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ABSTRACT. This article is an introduction to the “Advances in Irrigation” Special Collection in this issue of Transactions
ASABE and the next issue of Applied Engineering in Agriculture, consisting of 14 articles selected from 88 papers and
presentations at the ASABE 5th Decennial National Irrigation Symposium, which was held in December 2010 in Phoenix,
Arizona. This symposium followed the objectives of the previous four decennial events to provide a forum to assess the
progress of research endeavors to advance the effectiveness of irrigation practices during the past ten years, leading to
further research priorities in light of future challenges. The articles in this Special Collection address a wide range of top-
ics grouped into broad categories: microirrigation, center-pivot irrigation, crop water use for improved irrigation man-
agement, and smart irrigation controllers for landscape irrigation. While these articles are not inclusive of all irrigation
work since the last decennial symposium, they provide an example of work considered important by researchers, funding
agencies, and other stakeholders. Many aspects of irrigation have changed since the first symposium in 1970. Although
microirrigation is a small proportion of irrigated acreage, it will continue to increase in highly technical commercial food
and fiber production as well as in subsistence farming. Center-pivot irrigation systems have been an important tool to de-
liver water more efficiently in diverse settings. Advanced telemetry and control systems, developed during the past ten
years, are now common options for center pivots, but challenges remain in integrating these hardware developments into
crop management practices. Possibilities are emerging for adding monitoring devices to center pivots to match crop water
needs with water delivery. Energy balance models continue to be refined as tools to estimate crop water use from both
ground-based and satellite-based data. Evapotranspiration estimates are evolving from single-location weather stations to
whole-field or regional scopes. Finally, smart irrigation controllers have coupled evapotranspiration estimation or soil
water sensing with automated irrigation system water delivery. These controllers can increase the precision of irrigation
to match crop or landscape water needs. Irrigation will continue to be an important practice for producing the world’s
food. The irrigation research and education professions will need to respond to food production challenges with even more
refined irrigation systems and water management in the next ten years. However, research investment in irrigation contin-
ues to decline while important issues exist, such as maintaining agricultural profitability with declining water supplies, in-
tegrating sensor-based information for real-time autonomous or semi-autonomous management, competition for limited
water supplies between agriculture and other sectors, increasing energy cost, environmental impacts of irrigation, and use
of alternative (i.e., lower quality) water sources for irrigation.

Keywords. Evapotranspiration, Irrigation, Plant Water Requirements, Water Management.

very ten years since 1970, ASABE has held a Na-
tional Irrigation Conference to present the state of
the art of U.S. irrigation research, reflect on pro-
gress during the past ten years, and look ahead to
future issues. The Fifth Decennial National Irrigation Sym-
posium was held in 2010 and was jointly sponsored by
ASABE and the Irrigation Association, as it has been since
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the 1990 conference. The conference proceedings contained
88 papers with contributions from 170 coauthors. Fourteen
of these papers were subsequently submitted and selected
for publication in the “Advances in Irrigation” Special Col-
lection in this issue of Transactions of the ASABE and the
next issue of Applied Engineering in Agriculture.

Since the first irrigation symposium was held in 1970,
the U.S. population has increased 50% (fig. 1), and the
world population has doubled. Irrigated agriculture has
played a large role in feeding the growing population. In
the U.S., farms with all cropland irrigated account for only
8% of the total cropland and about half of the total irrigated
land (USDA-NASS, 2012). These farms produce 33% of
the market value of crops and 12% of the market value of
livestock. Over half of the crop value (55%) is produced on
farms with some irrigated land, and these farms account for
only 26% of the total cropland in the U.S. (USDA-NASS,
2012). Total irrigated area has increased nearly 50% in the
last 40 years, with the types of irrigation used changing
from less efficient to more efficient systems (USDA-
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NASS, 2012). Most of the growth in irrigated area is due to
expansion of sprinkler and center-pivot irrigation, with
small gains in microirrigated areas (fig. 2). Surface-
irrigated area peaked in 1980 but has steadily decreased
since then.

In some areas, irrigation provides essentially all of the
water necessary for crop growth. In other areas, irrigation
only provides a small portion of the total crop water re-
quirement but reduces the potential for water stress during
critical periods. Many of the irrigation management topics
have remained the same over the past 40 years, but the so-
phistication of the technology used for managing irrigation,
controlling irrigation delivery, and predicting crop water
use, such as wireless sensors and satellite-based infor-
mation, continues to increase.

The First National Irrigation Symposium, sponsored
jointly by ASAE (now ASABE) and the University of Ne-
braska, was a forum to bring together irrigation researchers,
industry representatives, farmers, and extension specialists
to review and discuss irrigation practices and to challenge
all professions to strive for better irrigation system capabili-
ties and improve management recommendations. The pro-
gram consisted of 43 invited presentations that included
drip and trickle irrigation, sprinkler irrigation, surface irri-
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Figure 1. U.S. population 1950 through 2010 (data from U.S. Census
Bureau, www.census.gov).
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Figure 2. Trends in irrigated acreage 1960-2010 (after USDA-NASS,
2012).
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gation, and water supply automation topics. Papers that
dealt with irrigation system automation reported on im-
provements of gates, valves, and flow control for surface
water distribution systems. Improvements in evapotranspi-
ration estimates and irrigation scheduling were already
emerging as tools for irrigation management. One session,
entitled “Environmental Considerations in Irrigation
Scheduling,” appears in hindsight to have been ahead of its
time, as it focused on environmental modification in addi-
tion to concerns about irrigation impacts on water quality
and quantity. Environmental modification topics included
frost protection, crop cooling, and capture of waste heat
from energy generation for warming water for agriculture.

All 26 presentations at the Second National Irrigation
Symposium in 1980 were invited. The program covered ir-
rigation development, advances in irrigation systems and
management, and the future of irrigation. Presenters fre-
quently mentioned energy conservation. A rapid rise in en-
ergy costs in the late 1970s increased the desire to improve
irrigation water management to reduce pumping costs.
Richard Wenstrom, a farmer from west central Kansas,
shared a quote from a magazine that center-pivot irrigation
would be extinct in a few years due to dwindling water
supplies and escalating energy costs (Wenstrom, 1980).
Thirty years later, center pivots deliver water to more than
80% of the sprinkler-irrigated land and almost half of the
total irrigated land in the U.S. (fig. 2). In fact, high-
efficiency center-pivot machines continue to displace sur-
face irrigation, particularly in areas where water supplies
have become limited. Most irrigation management in the
1970s was based on observations and judgment rather than
scheduled events from measured weather and soil water
factors, but electronic sensors, computerized computations,
and data management held the potential to greatly change
irrigation management and control (Duke et al., 1980). Per-
sonal computers, or “microcomputers” as they were called
in 1980, were just coming onto the market and offered new
options for collecting and processing information to better
manage irrigation. Improved irrigation water management
was also needed to conserve current water resources rather
than relying on new sources. Jan van Schilfgaarde noted
that augmenting current water supplies with interbasin
transfers, iceberg harvest, or desalinization may be techni-
cally possible, but these methods were unlikely to come to
fruition (van Schilfgaarde and Hoffman, 1980). Although
desalination is currently a viable option for freshwater pro-
duction, it accounted for less than 0.4% of the total U.S.
water supply in 2005, and 75% of this water was for munic-
ipal and industrial uses (NRC, 2008).

In 1990, the Third National Irrigation Symposium had a
larger program developed from a call for papers and invited
presentations. Turf and landscape irrigation was included
for the first time due to the first joint sponsorship with the
Irrigation Association, which hosted the meeting at the 11th
Annual International Irrigation Exposition in Phoenix, Ari-
zona. The fourth and fifth symposia were also conducted
during the Irrigation Association’s annual show. The final
program that year had 88 oral presentations and 39 posters.
It is difficult to briefly summarize the 127 presentations
from 22 different sessions; a general focus of the third
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symposium was optimum use of water resources through ir-
rigation management and system design. In addition, there
was a distinct theme related to reducing environmental im-
pacts related to irrigation and a strong theme related to effi-
cient use of irrigation water. Twenty-two papers had
descriptions or evaluations of irrigation scheduling meth-
ods, system designs, or tillage practices to conserve water.
Early indications of groundwater declines due to irrigation
withdrawals and escalating energy costs during the 1980s
led researchers to devise more water-saving management
practices and commercial manufactures to design sprinklers
with lower energy requirements. More papers described us-
ing microirrigation with row crop production. Spurgeon
and Manges (1990) and Camp et al. (1990) discussed the
advantages of microirrigation for corn and cotton. At the
second symposium, Howell et al. (1980) noted that microir-
rigation was economical mainly for orchard, vine, and veg-
etable crops. While microirrigation is still primarily used
for high-value crops, its use continues to gradually increase
(fig. 2), with subsurface drip irrigation (SDI) as a key strat-
egy for maintaining productivity in water-limited areas
(Lamm et al., 2012). At the 1990 symposium, more topics
reported on the use of sensors to provide feedback from the
plant or soil to optimize irrigation practices with limited
supplies, manage salinity, and measure weather factors col-
lected from remote locations. Phene et al. (1990) predicted
that sensors placed in the soil or on plants would provide
information to determine precisely when to irrigate. These
sensors would be “connected to computers which will not
only calculate an index of stress, but will automatically ac-
tivate the irrigation system to apply the correct amount of
water and fertilizer” to high-value crops where water costs
are high and supplies are limited. Others predicted that it
may be common for airplanes to fly over agricultural re-
gions once or twice a week to collect reflected and emitted
radiation from the crops below. Following these predictions
and challenges, systems are now available that provide af-
fordable control for landscape irrigation (Dukes, 2012) and
use remote sensing by satellites to estimate ET over large
areas (Allen et al., 2010).

The Fourth National Irrigation Symposium in 2000 con-
tinued the theme of optimum use of irrigation water. Im-
proved methods were presented to calculate crop water use
built upon the concept of reference crop evapotranspiration
presented at the second symposium (Burman et al., 1980).
A standardized reference evapotranspiration (ET) equation
(Walter et al., 2000) had been developed, and automated
weather stations could provide data to calculate ET (Elliot
et al., 2000; Yoder et al., 2000). Marvin Jensen noted that
nearly a century was needed for U.S. scientists and engi-
neers to develop sound, physically based equations for es-
timating reference crop ET (Jensen and Allen, 2000). Site-
specific irrigation management was a new topic, as re-
searchers were evaluating the potential benefits of varying
irrigation amounts within a field (Sadler et al., 2000). In
addition to applying water, the center pivot provides an ex-
cellent platform for collecting site-specific soil and plant
information (Evans et al., 2000). Subsurface drip irrigation
was a more prominent part of the microirrigation program,
as research was showing the potential for SDI to reduce ir-
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rigation while maintaining productivity (Camp et al., 2000).
Ominously, there was continuing evidence of groundwater
depletions from irrigation withdrawals from major aquifers
like the Ogallala Aquifer (Postel, 2000), leading to targeted
research reported in several papers at the 2010 symposium.

The Fifth Decennial Irrigation Symposium in 2010 con-
tinued with a strong theme of improved techniques for de-
livering and managing water for more effective irrigation
practices. There were a total of 88 presentations and papers.
The program included topics that were relatively new, such
as remote sensing for regional ET estimation and smart ir-
rigation controllers for landscape irrigation, and topics that
were presented at all prior symposia, such as irrigation
scheduling, ET estimation techniques, and surface irriga-
tion management. Of the 88 papers, 25 dealt with ET esti-
mation, plant water use, site-specific irrigation, and
irrigation scheduling, which had a common theme of en-
hancing water use efficiency. Eight papers reported on re-
search conducted in the central and southern Great Plains
with the goal of extending the regional economic impact of
irrigation from the Ogallala Aquifer. These papers de-
scribed advances in deficit irrigation, SDI, and sprinkler
application techniques. Decision support tools to assist pro-
ducers in choosing crop rotations, predicting crop yields,
and scheduling irrigation were discussed. Other sessions
included topics on deficit irrigation, irrigation management
in humid regions, center-pivot irrigation, surface irrigation,
and microirrigation. Irrigation of turf and landscapes were
the topics of 12 presentations primarily covering estimation
of irrigation requirements, smart irrigation controllers, and
other efforts to promote irrigation efficiency. This was also
the first symposium without a hardcopy proceedings docu-
ment; instead, the proceedings were provided to authors on
CD-ROM and were made available at the ASABE Tech-
nical Library (http://elibrary.asabe.org/).

No matter how much technology changes, irrigation
continues to be an essential aspect of agricultural produc-
tion and urban landscapes. As competition for limited water
resources increases, the need for sound irrigation research
becomes more important. The following sections summa-
rize the articles in this Special Collection.

MICROIRRIGATION

Microirrigated area in the U.S. continues to grow
(fig. 2). In particular, the primary use of microsprinklers is
in the irrigation of trees and some vine crops (Boman et al.,
2012). Use of this irrigation type is dominant in the Pacific
Northwest, California, and Florida. Microsprinkler is pri-
marily used on fruit and nut crops, such as apple, almonds,
citrus, pecan, and peach. Advantages associated with mi-
crosprinklers include: less total water applied compared to
overhead sprinklers or surface irrigation, freeze protection,
capability for more frequent applications, larger wetted area
compared to drip systems, compatibility with chemigation,
reduced evaporation compared to sprinkler systems, lower
plant disease issues compared to systems that wet foliage,
improved weed control due to unirrigated areas, lower cost
compared to overhead sprinklers, and lower run times
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compared to drip systems. Disadvantages include: in-
creased knowledge and level of management required, in-
creased maintenance compared to overhead sprinklers,
frequent operation required, higher losses than drip sys-
tems, and higher initial cost than drip systems.

Similar to the microsprinkler review article by Boman et
al. (2012), the current status of SDI is summarized by
Lamm et al. (2012), focusing on the latest in applied re-
search. SDI is the most common type of drip irrigation used
on commodity crops such as corn and cotton in the central
Great Plains of the U.S. Lamm et al. (2012) point out that
SDI grew 59% (97,000 ha) from 2003 to 2008, whereas
surface drip irrigation only increased 23% (128,000 ha). In
contrast, center-pivot irrigation grew 20% (1.75 million ha)
in the same period (USDA-NASS, 2012). Challenges re-
maining for adoption of SDI include: uncertainty about
when it is best (i.e., profitable) for a grower to adopt SDI,
uncertainty associated with operation and management, and
lack of visual clues to system operation. Contemporary SDI
topics include drip tubing orientation and spacing. Bor-
dovsky and Mustian (2012) found that cotton yield differ-
ences over five years in the Texas High Plains were not
significant between 0.76 and 1.02 m spacing. In addition,
they provide results on yield effects due to drip offset from
rows and due to drip spacing when oriented perpendicular
to crop rows at various irrigation capacities.

CENTER-PIVOT IRRIGATION

The biggest single change since the first irrigation sym-
posium is the amount of land irrigated with center-pivot
and linear-move irrigation machines. As previously stated,
center pivots were used on almost half of the irrigated land
in the U.S. in 2008 (USDA-NASS, 2012). Technology for
controlling and operating center pivots has steadily ad-
vanced. Kranz et al. (2012) describe how operators can
now communicate with irrigation machines by cell phone,
satellite radio, and internet-based systems. New sensors are
being developed to collect soil or crop information that can
be used for managing irrigation. As Evans and King (2012)
note, integrating information from various sensors and sys-
tems into a decision support program will be critical to
highly managed, spatially varied irrigation. Technology has
allowed irrigators to precisely control irrigation. However,
technology to precisely apply irrigation water is wasted if
the water does not infiltrate into soil where it was applied.
King and Bjorneberg (2012) characterize the kinetic energy
applied to the soil from common center-pivot sprinklers
and relate this energy to runoff and soil erosion to improve
center-pivot sprinkler selection. Finally, Martin et al.
(2012) describe the wide variety of sprinkler packages
available for mechanical-move irrigation machines and
how those sprinkler packages are selected.

CROP WATER USE FOR IMPROVED

IRRIGATION MANAGEMENT

Making the best use of limited irrigation water supplies
has been a common theme at all five irrigation symposia. A
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general conclusion has been that irrigation was more bene-
ficial when applied during the growing season rather than
preseason. As Schlegel et al. (2012) point out, many irriga-
tion systems no longer have the capacity to meet peak crop
water demands and must rely on stored soil water to meet
crop water needs. They found that preseason irrigation was
profitable for the well capacities tested (2.5 to 5 mm d™)
near Tribune, Kansas, and water use efficiency was not sig-
nificantly affected by preseason irrigation. The ability to
manage irrigation timing and amounts requires knowledge
of crop water use, and site-specific management requires
specific knowledge about each field and locations within
fields. Evett et al. (2012) note that crop coefficient values
are sensitive to local climate conditions and are not trans-
ferable. Using two surface energy balance models to calcu-
late reference evapotranspiration, they demonstrate the
types of errors that can occur when stomatal resistance
changes due to weather conditions and when assuming con-
stant daytime and nighttime surface resistances. Accounting
for these errors may improve site-specific ET estimations.
Aiken and Klocke (2012) used sap flow heat gauge meas-
urements on corn to calculate transpiration and compared
the results with transpiration calculated by the Penman-
Monteith method. They found that the uncertainty in sto-
matal behavior caused similar variability in transpiration
calculated by Penman-Monteith method as the potential bi-
as in transpiration calculated from sap flow heat gauges.
Remotely sensed thermal and reflectance information from
the crop canopy can be used to calculate site-specific water
use. Colaizzi et al. (2012) used a two-source energy balance
model to predict daily ET of corn, cotton, grain sorghum,
and wheat. Their technique, combined with wireless sen-
sors, may allow the center pivot to be a remote sensing
platform for collecting real-time information for calculating
site-specific ET.

SMART IRRIGATION CONTROLLERS

FOR LANDSCAPE IRRIGATION

As early as the 1990 symposium, the first that included
turf and landscape irrigation, at least two presentations
were specific to soil moisture-based control of landscape ir-
rigation, and one presentation was on weather-based con-
trol via commercially available central control systems.
Since then, many smart controllers using ET principles or
soil moisture measurements have been developed and
commercialized for landscape irrigation. The concept is not
new, but new robust and relatively inexpensive sensors and
electronic technologies now make these controllers afford-
able for small sites such as single-family homes and small
commercial properties. In the past decade, the market has
been flooded with these devices, mostly from small startup
companies. At this point, fewer of those startup companies
exist; however, all major landscape irrigation manufactur-
ers have a line of smart controllers. Dukes (2012) gives a
brief history of smart controller commercialization and
summarizes a number of applied demonstration projects as
well as research projects focusing on the water conserva-
tion potential of the controllers. In general, large-scale
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demonstration projects have resulted in much lower irriga-
tion savings (10% or less) compared to research projects
(40% to 70%). Reasons suggested for this observation in-
clude: demonstration projects were on sites with less poten-
tial for savings, lack of contractor education, and lack of
followup. Davis and Dukes (2012) compiled and synthe-
sized ET controller research in humid conditions. They
found that while ET controllers often had potential to re-
duce landscape irrigation amounts, they also may have re-
sulted in greater irrigation on sites that were historically
deficit irrigated. In contrast, soil moisture sensor (SMS)
controllers have been shown to consistently reduce irriga-
tion (27% to 54% in dry weather and 42% to 72% in wet
weather) compared to time-based schedules used in land-
scapes (Cardenas-Lailhacar and Dukes, 2012).

SUMMARY AND CONCLUSIONS
Heerman (2000) stated, “The buzz words of the 70s (wa-
ter conservation, xeriscape, water reclamation, resource
management, water quality, and product quality) became
serious business in the 80s and became words of wisdom
and the price of admission in the 90s.” In the first decade of
the 21st century, it is apparent that the water quantity and
quality issues associated with irrigation are intensifying.
Thus, the “buzz words” that Heerman talked about are
more relevant than ever, particularly water conservation
and water quality. In contrast, the term “xeriscape” has
been rebranded in many cases so as not to give the negative
connotation resulting from early incarnations of xeric land-
scapes, which were often desert-like landscapes.
Considerable progress in irrigation technology and man-
agement has been made since 1970. Areas that will pose
challenges in the next ten years include:
e Profitable production with declining water supplies.
e Further integration of sensor-based data for real-time
autonomous or semi-autonomous management.
e Competition for limited water resources between
agriculture and other sectors.
Impact of declining investment in irrigation research.
Energy cost and the influence on irrigation type and
management.
¢ Environmental impacts of irrigation.
e Using alternative water sources or degraded water for
irrigation.

ACKNOWLEDGEMENTS

This article is one of 15 articles in the “Advances in Irri-
gation” Special Collection in this issue of Tramsactions of
the ASABE and the next issue of Applied Engineering in
Agriculture. The authors wish to thank the ASABE publica-
tions staff, associate editors, and reviewers for their contri-
butions to and timely management of the review process,
and the authors and co-authors of articles in this collection
for their contributions to the research literature represented
by this collection. In particular, the authors would like to
thank SW Division Editor Kyle Douglas-Mankin for his in-
valuable assistance in encouraging and shepherding this
collection through the submission and review process.

55(2): 477-482

REFERENCES

Aiken, R. M., and N. L. Klocke. 2012. Inferring transpiration
control from sap flow heat gauges and the Penman-Monteith
equation. Trans. ASABE 55(2): 543-549.

Allen, R. G., J. Hendrickx, W. Bastiaanssen, J. Kjaersgaard, A.
Irmak, and J. Huntington. 2010. Status and continuing
challenges in operational remote sensing of ET. In Proc. Fifth
Decennial National Irrigation Symposium. Paper No.
IRR109971. St. Joseph, Mich.: ASABE.

Boman, B., B. Sanden, T. Peters, and L. Parsons. 2012. Current
status of microsprinkler irrigation in the USA. Applied Eng. in

Agric. 28(3): (in press).

Bordovsky, J. P., and J. T. Mustian. 2012. Cotton response to crop
row offset and orientation to subsurface drip irrigation laterals.
Applied Eng. in Agric. 28(3): (in press).

Burman, R. D., J. L. Wright, P. R. Nixon, and R. W. Hill. 1980.

Irrigation management: Water requirements and water balance.
In Proc. 2nd National Irrigation Symposium, 141-153. St.
Joseph, Mich.: ASAE.

Camp, C. R., W. M. Thomas, and C. C. Green. 1990. Scheduling
irrigation for cotton in humid areas. In Proc. 3rd National
Irrigation Symposium, 275-280. St. Joseph, Mich.: ASAE.

Camp, C. R., F. R. Lamm, R. G. Evans, and C. J. Phene. 2000.
Subsurface drip irrigation: Past, present, and future. In Proc.
4th Decennial National Irrigation Symposium, 363-372. St.
Joseph, Mich.: ASAE.

Cardenas-Lailhacar, B., and M. D. Dukes. 2012. Soil moisture
sensor landscape irrigation controllers: A review of multi-study

results and future implications. Trans. ASABE 55(2): 581-590.

Colaizzi, P. D, S. R. Evett, T. A. Howell, P. H. Gowda, S. A.
O’Shaughnessy, J. A. Tolk, W. P. Kustas, and M. C. Anderson.
2012. Two-source energy balance model: Refinements and
lysimeter tests in the Southern High Plains. Trans. ASABE
55(2): 551-562.

Davis, S. L., and M. D. Dukes. 2012. Landscape irrigation with
evapotranspiration controllers in a humid climate. Trans.
ASABE 55(2): 571-580.

Duke, H. R., H. L. Manges, and R. H. Evelyn-Veere. 1980. Future
of irrigation: Processors and controllers. In Proc. 2nd National
Irrigation Symposium, 233-241. St. Joseph, Mich.: ASAE.

Dukes, M. D. 2012. Water conservation potential of landscape
irrigation smart controllers. 7rans. ASABE 55(2): 571-580.

Elliot, R. L., K. G. Hubbard, M. D. Brusberg, J. J. Hattendorf, T.
A. Howell, T. H. Marek, and R. L. Snyder. 2000. The role of

automated weather networks in providing evapotranspiration
estimates. In Proc. 4th Decennial National Irrigation
Symposium, 243-250. St. Joseph, Mich.: ASAE.

Evans, R. G., and B. A. King. 2012. Site-specific sprinkler
irrigation in a water-limited future. 7rans. ASABE 55(2): 493-
504.

Evans, R. G., G. W. Buchleiter, E. J. Sadler, B. A. King, and G. B.
Harting. 2000. Controls for precision irrigation with self-
propelled systems. In Proc. 4th Decennial National Irrigation
Symposium, 322-331. St. Joseph, Mich.: ASAE.

Evett, S. R., R. J. Lascano, T. A. Howell, J. A. Tolk, S. A.
O’Shaughnessy, and P. D. Colaizzi. 2012. Single- and dual-
surface iterative energy balance solutions for reference ET.
Trans. ASABE 55(2): 533-541.

Heerman, D. F. 2000. Where have we been, what have we learned,
and where are we going. In Proc. 4th Decennial National
Irrigation Symposium, 40-51. St. Joseph, Mich.: ASAE.

Howell, T. A., D. A. Bucks, and J. L. Chesness. 1980. Advances in
trickle irrigation. In Proc. 2nd National Irrigation Symposium,

69-94. St. Joseph, Mich.: ASAE.

Jensen, M. E., and R. G. Allen. 2000. Evolution of practical ET
estimating methods. In Proc. 4th Decennial National

481



Irrigation Symposium, 52-65. St. Joseph, Mich.: ASAE.

King, B. A., and D. L. Bjornberg. 2012. Droplet kinetic energy of
moving spray-plate center-pivot irrigation sprinklers. Trans.
ASABE 55(2): 505-512.

Kranz, W. L., R. G. Evans, and F. R. Lamm. 2012. A review of
center-pivot irrigation control and automation technologies.
Applied Eng. in Agric. 28(3): (in press).

Lamm, F. R., J. P. Bordovsky, L. J. Schwankl, G. L. Grabow,

J. Enciso-Medina, R. T. Peters, P. D. Colaizzi, T. P. Trooien,
and D. O. Porter. 2012. Subsurface drip irrigation: Status of the
technology in 2010. Trans. ASABE 55(2): 483-491.

Martin, D. L., W. R. Kranz, A. L. Thompson, and H. Liang. 2012.
Selecting sprinkler packages for center pivots. Trans. ASABE
55(2): 513-523.

NRC. 2008. Desalination: A National Perspective. Washington,
D.C.: National Research Council.

Phene, C. J., B. Itier, and R. J. Reginato. 1990. Sensing irrigation

needs. In Proc. 3rd National Irrigation Symposium, 429-443.
St. Joseph, Mich.: ASAE.

Postel, S. 2000. Redesigning irrigated agriculture. In Proc. 4th
Decennial National Irrigation Symposium, 1-12. St. Joseph,
Mich.: ASAE.

Sadler, E. J., R. G. Evans, G. W. Buchleiter, B. A. King, and C. R.
Camp. 2000. Design considerations for site-specific irrigation.
In Proc. 4th Decennial National Irrigation Symposium, 304-
315. St. Joseph, Mich.: ASAE.

Schlegel, A. J., L. R. Stone, T. J. Dumler, and F. R. Lamm. 2012.

482

Managing diminished irrigation capacity with preseason
irrigation and plant density for corn production. Trans. ASABE
55(2): 525-531.

Spurgeon, W. E., and H. L. Manges. 1990. Drip line spacing and
plant population for corn. In Proc. 3rd National Irrigation
Symposium, 217-222. St. Joseph, Mich.: ASAE.

USDA-NASS. 2012. Farm and ranch irrigation survey.
Washington, D.C.: USDA National Agricultural Statistics
Service. Available at: www.agcensus.usda.gov. Accessed 11
January 2012.

van Schilfgaarde, J., and G. J. Hoffman. 1980. Future sources of
water. In Proc. 2nd National Irrigation Symposium, 222-232.
St. Joseph, Mich.: ASAE.

Walter, 1. A., R. G. Allen, R. L. Elliott, M. E. Jensen, D. Itenfisu,
B. Mecham, T. A. Howell, R. Snyder, P. Brown, S. Echings, T.
Spofford, M. Hattendorf, R. H. Cuenca, J. L. Wright, and D.
Martin. 2000. ASCE’s standardized reference
evapotranspiration equation. In Proc. 4th Decennial National
Irrigation Symposium, 209-215. St. Joseph, Mich.: ASAE.

Wenstrom, R. J. 1980. Irrigation prospects and perspectives: A
farmer’s view. In Proc. 2nd National Irrigation Symposium,
213-221. St. Joseph, Mich.: ASAE.

Yoder, R. E., T. W. Ley, and R. L. Elliot. 2000. Measurement and
reporting practices for automated agricultural weather stations.
In Proc. 4th Decennial National Irrigation Symposium, 260-
265. St. Joseph, Mich.: ASAE.

TRANSACTIONS OF THE ASABE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


