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INTRODUCTION

During 1999 and 2000, the Agricultural Research Service’s (ARS) National Program Staff worked
hard at defining ARS’s National Programs. These National Programs define the research agenda
for the agency and relate these research activities to the nation’s needs. These are further divided into
components and within these components, into more well defined research thrusts. Each of our
research programs can be related to these research thrusts and thus to the overall National Program
and to the needs of the general public. Our research staff has been actively involved in the
development of these National Programs to assure that our research program and our client’s needs
are well represented. In the future, our research program will be judged based on how well we fulfill
the objectives of the associated National Program. Our research program is diverse and is included
in several ARS National Programs, namely:

108 - Food Safety

201 - Water Quality and Management

204 - Global Change

207 - Integrated Farming Systems

301 - Plant, Microbial, and Insect Genetic Resources, Genomics, and Genetic Improvement

At the end of 1999, Susan Moran left the laboratory to become Research Leader for the Southwest
Watershed Research Laboratory, Tucson, Arizona. We will miss Susan’s contribution to the
laboratory, but expect to continue cooperation with her in the future. Susan, we wish you well in
your new position. During 2000, Robert LaMorte resigned from the lab to pursue other opportunities.
We wish him well in his new adventure.

For FY2000, we received additional funds for research on food safety. These new funds will be used
to study the use of municipal and animal waste for irrigation, and the associated potential
degradation in groundwater quality. Microbiologist Norma Duran was hired to conduct this research.
She came on board in October 2000. Welcome Norma!

Water conservation is an immense challenge. It is so broad and so critical to society both here and
abroad that the opportunities for positively impacting both science and practice are almost limitless.
With our present funding and staff, we are able to tackle only a few aspects of this problem.
However, the laboratory should be proud of its long history of producing meaningful and useful
research results. Our job is to identify those areas of research that are most critical to the long-term
sustainability and enhancement of modern society. While water is a renewable natural resource, it
is also a limited one, and one upon which the entire planet depends for its survival.

In the last century, once abundant water resources have become over-allocated by an ever growing
population. We can only imagine the critical water problems we will face if this trend continues for
another century. But whatever that scenario, science will play a key role in helping society find the
appropriate balance between the environment and human needs. That is our challenge.

Bert Clemmens
Director
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HISTORY

The U.S. Water Conservation Laboratory is part of the Agricultural Research Service (ARS), the
major research arm of the U. S. Department of Agriculture. The primary mission of ARS is to help
meet the nation’s food and fiber needs. ARS works closely with the State Experiment Stations, State
Departments of Agriculture, other government agencies, public organizations, farmers, ranchers, and
industry. The organizational structure of ARS is designed to insure active research programs and
to provide maximum responsiveness to the needs and problems of the public.

The U. S. Water Conservation Laboratory was established in central Arizona in 1959 to develop
methods to conserve surface and groundwater used for agriculture. Research focuses on more
efficient use of water and reduction of water losses in the soil-plant-atmosphere continuum. More
recently, research has expanded to include studies in water quality, new crops with low water
requirements, and effects of increased carbon dioxide on crop production, water use, and climate.
The research is national in scope with international impact and deals with both present and potential
problems. Although research results are documented primarily in technical literature, the staff works
directly with State and Federal agencies.

In addition, the staff works closely with industry and individuals to facilitate technology transfer.
New concepts and prototype equipment are tested cooperatively under actual conditions. The
Laboratory does both theoretical and applied research at field sites and in laboratories. Facilities are
well equipped for these purposes. Specialized electronic and mechanical prototype equipment is
made in-house. Basic equipment to support the research programs includes electronic instrument
calibration apparatus, data acquisition and processing computers, controlled environmental rooms,
sophisticated water flow calibration, control and measuring devices, and a spectral imaging analyzer
system. Specialized laboratory analytical instruments consist of a mass spectrometer, gas and high
performance liquid chromatographs, automated titrator, solution analyzer, infrared gas analyzer,
electropheretic equipment, and cytological microscope.

The research teams are composed of engineers and scientists trained in various disciplines. The
disciplines represented are civil, agricultural, and hydraulic engineering; soil and biological sciences;
physics; chemistry; and plant physiology and genetics. Support staff consists of agricultural,
biological, and physical science technicians, an electronics engineer, a computer systems manager,
a program analyst and a machinist. Administrative support includes secretaries, clerks, and
maintenance personnel.

The total Laboratory research effort operates under two research groups that work closely in a multi-
disciplinary, cooperative manner: the Irrigation and Water Quality (I&WQ) and the Environmental
and Plant Dynamics (E&PD) Research Units.
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Laboratory Support
Services

The mission of the U. S. Water Conservation Laboratory (USWCL) is to conserve water and protect
water quality in systems involving soil, aquifers, plants, and the atmosphere. Research thrusts
involve developing more efficient irrigation systems, improving the management of irrigation
systems, developing better methods for scheduling irrigations, developing the use of remote sensing
techniques and technology, protecting groundwater from agricultural chemicals, commercializing
new industrial crops, and predicting the effect of future increases of atmospheric CO, on climate and

Mission

on yields and water requirements of agricultural crops.




LABORATORY MANAGEMENT

L3

- F ALBERT J. CLEMMENS, B.S., M.S., Ph.D., P.E., Laboratory Director,
@E‘i Research Leader for Irrigation and Water Quality, and Supervisory
Research Hydraulic Engineer

Surface irrigation system modeling, design, evaluation, and operations; flow

. measurement in irrigation canals; irrigation water delivery system structures,
operations management, and automation.

s HERMAN BOUWER, B.S., M.S., Ph.D., P.E., Chief Engineer and
Research Hydraulic Engineer

Water reuse; artificial recharge of groundwater; soil-aquifer treatment of
sewage effluent for underground storage and water reuse; effect of
groundwater pumping on stream-flow; surface and groundwater relations.

JOHN A. REPLOGLE, B.S., M.S., Ph.D., P.E., Chief Scientist and
~ Research Hydraulic Engineer

- Flow measurement in open channels and pipelines for irrigation; irrigation
. water delivery system structures, operations, and management.

BRUCE A. KIMBALL, B.S., M.S., Ph.D., Research Leader for
Environmental and Plant Dynamics and Supervisory Soil Scientist
Effects of increasing atmospheric CO, and changing climate variables on
crop growth and water use; free-air CO, enrichment (FACE) and CO,
open-top chambers and greenhouses; micrometeorology and energy balance;
plant growth modeling.




LABORATORY SUPPORT SERVICES

ELECTRONICS ENGINEERING LABORATORY
D.E. Pettit, Electronics Engineer

The electronics engineering laboratory is staffed by an electronics engineer whose duties include
design, development, evaluation, and calibration of electronic prototypes in support of U.S. Water
Conservation Laboratory research projects. Other responsibilities include repairing and modifying
electronic equipment and advising staff scientists and engineers in the selection, purchase, and
upgrade of electronic equipment. Following are examples of work performed in 2000:

* Continued designing software for the Generation II probes measuring water advanced
recession date and times.

» Designed a low power fiber optics amplifier and source/detector board using surface mount
technologies to interface to the GEN II probe. Designed, constructed and experimented with
a fiber optic transducer for water detection.

* Generated new fiber optics control and Generation II probe software.

* Designed schematic capture parts and printed circuit board footprints for the appropriate
ORCAD libraries being used in the fiber optics board.

* Experimented with mold making and plastics/potting compounds that are translucent and
reflective to design and construct an optic transducer jell block used with fiber optic light
pipes.

» Constructed 10 new fiber optic sensing Generation II probes for field evaluation.

* Repaired cream separator and Nuclear Magnetic Resonance (NMR) equipment.

* Updated LPKF circuit board mill machine and the following software packages: (1) ORCAD
Printed Circuit Board, (2) Circuit CAM, and (3) Board Master. These three software
packages interconnect and were backed-up to a CD ROM disk.

LIBRARY AND PUBLICATIONS
Lisa DeGraw, Publications Clerk

Library and publications functions, performed by one publications clerk, include maintenance of
records and files for publications authored by the Laboratory Research Staff, including publications
co-authored with outside researchers, as well as holdings of professional journals and other incoming
media. Support includes searches for requested publications and materials for the Staff. Library
holdings include approximately 2600 volumes in various scientific fields related to agriculture.
Holdings of some professional journals extend back to 1959.

The U.S. Water Conservation Laboratory List of Publications, containing over 2000 entries, is
maintained on PROCITE, an automated bibliographic program. The automated system provides for
sorting and printing selected lists of Laboratory publications and is now accessible on LAN by the
Research Staff and on the USWCL home page (www.uswcl.ars.ag.gov) by the public. Publications
lists and most of the publications listed therein are available on request.




COMPUTER FACILITY
T.A. Mills, Computer Specialist

The computer facility is staffed by one full-time Computer Specialist and one full-time Computer
Assistant. Support is provided to all Laboratory and Location Administration Office computer
equipment and applications. Network support is also provided to Western Cotton Research Center,
and network access for a Phoenix ARS, APHIS location.

The facility is responsible for designing, recommending, purchasing, installing, configuring,
upgrading, and maintaining the Phoenix Location’s Local and Wide Area Networks (LAN, WAN),
computers, and peripherals. The Laboratory LAN consist of multiple segments of 10 Base-T, 100
Base-T hubs and switches. The LAN is segmented using a high speed switches. Segments are made
up of fiber optics, CAT 5 and standard Ethernet. This configuration currently provides over 200
ports to six Laboratory buildings. Internet service is provided by Arizona State University (ASU)
via a Point-to-Point T-1 line. Our Laboratory also provides Internet access to the Western Cotton
Research Center and APHIS by an additional T-1 line through our router. The facility maintains
a Class C block of Internet addresses for our Laboratory operating under the domain
uswcl.ars.ag.gov, and a block of 128 addresses for the Western Cotton Research Center and APHIS
operating under the domain wcrl.ars.usda.gov. The Laboratory LAN is comprised of several servers
operating under Windows NT 4.0. End users operate mainly under Windows 95, 98, 2000, and
Windows NT 4.0 with a few OS/2 workstations. Services such as print, file, remote access, and
backup are provided by the Laboratory LAN. Other services such as DNS and E-Mail are provided
to both the Laboratory and Western Cotton Research Center. The Laboratory maintains its own Web
Server, which can be accessed at www.uswcl.ars.ag.gov.

The Laboratory is currently in the process of adding two additional fiber optic gigabit segments.

MACHINE SHOP
C.L. Lewis, Machinist

The machine shop, staffed by one machinist, provides facilities to fabricate, assemble, modify, and
replace experimental equipment in support of U.S. Water Conservation Laboratory research projects.
The following are examples of work orders completed in 2000:

* Resin Impregnation Chamber: This tool required machining and welding to withstand
vacuum and 125 psi pressure. Some of the machining had to be within +/- .002". Chamber
10" + 32" and 18" long.

* Machined three different dimensions in Fo-St female connector. Two dimensions within +
.002. Machine Fo-St male fiber optic connector two dimensions also +,002. Thirty of each.
All for GEN II probe.

*  Cut teflon/nylon washers to .440 length (8 each) +.0015 for Five-channel IR amplifier board.




USWCL OUTREACH ACTIVITIES

During 2000, the USWCL staff participated in numerous activities to inform the public about ARS
and USWCL research, to solicit input to help guide the USWCL research program, to foster
cooperative research, and to promote careers in science. A summary of activities follows:

“Experiments for the Classroom.” The USWCL web site contains experiments suitable for high
school science classes.

“Water & Science Ag-Ventures,” Feb. 16 & 18. USWCL, in cooperation with the University of
Arizona Maricopa Agricultural Center and the Natural Resource Education Center of NRCS,
provided a hands-on science and agricultural program for junior high school students. The event was
held at the Maricopa Agricultural Center and included hands-on exhibits based on USWCL research
programs, an actual hands-on irrigation event, a tour of the aquiculture ponds, and an informational
presentation on careers in science.

Arizona Regional Science Bowl, Glendale Community College, Arizona, February 19. Gail
Dahlquist, Dave Dierig, Floyd Adamsen, and Kathy Johnson served as moderators for the science
bowl. Mike Wiggett and Terry Coffelt served as rule judges. The science bowl is an annual science
knowledge competition among Arizona high school students.

Arizona Ag Day Exhibit, March 15. Ed Barnes, Brian Wahlin, Dave Dierig, Gail Dahlquist, and
Shirley Rish provided a USWCL exhibit at the annual Arizona Ag Day celebration in downtown
Phoenix. Attendance at the event was estimated at 6,000, and many USWCL and ARS materials
were distributed.

Minority Hiring. A woman, Norma Duran, was hired as a permanent, full-time microbiologist.

Seminar on USDA-ARS Research Organization. On September 6, Bruce Kimball gave a seminar,
“How Research is Organized in USDA-ARS,” to the National Institute of Agro-Environmental
Research, Tsukuba, Ibaraki, Japan.

Seminar on FACE Studies. On September 26, Paul Pinter presented a seminar, “Consequences of
Rising Atmospheric CO, for Agriculture: A Decade of FACE Studies,” at the Institute for the Study
of Planet Earth, University of Arizona, Tucson.

Association for Persons with Disabilities in Agriculture (APDA) 2000 “Super Supervisor”
Award. On October 25, Michael Wiggett, Phoenix Location Administrative Officer, was presented
this award by the President of APDA in Washington, DC, for his sensitivity to and support of
location employees with disabilities.

Disabilities Month Observance. On October 26, as part of Disabilities Month, the EEO
Committee hosted an all employee potluck/program at which the special guest speaker was Kim
Peek. Kim, who is autistic, is the real life character portrayed by the actor Dustin Hoffiman in the
movie "Rainman." Kim was born with brain damage and neuromotor dysfunctioning. He and his
father spoke about respecting rather than ridiculing differences.
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ARS Irrigation and Drainage Exhibit at the International Irrigation Show, November 12-14.

Shirley Rish coordinated an exhibit on irrigation and drainage (I&D) research at the annual
Irrigation Association International Show in Phoenix, Arizona. The exhibit featured a hands-on
display of the “Directory of ARS 1&D Researchers and Research” on the ARS web site. Registered
attendance was over 7000, and the ARS exhibit was well attended. The Irrigation Association
provided complimentary exhibit space, and the exhibit was otherwise supported by Dale Bucks,
National Program Leader for Water Quality and Water Management. The exhibit booth was staffed
by members of the National Program Staff and 1&D researchers from ARS locations at Phoenix,
Arizona; Ft. Collins, Colorado; Florence, South Carolina; and Baton Rouge, Louisiana.

Visitors to USWCL. During 2000, USWCL had over 187 visitors, including 1 from Canada, 12
from India, 35 from Mexico, 4 from Senegal, 3 from Uzbekistan, 1 from The Netherlands, and 2
from Saint Vincent and The Grenandines.

Training and Learning Opportunities for Minority Students. USWCL continued to provide
training and learning experiences for part-time minority student employees from Arizona State
University.



SAFETY
T. Steele

The Laboratory Safety Committee enjoys well-deserved respect from the employees. The committee
takes its duties seriously and has worked diligently to insure compliance with all EPA and OSHA
regulations and radiological safety protocols. Employees are encouraged to report all safety
concerns, even those that might seem trivial.

The Safety Committee membership was revised this past year to provide better reaction to issues
brought before the committee. The committee has also undertaken a major project, gathering
information for inclusion into a data base that the Phoenix Fire Department uses in a new emergency
response program. The program provides the fire department with information about site layout,
building construction and composition, hazard location, and other information that enables better
effectiveness in the event of an emergency such as a fire.

It is a time-consuming commitment, and requires judicious management of time and work priorities.
Serving on the safety committee, however, is gratifying in terms of its record of accomplishments.

The location staff thanks the committee for their good work on our behalf.



STUDENTS AT USWCL
J. Askins

The USWCL has enjoyed a mutually beneficial relationship with students from nearby Arizona State
University over the years. Students come under work-study agreements and student federal
appointments. They perform a variety of tasks, from collecting samples to solving computer
problems; from numbering vials to writing protocols; from weighing soil to processing and analyzing
non-soil data. Students who work in the clerical/administrative area have worked in personnel and
safety areas as well as doing general clerical work such as filing and copying. Operation of ARS
automated systems, publication clerk duties, and literature searches are also performed.

The students benefit from the income and experience, and we benefit from their enthusiasm,
up-to-date expertise, and energy. Some have stayed on after graduation, even earning Ph.Ds. under
ARS assistance programs.
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I&WQ Organization

IRRIGATION &
WATER QUALITY

A.J. Clemmens
Research Leader

WATER PROJECT IRRIGATED FARM
MANAGEMENT MANAGEMENT
E. Bautista | | || F.J. Adamsen
Research Hyd. Engineer Soil Scientist
H. Bouwer | || N. Duran
Research Hyd. Engineer Microbiologist
A.J. Clemmens | | || A.J. Clemmens
Research Hyd. Engineer Research Hyd. Engineer
J. A. Replogle | | || D. J. Hunsaker
Research Hyd. Engineer Agricultural Engineer
B. T. Wahlin | | || T. S. Strelkoff
Civil Engineer Research Hyd. Engineer
Mission

The mission of the Irrigation and Water Quality Research Unit is to develop management strategies
for the efficient use of water and the protection of groundwater quality in irrigated agriculture. The
unit addresses high priority research needs for ARS’s National Programs in the area of Natural
Resources & Sustainable Agricultural Systems. The unit primarily addresses the Water Quality and
Management National Program. It also addresses the application ofadvanced technology to irrigated
agriculture.
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I&WQ RESEARCH STAFF

it | FLOYD J. ADAMSEN, B.S., M.S., Ph.D., Soil Scientist
8 Management practices that reduce nitrate contamination of groundwater while
! | maintaining crop productivity; application of 100% irrigation efficiency; winter

| crops for the irrigated Southwest that can be double-cropped with cotton;
contributions of natural and urban systems to nitrate in groundwater.

L

EDUARDO BAUTISTA, B.S.,M.S., Ph.D., Research Hydraulic Engineer
On-farm irrigation system hydraulic modeling; hydraulic modeling of & "%
irrigation delivery and distribution systems; control systems for delivery and ==
distribution systems; effect of the performance of water delivery and
distribution systems on-farm water management practices and water use &= 8
efficiency; integrated resource management and organizational development i\ i
for irrigated agricultural systems.

w HERMAN BOUWER, B.S., M.S., Ph.D., P.E., Chief Engineer and

Research Hydraulic Engineer

= Water reuse; artificial recharge of groundwater; soil-aquifer treatment of
¥® sewage effluent for underground storage and water reuse; effect of

& groundwater pumping on stream-flow, surface and groundwater relations.

ALBERT J. CLEMMENS, B.S., M.S., Ph.D., P.E., Laboratory Director,
Research Leader for Irrigation and Water Quality, and Supervisory
Research Hydraulic Engineer

Surface irrigation system modeling, design, evaluation, and operations; flow
measurement in irrigation canals; irrigation water delivery system structures, g
operations management, and automation. '

' NORMA L. DURAN, B.S., Ph.D., Microbiologist
| Wastewater irrigation; molecular detection of waterborne pathogens;
pathogen regrowth assessment in water distribution systems; fate and
transport of pathogens in the subsurface environment.
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DOUGLAS J. HUNSAKER, B.S., M.S., Ph.D., Agricultural Engineer
Effects of soil and irrigation spatial variability on crop water use and yield in
large irrigated fields; level basin irrigation design and management
procedures for applying light, frequent water applications to cotton; CO2
effects, in particular, of evapotranspiration in the free-air CO2 enrichment
(FACE) environment; evaluation of water requirements and irrigation -2
management of new industrial crops--lesquerella and vernonia. v

JOHN A. REPLOGLE, B.S., M.S., Ph.D., P.E., Chief Scientist and
Research Hydraulic Engineer

~ | Flow measurement in open channels and pipelines for irrigation; irrigation
- water delivery system structures, operations, and management.

ROBERT J. STRAND, B.S., Electrical Engineer
Automatic control of irrigation delivery systems; development and |
integration of field sensors, intelligent field hardware, USWCL feedback
and feedforward control software, and commercial supervisory control
software to create a plug-and-play control system.

8 Surface-irrigation modeling: borders, furrows, two-dimensional basins;

® crosion and deposition; design and management of surface-irrigation systems;
~ canal-control hydraulics; flood-routing methodologies; dam-break
floodwaves; flow in hydraulic structures.

BRIAN T. WAHLIN, B.S., M.S., Civil Engineer
Flow measurement in open channels and pipelines for irrigation; irrigation
water delivery system structures, operations, and management.
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IRRIGATED FARM MANAGEMENT ANALYTICAL LABORATORY

K. Johnson, S. Colbert, and J. Askins, Physical Science Technicians; K. VanMeeteren,
Biological Science Technician; and A. Jacques, Physical Science Technician

Following is a description of the functions of the Irrigated Farm Management (IFM) Analytical
Laboratory. The IFM Lab is staffed by the technicians listed above, two of whom are students.

High performance liquid chromatography (HPLC) is used to test for nitrate and other anions in soil
samples. The autoanalyzer utilizes colorimetry to determine nitrate, and ammonium, and bromide
content of water samples and extracts of soil samples. Three stations allow collection of data from
weighings directly into a spreadsheet. The extraction step has been aided by replacement of two
centrifuges. C'" and N'° analyses are run on the isotope ratio mass spectrometer.

In addition to running and maintaining instruments, research technicians process data and address
the precision of the data. Technicians also weigh soil samples, collect samples in the field, help with
irrigation and other field work, write and update protocols for both reference and training, count
seeds, and perform numerous other duties as needed. Facilities in this lab are sometimes used by
other groups, and occasionally a technician from another group with extra time will lend a hand here.

13



IRRIGATED FARM MANAGEMENT
CONTENTS

Studies on Consumptive Use and Irrigation Efficiency
D.J.Hunsaker .. ...

Developing Guidelines for “Fertigation” in Surface-Irrigated Systems
F.J. Adamsen, D.J. Hunsaker, and A.J. Clemmens . ....................co.u...

Measuring Soil Moisture under Saline Conditions with Self-Contained TDR Sensors
F.J. Adamsen and D.J. Hunsaker ............ ... ... . . .. . . . . . i,

Surface Irrigation Modeling
T.S. Strelkoffand A.J. Clemmens . . .. ... . e
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IRRIGATED FARM MANAGEMENT

MISSION

To develop irrigation farm management systems for arid zones that integrate year-round crop
rotational strategies with best management practices (BMPs) for water, fertilizer and other
agricultural chemicals. These systems will be environmentally sustainable, protect groundwater
quality, and be economically viable.
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STUDIES ON CONSUMPTIVE USE AND IRRIGATION EFFICIENCY
D.J. Hunsaker, Agricultural Engineer

PROBLEM: Effective irrigation management provides the timely and correct amount of water
consistent with crop water demands, soil conditions, crop production goals, and environmental
quality goals. Irrigation efficiency (IE) is a term often used to describe the effectiveness of'irrigation,
where IE is defined as the ratio of the average depth of irrigation water that is beneficially used to
the average depth of irrigation water applied. Beneficial uses include crop evapotranspiration (ET,),
salt leaching, frost protection, etc. General measures that can be taken to improve surface irrigation
efficiencies include increasing the uniformity of the water applied, reducing deep percolation and
surface runoff, and improving the control of application depths. However, proper irrigation
management is a vital requirement for attaining the optimum irrigation efficiency of the system.
Thus, the ability to predict actual daily crop water consumption, or ET_, is of major importance.

A practical and widely used method for estimating actual ET is the crop coefficient approach, which
involves calculating a reference crop ET with climatic data. ET, can then be determined by
multiplying the reference ET with an appropriate crop coefficient (K.). Recently, the Food and
Agricultural Organization (FAO) published FAO-56, Crop Evapotranspiration, a revision of FAO-
24, which presents updated procedures for calculating reference and crop ET from meteorological
data and crop coefficients. In addition to the single K  approach which combines basal crop ET and
soil evaporation into a single value, FAO-56 also includes a dual, or basal, crop coefficient approach.
In the dual approach, K, is determined on a daily basis as the summation of two terms: the basal crop
coefficient (K ) and the contribution of evaporation from wet soil surfaces following irrigations or
rain (K,). The usefulness of the dual crop coefficient model is that it can provide better estimates
of day-to-day variations in soil surface wetness and the resulting impacts of irrigation frequency on
daily crop water use. FAO-56 also introduced the need to standardize one method to compute
reference ET from weather data and thus recommended the FAO Penman-Monteith (PM) as the
standard equation for the calculation of grass-reference ET ( ET,). Although FAO-56 presents
generalized crop coefficient values based on FAO PM ET , derivation of localized crop coefficients
is advisable due to the effects of local climatic conditions, cultural practices, and crop varieties on
the crop coefficient.

Several different entities have approached the U.S. Water Conservation Laboratory (USWCL) with
interest in current information on the ET requirements for crops grown in the Southwest. A
particular concern is that many farmers have been unable to meet water duties established by the
Arizona Deptartment of Water Resources. The objective of this project is to determine the
consumptive use and attainable irrigation efficiencies for crops presently produced, as well as for
several new industrial crops that are being developed in the region.

APPROACH: Research is being conducted through a series of experiments to determine crop
evapotranspiration and localized crop coefficient curves for cotton, alfalfa, wheat, rape, lesquerella,
and guayule grown under irrigation and soil conditions common in the region. Crop ET and soil

2000 USWCL Annual Report work in progress 16 Do not duplicate without prior consent.



evaporation will be determined locally from soil water measurements using neutron probes and
time-domain-reflectometry (TDR) for crops grown in farm-scale fields and from previous lysimeter
studies at the USWCL. These data also will be used to derive crop coefficients for local conditions
based on the FAO-PM equation for grass-reference ET,. The crop ET and K, derived from the
various experiments will be used to develop and test various crop K, models, including the FAO-56
model, to provide better information on crop water requirements and irrigation management for the
region.

During 1984 to 1986, an Arizona-adapted cultivar of alfalfa [Medicago sativa (L.) Lew] was grown
in a 0.65-ha field located at the USWCL. The rectangular field site (70 by 90 m) contained three
electronic weighing lysimeters each 1.0 m* and 1.6 m deep. Alfalfa was planted in February, 1984,
on 18 plots, separated by border dikes. The three lysimeters (designated as L1, L2, and L3) were
situated within three adjacent plots. After planting, all plots were kept well-watered via surface
irrigation until late 1984, after which the plots were intermittently subjected to water-stress during
subsequent growing cycles. After each alfalfa cutting, water-stress treatments were rotated to
different plots so that plants were not exposed to severe drought stress during consecutive regrowth
periods. The evapotranspiration in lysimeters (ET,,) and meteorlogical data were measured every
1.5 minutes and reported as time-averaged values at 0.5-hr intervals.

This report will focus primarily on the data of 1985. In 1985, alfalfa was harvested a total of nine
times, where the first harvest occurred on Feb. 12 (DOY 043) and the ninth on Dec. 17 (DOY 351).
At each harvest, the larger plot areas were mowed using a tractor-mounted cutter bar. Biomass from
the lysimeters was harvested using a curved-blade knife. All of the aboveground plant material in
the lysimeters was cut leaving a stubble height of about 0.02-0.03 m.

For each day in 1985, the daily grass-reference ET  was calculated over 0.5-hr time steps. The
measured wind speed at the alfalfa field was extrapolated to the FAO-56 standard grass-reference
height of 0.12 m, before calculating the grass reference ET,. Daily K values were calculated as the
ratio of ET, to ET,, for each lysimeter. For each harvest cycle in 1985, daily ET,, for lysimeters was
compared with daily ET_ predicted for well-watered alfalfa using the single K procedure of FAO-56
and their recommended K values for alfalfa. The FAO-56 alfalfa K values were not adjusted for
the effects of increased soil water evaporation due to irrigation and rain. The recommended mid-
season and end of season K values, however, were adjusted during each cutting cycle based on the
climatic and crop height conditions during those growth stages of the cycle.

FINDINGS: Figure 1 shows the daily measured K values for each lysimeter and the K, model
constructed from FAO-56 procedures for the second and third harvest cycles of 1985. Measured K
for all lysimeters was generally higher than modeled K, during the first half of the harvest cycles
because of increased soil water evaporation from rain and irrigation during that period likely being
underestimated by the single K, model of FAO-56. During the mid- to late-season stages of the
second harvest cycle, variations in K occurred among the three lysimeters although water was
applied to all lysimeters on the same day. The FAO-56 K, curve generally overestimated the K for
L1 and L2, but underestimated the K for L3. During the third cycle, there was a reduction in the
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Figure 1. Daily K and irrigation and rain during 2nd and 3rd harvest cycles of alfalfa.

K, values for L2 when water-stress was imposed on that lysimeter during the latter portion of the
cycle.

For each lysimeter, linear regression of daily ET,, against the FAO-56 ET was applied over the data
from the second to the ninth harvest cycles of 1985 (Fig. 2). Regression coefficients of
determination (R?) for L1, L2, and L3 were 0.78, 0.86, and 0.93, respectively; and for all lysimeter
data combined, it was 0.85, indicating that the performance in predicting ET,, on a daily basis with
the FAO-56 model was reasonably good. There was a tendency for the FAO-56 model to
underestimate ET, at small rates of measured ET. However, the greatest underestimations of ET
were noted to occur for days following irrigation or rain, and particularly for days following water
applications made during the early regrowth periods following cutting. Again, this was related to
the limitations of the single K, model to account adequately for increased soil water evaporation
following water applications.
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Figure 2. Linear regression of measured and predicted ET using the single K model

of FAO-56.

INTERPRETATION: Preliminary findings from lysimeter studies indicate the single K, model of
FAO-56 adequately predicts alfalfa ET during mid- and late-season stages of the growing cycle.
However, for estimating crop water use on a daily basis at the precision needed to improve irrigation
management, evaporative water losses from the soil need to be accounted for more accurately.

FUTURE PLANS: The alfalfa lysimeter data will be used to develop local K, and K, curves for
alfalfa and also to determine whether the more complicated dual crop coefficient procedure of FAO-
56 improves the prediction of measured ET. Additional studies are being conducted more accurately
to model the limiting effects of soil water stress on crop ET and to develop information on soil

evaporation parameters for soils in the area.

COOPERATORS: Wenzhao Liu, Institute of Soil and Water Conservation, Chinese Academy of Sciences and
Ministry of Water Resources Engineering, Yangling, Shaanxi, P.R., China.
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DEVELOPING GUIDELINES FOR “FERTIGATION” IN SURFACE-IRRIGATED
SYSTEMS

F.J. Adamsen, Soil Scientist; D. J. Hunsaker, Agricultural Engineer; and
A. J. Clemmens, Supervisory Research Hydraulic Engineer

PROBLEM: Applying fertilizer through irrigation water, when properly done, can be a highly
effective fertilizer management practice. Compared to conventional field spreading or soil injection
techniques, this method of fertilizer application, “fertigation,” offers certain advantages such as
reduced energy, labor, and machinery costs. Moreover, it allows growers to apply nutrients in small
amounts throughout the season in response to crop needs without the potential crop damage or soil
compaction caused by machinery based application methods. Although fertigation is more commonly
associated with microirrigation and sprinkler irrigation systems, injecting nitrogen (N) into irrigation
water has become increasingly frequent and widespread among surface irrigation growers in the
western United States. However, unlike pressurized irrigation systems, which are designed to apply
controlled and precise amounts of water to the field, application of water by many surface irrigation
systems can be highly nonuniform and is often subject to excessive deep percolation and surface
water runoff. Consequently, N-fertigation through surface irrigation systems may result in fertilizer
being distributed unevenly throughout the field and potential nitrate-nitrogen (NO,-N) contamination
of groundwater through deep percolation and of surface water through tailwater runoff. Because the
environmental fate and distribution of nitrogen applied in surface irrigation water has not been
studied extensively in the field, adequate N-fertigation management guidelines have not been
developed.

APPROACH: The primary objective of the research is to develop information that will lead to best
management practices (BMPs) for N-fertigation through surface irrigation systems. The project will
derive this information through a series of extensive farm-scale field experiments conducted on
representative surface irrigation systems commonly used in the western U.S. The measurement
objectives include the determination of the spatial distribution and seasonal variation of N within
the field and the relative potential of groundwater and surface water contamination as a function of
the timing and duration of N injection during the irrigation event. Irrigation water application
distribution will also be determined for each irrigation. Ultimately, the data derived from this project
will be used to incorporate chemical fate and transport components into existing soil water and
surface irrigation simulation models, which once validated, will allow more comprehensive
evaluation of fertigation practices and an expansion of BMPs for conditions and irrigation systems
other than those encountered in this project.

In 1999 the mobile tracer potassium bromide (KBr) was used during two simulated N-fertigation
events for cotton grown in furrowed level basins on a sandy clay loam at the Maricopa Agricultural
Center (MAC). The first fertigation was conducted following cultivation, which provided a rapid
infiltration rate and a high degree of surface roughness. The second event was carried out during the
third irrigation following cultivation with lower infiltration rates and less surface roughness than the
first fertigation. During both events, three fertigation application treatments were evaluated - KBr
injection during 100%, first-half, and last-half of the irrigation application. Water was applied to five
furrows in a 185-m-long field. Soil samples were taken before and after the event to a depth of 1.2
m in the turnaround area at the head of the field and every 30 m along the run. In the turnaround area,
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two samples were taken; and at the sampling locations along the length of run, samples were taken
from two adjacent cotton beds and from the furrow bottom of a wheel and non-wheel furrow.
Samples were analyzed for bromide concentration. Irrigation parameters measured were advance and
recession times, flow rate, and surface water depth.

FINDINGS: During the first fertigation
event, water advanced more quickly in the
wheel furrow than in the non-wheel
furrow. As aresult, water reached the end
more quickly in wheel furrows and filled
the non-wheel furrows from tail end. The
infiltrated depths for 100% of the
irrigation were very close for both furrows
in spite of water moving from the wheel
furrow to the non-wheel furrow during
advance (Figs. 1 and 2). While this did not
decrease the overall irrigation uniformity,
filling the non-wheel furrow from the tail
end changed the pattern of infiltrated
depth. In the non-wheel furrow, there was
a peak in the water infiltrated depth during
the first-half of the irrigation between 100
m and the end of the field that would not
have occurred if the furrows had been
blocked on the tail end. It is interesting to
note that the infiltrated depth of water
from the first-half of the irrigation was
relatively uniform over the first 100 m for
both furrows. There was an equivalent
movement of water from the non-wheel
furrow that moved back into the wheel
furrow during redistribution following the
completion of advance.

Presently, bromide concentration has
been analyzed only for the top 300 mm of
soil. In general, the bromide distributions
for the top 300 mm, when averaged across
all of the sampling positions within a
sampling site, agreed well with the
estimated infiltrated water distributions
(Fig. 3). The bromide distributions in the

Wheel Row
_
£ 100.0
E
= 800 oo
b
& 600 f-----mmmmmmmmmmmmm oot — - —25%
o [ 50%
T 400 Tceeee-oL. %
S 400 T 100%
R
5 200 Iy
€ b0 N
0 30 60 90 120 150
Distance (m)

Figure 1. Cumulative one-dimensional infiltrated
depth with distance after 25, 50, and 100%
completion of irrigation for the wheel furrow of a
fertigated furrowed level basin.
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Figure 2. Cumulative one-dimensional infiltrated
depth with distance after 25, 50, and 100%
completion of irrigation for the non-wheel furrow of
a fertigated furrowed level basin.

first-half and 100% treatments were similar and uniform along the entire field length, as was the
infiltrated water (Figs. 1 and 2). There was more bromide at the head end of the field than would
be predicted from the infiltrated depths for the last-half treatment (Fig. 3). This may be the result of
mixing, or deeper penetration into the soil than the 300 mm of soil depth accounted for here.
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An examination of the bromide distribution for individual sampling locations shows some interesting
trends (Fig. 3). The in-row concentrations of bromide were higher in the first-half treatment than in
the 100% treatment. This is probably due to higher concentrations of the bromide in the water
moving laterally into the row from the furrow in the first-half treatment than in the 100% treatment.
The bed is infiltrated by the first water applied and the concentration of bromide in the first-half
treatment was double the 100% treatment during the injection period. Bromide concentration
increased at the tail end of the field in the first-half treatment which corresponds to changes in the
infiltrated depth at the tail end of the field, but the trend in bromide concentration was weak.

The change in bromide concentration in the last-half treatment from the head to tail ends of the field
is consistent with the infiltrated depth but the magnitude was much greater than would be expected
(Fig.34). The peak in the bromide concentrations at 90 m in the last-half treatment for the furrows
was unexpected. All of the data suggest that bromide moved below the top 300 mm of soil.

INTERPRETATION: Analysis of the remaining soil depths should provide a more complete
picture of the fate of chemicals added in the irrigation stream, but a simple advection model appears
to be a promising first step in estimating the application uniformity of water-applied chemicals. This
type of experiment needs to be conducted over a variety of conditions to determine the amount of
mixing that takes place during an irrigation event.

FUTURE PLANS: Analysis of remaining soil samples will be completed. Additional experiments
have been conducted on cotton with longer runs and different soil and on wheat planted on the flat.
Samples from those experiments are being analyzed. Similar data sets will be developed for
unfurrowed level basins and furrowed and unfurrowed sloping borders with and without runoff over
a variety of soil types and lengths of run in Arizona and California. When completed, the data sets
will provide a sufficient range to develop fertigation guidelines for a large portion of the surface
irrigated acreage in the western United States.

COOPERATORS: Mr. Donald Ackley, Program Coordinator, Coachella Valley Resource Conservation District,
Indio CA; Dr. Bob Roth, station director, Maricopa Agricultural Center, Maricopa AZ; Dr. Charles A. Sanchez, director,
and Dr. Dawit Zerihun, Irrigation Engineer, Yuma Agricultural Center, Yuma AZ; Dr. Pete Waller, Agricultural
Engineer, Dept. of Agricultural and Biosystems Engineering, The University of Arizona, Tucson AZ.
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MEASURING SOIL MOISTURE UNDER SALINE CONDITIONS WITH SELF-
CONTAINED TDR SENSORS

F. J. Adamsen, Soil Scientist; and D. J. Hunsaker, Agricultural Engineer

PROBLEM: Accurate and reliable soil moisture information is a fundamental requirement in
achieving efficient water utilization in irrigated agriculture and in a number of related industries as
well. Time domain reflectometry (TDR) and frequency domain reflectometry (FDR) are recognized
as established methods for determining soil water content in mineral soils. Both TDR and FDR infer
water content from changes in the soil dielectric constant. In the TDR method, this is accomplished
by measuring the velocity of an electromagnetic pulse along a pair of rods in the soil. In the FDR
method, it is accomplished by measuring the frequency of a tuned circuit which changes as the
capacitance of the soil changes due to fluctuations in soil moisture. Initially, the TDR method was
considered to be universally applicable over all soil types and soil conditions. However, it is now
recognized that widespread application of TDR, and other similar technologies, has been limited due
to erratic measurement responses in soils having high salinity. Some success has been made in using
TDR signal attenuation to measure soil water salinity, but the technology has not been advanced to
the point where this can be accomplished without the use of highly sophisticated and expensive TDR
systems.

Soil salinity is recognized as a problem in over one-half of the irrigated lands in the Western United
States. It is expected that soil water measurements from commercial TDR and capacitance systems
may be used to guide irrigation management on salt affected lands. The objective of this study is to
evaluate the effects of soil electrical conductivity on measurements of soil water content by four
commercial soil moisture systems (TDR cable tester, two encapsulated TDR systems, and one
encapsulated electrical capacitance sensor).

APPROACH: Studies with four commercial dielectric soil moisture systems were conducted in a
sand tank in which volumetric soil moisture contents varied from 34 to 12%. The systems evaluated
were (1) Trase System 16050x1 (Trase), a TDR cable tester unit with a standard, uncoated, three-rod,
“burial-type” probe 0.2 m in length (Soilmoisture Equipment Corp., Santa Barbara, California); (2)
Aqua-Tel-TDR (Aqua-Tel), an encapsulated TDR with epoxy-coated multiple probes 0.46 m long
(Automata, Inc., Grass Valley, California); (3) Delta-T ThetaProbe ML2x (Theta), an encapsulated
electrical capacitance sensor with a four-rod probe 0.06 m in length (Dynamax Inc., Houston,
Texas); and (4) Trime-IC (Trime), an encapsulated TDR with a coated two-rod probe 0.11 m in
length (Mesa Systems Co., Framingham, Massachusetts).

The tank used in the experiments was a 0.19-m deep tapered masonry trough constructed of high-
density polyethylene. The soil medium was a washed sand commercially available for concrete and
plaster mixture. Three holes were drilled along the longitudinal center line of the tank bottom. One
hole was at the middle of the center line and the other holes were 0.25 m either side of the center
hole. The outside holes were fitted with bulkhead fittings and = 0.45 m of tubing attached to the
barbed nipple on the fitting. Four pieces of 13 mm diameter cotton-fiberglass wicks 0.2 m long were
sewn together to form a double tee pattern. A fifth piece of wick material was attached at the center
of'the double tee, perpendicular to the plane of the tee. The last piece of wick attached to the system
was fed through the center hole and then through a powder funnel with an outlet tube that had been
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glued to the bottom of'the tank with a silicon adhesive. The double-tee pattern was laid in the bottom
ofthe tank extending from either side of the center hole along the longitudinal center line of the tank
and forming a tee in each half of the tank. An additional piece of tubing was then forced over the end
of the funnel to complete the drainage system in the sand tank. Free water drained from the outside
holes, and the wick system drained capillary water from the system and had the effect of creating a
water table 0.2 m below the bottom of the tank. The tubes from the three holes were gathered
together in a wooden loom and the drainage water was directed into a bucket.

When the tank was filled with sand to a depth of 0.08 m, the three encapsulated systems and the
burial probe of the Trase system were placed horizontally across the top of the sand surface
approximately 0.10 m apart from one another. Additional sand was then added to the tank, burying
the sensors, until the tank was filled to a depth of 0.16 m. Prior to filling, the sand volume within the
tank system was estimated by measuring the volume of water required to fill the tank to a depth of
0.16 m. This volume was used to calculate an estimated bulk density of the sand, yielding a value
of 1650 kg m™.

The three encapsulated systems were connected to a data logger and a 12 V DC power source. This
configuration allowed simultaneous and automated collection of the mV output from the sensors at
desired time intervals. The Trase system provided its own automated logging of volumetric water
content measurements.

The soil water salinity of the system was manipulated by adding a range of sodium chloride (NaCl)
concentrations to the tank that yielded soil water salinities within the sand bed of approximately 2,
5,7,10,12,and 15 dS m™. Prior to each test, the sand in the tank was conditioned by leaching it with
the desired solution four times to displace any water in the system. After the fourth leaching cycle,
sensor testing was begun. After water had drained from the sand tank for seven days the test was
ended. At the end of each test, drainage water and soil samples were taken. Holes left from the soil
sampling were refilled with new sand.

The output from the Trase system was used to estimate the actual soil water contents of the sand
because it was impractical to obtain gravimetric water content samples with sufficient frequency.
Salinity level and mV output for each encapsulated sensor were used for the independent variables
in multiple linear regression to predict the Trase volumetric water contents over a range of water
content data deemed reasonable.

FINDINGS: Including solution salinity along with the sensor output in the regression explained 89
to 93% of the variability in volumetric soil water content for the three encapsulated sensors (Table
1). Negative regression coefficients for solution salinity resulted for all three self-contained sensors,
since the outputs for each sensor were increased with increasing salinity.

The deviations from the fitted equations (Fig. 1) indicated that the Aquatel-TDR and Trime sensors

both overestimated the soil water contents in the middle of the data range and underestimated the
water contents at the high and low ends, whereas the opposite trend was true for the Theta sensorl.
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Table 1. Multiple linear regression results for volumetric water content values (0) as measured by
Trase against sensor output in mV and solution salinity in dS m™” (EC,), where vy, is the
intercept, a is the slope of the sensor output, b is the slope of the solution salinity and R* is
the multiple coefficient of determination (0 =y, +a * mV +b * EC,).

Sensor Yo a b R?

Aquatel-TDR 6.44 0.0074 -0.845 0.893
Theta -4.46 0.0685 -0.150 0.931
Trime -2.65 0.127 -0.320 0.886

INTERPRETATION: As a first approximation, a simple multiple linear model fitted the data well.
However, because of the systematic deviations of the data from the fitted equations, a more complex
model will probably be required to calibrate these sensors in saline soil conditions adequately. The
above regressions are also not useful for field use since solution salinity is not an appropriate
indicator of soil salinity. What is needed is bulk soil salinity estimates, which can then be used to
determine the correction for the sensor output that will yield the true soil water content from the
sensor reading. The bulk salinity includes the contribution of the soil matrix as well as the soil
contribution.

FUTURE PLANS: We plan to develop a method to estimate the bulk salinity for this data set and
to use those values to develop a model that predicts actual soil moisture from the sensor output and
bulk salinity. We also plan to determine the response of the sensors to different forms of salt. We
will use Mg SO, in a similar set of experiments to determine if salt type affects the response of the
sensors in addition to salt concentration.

COOPERATORS: Lenny Feuer, Automata Inc., Nevada City CA.
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Figure 1. Response surfaces of (a) Aquatel-TDR, (b) Theta, and (c) Trime to moisture content versus
solution salinity and sensor output.
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SURFACE IRRIGATION MODELING

T.S. Strelkoff, Research Hydraulic Engineer; and
A.J. Clemmens, Supervisory Research Hydraulic Engineer

PROBLEM: Throughout the irrigated world, water is applied to fields unevenly and excessively,
leading to wastage, soil loss, and pollution of surface and groundwaters. Computer modeling would
allow rapid evaluation of physical layouts and operation in a search for an optimum; but most models
are limited to single furrows, or border strips and basins with zero cross-slope and a uniformly
distributed inflow at the upstream end. Yet large basins are usually irrigated from a single inlet. The
flow spreads out in all possible directions, and any one-dimensional simulation must be viewed as
a very coarse approximation. A non-planar basin surface influences the flow as well. An irrigation
stream concentrated in the lower-lying areas can significantly affect infiltration uniformity. Only
a two-dimensional model can simulate these factors.

While a one-dimensional approach is suitable for furrows in real fields, flows in neighboring furrows
of a set are often coupled through common headwater and tailwater ditches. Tailwater from a fast
furrow can enter a slower furrow from its tail end and modify its ultimate infiltration profile. To
appreciate the effects of such coupling fully, simulation of interconnected furrows is necessary.

Irrigation management can influence the quality of both surface and groundwaters as well as of the
field soils. Irrigation streams can be of sufficient power that soil erodes, with the material entrained
into the stream and transported downfield, reducing soil fertility upstream. Farther downstream, as
infiltration reduces the discharge or as the result of slope reduction, part of the load, perhaps only
the coarse fractions, might deposit back onto the bed. Or else, entrained material can run off the
field, introducing turbidity into drainage water or deposit in quiescent areas to the detriment of
aquatic life.

Chemigation introduces agricultural chemicals into the irrigation water. Alternately, initially clean
irrigation water picks up agricultural chemicals and naturally occurring minerals, some toxic, from
the surface of fields and from contact by percolation through the porous soil medium. Nitrogen,
phosphorus, and heavy metals, for example, brought to farm fields in agricultural operations and
naturally occurring chemicals, such as selenium, can be transported to surface or subsurface water
supplies by irrigation water to the detriment of both human consumers of the water resource and
wildlife dependent on the receiving water bodies. Nutrients or pesticides adsorbed to eroded soil in
irrigation tailwater is an important example.

APPROACH: The objectives of current work are validated computer simulation models for
providing quick responses to a wide variety of “what-if” situations. For example, the trade-offs
between irrigation efficiency and uniformity, on the one hand, and soil loss, on the other, could be
explored. Recommendations could then be made on the basis of environmental considerations as
well as water conservation and crop yield. Funding for this effort has been provided in part by the
Natural Resources Conservation Service.

For one-dimensional single-furrow, border, or basin simulation, user-friendly menu-driven data

input, as well as output graphs and text, are linked to a simulation engine based on the universal laws
of hydraulics applied implicitly in