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PREFACE

Microirrigation, the slow and targeted application of irrigation water to prescribed soil volumes
has became synonymous with modern and efficient irrigation practices that conserve precious
water resources and maximize plant performance. Microirrigation technology and application
have grown steadily during the past 20 years. Today, nearly 3.2 million ha are irrigated by some
type of microirrigation system including surface drip, subsurface drip, bubbler, or microsprinkler.
Initially, microirrigation was used almost exclusively for high-valued crops based on profitability
per unit area such as trees and vines. Inrecent years, producers have begun using microirrigation
on field crops such as tomato and cotton. Improvements in the reliability, durability, and
longevity of system components and materials and the introduction of innovative designs have
reduced the cost of microirrigation to levels that enable small-scale producers in both
industrialized and developing countries to use microirrigation. Continuing research and
development have improved emitter design, system design and installation, water filtration and
treatment, and system and crop management since the publication of the first edition of this book,
Trickle Irrigation for Crop Production. Also, improved reliability of computers and data
acquisition and processing has widened the application of automated control to microirrigation
and led to broad acceptance in both large and small commercial field operations.

The primary goal in producing this book revision is to provide information describing the
remarkable advances achieved in microirrigation since 1986, when the first edition of the book
was published. The first edition has served primarily as a reference book and as a text book for
instructional use. We have crafted this new edition with the goal of serving both as a text and
reference book for irrigation professionals. The book is divided into three sections, I.
Microirrigation Theory and Design Principles, II. Operation and Maintenance Principles, and I11.
System Type and Management Principles. Chapters One through Six introduce the topic of
microirrigation with a focus on fundamental information and theories related to water and salinity
management followed by the procedures for basic hydraulic design and a discussion of system
economics. Chapters Seven through Eleven provide detailed descriptions of system automation
and chemigation principles, application of recycled or reclaimed wastewater, and system
maintenance. The final section of the book, Chapters Twelve through Fifteen, covers the design
and management considerations for the four major types of microirrigation, surface drip,
subsurface drip, bubbler and microsprinkler. The information presented should enable irrigation
professionals to design, maintain, and manage microirrigation systems.

We acknowledge the significant contributions of the authors of the first edition of this book to the
field of microirrigation. Some of the current chapters include original authors from the first
edition, whereas other chapters required recruiting new authors. The first edition was developed
under the auspices of the USDA-RRF Western Regional Research Committee, W-128, Trickle
Irrigation to Improve Crop Production and Water Management. Although this revision is not a
formal product of the current USDA-RRF Western Regional Research Committee, W-1128,
Reducing Barriers to Adoption of Microirrigation, it should be noted that several of the current
committee members are contributing to this edition.

We thank our families and also those of the authors for their patience and cooperation during the
long preparation process of this book. We also especially thank Ms. Vicki Brown, Kansas State
University, for her meticulous work in finalizing the manuscript for printing.

May 2006 Freddie R. Lamm, James E. Ayars, and Francis S. Nakayama
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1. INTRODUCTION

JAMES E. AYARS

USDA-ARS, Parlier, California, USA
“Whiskey is for drinking, water is for fighting.” Attributed to Mark Twain

DALE A. BUCKS

USDA-ARS, Beltsville, Maryland, USA

"Water is a scarce resource that must be conserved and protected."
FREDDIE R. LAMM

Kansas State University, Colby, Kansas, USA

“Water, water, everywhere is no proper way to irrigate.”

FRANCIS S. NAKAYAMA
USDA-ARS, Maricopa, Arizona, USA

“Water, like fire, is a good servant, but a bad master.”

1.1. DEFINITION

Microirrigation is the slow application of water on, above, or below the soil by surface drip,
subsurface drip, bubbler, and microsprinkler systems. Water is applied as discrete or continuous
drips, tiny streams, or miniature spray through emitters or applicators placed along a water
delivery line adjacent to the plant row (ASAE, 2001). In some parts of the world, microirrigation
is called localized irrigation to emphasize that only part of the soil volume is wetted. Thus, with
the localized aspect, there are implications concerning evaporation, transpiration, deep
percolation, soil water, nutrient, and salinity distributions with respect to crop spatial position and
root distributions (Pizarro, 1987). The shape or design of the emitter reduces the operating
pressure from the supply line, and a small volume of water is discharged at the emission point.
Water flows from the emission points through the soil by capillarity and gravity. Microirrigation
is usually characterized by the following features: (1) water is applied at low rate; (2) water is
applied over long periods; (3) water is applied at frequent intervals; (4) water is applied near or
into the root zone; (5) water is applied by a low-pressure delivery system; and (6) water is
routinely used to transport fertilizers and other agricultural chemicals.

Rapid advances in microirrigation systems and practices have occurred since the publication of
the first edition of this book (Nakayama and Bucks, 1986). Microirrigation, as with other
irrigation methods, cannot be used for all agricultural crops, land situations, or user objectives.
However, for certain cropping systems and situations, it does offer many unique agronomic,
agrotechnical, and economic advantages compared with other irrigation technologies presently
used.
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1.2. HISTORY AND CURRENT STATUS

Historical and archaeological findings show that irrigation has played a major role in the
development of ancient civilizations. The oldest irrigation-based civilizations developed along
the Nile, Tigris, Euphrates, Indus, and Yellow Rivers (Gelbrud, 1985; Postel, 1999). Gravity
irrigation began along the Nile about 6,000 B.C. and still continues to be the dominant irrigation
method. Irrigation methodology resisted change until the 20" century when pressurized systems
with sprinklers became available. Microirrigation, a new and innovative approach evolved from
subirrigation where irrigation water is supplied to the plant by raising the water table up to the
root zone.

1.2.1. Early History Worldwide

Although simple in its concept, the widespread use of microirrigation was not practical until very
recently because of the availability of suitable, economical materials to construct the equipment.
Beginning in 1860, researchers experimented with a combination irrigation and drainage system
using clay pipes. These subirrigation and drainage tiles lasted for more than 20 years, in which
irrigation water was pumped into the underground drainage system. One of the earliest patents
(No. 146,572) for microirrigation in the United States was granted to Nehemiah Clark in 1874
(Clark, 1874). This early system allowed water emission through the joints of the pipeline. The
end of one pipe was slightly smaller than the beginning of the next that allowed the water
emission while still protecting the joints from clogging. The first research on subsurface
microirrigation where water was applied to the root zone without raising the water table was
conducted in the United States at Colorado State University in 1913 by House (1918), who
concluded that it was too expensive for practical use.

Microirrigation has been a multinational development. An important breakthrough was made
around 1920 in Germany when perforated pipe was introduced. In the United States, porous pipe
or canvas was used for subsurface irrigation at Michigan State University (Robey, 1934).
Thereafter, research and development centered around using perforated and porous pipes made of
various materials to determine whether water flow from these pipes into the soil could be
controlled by the soil water potential rather than by the water pressure in the system. At the same
time, subirrigation experiments in Germany, the Union of Soviet Socialist Republics, and France
led to water application through closely-spaced channels to raise the groundwater level close to
the root zone. Various other forms of subirrigation were also used in other countries including the
United States, the Netherlands, and the United Kingdom.

With the continuing improvements in plastics, first developed during World War 11, plastic pipe
for irrigation became feasible. In the late 1940s, microirrigation systems based on plastic pipe
were used to irrigate greenhouse plants in the United Kingdom. About the same time, Dorter
(1962) and others in Germany began extensive work on subsurface irrigation (called underground
irrigation at this time) with plastic pipe. Over 100 papers were published on the concept of
underground irrigation. Publications on the modern-day surface drip system began to appear
from Israel in 1963 and the United States in 1964. Research and development from both countries
actually started earlier. Additional patents for microirrigation components began to appear in the
1950s and 1960s. A low pressure device which resembles what is currently referred to as a
microsprinkler was patented in the United States by Ludwig Blass in 1956 (No. 2,752,201)
entitled “Methods and Means for the Irrigation of Land” (Fig. 1.1a.). These microsprinklers were
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constructed of machined aluminum and would not be economical for large scale markets (Blass,
1956). The first U. S. patent (No. 3,420,064) of a surface drip irrigation emitter was awarded to
Ischajahu Blass and Symcha Blass (No family relationship to Ludwig Blass) in 1969 (Blass and
Blass, 1969) entitled “Irrigation Dripper Unit and Pipe System” (Fig. 1.1b.). The U.S. patent was
based on an earlier patent (No. 25,197) awarded in Israel in 1966 to Symcha Blass. Blass, an
engineer from Israel, has been often quoted describing greater vigor of a large tree near a leaking
faucet over other trees in the area as the basis for developing the dripper. The concept of surface
drip irrigation spread from Israel in the 1960s to Australia, North America, and South Africa, and
eventually throughout the world. Patents related to microirrigation and techniques continue to be
issued by the U. S. patent office and throughout the world.

a. b.

Figure 1.1. Early microirrigation components patented in the United States during the 1950s
and 60s. Fig 1.1a. Patent No. 2,752,201. Methods and Means for the Irrigation of
Land, L. Blass; Fig 1,1b. Patent No. 3,420,064. Irrigation Dripper Unit and Pipe
System, I. and S. Blass.

The First International Drip Irrigation Congress in 1971 held in Tel Aviv, Israel, had 24 papers.
The Second International Drip Irrigation Congress in San Diego, California, USA in 1974 had 83
presentations with over 1000 registrants from 26 countries. The Third Congress met in 1985 at
Fresno, California USA, had 157 papers contributing to its theme Drip/Trickle Irrigation in
Action. It was co-sponsored by the American Society of Agricultural Engineers (ASAE) and the
Irrigation Association (IA), signaling a coming of age for microirrigation as an accepted method
of irrigation. Continued progress in microirrigation was demonstrated at the Fourth Congress
(October 23-28, 1988) in Aubury-Wodonga, Australia featuring 89 presentations. The Fifth
International Microirrigation Congress met in Orlando, Florida, USA on April 2-6, 1995 and was
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again sponsored by ASAE in cooperation with IA and the Florida Irrigation Society (FIS) with
the support of 11 additional technical organizations. The Fifth International Microirrigation
Congress truly was an international forum featuring 156 technical presentations representing 313
authors from 28 countries throughout the world. The most recent Microirrigation Congress in
Capetown, South Africa in 2000 placed a strong emphasis on the emerging use of microirrigation
in the developing world. An important part of the Sixth Congress dealt with empowering women
to meet family food needs and provide additional income through use of microirrigation.

1.2.2. Early History in United States

In the mid 1950s, a small irrigation manufacturing firm (Chapin Watermatics) in Watertown,
New York, began to supply polyethylene tubing (called spaghetti tubing) to water plants and
flowers grown in greenhouses. By the early 1960s, plastic-pipe drip irrigation systems were
extensively used in greenhouse research and most commercial enterprises. Norman Smith, a
cooperative extension agent from New York and Richard Chapin of Chapin Watermatics are
credited with conducting the early pioneering work with plastic film mulch and surface drip
irrigation for row crop production at the Old Westbury Gardens, Westbury Long Island, New
York in 1963 (Fig. 1.2). This site was commemorated with a historic plaque by the American
Society for Plasticulture (ASP) in 1993.

Figure 1.2. The first use of surface drip irrigation and plastic mulch on a cantaloupe field in
the United States (New York) in 1963. Pictured is Norman Smith, Nassau County
Cooperative Extension Agent, New York. Photo courtesy of G. Giacomelli,
Arizona State University.
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The first field experiment in the United States with a subsurface drip irrigation system was
established on a lemon orchard at Pomona, California in 1963 and on an orange orchard near
Riverside, California in 1964 (Davis, 1974). The first research and demonstration study on a
private grower’s trees was in an avocado orchard in San Diego, California in 1969. About the
same time trials were started using drip irrigation and plastic mulch on strawberries and tomatoes
also in and around San Diego (Davis and Bucks, 1983).

1.2.3. Current Irrigated Area

Irrigated land development has kept pace with the world population since about 1800. In 1977,
the Food and Agriculture unit of the United Nations Organization estimated that the total global
irrigated area was 223 million ha. This increased to about 262 million ha by 1996. The 2000
irrigation survey conducted by Irrigation Journal (2001) indicated 25.5 million irrigated ha in the
United States. Of'this area, about 12.7 million ha (49.9 %) were irrigated by sprinkler irrigation,
11.5 million ha (45.1 %) by gravity irrigation, and 1.3 million ha (4.9 %) by microirrigation.

The Working Group on Microirrigation of the International Commission on Irrigation and
Drainage (ICID) has conducted surveys on the extent of microirrigation periodically since 1981.
These surveys (Table 1.1), summarized by Reinders (2000), indicate that microirrigation has
increased from 0.4 million to 3.2 million ha during the1981 to 2000 period.

The ICID surveys (Bucks, 1995) indicated that the main reasons for choosing microirrigation
were as follows: (1) water and labor were expensive; (2) water supply was limited; (3) water
supply was saline (although periodic leaching was still required); (4) the use of other irrigation
methods was difficult (example, hillside orchards); (5) landscaping or greenhouse irrigation was
required; and (6) chemigation was possible.

In the United States, the states of California, Florida, Washington, Texas, Hawaii, Georgia, and
Michigan account for approximately 91% of the microirrigated land area (Fig. 1.3.) Although the
current cropped area using microirrigation is a small fraction of the total irrigated area, many of
the high-value crops that require intensive production practices are grown with this irrigation
method. In addition, conversion of marginal lands to microirrigation is increasing.

1.2.4. Principal Crops Utilizing Microirrigation

Whereas almost all crops can be suitable for microirrigation, the practice is primarily
concentrated only on high-value perennial crops, tree and vine crops, fruits, vegetables and
ornamentals. However, there is growing interest in applying microirrigation to lower-valued field
crops, such as cotton and corn through the use of multi-year subsurface drip irrigation.
Application of microirrigation for landscaping, greenhouses, and nurseries has also increased
tremendously and includes ornamental trees and shrubs, ground covers on highway roadsides and
residential properties. While the emphasis in this book will be on systems designed for
production agriculture, the design and management principles are applicable across all types of
microirrigation scenarios.
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Table 1.1. Extent of microirrigation, ha, in selected countries and the world during the period
1981 to 2000. After Reinders (2000)

Country 1981 1986 1991 2000
United States 185,300 392,000 606,000 1,050,000
India 20 0 55,000 260,000
Australia 20,050 58,758 147,011 258,000 *
Spain 0 112,500 160,000 230,000
South Africa 44,000 102,250 144,000 220,000
Israel 81,700 126,810 104,302 161,000
France 22,000 0 50,953 140,000
Mexico 2,000 12,684 60,000 105,000 *
Egypt 0 68,450 68,450 104,000
Japan 0 1,400 57,098 100,000 *
Italy 10,300 21,700 78,600 80,000
Thailand 0 3,660 45,150 72,000 *
Colombia 0 0 29,500 52,000 *
Jordan 1,020 12,000 12,000 38,300
Brazil 2,000 20,150 20,150 35,000 *
China 8,040 10,000 19,000 34,000
Cyprus 6,000 10,000 25,000 25,000
Portugal 0 23,565 23,565 25,000
Chinese Taipei 0 10,005 10,005 18,000 =
Morocco 3,600 5,825 9,766 17,000 *
Other 50,560 38,821 100,737 177,000 *
World 436,590 1,030,578 1,826,287 3,201,300

* Areas for these countries adjusted from 1991 figures according to the average percentage
increase of other countries that had provided updated information to ICID.
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Figure 1.3. Microirrigation land area and distribution in the United States from 1970 through
2000. Based on surveys conducted by Irrigation Journal.

1.2.5. Trends

An intensive survey of the trends in microirrigation is impractical, but some indication of what is
occurring in research and application is evidenced by the types of sessions and papers presented
at the Microirrigation Congresses over the years. The initial Congresses focused on the physical
aspects of the systems (hydraulic design, uniformity), the components (filters, emitters), and
applications to crops. As many of the initial problems were solved in manufacturing and quality
products became available, the emphasis in research moved towards system management. This
included both water and fertilizer management. Microirrigation systems were initially installed
on high-value crops primarily in developed countries with minor applications in developing
countries. As the industry matured, interest has increased in microirrigation to lower-value field
crops and in devising low cost systems for use in developing countries. The Sixth International
Microirrigation Congress in South Africa had sessions related to applications in the developing
world and encouraging women to use microirrigation to meet family food needs and increase
income. As the microirrigation industry continues to develop, the economics of microirrigation is
getting more attention to in efforts to reduce overall system costs.
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1.2.6. Economics

The high cost of installation, operation, and maintenance of microirrigation systems remains a
major constraint to microirrigation expansion. Only crops with the highest returns are generally
considered for implementation of microirrigation. A complete discussion of the economics of
microirrigation is provided in Chapter 6. A detailed breakdown of the costs for individual
components is not provided because these are variable and are not applicable over a wide range
of time and regions.

In the 1991 ICID survey (Bucks, 1995), nearly all the countries indicated that microirrigation
systems used in vegetable and field crops and in greenhouses would be more expensive than the
same systems used on tree crops. In Japan, system costs for flowers and vegetables were as high
as $16,000/ha. However, many of the countries indicated that an average installation cost for
microirrigation systems was $2,000 to $4,000/ha. Estimates of operation and maintenance costs
ranged from $100 to $800/ha-year. This large range was attributed to variable labor costs, a large
variation in crop types, and differences in the age of the microirrigation systems.

1.2.7. Expansion in Developing Countries

Polak et al. (1997) projected that reducing the cost of microirrigation from $2,500 to $250 per ha
would more than double its global adoption. Application was projected to be particularly
appropriate in water short areas of India and sub-Saharan Africa and in the hilly regions of the
Himalayas. They indicated that the inability to break large farms into small parcels is the most
important barrier to the adoption of expensive technology, which favors the large farmers.
Improvements in pumping technology (man-powered treadle pumps) enabled small farmers to
take advantage of microirrigation. International Development Enterprises has developed portable
drip systems and has installed about 880 systems in India and 470 in Nepal (Hoffman, 1985,
Postel, 1999; Keller and Keller, 2003).

Richard Chapin (Chapin Watermatics) working through his Living Waters Foundation (Postel,
1999) described a drip irrigation and plastic mulch combination system that was distributed in
Africa. The initial design that used a 190 L barrel for a reservoir proved unacceptable to the
farmers. Instead, a 19 L reservoir (bucket) placed at a lower height has gained acceptance. The
system with a combination of drip irrigation and mulch was easy to install, was very effective in
production, and represented an economic alternative for market garden production. Basic aspects
of all of these systems designed for developing countries is their ease of use and relatively low
cost (Fig. 1.4.).

1.3. GENERAL PRINCIPLES

Many commercial companies and government agencies have invested large sums of money and
time to foster the advancement of microirrigation. However, as with any new technology,
microirrigation had few supporters in its conception, and initially had many unanticipated design
and management problems. Extensive research throughout the world has solved most of the early
problems and the rate of acceptance of the technology has increased. The user must recognize
that microirrigation has advantages and disadvantages. To maximize efficiency, the system must
be tailored to specific field and water conditions before success can be achieved. This includes
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proper design, installation, maintenance, and management. Design considerations are highlighted
in this chapter and in detail in Chapter 5. In addition, detailed design procedures will be
discussed in Chapters 12, 13, 14, and 15 for specific types of microirrigation systems. The
advantages and disadvantages of microirrigation in general are noted in the following sections
and are discussed in detail in Chapters 12, 13, 14, and 15 for specific types of microirrigation
systems.

Figure 1.4. Young irrigator in Maharashtra, India inspecting tomato transplants under low-
cost microirrigation system installed and operated by him. Photo taken in
November 2002, and is courtesy of Jack Keller, International Development
Enterprises.

1.3.1. Advantages
Numerous reports (Goldberg et al., 1976; Shoji, 1977; Howell et al., 1981; Bucks et al., 1982;

Davis and Bucks, 1983) have summarized potential advantages of drip compared with other
irrigation methods. The more important benefits are highlighted in the following sections.

1.3.1.1. Increased water use efficiency

Water use efficiency is defined as the ratio of the total dry matter or harvested (economic) portion
of the crop produced per unit of water consumed. Significant improvements in yield have been
documented with microirrigation without significant increases in the consumed water leading to
improved water use efficiency (Phene et al., 1993). Intercropping or even multiple cropping of
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vegetable and melon crops with subsurface microirrigation increased yields, improved water use
efficiency, and reduced water applications between cropping seasons (Bucks et al., 1981).
Continuous cropping is a practical way to increase water use efficiency where water prices are
increasing and urbanization has occurred.

1.3.1.1.1. Improved crop vields and quality

With microirrigation, the soil water content in the plant root zone remains essentially constant
because water is applied slowly and frequently at a predetermined rate. These characteristics
eliminate the wide fluctuations in the soil water content that are encountered under gravity and
sprinkler irrigation methods that contribute to plant stress (Chapter 3). Explanation for the
improvement in plant growth, yield, and crop quality are probably related to improved water
distribution along the row which can reduce plant stress caused by variations in texture and water
holding capacity in heterogeneous soils (Chapter 2).

1.3.1.1.2. Reduced nonbeneficial use

General agreement exist that irrigation water requirements can be less with microirrigation than
with traditional irrigation methods. The savings, of course, depend on the crop, topography, soil,
and environmental conditions, as well as management and the attainable on-farm efficiency.
Primary reasons given for the water savings include irrigation of a smaller soil volume, decreased
surface evaporation, reduced or elimination of irrigation runoff from sloping fields or hillsides
(Fig. 1.5), and controlled deep percolation losses below the root zone.

1.3.1.1.3. Reduced deep percolation

Disposal of drainage water is one of the most pressing environmental problems facing irrigated
agriculture. The source of this water is generally from inefficient irrigation practices and poor
distribution uniformity. Microirrigation offers opportunities to reduce these losses to a minimum.
Phene et al. (1993) identified subsurface drip irrigation as a best management practice (BMP) for
controlling deep percolation.

1.3.1.2. Use of saline water

Considerable evidence indicates that higher salinity waters can be used with microirrigation than
with other irrigation methods without greatly reducing crop yields (Shalhevet, 1994).
Minimizing the salinity hazard to plants irrigated by microirrigation can be attributed to (1)
keeping salts in the soil water more diluted because the high frequency irrigations maintain a
stable soil water condition; (2) eliminating leaf damage caused by foliar salt application with
sprinkler irrigation; and (3) moving salts beyond the active plant root zone. On the other hand,
improper placement of the system in relation to the crop could increase the salinity hazard by
moving the salt into the root zone (Ayars et al., 1995). The influence of salinity in
microirrigation is discussed in Chapter 4.



CHAPTER 1. INTRODUCTION 11

Figure 1.5. Properly designed and operated microirrigation systems can be used for irrigation
of wine grapes on both flat and sloping topography without excessive irrigation
runoff. (Napa Valley, California, USA. Photo courtesy of Freddie Lamm, Kansas
State University).

1.3.1.3. Improved fertilizer and other chemical application

Microirrigation can maximize flexibility in fertilizer and other chemical application scheduling.
Frequent or nearly continuous application of plant nutrients with the irrigation water is feasible
and appears to be beneficial for many crop production situations. Besides fertilizer, other
materials, such as herbicides, insecticides, fungicides, nematicides, growth regulators, and carbon
dioxide can be efficiently supplied to improve crop production (Chapter 8). The ability to apply
small and frequent amounts of fertilizer and other chemicals has the potential to reduce total
applications, leaching and runoff of these chemicals (Phene et al., 1993; Ayars et al., 1999).

1.3.1.4. Decreased energy requirements

Energy costs for pumping irrigation water may be reduced with microirrigation because the
operating pressures are lower than other types of pressurized systems. However, most of the
energy conservation should come from reducing the quantity of water pumped. Microirrigation
systems can save energy over gravity or flood irrigation only when irrigation efficiencies are
significantly increased.
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1.3.1.5. Improved cultural practices

Microirrigation will not interrupt cultural operations such as spraying, weeding, thinning, and
harvesting. More hedge plantings for tree crops, higher plant populations for row crops, and
increased use of plastic, natural, and synthetic mulches are examples of improved cultural
practices that are adaptable to microirrigation. Minimum tillage practices can be easily utilized
along with microirrigation, because dry areas are available for controlled traffic. However, with
some soil and crop scenarios dry surface soils can be a problem. Dry sand can cause traffic
problems for harvest trucks with vegetable crops. Wind-carried dry surface soil can also scar
young flowers on fruit and vegetable crops or decrease appearance and quality of field grown
floricultural crops.

Weed infestation can be reduced under microirrigation because only a fraction of the soil surface
is wetted and fewer weed seeds are delivered to the field in comparison with other irrigation
methods. Selective herbicides have been applied through microirrigation systems with mixed
results and further development of practices and water soluble products are needed.

1.3.1.6. Use of biological effluent and treated wastewaters

Biological and properly treated wastewater effluents represent valuable sources of water and in
some cases nutrients. The presence of pathogenic organisms in the water raises important
questions on how this water is to be applied and which crops are acceptable to receive these
waters. Wastewater is a significant source of water in Israel and other water short areas in the
Middle East (Shelef and Azov, 1996; Angelakis et al., 1999; Brenner et al., 2000). Wastewater
reuse in agriculture is projected to be 36% of the total agricultural water supply in Israel by 2010
(Shelef and Azov, 1996). In the United States, biological effluent and treated wastewaters have
been primarily used for irrigation of ornamentals and grasses in recreational areas, forage, fiber
and forest crops, and for grain crops grown for animal feed. The use of biological effluent and
treated wastewater in microirrigation (Fig. 1.6) is a rapidly expanding research area and is
discussed in Chapter 9.

1.3.2. Disadvantages

Despite observed successes and possible advantages, several problems have been encountered
with the economics and mechanics of applying water with microirrigation systems for some soils,
water qualities, and environmental conditions. The disadvantages of microirrigation are
highlighted in the following sections. While emitter clogging can sometimes still be a problem,
the development of improved microirrigation system components and designs along with better
filtration and chemical treatment has reduced some of the earlier difficulties associated with these
systems (Chapter 11).

1.3.2.1. Extensive maintenance requirements

Complete or partial clogging of emitters still represents a serious problem with microirrigation.
Clogging will adversely affect water and fertilizer application uniformity, increase maintenance
costs, and cause crop damage and decreased yield unless the clogging is detected early and
corrected. Other maintenance problems are pipeline and component damage such as leaks or
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flow restrictions that can be caused by rodent or other animals, personnel, poor installation
procedures or machinery. Root intrusion can be a problem with some system designs, crops, and
cultural practices.

r

Figure 1.6. Subsurface drip irrigation (SDI) applying treated municipal wastewater for citrus
production near Tel Aviv, Israel, 1999. Photo courtesy of Freddie Lamm, Kansas
State University.

1.3.2.2. Salt accumulation near plants

Where high salinity waters are used in arid regions, salts tend to accumulate at the soil surface
and along the periphery of the wetted soil volume. Rain water may move harmful amounts of
salts into the root zone causing injury to the plants (Chapter 4). Salt accumulation from a prior
microirrigation operation can be a problem if seeds are located in resultant high salt concentration
areas.

1.3.2.3. Restricted root development

Because microirrigation normally supplies water to a specific part of the total soil volume
occupied by a plant, root development may be limited to the wetted soil volume near each emitter
or along each lateral line. Excessive restriction of root development has the potential to decrease
plant growth and yields. Also, good root development and distribution may be needed to anchor
the plant against strong winds.
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1.3.2.4. High system costs

Supporting equipment requirements (filters, controllers, valves) and extensive lateral networks
make microirrigation systems initially expensive. Costs are generally less than solid-set
sprinklers, but more than center pivot sprinkler systems. Actual costs may vary considerably
depending on the crop, specific microirrigation system design attributes, filtration equipment, and
automation that are selected. Operation costs for microirrigation can be comparable to other
pressurized irrigation methods unless poor water quality conditions contribute to excessive
maintenance costs.

1.3.2.5. Restricted crop rotation

This limitation usually applies to subsurface drip irrigation installations. The restriction results
from the need to match row spacing with dripline installation. Ifthe rows are positioned so that
the dripline is not centered between two rows or centered under a bed, damage may occur from
equipment during cultivation (Ayars et al., 1995). If the grower is willing to adopt a common row
spacing for his crops or adapt specialized tillage procedures, this is not a serious restriction.

1.3.3. System Considerations

1.3.3.1. Design and installation considerations

The main design goal for a microirrigation system is to insure that an acceptable uniformity of
water application is obtained throughout the field. The system designer must take into account a
complex combination of emitter type, emitter uniformity, hydraulics, topography, desired water
distribution uniformity, crop salt tolerance, water requirement, water quality, fertilizer injection,
soil salinity, cultural practice, and other site-specific conditions. The microirrigation installer
must not only be aware of minimum design recommendations, but communicate adequately with
the users on the proper operation of the system. Specifics on design and operation are covered in
Chapters 5 and 12 through 15.

1.3.3.2. Maintenance considerations

The primary goal of a maintenance schedule is to control emitter clogging to assure a suitable
economic life for the microirrigation system. A maintenance schedule varies with water quality
depending on three factors: (1) physical-the suspended inorganic (e.g., sand, silt, and clay and
other debris such as plastic particles) and organic materials; (2) chemical-the precipitation of
calcium or magnesium carbonate, calcium sulfate, iron compounds, heavy metal hydroxides, and
some fertilizers; and (3) biological-the bacterial and algal filaments, slimes, and microbial-
chemical deposits. System maintenance is very important and is covered in detail in Chapter 11.

1.3.3.3. Management considerations

The purpose of the total management scheme is to ensure optimum crop response coordinated
with good environmental practices and responsible resource use. Management concepts that will
be discussed in various chapters in this book include accurately measuring the water application,
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scheduling irrigation, and ensuring proper system operation. Automation and fertigation are
management practices that can have a significantly positive impact on crop response (Chapter 7
and 8). Cultural practices and management will also have to be modified when microirrigation is
included as part of the farming enterprise.

1.3.3.4. Economic considerations

Because yields are higher or more consistent on irrigated than rainfed lands, irrigation plays a
major role in stabilizing food and fiber production. Problems of improving on-farm irrigation
efficiencies will need to be addressed as the competition for limited water supplies increases.
Microirrigation systems have the potential to obtain high efficiency (85 to 95 %) and may
become even more economical in the future. An economic analysis of an irrigation system
should stress the total system including operation and management rather than just the individual
parts of the system. Such analysis must consider the cost of land, water, and drainage water
disposal. Energy will also be a significant part of the cost analysis. Caswell et al. (1984) provide
an analysis that takes into account land quality and the water cost. Land and water cost factors
are two important factors for comparing different irrigation technologies. Other cultural costs
(labor, tillage, weed control, fertilization, harvesting, etc.) and profits (higher yield, earlier
ripening, price, product quality, etc.) must also be considered in a complete economic analysis to
select of the most suitable irrigation method. A discussion of the economics of microirrigation is
provided in Chapter 6.

1.3.3.4.1. System costs

Microirrigation systems are usually expensive and require more intensive management skills and
farming practices than other irrigation methods. The initial costs of a microirrigation system in
the United States in 2003 average about $1,500 to $3,500/ha, and maintenance costs range from
about $50 to $200/ha-y. These costs will undoubtedly vary considerably for other countries. In
some situations, the initial equipment and maintenance costs for microirrigation has decreased
and may become even lower or remain stable in the future. In fact, system costs are currently
lower today than in the previous decade, because line-source emitter systems with longer life
spans are being used for a greater number of applications. With the increased need to conserve
water, public agencies may need to subsidize new or improved irrigation systems through cost-
sharing or tax incentive programs, similar to those presently available for soil conservation.
Also, public and private groups could encourage additional research and development to enhance
the economic attractiveness of microirrigation and other efficient irrigation methods.

1.4. SYSTEM COMPONENTS

Many significant advances have been made in the design of microirrigation components. The
basic components of a microirrigation system include a pump, fertilizer injector, filters,
distribution lines, emitters, and other control and monitoring devices. Whereas, a general
discussion of these components will be provided in the following sections, greater detail will be
provided in Chapters 5, 7, 8, and 11.



16 MICROIRRIGATION FOR CROP PRODUCTION

1.4.1. Emission Devices

Emitters are used to dissipate pressure and lower the rate of water application through the
microirrigation system. Ideally, an emitter permits a small uniform flow or trickle of water at a
constant discharge rate that does not vary significantly throughout the field or subunit. Many
different emitters have been devised and manufactured with the concept that the emitters should
be inexpensive, reliable (not clog), and compact as well as provide a uniform water discharge.
Emitter designs include short-path, long-path, short-orifice, vortex, pressure-compensating, self-
flushing, perforated single- and double-chamber tubings, as well as the aerosol emitters, foggers,
misters, or the miniature sprays and sprinklers used in microsprinkler irrigation.

The point on or below the soil surface at which water is discharged from the emitter is called the
emission point. Emitter designs are classified into two types, point-source and line-source.
Point-source emitters discharge water from individual or multiple outlets that are spaced
generally 0.76 to 1 m apart or according to wider plant spacing arrangements. Typically, point-
source emitters are used for widely spaced plants such as trees, vines, ornamentals, and shrubs.
However, some point-source emitters are also being used for closely spaced row crops. Bubbler
and microsprinkler emitters are usually classified as point-source systems. Line-source emitters
have perforations, holes, porous walls, formed indentations, or molded emitter inserts in the
tubing that discharge water at close spacings (0.1 to 0.6 m) or even continuously along a lateral.
Line-source emitter systems are frequently used on small fruits, vegetables, or other closely
spaced row crops. Better materials and manufacturing have improved extrusion and molding of
point-source emitters. Co-extrusion, laser technology, and plastic formulation techniques have
also increased the reliability of line-source emitters.

Emitter construction and performance requirements are very important because all emitters are
subjected to exposure to sunlight and chemicals applied through or on the emitters as the crop is
grown, extremes in environmental changes, and physical abuse. Characterization of the
uniformity of emission and distribution within the field is discussed in Chapter 10.

1.4.2. Distribution System

Distribution lines consist of a network of graduated pipe sizes starting with a single, large
mainline followed by smaller submain and lateral lines (Fig.1.7). The buried mainline and
submains are usually permanent installations and are usually made of polyvinyl chloride (PVC),
asbestos-cement or polyethylene (PE) plastic pipe. Mainlines and submains often range from 40
to 250 mm inside diameter depending upon the required water flow and the economic tradeoff
between power costs and installation costs. Both mainlines and submains should have valved
outlets for periodic pipeline flushing. The submain may also contain pressure regulators, flow
control valves, manual or automatic control valves, secondary filters, and other safety devices.
Laterals are usually made of PE and range from 10 to 35 mm inside diameter. With increasing
microirrigation use on annual row crops, larger diameter driplines are often being used.

In most cases, the submain connects the mainline to the lateral. However, for larger installations,
there may also be a manifold or header line that is coupled between the submain and lateral line.
The size, length, and maximum allowable pressure loss depend on topography, lateral flow rate,
pressure loss in the laterals, and total pressure variation allowed for the emitters along the
laterals. The hydraulic design of main, submain, and lateral lines are presented in Chapter 5.
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As part of the design of a microirrigation system, the appropriate fittings or parts must be selected
to connect together the main, submain, and lateral lines. Appropriate fittings are available for
connecting both PVC and PE distribution lines. PVC fittings are solvent-cemented using
specifically approved primers and cements, whereas PE equipment is non-cementable and
connected with barbed or compression fittings. A barbed fitting is inserted inside the pipeline.
The PE compression fittings are used routinely because they have less friction loss and exhibit
fewer stress-cracking problems than barbed fittings.

1.4.3. Control and Automation

Microirrigation systems are well suited for automation (Fig. 1.8). The main control station for
the microirrigation system is organized to measure, filter or screen, and treat the water, and to
regulate pressure and time of water application. The control station includes the pump, backflow-
prevention device, primary filter, pressure regulator (automatic or mechanical flow control
valves), pressure gauge, water meter, and usually automation and chemical injection equipment
(Fig.1.7). Prevention of emitter clogging is important for the successful operation of a
microirrigation system. Details on emitter clogging and water treatment are presented in Chapter
11. Proper water filtration is essential and achieved by using either screen, disk, media (fine
gravel and sand), or centrifugal filters either individually or in combination. The selection of the
type, size, and capacity of the filtration unit depends on the initial water quality, system flowrate,
and emitter design. Chemical injectors are used to apply fertilizer, acid, bacteriacide, or other
chemicals through microirrigation systems. The different types of injectors, their operating
principles, and safety precautions needed for injecting chemicals will be discussed in Chapter 11
on maintenance and Chapters 8 and 9 on application of agrochemicals and biological effluent.

Figure 1.8. Programming an automated microirrigation system. Photo courtesy of Freddie
Lamm, Kansas State University.
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The mechanical pressure regulator is used to maintain the design operating pressure at the
emitter, which may range from 27 to 205 kPa for the different types of emitter systems. The
water flowmeter is required to monitor flowrate and volume, to check the initial design flow
conditions, to schedule irrigations, and to provide information on possible maintenance problems.
Microirrigation systems are readily automated, as explained in Chapter 7, using single and
multistation timers or controllers and related solenoid valves to eliminate the need to manually
open and close flow control values. Filter backwashing and lateral line flushing for system
maintenance can also be automated. Controllers are available that can operate on an electrical
outlet, battery, or solar power sources. Automation can also be partial or total to include
sequential operations from a few minutes in an hour, an entire day, or any number of cycles per
day. Automation can be accomplished on a volumetric or timer basis, or by soil water and plant
water stress sensors that actuate the controllers.

1.4.4. Filtration

Filtration is essential for successful operation of microirrigation systems. Appropriate filtration
helps prevent clogging of the emitters from organic and inorganic particulate matter. The basic
types of filter include centrifugal, screen, sand media, and disk. These are often used in
combination, such as using a sand media for initial removal of large particulates and screen filters
providing removal of the fine material. Selection of the filters depends on the source of water
(e.g., surface water reservoirs, streams or groundwater wells). Media or disk filters are generally
selected for the primary filtration when open water bodies or biological effluents are the source
and quality of water (Fig. 1.9). These filters can be followed with screen filters for final cleanup.
Screen filters alone are generally adequate for water from groundwater wells. This is discussed
in more detail in Chapterl1.

1.5. SYSTEM TYPES

Microirrigation systems are usually defined in terms of installation method, emitter discharge
rate, wetted soil surface area, or mode of operation. The four basic types of microirrigation
systems are surface drip, subsurface drip, bubbler, and microsprinkler.

1.5.1. Surface Drip Irrigation

Surface drip irrigation uses emitters and lateral lines laid on the soil surface or attached above-
ground on a trellis or tree. This is the most widely used type of microirrigation system in the
United States (Chapter 12). Surface drip irrigation has been primarily used on widely spaced
perennial plants, but can also be used for annual row crops. Generally, discharge rates are less
than 12 L/h for single-outlet, point-source emitters and less than 12 L/h-m for line-source
emitters. Advantages of surface microirrigation include the ease of installation, inspection,
changing and cleaning emitters, plus the possibility of checking soil surface wetting patterns and
measuring individual emitter discharge rates. An example of a surface microirrigation emitter
and lateral line is shown in Fig. 1.10.
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Figure 1.9. Large complex of sand media filters used to filter sugarcane mill wastewater for
microirrigation, Maui, Hawaii, USA. Photo courtesy of Freddie Lamm, Kansas
State University.

Figure 1.10. Surface drip irrigation of lettuce near Fresno, California, USA. Photo courtesy
of Tom Trout, USDA-ARS Water Management Research Laboratory.
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1.5.2. Subsurface Drip Irrigation

In subsurface drip irrigation (SDI), water is applied slowly below the soil surface through buried
emitters. The discharge rates are in the same range as those for a surface drip system. A typical
soil surface wetting pattern from a subsurface drip system is illustrated in Fig. 1.11. This method
of application is not to be confused with subirrigation, in which the root zone is irrigated through
or by water table control. SDI systems have gained wider acceptance since earlier problems of
emitter clogging have been reduced and improved methods of installation have been developed
(Chapter 13). SDI is now being installed on small fruit and vegetable crops, and field crops
(cotton, corn, tomato, alfalfa) (Nightingale et al., 1986; Phene et al., 1987; Ayars et al., 1992;
Camp, 1998; Ayars et al., 1999; Camp et al., 2000). Experience has shown that emitter outlets
should be pointed upwards and that maintenance requirements are similar to surface
microirrigation systems. Advantages of SDI include freedom from dripline installation at the
beginning and removal at the end of the growing season, little interference with cultivation or
other cultural practices, and possibly a longer operational life. In addition, combination
subsurface and surface microirrigation systems have been tried where the lateral lines are buried
and the emitters are located on or above the soil surface through the use of riser tubing.

Figure 1.11. Line-source emitter system used for subsurface drip irrigation (SDI) of almonds
showing the wetting pattern on the soil surface. It should be noted that often the
soil surface is not wetted with SDI. (California, USA. Photo courtesy of Freddie
Lamm, Kansas State University.)
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1.5.3. Bubbler Irrigation

In bubbler irrigation, water is applied to the soil surface in a small stream or fountain from an
opening with a point-source discharge rate greater than surface or subsurface microirrigation of
12 L/h, but usually less than 250 L/h. Because the emitter discharge rate normally exceeds the
infiltration rate of the soil, a small basin is required to contain the distribution of water (Fig.
1.12). The use of bubbler application is extensive in landscape irrigation systems, but is use in
agriculture is currently limited. Bubbler systems are well suited for perennial crops, particularly
on orchards and vineyards with level typography. Advantages of the bubbler system include
reduced filtration, maintenance or repair, and energy requirements compared with other types of
microirrigation systems. However, larger size lateral lines are usually required with the bubbler
systems to reduce the pressure loss associated with the higher discharge rates. Design procedures
and management guidelines for bubbler irrigation is provided in Chapter 14.

Figure 1.12. Bubbler system with a small basin around each citrus tree to contain the high
water application rate. Photo taken near Maricopa, Arizona, USA, provided by
Edward Martin, University of Arizona.
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1.5.4. Microsprinkler Irrigation

In microsprinkler irrigation, water is applied to the soil surface as a small spray, jet, fog, or mist.
The air is instrumental in distributing the water, whereas in surface drip, subsurface drip, and
bubbler irrigation, the soil facilitates and controls water distribution. Microsprinklers have
discharge rates typically less than 175 L/h per microsprinkler and are used to irrigate trees or
other widely spaced crops (Fig. 1.12). Microsprinkler systems can be vulnerable to high wind
and evaporation losses, particularly when plants are young and have a limited crop canopy.
However, both microsprinkler and bubbler systems normally have less filtration and other
maintenance requirements than surface or subsurface drip irrigation systems. Microsprinklers
also provide better freeze protection than drip irrigation systems. The cost for a microsprinkler
systems ranges from $2,000 to $3,000/ha in the United States and thus represents a considerable
investment for producers. The design and management of microsprinkler systems are covered in
detail in Chapter 15.
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Figure 1.13. Microsprinkler applying water to grapefruit in Florida. Photo courtesy of Brian
Boman, University of Florida.
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2. SOIL WATER CONCEPTS
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“In one drop of water are found all the secrets of all the oceans.” Khalil Gibran

2.1. INTRODUCTION

2.1.1. Soil Water Regime for High Frequency Irrigation

Subsurface soil water regime is determined by the properties of the soil and the geometry and
rates of water application and withdrawal from the profile. Factors that differentiate the soil
water regime for microirrigation from standard surface and sprinkler irrigation systems are (1) the
flow regime is 2 or 3-dimensional rather than vertical only; (2) the water is added at a high
frequency; and (3) soil water content is maintained within a relatively narrow range. The
multidimensional nature of flow from point or line sources leads to more complex mathematics if
the system is to be modeled. The high frequency of application and narrow water content range
tend to skew the concept of field capacity where soil properties control plant available soil water.
Although the volume of water stored remains a key factor, water is added more often and
presumably can be carefully controlled around prescribed target values. Plant rooting patterns
under limited volume and non-stressed conditions lead to some new concepts relative to
conventional irrigation. For example, when expressing water for evapotranspiration, should it be
per unit of total land area, per unit of a strip that is farmed or per unit area of canopy? In
addition, the desirability of distributing water to encourage root development over an extensive
area is debatable and perhaps site specific.

2.2. SOIL WATER

2.2.1. Soil Water Content

The status of soil water can be described in two separate modes: the soil water content, which
tells “how much” water is present, and soil water potential, which relates to the energy level
(indicating how readily available for plant uptake or movement). Processes dealing with water
balance are usually more directly related to water content; whereas processes dealing with water
movement are usually more directly related to soil water potential. The types of instruments
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chosen for monitoring soil water depend on the mode that is of most relevance and this will
depend on the purpose of measurement.

The basic definitions of soil water content include the water content by mass (8, given by

_ Mass of water
™" Mass of solids

2.1
This is also called gravimetric water content and water content by weight. Water content is
dimensionless, but often 6, is followed by g/g or kg/kg to emphasize that the measurements are
on a mass basis. Water content by volume (€) is defined by

_ Volume. of water 22)
Total soil volume

and is the fraction of the soil's bulk volume occupied by water. Although dimensionless, values
are often followed by cm®/cm® or m*/m’ to emphasize a volume basis. The two water content
expressions are related through the ratio of the soil bulk density (o) to water density (p,):

9=[&]em 23)
Py

For most soils, the bulk density is greater than 1 Mg/m® and € will be greater than 6,. The
preferred form of water content is determined on the basis of convenience.

Water content can also be expressed as an effective saturation (S,)

s, =970 (2.4)

es - Hr
where 6, is the volumetric water content at saturation and 6, is the residual water content. The
residual water content is defined as the water content at which the corresponding hydraulic
conductivity is appreciably zero, but very often it is used as an empirical constant when fitting
hydraulic functions. Equation 2.4 can be used with 6.= 0. In any case, note that S, ranges
between 0 and 1.

2.2.2. Soil Water Potential

In addition to the content, soil water is also characterized by its energy state. Soil water is
subjected to forces of variable origin and intensity, thereby acquiring different quantities and
forms of energy. The two primary forms of energy of interest here are kinetic and potential.
Kinetic energy is acquired by virtue of motion and is proportional to velocity squared. However,
because the movement of water in soils is relatively slow (usually less than 0.1 m/h), its kinetic
energy is negligible. The potential energy, which is defined by the position of soil water within a
soil body and by internal conditions, is largely responsible for determining soil water status under
isothermal conditions.
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As with all other matter, soil water tends to move from a high potential energy to a lower one, in
its pursuit toward equilibrium with its surroundings. The magnitude of the driving force behind
such spontaneous motion is a difference in potential energy across a distance between two points
of interest. Ata macroscopic scale, potential energy is defined relative to a reference state. The
standard state for soil water can be defined as pure and free water (no solutes and no external
forces other than gravity) at a reference pressure, temperature, and elevation, and is arbitrarily
given a value of zero.

The energy level is defined as energy per unit quantity relative to a reference state. The most
fundamental energy components are with respect to elevation, pressure and solution composition.
If it is assumed that the components are additive and by expressing the level as energy per unit
weight, the total soil water potential @7 is expressed as a length, and is

Pp=z+h+m+.. 2.5)

The term z (L) is the elevation and is the potential due to gravity; 4 (L) is the pressure head and
will be positive for submerged conditions and negative for water under tension; and 7 (L) the
osmotic head is negative for other than pure water. The relationship for ¢r is written to
emphasize that other factors may be important, but generally these are the three components
considered. The reference (or zero point) for z is defined by the user; the reference for pressure
head is usually atmospheric pressure, which is most often assumed equal to the air pressure in
contact with the soil water; and the reference for 7 is pure water.

The matric potential (%,,) is the difference between the soil water pressure head (%) and the soil air
pressure head (Aot 4ir):

h, =h—h

soil air (2'6)
For most natural systems, the soil air is assumed to be at atmospheric pressure for which 4
expressed as a gage pressure is the same as /,,. Thus, /4 is often used interchangeably with 4,, for
unsaturated conditions.

The general definition of soil water potential gives rise to alternative dimensions and units
depending on what is considered to be the basic unit “quantity.” For example, we can use energy
per unit volume and the potential is @7, which has dimensions of pressure and is related to ¢r by

0, =89, 2.7

with p,, the density of water and g the gravitational acceleration constant. Both ¢r and ¢r, are
commonly used, especially when describing the pressure components. For most flow
considerations, ¢ is more convenient as the gradients are with respect to distance and the
pressure head compares directly with elevation as a length. However, for soils that are
moderately to very dry, the status is often expressed in pressure units (e.g., MPa, atm, or bar).
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2.2.3. Soil Water Characteristic Curves

Although there are fundamental differences in expressing water status in terms of content or
potential, nevertheless there are basic relationships between the pressure head 4 and water
content. When £ is greater or near atmospheric pressure, the system will be near saturation, and
when £ is less than atmospheric there will be a decrease in water content as / decreases.
“Decrease” is used here in an algebraic sense (e.g., -10 is less than -0.1) with the soil air pressure
at atmospheric. The relationship of matric potential to water content is called a soil water
characteristic curve or a water retention curve. An example is shown in Fig. 2.1A. For =0, the
corresponding value of #must be near 6, the saturated value. As / proceeds along the negative
axis the value of @ decreases monotonically.

A O B Os

e*

Sorption

- 0 = 0
Dry Wet Dry Wet

Figure 2.1. Soil water characteristic curves with Part B showing a hysteretic relationship (h =
hy <0).

Water content and the potential energy of soil water are not uniquely related because the amount
of water present at a given matric potential is dependent on the pore size distribution and the
properties of air-water-solid interfaces. A soil water characteristic curve may be obtained by: (i)
taking an initially saturated sample and applying suction (or pressure) to desaturate it
(desorption); or by (ii) gradually wetting an initially dry soil (sorption). These two pathways
produce curves that in most cases are not identical; the water content in the "drying" curve is
higher for a given matric potential than that in the "wetting" branch (Fig. 2.1B). This is called
capillary hysteresis.

Many algebraic relationships have been introduced in order to model soil water characteristic
curves such as in Fig. 2.1A. Two of the more widely used forms were developed by Brooks and
Corey (1964) and van Genuchten (1980) (Tab. 2.1). Both relationships are in terms of the
effective saturation S, given by Eq. 2.4 and empirical constants oy and m (or oc and mpc).
These forms are convenient to use for modeling results and have corresponding forms for the
unsaturated hydraulic conductivity, which are also presented in Tab. 2.1.
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Table 2.1. Hydraulic functional relationships.

m K/Ks- Se

m7? -
1. van Genuchten (1980)'  O<m<1 55[1—(1—53/”")1} (1+\aVGh|”)m

2. Brooks & Corey (1964)"  mye >0 S)  (atyeh<—1) lapch "™ (apch<-1)

1 (<1>apch>0) 1 (1> apch>0)

! Most often used with p =0.5 and n = 1/(1-m)
2Usev= 2mpc + 3 (Sometimes use 2mpc + 1 and 2mpc +2)

Example 2.1.

In Fig. 2.2 plots of log |h| vs. S. are made with agc = 1/62.2 cm™ = 0.0161, mpc = 1/0.75 = 4/3
using the Brooks-Corey relationship. Also plotted are results using oy = 0.01 cm™, n = 2 for
the van Genuchten relationship. This comparison was made by Lenhard et al. (1989) to
demonstrate how to match the fitting constants to obtain similar retention curves for the two
alternative forms.

1.0

0.8 Brooks-Corey

0.6 -

[1}]
(4]
04
van Genuchten
0.2 -

0.0 1 1
0 2
log |h|

Figure 2.2. Comparison of effective saturation for Brooks-Corey and van Genuchten
retention as a function of suction |h| (cm).

2.2.4. Soil Water Measurements

Measurements of soil water content and matric potential are critical for proper irrigation
scheduling. Often, the amount of water to apply is calculated from the amount of soil water
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storage (water content), whereas the timing of irrigation is determined by the energy status of soil
water as reflected by the matric potential. Detailed discussions of most available measurement
methods of soil water content and potential are presented by Dane and Topp (2002). However,
some commonly used methods appropriate for microirrigation will be discussed here. There are
additional advantages, disadvantages, and qualifications other than those mentioned.

2.2.4.1. Gravimetric determination of soil water content

The gravimetric method determines 6, over all ranges. Soil samples are dried in an oven at
approximately 105 °C until no appreciable mass change occurs. The difference between the wet
weight and the dry sample weight is the weight of the water contained in the original soil sample.
This method involves practically no assumptions, and thus, serves as the standard against which
all other methods are evaluated. Primary limitations include non-repeatability, relative long time
from sampling to results, and generally a high labor requirement for each measurement point.

2.2.4.2. Neutron scattering

This is an indirect method by which volumetric water content 6 is obtained over all ranges. A
radioactive source of fast neutrons is lowered into an access tube where collisions with hydrogen
nuclei cause a slowing of the fast neutrons. The detected flux of slow neutrons is proportional to
the volumetric water content. Values can be obtained repeatedly at essentially all depths other
than for the surface 0.15 m and can be a major limitation for microirrigation applications.
Generally, a site-specific calibration curve is necessary. The soil volume measured is a sphere
with a radius on the order of 15 cm that becomes larger for dryer conditions. The basic
measurement device is moderately expensive and requires licensing due to the use of a
radioactive source and health concerns.

2.2.4.3. Time domain reflectometry (TDR)

TDR measures volumetric water content Gover the entire range. The TDR method measures the
apparent dielectric constant of the soil surrounding electrical waveguides dominated by the
dielectric constant of water and is relatively insensitive to soil composition. The approximate
measurement volume is a cylinder of diameter slightly larger than the wave-guide spacing and of
a length approximated by the wave-guide length. The method is highly accurate, repetitive, and
non-destructive. Calibration is minimal except for fine-textured or organic soils. Soil electrical
conductivity (EC) values can be determined for moderate to low salinities, but neither EC or 6
can be determined in highly-saline soils. The cost is moderately expensive.

2.2.4.4. Tensiometers

Tensiometers can be used for determining matric potential for /,, > -8 m. A tensiometer consists
of a porous cup connected to a vacuum gauge through a water-filled tube. The porous cup
(typically made of ceramic) is placed in contact with the soil and water moves through the cup
into the soil thereby creating suction in the tensiometer sensed by the gauge. Water flows until
the suction in the tensiometer equals the matric potential in the soil. Tensiometers are relatively
simple and reliable, but the standard design requires frequent servicing. They can be read with a
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vacuum gage, portable pressure transducer or multiplexed with dedicated electronic pressure
transducers. Costs are modest. Generally, they can be used for all soil types, provided adequate
continuity exists between the tensiometer cup and the soil matrix.

2.2.4.5. Heat dissipation

Heat dissipation is used to evaluate matric potential for /,,>-100 m. A heat pulse is introduced
within a porous block and the corresponding temperature response is related to the amount of
water in the block and in turn is a function of /,. Measurements can be made repetitively, are
non-destructive, and are easy to automate. Considerable calibration is needed on individual units.

2.2.4.6. Electrical resistance

Electrical resistance (in porous blocks) can be used to evaluate matric potential for 4,, <-1 m.
Electrical resistance values of a porous matrix held between two electrodes are related to the
water content of the matrix that is in hydraulic equilibrium with the surrounding soil. The
sensors are relatively low in cost, simple and can be used repetitively on the same location. They
require considerable calibration and are unreliable at higher water contents or in highly saline
conditions.

2.2.4.7. Capacitance

Several new sensors are based on changes in electrical capacitance of the soil as a function of
changes in water content. These and sensors based on frequency-shift (e.g., TDR), rely on soil
dielectric properties that, as mentioned earlier, are dominated by the water phase. The primary
difference from TDR is the relatively low frequency range of measurement (kHz-MHz). New
capacitance sensors can be buried and monitored automatically. Cost is low to moderately
expensive. The quality of installation is important to minimize air gaps between the device and
the soil. This can be a problem in cracking clay soils for both capacitance and TDR devices.

2.3. SOIL WATER MOVEMENT

2.3.1. Darcy’s Law
Darcy’s Law gives the flux density J L (L T™) as a function of the gradients of hydraulic head H,

—

Jy=—Kgrad H (2.8)

where “grad” is a vector gradient operator (i.e., derivative of the hydraulic head with respect to
space) and K (LT'I) is the hydraulic conductivity. The hydraulic head H is the sum of the
pressure head / and elevation. For the following, it is assumed that the z axis is downwards so
the elevation is -z for which the hydraulic head is given by

H=h-z (z positive downwards) (2.9)
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. . - . . .
The Darcian velocity J is a vector. The components expressed for Cartesian coordinates are

J =k
x ox
J =g (2.10)
y ay

J =—K(a—h—lj
z oz

Darcy’s Law is empirically based and originally derived for saturated flow. K is a constant for
saturated flow. Darcy’s Law is extended to unsaturated flow by taking the conductivity to be a
function of water status, either as a function of the matric potential or the water content.

In Fig. 2.3, hydraulic conductivity functions (i.e., K as a function of /) and the soil water
characteristic curves are plotted for two soils, the Glendale clay loam and Berino loamy fine sand
(Hills et al., 1989). Note that the ordinate is on a logarithmic scale and that K varies over several
orders of magnitude which is typical for such functions. Also, note that the finer-textured clay
loam has a lower saturated K. For lower values of the suction | /|, K remains less for the clay
loam, but the two curves cross for higher suctions. This is a consequence of the pore size
distributions of the two soils. Thus, for a finer-textured soil, there are fewer large pores to
conduct water under saturated conditions compared with the coarser-textured loamy sand.
However, more small pores are available in the clay loam, which remains filled with water at
large suctions.

0.5 0
Glendale
04 i Beri
T _4 | Berino
03 B ! .
o } \ _ = ~
0.2 \'\361"“0 = gl Glendale
| N\ N
0.1 T A -_ - B N
O‘O 1 1 1 1 1 _12 1 1 1 1 1
-2 -1 0 1 -2 -1 0 1
log |h| log |h|

Figure 2.3. Soil characteristic (A) and hydraulic conductivity (B) for Glendale clay loam and
Berino fine sand (units are m and s).

2.3.1.1. Alternative forms for Darcy’s Law

Equivalent forms for Darcy’s Law may be written using the relationship of intrinsic permeability
k (L?) where
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k:% 2.11)

with 77 (ML'T™) the viscosity. The value of k will be a property of the soil pore space geometry
only and will not depend on the fluid provided the soil does not disperse or react with the fluid
used. Generally, soil is reactive and values of k£ will depend somewhat on the fluid used, but the
preceding equation still offers a convenient way to introduce the effects of temperature on
viscosity of water on K, and as a means to use liquids other than water (e.g., gas flow
measurements) to determine soil K. Additionally, pressure may be used in place of the pressure
head with the result

Tw =—% grad (p— pgz) (2.12)

In this case, z is still defined as positive in the downwards direction. Another form can be used
with capillary pressure p., which is the air pressure minus the water pressure. In terms of
capillary pressure, Darcy’s Law becomes

YW _k grad (p +pgz) (2.13)
77 c

For simultaneous flow of air and water, normally both air and water are assumed to satisfy Eq.
2.13 independently with “k” the appropriate phase permeability.

2.3.2. Richards’ Equation

Mass conservation of water requires

90 _ 4T +4 (2.14)
ot w

with “div” the vector divergence and 4 (T™") a source or sink term such as water uptake by plant
roots. This is a continuity equation expressing the rate of change of water stored at any
infinitesimal volume element (the left-hand side) and must equal the sum of the net change in the
rate of water entering (or leaving) the infinitesimal volume added to external sources/sinks 4.

Expressing the flux (J,) by means of Darcy’s Law leads to

%—f = div (K grad H)+ 4 (2.15)

or in Cartesian coordinates

aﬁzi(,(a_hj+i ko +i[z<a_hj_a—K+A (2.16)
ot ox\ ox) ody\ dy) dz\' 9dz) oz
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Eq. 2.16 is referred to as Richards’ equation (Richards, 1931). Alternative forms of Richards’
equation are also used. Equation 2.16 is a “mixed” formulation where two dependent variables /

and Gare included. To eliminate 4, a functional form of 4 in terms of € is assumed to give the
soil water diffusivity D (L> T™') defined by

p-xd _K 2.17)
46~ C

The specific water capacity C (m™) is given by

deo
C = (2.18)
The result is the “@-based” form of Richards’ equation in Tab. 2.2 for one dimension. Similarly,
the “h-based” form is given by using C to eliminate &with the result also shown in Tab. 2.2. A
third form is also given in the table that assumes the conductivity is exponential with /2 and under
steady-state conditions. This allows direct solutions for ¢ (and subsequently /) from Richards’
equation. Abundant techniques and existing solutions are available from existing textbooks and
examples from a variety of applied science and engineering applications.

Table 2.2. Some alternative forms of Richards' equation. (Note: z-axis is directed down and
source term A is assumed zero.)

Equation Description
1 a_e_i(Da_ej_a_K 6-based, 1-D
ot 9z 9z ) oz ased, 1=
oh d oh\ oK
2. C|— |=—| K— |-— - -
( aJ az( E)zj 3 h-based, 1-D
5 Matric flux-based,
3. V2¢—0‘a—¢ =0 steady state, K = K, exp( o)
4

(Quasi-linear)

2.3.3. Measurements of Soil Hydraulic Parameters

Measurements of soil hydraulic parameters can be grouped into direct, indirect and inverse
methods (Radcliffe and Rasmussen, 2002). Not surprisingly, there are numerous ways of
determining soil hydraulic parameters. An authoritative source is the Methods of Soil Analysis
(Part 1) by the Soil Science Society of America (Dane and Topp, 2002), which gives a detailed
discussion of these and other techniques.
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2.3.3.1. Direct measurements

Laboratory methods generally involve a minimally-disturbed soil core. Saturated hydraulic
conductivity can be run either under constant or variable hydraulic gradients. Analysis is straight
forward and procedures are well specified. Unsaturated hydraulic conductivity is much more
difficult to measure, is slower, and the analysis is more complex than the saturated case. The
most common methods are with single or multi-step outflow, which are transient methods, based
on how fast water comes out of the sample when a finite pressure gradient is established (once for
single step or successively for the multi-step procedure).

Field methods to determine saturated hydraulic conductivity include the use of infiltration rings
and borehole permeameters. Tension infiltrometers can be used for finding unsaturated hydraulic
conductivity in the wet range (generally wetter than /2 =-30 cm). Simultaneous measurements of
water loss from a soil profile and hydraulic gradient can also be used for small covered plots (the
“instantaneous-profile” method).

2.3.3.2. Indirect measurements

Values based on the soil water characteristic curve can be used to fit unsaturated hydraulic
conductivity using the van Genuchten (1980) or Brooks and Corey (1964) relationships of Tab.
2.1. In this case, the constants in the equations are “best-fit” for the % vs. S, curve and then used
in the K vs. S, (or K vs. h) relationships. Generally, this can be done with any nonlinear
regression procedure.

2.3.3.3. Inverse methods

Inverse methods can be applied to best-fit parameters using comprehensive solutions to Richards’
equation. In this approach, some combination of measurements of flow input, water content, and
pressure head are used to define an objective function, which is optimized by successive solutions
to Richards’ equation. Conceptually, the parameters come from the solution by best-fitting the
objective function. Examples and software have become more and more sophisticated both for
laboratory and field measurements (Simunek and Hopmans, 2002).

2.3.4. Shortcuts with Pedotransfer Functions

Pedotransfer functions can be used to provide estimates of parameters or constants which have
not been measured. For soil water, this generally includes coefficients needed to express soil
water characteristic curves or hydraulic conductivity. Necessary input may include particle size
distributions, porosity or organic carbon.

A simple form of a pedotransfer function is to use a known or estimated textural class and use the
class average as the value. For example, in Tab. 2.3, averages were based on 1209 measured
retention curves and 620 saturated hydraulic conductivity values (Schaap et al., 1998). The
constants needed for the van Genuchten (1980) hydraulic function, namely 6, &, log( &), log(n)
and K; are included. An important question is how good these values are for representing an
unmeasured sample. A measure of reliability is indicated by the standard deviations (shown in
parentheses in Tab. 2.3) that express the variation within the samples for each class. Also shown
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is the RMSE (root mean square error) which is a measure of the fit. A similar set for the
parameters of Brooks and Corey (1964) is given by Rawls et al. (1982) and repeated by Radcliffe
and Rasmussen (2002). The pedotransfer function can utilize additional information, if available,
and estimates of soil hydraulic properties can be improved. For example, porosity, gravel, water
retained at 10 kPa, and organic matter in addition to textural information can be considered.

Traditionally, pedotransfer functions were based on regression relationships. More recently,
Schaap et al. (1998) and others have made use of neural networks for predicting soil hydraulic
properties. Neural networks give a nonlinear fit to a training set without defining a model in
advance. Accuracies are generally as good or better than conventional regression analyses
applied to the same data although both conventional and neural networks can make use of
additional input parameters. To make their neural network results convenient, Schaap and
colleagues have developed the “Rosetta Program” that can be downloaded from the USDA-ARS
George E. Brown, Jr. Salinity Laboratory website and used to estimate the van Genuchten (1980)
water retention and hydraulic conductivity functions.

2.4. MODELING FOR EFFECTIVE MANAGEMENT AND DESIGN

Irrigation design and management require some form of predictive capabilities regarding
relationships between water application rate, soil properties, and plant root uptake pattern, and
their combined effect on the resulting soil water dynamics and distribution. These relationships
are formulated in models that take many forms and include those that are physically-based,
analog, and mathematical. The widespread availability of computers makes it possible to
implement mathematical models ranging in complexity from simple formulas based on volume
balance to complex solutions of Richards' equation depicting water movement. For most general
conditions, Richards' equation can be solved only by numerical techniques, such as, finite
differences and finite elements. Fortunately, improved and user-friendly software programs are
rapidly appearing with refined user interfaces that facilitate quick set-up and solution to a wide
variety of problems (e.g., HYDRUS-2D, Simunek et al., 1999). Our emphasis here will be on
volume balance approximate solutions, and on specialized cases for which closed-form analytical
solutions for the Richards' equation exist. In microirrigation of actively growing plants, one must
consider the role of plant water uptake in modifying soil water distribution. Finally for many
monitoring activities, spatial variations in soil properties affect the resultant soil water
distribution, and thus must be taken into consideration.

2.4.1. Simplified Hemispherical Model

A simple relationship follows for infiltration from a point (single) emitter placed on the soil
surface by assuming: (1) the water content in the wetted volume is constant, say 6,.,,, and (2) the
shape of the wetted volume is approximately hemispherical. Considering an initial soil water
6.y, conservation of mass requires that

gt =(2/3)mr; (6o =) (2.19)
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with ¢ the emitter discharge rate (L°*T™), ¢ is elapsed time for water application, and rrthe radius
of the wetted volume (wetting front position). The following example implements this simple
model to estimate the wetting front position.

Example 2.2.

Water is applied from an emitter with a flowrate of 3L/h for 12 h on a sandy soil. The volumetric
soil water content increases on average from 6 = 0.05 to 0.15. For these conditions, a
rearrangement of the hemispherical model (Eq. 2.19) gives

rp =G/ 24t /(x6,,, ~6,,,)

rp= 3/(3/2)(3000)(12) /[(0.15-0.05)] =55.6 cm

The solution for the wetting front position is rp = 55.6 cm.

2.4.2. Quasi-Linear Solutions to Richards’ Equation

Richards' equation simplifies for steady-state conditions (d6/dt = 0), furthermore, with a special
form of the hydraulic conductivity function: K(4) = K, exp(oh), and it is amenable to analytical
solutions via a linearization procedure. By taking the z-axis positive downward, the steady-state
form without uptake is (Warrick, 2003):

Vz¢_a8_¢:0 (2.20)
0z

where ¢ is the matric flux potential [L*T™'] defined as

(2.21)

oo ’f k(i = Ksxp@h)
o o

and "V?>" is the Laplacian operator. Because Eq. 2.20 is linear in ¢, linear combinations of such
a solution are also valid solutions for steady state flow problems. This property allows solutions
for many geometries relevant to microirrigation systems as will be illustrated in the following
examples using standard analytical techniques. Values of K, the saturated hydraulic
conductivity, and ¢, a soil specific parameter, are given in Tab. 2.4 for several soil types and
textures. Generally, both K and « are larger for coarser than for finer textured materials.



Table 2.3. Average values and standard deviations (in parentheses) of fitted hydraulic parameters, root mean square error

(RMSE), and the number of samples for nine textural classes (Schaap et al., 1998).

Class o o log (awa) log(n) RMSE K

log (cm™) m’/m’ log (cm d™)
Sand 0.044 (0.019) 0.413 (0.057) -1.57(0.21) 0.462 (0.200) 0.019 2.71 (0.51)
Loamy sand 0.039 (0.037) 0.395 (0.072) -1.49 (0.53) 0.194 (0.108) 0.018 1.92 (0.61)
Sandy loam 0.031 (0.049) 0.389 (0.094) -1.57 (0.58) 0.150 (0.094) 0.021 1.53 (0.65)
Loam 0.054 (0.067) 0.356 (0.082) -2.11 (0.82) 0.195 (0.140) 0.017 0.99 (0.63)
Siltst 0.065 (0.062) 0.441 (0.103) -2.51(0.49) 0.260 (0.131) 0.025 1.04 (0.54)
Sandy clay loam 0.076 (0.074) 0.379 (0.066) -1.80 (0.66) 0.132 (0.100) 0.010 1.29 (0.70)
Clay loam 0.091 (0.067) 0.439 (0.077) -1.95 (0.60) 0.188 (0.128) 0.016 0.67 (0.58)
Silty clay loam 0.111 (0.062) 0.460 (0.056) -2.36 (0.38) 0.240 (0.110) 0.015 0.87 (0.55)
Claystt 0.081 (0.088) 0.441 (0.068) -1.89 (0.55) 0.107 (0.059) 0.014 1.10 (0.43)

1 Silt and silty loam

t1 Clay, silty clay, and sandy clay

oy
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Table 2.4. Hydraulic conductivity parameters for different soils (Amoozegar-Fard et al.

1984).
Soil a(em™) K, (cm/s) r
For original references for these soil types, see Bresler (1978)
Lamberg clay 327x 10" 3.34x102 0.98
Bet Netofa clay 6.62x 102  95x107 0.99
Lakish clay 138x 107 8.10x 107 0.99
Yolo clay 3.67x10%  9.33x10° 0.99
Sheluhot silty clay 726x10° 1.44x10° 0.95
Touchet silt loam 1.56x 107 4.86x10™ 0.93
Touchet silt loam 1.03x 10" 6.64x10" 0.98
Silt loam 139x 107 5.74x10° 0.99
Yolo fine sandy loam 2.50x 107 4.07x10° 0.79
Plainfield sand fraction (210-250 p) 2.62x 107 3.00x 107 0.21
Plainfield sand fraction (177-210 ) 0.28 2.00x 107 0.69
Plainfield sand fraction (149-177 L) 0.64 1.40 x 107 0.92
Plainfield sand fraction (125-149 ) 0.33 1.06 x 10° 0.74
Plainfield sand fraction (104-125 1) 0.371 7.30x10° 0.73
Dackley sand 0.513 1.00x 10 0.89
Oso flasco fine sand 720x 107 2.00x 107 0.96
G.E. #2 sand 0.17 1.56 x 107 0.94
For original references for these soil types, see Warrick et al. (1980)
Clay loam 0.126 1.12x 10 -
Sandy loam 0.1111 1.00x 107 -
Plainfield sand 0.126 3.44x 107 0.97
Columbia sandy loam 0.100 1.39x 107 0.97
Guelph loam 3.40x 107 3.67x10™ 0.99
Ida silt loam 2.60x10°  292x10° 0.93
Yolo light clay 1.90x 107 1.23x10° 0.94
Gila fine sandy loam 443x107  243x10™ -
Latene clay loam 3.86x 107 521x10° -
Panoche loam 416x107  1.10x 107 -
Pima clay loam 140x10%  1.15x10* -

r = coefficient of determination; and o and K = parameters fitted to K = K exp(oth)

2.4.2.1. Steady state solutions for point sources

Some possible emitter geometries are shown in Fig. 2.4. In the two-dimensional cases such as



42 MICROIRRIGATION FOR CROP PRODUCTION

arising around a line source (along the y-axis) consider the horizontal axis to be x. For three-
dimensional cases, such as around a point source, the radial axis is denoted by ». In Fig. 2.4A, a
source of water provides a constant inflow ¢ and the non-wetted boundaries are assumed to
extend to infinity. For a buried point source, the appropriate solution to Eq. 2.20 is @;p:

aq
=| — |exp(Z — 2.22
. [szpj p(Z-p) (2.22)
with
Z =0.5az
R=0.5ar (2.23)
p'=7"+R’
xorr XOrr Xorr
z
A. Buried source B. Surface source C. Subsurface
source
xorr (2_1-,, X r

@

D. Disk source/ E. 2-D array of F. 3-D point source
strip source lines with with cylindrical
1-D uptake uptake

Figure 2.4. Flow geometries considered.

This is one of the simplest analytical expressions relevant to drip irrigation (or flow from a buried
point source). The solution is useful for calculating pressure head distributions near an emitter,
especially for large elapsed times and when evaluating conditions sufficiently far from surface
boundaries. In order to calculate a pressure head from @5, values of ¢, K and ¢ must be known
or assumed. The first step is to calculate the matric flux potential (¢ = ¢ ) for the point of
interest in the wetted volume using Eq. 2.22, and then % follows from Eq. 2.21
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_ | 28
h=o h{K ] (2.24)

N

For all of the point and line source solutions, ¢, and consequently 4, becomes undefined as the
singularity point is approached (Eq. 2.21 becomes undefined when p approaches 0). The region
for which ¢ is large and 4 > 0 should be disregarded or an alternative solution sought.

A more realistic model for a surface point emitter is given in Fig. 2.4B showing a semi-infinite
flow regime. If no flow occurs through the surface away from the source (i.e., J. = 0 for z = 0)
and » > 0, the solution to Eq. 2.20 is @5 given by

E(Z-p)

6,.=29,, —eXP(ZZ)lT (2.25)

3

where E; (Z - p) is an exponential integral defined by

E )= " exp(-t)dt (2.26)

u

Appropriate forms for evaluation of £ and tables are provided in Chapter 5 of Abramowitz and
Stegun (1964). For arguments in the range 0 < u < 20, the following series expansion may be
applied for the evaluation:

E\(u)=—y—In(u) + i e (2.27)

; ii!
i=1

with Euler’s constant y=0.577216.

Comparison of matric head values (units of m) measured and calculated for subsurface and
surface sources is presented in Fig. 2.5. The surface emitter flowrate was ¢ = 1.19 x 10”7 m?/s,
and the subsurface was g =4.44 x 107 m?/s, the hydraulic properties of the Millville silt loam soil
were determined as K, = 6.38 x 10° m/s and =5 m™ (Coelho and Or, 1997). Note that the
matric head contour lines are nearly circular near either source. The contours become elongated
vertically showing the effect of gravity as the distance progresses further away from the source.

2.4.2.2. Steady state solutions for surface ponding

For most soils and practical emitter flowrates, some ponding will occur at the soil surface. This
is particularly significant for high flowrates and for soils of low permeability (e.g., fine textured
soils). The radius of the saturated zone is shown to be approximately (Bresler, 1977)
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4 0.5 2
. =[ L 4 J 2 (2.28)
° @27t 7K or

This simple expression shows that 7, (the radius of the pond), will increase with either increasing
emitter flowrate (¢) or decreasing K, (the saturated conductivity). The growth of the saturated
radius may have important implications for selection of emitter flowrate and spacing to prevent
overlap and potential runoff.

Surface Drip Subsurface Drip
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~0.83 m 4!;,21
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Figure 2.5. Steady-state distribution of soil water pressure head for buried (A) and surface
(B) point sources. After Coelho and Or (1997).

2.4.2.3. Steady state solutions for line sources

For sufficiently small spacings between adjacent emitters, the flow system can be analyzed as for

a line source. The solution of Eq. 2.20 becomes ¢ = ¢ for a buried line source in an infinite
medium and is given by

q
¢ZB(X,Z>=(§Jexp(2)KO ez (2.29)
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with K, a modified Bessel function of the second kind (tables and approximations are provided in
Abramowitz and Stegun, 1964), g. the line strength (dimensions L* T corresponding to a
volume of flow per unit time per unit length of line ) and the dimensionless X is equal to 0.5 ox
and Z, is 0.5 az,. The solution for surface and subsurface lines (Fig. 2.4) can be modeled by ¢,
or Eq.2.24 can be used for a surface line source by substituting ¢p for ¢z (Lomen and Warrick,
1978).

2.4.2.4. Transient (time-dependent) solutions

To capture dynamic changes in soil water associated with initial wetting and intermittent
irrigation and redistribution, a transient linearized form of Richards’ equation is used:

99 _k oy, 99
AR (2.30)

where k = dK/d@ is assumed to be constant (note that this critical assumption limits solution
applicability to narrow increments of water content change within the wet soil volume). The
solution to Eq. 2.30 is in Warrick (1974, 2003) and choices for determining k are discussed by
Ben-Asher et al. (1978) and Coelho and Or (1997). Figure 2.6 shows measured and calculated
matric potential values for the Millville silt loam using both surface and buried sources (atz=0.3
m) with initial water content €= 0.18, and a flowrate of g=1.6 L/h (Coelho and Or, 1997). The
results illustrate the transient nature of the flow process and subsequent attainment of steady state
conditions. Furthermore, it shows that the steady state values are different for different locations
in the soil relative to the emitter. For a cyclic input such as practiced under drip irrigation, the
results depicted in Fig. 2.7 show the increase in matric potential (less negative) during 7 h water
application (¢g=1.6 L/h) and subsequent decrease in matric potential during redistribution (note
that there are no plants involved in these measurements).

2.4.3. Root Water Uptake

Management, monitoring and modeling of soil water distribution under cropped conditions
requires information on water uptake patterns by plants. Uptake patterns influence water
distribution, and thus, are essential for obtaining reliable predictions of water and matric potential
distributions within the wetted soil volume. Additionally, information on root uptake patterns is
important for design purposes to match application uniformity, emitter spacing and discharge
with the extent of plant root systems, and to ensure uniform root accessibility to wetted soil
volumes.

Finally, many microirrigation management schemes rely on soil water information in the wetted
volume, whose dynamics are determined by soil and plant attributes affecting water flow and
uptake patterns. This has been demonstrated by Coelho and Or (1997) where the analytical
solution of Warrick (1974) for transient flow from point sources provided a reasonable
description of soil-water dynamics in the absence of plants, but is inadequate under cropped
conditions. Hence, the influence of uptake patterns must be considered in developing guidelines
for soil water sensor placements used for monitoring soil water status and irrigation scheduling.
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Figure 2.6. Measured and calculated values of matric potential as a function of time for a
surface source (A) and a source buried at 0.3 m (B). Initial water content was 6
=0.18 and flowrate was 1.6 1 h™". After Coelho and Or (1997).
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Figure 2.7. Observed and predicted matric potentials obtained for surface and buried (at 0.3
m depth) point sources at two locations within the wetted volume in Millville silt
loam soil. Initial water content was #= 0.18 and flowrate was 1.6 1 h™' and
duration of water application was 7 h in each cycle. After Coelho and Or (1997).
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Empirical or parametric models for root uptake should reflect patterns that are commonly
observed in the field (Feddes et al., 1974). Very few models for multidimensional uptake are
available in the literature. The interrelation with water distribution patterns in most models is
through the assumption of proportionality between uptake and water availability (Neuman et al.,
1975; Warrick et al., 1980). Others have assumed a predetermined shape for the root density
distribution (Landsberg and McMurrie, 1984). Generally speaking, parametric models for
multi-dimensional root uptake and distribution for drip irrigated crops are lacking, as evidenced
by the inconsistent and often qualitative presentation of root uptake and density information such
as the data presented by Batchelor et al. (1990).

Two examples which illustrate nomographs relevant to point and line sources and plant water
uptake are given below. The first is for simplified one dimensional steady state plant water
uptake under an array of line sources; the second for constant cylindrical uptake with a steady
point source water application (Amoozegar-Fard et al., 1984). Additionally, a two-dimensional
parametric model is presented using the transient solution of Warrick (1974) that is suitable for
microirrigation with partial soil wetting.

Example 2.3.

Consider a Pima clay loam soil with o = 0.014 cm™ and K, = 9.9 cm/d where an array of
driplines is located on the soil surface at a spacing L =200 cm. The rooting depth is zo= 100 cm
with the uptake rate from the profile of u = 0.75 cm/d.

Determine the discharge necessary to provide a pressure head of hy,, = -350 cm for a reference
point at depth zyy = 35 cm directly below the midpoint between the lines. The solution to this
problem may be found using the nomograph in Fig. 2.8.

Referring to the nomograph, the necessary steps are:

Find ozy = 1.4, (Point I on Fig. 2.8).

Proceed horizontally to curve ozy = 0.5 (Point I).

Proceed vertically upward to curve (Kyu)exp(oh) = 0.098 (Point II).
Proceed horizontally to intersect scale C, (Point IV).

Find ol = 2.8 (Point VIII).

Proceed vertically upward to curve ozy = 0.5 (Point VII).
Proceed horizontally to intersect scale A (Point VI).

o N S A W N~

Connect the two points on scales C and A (Points IV and VI).
9. Read the value of oig/u = 3.2 ( Point V), then calculate g = 171 cm’/d.

Note that a discharge of 171 cm®/ d is equivalent to a depth application of 0.86 cm/d over the
entire area. Choosing the spacing between lines as 100 cm results in a calculated g of 75 cm’/d.
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Figure 2.8. Nomograph for array of line sources located at the soil surface with plant uptake
to depth to depth zy and reference point at depth zy halfway between lines. After
Amoozegar-Fard et al. (1984).

Example 2.4.

A second nomograph is for a cylindrical uptake region (Amoozegar-Fard, 1984). This is of use
for modeling plant water uptake, particularly for trees and shrubs for which the root system is
symmetric about the trunk. We assume a uniform uptake, 15 L/d within a cylinder 85 cm in
diameter and 100 cm in depth. The soil is a Pima clay with o= 0.014 cm™ and K, = 9.9 em/d.
The point source is located at the soil surface 60 cm away from the central axis of the cylinder
with q = 25 L/d in Fig. 2.9. The fraction of water applied which is being removed (by plant
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uptake) is u = 15/25 = 0.6. The reference point (point of measurement) is at zo = 100, r, = 85 cm
and the horizontal distance (r*) between the point source and reference point is 70 cm.

87K /o2
0? g ¢)to‘cal d)souroe
’ 7 ey —————20

Point source

05

10

50
100+ 001"

— +

A
5 10 uo
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Cylindrical
uptake
z=2z,
r=rq

Figure 2.9. Nomograph for point emitter on the surface and uptake from a cylindrical soil
volume. The total water uptake per unit time is u and the cylinder is of radius r,

and depth zo. The @ = 8mg(oig)” is a dimensionless matric flux potential After
Amoozegar-Fard et al. (1984).

Referring to the nomograph, the necessary steps are:

1. Locate the value of ozy = 1.4 (Point I) on the lower part of the nomograph.
2. Proceed horizontally to intersect the curve ar, = 1.19 at 1.2 (Point II).

3. Construct a vertical line to intersect the upper axis Dy (Point II).
4

Find the value of ozy = 1.4 for the reference (see Point IV) on the upper right section of
the nomograph for the point source.
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5. Construct a vertical line to intersect curve or* = 1, (Point V) and draw a horizontal line
to intersect (Dsource at Point VI).

6. Find the value of the fractional uptake u = 0.6 on the scale (Point VII), extend a straight
line through points III and VII to intersect u@ at Point VIII.

7. Draw a vertical line from VIII and a horizontal line from VI to intersect at Point IX.
8. Follow the guide curves and find @y = 0.55 (Point X). [This is cq@/(8m)'].
9. Calculate 87K ,(/q)”" = 51 (Point XII).

10. Connect points X and XII and read the value of ah = -4.5 at Point XI. (The h at the
reference point is —4.5/c or =320 cmy).

2.4.3.1. Transient two and three-dimensional uptake functions

Coelho and Or (1996) proposed a parametric model for two-dimensional water uptake intensity
u(r,z) (expressed as volume of water extracted per soil volume per time) in the wetted volume of
drip-irrigated crop. The pattern of root uptake was represented by an empirical (parametric)
expression based on a bivariate Gaussian distribution for different plant-emitter configurations.
The domain where uptake occurs was characterized by the position of the dripper relative to the
plant row and the presence of no-uptake boundaries defined by: (i) the soil surface, and (ii) the
borders of the wetted soil volume beyond which water contents are prohibitively low.

Comparisons between measured and fitted root uptake distributions for corn irrigated with
surface and subsurface emitters under crop rows are shown in Fig. 2.10 for two different growth
stages. The formal mathematical representation of the influence of water uptake on unsaturated
flow regimes is based on introducing a sink term A into the Richards equation (see Eq. 2.16).
Root water uptake models (e.g., Coelho and Or, 1996) provide detailed information on the spatial
pattern and magnitude of the sink term. The parameterization of such uptake models is
complicated by seasonal changes in the spatial patterns of plant root uptake, especially in drip
irrigated field crops. Moreover, drip irrigation management aspects (amounts and frequency) and
soil properties play critical roles in molding the shape of the root system (and uptake). The
available information on changes in uptake patterns is limited, and often no distinction is made
between root length density and root activity or uptake (Phene et al., 1991; Green and Clothier,
1995). The numerical model HYDRUS-2D (Simunek et al., 1999) is capable of incorporating
plant root water uptake based on the root behavior outlined by Feddes et al. (1974). The problem
in this application is to ascertain the spatial pattern of A.
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Figure 2.10. Calculated normalized values using the bivariate, semi-lognormal model and

observed normalized values of uptake intensity around the surface point source
in a container with 2-d irrigation interval. Results are for a surface source 38
days after emergence (DAE) (A), surface source at 60 DAE (B), subsurface
source at 38 DAE (C) and subsurface source 50 DAE (D). After Coelho and Or
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Or and Coelho (1996) have used their uptake model with the analytical solution of Warrick
(1974) for transient flow from point sources to describe soil-water dynamics under drip irrigated
corn at selected locations. The idea of modeling soil water dynamics at a few locations in the
wetted root zone is appealing, in particular, for the selection of potential locations for soil water
sensors (most of which are point measurements that "sense" changes in their immediate
neighborhood). The localized water balance approach computes changes in water content at a
point (or a small soil volume) as a superposition of two processes, water flow (in or out of that
volume), and the fraction of water uptake from that volume. The primary advantage of this
approximation is that the two processes (flow and uptake) are decoupled and solved separately.
Results from the Or and Coelho study are illustrated in Fig. 2.11 for surface emitters for two
irrigation intervals (one- and two-day). Note the large difference between the localized water
balance approach (data and bottom line), and the top line representing the analytical solution of
Warrick (1974) for transient flow with no plant root uptake. Finally, it should be reiterated that
Warrick et al. (1979) have considered the influence of hypothetical root uptake (which varies
with depth only) on steady state flow from point and line sources.

2.4.4. Influence of Soil Spatial Variability on Soil Water Distribution

Large variations in soil properties (even for uniform emitter discharge such as obtainable with
pressure-compensating emitters) affect the ability to reliably monitor soil water status using
sensors buried in the soil. Apart from the selection of a proper location relative to the dripper and
the crop row for sensor placement, large variations in water content and matric potential may
exceed the range of operation for certain sensors (e.g., tensiometers). Several studies were
conducted to understand the extent and patterns of spatial and temporal variations in water
content and matric potential within drip irrigated fields (Hendrickx and Wierenga, 1990; Or,
1995, 1996). Unlike soil water monitoring with most other irrigation methods, nonuniform water
distribution from an emitter requires careful consideration of sampling distance relative to the
emitter. Two studies aimed at relating spatial variations in soil hydraulic properties (K, and &) to
soil water content and matric potential were conducted by Or (1995; 1996). Steady state
analytical solutions for water flow from point sources were used as the basis for analysis along
with statistical representation of variations in soil hydraulic properties (in terms of their means,
variances and spatial covariances).

An example from Or's (1995) analysis relates known mean values of K = <K> and o=<¢> and
their variances (as measures of soil properties and their variability), to the mean and variance of
the resulting matric potential near the emitter. The expressions are derived for known emitter
discharge (g), steady state flow conditions, and for relatively mild variations in soil properties.
The variance of the matric potential (%) around a subsurface emitter is given as a weighted sum of
the variances of the two soil properties (ignoring correlation between K; and ) as:

0,(p) = 4 (p)og + A4y0y 2.31)

where Y = In (K,) and p* = /* + z*. The weight functions are 4y=1/c, and 4,(p) given by

2+<a>[z—p-2<h(p)>]

4y (p)= (2.32)

2<a>?
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Figure 2.11. Measured (symbols) and calculated (lines) soil water contents during two
irrigation cycles for (a) » = 0.0 m, z= 0.1 m for one-day irrigation interval; and
(b) r=0.2 m, z= 0.1 m for a two-day interval and a surface dripper on crop row
with a flowrate of 1.6 1 h™". Calculations considering plant water uptake
correction to the Warrick (1974) transient flow model (thin line) are denoted by
a thick line. After Coelho and Or (1997).
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In this case, the mean / is denoted by <A(p)> and the mean value of rby <¢z>. For a subsurface
emitter the mean is (see Eqs. 2.22 and 2.24)

(2.33)

<a> 05<a>(z-
<hp)>=— gexp| (z—p)]
<a> dr<K;>p

These expressions (Egs. 2.31 to 2.33) enable calculation of the mean and variance of 4 around a
subsurface emitter as a function of: position relative to the emitter, emitter discharge, and soil
variability. Similar expressions were developed for surface emitters and for variations in soil
water content. However, the numerous simplifying assumptions involved in these derivations,
limit the use of such expressions to screening tools only. Limited field tests, such as depicted in
Fig. 2.12 (Or, 1996), show that these expressions were capable of capturing the correct trends.
However, the exact values may be quite different when emitter discharge variability and plant
root uptake are added to the picture.
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Figure 2.12. Comparisons between model predictions (lines) and measurements in Millville
silt loam soil (symbols) of steady state mean value of soil matric potential (right)
and the standard deviation of the matric potential (left) for subsurface emitters
with constant flowrate of 3.75 L/ h buried at 26 cm below the soil surface. After
Or (1996).
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LIST OF TERMS AND SYMBOLS

A source coefficient, s!

Aq coefficient describing variance (also Ay)

C specific water capacity, m™

D soil water diffusivity, m*/s

Ei(u) exponential integral of order 1

EC electrical conductivity, dS/m

g gravitational acceleration constant, cm/s>

h pressure head, cm

H hydraulic head, m

o matric potential, m

Nsoil air pressure head of soil air, m

jw Darcian velocity for water (also Jy, J,, J, J;), m/s

k intrinsic permeability, m*

K hydraulic conductivity (also K, K), m/s

K, modified Bessel function of order zero

L spacing, cm

m fitting constant for water retention/hydraulic conductivity functions F
mpc fitting constant for water retention/hydraulic conductivity functions
n fitting constant for water retention/hydraulic conductivity functions
P pressure, Pa [also spherical radius (+* + z%)*°, m]

Pe capillary pressure, Pa

q flowrate, m*/s

qL flowrate, m%/s

r radial axis, m

ry radius of wetting front, cm

Yo radius of surface wetted area, cm

r¥ water uptake, m/s, (Ex. 2.3) and fractional water uptake (dimensionless) (Ex. 2.4)

R dimensionless radial coordinate
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RMSE root mean square error

S. effective saturation

t time, s

TDR time domain reflectometry

u water uptake intensity, m/s [also fractional water uptake in Example 2.4]

X dimensionless horizontal coordinate

Y natural log of K

z elevation or depth, m

VA dimensionless depth
constant for algebraic water retention/hydraulic conductivity, m” (Gardner)

(073 constant for algebraic water retention/hydraulic conductivity, m™ (Brooks Corey)

oG constant for algebraic water retention/hydraulic conductivity, m™ (van
Genuchten)

1) matric flux potential (¢, ¢35), m*/s

s surface matrix flux potential, m%/s

or total potential, m

oy total potential expressed as energy per volume, Pa

y Euler’s constant = 0.577216

o standard deviation (also o, oy, 0;)

n viscosity , kg/m-s

T osmotic head, m™

7] volumetric water content (also 6, 4, Guer 6", 6

(o water content by mass

o, residual water content

o, saturated water content

P dimensionless radius

Pw water density, kg/m’

Pb bulk density, kg/m’
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3. IRRIGATION SCHEDULING

TERRY A. HOWELL

USDA-ARS, Bushland, Texas, USA
“Good is the enemy of great.” Jim Collins

MOSHE MERON
MIGAL Galilee Technological Center, Kiryat Shmona, ISRAEL

“The art of irrigation is manipulation of soil water content to achieve desired plant responses."

3.1. INTRODUCTION

Irrigation scheduling generally determines the time of the next event and the amount of water to
apply. For microirrigation this is the decision of when to start an irrigation cycle and how long to
irrigate the zone or set. Scheduling microirrigation is inherently different from other irrigation
methods because the application amount per irrigation is small and the applications are typically
more frequent. Martin et al. (1990), Heermann et al. (1990), and Hill (1991) provide a thorough
discussion of irrigation scheduling principles. This chapter covers principles and application
techniques applicable to microirrigation systems.

Microirrigation scheduling integrates elements of the system hydraulic design and maintenance
together with various aspects of the soil and the crop characteristics with the atmospheric
evaporative demand. It involves providing managers with the irrigation needs of the crop that
must be organized together with the cultural aspects of growing and harvesting the crop.
Microirrigation scheduling is often integrated into the system controls through automation (see
Chapter 7). Irrigation scheduling involves long-term decisions (strategic) and short-term
decisions (tactical) that must consider the producers’ risks and management goals in harmony
with the agronomic or horticultural requirements for the crops being grown across the irrigation
block, field, farm, or even across a broader scheme (i.e., irrigation district or hydrologic basin).
Because microirrigation has a relatively high investment cost, it is more often used on higher
valued crops and with water supplies designed to meet the peak crop water use rates.

Microirrigation scheduling is generally controlled by (1) measuring or estimating crop water
needs, (2) measuring a soil water status, or (3) measuring a plant water status property. The latter
two conditions are frequently used to determine irrigation needs and are easily integrated into an
automated control system (Phene et al., 1990). The former, traditionally, has been used through
an evapotranspiration-water balance model and is adaptable to both indicating the need as well as
the amount of water that should be applied (Jensen et al., 1990; Allen et al., 1998). Other factors
influencing the scheduling of microirrigation systems may include soil salinity, impact of water
deficits on crop quality, or the impact of rain on salt leaching into the root zone.
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3.1.1. System Capacity

System capacity, S, is a critical design and operational parameter. System capacity is typically
expressed as the ratio of the system flowrate (Q in m® s™) to the land area (4 in m?), resulting in
units of m s™. Tt is typically more convenient to express the ratio in units of mm d' as follows:

86.4x10° Q (m’ s')

dy_ Qs .
S, (ms™") orS,. (mmd") A )

Am’)

3.1)

When expressed by the second equation of Eq. 3.1, S, is in equivalent units to daily
evapotranspiration rates, and commonly used units for the system application rate. S, becomes a
direct index useful in determining the irrigation scheduling flexibility to meet the crop needs,
time available for system maintenance, time available for cultural needs, and time available to
recover from equipment failures. S. must exceed the peak evapotranspiration rate less any
dependable short-term effective precipitation to provide the necessary ability to meet the crop
water use rate with minimal soil water depletion and to meet other non-operational periods
required for maintenance and routine repairs or equipment replacement. S, should not exceed a
system application rate that is greater than the ability of the soil to infiltrate adequately the
applied water.

3.1.2. System Uniformity Effects on Scheduling

Irrigation systems cannot apply water uniformly across an irrigation set or field due to inherent
variabilities in soil hydraulic properties (see Chapter 2), soil topography, and system hydraulics
(see Chapter 5 and Chapter 10). For microirrigation, emitter flow variations from clogging may
need to be considered as well (Nakayama and Bucks, 1981). In addition, each of these factors
will vary temporally and spatially and may not always be statistically independent of each other.

Many estimation methods have been used to characterize the application variations for
microirrigation systems (Tab. 3.1). Initially, microirrigation system flow variations were
characterized using technology adopted from sprinkler irrigation. Two such parameters are the
Christiansen uniformity coefficient, Cu (Christiansen, 1942), and the distribution uniformity, Du,
of the low quarter of the field taken from surface irrigation that was used by the USDA-NRCS
(formerly the USDA-Soil Conservation Service) since the late 1940s (Kruse, 1978; and Merriam
and Keller, 1978). For microirrigation, the emitter flowrate was often used in the Cu and Du
computations rather than the application amount or the amount infiltrated because it was easier to
measure. Table 1 indicates the similarity of many of these measures.

Hart (1961) demonstrated that the Christiansen Cu for a normal distribution of application
amounts was a function of the coefficient of variation (C,, 6 /X ; where o is the standard deviation
and X is the mean). The Hart Cu is often called the HSP4 (Hawaiian Sugar Planter’s
Association) Cu. Because microirrigation systems often have more than one emission device per
plant, Keller and Karmeli (1975) derived the design emission uniformity (Eu) based on the low
quarter flow distribution uniformity (Du), the emitter manufacturing flow variability, the number
of emitters per plant, and the ratio of minimum to mean emitter flow. Solomon and Keller (1978)
illustrated the impact of increased Cv,, (manufacturing coefficient of variability) on decreased
uniformity. Nakayama et al. (1979) derived a design coefficient of uniformity (Cu,) based on the



3. IRRIGATION SCHEDULING 63

average emitter flowrate for microirrigation. Both Eu and Cu, indicate an improvement when the
number of emission devices (with the same manufacturing Cv,,) is increased per plant. Of course,
the investment cost will increase with a greater number of emitters per plant. Microirrigation
uniformity increases, nearly proportionally, with lower Cv,, values indicating the importance of
precision in the manufacturing. Bucks et al. (1982) classified Cv,, values and presented
recommended ranges for Fu and Cu, for arid areas. Wu and Gitlin (1977) used the emitter flow
variation, ¢y, defined as 1 - (¢, / ¢» ), where g, is the minimum emitter flowrate and g,, is the
maximum emitter flowrate. Warrick (1983) evaluated Cu and Du for six assumed statistical
distributions and found no effect of the statistical distribution for small values of Cv <0.25, as
would likely occur for many microirrigation systems. He demonstrated that approximate values
of Cu and Du each depended mainly on the Cv of the distribution and that a unique relationship
existed between Du and Cu (see Tab. 3.1).

Table 3.1 Examples characterizing irrigation application variations

Term Reference Equation

Cu Christiansen (1942) Cu=[1-(2|x-x|)/2x]

HSPA Cu Hart (1961) HSPA Cu=[1 - (2/n)"* (C))]

Eu Keller & Karmeli (1975) Eu=1[1-127(Cv) n""* (q./ T)
Ccu, Nakayama et al. (1979) Cug=[1-0.798 (Cvy) n""*]

Du ﬁ:rs}?a(rigaﬁkeuer (1978) Du=xyl x

Grar Wu and Gitlin (1977) Gvar =[1 - (gn/ Gm)

Du*=1-13 CvorDu*=-0.6+1.6 Cu*

DU* Warrick (1983
( ) [Note: Du* is for Cv < 0.25]

X - individual emitter application rate

X - mean of “N” samples for emitter application rates

Cv - coefficient of variation (¢ / x; where ¢ is the sample standard deviation in flow)
Cv, - manufacturer’s coefficient of variation

n - number of emitter per plant

qn - minimum emitter application rate (typically at the minimum pressure)

q - mean emitter application rate

Xiq - mean emitter application rate for the lowest 25% (low quarter) of the emitters
qm - maximum emitter application rate

NOTE: All terms expressed as decimal fractions and (2/m)"> = 0.798.

Bralts et al. (1981) illustrated that the hydraulic flow variability was sufficiently independent of
the flow variation from manufacturing for single-chamber microirrigation tubing that the total
coefficient of flow variability (C,,) could be expressed as
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Cv, = J(cv, +Cv,’) (3.2)

where Cvy, is the coefficient of variation in emitter flow due to hydraulic factors. However, when
the Cv;, exceeded 15%, Clemmens (1987) and Wu et al. (1985) found that Eq. 3.2 under predicted
the total flow variation, which was attributed to departure from the assumed normal distribution.
Clemmens and Solomon (1997) developed a generalized procedure to estimate the distribution
uniformity for any fractional area of the field together with methods for defining the confidence
interval of the result.

An example of microirrigation application distributions for a mean amount of 10 mm with Cu
values of 0.76, 0.84, and 0.92 for an assumed normal distribution with the resulting Cv values of
0.3, 0.2, and 0.1, respectively, is presented in Fig. 3.1. This illustration highlights the within
irrigation set or field variations in applications that could affect measurements of soil or plant
water status affecting irrigation scheduling and water management. The spread in amounts is
particularly noticeable as the Cu declined from 0.92 to 0.84 or lower. Bucks et al. (1982)
reported measured Cv values for eight emitters that ranged from 0.06 to 0.15 from initial
laboratory measurements, and the values increased substantially in some cases, just four years
later by up to 400% based on field measurements. Their results varied by emitter design and
depended on water treatment techniques for the Colorado River water used in their study.
Nakayama and Bucks (1981) observed significantly reduced uniformity when only 1 to 5% of the
emitters were clogged even with 2 to 8 emitters per plant. These in-field performances would
further skew the applications and greatly reduce irrigation uniformity and efficiency.

Although emitter flow uniformity is important in microirrigation, the goal remains to apply the
necessary water to each plant. The soil (see Chapter 2) and the plant roots dictate the success in
meeting this goal in combination with the irrigation system. The soil water properties, the crop
rooting characteristics, and the irrigation system uniformity all affect irrigation scheduling
decisions with microirrigation to a larger extent than with other irrigation methods. This is
because not all the soil surface is wetted and the soil wetting and crop root water extraction
patterns are three dimensional in most cases.

3.1.3. System Maintenance Effects on Scheduling

The heart of microirrigation success lies in system maintenance (see Chapter 11) and
management. System maintenance begins with the design (see Chapter 5) and installation and
continues with routine system performance and evaluation (Chapter 10). These are integral
procedures of system management, and therefore, directly related to irrigation scheduling. As
with irrigation scheduling, system maintenance has long-term (strategic) components that include
off-season repairs and checks, and short-term (tactical) components such as recording water
flowmeters, pressure gages, fertilizer injections, water treatment chemical injections, and routine
filter and line flushing. Often these tactical maintenance operations can be automated by
computerized controllers.

Water flowmeters and pressure gauges are critical components of the system and must be
included in the system installation. These measurement devices provide critical feedback data
needed for irrigation scheduling. Similarly, successful irrigation scheduling must include the
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time requirements to maintain and calibrate water treatment equipment, fertilizer or other
agrochemical injection equipment, the time needed to clean or backflush filters, and the time to
flush mainlines, submains, and lateral lines. Time will be needed for tactical emergency
equipment repairs and replacements. Preventative maintenance will likely minimize this, but
equipment failures are impossible to forecast even in the best situation. Most operational
maintenance and management (filter backflushing, flowmeter and pressure gauge observations)
can be performed while the system is operating. However, some operations (e.g., screen
washing, line flushing) will require additional time when the system is not operating. The water
supply quality (biological, chemical, and physical) will greatly impact filtration design and
operational needs. Management plans must consider the time estimates for these operations in
addition to the normal time requirements for irrigation as governed by system capacity.
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Figure 3.1. Diagram illustrating variability of applied water for a mean application of 10 mm
for Cu values varying from 0.92 to 0.76.

3.1.4. Scheduling Constraints

Many operational, agronomic, or horticultural cultural practices require time that cannot be used
for irrigating, and thus, increase the required irrigation design capacity. Fortunately with
microirrigation, many tasks can be performed simultaneously with the irrigation (e.g., applying
fertilizer or spraying the crop or orchard). The principal constraints to irrigation scheduling of
microirrigation systems are the available water flowrate, and in some cases the available water
volume or amount, and the water delivery schedule.

The simplest case is a sole-source supply such as a well or a dedicated reservoir. With a well, the
groundwater formation basically determines the well yield (flowrate) and its draw down
(dynamic pumping lift). With a reservoir, its location determines the pumping lift, and its volume
and water supply determine the sustained yield (flowrate). In most cases, some regulations may
apply to these water sources, and permits or laws may restrict the pumping rate or pumping
volume.
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More commonly, irrigation supplies may be shared water resources. Often in these cases, the
water may only be available on a set or prior request basis. Depending on the exact
circumstances, the grower may need to provide a surface reservoir to supply a demand-based
microirrigation system. The energy supply may become a constraint. Unless the supply reservoir
or canal is sufficiently higher than the irrigated field, some type of water pumping system is
required with microirrigation systems. For many systems, centrifugal pumps are used that
generally require priming. If priming is required, automation is more difficult. In addition,
energy supplies may be controlled or regulated to curtail peak summer demand loads on electrical
generating plants requiring pumps to be idled or turned off during certain hours.

3.2. IRRIGATION SCHEDULING TECHNIQUES

Microirrigation systems are routinely scheduled for irrigations using either (a) a demand system
based on knowing or predicting the crop water needs, (b) a soil-water control feedback or feed-
forward system that measures soil water contents in the root zone, or (c) a plant-water-status
control system based on measuring the crop water status. Obviously, these different methods of
irrigation scheduling can be used simultaneously, but often labor or equipment may limit that
approach. The grower should view each system as providing information rather than an exact
answer. This information can then be weighted along with their experience to determine the
irrigation needs of the crop. The latter method has long been used based on crop appearance and
the experience of the grower. The soil water system could be as simple as manually coring or
spading into the root zone to observe the soil wetness by feel. The demand-based system can be
based on relatively simple criteria such as historical records or evaporation pans to more complex
and extensive computer models using elaborate weather station equipment. Regardless of the
method used, several considerations must be evaluated:

o case of integration into the farm or horticultural management

o labor, equipment, technology, and capital required to implement the system(s)
e accuracy and reliability of the system(s)

o ability to forecast irrigation needs

o ability to identify problem areas in an irrigation set or a field

o ability to adjust and handle seasonal temporal and spatial changes

o ability to monitor the irrigation system performance

More than one of these scheduling methods may be required to handle these considerations.

3.2.1 Water Balance (Evapotranspiration Base)

The water balance approach is based on ascertaining the water inputs and water outflows from
the field. It is best described as a checkbook approach with irrigations and rainfall as the
deposits, and evapotranspiration (E7, crop water use) as the main withdrawal. Percolation
beneath the crop root zone could be considered as a service fee or a necessary expense to control
salinity. Based on this analogy, the soil water becomes the bank (or checkbook) balance, where
the grower tries to maintain a minimum balance to avoid endangering the crop yield or quality
without exceeding a maximum amount that might not be insured against loss from runoff or
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drainage beneath the root zone. When the available soil water declines too low or reaches the
minimum account balance, the crop will suffer a stress that will reduce E7 and perhaps yield.

The one-dimensional water balance equation is

6z, =0z,+(P, - 0,,,)+1, - ET,-Dz, (3.3)

roi
where 0z; is the soil water content on day i integrated over the root zone depth z, P is rainfall, O,,
is runoff, 7, is net applied irrigation, ET is crop water use from the root zone, and Dz is deep
percolation beneath the root zone at depth z. Dz is generally negative as indicated in Eq. 3.3, but
it could be positive if water moved upward from a shallow water table. Each term in Eq. 3.3 is
expressed in water depth units (mm), and P, Q,,, and I, are at the soil surface. ET is considered
as the sum of evaporation (£) from plant or soil surfaces and transpiration (7) is from the plant
leaves. The term, P- Q,,, is the effective precipitation or the amount of the precipitation that
would be expected to infiltrate into the root zone. Similarly, 7, is usually taken as the amount of
“net” irrigation, which is the gross irrigation amount multiplied by the irrigation application
efficiency. Each term will vary spatially and temporally (Gardner, 1960), so that in practice the
mean values must be assumed due to the difficulty in determining the spatial distribution of the
terms. The one-dimensional water balance expressed by Eq. 3.3, although widely used in
microirrigation, requires careful integration and measurement of the terms to approximate the
three-dimensional patterns expected in microirrigation. Runoff (Q,,) is particularly difficult to
estimate. Fortunately, losses to O,, from microirrigation applications are usually minimal;
however, Oy, losses from rainfall can be significant in some cases even with a partially dry soil
surface that is characteristic of microirrigation applications. Williams (1991) describes runoff
models used in EPIC (erosion productivity impact calculator) (Williams et al., 1983) that could
estimate rainfall runoff. The precipitation, P, that strikes the plant canopy will be intercepted by
the leaves and stems and then distributed in relation to the canopy architecture (e.g., trees at the
canopy edge, corn at the stem). This makes estimating P in orchards and vineyards that reaches
the ground (throughfall) difficult to estimate accurately over the plant spatial ground area. £ and
T losses will be discussed in more detail in the succeeding sections. Losses to Dz are also
difficult to estimate, but they are likely to approach one-dimensional flow patterns near the root-
zone bottom (Hillel, 1998). Deep percolation, Dz, below a 1.4-m soil depth was greater for
driplines spaced 2.3 and 3.1 m than for a 1.5-m spacing for subsurface drip irrigated corn on a silt
loam soil in Kansas (Darusman et al., 1997a). In a related study at the same location, Darusman
et al. (1997b) determined that Dz was significant for subsurface drip-irrigated corn when in-
season irrigations exceeded about 400 mm. For in-season irrigations that were less than 300 mm,
they determined that about 20 mm of water moved into the root zone from upward capillary flow.
Richards et al. (1956) showed that the decrease in soil water content occurred inversely
proportional to time as

pz= 40 _ b (3.4)
dt

where 6 is the soil water content in mm and a and b are empirical constants related to the
boundary conditions and the soil hydraulic conductivity, K(¢). Assuming an exponential function
between K(#) and 6, Hillel (1998) demonstrated that Dz was equal to K(6) for gravity drainage
alone at 6, at the bottom of the root zone.
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Shallow groundwater tables can provide significant water to a crop depending on the water table
depth, the groundwater salinity, and the crop rooting characteristics. Wallender et al. (1979)
reported that cotton extracted up to 60% of its ET from a saline (6 dS m™") perched water table,
and Ayars and Schoneman (1986) that cotton extracted up to 37% of its ET from a more saline
water table (10 dS m™), but irrigation management greatly affected the groundwater uptake.
Ayars and Hutmacher (1994) demonstrated a practical approach for managing irrigations over a
shallow (1.2 to 2 m), moderately saline (5 dS m™") perched water table that permitted 25% of the
ET from groundwater without any adverse effects on crop growth or yield. Cotton can use water
from a water table as deep as 2.7 m even under a favorable irrigation regime (Namken et
al.,1969). Kruse et al. (1993) found that alfalfa used saline or nonsaline water from shallow
water tables in its first year, but that a salinity buildup reduced yields with saline water tables in
subsequent years. Corn and wheat were less affected by the salinity, but the crops used less water
from a 1.0-m water table. Upward water flowrates into the crop root zone from water tables 2 to
4 m deep were predicted to range from 2 to 6 mm d”' by Doorenbos and Pruitt (1977). Soppe and
Ayars (2003) measured groundwater use exceeding 3 mm d”' from a shallow, saline (14 dS m™)
water table by safflower with groundwater contributing up to 40% of the daily water use.

3.2.1.1. Climatic factors affecting crop water use

Weather parameters directly influence crop water use (Allen et al., 1998). The principal factors
are solar irradiance (R;), air temperature (7), relative humidity (RH) or air dew point temperature
(T,), barometric pressure (P5), and wind speed (U). Solar irradiance is reduced to net radiation
(Rn), which is the main solar factor affecting crop water use, as follows:

R,=(l-a)R, -R,, 3.5)

where a is the albedo or short-wave reflection (fraction) and R,; is net long-wave radiation. The
albedo of most crops will be about 0.20 to 0.23, whereas the soil albedo will be less, about 0.1 to
0.15 depending on the soil and its water content. The net long-wave radiation term depends on
several surface and atmospheric parameters. Basically, long-wave radiation is proportional to the
surface temperature to the fourth power times the surface emissivity and a proportionality
constant known as the Stefan-Boltzman factor. A perfect emitting surface has an emissivity of
1.0. The emissivity of most soils and crops is near 0.98, while the emissivity of the sky is much
lower and will depend on the atmospheric water content. Because the sky emissivity and the sky
temperature are not routinely measured, Rn/ is estimated using routine air temperature data,
relative humidity data, and estimates of cloud cover (Allen et al., 1998). The weather parameters
at or over the crop affect its water use. However, it is largely impractical to measure weather
parameters over the crop, except for research, so weather parameters are typically measured at a
weather station situated to represent the crop environment. Although many organizations have
attempted to standardize the weather station siting and the instrumentation, in most cases this is
difficult to achieve. Allen et al. (1998) discusses the impact of the station siting, instrument
maintenance, and other factors on the quality of weather data for estimating crop water use.

Although many equations can estimate crop water use based on climatic data, the Penman (1948)
combination equation has become widely used. It is expressed as
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ET - [AR-G)]+[(y W,) (e -e,)]
’ [A p.(Aty)]

(3.6)

where ET, is the ET of grass that is well-watered and fully covering the soil in mm d™', A is the
slope of the saturated vapor pressure curve at the mean air temperature in kPa °C”', G is the heat
flux into the soil in MJ m™ d”', y is the psychrometric constant in kPa °C™, Wy is an empirical
wind function in MJ m?d "' kPa™ [Wy=6.43 +(3.453 U.), where U, is the mean daily wind speed

in m s™ at 2.0 m height over grass], ¢°, is the saturated vapor pressure at the mean daily air

s
temperature in kPa, e, is the mean ambient vapor pressure in kPa, A is the latent heat of
vaporization in MJ kg™, and p,, is water density (1.0 Mg m™). For irrigated grass with a full
cover, daily G is approximately zero MJ md™'. The psychrometric constant, y, is proportional to
barometric pressure, which is inversely related to elevation. The Penman equation was not
widely used initially because it was rather complex for its time (before calculators/computers),
and it was difficult to compute all the parameters and find locations with the necessary
meteorological data. Despite these drawbacks, Van Bavel (1956) recognized its potential and its
conservative nature as well as its usefulness for determining water use from large areas with non-
limiting soil water and for estimating the irrigation need. Monteith (1965) characterized the
empirical wind function using the atmospheric acrodynamic resistance (r, in s m™) and added a
bulk surface resistance term (7, in s m™"), which resulted in the following equation:

_ [A(R,-G)] + [(86.4p C)) (e, - ¢)/r,]
[ p,(A+y¥)]

ET, 3.7

where p is air density in kg m™, C, is the specific heat of moist air [1.013 kJ kg °C™), e, is the
mean saturated vapor pressure at the daily maximum and minimum air temperature in kPa, and an
adjusted psychrometric constant, y* =y (1 + r, / r,) in kPa °C". Table 3.2 gives the
recommended equations for estimating the parameters along with the appropriate constants for
grass from Allen et al. (1998) and Allen et al. (1994). Jensen et al. (1990) recommended two
standardized reference surfaces, 0.12-m for tall grass and 0.5-m tall for alfalfa. They
recommended 7, be set to 45 s m™ for alfalfa and to 70 s m™ for grass. The resulting functions for
defining r, (in s m™") using air temperature and humidity data from a 2.0-m height were 110/ U,
and 208 / U,, respectively, for alfalfa and grass. Allen et al. (1998) used only a grass reference
equation and simplified the parameters in Eq. 3.7 to the following:

900
[0.408 (R,-G)] + [y T <273 U, (e,-¢,)]

ET, =
pIA+y (1+034U,)]

(3.8)

where T, is mean daily air temperature at 2 m in °C. For a day (24 h), G in Eq. 3.8 can be
assumed to be zero MJ m™ d”'. Equation 3.8 (also known as the FAO Penman-Monteith Eq.) is
the recommended method for calculating world-wide standard grass reference ET ( FAO-56,
Food and Agriculture Organization of the United Nations), replacing FAO-24 (Doorenbos and
Pruitt, 1977) that was also based on a grass reference, but that required empirical correction
factors for humidity, wind speed, and day to night wind speed variations (Frevert et al., 1983).



70

MICROIRRIGATION FOR CROP PRODUCTION

Table 3.2. Equations for estimating parameters in the Penman and Penman-Monteith
equations for grass reference ET (ETo) from Allen et al. (1998); (1994).

Term Unit Equation
Tha °C (Tonin + Tnax)/2
A MIJ kg 2.501 - (2.361 x 10™*) T or assume A = 2.45
Py kPa 101.3 [(293 - 0.0065 z) / 293]>%
v kPa °C’! 0.00163 P/ A
¢ (Tha) kPa 0.6108 exp [(17.27 Tpa) / (Tpa + 237.3)]
es kPa [€° (Tnin) + € (Tnax)1/2
€ kPa 0.6108 exp [(17.27 Tuew) / (Tuew +237.3)]
A kPa°C' 4098 {0.6108 exp [(17.27 Tyna) / (Tat+ 237.3)]} / (Tat 237.3)
G MJm?d! 0.0 [for a day or 24 hr]
d, radians 1+ 0.033 cos[(2 nJ) / 365]
) radians 0.409 sin[(2 ®J) / 365) - 1.39]
Wy radians arcos[-tan(v) tan(d)]
R, MJm?d" [(1440 G. d,) / w] [os sin(V) sin(8) + cos(V) cos(8) sin(ws)]
Ry, MJIm?d" (0.75+2x10° 2) R,
Tink K Toin +273.16
Tnaxk K T +273.16
Ru MIm?d" 6 [(Think + Toaxk) / 2] (0.34 - 0.14 €,")[1.35 - 0.35 (R, / Ry,)]
Rus MJm~”d" (1-0.23) R,
R, MJm™d! Rys - Ru
Ty K Tpa+273.16
Tvg K Tk [1-0.378 (eq/ Py
P kg m™ 3.486 (P, / Tvg)
G, kI kg °C’! 1.013
s sm’ 71/ (0.5 LAI) or 70 for 0.12-m tall grass
LAI - 24 h,
d m (2/3) h,
Zoy m 0.123 A,
Zon m 0.0123 A,
Fa sm’ {(In[(Z,, - d)/Zo) In [(Zy - d)/Zow]} | (K U-)
or 208 / U, for Z,, and Z, = 2.0 m for 0.12-m tall grass
y* kPa °C"' Y1+ (rs/ 7a)]

v (1+0.34 U5)
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Table 3.2. Equations for estimating parameters in the Penman and Penman-Monteith
equations for grass reference ET (ETo) from Allen et al. (1998); (1994). Cont.

Toin - minimum daily air temperature, °C

Toax - maximum daily air temperature, °C

Taew - mean daily dew point temperature, °C

z - elevation above sea level, m

d, - inverse relative distance Earth to the Sun, radians
J - integer day of year

) - solar declination angle, radians

s - sunset hour angle, radians

v - latitude, radians

R, - daily extraterrestrial radiation, MJ m?d?!

G, - solar constant [0.0820 MJ m™ min™']

R, - clear sky daily solar irradiance, MJ m?2d’!

R, - daily solar irradiance, MJ m?2d’!

Tink - minimum daily absolute air temperature, K

Tnaxk - maximum daily absolute air temperature, K

Ry - net outgoing long-wave radiation, MJ m™ d”!

c - Stefan-Boltzman constant [4.903 x10° MJ m? K* d’l]
R, - net short-wave radiation, MJ m?2d?!

R, - net radiation, MJ m?2d?!

Tk - mean daily absolute temperature, K

Tvg - virtual absolute temperature, K

I - leaf resistance, s m™ [100 s m'l]

LAI - leaf area index

he - grass height, m [0.12 m]

Zn - measurement height of wind speed, m [usually2 m]
Zy - measurement height of air humidity, m [usually 2 m]
k - von Karman constant [0.41]

U, - mean daily wind speed at height Z,,, m s™

U; - mean daily wind speed at 2 m, m s™

3.2.1.2. Crop factors affecting ET

Several crop factors were mentioned in the previous section. These include the short-wave
reflection (o, albedo) and long-wave emissivity (¢) that affect net radiation and the partitioning of
solar irradiance into the various energy balance terms. Two crop architectural characteristics,
crop height (4.) and leaf area index (LA[), affect crop water use in various manners. Both
parameters are important in determining the soil cover by the crop that affects solar radiation
penetration to the ground which in turn affects the sensible energy entering or leaving the ground
as soil heat flux. Crop height is an important factor in determining the aerodynamic resistance of
the canopy (7,,) to latent and sensible heat flux. Leafarea index largely determines the amount of
plant foliage exposed to the direct solar irradiance and the amount of shaded plant foliage
exposed to transmitted and reflected diffuse solar radiation. Usually, taller crops will have a
lower r, value and a higher water use rate for similar surface resistance (r;) values. Typically, a
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LAI value between 3 and 4 (three to four times the leaf area of one side of the leaves per unit
ground area) will be sufficient to maximize transpiration and fully shade the ground.

The plant species largely determines the leaf stomatal resistance to water vapor transfer and
carbon dioxide uptake. Generally, the type of photosynthetic pathway in the plant species (either
C;, Cy, or CAM) affects the leaf surface resistance to water vapor transport through the leaf
stomata that determines the leaf resistance (r;). The leaf resistance, fraction of shaded and sunlit
leaves, and the LA/ largely determine the canopy surface resistance (7;). Crop development and
growth processes change both of these key crop parameters (4., and LA7) that determine the water
use potential of the crop (Fig. 3.2). Perennial plant species have different annual growth cycles.
In most cases for trees or vines, the annual change in height may be small and limbs may even be
removed through pruning. These species will have a distinct leaf and fruit bearing cycle. Non-
destructive light interception or simple ground-cover measurements are often used instead of
measured LAIs for trees and vines because the L4l measurements are difficult to make.
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Figure 3.2. Leaf area index and crop height of irrigated corn at Bushland, Texas illustrating
typical crop development rates (Howell et al., 1998).

Allen et al. (1998) provides two methods for estimating the crop effects on water use based on the
computed grass reference ET, (Eq. 3.8). These are designated as the single (K,) and dual (K,)
crop coefficient approaches based on

ET =K, (ET,) (3.9)

ET = (K, +K,)ET, (3.10)
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where ET represents the crop water use for both soil and plant water evaporation (E£) and plant
transpiration (7); K. is the basal crop coefficient when the soil surface is visually dry (Wright,
1982), but the crop transpiration is not restricted by soil water deficits; and K. is the coefficient
representing the soil water evaporation from a wet soil surface. By examining Eqs. 3.9 and 3.10,
ones sees that the single crop coefficient is simply equated to K., + K., and for a visually dry soil
surface case, K. equals K. In principle, ET, normalizes the evaporative demand of the
atmosphere. However, because ET, represents a short, smooth crop that is well watered, the
grass water use may be different from that of a real crop or orchard / vineyard. The crop
coefficients, K. or K., + K., are designed to make the transformation in water use from the
idealized standard grass represented by the characteristics embodied in Eq. 3.8 to the real crop.
Any of the preceding crop characteristics, albedo, emissivity, height, surface resistance, and the
degree of soil wetness and soil salinity of the root zone (to be discussed in the next section) can
affect K.. The single K. approach assumes a more generalized approach in determining the crop
water use that cannot account for some of the soil factors embodied in the dual K., approach,
especially different soil water evaporation rates that may be important with microirrigation.
Equations 3.9 and 3.10 predict crop water use under standard conditions. It is thought to be an
upper envelope (Allen et al., 1998) representing conditions without limits on crop growth or
water use from a soil water deficit, with normal crop density, with healthy plants without disease
or insect damage, without weeds, and without soil salinity effects on crop growth or water use.

The K. and K,;, values are temporally dependent on the crop growth characteristics (4. and LAJ)
that affect the real crop’s r, and 7, values. The idealized K. and K, crop curves for wine grape
are illustrated for standard crop development rates in Fig. 3.3.
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Figure 3.3. Example of seasonal crop coefficient curve for wine grape representing the major
crop growth periods — initial development, crop development (developing ground
cover), mid season (reproduction, fruiting, etc.), and late season (maturation and
harvest). The heavy line with the circle points is the K. curve, and the lighter line
with the square points is the K, curve. Adapted from Allen et al. (1998).
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Allen et al. (1998) summarized and presented a vast list of K. and K., values based on defining
the annual crop development cycle into its initial phase (planting, emergence, early growth), crop
developmental phase (rapid vegetative growth, early reproductive development), mid-season
phase (full-canopy development, reproductive phases, fruiting, bloom, pollination, early
maturation), and ending phase (senescence, fruit maturity, grain filling, dry down). Tables 3.3
through 3.5 adapted from Allen et al. (1998) give K. and K., values for several crops that are
often microirrigated. They provide appropriate crop growth stage length periods (L) for the
initial (sub “ini”), crop development (sub “dev”’), mid season (sub “mid”), and the end of season
(sub “end”) growth phases that can be used to construct seasonal crop growth curves as the
example in Fig. 3.3. Extended treatment with greater in-depth descriptions and specific details
about these values, and data for crops not listed here is given by Allen et al. (1998). They also
discuss and review procedures for developing crop coefficients for locations and crops not listed
in Allen et al. (1998) or Doorenbos and Pruitt (1977).

Fereres and Goldhamer (1990) presented mid-season crop coefficients for a grass reference ET
for deciduous fruit and nut trees. They also discussed prior literature reporting crop coefficients
considerably larger than the more common maximum K, value of around 1.20 for densely-
populated peach and pecan trees. Fereres et al., (1981a) reported that micro-advection in young
developing orchards from the large amount of surrounding non-evaporating bare soil had small
differences in ET compared with the more mature orchards once the younger orchards developed
about 50 to 60% ground cover. The ET of young microirrigated almond orchards was dependent
on irrigation frequency and the soil wetting patterns (see next section in this chapter), but it was
highly related to the area of the ground shaded by the trees at noon (Fereres et al., 1982) (Fig.
3.4). Close agreement was found between estimates of evapotranspiration for young almond
trees calculated using mature orchard crop coefficients (Eq. 3.9 and 3.10) as modified by the
shaded-area percentage (Fig 3.4) and those obtained through using extensive soil water balance
measurements (Sharples et al., 1985).
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Figure 3.4. Relationship between shaded area and ET for young almond trees relative to ET
from a mature almond orchard. Data were obtained from 1- to 4-yr old trees
(circles) and 6-y old trees (squares) using soil water balance methods. Adapted
from Fereres et al., 1982.
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Table 3.3. Vegetable and tuber K. and basal K, values and length of typical growth stages
(days) with planting dates and their regions. Adapted from Allen et al. (1998).

Kc ini Kc mid Kc end
CI"OP ch ini KEb mid ch end Izilaatr: RegiOIl
Lini Ldev Lmid Lend
0.70 1.05 0.90
Bell pepper 0.15 1.00 0.80
25/30 35 40 20 April/June Mediterranean
30 40 110 30 October Arid
0.70 1.05 0.95
Broccoli 0.15 0.95 0.85
35 45 40 15 September California, USA
0.70 1.05 0.95
Cabbage 0.15 0.95 0.85
40 60 50 15 September _ California, USA
0.50 0.85 0.60
Cantaloupe 0.15 0.75 0.50
30 45 35 10 January California, USA
10 60 25 25 August California, USA
0.70 1.05 0.95
Carrot 0.15 0.95 0.85
30 50 90 30 October. California, USA
30 40 60 20 Feb./Mar. Mediterranean
0.70 1.05 0.95
Cauliflower 0.15 0.95 0.85
35 50 40 15 September California, USA
0.70 1.05 1.00
Celery 0.15 0.95 0.90
25 40 95 20 October Arid
25 40 45 15 April Mediterranean
0.70 1.00 0.95
0.15 0.90 0.90
Lettuce 20 30 15 10 April Mediterranean
30 45 25 10 Nov./Jan. Mediterranean
25 35 30 10 Oct./Nov.  Arid
0.70 1.05 0.75
. 0.15 0.95 0.65
Onion (dry) 20 35 110 45 Oct/Jan.  Arid
15 25 70 40 April Mediterranean
0.70 1.00 1.00
Onion (green) 0.15 0.90 0.90
25 30 10 5 April/May Mediterranean
30 55 55 40 March California, USA
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Table 3.3. Vegetable and tuber K. and basal K, values and length of typical growth stages
(days) with planting dates and their regions. Adapted from Allen et al. (1998).

Continued.
KC ini Kc mid Kc end
Crop ch ini ch mid ch end 12:;: RegiOH
Lim' Ldev Lmid Lend
0.50 1.15 0.75
Potato 0.15 1.10 0.65 4
25 30 45 30 May Continental
45 30 70 25 April/May Idaho, USA
0.50 1.00 0.80
Pumpkin 0.15 0.95 0.70
20 30 30 20 Mar., Aug. Mediterranean
0.50 0.95 0.75
Squash 0.15 0.90 0.70 . .
25 35 25 15 Apr., Dec. Mediterr., Arid
20 30 25 15 May/June Mediterr., Europe
0.50 1.05 0.75
Sweet melon 0.15 1.00 0.70 .
25 35 40 20 May Mediterranean
30 30 50 30 March California, USA
0.50 1.15 0.65
Sweet potato 0.15 1.10 0.55
20 30 60 40 April Mediterranean
0.70 1.15 0.7-0.9
Tomato 0.15 1.10 0.6-0.8 . -
35 40 50 30 April/May California, USA
30 40 45 30 April/May Mediterranean
0.40 1.00 0.75
Watermelon 0.15 0.95 0.70 .
20 30 30 30 April Italy
10 20 20 30 May/Aug. Near East (desert)
0.50 1.00 0.80
Artichoke 0.15 0.95 0.90
(Perennial crop) 40 40 250 30 April (1*y) California, USA
20 25 250 30 May (2™'y) (cut in May)
0.50 0.95 0.30
Asparagus 0.15 0.90 0.20
(Perennial crop) 50 30 100 50 February =~ Warm Winter

90 30 200 45 February = Mediterranean
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Table 3.4. Tropical crops, fruits, grape, and orchard K, and basal K., values and length of
typical growth stages (days) with planting dates and their regions. Adapted
from Allen et al. (1998).

Kc ini KC mid Kc end Plant
Perennial crops Kb ini Keymia  Kebend date Region
Lini Ldev Lmid Lend
0.40 0.90 0.65
Almond 0.20 0.85 0.60
30 50 130 30 March California, USA
0.45 0.95 0.70
Apple/Cherry 0.35 0.90 0.65
30 50 130 30 March California, USA
Avocado 0.60 0.85 0.75
(no ground cover) 0.50 0.80 0.70 .
60 90 120 95 January Mediterranean
0.50 1.10 1.00
Banana (1%'y) 0.15 1.05 0.90
120 90 120 60 March Mediterranean
1.00 1.20 1.10
Banana (2" y) 0.60 1.10 1.05
120 60 180 5 February  Mediterranean
0.30 1.05 0.50
Berry 0.20 1.00 0.40
20 50 75 60 March California, USA
. 0.70 0.65 0.70
Citrus (70% cano
no gr01(1nd/coover) w 0.65 0.60 0.65 .
60 90 120 95 January Mediterranean
0.30 0.85 0.45
. 0.15 0.80 0.40
Grape (table / raisin) 20 50 75 60  March  California, USA
20 40 120 60 April Low Latitudes
0.30 0.70 0.45
Grape (wine) 0.15 0.65 0.40
30 60 40 80 April Mid. Latitudes
. 0.65 0.70 0.70
Olive (40 to 60%
groun(g cover) 0.55 0.65 0.65 .
30 90 60 90 March Mediterranean
Peach/Apricot 0.45 0.90 0.65
(no ground cover) 0.35 0.85 0.60
(no frost) 30 50 130 30 March California, USA
Pistachio 0.40 1.10 0.45
(no ground cover) 0.20 1.05 040 .
20 60 30 40 February = Mediterranean
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Table 3.4. Tropical crops, fruits, grape, and orchard K, and basal K., values and length of
typical growth stages (days) with planting dates and their regions. Adapted
from Allen et al. (1998). Continued.

Kc ini KC mid Kz? end

Perennial crops Kep ini Kb mia Kb ond [:11;? Region
Lim' Ldev Lmid Lend
0.30 0.75 0.70
Strawberry 0.20 070 0.65 California, USA
60 160 60 30 October (Mulch culture)
0.40 1.25 0.75
0.15 1.20 0.70
Sugar cane (virgin) 35 60 190 120 Low Latitudes
50 70 220 140 Tropics
75 105 330 210 Hawaii, USA
0.40 1.25 0.75
0.15 1.20 0.70
Sugar cane (ratoon) 25 70 135 50 Low Latitudes
30 50 180 60 Tropics
35 105 210 70 Hawaii, USA
0.50 1.10 0.65
Walnut
(no ground cover) 0.40 1.0S 0.60 .
20 10 130 30 April Utah, USA

1 Strawberry data from Hanson and Bendixen (2004).

Table 3.5. Legume, fiber, and cereal crop K. and basal K, values and length of typical
growth (days) stages with planting dates and their regions. Adapted from Allen
et al. (1998).

Kc ini Kc mid Kc end Plant
Annual crops Ko ini Kep mia Ko ena date Region
Lz'm' Ldev Lmid Lend
0.50 1.05 0.90
Bean (green) 0.15 1.00 0.80 California,
20 30 30 10 Feb./March Mediterranean
0.35 1.15-1.2 0.70-0.50
Cotton 0.15 1.1-1.15 0.50-0.40 . .
45 90 45 45 March California, USA
30 50 55 45 April Texas, USA
0.30 1.20 0.35
Corn (grain) 0.15 1.15 0.15 . . . .
30 40 50 30 April Spain, California

30 40 50 50 April Idaho, USA
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Table 3.5. Legume, fiber, and cereal crop K, and basal K., values and length of typical
growth (days) stages with planting dates and their regions. Adapted from Allen
et al. (1998). Continued.

Kz? ini Kc mid Kc end

Annual crops Keb ini Keb mid Keb ena I‘;l:tl: Region
Lini Ldev Lmid Lend
0.30 1.15 1.05
0.15 1.10 1.00
Corn (sweet) 20 25 25 10 May/June  Mediterranean
30 30 30 10 April Idaho, USA
20 40 70 10 January California, USA
Peanut 0.40 1.15 0.60
0.15 1.10 0.50
(groundnut) 35 45 35 25 May/June  Mediterranean

Other sources for crop coefficient values using alfalfa reference ET (ET,) instead of the grass
reference ET (ET,) are found in Burman et al. (1980), Burman et al. (1983), Jensen et al. (1990),
Wright (1982), and Stewart and Nielsen (1990).

Because the standard E7, represents an irrigated grass under normal subhumid conditions with
moderate wind speed [RH > 45% and U; <2 ms™'] (Allen et al. 1998), the K, and K, for crops
grown under more extreme environments (higher winds, lower humidity, differing day to night
wind regimes, etc.) may require modifications to reflect properly the expected ET in those
environments. Allen etal. (1998) provided an adjustment equation for the mid-season and end —
of-season K. and K, values as:

0.3
h
K, =K, ga) * [0.04 (U, - 2) - 0.004 (RH,,,, - 45)] [?j (3.11)

where K. (74 1s the tabular value of K. or K., from Tab. 3.3 to Tab. 3.5, RH,:, is the mean value
for the daily minimum relative humidity in percent during either the mid- or end-of-season
growth stage, and /. is the mean crop height in m during the respective growth stage. When wind
speeds are measured at a height different than 2 m, the wind speed should be adjusted to 2 m
using procedures in Allen et al. (1998). Equation 3.11 is not recommended when /. is greater
than or equal to10 m or when K, .,g o1 Kp cng 1S less than 0.45.

Although Allen et al. (1998) and Doorenbos and Pruitt (1977) expressed their tabulated crop
coefficients in the cardinal growth periods described previously, other temporal scales have been
used. Jensen and Haise (1963) used a dual-time scale that expressed the time from planting until
full or effective full cover (EFC) in percent, and then they used a day scale after EFC. Hill
(1991) presents examples of polynomials fit to the dual-time step crop coefficients. Doorenbos
and Pruitt (1977) listed monthly values for permanent orchard and vineyard crops. Stegman
(1988) used polynomial functions for corn crop coefficients fit to relative growing degree days
that performed well in North Dakota. Sammis et al. (1985) developed crop coefficients for
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several crops in New Mexico based on growing degree days. The thermal time indexed through
the growing degree day concept usually improves the transferability of K. values from differing
locations and for differing growing season conditions compared with time-based K. values.
Ritchie and Johnson (1990) proposed procedures for estimating K. values based on modeling LA/
through thermal time procedures and using functions for estimating soil evaporation and
transpiration similar to functional models of Ritchie (1972) and Hanks (1985).

Crop rooting is an important factor in determining extractable soil water needed to schedule
irrigations. Klepper (1990) provides a detailed review of root growth dynamics, root physiology,
and root water uptake. The maximum range of typical crop root depths is given in Tab. 3.6
showing the genetic potential for root development in uniform, fertile soils that do not have
chemical or physical impediments or shallow water tables. Although crop roots may extend to
the depths listed in Tab. 3.6, irrigations are typically managed for a zone considerable less than
the maximum crop rooting depth. The management depth may only be about 0.6 to 0.8 m deep
reflecting the soil layers of most active water uptake and the penetration of typical irrigations.

Perennial or permanent orchard crops have relatively constant root depths, although new roots
may develop each year. Annual crops and some perennial crops that are grown as an annual crop
(e.g., cotton, sorghum), develop a new root system during the initial and crop development
growth phases and reach their maximum depth by the mid season growth phase. Roots also
decay and become partially or wholly inactive in water uptake over time. Klepper (1990)
classified three basic root patterns of development — diffuse or fibrous (many monocotyledonous
plants), taprooted, or a modified taproot (characteristic of many dicotyledonous plants). Martin et
al. (1990) and Jensen et al. (1990) discuss root depth growth rates. The taproots of dicots and the
main seminal axes of cereals generally grow downward due to positive orthogeotropism
(Klepper, 1990). Lateral roots generally will grow perpendicular to the parent root. Martin et al.
(1990) provides an equation and several empirical methods to estimate vertical root zone
development:

Z,=Zpin * (Zyax - Zmin) R (3.12)

r min max

S
where Z, is root zone depth in m, Z,,;, is the minimum root zone depth in m (typically the planting
depth), Zmax is the maximum rooting depth expected in m, and Ryis the root depth development
factor (fraction). For a linear root development, Martin et al. (1990) suggested that R, could be
estimated as either the fraction of days from germination to the number of days to reach
maximum effective root depth or by the fraction of growing degree days from germination to the
growing degree days required to reach maximum effective root depth. As with plant leaf
appearance rate, plant root development has been described by the phyllochron (the unit of time
between equivalent leaf growth stages) (Klepper, 1990), so the linear characterization of R, by
growing degree days has an attractive physiological basis. Martin et al. (1990) and Allen et al.
(1998) suggested that Rrcould be estimated as the ratio of the difference in the current basal crop
coefficient from the initial basal crop coefficient (i.e., K.» - Kep ini) to the difference between the
mid season and initial K, (i.€., Kep mia - Kep ini). However, with the segmented K, curve (Allen et
al., 1998), this method does not initiate root zone development until the crop development growth
phase starts (Fig. 3.5).
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Table 3.6. Range of maximum effective rooting depth (Z,) for selected fully grown crops
and management allowed depletion (MAD) levels in percent with minimal
reduction in E7 rates. Adapted from Doorenbos and Pruitt (1977), Martin et al.
(1990), and Allen et al. (1998).

Rooting  Management Rooting Management
depth allowed depth allowed
Crop (Z,),m  depletion, % Crop (Z,),m  depletion, %
Almond 1.0-2.0 40 Cotton 1.0-1.7 65
Apple/Cherry 1.0-2.0 50 Grape 1.0-2.0 35-45
Artichoke 0.6-0.9 45 Lettuce 0.3-0.5 30
Asparagus 1.2-1.8 45 Olives 1.2-1.7 65
Avocado 0.5-1.0 70 Onion 0.3-0.6 30
Banana 0.5-0.9 35 Peach/Apricot 1.0-2.0 50
Bean (green) 0.5-0.7 45 Peanut 0.5-1.0 50
Bell pepper 0.5-1.0 30 Pistachio 1.0-1.5 40
Berry 0.6-1.2 50 Potato 0.4-0.6 35
Broccoli 0.4-0.6 45 Pumpkin 1.0-1.5 35
Cabbage 0.5-0.8 45 Squash 0.6-1.0 50
Cantaloupe 0.9-1.5 45 Strawberry 0.2-0.3 20
Carrot 0.5-1.0 35 Sugar cane 1.2-2.0 65
Cauliflower 0.4-0.7 45 Sweet melon 0.8-1.5 40
Celery 0.3-0.5 20 Sweet potato 1.0-1.5 65
Corn (grain) 1.0-1.7 55 Tomato 0.7-1.5 40
Corn (sweet) 0.8-1.2 50 Walnut 1.7-2.4 50
Citrus (70% cover) 1.2-1.5 50 Watermelon 0.8-1.5 40

Borg and Grimes (1986) presented another empirical approach to estimate the root zone
extension as

. Dag
Z,=Zpa 10.5+ 0.5 Sin| 3.03| —5—| - 1.47 (3.13)
Dmax

where D,, is the days after germination, D, is the number of days from germination until
maximum effective rooting, and the argument of the Sin function is in radians. Equation 3.13
starts the root zone at zero depth. It can be modified to match the concepts in Eq. 3.12 as

D
Zr = Zpin ¥ Znax = Zin) {0.5 +0.5 Sin|:3.03[ a8 j - 1.47}} (3.13a)

max

These root zone development functions for cotton are demonstrated in Fig. 3.5 where the roots
are assumed to have a Z,,;, of 0.15 m. For irrigation scheduling needs, the linear function will
usually be sufficient. Klepper (1990) suggests that root axes extend at rates near 10 mm d”,
especially for cereals. The linear root extension rate in Fig. 3.5 is about 14 mm d”', which is not
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much different from Klepper’s estimate and well within the range of the uncertainty about root
depth extension. However, the requirement for prior experience is evident in the need to develop
reasonable values for both Z,,;, and Z,,, for the individual circumstances. Coelho et al. (2003)
describe a root length density and root depth model used in a cotton soil-water balance model
with daily root depth extension in mm d™' of 3.0¢GDD, where GDD is daily growing degree days
in °C-d that was constrained based on soil water availability and soil strength (penetration
resistance).
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Figure 3.5. Examples of root zone development functions for cotton.
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3.2.1.3. Soil factors affecting ET

The soil influences crop water use in three important processes: (1) the effect of root zone salinity
on root water uptake; (2) the effect of soil water content on transpiration through reduced root
water uptake; and (3) the effect of soil wetting from irrigation and rainfall on evaporation from
the soil. The effects of salinity on the crop ET are basically additive to the effect of soil water
deficits (see Chapter 4; Letey et al., 1985; Hoffman et al., 1990; Rhoades and Loveday, 1990;
Shalhevet, 1994). The salinity of the root zone adds an additional chemical potential, the osmotic
potential, which further reduces the root water potential (an increased plant stress) for water to
flow into the plant roots. Specific salts such as boron, chloride, or sodium can cause
phytotoxicity or nutrient imbalances (Hoffman et al., 1990; Rhoades and Loveday, 1990) besides
affecting salinity of the root zone. In addition, sodium can cause sodic conditions with aggregate
instability, clay migration, and poor soil particle bonding (Rhoades and Loveday, 1990; Oster,
1994). The sodium content of the soil and the irrigation water is the best indicator for soil
sodicity problems and is characterized by the sodium adsorption ratio, SAR (see Chapter 4).
Microirrigation generally does not apply salt-rich water to the leaves so leaf salt burn that occurs
with sprinkler applications is avoided.
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With microirrigation, higher soil water content is usually maintained just beneath the emitters or
around the line-source microirrigation laterals (Chapter 2), so that salts are usually leached to the
outside or away from the wetted zone. Thus, the crop can extract soil water similar in salinity to
the irrigation water instead of the more saline water where the salt accumulates (Chapter 4).
However, even with a uniform microirrigation system (Fig. 3.1) there can be reduced applications
in small areas of a zone or field that might not be as effective in maintaining this leached zone for
the crop roots. With subsurface drip irrigation (SDI) systems, salinity accumulation can occur
from the upward capillary flow as water evaporates from the soil near the soil surface. For these
systems and, possibly other types of microirrigation systems, rainfall could leach these salts that
are accumulated near the soil surface into the crop root zone. The amount of the rainfall may be
important as well for controlling salinity accumulation. It can be important to irrigate during or
following rainfall to maintain or reestablish the salinity distribution and dilution occurring from
microirrigation. However, Hoffman et al. (1985) observed minimal salinity effects on lettuce
yields of a 30-mm rainfall event. The added rainfall further diluted the soil salinity distributions
that were built-up prior to the rain event.

Plants transpire water through leaf stomates that open in response to light to permit CO, diffusion
where it can be assimilated by the photosynthetic process (along with any associated
photorespiration). Transpiration is largely a byproduct (or a physiological cost) of maintaining
this crop uptake of CO; for growth and nutrient translocation within the plant. This transpired
water must be re-supplied by the roots through soil water absorption (Klepper, 1990). Generally,
root water replenishment will lag behind transpiration losses resulting in a slight decrease in plant
tissue water content during the daylight period with a rehydration during evening or night as
stomata close due to photoresponse. This creates a water potential gradient to move water from
the soil immediately in contact with a root into the plant proper. This water uptake flux is often
described using the Ohm’s law analogy with two types of resistances arranged in series, one to
the root resistance to water uptake and the other to the soil resistance to water flow in the
immediate vicinity of the crop root or roots. The later resistance is inversely related to the soil
hydraulic conductivity, which in turn depends upon the soil texture and its water content (see
Chapter 2). Neither of these resistances is constant (Klepper, 1990).

For irrigation scheduling, the effect of reduced soil water on transpiration and ET have been
largely based on the amount of plant available water (P4 W) that can be extracted from the soil
where PAW is basically a field characterization of the concept of field capacity that depends on
the soil texture (see Chapter 2). Hillel (1998) and Gardner (1960) emphasize that PAW may be a
useful description, but one that is difficult to define precisely and certainly not a constant for a
given soil. Nevertheless, PAW has become widely used to describe the effects of water deficits
on transpiration (Ritchie, 1972; Ritchie, 1973; Nimah and Hanks, 1973a 1973b; Hanks, 1974;
Ritchie and Johnson, 1990). The most common procedure to describe the effect of a soil water
deficit on ET has been to express it as a water stress function that depends on PA W through use of
a crop water deficit coefficient, K (Jensen et al., 1971; Martin et al., 1990; Allen et al., 1998).
Howell et al. (1979) reviewed and discussed several of these water deficit functions. This crop
water deficit coefficient is multiplied by either K. or K., in the single- and dual-crop coefficient
approaches of Allen et al. (1998) as follows:

ET = (K, K,)ET, (3.14)
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ET = [(K,K,, )+ K,] ET, (3.15)

Figure 3.6 illustrates several characterizations for K. Allen et al. (1998) adopted the linear
function based on defining a critical PAW (PAW,) as the point at which the soil water deficit
begins to reduce ET, or in actuality 7 (transpiration). When irrigating for maximum yield, the
soil water deficits will typically be minimal, unless the particular crop develops a higher quality
product when stressed for water. In such instances many of the approaches, demonstrated in Fig.
3.6 can perform acceptably (Martin et al., 1990).
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Figure 3.6. Examples of functions to estimate the soil water deficit influence on crop water
use expressed as the K, water stress coefficient.

Soil wetting results in evaporation from the soil (£). Evaporation also occurs from droplets or
surface ponded water. Because droplets from microirrigation typically are exposed to air for only
a short time, their evaporation can usually be ignored. In contrast, droplet evaporation from
sprinklers or spray heads can often be 1 to 5% of the total applied water, especially when the
droplets strike warmer bare soil or plant surfaces. Soil water evaporation is explicitly embodied
into the single crop coefficient (K.). Thus, any definition or set of K, values must empirically
represent the soil water evaporation resulting from the typical irrigation management (irrigation
frequency, irrigation amount, and the irrigation method) and the regional rainfall characteristics
(frequency, amount, etc.). In the dual crop coefficient approach, soil water evaporation is
embodied similarly into K, because even with a visibly dry soil surface (Wright, 1982), soil
water evaporation can be a significant part of the total daily ET (both day and nighttime
evaporation losses).
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When the soil surface is wetted or only partially wetted as with most microirrigation systems, and
particularly with a crop that partially covers the ground, soil water evaporation adds an extra
amount of water use that must be considered. Estimating this soil water evaporation addition will
depend on the amount of the soil surface area wetted, the maximum E7 that could be expected
under the climatic conditions, and the time since wetting. Soil water evaporation has been
classically characterized into two stages, (1) a stage that has a constant rate approximated by the
maximum evaporative power of the atmosphere, and (2) a falling rate stage where the soil
hydraulic transport characteristics dominate (Philip, 1957; Ritchie, 1972; Ritchie and Johnson,
1990). Ritchie (1972) estimated maximum bare soil water evaporation as the potential £7 rate
computed by the Penman (1963) equation. R, and G would be expected to be highly different for
the bare soil than the full-cover reference grass evapotranspiration (E7,) due to differences in
albedos, emissivities, aecrodynamic resistances, and surface resistances. Nimah and Hanks
(1973a) describe an early numerical model of soil transport and root water uptake based on the
earlier work of Hanks et al. (1969).

Allen et al. (1998) present a detailed procedure to estimate K, that requires computing a separate
water balance for the surface evaporative layer (0.1 to 0.15 m). Fortunately, Allen et al. (1998)
provide a spreadsheet template in Appendix 8 of their manual that will perform these
computations. The spreadsheet can be downloaded from the internet. Furthermore, the method
of Allen et al. (1998) can be merged with the simpler method of Wright (1981 and 1982) to
streamline and simplify the procedure with little loss in accuracy. The soil water evaporation
coefficient can be estimated as

Ke :fw (Kcmax_ch) []_Jtz] < (fw Kcmax) (316)
d

where f,, is fraction of the soil that is wetted, K, .y is the maximum crop coefficient following
rain or irrigation, ¢ is time in days since the rain or irrigation, and ¢, is the number of days it
normally takes the soil to become visibly dry. The f,, factor for rain will be 1.0, and for
microirrigation systems it will be between 0.1 and 0.5. The f;, will be small (0.1 to perhaps 0.15)
for a SDI system or an orchard or vineyard crop with widely spaced plants, but it could be much
larger (0.25 to 0.5) for every-row microirrigation of row crops. Allen et al. (1998) recommended
that £, be reduced by [1-(2/3)<f.], where f. is the fraction of the soil surface covered by vegetation
[note: (1-£2) is the fraction of soil exposed to sunlight]. Allen et al. (1998) defined K. yax as

0.3
K, —Matz.z{om (U,-2)—0.004 (RH,,;,-45) (h?j }} {k,, +0.05}} (3.17)

where K. 4, 1s the maximum of either of the two terms inside the parentheses. The time required
for a soil surface to visibly dry will depend on many factors including the soil texture, micro-
relief (roughness), the amount of crop canopy shading, and even the ET, rate. Wright (1981 and
1982) used 5 days for 7, of a silt loam soil at Kimberly, Idaho. Hill et al. (1983) provide typical #;
values of 10, 7, 5, 4, 3, and 2 days for clay, clay loam, silt loam, sandy loam, loamy sand, and a
sand soil, respectively, and limited the cumulative evaporation by the amount of water received
from rain or irrigation. Martin et al. (1990) list ¢, values for different soils from Hill et al. (1983).
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Allen et al. (2005) provide an extension for a detailed two-segment water balance (one wetted by
irrigation and another wetted by rainfall) that computes separate E components that have
application to microirrigation, especially where the irrigation only partly wets the soil surface
area. Pruitt et al. (1984) and Bonachela et al. (2001) measured the soil £ from a microirrigated
row crop and from an orchard crop, respectively. Evett et al. (1995, 2000a) simulated the £ and
D losses from a row crop irrigated with SDI and differing depths. In all these examples, E losses
from microirrigation were important and would affect irrigation water needs. However,
Tarantino et al. (1982) reported ET from tomato irrigated by surface microirrigation and furrow
irrigation was essentially identical (566 mm and 559 mm, respectively) based on weighing
lysimeter measurements for a high water holding capacity clay loam soil. However, the
microirrigated crop had 15% greater water use efficiency due to a higher yield. This emphasizes
that reductions in evaporative losses can be counteracted by an increase in transpiration, which
can in many cases result in higher yields.

3.2.1.4. A direct ET approach

Public irrigation management information systems can be localized to actual field conditions
when crop coefficients are determined from local field measurements instead of tabulated or
modeled ones (Meron et al., 1996). A simplified and direct approach to K. estimation for the
active crop growth stages consuming most of the water ("dev" and "mid", Fig. 3-3) was proposed
by Meron et. al. (1990) using actual crop light interception (L]) in the field as an approximation
of the relative radiation input. The radiation term of the Penman equation (based on
modifications from Howell et al., 1984b) is factored with L[ as:

ET = [A Rn LI] +[(7/ Wf’)(eos_ea)]

o (3.18)
[A p(Aty)]

where ET, is for an hour, L/ is the fraction of intercepted radiation (synonymous with f; for that
hour), and Wyis defined as a + b+U, with a and b defined for daytime hours as a = 0.0434 and b
= 0.0504, and for nighttime hours a = 0.125 and b = 03816.

In practice, the daily ETy, is summed for daytime only. This is functionally equivalent to applying
the Penman-Monteith equation on an hourly basis with the standardized reference surfaces, r, set
to constant value and 7; defined as a function of irradiance (Petersen et al., 1991). The growers
receive calculated E7, data for L7 0of 0.4 to 0.8, and for full cover. Local L/ is fitted by measuring
"shade -flecks" directly in the field at noon time, dividing the shaded parts of a meter stick across
the row within the row spacing. This approach works well for short field crops such as peanut up
to L1 < 0.8 and for taller crops such as cotton up to L/ < 0.7, and above which L/ is considered as
1.0. This approach has been verified for cotton (6 seasons), peanut (6 seasons), sweet corn (2
seasons) using a neutron probe soil water balance and for processing tomatoes (2 seasons) using
soil water sensors actuated automatic irrigation. No additional coefficients are needed under
conditions of minimal surface evaporation occurring with microirrigation in arid conditions. For
periods of exposed wetted soil and crop surfaces following rain, full cover is assumed including
nighttime E7,. Additional correction factors may be provided by extension specialists or crop
advisors for modifications involving regulated deficit irrigation, intentional over watering or
water reduction in the senescence phase.
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A similar approach may be applied to orchards with partial cover (Fereres et al., 1982; Johnson
et al., 2000). However, the diversity of species relative to basic canopy resistance, sensitivity to
water stress, and intentional regulation of water deficit or water excess to achieve the desired
economical results makes the water use estimates suitable for planning and design only. Water
use per se in high-valued horticultural crops is often a negligible issue, and the more important
economic aspect is the yield and fruit quality, especially size, color, and post-harvest properties.

3.2.1.5. Evaporation pans and atmometers

Evaporation pans are often used to determine the atmospheric evaporative demand in much the
same way the Penman equation (Eq. 3.6) or the Penman-Monteith equation (Eq. 3.7) are used to
estimate the water use by a reference crop. Several types of evaporation pans, their design, and
use are discussed by Gangopadhyaya et al. (1966). The climatic factors that affect evaporation
from a pan or from an atmometer do not differ from those embodied in the reference ET
equations, but the boundary conditions and physics (radiation, turbulent exchange, etc.) of an
evaporation pan are different from a crop evaporating surface (Brutsaert and Yu, 1968). For an
evaporation pan, heat storage and release from the water is different from that of a crop.
Evaporation pans and atmometers are widely used around the world because of their simplicity
and ease of use compared with automated weather stations and detailed computer models. One of
the older evaporation equations dating from the late 19" century was evaluated by Brutsaert and
Yu (1968) in the form

Epan
T S arbU. (3.19)
€, — ¢,

where E,,, is the pan evaporation in mm h', (e, - e,) is the vapor pressure deficit in kPa, U is
wind speed in m s at elevation z, and ¢ and b are empirical constants. Equation 3.19 performs
best for winds measured at 3 m, and is equivalent in form to the acrodynamic equation on the
right-hand side of the Penman equation (Eq. 3.6). Although similar climatic factors affect £,
and ET,, it should be apparent they may influence E,,, differently than ET,.

Many different types of evaporation pans have been developed for differing purposes (Tab. 3.7).
The Colorado (Carpenter, 1889), Young (Young, 1942), and the BPI (Bureau of Plant Industry)
pans are installed into the ground with their water level designed to be at the elevation of the soil
surface. The U.S. Weather Bureau Class A evaporation pan is situated above the ground and air
flows around the pan (Fig. 3.7). The NOAA (1989) NWS (National Weather Service) exposure
guidelines require a fairly level, grass covered area free from obstructions. It should be in an
enclosed fenced plot that is 3 m by 5 m (minimum). These guidelines differ slightly from those
of the World Meteorological Organization adopted by FAO (Allen et al.,1998). The NWS
recommends that the stilling well be located 0.25 m from the north side of the pan and that the
pan be cleaned as necessary to prevent any material from altering the evaporation rate,
particularly from oil films. Painting the pan is not recommended.
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Table 3.7. Descriptions of commonly used evaporation pans.

Reference  Name Description
Carpenter  Colorado The Colorado sunken pan has been widely used, especially in the
(1889) Sunken Pan western USA, for one of the longest continuous periods
(Bloodgood et al., 1954). This pan is square 0.915 m (36 in.) on
a side, 0.457 m deep (18 in.), and installed in the ground with its
rim 100 mm (4 in.) above the ground. The water level is
maintained at ground level, and the pan is made of 18-gage
galvanized iron.
Horton USDA- One of the first evaporation pans widely used in the U.S. was the
(1921) Bureau of  Bureau of Plant Industry (BPI) developed and used mainly at
Plant dryland research stations in the western USA. The BPI pan is
Industry circular, 0.610 m (24 in.) in diameter, 0.610 m (24 in.) deep,
installed 0.508 m (20 in.) below the ground, and made with 22-
gage galvanized iron. The water level is maintained at the
ground level. BPI pans are not in use today, but the historical
records of BPI pan evaporation data are still used.
Young Young The Young screened pan was first used in 1936 and known as
(1942) Screened the Division of Irrigation screen pan. It was adopted as a
Pan standard by the International Boundary and Water Commission
and by the Texas Agricultural Experiment Station (Bloodgood et
al., 1954) because it had favorable factors when compared with
3.66 m (12 ft) pans and 25.9-m (85 ft) diameter reservoirs. This
pan is made of 22-gage galvanized iron, 0.610 m (24 in.) in
diameter, 0.914 m (3 ft) deep, installed in the ground 0.838 m
(33 in.), covered with a 6 mm (0.25 in.) mesh hardware cloth
screen, and the water level is maintained at ground level.
Kadeland U.S. The U.S. Weather Bureau Class A evaporation pan is one of the
Abbe (1916) Weather most widely used both within the U.S. and the world as the
Bureau official network instrument in the U.S. The National Weather
Class A Service (NWS) Class A Evaporation Pan is circular, 1.207 m
Pan (47.5 in.) inside diameter, 0.25 m (10 in.) deep, and the water

level is to be maintained 50 to 75 mm (2 to 3 in.) from the pan
rim. It is usually constructed with 22-gage galvanized iron or

0.8-mm thick Monel metal, placed on a wooden support that is
13 mm (0.5 in.) above the leveled and tamped ground (NOAA,
1989).
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Figure 3.7. National Weather Service Class A Evaporation Pan schematic diagram
illustrating the standard dimensions and the pan support. Adapted from Allen et
al. (1998) and NOAA (1989).

Evaporation pans have long been used in irrigation management (Stanhill, 1961; Fuchs and
Stanhill, 1963; Pruitt, 1966), especially when estimates of crop water use for 5 to 10 days are
warranted. Two principle difficulties arise in using or in interpreting data measured with
evaporation pans, (1) variations in types of evaporation pans, and (2) pan siting and local
environment effects. Maintenance of the pans is still difficult, but many improved devices are
now marketed to measure and refill the pans automatically (Phene et al., 1990). Doorenbos and
Pruitt (1977) and Allen et al. (1998) discuss evaporation pan siting extensively.

The evaporation from the pan is related to grass reference E7, with a pan coefficient, K, as

ET, =K, E (3.20)

where E,, is the pan evaporation in mm d”. The Young sunken pan (Tab. 3.7) is screened to
prevent animals from consuming the water. The NWS Class A Pan can be protected with
lightweight screens (e.g., chicken wire, 50 mm mesh) (Campbell and Phene, 1976). The screen
covering increased the K, value in California from about 0.81 to 0.91 (Howell et al., 1983) due to
shading and reduced wind speeds based on the Penman combination equation of Doorenbos and
Pruitt (1977) for ET,. The K, will vary during the year as demonstrated by Wright (1981)
compared with computed alfalfa reference E7, and by Howell et al. (1983) compared with
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computed grass reference E7,. This is caused by environmental changes around the pan and to
the loss or storage of energy by the water in the pan itself. The pan coefficient is greatly
influenced by the surrounding conditions. Allen et al. (1998) and Doorenbos and Pruitt (1977)
classify these into two primary cases. One is where the pan is located on a short, green grass
cover and surrounded by fallow soil (dry, non-cropped soil). The other is the opposite with the
pan located on a dry, fallow soil and surrounded by a green crop. Doorenbos and Pruitt (1977)
characterized the pan coefficients for these two cases with two climatic parameters, mean 2-m
wind speed (U;) inms™', average relative humidity (RH,ue) in percent , and the fetch or distance
in m of the identified surface type. Allen et al. (1998) provided regression equations using these
three parameters for the NWS Class A Pan and the Colorado Sunken Pan (Tab. 3.8). They
recommended that E,,, be calibrated against computed grass reference ET, using Eq. 3.8.

Table 3.8. Pan coefficient (K}) regression equations based on tabular data taken from
Doorenbos and Pruitt (1977) by Allen et al. (1998).

Class A pan with green fetch K,=0.108 - 0.0286 U, + 0.0422 In(FET)
+0.1434 In(RHypean) - 0.000631 [In(FET)]* In(RH ean)

Class A pan with dry fetch K,=0.61+0.00341 RHypean - 0.000162 U, RH prean
-0.00000959 U, FET + 0.00327 U; In(FET)
-0.00289 U; In(86.4 Us) - 0.0106 [In(86.4 U>) In(FET)]
+0.00063 [In(FET)]* In(86.4 Us)

Colorado sunken pan with green K, =0.87 + 0.119 In(FET) - 0.0157[In(86.4 U,
fetch —0.0019 [In(FET)]* In(86.4 U,)+0.0138 In(86.4 U>)

Colorado sunken pan with dry K,=1.145-0.080 U, + 0.000903 (U2)2 In(RH yiean)
fetch - 0.0964 In(FET) +0.0031 U, In(FET)
+0.0015 [In(FET))* In(RH pean)

Range for variables I m<FET< 1,000 m (these limits are rigid)
30% < RH yean < 84%
Ims'<U,<8ms”

Parameters K, = pan coefficient
U, = mean daily 2-m wind speed in m s
RH,yeqn = average daily relative humidity in %
FET = fetch, or distance of the identified surface type
(grass or crop or bare, fallow dry soil)

Phene et al. (1990) reviewed the use of several types of atmometers to estimate reference ET,.
Because of their low cost and ease of use, atmometers or evaporimeters have acceptance where
weather station data or pan evaporation data are not available. Brutsaert (1982) indicated three
types of atmometers are still in limited use today — the Piche evaporimeter developed in France,
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the Wild evaporimeter developed in Russia, and the Bellani-Livingston evaporimeter developed
in Italy as a flat porous disk (Bellani) and in the U.S. by Livingston as a spherical porous surface.
The Piche atmometer is constructed with a transparent glass tube sealed at the top that is about
0.2 to 0.3 m long and 10 to 30 mm in diameter with a disk of moist blotting paper that is 800 to
1300 mm? exposed on the bottom. A small hole on the side of the tube serves as an air vent. The
tube is filled with water, and as water evaporates from the paper, which is held in place with a
steel wire spring, the water level will sink in the tube. The instrument is installed about 1.2 m
above the ground in an instrument shelter. The evaporation from the Piche atmometer was
related to the drying power of the atmosphere (right-hand side of Eq. 3.6) by Stanhill (1962a)
given as

E,=aFE, ,+b 3.21
A+y A a pe ( )

where E4 = Wy (¢’ - e,) / 4 from Eq. 3.6, E,. is the Piche evaporation mm d'l, and a and b are
constants. Brochet and Gerbier (1972) empirically substituted the Piche evaporation into the
Penman equation (Eq. 3.6) as

ET, = a i—s YbE,, (3.22)

where R, is solar irradiance in MJ m™ d, and they developed procedures to estimate the
constants (a and b) for any latitude or time of year in France.

The Wild evaporimeter has a shallow cylindrical dish about 25 mm deep and 178.4 mm in
diameter, filled with water and placed on a counter-balanced scale. The instrument is deployed
similarly to the Piche atmometer at about 1.2 m above the ground in a shelter.

The Bellani-Livingston evaporimeter is a porous surface with a flat disk used for the Bellani type
and a spherical surface used for the Livingston type (Livingston, 1935). This instrument, unlike
the Piche and Wild evaporimeters, can be directly exposed to the environment. Altenhofen
(1985) modified the Bellani atmometer by placing a green canvas cover over the ceramic top to
simulate the resistance and albedo of a green leaf. Evaporation from this instrument has been
shown to correlate well with reference ET equations using meteorological data (Broner and Law,
1991; Altenhofen, 1985). An electronic readout version of the instrument is now available for
automatic recording or irrigation control (Parchomchuk et al., 1996) as well as canvas covers that
simulate the surface resistances for either grass or alfalfa.

3.2.1.6. Scheduling principles using evapotranspiration

The estimation of crop water use is important in determining the amount of water to apply to the
crop as well as the proper design flowrate needed to operate the irrigation system. Several key
factors that affect the application amount relate to the soil properties as well as many crop
specific parameters. One great advantage of microirrigation systems is that these systems can
apply water frequently and in small amounts that are impractical with traditional surface or
sprinkler irrigation systems. However, with frequent applications, the loss of applied water to
soil water evaporation must be minimized or the irrigation frequency decreased and the
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application amount proportionally increased to maximize water used in transpiration by the crop.
The application rate must be sufficient to match the crop needs while maintaining soil water
above PAW,, but not too large as to cause deep percolation by exceeding the field capacity and
causing leaching in excess of that necessary for salinity control.

Martin et al. (1990) provide a good overview of irrigation scheduling methods using the estimate
of crop ET'in a soil water balance approach. They emphasized the need to monitor state variables
(either soil water status or plant water status) as a check on E7-based scheduling. The monitoring
of these state variables was reviewed by Phene et al. (1990) and will be discussed in relation to
microirrigation control in the following sections of this chapter. The principles of applying these
ET amounts in a soil water balance method for irrigation scheduling have not changed for many
years (van Bavel, 1956; Stanhill, 1962b; Pruitt, 1966). This method can be applied using daily or
weekly checkbook accounting approaches (Werner, 1978; Lundstrom et al., 1981; Yonts and
Klocke, 1985; Lundstrom and Stegman, 1988) to more detailed computer models (Jensen, 1969;
Jensen et al., 1970; Jensen et al., 1971; Wright and Jensen, 1978; Harrington and Heermann,
1981). The models of crop water use can be used to devise calendars for irrigations where good
estimates of £7 and expected rainfall are predictable (Fereres et al., 1981b; Hill and Allen, 1996).

All of these scheduling procedures depend on characterizing the plant available soil water. The
concepts that describe the plant available water (P4AW) and the management allowed depletion
(MAD, Merriam, 1966) are illustrated by the schematic diagram in Fig. 3.8. The field capacity
concept (Veihmeyer and Henderson, 1950) relates to the soil water content when the internal
redistribution is presumed to be negligible after a few days following a thorough wetting event.
In fact as Eq. 3.4 illustrates, it is the soil hydraulic conductivity [K(0)] that defines this soil water
content. This water content is often based on the water content at -0.01 to -0.033 MPa soil
pressure potential determined in the laboratory (Klute, 1986). However, Hillel (1998) points out
that the definition of field capacity — “the amount of water held in soil after excess water has
drained away and the rate of downward movement has materially decreased, which usually takes
place within 2-3 days afier a rain or irrigation in pervious soils of uniform structure and texture”
(Veihmeyer and Hendrickson, 1950) — raises as many questions as it answers.

The water content at field capacity is usually determined from field measurements of soil water
content integrated over several depths within the soil profile following a large irrigation or rain
event and a predetermined drainage period. Campbell and Campbell (1982) illustrated that the
field capacity could be estimated as

1/m
Orc = Osur (_KC j (3.23)
SAT

where O is the water content at field capacity in m® m>, @547 is the saturated water content in
m’ m”, ¢ is the drainage rate considered negligible in mm d”', K,z is the saturated hydraulic
conductivity in mm d”', and m is an empirical factor related to the soil water release curve (0
versus y, where y is the soil water pressure potential in MPa) for a soil. They suggested that
estimates from Eq. 3.23 should be validated with reliable field measurements, but that the simple
model values for 8rc might be used as an initial approximation using appropriate soil parameter
values. Figure 3.8 illustrates a static ¢ value; however, it is a dynamic parameter depending on
defining the evaporation flux rate from the soil surface, the drainage rate (Dz, see Eq. 3.4) at
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some depth z, and any root water uptake by the plants during or immediately following the
wetting event. Equation 3.4 shows that there is no precise time when drainage ceases. The
schematic illustration in Fig. 3.8 shows both a readily drainable water and a slowly drainable
water fraction to demonstrate the difficulty in precisely determining Gr¢ in the field. The drained
upper limit (DUL) is illustrated to be less than fz¢ in Fig. 3.9 as an example, when it is also
equally likely that DUL could be greater than or equal to 8p¢c. Hillel (1998) suggested that {
might be estimated as 10% or less of E7,. Similarly, a static PAW, value is illustrated in Fig. 3.9
where ET will decline below ET, as defined by the K; function (see Egs. 3.14 and 3.15). The
value of PAW, will depend on the soil texture and will likely be different for each crop due to
differing rooting depths, root density profiles, and root resistances to water uptake. Historically,
a-1.5 MPa pressure potential has often been defined as the lower limit at which plants can extract
water and described as the permanent wilting point (Veihmeyer and Hendrickson, 1950).
However, the soil water content (§) and the soil water potential () are never uniform throughout
the root zone in the field, and therefore, it is difficult to determine a narrow range of either value
that will reduce root water uptake. Also, other plant functions (photosynthesis, reproduction,
carbon translocation, etc.) may be affected before ET is affected by stomatal closure and an
increase in leaf resistance (and bulk canopy resistance, ). In addition, wilting and permanent
wilting are difficult conditions to define precisely (Hillel, 1998). The lower limit of plant
extractable soil water (LLE) might differ from the soil water content at wilting point (Gyp);
however, the relative positions of LLE and 6yp in Fig. 3.8 are strictly for illustration, and it is
equally likely that LLE could be greater than or equal to yp. Bruce and Luxmore (1986) discuss
field measurements of soil water retention properties.

Available Soil
— Saturation, 8,, Water
Readily Drained Leaching & Low (cfassical)
Water Soil Oxygen
Slowly Drained — Field Capacity, 8-, =
Water — Drained Upper —
Management Limit, DUL
Allowed
Depletion Zone Critical Soil

. — \Water Amount,
Soil Water —— PAW,

Deficit Zone e . Permanent
(reduced ET Wilting Point, 6,
and yield) Lower Limit
= Plant Extraction,
Unavailable LLE
Soil Water
= Qven Dry Soil gg?m;gfable
(field)

Figure 3.8. Schematic illustration of the soil water reservoir concepts.
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Despite these shortcomings, the field capacity and wilting point are routinely used in traditional
irrigation management to define the available soil water (4SW) as illustrated in Fig. 3.8. The
plant available water (PAW) may differ from the classical definition of available soil water
depending on how the dynamic features of field capacity and wilting point are interpreted.
Although PAW is shown to be approximately equal to ASW (Fig. 3.8), this illustrates an idealized
concept, and it could be equally likely that ASW could be greater than or equal to PAW. These
soil water holding capacity terms are often defined as

ASW = 1000 (8- Oyp) Z, (3.24)
PAW =1000 (DUL-LLE) Z, (3.25)

where 6rc is the soil water content at field capacity in m> m> , Owp is the soil water content at
wilting point in m* m™ , DUL is the drained upper limit in m® m~, LLE is the lower limit of plant
extractable soil water in m® m'3, Z, is the root zone depth in m, and ASW and PAW are in mm.
Table 3.6 lists soil water depletion as the management allowed depletion (MAD) as a percentage
of either ASW or PAW before the soil water might reach the critical value, PAW..

In more traditional irrigation management, the questions are (1) when to apply water, and (2) how
much water to apply. These answers are obtained by nearly depleting the soil water close to the
PAW, and then refilling the root zone to Orc. Martin et al. (1990) demonstrated that these
decisions are bounded by the irrigation application amounts and the dates when an irrigation can
be started to avoid excessive leaching or drainage (the earliest date) and when an irrigation can be
started and avoid soil water deficits that could reduce yields (the latest date). The management
objective then simply becomes one of maximizing the intervals between irrigations and applying
sufficient water to refill the profile while providing only enough excess water to achieve
necessary leaching.

With microirrigation, these traditional irrigation management decisions are largely negated by its
ability to apply water frequently without incurring either excessive economic costs or needless
waste of water (Rawitz, 1969; Rawlins and Raats, 1975). Therefore, with microirrigation, it has
been shown by many (Bucks et al., 1982; Hillel, 1985; Phene, 1995; Camp, 1998) that it is
desirable to maintain the soil water content in the crop root zone at a high level (low water
depletion) while maintaining high soil water potential (less negative). This approach will provide
a nearly optimum root environment for soil water, crop nutrients, salinity, and aeration
simultaneously (Hillel, 1998). Microirrigation management is controlled, not by the crop water
extraction as it is with more traditional irrigation methods, but by the flux of the water entering
the soil (Rawlins, 1973). Thus, the soil as a water reservoir is less important with
microirrigation, and the management becomes more closely focused on matching the crop
transpiration needs while maintaining the soil water potential at the lowest part of the crop root
zone at a level where the soil hydraulic conductivity controls the drainage flux and the salinity
leaching.

The soil as a reservoir does become important with microirrigation when the crop root zone is
partially wetted as it often occurs with orchard crops. Dasberg (1995) reviewed many studies of
partial root zone wetting by microirrigation and under-tree spray and sprinkler systems of citrus
orchards in Isracl. They did not find any reduction in water use with partial wetting, but the
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irrigation frequency had to be adjusted with the smaller wetted areas to apply sufficient water
necessary to achieve high yields. Bielorai et al. (1985) reported no short-term effects in the
transition of mature citrus trees from complete wetting to partial root zone wetting, and that trees
with a partially wetted root zone responded favorably to higher water and nutrient applications.
Partial-area irrigation on a low-water holding soil in split root experiments in sunlit,
environmentally controlled chambers in Florida led to increasingly severe water shortages that
decreased the carbon exchange rate (CER), water use efficiency (CER/ET), and growth more
severely than it decreased ET (Allen et al., 2000).

Cotton is known to respond favorably to a slight soil water deficit by enhanced earliness and
yield (Grimes and Yamada, 1982). Carmi and Shalhevet (1983) postulated that partial root zone
wetting for cotton could (1) alter the carbohydrate transfers into reproductive components (e.g.,
lint and seed for cotton) resulting in an increased harvest index or (2) better control of a mild
water deficit in the crop. Fereres et al. (1985) did not find an advantage for microirrigation of
cotton on low salinity, heavier soil in Spain, but cotton with 75% of estimated ET under
microirrigation achieved high yields and earlier harvest potential even with one dripline per two
rows. The earlier harvest was economically important to reduce the risks of grade loss from late
season rains.

For microirrigation, the minimum irrigation frequency (sometimes called the irrigation cycle
time) to complete the irrigation of a field is
l I A, Tr; A,
Ly =) L L (3.26)
=1\ 8,640 Q; Eia; 24

where 7,/ is the minimum time in days to apply an irrigation with “n” sets to a field , / is the gross
applied irrigation in mm (equal to a L m™) to set ", Q is the flowrate in m® s™ for set /”, Eia is
the irrigation application efficiency as a fraction (net divided by gross that infiltrates), 4 is the
area in ha of set 5, and 77 is the maintenance time in h ha required to service set <. The
application efficiency will depend on many factors of the design (see Chapter 5), system
uniformity (see Chapters 5 and 10), and application losses to evaporation (especially for
microsprinkler systems) and leaching (a portion or all of the leaching may be required, see
Chapter 4). The minimum time to apply the irrigation amount, / in mm, must be greater than or
equal to 3(f; / S¢), where S. is the irrigation capacity in mm d”' (see Eq. 3.1). The maximum
irrigation frequency is then given as

n ([ Tr. A.
I = Z(—’——" "J (3.27)
s, 24

[T L]

where I is the irrigation frequency in days to irrigate the field’s “n” sets. Because most
microirrigation systems are managed to apply the crop’s ET rate, the “gross” irrigation amount, /,
for the field will be
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Eia (3.28)

17323 [7:3]

with ET in mm d' for set 5 on day /. Then, ) and the resulting / amount can be set for the
desired frequency between I and Iy, to match ET or [ET-(P- O,,)] (see Eq. 3.3) while keeping
Orci> 0> PAW,; or DUL; > 6;; > PAW,; for day “i” of irrigation set */”. Maintenance time (7))
may not be required for each set on each irrigation. Often, it will be rotated for one or more sets
in the field or sometimes no system maintenance may be required for an irrigation event. The
application efficiency fraction, Eia, may also vary for the different zones or application events.
Field performance validation checks (see Chapter 10) are important in determining the system
operational parameters and in making performance improvements (Merriam and Keller, 1978).

When the irrigation capacity, S., and the net precipitation cannot match the crop ET rate, the soil
water content, 8, will decline during the season and may even decline below PAW,. The soil
water reservoir can buffer short periods of these deficits. When S, is intentionally designed to not
meet the crop’s ET rates [or net ET rate, ET-(P- O,,)], then a deficit irrigation strategy must be
developed for the soil, crop, S., and its environment (E7 and P) (English et al., 1990). Under
these conditions, it becomes important to avoid runoff (Q,,) from precipitation, to avoid large soil
water deficits at critical crop growth stages, and to spread the deficit evenly during periods that
are less sensitive to soil water deficits. Deficit irrigation cannot be easily accommodated with
saline soils or highly saline irrigation waters due to the decrease in yields from both the low soil
water potential and low osmotic potential in the crop root zone.

3.2.2. Soil Water Control

Irrigations that maintain the soil water content in the optimum ranges previously described should
provide the desired water for plant functions, the required leaching or dilution of soluble salts in
the root zone so that the soil or irrigation salinity or sodicity will not affect soil or plant processes
(e.g., aeration and root respiration), minimize losses of water to evaporation, percolation beneath
the root zone, and runoff from either irrigation or precipitation.

Soil water can be directly estimated by measuring either the soil water content, 6, or the soil
water potential, w. Soil water content expressed on a volumetric basis in m® m™ is generally
more useful in irrigation scheduling. However, 0, expressed on a gravimetric basis in kg kg is
directly related to the volumetric water content, 6,, by the soil bulk density, p, in kg m™, as

6, = Loy (3.29)

v m

P

where p,, is the water density in kg m™ (~ 1,000 kg m™).

Soil water potential (Hillel, 1998) can be expressed in terms of (1) the energy per unit mass basis
(e.g., T kg'") which is generally considered to be the most fundamental basis; (2) the energy per
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unit volume basis, when water is considered incompressible, yields a unit with the dimension of
pressure (e.g., MPa or kPa), or (3) the energy per unit weight, which is equivalent to the height of
a water column equal to the pressure (e.g., m). These water potential bases are all interrelated as

w = Lo (3.30)

Pw

where y is the water potential in J kg™ (energy per unit mass), P is the water potential in Pa (1 Pa
=1 N m?), and p,, is the water density in kg m~, and

H= pPSg = % (3.31)
w

where H is the water potential in energy per unit mass in m and g is the acceleration of gravity
(i.e., gravitational constant, ~9.8 m s on the earth’s surface). The soil water potential comprises
several components — matric, osmotic, pressure, and gravitational (Campbell, 1988) —where each
may affect soil water movement and root water uptake, but not equally (e.g., osmotic potential
has a limited effect on soil water movement except through the root membranes). The pressure
potential is g multiplied by the distance from the measurement point to a free water surface above
it, and the gravitational potential is g multiplied by the distance to a reference position. Both
potentials are usually expressed as energy per unit mass (/). The matric potential is derived from
the attraction of water molecules to each other and the affinity of the soil capillary pores to hold
the water columns. The soil texture (see Chapter 2) affects the pore size distribution. In a soil
without a water table (i.e., a free water surface), often the terms matric and pressure potential are
used synonymously. The matric potential and the soil water content are related through the soil
water retention curve that describes the function between 6,, or 6, versus soil matric pressure
potential, y,,. The conversion factors for various soil water potential units are listed in Tab. 3.9.

Table 3.9. Conversion factors among soil water potential units.

Energy per unit mass Energy per unit volume  Energy per unit weight
Tkg'! Jm? !

Potential  -1.00 Jkg' -0.01 bars -1.00kPa -0.001 MPa -0.102m' -102.0 mm

Suctionor  1.00 J kg™ 0.01 bars 1.00kPa  0.001 MPa  0.102m  102.0 mm
tension 1.00 cb 1 000 Pa

¥ Head of water based on acceleration of gravity, g=9.80 m s™.
One standard atmosphere = 10.33 m (H,O0) = 1.01.3 kPa = 1.013 bar = 1,013 mb.

The osmotic potential is derived for only the water solution in the soil in relation to the energy of
pure, free water. The presence of solutes lowers the vapor pressure of the soil water as
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RTy e
= —=In|— 3.32
- 2] -

w e(]

where y, is the osmotic potential expressed in energy per unit volume as Pa, R is the universal
gas constant (~ 8.31 J mol™ K™), M,, is the molecular mass of water (~ 18x10° m® mol™), 7k is
the absolute temperature in K, e is the solution vapor pressure in kPa, and e, is the vapor pressure
within the soil in kPa of a body of pure, free water (Note: e e, equals the relative humidity as a
fraction). Water potential is generally a negative pressure. The negative terms are often called
suction or tension so that the values can be expressed without a negative sign, particularly in
irrigation scheduling applications.

3.2.2.1. Soil water measurement and controls

Both soil water content and soil water potential measurements are regularly used in
microirrigation to (1) check the maintenance of adequate irrigation rates to match crop water use,
(2) check over-irrigation by monitoring the bottom of the root zone, (3) bypass automatically
scheduled irrigations when rain or prior irrigations were adequate, (4) initiate irrigations when
pre-set thresholds are exceeded, and (5) automate irrigation control systems (see Chapter 7). Soil
water measurements have been reviewed by Schmugge et al. (1980), Campbell (1988), and Phene
et al. (1990). A historical perspective on soil water measurement was provided by Gardner
(1988). Recently, Charlesworth (2000) compiled a useful manual on soil water measurement
technologies and illustrations for their use in irrigation scheduling.

Soil water content has long been measured based on physically sampling the soil. The water
content of the sample can be estimated by feeling the sample and by estimating its texture
(NRCS, 1997a, b; Tab. 3-10). These samples do not have to preserve the natural soil bulk density
and are obtained by auguring, coring, or spading the soil from within the crop root zone. The feel
method can be fairly reliable, + 5%, (NRCS, 1997b) after careful training and, especially, with
extensive personal experience by the sampler in a particular soil or similar soil textures. It does
not supply highly quantified results, but is widely practiced by trained, experienced irrigation
specialists. The gravimetric method uses similar sampling techniques, but the samples are sealed
in the field in plastic bags, cans, or containers to prevent evaporation from the sample until it can
be weighed and dried in an oven. When the gravimetric samples cannot be securely sealed in the
field, it becomes critical that the samples be weighed quickly. The samples are weighed to
determine their wet mass less the tare mass of the container after which the samples are dried in
an oven usually at 105°C, weighed until no further mass change is observed (typically for 24 h
for convection oven; Gardner, 1986). The gravimetric water content, ,, is computed as the ratio
of the mass of the water (wet mass minus the dry mass of the sample) to the dry mass of the soil
sample. Gardner (1986) further describes precautions and procedures for measuring 6,. The
oven temperature of 100 to 110°C (with a typical value of about 105°C) has become a standard,
but this temperature could oxidize and decompose materials from organic soils or cannot
completely remove the absorbed water on some clay soils (Gardner, 1986; Hillel, 1998). In
addition, repeated sampling and soil disturbance may be undesirable in some cases. Microwave
ovens can be used to reduce the drying time, but they require calibration because of differences in
oven properties, sample size, etc. (Gardner, 1986).
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Table 3.10. Estimating soil water content by the feel and appearance method. Adapted from
NRCS (1997a and b).

Available
soil
water

%

Coarse texture
fine sands to loamy

Moderately
coarse texture
sandy loam to

Medium texture
sandy clay loam,

Fine texture
clay loam to

fine sands fine sandy loam loam, & silt loam silty clay loam
Available Water (mm/m)
50-100 108-142 125-175 108-200

Dry loose, will hold
together if not

Dry, forms a very
weak ball’,

Dry, soil
aggregations break

Dry, soil aggregates
easily separate, clods

0-20  disturbed, loose sand ~ aggregated soil easily, no water are hard to crumble
grains on fingers with  grains break away standing on fingers, with applied pressure
applied pressure easily from ball. clods crumble
Slightly moist, forms a  Slightly moist, Slightly moist, Slightly moist, forms a
weak ball with well forms a weak ball forms a weak ball ~ weak ball, very few
defined finger marks,  with defined finger with rough aggregations break

25.50 light coating of loose ~ marks, darkened  surfaces, no water away, no water stains,
and aggregated sand color, no water staining on fingers, clods flatten with
grains remain on staining on few aggregated soil applied pressure
fingers fingers, grains grains break away

break away
Moist, forms a weak Moist, forms a ball Moist, forms a ball, Moist, forms a smooth
ball with loose and with defined finger very light soil water ball with defined finger
aggregated sand grains marks, very light  staining on fingers, marks, light soil water

50-75 remaining on fingers,  soil water staining darkened color, staining on fingers,
darkened color, heavy  on fingers, pliable, forms a ribbons
water staining on darkened color, weak ribbon
fingers, will not will not stick
ribbon *

Wet, forms a weak Wet, forms a ball Wet, forms aball  Wet, forms a ball,
ball, loose and with wet outline with well defined  uneven medium to
aggregated sand grains on hand, light to  finger marks, light heavy soil water coating

75-100 remain on fingers, medium water to heavy water on fingers, ribbons

) darkened color, heav; staining on coating on fingers, easil
> y g g gers, y
water staining on fingers, makesa  ribbons
fingers, will not weak ribbon
ribbon
Wet, forms a weak Wet, forms a soft Wet, forms a soft  Wet, forms a soft ball,
ball, light to heavy ball, free water ball, free water free water appears on
Field  water coating on appears briefly on appears briefly on  soil surface after
capacity fingers, wet outline of  soil surface after ~ soil surface after ~ squeezing or shaking,
soft ball remains on squeezing or squeezing or thick soil water coating
(100%) hand shaking, medium  shaking, medium to on fingers, slick and

to heavy water
coating on fingers

heavy water coating
on fingers

sticky

" Ball is formed by squeezing a hand full of soil very firmly with one hand.
* Ribbon is formed when soil is squeezed out of hand between thumb and forefinger.
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Gravimetric soil water values must be either volumetrically sampled using precise soil coring
techniques that do not change the sample bulk density, ps, or previously measured p;, values used
in Eq. 3.28 to determine the volumetric soil water content, 6,. Although p, values will not likely
change significantly at the deeper soil profile depths, the p, near the soil surface will likely vary
considerably due to tillage, aggregate dissolution and consolidation, or implement (or foot) traffic
during the growing season. The root zone soil water content is determined as

7
0, = [ (04 py.) @ (3.33)
0

where 67 is the profile root zone soil water content in mm and dz is the sampling interval in mm.
For the volumetric soil water content,

7,
0, = [(6,.) d (3.34)
0

The profile root zone soil water content clearly will depend on the accuracy in determining 6., &g,
or p; within the root zone (Z,), the presence of any abrupt changes in either p; or 6,, 0,, and the
size of the increment (dz) used to measure the profile soil properties. Also, it is difficult to
sample precisely either p; or 6, near the soil surface (z=0) or near a saturated zone.

Soil at the wetted depth can be quickly sampled qualitatively by probing the wetted area with a
cylindrical steel shaft (10 mm) with a bulbous tip (12 mm) on the end with a “tee” handle
(Merriam, 1996). These probes are commonly used to locate subsurface drain lines (a tile probe)
or to locate buried pipelines. Although some initial training is required, Merriam (1996)
indicated that the wetted depth could be accurately estimated. These probes could be used to
determine the locations of inadequate wetting volume or places where irrigations are wetting the
soil deeper than desired.

The variation in water applications has already been discussed. Plant differences (e.g., growth,
development, rooting, and plant density), boundary layer micrometeorological factors, soil water
levels and distribution, and the inherent soil physical and chemical factors also can affect the
spatial variability in crop water use. Warrick (1998) presented general guidelines for the number
of samples for selected soil properties as follows: low variation (Cv < 0.15) — bulk density,
porosity, and saturated soil water content; medium variation (0.15 < Cv <0.5) —soil particle size
fractions (sand, silt, and clay) and water retained for various matric potentials; high variation (Cv
> (.5) — saturated hydraulic conductivity, infiltration under ponded conditions, solute
concentration, pore water velocity, electrical conductivity, scaling coefficients, and unsaturated
hydraulic conductivity. The low, medium, and high variability descriptions were arbitrary, and
he estimated the number of samples, n, for each variability class for the mean to be within two
confidence intervals with probability > 0.95 as 9, 9 <n <96, n > 96, respectively. These sample
numbers are for soil parameters assumed to be independent. Soil properties can have some
spatial correlation (i.e., a sample is not then independent from an adjacent sample), and in certain
situations, a high spatial correlation. Geostatistical (correlations over a distance) and kriging
(correlations between nearest neighbors), fractal modeling, pedo-transfer functions, artificial
neural networks, fuzzy sets, and fuzzy logic techniques can be used to quantify soil variability
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(Warrick, 1998). This variability directly affects sampling of soil water or soil water potential for
irrigation scheduling and/or controlling irrigations with soil water sensors. It may be even more
important with microirrigation applications to recognize the inherent soil property variations that
will affect the required number of measurements as well as the placement of soil sensors in
relation to the water emission points and the crop root zone development dynamics.

Soil water sensors are characterized as (1) porous bodies (Campbell and Gee, 1986; Cassell and
Klute, 1986; Charlesworth, 2000) or (2) direct measurements of the soil dielectric constant
(capacitance), hydrogen content, or heat dissipation (Gardner, 1986, Hillel, 1998; Charlesworth,
2000). The porous bodies are expected to equilibrate to the water status of the soil with water
moving into the porous body if the surrounding soil is wetter or losing water to a drier
surrounding soil. The sensor hysteresis may not always be in phase with soil hysteresis
(Campbell and Gee, 1986) so that appreciable errors are possible using a sensor calibration based
on a drying cycle and attempting to measure soil water during a wetting cycle. Soil water sensors
based on porous bodies of gypsum (Bouyoucos and Mick, 1940), nylon, ceramic, fiberglass
(Colman and Hendrix, 1949), or a granular mixture of porous media (Larson, 1985) have been
used in soil water sensors and applied for irrigation scheduling. Porous bodies tend to equilibrate
to the soil water matric potential more directly than to the soil water content (Campbell and Gee,
1986; Hillel, 1998). The water potential or water content of the porous body can be determined
by the electrical resistance or capacitance between electrodes embedded in the block, by the
thermal heat dissipation from the block when electrical current is applied to a heater (Phene et al.,
1989) or to a needle embedded in the porous block, or by the vacuum from the soil matric
potential in contact with a water column through a porous body (e.g., a tensiometer). The typical
measurement ranges for several types of soil water potential sensors are compared in Fig. 3.9.
Tensiometers are not affected by the electrical conductivity of the soil water solution that should
equilibrate through the ceramic cup porous tip, but they have a limited range of measurement (~
75 kPa) (Cassell and Klute, 1986). When tensiometers are placed at deeper depths, they will
have less sensitivity due the hydrostatic head of the water column in the tensiometer.
Tensiometers are manufactured with manual vacuum gauges, electronic pressure transducers, or
with integral switch relays to control microirrigation valves. Tensiometers are easily adapted for
microirrigation control (Smajstrala and Locascio, 1996). Psychrometers (wet-bulb types) or dew-
point hygrometers with ceramic tips equilibrate to the vapor pressure of the soil water solution
and measure the combined osmotic and matric potentials (Rawlins and Campbell, 1986).

The soil dielectric constant measures the soil matrix (soil-water-air) capacity to conduct
electromagnetic waves or pulses (Charlesworth, 2000), and it is influenced by the soil water and
soil solution electrical conductivity. The dielectric constant of water is large (~80) and greater
than that of moist soil (~3 to 5), which is much greater than air (~1; a poor electromagnetic
conductor). Soil dielectric properties can be measured with time domain reflectometry (TDR),
which measures the time for a signal to transfer down and return from wires (wave guides)
[historically used to determine separated or broken electrical cables], or by frequency domain
reflectometry (FDR), which measures the capacitance of a soil media between plates. With TDR,
the signal return time varies with the soil dielectric constant and is related to the soil water
content. TDR is essentially independent of soil texture, temperature, and salt content (Topp et al.,
1980; Topp and Davis 1985). TDR also has been demonstrated to measure bulk soil electrical
conductivity (Dalton et al., 1984). FDR measures the capacitance by applying a voltage to plates
within a soil media that results in a frequency change related to the soil dielectric constant.
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Figure 3.9. Measurement ranges for several types of soil water matric potential sensors. The
field capacity (3.3 kPa) and wilting point (1500 kPa) lines are for illustration
along with an idealized microirrigation control soil-water potential between -12
and -70 kPa. Gypsum blocks perform best in the range of -30 to -70 kPa.

Hydrogen has a high nuclear cross-section that thermalizes (slows) fast moving neutrons
originating from Ra-Be or Am**'/Be (~>5 MeV). Hydrogen makes up a large part of the soil
water content, but is also part of the organic matter and clay particles. Fast neutrons may also be
slowed by other elements such as fluorine, chlorine, potassium, iron, boron, or manganese when
they are present in high quantities. Neutron moderation (NM) has been widely used for nearly a
half century to measure soil water content (Gardner and Kirkham, 1952; van Bavel et al., 1956)
and commercial equipment is available for agricultural use in irrigation scheduling (Campbell
and Campbell, 1982).

Soil thermal conduction is related to its water content, mineral composition, and organic matter
content (de Vries, 1963). Heat dissipation (HD) within a porous body installed in the soil can be
used to measure soil water potential (Phene et al., 1971).

Soil water measurements using porous bodies including HD devices require good contact with
the soil media. Problems occur in soils that crack. TDR and FDR do not measure large volumes
of soil, and thus, they are influenced primarily by soil water contents and soil contact near the
probe and must be considered as basically point measurement devices. NM measures soil water
in a considerably larger soil volume and has problem measuring water contents near the soil
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surface. TDR and FDR systems can be automated to record long-term events, although at great
expense. NM, TDR, and FDR essentially measure the same soil volume repeatedly, which is
advantageous if the instruments are installed correctly. Significant disadvantages of NM are
radiological safety and the need to follow federal/state licensing and routine testing, and storage
regulations. As a result of these disadvantages, NM has been primarily confined to research or
consulting uses.

3.2.2.2. Placement and implementation

Soil water sensors must be placed in the active root zone volume and in proximity to the emitter.
Typically, for surface microirrigation systems, the point-devices are installed about 0.3- to 0.5-m
deep and about 0.3 m away from the emitter. Their placement in SDI systems vary, but are
typically located midway between the emitters. In some cases, deeper placement is desirable for
automated control or to monitor deep percolation. NM and FDR probes require access tubes that
are installed vertically or in an angled position for specialized purposes.

3.2.3. Plant Water Deficit Indicators

Plant physiology research has developed a great variety of water stress indicators (for a good
treatise see Kramer and Boyer, 1995) and/or plant water measurement methods (Phene et al.,
1990). However, only a relatively small number of plant water measurement techniques have
been integrated into irrigation scheduling practice. Plants are the best indicator of irrigation need
because they integrate their soil state [from the soil nutrient level, soil water status in the root
zone, or salinity (osmotic potential) of the root zone] and the atmospheric evaporative demand.
The status can be visually observed by leaf rolling, color changes, wilting, or fruit abscission, to
less visible responses including thermal changes (temperature) or leaf/plant physiological
changes (increased r; or decreased growth or photosynthesis reduction or delayed crop
development), to reduced soil water uptake and transpiration, and to physical dehydration of the
root, stem, or fruit. Stress symptoms may appear at midday, even when the plant is growing in
moist soil, or be evident early in the morning or even pre-dawn when soil water is severely
depleted. Simple visual indicators of plant water status should be considered valuable irrigation
scheduling information. However, visual indicators are often qualitative and subjective and
generally occur after a yield reducing plant water status has been reached. The relationship
between plant water status and soil water content (or potential) is not universal and depends on
the plant (rooting, physiology, and species/variety), soil (physical and chemical properties), and
the atmosphere (climatic factors that affect £7,).

3.2.3.1. Irrigation scheduling feedback loop using plant stress indicators

Plant stress indicators (PSI) provides mostly indications, which are useful for irrigation timing
(Stegman, 1986), but cannot quantify soil water deficits needed to schedule irrigation water
amounts. The required irrigation amount is usually obtained from a conventional soil water
budget-based irrigation schedule. PSI measured crop water status is used as feedback to adjust
ET coefficients, and to adjust/modify irrigation timing especially, when “net” irrigation or
“effective” precipitation may be uncertain. Frequency of PSI measurements is a function of
scheduling time steps and irrigation frequencies.
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The soil-plant-atmosphere water continuum (SPAC) is the physical framework for
instrumentation and data interpretation principles. Water moves from the soil (water potential of
-0.01 to -1.5 MPa) to the atmosphere (-150 to -500 MPa) through a series of potential gradients
and resistances (i.e., an Ohm’s Law analogy): in the soil, at the soil-root interface, in the stem and
at the leaf-air interface, to mention the major ones. The plant organs used for stress evaluation are
located at one of these sections; thus, instantaneous values are influenced by the potential
gradients and transpiration fluxes in other parts of the system near the time of the measurement.
Cumulative measures, such as fruit and stem growth integrate the plant-water relations over time,
but they are still tied to environmental conditions over the observation period. Current models of
the SPAC involve many difficult to obtain (or define) parameters to enable direct inference of soil
water potential or soil water content from plant water status measurements alone.

Soil water is inherently a spatial variable in the field. Under full irrigation, it will depend on the
water distribution uniformity and on the variability of soil water holding capacity. Plants are good
integrators of soil water potential in their vicinity, but not on larger scales relative to the plant
size. Consequently, a single plant may represent a soil area of several m” at all the depths, but not
the field scale variability (~ hundreds of m?) or the variability of water status in plant organs.
Main stem elongation is a singular value, whereas tissue water potentials, growth, and shrinkage
will change with organ age, location on the plant, and exposure to the atmosphere boundary, and
irradiance. Plant stress measurements must follow well defined and repeatable organ sampling
protocols. Sample size, except remotely sensed parameters, such as canopy temperature or
reflectance, will be a statistical function of the observed parameter. The within-plant and soil
water spatial variability over the whole field often influence these plant measurements.

To obtain statistically reliable data over a large field, especially with low irrigation distribution
uniformity or with variable plant sizes, the required sample size is usually impractical with
available time and labor constraints. The usual solution is to designate representative sites based
on the grower’s or consultant’s familiarity with the field. The inference from the sampling site to
the whole field will depend on the site selection. Sampling integration with Precision Agriculture
methods such as remote sensing or site management might improve site selection and evaluation
of site representation for plant water status observations.

Information management becomes a major concern in modern farm management as time and
energy to process information is one of the most precious resources of the farm manager or
consultant. Data acquisition automation, digital outputs, spatial maps, and automated data
processing capabilities of PSI instrumentation are important considerations in using PS/ and
turning the measurements into a decision support system (DSS). Modern microirrigation
controllers are capable of using PSI feedback inputs for irrigation scheduling, but the technology
has not yet been widely adopted in commercial fields (see also Chapter 7).

3.2.3.2. Plant water potential measurements

Water in the plant tissue is present in two forms — (1) apoplastic water between the cells and cell
walls in a dilute solution near atmospheric pressure; and (2) simplastic water in the inner cell
solution within the osmotic barrier of the cell membrane. Plant tissue water potential is the
difference between the osmotic potential of the inner cell solution (y,), which is created
metabolically by concentration of assimilates and ions, and the counter pressure of the cell walls,
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the turgor pressure (P;). Leaf water potential (i), neglecting other minor potentials, can be
expressed as

vi=h-¥ (3.35)

Water is moving in and out of the tissue by potential gradients. Water moves via the xylem
vessels from the roots to the leaves and other plant organs by the apoplastic pathway to the
atmosphere, which is the main sink for the water. When the water supply from the roots is
adequate and the transpiration rate is small (e.g., pre-dawn conditions), the tissue is saturated, and
water uptake is restricted by cell wall expansion. In this case, P, =y, and y; = 0 at which point
the plant is at full turgor. On the other extreme, when transpiration is large and water supply is
small, P,= 0 and y; = y,, and plants will exhibit wilting. Because cell walls are elastic, a wide
range of potentials exists between these extreme points of full turgor and wilt.

Tissue water potential is an intensive parameter and gives a momentary snapshot of prevailing
plant-water status. It depends on current soil-water potential and transpiration flux induced by
current atmospheric demand. Thus, in order to ascertain the soil water conditions for irrigation
scheduling, environmental conditions should be well defined.

Leaf water potential () is often measured using the pressure chamber method based on Dixon
(1914) and the fundamental work of (Scholander et al., 1965). The pressure chamber or "pressure
bomb" has become one of the commonly used PS/ instruments for research and has made inroads
into practical irrigation scheduling. The pressure chamber measures “xylem pressure potential,”
which is essentially equivalent to “total water potential” because the “osmotic potential” is
usually negligible or small. Briefly, the technique is based on excising a whole leaf, inserting it
into a chamber with the petiole extending through a sealed cap, applying gas pressure(typically
N), and observing the exudation of vascular sap from the cut petiole, and recording the chamber
pressure, which is equivalent to ;. Research with pressure chambers was conducted in the 1970s
and 1980s, and the y; thresholds were published for major field crops (Grimes and Yamada,
1982). However, the practical application was restricted because:

1) Immediately after a leaf is excised, water evaporates very rapidly through the stomata
causing a considerable y; potential drop in just a matter of seconds. Consequently,
strict adherence to measurement procedures must be followed to obtain reproducible
data suitable for irrigation scheduling (Meron et al., 1987a). Leaves are often sealed in
moist opaque bags after excision to reduce transpiration losses prior to the
measurements.

2) Stomatal resistance regulates water loss from the leaves, and thus, internal water
potentials. For crops such as cotton that exhibit stomatal closure only at high stress, y;
is a good indicator of plant water stress, whereas in other species (e.g., apple), the mid-
day stomatal closure under normal conditions will obscure y; changes caused by soil
water deficits.

3) The use of y; was introduced into irrigation scheduling assuming the existence of near
steady-state solar noon transpiration and day-by-day similarity of climatic conditions,
which is typical to Mediterranean climates. Application is limited to solar noon when
transpiration is at its peak and environmental conditions change slowly. To interpret
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correctly the observed values under less stable climates, the measurements must be
normalized to prevailing environmental conditions (Bunce, 1978).

4) The measured y; values depend on operator skill involving the ability to make proper
pressure adjustments and endpoint detection. Rapid pressure increases and slow
operator response will result in lower y; values.

The y; values when stomatal regulation will begin to reduce transpiration below “well-watered”

conditions are listed in Table 3.11 (Slabbers, 1980, See also Phene et al., 1990).

Table 3.11. Critical leaf water potential (y;) at which stomatal regulation of transpiration
will begin to reduce transpiration rates for selected crops. Adapted from

Slabbers (1980).
Crop ¥; (MPa)
Alfalfa -1.4
Barley, bean, cotton -0.9 to -2.4 (average -1.4)
Birdsfoot trefoil -1.0
Cotton -1.1and -1.3
Grass -1.0
Corn -1.7,-1.1to -1.97
Potato -0.35t0-0.4
Soybean, tomato -1.0
Sorghum -0.9 to -1.6" (average -1.2), -2.0
Southern pea -0.8
Sugarbeet -0.5
Sunflower -0.75
Wheat -1.0,-0.7 to -1.9*

"depends on growth stage
*depends on leaf position in canopy

Xylem water potential () can be measured with a pressure chamber for leaves that have been
enclosed in opaque and water tight envelopes. The leaves are placed in the envelopes when the
stomata are closed (e.g., pre-dawn). In fact, the whole leaf acts as a water potential gauge
attached to the stem xylem. Xylem water potential in actively transpiring leaves is generally
higher than y;, because of the potential drop between the inflow point at the petiole and the
stomatal cavities. This drop is termed “leaf resistance”. Xylem water potential can be a more
reliable and reproducible value because it accounts for the variability between the leaves on the
plant, and water losses during measurement (#1 above) or eliminates biases caused by stomatal
closure (#2 above) (McCuthan and Shackel, 1992). However, extra labor is required to measure
v, because of the additional required step of visiting the site (plant/leaf) to enclose the leaf in the
envelope in the morning hours before returning for leaf excision in the early afternoon.
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3.2.3.3. Plant size changes from plant-water stress

Plant cells expand their volume by the relaxation of the bonds between the cell wall fibrils and
under internal mechanical pressure from the internal cell turgor pressure. The fibrils slip along
each other and enable cell wall extension. The process involves the availability of assimilates
and hormonal effects, not discussed here, and turgor pressure, which is a function of internal
plant water status. Turgor pressure is required for cell expansion so tissue growth is a good
integrator of plant water status over time.

Plant tissue volumes will change with their water content. When transpiration flux is greater than
water influx from the roots, water flows out and tissue volumes are reduced. In situations of low
transpiration, such as at night and/or with ample soil water, plants rehydrate and their cell
volumes recover and expand causing turgor pressure increases.

The lack of appropriate instrumentation limits the use of diurnal stem, leaf or fruit volume
changes as PSI water management tools. The magnitude of daily changes can be in the order of 1
pum for the thickness of a leaf, 2 to 5 um for a rose stem, 10 to 30 um for an avocado trunk, 0.1 to
0.6 mm for the diameter of a grapefruit and up to 20 mm for cotton mainstem elongation. For
low frequency measurement of fruit growth or mainstem elongation, measuring tape-based
devices will suffice. Mechanical precision devices, such as industrial calipers can be used as
trunk dendrometers in the 10 um range, if once- or twice-a-day measurements are desired.
However, when diel or diurnal changes must be monitored, a finer resolution is possible only
with high-precision electronic recording devices, such as LVDTs, (linear variable differential
transformers). Accuracy, sensitivity, repeatability, and durability under outdoor conditions with
temperature variations are the main requirement for measurements during simultaneous
environmental changes.

Maximum daily shrinkage (MDS) of trunks and stems or dendrometry has been used as a PS/
(Goldhamer and Fereres, 2001; 2004). The advantage of dendrometry measurements is that only
a single point is required to represent the water status of the whole plant similar to y,. However,
the active tissue thickness and elasticity are widely variable among trees and also on different
locations on the same tree so that absolute MDS limits for stress detection are difficult to
establish. Normalization of MDS for tissue thickness and elasticity variability is required to
establish threshold MDS signals that are suitable for irrigation scheduling (Goldhamer and
Fereres, 2004).

The other basic problem of using tissue shrinkage in irrigation scheduling feedback, as with other
PSI methods based on diurnal tissue water content/potential, is normalization to the
environmental conditions to separate the influence of atmospheric water demand usually defined
in terms of vapor pressure deficit from irrigation related soil water deficits. Other diurnal
shrinkage measurements are based on methods using leaf thickness changes or fruit shrinkage
(Huguet et al., 1992). Attempts have been made to commercialize irrigation controllers based on
electronic shrinkage monitoring devices.

Fruit growth and stem or branch elongations are the most frequently measured parameters
because they require simple instrumentation. Fruit size is an important economic quality
parameter. In arid climates, irrigation is one of the main tools a producer can use besides
thinning to control fruit size. The use of fruit growth as a criterion for irrigation scheduling was
introduced by Assaf et al. (1982). Seasonal reference growth curves were used and irrigation
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amounts were adjusted to follow the target fruit size. Small sections of the crop row are over-
and under-irrigated to isolate irrigation effects from climatic and fruit-load factors. The irrigation
schedule is adjusted according to growth rates monitored in each regime. Monitoring fruit size
manually is labor intensive, and thus, is used infrequently in irrigation scheduling. Continuous
electronic monitoring is much faster and is efficient through reduced labor costs, but requires
expensive equipment. Main stem elongation measurements have also been used in cotton
irrigation scheduling during the early growth stages to regulate the vegetative/reproductive
growth ratio (Meron et al., 1987b).

3.2.3.4. Plant stress based on plant temperature

Plant stress measurements with hand-held infrared thermometers (IRT) have become increasingly
popular in the last 10 tol5 years (Hatfield, 1990). Idso et al. (1981) developed an empirical
approach for quantifying stress by determining "non-water-stressed baselines" for crops. This is
based on linear relationships between the canopy-air temperature difference (7. - 7,) and the
vapor pressure deficit (VPD). Jackson et al. (1981) introduced a theoretical method for
calculating the crop water stress index (CWSI) that involves the additional terms of net radiation
(R,), aerodynamic resistance (7,), and crop canopy resistance (r;) to water vapor transport.
Briefly, the air to canopy temperature differences are normalized by the VPD between two
empirical lines at the wilted baseline CWSI = 1 and at the well-watered baseline CWSI = 0.
Reviews of canopy temperature and crop water stress research were made by Jackson et al.
(1988) and Gardner et al. (1992a, 1992b). Major shortcomings of the CWSI technique for
irrigation scheduling were reported by Stockle and Dugas (1992) that include the difficulty in
measuring canopy temperature of row crops in early stages of growth, and that although it can
determine when to irrigate, it cannot determine how much water to apply. In addition, canopy
temperature measurements are highly sensitive to the view angle of the sensor and its relation to
the solar zenith angle (Fuchs, 1990) and azimuth angle (Nielsen et al., 1994). Therefore,
standardization and consistency in the procedures are important (Stockle and Dugas, 1992;
Gardner et al., 1992b). Despite these shortcomings, irrigation scheduling based on canopy
temperature measurements with /RTs appears to be promising for some crops (Nielsen and
Gardner, 1987; Nielsen, 1990). Clawson and Blad (1982) utilized infrared thermometry for
scheduling irrigation for corn in Nebraska. They used canopy temperature variation (CTV) rather
than CWSI in their study. Idso (1982) developed non-water-stressed baselines in Arizona for
various crops including corn. Nielsen and Gardner (1987) reported irrigation scheduling of corn
with CWSI in Colorado and concluded that the /RT should become an increasingly important tool
in irrigation scheduling by reducing irrigation costs. Braunsworth and Mack (1989) evaluated the
relationship between CWSI and evapotranspiration (E7) and yield of sweet corn in Oregon, and
stated that seasonal average CWSI values were closely related to the seasonal ET deficit and yield
deficit. Keener and Kircher (1983) pointed out the limitations of CWSI in humid regions with the
low evaporative demand and small canopy to air temperature differences. Howell et al. (1984a)
demonstrated the usefulness of the CWSI for cotton as a PSI. In wheat, Howell et