FIGURE 31 Average daily sensible heat flux.
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FIGURE 32 Average daily Bowen ratio.

A water budget for the Tiger Bay watershed during the 1998–1999 study period 
is shown in Table 5 and Fig. 38. Precipitation (Figs. 9 and 27), evapotranspiration 
(Fig. 29), and runoff (Fig. 39) were measured or obtained as described previously 
in this chapter. The estimated value of deep leakage to the Upper Floridan aquifer 
(112 mm/yr) during 1995 (Stan Williams, St. Johns River Water Management District, 
oral communication, 2000) also was assumed to be appropriate for the study period 
(1998–1999). The rate of change in water- shed storage over the study period was not 
directly measured, but was estimated as the water-budget residual. The water budget 
(Tables 5 and 6; Fig. 38) indicated that about 76% of watershed rainfall was lost as 
evapotranspiration during the 2-year study. The ratio of evapotranspiration to rainfall 
was remarkably stable from year-to-year (74% in 1998 and 77% in 1999). This stabil-
ity occurred despite the very different environmental conditions prevailing during the 
study. Rainfall was a more consistent predictor of evapotranspiration than was poten-
tial evapotranspiration. The relative evapotranspiration varied rather greatly (67% in 
1998 to 77% in 1999).

Runoff removed about 18% of the rainfall during the study period, but this per-
centage varied widely from year-to-year (29% in 1998 and 8% in 1999) as shown in 
Fig. 39. The runoff for 1998 was over three times that of 1999, despite the greater 
rainfall in 1999. This disparity can be explained largely by the antecedent water-table 
conditions for individual rain periods (Fig. 27).

A relatively large fraction of precipitation in 1998 occurred when the water- table 
GHSWK�ZDV�VKDOORZ��OHDGLQJ�WR�UHODWLYHO\�KLJK�UHMHFWLRQ�RI�LQ¿OWUDWLRQ�DQG�VXEVHTXHQW�
runoff. Additionally, the temporal distribution of precipitation affects the amount of 
watershed runoff. Runoff is maximized following short, but intense, rainfall during 
ZKLFK�WKH�LQ¿OWUDWLRQ�FDSDFLW\�RI�WKH�VRLO�LV�H[FHHGHG��7KLV�SKHQRPHQRQ�PD\�H[SODLQ�
WKH�GLVSDUDWH�UXQRII�UHVSRQVHV�LQ�-XO\�������YHU\�LQWHQVH�UDLQIDOO�DQG�VLJQL¿FDQW�UXQ-
off) and June–July 1999 (less intense rainfall and no runoff). This disparity was noted 
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despite similar total amounts of precipitation with similar antecedent water-table con-
ditions for each of the two periods. An alternative explanation may be that the soils be-
FDPH�K\GURSKRELF�DV�D�UHVXOW�RI�WKH�¿UH��FRQWULEXWLQJ�WR�UHODWLYHO\�PRUH�UXQRII�LQ�-XO\�
������$OVR��VHDVRQDO�RU�¿UHUHODWHG�YDULDWLRQV�LQ�HYDSRWUDQVSLUDWLRQ�FDQ�UHVXOW�LQ�YDULD-
tions in the amount of precipitation available as runoff. Deep leakage was a relatively 
small fraction of the rainfall (about 9 percent), although this water-budget term could 
increase (at the expense of runoff and evapotranspiration) if continued development 
of the Upper Floridan aquifer in the area increases the hydraulic gradient between the 
VXU¿FLDO�DTXLIHU�V\VWHP�DQG�WKH�XQGHUO\LQJ�8SSHU�)ORULGDQ�DTXLIHU�

FIGURE 33 Shallow, volumetric soil moisture at evapotranspiration station.

FIGURE 34 Temporal variability of daily values of relative evapotranspiration.
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FIGURE 35 Relation between relative evapotranspiration and depth to water table.

FIGURE 36 Relation between relative evapotranspiration and photosynthetically active 
radiation (PAR).

The consistency of the water-budget terms can be expressed by the absolute and 
relative water-budget closures as shown in Eqs. (31) and (32), where: Ca is absolute 
water-budget closure, in millimeters per year; Cr is relative water budget closure, in 
SHUFHQW��DQG�3��(7��5��/��DQG�¨6�DUH�WKH�VDPH�DV�GH¿QHG�LQ�(T�������

  (30)
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212 Evapotranspiration: Principles and Applications for Water Management

  (31)

:DWHUVKHG�VWRUDJH��¨S) was an unmeasured quantity within the water budget. There-
fore, evaluation of water-budget closure was facilitated by the judicious choice of a 
time period when negligible change in storage occurred within the watershed. Based 
on the measured water levels in the watershed (Figure 27), the time period from March 
3, 1998, through September 23, 1999, was selected as an interval when change in wa-
tershed storage could be assumed to be zero. 

TABLE 4 Sensitivity analysis of evapotranspiration models to environmental variables.

Environmental variables, X Mean value 6WDQGDUG�GHYLDWLRQ��ı
Rn for unburned 118.3 50.0
Rn for burned 127.6 49.6
PAR 320.0 118.3
Ta 21.7 5.4
hwt 0.57 0.42

(7���PHDQ���ı� (7���PHDQ���ı� % change, (+) % change 
(-)

Unburned model 
Rn for unburned 4.15 1.69 42 -42
PAR 2.58 3.27 -12 12
Ta 3.16 2.64 8 -10
hwt 2.71 3.14 -7 7
Post-fire/pre-logging model
Rn for burned 3.05 1.33 39 -39
PAR 1.64 2.74 -25 25
Ta 2.37 1.98 8 -10
hwt 1.97 2.41 -10 10
Post-logging I model
Rn for burned 3.32 1.45 39 -39
PAR 2.26 2.50 -5 5
Ta 2.58 2.15 8 -10
hwt 1.97 2.80 -17 17
Post-logging II model
Rn for burned 4.86 2.12 39 -39
PAR 3.53 3.44 1 -1
Ta 3.78 3.15 8 -10
hwt 2.80 4.16 -19 19

Mean ET, mm/day = 2.92 for unburned; 2.19 for post-fire/pre-logging; 2.38 for post – logging I; and 3.49 for 
post-logging II models.  Rn = Net radiation in watts per m2;  PAR = Photosynthetically active radiation in µmoles 
per m2 per sec.; Ta = Air temperature in oC; hwt = Water table depth below the reference level in meters.  
Note: Values in table were computed using each of the four ET models defined in Table 3.  Mean and 
standard deviation values are representative of daily values during the 2-year period of record and the Rn 
values are only representative of 1999.
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TABLE 5 Water budget for Tiger Bay watershed.

Year P ET R L ǻ6

1998 1233 916 357 112 -152

1999 1396 1070 114 112 100

1998-9 1315 993 236 112 -26

P, mm/year = Precipitation, (average of north & south rain gages: See Fig. 1); ET, mm/year = Evapotrans-
piration; R, mm/year = Runoff from watershed at Tiger Bay canal; L, mm/year = Estimated leakage  to 
the upper Floridian aquifer; and ǻ6��mm/year = Rate of change in watershed storage estimated as a water-
budget residual. 

TABLE 6 Potential evapotranspiration [PET, mm/year] and relative rates of annual water-
budget terms for Tiger Bay watershed.

Year PET Relative rates

ET/PET ET/P R/P L/P

1998 1356 0.67 0.74 0.29 0.09

1999 1391 0.77 0.77 0.08 0.08

1998-99 1374 0.72 0.76 0.18 0.09

ET = Evapotranspiration, mm/year; P = Precipitation, mm/year [average of North and South 
storage rain gages]; R, mm/year = Runoff from the watershed; L, mm/year = Estimated leakage 
to the upper Floridian aquifer for 1995.

TABLE 7 Average rate of change in water table depth at monitor wells.

Year ǻKNorth ǻKSouth ǻKavg

1998 -660 -616 -638

1999 +432 +308 +370

1998-99 -114 -154 -134

ǻKNorth� �5DWH�RI�FKDQJH�LQ�ZDWHU�WDEOH�GHSWK�DW�WKH�(7�1RUWK�VWDWLRQ�LQ�PP�\HDU��ǻKSouth = Rate of  change in 
ZDWHU�WDEOH�GHSWK�DW�WKH�VRXWK�UDLQ�JDJH�LQ�PP�\HDU��DQG�ǻKavg = average rate of change in water-table depth 
LQ�PP�\HDU� �>ǻKNorth���ǻKSouth]/2.

The beginning and ending of this interval occurred at times when temporal chang-
es in water level were relatively slight, implying that the water levels measured at the 
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two monitor wells at the beginning and ending dates of the interval were probably 
representative of the watershed. The absolute value of the measured rate of change 
in water level was less than 6 mm/yr at both monitor wells over this 570-day interval.

Based on measured or estimated values of P (1,245 mm/yr), ET (1,048 mm/yr), R 
(132 mm/yr), and L (112 mm/yr), the absolute and relative water-budget closures were 
–47 mm/yr and 3.8 percent, respectively. The consistency of these independently mea-
sured water-budget WHUPV�SURYLGHV�VXSSRUW�IRU��EXW�QRW�FRQ¿UPDWLRQ�RI��WKH�UHOLDELOLW\�
of the measured evapotranspiration. Compensating errors among water-budget terms 
or compensating errors within the temporal pattern of estimated evapotranspiration 
also could produce a consistent water budget.

Evapotranspiration was estimated during the present study using an energy-budget 
variant (Eq. (18)) of the eddy correlation method, rather than the standard eddy cor-
relation method (Eq. (5)). The water-budget analysis provided an independent means 
to evaluate the relative accuracies of the two eddy correlation methods. The standard 
PHWKRG�SURGXFHG�WXUEXOHQW�ÀX[�HVWLPDWHV�WKDW�ZHUH��RQ�DYHUDJH��DERXW�������RI�WKRVH�
produced by the energy-budget variant. Applying this fraction to the evapotranspira-
tion total for the water budget period from March 3, 1998, to September 23, 1999, 
the absolute and the relative budget closures corresponding to the standard eddy cor-
relation method are 113 mm/yr and 9.1 percent, respectively. These closure values 
are greater than the values reported for the energy-budget variant, consistent with the 
assumption that the energy-budget variant was more accurate than the standard eddy 
correlation method.

FIGURE 37 7KH�3ULHVWOH\�7D\ORU�YDULDEOH�¨��¨���Ȗ��DV�IXQFWLRQ�RI�WHPSHUDWXUH�
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FIGURE 38 Water budget for Tiger Bay watershed during calendar years 1998-99.

TABLE 8 Comparison of estimates of specific yield based on ET estimated with energy 
budget variant and with the standard eddy correlation method.

Year Energy-budget variant Standard eddy correlation method

ǻ6 Sy ǻ6 Sy

1998 –152 0.24 –12 0.02

1999 100 0.27 268 0.71

1998-99 –26 0.19 126 –0.94

Note: ǻ6, mm/year = Rate of change in the watershed storage computed as a residual of the water balance 
PHWKRG�>ǻ6� �3�±��(7���5���/�@��3��PP�\HDU� �$YHUDJH�ZDWHUVKHG�SUHFLSLWDWLRQ��(7��PP�\HDU� �(YDSRWUDQV�ǻ6� �3�±��(7���5���/�@��3��PP�\HDU� �$YHUDJH�ZDWHUVKHG�SUHFLSLWDWLRQ��(7��PP�\HDU� �(YDSRWUDQV� = P – (ET + R + L)]; P, mm/year = Average watershed precipitation; ET, mm/year = Evapotrans-
piration estimated by the energy-budget variant of the eddy correlation method is about 84.7%  of the ET 
[Table 5] estimated by the energy-budget of the eddy correlation method; R, mm/year  = Average watershed 
runoff; L, mm/year = Estimated leakage in 1995 to the Upper Floridian aquifer; Sy =  Specific yield = [ǻ6��
ǻKavg],no units; ǻKavg = Estimated average rate of change in water-table depth [Table 7, mm/ year].
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FIGURE 39 Runoff from Tiger Bay watershed.

Additional support for the assumption that the energy-budget variant was pref-
erable to the standard eddy correlation method could be discerned from a residual 
analysis that assumed that precipitation, leakage, runoff, and evapotranspiration were 
accurately measured and that a lack of water-budget closure can be explained solely by 
WKH�UHVLGXDO�FDOFXODWHG�VWRUDJH�WHUP��7KH�VSHFL¿F�\LHOG�representative of the watershed 
was then computed as the rate of change of watershed storage divided by a representa-
WLYH�UDWH�RI�FKDQJH�LQ�ZDWHU�OHYHO�ZLWKLQ�WKH�ZDWHUVKHG��7KH�VSHFL¿F�\LHOG��HVWLPDWHG�
in this manner, was evaluated for credibility as a means of identifying the preferred 
YDULDQW�RI�WKH�HGG\�FRUUHODWLRQ�PHWKRG��6SHFL¿F�\LHOG�LV�GH¿QHG�as the volume of wa-
WHU�\LHOGHG�SHU�XQLW�DUHD�SHU�XQLW�FKDQJH�LQ�ZDWHU�OHYHO��6SHFL¿F�\LHOG�FDQ�UDQJH�IURP�
near zero if the capillary fringe intersects land surface [16] to near unity for standing 
ZDWHU��7KH�VSHFL¿F�\LHOG�RI�VDQG\�VRLOV��VXFK�DV�WKRVH�LQ�WKH�XSODQGV��UDQJHV�IURP������
to 0.35 [18]. In this analysis, the representative rate of change in water-table depth for 
the watershed was assumed equal to the average rate of change in water-table depth at 
the two upland monitor wells (Table 7). As mentioned previously, upland and wetland 
water levels are expected to change at the same rate in the low relief environment of 
this watershed.

Results of the residual analysis, using evapotranspiration estimated by both ap-
proaches, are shown in table 8. The energy-budget variant of the eddy correlation 
PHWKRG�SURGXFHG� VSHFL¿F�\LHOG� HVWLPDWHV� ������ LQ������� ����� LQ������� DQG������ LQ�
1998–1999) that were somewhat consistent between each of the three time periods 
and were within the range of possible values. The standard eddy correlation method 
SURGXFHG�HVWLPDWHV�RI�VSHFL¿F�\LHOG�WKDW�ZHUH�LQFRQVLVWHQW�EHWZHHQ�HDFK�RI�WKH�WKUHH�
WLPH�SHULRGV�DQG�ZHUH�XQUHDVRQDEOH�������LQ������������LQ�������DQG�í�����LQ�����±
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1999). The residual analysis of water budgets further supports the assumption that 
the energy-budget variant of the eddy correlation method is more accurate than the 
standard method.

Based on this research, followings can be concluded: A 2-year (1998–1999) study 
was conducted to estimate evapotranspiration (ET) from a forested watershed (Tiger 
%D\��9ROXVLD�&RXQW\��)ORULGD���ZKLFK�ZDV�VXEMHFWHG�WR�QDWXUDO�¿UHV��DQG�WR�HYDOXDWH�
the causal relations between the environment and ET. The watershed characteristics 
are typical of many areas within the lower coastal plain of the south-eastern United 
6WDWHV�±�QHDUO\�ÀDW��VORZO\�GUDLQLQJ�ODQG�ZLWK�D�YHJHWDWLYH�FRYHU�FRQVLVWLQJ�SULPDULO\�
RI�SLQH�ÀDW�ZRRG�XSODQGV�LQWHUVSHUVHG�ZLWKLQ�F\SUHVV�ZHWODQGV��'URXJKW�LQGXFHG�¿UHV�
in spring 1998 burned about 40% of the watershed and most of the burned area was 
logged in late-fall 1998. ET was measured using eddy correlation sensors placed on 
a tower 36.5-meter (m) high within an 18.3-m-high forest. About 27% of the 30-min-
ute eddy correlation data were missing as a result of either inoperation of the sensors 
related to scaling of the hygrometer windows, collection of rainfall or dew on the 
sensors, or spurious turbulence created by the sensor mounting arm and the attached 
tower. These missing data generally occurred during periods (evening to early morn-
ing) when ET was relatively low. Linear relations between photosynthetically active 
UDGLDWLRQ��3$5��DQG�WKH�ÀX[HV�RI�(7�DQG�VHQVLEOH�KHDW�ZHUH�XVHG�WR�HVWLPDWH�PLVVLQJ�
���PLQXWH�YDOXHV��'DWD�ZHUH�FRPSRVLWHG�LQWR�GDLO\�YDOXHV�LI�WKH�WXUEXOHQW�ÀX[HV�IRU�
more than 18 hours of a given day were directly measured, rather than being estimated 
with the PAR-based relation. Daily values for which more than 6 hours of data were 
missing were considered nonmeasured. This procedure resulted in 449 measurements 
of daily ET over the 2-year (730-day) period. An energy-budget variant of the standard 
eddy correlation method that accounts for the common underestimation of ET by the 
standard method was computed.

)ROORZLQJ�WKH�¿UHV��WKH�GDLO\�PHDVXUHPHQWV�RI�(7�ZHUH�D�FRPSRVLWH�RI�UDWHV�UHSUH-
sentative of burned and unburned areas of the watershed. The fraction of a given daily 
measurement derived from burned areas was estimated based on the diurnal pattern of 
wind direction and PAR for that day and on the transpiration station. The daily values 
of ET were used to calibrate a Priestley-Taylor model. The model was used to estimate 
ET for burned and unburned areas and to identify and quantify the environmental 
controls on ET.

The ET model successfully (r2 = 0.90) reproduced daily measurements of site ET 
over a wide range of environmental conditions, giving credence to the ability of the 
model to estimate ET at the site. Estimation of ET from the watershed was based on 
an area-weighted composite of estimated values for burned and unburned areas. An-
nual ET from the watershed was 916 and 1,070 millimeters (mm) for 1998 and 1999, 
respectively, and averaged 993 mm. These values are comparable to those reported 
by previous researchers. ET has been estimated to average about 990 millimeters per 
year (mm/yr) over Volusia County [37] and to average about 890 mm/yr in the Tiger 
Bay watershed [7]. Bidlake and others [3] estimated annual cypress ET (970 mm) to 
EH�RQO\������OHVV�WKDQ�WKDW�RI�SLQH�ÀDW�ZRRGV��������PP��EDVHG�RQ�VWXGLHV�FRQGXFWHG�
in Sarasota and Pasco Counties, Florida. Liu [24] estimated average, annual ET of 
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ERWK�F\SUHVV�DQG�SLQH�ÀDWZRRGV�WR�EH�������PP�EDVHG�RQ�D�VWXG\�LQ�$ODFKXD�&RXQW\��
Florida.

The extensive burning and logging that occurred during the study produced a 
landscape that was not typical of forested areas of Florida. The estimated ET from 
unburned areas can be considered more representative of typical forest cover. Annual 
ET from unburned areas was 937 and 999 mm for 1998 and 1999, respectively, and 
DYHUDJHG�����PP��(7�IURP�EXUQHG�DUHDV�IRU�WKH����PRQWK�SHULRG�DIWHU�WKH�¿UH��-XO\�
1998–April 1999) averaged about 17% less than that from unburned areas and, for 
the following 8-month period (May–December 1999), averaged about 31% higher 
WKDQ�IURP�XQEXUQHG�DUHDV��'XULQJ�WKH�����GD\�SHULRG�DIWHU�WKH�¿UH��WKH�DYHUDJH�(7�IRU�
burned areas (1,043 mm/yr) averaged 8.6% higher than that for unburned areas (960 
mm/yr). Both actual and potential ET showed strong seasonal patterns and day-to-day 
variability. Actual ET from the watershed averaged only 72% of potential ET. ET 
declined from near potential rates in the wet conditions of January 1998 to less than 
����RI�SRWHQWLDO�(7�DIWHU�WKH�¿UH�DQG�DW�WKH�SHDN�RI�WKH�GURXJKW�LQ�-XQH�������$IWHU�
the drought ended in early July 1998 and water levels returned to near land surface, 
ET increased sharply. The ET rate, however, was only about 60% of the potential rate 
in the burned areas, as compared to about 90% of the potential rate in the unburned 
DUHDV��7KLV�GLVFUHSDQF\�FDQ�EH�H[SODLQHG�DV�D�UHVXOW�RI�¿UH�GDPDJH�WR�YHJHWDWLRQ��%H-
ginning in spring 1999, ET from burned areas increased sharply relative to unburned 
areas, sometimes exceeding unburned ET by almost 100 percent. Possible explana-
tions for the dramatic increase in ET from burned areas are not clear at this time, but 
may include phenological changes associated with maturation or seasonality of plants 
WKDW�HPHUJHG�DIWHU�WKH�¿UH�RU�VXFFHVVLRQDO�FKDQJHV�LQ�FRPSRVLWLRQ�RI�SODQW�FRPPXQLW\�
within burned areas.

Within the framework of the Priestley-Taylor model developed during this study, 
variations in daily ET were the result of variations in: surface cover, net radiation, 
PAR, air temperature, and water-table depth. Potential ET depended solely on net ra-
diation and air temperature and increased as each of these variables increased. The 
extent to which potential ET was approached was determined by the Priestley-Taylor 
FRHI¿FLHQW� Į�� ,Q� WKLV� VWXG\�� 3ULHVWOH\�7D\ORU� Į�ZDV� D� OLQHDU� IXQFWLRQ� RI�ZDWHU�WDEOH�
GHSWK�DQG�3$5��8QLTXH�SDUDPHWHUV�ZLWKLQ�WKH�Į�IXQFWLRQ�ZHUH�HVWLPDWHG�IRU�HDFK�RI�
four surface covers or time periods: unburned; burned, but unlogged; and both burned 
and logged (early postlogging and late postlogging). The ET model indicated that rela-
tive ET (the ratio of actual to potential ET) decreased as the depth to the water table 
increased. The rate of decline of relative ET with water-table depth was greater for the 
postlogging period than for the prelogging period, perhaps indicative of the replace-
ment of many deeply rooted trees by shallow-rooted under story vegetation following 
WKH�¿UHV��6KDOORZ�URRWHG�SODQWV�ZRXOG�EH�OHVV�DEOH�WR�WDS�LQWR�GHHS�VRLO�PRLVWXUH�RU�WKH�
water table than deep-rooted trees. Relative ET decreased with increasing PAR, with 
the exception of the late postlogging period, which showed a slight increase in relative 
ET with increasing PAR.

A water budget for the watershed supported the validity of the estimates of ET 
produced with the energy-budget variant of the eddy correlation method. Independent 
estimates of average rates of rainfall (1,245 mm/yr), runoff (132 mm/yr), deep leak-
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age (112 mm/yr), as well as ET (1,048 mm/yr) were compiled for a 570-day period 
over which the change in watershed storage was negligible. Water-budget closure was 
47 mm/yr or 3.8% of rainfall, indicating good consistency between the estimated ET 
and estimates of the other terms of the water budget. Estimates of ET produced by the 
standard eddy correlation method were relatively inconsistent with the water budget 
(water-budget closure was 113 mm/yr or 9.1% of rainfall), indicating that the ener-
J\��EXGJHW�YDULDQW�LV�VXSHULRU�WR�WKH�VWDQGDUG�HGG\�FRUUHODWLRQ�PHWKRG��6SHFL¿F�\LHOG�
was estimated based on estimated changes in watershed storage and water level. The 
FKDQJH�LQ�ZDWHUVKHG�VWRUDJH�ZDV�HVWLPDWHG�DV�D�UHVLGXDO�RI�WKH�ZDWHU�EXGJHW��6SHFL¿F�
yield values produced using ET estimated by the energy-bud- get variant of the eddy 
correlation method were reasonable and relatively consistent from year-to-year (0.19 
WR��������+RZHYHU��VSHFL¿F�\LHOG�YDOXHV�EDVHG�RQ�(7�HVWLPDWHG�E\�WKH�VWDQGDUG�HGG\�
correlation method were unreasonable and inconsistent from year-to-year (–0.94 to 
0.72). These results further support the premize that the energy – budget variant is 
more accurate than the standard eddy correlation method.

ET rates were about 74 and 77% of rainfall for 1998 and 1999, respectively, rela-
tively constant considering the variability in surface cover and rainfall patterns be-
tween the 2 years. Potential ET was less consistent as an indicator of actual ET; ET 
was 67 and 77% of potential ET for years 1998 and 1999, respectively.

8.4 SUMMARY

Daily values of evapotranspiration [ET] from a watershed in Volusia County, Florida, 
were estimated for a 2-year period (January 1998 through December 1999) by us-
ing an energy-budget variant of the eddy correlation method and a Priestley-Taylor 
model. The watershed consisted primarily of pine flat wood uplands interspersed 
within cypress wetlands. A drought-induced fire in spring 1998 burned about 40% 
of the watershed, most of which was subsequently logged. The model reproduced the 
449 measured values of ET reasonably well (r2= 0.90) over a wide range of seasonal 
and surface-cover conditions. Annual ET from the water- shed was estimated to be 
916 millimeters (36 inches) for 1998 and 1,070 millimeters (42 inches) for 1999. ET 
declined from near potential rates in the wet conditions of January 1998 to less than 
50% of potential ET after the fire and at the peak of the drought in June 1998. After 
the drought ended in early July 1998 and water levels returned to near land-surface, 
ET increased sharply; however, the ET rate was only about 60% of the potential rate 
in the burned areas, compared to about 90% of the potential rate in the unburned areas. 
This discrepancy can be explained as a result of fire damage to vegetation. Beginning 
in spring 1999, ET from burned areas increased sharply relative to unburned areas, 
sometimes exceeding unburned ET by almost 100 percent. Possible explanations for 
the dramatic increase in ET from burned areas could include phenological changes 
associated with maturation or seasonality of plants that emerged after the fire or suc-
cessional changes in composition of plant community within burned areas.

Variations in daily ET are primarily the result of variations in surface cover, net 
radiation, photosynthetically active radiation (PAR), air temperature, and water-table 
depth. A water budget for the watershed supports the validity of the daily measure-
ments and estimates of ET. A water budget constructed using independent estimates 
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of average rates of rainfall, runoff, and deep leakage, as well as ET, was consistent 
within 3.8 percent. An alternative water budget constructed using ET estimated by the 
standard eddy correlation method was consistent only within 9.1 percent. This result 
indicates that the standard eddy correlation method is not as accurate as the energy-
budget variant.
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APPENDIX

DERIVATION OF EQ. (24) FOR WB IN THIS CHAPTER.
The assumptions inherent in the weighting scheme used in Eqs. (23) through (25) can 
be seen through derivation of Eq. (24) for w b. The latent heat flux measured by the 
eddy correlation sensors and derived from burned surface covers over a given day of 
48 measurements is given by:

  (A1)

ZKHUH��Ȝ(bm is daily latent heat flux derived from burned surface covers and measured 
by the flux sensors, in watts per m2; g i is fractional contribution of burned area within 
burn zone i to the measured latent heat flux when wind direction is from burn zone 
i��Ȝ(bk is latent heat flux from burned surface covers for time step k, in watts per m2; 
įL�Ȍk��LV�D�ELQDU\�IXQFWLRQ�HTXDO�WR���LI�Ȍk is within burn zone i and otherwize equals 
0; and the index i is incremented from zone I to IV, and the index k is incremented 
from 1 to 48.

%\�GH¿QLWLRQ��WKH�H[SUHVVLRQ�LQ�(T���$���LV�HTXDO�WR�WKH�VHFRQG�WHUP�RI�WKH�ULJKW�
side of Eq. (23). Setting these two expressions equal and assuming that the high-res-
ROXWLRQ� ODWHQW� KHDW�ÀX[�PHDVXUHPHQWV� IRU� EXUQHG� VXUIDFHV� DUH� GLUHFWO\� SURSRUWLRQDO�
to photosynthetically active radiation (PAR), and therefore, that the daily resolution 
ODWHQW�KHDW�ÀX[�IRU�EXUQHG�VXUIDFHV�DUH�GLUHFWO\�SURSRUWLRQDO�WR�DYHUDJH�GDLO\�3$5�

  (A2)

where, wb is the fraction of the measured latent heat flux originating from burned ar-
eas, dimensionless; and overbars represent daily average values and the variable a is 
the constant of proportionality between latent heat flux and PAR.
Solving Eq. (A2), for wb:
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  (A3)

  (A4)

  (A5)

Eq. (A5) is identical to Eq. (24). The constant of proportionality a can change from 
day-to-day as environmental conditions (for example, water level, air temperature, and 
green leaf density) change and, in fact, as shown in Eq. (A5), wb is independent of the 
particular value of the constant. An equivalent expression, equal to [1 – wb], can be 
derived for the weight applied to daily latent heat flux from unburned surfaces. The 
constant of proportionality between unburned latent heat flux and PAR can be differ-
ent than that between burned latent heat flux and PAR.

,W� LV� LQWHUHVWLQJ�WR�QRWH� WKDW� WKH�XVH�RI�PHDVXUHG�KLJK�UHVROXWLRQ�Ȝ(��UDWKHU� WKDQ�
PAR, as a means of adjusting the weights for the combination of changing source area 
composition and diurnal variations in evapotranspiration (ET) (Eq. (25)), produces 
excessive weighting towards zones with high-ET surface covers. This observation can 
be illustrated best by an example. Suppose, for a given day, the wind direction were 
from a lake (high ET) before solar noon and from a desert (near-zero ET) after solar 
noon. In this case, the appropriate weighting for each surface cover, within an equation 
of the form of Eq. (23), would be 0.5 and the average, measured ET for the day would 
be about one-half that of the lake. However, weighting by the fraction of ET measured 
from each zone would lead to a weight of near 1.0 for the lake zone and 0.0 for the des-
ert zone, leading to a model for lake evaporation that would produce underestimates 
of true lake evaporation.App
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CHAPTER 9

EVAPOTRANSPIRATION FOR 
PINELANDS IN NEW JERSEY, USA1

DAVID M. SUMNER, ROBERT S. NICHOLSON,  
and KENNETH L. CLARK

1Modified and printed with permission from “Sumner, D. M.; Nicholson, R. S.;Clark, K. L., Measure-
mentand simulationofevapotranspiration at a wetland site in the New Jersey Pinelands: U.S. Geological 
Survey Scientific Investigations Report 2012–5118, 2012, 1–30. Prepared by the West Trenton Publishing 
Service Center, U.S. GeologicalSurvey,New Jersey Water ScienceCenter, Mountain View Office Park, 810 
Bear Tavern Rd., Suite 206, West Trenton, NJ 08628 USA. Web site: http://nj.usgs.gov/;and prepared in co-
operation with the New Jersey Pinelands Commission.” © Copyright nj.water.usgs.gov and the New Jersey 
Pinelands Commission.
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9.1 INTRODUCTION

Water budgets are fundamental to the understanding of hydrologic systems. If the vari-
ous components of the water budget can be quantified, including inflows, outflows, 
and changes in stored water, then a more complete understanding and evaluation of 
a hydrologic system becomes possible. In the New Jersey Pinelands area (Fig. 1), 
wetlands and aquatic habitats are supported by discharge from the Kirkwood – Co-
hansey aquifer system, and detailed water budgets of the area are needed in order 
to develop a quantitative understanding of aquifer-wetland-stream interactions at the 
watershed scale. As described by Rhodehamel [50], groundwater flow in the Pinelands 
is initiated as aquifer recharge, primarily in upland areas, and follows regional and 
local subsurface flow paths, with local flowpaths terminating asaquifer discharge to 
wetlands and streams.Temporal variations in recharge affect aquifer interactions with 
wetlands and streams, as demonstrated by investigations in the New Jersey Pinelands 
by Modica [41] and Walker et al. [66].Quantification of aquifer recharge on a seasonal 
basis, therefore, is needed to understand the dynamics of aquifer interactions with 
wetlands and streams.

Evapotranspiration (ET) is an important component of the hydrologic budget in 
the Pinelands, and ET variability exerts considerable control over the amount of water 
available seasonally for aquifer recharge. On an average annual basis, ET from the 
Pinelands has been estimated to exceed recent Statewide public water use in New 
Jersey by more than a factor of two [based on data presented by Rhodehamel [50]; 
DQG�+XWVRQHW�DO��>��@��,QVSLWH�R¿WV�VLJQL¿FDQFH�the seasonal variability of ET and the 
relations between ET and other environmental factors in this ecologically important 
UHJLRQ�DUH�SRRUO\�TXDQWL¿HG��0HWKRGV�IRUGLUHFW�PHDVXUHPHQW�RI�(7�KDYH�EHHQ�GHYHO-
oped [17, 60] and used in a number of settings [44, 55, 58]. Estimating seasonally vari-
DEOH�(7�UDWHV�IRU�VSHFL¿FWLPH�SHULRGV�DW�WKH�ZDWHUVKHG�VFDOH�LQ�WKH�3LQHODQGV�UHTXLUHV�
VLWH�VSHFL¿FGDWD��7KH�8�6��*HRORJLFDO�6XUYH\��86*6��FRQGXFWHG�D�VWXG\�RI�(7�LQ�WKH�
Pinelands, in cooperation with the New Jersey Pinelands Commission, to quantify the 
temporal variability of ET and to examine relations between ET and environmental 
variables as part of the Kirkwood-Cohansey Project [48]. During November 10, 2004 
through February 20, 2007, ET was monitored above a wetland forest canopy in the 
McDonalds Branch basin in Burlington County, New Jersey (Fig. 1). Meteorological 
and eddy-covariance sensors were deployed on a 24.5-meter (m) tower, and ground 
water levels and soil moisture at the site were also monitored.Three models were 
evaluated for their utility in simulating ET, and a time series of weekly ET rates was 
developed for the measurement period.

This chapter presents the results of an ET study at the wet- land forest site in 
the Pinelands area. The chapter also includes: An explanation ofthe methods used, 
DQ�DQDO\VLV�RIWKH�ÀX[VRXUFH�DUHD��PHDVXUHG�(7�UDWHV��UHODWLRQ�RI�WKHVH�UDWHV�WR�HQYL-
ronmental variables, a comparison of wetland ET with ET measured in upland areas 
in the Pinelands, and a comparison of ET measured during the 27-month monitoring 
period to ET simulated using selected models. The results of this study can be used 
in conjunction with information on other components of the water budget to develop 
an understanding of temporal variations in water exchange among different compart-
ments of the Pinelands hydrologic system. Results can also be extended to formulate 
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approaches for estimating ET in the Pinelands during other time periods using com-
PRQO\�PHDVXUHG�HQYLURQPHQWDO�YDULDEOHV�9DOXHV� IRU�(7�DUH� VKRZQLQ�¿JXUHVDQG�DUH�
listed in tables. This chapter can serve as a guideline for similar studies in other loca-
tions worldwide.

9.1.1 CURRENT STATUS OF RESEARCH
ET in the New Jersey Pinelands has been the subject of published investigations for 
more than 115 years. The following summary of previous investigations provides con-
text for the present study. Determination of ET played a key role in early water-supply 
planning in the region.

Vermeule [64] approximated monthly and annual ET for southern New Jersey wa-
tersheds on the basis of calculations made using empirical relations between precipita-
tion and run off in other East Coast watersheds.These calculations were used to esti-
PDWH�WKH�VDIH�\LHOG�IRU�-RVHSK�:KDUWRQ¶V������SURSRVDO�WR�GLYHUW�ÀRZ�IURP�PRUH�WKDQ�
1,191 square kilometers of “the great pine belt” of southern New Jersey and deliver it 
WR�WKH�FLWLHV�RI�&DPGHQ�DQG�3KLODGHOSKLD�>��@��:RRG�>��@�TXDQWL¿HG�LQWHUFHSWLRQ��WKH�
amount ofrain orsnowstored on leaves and branches and eventually evaporated back 
to the atmosphere), an important component of the hydrologic cycle that contributes 
to evapotranspiration, in an oak-pine forest in the Pinelands. Anumber of studies were 
conducted during the 1950s and 1960s to understand the effects of forest management 
practices on water resources in the Pinelands as part of a research initiative referred 
to as the “Pine Region Hydrological Research Project” [8]; related research continued 
into the 1970s. Lull and Axley [39] studied ET in different upland vegetative commu-
QLWLHV�LQ�WKH�3LQHODQGV�E\�PHDVXULQJ�VRLO�PRLVWXUH�FKDQJHV��EXW�VLJQL¿FDQW�GLIIHUHQFHV�
were not found among the communities. Barksdale [6] concluded that ET in the lower 
Delaware River Basin accounted for about 50 percent of precipitation. Rhodehamel 
[50] found this 50-percent value applicable to the Pinelands area and estimated the 
mean annual ET rate in the Pinelands on the basis of the long-term difference between 
precipitation and runoff to be 572 millimeters per year (mm/yr), or about 50 percent 
of precipitation. Rhodehamel [51] found reasonable agreement between this ET rate 
and estimated ET rates from other investigations in the Pinelands and vicinity. Sum-
mer ET rates in hardwood-dominated and cedar-dominated wetlands in the Pinelands 
ZHUH�HVWLPDWHG� IURP�ZDWHU�WDEOH�ÀXFWXDWLRQV�� DQG�QR�GLIIHUHQFHV� LQ� WKH�(7� UDWHV�RI�
these communities were detected [2, 9]. ET rates in lowland shrub communities were 
found to be lower than those of lowland tree communities [9]. ET rates were shown to 
be greater in lowland (wetland) areas of the Pinelands, where water is more available 
to plants, than in upland areas [4]. Ballard [3] examined these differences in an energy 
ÀX[FRQWH[W�DQG�FRQFOXGHG�WKDW�LQ�ZHWODQG�WUHH�DUHDV��WKH�QHW�VXPPHU�ORVV�RI�JURXQG-
water discharge through ET was 250 millimeters (mm).

ET has been estimated as part of water-supply and availability studies in the New 
Jersey Coastal Plain. Mean ET rates in the major drainage areas of the New Jersey 
Coastal Plain were estimated by Vowinkel and Foster [65] as the long-term difference 
between mean precipitation and mean runoff. Estimates of ET (presented as “water 
loss”) for basins partly within the Pinelands ranged from 414 to 653 mm/yr [65]. More 
detailed examinations of water budgets that include ET in selected drainage areas 
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that are within the New Jersey Coastal Plain and at least partly within the Pinelands 
are presented in a series of reports by Watt and Johnson [67], Johnsson and Barringer 
[32], Watt and others [68], Johnson and Watt [31], Watt and others [69], and Gordon 
[25]. Although the methods used to estimate ET in these studies vary somewhat, the 
ET estimates were all based on the concept of water-budget closure and are, therefore, 
consistent with estimates of other water-budget components. The ET estimates from 
the previously mentioned series of reports range from 563 to 658 mm/yr. As part of the 
Kirkwood – Cohansey Project, the USGS assessed hydrologic conditions in three ba-
sins in the Pinelands during 2004–2006, including the McDonalds Branch basin where 
the present ET study site is located [66]. Results of the hydrologic assessment of the 
McDonalds Branch basin include estimates of water-budget components that can be 
used to evaluate the veracity of ET measurements presented in this report. Other recent 
investigations have examined the physiological responses of a variety of Pinelands 
VKUXE�DQG�WUHH�VSHFLHV�WR�K\GURORJLF�VWUHVV��¿UH��DQG�LQVHFW�GHIROLDWLRQ�

FIGURE 1 Location of McDonalds Branch basin, selected weather stations, and 
evapotranspirationstation, Pinelandsarea, New Jersey.
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$V�SDUW�RI�WKHLU�UHVHDUFK�RQ�FDUERQ�DQG�¿UH�G\QDPLFV�LQ�WKH�3LQHODQGV��&ODUN�DQG�RWK-
HUV�>������@�PHDVXUHG�(7�ÀX[�XVLQJ�DQ�HGG\�FRYDULDQFH�PHWKRG�DW�DQ�RDN�±�GRPLQDWHG�
upland site and two pine-dominated upland sites in the Pinelands. They observed that 
ET at the oak-dominated upland site was slightly greater in summer and lower in winter 
than ET at the pitch pine-dominated upland site and that ET averaged 51 to 62 percent of 
DQQXDO�SUHFLSLWDWLRQ�DW�WKH�VLWHV�ZKHQ�WKH\�ZHUH�XQGLVWXUEHG��$GGLWLRQDO�ÀX[�PRQLWRULQJ�
GHPRQVWUDWHG�WKH�HIIHFWV�RI�¿UH�DQG�LQVHFW�GHIROLDWLRQ�RQ�(7�DQG�ZDWHU�XVHHI¿FLHQF\�DW�
the three sites; annual ET at one of the defoliated sites was as low as 419 mm/yr, 37 per-
cent of incident precipitation [16]. When all years were considered, maximum seasonal 
leaf area index at these sites explained 82 and 80 percent of the variation in daily ET dur-
ing the summer at the oak- and pine – dominated sites, respectively. Results of the study 
by Clark and others [16] indicate that gypsy moth defoliation disturbance in 2007 may 
have resulted in a temporary increase in aquifer recharge of approximately 7 percent 
in upland forests throughout the Pinelands. Schäfer [52] examined changes in stomatal 
conductance in response to drought, defoliation, and mortality in an upland oak/pine 
forest in the Pinelands. Drought caused reductions in canopy-level conductance, and 
corresponding reductions in ET, with the magnitude of the effect varying by species.

9.2 METHODS AND MATERIAL: MEASUREMENT AND SIMULATION OF 
EVAPOTRANSPIRATION

Evapotranspiration (ET)was measured at a site within McDonalds Branch basin (Fig.  
1) using the eddy-covariance method [5, 17, 60]. The site chosen for the ET station 
is within a pitch-pine lowland stand. Canopy vegetation at the site is dominated by 
Pinus rigida (pitch pine) that reaches a maximum height of about 15 m. Under story 
vegetation is dominated by Gaylussacia frondosa (dangleberry), Kalmia angustifo-
lia (sheep laurel), Eubotrys racemosa (fetter bush), and Xerophyllum asphdeloides 
(turkey beard). Vegetation types in nearby areas of cedar swamp are dominated by 
Chamaecyparis thyroides (Atlantic white cedar) and Sphagnum spp (sphagnum moss); 
nearby areas of hardwood swamp are dominated by Acer rubrum (red maple) and Nys-
sa silvatica (black gum). Depth to the water table at the site fluctuates between about 
0.5 to 1.5 meters (m) below land surface although parts of the surrounding area exhibit 
standing water during wet periods.The site of the ET station is adjacent to one of the 
vegetation plots used by Laidig and others [35, 36] to develop models for predicting 
the distribution of wetland vegetation on the basis of hydrologic conditions. Eddy-
covariance instrumentation was deployed on a 24.5 m tall Rohn 45G communications, 
type tower at the site (Fig. 2), and 30-minute data were collected for an 833-day period 
from November 10, 2004, to February 20, 2007. Other meteorological and hydrologic 
instrumentation also was deployed on or around the tower to collect data for ET mod-
els and to provide ancillary data for the eddy-covariance analysis. The instrumentation 
used in the study is described in Table 1. Measured values of ET were used to calibrate 
ET models or for comparison with model results.

9.2.1 MEASUREMENT OF EVAPOTRANSPIRATION
Evapotranspiration can be measured above a forest canopy by using a variety of 
methods. The method selected for this study is the eddy-covariance method.
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9.2.1.1 THE EDDY COVARIANCE METHOD
The eddy-covariance method [17, 60] was used to measure two components of the en-
HUJ\�EXGJHW�RI�WKH�SODQW�FDQRS\��ODWHQW�DQG�VHQVLEOH�KHDW�IOX[HV��/DWHQW�KHDW�IOX[��Ȝ(��
is the energy removed from the canopy in the liquid-to-vapor phase change of water 
and is the product of the heat of vaporization of water (l) and the ET rate (E). Sensible 
heat flux (H) is the heat energy removed from/added to the canopy as a result convec-
tive transport along a temperature gradient between the canopy and the air. Both latent 
and sensible heat fluxes are transported by turbulent eddies in the air that are generated 
by a combination of frictional and convective forces. The energy available to gener-
ate turbulent fluxes of vapor and heat is equal to the net radiation (Rn) less the sum 
of the heat fluxinto the soil surface (G) and the change in storage (S) of energy in the 
biomass, air, and any standing water.

7KH�HQHUJ\�LQYROYHG�LQ�¿[DWLRQ�RI�FDUERQ�GLR[LGH�LV�XVXDOO\�QHJOLJLEOH�>��@��1HW�
radiation is the difference between incoming radiation (short- wave solar radiation 
DQG� ORQJ�ZDYH�DWPRVSKHULF� UDGLDWLRQ�� DQG�RXWJRLQJ� UDGLDWLRQ� �UHÀHFWHG� VKRUW�ZDYH�
and surface-emitted long wave radiation). Energy is transported to and from the base 
of the canopy by conduction through the soil. Assuming that net horizontal advection 
of energy is negligible, the energy-budget is described in Eq. (1), for a control volume 
extending from land surface to a height zsDW�ZKLFK�WKH�WXUEXOHQW�ÀX[HV�DUH�PHDVXUHG�

  (1)

  (2)

  (3)

  (4)

In Eq. (1), the left-hand side represents the available energy and the right-hand side 
represents the turbulent fluxes; Rn is s net radiation to/from plant canopy, in watts per 
m2; G is soil heat fluxat land surface, in watts per m2; S is change in storage of energy 
in the biomass, air, and in any standing water, in watts per m2; H is sensible heat fluxat 
height zs above land surface, in watts per m2; λE is latent heat fluxat height zs above 
land surface, in watts per m2; and the sign convention is such that Rnand G are positive 
downwards and H and λE are positive upwards.

The eddy-covariance method is a conceptually simple, one-dimensional approach 
IRU�PHDVXULQJ�WKH�WXUEXOHQW�ÀX[HV�RI�YDSRU�DQG�KHDW�DERYH�D�VXUIDFH��)RU�WKH�FDVH�RI�
YDSRU�WUDQVSRUW�DERYH�D�ÀDW��OHYHO�ODQGVFDSH��WKH�WLPH�DYHUDJHG�SURGXFW�RI�PHDVXUHG�
values of vertical wind speed (w��DQG�YDSRU�GHQVLW\��ȡv��LV�WKH�HVWLPDWHG�YDSRU�ÀX[��(7��
rate) during the averaging period, assuming that the net lateral advection of vapor is 
QHJOLJLEOH��%HFDXVH�RI�WKH�LQVXI¿FLHQW�DFFXUDF\�RI�LQVWUXPHQWDWLRQ�DYDLODEOH�IRU�PHD-
surement of actual values of wind speed and vapor density, this procedure generally is 
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SHUIRUPHG�E\�PRQLWRULQJ�WKH�ÀXFWXDWLRQV�RI�ZLQG�VSHHG�DQG�YDSRU�GHQVLW\�DERXW�WKHLU�
means, rather than monitoring their actual values. This formulation is represented in 
(TV�����±����DERYH�DQG�WKH�YDULDEOHV�LQ�WKHVH�HTXDWLRQV�DUH�GH¿QHG�EHORZ��

E Evapotranspiration rate, in grams per m2 per second;
w Vertical wind speed, in meters per second;
ȡv Vapor density, in grams per cubic meter; and 
Over-bars and primes indicate means over the averaging period and deviations 

from means, respectively.
7KH�¿UVW� WHUP�RI�(T�� ���� LV� DSSUR[LPDWHO\�]HUR�EHFDXVH�PDVV�EDODQFH�FRQVLGHU-

ations dictate that mean vertical wind speed perpendicular to the surface is zero; this 
conclusion is based on an assumption of constant air density (correction forair-density 
ÀXFWXDWLRQV�DUH�QRWHG�ODWHU�LQ�WKLV�UHSRUW���7KH�VHFRQG�DQG�WKLUG�WHUPV�DUH�]HUR�EDVHG�
RQ�WKH�GH¿QLWLRQ�WKDW�WKH�PHDQ�ÀXFWXDWLRQ�RI�D�YDULDEOH�LV�]HUR��7KHUHIRUH��LW�LV�DSSDUHQW�
from Eq. (4) that vertical wind speed and vapor density have to be correlated for a non-
]HUR�YDSRU�ÀX[�WR�H[LVW��7KH�WXUEXOHQW�HGGLHV�WKDW�WUDQVSRUW�ZDWHU�YDSRU��DQG�VHQVLEOH�
KHDW��SURGXFH�ÀXFWXDWLRQV�LQ�ERWK�WKH�GLUHFWLRQ�DQG�PDJQLWXGH�RI�YHUWLFDO�ZLQG�VSHHG�
The ascending eddies must on average be moister than the descending eddies for ET to 
occur; that is, upward air movement has to be positively correlated with vapor density, 
and downward air movement must be negatively correlated with vapor density.

FIGURE 2 Evapotranspiration station at a pitch-pine lowland site in the McDonalds Branch 
basin, Pinelands area, New Jersey: 
A (Left): Tower with instrumentation (Photograph by Anthony S. Navoy, USGS); and
B (Top): Krypton hygrometer (foreground) and sonic anemometer (background) mounted at top 
of tower at evapotranspiration station [Photograph by Robert S. Nicholson, USGS].
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9.2.2 SOURCE AREA OF MEASUREMENTS
The source area for a turbulent flux measurement is defined as the area (up wind of the 
measurement location) contributing to the measurement. The source area can consist 
ofa single vegetative cover if that cover is adequately extensive.

7KLV�FRQGLWLRQ�LV�PHW�LI�WKH�JLYHQ�FRYHU�H[WHQGV�VXI¿FLHQWO\�IDU�XS�ZLQG�VXFK�WKDW�
the atmospheric boundary layer has equilibrated with the cover from ground surface to 
DW�OHDVW�WKH�KHLJKW�RIWKH�LQVWUXPHQWDWLRQ��,I�WKLV�FRQGLWLRQ�LV�QRW�PHW��WKH�ÀX[�PHDVXUH-
PHQWLV�D�FRPSRVLWH�RI�ÀX[HV�IURP�WZR�RUPRUH�FRYHUV�ZLWKLQ�WKH�VRXUFH�DUHD�

6FKXHSS�DQG�RWKHUV�>��@�SURYLGH�DQ�HVWLPDWH�RI�WKH�VRXUFH�DUHD�IRU�WXUEXOHQW�ÀX[-
measurements and the relative contributions within the source area on the basis of an 
analytical solution of a one-dimensional (upwind) diffusion equation for a uniform 
surface cover. In this approach, source area varies with instrument height (zc), zero dis-
placement height (d), roughness length for momentum (zm), and atmospheric stability. 
7KH�LQVWUXPHQW�KHLJKW�IRU�WKH�WXUEXOHQW�ÀX[�PHDVXUHPHQWV�LQ�WKLV�VWXG\�ZDV������P��
Campbell and Norman [12] proposed empirical relations for zero displacement height 
(d ~ 0.65×h) and roughness length for momentum (zm~0.10×h), where h is the canopy 
height.Auniform canopy height of 15 m was assumed in this analysis. The source area 
estimates were made assuming mildly unstable conditions typical of day time condi-
WLRQV�ZKHQKHDW�DQG�YDSRU�ÀX[HV�DUH�KLJKHVW��WKH�2EXNKRYVWDELOLW\�OHQJWK�>��@�ZDV�VHW�
equal to [–10 m]. About 80 percent and 90 percent of the source area forthe day time 
WXUEXOHQW�ÀX[�PHDVXUHPHQWV�ZHUH�HVWLPDWHG�WR�EH�ZLWKLQ�XSZLQG�GLVWDQFHV�RI�DERXW�
205 and 435 m, respectively, asshownin Figs. 1 and 3.

TABLE 1 List of instruments for this research [CSI = Campbell Scientific, Inc.,; HS = 
Hydrological Services Pvt. Ltd.; REBS = Radiation and Energy Balance Systems, Inc.,; RMY 
= R. M. Young Inc.,; TE = Texas Electronics, Inc.,].  Note: Negative height is depth below land 
surface. Number of instruments are listed in brackets; and psi = Pounds per inch2. 

Parameter Instrument Height(s) above 

land surface, meters

Evapotranspiration CSI eddy correlation system including model CSAT3 
3-D sonic anemometer and model KH20 krypton hy-
grometer (1).

22.1

Air temperature/

Relative humidity

CSI model HMP45 temperature and relative humid-
ity probe (1).

22.1

Solar radiation LI-COR, Inc., model LI200 pyranometer (1) 22

Net radiation REBS model Q-7.1 net radiometer (2). 22

Wind speed & direc-
tion

RMY model 05305VM  wind monitor (1) 22

Photosynthetically ac-
tive radiation (PAR)

LI-COR, Inc., Model LI-190SB quantum sensor. 35

Soil moisture CSI model CS615 water content reflectometer (1). 0.0 to [–0.3]
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Parameter Instrument Height(s) above 

land surface, meters

Precipitation HS model TB3 tipping bucket rain gage (1) 14.2

Water level in well Insitu model miniTroll 5 psi pressure sensor and data 
logger unit (1).

[–2.0]

Data logging CSI model 10X data loggers (2); 

12 volt 100 amp-hour deep-cycle batteries (2); 

50 watt solar panels (2).  

0 to 1

0 to 1 and 

10 to 13

FIGURE 3 Radial extent of source area for day time turbulent flux measurements:  Produced 
using the method of Schuepp and others [54].

The source area during the generally more stable night time conditions could ex-
WHQG�FRQVLGHUDEO\�IXUWKHU��EXW�WXUEXOHQW�ÀX[HV�DUH�UHODWLYHO\�VPDOO�LQ�WKH�DEVHQFH�RI�VXQ�
light. The source area is forested throughout, but includes wetlands with pitch pine and 
cedar swamps and uplands covered by oak and pine (Fig. 1). Because the measured 
WXUEXOHQW�ÀX[HV�DUH�UHSUHVHQWDWLYH�RI�XSZLQG�ODQG�FRYHUV��WKH�YHJHWDWLYH�FRPSRVLWLRQ�
of the source area will change with varying wind direction. For example, wind direc-
WLRQV� UDQJLQJ� FORFNZLVH� IURP� VRXWK�HDVW� WR�ZHVW�ZRXOG�SURYLGH�ÀX[�PHDVXUHPHQWV�
almost exclusively representative of forested wetland; other wind directions provide 
ÀX[�PHDVXUHPHQWV�UHSUHVHQWDWLYH�RI�YDU\LQJ�PL[WXUHV�RI�ZHWODQG�DQG�XSODQG�IRUHVWV��
In this chapter, discrepancies between measured ET and simulated ET from models 
that are invariant with wind direction are examined as a function of wind direction.
This comparison shows the degree to which differences in ET between the two forest 
communities can be discerned with the available measurements.

TABLE 1 (Continued)
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9.2.3 INSTRUMENTATION
Instrumentation capable of high-frequency resolution is used in applications of the 
eddy-covariance method because of the relatively high frequency of the turbulent ed-
dies that transport water vapor. Instrumentation included a three-axis sonic anemom-
eter and a krypton hygrometer to measure variations in wind speed and vapor density, 
respectively (Fig. 2; Table 2).

The sonic anemometer relies on three pairs of sonic transducers to detect wind-
LQGXFHG�FKDQJHV�LQ�WKH�WUDQVLW�WLPH�RI�HPLWWHG�VRXQG�ZDYHV�DQG�WR�LQIHU�ÀXFWXDWLRQV�
in wind speed in three orthogonal directions. The measurement path length between 
transducer pairs is 10.00 cm (vertical) and 5.8 cm (horizontal); and the transducer path 
angle from the horizontal is 60 degrees. In contrast to some sonic anemometers used 
previously [58], the transducers of this improved anemometer are not permanently de-
stroyed by exposure to moisture and thus are suitable for long-term deployment. Op-
eration of the anemometer used in this study ceases when moisture on the transducer 
disrupts the sonic signal but recommences upon drying of the transducers.

The hygrometer relies on the attenuation of ultraviolet radiation, emitted from a 
source tube, by water vapor in the air along the 1-cm path to the detector tube. The 
instrument path line was laterally displaced 10 cm from the midpoint of the sonic-
transducer path lines (Fig. 2b). Hygrometer voltage output is proportional to the at-
WHQXDWHG�UDGLDWLRQ�VLJQDO��DQG�ÀXFWXDWLRQVLQ�WKLV�VLJQDO�FDQ�EH�UHODWHG�WR�ÀXFWXDWLRQV�LQ�
vapor density by Beer’s Law [71].

Similar to the anemometer, the hygrometer ceases data collection when moisture 
obscures the windows on the source or detector tubes. Also, the tube windows become 
“scaled” with exposure to the atmosphere, resulting in a loss of signal strength. The 
K\JURPHWHU�LV�GHVLJQHG�VXFK�WKDW�YDSRU�GHQVLW\�ÀXFWXDWLRQV�DUH�DFFXUDWHO\�PHDVXUHG�
in spite of variable signal strength; however, if signal strength declines to near-zero 
YDOXHV��WKH�ÀXFWXDWLRQVFDQQRW�EH�GLVFHUQHG��3HULRGLF�FOHDQLQJ�RI�WKH�VHQVRU�ZLQGRZV�
(performed monthly in this study) with a cotton swab and distiled water restores sig-
nal strength. Eddy-covariance instrument-sampling frequency was 8 Hertz (Hz) with 
30-minute averaging periods. The eddy-covariance instrumentation was placed about 
7.1 m above the tree canopy. The 8-Hz data were processed into 30-minute composites 
and stored in a data logger near ground level.

Flux measurements are made in the FRQVWDQW�ÀX[�inertial sublayer, in which lateral 
YDULDWLRQV�LQ�YHUWLFDO�ÀX[�DUH�QHJOLJLEOH��WR�EH�UHSUHVHQWDWLYH�RI�WKH�VXUIDFH�FRYHU��0HD-
VXUHPHQWV�PDGH�LQ�WKH�XQGHUO\LQJ�URXJKQHVV�VXEOD\HU�FDQ�UHÀHFW�LQGLYLGXDO�URXJKQHVV�
elements (for example, individual trees or gaps between trees) rather than the compos-
LWH�VXUIDFH�FRYHU�>��@��*DUUDWW�>��@�GH¿QHV�WKH�ORZHU�ERXQGDU\�RI�WKH�LQHUWLDO�VXEOD\HU�
to occur where the difference of the instrument height (zc) and the zero displacement 
height (d) is much greater than the roughness length for momentum (zm). Employing 
the empirical relations of Campbell and Norman [12] for zero displacement height 
and roughness length for momentum, and assuming that “much greater than” implies 
greater by a factor of eight, leads to an instrument height requirement of zc greater than 
[1.45h]. A factor of about 1.47 was used in this chapter.
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9.2.4 CALCULATION OF TURBULENT FLUXES

/DWHQW�KHDW�ÀX[�ZDV�HVWLPDWHG�XVLQJ�(T�������ZKLFK�LV�D�PRGL¿HG�IRUP�RI�(T�������

Latent heat flux: 

(5)

 Sensible heat: 
(6)

(7)

The variables in Eq. (5) are defined as: ȜE is latent heat flux, in watts per m2; Ȝ�LV�ODWHQW�
heat of vaporization of water, estimated as a function of temperature [57], in joules 
SHU�JUDP��ȝ�LV�UDWLR�RI�PROHFXODU�ZHLJKW�RI�DLU�WR�PROHFXODU�ZHLJKW�RI�ZDWHU��ѫ�LV�UDWLR�
of vapor density �ȡv) to air density (ȡ���ȡ�LV�DLU�GHQVLWy, estimated as a function of air 
temperature, total air pressure, and vapor pressure [43], in grams per cubic meter; H 
is sensible heat flux, in watts per m2; Cp is specific heat capacity of air, estimated as 
a function of temperature and relative humidity [57], in joules per gram per degree 
Celsius; Ta is air temperature, in°C; F is a factor that accounts for molecular weights 
of air and oxygen, and atmospheric abundance of oxygen, equal to 0.229 gram- degree 
Celsius per joule; Ko is extinction coefficient of hygrometer for oxygen, estimated as 
[–0.0045] cubic meters per gram per centimeter [61]; Kw is extinction coefficient of 
hygrometer for water, equal to the manufacturer-calibrated value, in cubic meters per 
gram per centimeter; and over bars and primes indicate means over the averaging pe-
riod and deviations from the means, respectively.

7KH�����ȝı��PXOWLSOLHU�DQG�WKH�VHFRQG�WHUP�RI�WKH�ULJKW�KDQG�VLGH�RI�(T������DFFRXQW�
IRU�WHPSHUDWXUH�LQGXFHG�ÀXFWXDWLRQV�LQ�DLU�GHQVLW\�>��@��DQG�WKH�WKLUG�WHUP�DFFRXQWV�IRU�
the sensitivity of the hygrometer to oxygen [60]. Similar to vapor transport, sensible  
heat can be estimated by using Eq. (6). The sonic anemometer is capable of measuring 
“sonic” temperature on the basis of the dependence of the speed of sound on this vari-
able [33, 34]. Schotanus and others [53] related the sonic sensible heat, based on mea-
VXUHPHQW�RI�VRQLF�WHPSHUDWXUH�ÀXFWXDWLRQV��WR�WKH�WUXH�VHQVLEOH�KHDW�JLYHQ�LQ�(T������
Those researchers included a correction for the effect of wind blowing normal to the 
sonic acoustic path that has been incorporated directly into the anemometer measure-
PHQW�E\�WKH�PDQXIDFWXUHU��(��6ZLDWHN��&DPSEHOO�6FLHQWL¿F��,QF���ZULWWHQ�FRPPXQLFD-
WLRQ���������OHDGLQJ�WR�D�VLPSOL¿HG�IRUP�RI�WKH�6FKRWDQXV�DQG�RWKHUV�>��@�IRUPXODWLRQ�
JLYHQ�LQ�(T�������7KH�YDULDEOHV�LQ�(T������DUH�GH¿QHG�DV��Ts  is a sonic temperature, in °C; 
and q LV�D�VSHFL¿FKXPLGLW\��LQ�JUDPV�RIZDWHU�YDSRU�SHU�JUDP�RI�PRLVW�DLU�

2QWKH�EDVLV�RI�WKH�UHODWLRQ�EHWZHHQ�VSHFL¿F�KXPLGLW\�DQG�YDSRU�GHQVLW\��)OHDJOH�
DQG�%XVLQJHU�>��@�GH¿QHG�VSHFL¿F�KXPLGLW\��q) in Eq. (8), where, Rd is the gas constant 
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for dry air (0.28704 joules per degree Celsius per gram) and Pa is atmospheric pres-
sure, in pascals (assumed to remain constant at 100.5 Kilopascals at top of tower about 
58 meters above sea level).

  (8)

  (9)

Eq. (7) can be expressed in terms of fluctuations in the hygrometer-measured water 
vapor density rather than fluctuations in specific humidity as shown in Eq. (9) above.
Estimation of turbulent fluxes (Eq. (5) and (6)) relies on an accurate measurement of 
velocity fluctuations perpendicular to the lateral air stream. The study area is relatively 
flatand level, indicating that the air stream is approximately perpendicular to gravity 
and the sonic anemometer was oriented with respect to gravity with a bubble level. 
Measurement of wind speed in three orthogonal directions with the sonic anemometer 
used in this investigation allowed fora more refined orientation of the collected data 
with the natural coordinate system through mathematical coordinate rotations. The 
magnitudes of the coordinate rotations are determined by the components of the wind 
vector in each 30-minute averaging period. The wind vector is composed of three 
time-averaged components (u, v, w) in the three coordinate directions (x, y, z). Direc-
tion z initially was approximately oriented vertically (with respect to gravity) and the 
other two directions were arbitrary. Tanner and Thurtell [62] and Baldocchi and others 
[5] outline a procedure in which measurements made in the initial coordinate system 
are transformed into values consistent with the natural coordinate system. First, the co-
RUGLQDWH�V\VWHP�LV�URWDWHG�E\�DQ�DQJOH�Ș�DERXW�WKH�z-axis to align u into the x-direction 
on the x–y SODQH��1H[W��URWDWLRQ�E\�DQ�DQJOH�ș�LV�SHUIRUPHG�DERXW�WKH�y-direction to 
align w along the z-direction. These rotations force v and w equal to zero; therefore, 
u is pointed directly into the airstream. Athird rotation is sometimes used in complex 
situations (such as a curving air stream around a mountain) to force equal to zero, 
although Baldocchi and others [5] indicate that two rotations generally are adequate, 
and two rotations were used in the current study.

9.2.5 CONSISTENCY OF MEASUREMENTS WITH ENERGY BUDGET
Previous investigators [7, 21, 24, 26, 37, 44, 58, 63] have described a recurring prob-
lem with the eddy-covariance method: a frequent discrepancy of the measured latent 
and sensible heat fluxes with the energy-budget equation (Eq. (1)). The usual case is 
that measured turbulent fluxes (H��ȜE) are less than the measured available energy 
(Rn – G – S). Turbulent fluxes measured above a coniferous forest by Lee and Black 
[37] accounted for only 83 percent of available energy. Possible explanations for the 
observed discrepancy in the measured turbulent fluxes include a sensor frequency 
response that is insufficient to capture high- frequency eddies; an averaging period in-
sufficient to capture low-frequency eddies; drift in the absolute values of anemometer 
and hygrometer measurements, resulting in statistical nonstationarity within the aver-
aging period; lateral advection of energy; a discrepancy in the measurement points for 
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the wind and vapor density sensors; and overestimation of available energy. Several 
researchers [24, 26, 44] have shown that the eddy-covariance method obtains better 
energy-budget closure in windy conditions than during calm conditions.

Twine and others [63] performed an experiment using multiple models of eddy-
FRYDULDQFH�VHQVRUV�DQG�QHW�UDGLRPHWHUV�WR�PHDVXUH�HQHUJ\�ÀX[HV�IURP�D�JUDVVODQG�DQG�
REVHUYHG�D�V\VWHPDWLF�HQHUJ\�FORVXUH�GLVFUHSDQF\��WXUEXOHQW�ÀX[HV�OHVV�WKDQ�DYDLODEOH�
energy) of 10 to 30 percent. Their conclusion was that eddy-covariance measurements 
should be adjusted for energy-budget closure. Two common alternatives to adjust tur-
EXOHQW�ÀX[�PHDVXUHPHQWV� IRU� HQHUJ\�EXGJHW� FORVXUH�DUH� WR� ����SUHVHUYH� WKH�%RZHQ�
UDWLR��RU�����SUHVHUYH�WKH�PHDVXUHG�VHQVLEOH�KHDW�ÀX[��7ZLQH�DQG�RWKHUV�>��@�LQGLFDWH�
a preference for the Bowen ratio approach but state that “the method for obtaining 
closure appears to be less important than assuring that eddy-covariance measurements 
are consistent with conservation of energy.” The Bowen ratio alternative assumes that 
WKH�UDWLR�RI�WXUEXOHQW�ÀX[HV�LV�DGHTXDWHO\�PHDVXUHG�E\�WKH�HGG\�FRYDULDQFH�PHWKRG�
7KH�HQHUJ\�EXGJHW�(T���HT������DORQJ�ZLWK�WXUEXOHQW�ÀX[HV��H DQG�ȜE) measured using 
the standardeddy-covariance method are used to produce corrected (HBREB  DQG�ȜEBREB) 
WXUEXOHQW�ÀX[HV�LQ�WKLV�³%RZHQ�UDWLR�HQHUJ\�EXGJHW�YDULDQW´�RI�WKH�HGG\�FRYDULDQFH�
method as indicated in Eqs. (10)–(12). On the basis of Eq. (12), this variant fails when 
the Bowen ratio is close to [–1] and the denominator approaches zero. The second al-
WHUQDWLYH�IRU�DGMXVWPHQW�RI�ÀX[HV�IRU�HQHUJ\�EXGJHW�FORVXUH�XVHG�LQ�WKLV�VWXG\�DVVXPHV�
WKDW�WKH�VHQVLEOH�KHDW�ÀX[�PHDVXUHG�E\�WKH�VWDQGDUG�HGG\�FRYDULDQFH�PHWKRG�LV�FRUUHFW�
EXW�WKDW�ODWHQW�KHDW�ÀX[�LV�XQGHUHVWLPDWHG��7KHUHIRUH��WKH�FRUUHFWHG�ODWHQW�KHDW�ÀX[�LV�
computed as a residual of the energy budget (Eq. (1)).This “residual energy-budget” 
variant of the eddy-covariance method is shown in Eq. (14). 

(10)

Bowen ratio: (11)

Rearranging Eq. (10): (12)

Combine Eqs. (11) and (12); and rearranging: (13)

“Residual energy- budget” variant: (14)

Energy generally enters the soil surface and (or) any standing water and is stored 
in the biomass and air during the day and released at night. Implementation of Eqs. 
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(10)–(14) was facilitated by using daily composites of terms in these equations and 
DVVXPLQJ�WKDW�VRLO�KHDW�ÀX[�DQG�FKDQJHV�LQ�HQHUJ\�VWRUDJH�LQ�WKH�ELRPDVV��DLU��DQG�DQ\�
standing water were negligible at this site over a diurnal cycle. Therefore, although 
HGG\�FRYDULDQFH�ÀX[�PHDVXUHPHQWV�ZHUH�PDGH�DW����PLQXWH�UHVROXWLRQ��RQO\�GDLO\�RU�
coarser ET estimates incorporate energy-budget closure considerations. Use of a daily 
FRPSRVLWLQJ�LQWHUYDO�RI�ÀX[YDOXHV�LQ�WKLV�VWXG\�DOORZHG�IRU�QHJOHFW�RI�WKRVH�WHUPV�RI�
WKH� HQHUJ\� EXGJHW� WKDW�ZHUH� QRW�PHDVXUHG� �VRLO� KHDW� ÀX[� DQG� ELRPDVV�DLU�VWDQGLQJ�
water energy storage). However, during periods of rapid temperature changes (for ex-
DPSOH��FROG�IURQW�SDVVDJH���WKH�QHW�VRLO�KHDW�ÀX[DQG�WKH�QHW�FKDQJH�LQ�HQHUJ\�VWRUHG�LQ�
the biomass/air/standing water over a diurnal cycle may not be negligible.

$V�PHQWLRQHG�SUHYLRXVO\��PLVVLQJ����PLQXWH�WXUEXOHQW�ÀX[�GDWD�FDQ�UHVXOW�IURP�
scaling of hygrometer windows and from moisture on the anemometer or hygrometer.
These data need to be estimated prior to construction of daily composites ofturbulent 
ÀX[HV��,Q�WKH�SUHVHQW�VWXG\��UHJUHVVLRQ�DQDO\VLV�RI�PHDVXUHG����PLQXWH�WXUEXOHQW�ÀX[-
and net radiation data was used to estimate unmeasured values of 30-minute turbulent 
ÀX[HV��$GGLWLRQDOO\��ERWK�+DQG�ȜE were set to zero during periods of rainfall when 
rainwater on eddy-covariance and net radiation sensors resulted in missing or cor-
UXSWHG�GDWD��$Q�DVVXPSWLRQ�RI�QHJOLJLEOH�WXUEXOHQW�ÀX[HV�GXULQJ�UDLQIDOO�HYHQWV�ZDV�
considered reasonable because of the cloudy and, therefore, low net radiation condi-
tions generally prevalent during rain.

9.2.6 SIMULATION OF EVAPOTRANSPIRATION
Several models were evaluated for their utility in estimating ET. The eddy-covariance 
instrumentation can have extended periods of nonoperation, as discussed previously. 
However, more robust meteorological and hydrologic instrumentation (sensors for 
measurement of net radiation, air temperature, relative humidity, solar radiation, wind 
speed, soil moisture, and water-table depth) provide nearly uninterrupted data. ET 
models, calibrated to measured turbulent fluxdata and based on continuous meteoro-
logical and hydrologic data, can be used to fillgapsin measured data, providing con-
tinuous estimates of ET. Additionally ET models can provide insight into the cause-
and-effect relation between the environment and ET: Relationships among water-table 
depth, soil moisture, and ET. Finally, some ET models can provide estimates of maxi-
mum (potential or reference) ET under conditions of optimal moisture availability.

Measurement of ET using the eddy-covariance method is resource intensive, 
so it is practical to use the results of short- term studies to develop and verify ET 
models that can then be used to estimate ET for other time periods and to understand 
the cause and effect nature of evaporative processes. The utility of different models 
is related to the model assumptions or the data used by the models. For example, 
results of a model that is indifferent to wind direction can be compared with mea-
surements to help determine if ET is related to wind direction. Amodel that requires 
only temperature data can be used to estimate historical variability in ET using read-
ily available long-term temperature records. This section describes the description 
of the three ET models explored.
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9.2.6.1 PRIESTLEY-TAYLOR EQUATION
Physics-based ET models generally rely on the work of Penman [47], who devel-
oped an equation for evaporation from wet surfaces that is based on energy budget 
and aerodynamic principles.That equation has been applied to estimate ET from well-
watered, dense agricultural crops (reference or potential ET). In Penman’s equation, 
the transport of latent and sensible heat fluxes from a “big leaf” to the sensor height is 
subject to an aerodynamic resistance.The “big leaf” assumption implies that the plant 
canopy can be conceptualized as a single source of both latent and sensible heat at a 
given height and temperature. Inherent in the Penman approach is the assumption of a 
net one-dimensional, vertical transport of vapor and heat from the canopy.The Penman 
equation is described by Eq. (15). In Eq. (15), the first term is known as the energy 
WHUP��WKH�VHFRQG�WHUP�LV�NQRZQ�DV�WKH�DHURG\QDPLF�WHUP��¨�LV�VORSH�RI�WKH�VDWXUDWLRQ�
vapor-pressure curve, in kilopascals per degree Celsius; es s saturation vapor pressure, 
in kilopascals; e LV�YDSRU�SUHVVXUH��LQ�NLORSDVFDOV��Ȗ��LV�WKH�SV\FKURPHWULF�³FRQVWDQW�´�
equal to approximately 0.067 kilopascals per degree Celsius but varying slightly with 
atmospheric pressure and temperature; rhis aerodynamic resistance, in seconds per 
meter; and other terms are as previously defined.

Penman equation: (15)

Priestley and Taylor (1972) for es = e [For saturated atmosphere]: (16)

$IWHU�LQWURGXFLQJ�³3ULHVWOH\�7D\ORU�FRHIILFLHQW��Į´�LQ�(T��������ZH�JHW� (17)

3ULHVWOH\�DQG�7D\ORU�>��@�SURSRVHG�D�VLPSOL¿FDWLRQ�RI�WKH�3HQPDQ�HTXDWLRQ�IRU�WKH�
case of saturated atmosphere (es = e), for which the aerodynamic term is zero, yield-
ing Eq. (16) above.However, Priestley and Taylor [49] noted that empirical evidence 
indicates that evaporation from extensive wet surfaces is greater than this amount, 
presumably because the atmosphere generally does not attain saturation. Therefore, 
WKH� 3ULHVWOH\�7D\ORU� FRHI¿FLHQW�Į��ZDV� LQWURGXFHG� DV� DQ� HPSLULFDO� FRUUHFWLRQ� WR� WKH�
theoretical expression, giving us Eq. (17).

This formulation assumes that the energy and aerodynamic terms of the Penman 
HTXDWLRQ�DUH�SURSRUWLRQDO�WR�HDFK�RWKHU��7KH�YDOXH�RI�Į�KDV�EHHQ�HVWLPDWHG�WR�EH�������
which indicates that under potential ETconditions, where there is no moisture limita-
tion, the aerodynamic term of the Penman equation is about 21 percent ofthe total 
ODWHQW� KHDW� ÀX[�� (LFKLQJHU� DQG� RWKHUV� >��@� KDYH� VKRZQ� WKDW� WKH� HPSLULFDO� YDOXH� RI�
Į�KDV�D�WKHRUHWLFDO�EDVLV��D�QHDUO\�FRQVWDQW�YDOXH�RI�Į�LV�H[SHFWHG�XQGHU�WKH�H[LVWLQJ�
range of Earth-atmospheric conditions. Previous studies [20, 55, 58] have applied a 
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PRGL¿HG�IRUP�RI�WKH�3ULHVWOH\��7D\ORU�HTXDWLRQ��7KH�DSSURDFK�LQ�WKHVH�VWXGLHV�UHOD[V�
the Penman assumption of a free-water surface or a dense, well-watered canopy by 
DOORZLQJ�Į�WR�EH�OHVV�WKDQ������DQG�WR�YDU\�DV�D�IXQFWLRQ�RI�HQYLURQPHQWDO�IDFWRUV��7KH�
Penman-Monteith equation [42] is a more the oretically rigorous generalization of the 
Penman equation that also accounts for a relaxation of the Penman assumptions. How-
HYHU��6WDQQDUG� >��@�QRWHG� WKDW� WKH�PRGL¿HG�3ULHVWOH\�7D\ORU�DSSURDFK� WR�VLPXODWLRQ�
of observed ET rates was superior to the Penman- Monteith approach for a sparsely 
vegetated site in the semiarid rangeland of Colorado. Similarly, Sumner [58] found 
WKH�PRGL¿HG�3ULHVWOH\�7D\ORU�DSSURDFK�SHUIRUPHG�EHWWHU� WKDQ� WKH�3HQPDQ�0RQWHLWK�
IRU� D� VLWH� RI� KHU� EDFHRXV�� VXFFHVVLRQDO� YHJHWDWLRQ� LQ� FHQWUDO� )ORULGD��7KH�PRGL¿HG�
Priestley- Taylor approach was evaluated in the present investigation to simulate daily 
(7��7KH�VHOHFWHG�IRUP�RI�Į�DV�D�IXQFWLRQ�RI�HQYLURQPHQWDO�YDULDEOHV�ZDV�GHWHUPLQHG�LQ�
this study through trial-and-error exploratory data analysis, and the parameterization 
RI�D�SDUWLFXODU�IRUP�RI�Į�ZDV�GHWHUPLQHG�XVLQJ�UHJUHVVLRQ�ZLWK�PHDVXUHG�GDLO\�YDOXHV�
of ET.

9.2.6.2 HARGREAVES EQUATION

The Hargreaves equation [27] is widely used in agricultural studies in the United 
States and globally to estimate reference ET. Reference ET is defined as the evapo-
transpiration from an actively growing, well-watered grassoralfalfa vegetative cover 
of a specific height range [1]. The Hargreaves equation is appealing because of the 
sparse data requirements; only minimum and maximum daily air temperatures are re-
quired, and these are typically measured at most weather stations. The coefficients and 
form of the equation are empirical and were developed based on a comparison with ET 
data from precision weighing lysimeters used with grass land covers. The Hargreaves 
equation is based on an empirical relation between ET and the two most important 
explanatory variables for this term—incomingsolar radiation and air temperature (Eq. 
(18)). Another empirical relation (Eq. (19)) is used to relate incoming solar radiation 
to extraterrestrial radiation and a variable highly correlated with cloud cover (daily 
temperature range). Combining Eqs. (18) and (19), we get the Hargreaves Eq. (20).

(18)

(19)

(20)

In Eqs. (18) to (20), Ea is reference ET, in the same water evaporation units as Ra 
(for example, millimeters perday); Rs

is incoming solar radiation on land surface, the 
same water evaporation units as ETa; Ra is extraterrestrial radiation, in the same wa-
ter evaporation units as ETa; TC is average daily air temperature, in °C; TR is daily 
temperature range, in°C; a and b are empirical coefficients [a = 0.0135 and b= 17.8; 
and KRS is an empirical coefficient usually estimated as 0.16 for inland areas and 
0.19 for coastal areas, respectively. Hargreaves and Samani [28] suggested that the 
product [aKRS] in Eq. (20) be set equal to 0.0023 for reference conditions. Racan be 
estimated using an analytical expression of latitude and day of year [1]. TC and TR 
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are usually estimated as the average and difference of maximum and minimum daily 
air temperature, respectively.

,Q�WKLV�VWXG\��D�PRGL¿HGIRUP�RI�WKH�+DUJUHDYHV�HTXDWLRQ�ZDV�FRQVLGHUHG�WR�DOORZ�
for the non reference conditions. The PRGL¿FDWLRQ�DOORZV�WKH�HPSLULFDO�FRHI¿FLHQWV�>a 
and b] of Eq. (18) to vary in a regression analysis to best replicate measured daily val-
ues of ET and incoming solar radiation. The necessary daily temperature data for these 
analyze were obtained from measurements at the ET station and also from nearby 
National Weather Service stations in New Jersey [45].

9.2.6.3 NORTH AMERICAN REGIONAL REANALYSIS
The National Centers for Environmental Prediction (NCEP) – North American Re-
gional Reanalysis (NARR) is an effort to create a long-term set of consistent climate 
data for North America [40, 46]. NARR is based on a coupled approach to simulation 
of atmospheric and land-surface processes of energy and mass transfer that assimilates 
weather data. The period of record of NARR is from 1979 to 2012, and the resolution 
is 32 kilometers (km) and 3 hours. In the present study, NARR estimates of latent heat 
flux (at NARR grid centered at 39.75°N. and 74.5°W) were compared to the values 
measured at the ET station (39.89°N. and 74.52°W).

9.2.7 MEASUREMENT OF ENVIRONMENTAL VARIABLES
Meteorological hydrologic and vegetative data were collected in the study area as 
ancillary data required by the energy-budget variant of the eddy-covariance method 
and as independent variables within an ET model. Meteorological variables monitored 
included net radiation air temperature relative humidity, wind speed, and incoming so-
lar radiation. These data were monitored by data loggers at 15-second intervals, using 
instrumentation summarized in Table 1; the resulting 30-minute means were stored.

Two net radiometers, deployed at a height of 22 m, provided redundant measure-
ment of net radiation at the ET station. Measured values of net radiation were correct-
ed for wind-speed effects as instructed by the instrument manual. About 90 percent of 
the source area of the net radiation measurement is contained within a radius of three 
times the height of the sensor above the canopy [56]. Therefore, the measurement 
of net radiation had a much smaller source area (radius ofabout 21 m) than did the 
WXUEXOHQW�ÀX[�PHDVXUHPHQW��DERXW����SHUFHQW�RI�VRXUFH�DUHD�ZLWKLQ�XSZLQG�GLVWDQFH�
of about 450 m during typical daytime conditions). The source area for measured net 
radiation is composed exclusively of the pitch pine lowlands/cedar swamp typical of 
forested wetlands in the Pinelands area.

Air temperature and relative humidity were monitored at the ET station at a height 
of 22.3 m. The slope of the satura- tion vapor pressure curve (a function of air tempera-
ture) was computed in the manner of Lowe [38], using the measured air temperature. A 
propeller-type anemometer to monitor wind speed and direction and an upward-facing 
pyranometer to measure incoming solar radiation were deployed at heights of 24.7 and 
22 m, respectively, at the ET station (Table 1).

Hydrologic variables that were monitored include precipitation, water-table depth, 
stream discharge, and soil moisture. Precipitation records were obtained from a tip-
ping-bucket rain gage deployed at a height of 14.2 m at the ET station. Soil moisture 
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at a location at the ET station was monitored using a water content UHÀHFWRPHWHUprobe 
installed to provide an aver- aged volumetric soil moisture content within the upper 30 
FP�RIWKH�VRLO�SUR¿OH��7KH�PHDVXUHG�VRLO�PRLVWXUH�YDOXHV�DW�WKLV�VLQJOH�ORFDWLRQ�DUH�QRW�
QHFHVVDULO\�UHSUHVHQWDWLYH�RI�WKH�ZDWHU�VKHGRU�RI�WKH�VRXUFH�DUHD�RI�WKH�WXUEXOHQW�ÀX[�
measurements but are presumed to be correlated with generalized wetting and drying 
conditions. Soil-moisture measurements were made and recorded on the data logger 
every 30 minutes (Table 1).

Water levels in a shallow (3-m depth) observation well at the ET station (USGS 
well number 051604) were measured at 60-minute intervals using a pressure trans-
GXFHU�DQG�UHFRUGHG��7KH�ZHOO�LV�VLWXDWHG���P�IURP�WKH�(7�ÀX[�WRZHU��6WUHDP�GLVFKDUJH�
of the McDonalds Branch was measured at 15-minute intervals at an upstream site 
1.4 km east of the ET station (USGS station number 01466500; Fig. 1). Well-construc-
tion data, water-level and stream-discharge data collection methods, water-level data, 
and stream-discharge data are presented in a report by Walker and others [66].

9.3 RESULTS AND DISCUSSION: EVAPOTRANSPIRATION MEASUREMENT 
AND SIMULATION

Most (73 percent) of the 30-minute resolution eddy-covariance measurements made 
during the 833-day study period were acceptable and was used to develop ET mod-
els to estimate missing data and discern the effect of environmental variables on ET.  
Unacceptable measurements resulted from failure of the krypton hygrometer or sonic 
anemometer and were most extensive (81 percent of missing data) during night- time 
hours because dew formation at night is common in this humid climate. This diurnal 
pattern of missing data was less of a problem than it might appear initially because 
turbulent fluxes are relatively small during the evening to early morning hours when 
solar radiation is zero or low, so errors associated with gap filling do not translate into 
substantial errorsin total ET. The environmental variable that provided the best explan-
atory value for 30-minute turbulent flux values was net radiation; missing flux data 
were estimated on the basis oflinear regressions between the turbulent fluxes and net 
radiation for each month of the study (Eqs. (21) and (22)). This approach reproduced 
PHDVXUHG����PLQXWH�YDOXHV�RI�ȜE and H with r2 values of 0.80 and 0.84, respectively, 
and standard errors of 34 and 46 watts per m2 (W/m2), respectively. The Rn-to-turbulent 
flux regression coefficients showed considerable consistency fora given month from 
year to year (Fig. 4). Although 27 percent of the 30-minute turbulent flux measure-
ments were gap filled using Eqs. (21) and (22), the fraction of energy fluxgap filled 
ZDV�VPDOO�����RI�ȜE and 7% of H, respectively) because missing data generally oc-
curred during periods of low energy flux.

  (21)

  (22)

In Eqs. (21) and (22): ai, bi, ci, and di are coefficients for a given year-month i; ai and ci 
are unitless; bi and di are in watts per m2��$OO�RWKHU�YDULDEOHV�KDYH�EHHQ�GH¿QHG�EHIRUH�
in this chapter.
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FIGURE 4 Monthly values of regression coefficients used Eqs. (21) and (22).

([DPSOHV�RI�PHDVXUHG�DQG�UHJUHVVLRQ�VLPXODWHG�HQHUJ\�ÀX[HV�DUH�VKRZQ�IRU�-XO\�
�±���������� LQ�)LJ�����7KH�SURPLQHQFH�RI�GD\WLPH�RYHU�QLJKW� WLPH� WXUEXOHQW�ÀX[HV�
is evident. Also, a strong correspondence between the diurnal and cloudiness-related 
YDULDWLRQV�LQ�QHW�UDGLDWLRQ�DQG�WKH�WXUEXOHQW�ÀX[HV�LV�DSSDUHQW��7KH�VLPSOH�OLQHDU�UHOD-
WLRQV�RI�(TV�������DQG������DOVR�UHSURGXFHG�WKH�YDULDWLRQV�LQ�PHDVXUHG�WXUEXOHQW�ÀX[HV�
UHDVRQDEO\��7KH�PHDQ�� GLXUQDO� SDWWHUQ� RIWXUEXOHQW� ÀX[HV� DQG� QHW� UDGLDWLRQ� �)LJ�� ��
indicates that the vast majority of ET occurs during day time, driven by incoming 
VRODU�UDGLDWLRQ��'XULQJ�DYHUDJH�GD\WLPH�FRQGLWLRQV��ERWK�ODWHQW�DQG�VHQVLEOH�KHDW�ÀX[�
are upward. At night, the surface cools below air temperature, producing a reversal in 
the direction of sensible heat ÀX[��$OWKRXJK�WKH�DYHUDJH��QLJKW�WLPH�ODWHQW�KHDW�ÀX[�
ZDV�VOLJKWO\�XSZDUG��GHZ�IRUPDWLRQ��GRZQ�ZDUG�ODWHQW�KHDW�ÀX[��FRPPRQO\�RFFXUUHG�

Daytime wind was predominantly from wetland source areas (Figs. 1 and 7). The 
two wind arcs most representative of uplands (350° clockwize to 20°and 90° clock-
wize to 120°) represent only 15 percent of measured wind directions; other wind di-
rections were primarily representative of wetlands, although to varying degrees. From 
this analysis and the analysis of the source area (Figs. 1 and 3), it is concluded that the 
VRXUFH�RI�PHDVXUHG�HYDSRUDWLYH�ÀX[�LV�SULPDULO\�ZHWODQGV�

(QHUJ\�EXGJHW�FORVXUH�RI�WXUEXOHQW�ÀX[HV�UHODWLYH�WR�QHW�UDGLDWLRQ�ZDV�H[DPLQHG�
XVLQJ�ZHHNO\��JDS�¿OOHG�FRPSRVLWHV�RI�WKH�VXP�RI�ȜE and H. As previously discussed, 
for this analysis, net radiation is equivalent to available energy because it has been as-
VXPHG�WKDW�WKH�VWRUDJH�DQG�VRLO�KHDW�ÀX[�HQHUJ\�EXGJHW�WHUPV�DUH�QHJOLJLEOH�RYHU�GDLO\�
or greater time scales. Energy-budget closure was generally better during relatively 
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248 Evapotranspiration: Principles and Applications for Water Management

ZLQG\�SHULRGV��DV� LQGLFDWHG� LQ�)LJ�����0HDVXUHG�DQG�JDS�¿OOHG����PLQXWH� WXUEXOHQW�
ÀX[HV�DFFRXQWHG�IRU����DQG����SHUFHQW�RI�PHDQ�QHW�UDGLDWLRQ�YDOXHV�RI�����DQG����:�
m2 for 2005 and 2006, respectively. The relatively large energy-budget discrepancy 
from early June 2005 to mid-October 2005 led to an exchange of krypton hygrometers 
on October 19, 2005, and to subsequently improved energy-budget closure.

FIGURE 5 Measured and simulated energy fluxes: A, sensible heat flux and B, latent heat flux 
at the wetland site in the Pinelands area, New Jersey, July 1–10, 2006. (H, sensible heat flux; 
Ȝ(��ODWHQW�KHDW�IOX[��

FIGURE 6 Mean diurnal pattern of energy fluxes at the wetland site in the Pinelands area, 
New Jersey, 2005–06.
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Evapotranspiration for Pinelands in New Jersey, USA 249

FIGURE 7 Relative frequency of measured wind direction at the wetland site in the Pinelands 
area, New Jersey, 2005–06.

The hygrometer used in the early part of the study was returned to the manufactur-
er for evaluation and was diagnosed as exhibiting an unstable voltage output. For this 
UHDVRQ��GDLO\�YDOXHVRI�ȜE computed using either the standard eddy-covariance method 
or the Bowen ratio variant are considered unreliable for the period June 1, 2005, to 
October 19, 2005. After the conclusion of the study, the hygrometer used subsequent 
to October 19, 2005, was returned to the manufacturer for evaluation and was deemed 
to be stable with a drift in calibration of less than 1 percent. Daily values of ET are 
shown in Fig. 9 forthe standard eddy-covariance method and the Bowen ratio and re-
sidual variants, excluding the standard and Bowen ratio methods for the period in 2005 
when hygrometer readings were probably not reliable. For 2006, average ET was 1.66, 
2.10, and 2.25 millimeters per day (mm/d) for the standard, Bowen ratio, and residual 
eddy-covariance methods, respectively; this comparison was restricted to the 343 days 
ZKHQ�WKH�%RZHQ�UDWLR�ZDV�QRW�FORVH�WR�í��DQG�HTXDWLRQ����GLG�QRW�KDYH�D�GHQRPLQDWRU�
near zero. As indicated by Twine and others (2,000), energy-budget-closure methods 
are preferable to the standard eddy-covariance method. The discrepancy in estimated 
ET between the Bowen ratio and the residual energy – budget methods averaged 7 per-
cent in 2006 with the Bowen ratio variant producing consistently lower ET estimates 
WKDQ� WKH� UHVLGXDO�YDULDQW��7KH�UHVLGXDO�YDULDQW�ZDV�VHOHFWHG� LQ� WKLV�VWXG\�DVWKH�¿QDO�
method to quantify ET and will be usedfrom here on, primarily because of the loss of 
data continuity inthe Bowen ratio method associated with the suspected failure of the 
hygrometer during June–October 2005. However, the 7% over estimation of ET by the 
residual method relative to the Bowen ratio method can serve as an estimate of possi-
ble bias or uncertainty in estimated ET related to the method of energy-budget closure.

Weekly, monthly, and 12-month totals of measured rainfall and ET estimated with 
the residual energy-budget variant of the eddy-covariance method are summarized in 
Tables 2 and 3. Annual ET was a remarkably consistent fraction of annual precipita-
tion (0.62 and 0.58 in 2005 and 2006, respectively) and of net radiation (0.62 in 2005 
and 2006) as shown in Table 4. An examination of long-term (1902–2011) precipitation 
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data at the nearby National Weather Service Indian Mills weather station indicates 
that the study period was slightly wetter than mean annual total of 1,173 mm; annual 
precipitation totals at Indian Mills were 1,325 mm for 2005 and 1,396 mm for 2006, 
respectively. The Indian Mills precipitation totals are within 30 mm (about 2 percent) 
of the precipitation measured at the study site during 2005 and 2006 (Table 4). Stream 
ÀRZ�PHDVXUHPHQWV�GXULQJ�����±���LQGLFDWH�DYHUDJH�FRQGLWLRQV��PHDQ�DQQXDO�VWUHDP�
ÀRZ�PHDVXUHG�DW�86*6�VWUHDP�JDJLQJ�VWDWLRQ�����������)LJ�����GXULQJ�����±���ZDV�
0.0593 cubic meters per second (m3/s),which is nearly identical to the long-term mean 
DQQXDO�ÀRZ�RI��������P3/s forthe 1954–2011 period ofrecord.

FIGURE 8 Mean weekly values of net radiation, turbulent fluxes, and wind speed at the 
wetland site in the Pinelands area, New Jersey, November 2004–February 2007.

FIGURE 9 Daily evapotranspiration measured using the standard eddy-covariance method, 
the Bowen ratio method, and the residual energy-budget variant method, at the wetland site in 
the Pinelands area, New Jersey, November 2004–February 2007.
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TABLE 2 Weekly measured rainfall [P, mm] and evapotranspiration [ET, mm] measured using 
the residual energy-budget variant of the eddy covariance method at the wetland site, pinelands 
area in New Jersey – USA, during November 2004 to February 2007. Note: Date, month-day-
year.

Date P ET Date P ET Date P ET

Year 2004

11-10 37 4 11-17 3 4 11-24 39 3

12-01 33 2 12-08 19 2 12-15 2 0

12-22 20 0 12-29 2 5

Year 2005

01-05 38 2 01-12 31 0 01-19 6 2

01-26 11 1 02-02 9 6 02-09 30 5

02-16 14 3 02-23 21 5 03-02 14 6

03-09 2 6 03-16 3 6 03-23 64 5

03-30 44 11 04-06 35 17 04-13 0 17

04-20 10 15 04-27 30 18 05-04 5 17

05-11 0 23 05-18 43 18 05-25 17 25

06-01 34 27 06-08 0 35 06-15 0 32

06-22 51 33 06-29 53 31 07-06 31 31

07-13 47 27 07-20 1 42 07-27 7 34

08-03 29 30 08-10 16 33 08-17 1 31

08-24 1 26 08-31 0 25 09-07 0 24

09-14 8 21 09-21 2 20 09-28 3 17

10-05 92 10 10-12 135 13 10-19 68 8

10-26 1 10 11-02 0 10 11-09 6 7

11-16 70 4 11-23 26 3 11-30 34 2

12-07 17 2 12-14 27 0 12-21 16 3

12-28 67 3

Year 2006

01-04 1 4 01-11 31 6 01-18 52 6

01-25 6 5 02-01 17 4 02-08 14 4

02-15 1 6 02-22 2 0 03-01 7 1
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03-08 4 10 03-15 0 1 03-22 2 4

03-29 3 13 04-05 24 11 04-12 0 14

04-19 46 15 04-26 1 16 05-03 0 17

05-10 66 19 05-17 9 23 05-24 0 28

05-31 43 22 06-07 26 25 06-14 0 32

06-21 82 27 06-28 28 41 07-05 78 32

07-12 3 37 07-19 13 30 07-26 26 40

08-02 5 37 08-09 0 30 08-16 0 27

08-23 90 19 08-30 127 16 09-06 0 25

09-13 68 21 09-20 15 20 09-27 11 20

10-04 26 16 10-11 76 12 10-18 15 9

10-25 40 8 11-01 5 5 11-08 117 6

11-15 11 6 11-22 44 7 11-29 5 2

12-06 0 4 12-13 4 5 12-20 44 4

12-27 39 3

Year 2007

01-03 51 7 01-10 3 4 01-17 7 0

01-24 3 3 01-31 5 0 02-07 0 0

02-14 34 3

TABLE 3 Monthly and yearly measured rainfall [p, mm] and evapotranspiration [ET, mm] 
measured using the residual energy-budget variant of the eddy-covariance method at the wetland 
site, pinelands area in New Jersey – USA, during December 2004 to January 2007.

Year – month ETmonthly 12 month moving sum ET Pmonthly 12 month moving sum P

mm

04-Dec 7 -- 79 --

05-Jan 7 -- 88 --

05-Feb 18 -- 60 --

05-Mar 27 -- 97 --

05-Apr 66 -- 111 --

05-May 94 -- 73 --
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Year – month ETmonthly 12 month moving sum ET Pmonthly 12 month moving sum P

mm

05-Jun 133 -- 115 --

05-July 148 -- 108 --

05-Aug 134 -- 48 --

05-Sep 94 -- 13 --

05-Oct 49 -- 296 --

05-Nov 27 804 120 1208

05-Dec 8 805 96 1225

06-Jan 22 821 136 1273

06-Feb 14 816 33 1245

06-Mar 24 814 13 1161

06-Apr 58 806 74 1124

06-May 94 807 76 1127

06-Jun 119 794 171 1183

06-Jul 157 802 125 1201

06-Aug 124 792 99 1252

06-Sep 88 786 213 1452

06-Oct 55 792 163 1319

06-Nov 26 790 176 1375

06-Dec 15 797 53 1332

07-Jan 14 789 104 1299

TABLE 4 Summary of selected characteristics measured or simulated annually and dates of 
spring and fall freezes at the wetland site, pinelands area in New Jersey-USA, during 2005 and 
2006.

Characteristic Units 2005 2006

Measured ET at McDonalds Branch [AETm] mm 805 797

Priestly-Taylor PET mm 1022 1013

Hargreaves reference ET [RET] mm 986 1008

North American Regional Reanalysis [NARR] 

actual ET [AETNARR]

mm 831 930

Rainfall [R] at McDonalds Branch mm 1225 1332

TABLE 3 (Continued)
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Characteristic Units 2005 2006

Snow [S] at Indian Mills mm 749 343

Estimated precipitation [P = R + 0.1*S] mm 1300 1366

Measured latent heat flux Watts/m2 63 62

Incoming solar radiation Watts/m2 159 163

Net radiation [Rn] Watts/m2 101 100

Average Tmin 0C 6.64 7.62

Average Tmax 0C 16.75 17.83

Last spring freeze --- 17 Apr 24 Mar

First fall freeze -- 11 Nov 27 oct

Priestley-Taylor vegetation factor [AETm/PET] ratio 0.79 0.82

Hargreaves vegetation factor [AETm/RET] ratio 0.79 0.79

Measured to NARR ET ratio [AETm/AETNARR] ratio 0.97 0.86

ET to P ratio [AETm/P] ratio 0.62 0.58

Evaporative fraction [Ratio of mean latent

Heat to mean net radiation]

ratio 0.62 0.62

6WUHDP�ÀRZ��ZDWHU�WDEOH�DOWLWXGH��DQG�VRLO�PRLVWXUH�DOO�ÀXFWXDWHG�ZLWK�VLPLODU�UH-
sponses to precipitation and no precipitation. Soil moisture and water-table altitude 
were highly correlated (r2=0.91). Minimum and maximum ET occurred during De-
cember to February and July, respectively (Table 3). Twelve-month ET totals were in 
a relatively narrow range (786 to 821 mm) over the period of record compared to the 
UDQJH�LQ����PRQWK�UDLQIDOO�WRWDOV�������WR�������PP���$¿UVW�RUGHUGDWD�DQDO\VLV�FRQ-
sisting of linear regressions between several environmental variables (incoming solar 
radiation, air temperature, relative humidity, soil moisture, and net radiation) indicated 
that net radiation (r2= 0.72) and air temperature (r2= 0.73) were the dominant explana-
tory variables for daily ET. Cross correlation was noted between net radiation and air 
temperature (r2= 0.41), and cross correlations are expected between these variables 
and forest phenological changes, precluding a unique determination of the role of each 
YDULDEOH� LQ�GHWHUPLQLQJ�(7��9DULDWLRQVLQ� WKH�HYDSRUDWLYH�IUDFWLRQ��UDWLR�RÀDWHQW�KHDW�
ÀX[�WR�QHW�UDGLDWLRQ��LQGLFDWH�WKDW�DLU�WHPSHUDWXUH�LV�WKH�VWURQJHVW�H[SODQDWRU\�YDULDEOH�
in the partitioning of available energy for ET(Fig. 10a). The evaporative fraction was-
seemingly unaffected by decreased soil moisture during theApril to September 2005 
and the July toAugust 2006 dry periods, until soil moisture fell below a critical thresh-
old of about 0.15, and evaporative fraction decreased. When rains ended the dry period 
and soil moisture rose above this threshold again, the evaporative fraction recovered 
(Fig. 10b). A similar dropin evaporative fraction during a dry period in early July 2004 
was observed at a nearby upland oak-pine site and attributed to apparent stomatal clo-
sure (Kenneth Clark, U.S. Forest Service, written communication, 2010). Schäfer [52] 
PHDVXUHG�D�UHGXFWLRQ�LQ�VDS�ÀX[�VFDOHG�FDQRS\�FRQGXFWDQFH�DW�WKH�XSODQG�VLWH�GXULQJ�
drought conditions in 2006. The observed decrease in the evaporative fraction during 

TABLE 4 (Continued)
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the extreme dry periods is an important indication that lower water availability can 
result in lower rates of ET.

9.3.1 COMPARISON OF MEASURED EVAPOTRANSPIRATION AT 
WETLAND AND UPLAND SITES
Basin-scale hydrologic analysis requires estimates of ET over large areas, and there-
fore, an accounting of variability in ET rates across the landscape is needed. Previ-
ous investigations have indicated a substantial difference in ET between wetlands and 
uplands in the Pinelands area. Plot-scale studies using lysimeters concluded that ET 
from wetland areas in the Pinelands is expected to be greater than ET from upland 
areas because wetland soils are wetter and water is more readily available for ET [3, 
4]. Evaluation of this difference over larger areas is possible by comparing ET mea-
surements collected at the wetland station with those collected at three nearby upland 
stations operated by the U.S. Forest Service (USFS). The locations of ET measure-
ment stations for the wetland stand and the three upland USFSstands are shownin 
Fig. 11. The three upland stations are located within 14 km of the wetland station, 
and fluxes were monitored using eddy-covariance techniques similar to those used 
at the wetland station.The specific ET measurement methods usedat the three upland 
sites are described by Clark and others [14–16]. The three upland forest stands are 
dominated by oak, pine, and mixed oak and pine, respectively. ET was measured at 
the upland stations during 2005–09, which included periods of disturbance by fireand 
insect defoliation that had a significant effect in reducing ET. Annual precipitation and 
ET measured at the three upland stations and the wetland station are listed in Table 
4. Clark and others [15] showed that, when averaged across all upland stations for 
all years of measurement (2005–09), annual ET was 606 mm/yr. The average annual 
ET measured at the wetland station during 2005–06 (801 mm/yr) is about 32 percent 
higher than this upland average. When ET at the upland stations is averaged over years 
without disturbance (685 mm/yr), the average annual wetland ET is about 17 percent 
higher. As a percentage of precipitation, ET at the wetland station was higher than that 
of the undisturbed oak and mixed oak/pine upland stations in 2005 and was similar to 
that of the undisturbed oak and pine upland stations in 2006.

Several factors are likely contributing to differences in ET rates among different 
stations and among different years. These factors include water availability, dominant 
plant species, and leaf area. Water availability varies year to year with precipitation 
and evapotranspiration, and it also varies site to site with depth to the water table and 
other site conditions. Water availability is less variable in wetlands because the water 
table is close to or at land surface, whereas in uplands the water-table is deeper. Also, 
upland soils are more susceptible to drought conditions. Phenological and physiologi-
cal differences among plant species result in different seasonal patterns of ET and dif-
ferent responses to stress and disturbance in the Pinelands, as described by Clark and 
others [15].

Leaf area is a function of several site characteristics, including plant species, suc-
FHVVLRQDO� VWDJH��DQG� UHVSRQVH� WR�GLVWXUEDQFH� �LQFOXGLQJ�E\�¿UHDQG�GHIROLDWLRQ���7KH�
results presented in Table 5 and Fig. 12 indicate that interannual variability in wetland 
ETmay be less than that of upland ET because the wetland sites are less susceptible 
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WR�SHULRGLF�GURXJKW�FRQGLWLRQV��GLVWXUEDQFH�E\�¿UH>��@�DQG�LQVHFW�GHIROLDWLRQ�>������@��
Higher ET in wetlands is probably attributable to greater water availability and differ-
ences in canopy plant species and leaf area.

A useful approach for validating ET measurements is to use them in a water shed-
scale analysis of the water budget, along with other hydrologic measurements. Ab-
alanced water budget is an indication that the various measurements are internally 
consistent. Walker and others [66] describe the water balance in the McDonalds 
Branch basin for 2005–2006. The analysis includes an estimate of basin-wide, spatial-
ly weighted ET that was based on the respective ET rates for the wetland and upland 
sites described previously. The analysis included a land-surface water budget and a 
groundwater budget. Both budgets were used to estimate aquifer recharge indepen-
dently as a residual.The comparability of the independent recharge estimates for the 
McDonalds Branch basin indicate that the ET measurements presented in this report 
are reasonably consistent with other hydrologic measurements.

FIGURE 10 Relation of A, weekly mean air temperature and B, weekly mean soil moisture 
to evaporative fraction, at the wetland site in the Pinelands area, New Jersey, November 
2004-February 2007.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Evapotranspiration for Pinelands in New Jersey, USA 257

9.3.2 UTILITY OF MODELS TO SIMULATE EVAPOTRANSPIRATION
The utility of three models (Priestley-Taylor, Hargreaves, and North American Re-
gional Reanalysis, NARR) were evaluated through a comparison of model-simulated 
ET with ET measured at the wetland site using the residual energy-budget variant 
method. Models that successfully replicated measured ET offer the potential to trans-
fer the results of the site measurements to other locations or to other time periods 
outside the study period.

9.3.2.1 PRIESTLEY-TAYLOR EQUATION
The environmental variables considered as possible predictors of modified Priestley-
7D\ORU�Į�LQFOXGHG�VRLO�PRLVWXUH��VRODU�UDGLDWLRQ��DLU�WHPSHUDWXUH��YDSRU�SUHVVXUH�GHIL-
cit, and wind speed. Exploratory data analysis revealed that the greatest explanatory 
YDOXH�IRU�WKH�3ULHVWOH\�7D\ORU�Į�ZDV�UHODWHG�WR�DLU�WHPSHUDWXUH��IROORZHG�E\�VRODU�UDGLD-
tion, soil moisture, wind speed, and finallyvapor-pressuredeficit. A “Priestley-Taylor 
Į�IXQFWLRQ´�FRPSRVHG�RI�D�VHFRQG�RUGHU�SRO\QRPLDO�RI�DLU�WHPSHUDWXUH��)LJ������ZDV�
optimized to successfully reproduce daily values of latent heat flux measured with the 
energy- budget residual variant (r2= 0.90; standard error = 0.65 mm or 19W/m2;and 
bias = 0; Table 6).

&RPSDULVRQ�RI�PRGHOHG�ODWHQW�KHDW�ÀX[�UHVLGXDOV�ZLWK�SRVVLEOH�H[SODQDWRU\�YDUL-
ables other than air temperature revealed little relation, supporting the use of the simple 
WHPSHUDWXUH�GHSHQGHQW�3ULHVWOH\�7D\ORU�Į�IXQFWLRQ��7KLV�IXQFWLRQ�VKRZV�DQ�LQFUHDVH�LQ�
Į�ZLWK�DLU�WHPSHUDWXUH��ZLWK�WKH�UDWH�RI�LQFUHDVH�GHFUHDVLQJ�ZLWK�LQFUHDVLQJ�DLU�WHP-
SHUDWXUH��7KLV�UHODWLRQ�IRU�Į�SUREDEO\�UHSUHVHQWV�D�FRPELQDWLRQ�RI�GLUHFW�SODQW�VWRPDWDO�
response to air temperature but also a response to phenological changes in the forest 
plant species that are associated with seasonal temperature changes. A comparison of 
residuals with vector-averaged daily mean wind direction (Fig. 14) provides a means 
of evaluating the effects of nonhomogeneous surface covers (wetlands and uplands) 
ZLWKLQ�WKH�VRXUFH�DUHD�RI�WKH�ODWHQW�KHDW�ÀX[�PHDVXUHPHQW��1R�REYLRXV�UHODWLRQ�ZDV�
apparent between ET residuals and wind direction that was consistent with the patterns 
of wetlands and uplands in the source area, indicating that wind direction, a surrogate 
for source areas with different vegetation, was not responsible for variability in ET not 
already accounted for by the temperature relation. Figure 15 shows a good relation 
EHWZHHQ�GDLO\�PHDVXUHG��HQHUJ\�EXGJHW�UHVLGXDO�YDULDQW��DQG�PRGL¿HG�3ULHVWOH\�7D\-
ORU�VLPXODWHG�ODWHQW�KHDW�ÀX[��ZLWKRXW�QRWLFHDEOH�WHPSRUDO�ELDV��7KH�VLPXODWHG�YDOXHV�
RÀDWHQW�KHDW�ÀX[�JHQHUDOO\�DUH�OHVV�HUUDWLF�LQ�WKH�ZLQWHU�WKDQ�DUH�WKH�PHDVXUHG�YDOXHV��
this phenomenon may be more a consequence of violation of one ofthe assumptions of 
ODWHQW�KHDW�ÀX[�PHDVXUHPHQW²QHJOLJLEOH�FKDQJHV�LQ�FDQRS\�KHDW�VWRUDJH�GXULQJ�UDSLG�
winter time temperature changes—than an error in the model.
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FIGURE 11 Location of the wetland and upland evapotranspiration measurement stations, 
Pinelands area, New Jersey. (USGS, U.S. Geological Survey; USFS, U.S. Forest Service)

FIGURE 12 Annual evapotranspiration measured at the wetland pine upland, oak upland, and 
mixed oak/pine upland sites in the Pinelands area, New Jersey, 2005-2009.
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TABLE 5 Annual evapotranspiration (ET, mm/year) at the wetland site and three upland forest 
sites, pinelands area in New Jersey – USA, during 2005-2009.  (Data for uplands site from Clark 
et. al., 2012). 

Year Disturbance,

if any

Annual

precipitation

Annual

ET

Annual ET as a percentage of

precipitation

mm mm %

Wetland site, this chapter

2005 --- 1225 805 66

2006 --- 1332 797 60

Oak upland

2005 --- 1092 616 56

2006 ---- 1108 677 61

2007 Complete

defoliation

934 442 47

2008 Partial 

defoliation

936 637 68

2009 --- 1173 699 60

Mixed upland

2005 -- 1184 607 51

2006 Burn & defo-
liation

1163 452 39

2007 Partial 

defoliation

1135 419 37

Pine upland

2006 --- 1230 757 62

2007 Partial defolia-
tion

1052 593 56

2008 Prescribed 
burn

1163 611 54

2009 ---- 1382 759 55
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FIGURE 13 2SWLPL]HG�UHODWLRQ�EHWZHHQ�3ULHVWOH\�7D\ORU�Į�DQG�PHDQ�GDLO\�DLU�WHPSHUDWXUH�IRU�
the wetland site in the Pinelands area, New Jersey.

FIGURE 14 Relation of residuals using the modified Priestley-Taylor model to daily mean 
wind direction, wetland site, Pinelands area, New Jersey, 2004-07. Residual is simulated 
evapotranspiration minus measured evapotranspiration: The two wind arcs most representative 
of uplands are 350 degrees clockwise to 20 degrees and 90 degrees clockwise to 120 degrees.  
The red line is mean residual for a given wind direction.

TABLE 6 Error statistics for evapotranspiration (ET) measured at the wetland site to ET 
simulated using alternative models, pinelands area in New Jersey – USA.

Alternative model

(Parameters are measured in mm)

r2 RMSE

(mm/day)

Bias relative to measured 
ET (mm/year)

Priestley-Taylor potential evapotranspiration (PET) 0.85 1.08 +216

Hargreaves reference evapotranspiration (RET) 0.87 0.85 +196
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Alternative model

(Parameters are measured in mm)

r2 RMSE

(mm/day)

Bias relative to measured 
ET (mm/year)

Modified Priestley – Taylor actual evapotranspira-
tion (AETPT)

0.90 0.65 0

Modified Hargreaves actual evapotranspiration 
(AETH)

   --- McDonalds Branch wetland site

   --- Indian Mills weather station

   --- Moorestown weather station

0.89

0.84

0.83

0.61

0.73

0.76

0

0

0

North American Regional Reanalysis (NARR) actual 

evapotranspiration (AETNARR)

0.60 1.21 +80

Note: r2 = Coefficient of determination with measured actual ET; RMSE = Root mean square error.

FIGURE 15 Measured and modified Priestly-Taylor-simulated daily latent heat flux for the 
wetland site, Pinelands area, New Jersey, 2005–06.

7KH�PRGL¿HG�3ULHVWOH\�7D\ORU�PRGHO�GHYHORSHG�LQ�WKLV�VWXG\�LV�VXEMHFW�WR�VHYHUDO�
TXDOL¿FDWLRQV��7KH� IRUP�RI� WKH�HTXDWLRQ�GHYHORSHG� IRU�Į�was empirical rather than 
physics based and was simply designed to reproduce measured values of ET as ac-
curately as possible. The covariance between environmental variables confounds a 
unique parameterization. The model was developed for a limited range of environ-
mental conditions, and therefore, extrapolation of the model to conditions not encoun-
WHUHG�LQ�WKLV�VWXG\�DUH�EHVW�GRQH�ZLWK�FDXWLRQ��$V�QRWHG�HDUOLHU��GH¿FLW�VRLO�PRLVWXUH�
appeared to play a role in restricting ET during particularly dry periods, but this effect 
was not considerable enough to be discerned clearly in the LGHQWL¿FDWLRQ�of the appro-
priate Priestley-Taylor Į�function.

Annual measured ET at the wetland site was a relatively constant fraction of po-
tential ET as estimated by the standard Priestley-Taylor method with an Į�of 1.26 (0.79 

TABLE 6 (Continued)
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and 0.82 in 2005 and 2006, respectively; Table 4). However, potential ET was highly cor-
related with measured ET (r2= 0.85), indicating that a constant vegetation factor applied to 
potential ET also can replicate actual ET rather well at this wetland site, where moisture 
availability was not often a constraint.

9.3.2.2 HARGREAVES EQUATION
The modified Hargreaves equation performed remarkably well at reproducing measured 
values of daily ET (Table 6; Fig. 16.) with relatively low error and little temporal bias. Ad-
ditionally, measurements of daily incoming solar radiation were also well replicated (r2= 
0.70; coefficient of variation = 31 percent; and bias = 3 percent) using the preferred value 
of KRS= 0.16 for inland areas. The values of a and b identified by the regression analysis to 
most closely replicate measured daily ET for each source of temperature data are shown 
in Table 7. As might be expected, use of temperature data from the ET station at the Mc-
Donalds Branch site pro vides better explanatory values within the modified Hargreaves 
equation for ET (r2= 0.89; standard error = 0.61 mm/d; and bias = 0 mm/yr) than does use 
of remote temperature data from either of the National Weather Service stations (Indian 
Mills and Moorestown; Table 6). However, Hargreaves models adjusted for temperature 
data from either of the remote temperature stations can be considered successful at ET 
estimation, although the models performed slightly better using values from the closer 
Indian Mills station (r2= 0.84; standard error = 0.73 mm/d; and bias = 0 mm/yr) than using 
values from the more distant Moores town station (r2= 0.83; standard error = 0.76 mm/d; 
and bias = 0 mm/yr). The lower values (3.1 to 4.1) of the temperature offset parameter b 
in the optimized forms of the modified Hargreaves actual ET equation relative to the b 
value of 17.8 in the standard Hargreaves reference evapotranspiration equation imply that 
actual ET shows greater sensitivity to temperature at this site than does reference ET. An-
nual ET was a constant fraction of reference ET, as estimated by the standard Hargreaves 
method (0.79 in 2005 and 2006; Table 4). However, daily reference ET was highly cor-
related (r2 = 0.87) with measured ET, indicating that a constant vegetation factor applied 
to reference ET can replicate actual ET at the wetland site rather well. Again, no obvious 
relation was apparent between ET residuals and wind direction that was consistent with 
the patterns of wetlands and uplands in the source area (Fig. 17).

FIGURE 16 Daily measured and modified Hargreaves-simulated evapotranspiration for the 
wetland site, Pinelands area, New Jersey, 2005–06.
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FIGURE 17 Relation of residuals using the modified Hargreaves daily evapotranspiration 
model to daily mean wind direction, wetland site, Pinelands area, New Jersey, 2004-07.  
Residual is simulated evapotranspiration minus measured evapotranspiration: The two wind 
arcs most representative of uplands are 350 degrees clockwise to 20 degrees and 90 degrees 
clockwise to 120 degrees.  The blue line is mean residual for a given wind direction.

FIGURE 18 Daily measure and modified North American Regional Reanalysis simulated 
evapotranspiration, and volumetric soil moisture for the wetland site, Pinelands area, New 
Jersey, 2005-06.

9.3.2.3 NORTH AMERICAN REGIONAL REANALYSIS (NARR)
The North American Regional Reanalysis performed relatively poorly (r2= 0.60; stan-
dard error = 1.21 mm; and bias = 80 mm/yr) at replicating measured values of daily ET 
relative to the other models considered (Table 6). In particular, NARR showed substantial 
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under-prediction of measured ET during the dryperiods (Fig. 18) that occurred during 
August– October 2005 and in August 2006 and slight over prediction during wetter 
periods. Apparently, the NARR algorithms restrict ET as a result of perceived plant 
moisture stress during dry periods to a degree that is excessive for the largely wet-
land environment of the study area. The large spatial resolution of the NARR product 
(32-km grid) is intended for a more regional estimate of ET than the relatively small-
scale measurement described in the present study, and this discrepancy in scale can be 
expected to account for some of the difference between the two ETestimates.Annual 
measured ET totals as a fraction of NARR ET were 0.97 and 0.86 in 2005 and 2006, 
respectively (Table 4).

9.3.3 COMPARISON AND LIMITATIONS OF EVAPOTRANSPIRATION 
MODELS
Of the models investigated in the present study, the modified Hargreaves can be consid-
ered the best at replicating the measured daily ET values. The error statistics ofthe modi-
fied Hargreaves model were comparable to those of the modified Priestley-Taylor model 
and superior to those of the North American Regional Reanalysis product. Addition-
ally, the data requirements ofthe modified Hargreavesmodel (minimum and maximum 
daily air temperature) are more easily met than those ofthe modified Priestley-Taylor 
model, which requires both mean daily air temperature and the more difficultto obtain 
net radiation. The data requirements ofthe modified Hargreaves equation are ideal for 
retrospective investigations of ET because they are met by standard National Weather 
Service measurements that extend back over a century in parts of the Nation, including at 
Moorestown and Indian Mills, New Jersey. Likewise, in the absence of continuing eddy-
covariance measurements, historical or real-time estimates of ET in the study area can be 
obtained through use of air-temperature data (available from the National Climatic Data 
Center [http://www.ncdc.noaa.gov/oa/ncdc.html] or the NJ Weather and Climate Net-
work [http://climate.rutgers.edu/njwxnet], for example) and the modified Hargreaves 
equation. Sumner and Nicholson [59] presented historical and future probabilistic esti-
mates of ET at the wetland site using a Hargreaves-based approach.

The ET models described in this report are best applied to estimate ET at locations 
or during time periods for which the environmental conditions are similar to those 
prevailing during the period of record for which these models were calibrated. Use 
of the models outside of these environmental conditions introduces additional uncer-
tainty in the ET estimates. For example, under more extreme dry periods than those 
that occurred during the study period, ET may be overestimated by models that do not 
explicitly account for plant moisture stress.

Based on the results of this research, it can be concluded: Evapotranspiration (ET) 
was monitored above a wetland forest canopy in the New Jersey Pinelands during No-
vember 10, 2004–February 20, 2007. Meteorological, radiation, and eddy-covariance 
ÀX[�PHDVXUHPHQWV�ZHUH�PDGH�QHDU�WKH�WRS�RI�D������PHWHU�WRZHU��VRLO�PRLVWXUH�DQG�
water- table depth at the site also were monitored. An analysis of the eddy-covariance 
sensors’ source area and predominant wind directions indicated that the source of 
measured ET was primarily pitch pine/cedar wetlands. Three methods were evaluated 
for their utility in estimating ET. The standard eddy-covariance method was used to 
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PHDVXUH�WKH�WZR�WXUEXOHQW�ÀX[�FRPSRQHQWV�RI�WKH�SODQW�FDQRS\�HQHUJ\�EXGJHW��ODWHQW�
DQG�VHQVLEOH�KHDW�ÀX[HV��5HJUHVVLRQ�DQDO\VLV�RIPHDVXUHG����PLQXWH�WXUEXOHQW�ÀX[�DQG�
QHW�UDGLDWLRQ�GDWD�ZDV�XVHG�WR�HVWLPDWH�PLVVLQJ�YDOXHV�RI����PLQXWH�WXUEXOHQW�ÀX[HV��
which occurred mostly at night and accounted for only 5 percent of the total estimated 
(7��7ZR� YDULDQWV� RI� WKH� HGG\�FRYDULDQFH�PHWKRG�ZHUH� XVHGWR� DGMXVW� WXUEXOHQW� ÀX[�
measurements for daily energy-budget closure; one variant preserves the Bowen ratio 
(Bowen ratio energy-budget variant), and the other preserves the measured sensible 
KHDW�ÀX[� �UHVLGXDO� HQHUJ\�EXGJHW� YDULDQW���5HODWLRQV�EHWZHHQ�(7�DQG� VHYHUDO� HQYL-
ronmental variables (incoming solar radiation, air temperature, relative humidity, soil 
moisture, and net radiation) were explored.

Suspected hygrometer failure during the early part of the measurement period re-
sulted in unreliable ET measurements determined by using the standard eddy-cova-
riance and Bowen ratio energy-budget variant methods.The residual energy- budget 
variant was selected for use in estimating a time series of daily ET rates for the mea-
surement period. The range of the 12-month ET totals, based on the residual energy-
budget variant, is relatively narrow (786 to 821 millimeters (mm)) for the period of 
record compared to the range of the 12-month rainfall totals (1,124 to 1,452 mm). 
Minimum and maximum ETvalues were measured during December–February and 
July, respectively. Net radiation (r2= 0.72) and air temperature (r2= 0.73) were the 
dominant explanatory variables for daily ET. Air temperature was the dominant con-
trol on evaporative fraction with relatively more radiant energy used for ET at higher 
temperatures. During extended dry periods, soil moisture was shown to limit available 
energy partitioning into ET. As volumetric soil moisture fell below a threshold of 0.15, 
the evaporative fraction decreased until rain broke the dry period and the evaporative 
fraction sharply recovered. This observation indicates that lower water availability can 
result in lower rates of ET at this wetland site.

Annual ET totals measured at the wetland site were compared with those measured 
at three nearby upland sites dominated by oak, pine, or mixed oak and pine. A previous 
investigation by the U.S. Forest Service determined that, when averaged across all up-
land sites for all years of measurement (2005–2009), annual upland ET was 606 mm/
yr. The average annual ET measured at the wetland site during 2005–2006 (801 mm/
yr) is about 32 percent higher than the average of that at the upland sites. The average 
annual ET at the wetland site is about 17 percent higher than ET at the upland sites 
when averaged over years without disturbance at a particular stand. Factors contribut-
ing to differences in ET rates among different sites and among different years include 
water availability, dominant plant species, and leaf area. Inter-annual variability of 
wetlands ET may be less than that of uplands ET because the upland sites are more 
VXVFHSWLEOH�WR�SHULRGLF�GURXJKW�FRQGLWLRQV��GLVWXUEDQFH�E\�¿UH��DQG�LQVHFW�GHIROLDWLRQ�

7KUHH� (7� PRGHOV� �3ULHVWOH\�7D\ORU�� PRGL¿HG� +DUJUHDYHV�� DQG� 1RUWK�$PHULFDQ�
Regional Reanalysis) were evaluated to determine their utility in predicting ET at 
the wetland site using data that may be more readily available in other areas and for 
RWKHU�WLPH�SHULRGV��2I�WKH�WKUHH�PRGHOV��WKH�PRGL¿HG�+DUJUHDYHV�PD\�EH�RI�WKH�PRVW�
practical use,asit replicated the measured daily ET values reasonably well, and data re-
quirements were relatively easily met.The ET models described in this report are best 
applied to estimate ET at locations or during time periods for which the environmental 
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conditions are similar to those prevailing during the period of record for which these 
models were calibrated. Precipitation during the study period at the nearby National-
Weather Service Indian Mills weather station was slightly higher than the long- term 
(1902–2011) annual mean of 1,173 mm, with 1,325 and 1,396 mm of precipitation in 
2005 and 2006, respectively.

9.4 SUMMARY

Evapotranspiration (ET) was monitored above a wetland forest canopy dominated 
by pitch-pine in the New Jersey Pinelands during November 10, 2004–February 20, 
2007, using an eddy-covariance method.Twelve-month ET totals ranged from 786 to 
821 millimeters (mm). Minimum and maximum ET rates occurred during December–
February and in July, respectively. Relations between ET and several environmental 
variables (incoming solar radiation, air temperature, relative humidity, soil moisture, 
and net radiation) were explored. Net radiation (r2= 0.72) and air temperature (r2= 
0.73) were the dominant explanatory variables for daily ET. Air temperature was the 
dominant control on evaporative fraction with relatively more radiant energy used for 
ET at higher temperatures. Soil moisture was shown to limit ET during extended dry 
periods.With volumetric soil moisture below a threshold of about 0.15, the evaporative 
fraction decreased until rain ended the dry period, and the evaporative fraction sharply 
recovered. A modified Hargreaves ET model, requiring only easily obtainable daily 
temperature data, was shown to be effective at simulating measured ET values and has 
the potential for estimating historical or real-time ET at the wetland site. The average 
annual ET measured at the wetland site during 2005–2006 (801 mm/yr) is about 32 
percent higher than previously reported ET for three nearby upland sites during 2005–
2009. Periodic disturbance by fireand insect defoliation at the upland sites reduced 
ET. When only undisturbed periods were considered, the wetland ET was 17 percent 
higher than the undisturbed upland ET. Inter-annual variability in wetlands ETmay 
be lower than that of uplands ET because the upland stands are more susceptible to 
periodic drought conditions, disturbance by fire,and insect defoliation. Precipitation 
during the study period at the nearby Indian Mills weather station was slightly higher 
than the long-term (1902–2011) annual mean of 1,173 millimeters (mm), with 1,325 
and 1,396 mm of precipitation in 2005 and 2006, respectively. The methods presented 
in this chapter can be used for other locations in the world.
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10.1 INTRODUCTION

Water is an important natural resource, a basic human need and of vital requirement 
for all developmental activities. The demand of water is increasing with increase in 
population and economic activities. Irrigation has been practiced in India since long 
ago. It is considered as a very important input for agriculture and hence, continu-
ous development has been taking in this field through the centuries. It is a means to 
mitigate the impact of irregular, uneven and inadequate or wide fluctuations in rainfall 
from year to year. India’s annual rainfall is 117 cm and most of it occurs during mon-
soon. The irrigation potential in India has risen from 19.5 m-ha in 1950 to 67.89 m-ha 
in 1985.

The best estimates available indicate that the maximum amount of exploitable 
LUULJDWLRQ�SRWHQWLDO�E\�DOO� W\SHV�RI� LUULJDWLRQ�LV�������P�KD��7KLV�FRXOG�EH�VXI¿FLHQW�
for 50% of the total cultivable area of the country and 50% of the area, would be left 
completely dependent on rainfed farming. Conjunctive use of rain and irrigation water 
offers scope for optimizing water use in areas having problems of surface drainage 
during, rainy season and water scaricity during the rest of the year.

Citrus is the third largest fruit crop grown in an area of 234570 ha. Nagpur man-
darin and acid lime occupies 40% and 25% of the total area under citrus cultivation in 
the country. The large scale drying of the citrus orchards is mainly due to scarce water 
resources, frequent drought and lowered water table in mandarin growing areas of 
Vidarbha (Maharashtra) and Central India [11].

The average yield of these orchards is 7 to 8 t/ha, which is 3 to 4 times less than 
other citrus producing countries of the world. Citrus plants are more extracting in their 
demand for irrigation. Direct contact of water with the trunk adversely affects the 
trees growth. Citrus being an evergreen fruit crop use moisture constantly throughout 
the year of course at a much slower rate during winter and faster in summer. There is 
a good amount of research available on irrigation water management of citrus from 
abroad but a little work has been done under Indian conditions.

There is a need for carrying out the research on estimating the water requirements 
of the Nagpur mandarin and acid lime under subtropical conditions of the Central In-
dia. The use of microirrigation systems is gaining popularity among the citrus growers 
and it is necessary to standardize the best system for the citrus orchards. The mositure 
conservation techniques like mulching and fertigation are also equally important for 
water and fertilizer conservation point. So, the research in this regard is also required 
WR�EH�FDUULHG�RXW�IRU�RSWLPL]LQJ�WKH�SURGXFWLYLW\�DQG�HI¿FLHQW�XVH�RI�LQSXWV�LQFOXGLQJ�
water.

10.1.1 IRRIGATION SCHEDULING AND WATER REQUIREMENT IN 
CITRUS
The literature on irrigation methods, irrigation systems, scheduling, water require-
ments and fertigation in citrus in International and under Indian conditions is re-
viewed. The literature cited related to water requirement and irrigation scheduling in 
Citrus is reviewed. The growth of ‘Valencia’ oranges slowed down at 32 cb and 55 
cb soil suctions at 30 cm depth in light and medium textured soil, respectively [22]. 
The preliminary studies on the effect of soil management system on soil moisture in 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Water Management in Citrus 275

Sweet orange orchard was initiated by Randhawa et al. [47]. Stolzy et al., [76] found 
that the treatments irrigated at 20 Kpa tensiometer readings were best as compared 
to calender schedule. Hashemi and Gerber [19] attempted correlation between actual 
evapotranspiration (AET) and potential evapotranspiration computed with Penman’s 
model. Koo [25] advized Florida citrus growers to maintain soil moisture at 55 to 65% 
of field capacity from bloom the young fruit exceeds 1 inch in diameter. Retiz [51] 
estimated the water requirement of citrus at 40–45 inch/year. Richards and Warnke 
[53] studied the irrigation systems to lemon and irrigation at 60 cb and extrapolations 
to 150 cb resulted in no measured differential response in tree growth and fruit yield 
under coastal conditions. Leyden [28] found that 610 mm irrigation water applied via 
a drip system at 0, 200, 300 and 400 liters/tree gave the significant difference in total 
yield and fruit size distribution.

Toledo et al.,�>��@�IRXQG�WKDW�LUULJDWLRQ�DW�����¿HOG�FDSDFLW\�FDXVHG�GURXJKW�LQ-
jury symptoms, excessive defoliation and less water consumption. Best results were 
REWDLQHG�ZLWK�LUULJDWLRQ�DW�����¿OHG�FDSDFLW\��(YDSRWUDQVSLUDWLRQ�UDQJHG�IRUP������WR�
�����DQG������WR�����PP�GD\�IRU�����DQG�����¿HOG�FDSDFLW\�LUULJDWLRQV�UHVSHFWLYHO\��
Kelin [24] compared drip irrigation scheduling according to soil water potential to 
class A pan evaporation in different horticultural crops using a crop factor and con-
cluded that 12 to 23% water could be conserved by using the irrigation scheduling 
based on soil water potentials. Moreshet et al., [34] compared the 100% and 40% of 
soil volume irrigation in ‘Shamouti’ orange and found that partially irrigated plot was 
66% of that of the fully irrigated plot one.

Transpiration from the trees of partially irrigated plots was 72% of that of the 
fully irrigated plot and the evaporation from the soil surface was 58%. Fruit TSS and 
acid contents were higher in partially irrigated plots. Smajstrla et al., [71] found that 
greatest yields were obtained using spray-jet trickle irrigation. Yield increases were 
not linear with volume of rootzone irrigated but ranged from 39% for the drip irriga-
tion treatments which irrigated 5–10% of the area beneath the tree canopies to 64% 
for 2-spray jet per tree, which irrigated 50.7% of the areas beneath the tree canopies.

Plessis [38] obtained the highest yields (190 kg/tree) and the largest average fruit 
size with irrigation at a crop factor of 0.9 on a 3 day cycle, with thin consumption mi-
croirrigation gave better results than drip irrigation. Makhija et al., [31] obtained water 
need for 6 year old Kinnow mandarin varying from 539 to 1276 mm depending upon 
the level of irrigation with average consumptive use of water in 2 years as 61.5 cm. 
Smajstrla et al., [73] concluded that the tree growth of young ‘Valencia’ orange was 
greatest when irrigations were scheduled at 20 centibar for no-grass and 40 centibar for 
the grass treatments. Randhawa and Srivastava [48] emphasized on irrigation aspects 
in Citriculture in India. Autkar et al., [1] studied the distribution of active roots of Nag-
pur mandarin as it can be useful in planning irrigation nutrition, planting density and 
drainage management. The root depth and radial extent for trees aged 1–4 years was 
7.5–8.0 cm deep and 5–12.5 cm respectively and for 10 years old age tree it was 2–3 
m and 80–90 cm. Barbera and Carimin [4] studied the different levels of water stress 
on yield and quality of lemon tree and found that yield was lower in most stressed plot. 
7KH�QXPEHU�RI�ÀRZHU�P3 of canopy was higher in most stressed treatment indicating 
D�UHODWLRQVKLS�EHWZHHQ�VHYHULW\�RI�VWUHVV�DQG�ÀRZHULQJ�UHVSRQVH��0DJHHG�HW�DO�, [30] 
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FDUULHG�WKH�UHVHDUFK�RQ�LQÀXHQFH�RI�LUULJDWLRQ�DQG�QLWURJHQ�RQ�ZDWHU�XVH�DQG�JURZWK�RI�
Kinnow mandarin receiving 4 levels of irrigation and three levels of Nitrogen (0, 115 
or 230 Kg N./tree). The consumptive use varied from 66.7 cm to132.5 cm. Moreshet et 
al., [35] studied on water use and yield of a mature ‘Shamouti’ orange orchard submit-
ted to the root volume restriction and intensive canopy pruning.

'X�3OHVVLV�>��@�ZLWK�D�PDWXUH�µ9DOHQFLD¶�RUDQJH�WUHHV�DQG�¿HOG�H[SHULPHQW�VKRZQ�
that the water use pattern over the entire season reaching a maximum of 87 lit/day in 
January. Highest net income was obtained with tensiometer scheduling. He [1989] 
DOVR�GHPRQVWUDWHG�WKDW�����OLWHUV�LUULJDWLRQ�ZKHQ�WHQVLRPHWHU�UHDFKLQJ�IHOO�WR�í��NSD�
gave the highest net income. Use of tensiometer rather than evaporation pan sched-
uling could save 2000 m3 water/ha annually. The water requirement of citrus plants 
varies with species, season and age governed with different climatic conditions. Plant 
growth retards below certain critical level of available moisture depending upon soil 
type, climatic factor and plant genetic make up [46]. Autkar et al., [2] also studied the 
effect of Pan evaporation, canopy size and tree age on daily irrigation water require-
ment of 1–5, 5–8 and above 8 years old Nagpur mandarin trees over 9 months [Oc-
tober–June] and concluded that the requirement rose with age. Ghadekar et al., [17] 
HVWLPDWHG�WKDW�WKH�FRQVXPSWLYH�XVH�RI�1DJSXU�PDQGDULQ�E\�PRGL¿HG�3HQPDQ�HTXDWLRQ�
using 40 years air temperature, relative humidity, wind velocity and Solar relation 
data. Under clean cultivation the water requirement of young, middle age and mature 
trees was 651.9, 849.0 and 997.3 mm/year, respectively. An equation for daily water 
use was proposed and it can be used for drip irrigation. Sanehez et al., [57] compared 
¿YH�ÀRRG�LUULJDWLRQ�WUHDWPHQWV�ZLWK�GDLO\�GULS�LUULJDWLRQ�DW�������(SDQ�DQG�FRQFOXGHG�
WKDW�WKH�GULS�LUULJDWLRQ�JDYH�KLJKHU�\LHOGV�DV�FRPSDUHG�WR�ÀRRG�LUULJDWHG�SODQWV��&DV-
tel and Buj [8] carried out trials on mature ‘Satstuma’ average trees grafted on Sour 
orange rootstocks. Plants were irrigated with 60% of the estimated ET losses from a 
class A pan and 80% of the control throughout the year. Irrigation treatments affected 
both yield and fruit quality.

Ray et al., [49] studied the response of young ‘Kinnow’ mandarin to irrigation. 
,UULJDWLRQV�ZHUH� VFKHGXOHG�DW�í������í�����í�����í����DQG�í����03D�VRLO�ZDWHU�SR-
tential 0.8 IW/CPE ratio and irrigation to replenish estimated crop ET. The water use 
increased as the frequency of irrigation increased as the frequency of irrigation in-
creased. The highest bio-mass per plant was obtained when irrigation was scheduled 
DW�í�����03D�VRLO�ZDWHU�SRWHQWLDO� �6:3@�DQG���±��� LUULJDWLRQV�ZHUH� UHTXLUHG��7KH�
best tree growth in terms of trunk diameter, plant height, canopy volume, leaf number 
DQG�VKRRW�JURZWK�ZDV�DOVR�REWDLQHG�DW�í�����03D�6:3�XVLQJ�������FP�ZDWHU�WUHH�
annum. He also studied [50] the effect of irrigation on plant water status and stomatal 
resistance in young Kinnow mandarin and found that the leaf water potential (LWP] 
and Relative water content [RWC] declined considerably with reduction in soil mois-
ture in rootzone due to differential irrigation schedules. Reduction in RWC was more 
conspicuous where soil moisture dropped below 11% LWP measurements in early 
PRUQLQJ� KRXUV� VKRZHG� D� VLJQL¿FDQW� FXUYLOLQHDU� UHODWLRQVKLS�ZLWK� VRLO�ZDWHU� VWDWXV��
Leaf stomatal values were lowest in September and highest in January. Shirgure et al., 
[60] initiated the irrigation scheduling based on depletion of available water content 
and fraction of open pan evaporation in acid lime in prebearing stage. He studied [68] 
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the effect of different soil moisture regimes with irrigation scheduling based on avail-
able soil moisture depletion and open pan evaporation on soil moisture distribution 
and evapotranspiration in acid lime and it was concluded that the evapotranspiration 
varied from 213.6 mm to 875.6 mm in various irrigation schedules. It was also found 
that the change in soil-moisture distribution in the rootzone of acid lime plants varied 
from 195.9 mm to 321.3 mm with different irrigation schedules.

10.1.2 IRRIGATION METHODS AND DRIP IRRIGATION SYSTEMS IN 
CITRUS
The common methods of applying water to the orchards are basin, border strip, furrow, 
sprinkler and drip irrigation. Ring basin is generally followed in early establishment 
phase of fruit trees. Micro-irrigation to citrus is common in developed countries. Drip 
and microjet irrigation has the advantage over surface irrigation methods, for more 
uniform and complete wetting of the soil surface and adoption on sloppy terrain.

Faton [12] observed better tree growth and yield, less weed growth, evaporation 
and leaching with 16 gallon water applied through drip to each 4 years old lime trees 
DW�WZR�ZHHNV�LQWHUYDO�FRPSDUHG�WR�����JDOORQ�ZDWHU�LQ�ÀRRG�LUULJDWLRQ��)ULW]�>��@�RE-
served that all applied water is transferred directly to rootzone of plants and 20–50% 
water saving is reported depending on soil and climate. Raciti and Sckderi [44] com-
pared drip irrigation with the basin and found that the fruits under drip system ware 
more acid and lower maturity ratio. Ronday et al., [55] observed better tree growth and 
less water consumption in Valencia orange under drip irrigation in sandy soil Sucderi 
and Raciti [58] compared basin irrigation with different combination of drip irrigation 
and measured number, weight, quality of fruits in Valencia orange. He also studied 
miconutrient levels in leaves, annual trunk increments. Drip irrigation gave the higher 
yields. Simpson [69] found that there is a shift from furrow irrigation and overhead 
sprinkler irrigation systems to under tree systems like microjets. Slack et al., [70] 
demonstrated that trickle irrigation on young orange trees used 5,400 liters of water 
compared to 23,400 liters of water per tree for dragline.

Raciti and Barbargallo [45] found that the yields of lemon were more with local-
ized irrigation amounting to 227.23 q/h and 213.2 q/h for basin irrigation. Ozsan et 
al., [37] compared furrow, under tree, over tree and drip irrigation in lemons. amounts 
of water applied were greatest (1,286 mm) with under tree method and least (207 
mm) with drip irrigation system. Yield was more with over tree sprinkling and least 
ZLWK� IXUURZ��:DWHU� XVH� HI¿FLHQF\�ZDV� KLJK� LQ� GULS� LUULJDWLRQ��&HYLN� DQG�<D]DU� >�@�
demonstrated that a new irrigation system i.e., Bubbler irrigation for the orchards. He 
observed that under tree sprinkling and drip irrigation had the best pomological ef-
fects. Amounts of water applied per tree for over sprinkling, under sprinkling and drip 
irrigation were 22.01, 17.04 and 10.33 m3/season. Pyle [43] appraized the use of mi-
croirrigation in Citrus especially drip irrigation. Except the higher cost the advantages 
includes saving in labor, water and power, better orchard uniformity and immediate 
response to crop need, better soil-water relationships, rooting environment and better 
yield and quality.

Tash be kov et al., [78] studied different irrigation methods. Drip irrigation and 
under tree sprinkling produced the highest yield with the least water requirements. 
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The application rate for drip irrigation of 4 years old lemon trees was 7400 m3/ha an-
QXDOO\��&DSUD�DQG�1LFRVLD�>�@�VWXGLHG�ÀRRGLQJ��VSULQNOHU��DQG�VXELUULJDWLRQ�ZLWK�VSUD\V�
and concluded that the rates of water application affects the rate of growth of fruit 
diameter. Robinson and Alberts [54] compared under canopy sprinkler and drip irriga-
tion systems in crop like Banana and found that the drip irrigation is superior to under 
canopy sprinklers. Increased tree growth and yield were recorded in young Valencia 
orange under drip irrigation method with emitter placed at distance of 1 meter from 
the trunk [3]. Greive [18] concluded that under tree microsprinklers increased yield 
by 12% and reduced water application by 9.3% compared to conventional full ground 
cover. Interligolo and Raciti [23] demonstrated that water saving with subsurface ir-
rigation was 32% over the traditional basin irrigation. The yield was higher but fruit 
quality was not much different. Marler and Davies [32] studied the effect of micro-
sprinkler irrigation scheduling on growth of young Hamlin orange trees and found 
that growth was not affected by pattern of irrigation, suggesting that 90% emitters 
are enough for root system. Zekri and Parsons [80] studied drip, microsprinkler and 
overhead sprinkler irrigation at two water application rate and found that fruit size and 
tree canopy area were 9 to 20% greater in the overhead sprinkler treatments. Marler 
and Davies [33] studied the growth response of microirrigation on growth of young 
Hamlin orange and found that more than 90% of root dry weight was within 80 cm of 
WKH�WUXQN�DW�WKH�HQG�RI�¿UVW�JURZLQJ�VHDVRQ�

Rumayor et al., [56] studied three irrigation systems (drip, microsprinkler and 
ÀRRGLQJ��DQG�IRXQG�WKDW�\LHOGV�ZHUH�KLJKHU�IRU�VSULQNOHU�LUULJDWHG�WUHHV�DQG�WKH�IUXLWV�
ZHUH�VPDOOHU�LQ�ÀRRG�LUULJDWLRQ��6PDMVWUDOD�>��@�UHVHDUFKHG�RQ�PLFURLUULJDWLRQ�IRU�FLW-
rus production in Florida. Gangwar et al., [16] studied the economics of investment on 
adoption of drip irrigation system in Nagpur mandarin orchards in Central India and 
concluded that the drip irrigation system is technically feasible and economically vi-
DEOH�ZLWK�%HQH¿W�WR�&RVW�UDWLR�DV�������6KLUJXUH et al., [64] initiated the research work 
on evaluation of microirrigation systems in acid lime and a comparison was done with 
that of basin [ring] method of irrigation. Shirgure et al., [66] studied the effect of drip-
per 8 liters per hour microjet 300°, microjet 180° and basin irrigation method on water 
use and growth of acid lime and found that microjet 300° recorded higher growth than 
UHVW�RI�WKH�V\VWHPV��+H�DOVR�VWXGLHG�>��@�WKH�HI¿FDF\�RI�WKHVH�PLFURLUULJDWLRQ�V\VWHPV�
and basin irrigation on fruit quality and soil fertility changes in acid lime.

10.1.3 FERTIGATION IN CITRUS
Fertigation in application of liquid or water-soluble solid fertilizer along with irriga-
tion trough the drip irrigation to the plants. It has many advantages like increasing 
fertilizer-use efficiency, ensured supply of water and nutrients, labor saving and im-
provement in yield and quality. It is a very new under Indian conditions but getting 
popular along with adoption of drip irrigation system.

The research related to injection of fertilizers through the drip irrigation systems 
was started during 1979 by Smith et al. [75]. Koo [26] appraized the potential advan-
tage of microirrigation systems and its usefulness to fertigation. Bielorai et al., [6] 
advocated use of fertigation technology in citrus as it resulted in higher production of 
good quality Shamouti oranges. He compared N. fertigation at 100, 170 and 310 Kg/
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ha with broadcast application at 170 kg/ha through irrigation system. Phosphatic and 
potash fertilizers were given at same rate by conventional method in all the treatments. 
Average yields for 4 years were 62, 73 and 82 mg/ha with 100, 170 and 310 kg N./ha, 
through fertigation.

Koo and Smjstrala [27] supplied 15% and 30% of crop N. and K requirements 
through fertigation and rest through conventional method to Valencia orange. Partial 
fertigation of N. and K resulted in lower N. contents of leaves. TSS and acid concen-
tration in juice was also reduced but yield was not affected. Haynes [20] discussed the 
principles of fertilizer use for trickle irrigated crops. Haynes [21] also studied the com-
parison of fertigation with broadcast applications of urea on levels of available soil 
nutrients and on growth and yield of trickle irrigated peppers. He found that growth 
and yields were greatest at the low rate of N. applied as fertigaton or as a combination 
of broadcast plus fertigation.

Fouche and Bester [14] tried various fertilizer combinations through fertigation 
on 13 year old Navel oranges. Fertigation was given with a soluble fertilizer ‘Triosol’ 
[3: 1: 5] + 350 gm Urea by broadcast, fertigation of N. and K with broadcast of single 
super phosphate and NPK through broadcast. Highest yields was obtained with fer-
tigation of NPK through Triosol or by complete broadcasting of NPK fertilizers. No 
VLJQL¿FDQW�GLIIHUHQFHV�ZHUH�REVHUYHG�DV�IUXLW�VL]H��DFLGLW\��SHUFHQW�MXLFH�FRQWHQW�DQG�
TSS among treatments. Beridze [5] conducted trial on 5 year old lemon tree and fertil-
ized 150 kg N. + 120 kg P2O5 + 90 kg K2O per hectare as basal dressing. The highest 
yield of 6.6 ton per hectare was obtained from trees fertilized with basal dressing + 
250 kg peat/tree as a mulch + FYM at 25 t/ha. Ferguson [13] studied the fertigation as 
growth of ‘Sunburst’ tangerine trees. Two years old citrus reticulata x C. paradisi cv. 
Sunburst was fertilized with 0.66 or 1.32 lb N./tree during 1988–89 and it was 0.52 or 
�����OE�1��WUHH�GXULQJ�������/HDI�DQDO\VLV�VKRZHG�WKDW�ORZ�WR�GH¿FLHQW�FRQFHQWUDWLRQV�
of N., K, Mn and Zn with both N. treatments. Zekri and Parsons [80] tried micro-
nutrients through fertigation with different sources of various rates. Inorganic forms 
[NO3 and SO4] were ineffective in evaluating micro element levels in oranges. But 
chelated sources of Fe, Mn, Zn and Cu were very effective and their rates of applica-
tion were comparable with rates through foliar applications. Neilsen et al., [36] studied 
that fertigation with calcium ammonium nitrate showed increased vigor and leaf Ca 
concentration but decreased leaf Mg and Mn compared to trees fertigated with Urea 
or ammonium nitrate [NH4NO3] in apple trees. Fertigation with P increased early tree 
vigor, leaf and fruit P concentration and decreased leaf Mn.

6\YHYWVHQ� DQG� 6PLWK� >��@� VWXGLHG� WKH� QLWURJHQ� XSWDNH� HI¿FLHQF\� DQG� OHDFKLQJ�
losses from lysimeter grown trees fertilized at three nitrogen rates. He concluded that 
$YHUDJH�1��XSWDNH�HI¿FLHQF\�GHFUHDVHG�ZLWK� LQFUHDVHG�1��DSSOLFDWLRQ�UDWHV��RYHUDOO�
canopy volume and leaf N. concentration increased with N. rate, but there was no ef-
IHFW�RI�1��UDWH�RQ�¿EURXV�URRW�GU\�ZHLJKW��,Q�WKH�¿UVW���\HDUV�RI�WKH�H[SHULPHQWDWLRQ�IHU-
WLJDWLRQ�GLG�QRW�SURYLGH�D�VLJQL¿FDQW�HQRXJK�\LHOG�DGYDQWDJH�RYHU�EDQGHG�DSSOLFDWLRQ�
to warrant the added cost of the fertigation equipment and higher labor requirement. 
A very little work was done on fertigation in India. The fertigation research in citrus 
was initiated during 1995 at NRC for Citrus on acid lime. Shirgure et al., [61 and 62] 
studied the effect of differential doses of Nitrogen fertigation in comparison with band 
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placement of fertilizer application on leaf nutrients, plant growth and fruit quality of 
acid lime during prebearing stage. The percentage increase in plant height, stock girth 
and canopy volume was more with 100% N. fertigation followed by 80% N. of recom-
mended dose in acid lime. He also [63and 64] studied that effect of N. fertigation on 
soil and leaf nutrient build-up and fruit quality of acid lime.

10.2 FUTURE WATER MANAGEMENT STRATEGIES IN CITRUS

a. Citrus is a very sensitive crop. Any excess or deficit of water even for a short 
duration adversely affects its growth and productivity. Irrigation scheduling 
based on scientific principles like available water content, soil water potential 
and potential crop evapotranspiration is in practice in developed countries. 
The efficiency of different methods of irrigation scheduling varies with cli-
mate, irrigation method and citrus species. Since microirrigation systems are 
gaining popularity among the farmers due to scarcity of water resources and 
Govt. subsidy for these systems. A modern system of irrigation will effectively 
used if it is backed by scientific principles of irrigation application. The water 
management research pertaining to the citrus is still in a preliminary stage. 
There is urgent need to evolve efficient irrigation scheduling for citrus crops 
in different regions of India.

b. Irrigation scheduling definitely help in maximizing the utilization of water re-
sources and boosting the productivity. Scheduling using tensiometers of vari-
ous depths, neutron moisture probe, climatological approach like modified 
Penman equation and water balance approach should be studied. Irrigation 
scheduling based on canopy temperature and leaf water potential may also be 
studied for better yield and quality.

c. Method of irrigation scheduling varies with the irrigation system adopted. It 
needs to be standardized for both system adopted. It needs to be standardized 
for both conventional and modern methods like drip, sprinkler, microjet etc. 
Infiltration rates, water distribution and retention parameters vary greatly with 
soil composition and structure. Thus study on these aspects will help in formu-
lating the scientific water management.

d. Another aspect that requires immediate attention is that water requirement and 
root distribution of fruit crops increases with age. Therefore suitable design 
needs to be evolved which should enable to irrigate the entire root zone with 
required quantity of water. A farmer should use the installled system for longer 
period without many modifications, which incur high cost otherwize.

e. Citrus growers in Central India give water stress to induce flowering. In ab-
sence of any scientific information, farmers apply water stress according to 
the past experience. Plants are subjected to stress to the extent where complete 
restoration of vigor may be possible in all the plants. Relationship needs to be 
established between water stress and flowering on one hand and water stress 
and plant growth on the other hand. These in turn should be related to soil 
characteristics. Farmers should have idea about the duration of stress required 
for different king of soils.
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f. The modern microirrigation systems have one potential advantage of giving 
soluble fertilizer through irrigation water known on ‘fertigation.’ It not only 
saves labors, fertilizer but gives higher yield and better quality. The fertilizers 
through water are applied to the rootzone, which increases fertilizer use also. 
A comprehensive research related to different NPK soluble fertilizers, their 
rates and frequency of application at different growth stages of plants are re-
quired to be researched.

g. Since the water available for irrigation is becoming scarce day by day. The 
applied water to the tree root zone needs to be conserved for longer period and 
that is possible with mulching. The material available to the farmers from the 
farm itself like grass, leaf litter, straw and trashes can be used for mulching. It 
not only helps in moisture conservation but also in thermal regulation, dizease 
control and weed control. The research is required on use of organic (grass, 
straws, leaf litter and trashes) and synthetic (polythene sheets) mulches. The 
basin area of the citrus trees will be covered with above mulch material and 
effect may be studied on water saving, growth and yield of the trees. The 
synthetic mulches are commercially available. But in case of organic mulches 
around 5 cm thickness of the mulch is required to be maintained uniformly 
in all the basins. All these strategies mentioned above are definitely make ef-
ficient use of water and enhances productivity in citrus.

10.3 SUMMARY

Irrigation management is one of the prime concerns of modern citriculture irrespective 
of water resource availability. A variety of recommendations have emerged world over 
on irrigation scheduling based on analysis of meteorological pedigree, evapotranspira-
tion, depletion of available water content, soil and leaf water potential. The review of 
literature has revealed best promizing results on irrigation scheduling based on deple-
tion pattern of soil available water content. Various microirrigation systems have es-
tablished their superiority over traditionally used flood irrigation with microjets hav-
ing little edge over rest of the others. Similarly, fertigation has shown good responses 
on growth, yield, quality and uniform distribution pattern of applied nutrients with the 
rootzone compared to band placement on other methods involving localized fertiliza-
tion. Automated fertigation in citrus orchards is a new concept, which would be the 
only solitary choice of among many irrigation-monitoring methods in near future.

KEY WORDS

 • acid lime
 • acidity
 • band fertilizer application
 • basin irrigation
 • black polythene mulch
 • canopy volume
 • Citrus
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 • drainage
 • drip irrigation
 • drippers
 • fertigation
 • fertilizer use efficiency
 • field drains
 • flowering
 • fruit quality
 • fruits
 • grass mulch
 • harvesting
 • high density planting
 • input use efficiency
 • iron
 • irrigation
 • irrigation scheduling
 • juice percent
 • leaf nutrient composition
 • lemons
 • maturity period
 • micro-jet irrigation
 • micro-jets
 • mulches
 • mulching
 • Nagpur mandarin (C. reticulate Blanco)
 • net returns
 • nitrogen
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 • organic farming
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 • plant growth
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 • production
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11.1 INTRODUCTION

During the last decade, the riparian zones have received considerable attention in order 
to restore and manage them since they have an important role to plan water resources 
and land, among other functions in the ecosystem. The riparian zones are mainly locat-
ed in the floodplain where the soil is characterized to be alluvial. However, arid zones 
channels and their floodplain are transitory and subject to frequent and rapid changes 
[12, 13], thus there is not a clear distinction from where the channel finishes and the 
floodplain starts. This condition could be disadvantageous to the vegetation settled 
in the floodplain, which is subject to the floods’ force, the wood debris and eroded 
sediments carried by. Conversely, this vegetation has the advantage to receive organic 
matter from the debris and minerals from the eroded soil resulting in a straightforward 
species capable to survive at adversely conditions [6]. The adaptation of this vegeta-
tion generates species drought and flood resistant. In the first case, plants develop long 
roots in order to access groundwater and be wet. In the second case, plants can afford 
inundation since the modification of the hydraulic roughness reduces the flood veloc-
ity and spread seeds increasing the moisture and nutrients availability in the area [6].

However, the access of the riparian vegetation to groundwater produces high rates 
of transpiration and a high evaporative demand of the atmosphere. This is because wa-
ter requirements are bigger in arid and semiarid regions, where rainfall is less and the 
YDSRU�SUHVVXUH�GH¿FLW�RQ�WKH�DLU�LV�ODUJH��7KLV�LPSOLHV�JUHDW�ZDWHU�FRQVXPSWLRQ�E\�WKLV�
vegetation becoming as one of the components to be considered in the groundwater 
balance. Particularly, in semiarid sites where groundwater is the main water demand 
source, since water surface resources are highly compromized, temporal and spatially. 
Scott et al. [27] observed that as groundwater is used to provide water among the dif-
ferent users, there is a depletion of the water levels that affects directly the riparian 
zones and, in consequence, modify ecology and hydrology of the watershed.

Scott et al. [27] pointed out that in order to compute riparian water requirements 
it is common to use hydrological models that compute it as the residual discharge re-
sulted after calibrated against known inputs, groundwater levels and discharges. This 
procedure could over or underestimate the groundwater balance in the basin, thus a 
better understanding of this component is needed to improve water demand among the 
users. In order to guarantee a better management of the river basins, Mexico has made 
different water reforms through the last three decades. Some of these reforms deal 
with the increasing water overexploitation and, particularly, there were established 
aquifers management councils supported by a national water law [30].

In order to compute precize riparian water requirements, it is necessary to consider 
both internal (vegetation growth characteristics) and external conditions (atmosphere, 
plant and soil characteristics) of the vegetation [8]. The external conditions can be 
achieved computing the evapotranspiration (ET), which depends of the solar radiation, 
vapor pressure, wind speed and direction, stage of the plant development, and soils 
features as soil moisture, among others. Conventional methods can be used to compute 
ET, but there are also remote sensing methods that have the advantage to consider its 
spatial and temporal variability. Currently, there are not many studies focused on na-
tive riparian zones, researches have mainly carried out analysis for cropped income 
areas.
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This chapter presents the study to establish the water requirement of native vegeta-
WLRQ��PHVTXLWHV�DQG�HOPV��DORQJ�WKH�PDLQ�FKDQQHO�DQG�LQ�WKH�ÀRRGSODLQ�RI�WKH�6RQRUD�
River corresponding to the Pesqueira, Topahue, Ures, La Mesa-Seri and Horcasitas 
aquifers. To address the water requirements, the ET was estimated using remote sens-
ing techniques based on the energy balance. The study was considered for two hy-
drological cycles (1996–1997 Spring–Summer and 2002–2003 Autumn–Winter), in 
SDUWLFXODU��IRU�WKH�GU\�VHDVRQ�VLQFH�WKH�6RQRUD�5LYHU�WULEXWDULHV�DUH�GU\�DQG�WKH�ÀRZ�LQ�
the main channel reaches its minimum level. The chapter also presents the importance 
to consider a temporal and spatial analysis, for determining the water requirements of 
the riparian vegetation and its impact on the river basin water budget.

11.2 THEORETICAL METHODS FOR EVAPOTRANSPIRATION

Evapotranspiration (ET) is the total moisture lost to the atmosphere from the land sur-
face when the vaporization process starts as function of the input energy received and 
the vegetation present. Lakshmi and Susskind [18] described ET as a “useful tool,” not 
only because it provides information that can be applied directly in the water budget, 
but also because ET has a high sensitivity which can be used to define some biophysi-
cal parameters. ET has been studied at different scales [21] providing a wide knowl-
edge of how ET is affected or how it can affect the whole system [20]:

1. Macro (e.g., impact of changes in available moisture on cloud formation, ra-
diation budget and precipitation);

2. Meso (e.g., depletion of soil moisture, and therefore, crop water requirements 
of irrigated lands and partitioning of precipitation); and

3. Micro (e.g., crop water requirements)
In order to assess ET impacts on the water balance, and in consequence, on the 

ODQG� DQG�ZDWHU�PDQDJHPHQW��(7� LV� GH¿QHG� IRU� D� VSHFL¿F� FURS� DQG� ODQG� FRQGLWLRQ��
Thus, potential ET (ETp) considers a reference surface as grass with a crop height of 
�����P��D�¿[HG�VXUIDFH�UHVLVWDQFH�RI��� s.m–1 and an albedo of 0.23, whereas crop ET 
(ETc��LV�WKH�UDWH�RI�(7�IURP�GLVHDVH�IUHH��ZHOO�IHUWLOL]HG�FURSV��JURZQ�LQ�ODUJH�¿HOGV�
under optimum soil water conditions, and achieving full production under the given 
climatic conditions. The actual ET (ETa) refers to the ET from crops grown under man-
agement and environmental conditions that differ from the standard conditions [2].

In general, the physics of the ET process is well understood, thus accurate ET val-
ues at local level are provided. However, as ET is highly sensitive to various land and 
atmospheric variables, particularly in their spatially distributed form, it makes region-
al ET estimations uncertain [7]. This uncertainty increases when the ET contribution 
from riparian vegetation needs to be considered to determine the water budget [11].

$OWKRXJK�VRPH�DXWKRUV�KDYH�VWXGLHG�WKH�GLUHFW�DQG�LQGLUHFW�LQÀXHQFH�RI�WKH�ULSDU-
ian ET into the water availability in a basin [11], this vegetation is still poorly under-
VWRRG�EHLQJ�D�QRQHDV\� WDVN� WR�H[SODLQ� LWV�K\GURJHRPRUSKRORJLFDO� LQÀXHQFH�VLQFH� LW�
interacts environmentally at different scales [6].

To compute actual riparian evapotranspiration (ETa) is complex since the vegeta-
tion communities are nonuniform linear varying in geometry, altitude and season. 
Also, the organization and dynamics of the vegetation are strongly related to the chan-
QHO�ULYHU�DQG�LWV�ÀRRGSODLQ��WKXV�WKH�JHRPRUSKRORJLFDO�SURFHVV�DQG�IRUPV�GH¿QH�WKH�
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SDWWHUQ� IRU� WKH�GLIIHUHQW�DJJUHJDWLRQ�FRPPXQLWLHV�PDLQWDLQHG�E\� WKH�ÀXFWXDWLRQV�RI�
water discharge (Fig. 1). Goodrich et al. [11] pointed out that this condition limits the 
application of traditional ET computations since the required fetch conditions are not 
DFKLHYHG�DQG�LQ�D�VWULFW�WHUP�WKH�GH¿QLWLRQ�RI�SRWHQWLDO�(7�>�@�GLG�QRW�DSSO\�GXH�WR�GLI-
ferences in the canopy architecture, available energy, water availability and boundary 
layers differences between the atmosphere and leaf surfaces, among others. Addition-
DOO\��RQO\�LQ�IHZ�FDVHV�WKH�FURS�FRHI¿FLHQW�KDV�EHHQ�GH¿QHG�IRU�HDFK�ULSDULDQ�W\SH�>��@�

FIGURE 1 Riparian vegetation along the Sonora River in Mexico.

11.3 TRADITIONAL METHODS FOR EVAPOTRANSPIRATION

The relationship between the different ET definitions (potential, crop and actual) is not 
always determined easily, but an accurate value is required for different uses and users. 
Favourably, at regional scales whatever the type of ET, these are not independent of 
each other. For example, during the crop growing period, water needs to be diverted on 
to the field to meet the ETc demands and to compensate losses by seepage and percola-
tion in order to maintain a saturated root zone. Thus, the estimation of ETp is crucial 
to obtain ETc rates and moreover to compute ETa values as the response to different 
reasons that generate nonstandard conditions such as climate, pest, contamination, 
water shortage or waterlogging.

In the Sonora River Basin (SRB) and others semidesert basins in Mexico, the Turc 
equation [28] have been used to estimate the hydrological water balance and to infer 
the groundwater balance since very few aquifer data is available. Other condition to 
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apply the Turc equation is that the average ETa is used for longer periods in order to 
UHGXFH�WR�]HUR�WKH�ZDWHU�UHWHQWLRQ�LQ�WKH�EDVLQ��7KH�7XUF�HTXDWLRQ�LV�GH¿QHG�DV�
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prom promL 300 25 Ta 0.05 Ta= + ∗ + ∗
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where, P is the precipitation and T is air temperature. Sometimes Eq. (2) is modified 
considering T at the power of 2 instead of 3 without any raison. The constant value 
of 300 in Eq. (2) corresponds to the base runoff in the basin. Thus, L could increase 
above 300 as function of the T and ETa is related directly to rainfall. In 1964, the Truc 
equation was modified by changing the 0.9 coefficient by 1.0 [Pike 1964, 29]. Despite 
to the simplicity of this method a high uncertainty is associated to it. Other methods 
based on meteorological data have been used such as Blaney-Criddle, which is a tem-
peraturebased method that can be applied to different climates in a monthly base [11] 
or the Hargreaves-Samani equation that considers the air temperature and the extrater-
restrial radiation [1]. However, these types of methods are recommended only when 
data is not available. However, when data is available it is recommendable to use the 
Penman-Montheith (PM) equation [2] but a crop coefficient accurate is necessary to 
compute ETc. Gazal et al. [10] applied the PM method to compute the transpiration 
of cotton/willow forest. The PM equation was inverted in order to asses the seasonal 
variation in stomatal resistance, results showed that the spatial and temporal heteroge-
neity of water availability modified the physiology of these riparian vegetation.

11.4 ADVANCED METHODS FOR EVAPOTRANSPIRATION

Although riparian ETa values have been obtained with good accuracy using traditional 
methods and compared with available ET measurements for local areas, ETa values 
for large areas are still problematic. Also, it has been demonstrated by some authors 
such as Schultz and Engman [26] that studies based only on conventional field data 
collection are often limited because they cover a specific area. In addition, the lack of 
available and reliable data is a big constraint in the application of different methods to 
compute accurate ET values. As riparian vegetation interacts environmentally at dif-
ferent scales, remote sensing techniques have been shown to be a reliable alternative 
to estimate ET, since some of the main constraints about suitable and available data 
can be overcome providing a precize spatial representation. One important advantage 
is that it provides detailed and independent ET estimations on a pixel-by-pixel basis 
among other data as mapping soil properties based on the reflectance variations, land 
use and land cover using the spectral signatures of vegetation, water requirements, 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



292 Evapotranspiration: Principles and Applications for Water Management

monitoring water availability, and detecting some properties like water stress effects. 
This wide range of alternative data offers new possibilities for managing soil, water 
and land resources efficiently.

Remote sensing techniques have provided accurate estimations of ETa at several 
scales as a function of the spectral resolution of the satellite sensors. ETa can be es-
timated using data that describes the conditions in the soil-plant-atmosphere system. 
7KXV�� UHPRWH� VHQVLQJ� SURYLGHV� VSHFL¿F� LQIRUPDWLRQ� RI� VRPH� RI� WKH� SDUDPHWHUV� LQ-
volved in the ET estimation such as surface temperature, surface soil moisture, water 
vapor gradients, surface albedo, vegetative cover and incoming solar radiation.

According to Kite and Droogers [17], methods and methodologies developed 
WR�HVWLPDWH�HYDSRWUDQVSLUDWLRQ��(7��XVLQJ�UHPRWH�VHQVLQJ�GDWD�FDQ�EH�FODVVL¿HG�LQWR�
four categories: (1) satellite-derived feedback mechanisms, (2) biophysical processes 
based-model, (3) surface energy balance techniques, and (4) physically based analyti-
cal approaches. Qi et al. [24] noticed that the canopy temperature is lower than the air 
temperature as water evaporates result of the heat extracted from the canopy leaves 
and from the air near to the canopy surface. This implies a temperature difference 
and the “Surface Energy Balance Techniques (SEB)” can be applied because they are 
based on the spatial and temporal variability of the surface temperature (Ts) and air 
KXPLGLW\�DV�D�UHÀHFWLRQ�RI�WKH�SDUWLWLRQLQJ�RI�QHW�UDGLDWLRQ�DYDLODEOH�WR�WKH�VXUIDFH�LQWR�
VRLO��VHQVLEOH�DQG�ODWHQW�KHDW�ÀX[HV�UHOHDVH�WR�WKH�DWPRVSKHUH��7KXV��WKH�(7�LV�REWDLQHG�
as the residual component of the energy balance equation:

� ȜE = (Rn�í�G – H) (3)

where, Rn is the net surface radiation (Wm–2), G is the soil heat flux (Wm–2), H is the 
sensible heat flux (Wm–2��DQG�ȜE is the latent heat flux (Wm–2). These methods esti-
mate each parameter of the surface energy balance equation, which are characterized 
for a diurnal variation and are subject to significant changes from one day to another. 
To determine these critical variables, these methods first related the flux parameters of 
the energy balance in terms of variables such as the soil moisture profile, the surface, 
ground and near-surface air temperatures, and near-surface humidity. The algorithm 
employed was MEBES (Surface Energy Balance to Measure Evapotranspiration) that 
was based on the process theory of the original algorithm SEBAL (Surface Energy 
Balance Algorithm for Land) developed by Bastiaanssen et al. [3, 4] applying some 
modifications to the data and condition of the region. The algorithm was chosen since 
it presents major advantages to compute ETa values among other SEB techniques 
[25] using both remote sensing and meteorological-ground data for local and regional 
areas.

11.5 SONORA RIVER WATERSHED

This research was conducted in the Sonora River Basin (SRB), that is located in the 
north-center of the Sonora State in Mexico at the extreme latitude: 28°27’ to 30°54’ 
N. and longitude: 110°06’ to 111°03’ W coordinates. The Sonora River Basin (SRB) is 
part of the Hydrological Region No. 9 and it has a total surface of 26,010 km2 almost 
14.8% of the Sonora state. The SRB limits at the north with the USA and at the south 
with the Cortes Sea. The main river is the Sonora with 277 km of longitude, starting 
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at the north in the Cananea City with the union of several streams, which down from 
the Magallanes, Los Ajos and Bacanuchi Mountain ranges. Then the river flows to the 
south crossing the Bacoachi, Chinipa, Arizpe, Banámichi, Baviácora, Ures and Her-
mosillo cities. In the last one the San Miguel de Horcasitas and el Zanjonafluents join 
the main river; both of them from the same basin. Finally, the Sonora River goes to the 
Coast but due to the sandy soil it disappears before reach the sea [14]. Figure 2 indi-
cates the divisions of the SRB: the Zanjóna and San Miguel de Horcasitas (8,826 km2), 
Sonora (11,680.6 km2) and the Coast watersheds (5,503.4 km2).

FIGURE 2 The Sonora River Basin and its watersheds: Sonora, Zanjón, San Miguel de 
Horcasitas and the Coast.

The Sonora River has an erratic behavior and, frequently, the runoff is concen-
WUDWHG�LQWR�IHZ�GD\V�GXULQJ�WKH�\HDU��7KH�ULYHU�ÀRZ�LV�FRQWUROOHG�E\�D�GDP�V\VWHP�WKDW�
includes the Abelardo Rodriguez and Rodolfo Félix Valdés (El Molinito) dams with a 
total storage capacity of 525 Hm3 [14]. Physiographically, the SRB is divided into two 
subprovinces [14]:

1. Mountain ranges and North Valleys Subprovincie belonging to the Western 
Mother Mountain Range Province formed in the mountains by volcanic acid 
rocks with intrusive igneous outcrops and in the valleys by continental sedi-
ments. The mountain system is steep from 1,000 to 2,620 meters above sea 
level (m.a.s.l.). The weather is dry and semidry and varies as function of the 
altitude from warm and semiwarm to temperate and semicold.

2. Sonorenses’ Mountain range and plain subprovince belongs to the Sonorense’ 
Desert covering 2/3 of the SRB. This subprovince is characterized ingy lower 
mountain ranges separate by plains being the mountains narrower than the 
plains; the plains have 80% of the total area. In the central basin intrusive 
and lavic igneous rocks predominated as well as metamorphic, ancient lime-
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stone and Tertiary conglomerates. In the plains alluvial fans are present with 
smooth slopes from the near mountains. The weather is very dry semi warm 
and warm.

There is a high climatological variation observed at the SRB as result of the ac-
cidental topography with more than 1000 masl in the mountains and less than 100 
masl in the coastline. The climate variation produced two severe droughts (1982–1983 
and 1997–1998), which have been related with El Niño event [15]. In fact, during 
90 s there were three events related to El Niño: 1991–1992, 1993–1994, 1997–1998, 
and in 2000 s two events more in 2002–2003 and 2004–2005 [22]. The mean an-
QXDO�SUHFLSLWDWLRQ� LV�����PP�ZLWK�D� UXQRII�FRHI¿FLHQW�RI������EHLQJ� WKH�PDLQ�XVH�
the agriculture, followed by domestic, industrial, livestock and recreational. During 
the drought season it is necessary the groundwater extraction, which is used in agri-
culture (93%), domestic and commercial (4.8%), industry (1.5%) and the rest 0.7% 
in livestock, recreational and others. The intensive use of groundwater in agriculture 
has generated an overexploitation of the aquifers present in the SRB. The aquifers are 
characterized according to the subprovinces in the SRB, thus for the Mountain ranges 
DQG�1RUWK�9DOOH\V�WKH�QRQFRQVROLGDWHV�PDWHULDO�JDYH�D�ORZHU�LQ¿OWUDWLRQ�FDSDFLW\�DV�
result of the metamorphic, sedimentary (limestone and conglomerates) and acid ex-
trusive (tuff and riolites) rocks which have a low breaking and porosity reducing the 
water circulation. Opposite to the Sonorenses’ Mountain range and plain subprovince 
ZKHUH�QRQFRQVROLGDWHV�PDWHULDOV�SUHVHQW�D�KLJK�LQ¿OWUDWLRQ�FDSDFLW\�VLQFH�WKH�SUHVHQFH�
of gravel and sand with different sizes and porosity favoring the intercommunication 
to the water circulation.

The climatic and topographic variation in the SRB provides a diversity of vegeta-
tion: pine woods in the north and mesquites (drought tolerant) in the rest of the basin, 
except irrigated areas aside the rivers and in the coast. The SRB vegetative coverage is 
quite similar to the state condition due to the extension of the basin, thus almost 50% 
of vegetal communities correspond to temperate climates under aridity conditions 
where drought-deciduous low woodlands of thorny and nonthorny trees and bushes 
are predominant. The thorny shrubs such as Gobernadora (Larreatridentata), Mes-
quite (Prosopislaevigata), Palo Verde (Parkinsonia aculeate) and Sangregado (Jatro-
phacuneata) are mainly allocated in hills around the San Miguel de Horcasitas and its 
DIÀXHQWV��DV�ZHOO�DV�LQ�%DFDQXFKL��$UL]SH�DQG�8UHV�WRZQV��)LJ�����

FIGURE 3 Mesquite scrubland along the Sonora River and floodplain.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Vegetation Water Demand and Basin Water Availability in Mexico 295

The 20% of the vegetation coverage are other type of mesquites as sarcocaulescent 
scrubland that is a subtype of the xerophyllous scrubland and elms (Ulmusamericana) 
>��@��7KHVH�FRPPXQLWLHV�DUH�LQ�ÀDW�DQG�GHHS�VRLOV��UXQRII�DUHDV��RYHU�\HUPRVOV��ÀXYL-
sols or xerosols (Fig. 4).

FIGURE 4 Mesquites as sarcocaulescent scrubland.

Grassland represents 13% of the total vegetation and two types can be found in the 
DUHD��QDWLYH�DQG�LQWURGXFHG��7KH�¿UVW�RQH�LV�UHSUHVHQWHG�E\�EOXHJUDVV�SODQWV�DQG�VRPH�
herbaceous and shrubs used to livestock. The second one is related to the agriculture 
practice with only 3% of the total (Fig. 5a). Pine-oak forest and pines with herbaceous 
secondary vegetation represents 11% of the total vegetation and they can be found in 
subhumid temperate climates (mountain ranges) (Fig. 5b). 

FIGURE 5 (a) Grassland for livestock and (b) pine-oak forest at the SRB.

Finally, introduced vegetation is 6.61% from which more or less 4% are agri-
culture lands where more than 95% of irrigation and the rest is rainfed. Crops are 
perennial as Lucerne, walnut and sugarcane and seasonal as ryegrass, barley, fodder 
oats, wheat, garlic and onion for autumn-winter period and fodder sorghum, beans, 
maize, and vegetables. The winter crops (i.e., wheat) showed a high vulnerability for 
prolonged drought seasons, thus farmers seemed to change into drought resistance 
crops or more economically productive crops, especially once the government stopped 
subsiding grains.
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11.6 METHODS AND MATRIAL

The methodology was divided into three steps: firstly an evaluation of the climate 
variation, after that a land cover classification was performed in order to identify 
those areas where the riparian vegetation is present. In this case drought-deciduous 
low woodlands of thorny and nonthorny trees and bushes were analized, in particular, 
thorny shrubs such as mesquite (Prosopislaevigata) and eml (Ulmusamericana). Fi-
nally, MEBES was applied to estimated ETa and analyzed to determine its influence to 
compute the water availability in the SRB.

11.6.1 CLIMATIC DATA ANALYSIS
The climatological data available include traditional weather stations (CLICOM data-
base) recording precipitation (P) and air temperature (T) (maximum and minimum), and 
Observatorios weather stations recording P, T, relative humidity, wind speed and isola-
tion hours. Three Observatorios were analyzed: Hermosillo within the SRB, and Naco-
zari and Empalme at the North and South, respectively, of the neighbor basin at the East.

The CLICOM dataset was updated to 2004 for the Sonora state and it has regis-
WHUHG�����VWDWLRQV��7ZR�¿OWHUV�ZHUH�DSSOLHG�LQ�RUGHU�WR�REWDLQ�FRPSOHWH�DQG�FRQWLQX-
ous data for a 20-year period. The results obtained were from 21 stations distributed 
throughout the entire basin. In order to analyze how the variables related to climate 
vary in time and space; essential for any study over large areas, data mining techniques 
were employed. Grouping techniques such as K-means (nonhierarchical) and Ward 
(hierarchical) methods were evaluated and the result was the basin division into three 
UHJLRQV��QRUWK��FHQWUDO�DQG�VRXWK��7KLV�GH¿QLWLRQ�RI�KRPRJHQHRXV�]RQHV�UHSUHVHQWV�WKH�
climatic variation in the area accurately.

11.6.2 REMOTE SENSING DATA ANALYSIS
Two hydrological cycles were studied: Spring–Summer, 1996–1997, and Autumn–
Winter, 2002–2003. LandSat images were acquired (Table 1) as well as aerial photo-
graphs orthorectified.

TABLE 1 Date and path/row of the Landsat satellite images acquired to the USGS.
Sensor Date of acquisition Path/row Day of the year (DOY)

™ 1997(03)04 35/39

35/40

63

1997(05)23 35/39

35/40

143

1997(06)24 35/39

35/40

175

ETM+ 2003(03)29 35/39

35/40

88

2003(04)30 35/39

35/40

120

2003(01)31 35/39

35/40

31
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7KH�LPDJHV�ZHUH�XVHG�IRU�ERWK�FODVVL¿FDWLRQ�RI�WKH�ULSDULDQ�YHJHWDWLRQ�DQG�HVWLPD-
tion of the riparian ETa��)RU�FODVVL¿FDWLRQ��LW�ZDV�FRQVLGHUHG�WKH�VSHFWUDO�UHVSRQVH�RI�
vegetation to the Visible (VIS) and Infrared (IR) electromagnetic spectrum. A high 
UHÀHFWLYLW\�LV�SUHVHQWHG�LQ�WKH�QHDU�,5�DV�FRQVHTXHQFH�RI�WKH�OHDYHV�VWUXFWXUH�DQG�LQ�WKH�
medium IR where the spectral response is affected by the water content in the surface 
DQG�D�ORZ�UHÀHFWLYLW\�REVHUYHG�LQ�WKH�9,6�EHFDXVH�WKH�FKORURSK\OO�DEVRUSWLRQ��$OVR��LW�
was observed the dynamics of the stream interact close with the riparian community 
characterized by the grow form, size, density, and aerial coverage of the plants [9].

The images were submitted to a preprocessing analysis to extract useful informa-
tion from the images, and also to enhance them, to aid in the visual interpretation, 
and to correct or restore the images if these were subjected to geometric distortion, 
blurring or degradation. The preprocessing methods used include enhancement of the 
image, radiometric, atmospheric and geometric corrections, and the georeference of 
the scene for a chosen map scale and coordinate system.

In order to estimate the ETa��WKH�¿UVW�SDUW�LQYROYHV�WKH�GHWHUPLQDWLRQ�RI�WKH�ODQG�
VXUIDFH�SK\VLFDO�SDUDPHWHUV� IURP�VSHFWUDO� UHÀHFWDQFH�DQG� UDGLDQFH��7KLV� VWDJH�HVWL-
mates surface albedo (Įo), emissivity (İo), surface temperature (Ts), vegetation indices 
(NDVI and SAVI), fractional vegetation coverage (Pv) and leaf area index (LAI), and 
the roughness height (or height of the vegetation, zo). Here ground data are required, 
however, if the data are not available, it can be replaced using the vegetation indices 
and considering a standard crop height of 1.0 m. The second stage includes the intro-
duction of meteorological data such as air temperature, humidity, and wind speed at a 
reference height. The reference height is the measurement height at the weather station 
���P���7KH�ODVW�VWDJH�LQFOXGHV�WKH�HVWLPDWLRQ�RI�WKH�HQHUJ\�ÀX[�SDUDPHWHUV�DQG�REWDLQV�
ET as the residual form of the energy balance equation [5].

11.7 RESULTS AND DISCUSSION

11.7.1 CLASSIFICATION
To achieve the classification, vegetation indices were used since they represent a direct 
relation to the vegetation health linking the biomass and the LAI in a spatial basis. 
In particular, NDVI was used as well as the soil and wetness indices in the temporal 
analysis. Additionally, bands 5 and 7 of Landsat were applied to separate areas with 
high soil moisture, in order to differentiate between irrigated lands and riparian veg-
etation. The reason to use bands corresponding to the medium IR is to cover a major 
reflective spectrum allowing the observation of watered overages. Finally, LAI was 
also monitored, this parameter offers advantages since the geometrical, size, and other 
conditions for the riparian vegetation is very characteristic.

$�VXSHUYL]HG�FODVVL¿FDWLRQ�ZDV�SHUIRUPHG�XVLQJ�WKH�1'9,�YDOXHV�IRU�HDFK�LPDJH�
DYDLODEOH��WKHQ�RWKHU�FODVVL¿FDWLRQ�ZDV�GRQH�WR�D�PXOWLWHPSRUDO�LPDJH�JHQHUDWHG�ZLWK�
WKH�1'9,�YDOXHV��7KLV�FODVVL¿FDWLRQ�DOORZHG� WKH� LGHQWL¿FDWLRQ�RI� WHPSRUDO�KRPRJ-
enous areas. Finally, a multitemporal image was produced using a combination of the 
vegetation, soil and wetness indices, and the ratio between bands 5 and 7. The number 
of classes was established into 6, as the main interest was the aggregation of riparian 
vegetation thus mesquites, elms, paloverde, grass, water and bare soil were selected 
and the agriculture zones were removed from the images. The error matrix showed a 
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FRQ¿GHQW�OHYHO�RI�����DVVRFLDWHG�WR�D�PL[�EHWZHHQ�SDORYHUGH�DQG�PHVTXLWH��DQG�WR�D�
very small surface. Figure 6 illustrates the aggregation of elms, mesquites and some 
herbaceous vegetation in the Ures and Topahue aquifer.

FIGURE 6 Elms and mesquites distribution following the river channel and the floodplain and 
the gps points used in the supervized classification.

The number of hectares obtained for elms was 68% bigger than the mesquites 
one within the 2000 ha in the Topahue and Ures region. The mesquite tree is a 
drought resistance obligates phreatophyte and indicator of the water table, and soil 
DQG�QLWURJHQ�¿[HG�� WKXV�LW�FRQWUROV� WKH�HURVLRQ�DQG�WKH�VRLO�IHUWLOLW\��7KH�PHVTXLWH�
tree can be 10 m tall and its roots can go up to 50 m deep reaching the water table, 
also it has lateral roots that can be extended to 15 m. However, as riparian areas are 
characterized by the growth form, size, density, and aerial coverage of the plants 
aboveground, it made elms the predominant species since they are a taller facultative 
phreatophyte usually with 12 to 15 m in height, although they can reach 20 to 30 m 
or more (Fig. 7).
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FIGURE 7 Elms predominance over mesquites and other thorny and nonthorny shrubs.

As well as mesquites, the roots of elms have the ability to go deep to get water, 
thus the elms can survive during the drought period. The elms have lateral surface 
roots that go deep as they need to gather nutrients for the photosynthesis process, ap-
proximately from 5 to 20 cm. As elms growth well in moisture and drainage soils, the 
¿UVW�SUHFLSLWDWLRQ�RU�UXQRII�LV�HQRXJK�WR�REWDLQ�WKH�ZDWHU�WKH\�QHHG��(OPV�VHHGV�FDQ�EH�
disseminated by wind and water.

The grass area or other secondary herbaceous vegetation was also important for the 
QXPEHU�RI�KHFWDUHV�FRYHUHG�������KD���,W�ZDV�REVHUYHG�LQ�WKH�ÀRRGSODLQ�DV�D�JURXQG-
FRYHU�RI�WKH�ULSDULDQ�YHJHWDWLRQ�DQG�WKHLU�SUHVHQFH�LV�UHODWHG�WR�WKH�DPRXQW�RI�ÀRRGLQJ�
and the radiation allowed by the trees.

Elms LAI values for DOY143 were from 0.7 until 2.0 being the lowest ones during 
the drought season, whereas for mesquites were from 1.2 to 2.0, these values agreed 
with Kiniry [16]. LAI for grass or herbaceous vegetation growing around the riparian 
corridor was between 0.2 and 0.4, and in well irrigated orchards was between 3 and 4. 
Gazal et al. [10] found that LAI is more sensitive in intermittent streams sites than in 
SHUHQQLDO�RQHV�GXH�WR�WKH�GHSWK�ZDWHU�WDEOH��WKXV�SODQWV�PRGL¿HG�WKHLU�FDQRS\�VWUXFWXUH�
in order to cope with water scarcity as it was observed in the study site.

11.8 ACTUAL EVAPOTRANSPIRATION ESTIMATIONS

Average ETa values in DOY63 (after winter) showed for elms and mesquites 2.1 
mm·d–1 and 1.5 mm·d–1 for groundcover grass of the riparian vegetation, respec-
tively. It was observed a similar ETa rate for elms and mesquites and irrigated 
orchard. At this time the orchard is less irrigated since the fruit development is not 
impacted thus important water saving is made. For DOY143 and DOY120 during 
spring-summer where dry conditions are presented having more sunshine hours 
during the day, the average ETa values were from 5 to 8 mm·d–1 for riparian, and 
less than 1 mm·d-1 for their groundcover grass. Also, ETa values observed in ma-
ture orchard (more than 5 years old) and very well irrigated crops such as Lucerne 
were quite similar to riparian. The water evaporation was about 28 mm·d–1 in these 
DOYs (Fig. 8).
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FIGURE 8 Actual evapotranspiration values for DOY143.

A 20 year climatological analysis at the center of the SRB showed that temperature 
stars to rize from March until June where it reaches its maximum peak (28°C) as well 
as the wind speed with values of 5.2 ± 0.2 km·h–1, contrary to the precipitation that 
reach its minimum value in May (11 mm). The monsoon season starts late July and 
August increasing the relative humidity to 50 ± 5%. As the monsoon rains did not wet 
the saturated zone for DOY143, the climatic conditions imply a high vapor exchange 
between the surface and the atmosphere, thus the water necessities of the plants need 
to be covered to prevent wilting and the only source of water is from the aquifer. Due 
to the elms are located along the main channel their facultative conditions help them 
to obtain water at bit deep, thus drought conditions impact less although they are more 
exposed to radiation. This condition is not the same for mesquites where the main dis-
advantage is the size competence with elms receiving less energy and being protected 
from the strong winds. Mesquites as obligate phreatophytes needs to go deep to reach 
the water table establishing a high soil water dependence and, in consequence, reduc-
ing their hydraulic capacity to carried water from the roots to the stomata cavities as 
Gazal et al. [10] noticed for cottonwood.

11.9 SUMMARY

The riparian vegetation has a very important role in the ecosystems not only because 
they are a habitat to flora and fauna spices but also because they provide some hydro-
logical control, particularly when flood and drought are present. The vegetation struc-
ture is highly related to the geomorphological process of the region being determinant 
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in the valleys where the fluvial soils supply adequate conditions to the development of 
these plants. Also, the environmental and climatological conditions provide important 
characteristics since in arid and semiarid zones the main river channel and the flood-
plain are undistinguished as result of the erosion and sediments deposition allowing 
the growth of obligate and facultative phreatophytes as well as herbaceous ground-
cover vegetation. This resulted in a hydrogeomorphological influence on the vegeta-
tion being severely affected but at the same time benefit by flooding and developing 
the capacity to survive under drought conditions.

In early stages the hydrological regime and the available energy are the main fac-
tors to control ET from riparian corridors, although these conditions change as the 
vegetation growth. Also, as the dry conditions are a limitation, the plant’s capacity to 
extract water from the aquifer is determinant during their mature lives.

The similitude between the irrigated land and the riparian corridor implies a good 
ZDWHU�UHVRXUFH��LQ�WKH�¿UVW�FDVH�LUULJDWLRQ�LV�WKH�H[SODQDWLRQ�EXW�LQ�WKH�VHFRQG�WKH�RQO\�
one possibility is the adaptation of plants to obtain water from the aquifers reaching 
their roots the water table after the depletion of the soil moisture in the saturated zones.

In the SRB, 95% of irrigation is provided by groundwater extraction with an aver-
age volume of 5 m3·s–1 for a total cropped area of 12,300 ha in 2003. In the Ures and 
Topahue region the cropped lands were almost 2000 ha in 2003 with a total volume 
of 1.5 m3·s–1, as ETa values were similar to very well irrigated lands, this would imply 
a volume of 6.6 m3·s–1 for riparian corridors considering elms, mesquites and grass. 
This raw estimation pointed out the amount required from the aquifer to cope with 
irrigation and riparian corridors without consider other uses. This amount needs to be 
FDUHIXOO\�XVHG�VLQFH�WKHUH�LV�QRW�VWLOO�HQRXJK�GDWD�WR�SURYLGH�FRQ¿GHQW�UHFKDUJH�YDOXHV�
WR� WKHVH�DTXLIHUV� �8UHV�DQG�7RSDKXH���KRZHYHU�� LW� LV�FOHDU� WKH�KLJK� LQÀXHQFH�RI� WKH 
ETa to compute water requirements in arid zones. Further work is required in order to 
compute accurately each component of the water balance paying also attention to the 
precipitation and interception effect on the riparian corridor since its rapid recovering 
DIWHU�WKH�¿UVW�SUHFLSLWDWLRQ�GXULQJ�WKH�PRQVRRQ�PRQWKV�
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 • phreatophytes

 • remote sensed data

 • riparianvegetation

 • Sebal

 • semi-aridzone

 • Sonora – Mexico

 • Sonora river

 • Sonora riverwatershed

 • transpiration

 • water availability

 • water demand

 • watershed
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12.1 INTRODUCTION

Turfgrass irrigation practices have come under intense scrutiny in recent years due to 
concerns over increasing population growth and diminishing water availability. Mu-
nicipal water restrictions have become common place and more recently, the U.S. En-
vironmental Protection Agency has developed guidelines that would restrict irrigation 
and/or amount of turf within the landscape [15]. Thus, turfgrass managers are increas-
ingly faced with the challenge of maintaining acceptable turfgrass quality using less 
water. Understanding the minimal irrigation requirements and extent of water stress 
that a particular turfgrassspecies can tolerate while exhibiting acceptable quality is 
therefore highly valuable information for turfgrass managers and homeowners.

'H¿FLW�LUULJDWLRQ�LV�WKH�SUDFWLFH�RI�LQWHQWLRQDOO\�XQGHU�LUULJDWLQJ�RI�D�SODQW�WR�EH-
low its maximum water demand. This practice has been long used in crop production, 
where it often culminates in overall reductions in growth, development, and yield. 
7XUIJUDVV�V\VWHPV�DUH�SHUKDSV�XQLTXHO\�DGDSWHG�IRU�GH¿FLW�LUULJDWLRQ�EHFDXVH�UHGXF-
WLRQV�LQ�VKRRW�JURZWK�DUH�SHUFHLYHG�WR�EH�EHQH¿FLDO��DV�ORQJ�DV�YLVXDO�DQG�IXQFWLRQDO�
TXDOLW\�DUH�QRW�VLJQL¿FDQWO\�VDFUL¿FHG��'H¿FLW�LUULJDWLRQ�KDV�EHHQ�SUDFWLFHG�DFURVV�D�
number of species, although the particular level of irrigation needed to maintain ac-
FHSWDEOH� TXDOLW\� DSSHDUV� WR� YDU\� DPRQJ� VSHFLHV��8VLQJ�PLQLO\VLPHWHUV� LQ� WKH� ¿HOG��
'D&RVWD� DQG� +XDQJ� >�@� GHWHUPLQHG� WKDW� EHQWJUDVV� VSHFLHV� UHTXLUHG� �����ETa for 
maintaining acceptable summer quality, but that irrigating at only 40% ETa was suf-
¿FLHQW�IRU�PDLQWDLQLQJ�DFFHSWDEOH�TXDOLW\�GXULQJ�IDOO�PRQWKV��4LDQ�DQG�(QJHONH�>�@�
found that minimal irrigation requirements for grasses grown along a linear gradient of 
irrigation ranged from 26% to 68% of Class A pan evaporation (Ep��LQ�D�VWXG\�RI�¿YH�
WXUIJUDVV�VSHFLHV�DORQJ�D�OLQHDU�JUDGLHQW�RI�LUULJDWLRQ��)HOGKDNH�HW�DO��>�@�VWXGLHG�GH¿FLW�
irrigation of three turfgrass species grown in lysimeters and determined that irrigation 
GH¿FLWV�XS�WR�a����RQO\�GHFUHDVHG�JURZWK��EXW�JUHDWHU�GH¿FLWV�UHVXOWHG�LQ�VLJQL¿FDQW�
loss of quality for Kentucky bluegrass and tall fescue.

Zoysiagrass is a warm-season (C4) turfgrass native to South-east Asia, but has be-
come an increasingly popular turfgrass for use on lawns and golf courses throughout 
the southern half of the United States and many other tropical, subtropical, and tem-
perate regions of the world [14]. Whereas some turfgrass species are capable of avoid-
ing drought through production of a deep root system, physiological studies indicate 
that zoysiagrass tolerates drought largely through osmotic adjustment [10]. Very little 
information is available regarding the minimal irrigation requirements or response of 
WKLV�VSHFLHV�WR�GH¿FLW�LUULJDWLRQ�SUDFWLFHV��7KHUHIRUH��WKLV�FKDSWHU�SUHVHQWV�WKH�UHVHDUFK�
RQ�KRZ�WR�GHWHUPLQH�WKH�UHVSRQVH�RI�µ(PSLUH¶�]R\VLDJUDVV�WR�IRXU�OHYHOV�RI�GH¿FLW�LU-
ULJDWLRQ�DQG�WR�LGHQWLI\�WKH�PD[LPDOO\�DFFHSWDEOH�LUULJDWLRQ�GH¿FLW�DW�ZKLFK�DFFHSWDEOH�
turf quality could be maintained in this species.

12.2 MATERIALS AND METHODS

This study was carried out from August 27 through October 15, 2008 in a greenhouse 
at the University of Florida campus in Gainesville, FL. ‘Empire’ zoysiagrass (Zoysia 
japonica Steud.) was grown in pots constructed from 10 cm diameter, 20 cm tall PVC 
pipes fitted with a flat end cap. A small hole was drilled into the center of each end cap 
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for drainage. The top, open end of the pipes was fitted with a toilet flange for attaching 
a photosynthesis chambers. Four weeks prior to deficit irrigation studies, zoysiagrass 
sod pieces (2.5 cm depth) were removed from established, sand-based research plots 
at the University of Florida G.C. Horn Memorial Turfgrass Research Field Laboratory, 
Citra, FL, using 10-cm diameter golf cup cutter. The sod was washed free of soil and 
established atop medium-coarse textured sand in PVC pots. A complete slow-release 
fertilizer (24–5–11, Turfgro Professional, Sanford, FL) was applied and grasses were 
grown in the greenhouse for four weeks to fully root in the soil prior to deficit irriga-
tion experiments. Greenhouse temperatures during the study period were controlled at 
32/22°C (day/night). During this time, grasses were clipped weekly at a height of 6.4 
cm. Visual observations confirmed that grass roots had reached container bottoms at 
the start of the experiment. A full cover of turf was also present on all pots at the start 
of the experiment, so that water loss was primarily a function of transpiration.

The study was initiated by fully saturating all pots. Following 24-hour period, 
when drainage had ceased, holes in pot bottoms were plugged to prevent drainage for 
the duration of the six-week study. At this time, four pots were randomly selected to 
be fully watered controls; and the initial, well-watered weights of these pots were mea-
sured. These pots were kept fully watered throughout the study by adding water daily 
in an amount equivalent to 100% of ETa, measured gravimetrically. In order to more 
UDSLGO\�DWWDLQ� WKH�GHVLUHG�ZDWHU�VWUHVV� OHYHOV�ZLWKLQ� WKH� LUULJDWLRQ�GH¿FLW� WUHDWPHQWV��
drought-stress treatments were allowed to dry down the soil as a result of transpira-
tional water loss, as described by Sinclair and Ludlow, 1986 [12].

)RXU�SODQWV�ZHUH�DVVLJQHG�WR�HDFK�RI�IRXU�GH¿FLW�LUULJDWLRQ�WUHDWPHQWV������������
40%, and 20% of ETa), which were initiated by allowing soil water content to decrease 
below that of fully watered controls prior to the beginning of the experiment.

For example, in the 80% ETa treatment, plants were allowed to decrease soil water 
content until the daily transpiration was measured to be 80% of that for well-watered 
plants. Upon reaching 80% relative transpiration (RT) rate, this stress level was per-
manently maintained by replenishing the pots daily with 80% of ETa. The number of 
daysof soil dry down required to reach targeted stress levels varied from 2 days for 
0.8 RT (80% ETa) to 6 days for the 0.2 RT (20% ETa) stress treatment. Aseach of the 
stress treatmentswerereached, irrigation was returned to pots daily at 100% (controls), 
80%, 60%, 40%, or 20% of ETa. ET rates within the water stress treatments were 
also measured each afternoon to determine water loss, and corresponded highly to the 
prescribed irrigation amounts added to the respective treatments (data not shown). As 
VXFK��(7�RI�GH¿FLW�WUHDWPHQWV�PDLQWDLQHG�D�VWHDG\�VWDWH�SURSRUWLRQDO�WR�IXOO\�LUULJDWHG�
controls.

Over the course of the six weeks, data were collected including daily ET rates, 
WXUIJUDVV�YLVXDO�TXDOLW\��FOLSSLQJ�GU\�ZHLJKWV��GHJUHH�RI�OHDI�ZLOW�DQG�¿ULQJ��SKRWRV\Q-
WKHWLF�UDWHV��DQG�UHÀHFWLYH�KHDW�ORDG�LQ�UHVSRQVH�WR�GH¿FLW�LUULJDWLRQ��7XUIJUDVV�YLVXDO�
quality was visually estimated on a 1–9 scale, with 6 representing minimally accept-
able turf [7]. For measuring clipping dry weights, grasses were clipped to 6.4 cm 
ZHHNO\��ZLWK�FOLSSLQJV�RYHQ�GULHG�DW����&�IRU����KRXUV��3HUFHQW�OHDI�ZLOW�DQG�¿ULQJ�
were determined weekly by visually estimating the percentage of leaves within the 10 
FP�GLDPHWHU�SOXJ�WKDW�ZHUH�HLWKHU�ZLOWHG�RI�¿ULQJ�GXULQJ�WKH�DIWHUQRRQ�RQ�D�FOHDU�GD\��
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$�SRUWDEOH�FKDPEHU�V\VWHP�PRGL¿HG�IURP�WKDW�GHVFULEHG�E\�3LFNHULQJ�HW�DO���>�@��ZDV�
used to measure canopy photosynthetic rates within the treatments at the conclusion 
of the study. This involved a portable photosynthesis system (LI-6200, LI-Cor Inc., 
Lincoln, NE) with an open leaf chamber mounted inside the translucent canopy cham-
ber (Fig. 1). Chambers caused a 20% reduction in incoming photosynthetic active 
radiation (PAR). Three readings were recorded for each pot on a cloudless day during 
the afternoon hours, during which PAR levels within chambers always exceeded 1200 
µmol m–2 s–1. Temperatures inside chambers during the measurement period averaged 
37.7 +/– 0.2 C. Canopy net photosynthetic rate (Pn) was expressed as CO2 uptake per 
unit turf canopy area (m–2���5HÀHFWLYH�KHDW�ORDG�IURP�ZLWKLQ�WKH�WUHDWPHQWV�ZDV�GHWHU-
mined with a handheld Crop Trak Mini IR thermometer (Spectrum Technology, Plain-
¿HOG��,/��E\�PHDVXULQJ�OHDI�FDQRS\�WHPSHUDWXUHV�GXULQJ�WKH�DIWHUQRRQ�RQ�D�FOHDU�GD\�

FIGURE 1 Portable chamber system for measuring canopy gas exchange. 

12.3 RESULTS AND DISCUSSIONS

The objective of this study was to determine the response of ‘Empire’ zoysiagrass to 
four levels of deficit irrigation, provided daily. Actual evapotranspiration (ETa) and 
(equivalent to irrigation requirements) for control plants over the 42-day study ranged 
from 2 to 9 mm d–1, with total irrigation volume applied of 246 mm (Fig. 2). Deficit 
irrigated treatments received a total of 197 mm (80% ETa), 157 mm (60% ETa), 126 
mm (40% ETa), and 101 mm (20% ETa).

12.3.1 VISUAL QUALITY
Our results demonstrated that irrigating zoysiagrass at > 60% of ETa was sufficient 
to sustain acceptable turfgrass quality over the six-week study (Figs. 3 and 9). Con-
versely, visual quality of 40% ETa treatments gradually declined over the study, but 
fell to unacceptable levels after five weeks. Within two weeks of initiating treatments, 
turf receiving 20% ETa declined rapidly to unacceptable levels characterized by rapid 
wilt and significant leaf firing throughout the entire turf canopy. Previous work has 
shown that irrigating to 80% ETa twice weekly was necessary to maintain acceptable 
zoysiagrass quality [4] and irrigating above 73% ETa three times weekly was neces-
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sary for maintaining adequate Kentucky bluegrass quality [3]. Our results indicate that 
acceptable zoysiagrass quality may be achievable at even greater irrigation deficits if 
irrigation is supplied with greater frequency.

12.3.2 PHOTOSYNTHESIS AND SHOOT GROWTH
Canopy photosynthetic rates of fully watered (100% ETa) plants exceeded that of all 
deficit irrigated treatments and decreasing irrigation amounts resulted in proportional 
reductions in photosynthetic rates (Fig. 4). Rates of photosynthesis ranged from an 
average of 6.1 µmol m–2 s–1 at 100% ETa to 0.8 µmol m–2 s–1 at 20% ETa. This is not 
surprizing, given that dry matter accumulation and transpiration have been shown to 
be intimately linked to leaf gas exchange through stomata [13].

Shoot growth is a process that is dependent on increases in cell volume, and thus, 
LV�JHQHUDOO\�KLJKO\�VHQVLWLYH�WR�ZDWHU�GH¿FLW��7XUIJUDVV�VKRRW�JURZWK�LQ�WKLV�VWXG\�ZDV�
measured by weekly clipping collections, and was found to be progressively reduced 
with decreasing irrigation (Fig. 5). Our data show that reducing irrigation to levels 
of 60% of ETa, while causing little change in overall quality, led to as much as 25% 
reductions in shoot growth. Increased rates of turfgrass shoot growth have been corre-
lated with higher turfgrass ET in a number of other warm and cool-season turfgrasses 
[1, 11, 6]. Interestingly, while there was generally a proportional decrease in transpira-
WLRQ�DQG�VKRRW�JURZWK�DV�GH¿FLWV�LQFUHDVHG��VKRRW�GU\�ZHLJKWV�GLG�QRW�FKDQJH�EHWZHHQ�
the 60% and 80% ETa treatments. Thus, in terms of shoot growth, transpirational water 
XVH�HI¿FLHQF\�ZDV�JUHDWHVW�DW���� ETa with this species (data not shown). From a prac-
WLFDO� VWDQGSRLQW��ZKHUHDV�VRLO�ZDWHU�GH¿FLWV�PD\�QHJDWLYHO\�DIIHFW�¿HOG�FURS�\LHOGV��
moderate growth reductions in turfgrass systems may actually be desirable, as they 
could result in less mowing requirements.

FIGURE 2 Mean evapotranspiration (ETa) rates for 100% ET control plants over the six-week 
study. Amounts are equivalent to the daily irrigation supplied to 100% ET control plants, with 
deficit ET treatments receiving a fraction (80, 60, 40, or 20%) of this amount. 
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FIGURE 3 Visual quality of turfgrass plants over six-week experiment, based on a 0–9 
scale, with 0 = brown, dead turf, 6 = minimally acceptable and 9 = optimal color, density, and 
uniformity. Error bars denote standard error of the mean (n=4).

FIGURE 4 Canopy photosynthesis rates measured at the conclusion of the six-week study. 
Error bars denote standard error of the mean (n=4).
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FIGURE 5 Clipping dry weights collected weekly from 81 cm2 pots. Error bars denote 
standard error of the mean (n=4).

12.3.3 LEAF WILT AND FIRING
Leaf wilt and firing were the primary symptoms of plant water stress leading to qual-
LW\�ORVV�LQ�JUDVVHV�UHFHLYLQJ�������RI ETa in the study (Figs. 6 and 7). Leaf canopies 
of 20% ETa plants declined most rapidly, with half of the canopy wilted within two 

FIGURE 6 Percentage of leaf wilt visible within the 81 cm2 turfgrass canopy. Measurements 
were obtained during mid-afternoon hours on cloudless days. Error bars denote standard error 
of the mean (n=4).
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weeks of initiating treatments, and becoming almost entirely fired by week six. 40% 
ETa plants were nearly 50% wilted, with 30% of the canopy firing by week six. Only 
5–10% of the canopy in 60% ETa plants showed signs of wilt or firing; thus, quality 
ZDV�GHHPHG�DFFHSWDEOH�WKURXJKRXW�WKH�VWXG\��=R\VLDJUDVV�LUULJDWHG�DW����� ETa never 
showed signs of wilt during any measurement period, indicating that soil moisture was 
sufficient to meet transpirational demand.

FIGURE 7 Percentage of leaf firing visible within the 81 cm2 turfgrass canopy. Measurements 
were obtained during mid-afternoon hours on cloudless days. Error bars denote standard error 
of the mean (n=4).

12.3.4 REFLECTIVE HEAT LOAD
A substantial amount of incident solar radiation is converted to latent heat during the 
transpiration process. Therefore, vegetated surfaces such as turfgrass systems possess 
significant cooling capacity and play a critical role in heat dissipation within urban 
areas. It has been reported that green turfs and landscapes can save energy by reduc-
ing the energy input required for interior mechanical cooling of adjacent homes and 
buildings [5]. Decreasing irrigation levels for water conservation conserves resources 
and maintenance requirements, but it also is likely to substantially impact reflective 
heat loads. Over the five sampling dates, we observed up to a 16°C increase in canopy 
temperatures from fully irrigated to 20% ETa irrigated turf (Fig. 8). Interestingly, this 
heat load difference was reduced by half when irrigation was only slightly increased 
to 40% ETa, due to the presence of significantly more green vegetation (Fig. 9). Our 
data for zoysiagrass are similar to those of Ref. [3], who reported a 1.7°C increase in 
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Kentucky bluegrass canopy temperature for each 10% reduction in ET. While a nonir-
rigated control treatment was not used in this study, it seems likely that even greater 
heat loads would result from turf receiving no irrigation, as no living vegetation would 
likely be present. From a practical standpoint, these data suggest that large-scale land-
scape deficit irrigation practices, such as those mandated through municipal water 
restrictions, could contribute to significantly increased surface temperatures. 

FIGURE 8 Canopy temperatures within the irrigation treatments. Measurements were 
obtained during mid-afternoon hours on cloudless days. Error bars denote standard error of the 
mean (n=4).

FIGURE 9 Visual appearance of ‘Empire’ zoysiagrass following six weeks of deficit irrigation, 
applied daily. (From left to right: 20% ETa, 40% ETa, 60% ETa, 80% ETa, and 100% ETa).

12.4 CONCLUSIONS

On the basis of our results, deficit irrigation can be a useful means of conserving water 
in the management of turfgrass. Irrigating zoysiagrass at up to a 40% deficit (60% ETa) 
was sufficient to maintain acceptable turfgrass quality over a six-week period. Zoysia-
grass response to the deficit irrigation included a reduction in evapotranspiration and 
photosynthetic rates, as well as shoot growth reductions. Such effects on shoot growth 
may be viewed as beneficial, as theywould likely result in fewer mowing require-
ments. Our results suggest that irrigating this species at >40%irrigation deficits would 
not be advizable, as significant leaf wilt and firing occurred which negatively affected 
the appearance of the turf canopy and produced less-than-acceptable visual quality of 
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the turf. While we were able to maintain acceptable quality at these levels with daily 
watering, it is likely that less frequent irrigation scheduling (2 or 3 days per week) 
might result in greater loss of quality at similar levels of ET replacement, due to longer 
periods of water stress encountered. An important consideration with deficit irrigation 
practices is the increasing reflective heat loads that are generated with diminishing 
amounts of irrigation. Canopy temperatures in this study progressively increased with 
greater deficits to a maximum increase of 16° C between 100% and 20% ETa plants. 
This is an important consideration that could have large-scale implications on the sur-
face temperatures and human comfort levels within urban environments.

12.5 SUMMARY

Water conservation in the landscape has become critically important in recent years due 
to diminishing water supplies and population growth. Deficit irrigation, or irrigating to 
a fraction of a plant’s maximal transpiration rate is one-way water may be conserved, 
but this practice may impact turfgrass quality, performance, and heat load within the 
landscape. The objective of this study was to determine the response of a commonly 
used warm-season (C3) turfgrass ‘Empire’ zoysiagrass (Zoysia japonica Steud.) to deficit 
irrigation practices. Pots of established zoysiagrass were irrigated at various levels of 
deficit irrigation including 80%, 60%, 40%, and 20% of actual evapotranspiration (ETa) 
of well-watered turf over a six-week period. Over the course of the study, changes in 
shoot growth, canopy temperatures, turfgrass quality, and rates of photosynthesis were 
recorded. Results of the study indicated very little change in quality, growth, and photo-
synthetic rates between plants irrigated at either 100% or 80% of daily ETa. Supplying turf 
with only 60% of maximal irrigation produced lower, but still acceptable quality. Deficit 
irrigation levels of 40% and 20% were not sufficient to maintain acceptable quality and 
promoted significantly greater reflective heat loads. The results of this study indicate that 
deficit irrigation can be an important tool for conserving water in managed turfgrass, 
however, the effect of the practice on reflective heat loads is an important, but often over-
looked consideration that could impact the energy balance within the urban environment.
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SAUDI ARABIA1

MOHAMMAD NABIL ELNESR and ABDURRAHMAN ALI ALAZBA

CONTENTS

13.1 Introduction ..................................................................................................................318
13.2 Methods and Material ..................................................................................................320
 13.2.1 Weather Data ...................................................................................................320
 13.2.2 Estimation of Reference Evapotranspiration with FAO-56 PM Method ........320
 13.2.3 Reestimation of Reference Evapotranspiration with FAO-56 PM Method  

and Temperature Corrections ........................................................................................322
 13.2.4 Estimation of Reference Evapotranspiration with Hargreaves –  

Samani Method .............................................................................................................322
13.3 Results and Discussion ................................................................................................323
13.4 Summary ......................................................................................................................332
Keywords ................................................................................................................................333
References ...............................................................................................................................333

1M. N. Elnesr, PhD, Assistant Professor, Shaikh Mohammad Alamoudi Chair for Water Research, 
King Saud University, Kingdom of Saudi Arabia, PO Box: 2460/11451, Riyadh. E-mail:melnesr@
ksu.edu.sa or drnesr@gmail.com; A. A. Alazba, Professor in Water Research, King Saud Univer-
sity; and Amin, M. T. Amin, Assistant Professor in Water Research, King Saud University.  The au-
thors wish to express thanksto “Shaikh Mohammad Bin Husain Alamoudi” for his kind financial 
support to the King Saud University [http://www.ksu.edu.sa].  This study is part of the AWC chai-
ractivities in the “Projects and Research” axis.We also thank the Presidency of Meteorology and 
Environment in Riyadh - KSA for providing the meteorological data. © Copyright InterTech.com 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



318 Evapotranspiration: Principles and Applications for Water Management

13.1 INTRODUCTION

Estimation of reference evapotranspiration (ETo) is important for several hydrologi-
cal and agricultural sciences, like water resources management, crop-water require-
ments, irrigation scheduling, and land use planning [21, 26]. Though, a good amount 
of research is done by the scientists to estimate the ETo accurately, especially for the 
sensitive fields like irrigation scheduling [9, 25]. Due to its comprehensive theoretical 
base, the Penman–Monteith method [PM] method is recommended by the United Na-
tions Food and Agricultural Organization (FAO) as the sole method to calculate (ETo) 
and for evaluating other ETo calculation methods as well [3, 19]. The FAO approach to 
calculate ETo using the PM method was published in the FAO irrigation and drainage 
paper number 56 [FAO-56]. The objectives of this chapter were: (1) To investigate 
whether the ETo values calculated by PM method are affected significantly by Al-
len [2] temperature adjustments or not, and (2) To adjust the Hargreaves equation’s 
parameters to use it in prediction of the actual ETo values from nonstandard weather 
stations, for all zones of the Kingdom of Saudi Arabia. The “FAO-56 PM” method 
is shown in Eq. (1) and requires measurements of air temperature, relative humidity, 
solar radiation, and wind speed. 

  (1)

ZKHUH��¨�LV�D�VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH�>N3D�°C-1], Rn is net radiation [MJ.m-2.
day-1], G is soil heat flux density [MJ.m-2.day-1], Ȗ is psychrometric constant [kPa.°C-1], 
T is mean daily air temperature at 2 m height [°C], U2 is wind speed at 2 m height 
[m.s-1], es is the saturated vapor pressure at average air temperature Ta, and ea is the 
actual vapor pressure [kPa].  Eq. (1) applies specifically to a hypothetical reference 
crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sec.m-1 
and an albedo of 0.23.

The formulas of the equation’s parameters are detailed by Allen et al., [3] in chap-
ters 2 and 3. Nonetheless, the FAO-56 method requires climatic data from standard 
weather stations. Standard FAO56 weather stations are stations having “auniform sur-
IDFH�RI�GHQVH��DFWLYHO\�JURZLQJ�YHJHWDWLRQ�KDYLQJ�VSHFL¿HG�KHLJKW�DQG�VXUIDFH�UHVLV-
tance, not short of soil water, and representing an expanse of at least 100 m of the same 
or similar vegetation” [6]. Allen [2] reported that data gathered from nonstandard 
weather station should be adjusted before using it in ETo calculation. He suggested 
a method for this data-adjustment especially for temperature. On the other hand, Jia 
HW�DO��� >��@�FRQFOXGHG� WKDW�QRQVWDQGDUG�ZHDWKHU�VWDWLRQV�\LHOG� WR�QRQVLJQL¿FDQW�ELDV�
from the correct ETo value, except under high wind speed conditions where the bias 
LV�VLJQL¿FDQW�

In fact, the number of weather stations where there are reliable data for these pa-
rameters are limited [25] especially for Middle-Eastern and developing countries [10]. 
+DUJUHDYHV�>��@�GHYHORSHG�D� WHPSHUDWXUH�EDVHG�IRUPXOD� WR�¿QG� WKH ETo and it was 
IXUWKHU�PRGL¿HG�E\�+DUJUHDYHV�DQG�6DPDQL�>��@��7KH�PRGL¿HG�YHUVLRQ�LV�FDOOHG�+DU-
greaves-85 equation in this chapter and is shown in Eq. (2): 
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  (2)

where, Rs = Global solar radiation, same units as ETo; Ta = Average temperature, °C.
The Eq. (2) was evaluated at several locations [14]. Hargreaves and Samani [15] 

formula estimates global solar radiation, Rs, when the temperature range (TR) and the 
extraterrestrial radiation (Ra) are known. 

  (3)

In eqs. (3): TR is a temperature range; and kr LV�DQ�HPSLULFDO�FRHI¿FLHQW�GHSHQGLQJ�RQ�
the station location (Also called coastality value).

The extraterrestrial radiation (Ra) is calculated using procedure described by Al-
len et al. [3] as shown in Eqs. (4) to (8). Since the Hargreaves’ formula requires very 
few climatic data than the PM-FAO56 method; it urges many investigators to test its 
reliability compared to PM method. Allen et al., [3]; and Sau et al., [24] concluded 
the importance of local calibration of the HRG to ensure reliable data. Lee [20] found 
that the HRG formula provides excellent results for the Korea Peninsula after local 
calibration. So did Jamshidi et al., [17] for different climates in Iran. Amatya et al., [5] 
and Trajkovic [27] reported that in humid regions; HRG provides an overestimate to 
the PM values. Martínez-Cob and Tejero-Juste [22] found that the Hargreaves method 
overestimated ETo at stations with wind speeds less than 2 m/s in Spain.

Gavilán et al., [12] reported similar results for inland locations with low wind 
speeds and large daily temperature ranges, and for coastal locations with high wind 
speeds and small daily temperature ranges. On the other hand, for semiarid environ-
ments, the HRG method was found to underestimate the PM values in most stations 
of Iran [19], Turkey [8], Australia [7], and Jordan [29]. For hyper-arid regions, the 
HRG equation also underestimates the ETo values for Saudi Arabia as reported by 
several investigators [1, 4, 23].  The extraterrestrial radiation (Ra) is calculated using 
procedure described by Allen et. al. [3] as shown in eqs. (4) to (8).  The equation /4/ 
indicates extraterrestrial radiation, Ra, with latitude in radians:   

  (4)

In eq. (8):  dr,  į��DQG�Ȧs are defined in eqs. (5) to (8) below:
dr is a relative distance from earth to sun (Eq. (5)):

  (5)

Solar declination in radians is given by eq. (6):

  (6)

Sunset hour angle in radians is determined by eq. (7), with ĳ = latitude in radians:

  (7)

In eq. (8): J = Julian day, M = Month of the year and D = Day of the month. J ranges 
from 1 to 366 (366 is for leap year).
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  “if (M >2): For leap year, subtract 1; and for not leap year, 
subtract 2”.   (8)

Dew point temperature:

  (9)

Actual vapor pressure:

  (10)

Saturation vapor pressure:

 eo [T]  = 0.611.exp[(17.27*T)/(T + 237.3)] (11)

Temperature difference between minimum and dew point temperatures:

  (12)

Corrected value of maximum temperature, for ǻ7 �7HPSHUDWXUH�GLIIHUHQFH >2:

  (13)

13.2 METHODS AND MATERIAL

13.2.1 WEATHER DATA
The most reliable weather dataset in the Saudi Arabia is the database of the Presi-
dency of Meteorology and Environment (PME) in KSA, the official climate agency 
in the country. Weather stations are equipped with up-to-date monitoring devices and 
are subjected to regular inspection and replacement for defected devices (personal 
communication with the PME). This Database represents daily values of 29 meteoro-
logical stations distributed spatially over the 13 districts and temporally over a time 
span since 1980 to the end of 2010 for most of the stations. Details about the weather 
stations and associated parameters are presented in Table 1. All the PME stations are 
located inside airports for aviation information services; hence these stations are not 
standard FAO-56 weather stations, and accordingly Allen [2] corrections of tempera-
ture were applied. The recorded climatic factors for all stations are dry bulb and wet 
bulb temperatures (max., min., and avg.), relative humidity (max., min., and avg.), 
rainfall, wind speed (average), wind direction, atmospheric pressure (sea and station 
levels), the cloud cover, and the actual vapor pressure. Most of the listed factors were 
used to find the FAO-56 ETo values.

13.2.2 ESTIMATION OF REFERENCE EVAPOTRANSPIRATION WITH FAO-
56 PM METHOD
The procedure is described below to calculate the reference evapotranspiration (ETo) 
using FAO-56 PM method.
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Step 1: Calculate the global solar radiation using Eq. (3) and coastality value (kr) for 
each weather station from Table 1.
Step 2: Calculate the Extraterrestrial radiation, Ra, with Eqs. (4) to (8).
Step 3: The parameters in Eq. (1) were calculated using the procedure described by 
Allen et al., [3] and summarized by ElNesr and Alazba [10]. The Eqs. (9) to (12) were 
used.

�� Calculate the dew point temperature (Td) with Eq. (9).
�� Gather data for Tn, minimum air temperature (°C); Tx, maximum air tempera-

ture (°C); RHx, maximum relative humidity (%); RHn, minimum relative hu-
midity [%]; eo(T)

�� Calculate the actual vapor pressure (ea) with Eq. (10).
�� Calculate the saturation vapor pressure (eo(T)) with Eq. (11).
�� Calculate the temperature difference between minimum and dew point tempera-

tures with Eq. (12).
�� Calculate the ETo values by substituting values of parameters (with Eqs. (9) to 

(12)) in Eq. (1).
Step 4: The ETo values were calculated for daily basis and then were averaged for 
monthly basis.

TABLE 1 The Characteristics of weather stations in Kingdom of Saudi Arabia.

Weather station 

ID

Lat.

deg. 

N

Long.

deg. 

East

Elev.

m

Zone Logged

years

Avg.

temp.
oC

Coastality

value

Kr*

01  A’Dhahran 26.16 50.10 17 Coastal 30 26.48 ± 7.49 0.184

02  Abha 18.14 42.39 2093 Interior 30 18.60 ± 3.72 0.171

03 Ad Dammam 26.42 50.12 1 Coastal 10 26.72 ± 7.86 0.179

04 Al Ahsa 25.30 49.48 179 Interior 25 27.26 ± 8.27 0.173

05  Al Baha 20.30 41.63 1652 Interior 25 22.83 ± 4.92 0.178

06  Al Jouf 29.47 40.06 671 Interior 30 22.03 ± 8.61 0.177

07  Al Medina 24.33 39.42 636 Interior 30 28.45 ± 7.00 0.178

08  Al Qaisumah 28.32 46.13 358 Interior 30 25.23 ± 9.28 0.173

09  Al Qassim 26.18 43.46 650 Interior 30 24.94 ± 8.26 0.166

10 Al Quraiat 31.50 37.50 560 Interior 5 20.04 ± 7.91 0.167

11  Al Wajh 26.12 36.28 21 Coastal 30 25.00 ± 3.98 0.216

12  Arar 31.00 41.00 600 Interior 30 22.01 ± 9.17 0.173

13  Ar Riyadh Middle 24.63 46.77 624 Interior 30 26.66 ± 8.10 0.181

14  Ar Riyadh North 24.42 46.44 611 Interior 25 25.80 ± 8.12 0.167

15  Ar Ta’if 21.29 40.33 1454 Interior 30 22.92 ± 5.12 0.172

16  Bishan 19.59 42.37 1163 Interior 30 25.69 ± 5.40 0.158

17  Gizan 16.54 42.35 3 Coastal 30 30.22 ± 2.80 0.209

18  Hafr El-Batin 28.20 46.07 360 Interior 20 25.26 ± 9.21 0.172

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



322 Evapotranspiration: Principles and Applications for Water Management

Weather station 

ID

Lat.

deg. 

N

Long.

deg. 

East

Elev.

m

Zone Logged

years

Avg.

temp.
oC

Coastality

value

Kr*

19  Hail 27.26 41.41 1013 Interior 30 22.47 ± 8.20 0.172

20  Jeddah 21.30 39.12 17 Coastal 30 28.23 ± 3.50 0.197

21  Khanis Mushait 18.18 42.48 2057 Interior 30 19.49 ± 3.75 0.168

22  Makkah 21.40 39.85 213 Interior 25 30.78 ± 4.57 0.179

23  Najran 17.37 44.26 1210 Interior 30 25.51 ± 5.54 0.166

24  Rafha 29.38 43.29 447 Interior 30 23.33 ±  9.05 0.169

25  Sharurrah 17.47 47.11 725 Interior 25 28.57 ± 5.81 0.168

26 Tabuk 28.22 36.38 776 Interior 30 21.99 ± 7.53 0.170

27  Turaif 31.41 38.40 818 Interior 30 19.06 ± 8.27 0.173

28  Wadi Al Dawasir 20.5 45.16 652 Interior 25 28.15 ± 7.01 0.168

29 Yenbo 24.09 38.04 6 Coastal 30 27.56 ± 4.72 0.184

*The coastality value data were gathered from El-Nesr et.al. (2011)

13.2.3 REESTIMATION OF REFERENCE EVAPOTRANSPIRATION WITH 
FAO-56 PM METHOD AND TEMPERATURE CORRECTIONS
Step 5: The ETo values with FAO-56 PM method were recalculated after applying 
Allen [2] temperature corrections and Eqs. (9) to (13). The following procedure was 
followed for this step: 

�� Calculate the dew point temperature (Td) with Eq. (9).
�� Gather data for Tn, minimum air temperature (°C); Tx, maximum air tempera-

ture (°C); RHx, maximum relative humidity (%); RHn, minimum relative hu-
midity (%); eo(T)

�� Calculate the actual vapor pressure (ea] with Eq. (10).
�� Calculate the saturation vapor pressure (eo(T)) with Eq. (11).
�� Calculate the temperature difference between minimum and dew point tempera-

tures with Eq. (12).
�� For arid and semiarid regions, calculate corrected value of maximum tempera-

ture adjustment using Eq. (13) for ǻ7 �7HPSHUDWXUH�GLIIHUHQFH >2. T{Corr} stands 
for a corrected value in Eq. (13). Repeat the same procedure for minimum tem-
perature (Tn���1RWH�WKDW�QR�FRUUHFWLRQ�LV�QHHGHG�IRU�ǻ7���

�� Applying the temperature corrections, the ETo is recaluclated and is renamed as 
ETo

{Corr}.

13.2.4 ESTIMATION OF REFERENCE EVAPOTRANSPIRATION WITH 
HARGREAVES – SAMANI METHOD
Reference evapotranspiration [ETo] values were estimated using Hargreaves – Samani 
method [HRG method] and the Eq. (2). In Eq. (2), Rs value was calculated using Eq. 

TABLE 1 (Continued)
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(3). The monthly ETo values were calculated as the average of the daily-calculated 
values.

7R�¿QG�D�EHVW�¿W�IRU�HDFK�VWDWLRQ��WKH�OLQHDU�UHJUHVVLRQ�DQDO\VLV�>y = a + b x, where 
a and b�DUH�UHJUHVVLRQ�FRHI¿FLHQWV@�ZDV�XVHG�EHWZHHQ�³WKH ETo values calculated by 
HRG method” and “both uncorrected and corrected PM values.” The resultant Harg-
reaves equation was compared to the original corrected and uncorrected PM values. 
The prediction precision was tested with statistical indices: The root mean squared 
GHYLDWLRQ� >506'�� FRHI¿FLHQW� RI� YDULDWLRQ� �506'CV)]; and the mean percent error 
(MPE). The procedure is described in Eqs. (14) and (15), where F is a forecasted (es-
timated) value; A is an actual (measured) value; n is a number of observations; and i 
is a counter.

  (14)

  (15)

13.3 RESULTS AND DISCUSSION

The average monthly values of PM for each station were calculated by three meth-
ods; the normal PM method without corrections (PM{n°rm}), the corrected PM method 
(PM {C°rr}) and HRG method. As illustrated in Fig. 1 a, b, the HRG method seemed to 
underestimate the PM{n°rm} method for almost all the 29 studied stations except two 
stations namely Makkah, and Gizan, in addition to AlWajh station in some months. In 
Makkah, HRG method overestimated the PM{n°rm} and PM {C°rr} in all months. Makkah 
city has special climate (steady hot all the year), and special topography (very rugged 
mountains and valleys), and even special demographic nature (due to its religious 
characteristics, it is always occupied by pilgrims and visitors). These special circum-
stances made this arid city (Makkah) to act like a nonarid city [11]. In humid loca-
tions, HRG method always overestimates PM as discussed earlier. For similar reason, 
Gizan, the semiisland, behaved like humid location and the overestimation occurred. 
In AlWajh station, HRG method overestimated the PM{n°rm} in summer months (June, 
July, August, and September) while its underestimation occurred for the rest of the 
year. This could be due to the weather effects for its coastal location at the top-north of 
the kingdom’s shore on the Red Sea and exposure to the Mediterranean Sea’s weather 
effects as well.
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FIGURE 1A Monthly ETo values of the studied stations calculated by PM{n°rm}, PM{C°rr}, and 
HRG.
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FIGURE 1B Monthly ETo values of the studied stations calculated by PM{n°rm}, PM{C°rr}, and 
HRG. 

FIGURE 2 Average annual ETo (mm/day) for the studied stations sorted ascending from top 
to bottom. Numbers outside series indicate PM{n°rm} values, while numbers inside series indicate 
HRG values.
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TABLE 2 Percent of error between the corrected ETo value and the normal ETo value.
Station Error, % Station Error, %

17  Gizan   4.36 11  Al Wajh   5.01

20  Jeddah   5.24 21  Khamis Mushait   6.19

02  Abha   6.37 29  Yenbo   7.01

22  Makkah   8.23 10  Al Quraiat   8.86

01  A’ Dhaharan 10.53 15  At Ta’if 11.75

04  Al Ahsa 13.78 05  Al Baha 13.83

27  Turaif 14.28 25  Sharurrah 14.34

24  Rafha 14.41 16  Bisha 14.62

26  Tabuk 15.09 23  Ad Dammam 15.38

12  Arar 16.12 19  Hail 16.37

28  Wadi Al Dawasir 16.77 18  Hafr El-Batin 17.50

08  Al Qaisumah 18.35 06 Al Jouf 18.77

14 Ar Riyadh North 20.95 09 Al Qassim 21.46

07  Al Madina 22.27 13 Ar Riyadh Middle 23.27

TABLE 3 Calculation formulas of PM {Corr} when the PM{norm} is known.
Station ID Formula, Y = mX +C r2

01  A’Dhahran P M { c o r r } =  0 . 8 2 1 x  P M { n o r m } +  0 . 6 1 0 0 . 9 9 5

02  Abha P M { c o r r } =  0 . 8 5 1 x  P M { n o r m } +  0 . 4 2 0 0 . 9 8 9

03 Ad Dammam P M { c o r r } =  0 . 7 4 4 x  P M { n o r m } +  0 . 9 6 4 0 . 9 9 0

04 Al Ahsa P M { c o r r } =  0 . 7 8 1 x  P M { n o r m } +  0 . 7 1 3 0 . 9 9 3

05  Al Baha P M { c o r r } =  0 . 7 5 8 x  P M { n o r m } +  0 . 7 5 8 0 . 9 8 7

06  Al Jouf P M { c o r r } =  0 . 7 3 4 x  P M { n o r m } +  0 . 6 3 9 0 . 9 9 4

07  Al Medina P M { c o r r } =  0 . 7 0 1 x  P M { n o r m } +  0 . 8 4 9 0 . 9 9 8

08  Al Qaisumah P M { c o r r } =  0 . 7 3 1 x  P M { n o r m } +  0 . 7 4 8 0 . 9 7 7

09  Al Qassim P M { c o r r } =  0 . 6 8 9 x  P M { n o r m } +  1 . 0 2 3 0 . 9 8 3

10 Al Quraiat P M { c o r r } =  0 . 8 7 4 x  P M { n o r m } +  0 . 3 1 9 0 . 9 9 5

11  Al Wajh P M { c o r r } =  0 . 9 2 5 x  P M { n o r m } +  0 . 1 5 5 0 . 9 9 3

12  Arar P M { c o r r } =  0 . 7 7 4 x  P M { n o r m } +  0 . 5 6 6 0 . 9 9 0

13  Ar Riyadh Middle P M { c o r r } =  0 . 6 8 3 x  P M { n o r m } +  0 . 8 7 9 0 . 9 8 5

14  Ar Riyadh North PM{corr}= 0.697x PM{norm}+ 0.886 0 . 9 8 3

15  Ar Ta’if P M { c o r r } =  0 . 7 3 5 x  P M { n o r m } +  0 . 9 9 7 0 . 9 7 8

16  Bishan P M { c o r r } =  0 . 7 4 4 x  P M { n o r m } +  0 . 8 1 5 0 . 9 7 7

17  Gizan P M { c o r r } =  0 . 8 9 5 x  P M { n o r m } +  0 . 3 5 7 0 . 9 9 6

18  Hafr El-Batin P M { c o r r } =  0 . 7 3 6 x  P M { n o r m } +  0 . 8 1 1 0 . 9 8 3

19  Hail P M { c o r r } =  0 . 7 5 0 x  P M { n o r m } +  0 . 6 6 3 0 . 9 8 8

20  Jeddah P M { c o r r } =  0 . 9 1 9 x  P M { n o r m } +  0 . 2 0 7 0 . 9 9 7
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Station ID Formula, Y = mX +C r2

21  Khanis Mushait P M { c o r r } =  0 . 8 5 8 x  P M { n o r m } +  0 . 4 1 5 0 . 9 8 7

22  Makkah P M { c o r r } =  0 . 8 5 0 x  P M { n o r m } +  0 . 4 2 9 0 . 9 9 6

23  Najran P M { c o r r } =  0 . 7 2 0 x  P M { n o r m } +  0 . 9 5 4 0 . 9 5 5

24  Rafha P M { c o r r } =  0 . 7 8 7 x  P M { n o r m } +  0 . 6 3 3 0 . 9 9 3

25  Sharurrah P M { c o r r } =  0 . 7 4 1 x  P M { n o r m } +  1 . 1 2 5 0 . 9 5 6

26 Tabuk P M { c o r r } =  0 . 7 9 7 x  P M { n o r m } +  0 . 4 5 1 0 . 9 9 3

27  Turaif P M { c o r r } =  0 . 7 9 8 x  P M { n o r m } +  0 . 4 8 3 0 . 9 9 4

28  Wadi Al Dawasir P M { c o r r } =  0 . 6 9 8 x  P M { n o r m } +  1 . 2 2 7 0 . 9 6 2

29 Yenbo P M { c o r r } =  0 . 8 8 9 x  P M { n o r m } +  0 . 3 3 6 0 . 9 9 5

Y =PM{corr}, X = PM{norm}, m = slope of a line, and C = intercept

For somewhat simpler explanation, Fig. 2 illustrates the annual averages of ETo 
calculated by the three methods for the 29 stations. The overestimation in Gizan and 
Makkah is clear in Fig. 2, while the partial overestimation appeared for AlWajh sta-
tion. It appears that Abha station has the least ETo in all over the kingdom with an 
average annual value of 4.73 mm/d. This low value of ETo, however, was due to the 
cold weather of the region due to its high altitude (2093 m above sea level, Table 1). 
The maximum average annual ETo, 8.43 mm/d, was found for Sharurrah station which 
is the nearest urban zone to the Empty Quarter region (Rub’ al Khali). The Empty 
Quarter region is one of the largest hyper-arid sanddesertsin the world with very high 
temperatures of about 47°C in normal days and up to 60°C during July and August 
[25, 28].

For all of the stations except Gizan and Makkah, HRG method resulted in the 
least value of the ETo followed by the PM {C°rr} and the PM{n°rm} methods. This could 
mean that ETo values from nonstandard weather stations were always overestimated if 
calculated from standard AWSs. This could be attributed to the temperature drop in the 
standard weather stations due to the surrounding vegetation cover. In some stations, 
however, the overestimating ratio (error) was small, like in Gizan, AlWajh, and Jed-
dah; where the error was around 5% (Table 2). Table 2 summarizes the error values 
with eight stations below 10%, between 10 and 15% for similar number of stations, 
EHWZHHQ�����DQG�����IRU�HLJKW�VWDWLRQV��DQG�¿YH�VWDWLRQV�KDYLQJ�PRUH�WKDQ�����HU-
ror. The importance of knowing these values was to think twice when dealing with 
uncorrected values of PM ETo in the stations with huge errors, especially for the top 
¿YH�VWDWLRQV�RI�$O-RXI��$U5L\DGK�1RUWK��$O4DVVLP��$O0DGLQD��DQG�$U5LDGK�0LGGOH�
having error values of 20.95%, 21.46%, 22.27%, 23.27%, and 23.96%, respectively.

In fact, these zones are occupied by massive agricultural projects in addition to 
“Wadi A1 Dawasir” and llllfortllllately some of these agricultural projects probably use 
the nonstandard weather data to calculate ETo resulting up to 25% increase in water 
usage. This situation clearly demonstrates the importance of using standard weather 

TABLE 3 (Continued)
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stations’ data in ETo calculation especially in these areas, or to use the suggested cor-
rection formulas when the PM{norm) is calculated from nonstandard weather sta-
tions (Table 3).

For most of the small to medium size projects’ landowners and agronomists in the 
KSA, it is not easy to compute the ETo by PM equation, however, HRG equation re-
quires less parameters, and minimum efforts to calculate the ETo. The HRG equation, 
however, underestimates the PM value in most regions in the kingdom and hence the 
correction formulas suggested by Allen et al., [3] were derived for all of the studied 
stations (Table 4). 

FIGURE 3 Predicted ETo [y] versus actual ETo [x] linear relationships for four of the studied 
stations in both scenarios: y = a + b x.
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Because of the different scenarios in the agricultural projects, two formulas were 
GHULYHG�IRU�HDFK�VWDWLRQ��RQH�IRU�HDFK�VFHQDULR��7KH�¿UVW�VFHQDULR¶V�IRUPXOD�LV�DSSOLHG�
when the climatic data (which is used to calculate HRG value) was obtained from the 
standard AWS. In this case, both PM and HRG were calculated without temperature 
correction, so HRG value can easily be calculated, and the corresponding PM value 
was computed through the related formula in Table 4. On the other hand, the second 
scenario’s formula is applied when the climatic data was obtained from nonstandard 
AWS, so the HRG value was calculated by un-corrected data but the resulting PM 
value is corrected to the standard conditions.

7KH�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ��r2, for all stations in both scenarios was extreme-
ly high and encouraging i.e. an average value of about 0.92 with values ranging from 
0.72 to 0.98. Only two stations, AlWajh and Sharurrah, had r2<0.80, nine stations 
had 0.80<r2<0.90, and 18 stations with r2>0.90. However, the calculated error values 
(Table 5) indicate an acceptable precision of the derived formulas. The RMSD for 
µVFHQDULR��ƍ�UDQJHG�EHWZHHQ������WR�������ZLWK�DQ�DYHUDJH�YDOXH�RI�������ZKLOH�LW�JRW�
EHWWHU�UHVXOWV�IRU�µVFHQDULR��ƍ�DQG�UDQJHG�IURP������WR������ZLWK�DQ�DYHUDJH�YDOXH�RI�
0.56. These deviations are reasonable and acceptable, especially when taking into ac-
count the excellent MPE values that range from 0.11% to 3.02% with average value of 
1.22% for ‘scenario 1,’ and 0.03% to 2.75% with average value of 1.12% for ‘scenario 
�ƍ�

To validate the formulas reliability, four stations were selected, one from each geo-
graphic zone; ‘Tabuk’ from the North, ‘Arriadh-Middle’ from the Middle, ‘AlAhsa’ 
from the east, and ‘Jeddah’ from the South-West. For each station, the measured vs. 
predicted values of PM ETo were plotted, Fig. 3, for both of the studied scenarios. The 
graphs show the closeness of the points to the 45° line, with some bias for AlAhsa for 
ETo values>12 mm/d while the rest of the stations show very good representation of 
WKH�HI¿FLHQF\�IRU�WKH�SUHGLFWHG�IRUPXODH��7KHVH�JRRG�YDOXHV�RI�WKH�YDOLGDWLRQ�LQGLFHV�
�LQ�7DEOH����FRQ¿UP�WKH�UHOLDELOLW\�RI�WKH�SUHVHQWHG�IRUPXODH�

TABLE 4 Conversion formulas between HRG and PM values for the studied stations.

Station Scenario 1* Scenario 2**

Formula, Y = mX + C r2 Formula, Y = mX + C r2

01  A’Dhahran PM{norm} = 1.450  x HRG – 
0.806

0.948 PM{corr} = 1.203  x HRG 
– 0.124

0.964

02  Abha PM{norm} =  1.144 x HRG – 
0.241

0.919 PM{corr} =  0.998 x HRG 
+ 0.155

0.935

03 Ad Dammam PM{norm} =  1.449 x HRG – 
0.0.97

0.950 PM{corr} =  1.097 x HRG 
+ 0.784

0.973

04 Al Ahsa PM{norm} =  1.313 x HRG – 
0.395

0.860 PM{corr} =  1.041 x HRG 
+ 0.309

0.882

05  Al Baha PM{norm} =  1.559 x HRG – 
1.396

0.854 PM{corr} =  1.200 x HRG 
- 0.393

0.870

06  Al Jouf PM{norm} =  1.335 x HRG + 
0.258

0.955 PM{corr} =  0.979 x HRG 
+ 0.833

0.947

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



330 Evapotranspiration: Principles and Applications for Water Management

Station Scenario 1* Scenario 2**

Formula, Y = mX + C r2 Formula, Y = mX + C r2

07  Al Medina PM{norm} =  1.226 x HRG + 
0.630

0.925 PM{corr} =  0.853 x HRG 
+ 1.325

0.901

08  Al Qaisumah PM{norm} =  1.183 x HRG + 
0.447

0.917 PM{corr} =  0.857 x HRG 
+ 1.115

0.880

09  Al Qassim PM{norm} =  1.419 x HRG + 
0.258

0.975 PM{corr} =  0.994 x HRG 
+ 1.112

0.932

10 Al Quraiat PM{norm} =  1.631 x HRG - 
0.712

0.717 PM{corr} =  1.431 x HRG 
- 0.332

0.978

11  Al Wajh PM{norm} =  0.637 x HRG + 
2.259

0.955 PM{corr} =  0.616 x HRG 
+ 2.099

0.779

12  Arar PM{norm} =  1.376 x HRG - 
0.137

0.955 PM{corr} =  1.065 x HRG 
+ 0.459

0.946

13  Ar Riyadh 
Middle

PM{norm} =  1.260 x HRG + 
0.099

0.919 PM{corr} =  0.860 x HRG 
+ 0.948

0.905

14  Ar Riyadh 
North

PM{norm} =  1.256 x HRG + 
0.082

0.922 PM{corr} =  0.878 x HRG 
+ 0.927

0.913

15  Ar Ta’if PM{norm} =  1.661 x HRG – 
1.916

0.825 PM{corr} =  1.269 x HRG 
- 0.645

0.870

16  Bishan PM{norm} =  1.241 x HRG - 
0.252

0.875 PM{corr} =  0.927 x HRG 
+ 0.608

0.862

17  Gizan PM{norm} =  1.110 x HRG – 
0.848

0.862 PM{corr} =  1.011 x HRG 
+ 0.505

0.889

18  Hafr El-Batin PM{norm} =  1.346 x HRG + 
0.062

0.932 PM{corr} =  0.992 x HRG 
+ 0.852

0.918

19  Hail PM{norm} =  1.109 x HRG + 
0.643

0.911 PM{corr} =  0.832 x HRG 
+ 1.140

0.903

20  Jeddah PM{norm} =  0.945 x HRG + 
1.074

0.909 PM{corr} =  0.877 x HRG 
+ 1.141

0.925

21  Khanis Mus-
hait

PM{norm} =  1.152 x HRG + 
0.221

0.881 PM{corr} =  1.011 x HRG 
+ 0.129

0.908

22  Makkah PM{norm} =  0.906 x HRG + 
0.310

0.882 PM{corr} =  0.765 x HRG 
+ 0.723

0.868

23  Najran PM{norm} =  1.314 x HRG – 
0.744

0.829 PM{corr} =  0.949 x HRG 
+ 0.396

0.799

24  Rafha PM{norm} =  1.314 x HRG + 
0.492

0.916 PM{corr} =  1.037 x HRG 
+ 1.005

0.915

25  Sharurrah PM{norm} =  1.175 x HRG + 
1.150

0.762 PM{corr} =  0.885 x HRG 
+ 1.893

0.752

26 Tabuk PM{norm} =  1.321 x HRG – 
0.190

0.970 PM{corr} =  1.057 x HRG 
+ 0.283

0.970

27  Turaif PM{norm} =  1.358 x HRG + 
0.220

0.958 PM{corr} =  1.091 x HRG 
+ 0.628

0.965

TABLE 4 (Continued)
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Station Scenario 1* Scenario 2**

Formula, Y = mX + C r2 Formula, Y = mX + C r2

28  Wadi Al 
Dawasir

PM{norm} =  1.040 x HRG + 
1.708

0.862 PM{corr} =  0.717 x HRG 
+ 2.471

0.810

29 Yenbo PM{norm} =  1.345 x HRG – 
0.316

0.926 PM{corr} =  1.207 x HRG 
– 0.012

0.940

*Scenario 1: If HRG was calculated from standard agro – climatic weather stations (SAWS); Y = 
PM{norm},  X = HRG

**Scenario 2: If HRG was calculated from non – standard agro-climatic weather station; Y = PM{corr}, 
X = HRG.

HRG = Hargreaves method of ET calculation. r2 = Coefficient of determination.

TABLE 5 Models evaluation parameters of the defined scenarios.

Station Tested on

months

Scenario 1* Scenario 2*

RMSD MPE, % RMSD MPE, %

01  A’Dhahran 368 0.743 -0.55 0.508 -0.64

02  Abha 369 0.368 -0.60 0.283 -0.45

03 Ad Dammam 131 0.759 -0.32 0.416 -0.39

04 Al Ahsa 307 1.193 -1.62 0.861 -1.43

05  Al Baha 306 0.817 -1.45 0.589 -1.04

06  Al Jouf 368 0.644 -1.46 0.514 -1.36

07  Al Medina 368 0.666 -0.74 0.539 -0.74

08  Al Qaisumah 369 0.775 -1.90 0.690 -2.06

09  Al Qassim 368 1.039 -2.02 0.652 -1.83

10 Al Quraiat 67 0.554 -0.11 0.456 -0.30

11  Al Wajh 367 0.518 -0.83 0.424 -0.62

12  Arar 367 0.692 -1.29 0.592 -1.67

13  Ar Riyadh Middle 369 0.790 -1.31 0.588 -1.37

14  Ar Riyadh North 308 0.779 -1.18 0.579 -1.25

15  Ar Ta’if 365 0.954 -1.35 0.610 -0.89

16  Bishan 368 0.599 -1.00 0.475 -0.86

17  Gizan 368 0.442 -0.54 0.356 -0.40

18  Hafr El-Batin 245 0.870 -1.73 0.712 -1.87

19  Hail 367 0.709 -1.81 0.560 --1.61

20  Jeddah 369 0.439 -0.44 0.368 -0.35

21  Khanis Mushait 367 0.450 -0.81 0.342 -0.54

22  Makkah 367 0.546 -1.00 0.493 -0.97

23  Najran 368 0.764 -1.31 0.610 -1.19

24  Rafha 365 0.950 -3.02 0.756 -2.75
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Station Tested on

months

Scenario 1* Scenario 2*

RMSD MPE, % RMSD MPE, %

25  Sharurrah 306 0.992 -1.48 0.769 --1.17

26 Tabuk 369 0.448 -0.95 0.363 -0.86

27  Turaif 367 0.609 -1.56 0.448 -1.43

28  Wadi Al Dawasir 306 0.770 -1.09 0.643 -1.04

29 Yenbo 369 0.602 -0.57 0.483 -0.43

Summary, KSA ----- 0.730 -1.22 0.557 -1.12

*Scenario 1: If HRG was calculated from standard agro – climatic weather stations (SAWS); Y = 
PM{norm},  X = HRG

**Scenario 2: If HRG was calculated from non – standard agro-climatic weather station; Y = PM{corr}, 
X = HRG.  HRG = Hargreaves method of ET estimation.

13.4 SUMMARY

In case of absence of nonstandard AWS, it is recommended to use the temperature 
correction procedure suggested by Allen [2] for calculating ETo. A severe increase of 
ETo values may reult (up to +24%), however, when considering the nonstandard AWS. 
It is also recommended to use the suggested modified Hargreaves formulas instead of 
using the FAO56 PM method for small to middle size farms in the cases where the 
landowners are incapable to deal with FAO56 PM Method. It is also recommended to 
use the modified Hargreaves formulas when some of the important weather factors are 
missing like wind-speed and relative humidity. To make it easy, three types of formu-
las were introduced in this chapter, (1) formulas to convert non standard-to-standard 
PM value. (2) formulas to convert HRG value to PM value when the HRG values 
were calculated from nonstandard AWS. (3) same as 2, but when HRG values were 
calculated from standard AWS.

Due to the lack of standard Agro-climatic Weather Stations (AWS) in Saudi Ara-
ELD��VLPSOH�FRQYHUVLRQ�IRUPXODV�ZHUH�GHULYHG�WR�¿QG�WKH�DYHUDJH�GDLO\ ETo value per 
month for 29 weather stations. The Hargreaves (HRG) formula was used instead of the 
Penman-Monteith formula due to the ease of calculation of HRG formula, as it almost 
require only temperature. For each station, two formulas were derived considering 
both standard and nonstandard AWS. Results show very good statistical representation 
of the formulas, with average root mean squared deviations of 0.73 and 0.57 and the 
mean percent errors of 1.22%, and 1.12% while considering the standard and nonstan-
GDUG�$:6��UHVSHFWLYHO\��5HVXOWV�DOVR�FRQ¿UP�WKH�LPSRUWDQFH�RI�WHPSHUDWXUH�FRUUHFWLRQ�
when using data from nonstandard AWS, especially for the stations in the Middle to 
Midwest region (e.g. Arriadh, AlQassim, and Almadina); where the errors of using 
nonstandard AWS data may be up to +24% of the correct ETo value, which results in 
a massive waste of water.

TABLE 5 (Continued)
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14.1 INTRODUCTION

Determining the evapotranspiration (ET) is the base of many disciplines including 
the irrigation system design, irrigation scheduling and hydrologic and drainage stud-
ies [12]. Perfect determination of ET is a big challenge for investigators especially in 
arid and hyper-arid regions. Actual crop ET is computed by multiplying reference ET 
by the crop factor. Reference ET is the summation of evaporation and transpira-
tion produced by a reference crop in specific growth conditions (height, coverage and 
health). ET value depends on two main factors: the selected reference crop and the 
climatic data [4]. This chapter discusses the possibility of using the weather data re-
corded at these stations instead of reference agro-climatic data. Hence, the objective of 
this chapter is to estimate the ET values for the RWS [Reference weather station] and 
the NRWS [non reference weather station] at Riyadh – Saudi Arabia; and to compare 
these ET values with the reference evapotranspiration based on lysimeter observations 
for reference conditions.

The Kingdom of Saudi Arabia (KSA) is one of the most arid countries in the 
world and suffers persistent water shortage problems and more than 88% of water 
consumption in KSA is due to agricultural related activities [10]. Hence, several re-
searches have been performed to assess the ET in KSA. Researchers have estimated 
WKH�UHIHUHQFH�(7�>����@��DQG�DVVHVVHG�WKH�(7�IRU�VSHFL¿HG�FURSV�>����@��DQG�KDYH�GHWHU-
PLQHG�FURS�FRHI¿FLHQWV�

)RU�RSHQ�¿HOG�DJULFXOWXUH��WKH�UHIHUHQFH�(7�KDV�WUDGLWLRQDOO\�EHHQ�SUHGLFWHG�E\�XV-
ing either grass (ETo) or alfalfa (ETr). Each of these two crops use some conditions to 
be considered as a reference crop [14]. The selection of either crop as reference crop 
has been studied by several investigators [6, 11, 13, 14]. It was recommended by the 
American Society of Civil Engineers Task Committee (ASCE-TC) to use a single 
equation for both reference crops, each with different constants [5]. They recom-
mended standardizing the equation with two surfaces, the short crop (about 0.12 m 
height e.g., the clipped cool season grass) and the tall crop (about 0.50 m height e.g., 
the full cover alfalfa). The heights of crop, however, may vary according to the crop 
variety and location’s geography. When using crop with different height, one should 
clearly mention the used height beside the ET data.

Climate data are acquired from Weather Stations (WS) whose location is an 
important consideration for the quality of the data. RWS should be located inside 
a cropped area (normally with grass) in order to ensure the same environmental 
conditions for station’s gauges as that of the cultivated crops. On the other hand, 
stations located in these reference conditions usually record less temperature than 
Non- Reference (NR) weather stations [3]. This was attributed to the cooling effect 
of the crop. Allen [3] suggested an adjustment for the recorded temperature in NRWS 
so that the resultant temperatures could be used to give the reference ETo.

In many locations, RWS are not found especially for newly reclaimed desert ar-
eas. To perform preliminary studies for an area, one should use the data from nearest 
VWDWLRQ��7KLV�VLWXDWLRQ�LV�SUREDEO\�DIIHFWHG�E\�WKH�GLVWDQFH�EHWZHHQ�WKH�¿HOG�DQG�WKH�
weather station. There are 13 districts in KSA and some of these are larger in size than 
many countries. Arriyadh District’s area, for instance, is 380,000 Km2, which is 17% 
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of the geographical area of KSA. The main weather stations in Arriyadh and other 
places in the kingdom are situated at airports.

14.2 MATHEMATICAL MODELS FOR ESTIMATING 
EVAPOTRANSPIRATION

The Eqs. (1–13) describe the selected theoretical models to estimate ET that were used 
in this chapter. For a complete list of all models, the reader should refer Chapter 4 in 
this book.

The original Penman-Monteith (PM) equation for determining the evapotrans-
piration [4] is given in Eq. (1). The Chapters 2 and 3 of the publication by Allen [4] 
describe in detail all the variables in Eq. (1). The main component of ET calculation 
is the air Temperature (T). Although it does not appear explicitly in the Eq. (1), yet 
LW�LV�LQFOXGHG�LQ�PRVW�RI�WKH�SDUDPHWHUV��¨��5Q��Fp, ȡ a, es, ea, Ȝ, Ȗ��Us, ra, and G. Allen 
[3] concluded that correcting the temperature values of the nonreference weather stations 
�15:6��WR�DQ�DGMXVWHG�YDOXH�¿[HV�WKH�HQWLUH�(7�HTXDWLRQ�WR�JLYH�DQ�DFFHSWDEOH�YDOXH�
close to the reference weather station (RWS) value.

  (1)

ZKHUH��¨�LV�D�VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH�>N3D�&-1], Rn is net radiation (MJm-2day-1), 
G is soil heat flux density (MJm-2day-1���Ȗ� LV�SV\FKURPHWULF�FRQVWDQW��N3D�&-1), T is 
mean daily air temperature at 2 m height (°C), u2 is wind speed at 2 m height (m s-1), es 
is the saturated vapor pressure and ea is the actual vapor pressure (kPa).  Eq. (1) applies 
specifically to a hypothetical reference crop with an assumed crop height of 0.12 m, a 
fixed surface resistance of 70 sec m-1 and an albedo of 0.23.

  (2)

where: Ta = Minimum dry bulb air temperature (oC); Tx = Maximum dry bulb air tem-
perature (oC); RHx = Maximum relative humidity (%); and RHa = Minimum relative 
humidity (%).

  (3)

  (4)

  (5)

  (6)

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



340 Evapotranspiration: Principles and Applications for Water Management

  (7)

  (8)

In Eq. (8):  dr, į��DQG�Ȧs are defined in eqs. (9) to (11) below:
dr is a relative distance from earth to sun, given by Eq. (9):

  (9)

Solar declination in radians is given by eq. (10):

  (10)

Sunset hour angle in radians is determined by eq. (11), with ĳ = latitude in radians:

  (11)

Julian day (J) is calculated with eq. (1), with M = Month of the year and D = Day of 
the month. J ranges from 1 to 366 (366 is for leap year).

 “if (M >2): For leap year, subtract 1; and for not leap year, 
subtract 2”.   (12)

Allen’s method is summarized in Eqs. (1–5). The actual vapor pressure is calculated 
with Eqs. (2) and (3). The dew point temperature is determined with Eq. (4), in the 
absence of measured values. The temperature difference is determined with Eq. (5), 
where Tn is a minimum temperature. For arid and semiarid environments, if ǻT>2 
then the maximum temperature (Tx) is adjusted to: Tx

(c°rr) = (Tx – 0.5 (ǻT – 2)), where 
(c°rr) = Refer to the corrected value. Finally doing the same for Tn: if ǻ7�����WKHQ�QR�
correction is needed.

)RU�VLWHV�ZLWK�OLPLWHG�ZHDWKHU�GDWD��$OOHQ�>�@�VXJJHVWHG�XVLQJ�D�PRGL¿HG�YHUVLRQ�
of the Hargreaves equation (HG) as an alternative method for determining ET. He 
also suggested calibrating the HG equation (Eq. (6)) using linear regression equation 
(Eq. (7)) using the corresponding values from the PM Eq. (1). The units are: MJ-m–2 

for extraterrestrial radiation in Eq. (8); MJ-m±�íh–2 for ETHG in Eq. (6); and mm-day–1. 
The parameters in Eq. (6) were estimated with Eqs. (8–12).

14.3 WEATHER DATA SOURCES

Two types of data were used in this study: weather data to estimate the ET value; the 
field data to determine ET experimentally. For weather data, two weather stations 
(Campbell and Davis) at the educational farm of the King Saud University were se-
lected as agro-climatic RWS [reference weather station]. Also two weather stations 
at Old Riyadh airport and King Khaled airport (Fig. 1) were used as domestic NRWS 
(nonreference weather stations). Reference field data was obtained from Al-Amoud 
et al. [1] based on five years project of ET evaluation through lysimeter studies in 
9 zones throughout the country.
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FIGURE 1 Location and distances between the weather stations in this research. 

$OO� RI� WKH�ZHDWKHU�GDWD�ZHUH� UHFRUGHG�RQ�GDLO\�EDVHV�ZKLOH� WKH� ¿HOG� GDWD� ZDV�
recorded on monthly bases. Hence, daily ET values for all the studied weather sta-
tions were calculated and later, the data was summarized as average monthly ET 
values. The recorded dataset varies from station to station. For airport’s weather sta-
tions, complete records from 1985 to 2009 were obtained. For Campbell and Davis 
weather stations, the records were from 1993–2006. This research was limited to 
the least-size dataset, i.e., Campbell’s dataset for an appropriate comparison. The 
databases of the studied weather stations were not so coincident. For all stations, 
the commonly available data parameters included: the dry bulb temperature (max., 
min. and avg.), relative humidity (max., min. and avg.), rainfall and wind speed 
(average). In addition to the common variables for airports stations, the wet bulb tem-
perature (max., min. and avg.), the atmospheric pressure at sea level and at station 
level and the actual vapor pressure were also recorded. While for Campbell station, 
the actual vapor pressure and solar radiation are recorded. Finally, for Davis station, 
the only addition to common parameters was the solar radiation. This information 
is summarized in Table 1. Solar Radiation (Rs) and vapor pressure (ea) are essential 
parameters for computing ET. If not recorded at the weather station, these parameters 
were calculated using Eqs. (2)–(5) and Eqs. (8)–(12).

$V�PHQWLRQHG�DERYH��WKH�¿HOG�GDWD�ZHUH�REWDLQHG�IURP�$O�$PRXG�HW�DO��>�@��7KH�
¿YH�\HDUV�SURMHFW�XVHG�$OIDOID� FXOWLYDWHG� LQ� ZHLJKLQJ� O\VLPHWHUV� ORFDWHG�DW�5L\DGK�
and at 8 more locations in the KSA. The daily and monthly values of irrigation, drain-
age, precipitation and water consumption were recorded for these stations. However, 
only the monthly results were available in the published research.
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14.4 METHODS AND MATERIAL

For each of the four stations mentioned in Table 1, weather data were observed as 
daily records. Using the raw data, the researchers calculated ETPMg, ETPMa and ETHG; 
where the suffixes PMg and PMa stand for Penman Monteith formula for 0.12 m 
grass reference crop and 0.25 m alfalfa reference crop, respectively.

The entire calculations were repeated after applying Allen [3] corrections to the 
temperature data but only for non agro-climatic stations. To simplify data represen-
tation and discussion, the symbol and numerical value were assigned to each data 
source as the shown in Table 2. Since the published data by Al-Amoud et al. [1] 
were on monthly bases and Allen [4] suggested calibrating Hargreaves formula using 
monthly data, subsequently, the research team converted the daily calculated data to the 
data on monthly bases.

14.5 RESULTS AND DISCUSSION

The ET data for the six datasets are presented graphically in Figure 2. The charts 
are denoted by letters ‘a’ to ‘f’ for Campbell reference WS, Davis reference WS, 
old Riyadh airport corrected dataset, old Riyadh airport raw dataset, King Khalid 
airport corrected dataset and King Khalid airport raw dataset, respectively. Four 
ET values were plotted for each dataset: measured ET, {Px(L)}; grass based PM 
evapotranspiration{g}; alfalfa based PM evapotranspiration{a}; and Hargreaves 
method ET.

All of the calculated data groups were compared with the measured dataset and 
WKH�FRUUHODWLRQ�FRHI¿FLHQW� IRU� HDFK�GDWD� JURXS�SDLU�ZDV� FDOFXODWHG��7KH�FRUUHODWLRQ�
FRHI¿FLHQWV�DUH�LOOXVWUDWHG�LQ�)LJXUH����7KHQ�� WKH� UHJUHVVLRQ�FRHI¿FLHQWV��PHQWLRQHG�
in Eq. (7), were calculated between HG and PM formulas (See Table 3). Finally, the 
ET ratio between alfalfa and grass was calculated and compared to the value of 1.15 
that has been reported by Doorenbos and Pruitt [8]. Table 4 shows the regression coef-
¿FLHQWV�IRU�WKH�OLQHDU�UHODWLRQVKLSV�EHWZHHQ�(7�DOIDOID�DQG�(7�JUDVV�(7�LQ�WKLV�VWXG\�

TABLE 1 The climatic parameters that were recorded at the weather stations.

Parameter Weather station

Campbell Davis Riyadh old airport King Khaled Int. airport

Dry bulb temp. yes yes yes yes

Wet bulb, relative no no yes yes

Wind humidity yes yes yes yes

Solar speed yes yes yes yes

Vapor radiation yes no no no

Atm. Pressure yes yes no no

Commutative 

sea level

no no yes yes

Commutative at station no no yes yes

Rainfall yes yes yes yes
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TABLE 2 The data source for the research and identification.

Variable Location and name

Data is measured: Educational 
Farm, KSU

Data is calculated Airport

Project 

data

Campbell Davis Riyadh old airport King Khaled Int.

airport

0 1 2 3 4 5 6

Reference
data

no yes yes no no no no

Corrected

data

No

need

No

need

No

need

yes no yes no

Symbols Px(L) Cs(a,g,H) Ds(a,g,H) Oc(a,g,H) On(a,g,H) Kc(a,g,H) Kn(a,g,H)

Longitude:

24N

44’12.24” 44’12.24” 44’12.24” 42’35.46” 42’35.46” 57’27.00” 57’

Latitude: 46E 37’

14.90”

37’

14.90”

37’

14.90”

43’

30.54”

43’

30.54”

41’

55.54”

27.00”

Symbols: A = Alfaalfa; C = Corrected, C = Campbell; D = Davis; g = grass; H = Hargreaves;

K = King Khaled airport; L = Lysimeters; n = Normal; O = Old airport; P = Project data; s = Reference;

X = Experimental.

TABLE 3 Linear regression analysis for ET values between Hargreaves [HS] and Penman-
Monteith [PM]  based on equations in this chapter.

Grass Alfalfa

Equation r2 Equation r2

Cs PMg =  1.280 x HG + 0.324 0.998 Cs PMa =  1.608 x HG + 0.526 0.999

Ds PMg =  1.563 x HG – 0.122 0.959 Ds PMa =  1.993 x HG – 0.046 0.975

Kc PMg =  1.189 x HG – 0.140 0.979 Kc PMa =  1.481 x HG – 0.140 0.987

Kn PMg =  1.296 x HG + 0.013 0.986 Kn PMa =  1.619 x HG + 0.109 0.991

Oc PMg =  1.214 x HG – 0.211 0.981 Oc PMa =  1.517 x HG – 0.243 0.988

On PMg =  1.298 x HG – 0.021 0.991 On PMa =  1.624 x HG + 0.055 0.994

TABLE 4 The regression coefficients for the linear relationships between ET-alfalfa, ET-grass  
and ET in this study: Y = mX + C.

Cs Ds Kc Kn Oc On

Slope, m 1.255 1.269 1.243 1.247 1.246 1.249

Intercept, C 0.125 0.158 0.053 0.107 0.040 0.092

r2 0.999 0.999 0.999 0.999 0.999 0.999
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Campbell and Davis weather stations are located at the educational farm of the 
King Saud University; the lysimeters’ experiment of Al-Amoud et al. [1] was held at 
the same location. Figures 2a and 2b show the results of measured and calculated ET 
by the three mentioned methods. Both stations show underestimation of Hargreaves 
formula and overestimation of PM alfalfa, ‘a,’ calculations. It is strange that the grass 
ET, ‘g,’ almost coincides with the measured alfalfa data. This may be attributed to 
VRPH�ODFN�RI�SUHFLVLRQ�HLWKHU�LQ�WKH�¿HOG�PHDVXUHPHQWV�GHYLFHV�RU�WR�VRPH�FDOLEUDWLRQ�
errors of the weather stations. The data at old airport (Figs. 2c and 2d) behaves differ-
ently and the closer values to the measured alfalfa ET are the calculated alfalfa values, 
especially at months 1–3 and 9–12. The situation is different for King Khalid airport’s 
station (Figs. 2e and 2f) as the raw data appear to give fuzzy trend dissimilar to 
the measured data, Fig. 2f. After applying the data correction, the shape of the curve 
LPSURYHG�GUDPDWLFDOO\��)LJ���H��7KLV�LV�FRQ¿UPHG�LQ�)LJ�����ZKLFK�VKRZV�WKH�&RUUHOD-
WLRQ�&RHI¿FLHQW��&&��EHWZHHQ�PHDVXUHG�GDWD�YHUVXV�HDFK�GDWD� JURXS��$OWKRXJK�DOO�
the values of CC are more than 0.9, which is a very good value, however, the ‘Kn’ 
dataset is the worst representation of actual state. On the other hand, it strangely 
appears that the corrected values of King Khalid’s airport (K) are the top most ac-
curate representatives of the measured data. This is probably due to the geographic 
condition of the ‘K’ airport, which is outside of the city and almost surrounded with 
desert lands, in addition to the long distance between the Educational Farm stations 
(EF) and the ‘K’ airport (about 25.7 km), as shown in Figure 1. The Old airport (O) is 
near (10.9 km), in fact almost in the middle of the city and surrounded by buildings, 
roads and some green areas. The correction of the ‘O’ data improves the ‘g’ and ‘a’ 
data groups, while it worsens the ‘H’ data group, as shown in Fig. 3.

From Fig. 3, it can be concluded that the PM calculations improve dramatically 
after applying the Allen [3] correcting algorithm to the data, while for HG formula, 
applying the corrections improves the accuracy for ‘K’ station but worsens it for ‘O’ 
station.

In general, Hargreaves equation gives very satisfactory results of ET for Riyadh 
city and the equation can be used trustfully especially in the absence of some climatic 
factors like wind speed and radiation. However, we applied the linear correction equa-
WLRQV�DQG� IRXQG�VRPH�H[FHOOHQW�¿WWHG�HTXDWLRQV��DV�OLVWHG�LQ�7DEOH����$OO�WKH�HTXDWLRQV�
DUH�H[FHOOHQWO\�¿WWHG�ZLWK�PLQLPXP�YDOXH�RI�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ��U2) of 0.974. 
It can be approximated that PMg = (1.30×HG – 0.05) for grass reference crop, while 
PMa= (1.64×HG + 0.1) for alfalfa reference crop. For more accurate values each sta-
tion should be calibrated, as shown in Table 3. The ratio between alfalfa ET and grass 
ET, (ETalfalfa/ETgrass, or ETr/ETo), is always taken as 1.15 for arid regions, as 
recommended by Doorenbos and Pruitt [8]. This value has been used by many re-
searches [2] when studying the Saudi Arabia ET, We evaluated this value for each 
of the studied data groups and a linear relationship between ETalfalfa and ETgrass was 
obtained, as shown in Table 4. The slope of ETr/ETo is almost 1.25 for all stations and 
using less value may result in some bias in data.
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FIGURE 2 Monthly evapotranspiration of the studied region, showing three datasets 
in each chart compared to measuredevapotranspiration, where, a: Alfalfa; c: Corrected; 
C: Campbell; D: Davis; g: Grass; H: Hargreaves; K: King Khalid airport; L: Lysimeters; n: 
Normal; O: Old airport; P: Project data; s: Reference; x: Experimental.

FIGURE 3 The correlation coefficients between the measured data and the calculated data 
for all data groups in the six datasets.
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14.6 SUMMARY

Due to the easiness of finding nonreference agro- climatic WS than the agro-climatic 
ones in the newly reclaimed areas, their weather data had to be corrected through 
simple procedure. Two reference and two nonreference WS were taken in Riyadh city 
and corrections were applied to nonreference WS only. We calculated the evapotrans-
piration using Penman Monteith and Hargreaves formulas. PM was calculated for two 
reference crops, i.e., alfalfa and grass. Calculated data were compared with measured 
data. Results show an admirable enhancement in data accuracy after applying the 
data correction to the nonreference stations. The simple ET formula of Hargreaves 
underestimates the actual ET. The situation changes after applying the simple linear 
fitting equation to the resulted values. The ratio between alfalfa and grass ET was 
found to be 1.25 for Riyadh area. It is concluded to use the temperature correction 
method when using nonreference stations. Hargreaves formula is recommended to be 
used after applying the suggested fit in this study, especially when the wind speed and 
radiation data are missing.

Reference agro-climatic Weather Stations (WS) are rarely found in newly re-
claimed areas. The usage of weather data from nonreference WS may lead to inac-
curate estimations of Evapotranspiration (ET), especially if the nonreference stations 
are distant from the reclaimed location. Weather data from four WS located at Riyadh 
were used to calculate ET by using Penman Monteith (PM) and Hargreaves equa-
tions. PM equation was applied with both alfalfa and grass reference crops. Calcula-
tions were done with and without temperature correction for nonreference weather 
stations. All calculations were compared with measured lysimeter data and correc-
tions in Hargreaves formula were suggested. 

Results: (1) Weather data from nonreference WS can be used safely to calculate 
ET only when temperature corrections are applied. (2) Hargreaves formula under-
estimates ET at all locations in the study area. By applying the simple linear cor-
rection to the data, highly acceptable results are obtained. (3) The ET ratio between 
alfalfa and grass in Riyadh is 1.25. The study concludes that temperature correction 
for nonreference WS is essential to ensure acceptable ET calculations. Usage of Har-
greaves formula is recommended with the corrections suggested in the study due to 
its simplicity.

KEYWORDS

 • Alfalfa

 • Arid Regions

 • climatic data

 • climatic stations integrity

 • data correction

 • dew point temperature

 • ET

 • evapotranspiration
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 • extraterrestrial radiation

 • grass

 • Hargreaves method

 • Hargreaves modified method

 • Kingdom of Saudi Arabia

 • Lysimeter

 • nonreference weather station

 • Penman-Monteith method

 • reference crop

 • Regression analysis

 • Riyadh, Saudi Arabia

 • Saudi Arabia

 • vapor pressure

 • weather station

 • weather station, nonreference

 • weather station, reference
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15.1 INTRODUCTION

In the water cycle, evapotranspiration is one of the most important components, but it 
is one of the most difficult to measure and monitor. Evapotranspiration relates to the 
exchange of energy in the atmosphere, ground surface, and root zone. Some elements 
of calculated evapotranspiration can be measured by weather stations, while others are 
estimated from empirical equations. Then, the calculated evapotranspiration has some 
inaccuracy. To improve upon this problem, the combination of meteorological data 
and remote sensing observersions are an alternative evapotranspiration [14, 18] On the 
other hand, temperature is normally measured in a number of weather stations. Since 
temperature relates to many weather data, temperature can imply the characteristic 
of other weather data. For example, low temperature is included high humidity but 
low evaporation can be occurred in the condition of low temperature. Moreover, the 
variable spatial resolution is the characteristic of both actual evapotranspiration and 
temperature. At present, satellite images are used for studying the Earth’s surface and 
it bolsters spatial resolution. This chapter discusses effects of temperature on actual 
evapotranspiration using satellite image.

Evapotranspiration occurs from evaporation and transpiration, and it can be ob-
tained from weather data and satellite images. Evaporation is the primary process of 
water transfer in the hydrological cycle. The water is transformed into vapor and trans-
SRUWHG�LQWR�WKH�VN\��(YDSRUDWLRQ�FDQ�EH�FODVVL¿HG�LQWR�SRWHQWLDO�HYDSRUDWLRQ�DQG�DFWXDO�
HYDSRUDWLRQ��7KH�SRWHQWLDO�HYDSRUDWLRQ�LV�GH¿QHG�DV� WKH�DPRXQW�RI�HYDSRUDWLRQ�WKDW�
ZRXOG�RFFXU�LI�D�VXI¿FLHQW�ZDWHU�VRXUFH�ZHUH�DYDLODEOH��2Q�WKH�RWKHU�KDQG��WKH�DFWXDO 
evaporation is the amount of water which is evaporated a normal day. The potential 
evaporation is the maximum value of the actual evaporation. Transpiration is included 
by the vaporization of liquid water contained in plant tissues and the vapor removal to 
the atmosphere [14, 18]. Evapotranspiration is normally computed from the Penman-
Monteith FAO 56 equation using weather data. This equation is affected by princi-
pal weather parameters such as radiation, air temperature, humidity and wind speed. 
These parameters can be measured by weather station and computed by the equation 
of FAO irrigation and Drainage Paper No. 56 [2]. In addition to the Penman-Monteith 
FAO 56 equation, evapotranspiration can be estimated from the concept of energy 
EDODQFH��7KH�PDLQ�FRPSRQHQWV�RI�WKH�HQHUJ\�EDODQFH�HTXDWLRQ�DUH�VHQVLEOH�KHDW�ÀX[��
ODWHQW�KHDW�ÀX[��VRLO�KHDW�ÀX[��DQG�QHW�UDGLDWLRQ��7KHVH�HOHPHQWV�UHODWH�ZLWK�LQFRPLQJ�
and outgoing radiation in the atmosphere, ground surface, and root zone. They are 
estimated from remote sensing data and weather data [4, 5, 26, 27].

Remotely sensed data are used for studying the Earth’s surface. Current technol-
ogy allows continuous acquisition of data, regular revisit capabilities [resulting in 
up-to-date information], broad regional coverage, good spectral resolution [including 
infra-red bands], good spatial resolution, ability to manipulate/enhance digital data, 
ability to combine satellite digital data with other digital data, cost-effective data, 
map-accurate data, possibility of stereo viewing, and large archives of historical data. 
Remote sensing helps to record data from remote locations. Satellite data provides 
timely and detailed information about the Earth’s surface, especially in relation to 
the management of our renewable and nonrenewable resources. The advantages of 
VDWHOOLWH� GDWD� IRU�PDQ\�¿HOGV� LQFOXGH� IRU� H[DPSOH�� DVVHVVPHQW� DQG�PRQLWRULQJ� RI�
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vegetation types and their status, soil surveys, mineral exploration, map making and 
revision, production of thematic maps, water resources planning and monitoring, ur-
ban planning, agricultural property planning and management, crop yield assessment, 
and natural disaster assessment.

The Surface Energy Balance Algorithm for Land or SEBAL [7, 8] is an image pro-
cessing model to calculate evapotranspiration by using satellite imagery and weather 
data with the concept of energy balance at the land surface, so evapotranspiration 
for each pixel is calculated. Satellite images that can be used in SEBAL are LAND-
SAT, NOAA-AVHRR, MODIS, and ASTER. The advantages of SEBAL are easily 
applicable because of minimal collateral data needed, applicable to various climates 
EHFDXVH�RI�SK\VLFDO�FRQFHSWV��QR�QHHG�IRU�ODQG�XVH�FODVVL¿FDWLRQ��QR�QHHG�WR�LQYROYH�
data demanding hydrology, and is a suitable method for all visible, near-infrared and 
thermal radiometers. However, the disadvantages of SEBAL include cloud-free condi-
tions being required and that surface roughness is poorly described, so that SEBAL is 
RQO\�VXLWDEOH�IRU�ÀDW�WHUUDLQ�>��������������������@�

15.2 LANDSAT 5™

Landsat 5™ has a unique and necessary role in the realm of earth observing satellite 
orbits, because no other satellite of the earth observing system matches with the syn-
optic coverage, high spatial resolution, spectral range and radiometric calibration of 
Landsat’s system. Landsat 5™ satellite imagery Path/Row: 127/48 was mainly input 
data. The spatial resolution of Landsat 5™ satellite imagery is 30 m and the swath 
width covered by the image is 185 km. The details of Landsat 5™ characteristics 
are shown in Tables 1 and 2 [12]. At the ground stations, the Landsat ground system 
consists of a spacecraft control center, ground stations for uplinking commands and 
receiving data, a data handling facility and a data archive, which were developed by 
the Goddard Space Flight Center, Greenbelt, MD, in conjunction with the U.S. Geo-
logical Survey (USGS) EROS Data Center (EDC), Sioux Falls, SD. These facilities 
will receive, process, archive, and distribute ETM+ data to users. Raw ETM+ data can 
be transmitted to the EROS Data Center by the ground system within 24 hours of its 
reception [12, 22].

TABLE 1 Landsat 5™ mission specifications.

Characteristics Specifications

Swath width 185 km

Repeat coverage interval 16 days [233 orbits]

Altitude 705 km

Quantization Best 8 of 9 bits

On-board data storage ~ 375 Gb [solid state]

Inclination Sun-synchronous, 98.2 degrees

Equatorial crossing Descending node; 10: 00 am +/–15 min

Launch vehicle Delta ll

Launch date April, 1999
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TABLE 2 Landsat 5™ characteristics.

Channel Spectral range [microns] Ground resolution [m]

1 [Visible and near infrared: VNIR] 0.450–0.515 30

2 [Visible and near infrared: VNIR] 0.525–0.605 30

3 [Visible and near infrared: VNIR] 0.630–0.690 30

4 [Visible and near infrared: VNIR] 0.750–0.900 30

5 [Short wavelength infrared: SWIR] 1.550–1.750 30

6 [Thermal long wavelength infrared: LWIR] 10.40–12.50 60

7 [Short wavelength infrared: SWIR] 2.090–2.350 30

Pan [Visible and near infrared: VNIR] 0.520–0.900 15

This Landsat 5™ image covers Sri Songkhram subriver basin whch is located in 
the lower part of Mekhong river basin, in the north-east of Thailand. The time period 
of this study is from November 2006 to January 2007, belonging to the dry season. 
Also, These are conditions of clear sky. Moreover, there is the cultivation during this 
time so there are both evaporation and transpiration that is evapotranspiration.

15.3 RADIATION

Extraterrestrial radiation (Ra) is the solar radiation received at the top of the earth’s 
atmosphere on a horizontal surface. The values of extraterrestrial radiation depend 
on seasons change, the position of the sun, and the length of the day. Therefore, the 
extraterrestrial radiation is a function of latitude, the date and time of day. The solar 
constant is the radiation striking a surface perpendicular to the sun’s rays at the top of 
the earth’s atmosphere and it is some 0.082 MJ m–2 min–1. If the position of the sun is 
directly overhead, the incidence angle of extraterrestrial radiation is zero. In this case, 
extraterrestrial radiation is some 0.082 MJ m–2 min–1.

Solar or shortwave radiation (Rs) is the amount of radiation penetrating from the 
atmosphere to a horizontal plane. The sun emits energy by electromagnetic waves 
that include short wavelengths so solar radiation is referred to as shortwave radiation. 
,Q�WKH�DWPRVSKHUH��UDGLDWLRQ�LV�DEVRUEHG��VFDWWHUHG��RU�UHÀHFWHG�E\�JDVHV��FORXGV��DQG�
dust. For a cloudless day, the solar radiation is about 75% of the extraterrestrial radia-
tion, while it is about 25% of the extraterrestrial radiation on a cloudy day. The solar 
radiation, which is known as global radiation, is a summation of direct shortwave 
radiation from the sun and a diffuse sky radiation from all upward angles.

Relative shortwave radiation (Rs/Rso) is a relationship between shortwave radiation 
[Rs] and clear-sky solar radiation (Rso). The shortwave radiation is solar radiation that 
actually reaches to the earth’s surface in a given time, while clear-sky solar radiation 
is solar radiation that reaches to the same area with a clear-sky condition. The relative 
shortwave radiation is affected by the cloudiness of the atmosphere. On a cloudy day, 
the ratio is smaller than on a cloudless day. The range of this ratio is between 0.33 
[cloudy condition] to 1.00 [cloudless condition].

Relative sunshine duration (n/N.) shows the cloudiness in the atmosphere. It is the 
relationship between the actual duration of sunshine (n) and the maximum possible 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Actual Evapotranspiration Using Satellite Image in Thailand 353

duration of sunshine, or daylight hours (N.). For the cloudless condition, n is equal to 
N., while n and n/N. are nearly zero for the cloudy condition. The maximum possible 
duration of sunshine, or daylight hours (N.), depends on the position of the sun, so it 
is a function of latitude and date. The daily values of N. throughout a year differ with 
latitude.

Albedo (α��LV�D�UHODWLRQVKLS�EHWZHHQ�UHÀHFWHG�UDGLDWLRQ�DQG�WRWDO�LQFRPLQJ�UDGLD-
tion. It varies with both the characteristics of surface and the angle of incidence, or the 
slope of ground surface. Albedo can be more than 0.95 for freshly fallen snow, and it 
is smaller than 0.05 for wet bare soil. The range of albedo for green vegetation is about 
0.20–0.25 and albedo for the green grass reference crop is 0.23.

Net solar radiation (Rns��LV�WKH�IUDFWLRQ�RI�WKH�VRODU�UDGLDWLRQ�WKDW�LV�UHÀHFWHG�IURP�
the ground surface. It can be calculated by Eq. (1): 

 ( )1-ns sR Rα=  (1)

Net long wave radiation (Rnl) is the difference in value between outgoing and incom-
ing long wave radiation. The longwave radiation is solar radiation absorbed by the 
earth and turned to heat energy. Since the temperature of the earth is less than the sun, 
so the earth emits longer wavelengths. Terrestrial radiation is referred to as longwave 
radiation. The emitted long wave radiation (R1,up) is absorbed by the atmosphere or 
lost into space. The long wave radiation received by the atmosphere (R1,down) increases 
its temperature. Therefore, the earth’s surface both emits and receives longwave ra-
diation. The value of outgoing longwave radiation is normally more than incoming 
longwave radiation, so the net longwave radiation is used to present the energy loss.

Net radiation (Rn) is the difference in value between incoming and outgoing radia-
tion of both short and long wavelengths. It is the balance among energy absorbed, 
UHÀHFWHG��DQG�HPLWWHG�E\�WKH�HDUWK¶V�VXUIDFH��7KH�QHW�UDGLDWLRQ�LV�DOVR�WKH�GLIIHUHQFH�
in value between the incoming net shortwave (Rns) and the net outgoing long wave 
(Rnl) radiation. It is a positive value during daytime, while it is a negative value during 
nighttime. For the total daily value, it is a positive value except for the condition of 
high latitude.

6RLO�KHDW�ÀX[��*��LV�HQHUJ\�WKDW�LV�XVHG�LQ�KHDWLQJ�WKH�VRLO��,W�LV�D�SRVLWLYH�YDOXH�
under the condition of warming soil and negative value under the condition of cooling 
VRLO��7KH�VRLO�KHDW�ÀX[�LV�YHU\�VPDOO�ZKHQ�FRPSDUHV�ZLWK�QHW�UDGLDWLRQ�EXW�LW�FDQQRW�
be ignored.

15.4 TEMPERATURE ESTIMATIONS

Normally, Landsat 5™ satellite image data is in the form of Digital Number (DN) so 
it is necessary to convert from Digital Number to Radiances for all bands in Landsat 
5™ imagery. The conversion equation is shown below: 

 
( )

( ) ( )LMAX LMIN
L QCAL QCALMIN LMIN

QCALMAX QCALMIN
λ λ

λ λ
−

= × − +
−  (2)

where, λL  is spectral radiance at the sensor aperture in watts/(meter squared *ster*
µ m), QCAL  is the quantized calibrated pixel value in DN, λLMIN  is the spectral 
radiance that is scaled to QCALMIN  in watts/(meter squared *ster* µ m), λLMAX  
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is the spectral radiance that is scaled to QCALMAX  in watts/(meter squared *ster*
µ m), QCALMIN  is the minimum quantized calibrated pixel value (corresponding 
to λLMIN ) in DN and QCALMAX  is the maximum quantized calibrated pixel value 
(corresponding to λLMAX ) in DN.

λLMAX  and λLMIN  are the spectral radiances for each band at digital number 
1 and 255 (i.e., QCALMIN, QCALMAX), respectively. QCAL or DN, λLMAX  and 

λLMIN DUH�LQSXW�GDWD��7KHVH�HOHPHQWV�DUH�YDOXHV�LQ�KHDGHU�¿OH�LQIRUPDWLRQ��7KHUHDI-
ter a thermal band or band 6 imagery is converted to the effective at satellite tempera-
ture (Tbb) calculated by Eq. (3): 

 
2

1

6
ln 1

bb
K

T
K
L

=
⎛ ⎞

+⎜ ⎟⎝ ⎠

 (3)

For thermal band, calibration constants, K1 and K2, are 666.09 watts/(meter squared 
*ster*µm) and 1282.71 Kelvin, respectively. L6 is the spectral radiance for band 6 in 
watts/(meter squared *ster*µm). Then, surface temperature (Ts) is computed by Eq. 
(4).

 0.25
bb

s
o

T
T

ε
=  (4)

where, oε  is surface emissivity.

15.5 ESTIMATIONS OF ACTUAL EVAPOTRANSPIRATION

SEBAL is a tool to estimate actual evapotranspiration for flat areas with the most 
accuracy and confidence. Satellite image and weather data are used in the SEBAL 
model to calculate actual evapotranspiration by using a surface energy balance at the 
land surface. SEBAL evaluates an instantaneous actual evapotranspiration flux for the 
image time, because the satellite image provides information for the overpass time 
only. The actual evapotranspiration flux can be calculated for each pixel of the image 
as a residual of the surface energy budget equation. SEBAL needs both shortwave and 
thermal bands. The required ground-based data is wind speed. The SEBAL energy 
balance calculates actual evapotranspiration for each pixel for the time of the satel-
lite image, so the results are instantaneous actual evapotranspiration. To obtain actual 
evapotranspiration using the conception of SEBAL, following equations are applied 
[6–10].

)LUVWO\��GDWD�LQ�WKH�IRUPDW�RI�UDGLDQFH�LV�FRQYHUWHG�WR�UHÀHFWDQFH�IRU�DOO�EDQGV��)RU�
this converting, thermal band (band 6) is not considered. In practice, band 6 is convert-
HG��EXW�LW�LV�D�GXPP\�LQ�WKLV�¿OH��7KH�(T������LV�XVHG�WR�FRQYHUW�UDGLDQFH�WR�UHÀHFWDQF�

 
cos r

L
ESUN d

λ
λ

λ

πρ
θ

×
=

× ×
 (5)

where λρ  is unitless planetary reflectance, λL  is calculated from Eq. (1), λESUN  
is mean solar exoatmospheric irradiances from Table 3, θ  is solar zenith angle in 
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degrees, and dr is the Earth-Sun distance in astronomical that can be obtained from 
Eq. (6): 

 
21 0.033cos
365rG '2< π⎛ ⎞= + ⎜ ⎟⎝ ⎠  (6)

where, DOY (or J.) is number of day in one year for example DOY for January 1 is 1 
while DOY for December 31 is 365. 

 ( )cos cos 90θ β= −  (7)

where, β  is sun elevation angle in degree and θcos  is in degree. Albedo for the top 
of atmosphere ( toaα ) can be considered from Eq. (9). The weighting coefficient is 
calculated from Eq. (10).

 [ ] [ ] deg
180

Radians decimal reesπ= ×  (8)

 ( )toa λ λα ω ρ= ×∑  (9)

 
ESUN

ESUN
λ

λ
λ

ω =
∑  (10)

where, λω  is weighting coefficient, which is constant value. Solar spectral irradiances 
values are shown in Table 3.

TABLE 3 Solar Spectral Irradiances.

Band Solar Spectral Irradiances

watts/[meter squared *ster*µm]

1 1969.00

2 1840.00

3 1551.00

4 1044.00

5 225.70

7 82.07

Pan 1368.00

Surface albedo (α ) can be estimated using Eq. (11): 

 
_

2
toa path radiance

sw

α α
α

τ
−

=  (11)

 50.75 2 10sw zτ −= + × ×  (12)
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In Eqs. (11)–(16): toaα  is calculated from Eq. (9) and _ 0.03path radianceα ≈ ; z is an eleva-
tion of area which is defined from Digital Elevation Map (DEM); Gsc is solar constant 
value of 1367 W/m2; 3ρ  and 4ρ  are reflectance value in red and near-infrared bans 
(band 3 and 4), respectively; L is constant for SAVI (L= 0.5, when an area have no 
information for L). L = 0.5 is suitable for this practice. Incoming solar radiation ( ↓sR ) 
is estimated in spreadsheet using Eq. (13). The vegetation indices can be considered 
from Eqs. (14)–(16).

 cossc r swsR G dθ τ↓ = × × ×  (13)

 
4 3

4 3
NDVI

ρ ρ
ρ ρ

−
=

+  (14)

 
( )( )4 3

4 3

1 L
SAVI

L
ρ ρ

ρ ρ
+ −

=
+ +

 (15)

 
0.69ln

0.59
0.91

SAVI

LAI

−⎛ ⎞
⎜ ⎟⎝ ⎠

= −
 (16)

Surface emissivity ( oε ) can be estimated using Eq. (17):

 ( )1.009 0.047 lno NDVIε = + ×  (17)

Outgoing longwave radiation ( ↑LR ) can be calculated by following equation: 

 4
o sLR Tε σ↑ =  (18)

where, σ  = 5.67 × 10–8 W/(m�íK4). For the selection of “anchor pixel”, SEBAL pro-
cess uses two “anchor” pixels to fix boundary condition for the energy balance. (a) 
“Cold” pixel: a wet, well-irrigated crop surface with full cover ( airs TT ≅ ). In cold 
pixel, sensible heat flux (H) is usually zero so cold pixel should be selected from wa-
ter area. (b) “Hot” pixel should be located in a dry and bare agricultural field where 
one can assume there is no evapotranspiration taking place, and should have a surface 
albedo similar to other dry and bare field in the area of interest. It should have a LAI 
in the range of 0 to 0.4. After the temperatures of both cold and hot pixel are defined, 
these values are used for calculation in the next step. Incoming longwave radiation 
( ↓LR ) is computed in spreadsheet using Eqs. (19) and (20): 

 4
a coldLR Tε σ↓ = × ×  (19)

 ( )0.090.85 lna swε τ= × −  (20)

where aε  is an atmospheric emissivity. Net surface radiation flux (Rn) can be com-
puted by Eq. (21). The soil heat flux (G) is given by Eq. (22).
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 ( )1n os s L LLR R R R R Rα ε↓ ↓ ↓ ↓↑= − + − − −  (21)

 ( )( )2 40.0038 0.0074 1 0.98s

n

TG NDVI
R

α α
α

= + −  (22)

After the parameters in Eqs. (1–22) computed, now we can estimate sensible heat 
ÀX[��ODWHQW�KHDW�ÀX[��HYDSRUDWLYH�IUDFWLRQ��DQG����KRXU�DFWXDO�HYDSRUDWUDQVSLUDWLRQ�DV�
VKRZQ�EHORZ��6HQVLEOH�KHDW�ÀX[��+��LV�WKH�ÀX[�RI�heat from the earth‘s surface to the 
atmosphere (Eq. (23)). It is not associated with phase changes of water.

 p

ah

c dT
H

r
ρ × ×

=  (23)

where, ρ  is air density (kg/m3), cp is air specific heat (1004 J./kg/K), dT (K) is the 
temperature difference (T1–T2) between two heights (z1 and z2), and rah is the aerody-
namic resistance to heat transport (s/m). The estimation of sensible heat flux is most 
tedius job, because the temperature difference and aerodynamic resistance to heat 
transport are unknown for the sensible heat flux calculations. To find these unknowns, 
SEBAL first calculates the sensible heat flux at extreme dry and wet locations. They 
are manually identified by the user on the image. The aerodynamic resistance to heat 
transport is computed from the lower integration constant for rah (z1 = 0.1 m.) and the 
upper integration constant for rah (z2 = 2 m.).

)RU�D�GU\�SL[HO�RU�KRW�SL[HO��LW�VKRXOG�EH�ORFDWHG�LQ�D�GU\�DQG�EDUH�DJULFXOWXUDO�¿HOG�
where one can assume that there is no evapotranspiration taking place. The wet pixel 
or cold pixel will include a surface temperature equal to air temperature. The sensible 
KHDW�ÀX[�IRU� WKH�FROG�SL[HO� LV�XVXDOO\�]HUR��7KH�OLQHDU�UHODWLRQVKLS�LV�GHYHORSHG�EH-
tween the temperature difference ( sdT a bT= + ) and the surface temperature ( s

T ), and 
WKH�UHJUHVVLRQ�FRHI¿FLHQWV��a and b��DUH�GH¿QHG�IURP�WKH�WZR��G7�� sT ) pairs applicable 
WR�WKH�KRW�DQG�FROG�SL[HOV��7KHQ�VHQVLEOH�KHDW�ÀX[�FDQ�EH�FRPSXWHG�IRU�HYHU\�SL[HO�
that has the condition of free convection. Next, the values of friction velocity ( *u ) are 
estimated from the wind speed at the blending height, a value of 200 m will be used. 
Thereafter, the condition of mixed convection is applied, and the pixel-dependent 
aerodynamic resistance to heat transfer, rah, is calculated by using the Monin-Obukhov 
hypothesis. The new temperature difference is calculated. Finally the processes from 
WKH�FDOFXODWLRQ�RI�VHQVLEOH�KHDW�ÀX[�WR�WKH�WHPSHUDWXUH�GLIIHUHQFH�DUH�UHSHDWHG�XQWLO�WKH�
aerodynamic resistance to heat transfer and temperature difference are stable values. 
7R�FRPSXWH�VHQVLEOH�KHDW�ÀX[��IROORZLQJ�SURFHGXUH�LV�FRQVLGHUHG��

Step 1 Friction velocity ( *u ) can be computed using Eq. (24).

 
ln

x

x

om

ku
u

z
z

∗ =
⎛ ⎞
⎜ ⎟⎝ ⎠

 (24)
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The calculation of the friction velocity requires a wind speed measurement (ux) at a 
known height (zx) in the time of the satellite image. k is a constant (0.41). Then, ux and 
zx are know, but zom is unknown. zom can be calculated in many ways: from zom = 0.12 × 
height of vegetation (h) for agricultural area, from a land-use map, or from a function 
of NDVI and surface albedo. At weather station, ux, zx, zom, and ∗u  can be determined. 

Step 2: Wind speed at a height 200 m above the weather station can be computed us-
ing Eq. (25).

 
200

200ln
om

u
z

u
k

⎛ ⎞
∗ ⎜ ⎟⎝ ⎠

=
 (25)

Step 3: The friction velocity for each pixel is calculated using the wind speed at a 
height 200 m ( 200u ) that is assumed to be constant for all pixels of the image because 
it is defined as occurring at a “blending height” unaffected by surface features. From 
Eq. (26), zom is unknown to calculate the friction velocity, so zom need to be estimated.

 
200

200ln
om

ku
u

z

∗ =
⎛ ⎞
⎜ ⎟⎝ ⎠

 (26)

where, zom is the particular momentum roughness length of each pixel. The zom for 
each pixel can be computed by two methods: using a land-use map or using NDVI and 
surface albedo data (zom is calculated in spread sheet). For this pattern, a land-use map 
is not available, and then NDVI and surface albedo data are used. In the method using 
NDVI and surface albedo, zom is computed from the following equation: 

 expom
NDVIz a b

α
⎡ ⎤⎛ ⎞= × +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 (27)

where, a and b are correlation constants derived from a plot of ln(zom) vs α
NDVI

 for two 
or more sample pixels representing specific vegetation types. To determine a and b, 
a series of sample pixels representing vegetation types and conditions of interest are 
selected and the associated values for NDVI and surface albedo are obtained.

7\SLFDO�VXUIDFH�DOEHGR�YDOXHV�DUH������WR������IRU�ULFH�¿HOG�DQG������WR������GH-
ciduous forest, respectively.
Step 4: Aerodynamic resistance to heat transport (rah) is computed as following equa-
tion: 

 
2

1
ln

ah

z
z

r
u k

⎛ ⎞
⎜ ⎟⎝ ⎠

=
∗ ×

 (28)

where, z1 and z2 are 0.1 m and 2 m, respectively.
Step 5: Near surface temperature difference (dT) for each pixel is calculated using Eq. 
(29). A linear relationship is assumed between Ts and dT (Eq. (30)).
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 dT = Ts – Ta (29)

 dT = b + aTs (30)
In Eqs. (29) and (30): Ta is unknown; a and b are the correlation coefficients. To define 
coefficients a and b, SEBAL uses the “anchor” pixel when a value for sensible heat 
flux (H) can be reliably estimated.

a. At the “Cold” pixel:

 cold n coldH R G LE= − −  (31)

 cold ah
cold

p

H r
dT

cρ
×

=
×  (32)

If “Cold” pixel is chosen from a body of water, then 
coldH  = 0 and Eq. (31) reduces to: 

 cold nLE R G= −  (33)

 0colddT =  (34)

b. At the “Hot” pixel: 

 and 0hot n hot hotH R G LE LE= − − =  (35)

Therefore,

 hot nH R G= −  (36)

 

hot ah
hot

p

H r
dT

cρ
×

=
×  (37)

Therefore, 0colddT =  from Step 5a and hot ah
hot

p

H r
dT

cρ
×

=
×

 from Step 5b.

Step 6: The sensible heat flux is calculated in this step, called initial sensible heat flux.
Step 7: Monin-Obukhov theory in an iterative process is applied in SEBAL to ac-
count for the buoyancy effects, which are generated by surface heating. The Monin-
Obukhov length (L) is used to define the stability conditions of the atmosphere in the 
iterative process )this is not the same “L” as used in the SAVI computation). It is a 
function of the heat and momentum fluxes and is computed as follows:

 
3

p sc u T
L

kgH
ρ ∗

= −  (38)

or

 
31 1004

0.41 9.81
su T

L
H

× × ∗
= −

×  (39)
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Step 8: The values of the stability corrections for momentum ( mψ ) and and heat 
transport ( hψ ) are computed as follows. These values depend on the conditions of 
atmosphere.

a. If L < 0 [unstable atmospheric condition]: 

 ( ) ( )
( )( )

2
200 200

(200 ) 200

1 1
2ln ln 2 0.5

2 2
m m

h m m

x x
ARCTAN xψ π

⎛ ⎞+ +⎛ ⎞
⎜ ⎟= + − +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

 (40)

 

2
(2 )

(2 )
1

2 ln
2

m
h m

x
ψ

⎛ ⎞+
= ⎜ ⎟

⎝ ⎠  (41)

 
2
(0.1 )

(0.1 )
1

2 ln
2

m
h m

x
ψ

⎛ ⎞+
= ⎜ ⎟

⎝ ⎠
 (42)

In Eqs. (40)–(42): 

 ( )
0.25

200
2001 16mx
L

⎛ ⎞= −⎜ ⎟⎝ ⎠  (43)

 ( )
0.25

2
21 16mx
L

⎛ ⎞= −⎜ ⎟⎝ ⎠  (44)

 ( )
0.25

0.1
0.11 16mx
L

⎛ ⎞= −⎜ ⎟⎝ ⎠  (45)

b. If L > 0 (stable atomspheric condition): 

 (200)
25h L

ψ ⎛ ⎞= − ⎜ ⎟⎝ ⎠  (46)

 (2 )
25h m L

ψ ⎛ ⎞= − ⎜ ⎟⎝ ⎠
 (47)

 (0.1 )
0.15h m L

ψ ⎛ ⎞= − ⎜ ⎟⎝ ⎠
 (48)

c. If L = 0 (neutral condition): mψ  and 0h =ψ

Step 9: The friction velocity ( ∗u ), which is a corrected value, is now computed for 
each successive iteration as follows: 

 

200

(200 )
200ln m m

om

u k
u

z
ψ

∗ =
⎛ ⎞

−⎜ ⎟⎝ ⎠
 (49)
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where, 200u  is in m/s and k is 0.41.
Step 10: The aerodynamic resistance to heat transport (rah), which is a corrected value, 
is now computed during each iteration as follows: 

 2 1

2
( ) ( )

1
ln h z h z

ah

z
z

r
u k

ψ ψ
⎛ ⎞

− +⎜ ⎟⎝ ⎠
=

∗ ×

 (50)

Step 11: Repeat the steps 5 to 10 until the successive values for dThot  and rah at the hot 
pixel have stabilized.
Step 12: The latent energy of evaporation (LE) was computed using following equa-
tion: 

 nLE R G H= − −  (51)

After the latent energy of evaporation has been computed, then the evaporative frac-
tion ( Λ ) is obtained using Eq. (52). The evaporative fraction at each pixel of a satellite 
image can be estimated using the 24-hour evaporatranspiration for the day of the im-
age. The evaporative fraction is assumed to be a constant value over the full 24-hour 
period. 

 
n

LE LE
R G LE H

λ = =
− +  (52)

The 24-hour actual evaporatranspiration is estimated using Eq. (53): 

 
( )24 24

24
86400 nR G

ET
λ

Λ −
=  (53)

where, Rn24 is daily net radiation, G24 is daily soil heat flux, 86,400 is the number of 
seconds in a 24-hour period, and λ  is the latent heat of vaporization (J./kg). The 24-
hour actual evaporatranspiration, ET24, can be expressed in mm/day. Since energy, on 
average, is stored in the soil during the daytime and released into the air at night, G24 is 
very small for the combined vegetative and soil surface, so it can be assumed as zero 
at the soil surface [24]. Therefore, Eq. (53) can be rewritten as: 

 24
24

86400 nR
ET

λ
Λ

=  (54)

Steps 1 to 11 are summarized in Fig. 1. Thereafter, to determine the relationship be-
tween the temperature and actual evapotranspiration, the maximum and minimum 
values of actual evapotranspiration in each temperature were ignored. The selected 
actual evapotranspiration in each temperature was averaged. Finally, the relationship 
between temperature and actual evapotranspiration was determined using a polyno-
mial equation.

15.5.1 VALIDATION OF TEMPERATURE
For the validation of temperature computed by using Landsat satellite image, it was com-
pared with recorded temperature. On the other hand, to validate actual evapotranspiration 
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calculated by SEBAL, recorded pan evaporation was used. Pan evaporation is the amount 
of water evaporated during a period [mm/day] with an unlimited supply of water (potential 
evaporation). It is a function of surface and air temperatures, insolation, and wind, all of 
which affect water-vapor concentrations immediately above the evaporating surface [11]. 
On the other hand, actual evapotranspiration is a function of temperature, wind, humidity 
and net radiation. It can be concluded that there is a relationship between the pan evapora-
tion and actual evapotranspiration. [11, 13, 15] indicate that the decreasing trend detected 
in the pan evaporation and actual evapotranspiration can be attributed to the significant 
decreasing trends in the net radiation and in the wind speed. Also, it can be attributed to the 
significant increasing trend in the air temperature.

FIGURE 1 The surface energy balance algorithm for land process.
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FIGURE 2 The surface temperature on November 13, 2006.

FIGURE 3 The surface temperature on December 15, 2006.

FIGURE 4 The surface temperature on January 16, 2007.
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15.6 RESULTS AND DISCUSSION

Since there are three main parts for the calculation of this study, there are three main 
parts of the result that are the spatial temperature, the spatial actual evapotranspiration, 
and the relation between temperature and actual evapotranspiration. The results for 
each part are presented as follows: 

15.6.1 SPATIAL TEMPERATURE
The spatial distributions of temperature calculated by using Landsat 5™ satellite im-
ages are presented from Figs. 2–4 [19]. These figures can be presented that the mean 
temperatures from Figure 2 to Figure 4 are 297.34, 295.74 and 296.25°K, respectively. 
On the one hand, the minimum temperatures from these three figures are 283.21, 
278.93 and 284.02°K, respectively while the maximum temperatures from these three 
figures are 308.62, 313.63 and 310.65°K, respectively.

15.6.2 SPATIAL ACTUAL EVAPOTRANSPIRATION
The spatial distributions of actual evapotranspiration calculated by using Landsat 5™ 
satellite images and SEBAL are presented from Figs. 5–7 [19]. These figures cab be 
presented that the mean actual evapotranspiration from these three figures are 3.67, 
4.50 and 4.26 mm, respectively.

FIGURE 5 The actual evapotranspiration on November 13, 2006.

FIGURE 6 The actual evapotranspiration on December 15, 2006.
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FIGURE 7 The actual evapotranspiration on January 16, 2007.

FIGURE 8 The relation between the temperature (°K) and actual evapotranspiration (mm/day).

FIGURE 9 The relation between the temperature (°C) and actual evapotranspiration (mm/day).
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15.6.3 RELATION BETWEEN TEMPERATURE AND ACTUAL 
EVAPOTRANSPIRATION
After the spatial temperature and spatial actual evapotranspiration were calculated as 
shown in Figs. 2–7. The relationships between the temperature and actual evapotrans-
piration are shown in Figs. 8 and 9 [19]. In the regression Eqs. (55) for Fig. 8 and Eq. 
(56) for Fig. 9, y is the actual evapotranspiration [mm/day] and x is the temperature in 
the unit of °K and °C, respectively.

 y� �í�����x2 + 17.069x – 2593.2 [R2 = 0.987] and (55)

 y� �í�����x2 + 1.7608x – 22.932 [R2 = 0.987] (56)

15.7 SUMMARY

The results in this chapter indicate that the mean temperature and the mean actual 
evapotranspiration are 296.44°K (23.44°C) and 4.14 mm, respectively. The relation-°K (23.44°C) and 4.14 mm, respectively. The relation-K (23.44°C) and 4.14 mm, respectively. The relation-°C) and 4.14 mm, respectively. The relation-) and 4.14 mm, respectively. The relation-
ship between the temperature (°K and °C) and actual evapotranspiration (mm/day) is 
in the format of the polynomial equation. For the temperature in Kelvin, an equation 
is y� �í�����x2 + 17.069x – 2593.2 and for the temperature in Celsius, an equation is 
y� �í�����x2 + 1.7608x – 22.932.

The spatial temperature and spatial actual evapotranspiration during November 
2006 to January 2007 that are the result are in the condition of both dry season and 
clear sky. Also, the relationship between temperature and actual evapotranspiration 
is a result. These results are useful for irrigation project and water management. For 
spatial temperature, it presents temperature for each area. Since temperature relates 
to many weather data, temperature can imply the characteristic of other weather data. 
For example, high temperature is included low humidity but high evaporation can be 
occurred in the condition of high temperature. For spatial actual evapotranspiration, 
it can be used to present daily actual evapotranspiration. This daily actual evapotrans-
piration leads to the planning of water management in each area. Then, it is easy 
to manage water for irrigation. For the relationship between temperature and actual 
evapotranspiration, it can be used to estimate actual evapotranspiration when tempera-
ture is not unknown.

KEYWORDS

 • Landsat 5™

 • SEBAL

 • spatial actual evapotranspiration

 • spatial temperature

 • Thailand
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16.1 INTRODUCTION

In the western United States, irrigation accounts for about 80% of the water con-
sumed [8]. Concerns about changes in land use due to growing populations, climate 
change, and the protection of aquatic habitats are driving a need to conserve water. 
Optimization of irrigation will not only benefit the environment, but also benefit lo-
cal economies. Over irrigation may lead to dangerous increases in the total maximum 
daily loads (TMDL) of temperature, nitrates, and salinity in natural waters [6]. Nitrate 
fertilizers leached out of the soils get transported to natural waters causing eutrophi-
cation and other aquatic impairments. Run off from over irrigation may affect water 
quality parameters such as pH, total suspended solids (TSS), and dissolved oxygen 
[18]. Other negative impacts associated with over irrigation include wastes of water 
and energy, and reduced crop yields. The negative impacts associated with under ir-
rigation are more intuitive. Under irrigation may reduce crop yields which will reduce 
profit margins. This chapter discusses a soil water balance model incorporated into a 
data acquisition system that is a power tool for scheduling and optimizing irrigation. A 
case study for blueberries is presented.

Advancements in computer microprocessors, memory and software development 
tools has improved data acquisition methods and made data acquisition system inte-
gration more reliable and more cost effective. The soil water balance model incor-
porates inputs of soil moisture, water application and evapotranspiration (ET). The 
soil moisture data acquisition system retrieves the input parameters via telemetry and 
populates software that accommodates the soil water balance model. The soil data 
acquisition software integrated with a soil water balance model is commercially avail-
able from Stevens Water Monitoring Systems, Inc.

16.2 SOIL MOISTURE BUDGET

To begin our discussion about soil moisture budgets (Fig. 2), we first describe the 
components and the hydrological conditions of soil. In general, inorganic soil is com-
posed of mixes of sands, silts and clays. Sands, silts and clays differ not only by 
particle size distribution, but also in the atomic arrangement and charge distribution 
at the molecular level [9]. Soil geomorphology is the process by which sands and silts 
chemically and physically transform into clays as the soil ages [2]. The soil textural 
class is determined by the gravimetric percentage of sand silt and clay. Figure 1 shows 
the soil texture classifications based on gravimetric percentage.

Sands, silts, clays and organics represent the solid particle composition of soil 
ZKLOH�DLU�DQG�ZDWHU�¿OO�WKH�SRUH�VSDFHV�EHWZHHQ�WKH�VROLG�SDUWLFOHV��:KHQ�VRLO�LV�FRP-
pletely saturated with water, the porosity will be equal to the volumetric soil mois-
ture content [16]. The amount of organics in soil will affect the bulk density and the 
porosity. Some organic soils may have porosities of over 90%, but in general, most 
inorganic agricultural loams will have a porosity of near 50%. The pores can be nearly 
microscopic (micropores) or visible with the naked eye (macropores) [3].

The hydrologic properties of soil play an important role in a crop’s ability to tran-
spire water with their root systems. Knowledge of volumetric soil moisture content 
(ș��m3 m–3) is an important input into the soil water balance model. Permanent wilting 
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point (șPW) is the soil moisture level at which plants can no longer adsorb water from 
the soil. Plant transpiration and direct evaporation will decrease the moisture level in 
VRLO�WR�D�SRLQW�EHORZ�șPW and, in some cases, down to near dryness (Fig. 3).

Field capacity (șFC��LV�GH¿QHG�DV�WKH�WKUHVKROG�SRLQW�DW�ZKLFK�WKH�VRLO�SRUH�ZDWHU�
ZLOO�EH�LQÀXHQFHG�E\�JUDYLW\��$ERYH�¿HOG�FDSDFLW\��WKH�JUDYLWDWLRQDO�IRUFH�ZLOO�RYHU-
come the capillary forces suspending the moisture in the pores of the soil allowing 
IRU�GRZQ�PRYHPHQW�RI�ZDWHU�LQ�WKH�VRLO�FROXPQ��%HORZ�șFC, there will be a net up-
ward movement of water driven by ET. Field capacity and permanent wilting point 
DUH�KHDYLO\� LQÀXHQFHG�E\�VRLO� WH[WXUDO�FODVVHV��SDUWLFXODUO\�FOD\�FRQWHQW� >��@��&OD\V�
interact with water in ways uniquely different from sand, silt and organics. Clays will 
KDYH�D�SK\VLFDO�DQG�FKHPLFDO�DI¿QLW\�IRU�ZDWHU�GXH�WR�WKH�QHJDWLYH�FKDUJH�GLVWULEXWLRQ�
and the planner molecular lattice. The positive portion of the water molecule will be 
oriented toward the negatively charged clay lattice and the oxygen’s lone electron pair 
will be pointed outwards [7].

3RVLWLYHO\�FKDUJHG�FDWLRQV�ZLOO�DOVR�EH�LQÀXHQFHG�E\�WKH�QHJDWLYH�FKDUJHG�GLVWULEX-
tion of clay [9]. Figure 4 shows two cations of different valance states (Ca++ and Na+) 
FKHPLFDOO\�LQÀXHQFHG�E\�FOD\�DW�WKH�PROHFXODU�OHYHO��)LJXUH���DOVR�VKRZV�WKH�FKDUJH�
distribution of the water molecule. The available water capacity (șAC) of soil is the 
water that is available to a plant. It represents the range of soil moisture values that lie 
DERYH�SHUPDQHQW�ZLOWLQJ�SRLQW�DQG�EHORZ�WKH�¿HOG�FDSDFLW\�

 șPW < șac < șFC (1)

Table 1 shows the typical values for permanent wilting point and field capacity for 
common soil textural classes [10]. Plants are able to uptake water from soil if the soil 
moisture is above permanent wilting point. As the soil moisture approaches permanent 
wilting point, the plant will become increasingly stressed as the soil pore water be-
comes depleted. The point below field capacity where plants become stressed is called 
the maximum allowable depletion (MAD).

FIGURE 1 Soil textural classes based on the percentage of sand, silt, and clay.
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FIGURE 2 Unsaturated soil is composed of solid particles, organic material and pores. The 
pore space will contain air and water.

FIGURE 3 Soil moisture: Saturation, field capacity and permanent wilting point.

FIGURE 4 Planner clay lattice: a negative charge distribution (left); cation influence (center); 
and Dipole moment of a water molecule (extreme right).

FIGURE 5 The relationship between soil textural classes and the hydrological thresholds șPW, șAC, 
and șFC. The 25%, 50% and 75% MAD levels are displayed in the available water capacity region.
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The MAD value is expressed as a percent of the available water capacity. Table 
��VKRZV�W\SLFDO�0$'�YDOXHV�IRU�D�IHZ�VHOHFWHG�FURSV��)LJXUH���VKRZV�WKH�VRLO�¿HOG�
capacities and the permanent wilting points for common soil textural classes. The 
dark shaded region in Fig. 5 is the available water capacity showing 25%, 50% and 
����0$'V��$V�VKRZQ�LQ�)LJ�����WKH�¿HOG�FDSDFLW\�DQG�WKH�SHUPDQHQW�ZLOWLQJ�SRLQW�
ZLOO�LQFUHDVH�ZLWK�WKH�SHUFHQWDJH�RI�FOD\��:LWK�VSHFL¿F�NQRZOHGJH�RI�¿HOG�FDSDFLW\��
soil textural class and the maximum allowable depletion, a soil moisture target can be 
determined for irrigation optimization [4]. The soil moisture target is the range of soil 
PRLVWXUHV�WKDW�OLH�DERYH�WKH�0$'�EXW�EHORZ�WKH�¿HOG�FDSDFLW\��%HORZ�WKH�0$'�YDOXH�
the crop will still have the ability to receive water from the soil, however the crop will 
become stressed after a period of time. If the crop becomes stressed due to the lack of 
water, the plant will have a reduced yield and become more susceptible to pathogens. 
,I�WKH�VRLO�PRLVWXUH�JHWV�DERYH�¿HOG�FDSDFLW\��ZDWHU�ZLOO�EH�WUDQVSRUWHG�GRZQZDUG�E\�
gravity potentially wasting water and leaching nutrients. Upper soil moisture target for 
WKH�VRLOV�LQ�WKH�URRW�]RQH�ZLOO�EH�WKH�¿HOG�FDSDFLW\��7KH�ORZHU�VRLO�PRLVWXUH�WDUJHW�LV�
GHWHUPLQHG�E\�WKH�0$'��șFC��DQG�șPW:

 Lower Soil Moisture Target = șFC – (șFC – șPW) × MAD (2)

For example, green beans with a MAD of 50% have a root zone depth of 18 inches. 
,I�WKH�JUHHQ�EHDQV�DUH�JURZLQJ�LQ�D�VLOW�ORDP��WKH�¿HOG�FDSDFLW\�ZLOO�EH�����ZDWHU�IUDF-
tion by volume (wfv) and the permanent wilting point will be 0.15 wfv. Using Eq. 
(2), the lower soil moisture target will be 0.23 wfv. In this example, the soil moisture 
target for the green beans will lie between 0.23 wfv and 0.3 wfv from 5 inches to 18 
inches deep adjacent to the root ball. It is important to note that the values in Table 1 
are typical values and could vary slightly with bulk density of soil, mineralogy and 
organic content. Similarly, the MAD values in Table 2 are typical values and may vary 
by species, age of crop, region and soil chemistry.

TABLE 1 Field capacity and permanent wilting point for common soil textural classes.

Soil Texture Field capacity Permanent wilting point

Sand 0.12 0.04

Loamy Sand 0.14 0.06

Sandy Loam 0.23 0.1

Loam 0.26 0.12

Silt Loam 0.3 0.15

Silt 0.32 0.165

Sandy Clay Loam 0.33 0.175

Silty Clay Loam 0.34 0.19

SiltyClay 0.36 0.21

Clay 0.36 0.21
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TABLE 2 Maximum allowable depletion and effective root zone depth for selected crops [12].
Crop Maximum allowable

depletion (MAD)

Effective root

Depth, inches
Grass 50% 7

Table beet 50% 18

Sweet Corn 50% 24

Strawberry 50% 12

Winter Squash 60% 36

Peppermint 35% 24

Potatoes 35% 35

Orchard Apples 75% 36

Leafy Green 40% 18

Cucumber 50% 24

Green Beans 50% 18

Cauliflower 40% 18

Carrot 50% 18

Blue Berries 50% 18

TABLE 3 Typical values for sprinkler efficiencies for various sprinkler systems [12].
Irrigation System Sprinkler efficiency (Ef) Sprinkler efficiency

(sprinkler spacing
over 40 x40 feet)

Solid set 0.70 0.63

Hand move or side roll 0.80 0.74

Pivot or linear move 0.90 0.81

Offset managed hand move 0.90 0.81

16.3 WATER APPLICATION

While soil moisture data provides information about the root zone, the measured ap-
plication of water can be used concurrently with the soil moisture values to provide a 
more complete suite of tools for the irrigator. The measured application of water (D) 
is the amount of water applied to the crops with sprinklers, plus the amount of natural 
precipitation measured in inches/day. It is the total depth of water received by the crop.

16.3.1 SPRINKLER EFFICIENCY
In order to effectively use the application of water in a water budget model, a high 
sprinkler efficiency (Ef) is required. Sprinkler efficiency (Ef) is the measure of unifor-
mity of water application. Ponding of irrigation water, and uneven application of water 
over the field is the result of poor sprinkler efficiency. Soil moisture data and rain 
gauge data are less meaningful if the monitoring site receives more or less water than 
the rest of the irrigation regime. Sprinkler efficiency is determined by placing catch 
cans or a set of containers of uniform size in the field. The catch cans can be placed in 
grid or uniformly distributed among the crops. After running the sprinklers for a length 
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of time, the amount of water in the catch cans is measured. The sprinkler efficiency is 
expressed as a fraction and an Ef value of 1 is perfect uniformity. There are a number 
of methods for calculating Ef. The most common method for determining Ef involves 
averaging the lower 25% of the measured catchment of catch cans divided by the 
mean. An Ef value greater than 0.8 is preferred. Table 3 shows typical Ef values for 
several different types of sprinkler systems.

16.3.2 EVAPOTRANSPIRATION
An important factor for quantifying the water budget is the evapotranspiration rate 
(ET). Evapotranspiration is the water that is transpired out of the soil by the plant plus 
the amount of water lost to evaporation [1]. ET represents the rate of water consumed 
by the plant and lost by direct evaporation. The factors that affect the ET rate include 
wind, temperature, relative humidity, and solar radiation. The units for ET are inches/
day. Based on the Penman Monteith model for ET estimations, ET is not measured di-
rectly for an individual crop, but rather it is determined from a standard reference grass 
and then adjusted for different crops and plants with a crop coefficient [1]. The evapo-
transpiration for a reference grass is referred to as the potential evapotranspiration 
(ET°). Potential evapotranspiration values will vary regionally and seasonally and are 
available in the literature. If literature values for ET° are not available or if the irrigator 
wishes to have a real time ET measurements, ET data acquisition systems are commer-
cially available. ET data acquisition systems consist of weather sensors, telemetry and 
software that can retrieve the weather sensor inputs and perform the Penman Monteith 
model calculations. While an ET data acquisition system could potentially provide ac-
curate real time ET° values, these systems are very expensive and do not necessarily 
represent microclimates. Because ET° is the ET for a standard reference grass, a crop 
coefficient (Kc) is necessary to determine the ET for the crop of interest. With informa-
tion about sprinkler efficiency, crop coefficient and potential evapotranspiration, the 
water consumption (ET”) for a specific crop (in inches per day) are calculated from 
the Eq. (3). Typically, Kc values will range from 0.75 to 1.25 depending on species of 
the plant, the growth stage of the plant, and vary regionally. In practice, ET° and Kc 
values can be obtained from a local government crop extension or a local crop advisor.

 ET” = [ET° × Kc] /Ef (3)

16.3.3 APPLIED WATER SCHEDULING
In general, the water application (D) in inches/day should be roughly equal to the 
system water loss (ET”) due to ET and sprinkler uniformity. The water loss calculated 
by Eq. (3) can be compared to the applied water measured with a rain gauge to set an 
irrigation target.
 D §�ET” (4)
It is difficult to keep D §�ET” on an hourly or daily basis due to factors such as pivot 
lap speed and soil infiltration rates. Eq. (4) should define a water application target on a 
weekly basis. In general, depending on the crop and the irrigation system, crops should 
be irrigated 3 to 7 times a week and net weekly sum of the daily D values should be 
roughly equal to the net weekly sum of the daily ET” values. Figure 5 demonstrates a 
weekly water application target. In Fig. 5, there are three irrigation events and an ET” 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



376 Evapotranspiration: Principles and Applications for Water Management

rate of 0.26 inches per day. Based on an ET” rate of 0.26 inches per day and the Ef, by 
the end of the week, 1.80 inches of water was consumed and approximately 1.80 inches 
would need to be applied. The application rate in Fig. 5 is 0.3 inches per hour for 2 hours. 

FIGURE 6 There are three irrigation events, and an ET” rate of 0.26 inches per day. D §�ET” 
after the three irrigation event at the end of the week during the July, 2008.

TABLE 4 Typical Infiltration rates based on soil texture.
Soil texture Typical infiltration rate inches/hour

Sand 1.5 or more

Sandy Loam 1 to 1.5

Loam 0.5 to 1

Clay Loam 0.25 to 0.5

Clay 0.05 to 0.25

To minimize the water loss due to direct evaporation, the irrigation events take place 
EHWZHHQ�VXQVHW�DQG�VXQULVH��,W�LV�LPSRUWDQW�WR�LUULJDWH�DW�D�UDWH�WKDW�LV�OHVV�WKDQ�WKH�LQ¿OWUD-
tion rate of the soil. Runoff and ponding may occur if the rate of application exceeds in-
¿OWUDWLRQ�UDWH�RI�WKH�VRLO��7DEOH���SURYLGHV�LQ¿OWUDWLRQ�UDWHV�RI�VRLOV�EDVHG�RQ�VRLO�WH[WXUDO�
FODVV�>�@��7KH�LQ¿OWUDWLRQ�RI�ZDWHU�LQWR�VRLO�ZLOO�YDU\�ZLWK�WH[WXUH��EXW�LW�ZLOO�DOVR�GHSHQG�
on soil moisture, vegetation, bulk density and soil geomorphology among other factors. 
6RLO�LQ¿OWUDWLRQ�UDWHV�FDQ�EH�GHWHUPLQHG�IURP�WHVWV�DQG�DUHD�VRLO�VXUYH\V�GDWD�

16.4 DATA ACQUISITION

Data acquisition systems are the most effective tool for identifying and reaching soil 
moisture and water application targets for irrigation optimization. A data acquisition 
system with the water budgeting method was constructed and is commercially avail-
able from Stevens Water Monitoring Systems, Inc.. The Stevens Agricultural Monitor-
ing (SAM) Package integrates the input from sensors, displays the data from the remote 
field locations and integrates the water balance method described in the previous sec-
tion. The SAM package includes rain gauges, the Stevens Hydra Probe Soil Sensor, a 
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Stevens DL3000 data logger, telemetry and the software program. Described below is 
the engineering that collects field data (soil moisture and precipitation) and the soft-
ware program that acquires the data from the data loggers through the telemetry. The 
data is either exported to the internet or is imported into the SAM software where it 
can be used to make informed decisions about irrigation scheduling.

16.4.1 SOIL MOISTURE DATA COLLECTION
The soil moisture is collected using the Stevens Hydra Probe. The Hydra Probe is the 
soil sensor used in the USDA’s Soil Climate Analysis Network (SCAN) and NOAA’s 
Climate Reference Network (CRN). The Hydra Probe uses electromagnetic waves to 
measure both the real and imaginary dielectric permittivity [5]. The real component 
of the dielectric permittivity represents the energy storage based on the high rotational 
dipole moment of water compared to that of dry soil [14]. The measured real dielectric 
permittivity (İr) is used to accurately calculate the soil moisture in water fraction by 
YROXPH��ș��LQ�PRVW�VRLOV�>��@�ZLWK�WKH�FDOLEUDWLRQ�HTXDWLRQ�

 rA Bθ ε= +  (5)

where, A is 0.109 and B LV�HTXDO�WR�í�������7KH�+\GUD�3UREH�LV�GLJLWDO�DQG�(T������LV�
written into the firmware of the probe. The digital communication between the Hydra 
Probe and the data logger is the standard communication format Serial Data Interface 
at 1200 Baud (SDI-12). The advantages of SDI-12 include connecting many sensors 
on a single serial addressable bus and cable lengths up to 1000 feet from the sensor to 
the data logger. Multiple digital sensors are “daisy chained” together and the longer 
cable lengths provide flexibility in the architecture of the system in the field. Up to 4 
or more SDI-12 soil moisture profiles can be installed up to 1000 feet away from the 
data logger reducing the cost by using common data loggers and telemetry.

16.4.2 RAIN DATA COLLECTION
The precipitation and the irrigation from sprinklers are measured together with a tip-
ping bucket rain gauge. A tipping bucket is a 6 to 10 inch in diameter cylinder with a 
screen at the top facing end and a drain out the bottom. Inside of the bucket is a dual 
sided tray that is located under a funnel. The tray will tip over and drain after receiving 
0.01 inches of rain. After tipping, the other half of the tray will fill with water, tip and 
drain after receiving another 0.01 inches of water. Every time the tipping bucket’s tray 
tips (0.01 inch of rain), an electrical pulse is sent to the DL3000 data logger. The data 
logger counts the tips and calculates the depth of rainfall over time. It is important that 
the tipping bucket remain level and is placed in a location that will receive a represen-
tative application of water from the sprinklers.

If an irrigation method is used that does not include the use of sprinklers such as 
furrow or drip irrigation, the method described in Fig. 5 and Eq. (4) will not be as ap-
plicable. In this case, one or no rain gauge would be used in the data acquisition package.

16.4.3 DATA LOGGER AND FIELD STATION
The Stevens Data Logic 3000 (DL3000) data collection platform resides inside a 
weather proof fiber glass enclosure located in the field. The cable from each SDI-12 
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Hydra Probe enters the enclosure by running through bulkhead bushings located on 
the bottom of the enclosure. The Hydra Probe power, ground and SDI-12 communica-
tion wires are “daisy chained” together with a multiplex inside the enclosure. A single 
SDI-12 communication wire runs from the multiplexer to the DL3000’s SDI-12 com-
munication port. The DL3000 will log data on a set time interval typically every 30 
minutes, and will hold up to 2 Gigabytes of data. The wire from the tipping bucket also 
UXQV�LQWR�WKH�HQFORVXUH�WKURXJK�D�EXONKHDG�DQG�LV�ZLUHG�LQWR�WKH�'/����ƍV�SXOVH�SRUW��
The data logger has a wireless RS232 communication radio attached. A coaxial cable 
runs from the radio out of the enclosure through the bulkhead to an Omni directional 
antenna. Also contained in the field enclosure is a 9 Amp/hour 12 volt DC battery, and 
charge regulator for the solar panel power supply. Figure 9 describes a field station 
with a subsurface soil moisture monitoring profile.

16.4.4 WIRELESS TELEMETRY
After the data from the sensors is received by the data logger, the data is transmitted 
from the field to the base station computer via radio. The frequency and type of radio 
would depend on the distance from the field to the base station computer. The radio 
communication between the field and the base station is usually line of sight. Large 
obstacles such as buildings, mountains and trees will impede the radio signal and pre-
vent the signal from reaching its destination. If there is a large obstacle in the way, a 
repeater station could be installed, however repeater stations will increase the overall 
cost of the system. Radio communication always takes place between two or more 
radios. The radio at the base station is called the server or master radio and the radios 
in the field are call client or slave radios. The master radio is connected to the base 
station computer and a directional Omni antenna. Each radio has a Media Access Con-
trol (MAC) address written into the radio’s firmware, identifying it. When the master 
radio needs communication with a specific radio, the master radio will address the 
radio with the MAC address. Radios will only respond to their specific MAC address 
from the master radio. In a network of radios, the master radio will communicate with 
each slave radio one by one and retrieve the sensor data from each logger individually.

'LVWDQFH�IURP�WKH�¿HOG�VLWH�WR�WKH�EDVH�VWDWLRQ�LV�WKH�PDLQ�IDFWRU�GHWHUPLQLQJ�WKH�
most appropriate radio and frequency. In most agriculture applications, 900 MHz 
Spread Spectrum radio with a 5 miles line of sight range is the most common. While 
satellite communication is common in the water resources industry, it is less common 
at the farm level due to licensing and hardware costs. Table 5 lists the different kinds 
of telemetry solutions, the ranges and the frequencies.

TABLE 5 Summary of telemetry options and ranges.
Radio Range Frequency

Blue Tooth 100 m 2,400 to 2,483.5 MHz

Spread Spectrum 5 miles 902 to 928 MHz

Wi-Fi 100 m 2.4 GHz

VHF 30 miles 30 to 300 MHz

UHF 30 miles 300 to 1,000 MHz
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Radio Range Frequency

Wi-Max 30 miles 2.3 to 3.5 GHz

Cellular Modem Cell Coverage 824.01 to 848.97 MHz

Geosynchronous Satellite 1/3 the of Earth 401.7010 to 402.0985 MHz

Low Earth Orbiting Satellite Global Coverage 148 to 150.05 MHz

16.4.5 SOIL PROFILE
Soil moisture probes at different depths in the soil column are referred to as a soil 
profile. Depending on the root zone depth, the typical soil profile consists of four soil 
sensors. One probe in the top soil (2 to 4 inches) two probes in the root zone (6 to 30 
inches) and one probe below the root zone (36 inches). The Hydra Probe in the top soil 
will experience the greatest moisture fluctuation because it will be the most influenced 
by ET and downward flow. The top soil may reach saturation or reach a soil moisture 
value over the field capacity thus conducting water downward into the root zone of the 
crop. The lower soil moisture target for the two Hydra Probes in the root zone how-
ever are calculated from the MAD, șFC�DQG�șPW in Eq. (2) and the upper soil moisture 
target in the root zone will be the soil’s field capacity. The soil sensor below the root 
zone should stay below field capacity. If the soil moisture below the root zone reaches 
values above field capacity, there will be downward conductance of water.

7KH�VRLO�SUR¿OH�VKRXOG�EH�SODFHG� LQ�D� ORFDWLRQ� WKDW�ZLOO�PRVW� UHSUHVHQW� WKH� LUUL-
gated area. Soil moisture can be highly variable spatially [17]. The factors that affect 
soil moisture variability are slope, vegetation type, bulk density, soil type, microcli-
mate, and other variables. An irrigation regime represents an area that is homogenous 
enough that the soil moisture variability will be low and the soil moisture data will 
UHSUHVHQW�WKH�HQWLUH�LUULJDWLRQ�UHJLPH��7KHUH�VKRXOG�EH�DW�OHDVW�RQH�VRLO�SUR¿OH�IRU�HYHU\�
irrigation regime. Irrigation regimes are determined by crop type, crop age, soil type, 
slope, and irrigation method. If the irrigation regimes are less than 1000 feet apart, it 
PD\�UHGXFH�FRVW�WR�WLH�PXOWLSOH�VRLO�SUR¿OHV�LQWR�RQH�GDWD�ORJJHU��%\�W\LQJ�PXOWLSOH�
SUR¿OHV�LQWR�D�VLQJOH�GDWD�ORJJHU��WKH�LUULJDWRU�FDQ�VDYH�RQ�WKH�QXPEHU�RI�VRODU�SDQHOV��
batteries, radios, data loggers and other necessary accessories.

16.4.6 DATA ACQUISITION SOFTWARE
The central user interface of the data acquisition package is the software. The Stevens 
Agricultural Monitoring (SAM) Software is commercial available and can be subsi-
dized by some energy and water conservation grants. The SAM software runs on a 
computer that is connected to the master radio. A master radio is not necessary if the 
system has a field cellular modem or satellite transceiver. The SAM Software acquires 
the sensor data in the field from a polling sequence. The polling sequence runs at a 
user specified time interval, which is usually every 15 or 30 minutes. Communication 
begins with a serial command from the software to the data logger to take a current 
reading from all of the sensors. The SAM sends the command to the master with in-
structions to use a specific slave radio. The data logger becomes active after receiving 
the command and takes a current reading from all of the sensors that are connected to 

TABLE 5 (Continued)
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it. Next the data logger sends a comma delimitated string of sensor data back to the 
SAM software through the slave and master radio. The SAM software parses the data 
and populates the tables and graphical displays in the software.

The irrigator can then view the real time data and make decisions about when to 
irrigate based on the soil moisture targets and the rate of water consumption by the 
crop from the ET. Other features in the software include battery voltages for power 
management. In the SAM Software, a display of MAD, șFC, șPW and the lower soil 
moisture limit based on the calculations from Eq. (2) are superimposed onto the real 
time soil moisture data. The real time soil moisture, superimposed onto the targets, is 
shown on a screen similar to Fig. 8.

FIGURE 7 Typical values for monthly ET and precipitation for blue berries in western Oregon.

FIGURE 8 Soil moisture measurements in a profile 2, 8, 16 and 30 inches in depth. Daily 
irrigation events with subsequent decrease in soil moisture from a high ET rate.
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At the beginning of the irrigation season, the irrigator can manually input the 
weekly ET values or the values from Eq. (3) into the SAM setup page. A real time 
display similar to Fig. 6 is displayed. With real time displays of the real time data 
superimposed onto the targets in a graphical representation will allow the irrigator to 
easily interpret the data.

16.4.7 SAM DATA ACQUISITION POLLING SEQUENCE FOR STATION 1
The flow chart below describes the process by which the SAM [Stevens Agriculture 
Monitoring] software communicates with the field stations. Figure 9 shows a diagram 
of a field station. The SAM Software will poll data from each station in consecutive 
order starting with the first field station. After retrieving the data from one field station 
the software will move on to the next field station.

1. The Polling Sequence initiates on a fixed time interval.
2. The Acquisition command “Take Current Readings Data Logger 1” along with 

a command to the master radio to communicate with radio 1 with its MAC ad-
dress. These two commands are sent by the software out the serial port of the 
computer.

3. With an RS232 or USB connection to the computer, the Master Radio receives 
the “Take Current Readings Data Logger 1” message and transmits this mes-
sage to slave radio 1 as commanded by the SAM software.

4. Slave radio 1 receives the “Take Current Readings Data Logger 1” and passes 
the message to the data logger via a RS232 cable.

5. Data Logger 1 receives the command “Take Current Readings Data Logger 
1” from the slave radio and one by one collects the current data readings from 
each sensor that is connected to it.

6. Data Logger 1 sends a comma delimited data string back to the SAM software 
through the radios and serial ports.

7. The SAM software receives the data string, parses the data, and populates the 
graphical displays and tables in the software viewable by the user.

8. After the SAM software receives the data from data logger 1, it repeats steps 
1 through 7 for data logger 2 and slave radio 2.

16.4.8 BLUEBERRY FARM IN WASHINGTON COUNTY OREGON:  
CASE STUDY
A SAM Soil Moisture data acquisition package complete with telemetry and software 
was installed on a 200 acre blueberry farm in Washington County, Oregon. The soil 
unit is Woodburn Silt Loam with less than 3% slope and the soil taxonomic description 
is Typic Plinthoxeralf. There are two irrigation regimes based on the age of the crop. 
Two stations, one in each irrigation regime, were installed with 4 Hydra Probe soil 
sensors, a tipping bucket rain gauge, and an air temperature sensor. Soils data for this 
location and most locations in the United States are provide for free by the US Depart-
ment of Agriculture’s Web Soil Survey Program, <http://websoilsurvey.nrcs.usda.gov/
app/WebSoilSurvey.aspx>.
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382 Evapotranspiration: Principles and Applications for Water Management

Figure 7 shows the annual precipitation and ET rate for blueberries in Washington 
County Oregon [12]. The ET exceeds precipitation from April to October and this 
JHQHUDOO\�GH¿QHV�WKH�LUULJDWLRQ�VHDVRQ�

Each station is located 1 mile away from the computer with the master radio; there-
IRUH��WKLV�QHWZRUN�XVHV�VSUHDG�VSHFWUXP�UDGLRV��7KH�VWDWLRQV�HDFK�KDYH�RQH�VRLO�SUR¿OH�
FRQVLVWLQJ�RI���+\GUD�3UREHV�DW�YDULRXV�GHSWKV���Ǝ���Ǝ���Ǝ�DQG���Ǝ���7KH�6',����+\GUD�
Probe Soil Sensors are wired into a multiplexer which is connected to the Stevens Data 
Logger. Each station is power with a solar panel and the enclosure houses the battery, 
multiplexer, charge regulator and radio. The radio antennas are mounted to the same 
PDVW�DV�WKH�WLSSLQJ�EXFNHW��)LJXUH���LOOXVWUDWHV�RQH�RI�WKH�¿HOG�VWDWLRQV�ZLWK�WKH�VRLO�
SUR¿OH�

8VLQJ�7DEOHV���DQG����WKH�SHUPDQHQW�ZLOWLQJ�SRLQW�LV������WKH�¿HOG�FDSDFLW\�LV�����
and the MAD is 50%. The lower soil moisture target as calculated from Eq. (2) is 0.22.

Figure 8 shows thesoil moisture for a warm week in July 2008. The region of the 
FKDUW�IRU��ZIY� �����WR������UHSUHVHQWV�VRLO�PRLVWXUH�OHYHOV�RYHU�¿HOG�FDSDFLW\�� WKHUH�
gion for, wfv = 0.15 to 0.30,  shows the range ofsoil moistures available to the crop 
(available water capacity) and the region for, wfv = 0.0 to 0.15, is below permanent 
ZLOWLQJ�SRLQW��7KH�WZR�LQFK�GHHSVRLO�PRLVWXUH�YDOXHV�ÀXFWXDWH�WKH�PRVW�IRU�GRZQZDUG�
FRQGXFWLYLW\�DQG�(7�DQG�VWD\V�DERYH�¿HOG�FDSDFLW\��7KLV�LV�W\SLFDO�EHFDXVH�LI�WKH�WRS���
LQFKHV�RI�WKH�VRLOV�WD\HG�EHORZ�¿HOG�FDSDFLW\�WKHQ�WKH�URRW�]RQH�ZRXOG�QRW�UHFHLYH�WKH�
ZDWHU���7KH���LQFK�VRLO�PRLVWXUH�YDOXHV�ÀXFWXDWH�ZLGH�O\GXHWR�(7�DQG�WKHUH�LV�D���KRXU�
lagtime between the 2 and 8 inch soil moisture probes from the downward movement 
time of the wetting front. During extremelyhot days, itis not uncommon to have the 
VRLO�PRLVWXUH�YDOXHV�EULHÀ\�GURS�EHORZ�SHUPDQHQW�ZLOWLQJ�SRLQW�EHWZHHQ� LUULJDWLRQ�
cycles. The 16 inch soil moisture mirrors the 8 inch values with a4 hour latency from 
the soil moisture values above it and the rise and fall of soil moisture values with the 
irrigationevents. The 30 inch deep soil moisture probe below the root zone is remain-
ing constant about 0.10 wfv indicating that water is not peculating downward to the 
water table.

7KH�VROLG�VHW�VSULQNOHUV�URWDWRU��ZLWK�DQ�HI¿FLHQF\�RI�������DSSO\�ZDWHU�GDLO\��)RU�WKH�
month of July ET (=ET° × Kc) is 0.25 inches per day. Using Eq. (3), the daily water con-° × Kc) is 0.25 inches per day. Using Eq. (3), the daily water con- × Kc) is 0.25 inches per day. Using Eq. (3), the daily water con-
sumption will be 0.28 inches. A weekly display similar to Fig. 6 is displayed in the software 
which will allow the irrigator to meet the soil moisture and water application targets.

It was concluded: As the demand for water increases, along with the need to protect 
aquatic habitats, water conservation practices for irrigation need to be effective and af-
fordable. Precision irrigation will optimize irrigation by minimizing the waste of water, 
and energy, while maximizing crop yields. The most effective method for determining 
the water demands of crops is the based on the real time monitoring of soil moisture, and 
direct water application used in conjunction with the information about soil hydrological 
properties and evapotranspiration. The Stevens Agriculture Monitoring data acquisition 
V\VWHP�ZLUHOHVVO\�DFTXLUHV�UDLQ�DQG�VRLO�GDWD�IURP�WKH�¿HOG�DQG�LQWHJUDWHV�WKH�GDWD�LQWR�
water management tools. The water management tools use information about evapo-
WUDQVSLUDWLRQ��VRLO�DQG�WKH�FURS�WR�VHW�VSHFL¿F�LUULJDWLRQ�WDUJHWV��7KHVH�LUULJDWLRQ�WDUJHWV�
will help the irrigator optimize the amount of water used on a weekly basis. Optimization 
of irrigation water will increase crop yields while conserving water resources.
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FIGURE 9 Typical soil moisture profile station which includes four Hydra Probe Soil Sensors, 
Stevens DL3000 data logger, radio, antenna and accessories.

16.5 SUMMARY

The water requirements of crops are dependent on ET, soil chemistry, and the MAD. 
Direct measurements of root zone soil moisture, water application along with pub-
lished ET values and soil textures, can be used in a soil water balance model that can 
significantly optimize irrigation efficiency. Over the past five years, advancements in 
computer microprocessors, memory, and software development tools has improved 
data acquisition methods and made data acquisition system integration more reliable 
and more cost effective. This chapter presents an irrigation scheduling method based 
on a volumetric soil moisture balance model and data acquisition.
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17.1 INTRODUCTION

There are many complex political, social, environmental, and scientific challenges 
surrounding water resources in the western United States [9]. Water is scarce and does 
not occur when and where people need it the most. According to the US Geological 
Survey (USGS), about 80% of fresh water used in the western United States is appro-
priated for irrigation [10]. Over the past 150 years, society has diverted streams, built 
wells and created reservoirs to better distribute water to where it is needed the most. 
Over the past 30 years, the impact to the environment of water withdrawals from natu-
ral sources has become more evident with increasing demand. Some of the environ-
mental challenges associated with water withdrawals from streams include maintain-
ing enough flow to support the habitats, increase temperature, and nutrient loading [3]. 
For more than 100 years, knowing and predicting stream flow has been very important 
for water managers, not only to provide enough water for human consumption, but 
to protect the aquatic habitats in our natural water ways as well. United States Irriga-
tion Companies such as Stevens Water provide instrumentation that is critical to the 
prediction of water resource availability in the western United States and throughout 
the world. This chapter presents critical role of the USDA SNOTEL NETWORK in 
Protecting Water Resources in the Western United States of America [13].

17.2 HISTORY OF USDA SNOTEL NETWORK

Much of the water in the western United States comes from the winter snowpack in the 
mountainous regions. The snowpack in the mountains of western USA can range from 
nothing or very little up to 30 or 40 feet of snow in the high Cascades [9]. In 1906, Dr. 
James Church, Hydrologist at the University of Nevada [13], began to document the 
relationship between winter snowpack in the mountains and stream flow throughout 
the year for certain watersheds (Fig. 1). Dr. Church enhanced the existing Russian 
technology for measuring snow water equivalent (SWE). Shortly after Dr. Church 
developed these snow measurement techniques, the United States Department of Ag-
riculture (USDA) began to construct “Snow Courses” in the mountainous areas of the 
west so that hydrologists could make stream flow predictions from snow data [5].

These snow courses were areas free of trees where the snow survey staff could take 
manual measurements of the snowpack. About that same time, the USGS began in-
stalling stream gauge stations so that stream data could be compared to the snow data. 
In 1911, these USGS stream gauge stations began using mechanical chart recorders an 
innovative new technology for automatically measuring water level developed by J. 
C. Stevens, one of the founders of Leupold and Stevens, which later became Stevens 
Water Monitoring Systems [12].

Beginning in the 1980 s, the USDA’s snow courses became more sophisticated, 
adding an array of weather sensors, data loggers and telemetry systems. These snow 
course telemetry sites were named SNOTEL. Today, the US Department of Agricul-
ture – National Resources Conservation Service (USDA-NRCS), manages and oper-
ates over 600 (and growing) SNOTEL stations [13]. Using http://www.wcc.nrcs.usda.
gov/snow/, the hourly data is now displayed on the internet for every station The data 
from SNOTEL is of high quality, and SNOTEL is known the world over for having the 
one of best quality control protocols of any environmental network.
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17.3 SNOW COURSE AND SNOW WATER EQUIVALENT

For the traditional stream flow prediction models, the parameter Snow Water Equiva-
lent (SWE) was needed. SWE is the amount of water contained within a core of snow-
pack. This is a manual measurement where a technician would push a preweighed 
cylindrical tube into the snow. The tube is then weighed to get the weight of the snow. 
From this weight, they are able to determine the amount of water equivalent of the 
snow. The density of snow can change with temperature and precipitation throughout 
the year. The same depth of snowpack can yield different water amounts depending on 
the density. With the SWE measurement, apples to apples comparisons can be made 
with snow data across regions and time [5]. Some locations have ground truthing 
markers for determining snow depth visually. Sometimes ground truthing is performed 
from an air craft.

17.4 SNOTEL COMPONENTS

While this manual SWE measurement method is still used on most snow courses 
several times a year, SNOTEL has automated ways for collecting information about 
snowpack. Each SNOTEL site is equipped with a radar sensor that can provide snow 
depth, and a precipitation gauge that that measures the total amount of precipitation 
(both solid and liquid) using a pressure transducer inside of a collector. These total 
precipitation gauges are made of metal and stand 10 to 15 feet tall and are often called 
“rockets” because they look like rockets. Another device at a SNOTEL is that measure 
SWE is a snow pillow. A snow pillow is a big bladder filled with a nontoxic liquid 
antifreeze solution. As the snowpack builds on a snow pillow throughout the winter, 
the antifreeze is displaced up a stand pipe. From the pressure of antifreeze in the stand 
pipe, a SWE is calculated. SNOTEL sites also collect air temperature, wind speed and 
direction, relative humidity, barometric pressure, and solar radiation data [13].

FIGURE 1 Dr. James Church in 1906: Picture compliments of the USDA Natural Resources 
Conservation Service [13]
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FIGURE 2 Left: A Stevens Type F Chart Recorder from the 1960’s, which was used in many 
USGS Stream Gaging sites. Right: The current production model of the Stevens Type F Chart 
Recorder [12].

FIGURE 3 Typical SNOTEL site: Picture complements of the USDA Nation Resources 
Conservation Service [13].

17.5 ESTIMATIONS OF STREAM FLOW FORECASTS

The stream flow predictions from the USDA’s SNOTEL data are derived from the 
statistical relationship between the SWE on April 1st and the stream flow throughout 
the summer (Figs. 2–4). The snow courses are standardized plots of ground where a 
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transect of SWE measurements can be taken. These SWE measurements need to be 
collected consistently year after year so that the hydrologic trends can be statistically 
quantified.

Based on many years of historical (antecedent) data between the snow courses, 
6127(/�DQG�WKH�86*6�VWUHDP�ÀRZ�GDWD��D�PDWKHPDWLFDO�DOJRULWKP�FDQ�EH�JHQHUDWHG�
IURP�D�PDWUL[�UHJUHVVLRQ�PHWKRG�WR�FRUUHODWH�WKH�GDWD�VR�WKDW�D�VWUHDP�ÀRZ�SUHGLFWLRQ�
FDQ� EH� JHQHUDWHG� >�@��7KH� FRPSDULVRQ� EHWZHHQ� WKH� VWUHDP�ÀRZ�SUHGLFWLRQ� DQG� WKH�
DFWXDO�ÀRZ�LV�FDOOHG�³VNLOO�´�7KH�FORVHU�WKH�VNLOO�LV�WR������WKH�FORVHU�WKH�SUHGLFWLRQ�ZDV�
WR�WKH�DFWXDO�VWUHDP�ÀRZ��7KH�VNLOO�LV�WKH�VDPH�DV�D�3HDUVRQ�FRUUHODWLRQ�FRHI¿FLHQW�RU�
U�VTXDUHG�YDOXH�XVHG�LQ�VWDWLVWLFV��0DQ\�VWUHDP�ÀRZ�IRUHFDVWV�SURYLGHG�E\�6127(/�
have a skill (r2) of 0.9 or greater [7].

FIGURE 4 USDA’s SNOTEL Network within the western United States [13].

17.5.1 HOW DOES STREAM FORECASTING WORK?
The stream flow forecasts or Surface Water Supply Index (SWSI) is calculated for spe-
cific points along streams and is SNOTEL’s main publically available product. Stream 
flow forecasts are available for over 750 locations in the western US. The SWSI is 
given as a distribution of probabilities that accommodates a wide number of applica-
tions depending on the user’s interest.
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394 Evapotranspiration: Principles and Applications for Water Management

TABLE 1 Example of a Stream Flow Forecast Table (USDA 13).

Forecast Pt Chance of Exceeding

Forecast 90% 70% 50% 30% 10% 30 Yr. Avg.

Period (1000AF) (1000AF) (1000AF) (% Avg.) (1000AF) (1000AF) (1000AF)

Emma at Lake Outlet: 1000 AF = 1000 acre – feet of water

APR–
JUL 285

345 385 65 425 485 590

7KH�7DEOH���LV�DQ�H[DPSOH�RI�D�W\SLFDO�VWUHDP�ÀRZ�IRUHFDVW�IURP�$SULO�WR�-XO\�LQ�
units of 1000 acre feet of water. The 50% exceedance forecast provides the percent of 
DYHUDJH��,Q�WKLV�H[DPSOH��WKH�RXW�ÀRZ�RI�(PPD�/DNH�LV�����RI�DYHUDJH�IRU�$SULO�WR�
July of this particular year. An irrigation district that withdraws water directly down-
stream of Emma Lake outlet would plan for the 70% exceedance. There is a 70% 
FKDQFH�WKDW�WKHUH�ZLOO�EH�DW�OHDVW���������DFUH�IHHW�RI�ZDWHU�ÀRZLQJ�RXW�RI�WKH�ODNH�IURP�
April through July and a 30% chance that there would be less than 345,000 acre feet 
of water. Because in this example, the 50% exceedance forecast only shows 65% of 
average, the irrigation district would use caution and use the 90% exceedance forecast 
to be on the safe side. There will be a 10% chance that there will only be 285,000 acre 
IHHW�RI�ZDWHU�ÀRZLQJ�RXW�RI�WKH�ODNH�IURP�$SULO�WR�-XO\�

A hydrologist at the US Highway Department Planning for Flood Conditions, for 
example, would use this forecast differently. There is only a 10% chance that there will 
be more than 485,000 acre feet draining out of the lake for this time period. Like the ir-
rigation district, the highway department can look at the USGS stream gauge station to 
get actual daily rates. In this example, the forecast is 65% of average, so the highway 
GHSDUWPHQW�VKRXOG�QRW�EH�FRQFHUQHG�DERXW�ÀRRGLQJ��ZKLOH�WKH�LUULJDWLRQ�GLVWULFW�QHHGV�
to use more caution with water allocations.

17.5.2 STREAM FLOW AND SOIL MOISTURE
Traditionally, stream flow forecast models primarily use the antecedent SWE values 
in their calculations and ignore soil moisture. Soil represents a huge water reservoir 
and can introduce errors into the forecasts. Excluding runoff, water from snow melt 
and precipitation will first percolate through the soil before entering the water table 
or saturated ground water zone. Once the water is in the saturated zone, it will travel 
down gradient and eventually discharge into a stream or lake (Fig. 5). The vadose zone 
is the soil above the water table and represents a hydrological regime that can hold 
large amounts of water.

Once water enters the vadose zone, it will generally only move in one dimen-
sion, up and down [16]. In unsaturated soils, water will migrate upward because of 
evaporation and the uptake of water by plants and trees. This upward movement of 
water is called evapotranspiration [1]. Evapotranspiration is the primary mechanism 
responsible for removing water from soil. During the winter months with a snowpack, 
evapotranspiration is almost zero, and the soil moisture values stay relatively constant.

The downward movement of water in soil obeys an entirely different set of rules 
then it would in saturated conditions. Water will suspend itself and adhere to soil 
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particles. This attraction between water and soil particles is called capillary force. 
As the soil moisture increases, gravity will pull the water downward. The point at 
ZKLFK�WKH�JUDYLWDWLRQDO�LQÀXHQFH�H[FHHGV�WKH�FDSLOODU\�LQÀXHQFH�LV�FDOOHG�¿HOG�FDSDF-
LW\��$ERYH�¿HOG�FDSDFLW\��ZDWHU�ZLOO�EH�FRQGXFWHG�GRZQZDUG�WKURXJK�WKH�VRLO�DQG�ZLOO�
GLVFKDUJH�LQWR�WKH�ZDWHU�WDEOH��,I�WKH�VRLO�PRLVWXUH�VWD\V�EHORZ�¿HOG�FDSDFLW\��ZDWHU�FDQ�
only travel upward due to evapotranspiration [16].

Field capacity is an important parameter in determining the fate and direction of 
ZDWHU�WUDQVSRUW�LQ�VRLO��)LJ������7KH�¿HOG�FDSDFLW\�RI�D�SDUWLFXODU�VRLO�LV�ODUJHO\�D�IXQF-
tion of the soil texture. In general, the more clay-rich the soil is the more water it will 
hold on to.

FIGURE 5 Groundwater flow diagram taken from the USGS Report 00–4008 [8].

FIGURE 6 The availability of water at different soil moisture levels for various types of soil 
[2].
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Soil moisture targets are used also in irrigation scheduling for optimization of 
water. Assuming the soil stays frozen, the soil moisture value before the winter snow 
arrives will generally be the same soil moisture value in the spring when the snow 
begins to melt because evapotranspiration will be negligible in the winter [6]. If there 
is a dry fall, and if winter arrives quickly, the soil moisture under the snowpack will 
be low. When the snow melts in the spring in western USA, much of the water will 
be retained by the soil, and not as much water will reach the streams. There can be a 
EHORZ�DYHUDJH�VWUHDP�ÀRZ�HYHQ�LI�WKHUH�LV�DQ�DERYH�DYHUDJH�VQRZSDFN�EHFDXVH�WKH�
soils dried out the previous fall. Conversely, if there is a rainy autumn, the soil will 
DOUHDG\�EH�DW�¿HOG�FDSDFLW\�ZKHQ�WKH�VQRZ�PHOWV�LQ�WKH�VSULQJ��DQG�DOO�RI�WKH�ZDWHU�IURP�
the snowpack will enter the water table pushing an equal amount of water out into the 
VWUHDPV��$�ZHW�IDOO�FDQ�FDXVH�ÀRRGLQJ�LQ�WKH�VSULQJ�HYHQ�LI�WKHUH�LV�D�EHORZ�DYHUDJH�
snowpack.

The transport of water from snow pack is very complex and can be driven by not 
RQO\�DLU�WHPSHUDWXUH��EXW�E\�WKHUPDO�ÀX[HV�LQ�WKH�VRLO�DQG�VXUURXQGLQJ�YHJHWDWLRQ�DV�
well as sublimation (solid to vapor phase). Because soil moisture was recognized as 
a major factor of the hydrology of a watershed starting in the late 1990s, STOTEL 
began installing high quality soil sensors at SNOTEL sites. The soil sensor selected to 
go into SNOTEL sites was the Stevens Hydra Probe. Now there are almost 300 sites 
nationwide that are equipped with Stevens Hydra Probes.

Even though many SNOTEL sites are equipped with Hydra Probe Soil Sensors 
�)LJ������WKH�RI¿FLDO�VWUHDP�ÀRZ�IRUHFDVWV�GR�QRW�\HW�LQFOXGH�VRLO�PRLVWXUH�GDWD�LQ�WKHLU�
PRGHOV��5HFHQWO\��WKH�6127(/�RI¿FH�LQ�8WDK�EHJDQ�HYDOXDWLQJ�VRLO�PRLVWXUH�XQGHU�
snowpack. They suggest a correction to the forecasts based on a parameter called soil 
PRLVWXUH�GH¿FLW��9DXJKDQ������7KH�VRLO�PRLVWXUH�GH¿FLW�LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�
FXUUHQW�VRLO�PRLVWXUH�DQG�WKH�VRLO¶V�¿HOG�FDSDFLW\�DQG�UHSUHVHQWV�WKH�DPRXQW�RI�ZDWHU�
that can enter into the soil before migrating downward to the water table. The soil 
PRLVWXUH�GH¿FLW�FDQ�WKHQ�EH�XVHG�WR�DGMXVW�WKH�FKDQFH�RI�H[FHHGDQFH�IRUHFDVWV��:KLOH�
this technique shows promize in improving forecasts by incorporating soil moisture 
data, it is not yet used system wide. More new SNOTEL sites equipped with Hydra 
Probes are scheduled to be installed.

17.6 SNOTEL AND ENVIRONMENTAL ISSUES

“The Clean Water Act’s 303d stream listing” is a list of streams that do not meet the 
water quality standards required by law. Streams on the 303d list are said to be “im-
paired.” While streams in the US no longer catch on fire from excessive pollution, they 
can still become impaired from storm water runoff and from agricultural/irrigation 
land uses.

As water is withdrawn from streams for irrigation purposes, the temperature may 
increase, as well as the salinity and nutrient level. This loading of temperature, nutri-
ents and salinity causes algal blooms and threatens the aquatic ecozystems [3]. The 
demand for water from urban areas and for irrigated crops is increasing every year. 
The stream forecasts provided by the NRCS offer part of a potential solution for water 
conservation in western US.
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Climate change is also a concern for many water managers and stake holders. Cli-
mate change can of course affect the quantity of the snowpack, but, it also impacts the 
timing of the melt. Timing of the availability of the water dictates the management and 
the operation of reservoirs, which in turn affects power generation.

The SNOTEL Network also provides high quality data for scientists modeling 
climate change. SNOTEL offers uniform, hourly data in real time for hundreds of wa-
tersheds in mountainous regions, and it is all available to the public for free.

The quality control policies for SNOTEL are mimicked by other network and me-
sonets in the US and in Europe such as the NRCS’s Soil Climate Analysis Network 
(SCAN), NOAA’s Climate Reference Network and the Kentucky Mesonet. Some of 
the policies include strategic placement of sensors to capture the particular charac-
teristic of the site. For example, air temperature sensors and precipitation gauges are 
placed high enough off the ground so that they do not become buried in snow. The 
precipitation gauges use elaborate wind shields that help diminish the effects of wind 
on precipitation measurements. Each station is also ground truthed several times a year 
by highly trained staff that can collect measurements as well as perform maintenance 
on the stations, ensuring accurate readings year-round.

The data is also evaluated with special modeling software called “Parameter-
Elevation Regression on Independent Slopes Model (PRISM)” developed at Oregon 
State University [4]. PRISM statistically examines the data from SNOTEL sites and 
can calculate the variability of the data. PRISM can make regional prediction of the 
parameters. For example, if an air temperature gauge is suspected of malfunctioning, 
PRISM software can take temperature data from other nearby SNOTEL sites and other 
sources and calculate what the expected temperature would be at the suspect site. If 
necessary, the data archives can be edited to provide the highest quality data possible.

17.6.1 WATER RIGHTS IN THE WESTERN UNITED STATES
Water rights in the western United States are exceedingly complex and vary from re-
gion to region. In general, water rights are based on Prior Appropriation which means 
whoever got there first has the senior water rights.

The availability of water determined where people settled in the west in the 
1800s. Reservations were created for the Indian tribes which often time included large 
amounts of land high in the mountains that hold a snowpack much of the year. In 1908 
the US Supreme Court ruled that the Indian tribes own the water rights on their reser-
vations. Because snow occurs up gradient from the irrigated lands, as the snow melts, 
it travels though several if not many jurisdictions before returning to the natural water 
body. Figure 8 shows a water withdraw head works diverting water from a river by an 
irrigation district that will sell water for irrigation purposes. Figure 9 shows a gaging 
VWDWLRQ�RQ�DQ�LUULJDWLRQ�ODWHUDO�WKDW�LV�ORJJLQJ�ZDWHU�OHYHO�DQG�ÀRZ�>6WHYHQV�:DWHU���@�

2IWHQ�WLPHV��WKH�¿UVW�ZDWHU�MXULVGLFWLRQ�LV�VQRZSDFN�RQ�,QGLDQ�5HVHUYDWLRQV��KRZ-
ever many tribes have chosen not to exercize their water rights. Structures that di-
vert state or tribe owned natural waters are built and paid for by the US Bureau of 
Reclamation. The US Bureau of Reclamation will then sell the water to irrigation 
districts, municipalities, and other water users that hold or service holders of water 
rights. Under the US Department of the Interior, the US Bureau of Reclamation is the 
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nation’s largest wholesale supplier of water and the nation’s second largest producer 
RI�K\GURHOHFWULF�SRZHU��,WV�IDFLOLWLHV�DOVR�SURYLGH�VXEVWDQWLDO�ÀRRG�FRQWURO��UHFUHDWLRQ��
DQG�¿VK�DQG�ZLOGOLIH�EHQH¿WV�

When water passes though jurisdictions, the stakeholders and the holders of the 
water rights do not always come to full agreement on the pricing, usages, Total Maxi-
mum Daily Loads, and ownership of the water. These disagreements can erupt into 
a “water war” where SNOTEL and USGS data are often times used in litigation. In 
1969, the National Environmental Policy Act (NEPA) was established to help settle 
disputes while using sound environmental assessments of the particular issues.

FIGURE 7 Installation of a Stevens Hydra Probe into native soil at a SNOTEL site [2].

FIGURE 8 An example of irrigation district river diversion in Oregon [12].
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FIGURE 9 Measurement of water flow in an irrigation ditch, using the Stevens AxSys 
Flowmeter [12].

17.7 THE SNOW SCIENCE COMMUNITY

The Western Snow Conference started in the early twentieth century as the American 
Geophysical Union’s committee on snow hydrology under the chairman Dr. Church. 
In the 1930s, a special conference was held highlighting the advances in stream fore-
casting from snow surveys (Fig. 10). Since the 1930s, the Western Snow Conference 
has been held every year [15].

To this day, the yearly Western Snow Conference continues to promote snow sci-
ence and stream forecast modeling. At the yearly conference there are technical ex-
hibits, a forum of talks and a peer reviewed journal. The organization is divided into 
four suborganizations based on region. Some of the topics at this year’s Western Snow 
Conference included effects of dust on the melt rate of snow, water management, the 
challenges of hydrological modeling, the bark beetle and other invasive species, and 
prediction of landslide hazards based on SNOTEL data.

For almost 100 years, snow surveys in the western US have helped resolve some 
fundamental issues regarding the availability of water. With increasing water demand, 
climate change, and changes in land use, we will need to rely more and more on moni-
toring and modeling technology to help protect valuable water resources. SNOTEL, 
in cooperation with the USGS, Bureau of Reclamation, NOAA and other agencies, is 
providing products such as real time data and forecasts free of charge to help water 
resource managers meet the new challenges facing water in the west.

To learn more about SNOTEL, the reader is advized to visit the US Department of 
Agriculture NRCS SNOTEL site at: <http://www.wcc.nrcs.usda.gov/snow/>.
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FIGURE 10 Western Snow Conference visit to the Columbia Ice Sheet in 2009 [15].

17.8 SUMMARY

The US Department of Agriculture, Natural Resources Conservation Service operates 
about 600 remote snow monitor stations (SNOTEL) in the mountains of the western 
United States. About 30% currently have soil moisture sensors and the number of sites 
that have soil moisture sensor increases every year. In the western United States, the 
majority of the water used for irrigation originates as snow pack. Data from SNOTEL 
sites along with hydrological models are used to provide water availability forecasts 
to whole sales water users, local governments, and the general public. Adding addition 
sensors such as soil moisture sensors and can improve forecast accuracies. The snow 
science community gathers once a year at the Western Snow Conference to promote 
the advances in measurement technology, hydrological model and snow science.

KEY WORDS

 • Acre foot

 • American Geophysical Union

 • available water capacity

 • clean water act

 • climate change

 • data acquisition
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 • data logger

 • evapotranspiration (ET)

 • exceedance forecast

 • field capacity

 • Field Capacity (FC)

 • flood

 • head works

 • hydra probe soil sensor

 • hydroelectric power

 • hydrological model

 • impaired stream

 • irrigation district

 • irrigation scheduling

 • Maximum Allowable Depletion (MAD)

 • National Environmental Policy Act (NEPA)

 • Natural waters, 

 • Permanent Wilting Point (PWP)

 • prior appropriation

 • radar sensor

 • rain gage

 • rocket gauge

 • SNOTEL

 • snow course

 • snow depth

 • snow pack

 • snow pillow

 • snow survey

 • Snow Water Equivalent (SWE)

 • soil climate analyzes network

 • soil moisture

 • soil moisture sensor

 • soil saturation

 • Stevens Water Monitoring Systems

 • stream gaging

 • Surface Water Supply Index (SWSI)
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 • telemetry

 • tipping bucket

 • total maximum daily loads

 • type F recorder

 • US Bureau of Reclamation

 • US Department of Agriculture (USDA)

 • US Geological Survey (USGS)

 • vadose zone

 • water allocation

 • water forecast

 • water resources

 • water rights

 • water war 

 • water withdraws

 • Western Snow Conference

 • wetting front
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PART III:  WATER MANAGEMENT  
IN THE TROPICS
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CHAPTER 18

HISTORICAL OVERVIEW OF 
EVAPOTRANSPIRATION IN PUERTO 
RICO1

ERIC W. HARMSEN

1 Modified and reprinted with permission from: “Harmsen, E. W., Fifty years of crop evapotranspiration 
studies in Puerto Rico. Journal of Soil and Water Conservation, 2003, 58(4), 214–223.” © Copyright 2003 
[<http://www.swcs.org/>] by the Soil and Water Conservation Society. © Copyright Soil and Water Con-
servation Society
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18.1 INTRODUCTION

The countries within the humid tropics contain almost one-third of the total world 
population [1]. Within this region there are many small islands that rely on agriculture 
to feed their populations, and whose water resources are subject to an ever-increasing 
risk. Therefore, it is imperative at this time to better understand the hydrology of small 
tropical islands, with the goal of improving water conservation practices. Irrigation 
being among the largest consumers of water in society, special emphasis should be 
placed on developing techniques for estimating crop water requirements. In support of 
this goal, this paper reviews the majority of crop evapotranspiration studiesconducted 
during the last 60 years in Puerto Rico. It is hoped that this information may be useful 
not only in Puerto Rico but within other areas of the humid tropics as well.

This chapter includes topics such as, evapotranspiration reference materials, con-
VXPSWLYH�XVH�REWDLQHG�IURP�¿HOG�VWXGLHV��VWXGLHV�SUHGLFWLQJ�FRQVXPSWLYH�XVH��VWXG-
ies predicting reference evapotranspiration, studies comparing the Penman-Monteith 
equation with other evapotranspiration methods, estimating climatic parameters for 
use with the Penman-Monteith equation, use of pan evaporation data for estimating 
consumptive use, peak evapotranspiration estimates for irrigation system design and 
use of satellite remote sensing for estimation of evapotranspiration. The chapter also 
includes a list of priorities for future research.

18.1.1 SETTING
Puerto Rico is an island between the Caribbean Sea and the North Atlantic Ocean, east 
of the Dominican Republic. It is located at geographic coordinates: 18°���ƍ�1����°���ƍ�
W and has an area of 9,104 square kilometers, slightly less than three times the size of 
Rhode Island. The highest elevation in Puerto Rico is 1,338 m above mean sea level 
at Cerro de Punta, PR [2]. Many of the islands of the West Indies archipelago share 
similar characteristics with respect to climate. This is due in part to the influence of the 
trade winds and the islands’ mountainous topography [3]. Generally, for these islands, 
rainfall is greatest in the north-east and interior mountain areas. Due to orographic ef-
fects, the leeward side may be quite dry and even semiarid, as in the case of south-west 
PR. The rainy season tends to be from June to November and the dry season from De-
cember to May. For a given location, air temperature variations throughout the year are 
small; however, air temperatures are highly correlated with elevation. An exception to 
this occurs within interior mountain valleys where warm air can become trapped. In 
some cases average temperatures within interior mountain valleys may be higher than 
coastal areas at lower elevations [4].

18.1.2 CROP EVAPOTRANSPIRATION
Crop evapotranspiration (ETc) is defined as the combination of evaporation from soil 
and plant surfaces, and transpiration from plant leaves. Evaporation is the process 
whereby liquid water is converted to water vapor and removed from the evaporating 
surface [5]. Transpiration is the vaporization of liquid water contained in plant tissues 
and its subsequent removal to the atmosphere. Crops predominately evaporate water 
through small openings in their leaves called stomata. Evapotranspiration can be ex-
pressed in units of mmd–1 (in.d–1), or as an energy flux in units of MJm–2d–1 (calft–2d–1).
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Evapotranspiration is often the largest component of the hydrologic cycle after 
rainfall. Under arid conditions, potential evapotranspiration can easily exceed rainfall. 
The following water balance equation illustrates the relationship between hydrologic 
YDULDEOHV�DW�DQ\�ORFDWLRQ�LQ�WKH�¿HOG��

 S2 = P + IRR – DP – RO – ETc + S1 (1)

where, P is precipitation, IRR is irrigation, DP is deep percolation, ETc is crop evapo-
transpiration, RO is surface runoff, and S is the amount of water in the soil profile, 
equal to șvz, where șv is the average volumetric soil moisture content and z is the 
root zone depth. All the terms in Eq. 1 have units of mm (in.). The subscripts 1 and 2 
represent the beginning and end of the period under consideration. Equation 1 can be 
used over periods ranging from hours to many months or even years. A common ap-
proach for estimating evapotranspiration involves rearranging equation(1) and solving 
for ETc: 

 ETc = (S1 – S2) + (P + IRR) – (DP – RO) (2)

In Eq. (2), the water balance has been separated into three components: stored water = 
(S1 – S2), water input = (P + IRR), and water losses = (DP – RO).

Other general methods used to estimate evapotranspiration include the energy bal-
ance, microclimatological, and weighing and nonweighing lysimeter methods [6]. In 
Puerto Rico, all of these methods have been used except for the weighing lysimeter 
method. Determination of evapotranspiration with a weighing lysimeter has been con-
sidered to be the most accurate of all methods. However, the major disadvantages of 
the method are its high cost and nonportability. Crop evapotranspiration can also be 
HVWLPDWHG�DV�WKH�SURGXFW�RI�WKH�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�DQG�FURS�FRHI¿FLHQW��

 ETc = KcETo (3)

where, ETc is crop evapotranspiration (mm), Kc is the crop coefficient (dimensionless) 
and ETo is reference evapotranspiration (mm).

In much of the crop water use literature published in Puerto Rico, evapotranspira-
tion has been referred to as consumptive use (CU). Therefore, in this review, ETc and 
&8�ZLOO�EH�XVHG� LQWHUFKDQJHDEO\��7KH�FURS�FRHI¿FLHQW� �.c) accounts for the effects 
RI�FKDUDFWHULVWLFV�WKDW�GLVWLQJXLVK�WKH�¿HOG�FURS�IURP�D�UHIHUHQFH�FURS�>�@��5HIHUHQFH�
HYDSRWUDQVSLUDWLRQ�KDV�EHHQ�GH¿QHG�DV�WKH�HYDSRWUDQVSLUDWLRQ�IURP�DQ�H[WHQGHG�VXU-
face of 0.08 to 0.15 m (3.2 in. to 5.9 in.) tall, green grass cover of uniform height, 
actively growing, completely shading the ground and not short of water [7]. Alterna-
WLYHO\��UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�KDV�EHHQ�GH¿QHG�DV�WKH�³XSSHU�OLPLW�RU�PD[LPXP�
HYDSRWUDQVSLUDWLRQ�WKDW�RFFXUV�XQGHU�JLYHQ�FOLPDWLF�FRQGLWLRQV�ZLWK�D�¿HOG�KDYLQJ�D�
well-watered agricultural crop with an aerodynamically rough surface, such as alfalfa 
with 12 in. to 18 in. of top growth” [8].

Numerous mathematical equations have been developed for computing ETo. One 
such expression, having global validity and recommended by the United Nations 
Food and Agriculture Organization (FAO), is the Penman-Monteith equation [5] 
given below: 
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where, ǻ is the slope of the vapor pressure curve (kPa°C–1), Rn is net radiation (MJ 
m–2d–1), G is the soil heat flux density (MJ m–2 d–1���Ȗ�LV�WKH�SV\FKURPHWULF�FRQVWDQW�
(kPa–1), T is mean daily air temperature at 2 m height (°C), u2 is wind speed at 2-m 
height, es is the saturated vapor pressure (kPa–1) and ea is the actual vapor pressure 
(kPa–1). Eq. (4) applies specifically to a hypothetical reference crop with an assumed 
crop height of 0.12 m, a fixed surface resistance of 70 sec m–1 and an albedo of 0.23. 
Note that the derivation of Eq. (4) was based on SI units and therefore nonSI units 
should not be used.

18.2 HISTORICAL REVIEW OF EVAPOTRANSPIRATION IN PUERTO RICO

This literature review surveys the efforts to either measure or estimate evapotrans-
piration in Puerto Rico. The majority of the literature indicates that before the late 
1980s, Goyal or others in collaboration with him have made almost all of the cur-
rently available estimates of crop consumptive use and reference evapotranspiration. 
These studies are detailed in a compilation document called Irrigation Research and 
Extension Progress in Puerto Rico [9]. Throughout the 1990s, there appears to have 
been a cessation in evapotranspiration research in Puerto Rico, except in the use of 
pan evaporation-estimated CU for managing irrigation application amounts. Since 
2000, some studies have been initiated involving comparisons between the Penman-
Monteith method and other calculation methods [10–12]. Also, one recent study has 
attempted to standardize and validate climate parameter estimation procedures for use 
with the Penman-Monteith method in Puerto Rico [13].

18.2.1 EVAPOTRANSPIRATION REFERENCE MATERIALS
There is a chapter on evapotranspiration in the book Management of Drip/Trickle or 
Micro Irrigation published by the Apple Academic Press Inc., [14]. The document 
provides basic definitions and descriptions of the following methods: three variations 
of the Penman method, three variations of the SCS Blaney-Criddle method, two Har-
greaves methods, Jensen-Haise, Stephens-Stewart, Priestley-Taylor, Thornthwaite, 
Linacre, Makkink, pan evaporation, water balance, radiation and regression methods. 
The document also covers local calibration techniques and crop coefficients. Much 
of this material is also contained in a 40-five page extension document called Evapo-
transpiración by Goyal and González [6].

18.2.2 CONSUMPTIVE USE OBTAINED FROM FIELD STUDIES
The following five studies are significant because they represent a limited dataset in 
which actual field measurements were made to determine CU.

Fuhriman and Smith [15] conducted a study for the Aguirre area of southern 
Puerto Rico on the CU of sugar cane under differing irrigation treatments. At the 
time of this study, between 1949 and 1950, sugarcane was the dominant crop in 
Puerto Rico, grown on 95 percent of the irrigated land. The experiment involved 
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¿HOG�VWXGLHV�XVLQJ�QRQZHLJKLQJ�O\VLPHWHUV��&RQVXPSWLYH�XVH�ZDV�HVWLPDWHG�XVLQJ�
the water balance method, which accounted for rainfall, irrigation, percolation be-
low the root zone and changes in soil moisture. Daily water requirements varied 
between 2.5 and 4.6 mm d–1 (0.1 and 0.18 in. d–1). Soil moisture was estimated using 
tensiometers and nylon resistance blocks. Soil evaporation measured on several of 
the lysimeters was subtracted from CU data on the sugar cane-covered plotsto deter-
mine plant transpiration rate.

Vázquez [16] determined CU using the water balance method for guinea grass, 
para grass and guinea grass-kudzu and para grass-kudzu mixtures at Lajas, Puerto 
Rico. Soil moisture content was estimated by means of tensiometers, gypsum resis-
tance blocks and by gravimetric analysis of soil samples. The study was conducted 
from March 1959 through June of 1960. Sixty-day CU values were determined for 
the two grasses and two grass mixtures over the 15-month study period. Annual water 
useby the guinea grass and Para grass was 1,494 mm (58.8 in.) and 1,466 mm (57.7 
in.), respectively. This was the only study found reporting CU for grasses.

Vázquez [17] used similar experimental methods to determine the CU of sugar 
cane at Lajas, Puerto Rico. This study included use of a neutron probe method for soil 
moisture determination. The study was conducted from April 1965 through May 1966. 
Consumptive use was determined for various irrigation treatments. Average daily con-
sumptive use varied between 2.5 and 4 mm d–1 (0.1 and 0.16 in. d–1). The study con-
cluded that about 250 mm (9.84in. d–1) of water consumption could be saved under 
soil and climatic conditions similar to those existing at Lajas, if the crop is irrigated 
frequently during the early part of the growing season and no further irrigation is ap-
plied after 5 months prior to harvest.

Abruña et al. [18] conducted a study of water use by plantains at the Gurabo Sub-
station in Puerto Rico. Consumptive use was determined by a water balance procedure 
based on soil moisture measurements and rainfall data. The study was conducted from 
September 1976 through April 1977. For irrigations scheduled when available soil 
moisture was depleted by 20%, the average daily evapotranspiration was estimated to 
be 2.9 mmd–1 (0.11 in. d–1), and was found to be equivalent to 79% of pan evaporation. 
The minimum and maximum daily CU were 1.5 and 3.6 mm d–1 (0.05 and 0.14 in. d–1), 
respectively, for September and December.

Ravalo and Goyal [19] estimated water requirements for rice during December 
through May of 1973 at the Lajas Substation using a hydrologic balance approach, 
DFFRXQWLQJ�IRU�IDUP�LQÀRZ�IURP�WKH�LUULJDWLRQ�FDQDO��HIIHFWLYH�UDLQIDOO��HYDSRWUDQVSL-
UDWLRQ��GHHS�SHUFRODWLRQ��VHHSDJH�WKURXJK�ERUGHUV��ERUGHU�RYHUÀRZ��GHSWK�RI�ÀRRGLQJ�
and water for saturating soil. Daily water requirementsvaried between 6.9 and 11.8 
mmd–1 (0.27 and 0.47 in. d–1). It is interesting to note that in none of the above studies 
ZDV�WKHUH�DQ�DWWHPSW�WR�FDOFXODWH�FURS�FRHI¿FLHQWV�IURP�¿HOG�GDWD��7KH�FURS�FRHI¿FLHQW�
is calculated from rearrangement of Eq. (3) (i.e., Kc = ETc/ETo). In future studies that 
GHULYH�FURS�FRHI¿FLHQWV�LQ�3XHUWR�5LFR�GDWD�IURP�WKHVH�VWXGLHV�VKRXOG�EH�HYDOXDWHG�

18.2.3 STUDIES PREDICTING CONSUMPTIVE USE
Monthly water consumption by 15 different vegetable crops for two locations in Puer-
to Rico (Fortuna and Isabela) was calculated by Goyal [20, 21]. The SCS Blaney-
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Criddle approach was used based on monthly percentage of annual daylight, mean 
air temperature and a humid area factor for Puerto Rico. The SCS Blaney-Criddle 
equation is given below: 

 CU = (KcropKt p T H)/100 (5)

where, CU is the monthly water consumptive use (in. mo–1), Kt is a climatic coefficient 
related to mean air temperature, p is a monthly percentage of annual daylight hours 
(percent), T is mean air temperature (°F), H is a humid area factor, and Kcrop is a crop 
growth coefficient reflecting the growth stage. It should be noted that the crop growth 
coefficients used in the SCS Blaney-Criddle method are not equivalent to the evapo-
transpiration crop coefficient used in Eq. (1) [22].

The purpose of the study was to estimate monthly CU and net and total gross irri-
gation requirements. The net irrigation requirement was based on the monthly CU mi-
nus the monthly effective rainfall as determined by the Soil Conservation method [23]. 
The gross irrigation requirement was calculated by dividing the monthly consumptive 
XVH�E\�LUULJDWLRQ�HI¿FLHQF\������IRU�GULS������IRU�VSULQNOHU�DQG�����IRU�VXUIDFH�LU-
rigation). This study was valuable because it included a large number of crops and 
surveyed both humid and semiarid locations in Puerto Rico. The applicability of the 
data was further enhanced by the fact that each crop was evaluated for various lengths 
of growing season, and for season starting dates at 15-day intervals throughout the 
year (e.g., Jan. 1, Jan.15, Feb. 1, Feb. 15, etc.).

Using the SCS Blaney-Criddle method Goyal [24] estimated monthly CU for pa-
paya at seven Agricultural Experimental Stations located at Adjuntas, Corozal, For-
tuna, Gurabo, Isabela, Lajas and Mayagüez. Average daily CU varied between 2.8 
mmd–1 (0.11 in. d–1) at Adjuntas and 3.7 mmd–1 (0.15 in. d–1) at Fortuna. In this report, 
the author cautioned that the CU estimates have not been compared with experimental 
data, and that such experimental data are obtained with lysimeter studies, which are 
not available for Puerto Rico.

Goyal and González-Fuentes [25] used the SCS Blaney-Criddle method to esti-
mate monthly CU for sugar cane at four locations in Puerto Rico: Fortuna, Gurabo, 
Isabela and Lajas. Monthly CU was minimum in April and maximum in August at all 
four sites. Average daily CU varied between 4.1 and 4.4 mmd–1 (0.16 and 0.17 in. d–1). 
Consumptive use estimates from this study compared reasonably well with the range 
IRU�VXJDU�FDQH�GHWHUPLQHG�E\�)XKULPDQ�DQG�6PLWK�>��@�IRU�D�¿HOG�SURMHFW�LQ�WKH�$JX-
irre area (“normally irrigated” treatment).

Several other studies were conducted using the SCS Blaney-Criddle method in-
volving sorghum at two locations [26], plantain at seven locations [27], and bell and 
cubanelle peppers at two locations [28]. In the plantain study, CU data were esti-
mated for the Gurabo Experiment Station, which can be compared with the September 
and December 1977 results (1.5 and 3.6 mm d–1 [0.06 and 0.14 in. d–1], respectively) 
from the water balance study by Abruña et al. [18]. For these same months Goyal and 
González [27] derived values of 3.8 and 5.1 mm (0.15 and 0.2 in. d–1), respectively. 
$VVXPLQJ�WKH�¿HOG�VWXG\�GDWD�LV�DFFXUDWH��WKH�HUURU�LQ�WKH�%ODQH\�&ULGGOH�HVWLPDWHG�
minimum and maximum CU were 30 and 60 percent, respectively. It should be noted 
that Goyal and González [27] based their calculations on mean monthly average cli-
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mate data, whereas actual monthly data for the period were used by Abruña et al. [18]. 
Although these data were not available for comparison, inspection of the 1977 annual 
pan evaporation for the Gurabo Experimental Station [29] indicates only a 6.4 percent 
deviation below the long-term average annual pan evaporation. Since pan evaporation 
is correlated with evapotranspiration, the 30 and 60 percent differences between the 
¿HOG�DQG�HVWLPDWHG�GDWD�GR�QRW�DSSHDU�WR�EH�UHDVRQDEOH�

González-Fuentes and Goyal [30] estimated CU for sweet corn grown at the For-
tuna Experiment Station using the Hargreaves-Samani method to calculate reference 
HYDSRWUDQVSLUDWLRQ��ZKLFK�ZDV�WKHQ�PXOWLSOLHG�E\�FURS�FRHI¿FLHQWV�DSSOLFDEOH�WR�VZHHW�
corn. The data were used to determine net irrigation requirements between December 
10 and March 10, 1986. This was the only study found in which the Hargreaves-
6DPDQL�PHWKRG�ZDV�XVHG�LQ�FRPELQDWLRQ�ZLWK�D�FURS�FRHI¿FLHQW�WR�HVWLPDWH�&8��0LQL-
mum and maximum CU were 2 and 7 mm d–1 (0.08 and 0.28 in d–1) during December 
and March, respectively.

18.2.4 STUDIES PREDICTING REFERENCE EVAPOTRANSPIRATION
This section summarizes several studies in which reference evapotranspiration (ETo) 
was estimated. It should be noted that a shift in the kind of information is being re-
ported. That is, reference evapotranspiration (ETo) instead of consumptive use (CU). 
The advantage of reporting ETo is that it leaves one free to calculate CU for any crop. 
The disadvantage is that crop coefficients are not yet available for numerous crops in 
Puerto Rico.

Goyal [31] used the Hargreaves-Samani method to estimate monthly ETo for Cen-
tral Aguirre, Fortuna and Lajas substations, and for Magueyes Island located on the 
south coast of Puerto Rico. The Hargreaves-Samani equation for reference evapo-
transpiration is given by [32]: 

 ETo = [0.0023 Ra][(T + 17.8) (Tmax – Tmin)]°
.5 (6)

where, ETo (mm d–1) is the reference evapotranspiration, Ra (mm d–1) is the extraterres-
trial radiation, T is the mean daily average temperature (°C), and Tmin and Tmax are the 
mean daily minimum and maximum temperatures (°C), respectively. Daily estimated 
values of ETo varied between 3.68 to 5.37 mmd–1 (0.15 to 0.21 in d–1). The minimum 
estimated value of ETo occurred in December and the maximum occurred in July. 
The same procedure was applied for Vieques Island, PR, with estimated monthly ETo 
ranging between 3.29 mm d–1 (0.13 in. d–1) in December to 4.94 mmd–1 (0.19 in. d–1) 
in July [33].

Goyal et al. [34] used the Hargreaves-Samani method (Eq. (6)) to estimate ETo for 
thirty-four locations within Puerto Rico. Average monthly minimum and maximum air 
temperatures were based on long-term measured data. Average monthly values of the 
extraterrestrial radiation (Ra) were based on the average latitude of Puerto Rico. They 
also developed a regression analysis in which several monthly climatic factors (mean 
daily minimum, maximum and average air temperature) were correlated with surface 
elevation in Puerto Rico.
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18.2.5 STUDIES COMPARING EVAPOTRANSPIRATION METHODS IN 
PUERTO RICO
In 1990, a committee of the United Nations Food and Agriculture Organization [35, 
36] recommended the Penman-Monteith method as the single approach to be used for 
calculating reference evapotranspiration (ETo). This recommendation was based on 
comprehensive studies, which compared numerous calculation methods with weigh-
ing lysimeter data [37, 38]. The study of the American Society of Civil Engineers [37] 
found the Penman-Monteith method to produce superior results relative to all other 
methods (including the SCS Blaney-Criddle and Hargreaves-Samani methods).

Harmsen et al. [10] reported large differences between the SCS Blaney-Criddle 
method (estimates obtained from 20] and the Penman-Monteith method in a study 
that compared seasonal consumptive use for pumpkin and onion at two locations in 
3XHUWR�5LFR��7KH�3HQPDQ�0RQWHLWK�DSSURDFK�XVHG�FURS�FRHI¿FLHQWV�DV�GHWHUPLQHG�E\�
the FAO procedure [5]. Average monthly minimum and maximum air temperatures 
and wind speed for the Experiment Stations were obtained from the National Oceano-
graphic and Atmospheric Administration (NOAA) Climatological Data Sheets. Long-
term average monthly humidity and radiation were not available for the Experiment 
Stations; therefore these data were estimated by procedures recommended by the FAO 
>�@��&URS�JURZWK�VWDJH�GXUDWLRQV��QHHGHG�WR�FRQVWUXFW�WKH�FURS�FRHI¿FLHQW�FXUYHV��ZHUH�
based on crop growth curve data presented by Goyal [20]. The maximum observed 
differences in the estimated seasonal consumptive use were on the order of 100 mm 
per season (3.94 in d–1). The study concluded that large potential differences could be 
expected between the SCS Blaney-Criddle and the Penman-Monteith methods, with 
underestimations some months and overestimation in other months. Figure 1 shows 
differences (DELTA) in the seasonal consumptive use (CU) estimates between the 
SCS Blaney-Criddle (SCS BC) and Penman-Monteith (PM) methods for pumpkin 
at Fortuna, PR. In this example, the SCS Blaney-Criddle method overestimated the 
seasonal CU by approximately 90 mm (2.54 in.) for crop seasons beginning in June 
through August, and under estimated by approximately 60 mm (2.36 in.) for crop sea-
sons beginning in December and January.

Harmsen et al. [12] compared the Penman-Monteithand Hargreaves-Samani-
methods for estimating ETo at 30-four locations in Puerto Rico (Fig. 2). The Harg-
reaves-Samani results were obtained from Goyal et al. [34]. Generally, the two meth-
ods were in reasonable agreement (r2 = 0.86). Mean monthly climate data needed as 
input to the Penman-Monteith method were estimated using procedures derived for 
Puerto Rico (see next section). Some of the observed differences in the two methods 
may be because equation 6 does not account for the effects of wind and humidity as 
does the Penman-Monteith method. According to Allen et al. [5], Eq. 6 tends to under-
predict under high wind conditions and overpredict under conditions of high relative 
humidity. Differences in the two methods might also be attributable to the fact that 
Goyal [34] used an average single value for latitude when estimating extraterrestrial 
radiation (Ra).

The maximum positive and negative differences were observed at the Juncos 1E 
and Aguirre stations, respectively. If the Penman-Monteith method is taken as the best 
estimator of ETo, then it can be stated that the Hargreaves-Samani method overestimated 
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ETo at Juncos 1E and underestimated ETo at Aguirre. Juncos 1E is considered to have a 
humid climate, while Aguirre is considered to be semiarid. The maximum underestimate 
of –0.75 mmd–1 (0.03 in. d–1) occurred during May at Aguirre (semiarid) was equal to a 
í����HUURU��DQG�WKH�PD[LPXP�RYHUHVWLPDWH�RI������PPG–1 (0.04 in. d–1) occurred during 
December at Juncos 1E (humid) was equal to a 28% error. These results are consistent 
ZLWK�WKH�¿QGLQJV�RI�WKH�$6&(�VWXG\�>��@��ZKLFK�IRXQG�WKH�+DUJUHDYHV�6DPDQL�PHWKRG�
to underestimate on average by 9% in arid regions and overestimate on average by 25% 
in humid regions.

The assumption that the Penman-Monteith method is the best estimator of refer-
ence evapotranspiration may be inappropriate under nonreference conditions [5]. Ref-
erence conditions imply that the weather data are measured above an extensive grass 
crop that is actively evapotranspiring, or in a well-watered environment with healthy 
vegetation.

A summary of studies in Puerto Rico that have measured or predicted consump-
tive use, and/or have predicted reference evapotranspiration is presented in Table 1. 
Five studies have been conducted in which CU has been measured, prior to the year 
2000 computational approaches used were limited to only two methods, CU has been 
estimated for a relatively large number of crops, and that reference evapotranspiration 
has been estimated for a large number of locations within Puerto Rico.

18.2.6 ESTIMATING CLIMATIC PARAMETERS FOR USE WITH THE 
PENMAN-MONTEITH EQUATION
Harmsen et al. [12] evaluated climate parameter estimation procedures for use with the 
Penman-Monteith equation in Puerto Rico. With only site latitude, surface elevation 
and specification of the site’s NOAA Climate Division, they were able to estimate all 
other needed inputs to the Penman-Monteith method. Mean monthly minimum and 
maximum air temperatures were estimated from surface elevation data. Dew point 
temperature was estimated from the minimum temperature plus or minus a tempera-
ture correction factor. Temperature correction factors and average wind speeds were 
associated with six climatic divisions in Puerto Rico. Solar radiation was estimated 
from a simple equation for island settings (elevation < 100 m [328 ft]) or by the Har-
greaves’ radiation equation (elevations > 100 m [328 ft]) based on air temperature 
differences.

Comparisons of reference evapotranspiration using the climate parameter estima-
tion procedures and measured climate parameters showed good agreement (r2 = 0.93) 
for four locations in Puerto Rico. Recently Harmsen and González [39] developed a 
Windows-based computer program for implementing the climate estimation proce-
dures. The computer program includes a database of information for the 15 vegetable 
crops analyzed by Goyal [20].

18.2.7 USE OF PAN EVAPORATION DATA FOR ESTIMATING 
CONSUMPTIVE USE
A number of studies have been performed to determine optimal irrigation rates based 
on pan evaporation data in Puerto Rico during the 1990s [40, tanier]; [41, banana’s 
under mountain conditions]; [42, bananas under semiarid conditions]; [43, plantains 
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under semiarid conditions]; [44, watermelon under semiarid conditions]; [45, sweet 
pepper]. The pan evaporation method estimates crop water requirement from the fol-
lowing equation: 

 CWR = [KcKpEpan] — [P] (7)

where, CWR is crop water requirement (mm d–1), Kc is the crop coefficient, Kp is the 
pan coefficient, Epan is pan evaporation (mm) and P is precipitation (mm). The product 
KpEpan is an estimate of ETo. An alternative estimate of CWR, recommended by the 
University of California – Davis Vegetable Research and Information Center [46] and 
promoted by the UPR Agricultural Experiment Station [47], is given below: 

 CWR = Kc[(KpEpan) – (ER)] (8)

where, ER is effective rainfall (mm). Eq. (8) is an empirical equation and there is no 
physical basis, which the author is aware of, for multiplying Kc times ER.

Most of the studies have recommended applying water to plants at a rate equal 
to 1 or greater times the pan-estimated CU rate. Because this approach is easy and 
inexpensive, these studies represent valuable contributions to agricultural production 
in the tropics. However, problems may result from this approach owing to the inherent 
differences in water loss from an open water surface and a crop [5]. Another potential 
OLPLWDWLRQ� LV� WKDW�RQO\�D� VLQJOH�YDOXH�RI�FURS�FRHI¿FLHQW� LV� FRPPRQO\�XVHG��DQG�E\�
GH¿QLWLRQ��WKH�FURS�FRHI¿FLHQW�YDULHV�WKURXJKRXW�WKH�VHDVRQ��$OWKRXJK�UHFRPPHQGHG�
irrigation application rates by this method may maximize crop yields, the method may 
also result in the overapplication of water, contributing to the degradation of ground-
water resources from leaching of agricultural chemicals.

According to Allen et al. [5], estimates of evapotranspiration from pan data are 
generally recommended for periods of 10 days or longer. However, in Puerto Rico 
Eqs. (7) and (8) are usually applied for periods of 2 to 4 days. The shorter-than-recom-
mended periods used in Puerto Rico may be due to the widespread use of microirriga-
tion systems, in which smaller and more frequent applications of water are common.

In Puerto Rico, the Kp values commonly used were derived from a study by 
González and Goyal [48]. These data were developed based on the ratio of long-term 
average pan evaporation and the estimated evapotranspiration using the SCS Blaney-
Criddle method [23]. Because of inherent errors associated with the SCS Blaney-Crid-
dle method and observed long-term changes in pan evaporation, the recommended Kp 
values may also be somewhat in error. The FAO currently recommends using the ratio 
of pan evaporation divided by the Penman-Monteith-estimated reference evapotrans-
SLUDWLRQ�IRU�GHWHUPLQLQJ�SDQ�FRHI¿FLHQWV�>�@�

Harmsen et al. [49] evaluated historical pan evaporation data to determine if sta-
WLVWLFDOO\�VLJQL¿FDQW�LQFUHDVLQJ�RU�GHFUHDVLQJ�WUHQGV�H[LVWHG�IRU�GDWD�IURP�VHYHQ�835�
([SHULPHQWDO�6WDWLRQV��6LJQL¿FDQW�GHFUHDVLQJ�SDQ�HYDSRUDWLRQ�ZDV�REVHUYHG�DW�/DMDV�
DQG�5tR�3LHGUDV��6LJQL¿FDQW�LQFUHDVLQJ�SDQ�HYDSRUDWLRQ�ZDV�REVHUYHG�DW�*XUDER�DQG�
$GMXQWDV��1R�VLJQL¿FDQW�WUHQGV�ZHUH�REVHUYHG�DW�)RUWXQD��,VDEHOD�DQG�&RUR]DO��$�VLJ-
QL¿FDQW�GLIIHUHQFH�ZDV�IRXQG�WR�H[LVW�EHWZHHQ�WKH�PHDQ�Kp calculated with pan evapo-
ration data from 1960–1980 and 1981–2000. An updated table of monthly average pan 
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FRHI¿FLHQWV�ZDV�SURYLGHG�WKDW�FRXOG�EH�XVHG�WR�HVWLPDWH ETo for the seven Agricultural 
Experiment Stations.

TABLE 1 Summary of studies that measured or predicted consumptive use (ETc), and/or 
predicted reference evapotranspiration (ETo) in Puerto Rico.

No. Method Number
of locations

Crop References

Measured Consumptive Use

1 Water

balance

1 Sugar Cane 15

2 Water

balance

1 Guinea Grass

Para Grass and

Guinea Grass-Kudzu

Para Grass-Kudzu Mixtures

16

3 Water

balance

1 Sugar

Cane

17

4 Water

balance

1 Plantain 18

5 Water

balance

1 Rice 19

Predicted Consumptive Use (KcETo)

6 SCS

Blaney-Criddle

2 Green Beans

Cabbage, Carrots

Cucumber, Egg Plant

Lettuce, Melons

Okra, Potatoes

Sweet Peppers

Sweet Potato

Tomotoes

20

6 SCS

Blaney-Criddle

2 Onion, Pumpkin 10

7 SCS

Blaney-Criddle

7 Papaya 24

8 SCS

Blaney-Criddle

4 Sugar Cane 25

9 SCS

Blaney-Criddle

2 Sorhgam 26

10 SCS

Blaney-Criddle

7 Plantain 27

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



418 Evapotranspiration: Principles and Applications for Water Management

No. Method Number
of locations

Crop References

11 SCS

Blaney-Criddle

2 Bell pepper

sweet pepper

28

12 Hargreaves

-Samani

with crop

coefficient

1 Sweet Corn 30

Predicted Reference Evapotranspiration (ETo)

13 Hargreaves-

Samani

4 N/A 21

14 Hargreaves-

Samani

1 N/A 33

15 Hargreaves Samani 34 N/A 11, 12, 34

TABLE 2 Comparison of peak evapotranspiration estimates determined by three different 
methods for six vegetable crops at three locations in Puerto Rico [12].

 Peak Evapotranspiration (mm d–1)

Crop SCS Irrigation Guide for 
Caribbean Area [50]

SCS Blaney-Criddle

Method[20]
Penman-Monteith 

Method1

 Fortuna

Cabbage 4.1 5.3 6.1

Eggplant 4.1 5.3 6.1

Cucumbers 4.1 5.1 5.8

Melons 4.1 4.8 5.8

Sweet

potatoes 5.3 6.4 6.7

Tomatoes 5.3 5.8 6.7

 Isabela

Cabbage 4.1 5.1 5.7

Eggplant 4.1 5.3 5.7

Cucumbers 4.1 4.6 5.4

Melons 4.1 4.6 5.4

Sweet Potatoes 5.3 6.1 6.2

Tomatoes 5.3 5.6 6.2

 Aibonito

Cabbage 4.1 NA2 5.5

Eggplant 4.1 NA 5.5

TABLE 1 (Continued)
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 Peak Evapotranspiration (mm d–1)

Crop SCS Irrigation Guide for 
Caribbean Area [50]

SCS Blaney-Criddle

Method[20]
Penman-Monteith 

Method1

Cucumbers 4.1 NA 5.3

Melons 4.1 NA 5.3

Sweet Potatoes 5.3 NA 6.0

Tomatoes 5.3 NA 6.0
1,QSXW�WR�WKH�3HQPDQí0RQWHLWK�HTXDWLRQ�IRU�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�ZHUH�GHWHUPLQHG�XVLQJ�WKH�PHWKRG�
Harmsen et al. [11]. Crop coefficients for the mature growth stage were obtained from [5].
2NA = Data not available.

18.2.8 PEAK EVAPOTRANSPIRATION
Design of irrigation systems requires knowledge of the peak evapotranspiration (ET-
peak) rate. The Natural Resource Conservation Service (NRCS) has published values of 
ETpeak for various crops grown in Puerto Rico in its Irrigation Guide [50]. This docu-
ment is a widely used source of peak evapotranspiration values in Puerto Rico.

Harmsen et al. [11] compared ETpeak estimated using three methods for six vegeta-
ble crops for three locations in Puerto Rico. The three methods were the SCS irrigation 
Guide [50], the SCS Blaney-Criddle method [20] and the Penman-Monteith method. A 
comparison of the peak ET data is presented in Table 2. It should be noted that the SCS 
Irrigation guide recommends a single value of ETpeak for the entire Island for a given 
crop. Peak ET for the SCS Blaney-Criddle method was obtained by using the maxi-
mum monthly consumptive use divided by the number of days in the month. The SCS 
Blaney-Criddle-estimates of ETpeak were not available for the Aibonito location. Input 
data for Penman-Monteith-estimates of reference evapotranspiration were determined 
using procedures described by Harmsen et al. [11]. Estimates of ETpeak were based on 
the maximum daily reference evapotranspiration (ETo) times the published value of 
WKH�FURS�FRHI¿FLHQW��Kc��IRU�WKH�PLG�VHDVRQ�JURZWK�VWDJH��7KH�FURS�FRHI¿FLHQWV�ZHUH�
obtained from Allen et al. [5]. 

For the three methods, estimates of ETpeak ranked lowest to highest were: SCS Irri-
gation Guide, the SCS Blaney-Criddle method and the Penman-Monteith method, re-
spectively. The implications of these results are important because designers of irriga-
tion systems in Puerto Rico may be under-designing systems at this time (assuming the 
Penman-Monteith method is the most accurate method). Normally, an under-designed 
drip irrigation system will be corrected by operating the system longer; for example, a 
system could be operated for eight hours instead of six hours. However, if the system 
was designed to run more hours per day (e.g., 22 hours, which is the maximum recom-
mended by the American Society of Agricultural Engineers, [51]), then increasing the 
operating time may not be an option.

TABLE 2 (Continued)
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FIGURE 1 Differences (DELTA) in the seasonal consumptive use (CU) estimates between 
the SCS Blaney-Criddle (SCS BC) and Penman-Monteith (PM) methods. [DELTA = {[SCS 
Blaney-Criddle] minus [Penman-Monteith]}, [11].

FIGURE 2 Comparison of reference evapotranspiration estimated by the Penman-Monteith 
(P-M) and Hargreaves-Samani (H-S) Methods for 30-four locations in Puerto Rico [12].

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Historical Overview of Evapotranspiration in Puerto Rico 421

18.2.9 USE OF REMOTE SENSED CLIMATIC DATA FOR 
EVAPOTRANSPIRATION
Harmsen et al. [52, 53] developed an algorithm for estimating reference evapotranspi-
ration in Puerto Rico and Hispañola. Harmsen et al. [52] compared estimated reference 
evapotranspiration values for Puerto Rico using the Hargreaves [54, 55], Penman-
Monteith [5] and Priestly Taylor [56] methods, and obtained comparable results. As an 
example, Fig. 3 shows the estimated reference evapotranspiration using the original 
radiation-based Hargreaves reference evapotranspiration formula for June 29, 2010. 
These reference evapotranspiration methods rely heavily on solar radiation as input. 
Solar radiation was derived from a physical model for estimating incident solar radia-
tion at the ground surface from GOES satellite visible and albedo data (1-km spatial 
resolution). The method was first proposed by Gautier et al. [57–60].

FIGURE 3 Estimated reference evapotranspiration for Puerto Rico (A) and Hispañola on June 
29, 2010 [53].

+DUPVHQ�HW�DO��>��@�PRGL¿HG�WKH�*2(6�VDWHOOLWH�EDVHG�DOJRULWKP�IRU�3XHUWR�5LFR�
to include estimation of the water and energy budget, and is referred to as GOES-
PRWEB.GOES-PRWEB uses an energy balance approach similar to Yunhao et al. 
[61] for estimating actual evapotranspiration, which is then incorporated into a water 
balance calculation. Twenty four-hour rainfall is obtained from NOAA’s Advanced 
Hydrologic Prediction Service (AHPS) website (http://water.weather.gov/precip/). 
Runoff is estimated using the Curve Number method of the USDA Natural Resource 
Conservation Service [62, 63]. Average daily wind speed for Puerto Rico is obtained 
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from the National Weather Service’s National Digital Forecast Database (http://www.
nws.noaa.gov/ndfd/). Although the wind speed is a model forecast, it is the best source 
of spatially distributed wind speed over the island. Minimum, average, maximum 
and dew point air temperatures are obtained from a lapse rate approach calibrated for 
Puerto Rico by Goyal et al. [34] with regression equations relating average air tem-
perature with surface elevation. These temperatures are adjusted daily with a nudging 
technique, using forecast temperature data from the NDFD. Figure 4 shows an ex-
ample of the annual water budget components for 2010 and Fig. 5 shows the average 
annual crop water stress factor for Puerto Rico produced by GOES-PRWEB, using the 
method of Allen et al. [5]. A lower value of the crop stress factor indicates more stress 
caused by drier conditions. GOES-PRWEB is an operational algorithm that produced 
daily values of 25 hydro-climate variables for Puerto Rico. Daily results and monthly 
and annual averages/totals can be obtained at the website: http://pragwater.com.

FIGURE 4 GOES-PRWEB-estimated annual water balance components (in mm) for Puerto 
Rico for 2010: a) Rainfall, b) Surface Runoff, c) Actual ET, d) Reference ET, e) Aquifer 
Recharge, and f) Change in Soil Moisture Content (fraction).
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FIGURE 5 Average annual crop stress factor (Ks) for Puerto Rico for 2010.

18.3 RECOMMENDATIONS FOR FUTURE EVAPOTRANSPIRATION 
RESEARCH

Several areas of evapotranspiration research are needed in Puerto Rico at this time. 
Some of the suggested research will be of direct benefit to the Caribbean Region 
as well as in Puerto Rico, and may be of benefit to other tropical regions of the 
world.

'HYHORSPHQW�RI�FURS�FRHI¿FLHQWV��Kc). To date, only one study has produces crop 
FRHI¿FLHQWV�LQ�WKH�LVODQG�IRU�>��±��@��$OWKRXJK�FURS�FRHI¿FLHQWV�GHULYHG�LQ�RWKHU�SDUWV�
of the world can be used to provide approximate estimates of evapotranspiration, Kc in 
fact depends upon the crop cultivar and other local conditions. Perhaps more impor-
WDQWO\��FURS�FRHI¿FLHQWV�DUH�QRW�DYDLODEOH�LQ�WKH�OLWHUDWXUH�IRU�PDQ\�RI�WKH�ORFDO�FURSV�
grown in Puerto Rico. The NRCS in Puerto Rico has given high priority to develop-
LQJ�FURS�FRHI¿FLHQWV� IRU� WKH� IROORZLQJ�FXOWLYDUV� >��@��$FHUROD��7DQQLHU��*XDQDEDQD��
Malanga, Parcha, Star Grass, Recao, Pangola Grass, Ñame, and Buffel Grass.

Water balance and nonweighing lysimeter studies performed during the 1960s and 
��V�LQ�3XHUWR�5LFR�GLG�QRW�GHWHUPLQH�FURS�FRHI¿FLHQWV��$�VWXG\�VKRXOG�EH�SHUIRUPHG�WR�
reevaluate these data for this purpose. The crops considered in these studies included: 
sugar cane, guinea grass, para grass, guinea grass-kudzu and para grass-kuduz mix-
tures, plantains, rice and pumpkin.

Validation of the pan evaporation method for scheduling irrigation. This method 
has become popular in Puerto Rico in recent years because its ease of use. However, 
the method may result in over or under-application of water relative to the crop 
ZDWHU� UHTXLUHPHQWV�ZKHQ�D�VLQJOH�YDOXH�RI� WKH�FURS�FRHI¿FLHQW� �Kc) for the entire 
season is used. It is preferable to use data from an evapotranspiration crop coef-
¿FLHQW� FXUYH��ZKLFK� WDNHV� LQWR� DFFRXQW� WKH� GHYHORSPHQW� RI� WKH� FURS��$OOHQ� HW� DO��
>�@�SURYLGHV�DQ�H[FHOOHQW�GLVFXVVLRQ�RQ�WKH�FRQVWUXFWLRQ�RI�FURS�FRHI¿FLHQW�FXUYHV��
Another potential source of error is the use of published values of Kpderived from 
the study of González and Goyal [48], which estimated evapotranspiration using the 
6&6�%ODQH\�&ULGGOH�PHWKRG��EDVHG�RQ�SUH�����FOLPDWH�GDWD��3DQ�FRHI¿FLHQWV�KDYH�
been updated for Puerto Rico using the Penman-Monteith reference evapotranspiration 
[49].
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Harmsen and Torres-Justinian [11] proposed procedures for estimating input to 
the Penman-Monteith method in Puerto Rico. A geographic information system (GIS) 
could be developed for Puerto Rico, incorporating the estimation procedures. This GIS 
consumptive use system could be made available on the internet. In combination with 
the GIS consumptive use system, a rainfall and soil database for Puerto Rico could be 
included which would permit irrigation planning by means of a water balance analysis 
[53].

Instead of estimating ETc�XVLQJ�D�FURS�FRHI¿FLHQW�DQG�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�
(Eq. (4)), ETc can be determined using a “one-step” method as: 

 ETc = f(ra, rb) (9)

where, f(ra, rb) represents the general form of the Penman-Monteith equation, which is 
a function of the aerodynamic resistance (sec m–1) and the bulk surface resistance (sec 
m–1). For convenience, the other parameters/variables used in the Penman-Monteith 
equation are not shown. At this time, the parameters ra and rs are not easily obtained. 
However, through research efforts it is hoped that in the not too distant future it will 
become routine to apply Eq. 9 directly. Harmsen et al. [53] have used the one-step 
approach in Puerto Rico in the GOES-PRWEB water and energy balance algorithm.

The use of remote sensing techniques for estimating evapotranspiration. Satellite 
data can be used to estimate evapotranspiration over relatively large areas. Examples 
of this technique include the Surface Energy Balance Algorithm for Land (SEBAL) 
[68]; or by estimating biophysical processes using remotely sensed data [69, 70]. Nu-
merous remote sensing projects are already being conducted at the University of Puer-
to Rico and collaborations exist between the Agricultural and Biosystems Engineering 
Department and NOAA’s Cooperative Remote Sensing Science and Technology Cen-
ter. Harmsen [52, 53] has developed a GOES satellite-based water and energy balance 
algorithm for Puerto Rico, which estimates reference and actual evapotranspiration.

Expert Consultation on the revision of FAO methodologies for crop water require-
ments [36] has suggested the following areas of research (which could be supported 
in Puerto Rico): 

1. To evaluate the effect of advective conditions on crop resistance factors (i.e., 
ra and rb);

2. To make a systematic effort reviewing various research results, in developing 
sound values for crop resistance factors for a range of crops;

3. To review the effect on crop resistance factors of reduced evapotranspiration 
under soil moisture stress and adverse growth conditions.

18.4 SUMMARY

Currently, the water resources of Puerto Rico are being threatened by population 
pressure, development, pollution, and potentially adverse changes in the climate. 
Accurate determination of evapotranspiration is essential in managing water re-
sources and practicing water conservation in Puerto Rico. In support of this goal, a 
review is presented covering the majority of research on crop water use and evapo-
transpiration estimation methods used in Puerto Rico during the last 60 years. Spe-
cifically the review considers consumptive use determined from field water balance 
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studies, the pan evaporation method, meteorological methods and satellite remote 
sensing. Several studies considered the estimation of climate parameter data needed 
as input to the reference evapotranspiration calculation methods. Recommendations 
for research priorities are provided.

KEYWORDS

 • aerodynamic resistance Blaney-Criddle

 • Caribbean region

 • climate

 • consumptive use

 • crop coefficient

 • crop surface resistance

 • crop water requirement

 • crop water use

 • drip irrigation

 • evapotranspiration

 • Hargreaves

 • Hargreaves-samani

 • irrigation requirement

 • micro irrigation

 • pan coefficient

 • pan evaporation

 • Priestly-Taylor

 • peak evapotranspiration

 • Penman-Monteith

 • Puerto Rico

 • reference evapotranspiration

 • remote sensed data

 • soil moisture

 • surface resistance

 • trickle irrigation

 • tropical climate

 • tropical region

 • vapor pressure deficit

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



426 Evapotranspiration: Principles and Applications for Water Management

REFERENCES
1. Bonell, M.; Hufschmidt, M. M.; Gladwell J. S.; (editors), Hydrology and Water Management in 

the Humid Tropics. Cambridge University Press. 1993, 620 pages.
2. US Central Intelligence Agency, 2002, The World Fact Book 2002 (http: //www.cia.gov/cia/

publications/factbook/geos/rq.html)
3. Kent, R. B. 2002, West Indies. Microsoft® Encarta® Online Encyclopedia 2002.
4. Capiel, M.; Calvesbert, R. J.; 1976, On the climate of Puerto Rico and its agricultural water bal-

ance. J. Agric. Univ. P.R. LX(2): 139–153.
5. Allen, R. G.; Pereira, L. S.; Dirk Raes; Smith, M.; 1998, Crop Evapotranspiration Guidelines 

for Computing Crop Water Requirements. FAO Irrigation and Drainage Paper 56, Food and 
Agriculture Organization of the United Nations, Rome.

6. Goyal, M. R.; González-Fuentes, E. A.; 1990, “Evapotranspiration” in thebook: Manejo de 
Riego por Goteo, Universidad de Puerto Rico Recinto Mayaguez, Colegio de ciencias Agrico-
las, Servico de ExtensionAgricola. Edited by Megh R.; Goyal. SEA IA 80, ISBN 0-9621805-2-
3, Library of Congress Catalog No. 89–50060.

7. Doorenbos, J.; Pruitt, W. O.; 1977, Guidelines for Predicting Crop Water Requirements. FAO 
Irrigation and Drainage Paper 24, Revized. United Nations, Rome.

8. Jensen, M. E.; Robb, D. C. N.; Franzoy, C. E.; 1970, Scheduling irrigations using climate-crop-
soil data. Proc. Am. Soc. Civ. Engr.; J. Irrig. And Drain. Div. 96(IR1): 25–38.

9. Goyal, M. R. (editor) 1989, Irrigation Research and Extension Progress in Puerto Rico. Pre-
pared for the First Congress on “Irrigation in Puerto Rico,” March 8th, 1989, Ponce, Pr. UPR-
Ag. Experiment Station.

10. Harmsen, E. W.; Caldero J.; Goyal, M. R.; 2001, Consumptive Water Use Estimates for Pump-
kin and Onion at Two Locations in Puerto Rico. Proceedings of the Sixth Caribbean Islands Wa-
ter Resources Congress. Editor: Walter F.; Silva Araya. University of Puerto Rico, Mayagüez, 
PR 00680.

11. Harmsen, E. W.; Torres-Justiniano, S.; 2001, Estimating Island-Wide Reference Evapotrans-
pirations for Puerto Rico Using the Penman-Monteith Method. ASAE Paper 01–2174. 2001, 
American Society of Agricultural Engineering Annual International Meeting.Sacramento Con-
vention Center, Sacramento, California, USA.; July 30-August 1, 2001.

12. Harmsen, E. W.; Goyal M. R.; Torres-Justiniano, S.; EstimatingEvapotranspiration in Puerto 
Rico. Puerto Rico. J. Agric. Univ. P.R. 2002, 86(1–2), 35–54

13. Harmsen, E. W.; Torres-Justiniano, S.; 2001, Evaluation of Prediction Methods for Estimating 
Climate Data to be Used with the Penman-Monteith Equation in Puerto Rico. ASAE Paper 
01–2048. 2001, American Society of Agricultural Engineering Annual International Meeting.
Sacramento Convention Center, Sacramento, California, USA.; July 30-August 1,2001.

14. Goyal, M. R.; 2012, Evapotranspiration. Chapter 2,pages, In: Management of Drip/Trickle or 
Micro Irrigation edited by Megh R. Goyal. Apple Academic Press Inc.; pages 422.

15. Fuhriman, D. K. Smith, R. M.; Conservation and consumptive use of water with Sugar Cane 
under irriation in the south coastal area of Puerto Rico. J. of Agric. University of Puerto Rico, 
1951, 35(1), 1–45.

16. Vázquez, Roberto, Effects of Irrigation and nitrogen levels on the yields of Guinea Grass, Para 
Grass, and Guinea Grass-Kudzu and Para Grass-Kudzu Mixtures in Lajas Valley.J.; Agric. Univ. 
Vol, XLLIX, P.R. No. 4, 1965, 389–412.

17. Vázquez, Roberto, 1970, Water Requirements of Sugarcane under irrigation in Lajas Valley, 
Puerto Rico.Bulletin 224, University of Puerto Rico Agricultural Experiment, Rio Piedras, PR. 

18. Abruña, F.; Vicente-Chandler, J.; Irizarry H.; Silva, S. Evapotranspiration with plantains and the 
effect of frequency of irrigation on yields. J. Agric. U.P.R. 1979, 64(2), 204–10.

19. Ravalo, E. J. Goyal, M. R.; Water Requirement of rice in Lajas Valley, Puerto Rico. Dimension, 
1988, 8(2), Jan-Feb-Mar.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Historical Overview of Evapotranspiration in Puerto Rico 427

20. Goyal, M. R.; 1989, Estimation of Monthly Water Consumption by Selected Vegetable Crops in 
the Semiarid and Humid Regions of Puerto Rico. AES Monograph 1989–90, June, Agricultural 
Experiment Station, University of Puerto Rico Rio Piedras, PR. 

21. Goyal, M. R.; González, E. A.; 1988, Water Requirements for Vegetable Production in Puerto 
Rico. ASCE Symposium on Irrigation and Drainage, July.

22. Burman, R. D.; Nixon, P. R.; Wright, J. L.; Pruitt, W. O.; 1981, Water requirements. Chapter 6, 
In: 'HVLJQ�DQG�2SHUDWLRQ�RI�)DUP�,UULJDWLRQ�6\VWHPV edited by Marvin E.; Jensen. American 
Society of Agricultural Engineers, St. Joseph, Michigan.

23. SCS, 1970, Irrigation Water Requirements. Technical Release No. 21. USDA Soil Conservation 
Service, Engineering Division. (SCS Chapter 2, 1993)

24. Goyal, M. R.; 1989, Research Note: Monthly consumptive use of papaya at seven regional sites 
in Puerto Rico. J. Agric. U.P.R.; 73(2), 00

25. Goyal, M. R. González-Fuentes, E. A.; 1989, Estimating Water Consumptive Use by sugarcane 
at four regional sites in Puerto Rico. J. Agric. U.P.R.; 73(1)

26. Goyal, M. R.; González, E. A.; Requisitos de riego para sorgo en las costas Sur y Norte de 
Puerto Rico. J. Agric. University of Puerto Rico, 1988, 72(4), 585–98.

27. Goyal, M. R.; González, E. A.; Requisitos de riego para plátano en siete regions ecológicas de 
Puerto Rico. J.; Agric. University of Puerto Rico, 1988c, 72(4), 599–608.

28. Goyal, M. R.; González, E. A.; Seasonal consumptive use of water by bell and Cuanelle peppers 
in semiarid and humid coastal sites in Puerto Rico. J. Agric. U.P.R.; 1988d, 72(4), 609–14.

29. González, E.; Goyal, M. R.; Pan coefficients for Puerto Rico [Spanish]. J. Agric. Univ. P.R. 
1989, 73(1).

30. González-Fuentes E. A.; Goyal, M. R.; Irrigation requirement estimations for sweet corn (Zea 
mays cv. Suresweet) in the south coast of Puerto Rico [Spanish]. J. of Agric. University of 
Puerto Rico, 1988, 72(2), 277–84.

31. Goyal, M. R. Research Note.Potential evapotranspiration for the south coast of Puerto Rico with 
the Hargreaves-Samani technique. J. Agric. U.P.R.; 1988a, 72(1), 57–63.

32. Hargreaves, G. H.; Samani, Z. A.; Reference crop evapotranspiration from temperature. J. Appl. 
Eng. Agric. 1985, 1(2), 96–99.

33. Goyal, M. R. Research note: Potential Evapotranspiration for Vieques Island, Puerto Rico, With 
the Hargreaves and Samani Model. J. Agric. U.P.R.; 1988b, 72(1), 177–78.

34. Goyal, M. R.; Gonzalez E. A.; Chao de Baez, C. Temperature versus elevation relationships for 
Puerto Rico, J. Agric. U.P.R.; 1988, 72(3), 440–67.

35. FAO, United Nations, 1990, Expert consultation Italy, on revision of FAO methodologies for 
crop water requirements, 28–31 May. Annex V; Rome.

36. Smith, M.; Allen, R.; Monteith, J. L.; Perrier, A.; Santos Pereira, L.; Segeren. A.; Report on the 
Expert Consultation on Revision of FAO Methodologies for Crop Water Requiements. Held in 
FAO.; Rome, Italy, 1990, 28–31 May, 1990.

37. Jensen, M. E.; Burman, R. D.; Allen, R. G.; 1990, Evapotranspiration and irrigation water 
requirements. ASCE Manuals and Reports on Engineering Practice No. 70. 332.

38. Choisnel, E.; De Villele, O.; Lacroze, F.; 1992, A uniform approach to calculate the Uneap-
proacheuniformisée du calcul de l’ évapotranspirationpotentielle pour l’ensemble des pays de la 
CommunautéEuropéenne.” Com. Commun. Européennes, EUR 14223 FR, Luxembourg, 176.

39. Harmsen, E. W.; Gonzaléz, A.; 2002, Puerto Rico EvapoTranspiration Estimation Computer 
Program PR-ET Version 1.0 USER’S MANUAL.; University of Puerto Rico Experiment Sta-
tion-Rio Piedras. Grant SP-347. August 2002, 44.<www.uprm.edu/abe/PRAGWATER>

40. Goenaga, R. 1994, Growth, nutrient uptake and yield of tanier (Xanthosoma spp.) grown under 
semiarid conditions. J. Agric. Univ. P.R. 78(3–4)-87–99.

41. Goenaga, R.; Irizarry, H.; Yield of Banana grown with supplemental drip irrigation on an Ulti-
sol. Expl. Agric.; 1998, 34, 439–448.

42. Goenaga, R.; Irizarry, H.; Yield Performance of Banana Irrigated with Fractions of Class A pan 
Evaporation in a Semiarid Environment. Agron. J.; 1995, 97, March –April.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



428 Evapotranspiration: Principles and Applications for Water Management

43. Goenaga, R.; Irizarry H.; Gonzalez, E.; Water requirement of plantains (Musa acuminata X 
Musa balbisiana AAB) grown under semiarid conditions. Trop. Agric. (Trinidad), 1993, 70(1), 
January.

44. Santana Vargas, J. 2000, Wetting patterns under subsurface microirrigation [Spanish].Thesis for 
Master of Science (), University of Puerto Rico – Mayaguez Campus.

45. Harmsen, E. W.; Colón Trinidad, J.; Arcelay, C.; Sarmiento Esparra, E.; Evaluation of the Pan 
Evaporation Method for Scheduling Irrigation on an Oxisol in Puerto Rico. Proceedings of the 
Caribbean Food Crops Society, Thirty Eighth Annual Meeting, 2002. Martinique. 2002b, Vol. 
38.

46. Hart, T. K.; Hochmuth, G. J.; Fertility Management of Drip Irrigated Vegetables. Davis, U. C.; 
Vegetable Research and Information Center. 1998, 10 pp.

47. Rivera-Martínez, L. 2002, Revision of Technological Practices for Eggplant and Sweet Peppers 
[Spanish].AgriculturalExperimentStation, University of Puerto Rico – MayaguezCampus, Río 
Piedras, PR. 

48. Goyal, M. R.; González-Fuentes, E. A.; 1989a. Evapotranspiration [Spanish]. University of 
Puerto Rico – Cooperative Agricultural Extension Service. 14, IA-72.45 pp.

49. Harmsen, E. W.; Gonzaléz A.; Winter. J. A.; Re-Evaluation of Pan Evaporation Coefficients at 
Seven Locations in Puerto Rico, By Agric, E.W. Univ. P. R. 2004, 88(3–4), 109–122.

50. SCS, 1969, Technical guide for Caribbean Area, Section IV-Practice Standards and Specifica-
tions for Irrigation System, Sprinkler. Code 443. US Department of Agriculture Soil Conserva-
tion Service.

51. ASAE, 1999, Design and Installation of Microirrigation System. American Society of Agricul-
tural Engineers, ASAE EP405.1 DEC99.

52. Harmsen, E. W.; Mecikalski, J.; Cardona-Soto, M. J.; Rojas Gonzalez A.; Vasquez, R.; Estimat-
ing daily evapotranspiration in Puerto Rico using satellite remote sensing. WSEAS Transactions 
on Environment and Development. 2009, 6(5), 456–465.

53. Harmsen, E. W.; Mecikalski, J.; Mercado A.; Tosado Cruz, P.; 2010, Estimating evapotranspira-
tion in the Caribbean Region using satellite remote sensing. Proceedings of the AWRA Sum-
mer Specialty Conference, Tropical Hydrology and Sustainable Water Resources in a Changing 
Climate. San Juan, Puerto Rico. August 30-September 1,2010.

54. Hargreaves, G. H.; Moisture availability and crop production. Transactions of the ASAE, 1975, 
18(5), 980–984.

55. Hargreaves, G. H.; Samani, Z. A.; Estimating potential evapotranspiration. Journal of Irrigation 
and Drainage Division, Proceedings of the ASCE, 1982, 108(IR3), 223–230.

56. Priestly, C. H. B.; Taylor, R. J.; On the assessment of surface heat flux and evaporation using 
large scale parameters. Mon. Weath. Rev.; 1972, 100, 81–92.

57. Gautier, C.; Diak, G. R.; Masse, S.; A simple physical model to estimate incident solar radiation 
at the surface from GOES satellite data. J.; Appl. Meteor.; 1980, 19, 1007–1012.

58. Diak, G. R.; Bland, W. L.; Mecikalski, J.; 1996, A note on first estimates of surface insolation 
from GOES-8 visible satellite data. Agric. For. Meteorol.; 82, 219–226.

59. Otkin, A. J.; Anerso, M. C.; Mecikalski J.; Diak, G. R. R.; Validation of GOES-Based Insolation 
Estimates Using Data from the US Climate Reference Network. J. Hydrometeorology, 2005, 6, 
460–475.

60. Sumner, D. M.; Pathak, C. S.; Mecikalski, J. R.; Paech, S. fJ.; Wu, Q.; Sangoyomi, T.; 2008, 
Calibration of GOES-derived Solar Radiation Data Using Network of Surface Measurements in 
Florida, USA.; Proceedings of the ASCE World Environmental and Water Resources Congress 
2008, Ahupua’a.

61. Yunhao C.; Xiaobing L.; Peijun, S.; Estimation of regional evapotranspiration over North-west 
China by using remotely sensed data. Journal of Geophysical Sciences, 2001, 11(2), 140–148.

62. US Soil Conservation Service, A Method for Estimating Volume and Rate of Runoff in Small 
Watersheds.SCS-TP-149, Washington, D.C. 1973.

63. Fangmeier, D. D.; Elliot, W. J.; Workman, S. R.; Huffman, R. L.; Schwab, G. O.; Soil and Water 
Conservation Engineering, Fifth Edition. John Wiley and Sons. 2005, pp. 528.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Historical Overview of Evapotranspiration in Puerto Rico 429

64. Ramírez-Builes, Víctor H. 2007, Plant-Water Relationships for Several Common Bean Geno-
types (Phaseolus vulgaris L. ) with and Without Drought Stress Conditions. MS Thesis. Depart-
ment of Agronomy and Soils, University of Puerto Rico – Mayaguez, Puerto Rico, December 
2007.

65. Ramirez Builes, V. H.; Porch, T. G.; Harmsen, E. W.; Genotypic Differences in Water Use Ef- V. H.; Porch, T. G.; Harmsen, E. W.; Genotypic Differences in Water Use Ef-H.; Porch, T. G.; Harmsen, E. W.; Genotypic Differences in Water Use Ef-
ficiency of Common Bean under Drought Stress. Agron. J. 2011, 103, 1206–1215.

66. Ramírez-Builes, V. H.; Harmsen, E. W.; 2011, Water Vapor Flux in Agroecosystems: Meth-
ods and Models Review, published in the book Evapotranspiration edited by Leszek Labedzki, 
ISBN: 978-953-307-251-7, InTech, Publishing.

67. Martínez, J. 2000, Personal communication. Meeting with the author and the representatives of 
the NRCS at the Juan Diaz, PR, Field Office. May, 2000.

68. Bastiaanssen, W. G. W.; 2000, SEBAL-based sensible and latent heat fluxes in the irrigated 
Gediz Basin, Turkey. J. Hydrology, 229, 87–100.

69. Choudhury, B. J.; DiGirolamo, N. E. A biophysical process-based of global land surface evapo-
ration using satellite and ancillary data. I.; Model description and comparison with observations. 
J. Hydrology, 1998, 205, 164–185.

70. Kite, G.; Droogers, P. Comparing Estimates of Actual Evapotranspiration from Satellites, Hy-
drologic Models, and Field Data: A Case Study from Western Turkey. International Water Man-
agement Institute, Research Report 42. 2000, 41.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



CHAPTER 19

REFERENCE EVAPOTRANSPIRATION 
FOR COLOMBIAN COFFEE1

VICTOR H. RAMIREZ

CONTENTS

19.1 Introduction  .................................................................................................................432
19.2 Materials and Methods .................................................................................................433

19.2.1 Location ..........................................................................................................433
19.2.2 The Penman-Monteith Model .........................................................................434
19.2.3 The Hargreaves Model ....................................................................................434
19.2.4 The Lysimeter .................................................................................................435
19.2.5 The Reference Evapotranspiration (ETo) Calculations ..................................436
19.2.6 Measurement of Meteorological Variables .....................................................436
19.2.7 Evaluation for the reference conditions ..........................................................436
19.2.9 Data Analysis ..................................................................................................436

19.3 Results and Discussion ................................................................................................437
19.3.1 Comparisons of ETo Methods ........................................................................437
19.3.2 Restrictions for Application of the Penman-Monteith Model in the  
Colombian Coffee Zone................................................................................................438

19.4 Conclusions ..................................................................................................................439
19.5 Summary ......................................................................................................................440
Key Words ...............................................................................................................................440
References ...............................................................................................................................441

1 Special thanks to the UNISARC – Colombia for providing financial support for this project; to the techni-
cal staff at the Agroclimatology Section of Cenicafé for providing the meteorological data. © Copyright  
Café Columbia

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



432 Evapotranspiration: Principles and Applications for Water Management

19.1 INTRODUCTION 

The appropriate estimation of evapotranspiration (ET) is necessary for the crop wa-
ter requirement estimations, for climatic characterization, management of the water 
resources, and in the irrigation scheduling [23]. At the biological level, the knowing 
the ET helps to understand the magnitude of the gas interchanges between the eco and 
agro ecosystems with the atmosphere.

The calculation of the crop water requirement need an appropriate selection of 
PHWKRG�RU�PRGHO�IRU�WKH�HVWLPDWLRQ��7KH�GLUHFW�PHDVXULQJ�FDQ�EH�GRQH�ZLWK�¿HOG�O\-
simeters, which measure mass balance variables like rainfall, percolation, runoff and 
soil moisture changes and by default estimate the crop water requirement or the ET 
[11, 19], also the ET estimation can be done using micrometeorological measure-
ments, which are base on the energy balance equation, or methods based on gradients 
of air temperature and moisture, or the eddy covariance technique [19]. All these direct 
PHWKRGV�LQ�SUDFWLFH�SUHVHQW�VRPH�GLI¿FXOWLHV�WR�EH�XVH��EDVLFDOO\�E\�KLV�KLJK�FRVW�RI�
acquisition and keeping.

The United Nations Food and Agriculture Organization (FAO) recommend the 
method known like “the two steps” for the crop evapotranspiration (ETc) estimation. 
This method is useful for condition without limitation of water and pest [2, 6]. The 
“two steps” method consist in the estimation of the reference evapotranspiration (ETo) 
WLPHV�WKH�FURS�FRHI¿FLHQW��.c��ZKLFK�VKRXOG�EH�HVWLPDWHG�LQ�¿HOG�XVLQJ�PDVV�EDODQFH��
energy balance, temperature and humidity gradient or eddy covariance methods. The 
FAO approach is very usefully because is possible make water requirement estimation 
by phenological phases or discriminate water uses by crops, using common meteoro-
logical information that is the most available in our media.

At global level the use of the FAO approach has increasing the knowledge of the 
crop water uses, the knowledge of the water consumes of the different land covers, 
the precision of the climate and hydrological studies. At agronomical level, the FAO 
approach is very useful in the estimation of the available water in the root zone, all 
this indicate a need a good estimates of the reference evapotranspiration (ETo). The 
¿UVW�VWHS�LQ�WKH�DSSURSULDWHG ETo estimation is the local validation or calibration of the 
ETo models [2]. In countries like Colombia, where the studies that measure directly the 
crop evapotranspiration (ETc) are scarce, the FAO approach in an important alterna-
tive.

Few are the studies that evaluate the ET models in Colombia. In the case of the 
Colombian coffee zone, can be mentioned the Jaramillo [12] and Jaramillo [13] stud-
ies that compared the class A pan evaporation with equations base on weather in-
formation. Subsequently Jaramillo [14]. calculated the ETo variation with altitude in 
several locations of the Colombian Andes discriminating the Cauca and Magdalena 
river watershed, in that study he compare the relationship between the ETo estimated 
by the Penman-Monteith (P-M) model and the class A pan evaporation. Giraldo et al. 
[9]. compared several ETo methods in the North of Santander coffee zone (Francisco 
Romero station), in that work they compare the reference P-M model with the Turc, 
/LQDJUH��+DUJUHDYHV��-HQVHQ�+DLVH�DQG�*DUFLD�DQG�/RSH]�PRGL¿HG�E\�-DUDPLOOR��LQGL-
FDWLQJ�QRW�VWDWLVWLFDO�GLIIHUHQFHV�EHWZHHQ�WKH�*DUFLD�DQG�/RSH]�PRGL¿HG�E\�-DUDPLOOR�
and the reference Penman-Monteith model. In that study they do not include direct 
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measures with lysimeter or other micrometeorological methods. Barco et al. [5], made 
an a macro scale estimation of the evaporation in Colombia, using several methods 
like the Turc, Morton, Penman, Holdridge and Budyko, in that study they made an 
quantitative and qualitative analysis of these models, but do not include a comparison 
ZLWK�GLUHFW�¿HOG�PHDVXUHV�

The reference P-M model is the most useful method because include most climate 
variables that other models, and specially because include in his calculation the ef-
fect of the several factor in the ET like the energy availability (Rn-G), de water vapor 
SUHVVXUH�GH¿FLW��93'��DQG�WKH�ZLQG�VSHHG��7KH�SUHFLVLRQ�RI�WKH ETo estimation by the 
3�0�PRGHO��GHSHQGV�RI�WKH�GDWD�TXDOLW\��)RU�WKH�VSHFL¿F�FDVH�RI�WKH�&RORPELD�FRIIHH�
zone, exist a potential limitation for the ETo estimation using the P-M model, because 
some direct meteorological measurement are not available, like the net radiation (Rn), 
VRLO�KHDW�ÀX[HV��*���ZLQG�VSHHG�DW���P�OHYHO��DQG�YDSRU�SUHVVXUH�GH¿FLW��93'���,Q�WKH�
VSHFL¿F�FDVH�RI�WKH�5n and G, we use empirical relations base on sunshine measure-
ments. Similar situation has been reported by other author in other locations [17, 27].

The FAO-56 paper recommends the P-M model when is possible use the solar ra-
diation, wind speed, temperature and air humidity information, or when the empirical 
models for the solar radiation has been previously calibrated, and then recommends 
the Hargreaves model when only exist air temperature information (maximum and 
minimum).

This chapter evaluates the reference evapotranspiration (ETo) models recommend-
HG�E\�WKH�)$2�DQG�FRPSDUHV�WKHVH�HVWLPDWLRQV�ZLWK�WKH�*DUFLD�DQG�/RSH]�PRGL¿HG�
PRGHO�DQG�GLUHFW�¿HOG�PHDVXUHPHQWV�XVLQJ�O\VLPHWHU�

19.2 MATERIALS AND METHODS

19.2.1 LOCATION
This study was conducted in the Campus of the University of Santa Rosa de Cabal 
(Risaralda-Colombia), located in the western slope of the Cauca river watershed at 
04° 55’ North, 75° 38’ West, at 1,600 meters a.s.l. The climate characteristics during 
the study are listed in Table 1. The dominant soils are derivate for volcanic ash, classi-
fieds as Andisols [26], the main characteristics of this soils are: depth of the A horizon 
higher than 20 cm, high levels of organic matter, lower content of exchangeable bases, 
acid, with high infiltrations rates and high water retention capacity. The dominant 
crops in this area are the coffee and grass.

TABLE 1 Climatic conditions during the research period. September 2008 to September 2009.
Variable Unit Value 

Range
Mean 
Value

Sunshine 
Global radiation
Mean temperature
Mean Relative humidity 

hours
W m-2

°C
%

0.0 – 10.0
101 - 297

17.3 – 23.2
56.3 – 95.3

4.0
173.1
20.5
74.0

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



434 Evapotranspiration: Principles and Applications for Water Management

19.2.2 THE PENMAN-MONTEITH MODEL
For this study we use the P-M model for the ETo estimation recommended by the FAO-
56 paper [2] and standardized by the American Society of the Civil Engineers-ASCE 
[1]. The model calculations were based at daily level for a reference crop with 0.12 
m height: 

 
( )2
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9000.408( )
273

(1 0.34 )
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R G u e e
TET

u

γ

γ

− + −
+=

∆ + +
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where, Rn is the net radiation (MJ m–2 día–1), G is the soil heat fluxes (MJ m–2 día–1) 
calculated as 0.1 of the Rn, g is the psychometric constant (kPa°C–1), es is the saturated 
vapor pressure, ea is the actual vapor pressure (kPa), D is the slope of the vapor pres-
sure curve (kPa°C–1), u2 is the wind speed at 2 m, T is the air temperature (°C) at 2 m 
level. For this study the ea, es��¨�y g were calculated how is describe by the FAO-56 
paper [2]. The mean air temperature was calculated using the average between the 
maximum and minimum. The net radiation (Rn) was calculated using the equation for 
solar radiation budget as follow: 

 ( ) ( )40,26 0,506 1 0,56 0,079 0,1 0,9n a a
n nR R T e
N N

α λ⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞= + − − − +⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦
 (2)

where, Ra is the astronomic solar radiation (MJ m–2 d–1) and calculated following the 
model presented by Allen et al. [2]; n is the sunshine (h) measure by the heliograph, N. 
LV�WKH�DVWURQRPLF�VXQVKLQH��K���Ȝ74 is the Stefan-Boltzman constant (W m–2), ea is the 
actual vapor pressure (mb). The a and b values are the Ángstrom-Prescott coefficients, 
we use a=0.26 and b=0.56 calculated by Gómez and Guzmán [10]. for the central cof-
IHH�]RQH��Į�LV�WKH�DOEHGR�ZH�XVH������IRU�ZHW�JUDVV�XVHG�IRU�WKH�UHIHUHQFH�FRQGLWLRQV��
The solar radiation budget used in this study is different at the recommend by FAO-56 
paper, due that we use the Ángstrom-Prescott model for the calculation.

19.2.3 THE HARGREAVES MODEL
When some of the climate information for the P-M model estimation is not available, 
the FAO-56 paper [2] recommend the Hargreaves model: 

 ( )( )0.5
max min0.0023 17.8o mean aET T T T R= + −  (3)

where, Ra is the astronomical radiantion in mm per day.
0RGL¿HG�PRGHO� RI� *DUFtD� DQG� /ySH]� >�@� SURSRVLQJ� D�PRGHO� IRU� WKH� UHIHUHQFH�

HYDSRWUDQVSLUDWLRQ�FDOFXODWLRQ�LQ�9HQH]XHOD��WKDW�ZDV�ODWHU�PRGL¿HG�E\�-DUDPLOOR�>��@�
for the conditions of the central coffee zone (with elevation between 1,000–2,000 m), 
this model use the mean air temperature (Tmean,°C) and the mean relative humidity 
(R.Hmean, %) at daily level: 
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 ( ) ( )1.22*10 1 0.01* . 0.2* 1.80n
o mean meanET R H T⎡ ⎤= − + −⎣ ⎦  (4)

19.2.4 THE LYSIMETER
We used in this study a drainage type lysimeter, with 0.255 m2 of collecting area and 
0.60 m of depth. For the lysimeter installation, the soil was excavated at 0.70 m depth, 
removing the soil in three layers with the aim to reduce the soil disruption by the ex-
cavation. One polyethylene container was placed in the hole with the installation to 
collect the drainage water. The drainage system was composed by 0.1 m of fine gravel 
and 0.1 m of large gravel, the system for the drainage water conduction was connected 
in the bottom of the lysimeter with a PVC tube connection to other small collector 
tank of 12 liters of capacity. Above the drainage system the soil was stockpiled in two 
layer of 0.10 m each one in the inverse order of excavation, and then a grass layer was 
installed (Fig. 1). The lysimeter was installed at side at weather station. Once installed 
the grass cover, after the lysimeter installation we leave during 15 for the grass instal-
lation inside and outside of the lysimeter.

FIGURE 1  A. Cross section of the drainage lysimeter. (B) Top view of the drainage system 
0.1 m of fine gravel + 0.1 m of large gravel.  (c) Lysimeter  with soil layers stockpiled.  (D) 
Lysimeter with the grass cover.

7KH�¿HOG�FDSDFLW\�RI�WKH�VRLO�ZDV������FP3 cm–3, the wilting point 0.48 cm3 cm–3, 
the bulk density 0.7 g cm–3, and the available water at 30 cm of 46.2 mm. Before start 
WKH�HYDSRWUDQVSLUDWLRQ�UHDGLQJ�ZH�DSSOLHG�LUULJDWLRQ�DW�WKH�O\VLPHWHU�DW�¿HOG�FDSDFLW\�
WR�UHGXFH�WKH�LQÀXHQFH�RI�WKH�VRLO�PRLVWXUH�FKDQJHV�LQ�WKH�ZDWHU�EDODQFH�FDOFXODWLRQ��
the irrigation was applied the day before to allow the free drainage. The ETo estimates 
ZHUH�PDGH�GDLO\�DIWHU�WKH�O\VLPHWHU�UHDFKHG�WKH�¿HOG�FDSDFLW\��'D\V�ZLWKRXW�UDLQ�IDOO�
we applied a known irrigation.
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19.2.5 THE REFERENCE EVAPOTRANSPIRATION (ETO) CALCULATIONS

 ETo(i-1) = {Ii-1 - Di + [ R13:00(i-1)+R18:00(i-1)+ R07:00 (i)]} (5)

where, ETo(i-1) is the reference ET for the previous day in mm d–1; Ii-1 is the irrigation ap-
plied in the previous day (mm), Di is the drainage in the day i (mm), R13:00(i-1)+R18:00(i-1) 
are the rainfall measured at the previous day at 13:00 and 18:00 hours, and R07:00 (i) is 
the rainfall measured at the day i at the 07:00 hours that correspond at the night rainfall 
at the previous day. The lysimeter had a small trench 0.1 m wide and 0.15 m depth to 
prevent the entry of the runoff from the adjacent area (Fig. 1).

19.2.6 MEASUREMENT OF METEOROLOGICAL VARIABLES
Since, September 2008 to September 2009, the meteorological information was re-
corded as follow. The minimum temperature was measure in an alcohol thermometer, 
the maximum temperature in a mercury thermometer with strangulation, the relative 
humidity was measure in a thermo-hygrograph with bi metallic sensor and hair bundle 
for the air temperature and humidity respectively, these instruments were placed inside 
of a shelter at 2-m height of the ground. The sunshine was measure in a heliograph 
type Campbell Stokes. The rainfall was measured three time per day (07:00–13:00 
and 17:00 hours) using a rain gage with 200 cm2 of collecting area and a pluviograph 
type Hellman. All the instruments were placed at side of the lysimeter area following 
the specification of the World Meteorological Organization (WMO), and the weather 
station was operated by the National Coffee Research Center (Cenicafé-Colombia).

19.2.7 EVALUATION FOR THE REFERENCE CONDITIONS
According with the FAO-56 paper [2], the references equations for the ETo comput-
ing is based on requirements that weather data be measured in environmental condi-
tions that correspond to the definition of reference evapotranspiration, that means that 
the weather variables are measured above extensive grass cover crop that is actively 
evaporating with constant leaf area, surface resistance and height, or in an environ-
ment with healthy vegetation not short of water, this mean that do not exist additional 
energy source for evaporation [3]; proposed the difference between the minimum tem-
perature and the dew point temperature to evaluate the reference conditions. If the 
difference is higher than +3°C, it is not considered as a “reference day” [15]. The dew 
point temperature was computing using the Tetens equation as follows: 

 
237.3

4.584

12.27
4.584

a

pr
a

e
Ln

T
e

Ln

⎡ ⎤
⎢ ⎥⎣ ⎦=
⎡ ⎤− ⎢ ⎥⎣ ⎦

 (6)

where, ea is in mm of Hg.

19.2.9 DATA ANALYSIS
For the models comparison, we used the hypothesis test with a T-student as a statis-
tical test and a linear regression analysis especially the slope of the line to identify 
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subestimation of overestimation, similarly how was used in similar studies by [4, 16, 
20, 21, 24].

19.3 RESULTS AND DISCUSSION

During the measured time, the differences between the minimum air temperature and 
dew point temperature was negative, indicating that all measurements were under ref-
erences conditions [2], with difference up to 11°C.

19.3.1 COMPARISONS OF ET
O
 METHODS

For wet tropical Andean zone like the include in this study, the Penman-Monteith 
(P-M) model without wind conditions and the Garcia and Lopez Modified, showing 
similar ETo values that those measured in the lysimeter (Table 2). The Hargreaves 
model how is recommended by the FAO-56 paper, Eq. (3), overestimated the ETo val-
ues respect to the Lysimeter and the Garcia and Lopez Modified. Similar results were 
reported in the coffee zone of Brazil by Souza et al. [25], respect to the Hargreaves 
model.

When increasing the wind speed in the P-M model the ETo is overestimated (Table 
2). This situation is associated at the fact that in this study the wind speed was not mea-
sured. As general term at meteorological level, when the wind speed increase the va-
SRU�SUHVVXUH�GH¿FLW�LQFUHDVH�DQG�WKH�DLU�WHPSHUDWXUH�GHFUHDVH��LQFUHDVLQJ�WKH ETo rates. 
For these reason, is not recommended assume an arbitrary value for the wind speed 
when this in not measured because the ETo is overestimated. By other hand, the results 
LQGLFDWLQJ�WKDW�WKH�PRGHO�RI�WKH�*DUFLD�DQG�/RSH]�PRGL¿HG�E\�-DUDPLOOR�LV�DSSURSUL-
ated for the ETo estimations without wind conditions. The initial Hargreaves model 
overestimated the ETo values respect to the lysimeter measures and the P-M model 
ZLWKRXW�ZLQG��7DEOH�����ZH�SURSRVH�D�PRGL¿FDWLRQ�DW�WKH�+DUJUHDYHV�PRGHO�DV�IROORZV��

 ( )( )0.5
min0.0018 17.8o media máxima ima aET T T T R= + −  (7)

Once the Hargreaves model was modified (Eq. (7)) we do not observed statistical 
differences between modified model and the lysimeter measures and the P-M model 
without wind (Table 3), how the results indicate modification was appropriated for the 
local conditions.

TABLE 2 ETo models comparisons for the Colombian coffee zone.

Relation b S.E T-test¡ 

ETo-P-M-(0,0 m s
-1

)/ETo-Lysimeter

ETo-García_lópez_mod/ETo- Lysimeter 

ETo-Hargreaves/ETo- Lysimeter

ETo-P-M-(2,0 m s
-1

)/ETo- Lysimeter 

ETo-P-M-(4,0 m s
-1

)/ETo- Lysimeter 

ETo-Garca_lópez_mod/ETo-Hargreaves

1.10

1.02

1.53

1.62

2.17

0.71

0.100

0.110

0.186

0.149

0.200

0.008

True

True

False

False

False

False

NOTE: b = ratio between ETo method1  to ETo method2.; 
S. E. = the standard error.
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TABLE 3 Statistical relationship for the ETo estimated with the Hargreaves model (modified), 
the lysimeter measurements,  and Penman-Monteith estimation without wind and daily level. 

Relation b S.E T-testȖ

ETo-Lysimeter /ETo- 1.14 0.117 True

Hargreaves-modificated

ETo-P-M (0.0 m.s)/ETo-Hargreaves-modificated

1.03 0.016 True

NOTE: b = ratio between ETo method1  to ETo method2.; S. E. = the standard error.

19.3.2 RESTRICTIONS FOR APPLICATION OF THE PENMAN-MONTEITH 
MODEL IN THE COLOMBIAN COFFEE ZONE
The P-M model is highly susceptible at the wind speed changes. In general, most of 
the weather stations installed in the Colombian coffee zone, do not measure the wind 
speed and directions at 2-m height, for this reason is not appropriated the ETo calcula-
tion with the P-M model if the wind speed at 2-m height is not measured.

2QO\�WKH�FHQWUDO�&RORPELDQ�FRIIHH�]RQH�KDV�WKH�ÈQJVWURP��3UHVFRWW�FRHI¿FLHQWV�
adjusted used in the equation 2 for the net solar radiation estimation base on sunshine 
UHDGLQJV��DQG�LV�QHFHVVDU\�GHULYDWLYH�WKHVH�FRHI¿FLHQWV�IRU�RWKHU�ORFDWLRQV�IRU�JHW�PRUH�
precize the calculations.

When we compared the solar radiation estimation using the Ángstrom-Prescott 
UHODWLRQV�XVLQJ�WKH�)$2����FRHI¿FLHQWV�DQG�WKRVH�GHULYDWLYH�E\�>��@�� WKH�GLIIHUHQFH�
in the estimation is low with a mean error of 0.53 MJ m–2 d–1, equal to 0.22 mm d–1 
indicating that the difference in the estimation is in the long wave radiation estimation, 
as is described as follow. How the difference in the short radiation is low, we analyzed 
the long wave radiation using two models, Eqs. (8) and (9).

 4 0.56 0.079 0.1 0.9nl a
nR T e
N

λ ⎡ ⎤⎡ ⎤= − +⎢ ⎥⎣ ⎦ ⎣ ⎦
 (8)

The long wave radiation model used for cloudy locations using sunshine readings is 
the Penman model, Eq. (8), and, the FAO-56 recommended model for the ETo estimat-
ing is presented in the Eq. (9).

 4 0.34 0.14 1.35 0.35s
nl a

so

R
R T e

R
λ

⎡ ⎤⎡ ⎤= − −⎢ ⎥⎣ ⎦ ⎣ ⎦
 (9)

where, Rso is the solar radiation for clear sky conditions, Eq. (10), Rs is the solar radia-
tion using the Ángstrom- Prescott model first part of the Eq. (2).

 ( )50.75 2 10so aR x Altitude R−= +  (10)

where, The altitude is in meters and Ra is the astronomical radiation.
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FIGURE 2 (A) Net radiation relationship estimated with the P-M model used in the Colombian 
coffee zone and the FAO-56 model.  (B)  ETo relationship derived from the P-M model and FAO 
– 56 solar radiation models. 

When compared the ETo estimating with the long wave radiation models from the 
equations 7 and 8, we can see that the long wave radiation model proposed by FAO-
56 overestimate the net radiation up to 2,5 MJ m–2 d–1 (Fig. 2a) and also the ET2�(Fig. 
2b), with difference in the estimation up to 0,9 mm d–1; similar results were reported in 
&KLQD�E\�/LX�HW�DO��>��@��ZKR�XVHG�XQFDOLEUDWHG�)$2����FRHI¿FLHQWV�IRU�WKH�UDGLDWLRQ�
model, reporting variations between 3% to 15% daily ETo calculation. For these reason 
LV�QHFHVVDU\�WR�FRQGXFW�PRUH�¿HOG�UHVHDUFK�IRU�WKH�&RORPELDQ�FRIIHH�]RQH�WKDW�SHUPLW�
WKH�GHYHORSPHQW�RI�WKH�DSSURSULDWHG�FRHI¿FLHQWV�IRU�WKH�ORQJ�ZDYH�UDGLDWLRQ�HVWLPD-
tion and increase the precision of the ETo calculation.

Faccioli et al. [7] compared the ETo calculations using the FAO-56 model for net 
radiation using sunshine readings and direct solar radiation measurements in the Bra-
]LOLDQ�&RIIHH�]RQH�RI�9LFRVD�0LQD�*HUDLV��DQG�WKH\�¿QGLQJ�WKDW�XQGHU�FORXG�FRQGL-
tions the ETo was over estimated with the FAO-56 model.

19.4 CONCLUSIONS

The Garcia and Lopez Modified model and the Hargreaves Modified model area use-
fully for the ETo estimation for Colombian Coffee zone without wind or when only 
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the air temperature and relative humidity data are available. The use of sunshine data 
in the Angstrom-Prescott solar radiation model can be use in the net radiation estima-
tion for the ETo estimation in the P-M model, the potential source of variability of the 
estimation could be direct related with the long wave radiation estimation that affect 
the precision of the net radiation calculation (Rn) and clearly the ETo estimation. It is 
necessary conduct studies that permit the long wave radiation coefficients estimation 
(Rnl) in the Colombian coffee zone with the aim to make more precize the ETo estima-
tion from the P-M model. Also, is necessary study the short wave radiation coefficient 
for other location of the Colombian coffee zone, especially in that zone were presum-
ably the relationship Ra/Rg differs substantially from those estimated by Gómez and 
Guzmán [10].

19.5 SUMMARY

The reference evapotranspiration (ETo) is an important variable for hydrological stud-
ies, crop water requirements estimations, climatic zonification and water resources 
management. The FAO recommends the Penman-Monteith (P-M) and/or the Harg-
reaves models as the worldwide useful for the ETo calculation. The objective of this 
work was to test the performance of these models in one place of the Colombian Cof-
fee Belt, and identify limitations and proposes modifications. The ETo calculation were 
compared with daily lysimeter measurements. The principal disadvantages of the P-M 
model were: the lack of calibrated coefficient for the long wave radiation estimation 
(Rnl), which affected seriously the net radiation estimation and finally the ETo, highly 
sensitivity at the wind speed changes, that make it inappropriate for locations without 
this data. The Hargreaves model, as FAO proposed, overestimate the ETo, which made 
necessary a modification. The ETo estimation for this location was most sensible to 
atmospheric vapor and air temperature than the available energy in the atmosphere 
(Rn–G).
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20.1 INTRODUCTION

Irrigation provides plants with sufficient water to prevent yield-reducing stress. The 
frequency of irrigation and quantity of water depend on local climatic conditions, crop 
species, stage of plant growth and soil-plant-moisture characteristics. The need for 
irrigation can be determined in several ways that do not require data on rate of evapo-
transpiration (ET). Visual indicators such as plant color or leaf wilting and an early 
drop can be used [1]. However, this information appears too late to prevent reduction 
in crop yield or quality. Other methods of irrigation scheduling include determination 
of plant water stress, soil moisture status and soil water potential [2]. Methods of esti-
mating crop water requirements using ET in combination with soil characteristics are 
useful in determining not only when to irrigate but also the quantity of water needed 
[1]. Estimates of ET have not been used in Trinidad even though necessary climatic 
data are available. Trinidad’s water supply is dwindling because of luxury consump-
tion of ground water resource (e.g., sprinkler irrigation of golf courses). There is an 
increasing demand of ground water for domestic, municipal and industrial uses. Water 
quality is declining as well. Thus, water is a limiting factor in Trinidad’s goal for 
self-sufficiency in agriculture. Intelligent use of water will prevent sea water from 
entering into aquifers. Irrigation of crops in the tropics and on these soils requires 
appropriate working principles for the effective use of all resources peculiar to the 
local conditions. Adequate water supply for the entire growing season is essential for 
the optimum production of crops. The crop water requirements are often provided by 
both rainfall and irrigation. In places where sufficient rainfall is received throughout 
the growing period, irrigation is minimal. For good water management and irriga-
tion planning, it is necessary to know the water consumption of crops grown in the 
project area. Hackbart [7] developed a computer program to estimate net irrigation 
requirements for various crops in which he has combined information from a modified 
Blaney-Criddle model [1, 4] together with the USDA-SCS Technical Release No. 21 
of USDA-SCS [10]. Irrigation water requirements for vegetables and other agronomic 
crops have been computed by Rogers et al. [9] for Florida and by Goyal and González-
Fuentes [3, 4] for Puerto Rico. They have estimated net irrigation requirements (NIR) 
with mean monthly rainfall data and with 20% rainfall probability (dry years) data. 
Methods presented in this chapter to estimate PET and total water consumption can be 
employed in other countries in the world to develop local data bases. This chapter in-
dicates: (1) Estimation of potential evapotranspiration (PET) with Hargreaves-Samani 
and modified Blaney-Criddle methods; and (2) Estimation of total water consumption 
for agronomic crops at five locations in Trinidad in the Caribbean region.

20.2 METHODS AND MATERIALS

The five weather stations were the University of the West Indies, Piarco Airport, Hol-
lis, Navet and Penal [Fig. 1]. The potential evapotranspiration (PET) for these loca-
tions was estimated with available climatic data and the Eqs. (1) and (2):

 PETHS = 0.0023 × Ra × (T + 17.8) × (Tmax – Tmin)°.5 (1)

 PETBC = Kt × H × P × (0.46 × T + 8.128)  (2)
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where, PETHS = potential evapotranspiration with Hargreaves-Samani method [8], mm/
day; PETBC = PET with modified Blaney-Criddle model [2, 4–6], mm/day; Ra = extra-
WHUUHVWULDO�UDGLDWLRQ��PP�GD\��7� �DYHUDJH�WHPSHUDWXUH��Û&��70$;� �PD[LPXP�PHDQ�
WHPSHUDWXUH��Û&��7PLQ� �PLQLPXP�PHDQ�WHPSHUDWXUH��Û&��.W�  (0.03114 × T + 0.5222) 
= temperature coefficient; H = humid area factor of 0.8 for Trinidad; P = monthly per-
centage of total daylight hours. With values of Kt and H for Trinidad, Eq. (2) reduces to:

 PETBC = (0.024912 × T + 0.41776) × (0.46 × T + 8.128) × P (3)

 = K1 × K2 × P (4) 

where, K1 = (0.41776 + 0.24912 × T) (5)

 K2 = (8.128 + 0.46 × T) (6)

K1 versus T and K2 versus T curves are shown in Fig. 2. K1 and K2 are temperature 
dependent coefficients [7]. For each monthly value of T, K1 and K2 were interpolated. 
With monthly K1, K2 and P in Eq. (4), PETBC was determined [7, 10]. Monthly wa-
ter consumption was estimated for banana, cabbage, cucumber, dry onion, eggplant, 
grain corn, honeydew, lettuce, plantain, potato, pumpkin, snap bean, wet and dry sea-
son rice, snap bean, sugarcane, sweet pepper, sweet potato, tomato and watermelon. 
Monthly water consumption values (CUm, inches per month) were estimated with cli-
matic data from Trinidad, Hackbart’s computer model, USDA-SCS Technical Release 
No. 21 and the following equations:

 CUm = Kc × Kt × P × TF × H (7)

 CU = CUml + CUm2 + — + CUmi (8)

 NIR = CU – ER (9)

where, CUm = Monthly water consumption for the first, —, last month (inches/month); 
CU = Total water consumption during the season; Kc = Crop growth coefficient; TF = 
Mean air temperature, Û)��(5 = Effective rainfall, inches, (Calculated using Technical 
Release No. 21); NIR = Net Irrigation for normal years, inches. Monthly water con-
sumption values (CUm) were summed to obtain seasonal water consumption (CU). A 
net irrigation requirement (NIR) was estimated with Eq. (9).

FIGURE 1 Location of hydrometric stations in Trinidad.
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FIGURE 2 Blaney Criddle coefficients, K1 and K2, versus average temperature in Trinidad 
using USDA – SCS Technical Bulletin No. 21.

FIGURE 3 Mean annual distribution of rainfall (inches) in Trinidad.
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20.3 RESULTS AND DISCUSSIONS

20.3.1 CLIMATOLOGY
All results are shown in Tables 1–4. Mean monthly temperature was highest in May 
at the University of the West Indies and Piarco Airport; and in August at Hollis, Navet 
and Penal. Mean monthly temperature was lowest in January at the University of the 
West Indies, Piarco, Navet and Penal; and in December at Hollis. 

TABLE 1 Seasonal irrigation requirement and water consumption for selected crops in 
Trinidad, using modified Blaney – Criddle method.

Crop Total CU and NIR, mm/season

Location

Univ. of W. I. Piarco Hollis Navet Penal

Banana CU

ER

NIR

1527

594

933

1505

611

894

1302

981

321

1468

808

660

1512

577

935

Cabbage CU

ER

NIR

295

92

203

291

100

191

257

144

113

290

138

152

288

95

193

Cantaloupe CU

ER

NIR

250

91

159

946

98

148

218

148

70

246

138

108

246

95

151

Cucumber CU

ER

NIR

180

78

102

177

81

96

156

110

45

177

110

67

177

79

98

Eggplant CU

ER

NIR

416

105

311

410

114

296

358

173

185

295

70

225

402

108

294

Lettuce CU

ER

NIR

196

79

177

194

82

112

171

110

61

193

108

85

193

80

113

Onion

(dry)

CU

ER

NIR

325

95

230

320

105

217

282

162

120

318

144

174

317

98

219

Pepper

(transplanted)

CU

ER

NIR

422

105

317

417

114

303

364

175

189

412

159

253

409

109

300

Plantain CU

ER

NIR

1527

594

933

1506

611

895

1302

982

320

1469

809

660

1513

577

936
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Crop Total CU and NIR, mm/season

Location

Univ. of W. I. Piarco Hollis Navet Penal

Potato CU

ER NIR

483

164

319

474

169

305

416

251

165

474

241

233

475

169

306

Pumpkin CU

ER

NIR

383

103

280

378

113

265

330

171

159

374

155

219

371

107

264

Crop Total CU and NIR, mm/season

Location

Univ. of W. I. Piarco Hollis Navet Penal

Rice

(dry)

IR8

CU

ER

NIR

539

126

413

532

135

397

464

229

235

526

189

337

522

131

391

Rice

(wet)

IR8

CU

ER

NIR

550

263

287

537

262

275

464

411

53

532

353

179

555

256

299

Rice

(dry)

IR747-B26

CU

ER

NIR

411

110

301

404

119

285

356

205

151

402

167

235

400

113

287

Rice

(wet)

IR747-B26

CU

ER

NIR

440

240

200

435

250

185

377

342

35

418

309

109

438

223

215

Snap

bean

CU

ER

NIR

293

92

201

289

100

189

254

142

112

287

137

150

286

95

191

Sugar-

cane

CU

ER

NIR

1559

585

974

1535

595

940

1330

945

385

1503

795

708

1541

568

973

Sweet

corn

CU

ER

NIR

301

93

208

296

101

195

262

151

111

295

141

154

294

96

198

Sweet

potato

CU

ER

NIR

467

107

360

586

136

450

507

225

282

575

188

385

572

132

440

TABLE 1 (Continued)
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Crop Total CU and NIR, mm/season

Location

Univ. of W. I. Piarco Hollis Navet Penal

Tomato CU

ER

NIR

441

107

334

434

116

318

380

182

198

430

164

266

428

111

317

Water-

melon

CU

ER

NIR

386

104

282

381

113

268

334

174

160

378

159

219

246

95

151

1/ mm/season CU = water consumption; ER = effective rainfall; NIR = net irrigation 
requirement = [CU – ER].
Note: Univ. of West Indies is located at St. Augustine (Fig. 1).

TABLE 2 Factors that affect irrigation requirements at five locations in Trinidad.

Description Location

Univ.
W. I.

Piarco Hollis Navet Penal

Geographical Factors

Weather
Station no.

NA 9:32 2:3 3:8 7:7

Latitude ��Û��¶1 ��Û��¶1 ��Û��¶1 ��Û��¶1 ��Û��¶1

Longitude ��Û��¶: ��Û��¶: ��Û��¶: ��Û��¶: ��Û��¶:

Elevation above
sealevel, mm

15 11 150 122 12

Soil Factors

Soil type Clay
loam

Fine
sand

Clay
loam

Clay
loam

Clay
loam

AWC depth, in 3.6 3.6 3.8 3.6 3.0

Allowable
depletion

50% 50% 50% 50% 50%

Crop Factors

Crops Planting Last
Harvest

Crops Planting Last
Harvest

Banana Jan 01 Dec 31 Rice IR8, dry Dec 01 Apr 11

Cabbage Dec 01 Feb 28 IR8,wet Sep 01 Jan 02

Cantaloupe Dec 01 Feb 15

Cucumber Dec 01 Jan 31 IR747 B2–
6dry

Dec 01 Mar 08

TABLE 1 (Continued)
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Description Location

Univ.
W. I.

Piarco Hollis Navet Penal

Eggplant Jan 01 Mar 31 IR 747B2–6 
wet

Jun 01 Sep 04

Lettuce Dec 01 Jan 31 Snap bean Dec 01 Feb 28

Onion Dec 01 Feb 28 Sugar cane Jun 01 May 31

Pepper Dec 01 Mar 31 Sweet corn Dec 01 Feb 28

Plantain Jan 01 Dec 31 Sweet potato Dec 01 Apr 30

Potato Nov 01 Mar 03 Tomato Dec 01 Mar 31

Pumpkin Dec 01 Mar 31 Water melon Dec 01 Mar 31

NA = Not Available.

TABLE 3 Percentage day light hours at five locations in Trinidad and Tobago.
Location Mean day light hours percentage

Month

Jan Feb Mar Apri May Jun Jul Aug Sep Oct Nov Dec

1. Univ. of

the West Indies

8.68 8.89 9.95 8.73 8.73 7.39 8.33 7.98 7.39 7.98 7.84 8.10

2. PiarcoAirport 9.00 8.79 9.55 9.10 9.12 7.15 8.16 8.19 7.69 7.79 7.56 7.89

3. Hollis 7.95 7.96 10.5 7.64 8.82 7.20 8.99 9.81 8.52 7.67 7.24 7.72

4. Navet 9.36 8.96 8.76 8.98 8.39 8.31 8.22 8.33 7.73 7.56 7.66 7.75

5. Penal 8.20 9.46 8.57 9.74 9.28 7.53 8.12 8.66 7.52 7.09 6.68 8.29

TABLE 4 Potential evapotranspiration (PET) in mm/day with modified Blaney – Criddle 
(ETBC) and Hargreaves-Samani (ETHS) models at five locations in Trinidad.

Location Potential evapotranspiration, mm/day

Month

PET Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1. Univer-
sity

of the West

Indies

ETHS

ETBC

Epan

3.82

5.67

ND

4.15

6.55

ND

4.58

6.75

ND

4.52

6.19

ND

4.52

6.28

ND

3.73

5.37

ND

4.30

5.83

ND

4.01

5.61

ND

4.56

5.47

ND

4.33

5.69

ND

3.92

5.67

ND

3.60

5.46

ND

2. Piarco

Airport

ETHS

ETBC

Epan

3.87

5.80

5.00

4.24

6.37

6.00

4.66

6.46

6.80

4.78

6.61

7.00

4.53

6.53

6.70

3.69

5.14

5.30

4.23

5.66

5.50

4.40

5.69

5.40

4.46

5.59

5.40

4.21

5.41

5.00

3.89

5.32

4.60

3.59

5.17

4.50

TABLE 2 (Continued)
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Location Potential evapotranspiration, mm/day

Month

PET Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

3. Hollis ETHS

ETBC

Epan

3.55

4.71

3.10

3.91

5.14

3.60

4.32

6.11

4.00

4.49

4.77

4.30

4.43

5.43

3.50

3.92

4.51

3.40

4.54

5.48

3.50

4.68

6.12

4.80

4.72

5.50

3.60

4.44

4.65

3.50

4.09

4.49

3.00

3.67

4.46

2.90

4. Navet ETHS

ETBC

Epan

4.26

5.96

4.00

4.21

6.50

4.80

4.41

5.74

5.00

4.53

6.29

5.70

4.47

5.77

5.30

3.99

5.82

4.40

4.43

5.57

4.30

4.49

5.57

4.90

4.75

5.42

4.40

4.15

5.17

4.10

3.97

5.37

4.00

3.60

5.16

4.10

5. Penal ETHS

ETBC

Epan

4.26

5.25

4.10

4.75

6.72

4.90

5.19

5.61

5.30

5.34

6.83

5.90

5.13

6.45

5.20

4.29

5.41

4.70

4.39

5.64

4.20

4.56

6.22

4.50

4.69

5.58

3.90

4.43

5.09

3.80

4.05

4.83

3.00

3.82

5.45

3.20

Note: EPAN = Class A pan evaporation; ND = No data available; PET = Potential evapotranspiration.

$YHUDJH�PRQWKO\� WHPSHUDWXUH� UDQJH��Û&��ZDV������ WR�����Û at the University of 
WKH�:HVW�,QGLHV�������WR�����Û�DW�3LDUFR�$LUSRUW�������WR�����Û at Hollis; 24.3 to 25.9 at 
Navet; and 24.3 to 26.8Û at Penal. Mean annual distribution of rainfall (inches/year) in 
Trinidad is shown in Fig. 3. West and south coasts are driest, and central Trinidad is 
wettest. In Trinidad, January through April is dry season and May through December 
is wet season. March is the driest month. Wettest month is August at the University 
of the West Indies; July at Piarco and Hollis; June at Navet and Penal. Mean monthly 
rainfall range (mm/month) was 32.8 to 241.6 at the University of the West Indies; 35.8 
to 263.8 at Piarco; 90 to 411 at Hollis; 56 to 343 at Navet; 35 to 228 at Penal. Mean 
monthly relative humidity (%) ranges from 71 to 87 during the year. The wind speed 
ranking was Piarco > Navet > Hollis > Penal. Mean monthly daylight hour percentage 
ranged between 7.39 to 9.95 at University of the West Indies, 7.15 to 9.55 at Piarco, 
7.20 to 10.48 at Hollis, 7.56 to 9.36 at Navet, 6.68 to 9.74 at Penal (Table 3).

20.3.2 POTENTIAL EVAPOTRANSPIRATION WITH HARGREAVES-SAMANI 
AND MODIFIED BLANEY – CRIDDLE METHODS
Monthly PET (mm/day) with Blaney-Criddle (ETBC), Hargreaves and Samani 
(ETHS) methods and class A pan evaporation (Epan, mm/day) at five locations in 
Trinidad are shown in Table 4. Epan is minimum in December at Piarco and Hollis; 
and in November at Navet and Penal. Epan (mm/day) ranged between 4.5 to 7.0 at 
Piarco, 2.9 to 4.8 at Hollis, 4.0 to 5.7 at Navet, 3.0 to 5.9 at Penal during the year. At 
all locations during the year, ETBC is greater than ETHS. At Hollis, Navet and Penal, 
monthly ETBC was always higher than Epan. At Piarco, monthly ETHS were lower 
than Epan. ETHS range (mm/day) was 3.60 to 4.58 at the University of the West In-
dies; 3.59 to 4.75 at Navet; 4.05 to 5.34 at Penal. ETBC range (mm/day) was 5.37 to 
6.75 at the University of the West Indies; 5.14 to 6.61 at Piarco; 4.46 to 6.12 at Hollis; 
5.16 to 6.50 at Navet; and 4.83 to 6.83 at Penal.

TABLE 4 (Continued)
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20.3.3 SEASONAL NET IRRIGATION REQUIREMENTS
Table 1 gives the total water consumption (CU) and seasonal net irrigation require-
ments for normal years (NIR) at five locations in Trinidad. Among these five locations, 
CU range (mm/season) was 1302 to 1527 for banana; 257 to 295 for cabbage; 156 to 
180 for cucumber; 282 to 325 for dry onion; 295 to 416 for eggplant; 262 to 301 for 
grain corn; 218 to 250 for honeydew; 171 to 196 for lettuce; 1302 to 1527 for plantain; 
403 to 483 for potato; 330 to 383 for pumpkin; 400 to 539 for dry season rice; 377 to 
555 for wet season rice; 254 to 293 for snap bean; 1330 to 1559 for sugarcane; 476 to 
586 for sweet potato; 380 to 441 for tomato; 364 to 422 for transplanted sweet pepper; 
and 246 to 386 for watermelon, respectively. Higher values belong to the University 
of the West Indies, and lower values belong to the Hollis location.

Average daily CU range (mm/day) was 3.6 to 4.2 for banana; 2.9 to 3.3 for cab-
bage; 2.5 to 2.9 for cucumber; 3.1 to 3.6 for dry onion; 3.2 to 4.5 for eggplant; 2.9 
to 3.4 for grain corn; 2.8 to 3.2 for honeydew; 2.8 to 3.2 for lettuce; 3.6 to 4.2 for 
plantain; 2.7 to 3.2 for potato; 5.3 to 6.2 for pumpkin; 3.0 to 4.2 for rice dry season; 
3.6 to 4.5 for wet season rice; 2.8 to 3.3 for snap bean; 3.6 to 4.3 for sugarcane; 5.9 
to 6.8 for sweet pepper; 3.1 to 3.9 for sweet potato; 3.1 to 3.6 for tomato; and 2.0 to 
3.2 for watermelon. In Trinidad net irrigation requirement (NIR, mm/season) ranged 
between 321 and 935 for banana; 113 to 203 for cabbage; 45 to 102 for cucumber; 120 
to 230 for dry onion; 185 to 311 for eggplant; 111 to 208 for grain corn; 70 to 159 for 
honeydew; 61 to 117 for lettuce; 320 to 936 for plantain; 165 to 319 for potato; 159 to 
280 for pumpkin; 151 to 413 for dry season rice; 35 to 299 for wet season rice; 112 to 
201 for snap bean; 385 to 974 for sugarcane; 282 to 450 for sweet potato; 198 to 334 
for tomato; 189 to 317 for transplanted sweet pepper; and 151 to 282 for watermelon. 
Average daily NIR (mm/day) range was 0.9 to 2.6 for banana; 1.3 to 2.3 for cabbage; 
0.7 to 1.6 for cucumber; 1.3 to 2.6 for dry onion; 2.0 to 3.3 for eggplant; 1.2 to 2.3 for 
grain corn; 0.9 to 2.1 for honeydew; 1.0 to 1.9 for lettuce; 0.9 to 2.6 for plantain; 2.7 
to 4.5 for pumpkin; 1.1 to 3.1 for dry season rice; 0.3 to 2.4 for wet season rice; 1.2 to 
2.2 for snap bean; 1.1 to 2.7 for sugarcane; 3.0 to 5.1 for sweet pepper; 1.9 to 3.0 for 
sweet potato; 1.6 to 2.8 for tomato; 1.2 to 2.3 for watermelon. These CU, NIR values 
were estimated with Kc from climatic areas similar to those of Trinidad. Experimental 
work to determine Kc in Trinidad is lacking.

20.4 SUMMARY

This chapter discusses climatic data of five weather stations in Trinidad and potential 
evapotranspiration with Hargreaves-Samani and modified Blaney-Criddle methods, 
and presents seasonal estimates of net irrigation requirements and total water con-
sumption by 20 vegetable crops. Potential evapotranspiration range (mm/day) was 
3.60 to 4.6 at the University of West Indies, 3.6 to 4.8 at Piarco, 3.6 to 4.7 at Hollis, 
3.6 to 4.8 at Navet, and 4.1 to 5.3 at Penal. For the island of Trinidad ET varies from 
3.6 to 5.3 mm/day.

Seasonal net irrigation requirements for various vegetable crops are useful in the 
design and management of irrigation systems in Trinidad. Based on net irrigation re-
quirements, farmer/extensionist/investigator can determine gross irrigation require-
ment for micro, sprinker – and gravity irrigation systems for each vegetable crop. This 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Water Management for Agronomic Crops in Trinidad 453

chapter provides basic ET information to the irrigator. Lysimeter studies should be 
FRQGXFWHG�WR�GHWHUPLQH�FURS�FRHI¿FLHQWV�LQ�7ULQLGDG��DQG�WR�YHULI\�1,5�YDOXHV�RI�WKLV�
VWXG\��%ODQH\�&ULGGOH�FRHI¿FLHQWV�IRU�7ULQLGDG�DUH�

 K1= 0.41776 + 0.024912 × T (10)

 K2= 8.128 + 0.46 × T (11)

where, T is average temperature in Û&; K1, K2 are the regression coefficients. Using an 
isohyetal map of Trinidad, one can find mean annual distribution of rainfall (inches) 
for any location in Trinidad. Similar results and data base can be developed for other 
countries in the world using methods presented in this chapter.
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21.1 INTRODUCTION

Common bean is highly susceptible to drought stress or water deficit, and the produc-
tion of this crop in many places of the world is carried out under drought stress con-
ditions, due to insufficient water supply by rainfall and/or irrigation. Drought stress 
influences several important plant processes, including plant water potential and sto-
matal behavior, which have direct effect on gas exchange. Changes in plant water 
status are directly related to the temperature crop canopy.

3HUPDQHQW� DQG� LQWHUPLWWHQW� GURXJKW� VWUHVV� DGYHUVHO\� LQÀXHQFHV� FURS� \LHOG� DQG�
growth. Methods for drought stress detection have been developed in a number of 
crops with different technology. Jones [19] described methods for drought detection 
and irrigation scheduling. The most popular methods are the thermal methods, which 
have been widely used with the aim of detecting drought stress and improving water 
management [4, 11, 13, 18, 20, 25, 26]. Measuring the canopy temperature by infrared 
thermometry is a popular technique because it is noninvasive, nondestructive and can 
be automated [6]. One of these methods that has been successfully applied since the 
70’s to detected drought stress uses the change in canopy temperature with respect to 
air temperature [12, 17].

One of the most widely used methods is the crop water stress index (CWSI) was 
proposed by Idso et al. [13]. The CWSI relates the difference between canopy and air 
WHPSHUDWXUH�ZLWK�WKH�YDSRU�SUHVVXUHV�GH¿FLW��7KH�LQGH[�UDQJHV�IURP�����IRU�QRQGURXJKW�
stress conditions) to 1 (for maximum drought stress: a condition when water is not 
available for transpiration). The CWSI generates two baselines: an upper baseline for 
complete drought stress and a lower baseline for no drought stress, both curves being 
IXQFWLRQV�RI�WKH�YDSRU�SUHVVXUH�GH¿FLW��93'���-DFNVRQ�HW�DO��>��@�KDYH�VKRZQ�WKDW�WKH�
CWSI is an index of transpiration reduction, as shown in Eq. (1), where, E is the actual 
evapotranspiration and Ep is the potential evapotranspiration or transpiration.

 [(CWSI) = 1 – (E/Ep)] (1)

The CWSI can be applied in the analysis of the irrigation scheduling. The CWSI has 
been increasing used recently due to the availability of the infrared thermometer, satel-
lite thermal imaging and other remote sensing tools, that could be used in the detection 
of crop water stress at the macro and micro scales. Idso [14] determined the baseline 
model for several crops, including bean, as shown in Eq. (2). Erdem et al. [7] reported 
a lower baseline for a P. vulgaris L., cv., ‘Sehirali 90,’ as shown in Eq. (3). In Eqs. (2) 
and (3), Tc = Canopy temperature, Ta = Air temperature, and VPD = Vapor pressure 
deficit.

 [Tc – Ta] = [(–2.35×VPD) + 2.91] (2)

 [Tc – Ta] = [(–2.69×VPD) + 3.53], lower baseline model (3)

Plant water status is a function of the available water in the soil. Water availability in 
plant tissues varies by cultivar, and genotype, which is directly related to water poten-
tial and stomatal control. This suggests that baseline models strongly depend on site 
location, crop species and variety [3, 8]. More research is needed in the development 
of baselines for the CWSI method.
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The objectives of this chapter are to present the research results: (1) Develop base-
lines for different common bean with and without drought susceptibility in greenhouse 
DQG�¿HOG�HQYLURQPHQWV� (2) Estimate the CWSI for common bean genotypes in green-
KRXVH�DQG�¿HOG�HQYLURQPHQWV�DQG�UHODWH�WKH�&6:,�ZLWK�\LHOG�FRPSRQHQWV������5HODWH�WKH�
CWSI with the available soil water as a tool for crop water management; and (4) Detect 
the variability of these relationships among genotypes with and without drought stress.

21.2 METHODS AND MATERIALS

This experiment was conducted in a span of three years (2005, 2006 and 2007) and 
included several growing seasons in the greenhouse and field.

21.2.1 THE GREENHOUSE TRIALS
The greenhouse experiment was carried out at the USDA-TARS (Tropical Agric. Res. 
Station) in Mayagüez- Puerto Rico; coordinates 18°���¶��ƍ�1�����°��ƍ���¶¶�:�DW����
meters of elevation above the sea level (m.a.s.l). Four trials were conducted during 
July September of 2005, and two during October–December of 2005 and 2006. Basic 
weather information was recorded during the study in the greenhouse (see Table 1). 
The common bean genotypes (P. vulgaris L.) evaluated in this research in the green-
house were: Morales (white seed color), the most widely planted small white bean in 
Puerto Rico, SER 16 and SER 21 (red seed color), SEN 3 and SEN 21 (black seed 
color), and BAT 477 (cream seed color). BAT 477 has a plant architecture type III 
and the others are type II. Morales with unknown drought response and the other are 
drought tolerant. The experiments were conducted during 2005 and 2006 (Table 1). 
All pots were irrigated manually every day in the morning with desired amounts of 
water. Three water levels were used:

Level 1 – full water supply (no drought stress) using 80% of the daily available 
water (DAW) during the complete growing season;

/HYHO���±�VWUHVV���ZLWK�����RI�WKH�'$:�EHIRUH�ÀRZHULQJ�DQG�����RI�WKH�'$:�
DIWHU�ÀRZHULQJ��DQG�

/HYHO���±�VWUHVV���ZLWK�����RI�WKH�'$:�EHIRUH�ÀRZHULQJ�DQG�����RI�WKH�'$:�
DIWHU�ÀRZHULQJ�

TABLE 1 Average weather conditions in the greenhouse during the 2005 and 2006 crop 
seasons, nd = no data was measured.

Weather Variables July September October–December

2005

Air Temperature (°C)
Air Relative humidity (%)
Solar radiation (W.m2)
Wind speed (m.s–1)

27.55
84.29
nd‡
nd

26.06
82.53
nd
nd

2006

Air Temperature (°C)
Air Relative humidity (%)
Solar radiation (W.m2)
Wind speed (m.s–1)

26.90
78.75
57.90
0.0088

26.58
77.35
61.15
0.0089
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7KH�'$:�LV�GH¿QHG�DV�WKH�WRWDO�ZDWHU�UHTXLUHG�WR�NHHS�WKH�PRLVWXUH�DW�VXEVWUDWH�
¿HOG�FDSDFLW\� �6)&���9ROXPHWULF�PRLVWXUH�FRQWHQW�ZDV�PHDVXUHG�ZLWK�D�YROXPHWULF�
moisture sensor [theta probe soil moisture sensor, +/–0.01 m3.m–3 ML2X by Delta-T 
Devices Ltd.], and it was measured at different growth stages during the each season. 
A SFC test was previously carried out to estimate the total daily water needs for each 
pot and the measured value was 0.53 m3 m–3 (+/– 0.010). At no time during the ex-
periments did the soil moisture content reach the terminal drought stress level. In the 
greenhouse experiment, the total water applied per pot, was recorded daily.

21.2.2 THE FIELD TRIALS
The field experiments were conducted at the Agricultural Experimental Station of the 
University of Puerto Rico in Juana Diaz, PR, which is located in south coast of PR, 
DW�����ƍ1��ODWLWXGH�DQG������ƍ:�ORQJLWXGH��HOHYDWLRQ����P�D�V�O��ZLWKLQ�D�VHPLDULG�FOL���ƍ1��ODWLWXGH�DQG������ƍ:�ORQJLWXGH��HOHYDWLRQ����P�D�V�O��ZLWKLQ�D�VHPLDULG�FOL�1��ODWLWXGH�DQG������ƍ:�ORQJLWXGH��HOHYDWLRQ����P�D�V�O��ZLWKLQ�D�VHPLDULG�FOL����ƍ:�ORQJLWXGH��HOHYDWLRQ����P�D�V�O��ZLWKLQ�D�VHPLDULG�FOL���ƍ:�ORQJLWXGH��HOHYDWLRQ����P�D�V�O��ZLWKLQ�D�VHPLDULG�FOL-
matic zone [9]. With an average annual rainfall of 838 mm, and the average rainfall is 
only 19.8 mm for January, 18.3 mm for February and 21.8 mm for March, respectively 
[USDA, 1979]. The annual average, minimum and maximum air temperatures are 
26.22°C, 21.33°C, and 31.05°C, respectively. The daily average reference evapotrans-°C, 21.33°C, and 31.05°C, respectively. The daily average reference evapotrans-C, 21.33°C, and 31.05°C, respectively. The daily average reference evapotrans-°C, and 31.05°C, respectively. The daily average reference evapotrans-C, and 31.05°C, respectively. The daily average reference evapotrans-°C, respectively. The daily average reference evapotrans-C, respectively. The daily average reference evapotrans-
piration values are 4.3, 3.4 and 5.5 mm per day [10]. The bean genotypes (P. vulgaris 
L.) evaluated in this research in greenhouse were: Morales and SER 16. The experi-
ments were conducted during crop season of 2006 and 2007.

7KH�¿HOG�H[SHULPHQWV�ZHUH�SODQWHG�RQ�)HEUXDU\����������DQG�-DQXDU\�����������
7KH�VRLO�DW�WKH�835�$JULFXOWXUDO�([SHULPHQW�LV�FODVVL¿HG�DV�D�6DQ�$QWRQ�&OD\�/RDP�
ZLWK�����VDQG������VLOW������FOD\��DQG�������RI�RUJDQLF�PDWWHU�ZLWKLQ�WKH�¿UVW����FP��
with 0.30 cm3.cm–3�¿HOG�FDSDFLW\�DQG������FP3.cm–3 wilting point [27]. One intermittent 
drought stress level was applied in both years at the beginning of the reproductive phase 
�5���2QH�EORVVRP�RSHQ�DW�DQ\�QRGH��WR�KDUYHVW��7KH�GURXJKW�VWUHVV�ZDV�VXI¿FLHQW�WR�DO-
ORZ�WKH�VRLO�WR�GU\�WR�����RI�¿HOG�FDSDFLW\��)&���ZKHQ�WKH�LUULJDWLRQ�ZDV�DSSOLHG��7KH�
stress level in 2006 was 18% corresponding to 387.3 mm of water applied as compared 
to the 472.5 mm total applied under the nondrought stress treatment; and in 2007, the 
stress level was 30.3% corresponding to 302.0 mm of water applied as compared to the 
433.4 mm total applied under the nondrought stress treatment (Table 2).

TABLE 2 Irrigation dates and volumes of the various treatments at Juana Diaz- PR during 
2006 and 2007.

Date Growing Stage

Without  Drought stress With drought stress Rainfall (mm)

Irrigation (mm)

Year 2006

14 Feb V1 21.0 19.4 3.1

17 Feb V2 18.8 19.9 7.1

22 Feb V3 30.9 31.6 2.7

25 Feb V4 3.4 3.5 0.0

27 Feb V5 12.4 12.1 0.0
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Date Growing Stage

Without  Drought stress With drought stress Rainfall (mm)

Irrigation (mm)

3 Mar V8 19.5 20.0 0.0

11 Mar R1* 15.3 0.0 56.1

14 Mar R2 24.1 6.4 0.0

16 Mar R2 0.0 5.1 34.0

25 Mar R4 22.3 0.0 37.3

29 Mar R5 32.8 16.6 2.6

8 Apr R8 8.4 0.0 106.2

11 Apr R9 14.5 3.6 0.0

Total  ----- 223.4 138.2 249.1

Water  
deficit 
level  ----- ----- 18.0%  ----

Year 2007

24 Jan V1 9.7 8.2 0.0

31 Jan V2 21.9 15.3 0.0

1 Feb V2 0.0 22.8 0.0

5 Feb V3 25.0 25.7 0.0

7 Feb V3 26.0 22.5 0.0

13 Feb V4 40.3 14.2 0.0

15 Feb V5 27.3 29.1 0.0

21 Feb V6 24.7 21.2 1.5

24 Feb R1* 10.8 0.0 0.0

26 Feb R2 12.7 0.0 0.0

1 Mar R3 29.9 10.1 0.0

5 Mar R4 34.2 22.5 0.0

6 Mar R4 0.0 9.3 0.0

9 Mar R5 60.2 19.6 0.0

12 Mar R6 27.3 13.2 0.0

15 Mar R6 31.9 0.0 0.7

20 Mar R7 15.4 15.4 0.4

23 Mar R8 14.5 8.6 19.7

28 Mar R8 0.0 0.0 13.9

TABLE 2 (Continued)
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Date Growing Stage

Without  Drought stress With drought stress Rainfall (mm)

Irrigation (mm)

30 Mar R9 0.0 0.0 17.5

Total  --- 411.8 257.7 53.7

Water  
deficit 
level  ----  ------ 30.3%  ----

Foot Notes for table 2 [NDSU, 2003]:
*Drought stress beginning
V1:  Completely unfolded leaves at the primary leaf node; 
V2: First node above primary leaf node; 
V3: Three nodes on the main stem including the primary leaf node. Secondary branching  
       begins to show from branch of V1; 
Vn: n-nodes on the main stem including the primary leaf node; 
R1: One blossom open at any node; 
R2: Pods at ½-long at the first blossom position. 
R3: Pods at 1 inch long at first blossom position; 
R4: Pods 2 inches long at first blossom position; 
R5: Pods 3 plus inches long, seeds discernible by feel; 
R6: Pods 4.5 inch long spurs (maximum length). Seeds at least ¼ inch long axis; 
R7: Oldest pods have fully developed green seeds. Other parts of plant will have  
       full-length Pods with seeds near same size; 
R8: Leaves yellowing over half of plant, very few small new pod/blossom developing, 
       small pods may be drying. Points of maximum production has been reached; 
R9: Mature, at least 80% of the pods showing yellow and mostly ripe.

7KH�YROXPHWULF�PRLVWXUH�FRQWHQW�ZDV�PHDVXUHG�ZLWK�D�SUR¿OH�SUREH�W\SH�35��VHQ-
sor (Delta-T Devices, Ltd.). Two access tubes were installed in each main plot at 20 cm 
and 40 cm depths, and the irrigation was applied two times per week, using a drip ir-
rigation system. Each main plot was divided into six subplots, which consisted of each 
genotype, two subplots (each with 10 rows) for SER 16 and three for Morales in 2006, 
and three for each one in 2007. The plant density was 13.5 plants-m–2 for Morales and 
6.5 plants-m–2 for SER 16. The growing period was of 75 day in 2006 and 78 days 
in 2007. The other agronomic practices related to the crop were similar in the whole 
experiment and carried out at the same time, which include 560 pounds per hectare of 
NPK (16-4-4), weed control, and pest management.

The soil water balance was monitored daily to estimate the actual soil moisture 
(ASM) using Eq. (4), below:

 ASMinitial = TAW – ETc (4)

 If [MR + ASMinitial] < TAW, then: ASM = MR + ASMinitial, and

 If [MR + ASMinitial] > TAW, then: ASM = TAW

where, TAW is total available water; ETc is crop evapotranspiration; and MR is the 
moisture recharge. The TAW was calculated using Eq. (5):

TABLE 2 (Continued)
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 1000( )FC WP rTAW Zθ θ= −  (5)

where, șFC is a volumetric moisture content at field capacity and șWP is a wilting point, 
respectively, in m3.m–3; and Zr is the root depth in meters. The moisture recharge was 
estimated from the following Eq. (6):

 MR = ASM + R + I –�52�– ETc (6)

where, R is rainfall depth, I is irrigation depth,�52�is runoff depth. The�52�was mea-
sured in 12 drainage lysimeters and ETC was estimated using the Penman-Monteith 
“one-step” model [1, 21, 22], with direct measurement of canopy and aerodynamic 
resistances during the whole growing season. For this purpose four automatic weath-
er stations were located within the experimental plots as follows: genotype Morales 
with and without drought stress genotype SER 16 with and without drought-stress. 
Each weather station was equipped with Kipp and Zonen B.V. net radiometer (spectral 
range 0.2–100 ȝm), wind direction and wind speed with wind sensor-Met one 034B-L 
at 2.2 m; air temperature and relative humidity with HMP45C temperature and relative 
humidity probe at 2.0 m; soil temperature with TCAV averaging soil thermocouple 
probe at 0.08 m and 0.02 m depth, soil heat flux using soil heat flux plates at 0.06 m 
depth; and a volumetric soil moisture content with a CS616 water content reflectom-
eter at 0.15 m depth. Six data points per minute were collected for each sensor and 
stored in a CR10X data logger (Campbell scientific, Inc.).

The stomatal resistance (rL) was measured several times during the day from 7:00 
to 17:00 in order to obtain a reasonable average value for each phenological growing 
phase, for each genotype and water level. Two leaf porometers were used: an AP4-
UM-3 (Delta-T Devices Ltd.) during 2005 and a model SC-1 (Decagon Devices, Inc.) 
during 2006; and the readings were taken once per week. The leaf area index [LAI] 
was estimated using a nondestructive method described previously by Ramírez et al. 
[23]. Then according to the plant density, the LAI was estimated on a weekly basis. 
The aerodynamic resistance (ra) was estimated with the Perrier equation [1, 5].

The soil in the lysimeter was encased in round polyethylene containers with an ex-
posed soil surface of 0.22-m2�DQG�����P�GHSWK��7KH�FRQWDLQHUV�ZHUH�VXI¿FLHQWO\�GHHS�
to accommodate the plant roots. The lysimeters were located within plots measuring 
7-m wide by 61-m long, with the long dimension oriented in the direction of the pre-
vailing wind. Daily rainfall was measured for each lysimeter with a manual rain gauge, 
and compared with an automated tipping bucket rain gauge (WatchDog70íSpectrum 
Technology, Inc.) located within the reference conditions. The irrigation was mea-
VXUHG�XVLQJ�D�FXPXODWLYH�HOHFWURQLF�GLJLWDO�ÀRZ�PHWHU��*3,��,QF���DQG�ZDV�UHFRUGHG�
manually at the beginning and end of each irrigation event every three or four days. 
7ZR�ÀRZ�PHWHUV�ZHUH�SODFHG�RQ�WKH�LUULJDWLRQ�VXSSO\�OLQHV��RQH�RQ�WKH�ZHOO�ZDWHUHG�
treatment supply line and the second on the drought stress treatment water supply line. 
Water from�52�and DP was removed from the collection containers periodically by 
PHDQV�RI�D�VPDOO�YDFXXP�SXPS��6KXUÀX��81�������9�����*30���7KH�GHSWK�RI�ZDWHU�
LQ�WKH�VRLO�SUR¿OH�ZDV�UHODWHG�WR�WKH�VRLO�PRLVWXUH�FRQWHQW�XVLQJ�(T������

� 6L� Ȉ�>�șY��L��FP�=��FP�����șY��L���FP�=���FP���«�����șY��L���FP�=���FP�] (7)

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



462 Evapotranspiration: Principles and Applications for Water Management

where, Si is the depth of soil water on day i [mm], șv, i is the volumetric soil moisture 
content on day i and Z is the thickness of the soil layer. Volumetric soil moisture was 
measured using a profile probe type PR2 sensor (Delta-T Devices, Ltd.) and measure-
ments were obtained for each 10 cm depth interval.

To relate CWSI and yield components for both environments, an average value 
of CWSI estimated at 13:00 hour was used. This was the time of day when the water 
stress is likely to be highest, and when the need for irrigation using CWSI should be 
determined [16]. 

,Q�WKH�¿HOG�H[SHULPHQW��WKH�FDQRS\�WHPSHUDWXUHV�ZHUH�UHFRUGHG�RQ�FOHDU�VN\�GD\V��
during the day of the year (DOY): 48 to 98 in 2006 and 31 to 71 in 2007. These days 
included vegetative and reproductive growing stages, similar to the periods evaluated 
in the greenhouse experiments. The lower (nonstressed) and upper (stressed) baselines 
(Fig. 1) were measured for each common bean genotype at different vapor pressure 
GH¿FLWV�DQG�FDQRS\�WHPSHUDWXUH�OHYHOV��$GGLWLRQDOO\��WKH�ORZHU�EDVH�OLQH�ZDV�HVWLPDW-
ed for each genotype for both environments from data for clear sky days for the treat-
ments without drought stress.

For both environmental conditions: The leaf temperature was measured at dif-
ferent development stages and at different time interval during the day (7:00 a.m. to 
6:00 p.m.). The canopy temperature (Tc) was measured using an infrared thermometer 
gun (MX4-TD +/–1°C, Raytek), a spectral range of 8 to 14 ȝm, and a resolution of 
0.1°C. The measuring was made on a single leaf within the upper canopy structure. 
An automatic weather station (WatchDog-900ET, Spectrum Technologies, Inc.) was 
LQVWDOOHG� LQ� WKH� JUHHQKRXVH� DQG� LQ� WKH� ¿HOG�� ,Q� DGGLWLRQ� WR� WKH�ZHDWKHU� VWDWLRQ�� WKH�
air temperature and absolute and relative humidity were measured in the greenhouse 
with a Hobo-Pro data-logger (Onset Computer Company, Pocassette, Maine). Tc was 
measured two times per replication in both environments. The crop water stress index 
(CWSI) was calculated using Eq. (8):

 low

up low

dT dT
CWSI

dT dT

−⎡ ⎤⎣ ⎦=
⎡ ⎤−⎣ ⎦

 (8)

where, dT is the measured difference between the temperatures of the crop canopy 
and air; dTlow is the measured difference between temperature of the canopy for well-
watered crop and air temperature (lower baseline); and dTup is the difference between 
the canopy temperature for nontranspiring crop and air temperature (upper baseline).

The data were subjected to the analysis of variance procedure for linear models 
to determine the relationship between (Tc-Ta) and VPD; and the relationship between 
CWSI and yield components, using Infostat statistical program version 3 and Sigma-
Plot® program version 802, SPSS.

21.3 RESULTS AND DISCUSSION

21.3.1 THE BASELINES
The Fig. 1 represents the upper and lower baselines obtained for the genotype Morales 
in the field environment [Fig. 1a] and greenhouse [Fig. 1b]. The range of VPDs for the 
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baseline were 0.8 to 3.5 kPa in the field and 0.1 to 3.5 in the greenhouse. The baseline 
developed by Erden et al. [7] was between 1.1 to 2.7 kPa.

FIGURE 1 Canopy-air temperature differential (Tc–Ta) versus vapor pressure deficit (VPD) 
for full drought stressed and non-drought stressed common bean genotype Morales in (a) field 
environment and (b) Greenhouse environment.

The upper baseline represents the  (Tc–Ta) for plants that are severely stressed, and 
ZHUH�VHOHFWHG�IURP�WKH�JUHHQKRXVH�DQG�WKH�¿HOG�IURP�SODQWV�XQGHU�GURXJKW�VWUHVV�EH-
tween 12:00 to 14:00 h. Then the average values of canopy temperature obtained from 
these plants were related with the average air temperature to obtain the upper baseline 
values. The values for upper baseline varied from 1.1 to 4.7°C, but differed among 
genotypes. For this study the upper baseline selected for each genotypes were:
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Morales: 2.8°C (1 SD = 1.5°C); BAT 477: 3.1°C (1 SD = 1.5°C);
SER 16: 3.1 °C (1 SD = 1.7°C); and SER 21: 2.9°C (1 SD = 1.5°C).
(UGHP�HW�DO��>�@�IRXQG�����&�DV�DQ�XSSHU�EDVHOLQH�IRU�EHDQ�LQ�¿HOG�HQYLURQPHQW��P. 

vulgaris L., cv., Sehirali 90).
Lower baselines are different among genotypes and environments (Table 3). The 

VORSH�ZDV�RYHU������IRU�WKH�JUHHQKRXVH�DQG�ZDV�ORZHU�IRU�WKH�¿HOG��$OO�WKH�ORZHU�EDVHOLQH�
PRGHOV�ZHUH�VWDWLVWLFDOO\�VLJQL¿FDQW��DQG�WKH�FRHI¿FLHQWV�RI�GHWHUPLQDWLRQ��R2) were 
greater than 0.68. The correlation between (Tc–Ta) and VPD is affected by other mi-
crometeorological variables such as clouds or wind, and equipment calibration [7]. 
For example, Ajayi and Olufayo [4] found that a higher correlation was obtained for 
low wind speeds in sorghum, with (Tc–Ta��IURP�í��WR���°C. Also, wind speed directly 
LQÀXHQFHV�VXUIDFH�UHVLVWDQFH�DQG�LQGXFHV�FKDQJHV�LQ�WKH�FDQRS\�WHPSHUDWXUH�WKDW�DUH�
not necessarily indicative of drought stress (Table 3).

TABLE 3 Lower baseline functions for four common bean genotypes, in the greenhouse and 
field environment.  Notes: †R2 is the determination coefficient; ‡p-level is the probability level 
associated with the models; and §RMSE is the model root mean square error.

Genotype Lower baseline functions R2† P-level2 RMSE§

Greenhouse

BAT 477 Tc-Ta=-2.17*VPD+0.12      0.64 0.0002 1.75

Morales Tc-Ta=-2.47*VPD-0.0044  0.75 0.0001 1.50

SER 16 Tc-Ta=-2.29*VPD+0.17 0.77 0.0001 1.99

SER 21 Tc-Ta=-2.17*VPD-9.74 0.60 0.0001 1.99

Field

Morales Tc-Ta=-1.66*VPD+0.5267 0.68 0.0001 0.68

SER 16 Tc-Ta=-1.33*VPD+0.1442 0.68 0.0001 0.42

'LIIHUHQFHV�LQ�&:6,�EHWZHHQ�JHQRW\SHV�LQ�WKH�¿HOG�HQYLURQPHQW�ZHUH�PRUH�HYL-
GHQW�LQ�������ZKHUH�WKH�ZDWHU�GH¿FLW�ZLWK�UHVSHFW�WR�WKH�FRQWURO��ZHOO�LUULJDWHG��ZDV�
30.3% as compared with 18% in 2006. The DOY 57, 64 and 71 during 2007 (See Figs. 
2c and 2d) clearly showed the difference between genotypes SER 16 and Morales. 
The lowest CWSI in SER 16 in the 2007 season, can be attributed to a lower aver-
age stomatal resistance for those days, including 349, 690, and 187 sm–1 respectively, 
compared with 769, 1747 and 449 sm–1� IRU�0RUDOHV��GDWD�QRW�VKRZQ�LQ� WKH�¿JXUH���
Genotypic variations in CWSI and its relationship with stomatal conductance were 
also reported for seven winter wheat varieties by Alderfasi and Nilsen [3]. The CWSI 
for well irrigated treatments for both genotypes during 2006 were lower than 0.3 (Figs. 
2a and 2b), similarly during 2007 for days with low wind speed.
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FIGURE 2 Seasonal trend of the crop water stress index (CWSI), for two common bean 
genotypes (Morales and SER16) and two growing seasons (2006–2007).

21.3.2 THE CWSI AND YIELD COMPONENTS
The drought stress treatments in the greenhouse were applied from the vegetative 
phase to maturity. The Tc was measured at 13:00 hour, when the drought stress was 
likely to be the highest (and when the maximum stress was in fact detected). The yield 
reduction in the four common bean genotypes were correlated with the CWSI, but 
with differences in magnitude (Fig. 3). For Morales, BAT 477 and SER 21, the linear 
models were statistically significant, while for SER 16 the relation was not linear (Fig. 
3d).

The high slope in the genotype Morales relative to the others could be associated 
directly with the drought susceptibility of this genotype. Ten percent (10%) in yield 
reduction (RY = 0.9) is associated with CWSI value of 0.04 for BAT 477; 0.12 for 
SER16; 0.15 for SER 21; and 0.24 for Morales. Erdem et al. [7], working with bean 
(cv., Sehirali������GHPRQVWUDWHG�XQGHU�¿HOG�FRQGLWLRQV� WKDW�DQ�DYHUDJH�&:6,�YDOXH�
of about 0.07 prior to irrigation produces the maximum yield. Albuquerque et al. [2] 
also working with bean, reported 0.15 as a CWSI limit for water management to avoid 
VLJQL¿FDQW�\LHOG�ORVV�

6LPLODU�UHVXOWV�ZHUH�REVHUYHG�LQ�WKH�¿HOG�HQYLURQPHQW��EXW�UHJUHVVLRQ�IXQFWLRQV�
ZHUH�¿WWHG��RZLQJ�WR�WKH�IDFW�WKDW�WKH�UHVXOWV�ZHUH�DYDLODEOH�RQO\�IRU�WKH������WULDO��
These results indicate that the most susceptible genotypes were also Morales and BAT 
477, which when reaching the same drought stress level produced the lowest seed 
yields and highest CWSI values (0.96 and 0.95, respectively). SER 16 showed the 
lowest CWSI of 0.82 under drought stress, but had a lower seed yield than SER 21 
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having a CWSI of 0.92. These results indicate that SER 21 under drought stress has a 
higher transpiration reduction than SER 16 (between 13:00 to 14:00 h), but can main-
tain a relatively high seed yield.

FIGURE 3 Relative yield (RY = Yobs/Ymax.WS, Where Yobs: is the yield observed an Ymax.WS is 
the maximum yield observed without drought stress), as related to seasonal mean of crop water 
stress index (CWSI), under greenhouse environment for four common bean genotypes, during 
two years and three growing seasons.

21.3.3 CWSI AND SOIL MOISTURE IN FIELD
The crop water stress index was also well correlated with the water in the root zone. 
The linear regression models were fitted and these showed statistical significance for 
SER 16 and Morales (See Figs. 4a and 4b). If the water in the root zone is 50% of the 
total available water (TAW), the CWSI= 0.41 for SER 16 and 0.61 for Morales and if 
the water in the root zone is 75% of the TAW, then the CWSI of 0.55 for SER 16 and 
0.79 for Morales were observed.
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FIGURE 4 Mean crop water stress index as a function of the water in the root zone (AW) for 
two common bean genotypes: (a) Morales and (b) SER 16. The red open circle indicates low ra
(high wind conditions), which induced “physiological stress.”

The CWSI is also affected by genotypic stomatal response, and the relationship 
between the aerodynamic and stomatal resistances. In the case of Morales (Fig. 4a), 
the red open circle indicated low value of ra (windy conditions), which increased the 
CWSI. The red open circle corresponds to March 1 (DOY 60), where the mean wind 
speed during the canopy temperature reading was 5.8 ms–1, and the mean daily ra was 
29.9 s.m–1. The CWSI was 0.45 for Morales and 0.19 for SER 16 during the same 
day. Stomatal resistance (rL) measured for the same period was 729 s.m–1 (1 SD = 
236 s.m–1) for Morales and 560 s.m–1 (1 SD = 717 s.m–1) for SER16.

21.4 SUMMARY

The ability to detect and characterize the magnitude of drought stress has been an area 
of active research during the last three decades. With the development and increased 
popularity of the infrared thermometer, a thermal stress index has been proposed and 
applied. One of the most popular and useful is the crop water stress index (CWSI). The 
principal objective of this chapter was to develop baselines for CWSI for four com-
mon bean genotypes, and relate the index with yield components and soil available 
water under field and greenhouse environments. Three years of research (2005, 2006 
and 2007) was conducted in two environments (greenhouse and field) in the west and 
south of Puerto Rico. Three water levels were applied in the greenhouse and two water 
levels in the field were used in randomized block experiments. Four common bean 
genotypes were studied: Morales, unknown drought response, and BAT477, SER16 
and SER 21, drought tolerates. The CWSI was derived for a total of five growing 
seasons; including two field and three greenhouse experiments. The results indicate 
differences in drought tolerance between genotypes. The effect of wind induced ad-
ditional “physiological stress” that was detected by the CWSI. The differences in the 
CWSI between genotypes were well correlated with the stomatal control, root avail-
able water, and yield components.

The CWSI was well correlated with yield components, but varied in magnitude 
among the different genotypes. The lower baselines derived from the greenhouse were 
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GLIIHUHQW� WKDQ� WKRVH� GHULYHG� IURP� WKH� ¿HOG�� SULQFLSDOO\� GXH� WR� GLIIHUHQFHV� LQ� DWPR-
VSKHULF�FRQGLWLRQV��HVSHFLDOO\�DLU�WHPSHUDWXUH��DQG�ZLQG�VSHHG��ZLWK�WKH�¿HOG�KDYLQJ�
windier and cooler conditions than the greenhouse. The high wind speeds, induced a 
physiological stress with increasing stomatal resistance and decreasing aerodynamic 
UHVLVWDQFH��)RU�WKH�JHQRW\SH�0RUDOHV��WKH�LQÀXHQFH�RI�ZLQG�VSHHG�ZDV�GHWHFWHG�E\�WKH�
CWSI, which may indicate that this genotype is more stomatally susceptible under 
windy conditions than SER 16. The CWSI was well correlated with the water avail-
able in the root zone, indicating that this index is an excellent indicator of the plant-soil 
water status. The CWSI should, however, be used in combination with an analysis of 
wind speed and genotypic characteristics. The CWSI was also a good tool to charac-
terize drought stress under greenhouse conditions. The upper and lower baselines de-
veloped as a part of the CWSI approach are highly genotype-dependent, and therefore, 
WKH�DSSOLFDELOLW\�RI�WKH�EDVHOLQHV�GHYHORSHG�LQ�WKLV�VWXG\�VKRXOG�EH�YHUL¿HG�EHIRUH�WKH\�
are used with other genotypes or varieties.

KEYWORDS

 • air temperature, T
a

 • canopy temperature, T
c

 • common bean

 • crop water stress index, CWSI

 • crop yield

 • drought stress

 • leaf temperature

 • physiological stress

 • remote sensing
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 • wind speed
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22.1 INTRODUCTION
Water consumptive use by crops in any particular location is probably affected more 
by temperature, which for long-time periods is a good measure of solar radiation, than 
any other factor. Abnormally low temperatures may retard plant growth and unusually 
high temperatures may produce dormancy. Temperature is one of the most dynamic 
properties of weather and is subject to daily and seasonal changes. Irrigation planning 
can be delayed or underestimated if temperature data for various locations in a particu-
lar locality is not available [6, 7].

This chapter discusses the research study: To establish relationships among month-
ly temperature (°C) and elevation (m) for Puerto Rico with available temperature data; 
7R�JHQHUDWH�PLVVLQJ�WHPSHUDWXUH�GDWD�ZLWK�WKHVH�UHODWLRQVKLSV��7R�SUHVHQW�VSHFL¿F�H[-
amples to estimate potential evapotranspiration using these results and Hargreaves 
– Samani method [7].

22.2 MATERIALS AND METHODS

For Puerto Rico and 30-four locations in Puerto Rico, Goyal et al. [3] determined 
relationships among monthly temperature (T) and elevation (X) for Puerto Rico with 
linear regression analysis. They used these relationships to estimate missing tempera-
ture data (°C) for January through December, for these 34 locations, such as: Mean 
maximum temperature (TMAX), mean minimum temperature (TMIN) and mean average 
temperature (T). They used available temperature data [10] and Publication No. 86–45 
of the Weather Bureau, U.S. Department of Commerce [2]. Thirty-four locations [2] 
were Aceituna, Adjuntas, Barceloneta 2NNW, Bayamon Hato Tejas, Cabo Rojo, Cale-
ro Camp, Caonillas Villalba, Carite Plant I, Catano, Central San Francisco, Coamo 
Dam, Ensenada, Guajataca Dam, Guayabal Reservoir, Guayanilla, Gurabo, lndiera 
Baja, Jajome Alto, La Fe, Maricao, Maricao Fish Hatchery, Matrullas Dam, Maunabo 
lSW, Mora Camp, Naguabo 6W, Paraiso, Peñuelas Salto Garzas, Puerto Real, Rio 
Blanco Lower, Rio Blanco Upper, San Lorenzo Espino, San Sebastian, Santa Isabel 
3NW, Santa Rita, Toa Baja Constancia, Toro Negro Plant 2, Villalba, Yabucoa lNNE, 
and Yauco 18. The climatic regions of Puerto Rico are shown in Fig. 1.

Goyal [4] estimated monthly ETo for Central Aguirre, Fortuna and Lajas Agricul-
tural Experiment substations, and for Magueyes Island located on the south coast of 
Puerto Rico. Daily estimated values of ETo varied between 3.68 to 5.37 mm per day 
(0.15 to 0.21 in d–1). The minimum estimated value of ETo occurred in December and 
the maximum occurred in July. The same procedure was applied for Vieques Island of 
Puerto Ric, with estimated monthly ETo ranging between 3.29 mm per day (0.13 in. 
d–1) in December to 4.94 mm d–1 (0.19 in. d–1) in July [5]. Goyal et al. [3 to 5] used the 
Hargreaves-Samani Eq. (1) for reference evapotranspiration [7]. In Eqs. (1) and (2): 
ETo (mm per day) is the reference evapotranspiration, Ra (mm d–1) is the extraterres-
trial radiation, Rs is the solar incident radiation, T is the mean daily average tempera-
ture (°C), and Tmin and Tmax are the mean daily minimum and maximum temperatures 
(°C), respectively.

 ETo = [0.0023×Ra][(T + 17.8) × (Tmax – Tmin)°
.5] (1)
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 ETo = [0.0135×Rs][(T + 17.8)] (2)

22.3 RESULTS AND DISCUSSION
Goyal et al. [3] discusses and presents the results for 34 locations in Puerto Rico 
that also includes the tabulated values for [3]: mean daily maximum-, mean daily 
minimum-, mean daily average-, absolute highest- and lowest temperature (°C) versus 
elevation (m) relationships for January through December; estimates of maximum, 
minimum and average temperatures; observed and estimated temperatures for Juana 
Diaz Agricultural Experiment Substation; potential evapotranspiration estimations. 
They used the Hargreaves-Samani Eq. (1) [7] to estimate ETo for 30-four locations 
within Puerto Rico. Average monthly minimum and maximum air temperatures were 
based on long-term measured data. Average monthly values of the extraterrestrial ra-
diation (Ra) were based on the average latitude of Puerto Rico. They also developed a 
linear regression analysis in which several monthly climatic factors (mean daily mini-
mum, maximum and average air temperature) were correlated with surface elevation 
in Puerto Rico using Eq. (3) below:

 T = A + B×X,  (3)

where, T = temperature, °C; X = elevation above mean sea level, m; A and B are re-°C; X = elevation above mean sea level, m; A and B are re-C; X = elevation above mean sea level, m; A and B are re-
gression coefficients; and R2 is the coefficient of determination.

It was found that the temperature was negatively correlated with elevation (Table 
����7KH�UHODWLRQVKLSV�ZHUH� OLQHDU��$OO� UHJUHVVLRQ�FRHI¿FLHQWV�ZHUH�VLJQL¿FDQW�DW�3� �
������)RU�YDULRXV�PRQWKV��WKH�FRHI¿FLHQW�RI�FRUUHODWLRQ�YDULHG�IURP������WR������IRU�
mean daily average temperature; 0.80 to 0.89 for mean daily maximum temperature; 
0.67 to 0.79 for mean daily minimum temperature; 0.64 to 0.80 for highest tempera-
WXUH�DQG������ WR������ IRU� ORZHVW� WHPSHUDWXUH��7KH�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ� �52) 
varied from 0.78 to 0.92 for mean daily average temperature; 0.64 to 0.79 for mean 
daily maximum temperature; 0.44 to 0.63 for mean daily minimum temperature; 0.41 
to 0.64 for highest temperature and 0.19 to 0.36 for lowest temperature. These coef-
¿FLHQW�RI�FRUUHODWLRQV�LPSO\�WKDW�WKHVH�UHODWLRQVKLSV�JDYH�EHVW�HVWLPDWHV�RI�PHDQ�GDLO\�
temperature for January through December compared to highest and lowest monthly 
temperatures.

FIGURE 1 Climatic divisions of Puerto Rico: 1 North Coastal, 2 South Coastal, 3 Northern 
Slopes, 4 Southern Slopes, 5 Eastern Interior, and 6 Western Interior.
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TABLE 1 Observed and estimated temperatures at Fruits Agricultural Experiment Substation, 
Juana Díaz, Puerto Rico.

MONTH

Temperature, °C

Mean Absolute

Average Maximum Minimum Highest Lowest

OBS EST OBS EST OBS EST OBS EST OBS EST

JAN 24.3 23.8 30.1 29.1 18.6 18.5 36.1 33.7 13.3 12.9

FEB 24.3 23.8 29.9 29.3 18.6 18.3 35.0 34.3 12.2 12.6 

MAR 24.6 24.3 30.3 30.0 18.9 18.6 34.4 35.0 13.3 12.9

APR 25.4 25.1 30.7 30.5 20.3 19.8 34.4 35.5 14.4 14.3

MAY 26.4 26.1 31.2 31.1 21.8 21.2 35.6 35.6 16.1 15.5

JUN 27.1 26.8 31.7 31.7 22.6 21.9 36.7 35.9 14.4 16.7

JUL 27.1 26.8 31.7 31.7 22.6 21.9 36.7 35.9 14.4 16.7 

AUG 27.6 27.1 32.5 32.0 22.6 22.1 ns 36.3 16.1 17.2

SEP 27.4 27.0 32.4 32.0 22.4 21.9 36.7 36.4 18.3 16.8

OCT 27.0 26.6 32.0 31.8 21.9 21.4 36.7 35.9 16.1 16.5

NOV 26.2 25.7 31.5 30.8 21.0 20.6 36.7 35.3 15.6 15.3 

DEC 25.2 24.7 30.7 29.7 19.6 19.5 35.6 34.2 12.8 14.1

ANNUAL 26.1 25.7 81.3 30.8 20.9 20.5 36.0 35.3 14.8 15.1 

Note: Weather station No. 7292 PONCE-4E at an elevation of 21 m.
Temperature values were estimated using relationships between temperature (°C) and elevation (m) given 
in Table 1 by Goyal et al. [3]. Observed temperatures are from climatography of the U.S. No. 86–45: 
Puerto Rico and U.S. Virgin Islands [2].

TABLE 2 Relationships among temperatures (T) and elevations (X) for Puerto Rico [3, 8].
Month Mean daily maximum temperatures, ° C Mean daily minimum temperatures, °C

A B, ×10–5 R2 A B, ×10–5 R2

Jan. 29.24 770 0.73 18.58 544 0.44

Feb. 29.37 752 0.72 18.37 558 0.46

Mar. 30.08 711 0.71 18.71 590 0.48

Apr. 30.59 687 0.71 19.90 686 0.63

May 31.16 707 0.76 21.23 608 0.63

June 31.76 686 0.73 21.92 577 0.59

July 32.07 717 0.64 22.14 591 0.58

Aug. 32.12 682 0.75 22.21 585 0.58

Sep. 32.12 696 0.79 21.95 586 0.62

Oct. 31.84 705 0.79 21.48 553 0.59

Nov. 30.89 706 0.75 20.68 562 0.55

Dec. 29.83 744 0.73 19.52 547 0.47

Linear regression equation: T = A + B×X, where, T = temperature, °C; X = elevation above mean sea 
level, m; A and B are regression coefficients; and R2 is the coefficient of determination.
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22.4 SOLVED EXAMPLES

22.4.1 EXAMPLE 1
The Fortuna Substation, Juana Diaz, P. R. is located at an elevation of 12 m and is 
identified as station No. 7292-Ponce 4E by U.S. Department of Commerce [2]. Esti-
mate the monthly temperature for this location.

)RU�(T�������¿QG�YDOXHV�RI�UHJUHVVLRQ�FRHI¿FLHQWV��$�DQG�%�IURP�7DEOH���JLYHQ�E\�
Goyal et al., [3]) for weather station 7292-Ponce 4E. Using X = 12 meters in Eq. (3), 
calculate the temperature for each month. Estimated and observed temperature values 
are shown in Table 2.

22.4.2 EXAMPLE 2
Estimate potential evapotranspiration (PET or ETo) using the Hargreaves and Samani 
method for January with the information given in Table 1 [Goyal et al., 3]. Use Eq. (1) 
in this chapter to estimate PET and Ra [mm per day] for Puerto Rico (18°N, Table 3) 
is 11.68 for January, 13.02 for February, 14.65 for March, 15.83 for April, 16.30 for 
May, 16.38 for June, 16.38 for July, 15.80 for August, 15.23 for September, 13.62 for 
October, 12.11 for November, 11.2 for December, respectively.

PET was calculated using Eqs. (1) and (2), values of Ra, T, TMAX and TMIN. PET 
values are given below:

Using Eq. (1): PET = 2.4 mm/day for January.
Using Eq. (2) and Rs = 6.9: PET = 3.4 mm/day for January.
Values for Ra are shown in Table 3 [8].

TABLE 3 Extraterrestrial radiation by month and latitude within Puerto Rico [8].

Month Extraterrestrial radiation, Ra (Mega-Joules per m2 per day)

Latitude (decimal degrees N)

17.90 18.00 18.10 18.20 18.30 18.40

Jan 27.90 27.85 27.80 27.74 27.69 27.64

Feb 31.36 31.32 31.27 31.23 31.19 31.14

Mar 35.33 35.30 35.28 35.25 35.23 35.20

Apr 38.03 38.02 38.02 38.02 38.01 38.01

May 39.02 39.03 39.04 39.06 39.07 39.09

June 39.07 39.09 39.12 39.14 39.16 39.19

July 38.91 38.93 38.95 38.97 38.99 39.01

Aug 38.30 38.31 38.31 38.32 38.32 38.33

Sep 36.38 36.36 36.35 36.33 36.32 36.31

Oct 32.91 32.88 32.84 32.81 32.77 32.74

Nov 29.10 29.05 29.01 28.96 28.91 28.86

Dec 26.89 26.84 26.78 26.73 26.67 26.61

July 38.91 38.93 38.95 38.97 38.99 39.01
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22.4.3 EXAMPLE 3
Develop PET model for Puerto Rico as a function of incident solar radiation (Rs) 
and elevation (X) with temperature versus elevation relationships in Table 1 given 
by Goyal et al. [3]. The relationship between the temperature (T, °C) and elevation 
(X, m) is defined by the Eq. (3) in this chapter.
Combining Eqs. (2) and (3), we get:

 PETNEW = [0.0135×Rs][(A + B×X) + 17.8] (4)
 Rearranging the Eq. (4), we get:
 PETNEW = Rs ×[(0.0135×A + 0.0135× B×X) + (0.0135×17.8)] or (5)
 PETNEW = Rs ×[(0.2403 + 0.0135 x A) + {(0.0135×B) ×X}] or (6)
 PETNEW = Rs × [A1

 + B1
 × X] (7)

In Eq. (7): A 1
 = [0.2403 + 0.0135×A], and B1

 = [0.0135×B]. For January 
through December, Eq. (7) reduces to:

 PETNEWi = [(Rs ×A1, i) + (B1, i × X)] ( 8 )

In Eq. (8), subscript i = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 for January, Feb-
ruary, March, April, May, June, July, August, September, October, November, 
December, respectively. Introducing values of Ai and Bi from Table 1 given by 
Goyal et al. [3], we obtain values of A1, i and B1, i. The Eq. (8) reduces to PET equa-
tions for Puerto Rico given in Table 4.

TABLE 4 Potential evapotranspiration equations for Puerto Rico using the temperature versus 
elevation relationships given by Goyal et al. [3]. Caution: The equations in this table are not 
valid for any other location in the world.

Month PET model for Puerto Rico Equation

Jan PETJAN = Rs × [0.563085–(8.8695 × 10–5) × (X)] (9)

Feb PETFEB = Rs × [0.56268–(8.8425 × 10–5) × (X)] (10)

Mar PETMAR = Rs × [0.569295–(8.721 × 10–5) × (X)] (11)

April PETAPR = Rs × [0.580635–(8.7075 × 10–5) × (X)] (12)

May PETMAY = Rs × [0.594–(8.8965 ×10–5) × (X)] (13)

June PETJU N = Rs × [0.602775–(8.559 × 10–5) × (X)] (14)

July PETJUL = Rs × [0.605205–(8.7075 × 10–5) × (X)] (15)

Aug PETAUG = Rs × [0.60723–(8.5725 ×10–5) × (X)] (16)

Sep PETSEP = Rs × [0.60534–(8.694 × 10–5) × (X)] (17)

Oct PETOCT = Rs × [0.600075–(8.667 × 10–5) × (X)] (18)

Nov PETNOV = Rs × [0.588465–8.694 × 10–5) × (X)] (19)

Dec PETDEC = Rs × [0.57483–8.964 × 10–5) × (X)] (20)

Annual PETANUAL = Rs × [0.58779–8.748 × 10–5) × (X)] (21)

Note: In Eqs. (9–21): PETNEWi = Monthly Potential evapotranspiration in mm per day, Rs = Incident 
solar radiation in mm per day and X = Elevation in m. The Eqs. (9–21) are only valid for Puerto Rico.
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Eqs. (9–21) are only valid for Puerto Rico and for the elevation between 4.5 and 
900 meters. The Hargreaves–Samani method (Eq. (1)) cannot be used to develop Eqs. 
��±����LQ�7DEOH����EHFDXVH�WKH�FRHI¿FLHQW�RI�FRUUHODWLRQ�EHWZHHQ��7MAX–TMIN) versus 
elevation is very poor (Table 1 by Goyal et al. (3)) for all months. This is explained by 
the fact that Rs varies at all locations in Puerto Rico.

When the temperature data are not available, Eqs. (9–21) are useful because eleva-
tion of a location is readily available from property records, U.S. Weather Bureau, 
U.S. Geological Survey, USDA-SCS, or another local government agency in Puerto 
Rico. It is not possible to combine Eqs. (9–21) into one equation as the relationships 
among temperature versus elevation are different for January through December.

22.5 SUMMARY

Relationships among mean daily maximum-, mean daily minimum-, mean daily aver-
age-, absolute highest-, absolute lowest temperature (°C) versus elevation (m) were 
determined for January through December for Puerto Rico in the Caribbean region. 
These relationships were found to be linear: (Y = A + B×X), where, A and B are linear 
regression coefficients, X = Elevation above mean sea level in meters, and Y = Tem-
perature in °C. The coefficient of correlation varied from (–0.43) to (–0.96). Examples 
are presented to estimate PET and to develop PET model as a function of incident solar 
radiation and elevation. The procedure presented here can be used to develop simpli-
fied potential evapotranspiration equations for any other location in the world in the 
tropical climate.
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23.1 INTRODUCTION

Evapotranspiration (ET) is an important process of the hydrologic cycle. Approxi-
mately 75% of the total rainfall on a continental basis is returned to the atmosphere 
by evaporation and transpiration [4]. The ET represents the quantity of water which 
must be supplied at all times to maintain a soil water balance. Knowledge of ET is 
necessary in planning and implementing soil water management systems. Numerous 
approaches can be used to estimate ET-, such as mass (water vapor) transfer, energy 
budget, water budget, soil moisture budget, groundwater fluctuations, empirical for-
mulae, and combination (of energy budget and mass transfer) methods. These differ-
ent techniques have been developed partly in response to the availability of different 
types of data for estimating ET. Each method has certain advantages and limitations 
(see Chapter 5). Availability of specific types of data is often a limiting factor in the 
choice of calculation technique for practical applications. The choice of calculation 
technique also depends on the intended use [6, 8] and on the time scale required by the 
problem. For example, irrigation management requires daily estimates of ET to allow 
producers to make rational decisions concerning the timing and amount of irrigation. 
Different types of vegetation and stages of growth must be considered because they 
have a considerable influence on the daily rate of ET. In contrast, basin-level plan-
ning may require monthly estimates of ET to project changes in water supplies and 
requirements during the year. The combination energy-balance mass-transport method 
[9] has displayed the best overall fit among the empirical methods for ET estimation 
[6, 7, 13]. However, the combination method [9, 10] requires a variety of climatologi-
cal data such as net radiation, air temperature, relative humidity, and wind velocity. 
If sufficient climatological data are not available for using the Penman method, an 
alternative method should be chosen. Shih [14] suggested that in choosing an ideal 
ET equation, one should minimize input of climatological data without affecting the 
accuracy of estimation, so that not only the multi – collinearnity problem among the 
data can be eliminated but also the data availability can be improved considerably. For 
example, Shih et al. [13] used the modified Blaney-Criddle method [12] as follows to 
predict ET:

 ET = k*f’

 f’   = {[2.54*PR] * [1.8*Tavg + 32]} / [100]  (1)

where, k = Coefficient for modified Blaney – Criddle method; Tavg = Mean monthly 
temperature in °C; PR = Percent of annual solar radiation during the month; ET = 
Evapotranspiration; and f’ = Monthly Et factor in mm.

The use of Eq. (1) to predict the irrigation requirement in south Florida gave re-
sults close to those estimated by the Penman and water-budget methods. However, 
it needs to be noted that Eq. (1) uses only temperature and solar radiation instead of 
using temperature, solar radiation, relative humidity, and wind speed as in the Penman 
PHWKRG��8QIRUWXQDWHO\��ERWK�WKH�3HQPDQ�PHWKRG�DQG�6KLK¶V�PRGL¿HG�%ODQH\�&ULGGOH�
method involves the solar radiation parameter. Due to errors in radiation measurement 
which tend toward the low side in the Hargreaves method, Shih [14] indicated the 
QHHG�WR�GHYHORS�D�PRUH�UHOLDEOH�PHWKRG�IRU�D�VSHFL¿F�ORFDWLRQ��8QIRUWXQDWHO\��VRODU�
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Generation of Missing Climatic Data: Puerto Rico 481

radiation data often comprize one of the most incomplete records in weather stations. 
For instance, the University of Florida cooperated with the University of Puerto Rico 
in 1985 for using climatological data to estimate the ET requirement in Puerto Rico 
during the 10-year period of 1975–1984. It was found that both solar radiation and 
relative humidity data were missing in part of the records [15]. Since solar radiation 
data often present cyclic patterns, the interpolation of missing data using sources either 
from adjacent stations or from the historical records of the station itself are not always 
applicable; thus an alternative technique was developed by Dr. S. F. Shih [15].

Therefore, the objectives of this research were to: (1) Introduce some common 
methods used to interpolate missing data; (2) Develop an alternative method for gen-
erating missing data which undergo cyclic patterns in nature; and 3. Demonstrate the 
practical application of this alternative method for the case of missing solar radiation.

23.2 MATERIALS AND METHODS

23.2.1 CLIMATOLOGICAL DATA
Climatological data gathered from stations located in Puerto Rico at Lajas, Gurabo, 
Corozal, Isabela, Fortuna, Adjuntas, and Río Piedras (Fig. 1) were used in this study. 
The index number, division, county, latitude, longitude, and elevation of each station 
are given in Table 1. The climatological data (1975–1984) for these seven stations 
were obtained from the National Oceanic and Atmospheric Administration (NOAA) 
– National Climatic Center at Asheville, North Carolina [2]. The climatological data 
used in this study were the temperature, solar radiation, relative humidity, and wind 
speed which are the principal data required for estimation of potential evapotranspira-
tion [1, 3, 9, 10, 12–14, 16]. The available records of solar radiation during 1975–1984 
indicate the data before 5/76 and after 4/82 were not available for any of the seven sta-
tions, and many records were missing during the 5/76–4/82 period. The unit of solar 
radiation is Langleys/day (one Langley/day = 41.84 KJ/m2-day), which is the same 
unit as reported by NOAA data source for solar radiation [2].

Some relative humidity records were also missing at Isabela (8/75–4/76, 11–12/76, 
11/78–1/79, 6/79–5/80; 12/80, 1/81, 5/81–12/81, 2/82–12/84), Fortuna (8/75–4/76, 
11–12/76, 5/80–11/81, 9/82–8/83), Adjuntas (8/75–4/76, 11–12/76, 7/79–12/84), and 
Rio Piedras (8/75–4/76, 11–12/76, 1/80, 5/80–12/81, 2/82–12/84). The unit of percent-
age was used in the relative humidity data [2].

23.2.2 FOUR METHODS OF GENERATION OF MISSING DATA [12–15]

23.2.2.1 CORRELATION TECHNIQUE
This technique is commonly used to interpret missing data. However, this technique 
has some inherent limitations: (1) A high correlation among the stations must exist. 
(2) Some historical data in each station must be available not only for establishing the 
regression coefficient but also to serve as a source of input data for interpolation of 
the missing data. A stepwize regression technique is used to find the best correlation 
between the station with missing data and the stations without data missing. The gen-
eral model used is shown in Eq. (2), where, Sm = Dependent variable: the station with 
missing data to be generated; Sn = Independent variable: the nth station without data 
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482 Evapotranspiration: Principles and Applications for Water Management

missing; N = Total number of stations used as independent variables; and a0, a1, …, and 
aN = Regression coefficients.

  (2)

23.2.2.2 HISTORICAL DATA INTERPOLATION
This method uses the historical data available from the station to interpolate missing 
data for the same station. This method is simple to use but the accuracy needs further 
testing. It is recommended that this method should be implemented when the correla-
tion technique is not applicable. The mathematical formulation is expressed in Eq. (3), 
where, Smj = the missing jth month data to be interpolated; for station Sm; Smk = the kth 
month data that is available from station Sm; and M = Total number of monthly data 
records available from station Sm.

  (3)

23.2.2.3 AVERAGE APPROACH
This method uses the data available from other stations to interpolate missing data for 
a single station. This method is simple to use and can be implemented even under the 
following conditions: (1) No historical data are available for the station; (2) The num-
ber of records is not large enough to establish a relationship through other methods. 
The mathematical expression is shown in Eq. (4), where, Smj = The station Sm with 
missing jth month data to be interpolated; Snj = The nth station possessing jth month 
data; and N = Total number of stations used to interpolate the missing data.

  (4)

FIGURE 1 Seven weather stations at the Agricultural Experiment Substations, University of 
Puerto Rico – Mayagüez Campus. Climatic zones are shown with the dotted lines.
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TABLE 1 Location of seven weather stations in Puerto Rico.

Location Weather station 
number

Division County Latitude Longitude Elevation

(m.s.L.), m

Adjuntas 0061 06 Ponce 18011’ N 660 48’ W 558

Corozal 2934 06 Arecibo 18020’ N 660 48’ W 198

Gurabo 4276 05 Humacao 18015’ N 660 48’ W 49

Isabela 4702 03 Mayagüez 18028’ N 660 48’ W 128

Lajas 5097 02 Mayagüez 18003’ N 660 48’ W 27

Rio Piedras 8306 01 San Juan 18024’ N 660 48’ W 26

Fortuna --- --- Juana Díaz 18001’ N 660 48’ W 21

23.2.2.4 SPECTRAL ANALYSIS APPROACH
This method uses the consecutive historical data available at a station Sm to interpolate 
missing data for the same station. It assumes that the data variation with time has a 
base period of 12 months. The mathematical model is expressed in Eq. (5), where, 
Sm(t) = The consecutive data available at the station with missing data; Ao = A constant 
term; Ai, Bi = Coefficients of the iWK�KDUPRQLF�FRPSRQHQW��:� >�ʌ���@��L� �LQGH[�RI�
harmonic components; t = index of months, t = 1 for the first data point; N1 = Total 
number of harmonic components to be used in the model (Ni = 6 was used in this 
study); and R(t) = residuals of original data.

  (5)

In order to implement the model described in Eq. (5), following steps are involved:
Step 1. Removal of cyclic movement from the original data by performing the 

least squares linear regression analysis with the model shown in Eq. (4). Only the har-
PRQLF�FRPSRQHQWV�ZLWK�DW�OHDVW�RQH�VLJQL¿FDQW�FRHI¿FLHQW�DUH�UHWDLQHG�LQ�WKH�PRGHO�

Step 2. Bartlett’s white noise test [Priestley 1981,] is applied to the residuals, R(t). 
,I�WKH�UHVLGXDOV�DUH�ZKLWH�QRLVH��WKH�¿QDO�IRUP�RI�WKH�PRGHO�KDV�EHHQ�DWWDLQHG��2WKHU-
wize, Step 3 is followed.

Step 3.�6SHFWUDO�DQDO\VLV�LV�SHUIRUPHG�RQ�WKH�UHVLGXDOV�5�W��WR�¿QG�WKH�HPEHGGHG�
IUHTXHQF\�FRPSRQHQWV�LQ�WKH�UHVLGXDOV�DQG�WR�GH¿QH�WKH�H[LVWHQFH�RI�IUHTXHQF\�SHDNV�
in the periodogram.

Step 4. A mathematical model is established for R(t) in Eq. (6), where, a0 = Con-
stant term; api and bpi� �&RHI¿FLHQWV�RI�WKH�LWK�KDUPRQLF�FRPSRQHQW�LQ�WKH�UHVLGXDOV�
R(t); Wp = Frequency of the pth peak in the periodogram of R(t), [from Step 3]; i = 
Index of harmonic components; t = index of months; p = Index of frequency peaks in 
the periodogram; N2 = Total number of harmonic components in the model, (N2 = 3 
was used in this study); Np = Total number of peaks in the periodogram of R(t); and 
RR(t) = residuals of R(t).

   (6)

Least squares linear regression is again applied to R(t). Only those harmonic com-
ponents with at least one significant coefficient are retained, and the N2 in Eq. (6) is 
replaced by N(P), which is the number of harmonic components for the p-th frequency 
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with significant coefficients. The frequencies “W from Step 3” and “coefficients ap 
and bp from Eq. (6)” are used as initial values in Step 5.

Step 5.�7KH�FRHI¿FLHQWV�RI�(T������DUH�¿QDOL]HG�XVLQJ�QRQOLQHDU�UHJUHVVLRQ�DQDO\VLV�
Step 6. The Bartletts white noise test is performed on the residuals RR(t). If 

55�W��LV�ZKLWH�QRLVH��WKH�¿QDO�IRUP�RI�WKH�PRGHO�KDV�EHHQ�UHDFKHG��2WKHUZL]H��Steps 
3 through 6 are repeated until either the white noise is reached or the R2 value has 
reached a relatively high value (e.g., 0.7). Several factors need to be considered before 
implementing this method:

The data must have a cyclic movement in nature.
1. The data must have a relatively long period of consecutive records.
2. This method is particularly useful for generating missing data for the time 

period which has no data available.

23.3 RESULTS AND DISCUSSION

23.3.1 GENERATION OF MISSING SOLAR RADIATION DATA
The Eqs. (7) to (17) indicate the final results for this study. The historical solar radia-
tion data not only exhibited a seasonal variation in nature but were also unavailable 
before 5/75 and after 4/82. However, weather stations at Corozal, Isabela and Fortuna 
had some consecutive records that were used for generating the missing data by the 
spectral analysis method.

23.3.1.1 ISABELA WEATHER STATION
The consecutive data between April 1977 and October 1980 (no missing data in this 
period) were chosen as the basis for model development.

Step 1.�/HDVW�VTXDUHV�OLQHDU�UHJUHVVLRQ�ZDV�XVHG�WR�HVWLPDWH�WKH�FRHI¿FLHQWV�$��
and B1 by the method given in Eq. (5). The results showed that the R2 value was 
�����DQG�RQO\�WKH�%��YDOXH�ZDV�VLJQL¿FDQW�DW�WKH������OHYHO��7KXV��RQO\�RQH�KDUPRQLF�
component of the original data was retained in the model of solar radiation, SR(t), as 
shown in Eq. (7).

Step 2. The white noise test showed that the R(t) was not the white noise. Thus, the 
following steps 3 to 5 were taken.

Step 3. Spectral analysis was applied to the R(t) data. After examining the peri-
odogram of R(t), only one peak was found, occurring at frequency W = 0.l5. Least 
squares linear regression analysis was applied to estimate the a and b in Eq. (6), and 
only the a = 10.87 and b� �������FRHI¿FLHQWV�ZHUH�VLJQL¿FDQW�DW�WKH������OHYHO��7KXV��
only one cyclical movement of the residual data was retained in the initial model as 
indicated in Eq. (8).

Step 4. The initial R(t) model in Eq. (8) was subjected to nonlinear regression 
analysis. The nonlinear regression estimates were W = 0.114, a = 32.17 and b = 18.60; 
and the Eq. (8) was rewritten as given shown in Eq. (9).

Step 5. The white noise test was applied to the RR(t) data. The results showed that 
WKH�55�W��ZDV�ZKLWH�QRLVH�DW�WKH������VLJQL¿FDQFH�OHYHO��7KH�¿QDO�IRUP�RI�WKH�HTXDWLRQ�
for generating missing solar radiation data for the Isabela Station is described in Eq. 
(10). The R2 value was 0.76, and the simulated results for six years (1977–1982) and 
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Generation of Missing Climatic Data: Puerto Rico 485

available observation data are plotted in Fig. 2. This Eq. (9) model appears to be able 
to generate missing data for the Isabela Station.

Isabela Experiment Station, Puerto Rico:
SR(t) = [368.96 + 4.71* cos(0.524t) + 58.67* sin(0.524t) + R(t)]

(7)

R(t),initial = [10.87* cos(0.15t) + 35.29* sin(0.15t) + RR(t)] (8)

R(t) = [32.17* cos(0.114t) + 18.60* sin(0.114t) + RR(t)] (9)

SR(t) = [{368.96 + 4.71* cos(0.524t) + 58.67* sin(0.524t)}
             + {32.17* cos(0.114t) + 18.60* sin(0.114t)}]  (10)

23.3.1.2 COROZAL WEATHER STATION
The data between December 1978 and April 1982 were used to develop the model. 
The procedures were similar to the procedures used for the Isabela Station except that 
the A1, A2, A3, B1, B2, and B3 of original data as given in Eq. (5) were significant at 
the 0.05 level. The spectral analysis of R(t) showed that there were two peaks W1 and 
W2 present in the R(t) data. The coefficients of a11, a21, b11, and b21 were significant 
at the 0.05 level. The final form of the model for the Corozal weather Station is given 
Eq. (11). The R2 value was 0.70. The simulated results for six years (1977–1982) and 
available observation data are plotted in Fig. 3. This Eq. (11) model appears to be able 
to synthesize missing data for the Corozal Station.
Corozal: 

SR(t) = [341.81 – {24.92* cos(0.524t) + 19.03* sin(0.524t) +
 23.82* cos(1.047t) + 1.34* sin(1.047t)} + {36.24* cos(1.571t) – 
11.15* sin(1.571t) – 36.09* cos(0.674t) + 16.92* sin(0.674t)} + 

{29.63* cos(0.923) + 6.14* sin(0.923)}]

(11)

Furtuna:
SR(t) = [413.80 - {46.22* cos(0.524t) – 7.03* sin(0.524t) + 35.09* 

cos(1.047t) - 5.21* sin(1.047t)} – {2.38* cos(0.299t) - 18.08* sin(0.299t)  + 
31.00* cos(2.275t) + 4.09* sin(2.275t)}]

(12)

Lajas:
SR1  = [116.42 + 0.60* SR5],  R

2 = 0.88
(13)

Rio Piedras:
SR7  = [175.59 + 0.77* SR4],  R

2 = 0.61
(14)

Gurabo:
SR2  = [444.74 + 0.44* SR4],  R

2 = 0.62
(15)

23.3.1.3 FORTUNA WEATHER STATION
The data between January 1979 and August 1980 were chosen for developing the 
model. The procedures used for the Fortuna Station were similar to the one used for 
the Corozal Station except that the A3 and B3 coefficients for the original data were not 
significant. The final form of the model for the Fortuna weather station is described in 
Eq. (12). The R2 value was 0.88 and the simulated results for six years (1977–1982) 
and available observation data are plotted in Fig. 4. This Eq. (12) appears to be able to 
generate missing data for the Fortuna Station.
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23.3.1.4 LAJAS STATION
The consecutive data between December 1978 and May 1980 were used to attempt 
the development of a spectral analysis model. The results, however, indicated that 
the R2 value was not high enough to draw a meaningful model. This could be due to 
the consecutive record consisting of only 18 months of data, which may be too short 
period for establishing a reliable coefficient for harmonic components. Thus, the cor-
relation technique as presented (see Eq. (2)) was used for the Lajas Station. After the 
stepwize linear regression analysis was implemented, the results showed that the solar 
radiation data from the Lajas Station (SR1) were highly correlated with those from 
the Fortuna Station (SR5), and can be expressed by Eq. (13). This Eq. (13)  was used 
to generate missing data for the Lajas Station.

23.3.1.5 RIO PIEDRAS STATION
The solar radiation data from Isabela station (SR4) were used to establish a model for 
interpolating the missing data for the Rio Piedras Station (SR7) by using the correla-
tion technique as presented (Eq. (2)). The results are expressed as in Eq. (14). The R2 
value of 0.61 is considered to be acceptable in this study, mainly because the histori-
cal data from the Rio Piedras Station are too sparse to advance a further formulation.

23.3.1.6 GURABO STATION
The solar radiation data for Gurabo station were used to formulate a model for gen-
erating missing data for the Gurabo Station by using the correlation technique (Eq. 
(2) ). The results showed that only the Isabela Station data (SR4) are correlated with 
the Gurabo Station data (SR2), as described in Eq. (15).

23.3.1.7 ADIUNTAS STATION
There were no historical solar radiation data available from the Adjuntas Station. 
Therefore, only the average approach method (Eq. (4)) and the solar radiation data 
available from the other six stations were used to generate the solar radiation for the 
Adjuntas Station.

23.3.2 GENERATION OF MISSING RELATIVE HUMIDITY DATA
Relative humidity data were partially missing from the Isabela, Fortuna, Adjuntas, 
and Rio Piedras Stations. The relative humidity data were not varied with a base 
period of 12 months as was the case for the solar radiation data. Thus, the spectral 
analysis approach was not applicable to generate missing relative humidity data.

Isabela:
RH4 = [67.90 + 0.17* RH1 – 0.37* RH3 + 0.27* RH7],  R

2 =0.63
(16)

Adjuntas:
RH6 = [30.49 + 0.49* RH1 + 0.09* RH3],  R

2 =0.58
(17)

Furthermore, there were some recorded relative humidity data available from 
each station. Thus, the average approach method (Eq. (4)) was also not applicable 
for simulating the missing relative humidity data. Therefore, only the correlation 
technique (Eq. (2)) and the historical data interpolation method (Eq. 3) were used to 
generate missing relative humidity data. The correlation technique was used to gen-
erate missing data for the Isabela and Adjuntas Stations. The results are expressed as 
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in Eqs. (16) and (17), where, RH1 = relative humidity at Lajas Station; RH3 = relative 
humidity at Corozal Station; RH4 = relative humidity at Isabela Station; RH6 = rela-
tive humidity at Adjuntas Station; and RH7 = relative humidity at Rio Piedras Station.

The historical data interpolation method (Eq. (3)) was used to generate missing 
relative humidity data for the Fortuna and Rio Piedras stations.

23.4 SUMMARY

Climatic data such as temperature, solar radiation, relative humidity and wind speed 
have been widely used to estimate evapotranspiration. Most of the solar radiation 
data and portions of the relative humidity data are missing from the historic records 
in Puerto Rico. Depending upon the availability and characteristics of records, four 
methods (Correlation technique, historical data interpolation, average approach and 
spectral analysis) were used for generating missing climatic data. The limitations of 
each method are discussed. The results showed that the spectral analysis approach, 
correlation technique and average approach have been successfully applied to gener-
ate missing solar radiation data for Puerto Rico. The R2 values varied from 0.61 to 
0.88. The correlation technique and historical data interpolation methods have been 
satisfactorily used to interpolate missing relative humidity data. The R2 varied from 
0.58 to 0.63.

Depending upon the availability and characteristics of records, four methods 
(Correlation technique, historical data interpolation, average approach and spectral 
analysis) can be successfully used for generating missing climatic data for any loca-
tion in the world.
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24.1 INTRODUCTION

The pan evaporation method is widely used to schedule irrigation because 
it is easy and inexpensive. The University of Puerto Rico Agricultural Ex-
periment Station (UPR-AES) is currently promoting this method in the 
“Technological Package (Spanish)” guidance publications for various crops 
[1] . A number of studies have been performed to determine optimal irriga-
tion rates based on pan evaporation data in Puerto Rico for several crops, 
such as: Tanier [2], bananas under mountain conditions [3], bananas under 
semiarid conditions [4], plantains under semiarid conditions [5], water-
melon under semiarid conditions [6], and sweet peppers under humid 
conditions [7, 8]. Harmsen [9] presented a summary of these studies.

The evapotranspiration (ET) can be estimated using pan evaporation method 
with the following equations:

 ETpan = Kc×Eto-pan (1)
 Eto-pan = Kp ×Epan (2)

where, ETpan = Actual crop ET, based on the pan-derived reference ET, 
Eto-pan; Kp = Pan coefficient; Epan = Class A pan evaporation; and Kc = Crop co-
efficient. According to Allen et al. [10], estimates of ET from pan data are 
generally recommended for periods of 10 days or longer. It is recommended that 
the Eqs. (1)  and (2) should be used for ET estimations usually for periods 
of four to seven days in Puerto Rico. Most of the studies have recommended 
applying water to plants at a rate equal to 1 to 1.5 times the pan-estimated 
ET rate to maximize crop yield. Because this approach is easy and inexpen-
sive, these studies represent valuable contributions to agricultural produc-
tion in the tropics.

Problems, however, may result from this approach because of the inher-
ent differences in water loss from an open water surface and a crop [10]. 
Another potential limitation is that only a single value of crop FRHI¿FLHQW�
is commonly used, and by GH¿QLWLRQ�the crop FRHI¿FLHQW�varies throughout the 
season. The magnitude of the crop FRHI¿FLHQW� GHSHQGV� on crop height, leaf 
area, crop color, stomatal resistance, and crop maturity.

Although recommended irrigation application rates by this method 
may maximize crop yields, the method may also result in the over application 
of water early in the crop season, leading to the degradation of groundwater 
resources from leaching of agricultural chemicals.

In Puerto Rico, the Kp values commonly used were derived from a study 
by Goyal and González [11] using data from the seven agricultural substa-
tions located at Adjuntas, Corozal, Juana Díaz (Fortuna), Gurabo, Isabela, 
Lajas, and Río Piedras. Figure 1 shows the location of the substations and the 
Climate Divisions established by the National Oceanic and Atmospheric Ad-
ministration (NOAA). These data were developed on the basis of the ratio of 
long-term monthly average reference evapotranspiration (estimated from 
an equation) to pan evaporation:
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Estimation of Pan Evaporation Coefficients 491

 Kp = ETo / Epan  (3)

where, Kp is the pan coefficient; ETo is reference or potential ET; and Epan is 
the pan evaporation rate. Mean daily values of pan evaporation were derived 
from a University of Puerto Rico Agricultural Experiment Station document 
Climatological Data from the Experimental Substations of Puerto Rico [12]. 
Goyal and González [11] estimated the potential ET by using the Soil Con-
servation Service (SCS) Blaney-Criddle method [13]. In a recent study by 
the American Society of Civil Engineers (ASCE),  the SCS Blaney-Criddle 
method was found to produce large errors relative to weighing lysimeter data 
indicating overestimation on average by 17% in humid regions and underes-
timation on average by 16% in arid regions [14].

In a study that compared seasonal consumptive use for pumpkin and 
onion at two locations in Puerto Rico, Harmsen et al. [15] reported large 
differences between the SCS Blaney-Criddle method [11] and the Penman-
Monteith method. The Penman-Monteith approach used crop FRHI¿FLHQWV�as 
determined by the FAO procedure [10]. Crop stage durations, used to con-
struct the crop FRHI¿FLHQW�FXUYHV��were based on crop growth curve data pre-
sented by Goyal [16]. The maximum observed differences in the estimated 
seasonal consumptive use were on the order of 100 mm per season. The study 
concluded that large potential differences can be expected between the SCS 
Blaney-Criddle and the Penman-Monteith methods, with under-estimations 
in some months and overestimations in other months.

Because of inherent errors associated with the SCS Blaney-Criddle 
method, the published values of Kp for Puerto Rico may not be accurate. 
The United Nations Food and Agriculture Organization (FAO) currently 
recommends using the ratio of pan evaporation divided by the Penman-
Monteith-estimated reference ET for calculating the pan FRHI¿FLHQW�[10]. The 
Penman-Monteith based reference ET was found to have a high degree of ac-
curacy in the above-mentioned ASCE study [14], with errors not exceeding 
±4 percent.

FIGURE 1 UPR Agricultural Experiment Substation locations and NOAA climate 
divisions of Puerto Rico: 1, North Coastal; 2, South Coastal; 3, Northern Slopes; 4, 
Southern Slopes; 5, Eastern Interior; and 6, Western Interior.
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492 Evapotranspiration: Principles and Applications for Water Management

This chapter indicates how to update pan FRHI¿FLHQW�YDOXHV� for the seven 
substations in Puerto Rico using the Penman-Monteith reference ET, and 
to incorporate 20 years of additional pan evaporation data. As part of the 
study, long-term trends in pan evaporation data were evaluated.

24.2 MATERIALS AND METHODS

24.2.1 PAN EVAPORATION DATA
Historical pan evaporation data were evaluated to determine whether de-
creasing or increasing trends existed in the data. Roderick and Farquhar 
[17] and Ohmura and Wild [18] have reported that pan evaporation rates 
have been decreasing globally. The cause of the decrease has been attributed 
to the decrease in solar irradiance (during the last decade) and changes in 
diurnal temperature range and vapor pressure deficit [17]. If in fact pan 
evaporation is changing in Puerto Rico, then the more recent data (e.g., 
for the last 20 years) may provide better estimates of the pan coefficient 
than would longer term average data. Updated pan evaporation data were 
obtained from NOAA’s Climatological Data Sheets. To evaluate possible 
trends, pan evaporation data were plotted graphically, and regression anal-
ysis was used to determine whether the regression coefficient (i.e., the slope) 
of the best-fit linear model was significantly different from zero. All statistical 
analyzes were performed by using the statistical software package StatMost 
Version 3.6 [19].

24.2.2 REFERENCE ET
The long-term monthly reference ET was estimated by using the Penman-
Monteith equation [10]:
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where : 
ETo =  ET [mm day-1]
¨�  � 6ORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH�>N3D�&-1] 
Rn = Net radiation at the crop surface [MJ m-2day-1]
G =  Soil heat flux density [MJ m-2 day-1]
ȡD�  �� 0HDQ�DLU�GHQVLW\�DW�FRQVWDQW�SUHVVXUH�>NJ�P-2] 
Cp =  Specific heat at constant pressure [MJ kg-1C-1]
es-ea =  Vapor pressure deficit [kPa] 
es =  Saturation vapor pressure [kPa] 
ea =  Actual vapor pressure [kPa] 
ra =  Aerodynamic resistance [s m-2] 
rs =  The bulk surface resistance [s m-2]
Ȝ =  Latent heat of vaporization [MJ kg-1]
Ȗ =  The psychrometric constant [kPa°C-1] 
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Estimation of Pan Evaporation Coefficients 493

Eq. (4) applies specifically to a hypothetical grass reference crop with an 
assumed crop height of 0.12 m, a fixed surface resistance of 70 sec/m and a 
solar reflectivity of 0.23. The FAO recommends using the Penman-Monteith 
method over all other methods even when local data are missing. Studies 
have shown that using estimation procedures for missing data with the 
Penman – Monteith equation will generally provide more accurate esti-
mates of ETo than will other available methods requiring less data input 
[10].

Of the various climate parameters needed to calculate ETo with Eq. 
(4) , only air temperature (T) and wind speed (u) were available for all seven 
experimental substations in Puerto Rico; however, wind speed was not mea-
sured consistently. For example, in the case of Lajas, wind speed data were 
available only during the following years: 1963, 1966 to 1969, 1971 to 1978, 
1983 to 1985 and 1987 to 1990. Wind speeds were measured at 0.33 m above 
the ground and therefore needed to be adjusted to the two-meter value (u

2
) 

using the logarithmic adjustment equation presented by Allen et al. [10].
Relative humidity (needed to estimate actual vapor pressure) is 

measured at the substations by using a sling psychrometer, but only once in 
24 hours; thus, these data do not represent daily average values. Therefore, 
the actual vapor pressure was derived from the dew point temperature 
(Tdew). Long-term average dew point temperature was estimated from the 
minimum air temperature plus or minus a temperature correction factor. 
Temperature correction factors, developed for the six NOAA Climate Divi-
sions for Puerto Rico (see Fig. 1), were obtained previously from Harmsen 
et al. [20]. Net radiation was estimated from solar radiation (Rs) by using 
the method presented by Allen et al. [10] involving the use of a simple equa-
tion for island settings (elevations <100 m) or by the Hargreaves radiation 
equation (elevations >100 m), based on air temperature differences. Pan 
FRHI¿FLHQWV�were estimated from Eq. (3) . Statistical comparisons were made 
between Kp from average pan evaporation data collected between 1960 and 
1980 and Kp from data collected between 1981 and 2000.

24.3 RESULTS AND DISCUSSION

Figure 2 shows the monthly average pan evaporation for the seven experi-
mental substations, based on approximately 40 years of pan evaporation 
data. Note that pan evaporation was highest for Fortuna and lowest for Ad-
juntas for most months of the year. Figures 3, 4 and 5 show the average monthly 
pan evaporation with time. Figure 3 shows the sites that had significant de-
creasing pan evaporation with time; Fig. 4 shows the sites that had significant 
increasing pan evaporation with time; and Fig. 5 shows the sites that had no 
significant increase or decrease in pan evaporation with time. Increases and 
decreases, as expressed by the linear regression coefficients, associated with 
Figs. 3 and 4, were significant at or below the 5% probability level.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



494 Evapotranspiration: Principles and Applications for Water Management

FIGURE 2 Long-term average monthly pan evaporation for the seven substations 
in Puerto Rico.

FIGURE 3 Average monthly pan evaporation with time at Lajas and Río Piedras, 
Puerto Rico.

Regression FRHI¿FLHQWV�DVVRFLDWHG�ZLWK� the linear regression lines shown 
in Fig. 5 were not VWDWLVWLFDOO\�VLJQL¿FDQW��The linear regression results are 
summarized in Table 1. Following noteworthy results can be summarized 
from Figs. 3 to 5 and Table 1:

�� Lajas had the greatest decrease in the average monthly pan evaporation: 
1.4 mm per month (average) per year. This amount is equivalent to a drop 
of 56 mm per month in the pan evaporation in 40 years. This is a very signif-
icant reduction considering that the average pan evaporation in 2002 was 
only 103.9 mm per month in Lajas. It will be interesting to see whether 
this trend continues in the future or whether it begins to level off.
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Estimation of Pan Evaporation Coefficients 495

�� The decreasing pan evaporation observed at Lajas and Río Piedras is 
consistent with the observed decreasing trend globally.

�� Pan evaporation at two sites (Adjuntas and Gurabo) increased. These 
results are contrary to the observed global decrease in pan evapora-
tion. Both sites are located in humid areas. It is interesting to note that 
Adjuntas is at a relatively high elevation (549 m), whereas Gurabo is 
at a relatively low elevation (48 m).

Figure 6 shows the estimated long-term average monthly reference ET 
for each substation. As with pan evaporation (Fig. 2), Fortuna shows the high-
est ETo, and Adjuntas shows the lowest values during most of the year. How-
ever, ETo for Lajas was essentially identical to that of Fortuna, whereas the 
Lajas pan evaporation (Fig. 2) was lower than that of Fortuna. There are two 
possible explanations for this:

1. The local environment may have gradually changed in the vicinity 
of the evaporation tank in Lajas. For example, installation of new 
structures, establishment of trees, or relocation of the evaporation 
tank. Development of the Lajas Valley may also have influenced a 
change in pan evaporation at the substation.

2. Pan evaporation and reference ET may not be directly comparable. 
Allen et al. [10] list the following factors that may cause significant dif-
ferences in loss of water from a water surface and from a cropped surface:

�� Reflection of solar radiation from the water surface might be different 
from the assumed 23% for the grass reference surface.

�� Storage of heat within the pan can be appreciable and may cause sig-
nificant evaporation during the night while most crops transpire only 
during the daytime.

�� There are differences in turbulence, temperature and humidity of the 
air immediately above the respective surfaces.

�� Heat transfer occurring through the sides of the pan can affect the en-
ergy balance.

FIGURE 4 Average monthly pan evaporation with time at Adjuntas and Gurabo, 
Puerto Rico.
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496 Evapotranspiration: Principles and Applications for Water Management

FIGURE 5 Average monthly pan evaporation with time at Corozal, Isabela and 
Fortuna, Puerto Rico.

Monthly average pan FRHI¿FLHQWV�were estimated for each month at each 
of the seven experimental substations on the basis of pan evaporation data 
from 1960 (approximate) to 1980 and from 1981 to 2000. (For convenience, 
hereafter the earlier period will be referred to as 1960 to 1980 and the latter 
period as 1981 to 2000.

A Student t-Test analysis indicated that the difference between the 
mean Kp based on the two time periods was KLJKO\�VLJQL¿FDQW��7DEOH�2 pres-
ents the results of the t-Test. The difference in the mean Kp for all locations 
for the two time periods was 0.15. The average Kp equaled 0.75 for 1960 to 
1980 and 0.91 for 1981 to 2000. A comparison was also made between the Kp 
values of Goyal and González [11] and the 1981 to 2000 Kp values from this 
study (see Table 5).

A VLJQL¿FDQW� GLIIHUHQFH�was observed between the two datasets at the 
0.01% probability level, with a difference in the mean Kp of 0.08. The average 
value of the Kp of Goyal and González [11] was 0.82.

To understand whether the difference in the mean pan evaporation be-
tween the two periods (1960 to 1980 and 1981 to 2000) is VLJQL¿FDQW�on a 
practical level (independent of statistical VLJQL¿FDQFH���Eq. (2) was used  to 
estimate the difference in the reference ET for a given amount of pan evapo-
ration. Suppose the annual pan evaporation for a certain location was 1500 
mm; then the Kp difference of 0.15 is equivalent to [ 0.15 × 1500 mm] = 225 mm 
in the annual reference ET. For an average farm size of 18 hectares in Puerto 
Rico [21], this is equivalent to 40,500 m3 of water (or 10.7 million gallons).

Because there was a VLJQL¿FDQW�GLIIHUHQFH�EHWZHHQ� the mean Kp for the 
last 20 years and that of the subsequent 20-year period, this study recom-
mends that crop water use estimates use Kp values from the most recent 20 

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Estimation of Pan Evaporation Coefficients 497

years. Tables 3–5 give the average monthly reference ET, pan evaporation 
and pan FRHI¿FLHQWV��respectively.

7KH�PHWKRGRORJLHV�XVHG�LQ�WKLV�SDSHU�FDQ�EH�FRQVLGHUHG�VXI¿FLHQWO\�JHQHUDO�DQG�
therefore could be applied at other locations throughout the world.

FIGURE 6 Long-term average monthly reference ET for the seven substations.

TABLE 1 Linear regression results for the pan evaporation data from the seven 
substations.
Station Latitude Ele-

vation
(m)

NOAA
Climate
Division

Regression
Coeffi-cient
(slopeofline)

r2 Significant
at the 5%
level

Trend

Gurabo �����ƍ1 48 5 0.029 0.55 Yes Increasing

Adjuntas �����ƍ1 549 6 0.021 0.47 Yes Increasing

Corozal �����ƍ1 195 6 0.010 0.11 No Increasing

Isabela �����ƍ1 126 3 -0.008 0.08 No Decreasing

Fortuna �����ƍ1 21 2 -0.015 0.10 No Decreasing

RíoPiedras �����ƍ1 100 3 -0.019 0.28 Yes Decreasing

Lajas �����ƍ1 27 2 -0.055 0.81 Yes Decreasing

24.4 SUMMARY

The objective of the research in this chapter was to update pan evaporation coefficient 
(Kp) values for the seven University of Puerto Rico, Agricultural Experimental Substa-
tions, based on updated pan evaporation data and the Penman-Monteith reference ET. 
Therefore, historical pan evaporation data for seven experimental substations. Were 
evaluated to determine whether increasing or decreasing trends existed. 
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Significant decreasing pan evaporation was observed at Lajas and Río Piedras. 
Significant increasing pan evaporation was observed at Gurabo and Adjun-
tas. No significant trends were observed at Fortuna, Isabela or Corozal. A 
significant difference was found to exist between the mean Kp calculated with 
pan evaporation data from 1960 to 1980 and that with data from 1981 to 2000. 
An updated table of monthly average pan coefficients is provided (Table 5) that 
can be used to estimate ETpan for the seven substations.

TABLE 2 Results of a Student t-test comparing monthly pan coefficients based  on    
pan evaporation data from  1960 (approximate) to 1980 versus 1981 to 2000.

 t-Test Analysis Results  

Confidence Level  = 0.95    [Two Tail Test]

1960 to 1981 1981 to 2000

Sample Size 84 84

Number of Missing 0 0

Minimum 0.5694 0.6732

Maximum 1.1579 1.2473

Standard Deviation 0.1398 0.1319

Standard Error 0.0153 0.0144

Coeff of Variation 18.5924 14.5441

Mean 0.7520 0.9067 Difference = 0.1547

Variance 0.0196 0.0174 Ratio = 1.1242

Paired t-Value

9.5097

Probability

6.24516E-015

DF  Critical t-Value

83  1.9890

Co-Variance = 0.0074; Std  Deviation = 0.0163

TABLE 3 Long-term average reference ET (ETo, mm/month)  for the seven experimental     
substations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Adjuntas 93 100 128 132 136 138 146 139 124 112 92 84

Corozal 76 80 110 115 128 127 129 127 112 101 78 70

Fortuna 104 107 139 147 157 156 166 159 141 124 100 96

Gurabo 87 93 121 128 133 131 135 132 117 105 85 80

Isabela 94 100 132 141 146 141 145 144 129 118 95 88

Lajas 97 102 138 145 162 162 164 157 137 120 95 87

Río Piedras 93 98 130 138 145 143 146 142 127 116 93 86

Average 93 100 128 132 136 138 146 139 124 112 92 84

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Estimation of Pan Evaporation Coefficients 499

TABLE 4. Average monthly  pan  evaporation (Epan, mm per month) based  on  1981  
through 2000 pan evaporation data for seven experimental substations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Adjuntas 92 95 122 129 131 143 141 136 124 112 93 86

Corozal 91 100 130 136 136 148 152 146 122 114 90 87

Fortuna 152 159 193 199 194 202 212 210 176 161 139 139

Gurabo 117 121 155 167 168 177 176 172 147 133 110 105

Isabela 112 120 154 164 153 153 163 158 134 126 108 108

Lajas 89 92 120 127 139 133 131 135 135 108 89 81

Río Piedras 97 109 141 153 145 152 160 147 130 122 100 94

TABLE 5 Pan  Coefficients (K
p
, no units) based  on 1981  through 2000  pan  

evaporation data, for seven experimental substations. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Adjuntas 1.02 1.05 1.05 1.03 1.04 0.97 1.04 1.02 1.00 1.00 0.99 0.98

Corozal 0.84 0.80 0.85 0.85 0.94 0.86 0.85 0.87 0.92 0.88 0.87 0.81

Fortuna 0.68 0.67 0.72 0.74 0.81 0.78 0.78 0.76 0.80 0.77 0.72 0.69

Gurabo 0.74 0.77 0.78 0.77 0.80 0.74 0.77 0.77 0.80 0.79 0.77 0.76

Isabela 0.84 0.84 0.86 0.86 0.95 0.92 0.89 0.91 0.97 0.93 0.88 0.82

Lajas 1.08 1.10 1.15 1.14 1.17 1.22 1.25 1.16 1.02 1.10 1.08 1.07

Río Piedras 0.95 0.90 0.92 0.90 1.00 0.95 0.91 0.96 0.97 0.95 0.93 0.92

Additional research is needed to help explain the VLJQL¿FDQW� reduction in 
the pan evaporation observed at Lajas as compared to that of other loca-
tions. The Kp data presented in Table 5 are valid for data obtained from the 
pan located at the Lajas Experiment Station. However, if pan evaporation is 
obtained from another source in the vicinity of Lajas, these data should be 
compared with the experiment station evaporation data to verify consistency 
between the two data sources. If large differences exist, then an adjustment 
should be made in the Lajas Kp values presented in Table 5. Further research 
is also needed to investigate the reason for the observed variations in the 
trends in pan evaporation (i.e., increasing at some locations and decreasing at 
other locations).
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25.1 INTRODUCTION

Determination of evapotranspiration (ET) is important for evaluation of hydrologic 
resources of a region, and evaluating irrigation requirements. Because of the inter-
relation between components of the hydrologic cycle, ET is important in the evalua-
tion of soil water content, surface runoff, and aquifer recharge. ET is defined as the 
combination of evaporation from soil and plant surfaces, and transpiration from plant 
leaves. Evaporation is the process whereby liquid water is converted to water vapor 
and removed from the evaporating surface [3]. Transpiration is the vaporization of 
liquid water contained in plant tissues and its subsequent removal to the atmosphere. 
Crops predominately lose water through small openings in their leaves called stomata. 
ET can be expressed in units of mm/day (or in/day), or as an energy flux in units of 
MJ m–2 day–1 [3]. ET is important because it is often the largest component of the 
hydrologic cycle after rainfall. Under arid conditions, potential ET can easily exceed 
rainfall. Remote sensing methods for estimating ET are needed for tropical conditions. 
Various techniques have been developed based on radiation methods [e.g., 20] and 
surface energy budgets [e.g., 1 and 5].

The objective of this chapter is to develop an algorithm for estimating daily, high 
resolution (1-km), crop reference ET (ETo) over Puerto Rico. In this chapter, three 
radiation-based ETo methods will be tested and compared.

25.2 TECHNICAL APPROACH

In this study, the ET flux was estimated using the Penman-Monteith [3], Priestly Tay-
lor [18] and Hargreaves-Samani [7] methods, in combination with a solar radiation 
product of the GOES-12 satellite. Solar radiation was derived using the radiative trans-
fer model of Diak et al. [19]. Input required for the Penman-Monteith was based on 
procedures developed for Puerto Rico by Harmsen et al. [11].

Of the three methods, the Penman-Monteith (PM) method is generally regarded 
as superior because it takes into account the major variables, which control ET [3], 
and the method has been rigorously validated under diverse conditions throughout the 
world [18]. The Penman-Monteith method is given by Allen et al. [3, 12] as described 
below in Eq. (1):

 
( ) ( )

( )
2

0
2

9000.408
273

1 0.34

n s aR G u e e
TET

uγ

⎛ ⎞∆ − + −⎜ ⎟⎝ ⎠+=
∆ + +

 (1)

ZKHUH��¨�LV�D�VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH�>N�3D°C-1], Rn is net radiation [MJ.m-2.
day-1], G is soil heat flux density [MJ.m-2.day-1@��Ȗ�LV�SV\FKURPHWULF�FRQVWDQW�>N�3D��&-1], 
T is mean daily air temperature at 2 m height [°C], u2 is wind speed at 2 m height [m 
s-1], es is the saturated vapor pressure and ea is the actual vapor pressure [kPa].  Eq. (1) 
applies specifically to a hypothetical reference crop with an assumed crop height of 
0.12 m, a fixed surface resistance of 70 sec m-1 and an albedo of 0.23.

7KH�3ULHVWO\�7D\ORU�HTXDWLRQ��37��UHSUHVHQWV�D�VLPSOL¿FDWLRQ�RI�WKH�3HQPDQ�HTXD-
tion [16, 17,] and is valid for humid conditions:
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 ( )
( )0

nR G
ET α

γ
∆ −

=
∆ +

 (2)

ZKHUH��Į�LV�WKH�3ULHVWO\�7D\ORU�FRQVWDQW�HTXDO�WR�������DQG�WKH�RWKHU�YDULDEOHV�SDUDP-
eters were previously defined in this chapter.  A value of 1.32 has been recommended 
for estimates from vegetated areas as a result of the increase in surface roughness [14]. 
In this chapter a value of 1.3 is used.   The Hargreaves-Samani (HS) reference ET [7] 
is described in Eq. (3):

 ETo = [0.0135]ÚRs[(T +17.8)] (3)

In Eq. (3), ETo and solar radiation (insolation, Rs) are in the same equivalent units of 
water evaporation [L T–1], and T is mean temperature in °C. Harmsen et al. [9] reported 
good agreement between the PM and HS methods for 34 locations in Puerto Rico.

Daily average temperature was estimated using the regression equations of Goyal 
et al. [6], which relate temperature to elevation in Puerto Rico. The equations provide 
values of daily mean temperature for each month of the year. The monthly data were 
regressed to obtain a polynomial equation relating the day of the year with air tem-
perature. The average daily air temperature was “nudged” based on the actual average 
daily temperature measured from the Natural Resource Conservation Service (NRSC) 
Soil Climate Analysis Network (SCAN) sites in western Puerto Rico. These sites in-
clude coastal and mountainous conditions.

An average value of 1.9 m/s was used for wind speed in the PM model based on the 
published average winds speeds for the six NOAA Climate Divisions for Puerto Rico 
[9]. This value is close to the worldwide average value of 2 m/s recommended by the 
FAO [3] in the absence of observed data.

Saturated and actual vapor pressures are estimated based on the average and dew 
point temperatures, respectively. For convenience, in this study the dew point tem-
perature was assumed to be equal to the minimum temperature based on the regression 
method for minimum temperature of Goyal et al. [6] and nudged using actual air tem-
perature data from the seven SCAN stations. For humid conditions, use of minimum 
temperature for dew point temperature is generally a valid assumption. For the drier 
south and south-west part of Puerto Rico, however, the assumption may lead to errors 
in the ETo calculation.

Solar radiation (Rs) was estimated with the radiative transfer model of Diak et al. 
[4] using data from the visible-channel of the GOES satellite. More information on 
this Rs product can be found in Sumner et al. [20]. The methods presented in Allen et 
al. [12] were used to calculate extraterrestrial radiation (Ra), Rn and G.

25.3 RESULTS AND DISCUSSION

In this section, the ETo estimates are presented based on the PM, PT and HS methods 
for March 5th, 2009. Table 1 shows the weather information for the seven SCAN sta-
tions in Puerto Rico for this day. Figure 1 shows a visible satellite (GOES) image at 
15:15 local time (19:15 UTC), indicating large-scale cloud bans covering the region. 
The National Weather Service in San Juan reported haze, fog and light rain during the 
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day. The National Weather Service (NWS) reported severe rain in Vaga Alta, Puerto 
Rico with flooding reported at 15:38 local time (19:38 UTC). However, other loca-
tions in Puerto Rico experienced little or no rainfall during the day (Table 1). Figure 2 
shows the NEXRAD radar total storm rainfall at 15:26 local time (19:26 UTC), indi-
cating rain bands extending across a significant portion of the island.

Figure 3 shows the estimated average air temperature distribution in Puerto Rico 
on March 5th, 2009. The average air temperature was based on the regression method 
of [6] which relates temperature with surface elevation (Fig. 4). The estimated versus 
observed average air temperature are shown in Fig. 5. The regression equation was 
used to estimate the average air temperature in Fig. 3.

TABLE 1 Weather information from the seven SCAN stations on March 5th, 2009.

Site Isabela Maricao Guilarte Fortuna Combate Mayaguez Bosque 
Seco

Elevation (m)

15 746 1019 28 10 14 165

Rainfall (mm) 2.8 1.8 14.7 0 0 1.5 0

Average

Temperature (C)

23.1 17.6 15.8 23.7 23.8 23.1 22.5

Minimum

Temperature (C)

21.9 15.9 14.0 20.6 21.3 21.4 19.5

Maximum 

Temperature (C)

24.4 18.8 16.9 27.0 27.4 25.4 26.7

Relative

Humidity (%)

77.4 96.6 97.1 75.7 68.5 79.6 78.8

Wind Speed

(m/s)

4.8 2.3 0.8 2.4 0.9 0.8 0.05

Solar Radiation

(W/m2)

255 215 92 304 332 304 211

FIGURE 1 Visible satellite image of Caribbean region at 15:15 local time (19:15 UTC).
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FIGURE 2 NEXRAD radar storm total precipitation in inches over Puerto Rico at 15:26 local 
time (19:26 UTC).

FIGURE 3 Estimated average air temperature on March 5, 2009.

FIGURE 4 Surface elevation in Puerto Rico.
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FIGURE 5 Estimated versus observed daily average temperature at the seven SCAN stations 
in Puerto Rico. The regression equation was used to estimate air temperature in Fig. 3.

Figure 6 shows the distribution of solar insolation across Puerto Rico on March 
���������7KH�¿JXUH�LQGLFDWHV�WKDW�WKH�ZHVW�DQG�VRXWKZHVW�SDUWV�RI�WKH�LVODQG�UHFHLYHG�
VLJQL¿FDQWO\�PRUH�VRODU�LQVRODWLRQ�WKDQ�FHQWUDO��QRUWKHUQ�DQG�QRUWKHDVWHUQ�3XHUWR�5LFR��
The southeast received an intermediate level of solar insolation. This spatial pattern 
of the solar insolation is apparent in the NEXRAD radar storm total precipitation dis-
tribution (Fig. 2).

Figures 7–9 show the daily ETo estimated using the PM, PT and HS methods, re-
spectively. The ETo spatial distributions closely match the solar insolation pattern (Fig. 
6). In general the three methods are in good agreement. The PM method produced the 
lowest ETo values, as compared to the PT and HS methods (see�GLIIHUHQFHV�LQ�WKH�¿J-
ure color bars). The lowest ETo values occur in the mountain areas associated with the 
lowest air temperatures (Fig. 3), and where solar insolation was the lowest. 

FIGURE 6 Integrated daily solar insolation for Puerto Rico on March 5, 2009.
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FIGURE 7 Penman-Monteith ETo distribution in Puerto Rico for March 5, 2009.

FIGURE 8 Priestly Taylor ETo distribution in Puerto Rico for March 5, 2009.

FIGURE 9 Penman-Monteith ETo distribution in Puerto Rico for March 5, 2009.
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TABLE 2 ETo estimated by PM, PT and HS methods for March 5th, 2009 compared with the 
long-term average ETo calculated with the Puerto Rico ET (PRET) computer program [8].  

Station Elevation (m) Latitude PRET PM PT HS

Isabela 15 18.28 4.7 3.8 3.6 3.7

Maricao 746 18.15 3.9 3.8 4.1 4.3

Guilarte 1019 18.15 3.7 2.4 2.3 1.9

Fortuna 28 18.03 5.0 3.9 3.7 3.9

Combate 10 17.98 5.0 3.8 3.6 3.8

Mayaguez 14 18.22 4.5 3.9 3.8 4.0

Bosque 165 17.97 5.1 3.4 3.1 3.0

Table 2 compares the PM, PT and HS ETo values at the SCAN stations with the 
long-term average ETo as calculated by the computer program PRET [8]. All values 
for March 5th were lower than the long-term average values (PRET). The lowest value 
of ETo was associated with the Guilarte site where the observed and estimated solar 
radiation were 92 and 118 W/m2, respectively, and observed and estimated average 
daily temperatures were 15.8°C and 15.2°C, respectively.

25.3.1 LIMITATIONS OF METHODS
Theoretically, the PM method is the most accurate of the three; however, numerous 
assumptions were made in developing the input for the PM method. For example, the 
wind speed was assumed to be 1.9 m/s over the entire island. Table 1 indicates that 
average daily wind speeds at the SCAN stations varied between 0.05 to 4.8 m/s, with 
an average of 1.2 m/s. Future efforts need to incorporate spatially varied wind speed. 
Air temperature was estimated as described in the Methods section. As can be seen 
from Figure 5, there was excellent agreement between the estimated and observed 
temperatures at the seven SCAN sites. However, these stations are limited to loca-
tions in western Puerto Rico. Central, northern and northeastern Puerto Rico received 
relatively low levels of insolation as compared to west and southern Puerto Rico, and 
consequently the estimated air temperatures in those areas may be overestimated.

25.4 SUMMARY

A technique is presented in which satellite solar insolation estimates are used to predict 
daily reference evapotranspiration (ETo) using the Penman-Monteith (PM), Preistly 
Taylor (PT) and Hargreaves-Samani (HS) methods for Puerto Rico. For this approach, 
average, minimum and maximum daily air temperatures were obtained from a regres-
sion procedure that depends on surface elevation and day of the year. The air tempera-
ture was adjusted using actual daily temperatures from several locations in PR. Dew 
point temperature was assumed to be equal to the daily minimum temperature, and a 
value of 1.9 m/s was assumed for wind speed. As an example, ETo was estimated for 
March 5, 2009 using the three methods, with the Penman-Monteith method producing 
the lowest values. This research represents a preliminary step in the development of 
an ETo product for PR. This product is a potentially valuable tool for conducting water 
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resource studies and for supporting irrigation scheduling efforts, not only for Puerto 
Rico/Carribbean region but also worldwide tropical regions.
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26.1 INTRODUCTION

Accurate estimates of actual evapotranspiration (ET) are costly to obtain. An inexpen-
sive alternative is to estimate actual evapotranspiration by multiplying a potential or 
reference evapotranspiration [1, 2, 3] by a crop coefficient (Kc) [4, 5]. This approach 
has been promoted by the United Nations Food and Agriculture Organization (FAO) 
for more than 30 years through their Irrigation and Drainage Paper No. 24 [1] and 
more recently in Paper No. 56 [6]. Even though they have reported values for Kc for 
numerous crops, many crops grown in the world are not included in their lists, and 
coefficients for mixed natural vegetation are generally not available. Although crop 
coefficients derived in other parts of the world can be used to provide approximate 
estimates of evapotranspiration, the crop coefficient in fact depends upon the specific 
crop variety and other local conditions [7].

7R�DYRLG� WKH�QHHG� IRU�XVLQJ�FURS�FRHI¿FLHQWV�� D�GLUHFW�DSSURDFK�FDQ�EH�XVHG� WR�
estimate actual evapotranspiration. Current methods for estimating actual evapotrans-
piration include weighing lysimeter, eddy covariance, scintillometer, and Bowen ratio 
methods. Each of these methods has certain limitations. A meteorological method is 
described in this paper which provides an estimate of the actual ET from short natural 
vegetation or agricultural crops and is less expensive than the other methods men-
WLRQHG�DERYH��7KH�VSHFL¿F�REMHFWLYHV�RI�WKLV�FKDSWHU�DUH�WR�GHVFULEH�D�UHODWLYHO\�LQH[-
pensive method for estimating hourly actual evapotranspiration; and to present results 
from validation studies conducted in Florida and Puerto Rico (PR).

26.2 TECHNICAL APPROACH

26.2.1 THEORETICAL ANALYSIS
The method used in this study consisted of equating the ET flux equations based on 
the generalized Penman-Monteith (GPM) combination method [6] with a humid-
ity gradient (HG) method [8]. In the procedure, the value of one of the resistance 
factors (either the aerodynamic resistance, ra, or the bulk surface resistance, rs) is ad-
justed in the two equations until their ET time series curves approximately coincide. 
A similar approach was used by Alves et al. [9] in which an independent estimate of 
ET was derived from the Bowen ratio method, ra was obtained from a theoretical 
equation, and rs was obtained by inversion of the Penman-Monteith equation. The 
GPM combination equation is described below [6]:
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⎛ ⎞−∆ − + ⎜ ⎟⎝ ⎠
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⎡ ⎤⎛ ⎞
∆ + +⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦

 (1)

ZKHUH�� ¨� LV� WKH� VORSH� RI� WKH� YDSRU� SUHVVXUH� FXUYH� >N�3D��&-1], Rn is the net 
radiation[MJ.m-2.day-1], G is the soil heat flux density[MJ.m-2.day-1@��ȡa is air density 
[kg/m-3], cp is specific heat of air [MJ.kg-1°C-1], latent heat of vaporization [MJ kg-1@�Ȗ�
is a psychrometric constant [k.Pa.°C-1], T is the air temperature at 2 m height [°C], u2 
is the wind speed at 2 m height [m.s-1], es is the saturated vapor pressure [kPa] and ea 
is the actual vapor pressure [kPa], ra is the aerodynamic resistance [s.m-1] and rs is the 
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bulk surface resistance [s.m-1].  Eq. (1) applies specifically to a hypothetical reference 
crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sec.m-1 
and albedo of 0.23.

Evapotranspiration (ET) can also be estimated by means of a humidity gradient 
Eq. (2):

 
a p

w a s

c vL vHET
r r

ρ ρ ρ
γρ

⎛ ⎞ ⎛ ⎞−= ⎜ ⎟ ⎜ ⎟−⎝ ⎠⎝ ⎠
 (2)

In eq. /2/:  ȡa is the mean air density of dry air [kg.m-1], cp specific heat [MJ.Kg-1.0C-1], 
ȡw is the density of water [kg.m-1], ȡv is the water vapor density of the air [kg.m-1], and 
L and H are vertical positions above the ground [m], ra is the aerodynamic resistance 
[s.m-1] and rs is the bulk surface resistance [s.m-1]. The water vapor densities were 
calculated from the actual vapor pressures and air temperatures using the ideal gas 
equation. In this study L and H were 0.3 m and 2 m above the ground, respectively. 
Eq. (2) is essentially identical to the latent heat flux equation presented by Monteith 
and Unsworth [8], eq. (17.3)]. The method, which effectively combines Eqs. (1) and 
(2), allows for the solution of rs.  In this study, the value of the aerodynamic resistance 
(ra) is estimated using the following Eq. [6]:

 0 0
2

22

ln lnm h

m h
a

z d z d
z z

r
uk u
ς

⎡ ⎤ ⎡ ⎤− −
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦= =

 (3)

where: zm is the height of wind measurement [m], zh is the height of humidity mea-
surement [m], d is zero plane displacement height equal to 0.67 h [m], h is crop height 
[m], zom is roughness length governing momentum transfer equal to 0.123 h [m], zoh 
is roughness length governing transfer of heat and vapor equal to 0.1 zom [m], and k 
LV�WKH�YRQ�.DUPDQ¶V�FRQVWDQW���������7KH�YDULDEOH�ȗ�LV�GHILQHG�DV�Ua u2. Allen et al. [6] 
reported a value of  equal to 208 for a theoretical reference grass with a height h = 
0.12 m.  Eq. (3) and the associated estimates of d, zom and zoh are applicable for a wide 
range of crops [6]. A study of surface and aerodynamic resistance performed by [10] 
determined that eq. (3) will produce reliable estimates of ra for small crops. 

In this study, the value of rs is obtained by a graphical procedure in which succes-
sive adjustments are made to rs until the time-series plots of ET (during the daylight 
hours) from Eqs. (1) and (2) approximately coincide. Adjustment of the average daily 
rs value is considered acceptable when the values of the integrated daily total ET from 
the two equations are within 0.01 mm.

26.2.2 FIELD DATA ANALYSIS
Climatological data were saved on a Campbell Scientific, Inc. (CSI) CRX10 data log-
ger every 10 seconds. Net radiation was measured using a CSI NR Lite Net Radiom-
eter. Wind speed was measured 3 m above the ground using a CSI MET One 034B 
wind speed and direction sensor. The wind speed at 3 m was adjusted to the 2 m height 
using the logarithmic relation presented by [3]. Soil water content was measured using 
a CSI CS616 Water Content Reflectometer. Soil temperature was measured using two 
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CSI TCAV Averaging Soil Temperature probes, and the soil heat flux at 8 cm below 
the surface was measured using a CSI HFT3 Soil Heat Flux Plate.

An initial test using two temperature/relative humidity (Temp/RH) sensors si-
multaneously, positioned at the same height in close proximity revealed nonconstant 
GLIIHUHQFHV�LQ�5+�EHWZHHQ�WKH�WZR�VHQVRUV��'LIIHUHQFHV�LQ�5+�UDQJHG�IURP�í���WR�
+8.5% (Fig. 1). Errors of this magnitude were unacceptable for use in estimating the 
vertical humidity gradient. Therefore, to obtain accurate estimates of the humidity 
gradient, a single Temp/RH sensor (Vaisala HMP45C) was used, which was automati-
cally moved between two vertical positions (0.3 m and 2 m) every 2 minutes.

An automated elevator device was developed for moving the Temp/RH sensor 
between the two vertical positions [11]. The device consisted of a PVC plastic frame 
with a 12 volt DC motor (1/30 hp) mounted on the base of the frame. One end of a 2-m 
long chain was attached to a sprocket on a shaft on the motor and the other end to a 
sprocket at the top of the frame. Waterproof limit switches were located at the top and 
bottom of the frame to limit the range of vertical movement.

7KH�QHZ�PHWKRG�ZDV�YHUL¿HG�E\�FRPSDULQJ�(7�UHVXOWV�IRU�$SULO��WK�DQG��WK��������
with an eddy covariance system at the University of Florida (UF) Plant Science Re-
search and Education Unit (PSREU) near Citra, Florida. The eddy station was located 
LQ�WKH�FHQWHU�RI�D����KD�EDKLD�JUDVV�¿HOG�DQG�WKH�VKRUWHVW�GLVWDQFH�IURP�WKH�VWDWLRQ�WR�
WKH�HGJH�RI�WKH�¿HOG�ZDV�����P�

$�VHFRQG�YDOLGDWLRQ�ZDV�FRQGXFWHG�LQ�JUDVV�DQG�VZHHW�FRUQ�¿HOGV�ORFDWHG�DW�WKH�
University of PR Agricultural Experiment Station at Lajas, PR. Comparisons for the 
grass were made on December 21, 22, and 23, 2006, and on January 3, 9, 10 and 11, 
2007. Comparisons for the sweet corn were made on June 6, 7, 8, 9, 10 and 11, 2007.

A CSI CSAT3-3D Sonic Anemometer and CSI KH2O krypton Hygrometer are the 
major instruments used in the eddy covariance systems. The anemometer measured 
wind speeds and the speed of sound using three pairs of nonorthogonal sonic transduc-
HUV�WR�GHWHFW�DQ\�YHUWLFDO�ZLQG�VSHHG�ÀXFWXDWLRQV��7KH�DQHPRPHWHU�ZDV�VHW�XS�IDFLQJ�
the prevailing wind to minimize the negative effect by the anemometer arms and other 
supporting structures. The frequency of the CSAT3 is 10 Hz with an output averaged 
every 30-minutes. The KH2O Krypton Hygrometer was mounted 10 cm away from 
the center of the CSAT3, with the source tube (the longer tube) on the top and the 
detector tube (the shorter tube) on the bottom. The output voltage of the hygrometer is 
proportional to the attenuated radiation, which is in turn related to vapor density. The 
frequency of the hygrometer is 10 Hz with an average output every 30-minute.

7KH� HGG\� FRYDULDQFH�GHULYHG� ���PLQXWH� ODWHQW� KHDW� ÀX[HV� ZHUH� FRUUHFWHG� IRU�
WHPSHUDWXUH�LQGXFHG�ÀXFWXDWLRQV�LQ�DLU�GHQVLW\�>��@��IRU�WKH�K\JURPHWHU�VHQVLWLYLW\�WR�
R[\JHQ�>��@��DQG�IRU�HQHUJ\�EDODQFH�FORVXUH��6HQVLEOH�KHDW�ÀX[HV�ZHUH�FRUUHFWHG�IRU�
differences between the sonic temperature and the actual air temperature [14]. Both 
WKH�VHQVLEOH�DQG�ODWHQW�KHDW�ÀX[HV�ZHUH�FRUUHFWHG�IRU�PLVDOLJQPHQW�ZLWK�UHVSHFW�WR�WKH�
natural wind coordinate system [15]. The Bowen-ratio method was used to close the 
surface energy balance relationship [16]. Flux and atmospheric measurements were 
logged using a CSI CR23X data logger. During certain periods, such as early mornings 
and after precipitation, the hygrometer measurements were not available due to the 
moisture obscuring the lens. The data analysis was conducted for daytime measure-
ments, based on the available energy for evapotranspiration.
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26.3 RESULTS AND DISCUSSION

For convenience, the equipment used in this study involving a standard weather station 
and an elevator device for obtaining the temperature and humidity gradients, will be 
referred to as the “ET station.” To estimate the ET using data from the ET station the 
following steps were used:

1. The data were read into a spreadsheet macro which, among other things, sepa-
rated the “up” and “down” humidity and temperature data, and calculated ac-
tual vapor pressures.

2. The aerodynamic resistance (ra) was estimated using Eq. (3).
3. The ET estimates from Eqs. (1) and (2) were plotted together on the same 

graph, and the value of rs was adjusted until the two datasets approximately 
coincided. The two datasets were considered to be in agreement when their 
total daily ET was within 0.01 mm of each other.

Table 1 lists the estimated daily ET (expressed in mm) from the eddy covariance 
systems and the ET station for 15 dates at locations in Florida and Puerto Rico. The 
ET estimates by the two methods were in reasonably good agreement. The average 
ratio of the ET from the eddy system and the ET station was 1.03. Figures 1 through 3 
show ET from the eddy systems plotted against ET from the ET station. The average 
FRHI¿FLHQW�RI�GHWHUPLQDWLRQ��U2) was 0.87.

TABLE 1 Comparison of daily ET determined from eddy covariance system and the ET station 
for 15 dates from 2005 to 2006 in Florida, PR.

Date Vegetation Location Eddy Covariance 
ET(mm)

ET Station

(mm)

[ETeddy]/

[ETstation]

4/5/2005 Grass Florida 3.92 4.11 0.95

4/6/2005 Grass Florida 3.78 3.66 1.03

12/21/2006 Grass Puerto Rico 2.89 2.85 1.01

12/22/2006 Grass Puerto Rico 5.14 4.60 1.12

12/23/2006 Grass Puerto Rico 3.80 3.40 1.12

1/3/2007 Grass Puerto Rico 3.09 2.82 1.10

1/9/2007 Grass Puerto Rico 2.00 2.10 0.95

1/10/2007 Grass Puerto Rico 2.90 2.50 1.16

1/11/2007 Grass Puerto Rico 2.20 2.20 1.00

6/6/2007 Corn Puerto Rico 5.40 5.60 0.96

6/7/2007 Corn Puerto Rico 5.97 6.00 1.00

6/8/2007 Corn Puerto Rico 6.39 6.32 1.01

6/9/2007 Corn Puerto Rico 7.00 7.60 0.92

6/10/2007 Corn Puerto Rico 6.90 6.10 1.13

6/11/2007 Corn Puerto Rico 5.70 6.10 0.93

Average -- -- -- -- 1.03

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



518 Evapotranspiration: Principles and Applications for Water Management

FIGURE 1 Half-hour values of grass evapotranspiration (expressed in mm/hr) estimated using 
the eddy covariance system and ET station on April 5th and 6th, 2005 at the University of 
Florida Plant Science Research and Education Center near Citra, FL.

FIGURE 2 Half-hour values of corn evapotranspiration (expressed in mm/hr) estimated using 
the eddy covariance system and ET station for June 6, 7, 8, 9, 10 and (11–2007) at the University 
of PR Agricultural Experiment Station, Lajas, PR.
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Vapor Flux Measurement System 519

FIGURE 3 Half-hour values of grass evapotranspiration (expressed in mm hr–1) estimated 
using the eddy covariance system and ET station for December 21, 22, 23 (2006)  and January 
3, 9, 10, 11 (2007) at the University of PR Agricultural Experiment Station, Lajas, PR.

26.4 SUMMARY

The ET estimates from the ET station and eddy covariance methods were in reason-
ably good agreement. Because of the relatively low cost of the method described in 
this chapter, numerous stations could be deployed over a region with the purpose of 
validating or calibrating remote sensing estimates of ET. The system described in this 
chapter is approximately 20 to 7 times less expensive than the weighing lysimeter and 
eddy covariance methods, respectively. The Bowen Ratio method, although relatively 
inexpensive, nevertheless is about twice the cost of the system described in this chap-
ter. The procedure can be adopted for other locations worldwide.
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27.1 INTRODUCTION

In recent years great emphasis has been given to the potential impact that human in-
duced increases in atmospheric carbon dioxide (CO2) will have on the global climate 
during the next 50 to 100 years [1, 2]. Significant changes are expected to occur in the 
air temperature, sea surface temperature, sea level, and the magnitude and frequency 
of extreme weather events. Potential impacts on water resources in rain-dominated 
catchments, such as those found in the Caribbean Region [3] include: higher precipita-
tion extremes, increase in streamflow seasonal variability, with higher flows during 
the wet season and lower flows during the dry season; increase in extended dry period 
probabilities; and a greater risk of droughts and flood. Extended dry periods and the 
potential for greater evaporation will have a negative impact on lake levels used for 
freshwater supply. Groundwater use will likely be increased in the future due to in-
creasing demand, and because groundwater may be needed to offset declining surface 
sources during the drier months. Extended dry periods will also reduce soil moisture 
and therefore increase water demand by irrigated agricultural.

This chapter addresses the global warming-temperature dependent changes in ref-
erence evapotranspiration (ETo��DQG�SUHFLSLWDWLRQ�GH¿FLW��RU�SUHFLSLWDWLRQ�H[FHVV��IRU�
WKH�WZHQW\�¿UVW�FHQWXU\�DW�WKUHH�ORFDWLRQV�RQ�WKH�,VODQG�RI�3XHUWR�5LFR��,Q�WKLV�FKDSWHU��
IXWXUH�YDOXHV�RI�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�DQG�SUHFLSLWDWLRQ�GH¿FLW�ZHUH�HVWLPDWHG��
EDVHG�RQ�GDWD�IURP�D�JHQHUDO�FLUFXODWLRQ�PRGHO��*&0���7KLV�VWXG\�LV�WKH�¿UVW�RI�LWV�
kind in Puerto Rico and provides potentially important information for water resource 
planners.

Numerous other studies have been conducted using GCM output for hydrologic 
model forcing. Bouraoui et al. [4] coupled the hydrologic model ANSWERS [5] with 
a GCM showing that although large-scale GCM output data could be one of the best 
available techniques to estimate the effects of increasing greenhouse gases on pre-
cipitation and evapotranspiration, their coarse spatial resolution was not compatible 
with watershed hydrologic models. Bouraoui et al. [4] proposed a general methodol-
ogy to disaggregate large-scale GCM output directly to hydrologic models and il-
lustrated by predicting possible impacts of CO2 doubling on water resources for an 
agricultural catchment close to Grenoble, France. The results showed that the doubling 
atmospheric CO2 would likely reduce aquifer recharge causing a negative impact on 
groundwater resources in the study area. However, the authors warned the results were 
obtained from only one GCM and since many uncertainties still exist among different 
models, they must be used with caution. The disparate spatial scales between GCMs 
and hydrologic models requires that statistical or dynamic downscaling techniques be 
used [6].

0LOOHU� HW� DO�� >�@� DQDO\]HG� WKH� VHQVLWLYLW\� RI� &DOLIRUQLD� VWUHDPÀRZ¶V� WLPLQJ� DQG�
amount using two GCM projections and the U.S. National Weather Service – Rive 
Forecast Center’s Sacramento-Snow model and found that regardless of the GCM 
projection, the hydrologic response will lead to decreased snowpack, early runoff, and 
LQFUHDVHG�ÀRRG�OLNHOLKRRGV��ZLWK�D�VKLIW�LQ�VWUHDPÀRZ�WR�HDUOLHU�LQ�WKH�VHDVRQ��0DXUHU�
DQG�'XII\� >�@� HYDOXDWHG� WKH� LPSDFW� RI� FOLPDWH� FKDQJH� RQ� VWUHDPÀRZ� LQ�&DOLIRUQLD�
EDVHG�RQ�GRZQVFDOHG�GDWD� IURP� WHQ�*&0V��7KH\�REVHUYHG� VLJQL¿FDQW� GHWHFWLRQ�RI�
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GHFUHDVLQJ�VXPPHU�ÀRZV�DQG�LQFUHDVLQJ�ZLQWHU�ÀRZV��GHVSLWH�WKH�UHODWLYHO\�ODUJH�LQ-
termodel variability between the 10 GCMs. Brekke et al. [9] evaluated water resources 
for the San Joaquin Valley in California using two GCMs (HadCM2 and PCM). They 
SUHGLFWHG�LPSDFWV�RQ�UHVHUYRLU�LQÀRZ��VWRUDJH��UHOHDVHV�IRU�GHOLYHULHV��DQG�VWUHDPÀRZ��
They concluded that the results were too broad to provide a guide for selection of 
mitigation projects. Most of the impact uncertainty was attributed to differences in 
projected precipitation type (rain, snow), amount, and timing by the two GCMs. Det-
WLQJHU�HW�DO��>��@�DSSOLHG�D�FRPSRQHQW�UHVDPSOLQJ�WHFKQLTXH�WR�GHULYH�VWUHDPÀRZ�SURE-
ability distribution functions (PDFs) for climate change scenarios using six GCMs. 
7KH�UHVXOWV�LQGLFDWHG�WKDW�DOWKRXJK�WKH�WRWDO�DPRXQW�RI�WRWDO�VWUHDPÀRZ�SHU�ZDWHU�\HDU�
LQ�&DOLIRUQLD�GLG�QRW�FKDQJH�VLJQL¿FDQWO\��WKH�PHDQ����\HDU������±������FOLPDWRORJL-
FDO�SHDN�VWUHDPÀRZ�VKLIWHG����WR����GD\V�HDUOLHU�XQGHU�WKH�FOLPDWH�SURMHFWLRQ�VFHQDULR��
as was observed initially in 1987 [11]. The results were consistent with Stewart et al. 
>��@�ZKR�HYDOXDWHG�����ZHVWHUQ�1RUWK�$PHULFDQ�JDXJHV�IRU�WKHLU�WUHQGV�LQ�VWHDPÀRZ�
timing across western North America.

Regional or mesoscale models have also been used to evaluate potential future 
impacts on water resources. For example, Pan et al. [13] coupled the National Center 
for Atmospheric Research (NCAR)/Penn State University mesoscale model version 
5 (MM5), the U.S. Department of Agriculture (USDA) Soil Water Assessment Tools 
(SWAT), and the California Environmental Resources Evaluation System (CERES) 
together to form a two-way coupled soil-plant-atmosphere agroecozystem model. The 
purpose of this coupled model approach was to predict seasonal crop-available water, 
thereby allowing evaluation of alternative cropping systems.

The water cycle of tropical islands in the Caribbean Region is determined by a 
unique set of external and local factors. Although the general characteristics of the 
hydrological cycle are well understood, little information is available on the sensitiv-
LW\�RI�ÀX[�UDWHV�DQG�WKHUHIRUH��UHODWLYH�LPSRUWDQFH�RI�WKH�YDULRXV�FRPSRQHQWV�RI�WKH�
hydrologic cycle, especially under different global climate change scenarios and local 
land use practices in tropical regions. Furthermore, there is a lack of understanding 
relative to the linkage between mesoscale weather processes and the hydrologic cycle 
at the basin scale. Improving our understanding of these processes is crucial for man-
aging risks in the future related to climate and land use change. This study presents a 
methodology that can be used to evaluate reference evapotranspiration and precipita-
WLRQ�GH¿FLW��DV�GH¿QHG�E\�5HI��>��@���DQG�FDQ�SRWHQWLDOO\�EH�DSSOLHG�DW�RWKHU�ORFDWLRQV�
throughout the world. Other components of the hydrologic water balance and relative 
crop yield reduction are also evaluated.

27.2 MATERIALS AND METHODS

The objective of this study was to analyze future precipitation, reference evapotranspi-
ration, precipitation deficit and relative crop yield reduction at three locations in west-
ern PR. Although the temperature and precipitation data were downscaled to specific 
locations (Adjuntas, Mayaguez and Lajas, PR), generic values were assumed for other 
parameters required in the analysis. For example, soil texture was assumed to be clay, 
as this is the dominant soil texture in all three areas. This assumption affects the values 
of the soil field capacity and wilting point. Average values of evapotranspiration crop 
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coefficients and yield response factors were used for the generic crop, and average 
monthly runoff coefficients were used based on values derived from the two principal 
watersheds in the study area (Añasco and Guanajibo Watersheds).

Near-surface air temperature and precipitation were statistically downscaled to the 
three sites matching historical distributions (1960 to 2000) using the method of Miller 
et al. [15, 16]. Historical near surface air temperatures were obtained at 2-m height 
above the ground surface. The site locations were selected because they represent 
a relatively wide range of conditions within the region (Fig. 1, Table 1). Adjuntas is 
humid, receives a large amount of precipitation, is at a relatively high elevation, the 
topography is mountainous and is located relatively far from the coast. Mayagüez is 
humid, receives a large amount of precipitation, is located immediately adjacent to the 
0D\DJ�H]�%D\��WKH�HOHYDWLRQ�LV�FORVH�WR�VHD�OHYHO��WRSRJUDSK\�LV�UHODWLYHO\�ÀDW�QHDU�WKH�
ocean but rises in elevation away from the ocean. Lajas is less humid than the other 
WZR�ORFDWLRQV��UHFHLYHV�OHVV�SUHFLSLWDWLRQ��LV�ORFDWHG�LQ�D�ÀDW�YDOOH\��DQG�LV�DERXW�KDOI�
the distance to the ocean as Adjuntas. The Lajas Valley, designated by the Common-
wealth of Puerto Rico as an Agricultural Reserve, is well-known for its elaborate ir-
rigation and drainage system. Irrigation water is derived from the Lago Loco reservoir 
located at the eastern end of the Lajas Valley [17].

FIGURE 1 Map of Puerto Rico showing the locations of Adjuntas (A), Mayagüez (M) and 
Lajas (L). Numbers indicate National Oceanographic and Atmospheric Administration (NOAA) 
Climatic Divisions: 1, North Coastal; 2, South coastal; 3, Northern Slopes; 4, Southern Slopes; 
5, Eastern Interior; and 6; Western Interior.

TABLE 1 Latitude, elevation, average precipitation, average temperature, NOAA Climate 
Division and distance to the coast for the three study locations in Puerto Rico.

Location Units Adjuntas Mayaguez Lajas

Latitude Decimal degrees 18.18 18.33 18.00

Elevation from m.s.l. m 549 20 27

Annual Rainfall mm 1871 1744 1143

Tmean oC 21.6 25.7 25.3

Tmin oC 15.2 19.8 18.8

Tmax oC 27.9 30.5 31.7

NOAA Climate Division --- 6 4 2

Distance to Ocean km 22 3 10
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TABLE 2 Temperature correction factor Ko used in Eq. 2 for NOAA Climatic Divisions 2, 
4 and 6 within Puerto Rico [Harmsen et al.,  2002].

NOAA Climate Division 2 4 and 6

Ko (
oC) -2.9 0

a See Fig. 1 for climatic divisions 2, 4 and 6.  Note that climatic divisions 1, 3 and 5 in Fig. 1 are not 
relevant in this chapter. 

The GCM data were obtained from the Department of Energy (DOE)/National 
Center for Atmospheric Research (NCAR) Parallel Climate Model (PCM) [18]. The 
emission scenarios considered are from the Intergovernmental Panel on Climate 
Change Special Report on Emission Scenarios (IPCC SRES) B1 (low) A2 (mid-high) 
DQG�$�¿��KLJK��>��@�

Reference evapotranspiration (ETo) was estimated using the Penman-Monteith 
(PM) method [20]:
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ZKHUH��¨�LV�D�VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH�>N3D�°C-1], Rn is net radiation (MJ.m-2 
.day-1), G is soil heat flux density (MJm-2day-1), Ȗ�LV�psychrometric constant (kPa°C-1), 
T is mean daily air temperature at 2 m height (°C), u2 is wind speed at 2 m height (m 
s-1), es is the saturated vapor pressure and ea is the actual vapor pressure (kPa). Eq. (1) 
applies specifically to a hypothetical reference crop with an assumed crop height of 
0.12 m, a fixed surface resistance of 70 sec m-1 and an albedo of 0.23.  Vapor pressure 
was calculated using the following equation:

 ( ) 17.270.6108 exp
237.3

Te T
T

⎛ ⎞= ⎜ ⎟⎝ ⎠+
 (2)

where: e(T) is vapor pressure (KPa) evaluated at temperature T (oC).  Saturated and 
actual vapor pressures were estimated using eq. (2) with the mean monthly air tem-
perature (Tmean, 

oC) and mean monthly dew point temperature (Tdew, oC), respectively. 

In this study Tdew was assumed to be equal to Tmin for the Adjuntas and Mayaguez 
sites, a valid assumption for reference conditions or regions characterized as humid 
and subhumid [21]. For nonreference sites or arid and semiarid climates, the Tdew can 
be estimated from the following relation [20]: Tdew = Tmin + Ko, where, Ko is a tem-
perature correction factor (Ko < 0). Lajas is located in the National Oceanographic and 
Atmospheric Administration’s (NOAA) Climate Division 2 for PR (Fig. 1), which is 
FODVVL¿HG�DV�VHPLDULG��+DUPVHQ�HW�DO��>��@�GHWHUPLQHG�D�YDOXH�RI�Ko� �í����&�IRU�WKLV�
climate division, which was used in this study for the Lajas site (Table 2).

The FAO recommends that wind speed be estimated from nearby weather stations, 
RU�DV�D�SUHOLPLQDU\�¿UVW�DSSUR[LPDWLRQ��WKH�ZRUOGZLGH�DYHUDJH�RI���P�V�FDQ�EH�XVHG��
In this study we used the wind speed values presented by Harmsen et al. [22], which 
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were based on average station data within the Climatic Divisions established by the 
NOAA (Fig. 1), and are presented in Table 3. The data in Table 3 were derived from 
wind speed sensors located at airports and university experiment stations. Average 
wind speeds were based on San Juan and Aguadilla for Div. 1; Ponce, Aguirre, Fortuna 
and Lajas, for Div. 2; Isabela and Rio Piedras for Div. 3; Mayagüez, Roosevelt Rd. 
and Yabucoa for Div. 4; Gurabo for Div. 5; and Corozal and Adjuntas for Div. 6. The 
sensor heights were 10 m and 0.58 m above the ground for the airports and experiment 
stations, respectively. The experiment station wind speed sensors were the standard 
agricultural cup-type anemometer which measures the daily distance in miles. Infor-
mation about the airport wind speed sensors was not available. Harmsen et al. [22] 
obtained the wind speed data from the International Station Meteorological Climate 
Summary [23]. Measured wind speeds were adjusted to the wind speed at 2 m above 
the ground using the following equation [20]: u2 = (4.87 uz) / (ln(67.8 z í�����@��ZKHUH�
uz is the wind speed at height z above the ground.

TABLE 3 Average daily wind speeds [at 2 m height above the ground] during 12-months and 
NOAA  Climatic Divisions within Puerto Rico  [Harmsen et al. 2002, 22].
Month Average daily wind speed (m/s)b

NOAA Climate Divisiona

1 2 3 4 5 6

Jan 2.7 1.8 2.2 1.8 1.1 1.3

Feb 2.8 2.0 2.4 2.0 1.3 1.5

Mar 3.0 2.2 2.6 2.1 1.4 1.5

Apr 2.9 2.1 2.4 2.1 1.5 1.5

May 2.6 2.2 2.2 2.0 1.6 1.6

Jun 2.6 2.4 2.4 2.0 1.7 1.8

Jul 2.9 2.4 2.7 2.0 1.6 1.8

Aug 2.7 2.1 2.5 1.8 1.3 1.5

Sep 2.1 1.7 2.0 1.6 1.1 1.2

Oct 1.9 1.5 1.8 1.6 0.9 1.1

Nov 2.2 1.4 2.0 1.6 0.9 1.0

Dec 2.6 1.5 2.3 1.6 0.9 1.0

a See Fig. 1 for NOAA Climate Divisions
b Averages are based on:
  San Juan and Aguadilla for Division 1; 
  Ponce, Aguirre, Fortuna and Lajas, for Division 2; 
  Isabela and Rio Piedras for Division 3; 
  Mayaguez, Roosevelt Road and Yabucoa for Division 4; 
  Gurabo for Division 5; 
  and Corozal and Adjuntas for Division 6.

Solar radiation (Rs) was estimated using the Hargreaves’ radiation formula [24]:

 Rs = kRs(Tmax – Tmin)
1/2 Ra (3)
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where: kRs is an adjustment factor equal to 0.16 for interior locations (Adjuntas) and 
0.19 for coastal locations (Mayagüez and Lajas); Tmax and Tmin are the mean monthly 
maximum and minimum air temperature (°C), respectively; and Ra is the extraterres-
trial radiation (Wm–2). The various formulas used to calculate Ra (Eq. (2)), Rn and G 
(Eq. (1)) are presented by Allen et al. [20].

7KH�SUHFLSLWDWLRQ�GH¿FLW��3'��ZDV�HVWLPDWHG�E\�VXEWUDFWLQJ�WKH�PRQWKO\�FXPXOD-
tive ETo from the monthly cumulative precipitation (P). This approach has been used 
previously by De Pauw [14] in an agroecological study of the Arabian Peninsula. A 
positive value indicates water in excess of crop water requirements and a negative 
YDOXH�LQGLFDWHV�D�GH¿FLW�LQ�WHUPV�RI�FURS�ZDWHU�UHTXLUHPHQWV��,W�VKRXOG�EH�QRWHG�WKDW�
we estimated PD using the reference evapotranspiration and not the actual crop evapo-
transpiration.

Relative crop yield reduction was estimated from the expression presented by Al-
len et al. [20]:

 YR = Ky (1–Ks) (4)

where: YR is relative crop yield reduction, Ky is a yield response factor, Ks is a water 
VWUHVV�FRHI¿FLHQW�GH¿QHG�DV�WKH�UDWLR�RI�(7cadj to ETc.

 ETcadj = Ks ETc (5)

and

 ETc = KcETo,  (6)

where, ETcadj is the adjusted crop evapotranspiration accounting for limited water 
availability, ETc is the crop evapotranspiration under well watered conditions, ETo is 
crop reference evapotranspiration, and Kc is the evapotranspiration crop coefficient.

In this study a generic crop with Kc, and Ky values equal to 1 is considered. The 
assumption of a Kc equal to 1 is especially applicable for long season crops such as ba-
nana, pineapple, sugar cane, and citrus, in which the mid season lengths are 120–180 
day, 600 days, 135–210 days, and 120 days, respectively. For these same crops, aver-
age mid season Kc values are 1.15, 0.5, 1.25 and 0.8 (average 0.94). Here we assume 
the generic crop has a seasonal yield response factor Ky equal to 1. Allen et al. [20] 
reported Ky values for 24 crops with an average value of 1.04. Considering the evapo-
WUDQVSLUDWLRQ�FURS�FRHI¿FLHQW�YDOXHV�IRU�MXVW�WKHVH����FURSV��WKH�DYHUDJH�Kc rounds to 
1.1. However, crops are within the “mid” growth stage only a portion of the time, and 
during other periods the Kc�ZRXOG�EH�ORZHU��WKHUHIRUH�D�ORZHU�YDOXH�RI�����LV�MXVWL¿HG�

7KH�FURS�VWUHVV�FRHI¿FLHQW��Ks, was determined as follows: for soil moisture values 
EHWZHHQ�WKH�VRLO�¿HOG�FDSDFLW\��șFC) and the threshold moisture content (șt), equal to 
the șFC minus the readily available water (RAW), Ks was equal to 1. Between the șt 
and the soil wilting point (șWP), Ks varied linearly between 1 (at șt) and 0 (at șWP). 
5$:�LV�GH¿QHG�DV�S�7$:��ZKHUH�S�LV�WKH�DYHUDJH�IUDFWLRQ�RI�WKH�WRWDO�DYDLODEOH�ZDWHU�
(TAW) that can be depleted from the root zone before moisture stress occurs and ET 
is reduced. In this study we used a value of p equal to 0.5, a recommended value for 
forage crops, grain crops and deep rooted row crops [25].
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The volumetric soil moisture content is needed to estimate Ks and YR. In this 
DQDO\VLV�D�JHQHULF�YHUWLFDO�RQH�PHWHU�FOD\�VRLO�SUR¿OH�ZDV�DVVXPHG��SUHGRPLQDQW�
soil texture in Puerto Rico) with the following characteristics [26]: soil porosity 
(ĳ�� �����PP��¿HOG�FDSDFLW\��)&�� �����PP�DQG�ZLOWLQJ�SRLQW��:3�� �����PP��
The mean-monthly soil moisture content was derived from the following water 
balance:

 Si+1 = Pi – ETcadj, i– ROi – Rechi + Si,  (7)

where, Si+1 is the depth of soil water at the beginning of month i+1 (mm), Si is the depth 
of soil water in the profile at the beginning of month i(mm), Pi is precipitation during 
month i(mm), ETcadj, i is actual evapotranspiration during month i(mm), ROi is surface 
runoff during month i(mm) and Rechi is percolation or aquifer recharge during month 
i(mm).

Surface runoff was determined based on the following simple monthly runoff 
equation:� 52�= C P, where P is monthly precipitation and C is monthly runoff 
FRHI¿FLHQW��7KH�PRQWKO\�YDOXHV�RI�C were derived from the ratio of runoff (stream 
ÀRZ�� DQG� SUHFLSLWDWLRQ� GDWD� IURP� WKH� WZR� SULQFLSDO�ZDWHUVKHGV� LQ� WKH� VWXG\� DUHD�
(Añasco and the Guanajibo watersheds). The 12 monthly C values (January through 
December) were 0.40, 0.29, 0.30, 0.31, 0.51, 0.38, 0.30, 0.29, 0.52, 0.52, 0.60, and 
������UHVSHFWLYHO\��+LVWRULFDO�DYHUDJH�VWUHDPÀRZ�ZDV�REWDLQHG�IURP�WKH�86*6�IRU�
Water Year 2002 [27]. Average monthly watershed precipitation was derived from 
interpolated rain gauge data obtained from the USGS, covering the period between 
1990 to 2000.

Aquifer recharge was estimated from the following relations:

 Si+1 = Pi – ETcadj, i – ROi + Si (8a)

If  Si+1���)&�WKHQ�5HFKi = 0 (8b)

If Si+1> FC then Rechi = Si+1 – FC, and Si+1 = FC (8c)

27.3 RESULTS AND DISCUSSION

Figure 2 shows the average daily air temperatures for the three locations derived from 
historical records. The slopes of the trend lines were 9×10–5°C/day, 8×10–5°C/day and 
5×10–6°C/day, respectively, for Adjuntas, Mayagüez and Lajas. The slopes for the Ad-C/day, respectively, for Adjuntas, Mayagüez and Lajas. The slopes for the Ad-
juntas and Mayagüez data were statistically significant at the 95% confidence level. 
However, the slope for the Lajas data was not significant. From 1970 to 2000 the 
average temperature at Adjuntas increased by 0.99°C. From 1961 to 2000 the average 
temperature for Mayagüez increased by 1.17°C. These increases in temperature are 
significantly greater than the global average increase of 0.6 ± 0.2°C during the last 
century. 
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FIGURE 2 Historic daily mean air temperatures at Adjuntas (a), Mayaguez (b) and Lajas ©, 
PR. Linear trend lines and associated equations have been included.

6LQFH�WKH�VORSH�DVVRFLDWHG�ZLWK�WKH�/DMDV�UHJUHVVLRQ�HTXDWLRQ�ZDV�QRW�VLJQL¿FDQW��
an estimate of the increase in temperature based on the slope is not appropriate. It 
VKRXOG�EH�QRWHG�WKDW�WKH�QRQVLJQL¿FDQW�LQFUHDVH�LQ�DLU�WHPSHUDWXUH�IRU�/DMDV�LV�DQRPD-
lous when compared with the data presented by Ramirez-Beltran et al. [28], who in-
dicated an average trend in air temperature in Puerto Rico, based on data from 53 sta-
tions collected between 1950 and 2006, similar to those shown in Figs. 2a and 2b, for 
Adjuntas and Mayagüez, respectively. Similar increasing air temperature trends have 
been observed in the Dominican Republic, Haiti, Jamaica and Cuba [28]. 
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532 Evapotranspiration: Principles and Applications for Water Management

Whatever caused the Lajas historical air temperature data to respond differently 
than the other two sites (possibly moved instrument, change of instruments, station 
proximity to paved road, and/or land use change), the temperature increase predicted 
by the statistical downscaling procedure preserved the increase in temperature for 
Lajas for the next 100 years, as shown in Figure 3 (Scenario A2). Figure 3 also shows 
predicted minimum and maximum air temperatures. Figs. 4, 5 and 6 show the air 
temperature difference (Tmax–Tmin���YDSRU�SUHVVXUH�GH¿FLW��93'���DQG�UHIHUHQFH�HYDSR-
transpiration (ETo) for the A2 scenario for Lajas during the next 100 years. Increasing 
variance can be observed in the Tmax-Tmin, VPD and ETo data, which is probably due to 
the increasing variance evident in the mean air temperature (Fig. 3). Interestingly, the 
variance in the minimum temperature can be seen to decrease with time.

FIGURE 3 Monthly minimum, mean and maximum air temperature for the A2 scenario at 
Lajas. Linear regression trend lines are shown.
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FIGURE 4 Mean monthy Tmax–Tmin for the A2 scenario at Lajas. Linear regression trend 
lines are shown.

FIGURE 5 Mean monthly vapor pressure deficit (VPD) for the A2 scenario at Lajas. Linear 
regression trend lines are shown.
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534 Evapotranspiration: Principles and Applications for Water Management

FIGURE 6 Mean monthly reference evapotranspiration for the A2 scenario at Lajas. Linear 
regression trend lines are shown.

For the wettest (September) and driest (February) months, respectively, Figure 
7 shows increasing precipitation during September (i.e., positive slope in the linear 
regression trend line) and a slight decrease in precipitation during February (i.e., nega-
tive slope). Figure 8 shows the predicted monthly average precipitation for each month 
of the year for the years 2000 and 2090 for the three climate change scenarios for the 
Lajas location. The predicted precipitation values are based on 20-year averages, for 
example, the average monthly precipitation for 2000 was based on the average of the 
monthly precipitation from 1990 through 2010. Note that the 2000 precipitation re-
VXOWV�YDU\�VOLJKWO\�EHWZHHQ�VFHQDULRV��7KLV�LV�GXH�WR�WKH�LQÀXHQFH�RI�WKH�FOLPDWH�FKDQJH�
scenario during the period between 2000 and 2010. Slight variations in the 2000 re-
sults for other predicted variables between scenarios will also be observed.

Figure 9 indicates that the B1 scenario average monthly precipitation does not 
FKDQJH� VLJQL¿FDQWO\� EHWZHHQ������ DQG������ IRU� WKH�PRQWKV� RI�1RYHPEHU� WKURXJK�
-XO\��+RZHYHU��IRU�WKH�$�¿�VFHQDULR��WKH������PRQWKO\�SUHFLSLWDWLRQ�GURSSHG�PDUN-
edly (–50 mm on average) during these months, relative to 2000. In all scenarios the 
�����UDLQIDOO�LQFUHDVHG�VLJQL¿FDQWO\�GXULQJ�6HSWHPEHU������PP�RQ�DYHUDJH���UHODWLYH�
to 2000. The results are consistent with other studies indicating the rainy season in the 
Caribbean will become wetter and the dry season will become drier [e.g., 2, 3, 29, 30].
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FIGURE 7 Estimated precipitation at Lajas for climate change scenario A2 for February and 
September.

FIGURE 8 Precipitation (P) for Lajas for scenario B1 (a), A2 (b) and A1fi © by month for 
2000 and 2090 for Lajas, PR.
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536 Evapotranspiration: Principles and Applications for Water Management

FIGURE 9 Precipitation deficit (PD) for Lajas for scenario B1 (a), A2 (b) and A1fi © by 
month for 2000 and 2090 for Lajas, PR. A negative value indicates a deficit and a positive value 
indicates an excess precipitation with respect to crop water requirements.

Table 4a presents PD for the three locations and the three climate change scenarios 
for the months of February and September, for the years 2000, 2050 and 2090. Note 
WKDW�DOO�RI�WKH�YDOXHV�IRU�)HEUXDU\�DUH�QHJDWLYH�LQGLFDWLQJ�D�GH¿FLW�LQ�WHUPV�RI�FURS�ZD-
ter requirements and all but one value for September are positive indicating an excess 
in terms of crop water requirements. Table 4b presents the difference in the PD relative 
to the year 2000.

7DEOH��D� VKRZV� LQFUHDVLQJ�GH¿FLWV� LQ�)HEUXDU\�DW� DOO� ORFDWLRQV� IRU� WKH�$�¿�DQG�
$�� VFHQDULRV��$OWKRXJK� WKHUH�ZDV� DQ� LQFUHDVH� LQ� WKH� GH¿FLW� IRU� WKH�%�� VFHQDULR� LQ�
)HEUXDU\��WKH�WUHQG�LV�QRW�DV�FOHDU��,QWHUHVWLQJO\�WKH�ODUJHVW�GH¿FLW�RFFXUUHG�IRU�WKH�$��
VFHQDULR��±������PP���QRW�WKH�$�¿�VFHQDULR��ZKLFK�ZDV�H[SHFWHG�VLQFH�WKH�$�¿�VFH-
QDULR�SURGXFHV�KLJKHU�DLU�WHPSHUDWXUHV��+RZHYHU�WKH�GH¿FLW�DVVRFLDWHG�ZLWK�WKH�$�¿�
scenario for Adjuntas for 2090 was essentially identical (–130.5 mm). The higher (or 
HTXDO��YDOXH�RI�3'�IRU�WKH�$��VFHQDULR�UHODWLYH�WR�WKH�$�¿�VFHQDULR�ZDV�OLNHO\�FDXVHG�
by the fact that the A2 scenario produced slightly lower rainfall (35.89 mm) as com-
SDUHG�WR�WKH�UDLQIDOO��������PP��SURGXFHG�XQGHU�WKH�$�¿�VFHQHULR�
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TABLE 4 (VWLPDWHG�6HSWHPEHU�SUHFLSLWDWLRQ�GH¿FLW� �$�� DQG� FKDQJH� LQ�SUHFLSLWDWLRQ�GH¿FLW�
(PD) relative to the year 2000 (B) for Adjuntas, Mayaguez and Lajas, for 2000, 2050 and 2090. 
9DOXHV� UHSUHVHQW� ���\HDU� DYHUDJHV��$� QHJDWLYH� YDOXH� LQGLFDWHV� D� SUHFLSLWDWLRQ� GH¿FLW� DQG� D�
positive value indicates a precipitation excess relative to crop water requirements.

4A Precipitation deficit (mm)

February September

Scenario Year Adjuntas Mayaguez Lajas Adjuntas Mayaguez Lajas

A1fi

2000 –6.2 –52.7 –80.3 169.1 100.5 –21.5

2050 –25.6 –70.3 –105.2 250.4 178.0 9.7

2090 –35.8 –84.5 –130.5 480.7 377.4 150.4

A2

2000 36.9 –22.2 –42.3 222.2 144.0 17.6

2050 –28.6 –77.2 –103.0 339.3 241.4 84.0

2090 –41.2 –113.9 –130.8 467.1 344.8 162.7

B1

2000 14.4 –38.2 –51.5 249.0 168.1 40.6

2050 –18.9 –72.5 –92.1 301.9 206.5 74.4

2090 –3.7 –72.1 –80.1 437.2 305.3 159.0

4B Change in precipitation deficit (PD, mm) relative to year 2000

February September

Scenario Year Adjuntas Mayaguez Lajas Adjuntas Mayaguez Lajas

A1fi

2000 0.0 0.0 0.0 0.0 0.0 0.0

2050 –19.3 –17.6 –24.9 81.3 77.5 31.2

2090 –29.6 –31.8 –50.2 311.5 276.9 171.9

A2

2000 0.0 0.0 0.0 0.0 0.0 0.0

2050 –65.5 –55.0 –60.7 117.1 97.5 66.4

2090 –78.1 –91.7 –88.5 244.9 200.9 145.1

B1

2000 0.0 0.0 0.0 0.0 0.0 0.0

2050 –33.2 –34.3 –40.6 52.8 38.4 33.9

2090 –18.1 –33.9 –28.5 188.1 137.2 118.4

Notes:  Table 4A presents PD (mm)  for  the three locations and the three climate change 
scenarios for  the months of  February and September, and for  the years 2000, 2050 and 2090. 
1RWH�WKDW�DOO�RI�WKH�YDOXHV�IRU�)HEUXDU\�DUH�QHJDWLYH�LQGLFDWLQJ�D�GH¿FLW�LQ�WHUPV�RI�FURS�ZDWHU�
requirements, and all but one value for September is positive indicating an excess in terms of 
crop water requirements. 
Table 4B presents the difference in the PD relative to the year 2000.

Tables 5a and 5b, respectively, present the February and September average com-
ponents of the hydrologic water balance for the three study areas for years 2000, 2050 
DQG������XQGHU�FOLPDWH�FKDQJH�VFHQDULRV�%���$��DQG�$�¿��7KH�SUHGLFWHG�FRPSRQHQWV�
of the hydrologic water balance are based on 20-year averages.

From Table 5a (February), the following observations can be made: in general, 
ETcadj, surface runoff and soil moisture content decreased with time. An exception to 
this is scenario B1 for Adjuntas, in which the ETcadj more or less remained the same. 
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Aquifer recharge in February generally decreased, and in all cases dropped to zero by 
2090, except for scenario B1 at Adjuntas. It is noted that the current condition (2000) 
aquifer recharge in most cases is negligible. From Table 5b (September), the following 
observations can be made: precipitation, surface runoff and aquifer recharge increased 
with time.

TABLE 5A February components of the hydrologic water balance for  the three study areas for  
\HDUV������������DQG������XQGHU�FOLPDWH�FKDQJH�VFHQDULRV�%���$���DQG�$�¿�

SITE SCENARIO YEAR P ETo ETcadj RO RECH MC YR

mm               %

Adjuntas A1FI 2000 97 103 67 28 8 32 35

2050 76 102 54 22 0 30 46

2090 60 96 45 17 0 28 53

A2 2000 139 102 75 40 14 34 26

2050 72 100 53 21 2 29 47

2090 56 97 52 17 0 29 46

B1 2000 116 102 69 33 23 32 32

2050 83 102 67 28 0 31 34

2090 98 101 72 27 6 33 28

Lajas A1FI 2000 66 146 43 19 0 26 69

2050 54 159 38 16 0 25 76

2090 43 173 33 12 0 24 81

A2 2000 98 140 65 27 0 28 53

2050 48 151 37 14 0 25 75

2090 36 167 35 10 0 25 79

B1 2000 88 140 51 25 8 28 62

2050 54 146 42 15 0 25 70

2090 68 148 42 19 0 26 70

Mayaguez A1FI 2000 72 124 49 20 0 27 60

2050 57 127 42 16 0 26 67

2090 45 129 31 13 0 25 76

A2 2000 72 124 49 30 0 27 60

2050 53 130 39 15 0 26 70

2090 41 136 33 12 0 25 76

B1 2000 87 126 50 25 5 28 59

2050 60 133 44 17 0 26 67

2090 72 144 47 21 0 26 67

NOTE:  P is precipitation; ETo is reference evapotranspiration; ETcadj is the actual evapotranspiration 
adjusted for soil moisture availability; RO is surface runoff; RECH is aquifer recharge; and SM is soil 
moisture; and YR is relative crop yield reduction. 
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TABLE 5B September components of the hydrologic water balance for  the three study areas 
IRU��\HDUV������������DQG������XQGHU�FOLPDWH�FKDQJH�VFHQDULRV�%����$���DQG�$�¿�

SITE SCENARIO YEAR P ETo ETcadj RO RECH MC YR
mm               %

Adjuntas A1FI 2000 297 128 125 153 56 41 3
2050 376 125 119 194 88 41 5
2090 599 118 118 309 224 43 0

A2 2000 348 126 125 180 75 42 1
2050 462 123 123 239 142 43 0
2090 583 116 116 309 219 44 0

B1 2000 374 125 125 188 94 42 0
2050 426 124 121 211 136 41 2
2090 560 123 123 270 219 43 0

Lajas A1FI 2000 157 178 110 81 8 31 37
2050 210 200 130 108 8 32 35
2090 366 216 171 189 74 36 20

A2 2000 189 171 136 105 6 34 20
2050 262 178 146 119 35 35 18
2090 351 188 161 182 59 38 14

B1 2000 211 171 128 109 15 34 25
2050 250 175 131 129 33 35 25
2090 335 176 145 173 74 37 17

Mayaguez A1FI 2000 254 154 143 131 32 39 7
2050 323 145 133 167 65 40 9
2090 523 146 145 270 171 42 1

A2 2000 254 154 143 155 32 39 7
2050 401 159 157 207 94 42 2
2090 509 164 164 263 163 42 0

B1 2000 323 155 145 167 61 40 6
2050 370 163 147 191 94 40 9
2090 488 183 177 252 153 40 3

P is precipitation; ETo is reference evapotranspiration; ETcadj is the actual evapotranspiration adjusted for 
soil moisture availability; RO is surface runoff; Rech is aquifer recharge; and SM is soil moisture; and YR 
is relative crop yield reduction.

Table 5b indicates that surface runoff is predicted to increase during September for 
all scenarios and locations. This is a positive result with respect to irrigation water sup-
ply; however, surface water may suffer due to increased soil erosion and may lead to 
DFFHOHUDWHG�¿OOLQJ�RI�UHVHUYRLUV�E\�VHGLPHQWDWLRQ��7KHUH�ZDV�QR�FOHDU�WUHQG�ZLWK�ETcadj; 
Adjuntas ETcadj decreased, while Lajas and Mayaguez increased. Soil moisture content 
in general increased, except for the B1 scenario for Mayaguez, in which the moisture 
content remained constant at 40 percent. In February the ETcadj was markedly lower than 
the ETo (Table 5a), whereas for September the ETcadj was similar in magnitude to ETo.

Little research has been done on the impacts of climate change on aquifer recharge 
[3]. However, for the three scenarios considered in this study, aquifer recharge increased 
at all locations by 108 mm (overall average) between 2000 and 2090 in September, the 
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season when the majority of the island’s aquifer recharge occurs. The February overall 
average aquifer recharge decreased by only by 5 mm. Since the drier months do not con-
WULEXWH�VLJQL¿FDQWO\�WR�DTXLIHU�UHFKDUJH��D�ODUJH�LQFUHDVH�GXULQJ�WKH�ZHW�VHDVRQ�ZLOO�OLNHO\�
produce a net increase in the annual aquifer recharge. This is good news from a ground-
water production standpoint. Increasing aquifer recharge also suggests that groundwater 
levels may increase and this may help to minimize saltwater intrusion near the coasts as 
sea levels rize, provided that groundwater use is not oversubscribed. Saltwater intrusion 
has already been observed at coastal locations in Puerto Rico (e.g., [31]).

The relative crop yield reduction (YR) increased in February (Table 5a), and de-
creased or remained essentially unchanged in September (Table 5b). A note is in order 
relative to the interpretation of YR. Typically, YR is used to estimate the seasonal crop 
yield reduction. In this study, we are applying the index on a monthly basis. Crop sea-
sons in Puerto Rico for typical agricultural crops are three to four months in duration, 
or longer. Therefore, an estimated YR value for a single month should not be taken as a 
seasonal relative crop yield reduction. Rather, the monthly YR should only be viewed 
as a contributor toward the overall seasonal yield reduction.

Figure 10 shows the average monthly variation in the relative crop yield reduction 
for Lajas for 2000 and 2090 for the three climate change scenarios. Under current 
FRQGLWLRQV��ZLWKRXW�LUULJDWLRQ��FURSV�JURZQ�LQ�/DMDV�ZLOO�H[SHULHQFH�D�VLJQL¿FDQW�\LHOG�
reduction. This can be seen from the results for the current (Year 2000) period in the 
Figure10 (a, b, c). Under the B1 scenario for Lajas(Figure 10A), the relative crop yield 
UHGXFWLRQ�GLG�QRW�FKDQJH�VLJQL¿FDQWO\�LQ�WKH�IXWXUH��+RZHYHU��XQGHU�WKH�$�¿�VFHQDULR�
�)LJXUH���&��� WKH� UHODWLYH� FURS�\LHOG� UHGXFWLRQ� LQFUHDVHG� VLJQL¿FDQWO\� LQ� WKH� IXWXUH�
during the May/June period (greater than 20%). The relative crop yield reduction de-
creased for all scenarios during September owing to higher soil moisture conditions.

FIGURE 10 Relative crop yield reduction (YR) for Lajas for scenario B1 (a), A2 (b) and A1 
(c) by month for 2000 and 2090 for Lajas, PR.
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27.4 LIMITATIONS IN THE RESULTS PRESENTED

The results presented in this chapter should necessarily be viewed with caution since 
they are based in part on coarse resolution GCM data downscaled to single sites. 
As Pielke et al. [32] rightly point out, future “agricultural impacts extend far be-
yond a global mean temperature and include other anthropogenic climate forcings.” 
Some of these forcings include land-use change, atmospheric aerosols, and complex 
nonlinear feedbacks, not accounted for in present-day, and likely next-generation, 
GCMs. Statistical downscaling itself assumes that the predictor – predictand rela-
tionship remains constant in time with stationary dynamic conditions under future 
climate change [33]. Furthermore, this study was based on only one GCM and since 
many uncertainties still exist among different models, the results need to be used 
with caution [4].

Several simplifying assumptions were made with respect to parameters used in 
the analysis, which may also contribute to uncertainty in the results of this study. 
However, it is quite possible that the uncertainties in the assumptions made relative to 
the parameters are less than the uncertainties associated with the future climate predic-
tions, and therefore, a more precise parameterization may be unwarranted.

27.5 SUMMARY

The purpose of this study was to estimate reference evapotranspiration, precipita-
tion deficit and relative crop yield reduction for a generic crop under climate change 
conditions for three locations in western Puerto Rico: Adjuntas, Mayagüez, and 
Lajas. Precipitation and temperature data from the DOE/NCAR PCM global circu-
lation model was statistically downscaled to the three study locations. The 100 year 
(2000 to 2100) climate change/hydrologic analysis focused on the driest and wettest 
months of the year (i.e., February and September, respectively). The results from 
this study are consistent with other studies which indicate that the rainy season will 
become wetter and the dry season will become drier. This has important implications 
on agricultural water management. With increasing precipitation deficits during the 
dry months, the agricultural sector’s demand for water will increase, which may lead 
to conflicts in water use.

The analysis revealed that lower soil moisture and increases in the relative crop 
\LHOG�UHGXFWLRQ�ZHUH�DVVRFLDWHG�ZLWK�LQFUHDVLQJ�SUHFLSLWDWLRQ�GH¿FLWV�GXULQJ�WKH�GU\�
season. Relative crop yield reduction decreased during September, and was associated 
with increasing precipitation excess. Runoff and aquifer recharge can be expected to 
increase in the future during the wet season. The additional surface runoff can possibly 
be captured in newly constructed reservoirs to offset the higher irrigation requirements 
during the drier months, however, increased surface runoff may be associated with 
increased soil erosion and degradation of reservoirs. Increased aquifer recharge during 
the wet season will help offset potential increased demand for water and may increase 
groundwater water levels in coastal areas, which will help to counter the growing 
threat of saltwater intrusion in Puerto Rico’s coastal aquifers.
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28.1 INTRODUCTION

Remote sensing methods for estimating evapotranspiration (ET) are needed for tropi-
cal conditions. Various techniques have been developed based on radiation [17] and 
surface energy budget methods [1, 5]. In this study a solar radiation based method-
ology is used for estimating reference and actual ET for the Caribbean region. 
Remote sensing of solar radiation has several important advantages over the use of 
pyranometers networks including large spatial coverage, relatively high spatial reso-
lution, and the availability of data in remote, inaccessible regions and countries that 
may not have the means to install a ground-based pyranometers network [17]. This 
chapter introduces a remote sensing methodology to estimate reference ET for 
Puerto Rico, Haiti and the Dominican Republic. Actual ET is estimated for Puerto 
Rico using an energy balance technique and applied in a water balance calculation. 
Results for surface runoff, aquifer recharge and soil moisture are presented. The 
development of the methodology has advanced more quickly in Puerto Rico; there-
fore, the information presented here can be considered a prototype of what is being 
developed for the other two countries (i.e., Haiti and the Dominican Republic). This 
methodology can also be used for other tropical regions of the world.

28.2 THEORETICAL METHODS FOR EVAPOTRANSPIRATION 
ESTIMATIONS

Reference ET is estimated with the original radiation-based Hargreaves formula [10, 
11] is given in Eq. (1). The daily actual evapotranspiration (ETa) was obtained by con-
verting the latent heat flux (LE) for each 1 km2 pixel to an equivalent depth of water 
using the latent heat of vaporization. The latent heat, LE, was estimated using the 
Eq. (2) described by Monteith and Unsworth [13].

  ETo = 0.0135 [(0.408 Rs) (T+17.8)] (1)

 
( ) ( )( )
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LE

r r
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γ
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+  (2)

 
17.270.6018 exp

237.3
Te

T
⎛ ⎞⎡ ⎤= ⎜ ⎟⎢ ⎥+⎝ ⎠⎣ ⎦  (3)

In Eq. (1): Rs is  solar radiation and Ta is the average daily air temperature. The 
0.408 value converts the solar radiation from units of MJ/m2 day to mm of water per 
GD\��,Q�(T�������ȡ� LV� WKH� GHQVLW\�RI� GU\� DLU��& p� LV� WKH� VSHFLILF� KHDW� RI� DLU�� Ȗ� LV� SV\�Ȗ� LV� SV\� is psy-
chrometric constant; e o (Ts) is the saturated vapor pressure at the effective surface 
temperature Ts; e(Ta)  is the  actual vapor pressure at the air temperature Ta; and ra 
and rs are aerodynamic and surface resistances, respectively.

Air temperature (Ta) was obtained from lapse rates calibrated for Puerto Rico by 
Goyal et al. [7] with regression equations relating average air temperature with surface 
elevation. To verify the appropriateness of using the estimated air temperature, com-
parisons were made with measured air temperature at two coastal locations (Isabela 
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and Fortuna – Juana Diaz) and two mountain locations (Guilarte and Maricao) in 
Puerto Rico during the ten day period of analysis (June 20 to June 29, 2010). A high 
correlation between measured and estimated air temperature was obtained using 
regression analysis: Ta, measured = [ ( 1.062 *Ta, estimated��±�����@��ZLWK�D�FRHI¿FLHQW�RI�GH-
termination, r2 = 0.94. The vapor pressures were calculated using Eq. (3) described by 
Allen et al. [1], where T is temperature.

7KH� HIIHFWLYH� VXUIDFH� WHPSHUDWXUH� LV� GLI¿FXOW� WR� REWDLQ� IURP� UHPRWH� VHQVLQJ��
since the satellite brightness temperature obtained may be that of the cloud top and 
not the ground surface, if clouds are present. Therefore, Ts was obtained by an im-
plicit approach similar to that described by Lascano and van Bavel [12]. In this study, 
a surface energy balance was employed to obtain actual ET [18]:

 [Rn–LE (Ts)–H(Ts)–G] =0 (4)

where, Rn is the net radiation, G is the soil heat flux, assumed to be zero for the daily 
analysis, and H is the sensible heat flux, Eq. (5):

 
( )p s a

a

C T T
H

r
ρ −

=  (5)

The single unknown variable (Ts) was obtained using the recursive root function fzero 
in MatLab [Version 10, <http://www.mathworks.com>]. After obtaining the value 
of Ts for each pixel, the values of LE and H are calculated, the form of the surface 
energy balance used in this study is shown in Eq. (4).

Net radiation is obtained from the calculation procedure presented by Allen et al. 
[1], which requires solar radiation (Rs) and albedo (Į), which in this study are derived 
from the radiative transfer model of Diak et al. [4] using half-hourly data from the vis-
ible channel of NOAA’s GOES-13 [Geostationary Operational Environment Satellite] 
satellite. More information about the Rs and Į remote sensing products can be found 
in Sumner et al. [17].

Aerodynamic resistance (ra) was calculated with Eq. (6) described by Yunhao et al. 
[18]:

 ra = rao��ĭ���Ubh (6)

In Eq. (6), rao is the aerodynamic resistance under conditions of neutral atmospheric 
stability [1] and is described Eq. (7).

 
( )

( )0 0

ao 2

ln ln
0.1

r

disp dispz z z z
z z

k u

⎡ ⎤− −⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦=
 (7)

where, z is the virtual height at which meteorological measurements are taken, in 
this study assumed to be within the inertial sublayer and = [1.5(zo/0.13)] as de-
scribed by Monteith and Unsworth [13]. The roughness length (zo) and the zero 
plane displacement (zdisp) for various land use/vegetation categories were obtained 
from ATMET [2]. The term (zo/0.13) is equivalent to the canopy height (h). The 
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parameter k is Von Karman’s constant (k = 0.41). Six-hour values of wind speed for 
Puerto Rico, obtained from the National Weather Service’s National Digital Forecast 
Database [14], were averaged to obtain the daily average wind speed (u). Although 
the wind speed is a model forecast, it is the best source of spatially distributed wind 
speed over the island. The atmospheric stability coefficient is estimated using Eq. 
(8) described by Yunhao et al. [18]:

 ( ) ( )
0 2

1
disp s az z g T T

T u

η
φ

⎡ ⎤− −
⎢ ⎥= −
⎢ ⎥
⎣ ⎦

 (8)

where, g is acceleration of gravity, and the coefficient Ș is commonly taken as 5 [18]. 
The temperature, To, is the average of the values of Ts and Ta. The excess resistance 
is calculated using: rbh = 4/U*, where, the friction velocity is U*= [ k u] / ln [(z–zdisp)/
zo)]. Surface or canopy resistance (rs) was estimated using the Eq. (9) described by 
Ortega-Farias et al. [15]:

 ( )
1

p WP
s

FC WPn f

C VPD
r

R G C
ρ θ θ

θ θ

−⎛ ⎞−
= ⎜ ⎟−∆ − ⎝ ⎠

 (9)

where, ǻ is the slope of the saturation vapor pressure curve at the mean temperature; 
VPD is the vapor pressure deficit; Cf is a calibration coefficient equal to 1 in this 
study; ș is volumetric soil moisture content in the root zone; and șFC� DQG� șWP are 
the volumetric soil moisture content at field capacity and wilting point, respectively. 
Values of field capacity and wilting point were obtained from regression equations 
based on percent sand, silt and clay presented by Cemek et al. [3]. Percentages of 
sand, silt and clay for Puerto Rico were obtained from the weblink [http://soils.usda.
gov/survey/geography/ssurgo/] of Soil Survey Geographic (SSURGO) Database of 
the USDA Natural Resource Conservation Service.

A water balance was performed in each of the 1 km2 pixels with Eq. (10), where, 
60'�� DQG� 60'�� DUH� WKH� GHSWKV� RI� ZDWHU� LQ� WKH� VRLO� SUR¿OH� DW� WKH� EHJLQQLQJ�
and end of the day (24 hours), respectively; PRECIP is rainfall; RO is surface run-
off; ETa is the actual evapotranspiration (described above); and DP is deep percola-
tion or the soil water that passes below the root zone. The water balance analysis is 
SHUIRUPHG�RYHU�WKH�VRLO�SUR¿OH�GHSWK�HTXDO�WR�WKH�URRW�GHSWK��5depth). Root depth for 
various land use/vegetation categories were obtained from ATMET [2]. The 24-hour 
rainfall is obtained from NOAA’s Advanced Hydrologic Prediction Service (AHPS) 
website [http://water.weather.gov/precip/]. In Puerto Rico, the source of the AHPS 
rainfall is NEXRAD radar and rain gauge data. Runoff is estimated [Eq. (11)] using 
the Curve Number method of the USDA – Soil Conservation Service [1972]. The 
maximum potential difference between rainfall and runoff at the moment of rainfall 
initiation is calculated with Eq. (12). CN is the runoff curve number and is adjusted 
for antecedent soil moisture conditions [6].

 SMD2 = PRECIP – ETo – RO – DP + SMD1  (10)

 RO = [(PRECIP – 0.2S)2] / [(PRECIP + 0.8S]  (11)
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 S = [(25400 / CN) – 254]  (12)

$Q�LQLWLDO�YDOXH�RI�60'��LV�FDOFXODWHG�ZLWK�D�PRGL¿FDWLRQ�RI�(T��������60'�i = 
PRECIP – ETo – RO – DP + SMD1. If the value of SMD2i is larger than the depth of 
ZDWHU�LQ�WKH�VRLO�SUR¿OH�DW�¿HOG�FDSDFLW\��)&'���WKHQ�'3� �>60'�i – FCD] and the value 
of SMD2 is equal to FCD. If however, SMD2i < FCD, then DP = 0, and SMD2 = SMD2i.

28.3 RESULTS AND DISCUSSION

Figures 1 and 2 show the estimated reference evapotranspiration (ETo) for Puerto 
Rico, Haiti and the Dominican Republic, respectively, on June 29, 2010. Figure 3 
shows the estimated actual evapotranspiration for Puerto Rico for the same day. By 
taking the ratio of ETa to ETo, the “crop” coefficient (Kc) was obtained (Fig. 4). Esti-
mated Kc values are between 0.3 and 0.95, which are quite reasonable. Figure 5 shows 
the total rainfall that occurred in Puerto Rico on June 29, 2010. The figure indicates 
a relatively large amount of rain fell in the north-western portion [humid region] of the 
island. In this study, CN values were not available, therefore a new CN map was de-
veloped for Puerto Rico based on land cover and soil hydrologic group obtained from 
the SSURGO data (Fig. 6).

FIGURE 1 Estimated reference evapotranspiration (ETo) for Puerto Rico on June 29, 2010.

FIGURE 2 Estimated reference evapotranspiration (ETo) for Haiti and the Dominican 
Republic on June 29, 2010.
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FIGURE 3 Estimated actual evapotranspiration (ETa) for Puerto Rico on June 29, 2010.

FIGURE 4 Estimate “crop” coefficient (Kc) over Puerto Rico on June 29, 2010.

FIGURE 5 AHPS rainfall over Puerto Rico on June 29, 2010.
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FIGURE 6 Curve Number map for Puerto Rico.

Figures 7–9 show the estimated surface runoff, deep percolation and soil moisture 
content on June 29, 2010. To initialize the analysis, a value of the soil moisture equal 
WR�WKH�¿HOG�FDSDFLW\�ZDV�VHW�IRU�HDFK�SL[HO�RQ�-XQH�����������6XEVHTXHQWO\��WKH�VRLO�
moisture was updated daily as described in the previous section in this chapter. Due 
to abundant rainfall during the 10-day analysis period, the soil moisture was still very 
FORVH�WR�WKH�¿HOG�FDSDFLW\�WKURXJKRXW�PRVW�RI�WKH�LVODQG�RQ�-XQH����

FIGURE 7 Estimated surface runoff in Puerto Rico on June 29, 2010.

FIGURE 8 Estimated deep percolation on June 29, 2010.
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FIGURE 9 Estimated soil moisture in Puerto Rico on June 29, 2010.

28.4 SUMMARY

In early 2009, collaboration between the University of Puerto RicoMayagüez Cam-üez Cam-ez Cam-
pus and the University of Alabama in Huntsville resulted in the availability of a solar 
radiation satellite remote sensing product for Puerto Rico, the Dominican Republic, 
Haiti and Cuba. The half-hourly and daily integrated data are available at 1 km reso-
lution for Puerto Rico and 2 km resolution for the other islands. These data are 
extremely valuable for the purpose of analyzing water resource-related problems.

This chapter describes the technical approach for estimating reference evapotrans-
piration (ET), actual ET, surface runoff, deep percolation and soil moisture content. 
Results of estimated reference ET are presented for Puerto Rico, Haiti and the Do-
minican Republic for June 29, 2010. A method for performing a water balance analy-
sis over Puerto Rico is also described. Estimates of actual evapotranspiration, surface 
runoff, deep percolation and soil moisture content for Puerto Rico on the same day 
were also made. Future efforts should investigate the quality of the pyranometers 
used in this study and possible improvement of the satellite algorithm.

This research represents a preliminary step in the development of a suite of re-
mote sensing products that are potentially valuable tools for conducting water resource 
studies for the Caribbean region. The method described in this chapter is potentially 
useful for estimating evapotranspiration using satellite remote sensing in other tropical 
regions of the world.
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 • evapotranspiration, actual

 • evapotranspiration, reference

 • field capacity

 • Florida, USA

 • GOES satellite

 • Haiti

 • Hargreaves method

 • latent heat

 • pan evaporation

 • Puerto Rico

 • pyranometer

 • rainfall

 • runoff

 • satellite remote sensing

 • satellite remote sensing

 • solar radiation

 • surface resistance

 • vapor pressure deficit

 • water balance

 • wilting percentage

REFERENCES
1. Allen, R. G.; Pereira, L. S.; Dirk Raes; Smith, M.; 1998, Crop Evapotranspiration Guidelines 

for Computing Crop Water Requirements. FAO Irrigation and Drainage Paper 56, Food and 
Agriculture Organization of the United Nations, Rome. Pp. 300.

2. ATMET, 2005, ATMET Technical Note, Number 1, Modifications for the Transition From 
/($)±��WR�/($)±>�KWWS����ZZZ�DWPHW�FRP�KWPO�GRFV�UDPV�57��OHDI����SGI!@�

3. Cemek, B.; Meral, R.; Apan M.; Merdun, H.; Pedo transfer functions for the estimation of field 
capacity and permanent wilting point. Pakistan J. Biological Sciences, 2004, 7(4), 535–541.

4. Diak, G. R.; Bland W. L.; Mecikalski, J. R.; A note on first estimates of surface insolation from 
GOES–8 visible satellite data. Agric. For. Meteor. 1996, 82, 219–226.

5. Evett, T.; Howell, T. A.; Tolk, J. A.; Remote sensing based energy balance algorithms for map-
ping ET: Current status and future challenges. Transactions of the American Society of Agricul-
tural and Biological Engineers, 2007, 50(5), 1639–1644.

6. Fangmeier, D. D.; Elliot, W. J. Workman, S. R.; Huffman, R. L.; Schwab, G. O.; 2006, Soil and 
Water Conservation Engineering. Fifth Edition. John Wiley & Sons.

7. Goyal, M. R.; González, E. A.; Chao de Báez, C.; Temperature versus elevation relationships for 
Puerto Rico. J. Agric. UPR, 1988, 72(3), 449–467.

8. Gowda, P. H.; Chávez, J. L.; Colaizzi, P. D.; Evett, S. R.; Howell, T. A.; Tolk, J. A.; Remote 
Sensing based Energy Balance Algorithms for Mapping ET: Current Status and Future Chal-
lenges. Transactions of the ASABE, 2007, 50(5), 1639–1644.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



554 Evapotranspiration: Principles and Applications for Water Management

9. Hargreaves, G. H.; Moisture availability and crop production. Transactions of the ASAE, 1975, 
18(5), 980–984.

10. Hargreaves, G. H.; Samani, Z. A.; Estimating potential evapotranspiration. J. Irrig. Drain. Divi-
sion, Proceedings of the ASCE, 1982, 108, No. IR3, 223–230.

11. Harmsen, E. W.; Mecikalski, J.; Cardona-Soto, M. J.; Rojas Gonzalez A.; Vasquez, R.; Estimat-
ing daily evapotranspiration in Puerto Rico using satellite remote sensing. WSEAS Transactions 
on Environment and Development, 2009, 6(5), 456–465.

12. Lascano, R. J. C. H. M. van Bavel, 2007, Explicit and recursive calculation of potential and 
actual evapotranspiration. Agron. J. 99, 585–590.

13. Monteith, J. L.; Unsworth, M. H.; 2007, Principles of Environmental Physics. 3rd Edition, 440 
pages. Academic Press.

14. DFD, 2010, National Weather Service National Digital Forecast Database. [<http: //www.
weather.gov/forecasts/graphical/sectors/puertorico.php>].

15. Ortega-Farias, S.; Poblete C.; Zuñiga, M.; 2008, Evaluation of a two-layer model to estimate 
vine transpiration and soil evaporation for vineyards. Proceedings of the ASCE World Environ-
mental and Water Resources Congress 2008, Ahupua’a.

16. Shuttleworth, W. J.; Wallace, J. S.; Evaporation from sparse crops–an energy combination the-
ory, Quarterly Journal of the Royal Meteorological Society, 1985, 111, 839–855.

17. Sumner, D. M.; Pathak, C. S.; Mecikalski, J. R.; Paech, S. J. Wu, Q.; Sangoyomi, T.; 2008, Cali-
bration of GOES-derived solar radiation data using network of surface measurements in Florida, 
USA. Proceedings of the ASCE World Environmental and Water Resources Congress 2008.

18. Yunhao, C.; Xiaobing, L.; Peijun, S.; Estimation of regional evapotranspiration over Northwest 
China by using remotely sensed data. J. Geo. Sci., 2001, 11(2), 140–148.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



CHAPTER 29

IRRIGATION SCHEDULING FOR SWEET 
PEPPER1

ERIC W. HARMSEN, JOEL TRINIDAD-COLON, CARMEN L. ARCELAY, 
and DIONEL C. RODRIGUEZ

CONTENTS

29.1 Introduction ...................................................................................................................556
29.2 Technical Approach ......................................................................................................556
 29.2.1 Experimental Site ............................................................................................556
 29.2.2 Water Balance .................................................................................................557
 29.2.3 Nitrogen Leaching ..........................................................................................559
29.3 Results and Discussion ................................................................................................559
29.4 Limitations of Nitrogen Leaching ................................................................................564
29.5 Summary ......................................................................................................................565
Keywords ................................................................................................................................565
References ...............................................................................................................................566

1Modified and reprinted with permission: “Harmsen, E. W.; Colón Trinidad, J.; Arcelay, C. L.  Cádiz 
Rodríguez, D. 2003, Evaluation of percolation and nitrogen leaching from a sweet pepper crop grown on 
an Oxisol soil in North-west Puerto Rico. Proceedings of the 39th Annual Meeting of the Caribbean Food 
Crops Society, 2003. Grenada. Vol. 39.” <Caribbean Food Crops Society, cfcs.eea.uprm.edu> © Copyright   
Caribbean Food Crops Society

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



556 Evapotranspiration: Principles and Applications for Water Management

29.1 INTRODUCTION

A study was conducted to evaluate the influence of agricultural lime (CaCO3) on the 
movement and uptake of inorganic nitrogen for a sweet pepper crop (Capsicum an-
nuum) grown on an Oxisol soil (Coto clay) in north-west Puerto Rico. The Coto clay 
soil, which contains the 1:1 kaolinite mineral, has a low pH (4 to 4.5). The 1:1 type 
clays are known to possess a net positive charge at low pH, resulting in the adsorp-
tion of negatively charged ions such as nitrate. From an environmental standpoint 
this characteristic of the 1:1 clay is favorable, since nitrate leaching, a major cause 
of groundwater pollution in many areas, is reduced relative to soils with net negative 
charge. However, agricultural plants, such as sweet peppers, favor a higher soil pH 
(approximately 6.5), which can be obtained by the application of agricultural lime. 
This, however, may have the negative effect of increasing the potential for nitrate 
leaching, as the net charge on the soil particles becomes negative with increasing pH.

This chapter describes the results of a nitrogen leaching analysis for two sweet 
SHSSHU�FURS�VHDVRQV��7KH�DQDO\VLV�ZDV�EDVHG�RQ�PXOWLSO\LQJ�WKH�GDLO\�SHUFRODWLRQ�ÀX[�
WKURXJK�WKH�VRLO�SUR¿OH�E\�WKH�PHDVXUHG�FRQFHQWUDWLRQ�RI�QLWURJHQ�EHORZ�WKH�URRW�]RQH��
Irrigations were scheduled using the pan evaporation method for estimating crop water 
UHTXLUHPHQWV��1R�VLJQL¿FDQW�GLIIHUHQFH�LQ�QLWURJHQ�OHDFKLQJ�ZDV�REVHUYHG�IRU�WKH�OLPH�
and no-lime treatments. This was attributed to the low nitrate retention capacity of this 
soil, even at low pH. The average percent of nitrogen leached during the 1st and 2nd 
season, relative to the amounts applied, were 26% and 15%, respectively. Leaching 
events were associated with large rainstorms, suggesting that leaching of N. would 
have occurred regardless of the irrigation scheduling method used.

29.2 TECHNICAL APPROACH

29.2.1 EXPERIMENTAL SITE
Sweet pepper crops were planted at the UPR Experiment Station at Isabela in north-
west PR (Fig. 1) during March 2002, and January 2003. Harmsen et al. [1] provided 
a detailed description of the experimental layout of the field site. The soil at the 
Isabela Experiment Station belongs to the Coto series. It is a very fine kaolinitic, 
isohyperthermicTypicEutrustox. These are very deep, well drained, moderately per-
meable soils formed in sediments weathered from limestone. The available water 
capacity is moderate, and the reaction is strongly acidic throughout the whole pro-
file. Consistence is slightly sticky and slightly plastic in the Oxic horizons. A strong, 
stable granular structure provides these soils with a very rapid drainage, despite their 
high clay content [2]. Average values of hydraulic properties published for the Coto 
clay soil near the study area are as follows: air dry bulk density 1.39 g/cm3, poros-
ity 48%, field capacity 30%, wilting point 23%, available water holding capacity 
(AWHC) 9% [12]. The AWHC of this soil is low for clay. Typical values for clay 
are 15 to 20% [3]. A small value of AWHC means that there is a greater potential for 
leaching since the soil moisture content associated with the field capacity is more 
easily exceeded.
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FIGURE 1 Location of field site at Isabela, PR.

The experimental site of 0.1 ha was divided into four blocks, each block divided 
into four plots, one for each treatment, for a total of 16 plots. The plots measure 67 
m2. The treatments included two lime levels (lime and no lime) and two fertigation 
frequencies (F1 and F2). Each plot had four beds covered with plastic (silver side ex-
posed) with two rows of sweet pepper plants per bed. The transplanted sweet peppers 
were grown in rows 91 cm apart, 30 cm apart along rows, with beds 1.83 meter on cen-
ter. This gave a plant population of approximately 37,000 plants per hectare. There was 
an initial granular application of triple super-phosphate of 224 Kg/ha and 80 Kg/ha of 
10–10–10 fertilizer. Peppers were planted from March 11th through March 13th, 2002 
and January 27 through January 31th, 2003. KNO3 and urea were injected through 
the drip irrigation system throughout the season at different frequencies (weekly (F1) 
or bi-weekly (F2)). The total nitrogen applied during the season was 225 Kg/ha. After 
transplanting, soil samples were taken bi-weekly at 20 cm increments, down to an 80 
cm depth from each plot to be analyzed for moisture content and nitrogen concentra-
tion. Each date in which soil samples were collected, whole plants were harvested for 
growth data. Periodic pesticide applications were made to control weeds and insects 
affecting crop growth.

29.2.2 WATER BALANCE
A water balance approach [Eq. (1)] was used in this study to estimate percolation past 
the root zone.

 PERC = R –�52�+ IRR – ETc + ǻS (1)

where, PERC is percolation below the root zone, R is rainfall, IRR is irrigation,�52�is 
surface runoff, ETc LV�FURS�HYDSRWUDQVSLUDWLRQ��DQG�ǻ6� �6��±�6���ZKHUH�6��DQG�6��DUH�
the water stored in the soil profile at times 1 and 2, respectively. The units of each term 
in Eq. (1) are in mm of water per day. Rainfall was obtained from a tipping bucket-
type rain gauge located on the Isabela Experiment Station property. The rain gauge 
was located within a weather station complex located approximately 0.4 km from the 
study area. The weather station consisted of a 10 meter (high wind resistant) tower 
with lighting protection, data logger and radio communication system, and sensors 
to measure the following parameters: wind direction and speed, temperature, relative 
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humidity, barometric pressure, cumulative rainfall, and solar radiation [4]. Irrigation 
(IRR) was applied through a drip irrigation system. The inline-type emitters produced 
a flow of 1.9 liters per hour per emitter at a design pressure of 10 pounds per square 
inch (psi). Emitters were spaced every 30 cm. Irrigations (IRR) were scheduled based 
on the estimated evapotranspiration rate as determined with Eq. (2), where ETpan is the 
pan evaporation-derived evapotranspiration, Kc is the evapotranspiration crop coef-
ficient for sweet peppers [5], which varied daily; Kp is the average annual value of the 
pan coefficient equal to 0.78 for Isabela, PR [6]. A cumulative water meter was used to 
control the gallons of irrigation water applied. The evapotranspiration term in Eq. (1) 
was estimated with Eq. (3), where: Kc is the crop coefficient (dimensionless) and ETo 
(mm/day) is the reference evapotranspiration obtained using the Penman-Monteith 
method [5], as described in Eq. (4).

 IRR = ETpan = (Kc × Kp × Epan) (2)

 ETc = Kc* ETo (3)

 
( ) ( )

( )
2

0
2

9000.408
273

1 0.34

n s aR G u e e
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u

γ

γ

⎡ ⎤⎛ ⎞⎤⎡ ∆ − −⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠+⎣ ⎦=
⎡ ⎤∆ + +⎣ ⎦

 (4)

,Q�(T�������ǻ�LV�WKH�VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH�>N3D��&–1], Rn is net radiation [MJ 
m–2 day–1], G is soil heat flux density [MJ m–2 day–1@��Ȗ�LV�SV\FKURPHWULF�FRQVWDQW�>N3D�
°C–1], T is mean daily air temperature at 2 m height [°C], u2 is wind speed at 2 m height 
[m s–1], es is the saturated vapor pressure and ea is the actual vapor pressure [kPa]. Eq. 
(4) applies specifically to a hypothetical reference crop with an assumed crop height 
of 0.12 m, a fixed surface resistance of 70 sec m–1 and an albedo of 0.23.

Data required by Eq. (4) were obtained from the weather station located near the 
study area. Wind speeds obtained from the 10 m high tower were adjusted to the 2 m 
wind speed, required by the Penman-Monteith method, by means of an exponential 
UHODWLRQVKLS��,QLWLDO�YDOXHV�RI�WKH�FURS�FRHI¿FLHQW�ZHUH�REWDLQHG�IURP�WKH�OLWHUDWXUH�IRU�
sweet pepper for the initial, mature and end crop stages (FAO Paper No. 56). Adjust-
ments of Kc were made during the calibration of Eq. (1) as described later in this sec-
tion. ETo was estimated on a daily basis using a spreadsheet program. The calculation 
methodology is described by Allen, et al. [5]. The values of S in Eq. (1) and (2) were 
obtained from Eq. (5).

 6� �șv*Z (5)

where, șv is the vertically averaged volumetric soil moisture content over the depth Z, 
obtained by multiplying the moisture content, mass-basis (șm), by the soil bulk den-
sity and dividing by the density of water. The soil bulk densities were obtained from 
undisturbed soil cores.

%HWZHHQ� VDPSOLQJ� GDWHV�ZKHQ�PHDVXUHG� YDOXHV� RI� șv were not available, daily 
values were estimated using Eq. (1) along with information about the moisture holding 
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FDSDFLW\�RI�WKH�VRLO��,Q�WKLV�PHWKRG��LI�WKH�ZDWHU�DGGHG�WR�WKH�SUR¿OH�E\�UDLQIDOO�RU�LU-
ULJDWLRQ�H[FHHGV�WKH�VRLO�PRLVWXUH�KROGLQJ�FDSDFLW\��RU�¿HOG�FDSDFLW\���WKHQ�WKH�H[FHVV�
water was assumed to be equal to PERC and the moisture content was set equal to the 
¿HOG�FDSDFLW\�RQ�WKDW�GD\��7KLV�DSSURDFK�KDV�SUHYLRXVO\�EHHQ�XVHG�IRU�LUULJDWLRQ�VFKHG-
XOLQJ�>�@��ZDVWH�ODQG¿OO�OHDFKDWH�HVWLPDWLRQ�>�@�DQG�HVWLPDWLRQ�RI�DTXLIHU�UHFKDUJH�UDWHV�
>�����@��,Q�WKLV�VWXG\��WKH�HIIHFWLYH�¿HOG�FDSDFLW\�RI�WKH�VRLO�ZDV�GHWHUPLQHG�LQ�VLWX�E\�
saturating the soil and obtaining the soil moisture content within 48 hours.

Calibration of the water balance equation was accomplished by adjusting the ratio 
of runoff to rainfall (RO/R) within reasonable limits, until the measured and estimated 
soil moisture content were in reasonable agreement. [1 – (RO/R)] represents the frac-
WLRQ�RI�UDLQIDOO�WKDW�LQ¿OWUDWHV�LQWR�WKH�VRLO�EHG��7KLV�FRQWULEXWLRQ�RI�ZDWHU�FDQ�RFFXU�LQ�
several ways for the plastic covered bed-type system used in this study. Rainfall may 
enter directly through the holes in the plastic made for the plants. Rainfall that runs off 
of the plastic into the furrow or that falls directly into the furrow may also be absorbed 
LQWR�WKH�EHGV��8QGHU�ÀRRG�FRQGLWLRQV��ZKLFK�RFFXUUHG�RQ�VHYHUDO�RFFDVLRQV�GXULQJ�WKH�
two crop seasons, water could have entered the beds under a positive water pressure. 
)RU�QRQÀRRGLQJ�UDLQIDOO�HYHQWV��VRLO�ZDWHU�PD\�PRYH�IURP�WKH�IXUURZV�LQWR�WKH�EHGV�
E\�PHDQV�RI�XQVDWXUDWHG�ÀRZ��ZKLFK�LV�FRQWUROOHG�E\�WKH�SRUH�ZDWHU�SUHVVXUH�JUDGLHQW�
between the furrow and the bed.

29.2.3 NITROGEN LEACHING
Nitrogen leaching (nitrate and ammonium) was estimated by multiplying the daily 
value of PERC by the concentration of nitrogen within the 60 to 80 cm depth of soil. 
This vertical interval was considered to be below the root zone, since plant roots were 
not observed within this interval any time throughout the two seasons. The following 
Eq. (6) was used to estimate nitrate and ammonium leaching, respectively:

 LNO3 = [0.01×(ȡb)×(NO3)×(PERC)] / [șvol] (6a)

 LNH4 = [0.01×(ȡb)×(NO4)×(PERC)] / [șvol] (6b)

where, LNO3 and LNH4 are the kg of nitrate and ammonium leached below the root 
zone per hectare, NO3 and NH4 are the nitrate and ammonium soil concentration in 
PJ�NJ�LQ�WKH����WR����FP�GHSWK�LQWHUYDO��3(5&�LV�WKH�SHUFRODWLRQ�UDWH�LQ�PP��ȡb is the 
bulk density (gm/cm3���DQG�șvolis a volumetric moisture content (cm3/cm3) in the 60 to 
80 cm depth interval. Equations (6a) and (6b) were used on a daily basis. Each mea-
sured value of soil concentration used in Eqs. (6a) and (6b) were based on the average 
of four replications. Values of NO3 and NH4 between sampling dates were linearly 
interpolated.

29.3 RESULTS AND DISCUSSION

The Coto clay soil was analyzed for various physical and hydraulic properties (Table 
1). The soil has a relatively high sand content and high hydraulic conductivity in the 
0–20 cm interval, which accounts for it high water intake capacity. We observed on 
several occasions the rapid infiltration of water after large rainfall events. In fact, the 
value of hydraulic conductivity for the 0–20 cm interval is similar to sand, which averages 
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900 cm/day [11]. Bulk density, porosity, hydraulic conductivity, moisture content at 
0.33 and 15 bars pressure, and AWHC were obtained from undisturbed cores in the 
laboratory.

TABLE 1 Physical and hydraulic properties of Coto clay in the 0–20, 20–40, 40–60 and 60–80 
cm depth intervals.

Soil depth
cm

% Sand1 % Silt1 % Clay1 Soil 
Classi-
fication

Bulk 
density

Porosity

0-20 35.10 19.35 45.55 silty clay 1.36 0.49

20-40 28.72 1.85 69.43 clay 1.36 0.49

40-60 22.50 5.00 72.50 clay 1.31 0.51

60-80 20.00 5.80 74.20 clay 1.29 0.51

Soil depth
cm

Hydraulic 
conductivity 
(cm/day)

In-Situ 
field 
capacity 
year-1 site

In-Situ 
field 
capacity 
year-2 site

Moisture 
content 
at 0.33 bar 
pressure
(FC)

Moisture 
content 
at 15 bar 
pressure
(PW)

Available 
water 
holding 
capacity 
(AWHC)

0-20 1210.06 0.33 0.44 0.44 0.39 0.05

20-40 316.99 0.33 0.37 0.37 0.27 0.10

40-60 70.10 0.37 0.36 0.36 0.31 0.05

60-80 12.19 0.37 0.38 0.38 0.3 0.08
1 Soil texture data for the 40-60 cm and 60-80 cm were obtained from Soil Conservation Service [12].  
All other data were measured during the project.

Measured soil pH soil was between 4 and 5.  Laboratory incubation tests were 
performed to determine the proper amount of lime needed to be applied to the soil to 
increase the pH to around 6.5 in the limed treatments; this amount was 7.4 tons lime/
KD���7KH�¿UVW�\HDU�WKH�S+�GLG�QRW�UHVSRQG�DV�H[SHFWHG�LQ�WKH�OLPHG�SORWV��DQG�WKHUHIRUH��
WKLV�PD\�KDYH�FRQWULEXWHG�WR�WKHUH�EHLQJ�QR�VLJQL¿FDQW�GLIIHUHQFH�REVHUYHG�LQ�WKH�HVWL-
mated nitrate losses by leaching between the lime and no-lime treatments. The second 
year the amount of lime applied to the limed treatments was doubled (14.8 tons lime/
ha) and pH levels rose as expected.  

Figure 2 shows a comparison of the evapotranspiration derived from pan and Pen-
man-Monteith methods during Year 2.  ETpan was observed to have higher variability 
than ETc.  For reference, Figure 2 also shows the ETc based on long-term average cli-
mate data for Isabela, PR.  The seasonal ET [mm per season] was 447 for the methods 
of pan, 402 for Penman-Monteith method based on weather station data and 511 for 
Penman-Monteith based on long-term data, respectively.  

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Irrigation Scheduling for Sweet Pepper 561

FIGURE 2 Daily values of evapotranspiration for a sweet pepper crop between January 27 
to June 12, 2003 at Isabela, PR. Evapotranspiration was derived from the pan evaporation and 
Penman-Monteith methods.

The water balance, Eq. (1), was calibrated for the site conditions. Figure 3 shows 
the simulated and measured average soil moisture content for Year 1 and Year 2. The 
measured moisture contents shown in Fig. 3 represent the vertically averaged moisture 
content over all 16 plots. The minimum and maximum measured soil moisture content 
LV�DOVR�VKRZQ�LQ�)LJ�����9HUWLFDOO\�DYHUDJHG�YDOXHV�RI�WKH�LQ�VLWX�PHDVXUHG�¿HOG�FDSDFLW\�
equal to 0.39 and 0.35 were used in the Year 1 and Year 2 analyzes, respectively (averag-
es from Table 1). It was necessary to use a value of RO/R = 0.25, reasonable agreement 
between the estimated and measured soil moisture content. During Year 1, the beginning 
of the season was quite wet. On April 6, 2002, a 176 mm rainfall occurred, which caused 
VHYHUH�ÀRRGLQJ�RI�WKH�VWXG\�DUHD��'XULQJ�<HDU����D�UDLQ\�SHULRG�RFFXUUHG�GXULQJ�$SULO��WK�
WKURXJK�$SULO���WK�ZLWK�ÀRRGLQJ�REVHUYHG�LQ�WKH�¿HOG�SORWV��7KH�ODUJHVW�UDLQIDOO�RI�WKH�
season occurred on April 10, 2003 equal to 97 mm.

According to the procedure described above, percolation occurred on those days 
ZKHQ� WKH� HVWLPDWHG�PRLVWXUH� FRQWHQW� H[FHHGHG� WKH� ¿HOG� FDSDFLW\�PRLVWXUH� FRQWHQW�
������IRU�<HDU���DQG������GXULQJ�<HDU�����2Q�WKRVH�GD\V��WKH�ZDWHU�LQ�H[FHVV�RI�WKH�¿HOG�
FDSDFLW\�ZDV�DVVLJQHG�WR�3(5&�DQG�WKH�PRLVWXUH�FRQWHQW�VHW�HTXDO�WR�WKH�¿HOG�FDSDF-
ity. This can be seen in Figure 3 for those days in which the moisture content curve 
WRXFKHG�WKH�GDVKHG�KRUL]RQWDO�OLQH�DVVRFLDWHG�ZLWK�WKH�¿HOG�FDSDFLW\�PRLVWXUH�FRQWHQW��
Figure 4 shows the estimated percolation during the Year 1 and Year 2. During the 
April 6, 2002 rainfall event of 175 mm, 43 mm were converted to percolation. During 
the April 10th, 2003 rainfall event of 97 mm, 31 mm were converted to percolation. 
5HFDOO�WKDW�RQO\����SHUFHQW�RI�WKH�UDLQIDOO�ZDV�DOORZHG�WR�LQ¿OWUDWH��ZKLFK�ZDV�HTXDO�
to 44 mm on April 6, 2002 and 24 mm on April 10, 2003. In the latter case 18 mm of 
irrigation was also applied, which together (24 mm + 18 mm) equaled 42 mm. In this 
case 31 mm was lost to percolation and 11 mm was stored in the root zone. Table 2 
shows the Year 1 and Year 2 seasonal components of the water balance. 
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FIGURE 3 Estimated and measured volumetric soil moisture content between March 27 and 
July 9, 2002 and January 27 and June 12, 2003.

FIGURE 4 Estimated percolation past the root zone during the Year 1 and Year 2 seasons.
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TABLE 2 Components of the seasonal water balance for years-1 (2002) and year-2 (2003).

Year 1 (2002) Year 2 (2003)

R-RO 175 136

IRR 350 411

ETc 416 441

ǻ6 50 -52

PERC 159 54

Table 3 compares the Year 1 and Year 2 results of the nitrogen leaching analysis. 
The leached nitrate and ammonium estimates were obtained from Eqs. (5a) and (5b), 
respectively. Figure 5 shows the nitrate concentrations in the 60–80 cm depth interval 
during the Year 1 season. During Year 1 the range of estimated nitrogen leached was 
between 36 and 67 kg/ha. During Year 2, the range of estimated nitrogen leached was 
between 27 and 36 kg/ha. Interestingly, the amount of nitrate lost (average of all treat-
ments) on April 6, 2002 and April 10, 2003 was 19.6 kg/ha and 20.1 kg/ha, respec-
tively. For years 1 and 2 this represented 34% and 60% of the total N. lost by leaching 
during the two seasons, respectively. Figure 6 shows the estimated percent of nitrogen 
(i.e., nitrate plus ammonium) leached relative to N. applied (225 kg/ha) during the 
Year 1 and Year 2 seasons for the four experimental treatments.

TABLE 3 Nitrate, ammonium and nitrate plus ammonium (total) leached during Year 1 and 2 
for the four experimental treatments.

 Year-1 (2002) Year-2 (2003)

 Units LF1 LF2 NLF1 NLF2 LF1 LF2 NLF1 NLF2

NO3 kg/ha 36 50 47 42 34 32 34 24

NH4 kg/ha 10 13 21 11 2 3 2 3

Total kg/ha 46 63 67 54 36 35 36 27

Total % 21 28 30 24 16 16 16 12

The smallest amount of nitrogen leaching occurred in the LF1 treatment in 2002 
and the NLF2 treatment during the second year. There is no clear difference between 
either the lime or fertigation treatments. Ammonium leaching was typically much 
lower than nitrate leaching (Table 3) except in the case of treatment NLF1 in 2002, 
in which 21 kg/ha ammonium was leached as compared to 47 kg/ha nitrate. The fact 
that no clear difference was observed between nitrogen leaching for the two lime treat-
ments is consistent with laboratory studies currently being conducted on the Coto clay 
soil at the University of Puerto Rico Mayaguez Campus, which indicates that the pH at 
which this soil will possess a net positive charge (< 4) is below the native pH measured 
LQ�WKH�¿HOG��DURXQG������
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564 Evapotranspiration: Principles and Applications for Water Management

FIGURE 5 Year 1 Soil nitrate concentrations in the 60–80 cm depth interval. Values between 
the sampling dates were obtained by linear interpolation.

FIGURE 6 Estimated nitrogen leached during the Year 1 and Year 2. LF1 is the Lime-
Fertigation 1 treatment, LF2 is the Lime-Fertigation 2 treatment, NLF1 is the No-Lime-
Fertigation 1 treatment, NFL2 is the No-Lime-Fertigation 2 treatment.

29.4 LIMITATIONS OF NITROGEN LEACHING

There are several sources of uncertainty in the estimates of nitrogen leaching, which 
includes:

�� Between sampling dates, soil nitrogen concentrations were derived by linear in-
terpolation. Nitrogen concentrations were measured every two weeks. In some 
cases, the average nitrate concentration was observed to change as much as 15 
mg/kg in the 60–80 cm depth interval. The estimated nitrogen leaching would 
be in error if these concentrations did not change linearly between sampling 
dates.
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�� The method of estimating percolation in this study does not account for the 
leaching that can potentially occur by unsaturated flow. All leaching was as-
sumed to occur when the moisture content of the soil exceeded the soil field 
capacity. However, significant downward gradients can exist which would re-
sult in unsaturated flow. Although not presented in this paper, continuous soil 
pressure data obtained from vertically spaced tensiometers indicated downward 
hydraulic gradients throughout most of the season.

29.5 SUMMARY

This chapter described the results of a nitrogen leaching analysis for two sweet pep-
per crop seasons. The study was conducted on an Oxisol soil in NW Puerto Rico. The 
analysis was based on multiplying the daily percolation flux through the soil pro-
file by the measured concentration of nitrogen below the root zone. Irrigations were 
scheduled using the pan evaporation method for estimating crop water requirements. 
Estimated percolation in 2002 was three times greater than occurred in 2003, whereas 
the nitrogen leached during 2002 was only slightly greater than two times the nitrogen 
leached during 2003.

No clear difference in nitrogen leaching was observed for the lime and no-lime 
treatments. This result is consistent with on-going studies of the Coto clay, which 
indicate that this soil has little to no capacity to retain nitrate. The average percent of 
nitrogen (nitrate plus ammonium) leached during the 1st and 2nd season, relative to 
the amounts applied, were 26% and 15%, respectively. Leaching events were associ-
ated with large rainstorms, suggesting that leaching of N would have occurred regard-
OHVV�RI� WKH� LUULJDWLRQ� VFKHGXOLQJ�PHWKRG�XVHG��'XULQJ� WKH�¿UVW� DQG� VHFRQG� VHDVRQV��
respectively, 34% and 60% of the total N lost by leaching occurred during a single day 
�$SULO���LQ������DQG�$SULO����LQ�������ZKHQ�ÀRRGLQJ�ZDV�REVHUYHG�LQ�WKH�VWXG\�DUHDV�
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 • lime fertigation
 • linear interpretation
 • nitrogen leaching
 • oxisol
 • pan evaporation
 • Penman-Monteith
 • percolation
 • Puerto rico
 • rainfall
 • runoff
 • soil moisture content
 • surface runoff
 • sweet pepper
 • vegetable crops
 • water balance
 • wilting percentage
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30.1 INTRODUCTION

There is antidotal evidence that many farmers in Puerto Rico and the developing coun-
tries do not employ scientific methods for scheduling irrigation for their crops. In-
stead, the pump is turned on for an arbitrary amount of time without knowing whether 
the amount of water applied is too much or too little. Over application of water can 
lead to the waste of water, energy, chemicals and money, and also may lead to the 
contamination of ground and surface waters. Under application of irrigation can lead 
to reduced crop yields and a loss of revenue to the grower.

There are various approaches for scheduling irrigation. One approach is to supple-
ment rainfall with enough irrigation so that the cumulative rainfall and irrigation, over 
D�VSHFL¿F�SHULRG�RI�WLPH��H�J���RQH�GD\��RQH�ZHHN��RQH�VHDVRQ���PDWFKHV�WKH�HVWLPDWHG�
potential evapotranspiration, which is equivalent to the crop water requirement. Poten-
tial evapotranspiration (ETc��FDQ�EH�HVWLPDWHG�E\�WKH�SURGXFW�RI�D�FURS�FRHI¿FLHQW��Kc) 
and the reference evapotranspiration (ETo). Traditionally, potential evapotranspiration 
is derived from pan evaporation data or meteorological data from weather stations. 
$QRWKHU�DSSURDFK�LQYROYHV�PRQLWRULQJ�WKH�VRLO�PRLVWXUH�DQG�DSSO\LQJ�LUULJDWLRQ�VXI¿-
cient to maintain the soil moisture content within a predetermined range. In this paper 
we present an approach based on applying irrigation to the crop to meet the crop water 
requirements (i.e., potential evapotranspiration), but instead of using pan evapora-
tion or meteorological data, we use a remote sensing technique. The advantage of the 
method is that reference evapotranspiration can be estimated at a 1 km resolution for 
the entire island each day. If the relatively simple approach presented in this chapter is 
XVHG�LW�FDQ�SRWHQWLDOO\�OHDG�WR�LQFUHDVHG�HI¿FLHQF\�RI�ZDWHU�DQG�HQHUJ\�XVH��DQG�KHOS�WR�
reduce crop water stress and losses in crop yields.

In this chapter, a set of steps are provided to estimate the irrigation requirement 
for locations within Puerto Rico. A detailed example problem is then given to use of 
the method.

30.2 METHODS FOR IRRIGATION SCHEDULING

Potential crop evapotranspiration is estimated using Eq. (1):

 ETc = Kc ETo (1)

 
( ) ( )

( )
2

0
2

9000.408
273

1 0.34

n s aR G u e e
T

ET
u

γ

γ
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 (2)

where: ETo�LV�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ��ǻ�LV�VORSH�RI�WKH�YDSRU�SUHVVXUH�FXUYH��N3D�
°C-1), Rn is net radiation (MJ m-2 day-1), G is soil heat flux density (MJ m-2 day-1���Ȗ�LV�
psychrometric constant (kPa °C-1), T is mean daily air temperature at 2 m height (°C), 
u2 is wind speed at 2 m height (m s-1), es is the saturated vapor pressure and ea is the ac-
tual vapor pressure (kPa).  Eq. (1) applies specifically to a hypothetical reference crop 
with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sec m-1 and an 
albedo of 0.23. The crop coefficient, which changes throughout the crop season are 
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Web-Based Irrigation Scheduling 569

shown in Fig. 1. During the initial crop growth stage, the value of the crop coefficient 
is Kc ini. During the mid season the crop coefficient is Kc mid, and at the end of the late 
season the crop coefficient is Kc end. The values of Kc ini Kc mid and Kc end can be obtained 
from published tables [1].  

FIGURE 1 Crop Coefficient Curve [1].

FIGURE 2 Crop coefficient curve with an example problem in this chapter. The heavy dashed 
line applies to the example problem with day of season 46–50 (horizontal axis) corresponding 
to an approximate crop coefficient of 0.85 (vertical axis).
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570 Evapotranspiration: Principles and Applications for Water Management

30.2.1 STEPS TO ESTIMATE IRRIGATION REQUIREMENT
Step 1: Create an evapotranspiration crop coefficient curve for the crop. The following 
link to the Food and Agriculture Organization (FAO) Document No. 56 [1] provides 
tables of crop stage growth (Table 11) and Kc values (Table 12) for a large number of 
crops: http://www.fao.org/docrep/X0490E/x0490e00.htm. The Kc curve should look 
like Fig. 1 when step 1 is finished. Note that crop coefficient curves can also be created 
by using computer programs such as PRET [8] or CropWat [3].

Step 2: Go to the following website address to obtain the appropriate ETo map(s) 
IRU� WKH� VSHFL¿F� ORFDWLRQ�KWWS���DFDGHPLF�XSUP�HGX�KGF�*2(6�35:(%B5(68/76�
reference_ET/. Note that if you are irrigating every day, then you need only to obtain 
the ETo for yesterday’s date. If, however, one is irrigating once per week, for example, 
then one will need to obtain the ETo values from the maps for the previous week. In 
this latter example, one will need to sum up the daily values of ETo to obtain a value 
of the weekly ETo.

Step 3: From the Kc curve obtained in Step 1, determine a representative value of 
Kc for the current growth stage of the crop.

Step 4: Estimate the crop water requirement (crop evapotranspiration) using Eq. 
(1): ETc = Kc × ETo.

Step 5: Estimate the required amount of irrigation in depth units: Irrigation = (ETc 
– Rainfall). If the estimated Irrigation is negative, then one does not need to irrigate.

It is recommended that rainfall be measured on the farm with a rain gauge, howev-
er, if measured rainfall is not available, the approximate value of the rainfall (derived 
from NEXRAD radar) can be obtained at the following website: http://academic.uprm.
edu/hdc/GOES-PRWEB_RESULTS/rainfall/. It will also be necessary to measure the 
LUULJDWLRQ�YROXPH��$�GLJLWDO�RU�PHFKDQLFDO�ÀRZ�PHWHU�ZKLFK�PHDVXUHV�WKH�FXPXODWLYH�
volume in gallons is recommended.

The irrigation scheduling approach described above is based on various simplify-
ing assumptions (e.g., surface runoff and deep percolation are ignored). The FAO [1] 
has suggested corrections to Kcini for time interval between wetting events, evapora-
tive power of the atmosphere and magnitude of the wetting events, and corrections 
to Kc mid and Kc end for air humidity, crop height and wind speed; however, these 
corrections have been ignored in order to preserve simplicity in the approach pre-
VHQWHG�DERYH��'HVSLWH�WKH�VLPSOLI\LQJ�DVVXPSWLRQV��WKH�DSSURDFK�VKRXOG�VLJQL¿FDQWO\�
improve water management on a farm if currently there is no irrigation scheduling 
method being used.  

30.3 EXAMPLE PROBLEM

A detailed example problem is presented here to illustrate the use of the proposed 
methodology. In this problem, we will determine the irrigation requirement for the 
5 day period [February 15–19, 2012] for a tomato crop being grown in Juana Diaz, 
Puerto Rico, USA. Table 1 summarizes the information used in the example problem. 
Table 2 provides the important web addresses necessary for obtaining data for use in 
the example problem.

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y



Web-Based Irrigation Scheduling 571

TABLE 1 Information for the example problem in this chapter.

Location Juana Diaz, Puerto Rico

Site Latitude 18.02 degrees N.

Site Longitude 66.52 degrees W

Site Elevation above sea level 21 m

Crop Tomato

Planting Date 1-Jan-12
Rainfall

Information

A rain gauge is not available

on or near the farm
Type of irrigation Drip
Approximate wetted area of the field 50%
Irrigation system efficiency 85%

Field Size 10 acres
Pump capacity 300 gpm

TABLE 2 Web addresses used to obtain information for solving the example problem in this 
chapter.

Length of Growth Stages (Table 11) and Crop 
Coefficients (Table 12)

http://www.fao.org/docrep/X0490E/x0490e00.htm

Daily Reference ET Results for Puerto Rico1 http://academic.uprm.edu/hdc/GOES-PRWEB_RE-
SULTS/reference_ET/

Daily NEXRAD Rainfall For Puerto Rico http://academic.uprm.edu/hdc/GOES-PRWEB_RE-
SULTS/rainfall/

1The web subdirectory contains Penman-Monteith, Hargreaves-Samani and Priestly Taylor ETo data.

TABLE 3 Crop growth stage lengths and crop coefficient data for the example problem in this 
chapter (Fig. 2).

Initial crop growth stage 30 days
Crop development growth stage 40 days

Mid-season growth stage 40 days
Late-season growth stage 25 days
Total length of season 135 days
Kcini 0.6
Kc mid 1.15
Kc end 0.8

Step 1: With the information in Table 1 it is now possible to construct the crop 
FRHI¿FLHQW�FXUYH�E\�FRQVXOWLQJ�WKH�)$2�'RFXPHQW�1R������7DEOH������/HQJWKV�RI�FURS�
development stages for various planting periods and climatic regions) and Table 12 
�6LQJOH�WLPH�DYHUDJHG�FURS�FRHI¿FLHQWV«���)$2�'RFXPHQW�1R�����LV�DYDLODEOH�RQOLQH�
at the web address given in Table 2. Table 3 summarizes the crop stage and crop coef-
¿FLHQW�LQIRUPDWLRQ��7KH�FURS�FRHI¿FLHQW�FXUYH�FRQVWUXFWHG�IURP�WKH�GDWD�LQ�7DEOH���LV�

App
le 

Aca
de

mic 
Pres

s 

Auth
or 

Cop
y
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VKRZQ�LQ�)LJ�����7KH�DSSUR[LPDWH�DYHUDJH�FURS�FRHI¿FLHQW�IRU�)HEUXDU\���±����GD\�RI�
season 46–50) is approximately 0.85.

Step 2:�'HWHUPLQH�WKH�UHIHUHQFH�HYDSRWUDQVSLUDWLRQ�IRU�WKH�¿YH�GD\�SHULRG��)LJXUH�
3 shows the estimated reference evapotranspiration for Puerto Rico on February 15, 
2012 obtained from the web address provided in Table 2. Note that the preferred refer-
ence evapotranspiration method is used (i.e., Penman-Monteith method). The estimat-
ed ETo for the site location on Feb. 15, 2012 is 2.95 mm. Using a similar procedure, the 
ETo for Feb. 16, 17, 18 and 19 is 2.8 mm, 3.1 mm, 3.5 mm and 3.7 mm, respectively. 
Summing up the ETo YDOXHV�FRPHV�WR�D�WRWDO�FURS�ZDWHU�UHTXLUHPHQW��IRU�WKH�¿YH�GD\V��
of 16.1 mm.

Step 3: A rain gauge is not available on or near the farm for the example problem; 
therefore it is necessary to obtain rainfall information from the NEXRAD radar. Figure 
4 shows the NEXRAD rainfall for Puerto Rico for February 15, 2012. At the site loca-
tion no rainfall was estimated from the NEXRAD radar. Checking the other maps for 
WKH�RWKHU�GD\V�UHYHDOV�WKDW�QR�VLJQL¿FDQW�UDLQIDOO�RFFXUUHG�DW�WKH�VLWH��7KHUHIRUH�DOO�RI�
WKH�FURS�ZDWHU�UHTXLUHPHQW�ZLOO�KDYH�WR�EH�VDWLV¿HG�ZLWK�LUULJDWLRQ�

Step 4: The crop water requirement for the time period can now be estimated as 
follows:

ETc = KcETo = (0.85)(16.1 mm) = 13. 7 mm (slightly greater than one-half of an 
inch).

Step 5: Determine the number of hours that the pump should be run to apply the 
13.7 mm of water. A form of the well-known irrigation Eq. (3) [2] can be used which 
is shown below:

 T = 17.817 × [D × A]/[Q × eff]  (3)

where T is time in hours, D is depth of irrigation water in mm, A is effective field area 
in acres, Q is flow rate in gallons per minute and eff is irrigation system efficiency.  
Using D = 13.7 mm, A = 10 acres, Q = 300 gallons per minute and eff = 0.85, yields:

T = 17.817 × [13.7 × 10] / [300 × 0.85] = 9.6 hours

FIGURE 3 Estimated reference evapotranspiration (ETo) for Feb. 15, 2012. The approximate 
ETo at the site locationis 2.95 mm.
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FIGURE 4 Estimated NEXRAD rainfall for Feb. 15, 2012.

30.4 IRRIGATION MANAGEMENT

To evaluate the irrigation management with the approach described in this chapter, 
construction of a graph similar to the one shown in Fig. 5 is recommended. The graph 
shows the cumulative depth of irrigation and ETc plotted with time. The goal of ir-
rigation scheduling is to try to match the applied irrigation with the ETc. By the end 
of the season, the cumulative irrigation (plus rainfall) should more or less equal the 
cumulative ETc. If these two curves stay close together, this is an indication that good 
irrigation management is being achieved. Note that the graph shown in Fig. 5 is not 
related to the example problem given above.

FIGURE 5 Example of the cumulative irrigation and ETc plotted with time for a crop season.
Note: This graph is not related to the example problem in this chapter.
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30.5 SUMMARY

Irrigation scheduling is critically important to avoid the loss of water, fuel and chemi-
cals by over application of water, or a reduction in crop yield if too little water is 
applied. In this chapter a web-based irrigation scheduling approach is described. The 
approach is based on applying irrigation water at the rate of the estimated potential 
evapotranspiration, which is equivalent to the crop water requirement. Reference 
evapotranspiration is obtained from an operational water and energy balance algo-
rithm (GOES-PREWEB) which produces a suite of hydro-climate variables on a daily 
basis for Puerto Rico. The algorithm produces daily estimates of the Penman-Mon-
teith, Priestly Taylor and Hargreaves-Samani reference evapotranspiration. The crop 
coefficient curve is constructed per the methodology recommended by the United Na-
tions Food and Agriculture Organization (FAO). Daily rainfall can be obtained from 
radar (NEXRAD) if rain gauge data is not available for the farm. A detailed example 
is provided for a farm growing tomato in Juana Diaz, PR. The approach is relatively 
simple and the near-real time data is available to any farmer in Puerto Rico with 
internet access. Using the procedures described in this chapter, the approach could be 
developed at any location throughout the world.
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APPENDIX A

[Modified and reprinted with permission from: Megh R. Goyal, 2012. Appendices, 
Pages 317–332. In: Management of Drip/Trickle or Micro Irrigation edited by Megh 
R. Goyal, New Jersey, USA: Apple Academic Press Inc.]
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