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INTRODUCTION

The U. S. Water Conservation Laboratory (USWCL) Annual Research Report is intended to describe progress on our
research projects in 1995 and plans for 1996 and beyond. Our targeted reading audience includes upper level management
within the Agricultura]l Research Service, other ARS research Jocations and entities invo]ved in natural resources research,
and our many colleborators and cooperators, It is our intent to keep the individual reports short but informative, focusing
on what is being done and why, the problem, objectives, approach, brief results, future plans, and cooperators involved
in each program. We want to make sure that the product of the research and ils contribution to water conservation are
clear to all,

This year we have intensified our efforts to identify our clients, inform them of our research, and benefit from their
insights, The identification process started in February, after our 1995 Annual Research Program Review and Planning
meeting. In October, as part of our Annual Science and Engineering Open House, targeting science students from local
high schools, we beld a special open housa for farmers, the media, state legislators, staff of the Arizona congressional
delegation, representatives of Arizona state agencies, irrigation districts, private enterprise, and the general public. About
50 attended. The 1996 Annual Research Program Review and Planning meeting will be a continustion of the effort, in
which we will host n broad cross-section of persons interested in our research program. These types of activities, along
with the Annual Research Report, all provide opportunities for us to tell our research story and to assess and make our
program more responsive to identified needs.

Additional permanent funding was directed to the USWCL in 1994 to increase research on the application of technology,
part of which is to focus on the utilization of remotely sensed data to aid farm management. Mr. Edward M. Barnes,
Agricultural Engineer, joined the staff and the Remote Sensing Group in September 1995 to lead the program in the stated
area, Along with developing his program, he is feverishly working on completing his Pb.D. dissertation. Mr. Brian T.
Wahlin, Civil Engineer, was hired as a permanent Category 3 researcher in the [rrigation Group. He will be working
mainly in water measurement. Dr. James J. Toth, Meteorologist, in a shared assignment between the Remote Sensing
Group of the U, 5, Water Conservation Laboratory and the Southwest Watershed Research Unit in Tucson, joined the
staff as a post-doctoral research associate. Dr. Toth, on a two-year appointment, is developing a combined remote
sensing/modeling tool for investigation of meteorological processes on a repional scale, Near year's end, en
Administrator's post-doctoral research associate fellowship was awarded to Dr. Gary W, Wall in the COQ.-Climate

Change Group to study the effects of elevated CO, and low soil nitrogen on photosynthetic proteins. Recruitment of
suitable candidates is underway. I'm pleased to report that Doug Hunsaker in the Irrigation Group completed his Ph,D,
from the University of Arizona during the fall of 1995. Congratulations to Dr. Hunsaker. Several existing vacancies for
permanent technician positions were filled during 1995. Also, two new technician positions were created and filled in
1995, one each for irrigation and water quality.

As a policy, we strive to leverage our available base funding into well-tarpeted, broader-based programs by attracting
outside resources, We are committed to working collaboratively with otber agencies and industry in bringing post
doctorates, visiting scienlists and engineers, graduate students, and persons on sabbaticals to the USWCL to maintain or
expand our research programs,

Outside resources are instrumnental in our continued work in major program areas. In-kind human resources provided
by many of our cooperatars and collaborators are highly significant and enhance our programs, especially by each
individual's stimulating effects on our research efforts (please refer to the list of Cooperators shown at the end of each
report and summarized on pages viil through x). A number of organizations contributed significant financial support to
the USWCL during 1995 as follows: The Irrigation Group received a third year of funding through the USDA Office
for Intemnational Coopesration-and--Developmest, -thatconcluded .a-thres-yeargollsborative study -with the National
Agricultural Research Project (NARP) in Egypt dealing with the effects of land Jeveling precision and tillage practices
on surface irrigation performance; and through the Arizona Department of Water Resources, Phoenix Active Management
Area, that contributed to a study to develop software for improving the design and management of sioping border
irrigation systems. During 1995, after severnl years of Interagency Cooperation, the Department of Energy stopped direct
support of the CO.-Climate Change Group program to evaluate the interactive effects of elevated CQ and increased
temperature on plant growth and physiological processes, including the development of predictive models, On the positiva
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however, the University of Arizons was awarded a two-yesr grant by the Department of Defense to continue the FACE
(free-air CO; enrichment) Project studying the interactive effects of elevated CO, and low soil nitrogen on wheat growth,
sail nitrogen processes, and soil carbon sequestration. USWCL personnel continue to be major collaborators to the
project, including the day-to-<day management. Additionally, temporary ARS Global Change funds were awarded to the
group to help support the photosynthetic measurement aspects of the FACE project. The Nest Crops Group received
support through the USDA Alternative Agricultural Research and Commercialization Center for commercialization of
Lesquerelia; the Department of Defense and the USDA/CSRS Office of Agricultural Materials for two programs (jointly
supported): one, a two-year program to accelerate commercialization of vernonia, and the other to expand work an the
extraction, characterization, and fabrication of guayule latex products for nonallergenic applications; the USDA-ARS
National Germplasm Laboratory {partial support) for the collection of Lesquerella germplasm; and the ARS-Naticnal
Program Staff, through the Crop Germplasm Committee, for genmplasm evaluation. The Remate Sensing Grapp received
funding from the Electrical Power Research Institute to hire Dr. Toth through an ARS Cooperative Research and
Development Agreement; from the Japanese Government for exchanges of scientists from the USWCL and the National
Institute for Agricultural and Environmental Studies dealing with agricultural remote sensing; and from NASA for students
and travel during 1993 for research in hydrologic applications of remote sensing. To the USWCL overall, this outside
funding represents about 1% of our total budget, but it amounts to 45 to 50% of our discretionary dollars. We thank
these many cooperaiorsiooilaboramrs and will continue working to make these associations mutually beneficial in serving
agriculture,

I invite you to read and use this Annual Research Report. Let us know if there are questions or comments, gither from
a technical research standpoint or about ideas you might have regarding communication with our clients; all are invited
and will be appreciated.

W

Allen R. Dedrick, Director
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U. 5. WATER CONSERVATION LABORATORY
ORGANIZATIONAL DESCRIPTION AND MISSION STATEMENTS

The mission of the U. 5. 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 agricuitural chemicals,
commercializing new industrial crops, and predicting the effect of future increases of atmospheric CO, on climate and
yields and water requirements of agricuitural crops.

The U. S. Water Conservahon I.aboralory research pmgram is organized under two Research Units; [rrigation. and Water
i 1 - . I&WQ focuses on water management with emphasis
on irrigation and water qlmlsty, E&PD concenlrates on carbon d:mude—clmmte change, germplasm development for new
crops, and remote sensing, Drs. Alhert J. Clemmens and Bruce A. Kimball are the Research Leaders for the respective
Research Units. The organizational structure for the USWCL is shown in figure 1, and the entire USWCL personnel
list in table 1.

The mission of the Irrigation and Water Quality Research Unit is to resolve water management problems for irrigated

agriculture through research aimed at conserving and augmenting water supplies. Goals are to develop management
strategies and tools for the effective use of water and fertilizers in irrigated agricujture, develop tools for the protection
of groundwater supplies from degradation as the result of agricultural practices, develop technologies for safe reuse of
municipal wastewater, and ‘transfer these results to practice through technology trensfer efforts, The unit focuses on
identifying individual actions and practices for resolving water supply and quality issues at the farm and project levels,
and the various inberent interrelationships,

The mission of the Envi it is to develop optimum resource mnnagement
strategies for meeting national Bgncultuml producl reqlurcments wxl.hm the context of global change. Goals are to predict
increased CO, and giobal climate change effects on plant growth and water use; develop new crops to meet national needs
for renewable, agriculturally-based products; develop remote sensing techniques for farm monagement and wide-area
evapotranspiration estimation. CO,-climate research will furnish a knowledge base and models to assess global change
impact on future agriculture, increasing the security of the world's food supply and benefitting all consumers, New Crops
will diversify American Agriculture while producing renewable sources of raw materials such as non-allergenic latex
{(medical products), hydroxy fatty acids (cosmetics and lubricants), and low pollutant epoxy fatty acids (paints and
coatings). Remote Sensing research will benefit growers and consumers by improving farm management decisions and
the accuracy of water resolurce assessments.
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Figure 1. U. S. Water Conservation Laboratory Organization, December 31, 1995
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Tahle 1. U. 5. Water Conservation Laboratory Staff, December 31, 1995

Name

Adamsen, Floyd J.
Alexander, William L.
Arterberry, Carl A.
Askins, JoAnne
Bames, Edward M.
Bouwer, Herman
Clarke, Thomas R.
Clemmens, Albert J.
Coffelt, Terry A.
Colbert, Sharette N.
Corris, Virginia D.
Dahlguist, Gail H.
Dedrick, Allen R.
Dierig, David A.
Gerard, Robert J,
Gerszewski, Susette M.
Harner, Paulina A.
Heckart, Donna J,
Hunsaker, Douglas J.
Idso, Sherwood B,
Jchnson, Kathy J,
Johnson, Stephanie M,
Kimball, Bruce A,
LaMorte, Robert L.
Lewis, Clarence L,
Martinez, Juan M.R.
Mastin, Harold L.
Mills, Terry A.
Moran, M. Susan M,
Nakayama, Francis S.
Padilla, John

Pettit, Dean E.
Pinter, Paul 1., Jr.
Powers, Donald E
Replogle, John A.
Rice, Robert J,

Rish, Shirley A.
Rokey, Ric R,
Salisbury, T. Lou
Seay, L. Susan

Seay, Ronald S.
Strand, Robert J,
Vinyard, Stephen H.
Wahlin, Brian T,
Wall, Gerard W,

-

EERMANENT EMPLOYEES

Title

Soil Scientist

Agronomist

Apricultural Science Research Technician/Soils
Physical Science Technician

Agricultural Engineer

Research Hydraulic Engineer

Physical Scientist

Research Leader and Supervisory Research Hydraulic Engineer
Research Geneticist (Plants)

Physical Science Technician

Office Automation Assistant

Agricultural Science Research Technician/Plants
Lahoratory Director and Supervisory Agricultural Engineer
Research Geneticist (Piants)

Laharatory Support Worker

Biological Science Technician/Plants

Secretary (Office Automation)

Secretary {Office Automation)

Apgricultural Engineer

Research Physicist

Physical Science Technician

Biological Science Technician

Research Leader and Supervisory Soil Scientist
Civil Engineer

Machinist

Apricultural Science Research Technician/Soils
Computer Assistant

Computer Specialist

Research Physical Scientist

Research Chemist

Engineering Technician

Electronics Engineer

Research Biologist

Physical Science Technician

Chief Research Hydraulic Engineer
Agricultural Engineer

Program Analyst

Biological Science Technician/Plants

Secretary (Office Automation)

«—=+ . —«-Publications Clerk - (Gffice-Automation)

Agricultural Science Research Technician
Engineering Technician

Physical Science Technician

Civil Engineer

Plant Physiologist

vi

Annual Report of the U.S. Water Conservation Laboratory



Name

Bautista, Eduardo
Bhattacharyn, Nick
Do, Phong

Fritz, Kent
Gulbranson, Scott

Holifield, Chandra D.

Johnson, David
Kaiser, Aaron R.
Kuramoto, Jane
Lauver, Lisa M.
Mitchell, Thomas A.
Olivieri, Laura M.
Perry, Edward
Price, Gavin
Pottenger, Christine
Qi, Jiaguo

Rebman, Jon P.
Richards, Stacy
Stosky, Edward
Thompson, Anson E.
Tomasi, Belinda
Toth, Jim

West, Kathy S.
Yanas, Ruben

Baker, Michaei G.
Brooks, Talbot J,
Freitag, Laurie A.
Leake, Gregory S.
McCurdy, Charles
Novak, Patricia L.
O'brien, Carrie C.
Olivieri, Jose
Pabian, David J.
Schmidt, Baron V.
Tomasi, PernellM.

TEMPORARY EMPLOYEES

Title

Agricuitural Engineer

Collaborator

Computer Programmer Assistant (resigned 1/12/95)
Physical Science Aid

Biological Science Technician (resigned 3/08/95)
Biological Technician

Engineering Technician (resigned 5/18/95)
Biological Science Aid

Physical Science Aid (resigned 2/10/95)

Biological Science Aid

Engineering Technician

Biological Science Technician

Biological Science Technician (resigned 6/25/95)
Engineering Aid (resigned 1/13/95)

Biological Science Lab Technician (resigned 8/11/95)
Physical Scientist

Biological Science Technician/Plants

Biological Science Aid

Engineering Technician

Collaborator

Physical Science Technician

Metearologist

Biological Science Technician

Computer Programmer Assistant (resigned 6/09/95)

JTEMPORARY STATE EMPLOYEES

Research Specialist-Staff

Research Technician

General Maintenance Mechanic/Staff
Research Technician-Staff

General Maintenance Mechanic
Research Assistant/FACE

Research Lab Assistant-Staff
Computer Programmer Assistant (resigned 4-23-93)
Associate Eng/FACE

Computer Programmer Asst
Research Lab Assistant
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U. S. WATER CONSERVATION LABORATORY
COOPERATORS for 1995
INSTITUTION CIIY/COUNTRYISTATE

Universities

Arizona State University
California Polytechnic State University
California State University

Tempe, Arizona
San Luis Obispo, California
Fresno, California

Colorado State University Fort Collins, Colorado
Deift Technical University Delft, Tha Netherlands
Free University of Amsterdam The Netherlands
Humbolt University Berlin, Germany
Kansas State University Manhattan, Kansas
Moshtohor Zagazig University

Dept of Crops & Agricultural Engineering Cairo, Egypt

Oregon State University
Rutgers University
Texas A&M University
Virginia State University .
University of Akron, Department of Polymer Science
University of Alberta
University of Arizona
Coliege of Agriculture
Cooperative Extension
Dept of Plant Sciences
Dept of Soil & Water Science
Dept of Hydrology & Waler Science
Dept of Agric & Biosysterns Engineering
Office of Arid Land Studies
Maricopa Agricultural Center
Universitat Autonoma
Universita della Tuscia
Department of Biochemistry & Agrochemistry
University of Essex
University of Florida
University of Georgia
University of Guelph
University of Idaho
University of Kentucky
University of North Dakota
University of Wisconsin
University of Michigan
Utsh State University
Dept. of Biological & Irrigation Engineering

Federal Agencies

Consolidated Farm Service Agency

U. S, Bureau of Reclamation
Waler Resources Research Laboratory
Lower Colorado Region
Phoenix Area Office

vil

Corvallis/Medford, Oregon

New Brunswick, New Jersey

Fort Stockton/Collega Station, Texas
Petersburg, Virginia

Akron, Ohio

Edmonton, Alberta, Canada

Tucson, Arizona

Maricopa, Arizona
Barcelona, Spain
Viterbo, Italy

Colchester, United Kingdom
Gainesville, Florida

Athens, Georgia

Guelph, Ontario, Censda
Moscow, Idaho

Lexington, Kentucky

Fargo, North Dakota
Madison, Wisconsin

Ann Arbor, Michigan
Logan, Utah

Casa Grande, Arizona

Denver, Colorado
Boulder City, Nevada
Phoenix, Arizona
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USDA, Natural Resources Conservation Service
USDA-ARS, Grassland Protection Research

Hydrology Laboratory

National Center for Agricultural Utilization Research

National Soil Dynamics Laboratory

Western Regional Research Center

Russell Research Center

Soil & Plant Research

Southwest Watershed Research Center

Tropical Crops & Germplasm Research

U.S. Salinity Laboratory _

Western Cotton Research Laboratory

Western Wheat Quality Laboratory
USDA-CSREES
U.S. Department of Energy

Atmospheric & Climate Research Division

Office of Health and Environmental Research
USDA-FS, Rocky Mountain Forest & Range Experiment Station

State Agencies

Arizona Department of Agriculture
Arizona Department of Environmental Quality
Arizona Department of Water Resources
Phoenix Active Management Area
Pinal Active Management Area
Irrigation Management Service
West Pinal Natural Resource Conservation District

Other

Agropecuaria El Valle

Armtec, Inc.

Automata, Inc.

Sandia National Laboratory

Brookhaven Natiopal Laboratory

Buckeye-Roosevelt Natural Resources Conservation District
Center for Irrigation Technology

Central Arizona Irrigation & Drainage District

Central Arizona Water Conservation District

Coachella Valley Resource Conservation District
Electric Power Research Institute

Gila River Farms

CESBIO, CNES

GERSAR-SCP, Societedu Canal du Provence

Global Water

Goddard Space Flight-Center, NASA ~- -~ -
Groenestein en Borst vof

CEMAGREF-ENGREF Remote Sensing Lab

CEM AGREF-Irrigation Division

Imperial Irrigation & Drainage District

Institute of Environmental Analysis & Remote Sensing for Agric
International Institute for Land Reclamation and Improvement
Irrigation Association

Phoenix/Casa Grande, Arizopa
Temple, Texas
Beltsville, Maryland
Peoria, Illinois

Auburn, Alabama
Albany, California
Athens, Georgia

Fort Collins, Colorado
Tucson, Arizona
Mayaguez, Puerto Rico
Riverside, California
Phoenix, Arizona
Pullnan, Washington
Washington, DC
Washington, DC

Fort Collins, Colorade

Phoenix, Arizona
Phoenix/Tucson, Arizona
Phoenix, Arizopa
Phoenix, Arizona

Casa Grande, Arizona
Casa Grande, Arizona
Casa Grande, Arizona

Argentina

Lethbridge, Canada

Grass Valley, California
Albuquerque, New Mexico
Upton, Long Island, New York
Buckeye, Arizona

Fresno, California

Eloy, Arizona

Phoenix, Arizona

Indio, California

Palo Alto, California

Pinal County, Arizona
France

Aix-en Provence, France
Fair Oaks, California
Greenbelt, Maryland -
The Netherlands
Moatpellier, France
Montpellier, France
Imperial, California
Florence, ltaly
Wageningen, The Netherlands
Fairfax, Virginia
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Lawrence Livermore National Laboratory
Irrigation & Drainage District

Mexican Institule of Water Technology
Mycogen, Plant Sciences

National Institute of Agro-Environmental Sciences
Potsdam Institute for Climate Impact Research
Salt River Project

Sandia National Laboratory

Wellton-Mohawk Irrigation & Drainage District

Livermore, California Maricopa Stanfield
Stanfield, Arizona

Cuemavaca, Mexico

Madison, Wisconsin

and San Diego

Tsukuba, Japan

Potsdam, Germany

Phoenix, Arizonn

Albuquerque, New Mexico

Wellton, Arizona
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MANAGEMENT IMPROVEMENT PROGRAM (MIP) FOR TRRIGATED AGRICULTURE

A.R. Dedrick, Supervisory Agricultural Engineer; E, Bautista, Agricultural Engineer;
S.A. Rish, Program Analyst; and A.J, Clemmens, Supervisory Research Hydraufic Engineer

PROBLEM: Enhanced long-term management of water and other natural resources, grower profitability, and overall
social well-heing are essential to a sustainable irrigated agricuiture, Because approaches to these ohjectives are often
uncoordinated, all agricultural stakeholders-farmers, irrigation districts, other support and regulatory organizations, and
other interested parties—need to interact proactively to address these needs. To this end, the Management Improvement
Program (see figure 1 for an elaboration of the three-phase MIP process), a management process similar to those used
to improve the performance of corporate organizations, was applied to the business of irrigated agriculture. The purposes
of this research are 1) to develop, apply, and refine for future use the MIP methodology; and 2) to establish conditions
in the MIP application area for the continued improvement of farming practices and support services provided to farms
by the district and other irrigation related agencies while conserving related resources,

APPROACH: In Decemher 1950, under the direction of the U, S. Water Conservation Laboratory, an Interagency
Management Improvement Program (IMIF) was initinted by seven agencies® interested in the potential of the MIP to
suppart improved irrigated agricultural productivity, profitability, and natural resource management. From April 1991
to January 1994, a demonstration project was carried out in the Maricopa-Stanfield Irrigation and Drainage District
(MSIDD) in central Arizona (see figure 2 for a schematic representation of participating entities), In January 1994, the
MIP Team’ ended its formal leadership of the Demonstration MIP; and the local, grower-led, grower-interagency MSIDD
MIP Cocordinating Group assumed ongoing responsibility to initiate and guide future MIP initiatives in the MSIDD area,
A formal evaluation of the MSIDD-Area MIP was completed and the report published in October 1994, Following are
key events and activities in the IMIP and the MSIDD-Area MIP during 1995 (see "Annual Research Reports,” 1991
through 1994, for milestones during those years):

Iy IMIRCoardinating Group Review (2/95}, The MIP Team convened a meeting of the IMIP Coordinating Group
to review the current status of the IMIP effort, focusing on the Demonstration MIP and exploring what lay shead for the
IMIP and the role they might continue to play. Included in the agenda was a joint meeting with the MSIDD-MIP
Coordinating Group to provide an opportunity for an exchange between the two groups on their respective areas of
interest.

2) E=xploration of Potential Reapplications of the MIP (ongoing).

a) A Texas irrigation district has requested that the MIP Team explore with them the feasihility of an MIP
application to frame and support their long-term improvement plans. The district’s request that an MIP be explored as
a means of addressing needs they have identified satisfies a main criterion for a next MIP site, that of a need specified
by stakeholders. Further, the Texes district offers sharp contrasts to MSIDD, which would further test the MIP process.
In May 1995, members of the board, management, district consuitants, and an NRCS representative visited USWCL and
the MSIDD area and discussed the Demonstration MIP with the MIP Team and MSIDD-area grower and agency MIP
participants. In JTune 1995, members of the MIP Team made an invited visit to the irrigation district to tour the area and
continue discussions. The visit included a presentation on the MSIDD-Area MIP to district farmers and other key
siakeholders. Discussions are currently underway an plans for the feasibility exploration.

! These agencies are USDA-ARS and NRCS; USDI-USBR; Arizona Departments of Water Resources and
Envirommental Quality; and The University of Arizona Cooperative Extension, They, along with the Arizona Department
of Agriculture and the University of Arizona College of Agriculture who Jomed later, cumpnse the general oversight IMIP
Coordinating Group.

* The demonstration project MIP Team included Dedrick, Bautista, and Rish of the USWCL; and consuliants W.
Clyma (MIP Specialist) and D. B. Levine (Mansgement/Team-Building Specialist). The MIP Team provided overall
management of the demonstration activities, which included the direct development and facilitation of MIP events. In
addition, the Team maintained ongoing communication with participants, addressed concems and problems as they arose,
and was responsible for the development and publication of MIP-reiated documents.

I

Annual Report of the U.S. Water Conservation Laboratory



b) In April 1995, at the request of the ARS Office of International Research Programs, the MIP Team submitted
a preliminary work plan for carrying out an MIP in the Aral Sea area in Uzbekistan, The work plan calls for the
application to be carried out by local teams; with training, guidance, and project oversight provided by the USWCL-led
MIP Team. Approval rests with the U, S, Departipent of State, which would also provide funding. In late FY 95, the
State Deparlment postponed action on the proposal until sometime in FY 96
: g i) 6}, Members of the MIF Team
were invited to parhc:pa.te in meetings and dmcussxons conceming leadership neie.ct:ou and transition as the first grower-
leader's term nears completion. In November 1995, a new grower-leader was confirmed who is scheduled to assume
leadership in February 1996, It was also agreed that the MIP Team would structure and lead a special program review
and planning meeting of the Coordinating Group in February 1996, coinciding with the leadership transition.

FINDINGS: At their February 1995 meeting, the IMIP Coordinating Group committed to continued involvement in the
IMIP and considered how they might play an expanded role in publicity and marketing activities. Grower and agency
participants in the MSIDD-Area MIP continued to affirm the value of the MIP's collaborative, interagency approach to
improve the sustainability of irrigated agriculture through their continued support of and participation in the MSIDD MIP
Coordinating Group and its programs and spin-off activities. Now moving into its third year, the MIP Coordinating
Group continues to sponsor town-halls, including a grower-requested forum that resulted in formation of a pest-control
district, and to publish a newsletter, Grower-to-grower meetings are continuing, and attendance is increasing. A new
program initiated this year aims to assist new growers by convening meetings of agriculture-related organizations and
other growers to share pooled knowledge and information. These meetings, like the grower-to-grower meetings, have
expanded beyond the MSIDD area. One of the most consistent messages from agency participants continues to be the
value of the Diagnostic Analysis (DA) and tlie need to address the numerous opportunities for improvement identified in
the DA Report that still remain,

Through meetings, presentations, and other interaction with interested parties, MSIDD-Area MIP participants are a
valuable source of insights and information ebout the MIP experience—its value and benefits and its demands on time and
effort, Events this past year included presentations to 2 World Bank policy and program group, the board and
management of a visiting irrigation district, and a meeting of the Arizona Hydrological Society. Some participants are
also co-authoring papers documenting the demonstration project,

INTERPRETATION: Continued impact of the Demonstration MIP in the MSIDD area rests largely with the MSIDD
MIP Coordinating Group's continued institutional development and initiation and oversight of interorganizational
programs. They acknowledge the challenges they facs related to demands on members’ time, personnel changes affecting
individual membership and organizational mandating, identification and recruitment of Coordinating Group leadership,
and financial and other support resourcing. At the same time, they continue to show accomplishment. Their request for
the MIP Team to lead a program review and planning meeting early next year demonstrates their serious commitment
to their unique role in providing a focused, coordinated means to address the needs of the area's irrigated agriculture.

Both the MIP Team and the Texas irrigation district are henefitting from the feasjbility exploration activities. The
exploratory efforts are providing an opportunity for the MIP Team to consider the usefulness of recommendations relating
to pre-MIP activities that were formulated as part of the Demonstration MIP Evaluation Report, For their part, District
" represenialives have had an opportunity to interact with both grower and agency MSIDD-Area MIP parlicipants and thus
hear about and observe some of the impacts that can result from an MIP process.

FUTURE PLANS: Work will focus on 1) publications documenting the Demonstration MIP, including a series of
manuscripts for a special issue of Irrigation and Drainage Systems Journal; five papers and presentations for the
proceedings of and a session at the ASCE North American Water and Environment Congress ‘96, June 1996; and a
manual to guide future MIP applications; and 2) exploration of appropriate reapplication of the MIP model, including
contimuing to explore the feasibility of an application in the irrigation district in Texas. As noted in "Approach,” above,
the principal criterion for future use of the process will be the need to address a need or needs identified hy local
stakeholders. Leadership of the next applicalion’is seen ds tranditicndl, Trof USWCL in & harids-on role to one of training
and guidance. Appropriate institutionalization of the refined MIP methodology outside of ARS will continue to be
explored.

COOPERATORS: Cooperators include entities Listed in figure 2, plus Colorado State University, Funding has been
provided by ARS, USBR, NRCS, and ADWR; with significant in-kind contributions by all involved.
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Disgnostic Analysis
 « hszess field performance
- Anslyze and syaibesze dats

Management Planning

- Define Opportanitics
- Plan Programs

Performance Improvement

- Cay out mansgement piaa
- Monitor and evaluate

Figure 1. The three phases of the Management Improvement Program feed into one another. Diagnostic Analysis yields
an interdisciplinary understanding of the performance of irrigated agriculture in the area, Management Planning results
in a shared understanding of the performance among growers and participating organizations as well as identification of
opportunities for improvement and jointly developed plans for managerial and technological changes to address those
opportunities. Performance Improvement, results in implementation of the plans and establishment of fong-term, self-
supporting mechanisms to sustain the effort after the formal end of the MIP.
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Figure 2. Schematic representation of entities ipvoived in irrigated agriculture in the MSIDD-Area, Entities were
inchuded as participants because of their potential to impact irrigated agriculture in the area. Improved profitability and
sustainability of irrigated agricuiture (along with improved patural resource mansgement) were the goals of the
Demonstration MIP; therefore, growers, the main focus of the program, are shown appropriately in the ceater. Moving
outward from the growers, the first circle connects organizations or entities directly supporting agriculture in the MSIDD
ares; the second connects organizations with primarily regulatory missions although they may also have some support
functions; and the furthest circle includes the two research and/or educatiopal organizations involved.
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IRRIGATION INDUSTRY/ARS COLLABORATIVE EFFORT’

A.R. Dedrick, Supervisory Agricultural Engineer; and
D. F. Heermann, Supervisory Agricultural Engineer

PROBLEM: The "Irrigation Industry/ARS Collaborative Effort" was initiated in 1991, led by Dedrick and Heermann,
to promote a concerted, sustained effort to impact irrigation on a broad scale up through the national level. It aimed to
address issues facing irrigation as a whole, with its stated purpose,

*for the Irrigation Industry and the Agricultural Research Service to foster and focus an ongoing partnership in
support of irrigation that yields optimal societal benefit,"

APPROACH: InMay 1991, a workshop with over 40 attendees, almost evenly divided between the irrigation industry
and ARS irnigation and drainage researchers, met to launch the effort, At that meeting, a Leadership Group wes
mandated to lead the Collaborative Effort. Over the last four-and-a-half years, the Leadership Group has guided actions
to address the agenda that emerged from the workshop, including meetings to adjust overall Collaborative Effort pians
and to review and support its work group activities, which focused on three main thrusts:

® Supporting the Irrigation Association (IA) as a key representative of the irrigation industry in identifying priority
irrigation related research needs and communicating them to the research community,

® Increasing the amount of collaborative research carried out by Irrigation Industry and ARS scientists and engineers,
and

® Proposing and aupportmg a study by the Water and Science Technology Board (WSTRB) of the National Academy
of Sciences/National Research Council focusing on the future of irrigation in the United States.

FINDINGS: Xey resuits of the Collaborative Effort over the last year inciude (see 1993 and 1994 " Annual Research
Reports” for previous findings)

g the ahors arch Carris angi the : ustry, Activities in this
area have continued to focus on increasing the awareness of irrigation industry and ARS scientists and enginesrs
about opportunities for collaborative research. For the fifth consecutive year, outreach efforts, including "how-to*
information for entering into Cooperative Research and Development Agreements (CRADAs) with ARS, were
extended through the Collaborative Effort exhibit at the 1995 IA Exposition, held in Phoenix. As in previous years,
support for ihe exhibit was provided by the IA and the ARS Offices of Technology Transfer, Interactive Cooperation,
and Information. Staffing for the exhibit was provided by members of the U. S. Water Conservation Laboratory
Irrigation and Water Quality Research Group in Phoenix and the Conservation and Production Research Laboratory,
Bushland, Texas. Plans were initiated at the IA Exposition in Phoenix to explore having an ARS exhibit at future
Texas LA Expositions, °

Through a Collaborative Effort initiative, the December 1995 issue of Irrigarion Business & Technology,
a bimonthly publication of the LA, included the first of what is to be a regular ARS feature on research and other
irrigation and water quality information relevant to the irrigation industry. The asticles will be coordinated by the
office of the National Program Leader for Water Management and Water Quality. ARS irrigation and water quality
locations will be contributors,

® Proposing snd Supporting the Water Science and Technalogy Basrd Irrigation Study. A study, "The Future of
Irrigation in the Face of Competing Demands,” was proposed to the Water Science and Technology Board (WSTE)

! Dedrick and Heermann {(Water Management Research, Ft. Collins, Colorado) are cochnirs of the Collaborative
Effort. Key input to the process has been provided by J, A, Chapmen, Valmont Industries, Valley, Nebraska; L. E.
Stetson, ARS, Lincoln, Nebraska; and S. A. Rish, ARS, Phoenix, Arizons, as Subgroup Co-Chairs; T. A. Howell, ARS,
Bushland, Texas, for development of the "Yellow Pages”; and consultant D, B, Levine (Management/Team-Building
Specialist) for overall facilitation of the Collaborative Effort,
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of the National Academy of Sciences/National Research Council by the Collaborative Effort and initiated by the
WSTB in 1993. Heermann served on the study committee, and Dedrick provided liaison between the Collaborative
Effort Leadership Group and the study committee. Funding was provided by the Irrigation Association, USDA/ARS,
USDI/Burean of Reclumation, Ford Foundation, and Idaho Power Association, The study hag been campleted, and
the report is scheduled for publication in the spring of 1396.

INTERPRETATION: The combined efforts of the irrigation industry and ARS have produced significant
accomplishments, which can be expectad to have continuing impact. Hundreds of industry representatives and other users
have been reached through the annual IA Expo exhibits, the “yellow pages® directory of ARS Irrigation and Drainage
researchers, and other materials, The new ARS article in frrigation Business & Technology will reach a substantial
number of users, one of the specific goals being to provide information on cooperative research opporiunities. The
forthcoming WSTB study report on the future of irrigation willi be made available to the public and other interested
parties. As with earlier WSTB studies, it can be expected to serve as an unbiased, in-depth, examination of the issues
and, as such, ta be used for policy and political decisions. Industry representatives to the Collaborative Effort continue
to note how the process has provided a successful experience in building ongoing interaction, understanding, and trust
between a clienit group, in this case the irrigation industry, and ARS. The approach used with the irrigation industry has
potential as & mode] for building partnerships between ARS and other client groups, especially as ARS moves toward
more client involvement in our research program development and asseasment (i.e., ARS's response to the Government
Performance and Results Act).

FUTURE PLANS: The Collaborative Effort Leadership Group, which last met formally in September 1993, has
continued communication and interaction relative to onpoing nactivities, i.e., maintaining linison with the WSTB study,
meetings of the 1A Research Comumittee, and cutreach efforts. The next meeting is planned prior to publication of the
WSTB study, with one of the goals to assess and recommend publicity strategies by the irrigation industry and others,
including ARS. The other two Collaborative Effort thrusts, i.e., Idenfifiention of Priority Ressarch Needs and Increasing
mmwmwmmﬂmhﬁmmmmmﬁw will be reviewed.

COOPERATORS: Representatives of tbe irrigatien industry and ARS were shown in the 1993 "Annual Research
Report.”
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HIGH-FREQUENCY, SMALL-VOLUME SURFACE IRRIGATION

D.J. Hunsaker, Agricultural Engineer; A.J. Clemmens, Supervisory Research Hydraulic Engineer; and
W.L. Alexander, Agronomist

PROBLEM: The ability to apply light, frequent deliveries of water to crops with microirrigation is well recognized.
However, very few altempts have been made to develop high-frequency, small volume irrigation management strategies
for surface irrigation systems. This is because 1) most teaditional surface irrigation methods are not capable of delivering
small uniform quantities of waler to the field, 2} changing surface irrigation system designs to accommodate smaller
applications may require a large capital investment, 3} increasing irrigation frequencies will likely increase operating
expenses, and 4) more frequent irrigation scheduling will require a higher degree of management.

However, cumulative research suggests that increased irrigation frequency has an effect on crop yields that could be
economically significant. A number of recent research studies conducted in the Desert Southwest have demonstrated
higher yields for surface-irrigated cotton when irrigation occurred more frequently. One investigation reported 25%
higher yields with irrigations applied once every five days during the cotton’s boll development period, rather than once
every 10-14 days. In addition to potentially higher crop yields, surface irrigation systems that can apply small application
amounts uniformly could reduce irrigation water use and decrease deep percolation and fertilizer losses,

In recent years, advances in irrigation technology have brought about a new brand of high-performance surface
irrigation systems that have been implemented successfully. For example, precision land-leveling has made possible the
development and use of level basin irrigation systems, which, when properly designed and managed, allow more uniform
water distribution over the field and smaller water applications.

Partially prompied by the research mentioned above, we conducted investigations in 1993 and 1994 on high-frequency,
small-volume level basin irrigation for cotton. The objectives were to determine the effects of small, frequent water
applications on the hydraulic characteristics and irrigation performance of the lavel basin system and on the water nse,
growth, and yield of cotton; and 1o develop and evaluate the economic feasibility of a high-frequency level basin design
for cotton production in the southwestern United States,

In 1995, we began an investigation on high-frequency irrigation for sweet corn in Coachella Valley, California, in
cooperation with the Coachella Valley Resource Conservation District. The objective of that study was to evaluate corn
yield response to.high-frequency irrigation under a sloped furrow irrigation system,

APPROACH: Details on the procedures for the level basin cotton irrigation studies conducted at The University of
Arizopa, Maricopa Agricultural Center, were previously presented in the 1993 and 1994 USWCL ARRs. Briefly, the
studies were conducted in farm-scale level basins ([4 by 250 m), as well as small basins (10 by 10 m). Two irrigation
managements were inciuded in the studies: 1) low-frequency, large volume irmigation (LF), and 2) high-frequency, small
volume irrigation (HF). The period in which frequent, small volume irrigation was applied to the HF treatment was
generally confined 1o a four-to-five week period coinciding with the boll development stage of the cotton {=during July).
Furrows within the HF treatment were smoothed and compacted three times early in the season using a weighted device
shaped like a torpedo. The tota] seasonal water application was approximately the same for the LF and HF treatments.
Data obtained during the field studies were used to analyze the effects of the treatments on infiltration, soil roughness,
distribution uniformity, evapotranspiration, cotton growth, and final lint yield.

Two level basin irrigation system designs were developed for a hypothetical cotton field (300 by 800 m) in central
Arizona, One system was to be operated at low-frequency irrigation cycles, the other at high-frequency irrigation cycles
beginning at boll development. Systematic, repeated application of the irrigation simulation model, SRFR, was used to
arrive at the desipn length and furrow inflow for each system based on the criteria that the low-quarter distribution
uniformity be greater than 85%. Parameter values for infiltration, soil ronghness, and furrow geometry derived from the
field studies for the LF and HF treatmenls were used in the simulations. The economics of the two systems were
evalualed and compared-by considering-thetosts forsystenrinstaliatiorrfinctoting lamd-leveling; venals, and turnouts);
production, water, overhead, and land ownership costs; and the expected gross income from the cotion produced in the
system. Cotion water use and fint yield wsed in (he economic evaluation were described by the resulls obtained in the field
studies for the LF and HF systems.

Sweet comn grown under high-frequency furrow irrigation was studied in the Coachella Valley in 1995 on a local
grower's field. The com was planted in mid-Jannary and harvested in early May 1995, The field length was 385 m, and
the gradient was 0.20%. The end of the field was blocked to eliminate surface runoff during irrigation.
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Several irrigations were applied to the corn during February and March. In early April, two sections of the field, each
consisting of 13 rows of com, were identified gs treatments for our study. Between April 6 through April 27 (silking and
yield formation), one section (high-frequency) was irrigated twice every three days, while the other section (low-
frequency) was irrigated once every three days, During that period, water application depths for the high-frequency
section were on the order of 12 mm, while they were about 18 mm for the low-frequency section. Field measurements
made during irrigations included furrow inflow and duration, furrow advance time, and surface water elevation.
Measurements made before and efter irrigation included infiltration and soil water content. In each section, the entire
Iength of one central row of corn was hand-harvested on May 3.

FINDINGS: Some of the findings from the level basin field studies were presented in the 1993 and 1994 USWCL
ARRs, Table 1 summarizes several of the key findings from the studiea.

Figure 1 shows the high- and low-frequency level basin system designs that were implemented on the hypothetical field
in central Arizona, respectively. Fipure 2 shows a comparison of the annusl costs of the two systems that were associated
with system ingtallation, water, cotton production, overhead, and land ownership for the two systems. The price for
irrigation water was assumed to be $0.42 per mm-ha ($52 per ac fi). Figure 3 shows the total anoual costs and the
expected gross incomes for the two systemna, The cotton price was assumed to he $1.61 per kg lint ($0.73 per Ib).

All of the results from the 1995 sweet corn study have not been analyzed. However, preliminary results indicate that
the corn yield was 14% higher under the high-frequency than low-frequency schedule.

INTERPRETATION: Devices to amooth and compact furrows, such as the torpedo device used in this study, can
significantly decrease soil roughness and increase water advance across furrows during early season irrigations, Applying
frequent irrigations during rapid boll development significantly decreased infiltration, However, the low-quarter
distribution uniformities were generally lower than those for the low-frequency treatment when the smaller applications
were given during boll development. Although applying high-frequency irrigation during boll development produced an
average lint yield 10% higher than the low-frequency, the increase was somewhat lower than that found by other
investigators,

The advanlage for the low-frequency over the high-frequency system was that a longer field length could be used in
applying uniform water applications. Although this reduced canal costs compared to the high-frequency design, that cost
benefit was offset by higher land leveling costs, Consequently, the instailation cost for the two systems was nearly the
same. Although the total cost required to install and produce cotton with the low-frequency system was slightly lower
than the high-frequency system, the economic analysis suggested that the high-frequency system was more profitable,
The most prominent economic benefit from high-frequency level basin management is potentially higher yields, Based
on yields obtained in the field stidies, the 10% higher yield for the high-frequency treatment represented s gross income
=$230 per ha above that for the low-frequency. A difference in gross income of that magnitude could make high-
frequency design and management appealing to growers operating under a small profit mnrgin,

FUTURE PLANS: Further studies of high-frequency irrigation management are needed to establish specific practices
that optimize yields under surface irrigation. Development of high-frequency, small volume level basin irrigation will
continue in 1996, Future work includes plans to evaluate the effect of continning high-frequency irrigation beyond the
boll development period. Additional studies will be continued with corn and other surface-irrigated vegetable crops.

COOPERATORS: D.D. Fanpmeier, Department of Agricultural and Biosystems Engineering, The University of
Arsizona; and Don Ackley, Coachella Valley Resource Conservation District, Indio, CA.
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Table }. Summary of key findings from the 1993 and 1994 Jevel basin studiea.

Parameter . Finding
Sail Roughness The Manning roughness coefficient was reduced during early season irrigations
by about 50% in furrows that were torpedoed.
Infiltration Infiltration was reduced by 25% in the high-frequency treatment during the boll
development period.
- Distribution Uniformity The low-quarter distribution uniformities were 4 to 10% lower in the high-
frequency treatment during boll development.
Evapotranspiration There was an average increase in evapotranspiration of 6% in the high-
frequency treatment,
Final Yield Lint yields averaged 10% higher in the high-frequency treatment. l
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Figure 1. Field configuration for high-frequency (a) and low-frequency (b) designs.
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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 locally in excessive amounts,
leading to wastage and to pollution of surface and groundwaters recsiving the excess. The interaction of the many
variables significantly influencing the movement of irrigation streams down fields, and, ultimately, the distribution of
infiltrated water and the amount of runoff from the irrigation, is too complicated for simple calculation. A mathematical
model--a numerical computer solution of the pertinent governing equations--supplied with the conditions of the irrigation
can, on tbe other hand, allow rapid determination of tbe comsequences of a given physical layout and proposed
management procedure, Systematic, repeated simulation aliows determination of design parameters to yield optimum
uniformity of infiltrated water and minimum runoff from the end of the field. This, in turn, can reduce the degradation
of groundwater supplies by excess irrigation water, contaminated by fertilizers and pesticides, percolating below the root
zone of the crop. Similarly, reduction and re-use of field runoff protects surface-water supplies downstream from
irrigated fields.

Current models of surface irrigation require further development to extend the range of conditions they are designed
to simulate and to increase the reliability of their mathemstical procedures. New irrigation techniques generally precede
aitempts at simulation, so models must be revised to allow theoretical study of the innovations, Furthermore, present
models do not always complete a simulation. A variety of physical conditions that can derail a simulation include streams
that shrink in length following, say, cutback; very low flows in furrows or borders that exhibit variations in properties
with distance; and following surges overtaking earlier releases. The current ARS surface irrigation model, furthermore,
requires data entry more complicated than many potential users are willing to negotiate.

Most current models, furthermore, are limited to one-dimensional flows, for example, single furrows, or border-strips
with zero cross slope and a uniformly distributed inflow at the upstream end. Large basins are currently being irrigated
from a single corner inlet, or from one placed in the middle of a side. The flow spreads out from the inlet in all possibie
directions, and any one-dimensional simuiation of the distribution of infiltrated water must be viewed as a very coarse
approximation. Furthermore, actual departures in the basin surface from a theoretical horizontal plane influence the flow
of water thereon, with the irrigation stream concentrated in the lower-lying areas; this has significant potential for
affecting infiltration uniformity. Only a two-dimensional model can simulate these factors with any accuracy.

APPROACH: For one-dimensiona] simulation, user-friendly, menu-driven data input and output, the latter aa graphs
and text, are linked to a reliable simulation engine based on the universal Jaws of hydraulics. Constants in commonly
accepted empirical equations for infiltration and roughness are entered as input. Program development involves extensive
coding in both FORTRAN and C++. '

Two-dimensional simulation is also based on hydraulic principles. Under the assumption of flow velocities small
enough to allow neglect of accelerations (well established in the surface-irrigation context), force components in each of
two mutually perpendicular diréctions on the field are in equilibrium. The resulting parabolic partial differential equations
in the two directions and time yield a wave-like solution encompassing both wet and dry areas of the field. Calculated
depths of flow in the nominally dry areas are many orders of magnitude smaller than those calculated within the irrigation
stream, making demarcation of a nominal advancing wetting front easy. Infiltration is assumed to begin only afler this
wetting front arrives, and to stop after the calculated depth drops below a specified small value,

FINDINGS: Release of a user-friendly, menu-driven one-dimenstonal surface-irrigation model, SRFR, version 3.0, has
been delayed, but is approaching eompletion and distribution to cooperating researchers. The combination of a graphical
user interface for input and output (consisting of ZINC menus programmed in WATCOM C-++ code) linked to a
simulation engine (writtenr-and-compited-in WATCOM-FORTRAN)-has proved-reasonably-reliable (certain run-time
errors, however, lead to a keyboard freeze requiring a re-boot). The result is a single 1.6MB executable file. On
contemporary PCs possessing extended memory beyond the 640K DOS range, execution is enabled through the DOS4GW
memory manager distributed by WATCOM.

A pilot version of a two-dimensional model allowing specification of variable bottom elevations has been constructed
on the basis of a nonlinear, implicit mmerical scheme with the resulting sirmultaneous equations solved for a series of one-
dimensional formulations in alternating directions at each time step (Tamimi, 1995). With isotropic roughness, the drag
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force at any location in the field is oriented collinear with and opposite in direction to the vector velocity of flow; the
hydraulic conveyance in this case is a scalar, For anisotropic roughness, e.g., as the result of some tillage practices which
leave small corrugations parallel to one side, the drag and velocity vector are not collinear; i.e., the gradient of water-
surface elevation lies at some angle to the resultant flow velocity. In this case, the conveyance is a tensor quantity.

The model was subjected to some preliminary testing in both one~dimensional and two-dimensional contexts. Results
from a one-dimensional subset of the model were compared with the results of SRFR, which limits computations to the
wetted portion of a border-strip or basin, expanding and contracting the region of computation with the advance and
recession of the irrigation stream. Figure 1 compares the two calculations of advance, recession, and the distribution of
infiltrated water for a basin exhibiting 10 mm standard deviation in bottom elevations. The agrezment suggests that the
two quite different numerical techniques both really do solve the ono-dlmens:onﬂl partial differential equations of surface
irrigation hydraulics.

Two-dimensional testing utilized field data gathered in & 3 ha essentially rectangular basin on the Gila River Farms,
an agricultural enterprise within the Gila River Indian Community. The flow to the inlet to the basin, in the middie of
a long side, was monitored, as were flow depths at some 28 points in the field; before and after the irrigation, the field
was surveyed for elevation differences. Figure 2 shows the simulated advance contours—successive positions of the
wetting front at 15-minute intervals, while figure 3 is a comparison of measured and simulated advance, in terms of
fraction of total area wetted as a function of time. Figure 4 shows a similar comparison of measured and simulated
recession.

INTERPRETATION: To make a sipnificant impact on surface-irrigation design and practice, computer models of the
process must be of broad scope, fast, and reliable, yielding simulations for every reasonable combination of
circumstances, and with convement user-friendly data input and graphical display of the results of any given set of design
and management parametera. This is the aim of cusrent development in both the one-dimensional and two-dimensional
contexts., A simulation model capable of providing quick results for various test combinations of design and management
parameters would allow these to be optimized.

FUTURE PLANS: Current deficiencies in one-dimensional-mode]l behavior as outlined above will be addressed,
exploiting the ZINC-WATCOM development-aoftware combination. The pilot two-dimensional model will be extended
to non-reciangular, field configurations, and numerical solution parameters will be adjusted automatically in response to
solution behavior; a general review of these parameters will be undertaken with the aim of speedy, robust performance,
Additional field verification will be sought. :

COOPERATORS: D.D. Fangmeier, University of Arizona; Dr. Behzad Izadi, University of ID; Keith Admire, Natural
Resources Conservation Service (formerly, SCS), Dexter, MO; Marshall English, Oregon State University, Gila River
Farms, Pinal County, AZ

REFERENCES: Tamimi, Akrum H. 1995. Two-Dimensional Transient Flow in Non-Level Irrigation Basins.
Dissertation submitted in partial fulfillment of the requirements for the Ph.D, degree, University of Arizona. 160 pp.
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SOFTWARE FOR THE DESIGN AND MANAGEMENT
OF SURFACE IRRIGATION SYSTEMS

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

PROBLEM: Surface irrigation, in general, is perceived as an inexpensive low-efficiency method of irrigating crops,
bound by inherent characteristics and traditional practices to wasting much if not most of the water applied. Furthermore,
irrigation water that passes through a farm and exits either as runoff into surface drainage or as deep percolation heading
to an aquifer is often chemically changed through contact with soil salts, fertilizers, and pesticides. More efficient
irrigation would reduce remm flows from irrigation to a minimum and so reduce the potential for contamination of surface
and groundwater supplies.

Suggested altematives include conversion to sophisticated high-tech equipment for point application—microirrigation—or
simply retiring agricultural land out of production. While limitations on application efficiency do exist, depending upon
specific field conditions, current procedures for designing field dimensions and operational parameters are simply
inadecpaate. The complexity of surface-irrigation hydraulica has led to design and management that are largely empirical
and often greatly dependent on individual judgment and experience; formal design procedures like those of the NRCS are
based in part on broad assumptions of uncertain applicability.

In recent years, the hydraulic complexity of surface irrigation has been largely overcome through the development of
simulation software based on the universal laws of hydraulics and capabie of predicting the performance of an irrigation,
given extant field conditions, physical layout, and operational parameters. Each simulation, however, taking anywhere
from a fraction of A minuie to several minutes to perform on contemporary PCs, yields the results for just one set of
conditions. Before such resulls can be used in design, some procedure is needed to lead the user from a trial set of design
parameters to a better one, in the search for an optimum, Further, a program for design should indicate what the hest
possihle performance can be, as limited by extant field conditions, as well as how to achieve it. And it should indicate
how management should respond to changes in field parameters over the course of a season,

Recently, sophisticated design and management criteria, based on a database of previously calculated simulations, have
been applied to laser-leveled surface-irrigated hasins. As a resuit, efficiency of water application on such basins can be
achieved at a level approaching that of microirrigation, at far less expense. For sloping fields with tailwater runoff, on
the other hand, efficiencies of water use lag that in level basins by 20% or more. Yet such fields represent the
predominant lnyout in many areas, in the U.S. and abroad. Conversion to level basins is not always technically feasible,
as when field siope is great and agricultural soils shallow, Furthermore, the cost of conversion to Jevel basins or capital-
intensive systems like LEPA (low-energy precision applications) or microirrigation can be substantial. With irrigated
farming in many parts of the world under severe economic pressure, attainment of conservation goals without expensive
conversions is especially attractive.

APPROACH: Any indicator of performance P, of an irrigation depends on field characteristics (infiltration, siope, and
roughness), target depth of infiltration, d,,,, border-strip or basin dimensions (length L and width W), and inflow rate 0,
and application time r,,. In other words, F,=flk, @, §;, n, 4,,, L, W, @, .1, ). It is assumed that the dependence of
cumulative infiltration d on opportunity time T can be esfimated by the empircal Kostigkov formula, d=k 7, battom slope
is uniform and given by §,, and roughness can be characterized by the Manning n. The first four arguments are given
field characteristics, and the remainder are design ond management parameters. The purpose of the software is to provide
the function f for a series of pertinent performance indicators P,.

To provide this capability, a large number of simulations is performed, once and for all, to form a database for a design
program. Interpolation amongst the tabulated values in the data base allows solution within a continuous spectrum of
independent variables. Indeed, in earlier studies, thousands of dimensionless simulations were performed.
Nondimensional representation-was employsd to allow coverage, with oly this number of simmlations; of a very broad
spectrum of irrigations in level basins and in sloping borders with tailwater runoff, In the simpler case of level basins,
coordinate transformations coupled to successions of simulations led to a store of dimensionless data on uniformity,
advance time, etc., as functions of unit inflow rate and basin length. From these data, all pertinent performance
parameters can be denved for any real basin,

In the sloping border case, dimensionless simulations were performed in hypothetical border strips of such great length
that the stream never reaches field end, The dependent variables stored from each run were the length and shape of the
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distribution profile of infiltrated water; any infiltration calculated beyond actual border-strip length constitutes the runoff
for that border strip, It proved possible to fit the distributions of infiltrated water for the various simulations by a two-
parameter function, Given a real or hypothetical design border, all the conditions governing the irrigation are known,
and it could be simulated, But in the design approach, the commensurate dimensionless input variables can now be
determined for entry into the stored data, and any performance indicator of interest (distribution uniformity, runoff,
application efficiency, etc.) can be derived from the resultant shape parameters far more quickly. The capability of
determining the results of any simuiation within a second or two supgests presenting a whole screenfull of information
on the variation of chosen performance parameters with design input parameters varying over a wide range. Such curves
could show the performance possibilities for the given field conditions as well as the necessary values of design
parameters to achieve a given level of performance.

In both level hasins and sloping border strips, dimensionless advance vs, time curves were also stored to allow either
cutoff time ¢, or advance distance at cutoff R to represent the durtion of the application. Design based on R is potentially
a significant improvement, since that is often how such systems are actually operated.

FINDINGS: Software for designing level basing is now in its second release (version 2.0), The principle performance
indicator is distribution uniformity, DU, After specifying the field conditions ( with 5,=:0) and target depth, the user,
in design mode, can specify three variables out of the four—L, W, @, , DV, and the program supplies the remaining one,
as well as 7 (or R). In evaluation mode, in essence an essentially instantaneous simulation, the user specifies the field
parameters, dimensions, inflow and cutoff time (or K}, and the program yields DU and the minimum or low-quarter depth
in the infiltration distribution.

Software for sloping border strips, injtialed under contract with the Arizona Department of Water Resources (ADWR),
is nearly complete, A surface—u'ngatmn software user and advisory group, established to review this work, has had the
opportunity to view the capabllmcs of the program. For example, ﬁg'ure 1 shows the graphical output of the evaluation
mode. The distribution of infiltrated depths and the values of a series of performance indicators for a particular set of
field conditions and design and operational parameters are shown, Figure 2 displays contours of a particular performance
indicator, potential application efficiency, for given field conditions, an available maximum stream size, and a given target
depth of infiltration. The design variables here are the border-strip length and width. The contours show what efficiency
iz passible for the given field conditions, as well as what combinations of length and width will achieve it. Since it takes
only a few seconds to generate the contour map, & series of such graphs for different target depths, or for changes in, say,
infiltration characteristics over a season, can be printed out in hard copy, or tiled on the screen, for comparisons.

Faced with an established physical design (£, W) in a given field, variation in the management parameters g, and ¢,
{(or R) determine performance. Figures 3 and 4 exemplify resuits of the mapagement mode in the software. Figure 3
shows the low quarter depth of infiltration for various combinations of inflow and application time, while figure 4 shows
the corresponding potential application efficiency.

INTERPRETATION: There is potential for water conservation and reduction of influx of agricultural chemicals into
the environment by improved design and management of surface-irrigation systems. Efficiencies can be limited by field
conditions, but significant improvement over common current values is feasible. Software based on mathematical
simulations of irrigations can assist greatly in optimizing water use. A fast, reliable, user-friendly computer program
showing the response of the irrigation systern (o variations in trial design conditions should be sattractive to potential users.
These users would most likely be those persons advising growers—mobile evaluation laboratory personne!, NRCS field
personnel, extension personnel, consultants, and irrigation district personnel.

FUTURE PLANS: The BASIN program will be provided with a component accounting for the influence of imperfect
leveling, The BORDER design program will be completed for release. On-line and hard-copy documentation will be
prepared. A proposal for extension of the sloping-field design prugram to furrows, the predominant method of surface
irrigation, is under teview-by-the ADWR.

COOPERATORS:; Alan Fehrman, ADWR, Phoenix; Harold Blumne, Natural Resources Conservation Service (formerly,
SCS), Phoenix; Kris Johnson, Buckeye-Roosevelt Natural Resources Conservation District; D.D. Fangmeier, University
of Arizona; Ed Martin, University of Arizona Cooperative Extension.
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MODELING THE INFLUENCE OF LAND LEVELING PRECISION ON
SURFACE IRRIGATION PERFORMANCE

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

PROBLEM: Surface irrigation systems inherently distribute water nonuniformly over the land area to be irrigated. This
nomuniform distribution of water can canse a number of problems. First, areas receiving too little water can experience
crop stress, yield reductions, and, from insufficient downward movement of water, salinization. Those areas receiving
too much water can leach fertilizers and contribute to rising water tables, again leading to salinization. Farmers tend to
over-irrigate so that their crops will not be stressed from underirrigation. However, this leads to excess deep percolation
and rising water tables on adjacent lands. These problems are much more acute on reclaimed lands. Poor irrigation
uniformities increase the amount of time neaded to bring reclaimed land into full production.

One of the main contributors to surface irrigation uniformity is the precision of land leveling, Greater precision is
needed as land slopes get flatter, with level basins requiring a high degree of land leveling precision in order to obtain
reasonable uniformities. Experiences in the U.S. indicate significant improvements in irrigation uniformity and efficiency
with improvements in leveling precision on level basins. While some information on leveling precision and its influence
on production is available, the degree to which leveling precision in Egypt and elsewhere affects crop production and
water management is not fully known,

Mathematical models of the advance and recession of water over a surface irrigated field are useful tools for predicting
irrigation uniformity and efficiency. However, currently available models can handle only major undulations in the field
surface, and only in one dimension. They can fully model neither the two-dimensionzl nature of water flow in basins nor
multiple furrows,

APPROACH: NARP, through OICD, has funded a cooperative project with the above title between this research unit
and Moshtohor University in Egypt. Existing surface irrigation models are used in this study to take a first look at the
effects of surface irregularities on uniformity. Part of this project is to extend the existing irrigation models to multiple
furrows and/or two dimensions so that they can more adequately handle real field conditions, Field data were collectad
to determine existing conditions in Egypt and for verifying the models developed. Existing land leveling and tillage
practices are being evaluated to determine their influence on leveling nonuniformity. Finally, assessments will be made
regarding the magnitude of the impact of poor land leveling in Egypt, and design and management guidelines will be
developed to aid in moking decisions for improvement in surface irrigation practices, including recommendations on
leveling and tillage practices. This is expected uitimately to improve the effectiveness of water use in irrigated
agricuiture, both in Epypt and the U.S.

FINDINGS:

quﬂmﬁnldmndmmm_daﬁmd Nile cracking clay soils behave somewhat differently from typical cracking clay soil
in the U.8, in terms of infiltration properties. These soils exhibit a hiph final infiltration rate relative to typical U.S. clay
goils {(cracking and noncracking). This significantly affects the field designs (inflow rates, lengths, etc.). Soil resistance
to flow also proved to be much higher on Egyptian soils, partially due to the large clod sizes under current tillage
practices. Crop resistance to flow also appears to be much higher, likely due to higher planting densities. The effect of
higher flow resistance is to require larger inflow rates and shorter basin lengths to achieve good uniformity.

Irrigatinn simulation medels verified: One aim of the field experiments was to provide independent verification of the
SRFR simulation model for borders, basins, and furrows, These studies showed that the advance of the irrigation stream
could be predicted accurately if sccurate estimates of infiltration and roughness parameters were provided. Further
improvements were made in the simutation model's ablllty to handje hlghly undulating field surfaces; i. e., thase typical
- -of Egyptian traditionel develing-practices.

Furrow specing: Preliminary studies indicate that for modern long-furrow irrigation, furrows spaced at 75 cm
performed better than furrows spaced at 60 cm. This resulted from a larger furrow cross section and, consequently, the
larger flow rates that could be applied. Increasing the spacing to 1 m did not significantly improve performance.

Baain inflow rate: Preliminary studies indicate that inflow rates to long wheat strips need to be above 2 lps/m (e.g.,
3 to 4 Ips/m) to overcome small-scale roughness effects that cause slow advance and poor efficiency, This is shown by
the values of Mamning n and depth infiltrated at one hour given in Figures 1 and 2. Manning n values drop sharply above
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2 lps/m and after the first irrigation on wheat. Irrigation uniformity was also improved when furrow flow rates on cotton
wera above 2 lps per furrow,

Anzlysis of uniformity sffects: Simulation studies indicate that statistical procedures can be used lo evaluate the
influence of a nonlevel field surface on irrigation uniformity. Figure 3 shows a comparison between the proposed
statistical equation for low quarter distribution uniformity (SDU,) and the results from Monte Carlo simulation when the
effects of land leveling precision were included. Here agreement is very good. However, the effects of field nonlevelness
on advance was greater than anticipated. Figure 4 sbows a comparison between SDU,, and the DU, from simulation with
SRFR when a nonlevel field surface was used as input. The difference between Figures 3 and 4 resulis from a slowing
of advance due to the non-level surface. (This is only one of several comparisons; others are worse). SRFR, however,
overestimates the influence of field nonlevelness since it simulates a representative wnit width of field (i.e., the same
elevation across-the width). Variations in elevation across the width would reduce the differences suggesied by Figure
4. Fursther study with a two-dimensional model is needed to properly evaluate this effect and ita implication on long-
basin/furrow design.

Laser land leveling: Field studies on wheat showed that laser ]and leveling with mechanized planting provides
significant improvement in germination, crop stand, harvest time, and profit, For example, grain yields were increased
from 1.5 ton/fed to 2.5 ton/fed; combine-harvesting time was reduced by 36%, and profit increased from LE 232/fed to
LE 1299/fed (one feddan is approximately 1 acre,

Seedbed preparation: Use of a rototiller following chisel plowing for seedbed preparation resulted in a potentially
significant reduction in tillage cost. Chisel plowing alone required five passes to provide the proper seedbed, while the
rototiller-chisel plow combination required two passes, one with each implement. Fuel cost was reduced by more than
70% from 25 to 6 liters of fuel per feddan..

INTERPRETATION: Improvements in tillage/irrigation methods have the potential for making significant improvements
in productivity and water management on the surface-irrigated Jand within Egypt. It has been found that tillage and
irrigation practices must be improved in combination to obtain the positive results from each and from other agricultural
inputs. Achievement of this goal will require significant extension effori~hand-in-hand with additional applied research—
to asgure that these methods are properly applied.

The application of mathematical models to problems in Egyptian irrigation have provided U.S. irrigation experts with
additional tools fo analyze surface-irrigation efficiency and uniformity, which can be used to provide appropriate
recommendations for design and management of surface irrigation systems.

FUTURE PLANS: This project hus been officially terminated. Some cooperation is expected Lo continue in finalizing
manuscripts for publication based on the cooperative research. Further, more analysis needs to be performed with the
2-D model to determine the true impact of basin nonlevelness on 2-D basins. Better guidelines and analysis of uniformity
can then be implemented within the jevel-basin design program, BASIN.

COOPERATORS: Z. Ei-Huddad, M. El-Ansary, and H, Osman, Department of Crops and Agricultural Engineering,
College of Agriculture, Moshtohor Zagazig University, Egypt; and D. Fangmeier and A. Tamimi, U. of Arizona,
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CANAL BEHAVIOR AND RESPONSE TO TRANSIENTS

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

PROBLEM: Efficient use of irrigation water often depends on the timely availability of the required flow rates for the
required period of time. But even if the supply system consists of expensive pipelines, there is no guarantee that with
a large number of users on a line, the pressure required to deliver a required rate at a distal point would be available.
In the case of the far more economical and prevalent canal supply systems, delivery upon demand is considerably more
problematic. In a closed conduit, even though pressure drops can limit the outflow at any offtake, any changes in flow
anywhere are immediately reflected throughout the system. In an open channel, with the water surface free to rise or fall,
changes in discharge propagate as large-scale gravity waves, moving not much faster than the water velocities themselves.
It could be hours before a demand initiated at a downstream point can be satisfied by increases in discharge at the
upstream end, if at all.

These circumstances have led, on the one extreme, to the common practice of prior scheduling of user demands for
canal operations, i.e,, making the appropriate pump and control-gate settings in advance. At the other extreme, a variety
of supervisory or feed-back control schemes have been proposed to respond to demands initiated at will by a user. Even
with advance scheduling, the setting of the gates is often based on the subjective judgment and intuition of personnel with
varying degrees of experience; it is ofien inordinately time-consuming and inaccurate. Measures appropriate to anticipated
demands are being studied with inverse schemes of solving the governing flow equafions. Strategies for contro] based
on measured canal responses to varying demands, in a feedback loop, are also being considered,

Experience shows, bowgyer, that in any case, given control measures have different degrees of success in different
canals, depending upon slope, discharge, and other canal-flow parameters, so far in an unpredictable way. This report
deals with quantifying the influence of flow properties on canal response to control measures.,

APPROACH: A change in flow rate in a canal is generally accompanied by a change in water-surface profile, even after
the transients initially induced by the change have dissipated. The resulting changes in volume of water within the canal
can be influenced by exercising the gates or other control structures. In any event, whatever the change in volume
induced by new flow conditions, a finite fime is required for a mismatch in inflow and outflow to produce it. This time
is related to the time to establish the new conditions. Thus, even the study of a succession of steady states is useful in
predicting the response time of a canal to changes in regime. Experiential evidence indicates that such predictions
constitule an approximation to transient canal response as well. Comparisons of resuits based on the simplified sieady-
state theory with those based on the full Saint Venant equations of unsteady flow should delincate the degres of
approximation as a function of canal properties and the timing of imposed transients.

An experimental, generic model of unsteady flow is used in the study instead of existing industrial models because of
the flexibility in internal and external conditions afforded by the custom model and to allow input and output in
dimensionless terms. This means referencing all discharges to an initial steady-state flow rate, all transverse dimensions
(depth, width, elevation, ete.) to normal depth at the reference discharge, all Jongitudinal lengths to normal depth divided
by bottom slope, and all times to a reference time equal to the time to traverse the reference length at normal velocity.
In this way, a broad range of canal parameters—base width, side slopes, bottom slope, roughness, length, gate openings,
and initial discharge—can be covered without calling for an inordinate amount of experimentation and complexity in
presenting results,

The method of chamacteristics was selecied as the solution mode for transient flows because of its theoretical correctness
and its potential for disclosing facets of flow behavior that could be missed by more npproximate schemes. While the
model cannot as yet simulaie flow after formation of a bore, this condition is not common, and since calculation stops at
the computed inception of a bore and an alert printed, there is no danger of spurious computations, The numerical
solution scheme serves az-a-subroutine4era-calling program thet-antomatically-varics dimersionless input parameters over
given ranges. Select measures of canal response are output to a file, ane record per simulation, After an appropriate
group of simulations has been run (perhaps several hundred), the data from the output file are analyzed and plotted by
a separate stand-alone program,

FINDINGS: Curves characteristic of possible steady states in a canal poo] have been constructed on the basis of checked-
up water-surface profiles behind control gates, calculated at various flow rates. These show pool volume as a function
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of flow rate and checked-up depth. Figure 1, constructed for a particular pool geometry, shows how operation of the pool
to maintain a constant downstream depth in spite of a 6 m*/sec change in flow rate (vector A) requires the addition of
21000 m* to the pool (about 1 hour at 6a7 /s). Vector B depicts a constant-volime operation achieved by adjusting the
gates to yield a downstream depth change of -0.15 m.

Typical unsteady pool response to a sudden increase in the flow of a downstream offtake under conditions of "ideal
control” without anticipation of flow changes, i.e., simultaneous, exact replacement of the offtake discharge at the
upstream end, is displayed in figure 2. In this scenario, with the gate opening fixed, the offtake withdrawal takes place
at the expense of pool volume until the replacements initiated simultancously at the upstream end arrive. The wave motion
generated hy the offtake results in a drawdown in depth there (offtake flow, for simplicity, is assumed fixed, as if
pumped). The curves, for a broad range of hydraulic conditions, and wnthdrawa.l of 60% of the initial flow, show
maximum depth reduction in ratio to initial depth.

Figurea 3 and 4 show the results of a different scenacio. Here, in anticipation of downstream withdrawals, a 10% step
increase in flow is initiated at the upstream end of a pool. In consequence of the canal-pool hydraulics, the step is
smeared over time (and with distance, as the wave propagates into the pool) to result in the flow bydrographs shown for
the end points and quarler points along the length. Smearing, the deformation of the supply wave from a step to a ramp,
is shown by the time delay between the arrival of the beginning of the wave, corresponding, say, to 10% of the total step
change, and that of the bulk of the wave, say, characterized by the 85% point. The extent of the smearing depends upon
distance from the upstream end and somewhat on the Froude number of the flow; it is heavily dependent on the specific
downstream-boundary structure, Figure 3 compares the canal response for three downstream boundary conditions: 1)
a submerged, undershot gate, very common in canals, 2) normal depth, a theoretical condition corresponding to a long
length of prismatic canal downstream from the subject reach, and 3) a Jong-crested (duck bill} weir designed to pasz small
or large flows with little change in head. Figure 4 quantifies the functional dependence for a pool of rectangular cross
section, initially checked up to 1.25 times normal dep!.h

INTERPRETATION: Steady-state analysis yields important results, valid for at least the end points of a traussitory
phenomenon. Its applicability during the period of the transient remains under investigation,

Unsteady-flow analysis shows that even under conditions of perfect control, replacing offtake demands with upstream
flow increases takes time, and that until the replenishments arrive in sufficient quantity, the depth at the offtake continues
to fall. The longer the canal, the greater the offtake, and the greater the Froude number of the initial uniform flow, the
greater is the maximum drawdown, Curves such as in figure 2 quantify the behavior and can show when a.-mczpm'ory
regulation is mandatory, to prevent excessive drawdown.

Figures 3 and 4 highlight the overriding influence of the downstream stage-discharge relationship on supply-wave
deformation. Further, they quantify the expected effect of pool length and the relatively minor influence of Froude
onumber, The toe of the wave arrives at about the same time with each different downstream structure, while the bulk of
the wave (85% of the total upstream step change) arrives significantly later for the gate than for the weir. Much of this
delay can be viewed as a response to the higher depths of flow {and hence greater pool volumes) required to pass the
increased discharge through the gate opening than over the long-crested weir. This supporis the use of such weirs as
control structures.

FUTURE PLANS: Canal response to additional contro] scenarios will be investigated, including a specified inline
ountflow hydrograph. The steady-state approach exemplified in figure 1 will be compared to analyses explicitly treating
the unsteadiness. The ranges of parameters in ideal-control and anticipatory-step-increase scenarios will be extended.
For comparison with the method of characteristics, the generic canal mode] will be extended to include additional
conh‘ohstmctnm elements and upstream and downstream boundary conditions and multiple pools, as well as an implicit,
ed-grid numerical solution scheme common in industrial models. Simulating additional regimes of flow behavior, such

as supercnt:cal flow and bore prupagnt:on, will also be mvestlgated

COOPERATORS:; Jean-luc Deltour, GERSAR-SCP, Societe du Canal du Provencc, Aix-en Provence, France; Charles
Burt, California Polytechnic State University, San Luis Ohispo, CA.
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Figure 3. Discharge hydrogmphs in a canal pool at: the upstream end, 1/4, 1/2, 3/4 and full-length points, Step increase
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INVERSE COMPUTATIONAL METHODS FOR OPEN-CHANNEL FLOW CONTROL

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

PROBLEM: Gate stroking (Wylie, 1969; Falvey and Luning, 1979) is one of several methodologies currently available
for regulating open-channel flows, The objective of the method is to determine the aperational schedule for the canai’s
control structures that will deliver a predetermined demand schedule. The algorithmn is based on solution of the equations
of unsteady open—channel flow. In contrast with typical routing simulations, which begin at an initial time and proceed
forward in time, gate-siroking computations begin at the downstream boundary of a canal pool, where the demand is
specified, and then move upstream (i.e., backward in the space direction) uatil reaching the canal’s upper boundary.
Thus, gate-stroking is also known as inverze openchannel flow computation. Implementation of the method requires prior
knowledge of the demand schedule and central control of the regulating structures.

The gate-stroking approach has found limited application in the field due to practical constraints, Still, the method is
valuable in that it can be used to analyze the control requirements of a delivery system under different operational
scenarios, Surprisingly, it has not been used exiensively for this purpose, perhaps because of its mathematical complexity.
Wylie's (1969) and Falvey and Luning’s (1979) gate-stroking solutions are based on the method of characteristics and are
computationally delicate. Finite-difference solutions of the open-channel flow equations are potentially more robust than
characteristica solution and, thus, several authors have tested their application to the gate-stroking problem, In 1994, a
study was initiated to compare two finite-difference inverse algorithms, one implicit (Cheverean, 1991) and the other
explicit (Liu et al, 1992), with the method-of-characteristics solution. The objective of the work is to identify an inverse
algorithm that can be used reliably under a wide range of control scenarios and to use the model to study the
controllability of open-chﬂ.ii’.nel water delivery systems,

APPROACH: Studies on the controllability of canals have focused on understanding how transient waves created by
upstream or downstream disturbances behave in time. This type of analysis requires multiple simulations with a
conventional routing mode]. A related problem, illustrated in fgure 1, is to characterize the magnitude of the upstream
disturbance (dotted lines) that needs to be applied at upstream control points (e.g., gate structures) in order to achieve a
given change in downstream canal supply (solid line). Upstream hydrograph features of interest include the peak depth
and discharge and the duration of the transient, This problem can be studied by performing multiple simulations with a
gate-stroking model.

Tests conducted during 1994 showed the limitations of the existing finite-difference and characteristics-based gate-
stroking algorithms (Bautista et al, 1995). Based on the approach presented by Chevereau (1991), an implicit nonlinear
finite-difference gnte-stroking solution was proposed (Bautista et al, 1995). Additional tests were conducted in 1995 with
the improved model and, in view of the positive results, it was selected as a basis for conducting a study on canal
controllability, Given the relatively slow performance of the available computer code and the large number of simulations
that will be eventually conducted, the code was translated to a faster programming language. To further reduce the
computational effort, the number of design parameters needed in the study was reduced by adopting a nondimensional
formulation of the governing equations. '

FINDINGS: Solutions computed with the nonlinear implicit finite-difference model showed that it is nearly as accurate
and more robust than the characteristics-based model. The upstream hydrographs computed with the finite-difference
model can exhibit some numerical damping for very rapid changes in demand in comparison with the characteristics
solutions (i.e., the characteristics-generated hydrographs show sharper peaks). However, when the solutions produced
by either model are fed back into a forward sitmulation model, the resulting downstream hydrographs are far more similar
than the upstream discharge hydrographs. Since gate-stroking sofutions usually can not be implemented exactly in the
field, the damping introdueed by-the-finite-difference-algerithm-will- likely-not-sompromise the-usefulness of the gate-
stroking solutions.

The type of canal relationships that are being studied is illustrated next. Figure 2 shows the specified demand
hydrograph for a canal pool with particular nondimensional chamcteristics. The dimensionless system of variables used
is described in Strelkoff and Clemmens (1995). In that system, depth is expressed relative to normal depth Y, for the
given design inflow Q,, while velocity is expressed relative to ¥ , the normal velocity. With these definitions, the
dimensionless depth and velocity at normal flow, Y,* and V_*, respectively, are both equal to one. If the canal cross-
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section is trapezoidal, it follows that the dimensionless normal area A *= Q,* = b* + z , wilh b* the dimensionless
bottom width and z the side slope (H/V). For canals of uniform slope S; and Manning roughness n, their dimensionless
equivalents are equal to unity. A family of hydraulically similar canals is then defined by the particuiar combination of
dimensionless variables b*, z, canal length L*, and F,, the Froude number at normal depth for the design inflow. For
the example, we set b*, z, and L* to 2, 1.5, and 0.5, respectively, and allowed F, to vary. The dimensionless discharge
Q* was increased stepwise from its initial value, Q,* = 3.5, by 10% at dimensionless time T* = 1.0, Backwater
conditions were imposed on the example by fixing the dimensionless depth Y* at the downstream boundary at a value of
1.2Y,*. Figures 3 and 4 show the upstream discharge and depth hydrographs computed for three suberitical values of
F,. Hydrograph characteristica change dramatically as E increases from F =0.1 to  =0.4, but changes are less
conspicuous at higher Froude numbers. Note in particular that peak Q* and Y* decrease with increasing F, while the
duration of the transient (i.e., the time between the initial and final change in upstream Q*} increases. Note also that for
F, > 0.4, the peak upstream Q* is essentially equal to the desired final demand, Q* = 3.85.

INTERPRETATION: The sesults given above are an example of the type of relationships that can be studied using the
gnte-stroking model expressed in nondimensional forra.  For canals sharing the given geometric configuration subject
to hydraulically similar demand hydrographs, upstream disturbances will undergo substantial attenuation as they propagate
downstream if F, < 0.4; for Jarger subcritical values of F, wave deformation and diffusion will be far less significant.
This implies that for F_ = 0.4, the prescribed demand hydrograph can be satisfied adequately with this family of canals
by imposing en identical upstream inflow hydrograph shifted by a time delay factor AT*. This delay factor is related to
L* and some average wave propagation velocity, Preliminary results indicate that the propagation velocity can be
satisfactorily estimated from kinematic wave theory, i.e., dX*/dT* = dQ*/dA* for 0.4 < F, < 0.7, hut that for larger
F,, a better estimate is provided by the dimensjonless dynamic wave velocity, dX*/dT* = V*X*, T*) + C*(X*, T*),
in which X* and C* are the dimensionless distance and wave celerity, respectively, Approximate analytical values for
the delny factor are AT* = 0,35 for F, = 0.4 and AT*= 0.22 for F, = 0.9,

A difficulty in the interpretation of the results is that their meaning in dimensional form is not immediately obvious.
For the pasticular example, if one assumes a base width of 2 meters and a Manning n of 0.2, for the range of F, values
studied, the data represent a flow-rate range from 5.2 to 46,7 m*/s, slopes ranging from 4 x 10° to 3.4 x 10, and lengths
from 24.5 Km to 0.3 Km.

FUTURE PLANS: A large mumber of dimensionless variable combinations needs to be tested before generalized results
can be developed. Ranges of the design variablea to analyze are currently being defined. The above presented results
have focused on the relationship between F, and peak Q* and Y*; however, it is expected that other relevant relationships
will emerge as the study progresses. Mocdifications to the model are currently underway to add hatch-file mode operation
capabilities, as multiple executions will be required. The initial effort will concentrate on analyzing the response of single
pool canals. The general properties of the gate-stroking solution for multiple-pool canals will be studied later.
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DEFINING IRRIGATION SYSTEM PERFORMANCE

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

PROBLEM: High water costs and the potential for environmental degradation, as well as intense competition for a
limited water resource prompis growers' concern for water conservation in addition to the traditional concerns of crop
yield and quality. With irrigation often constituting the largest portion of a region's water conswnption, and competing
users oflen in a political majority, the need for sagacious use of irrigation water becomes paramount., Users of irrigation
water are frequently confronted with the need to defend their share of the water resource with the argument that it is
necessary and is wisely used. Different irrigation methods - e.g., surface, sprinkler, micro—need to be compared in terms
of water consumption as well as other factors.

Under the present plethora of concepts, terms, and ad hoc definitions, different agencies have calculated widely
disparate mumbers for terms of the same name. For mimerical characterizations of irrigation-system performance to have
universal meaning, unique and consistent definitions of efficiencies, uniformities, and other performance indicators are
required, broadly applicable to different irrigation systems, to different subject regions—field, farm, district, basin, etc.,
over different periods of time—a single event, a season, etc., and both on the drawing board and in the field.

APPROACH: A Task Commitiee was formed by the On-Farm Committee, WRE Division, ASCE, and charged with
proposing appropriate definitions, to the Society and to the profession. The authors of this report and their listed
cooperators were heavily involved in drafting the proposed definitions.

A point of departure was provided by an earlier {1978) On-Farm Irrigation Committee in a well known, concise paper
on uniformity and efficiency. Its very conciseness, however, has led to ambiguity in impiementation. The Task
Commitiee reviewed the basic concepts introduced therein and sharpened or replaced, as necessary, the definitions of
performance in the light of different possible applications (as enumerated sbove) and, especially, in explicit recognition
of extant nonuniform application of irrigation water. Also recognized was the need for precise specification of the region
and time interval implied in a definition, the need for defensible, rather than intuitive, procedures for establishing
parameters, and the need for evaluating defensible measures of confidence in any of the derived parameter values.

FINDINGS: Irrigation Efficiency: Effictency is based on the identification of the various fractions of the irrigation
water supplied to a subject area. The definitions concern only water supplied by irrigation, however difficult it is to
exchude natural contributions—precipitation, groundwater influx, etc.—from a total water balance, Water that leaves the
subject area through its boundaries can be categorized as beneficial 1o the crop (or else, reasonably, or consumptively
used) or not. Any water temporarily stored within the boundaries cannot be so categorized, even if intended for a
beneficial use, say the next crop; it must be considered neutral until it actually leaves in one or another category.
Example boundaries are the s0il surface and bottom of the root zone along with a definition of areal extent.

Irrigation efficiency, IE, is defined within specified boundaries and over a specified time interval, as the ratio of water
volume beneficinlly used, to the volume that left the subject area, both during the specified period, i.e.,

IE = volume of irrigation water beneficially used «100% a
volume of irrigation waler applied - A storage

in which A stomge is the change in storage of irrigation water within the subject region over the specified time interval.
Water serving a dual purpose (e.g., both frost protection and seed germination) is not to be double counted. Beneficial
uge is not to be confused with consumptive use, Figure 1 illustrates the difference, It also provides the basis for
establishing an Irrigation Consumptive Use Coefficient, ICUC, defined as the ratio between the volume of trrigation water
consumed (evapotranspirtion;-plant-tisnue;-efe, ) and-thetotalvolume that-has-feft the-region, bothrin & specified period
of time,

ICUC = volume of irrigation wafer consuntptively used <100%

volume of irrigation water applied - A sforage

@)

Like IE, ICUC can be used on any geographic scale. At the district scale, e.g., the total district outflow of irrigation
water in the specified period is (100 - JCUC)% of the irrigation water supplied.
From the societa| and even a grower's point of view, IE alone may not be sufficient to characterize water use. Other
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benefits can accrue to society from water used for irrigation, even a portion not used by the crop, for example to support
riparian wildlife. Or, it may well be prudent for a grower to apply some water that is not directly used by the crop, i.e.,
unavoidable nonbeneficial uses. Such concepts of reasonable use suggest a new term to complement irrigation efficiency,
namely, irrigation sagacity, IS, .
IS = volune of irrigation water beneficially and reasonably used 100%
volume of irrigation wafer applied - A storage

3

Application Efficiency: For planning purposes, or to judge performance of a system in the field, efficiency revolves not
around actual plant needs, but around how well the systern safisfies a perceived need. Application Efficiency, AE, is based
em the concept of a crop requirement for that irrigation. The chosen required depth may be the soil-moisture deficit SMD,
or some smaller amount, say, to accommodate potential rainfall; it may contain a required leaching fraction, or it may
simply be a typical target irrigation depth, Thus

AE = volume of irrigation water contributing to the requirement
volume of irrigation water applied

% 100% @

A stated requirernent eliminates the necessity for specifying a time period in the definition. If the requirement is just equal
to the sum of the expected beneficial uses, application efficiency provides an estimate for the potential irrigation efficiency
(i.e., what the IE will be if the expectad benefits occur, and if the beneficial uses are uniform over the field).

Potential application efficiency: With the assumption that the specified irrigation requirement is just met by the low-
quarter depth d,, the potential application efficiency of the low quarter, PAE, , is given by

PAE. = volume of irrigation waler contributing Io requirement % 100%
4 volume of irrigation water applied such that d, = requirement &)

For a given system, this is of particular value in providing an estimate for the gross amount of water to apply. With the
distribution shape more-or-less fixed, it provides minimal underirrigation, minimal excess deep percolation, and minimal
nnoff.

Adequacy, AD,: It is possible to attain a very high AE in a field by underirrigating. A complementary parameter
indiceting the degree to which the requirement d,,, is met is, thus, aiso a pertinent performance parameter. Adequacy
based on a requirement to be satisfied by the low-quarter depth d,; is defined by

d,
A‘Dl‘q = 'E"i“ (6)
reg
If low-quarter depth is used as the scheduling criterion, then proper irrigation duration corresponds to AD,, = 1.0, with
about 1/8th of the field underirrigated. Adoption of the criterion, AD, =1.0, targets the average low-quarter depth rather
than the ahsolute minimum. Table 1 highlights the significance of different values of AD,.

Deep Percolation is defined as that water in excess of leaching needs that penetrates beyond the root zone. Because
of nonuniform application, there can be nonbeneficial deep percolation even if, in some portions of the subject area,
neither leaching, nor soil-moisture deficit is satisfied (see fig. 2).

INTERPRETATION: Consumptive Use and Irrigation Efficiency and Sagacity bave no meaning except in the context
of both a given time interval and a given spatial region of application. Application efficiency, however, by substituting
a perceived need for actual bensfits, is event based and is not associated with any particular time interval. The potential
application efficiency is realized when the Adequacy of irrigation is just unity.

Universal adoption of precise terminology can do much io bring order and equity into water allocation apd management
decisions. : ‘ . S =

FUTURE PLANS: A series of papers documenting various phases of the Task Committea’s work will be published,
The ensuing dialogue in the Society and the profession should lead to a consensus.

COOPERATORS: Charles Burt, Calif. Polytechnic State University, San Luis Obisi;\o, CA; Kenneth H. Solomon,
California State University, Fresno, CA.
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Teble 1. Significance of 4d,,

Characterization of irrigation duration Values of Ad,,
Underirrigation AD, < 1.0
Proper ADy, = 1.0

AE=PAE, if surface losses match potential values

Overirrigation

AD, > 1.0
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IRRIGATION FLOW MEASUREMENT STUDIES IN CLOSED PIPE SYSTEMS
J.A. Replogle, Research Hydraulic Engineer; and B.T. Wahlin, Civil Engineer

PROBLEM: Propeller meters and end-cap orifices are well established flow measurement devices for closed pipe
systems. However, both devices have some major drawbacks, Propeller meters tend to become clogged in debris-laden
flows. As a resuit, propeller melers are usually inserted into trashy flows for only a short period of time to get just a
sample measurement, and then they are removed. Problems with end—cap orifices arise from the pressure taps used to
detect the head. A flange tap is located in an area of high velocity gradients and can lead to unstable head readings.
Pressure taps located upstream of the orifice introduce & permanent hole in the pipe wall and raise questions on whether
the tap is truly free of burrs. Improving the propeller meter’s ability to shed trash and tbe bead detection method for end-
cap orifices would make them more useful flow measurement devices,

APPROACH: Propeller meters for trash-filled flows were constructed by suspending swept-back (conical) propellers
by their point instead of holding them in place from behind (fig. 1). The front-holding brace was shaped to push the trash
down and away from the spinning propeller. A standard propeller meler gears the propeller to a totalizer device that can
then report the total volume applied or flow rate in the desired units, These mechanical gear systems can cause additional
drag on the propeller and lead to premature faiture of the meter. The mechanical pear systems of standard propellers were
eliminated in favor of magnetic pick-up methods to reduce the chance of failure.

An alternate pressure tapping system for the end-cap orifice using a small static Pitot tube (with holes drilled through
its walls) to detect the pressure in the large pipe upstream of the orifice was studied (fig. 2). The tube was inserted
through a grommet-sealed hole in the face of the orifice plate near the pipe wall, The Pitot sensing holes were placed
one pipe diameter upstream of the face of the orifice pinte.

FINDINGS: Laboratory and field tests on a prototype of the trash resistant propeller meter have been completed. The
propeller meter could shed most of the trash that came through the pipe. The only thinps that the meter was not able to
pass regularly were long, stringy items such as long pieces of surveying ribbon. These items tended to get caught in the
spinning propeller blades before the front brace could push them away. Negotiations were successful with Global Water,
a meter builder in Fair Oaks, California, to construct industrial prototypes of the trash resistant propeller meter.

The calibration of the end-cap orifice using both flange taps and upstream pipe taps was verified using the laboratory
weigh-tank system (fig. 3). The University of Arizona provided a comparison for the flange tap calibration while the
Natural Resource Conservation Service provided a comparison calibration for the pipe taps. The static Pitot tube was
placed in the pipe about 174 inch from the wall. This distance was close enough to the wall so that trash did not become
stuck on the tube and far enough awny from the wall so that the wall did not affect the head reading, The method of
readout based on the static Pitot was confirmed to be viable.

INTERPRETATIONS: Prototypes of the trash resistant propeller meters from Global Water are expected in early 1996.
These mefers will use a battery-powered read-out unit to display the current flow rate and total flow in various units for
many pipe diameters. The meter will consist of a 10-inch diameter propeller that rotates freely on a stainless steel shaft.
The trash resistant propeller meter will eliminate the need for operators to constantly monitor the propeller meter when
it is being used in trashy flows. Instead of being able to have the meter in a debris-laden flow for only short time periods,
users can leave the meter in the flow for extended periods of time without worrying about whether or not the meter will
clog.

Implementation of the static Pitot tube for field use in an end-cap orifice appears easy to do. This arrangement removes
the uncertainty of a flange tap and does not create the inconvenience and uncertainty of drilling into the existing pipe
walls,

FUTURE PLANS: The first industrial prototype of the trash resistant propeller meter will be delivered in the spring of
1996, Extensive lsboratory and field tests will be performed to verify the meter’s ruggedness and trash-shedding ability.
To make the lshoratory tests as gimilar to field conditions as possible, the laboratory plumbing is being modified to accept
large concrete pipes supplied by the Salt River Project. The Wellton-Mohawk Irrigation and Drainage District will
provide propeller meter wall brackets and assist in coordinating field tests within the district,
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Field-use verification of the end-cap orifice will also be conducted. Initially, field tests will be performed at the
Maricopa Agricultural Center, Later, additiona] field tests will be performed in cooperation with the Maricopa-Stanfieid
Irrigation and Drainage District.

COOPERATORS: Salt River Project, Charles Slocum of the Wellton-Mohawk Irrigation and Drainage District,
Maricops-Sianfield Irrigation and Drainnge District, and John Dickerman of Global Water.
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IRRIGATION FLOW MEASUREMENT STUDIES IN OPEN CHANNEL SYSTEMS

1.A. Replogle, Research Hydraulic Engineer; B.T. Wahlin, Civil Engineer;
and A.J. Clemmens, Supervisory Research Hydraulic Engineer

PROBLEM: Parshall flumes have been popular flow measurement devices for open channels since their introduction
in 1926. Traditionally, problems have arisen with Parshall flumes if they are operated under highly submerged canditions
or if they are not constructed exactly to Parshall’s specifications. Also, the 1.8, Bureau of Reclumation has recently
noted a range of submergence in which two values of discharge can occur for the same submergence ratio and upstream
head. These problems have compromised the usefulness of many existing Parshall flumes. It is desirsble to have a
method to modify a wrongly constructed or overly submerged Parshall flume to recover or improve some of its function.

Broad-crested weirs are attractive for open channel flow measurement because of their high accuracy, low cost, ease
of construction, and ability to handle high degrees of submergence. One of the most important factors in designing a
broad-crested weir is vertical placement of the sill. If the sill is too low, then the flume may become flooded and loase
its function. If the sill is too high, on the other hand, there may he an inadequate amount of freeboard upstream of the
flume. A single, portable broad-crested weir can handle a wide range of flow rates and flow conditions, if it has an
adjustable sill.

While the FLUME program has been widely used, bugs continue to show up. Also, the program graphics are
sometimes poor and control of printed output is difficult.

APPROACH: The historical calibration of.a one-foot Parshall flume was verified under both free flow and submerped
conditions using the laboratory weight tank system. A false concrete bottom was then placed in the throat of the Parshall
flume to convert it into a computable long-throated flume (fig. 1). The standard stilling well reading point was preserved.

To encourage commercialization of the portable long-throated flume with an adjustable sill, advice was offered to an
interested company (fig. 2). Most of the advice concerned manufacturing methods and materials, their effects on
calibration accuracy, if any, and laboratory verification of a pre-production prototype.

Work continues correcting the bugs within the FLUME program. An updated version has been planned by the
International Institute for Land Reclamation and Improvement (ILRI) in The Netherlands but not funded,

FINDINGS: A one-foot fiberglass Parshall flume was installed for study in the laboratory, The unmodified Parshall
flume was calibrated under free-flow conditions using the laboratory weigh-tank system. The historically reported.
calibration of the 1-foot Parshall flume was reproduced to within +2% after adding flow straighteners upstream from the
approach section of the flume. The Parshall flume was also calibrated under submerged conditions, and the anomalous
submergence behavior noted by the U.S. Bureau of Reclamation was verified. The modified Parshall flume behaved as
predicted by long-throated flume theary without modifying the upstream sensing location.

Laboratory festing of the pre-production prototype of the adjustable sill, long-throated flume confirmed the ability of
the computer modet to predict the flow calibration accurately, Calibrations were performed on the adjustable flume with
sill heights of 2, 4, 5.5, 7.5, and 8.5 inches.

The FLUME calculations for backwater levels based on user input of flows and water levels have finally been fixed,

INTERPRETATIONS: The ability to modify Parshall flumes to behave as computable long-throated flumes opens the
way to recover function of wrongly constructed ar overly-submerged Parshall flumes. Measuring discharge using a
Parshall flume under submerged conditions requires two head readings. Treating the Parshall flume as a long-throated
flume removes the need for a second head reading. Also, the modification removes the anomalous submerged behavior
noted by the U.S. Bureau of Reclamation on the 1-foot Parshall flume.

Vertical placement is one of the most important field decisions for installing long-throated flumes and must be
competently supervised to-avoid-sostly-refitting-orimproper-function.-“Fhe development-of an adjustable sill long-throated
flume nearly eliminates this problem for the farm irrigation user. Also, if the flow conditions change after the flume has
been installed, the sill can be simply mised or lowered to make the flume operate properly instead of digging out the flume
and reinstalling it at a different level.

A few short courses on irrigation flow measurement were conducted during the year. These courses were well received
and may be conducted on a recurring basis, Because of these courses, irrigation districts change their methods of
operation in favor of suggested approaches that are more econamical and effective than previous concepts. A number of
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book chapters were also written during the year. These book chapters can positively influence irrigation flow metering

and contribute to water resources functions well into the next century. The book chapters were:

*» Handbook of Water Resources, Part III, Water Resources Supply, II.22 Irrigation Systems. Replogle, Clemmens,
Jensen, Editor: Larry Mays (at publishers).

e Water Measurement Marwal: A Water Resources Technical Publication, U.S. Bureau of Reclamation. In cooperation
with the Mannal Revision Team (to USBR Editors).

* Operation and Design of Farm Irrigation Systems. Editors: M. Jensen and R. Elliott. Revision and consalidation
of Chapters 9 and 11. 1. Replogle, ARS; and G, Kruse, ARS. (Draft to Editors).

» Sub-Chapter (Part of Chapter 2) "Measurement of Streamflow." Handbook of Hydrology. American Society of Civil
Engineers. Replogle, ARS; and Riggs, USGS, (Still awaiting editors review).

+ Short Course participation: Lectured at the Mexican Institute of Water Technology (IMTA) and at & Short Course
sponsored by Texas Extension Personnel, El Paso. ‘

* Advice to USBR, Grand Junction, on flow measuring structures to be constructed throughout the jocal irrigation district
distribution system.

FUTURE PLANS: A 4:1 scaled-down madel of an 8-foot Parshall flume will be calibrated, modified, and evaluated,
Because Parshall flumes are not geometrically similar, the model of & large Parshall flume will have a much different
proportional shape than a standard 1-foot Parshall flume.

A potential manufacturer of an adjustable flume appears ready to market the models for 2,4, and 6 cfs maximum flows
by March 1996 under the name "Adjust-a-Flume. "

An idea for a sediment resistant flume system that combines critical-flaw and supercritical-flow flumes for measuring
heavily sediment-laden flows has been temporarily suspended pending available setup space in the hydraulics laboratory.

The new DACL valve reported last year will be evaluated for controlling irrigation gate flows to an adjustable constant
rale. Testing will evaluste function and durability.

COOPERATORS: Brent Mefford of the U.S. Bureau of Reclamation, Charles Overbay en industrialist, Rien Bos of
ILRI, and Jan Groenestein of Groenestein en Borst vof, The Netherlands.

40

Annual Report of the U.S. Water Conservation Laboratory



i-it Parshall Flume
1:1 Reintive Scale

T

Proposcd Modification
SIDE VIEW

TOP VIEW

8-R Parshaill Flume
1;8 Retative Scale

cp

Figure 1. Parshall Flumes showing the tested modification and the large proportional differences hetween a 1-ft model
and an 8-f modet (scaled to have the same width).

;;ﬂ

FLOW

<
Adjustabie siil

Figure 2. Long-throated flume with an adjustable sill.

41

Annual Report of the U.S. Water Conservation Laboratory



MODIFIED LEAF GATES FOR CANAL CONTROL AND FLOW MEASUREMENT

B.T. Wahlin, Civil Engineer; I, A. Replogle, Research Hydraulic Engineer;
and T.S. Strelkoff, Research Hydraulic Engineer

PROBLEM: Recently, overshot gates, or leaf gates as they are sometimes calied, are becoming increasingly poputar
for controlling water levels in open channels (fig. 1). This popularity is partly due to the ability of the gates to handle
flow surges with limited depth changes and the ease with which operaiors can understand the hydraulic behavior of the
Eates.

The main purpose of most control gates iy fo ‘maintain a constant water depth upstream so that orifice-based offiakes,
usually Jocated just upstream of the gates, can deliver water at a near-constant rate regardless of the flow rate in the main
canal. The control gates themselves can either be orifice-based gates, such as sluice or radial gates, or weir-type gates.
Overshot gates combine the best aspects of both sharp-crested weirs and orifice control gates. With one of these gates,
the water level can be controlled with the accuracy of a sharp-crested weir, and the gate can be adjusted with the ease
of an orifice gate, Overshot gates also require less intuitive calcuiation in their operation because a 10-cm drop in gate
height corresponds closely to a 10-cm drop in upstream water level.

While water level control is useful, operators also need to know the flow rate at each gate in many cases. Recently,
empirical discharge equations for both free-flow and submerged conditions have been developed for the overshot gate.
While these results have already assisted operators in determining the flow rate over the gales, it is still desirable to
compare these empirical results to theoretical predictions.

APPROACH: Free-surface flows over weirs are extremely difficult to calculate because of the influence of gravity on
the free-surface cnnﬁguralmn Annlytical solutions for these types of problemns do not exist, and solutions must be
obtained numerically. Dias and Tuck (1991) have recently presented a method in which two-dimensional free-surface
flows over vertical and inclined weirs can be computed numerically. This method describes the upper and lower nappes
through a series of grid points, and the Bernoulli equation is then solved at each one of these points. A power series
expansion is used to represent the horizontal and vertical components of the velocity at each of the grid points. Using
Dias and Tuck's method, theoretical profiles of the upper and lower nappes were computed for weirs inclined at various
angles.

FINDINGS: The resuits oblained from Dias and Tuck's method were compared to empirical results oblained from the
U.S. Bureau of Reclamation {1948). The Bureau of Reclamation performed profile measurements on water flowing over
vertical weirs and over weirs inclined at horizontal to vertical slopes of 1:3, 2:3, 1:1, 2:1, and 4:1. Resuits from Dias
and Tuck's methods compared very well to the Bureau of Reclamation's measurements (fig. 2). However, at the lower
angles (2:1 and 4:1 slopes) Dias and Tuck's method predicted slight ripples in the water surface upstream of the weir
crest.

INTERPRETATION: The slight differences between the Bureau of Reclamation's profiles and Dias and Tuck's profiles
at high angles can be explained by the different conditions under which the profiles were calculated. Dias and Tuck's
method for calculating free-surface flows over an inclined weir is developed only for an infinitely deep approach channel,
The Bureau of Reclamation's measurements, on the other hand, were, of course, performed in a channel of finite depth.
The Bureau of Reclamation data with the smallest approach velocity head were used in the comparisons to the theoretical
results, It is not known why ripples appear on the water surface profile at the lower angles. It is hoped that increasing
the number of mesh points will reduce these ripples and smooth out the profile. However, increasing the number of mesh
points dramatically increases the calcuiation time.,

The good comparison between the theoretical results and empirical measurements indicates that theoretical results can
be used to further theunderstanding of-water-flow-ever-inclined-weirs—By-comparing the-theoretical -profiles at different
angles, it is hoped that the accuracy of the empirical discharge equation developed last year can be improved.

FUTURE PLANS: Reasons for the calculated ripples on the water surface profile at low angles need to be investigated.
Also, more numerical profiles need to be calculated for angles different from the ones tested by the Burean of

Reclamation, Once this is done, theoretical contraction coefficients can be obtained from the profiles. It is also planned
to modify Dias and Tuck's method to calculate free surface profiles for inclined weirs in chaonels of finite depth.
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COOPERATORS; UMA Engineering, Imperial Irrigation District, and Armtec, Inc,

REFERENCES:;
Dias, F, and Tuck, E.O. 1991, "Weir Flows and Waterfalls." J. Fluid Mech., Vol. 230, p. 525-539,

U.5. Bureau of Reclamation. 1948. Srudies of Crests for Overfall Dams. Bulletin 3, Boulder Canyon Project, Final
Report. U.S. Burean of Reclamation, U.5. Department of Interior, Denver, CO. 186 pp.
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Figure 1. General schematic of an overshot gate.
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Figure 2, Comparison of USBR profile data with Dias and Tuck method for weir inclined at a 1:1 slope.
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IRRIGATION CANAL AUTOMATION

A.J, Clemmens, Supervisory Research Hydraulic Engineer; and
R.I. Strand, Engineering Technician

PROBLEM: Modern, high-efficiency irrigation systems require a sufficiently flexible and stable water supply. Open-
channel water delivery distribution networks are typically not capable of this high level of service. Stable flows can be
achieved when little flexibility in allowed since canal operators can force canals flows to be relatively ateady. Allowing
more flexibility increases the amount of unsteady flow and leads to more flow fluctuations.

Most canal systems operate with manual upstream control. A constant water level at each offtake is maintained to keep
delivery flow rates constant, The disadvantage of this system is that all flow errors end up at the tail end of the system.
In larpe canals, supervisory controf systems are used to adjust volumes in intermediate pools to keep differences between
inflow and cutflow more evenly distributed in the system or simply stored until a balance is achieved, Smaller canals with
insufficient storage need more precise downstream control methods than are currently available. Development of
improved canal control methods requires convenient simulation of unsteady flow by computer, Many computer models
of unsteady canal flow have been built in the last twenty years, some very complex and expensive, designed to model very
complicated systems. Only recently have these programs been geared toward canal sutomation so that simulation of
control algorithms could be efficiently made.

The objective of this research is to develop tools to promote the adoption of improved canal operating methods. This
includes development and testing of canal control algorithms, development of necessary sensors and hardware,
development of centralized and local control pratacol, refinement of simulation models needed for testing these methods,
and field testing of a.lgorithg:.s, hardware, and contro} protocol.

APPROACH: Control engineering will be used to develop control algorithms for one or more canals within the
Maricopa-Stanfield Irrigation and Drainage District (MSIDD). These control algorithms will be written into control
software for the central computer. Where possible, as much logic as practical will be written into the Remote Terminal
Unit (RTU) software so that control can be more precise, New gate position sensors will be developed and tested to
provide finer resolution of gate movement, while still providing absolute position. Several control algorithms will be
tested o compere the various advantages and disadvantages of these controllers and tuning methods, :

A Cooperative Research and Development Agreement between ARS and AUTOMATA, Inc., was esteblished for the
purpose of developing off-the-shelf hardware and sofiware for canal sutomation. We will work closely with
AUTOMATA in the application and testing of this new hardware and software.

FINDINGS: An ASCE task committee completed its preliminary work on classifying control algorithms, defining the
influence of canal properties on canal controllability, and developing test cases. These results provide a strong
background for the current studies.

Field testing of simple canal control algorithms was performed on MSIDD's WM canal with the help of Jan
Schiurmans, Delft University of Technology, The Netherlands, and his two students, Michsel Ellerbeck and Guido Liem,
Michael developed the linearized model of the WM canal from which Guido developed specific controllers with
MATLAB. The control routines were imbedded into supervisory control software written by Ken Taylor at Central

_Arizona Lririgation and Drainnge District. No gate position sensors were available on the WM canal, thus we relied
entirely on communications (i.e., when we asked the gate o move x mm and we received verification, then it moved x
mm). This proved to be unsatisfactory. Also, the method used by the district to control gate motors, while providing
some safety, was not efficient enough for real-time automatic control.

Gate flow-rate control proved to be a more difficult problem than anticipated. It has been shown that control of flow
rate gives better canal response than control of gate position. However, achieving accurate flow-rate contral is not always
easy. Only rudimentary-flow-rate control-was-implemented during-freld-testing,

Properly modeling cannl conditions was essential. The conditions of the real canal were significantly different from
the approximate canal, in terms of automatic control. In particular, it was found that the dynamic portion of pool 5 was
actually extremely small, making it almost uncontrollable with pure feedback.

Figure 1 shows a comparison between the linearized model of canal response and the measured response, Here, the
second and third gates were moved for a brief time and then moved back to their original pesition. Note that the results
of these small changes persisted for a long time. Such tests were performed on all gates for the WM canal, with results
similar to Figure 1.

45

Annual Report of the U.S. Water Conservation Laboratory



Figure 2 shows a simplified version of the new proposed controller. Here, the flow-rate control function at the gate
is separated from both the feedback and feedforward components. Placing this portion within the RTU will allow flow-
rate control to be made on & shorter time scale than feedforward and feedback (and with limited radio communication).
{In figure 2, Q=slowrate, y =waterdepth, u=gate position).

Figure 3 shows the results of one of the relatively successful feedback control field tests. This test was made on April
10, 1995. The gate downstream from pool 6, gate 6, was set to automatic flow-raie control. Gate 7 was closed, and the
eighth pool was empty. A groundwater well pumping into pool 3 was shut off. Figure 3 shows the results of the
controller in terms of deviation from water level targets (e.g., M-1 for pool 1) and gate positions (e.g., G-1 for gate
downstream from pool 1, expressed as flow rate based on upsiream water level being at the target level). A simple PI
controller was used without anticipation and without a Smith Predictor (i.e., like ELFLO). Gates 1-3 opened very quickly
as expected. Gate 3 was not able to maintain copstant downstream flow, and thus the level at pool 4 changed. Pools 1
and 2 returned to set point quickly, while pools 3 and 4 did not. This had a negative effect on pools 5 and 6. Pools 3
and 4 not returning to set point resulted from high gate sensitivity.

If such a silation had occurred when operators were not on duty or were at another site, the levels downstream from
pool 2 would all have fallen at least 20 cm. Even this simple controller had the levels hack within 2 cm after an hour.
While not very satisfactory from a theoretical perspective, for the existing gate hydraulics, this level of control would be
operationally acceptable, These resulls were reasonable considering the physical hardware available and the Jow level
of controller sophistication, )

Through a cooperative agreement, Cal Poly adapted the CANALCAD program to fit more fully the needs of canal
automation testing at MSIDD. It now more easily handles centralized control algorithms.

INTERPRETATION: The results of mlt:nl field testing were encouraging., Gate sensitivities caused more difficulties
than anticipated, em,phaslzmg the need for accurate feedback on gate position and movement, Preliminary results on this
canal point to the need to also include known, scheduled changes within the contro] system. These changes can easily
be handled with feedforward, with minor adjustments or correction made with feedback, However, this means interfacing
the control system with the water ordering system. The feedback algorithms also need additional testing,

FUTURE PLANS: The MSIDD WM canal will he outfitted with new RTUs that are more easily programmed with the
necessary automatic control functions, New gate position sensors will also be installed. Once these are in place, the
automation logic will be programmed into the RTUs and central computer software, Field testing of the new routines
and sensors will he made off-line. Then, new controllers for the canal will be designed and field tested.

A lateral canal with propesties somewhat different from the WM canal will be selected for future analysis and testing
of control algorithms. Discussions have also begun with the Salt River Project regarding development and testing of
Automation on the Arizona canal.

COOPERATORS: Lenny Feuer, Automais, Inc.; Gary Sloan, MSIDD; Ken Taylor, CAIDD; Jan Schuurmens, Delft
U. of Technology, The Netherlands; Charles Burt, Cal Poly; Bob Gooch, Salt River Project; Victor Ruiz, IMTA,
Ceurnavaca, Mexico; Pierre Olivier Malaterre, CEMAGREF, Montpellier, France.
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Figure 1. Measurad and predicted open loop response of water levels to short-duration changes in gate position for first
two pools of MSIDD's WM lateral canal, March 29, 1995.
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Figure 3. Menasured water levels and calculated flow rates (bnsed on assumed constant upstream level) for the first
six pools of MSIDDs WM lateral canal for feedback control test of simple Pl controller, April 10, 1995,
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WATER REUSE AND GROUNDWATER

H. Bouwer, Research Hydraulic Engineer

PROBLEM: Increasing populations and finite water resources demand water reuse, as do increasingly stringent
treatment requirements for discharge of sewage effluent into surface water. The aim of this research is to develop
technology for optimum water reuse and the role that soil-aquifer treatment can play in the potable and nonpotable use
of sewage effluent, In Third World countries, simple, low-tech methods must be used, Such methods will be applied
to demonstration projects in the Middle East and North Africa under the White Honse Middle East Peace Initiative and
the Technology for International Environmental Solutions (TIES) program of USDA and EPA.

APPROACH; Technology based on previous research at the USWCL and more recent research are applied to new and
existing groundwater recharge and water reuse projects here and abroad, Main purposes of the projects range from
protecting water quality and aquatic life in surface water to reuse of sewage effluent for nonpatable (mostly urban and
agricultural irrigation) and potable purposes.

Cooperative research hns been continued with The University of Arizona to manage clopging layers for optimum
benefits in infiltration systems for groundwater recharge and soil-aquifer treatment where clogging layers are not wanted,
and in constructed wetlands, aquaculture ponds, and animal waste lagoons where clogging layers are wanted. Both
hydraulic and water quality aspects are comsidered. New research is being developed on novel approaches, such as
seepage trenches and techniques for well or trench recharge with sewage effluent without reverse osmosis or other
membrane filtration as pretreatment.

FINDINGS: Field and laboratory tests continue 1o show the usefulness of recharge and soil-aquifer treatment in water
reuse, Main issues still are sustainability of soil-aquifer treatment and fate of recalcitrant organic compounds. Tests with
experimental recharge trenches indicate acceptable recharge rates if suspended solids are effectively removed.

INTERPRETATION: Results will be applied to existing and planned groundwater recharge and soil-aquifer treatment
systems. Research proposals for funding by research foundations have been prepared. Various national and international.
conferences on groundwater recharge, soil aquifer treatment, and water reuse were participated in. Other national and
international conferences are being planned and prepared.

FUTURE PLANS: Fumre plans primarily consist of initiating and coordinating research on groundwater recharge and
water reuse issues by other institutions and responding to requests to write, speak, and advise.

COOPERATORS: The University of Arizona.
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PHYSICAL, CHEMICAL, AND BIOLOGICAL CHARACTERISTICS OF A SCHMUTZDECKE: EFFECTS
OF SEEPAGE AND WATER TREATMENT IN WASTEWATER DISPOSAL FACILITIES

Herman Bouwer, Research Hydraulic Engineer; and Martha Conklin, Professor of Hydrology

PROBLEM: Soil clogging occurs during artificial recharge and effluent disposal operations. Reduced infiltration and
consequent ponding are largely attributed to development of a slime layer, or “schmutzdecke.” The objectives of this
praject are to determine: (1) physical, chemical, and biological processes occurring in the schmutzdecke, (2) improvement
of water quality after it has moved through the schmutzdecke (for example, effect of schmutzdecke on pathogen removal
or nitrogen speciation), (&) how schmutzdecke should be managed for specific needs {in particular, to evaluate how
schmustzdecke affects flow of essentinl mitrients: nitrogen and phosphorous), and (4) how hydraulics affect schmutzdecke.

APPROACH: During the third year of this project, fifteen soil columns {3.25” i.d, x 39" length) were used to study
surface clogging layers. An additional column (3.25" i.d. x 78" length) has been constructed. Columns are packed with
poorly-sorted Agun Fria sand, Sweetwater sandy loam, or North Pond silty sand. Filtered primary, dechlorinated
secondary, ozonated secondary, and denitrified effluents were applied to columns in alternating wet/dry cycles. Various
biends of secondary and primary effluent were applied during denitrification studies. Samples were collected from column
influent and effluent for measurement of dissolved organic carbon (DOC), UV absorbance at 254 mm (UV-254),
trihalometbane formation potential (THMFP), pathogens, and nitrogen species. Ozonation of secondary effluent was
performed at a transfer ratio of 1:]1 and 0.5:1 (ozone to organic carbon). Biodegradable dissolved organic carbon (BDOC)
tests were used to determine the fraction of DOC potentially degradable by aerobic bacteria over a five day period, A
control column for each soil type received sodium azide-amended effluent for distinguishing aerobic versus nonaerobic
removals of organics, nitroéen, and pathogens through schmutzdecks,

FINDINGS AND INTERPRETATION:

Removal of Organics—Table 1 lists organic removal efficiencies for 18-m and 1-m columns containing Sweetwater sandy
loam. Differences in through-column removal of DOC were significant for 1-m columns containing sandy loam (36%)
and sand (48%). Removal for silty sand was 44%,. Mean column effluent concentrations of DOC were 5.1, 5.5, and 6.2
mg/L for sand, sendy loam, and silty sand, respectively. Removal of UV-gbsorbing organics was not significantly
different for columns containing sand and sandy loam (22 and 20%, respectively). Column effluent UV-254 absorbances
were 0.101, and 0.108/cm for sand and sandy loam, respectively. Column effluent UV-254 was significantly higher
(0.133 /em) for the silty sand, from which desorbable organics were leached throughout a 6-month period of effluent
percolation. Comparison of through-column organic removals for biologically active and inhibited columns indicated that
serobic biological processes play a dominant role in removal of both DOC and UV-234. Removals of DOC across
colummns receiving azide-amended effluents were on the order of 5%. For the inhihited columns, differences in levels of
organic removal atiributable to soil type were not evident.

Nitrogen Transformations—Ammonia breakthrough was observed primarily in the sand columns fed with secondary
effluent after two to three days of flooding. While typically less than 5% of influent nitrogen was in the nitrate form,
nitrate was flushed out of the columns at extremely high concentrations over the first few hours of a wet period before
dropping to near influent concentrations after one day of operation. The “nitrate flush” was attributed to nitrification of
ammonia during the drying period and its subsequent release as nitrate in the wetting period. Nitrogen removal was
negligible in columns fed solely with secondary effluent. A 50/50 blend of primary and nitrified secondary effluents
applied to a 1 meter soil column yielded 72% removal of nitrogen based on mass balances of inorganic aqueous nitrogen
species. The lowered ammonia content of blended effluent also contributed to a reduced initial flush of nitrate during
flooding periods. A management strategy employing nitrified/non-nitrified effluent blends would provide a degree of
control over nitrogen treasformations-and-enhance nitrogen-removals-during-SAT.

Removal of Pathogens—Average through-column bacteriophage removals in secondary effluent were 93 and 76% for
sandy loam and sand, respectively, a difference which was significant at p = 0.001. Average bacteriophage removal in

azide-inhibited sand colummns was 45% suggesting that aerobic soil biota may contribute towards virus removal, Removal
of poliovirus through sand was equal or greater than removal of indigenous bacteriophage, indicating the suitability of
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bacteriophage as a conservative indicator for poliovirus removal, Through-column removal of Cryptosporidium oocysts
was 3.8 and 3.5 logs through 1-m of sandy loam and sand, respectively.

Comparison of Primary versus Secondary Effluents—Once columns fed filtersd primary effluent reached ateady-atate
performance, percent removals of DOC and UV-254 were greater than percent reductions achieved for secondary effluent
{table 1), however, the final water quality for secondary versus primary effluent (5.5 & 1.4 mg/i vs 4.7 & 1.5 mg/l and
0.108 & 0.006 cm™ va. 0,100 1 0.011 cm* for DOC and UV-254, respectively) was comparable. Enterovirus removals
were worse for primary effluent (85%) than observed for secondary effluent. Significant log removals of total coliforms
(34 log units) and fecal coliforms (5-7) were achieved, with fecal coliforms often below detection iimits {1 MPN/100 ml)
in the column effluent. There was very little phosphorus removal observed for the primary effluent.

Compressibility Studies—Work has continued on one~dimensional consolidation testing on statically recompacted soil
specimens, specimens with mixed cultures of algae, and clogging layer samplea form UA and ASU soil columns. A
parametric study was conducted to assess the range of expected effective stresses on clogging layers due to infiltrating
water. This lead to adoption of a two layered conceptual model of the clogging layer: an upper layer consisting of
particulate matier subject to compression under seepage forces and a lower layer consisting of native soil with entrained
particulate matter, and hence, reduced conductivity. A computer spreadsheet model has been developed which simulates
growth, death, and sedimentation of algae and other particulate matter in the infiitration basin,

FUTURE PLANS: Future studies will include an examination of the fate of specific classes of orgenic compounds (e.g.,
humic acids, fulvic acids, hydrophilics, and chloraectic acids) through schmutzdecks. A two-meter column containing
Agua Frin sand is now in operataon, expenments are in progress to determine through-column removal efficiencies for
DOC, UV-254, THMFP, nitrogen species, indigenous bacteriophage, and seeded Cryptosporidium oocysts. Additional
experiments are underway to establish the effect of applied light on schmutzdecke, and soil oxygen levels on organic
removal efficiency.

Compressibility studies which will be completed include: consolidation testing of statically compacted soil specimens,
sedimented soil specimens, various algae types, and other clogging layer components as required; consolidation tests on
samples of various clogging layers, which were produced in infiltration columns or taken from an operating SAT site;
and experiments regarding the effect of variation in pond depih on the infiltration rate. Data obtained will be used to
improve and parameterize models of infiltration basins and flow through clogging layers,

COOPERATORS:; Martha Conklin, Assistant Professor; L.G, Wilson, Hydrologist; Robert Arnold, Associate Professar;
C.P. Gerba, Professor; Kevin Lansey, Assistant Professor; David Quanrud, Peter Chipello, Pedro So-Navarro, John
Hillman, Katanya Miles, Sean Carroll, and Mary Quinonez, Research Assistants, University of Arizona; and Sandra
Houston, Associate Professor; Peter Fox, Assistant Professor; and Peter Duryea, Research Associate, Arizona State
University.
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Table 1. Comparison of ihmu%lumn percent removal of DOC and UV-254 as s function of soil depth and soil type.

Soil Depth
18.cm 1m! 1m?
Effluent % DOC RUV-254 | %DOC %UV-254 %DOC %UV-254
Type removed removed removed removed | removed removed
Secondary 23.2 12.3 56.0 20.4 48.0 22.1
‘ +5.3 +6.4 410.4 +5.7 +7.3 +5.7
Ozonated 22.1 9.9 n/a n/a 59.7 23.0
Secondary +5.7 +4.1 +7.3 +5.5
Inhibited 6.4 0.9 9.8 4.7 14.6 5.7
Control +3.9 +2.8 +9.5 +6.2 +11.1 +12.0
Filtered - . 84.2 65.5 - -
Primary +26.7 9.5

'Sweetwater sandy loam
?Agua Fria sand

Annual Report of the U.S. Water Conservation Laboratory



NITROGEN FERTILIZER AND WATER TRANSPORT UNDER 100% IRRIGATION EFFICIENCY

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

PROBLEM: The rising trend in nitrate levels of groundwater suggesis that nitrogen fertilizers are frequently being
transported beyond the root zone. Improving management practices in irrigated agricuiture may lead (o better control
of nitrogen contamination of the groundwater. Using feedback techniques such as soil and crop nitrogen status and more
frequent fertilizer applications with smaller application rates are suggested as better management practices. Previous
studies indicaled that 100% irrigation efficiency during the growing season limited the transport of nitrogen to the vadose
zone. However, preferential flow and spatial variability may cause water and nutrient losses from the root zone even
under ideal management conditions. The objective of this study is to determine the movement of water and nitrogen
fertilizer in the soil profile when irrigating at 100% irrigation efficiency and to develop associated Best Management
Practices (BMPs) to protect the quality of underlying groundwater.

APPROACH: Studies on cotton grown using level basin flood irrigetion were continued in 1995. The experimental
design was a complete randomized block with six fertilizer-water application treatments and three replications, Each
experimental plot was 108 m’. Micro-plots were establisbed in each plot and fertilized with nitrogen-15 labeled fertilizer,
Potassium bromide was applied as a tracer with the first fertilizer application. Water movement in the soil profile was
characterized with soil water content and tracer analysis. Evapotranspiration wasg estimated from soil water depletion data
and energy balance techniques using metsorological data collected at the site. Irrigation scheduling was determined using
a soil water balance method. Experimental treatments were as follows: 1) irrigation and fertilizer applications were made
according to cyrrent farm pr;u:tices, with &) 100% irrigation efficiency, b} 80% irrigation efficiency, and c) 20% deficit
irrigation; 2) irrigation applied fertilizer applications were scheduled according to residual soil, petiole NO,-N feedback
with a) 100% irrigation efficiency, b) with 80% irrigation efficiency, and c) with 20% deficit irrigation,

FINDINGS: Analysis of the soil samples have not been concluded. Preliminary analysis of the data indicaie similar
results as in previous years as sbown in fipure 1. The nitrate concentrations were grealest near the surface and decreased
to low values at 60 to 90 cm. A nitrate peak occurred at depths of 150 to 180 cm. The source of the nitrate peak was
residual nitrogen in the profile that was leached by early irrigations. As in previous years, less nitrate was leached below
100 cm at 100% irrigation efficiency and deficit irrigation for bath the standard and BMP treatments. The deficit
irrigation treatment had the least NO,-N below the root zone, The BMP treatments showed lower levels of nitrate in the
deficit irrigation and 100% efficiency treatments. At 80% efficiency, however, the BMP treatment was similar to the
standard treatment..

INTERPRETATION: Management practices such as applying fertilizer at more frequent intervals and irrigating at
100% efficiency during the growing season may result in less Jeaching of the nitrate below the root zone. Nitrate levels
increase during the fallow period probably from mineralization of organic nitrogen. Existing nitrate in the soil profile
at the start of the growing season may be Jeached when nitrate is moved below the effective root zone from early
irrigations before the crop is established. Best managemeant practices need to consider preplant soil nitrogen status, timing
of fertilizer and irrigation applications and build-up of nitrate during the noncrop season,

TUTURE PLANS: Nitrate Jeaching under different irrigation methods (drip or sprinkler) will be investigated, Fertilizer
application methods sucb as chemigation (applying with irrigation water), broadcast, side dressing, and foliar spray wilt
be investigated.

COOPERATORS: -Y:E-Watson, University-of Arizom, Mericopa-Agrenitural- Center -
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Figure 1. Nitrate - N with depth for standard and BMP treatments at 10% irrigation efficiency, 80%
irrigation efficiency, and 20% deficit irrigation.
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NITROGEN BUDGETS OF IRRIGATED CROPS USING NITROGEN-15 UNDER
HIGH EFFICIENCY IRRIGATION

F. J. Adamsen, Soil Scientist; R. C. Rice, Agricultural Engineer; F. §. Nakayamn, Research Chemist;
D. J. Hunsaker, Agricultural Engineer; and H. Bouwer, Research Hydraulic Engineer

PROBLEM: Nitrate is the poliutant most commonly found in groundwater. The contribution of nitrate to groundwater
pollution carried by deep percolating irrigation water could be reduced or eliminated by the development of existing and
new technologies. This requires a better understanding of the tofal nitrogen required by the crops produced and the timing
of nitrogen uptake as well as chemical and water transport in the soil environment. Careful timing of fertilizer applications
and prudent operation of irrigation systems to reduce the amount of water lost below the rooting zone can reduce the
movement of water and chemicals to groundwater, Theoretically, irrigating at 100% efficiency and carefully controlling
fertilizer amounts and timing of applications should lead to no deep percolation and no fertilizer leaching losses. Crop
leaching requirements could be met when soil nitrate levels are lowest. However, because of spatial variability,
preferential flow, and incomplete uptake of nitrogen by the crop, 100% irrigation efficiency and optimum nitrogen
management may still produce some deep percolation and transport of nitrate to groundwater,

APPROACH: Research is being conducted through a series of experiments to evaluate water and nitrogen manngement
practices. Wheat was grown in the 1591-1992, 1992-1993 and 1993-1994 seasons using level-basin flood irrigation. Cotton
was planted in 1993, 1994, and 1995. Future experiments will use other irrigation methods such as drip and sprinkler
irrigation. The experimental design is a complete randomized hlock with six fertilizer-water application treatments and
three replications. Experimental plots were approximately 81 m? in size in 1991 and 108 of in 1992, 1993, 1994 and
1995. A different conservative tracer was applied with each irrigation, and nitrogen-15 tagged fertilizer was applied to
three micro-plots in each main plot in 1991 and two micro-plots in 1992, 19593 and 1994, The benzoic acid tracers used
in previous years caused problems with coiton growth resuiting in deformed plants and reduced yield, so the cotton
received only bromide as a conservative tracer at the beginning of the 1995 growing season. Micro-plots were
approximately 1 m® in 1991 and 1992 and 1.5 m® in 1993 and 1994. This allows a complete water and nitrogen balance,
including the amount of nitrogen removed with the harvested crop, percolation losses and volatile losses by difference,
The nitrogen status of the crop was determined by tissue analyses and leaf chlorophyll content with a chlorophyll meter. .
Chlorophyll measurements may allow a rapid cost-effective method for determining the nitrogen status of a crop in real
time and may be useful in determining the amount and timing of fertilizer nitrogen, Water movement in the soil profile
is characterized by soil water content and tracer analysis. Evapotranspiration is estimated from energy balance techniques,
Experimental treatments include 1) a "standard” fertilizer and irrigation management procedure where irrigation and
fertilizer applications are scheduled according to current farm practice with irrigation amount as 100% of estimated
evapotranspiration (ET), 2) same as treatment 1 except with 120% of ET, 3) same as treatment | except with a deficit
irrigation equivalent to 80% ET, 4) irrigation-water-applied fertilizer application (chemigation) scheduled according to
residual soil, petiole NO,-N feedback, and leaf chlorophyll content with irrigation amount as 100% of ET, 5) same as
treatment 4 except with 120% of ET, and 6) same as treatment 4 except with a deficit irrigation equivalent to 80% ET,

FINDINGS: Yields of lint and seeds were slightly higher in the BMP treatments for the 80% and 100% ET irrigation
treatments, but the reverse was true for the 120% ET imrigation treatment by a much greater amount (Tables 1 and 2).
Lint and seed yields increased with increasing irrigation for the Standard fertilizer treatment; but for the BMP fertilizer
treatment the yields, increased from 80% to 100% ET irrigation treatmenls but decreased slightly from the 100% to 120%
ET treatment. The 1995 cotton experiment was planted in & different field than was used in 1993 and 1994. The new field
has some sandy areas, and this may have affected the yields in some plots. Mechanical apalyses are being performed on
all of the plois, and the results will be used to determine if soil texture may have affected some treatments more than
others or whether some variable-in-thertreatment affected the-yields-at the-highest water-application rate,

In 1995, lint yield of cotton was as mnwch as 3.5 times greater than for the same treatment in 1954, This was due to the
use of fluorinated benzoic acid tracers used in 1994, Seed yields of cotton responded similarly.

Renovation of the Iaboratory facilities at USWCL has delayed the analysis of many of the soil samples for inorganic
nitrogen and nitrogen-15. These analyses will be completed as soon as is practical.
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INTERPRETATION: The use of BMP nitrogen management resulted in yields of lint and seed that were as high as those
from the standard treatment for two of the levels of water application (Tables 1 and 2). The BMP nitrogen management
systemn used approximately 10% less nitrogen than did the Standard treatment, which means lower percentage of residual
nitrogen in the soil. This means far less nitrogen available for leaching in the BMP management system.

There is no obvious reason for the trend of BMP fertilizer treatments yielding higher than the Standard fertilizer
treatment in the 120% ET water treatment, There may have been some differences in soil water holding capacity amongst
plots that affected some treatments more than others.

Yields of cotton were still highest at the 120% ET irrigation level (Table 1). Either the estimates used for ET or the
loss of waler below the root zone is greater than expected. Cotion is sensitive to moisture stress and errors in water use,
or water loss can result in unexpected water stress on the plant, Additionally, variations in soil properties away from
points where water use measurements are made can result in portions of the field receiving water after stress has affected
same of the plants in the field. Further analysis of all of the data that has been collected during this study should answer
these questions.

FUTURE PLANS: Analysis of the data from the current and past years studies will be completed and recommendations
for improvements in the current BMPs for water and nitrogen will be developed. Datn from past years indicate that
mineralization of nitrogen during fallow pericds results in nitrate being leached below the root zane when the preplant
irrigation is applied. To overcome this problem, new BMPs will look at the entire cropping system rather than the crop-
specific recommendations currently used, Additional irrigation methods also need to be investigated. The rates of
movement of chemical tracers and labeled nitrogen will be used to assess the impact of preferential flow on the movement
of nitrate and other paliutants to groundwater, The data set should he suitable for evaluating current soil models that
predict the quality of water moving below the root zone. If no suitable models exist, a model development and verification
effort can be initiated,

COOPERATORS: J, E, Watson, The University of Arizona Maricopa Agricultural Center; T. L. Thompson, The
University of Arizona Department of Soil and Water Science,
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Table 1. Lint yield of cotton from the 1995 irrigation and fertilizer management study.

Nitrogen Application Method ‘ 80% ET 100% ET 120 % ET Average
kg ha

Standard 767 1133 1317 1072

BMP 803 1170 1140 1038

Average 785 1151 1129 1022

Tahle 2. Seed yield of cotton from the 1995 irrigation and fertilizer management study,

Nitrogen Application Method  ° 80% ET 100% ET 120 % ET Average
kg ha'
Standard . 1303 1820 2227 1,783
BMP - 1323 1927 1853 1,701
Average 1,313 1,874 2,040 1,742
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EVALUATION OF RAPE AND CRAMBE AS POTENTIAL WINTER CROPS TO
REDUCE NITRATE ACCUMULATION IN THE SOIL

F. J. Adamsen, Soil Scientist; W. L. Alexander, Agronomist; and R. C. Rice, Agricultural Engineer

PROBLEM: Formation of nitrate during fallow periods in irrigated cotton rotation systems can lead to leaching of nitrate
to groundwater when preplant irrigations are applied in order to make the soil suilable for tillage operations. One solution
to this problem is growing a winter crop that utilizes residual nitrogen and nitrate mineralized during the winter. Because
of the cost of water, any crop grown in the winter under irrigated conditions must have an economic retum in order to
gain producer acceptance, and a crop must be found that can be planted after cotton is harvested in the fall and harvested
before cotton is planted in the spring. Two crops that may meet these restrictions are rape and crambe. Industrial rape
and crambe both contain erucic acid, which has industrial potential, and Canola types of rape are valuable as a source
of unsaturated cooking oil. Both of these crops are short, cool season crops that may meet the short growing season
requirement and have a significant nitrogen requirement that would take advantage of residual nitrogen in the soil.

APPROACH: Research is being conducted through a series of field experiments to evaluate yield potential and maturity
dates of rape and crambe. One variely of crambe, one variety of mustard, one variety of spring-type industrial rape, and
seven varieties of epring Canola type of rape were planted in the 1994-1995 growing season in 2 X 12.2-m plots on three
planting dates from late October to early December, Row spacing was 0.25 m. For the 1995-1996 growing season, one
variety of spring industrial rape, one variety of crambe, and ten varieties of spring Canola type rape will be pianted with
three planting dates from late October through mid-December. The spring industrial and two of the spring Canola types
of rape are campestra types of the species Brasica rapa, while the other Canola types of rape are from the speciea Brasica

napiis.

FINDINGS: In the 1994-1995 crop year, rodent damage to the Canola types of rape was minimized through an
aggressive rodent control program. Harvest dates varied from Apr 10 to May 5 (Table 1), which was later than in 1994.
The later harvest dates in 1995 were a result of cool weather in the late spring, For the first planting date, as in 1994,
R-500 was the earliest maturing along with Crambe and Hirta, The Canola types were all harvested withip a four-day
period from the first planting date, Crambe was the first to mature from the second planting date, The Hirta, R-500, and
the Canola types were harvested on either Apr 27 or May 1. The third planting date was harvested from May 2 through
May 5. A severe windstorm caused many of the varieties to shatter, The highest yields were achieved with A112 and
Oscar at over 3500 kg ha' {table 1 and fig. 1). In general, yields from the third planting date were lower than those from
the first two planting dates. Part of the yield reductions were due to shattering at the end of the season. The yields of the
mustard, Hirta, was only 1000 kg ha™.

INTERPRETATION: Yields of the mustard, Hirta, were lower than needed for economic viability for the crop. The
plant grew well, matured early, and shatiering was not a problem. Many weeds are closely related to mustard and present
problems for control. Based on the 1994-1995 results, Hirta will be dropped from the study. Crambe yields were over
2000 kg ha" for the first two planting dates. Yield of crambe in the third planting date was reduced by shattering losses
associnted with a windstorm in early May. The earliest harvest date was 12 days later in 1995 than in 1994 as a result
of cool temperatures, The delay in harvest date also would delay planting of cotton. The cool temperatures delayed
emergence and the development of coiton seedlings to such an extent that a delay in planting would not have affected
cotton. Yields of Canola above 2500 kg ha"* are considered economical in the southeastern U, S. We were well above
that for several varieties, indicating that Canola production in rotation with cotton is potentially economically viable in
the desert southwest as a winter crop.

FUTURE PLANS: -In-1996, evalustiorrof rape-and-crambe will-be-continned; additional-early maturing varieties of rape
from the Colorado breading program will be added to the program, and earlier maturing varieties of Crambe will be
sought. Irrigation and other agronomic studies will be conducted to make the yields of winter crops economical.
Additional studies will be initiated to determine the water and fertilizer requirements of rape and crambe under local
conditions. The results of the planting date by variety trial and water use and fertility trials will be used to develop a
rotation system with cotton that will provide year-round cover on the soils which should improve year round nitrogen
management,
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COOPERATORS: Paul Raymer, Coastal Pinin Experiment Station, Georgia; Larry Semnek, Agrigenetics,
Madison, Wisconsin; Jennifer Mitchel! Fetch, University of North Dakata, Farge, Narth Dakota; Duane Johnson,,
Coalorado State University, Fort Collins, Colorado.

59

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Rape and Crambe yields in the 1993-1994 crop year at Maricopa Agricultural Center, All data is based on
replication.

Variety | Planting | Harvest Yield Pianting | Harvest | Yield | Planting | Harvest | Yield ]
Date Date kg ha'! Date Date | kgha'! | Date Date | kgha'

R-500 28 Oct 10 Apr 2471 21 Nov 1 May | 2198 15Dec | 5 May 1743 ll

Crambe 28 Oct 10 Apr 1832 21 Nov 23 Apr | 2971 15Dec | 5 May 2744

Hirta 28 Oct 10 Apr 839 2] Nov 1 May | 1034 15Dec | 6 May 1032

Cyclone 28 Oct 24 Apr 1667 21 Nov 1 May | 2773 15Dec | 5 May 2199
All2 28 Oct 24 Apr 3804 21 Nov | 27 Apr | 3867 15 Dec | 2 May 2391

Bingo | 28 Oct 23 Apr 2552 21 Nov 27 Apr 3125 15 Dec 2 May 2306
Oscar | 28 Oct 23 Apr 3721 21Nov | 27Apr | 3276 | 15Dec | 5May | 2674
Iris 28 Oct 26 Apr 2268 21 Nov | 27 Apr | 1985 15 Dec | 5 May 2025 l
188-20-B | 280c¢t { 24 Apr £544 21 Nov 1 May 1424 15Dec | 2May 1639 “

| 1884-C | 280ct | 24Apr | 2695 | 21Nov | 27Apr | 2428 | 15Dec | 2May | 1566 “
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ASSESSMENT OF NITRATE LEACHING UNDER COMMERCIAL FIELDS
F. J. Adamsen, Soil Scientist; and R. C. Rice, Agricultural Enginear

PROBLEM: Application of excess nitrogen to crops such as cotton and subsequent application of excess irrigation water
can result in movement of nitrate to groundwater, When nitrate is found in groundwater, agriculture is usually assumed
to be the source of the contamination, A number of surveys of Midwestern fields indicate that farm praclices are
responsible for at least part of the nitrate that finds it way into groundwater, Under irrigated conditions, nitrale leaching
is a function of irrigation efficiency and spatial variability as well as fertilizer management, which makes assessment of
the problem more compiex.

APPROACH: Research is being conducied by taking soil samples from commercial fields before planting and after
a crop has been harvested. Three transecits are taken across each field with five samples taken in each transect. Spacing
of samples along the transect was based on the length of the run. The first sample was taken 10% of the run Iength from
the top of the field. The next four samples were taken 20% of the run length apart. A 2-m by 2-m area is amended with
KBr before the start of the growing season so that the depth of penetration of that season’s irrigation water can be
determined. The positions in the transect are numbered from one to five starting at the upper end of the field. Samples
are 1aken to a depth of 270 cm and analyzed for ammonium, nitrate, bromide, chloride, and texture. Water samples are
taken from each irrigation and the concentrations of chloride, nitrate, and ammonium determined, Chloride values in the
soil will be used to provide a crude estimate of actua! evapotranspiration, In 1995, samples were iaken from thres fields
on two farms. Two of the fields were planted to cotton and the other to spinach. Two of the fields have no runoff, and
the third is sloping with mnot’f In the third field, flumes were installed to allow measurement of water entering and
leaving the field. Automated ‘data collection systems were operated during each irrigation during the 1995 growing season
for cotton.

FINDINGS: Both of the farms monitored in 1995 were in the Maricopa-Stanfield Irrigation and Drainage District
(MSIDD). Each water delivery point in the district has a system that determines the total amount of water delivered at
each point. The field with runoff was not the only field served by the delivery point for the field, which required the use
of flumes in the incoming ditch as well as the runoff channel, The other fields were the only ones served by their
respective delivery points; and, since there was no runoff on those fields, we used the MSIDD values recorded by the
producer after each irrigation to determine the water applied to the field. For the field where detailed information is
available, the effect of having two irrigalors can be seen as differences in inflow that follow approximately 12-hour cycles
(fig. 1). The rates of inflow change from one irrigator to another and result in nopuniformity ia the application. While
this level of data is not available for the second farm, some of these effects are assumed to have occurred there as well,

The profiles of residual NO,-N are variable within the same field. In some cases NO,-N is low throughout the profile
over the full length of the field {fig. 2), while in others, the concentration profiles NO,-N show that leaching has occurred
(figs. 3 and 4). In the case field, A3C leaching occurred at various locations in some transects, while in field A10, most
of the leaching occurred at the low end of the field.

INTERPRETATION: Based on the observations made during the growing season, uniformity of application, especially
in sloped fields, is poor, This is a result of bath soil variation and application differences. Because at least two irrigators—
oneat night, one during the day—differences in application occurred, Length of run and soil variability both affected
movement of nitrate. In the case of field A3C, the producer did a good job of managing the water and nitrogen inputs,
but as seen in figure 3, soil varjations cansed problems in some areas of the field. Results of textural analysis show that
sandy spots are the likely cause of the leaching in this field. In field A10, however, the pattern of leaching suggests that
the length of run may be responsible for the deep penetration of the NO-N. In this field, water collects at the end of the
field, resulting in deeper-penctration-of-the-water,

FUTURE PLANS: In 1996, the study will be expanded to include ndditional producers in the Yuma area. Selection of
additional eites will be based on the crop rotations, soil type, and irrigation method.

COOPERATORS: B. Ekholt, Pinal County Irrigation Management Service; T. L. Tlﬂ)mpﬁOn, Univeraity of Arizona
Dept. of Soil and Water Science,
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Figure 1. Example of water inflow and runoff for field 1-OL for the irrigation starting August 5,
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SIMULATION OF CHEMICAL TRANSPORT IN SOILS FROM SURFACE IRRIGATION

T.S. Strelkoff, Research Hydraulic Engineer; F.J. Adamsen, Soil Scientist;
and A.J. Clemmens, Supervisory Research Hydraulic Engineer

PROBLEM: Irrigation management influences the quality of both surface and groundwater supplies. Chemigation
introduces agricultural chemicals into the irrigation water. Initinlly 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, chlorinated organic compounds, and heavy metals, for example, brought to farm fields
in the course of agricultural operations; and naturally occurring chemicals, like selenium, can be transported to surface
or subsurface water supplies by the movement of irrigation water, to the detriment both of human consumers of the water
resource and wildlife dependent on these bodies of water,

The transport, transformation, and ultimate fate of chemical components of the irrigation water depend on the quantities
of water remaining in the root zone after the irrigation, the quantities running off the end of the Relds into drainage ditches
and canals, and the quantities that contimie to percolate through the soil, entering eventually either a groundwater aquifer
or & river fed from groundwater seepage, The chemical and physical reactions between the water, the s0il medium, and
the pasticular chemicals involved significantly influence the transformation and ultimats fate of the chemical constituents.
Fingering of the water front advancing downward through the soil medium occurs both as the result of nonhomogeneous
goil, with worm and root channels, and layering of soils with a layer of low permeability overlying one of great
permeability. This results in more rapid transport of waterborne constituents to the groundwater table than with
reasonably homogeneous soils.

In the porous subsurface medium, many existing models view variation in only one dimension, the vertical, assuming
no movement paralle] to the stream flow. However, inserflow is known to occur, especially on steep slopes and, in fact,
provides a means of transport of groundwater, along with its chemical constituents, into surface strenms,

The gosal of this research effort is a predictive tool, 8 computer model, capable of simulating the transport and fate of
chemicals, and thus capable of predicting the chemical response of a given agricultural Reld and its geologic site to one
or another irrigation-management practice. Computer simulations would allow comparisons among various trial
management modes in a program to seek optimum solutions. This would make possible recommendations on the basis
of environmental considerations as well as upon water conservation and crop yield.

APPROACH: Two different problems comprise the subject of investigation: (1) transport of a contaminant by irrigation
water from a contaminated soil-surface layer to stream flow and to the groundwater via deep percolation, and (2) the
distribution of a chemical introduced nommiformly with the irrigation inflow, e.g., a pulse of chemical introduced at some
time after the start of irrigation. Both problems are to be treated by a piane two-dimensional (Jongitudinal and vertical)
mathematical simulation, coupling a solution of the turbulent Navier-Stokes equations augmented with a two-equation
turbulence model in the surface stream to a solution of the equations for unsaturated flow in a porous medium in the
underlying soil. The two regions share a cornmon vertical velocity field at the interface.

Mass transport is modeled in the entire system through dispersivities calculated from the flow equations. Sorption and
desorption are incorporated in terms of both equilibrium aod nonequilibrium kinetics of semi-empirical determination.
The same is true for volatilization, degradation, and leaching processes, incorporaied as sink terms in the mass transport
model.

A physical model with a graded sand bed is to be used for verification of the mathematical model.

FINDINGS: The hydrodynamic portion of the simulation model hns been completed, accuracy and conservation
properties establisbed, and comparisons with an existing depth-averaged model made and documented (Bradford and .
Katopodes, in press,). Figure 1 shows sample pressure and velocity distributions in the surface flow and in the soil
medium a few seconds afler-initiastionofirrigation-stream-wdvance .- Figure-2-3-a-picturcof a-velocity pattern with a soil
possessing an artificially high permeability to exaggerate the velocity magnitudes within the soil medivm,

A significant theoretical discovery was made regarding the unsaturated-soil-flow mode! component and its mass
transport counterpart. The cause of spurious modes near the wetting front has been identified and a method for their
removal implemented (Bradford and Katopodes,The Antic - Monotone, in press).
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A mode] based on the turbulence characteristics of the flow has been developed for predicting the flocculation, seitling,
deposition, end erosion of cohesive sediments, The shear rates and kinetic energy of the hydrodynamic model are used
for the calculation, The model has been validated for five different grain sizes on the basis of published experiments.

Numerous hypothetical runs involving chemical transport have been made using & complete gec-biochemistry module
based on published reaction rates, No validation has been possible as yet,

Several experirnents have been performed with the laboratory sand-bed flume. Initial experiments involved the use of
dye solutions to allow visualization of flow behavior in the flume. The results showed that after a peried of time, the flow
was generally uniform. A set of experiments were then conducted to examine mass transport of solute between surface
flow and soil-pore water. Bromide was used as the tracer in two scenarios. (1) The soil proftle (3 incbes deep) was
safturated with a solution of CaCL; a solution of CaBr, was then introduced as a surface flow. Solution samples were
collected from the soil and analyzed with colorimetry to determine mass transfer of Br from the surface stream to the soil
water. The two solutions were matched for density. Scenario (2) was the reverse of (1); the soil profile was saturated
with a CaBr; solution, and then a solution of CaCl, was introduced into the surface stream to induce transfer of Br out
of the soil profile. Both sets of experiments showed behavior indicative of uniform, steady surface flow with diffusive
mass transfer of Br in response to concentration gradients between the surface flow and the soil-pore water. Figure 3,
for scenario (2), shows the reduction in Br at three different depths within the soil profile.

INTERPRETATION: The simulation model is ready for comparisons with physical experiments in the flume. It shows
promise for simulating the chemical transport by surface irrigation to a useful degree. With increased use and
verification, it should serve both as a research tool in evaluating one or another irrigation management practice and as
a theoretical base for more approximate, more practical simulations.

FUTURE PLANS; The timing of future plans depend upon the extent of funding available, The mathematical model
will be exercised over a range of practical conditions to estahlish and strengthen its reliability, Specific chemical
constituents to be incorporated into the model will be selected, along with currently available figures on reaction kinetics,
The physical flume and mathematical model will be operated under mutually equivalent conditions 1o test the various
model assumptions, establish appropriate values for numerical solution parameters, and verify performance,

COOPERATORS: N.D. Katopodes, University of Michigan; M.L, Brusseau and P.M. Waller, The University of
Arizona.

REFERENCES:
Bradford, Scott and Nikolaos Katopodes, (in press), Non-Hydrostatic Model for Surface Irrigation, Journal of Irrigation
and Drainage Engineering, ASCE.

Brudford, Scott and Nikolaos Katopodes, (in press). The Anti-Monotone, Anti-Dissipative Character of Petrov-Galerkin
Upwinding, Joumnal of Numerical Methods in Fluids.,
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PROGRESS AND PLANS FOR THE FREE-AIR CO, ENRICHMENT (FACE) PROJECT

B.A. Kimball, Soil Scientist; P.J. Pinter, Jr., Research Biologist; G.W. Wall, Plant Physiologist;
R.L. LaMorte, Civil Engineer; D.J. Hunsaker, Agricultural Engineer; F.J. Adamsen, Soil Scientist; T.J. Brooks,
Research Technician; and F.S. Nakayama, Research Chemist

PROBLEM: The CO, concentration of the atmosphere is increasing and expected to double sometime during the next
century. Climate modelers have predicted that the inerease in CO, will cause the Earth to warm and precipitation patterns
to be altered, This project seeks to determine the effects of such an increase in CO, concentration and any concomitant
climate change on the future productivity, physiology, and water use of crops.

APPROACH: Numerous CO, enrichment studies in greenhouses and growth chambers have suggested that growth of
most plants should increese about 30% on the average with a projected doubling of the atmospheric CO, concentration.
However, the applicability of such work to the growth of plants outdoors under less ideal conditions has been seriously
questioned, The only approach whose realism is unguestioned and which can produce an environment as representative
of future fields as possible today is the free-air CO, enrichment (FACE) approach,

The FACE approach has been criticized because the prodigious quantities of CO, required make it expensive. A FACE
experiment is expensive, hut because of the relatively Jarge area of the FACE plots, there is a huge economy of scale,
so that per unit of treated plant material, FACE costs 1/4 or even less than tbe cost of other approaches. Thus, there is
an economic incentive to have many scientists cooperate on Inrge, comprehersive FACE experiments,

About 20 scientists from ARS, Brookhaven National Laboratory, and several universities have cooperated on a FACE
project from 1989 to 1991 at the University of Arizona's Maricopa Agricultural Center (MAC). These experiments have
yielded a wealth of information about the growth and physiological rcsponses of cotton to elevated CO,, at ample and
limiting supplies of water, as reported in, FACE: Free-Air CO, Enrichment for Plant Research in the Field, edited by G.
R. Hendrey, and in a special issue of Agricultural and Forest Meteorology, edited by W.A. Dugas and P.J. Pinter, Jr.
Data sets in IBSNAT format suitable for validation of plant growtb models have been prepared.

From December 1992 through May 1993 and from December 1993 through May 1994 two more FACE experiments
were conducted, this time on wheat at ample and limiting levels of water supply. Fifty scientists from 25 different
research organizations in eight countries have participated, measuring leaf area, plant height, abovegroundground biomass
plus roots that remained when the plants were pulled, apical and morphological development, canopy temperature,
reflectance, chlorophyll, light use efficiency, energy balance, evapotranspiration, soil and plant elemental analyses, soil
water content, sap flow, root biomass from soil cores, photosynthesis, respiration, stomatal conductance, leaf water
potential, carbohydrates, pbotosynihetic proteins, antioxidants, stomatal density and anatomy, digestibility, decomposition,
grain quality, soil CO, fluxes, and changes in soil C storage from soil and plant C isoiopes. All of the data will be
assembled in a standard format for validation of wheat growth models. Seven collaborating wheat growth modelers plan
to utilize the data.

FINDINGS: It is beyond the scope of this report to review the resuits presented in the abovegroundmentioned hook,
peper, and mumerous mamiscripts. Briefly however, averaged over three years, cotton yields were increased sbout 40%
with CO, concentrations elevated to 550 ppm, and there was no significant increase in water use.

Annlyses of the data from two FACE Wheat experiments (1992-3 and 1993-4) are not complete although 28 manuscripts
have been prepared, and 16 are published or in press in s variety of journals. However, the growth, morphological
development, soil water halance, and energy balance aspects are reported in this volume' by Pinter et al., Wall et al.,
and Kimball et al. Briefly, wheat responded much differently than cotton to elevated CO,. Early in the season in January
and February when temperatures were cool, there was little response to CO, (concentrations of 550 pmol/mo! and
ambient), Then as temperatures warmed into spring, the FACE plants grew shout 20% more than the CONTROL plants
at ambient CO,. The number-of tillers per plant was increased from about 4 to 5.-Then in May a surprising thing

'See "Seasonal Dynamics of PAR Ahsorption and Conversion Efficiency hy Spring Wheat: Effects of Free-Air CO,
Enrichment (FACE) and Water Stress” by Pinter et al., “Effects of Free-Air CO, Enrichment (FACE) on the Energy
Balance and Evapotranspiration of Wheat” by Kimball et al., and *Photosynthesis and Conductance of Spring Wheat
Leaves Grown In A Free-Air CO? Enriched (FACE) Atmosphere and Variable Soil Moisture” by Wall et al,
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happened. The FACE plants matured and senesced earlier by 7-10 days than the CONTROLS, such that the extra growing
time allowed the CONTROL plants to narrow the final difference to about 10% in the well-watered plots, while the
difference remained at about 20% in the water-stressed plots. The FACE plants averaged 0.6°C warmer than the
CONTROLs, day and night, all season long, in the well-watered plots, and we speculate that this temperature rise caused
the earlier maturity. Water use was decreased slightly, 5 to 8%, as indicated by water and energy balance measurements.

INTERPRETATION: The increasing atmospheric CO, concentration should be beneficial to future cotton production
and probably other indeterminate crops growing in warm climates, provided water supplies do not change significantly.
However, cool-season determinate crops such as wheat probsbly will benefit also, but not as much. Irrigation
requirements may be somewhat reduced for future wheat production, provided climate changes are minimal.

FUTURE PLANS: FACE wheat experiments at ample and Limiting supplies of soil nitrogen will be conducted starting
mid-December 1995 through May 1996 and again in 1996-7, funded by the Department of Energy through a grant to the
University of Arizona, U.S, Water Conservation Laboratory personnel will be major collaborators on tbe project and will
provide management support. To prepare for these upcoming experiments, in December 1994 the field at Maricopa was
planted to n crop of oats which was removed from the field while green in order to withdraw as much nitrogen as possible
from the soil, and the field was also leached with 15 cm of water in early December 1995. A feature of the 1995-6
experiment is that blowers are being added to the control plots to make them more like the FACE plots, and there will
be two “ambient” plots with no blowers, Thus, we plan to evaluate the effect of these blowers on crop growth in addition
to the main experiment of determining the interactive effeets of varying CO, and soil N on wheat response.

COOPERATORS: Y

Arizonn State University, Tempe, AZ — D. Clark, A. Webber

Brookhaven National Laboratory, Upton, NY — G.-Y. Nie, G. Hendrey, K. Lewin, J. Nagy
Colorado State University, Ft. Colling, CO — W, Hunt, S, Smith

Free University of Amsterdam, Amsterdam, Netherlands - A. Frumau, H. Vugts
Grassland Protection Research (USDA-ARS, Temple, TX) — H. Johnson, H.A. Torbert
Humbolt University, Berlin, Germany — G. Wechsung

Inst. Environ. Anal. and Remote Sens. Agric., Florence, Italy — A. Giuntoli, F. Miglietta
Kansag State University, Manhattan, KS — R. Senock, J. Ham

Lawrence Livermore National Laboratory, Livermore, CA ~ J. Amthor

National Institute of Agro-Environmental Sciences, Tsukuba, Japan - Y. Harazono, K. Kobayashi
National Soil Dynamics Laboratory, USDA-ARS, Auburn, AL — 8. Prior, H. Rogers
Potsdam Inst. for Climate Impact Research, Potsdam, Germany — F. Wechsung, T. Kartschall, 5. Grossmann, M. Bauer,
J. Grafe

Rocky Mount, For. & Range Exp. Sta. (USDA-FS, Ft. Collins, CO) - N. Nikolav

Russell Research Center {(USDA-ARS, Atbens, GA} -- D. Akin

Soil and Plant Nutrient Research, USDA-ARS, Ft. Collins, CO — A. Maosier

Texas A&M University, College Station, TX — A. Johnson

Universith della Tuscia, Viterbo, Italy — M. Badiani, A.R. Paoclacci

Universitat Autdnoma, Barcelonn, Spain — M, Estiarte, J. Pefiuelas

University of Alberta, Edmonton, Alberta, Canada — R, Grant

University of Arizona, Maricopa and Tucson, AZ — R. Rauschkolb, H. Cho, S. Leavitt, T. Thompson, A. Maithias, P.
Van de Water, T. Brooks

University of Essex, Colchester, UK ~ 8. Long, C. Oshome, A. Ball

University of Guelph, Guelph, Ontario, Canada - A, Hunt

University of Idaho, Moscow, ID — ‘A, Trent, L. Aiguo :

University of Florida (USDA-ARS, Gainesville, FL) -~ J. Vu, T. Sinclair, L. Allen
University of Wisconsin-Madison, Madison, WI - J. Schleucher

U.S. Salinity Laboratory (USDA-ARS, Riverside, CA) -~ D. Suarez, M. Guzy

Western Cotton Research Laboratory (USDA-ARS, Phoenix, AZ) — D. Hendrix, D. Akey
Western Wheat Quality Laboratory (USDA-ARS, Pullman, WA) ~ C. Morris
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PHOTOSYNTHESIS AND CONDUCTANCE OF SPRING WHEAT LEAVES GROWN IN A FREE-ATR
CO, ENRICHED (FACE) ATMOSPHERE AND VARIABLE SOIL MOISTURE

G.W. Wall, Plant Physiologist; R.L. Garcia, Plant Physiologist's B.A. Kimball, Supervisory Soil Scientist;
P.]J. Pinter Jr., Research Biologist; and R.L. LaMorte, Civil Engineer

PROBLEM: Atmospheric carbon dioxide concentration (C)) is predicted to almost double over the next century. An
increase in C, can reduce stomatal conductance (g) (Ball, 1982) which will resirict the transport of CO, and H,O between
the atmosphere and substomatal cavity within a leaf. Under C,-enrichment, however, any restriction in CO, flux resulting
from C_ -enrichment-induced lowering of g, is generally offset by the increase in CQ, gradient between the atmosphere
and substomatal cavity, so that the internal CO, concentration (C)) is generally higher, rather than lower for C -enriched
leaves. These compensatory factors, therefore, result in an increase, rather than a decrease in net CO, flux into the leaf
for C ~enriched compared to C,-ambient plants. In contrast, because the vapor pressure deficit (gradient for water vapor
flux between the leaf and atmosphere) is not significantly altered by C,-enrichment, any C, -enrichment induced restriction
in g, can reduce water vapor flux. Furthermore, in addition to the impact of C, on transport processes, many G -
enrichment studies have shown that an increase in photosynthesis (A) has been short-lived, so that the initial higher rates
for C -enriched plants declined to their pre-exposure levels within a few days. This sugpgest that down-regulation or
acclimarion of the photosynthetic apparatus occurred under C,-enrichment. Comparative studies have shown that down-
regulation varies with species and with other aspects of the environment (Webber et al., 1995). An imperative exist,
therefore, to elucidate the impact that such a future high-CO, world will have on the transport of CO, and H,O between
the atmosphere and leaf and to determine .whether any acclimation of the photosynthetic apparatus will occur in wheat,
The objectives of this study were: 1) to characterize and quantify tbe djumnal and seasonal trends in A and g, and 2) to
determine whether results support or conflict with current views on down-regulation of photosynthesis for a field-grown
wheat crop in C -enriched air and variable soil moisture regimes.

APPROACH: A field study on & hard red spring wheat (Triticum aestivum L. cv. Yecora Rojo) crop was conducted in
an open field at The University of Arizona Maricopa Agricultural Research Center, located 50 km south of Phoenix,
Arizona (33.1 °N, 112.0 "W). Wheat seeds were sown into flat beds at 0.25-m row spacings on December 7-8, 1993 ,
at a plant populatjon of 180 plants m™ (50% emergence occurred on December 28, 1993, and the crop was harvested on
June 1, 1994). Following sowing, a FACE apparatus (Hendrey, 1993) was erected on site to enrich the C, of ambient
air, presently at ~350 pmol mot’ (CONTROL), to a C, of 550 wmol mol” (FACE) treatment fevel (main plot). A
subsurface drip tape irrigation system supplied a full irrigation of 100% evaporative demand and a 50% reduction in water
supply (split-plot) treatments (WET and DRY, respectively). Treatments, therefore, consisted of FACE-WET (FW),
FACE-DRY (FD), CONTROL-WET (CW), and CONTROL-DRY (CD). A preplant application of nitrogen along with
several chemigation applications provided a total of 233 kg ha™ N. A preplant application of ~55 kg ha™ P,0, was also
applied. Leaf gas exchange rates were measured with a portable closed-exchange (transient) system with a 250 cm?
transparent assimilation chamber on the central portion of five fully expanded (ligule emerged) upper-canopy sunlit leaves
(three replications) from predawn to dusk on five days: day of year (DOY) 41, 69, 81, 95 and 123. These dates
corresponded to physiological growth stages of 3-leaf, tillering, stem extension, anthesis, and grain filling.

FINDINGS: Significant CO, effects occurred because A was consistently higher in FACE compared o CONTROL (fig.
1y. Significant [rr effects occurred because A was consistently higher in WET compared to DRY. Diurnal trends in A
generally followed a consistent order (FW>FD=CW >CD), but absolute differences amongst treatments varied
depending on the phenology of the crop. Regardless of leaf type examined (sunlit or shaded), no major alterations in the
quantity or composition of polypeptides within the photosynthetic apparatus were observed (Nie et al., 1995). Levels
of steady-state concentration of mRNA encoding these proteins were also independent of C, level. The diurnal trends in
A reported herein, support the premise that no-apparent down-regulation of tbe photosynthetic apparatus occurred under
C,-enrichment throughout the lifespan of either a well-watered or water-stressed field-grown spring wheat crop with
adequate nitrogen.

Significant Irr effects occurred because g, for leaves in the WET were consistently higher than for DRY (fig. 2).
Simarilarly, significant CO, effects occurred because g, was consistently higher in CONTROL compared to FACE.
Although diurmnal trends in g, generally followed a consistent order (CW > FW =CD > FD), which was the inverse of the
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order for A; again, as with A, the absolute differences among the treatments varied depending on the phenology of the
crop.

INTERPRETATION; During a greater proportion of the growing season, A was highest in C —enriched well-watered
and lowest in C-ambient water-stressed leaves. The C-enricbed water-stressed and C,-ambient well-watered leaves were
always intermediate in their response, suggesting that the direct effect of future elevated CO, concentration will
compensate somewhat, if not fully, for water stress in future drier climates, depending, of course, on the severity of any
droughts. One reason a C,-enriched water-stressed leaf maintained comparable A to that of a C,-ambient well-watered
one is because the steeper CO, gradient between C, and G for a C,-enriched leaf can offset reduction in A because of
lower g, induced by either high CO, or water stress. Although, a C,-ambient well-watered leaf had high g, thereby
enabling potentially high CO, flux, the C, to C, gradient was lower for a C,-ambient compared to C, -enriched leaf. The
result was compensatory (CO2 equwnlent to H,0), so that aC, -ennched environment can ameliorate for lower soil
moisture.

The diumal trends in g, were inversely related to A, as were the relative order in their treatment response. In contrast
to A, the well-watered C_-ambient and water-stressed C_-enriched plants estahlished the higher and lower physiological
response, respectively, whereas the well watered C,-enriched and water-stressed C,-ambient were intermediate in their
responses, This suggests that any reduction in g, due to C,-enrichment was comparable to that due to water stress. The
lower level of g, for C -enriched leaves under water stress occurred because of an additive effect, That is, water stress
and higher C, can both independently reduce g,. So combined, they counld cause a further reduction in g, , thereby
estabishing the lowest treatment response. Similarly, the highest leve! for g, in well-watered leaves grown under G-
ambient occurred because of an additive effect (the inverse of the aforementioned one, however). That is, well-watered
and Jower C, both independently increased g , So combined, they would cause & further increese in g, thereby
establishing the highest levels in treatment response.

FUTURE PLANS: A FACE wheat experiment is scheduled for the 1994-95 and 1995-56 growing seasons. The
experimenta] design will have similar CO, treatment levels as the previous two FACE wheat experiments, but the split-
plot irrigation treatment will be replaced with nitrogen levels (high and low, respectively). Future research will quantify
the gas exchange properties of wheat under open-field conditions with high C, and adequate and reduced levels of soil
nitrogen to determine whether any down-regulation or acclimation of the photosynthetic apparatus will occur under
nitrogen limited environmental conditions,

COOPERATORS: Operational support was contributed by the Carbon Dioxide Research Program of the Office of
Henith and Environmental Research of the Department of Energy and hy the Postdam Institute for Climate Impact
Research, Postdam, Germany. We also acknowledge the helpful cooperation of Roy Rauschkolb and his staff at The
University of Arizona Maricopa Agricultural Center. The FACE apparatus was furnished by Brookhaven National
Laboratory, and we are grateful to their representatives Keith Lewin, John Nagy, and George Hendrey for assisting in
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Figure 1. Diurnal trends in net assimilation rate (A) in fully-expanded sunlit wheat leaves for day of year (DOY) given
during the 1994. Means composed of five Jeaves for three replications. Error bars given represent one standard error
from mean.
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Figure 2, Diumnal trends in total stomatal conductance (g,) in fully expanded sunlit wheat leaves for day of year (DOY)
given during 1994. Means composed of five leaves for three replications. Error bars given represent ope standard error

from mean.
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EFFECTS OF FREE-AIR CO, ENRICHMENT (FACE}
ON THE ENERGY BALANCE AND EVAPOTRANSPIRATION OF WHEAT

B.A. Kimball, Soil Scientist; R.L. LaMorte, Civil Engineer; R. Seay, Agricultural Research Technician; C, O'Brien,
Research Assistant; P.J. Pinter, Jr., Research Biologist; G.W. Wall, Plant Physiologist, T.J. Brooks, Research
Technician; D.J. Hunsaker, Agricultural Engineer; and R, Rokey, Biological Technician Plants

PROBLEM: The CO, concentration of the atmosphere is increasing and expected to double sometime during the next
century. Climate miodelers have predicted that the increase in CO, wilt cause the Earth to warm and precipitation patterns
to be altered. Such increases in CO, and possible climate change could affect the hydrologic cycle and future water
resources. One component of the hydrologic cycle that could he affected is evapotranspiration (ET), which could be
alered because of the direct effects of CO, on stomatal conductance and on plant growth. One important objective of this
experiment was to evaluate the effects of elevated CO, on the ET of wheat.

APPROACH: The evapotranspiration measurements were one component of the much larger Free-Air CO, Enrichment
(FACE) project, which sought to determine the effects of elevated CO, on wheat growth, yield, and many physiological
processes, as well as water use. Two experiments over the 1992-3 and 19934 growing seasons have been completed,
In these experiments, four toroidal plenum rings of 25-m diameter constructed from 12" irrigation pipe were placed in
a wheat field at Maricopa, Arizona, shortly after planting. The rings had 2.5-m-high vertical pipes with individual valves
spaced every 2 m around the periphery. Air enriched with CO, was blown into the rings, and it exited through holes at
various elevations in the vertical pipes, Wind direction, wind speed, and CO, concentration were measured at the center
of each ring. A computer control system used wind direction information to tum on only those vertical pipes upwind of
the plots, so that the CO -ennched air flowed across the plots, no matter which way the wind biew. The system used the
wind speed and CO, concentration information to adjust the CO, flow rates to attain a near-constant 530 ppm by volume
CO, concentration at the centers of the rings. Four matching CONTROL rings at ambient CO, but with no air flow were
also installed in the field.

The determination of the effects of elevated CO, on ET by traditional chambers is fraught with uncertainty because the
chamber walls that constrain the CO, also affect the wind flow and the exchange of water vapor, Therefore, a residual
energy balance approach was adopted, whereby ET was calculated as the difference between net radiation, R, soil surface
heat flux, (5,, and sensible heat flux, H:

AET = R,-G,-H

R_was measured with dupliicate net radiometers, and G, with soil heat flux plates. H was determined by measuring the
temperature difference between the crop surface and the air and dividing the temperature difference by an aerodynamic
resistance calculated from a measurement of wind speed. The air temperature was measured with an aspirated
psychrometer, and the crop surface temperature was measured with duplicate infrared thermometers (IRTs) maunted
above each plot. The net radiometers and IRTs were switched weekly between the FACE and CONTROL plots.

FINDINGS: Figure 2a shows the hourly patterns of weather varishles for one mid-season day, March 10, 1994, Foliage
temperatures were typically about 3°C cooler than air temperatures except from dawn until shortly after noon. FACE
foliage temperatures averaged 1.0 +0.2 °C warmer than CONTROL temperatures on this day.

R, {fig. 1a) was the largest component of the energy budget of March 10, 1994, generally much larger in magnitude
than G, (fig. 1b) or H (fig. 1¢). Consequently, AET (fig. 1d} tended to follow R,. The error bands on R, were tight, and
differences in R between FACE and CONTROL were small (fig. 1a}. Consequently, effects of FACE on AET also
generally were small although on this particular day, FACE AET averaged 17% less than CONTROL AET.

FACE tended to increase the wheat canopy temperatures by an average 0.6°C from February through April, which
made the crop slightly less cooler than air temperature most of the time (fig. 2b).

Daily FACE R, averaged 3% less than CONTROL K, from February through April for both the 1992-3 and 19934
experiments (data not shown). Furthermore, the error bounds were tight with little evidence of changes in treatment
effects when the instruments were switched weekly between FACE and CONTROL. Daily totals of G, were very small
(generally < 1 MJ m?®day™), as expected. Daily FACE H tended to be higher than CONTROL H (fig. 1c), which meant
it was less negative on some days. This tendency was because the FACE plants were slightly warmer than the
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CONTROLs= most of the time, and both FACE and CONTROL plants generally were cooler than the air except from
about dawn until shortly after noon (fig. 2a).

Daily FACE AET was less than that of the CONTROL plots most of the days in both experiments (fig. 2c). At the end
of the seasons in May, the FACE plants matured earlier, leading to larger differences in AET. Exciuding these May data,
the regression of FACE oan CONTROL AET from February through April (fig. 2¢) indicates that the FACE treatment
decreased AET by an average 8%.

INTERPRETATION: It appears from these data that irrigation requirements for wheat may be somewhat lower in the
future high-CO, world (provided that any global warming is amall}.

Also, the observation that FACE caused foliage temperatures to be increased by 0.6°C day and night, all season long,
may be the cause of the accelerated maturity and senescence of the piants in the FACE plots. This also suggests that the
areas for optimum wheat production may shift somewhat due Lo just the increasing CO, concentration, wbether global
warming occurs or not.

FUTURE PLANS: Another FACE Wheat experiment will commence on sbout December 15, 1993, to evaluate the
response of wheat to FACE when soil nitrogen is limited (See report on "Progress and Pians for the Free-Air CO,
Enrichment (FACE) Project.™). Micrometeorological parameters requirad to characterize the growing conditions in
support of modeling efforts will be measured. Energy balance and AET will be determined in two replicate blocks of the
four treatments (high and low CO, and high and low N). In addition, the 1995-6 experiment will feature plots at amhijent
CO, with and without blowers like those used in the FACE plots for distribution of CO,. Therefore, the effect of these
blowers on energy balance and canopy temperatures will also be evaluated.

COOPERATORS: See ;mﬂ on "Progress and Plans for the Free-Air CO, Enrichment (FACE) Project.”
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CO, ENRICHMENT OF TREES

S.B. Idso, Research Physicist; and B.A, Kimball, Supervisory Soil Scientist

PROBLEM: The continuing rise in the CO, content of Earth’s atmosphere is believed by many people to be the most
significant ecological problem ever faced by humanity because of the widespread assumption that it will lead to
catnstrophic global warming via intensification of the planet's natural greenhouse effect. However, this belief is largely
due to a lack of knowledge of the many beneficial effects of atmospheric CO, enrichment on Earth’s plant life. Hence,
it is imperative that this other aspect of atmospheric CO, be elucidated so that the public can have access to the full
spectrum of information about the environmental consequences of higher-than-ambient levels of atmospheric CQ,. Only
under such conditions of complete and wide-ranging understanding can the best decisions be made relative to national and
international energy policies,

As forests account for two-thirds of global photosynthesis and are thus the primary players in the global biological -
cycling of carbon, we have chosen to concentrate on trees within this context. Specifically, we seek to determine the
direct effects of atmospheric CO, enrichment on all aspects of their growth and development; and we hope to be able to
determine the ramifications of these direct effects for global carbon sequestering, which may also be of considerable
significance to the climatic impact of atmaspheric CO, enrichment, as the biological sequestering of carbon is a major
factor in determining the CO, concentration of the atmosphere and the ultimate level to which it may rise.

APPROACH: InJuly 1987, eipht 30cm-iall sour orange tree (Citrus aurantium L.) seedlings were planted directly into
the pround at Phoenix, Arizona. Four identically-vented, open-top, clear-plastic-wall chambers were then constructed
around the young trees, which were grouped in pairs. CO, enrichment—to 300 ppm above ambient—was begun in
Novemher 1987 to two of these chambers and has continued unabated since that time. Except for this differential CO,
enrichment of the chamber air, all of the treas have been treated identically, being irrigated at periods deemed appropriate
for normal growth and fertilized as per standard procedure for young citrus trees,

Numerous measurements of a ntmber of plant pamameters have been made on the trees, some on an hourly basis, some
weekly, some monthly, and some annually. Results of our findings are summarized below, along with resuils of
measurements made on some other plants grown beneath the orange trees and in two temperatire-controlled greenhouses
that were subdivided into two CO, treatments. Results of a large literature survey of the subject are also included,

FINDINGS:

(1) Over the course of our jong-term sour orange tree study, we have measured the trunk circumference of each tree
at the mid-point of each month; and from the end of the third year of the study, we have counted the number of oranges
removed from all trees at the conclusion of each year's harvest. In connection with the iast of these harvests, we also
measured the diameler of every orange removed from each tree, along with the rind thicknesses of 240 randomly selected
oranges from each of the two CO, treatments.

From these data we have developed a seven-year history of the growth-promoting effects of atmospheric CO,
enrichment (see fig. 1). This history indicates that by the end of the second year of the study, the trunk plus branch
volume of the CO,-enriched trees was approximately 2.75 times greater than that of the ambient-treatment trees. Since
that time, this factor has dropped to just under 2.0; hut the decline in the CO, -enriched/ambient-treatment ratio of trunk
phas branch volume has been nearly perfectly offset by the relative fruit production advantage enjoyed by the CO,-enriched
trees, which began to manifest iiself in year 3 of the study. From year 2 through year 5, for example, the total trunk plus
branch plus cumulative fruit rind volume of the trees exposed to the extra CQ, was consistently about 2,77 times greater
than the corresponding volume of the trees exposed to ambient air.

In years 6 and 7 of the experiment, however, a number of branches of the CO,-enriched trees grew all the way to the
walls of the enclosures; and many blossoms and young fruit were destroyed by intermittent physical trauma produced by
the action of wind against the taut plastic, which reduced the fruit production of the CO,-enriched trees from what it wouid
have heen had their branches not been adversely impacted by this horizontal space restriction. Hence, we wiil have to
wait a few more years for this lateral growth obstruction—which is somewhat: analogous to what occurs in a developing
forest when neighboring trees begin to crowd each other—to occur to the same degree in the ambient-air chambers, in
order to determine the long-term effects of atmospheric CO, enrichiment in a spatially-confined environment.

For the present, we find no compelling evidence for any acclimation of the CO,-enriched trees that might reduce their
enhanced productivity in an unobstructed seiting. Indeed, even in the face of the spatial limitation created by the enclosure
walls, the CO,-enriched trees continue to extend the time interval it would take the ambient-treatment trees to attain the
same level of curnulative biovolume production; while annual productivity data suggest that the growth rates of the trees
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of both CO, treatments (which currently differ by a factor of two) are probably within only a couple of years of reaching
their asymplotic upper limits characteristic of maturity. Hence, we have reason to believe that the CO, -induced growth
stimulation will be manifest throughout the entire life span of the trees.

() At weekly intervals throughout years 4 through 7 of the sour orange tree study, we measured chlorophyll g contents
of 60 leaves on each of the eight trees with a hand-held chlorophyll meter that was specifically calibrated for the trees
of our study. At bi-monthly intervals we also measured the areas, dry weights and nitrogen contents of 68 leaves from
each tree. Expressed on a per-unit-leaf-area basis, and averaged over the four-year period, leaves from the four CO,-
enriched trees contained 4,8% less chlorophyll and nitrogen than leaves from the four ambient-treatment trees (see fig.
2). However, based on an empirical relationship we had previously developed between trunk cross-sectional area and
the number of leaves on a tree, along with the resuits of a previously published study of CO, effects on leaf size, we
caleulate that the total chlorophyli a and nitrogen contained in all the leaves of the CO,-enricbed trees averaged 75% more
than the total chlorophyll a_and nitrogen contained in al] the leaves of the ambient-treatment trees over the four-year
course of the study. It is interesting to note that this percentage enhancement is identical ta the percentage increase in
atmospheric CO, concentration experienced by the CQ, -enricbed trees. With only two CO, treatments, however, we
cannot say whether this exact correspondence is anything more than coincidence.

(3) Net photosynthetic rates of individual sour orange tree leaves were measured on a number of summer afternoons
over the past several years, when air temperatures were extremely warm. In the trees exposed to the extra 300 ppm of
CO,, the upper-limiting temperature-—-above which net photosynthesis hecomes negative--was approximately 7°C higher
than it was in the ambient-treatment trees (see fig. 3). This ability of the CO, -enriched trees to grow and sequester
carbon at higher temperatures than can be tolerated under current CO, concentrations led to a 75% enhancement in the
net photosynthesis of the CO,-enriched trees at a temperature of 31°C, a 100% enhancement at 35°C, and a 200%
enhancement at 42°C. |

(4) Uniform rooted cuttings of Eureka lemon trees were grown for six months in pots in two glasshouses that were
programmed to provide moderate (29/21°C day maximum / night minimum) or high (42/32°C day maximum/night
minimum) air temperatures, Each of the glasshouses was further subdivided to provide two CO, treatments; ambient and
ambieat plus 300 ppm CO,. In the moderate air temperature treatment, elevated CO , increased growth by approximately
21%; while in the high air temperature treatment, it produced an 87% increase in growth. Under the high air temperature
regime, the CO,-enriched leaves also contained about 15% more chlorophyll than the ambient-treatment leaves,
Consequently, and as with the sour orange trees, atmospheric CO, enrichment significantly reduced the negative effects
of high-tempetature stress on shoot growth.

(5) 1n yet a third investigation of the interactive effects of CO, and temperature, we measured total biomass production
in twelve different harvests of three plantings of 424 Agave vilmoriniana plants (a common desert succulent with CAM
physiology) that we grew in our large CO, enrichment chambers beneath the sour orange trees over a period of four years.
Once again, the growth stimulation pravided by the extra 300 ppm of CO, was found to be greater at higher temperatures,
ranging from 28% at 19°C to 51% at 29°C (see fig. 4).

(6) In preparation for the Third Annual Kuehnast Lecture of the Department of Soil, Water and Climate at the
University of Minnesots, one of us (S.B. Idso) reviewed over 350 scientific journal articles related to CO, and global
change. This exercise resulted in the publication of a small booklet entitled "CO, and the Biosphere: The Incredibie
Legacy of the Industrial Revolution,” which summerizes the results of hundreds of laboratory and field experiments that
demonstrate that as the air's CO, content and the depasition of anthropogenically-produced nitrogen and other nutrients
have risen in phase with the industrial development of the past two centuries, so also, as a direct consequence of those
phenomena, has the vitality of earth’s biosphere increased, where man has not damaged it directly by overt actions, such
as deforestation or localized pollution,

INTERPRETATION: The implications of our findings have a direct bearing on the current debats over anthropogenic
CO, emissions. They demonstrate that CQO, is an effective aerial fertilizer, enhancing plant growth under nearly all
conditions.

FUTURE PLANS: We anticipate continuing the sour orange tree experiment for several more years, focusing on the
effects of atmospheric CO, enrichment on fruit production. We also plan to study CQ, effects on a number of other
plants,

COOPERATORS: U.S. Department of Energy, Atmospheric and Climate Research Division, Office of Health and
Environmental Research.
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SEASONAL DYNAMICS OF PAR ABSORPTION AND CONVERSION EFFICIENCY BY SPRING WHEAT:
EFFECTS OF FREE-AIR CO, ENRICHMENT (FACE) AND WATER STRESS

P.). Pinter, Jr., Research Biologist; B.A. Kimball, Soil Scientist; R.R. Rakey, Biological Science Technician
(Plants); G.W. Wall, Plant Physiclogist; R.L. LaMorte, Civil Engineer; R.L. Garcia, Plant Physiologist;
and D.J, Hunsaker, Agricnitura]l Engineer

PROBLEM: Expected changes in global climate and atmospheric carbon dioxide (CO,) concentrations have very major,
yet relatively poorly understood, consequences for the productivity of important food and fiber crops. The results of these
changes are difficult to assess in traditional experiments using glasshouses or enclosed chambers because the chambers
themselves modify many of the environmental parameters (e.g., light, temperature, etc.) that affect plant growth and
development. Our quest for more realistic conditions in which to conduct experiments has led us to use a Free Air
Carbon dioxide Enrichment (FACE) approach in our cofton and wheat research over the past 6 years, With FACE,
experimental findings become more relevant for production agricuilure because plonts are exposed to natural
environmental conditions and function as a complex community, with normal competitive interactions for light, water,
and nutrients.

These community-level experiments without interference of light attenuating-chambers also provided an ideal opportunity
to test hypotheses regarding the effécts of CO, on the capture of photosynthetically active radiation (PAR) by the whole
plant canopy and its subsequent conversion to biomass. However, special techniques were necded to measure the
fractional portion of PAR absorbed by the plant canopy (FAPAR). This is because early in the season when plants were
less than ~0.25 m in height, conventional line quantum sensors were too large to use effectively. Likewise, late in the
season when elevated CO, and water stress accelerated leaf senescence, an approach was required that was unaffected
by the increasing proportion of nonphotosynthesizing canopy elements and provided a realistic assessment of fAPAR by
the photosynthetically active component of the canopy.

This report discusses the use of an innovetive, non-invasive technique for measuring fAPAR and presents preliminary
data on the effects of CO, and water stress on the seasonal dypamics of fAPAR, and light use efficiency of spring wheat
during the 1993-94 FACE experiment.

APPROACH: Spring wheat (Triticum aestivum L. cv Yecora Rojo) was sown in east-west rows spaced 0.25 m apart at
the Maricopa Agricultural Center (MAC) in December 1993, Plants were exposed to enriched (FACE, ~550 pumol mol™)
and ambient (Control, ~370 pmol mol?) CO, levels; treatments were replicated four times. CO, treatment plols were
split in half to test the effect of different irrigation regimes on wheat response to CO,. Irrigation of the Wet treatment
was based on full-season consumptive use requirements of wheat as determined from estimates of potential
evapotranspiration (PET) obtained from the Arizona Meteorolagical Station at MAC. Plants in the Dry irrigation
treatment received only S0% of amounts given to the Wet plots. Irrigation water was delivered to the planis using micro-
irrigation (drip) tubing that was spaced 0,51 m apart (parallei to plant rows) and buried at 0.18 to 0.25 m depth.

Approximately 24 wheat plants were sampled from all replicates of each treatment combination at weekly intervals (22
sampling pericds). Plant phenology wes determined according to both the Zadoks and Haun scales of development.
Abave ground biomass (crown, stem, green and nongreen leaf, and head components) was measured after oven-drying
at 65-70°C. Root biomass was measured from three, 10-cm diameler cores obtained from each replicate at six dates
during the season. Green leaf and stem area (GPAI) was measured on s subsample of 12 median-sized plants per subplot
using an optical planimeter. The fractional proportion of the copopy that was green (FG) was defined as GPAI divided
by the maximum GPAI achieved to date. Typically, FG wes one until anthesis then declined to zero at the end of grain
filling. The experimental setup and effects of different treatments on plant phenology, growth parameters, and final yield
are discussed in more detgil by Pinter, et al. (1996).

Canopy reflectance factors were measured one to five times 8 week using a handheld, Exotech radiometer (Exotech, Inc.,
Gaithersburg, Maryland) equipped with 15° fov optics.-Measurements were made at a 57° solar zenith angle. Red (0.61
to 0.68 um) and near-infrared (NIR, 0.79 to 0.89 pum) reflectance factors were used to compute the Normalized Difference
Vegetation Index (NDVI=[(NIR-Red)/(Red + NIR)]. Incident and transmitted light in PAR wavelengths (0.4 to 0.7 pm)
were measured at midday on seven dates during the season using a Ceptometer (Decagon Instruments, Inc., Pullman,
Washington)., Canopy fAPAR was computed using a light balance equation (Pinter, et al., 1994), and absorbed PAR
(APAR) was determined es the product of FAPAR and incident solar PAR. -
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FINDINGS: Traditional methods for measuring and interpreting fAPAR using the Ceptometer were not possible early
in the season when wheat was < 0.25 m high, They were also not appropriate to use during the last third of the season
(after anthesis, ~DOY 95) when it was obvious that not all PAR energy was being used in photosynthetic processes (fig.
1). To better represent fAPAR over the entire season, we computed a "hiologically effective” fAPAR parameter, as the
product of measured fAPAR and FG. Effective fAPAR corresponded very well with our intuitive assessment of the
canopy and its photosynthetic competence as measured by leaf and whole canopy chamber rates of assimilation (data not
sbown), When effective fAPAR was plotted versus NDVI (fig. 2), both pre- and post-anthesis wheat data were described
adequately by a single relationship having a predictive standard error of £ 0.05 units. Using the NDVI approach to
predict fAPAR permitted its assessment on & season-long basis (fig. 3) and revealed that elevated CO, conferred a distinct
fAPAR advantnge over controls during seedling and tillering growth stages (fig. 4). Following anthesis however,
senescence progressed more rapidly in the FACE treatments, and their fAPAR declined compared with controls.
Although drought stress in the dry irrigation treatment reduced the seasonal APAR totals by an average of 15%, we were
surprised to find no effect of CO, on end-of-season APAR accumulations (table 1), This was mainly because the FACE
plants matured more quickly than controls. When LUE was computed for different intervals in plant development, it
revealed intriguing seasonal dynamics of LUE that varied with CO, treatment and stage of growth (fig. 5). Table 1
contains LUE estimates for each experimental treatment that have been computed in two different ways. The end-of-
season LUE was calculated as the final biomass (sboveground and below-ground components) divided by the total
accumulated APAR. 1t showed an overa!l stimulation of LUE of about 11% under well-watered, nonstressed conditions
and about 14% under a more limited irrigation regime. The more conventional, regression-based method for estimating
LUE {i.e., the slope of accumulated biomass to accumulated PAR relationship) yielded similar results.

INTERPRETATION: Application of multispectral remote sensing techniques for quantifying biophysical plant processes
provided data on fAPAR and LUE of wheat throughout the entire growing season. They were particularly useful at the
begiming and also at the end of the growing season when more traditional approaches (e.g., use of line quantum sensors)
were either physically or biologically inappropriate. In a future high CO, world, our results show that wheat, like cotton
(Pinter et al. 1994), will have an accelerated early-sezson development of green leaf area. LUE of wheat is expected to
increase 12% with a 50% rise in CO,. The within-season dynamics of wheat LUE helped explain a smaller effect of
elevated CO, on biomass and yields than we observed for cotton (Pinter et al. 1996).

FUTURE PLANS: Analysis of wheat growth data is continuing. Important questions remain concerning wheat respanse
to CO, under conditions of limited nitrogen availability. As a result, similar FACE experiments using wheat exposed to
two levels of seil nitrogen are planned for the 1995-96 and 1996-97 growing seasons. Measurements of fAPAR and LUE
will be rigorously pursued during these experiments.

COOPERATORS: A large number of research organizations took an active role in supporting our 1993-94 FACE
experiment. See "Progress and plans for the free-air CO, (FACE) enrichment project” (Kimball et al., in the 1994
USWCL Armual Research Report) for a complete listing of cooperators. We thank the USWCL technical support staff
for the agronomic data used in this report. The authors also wish to acknowledge the special contributions of Drs. Frank
and Gabrielle Wezhsung from the Potsdam Institute for Climate Impact Research, Potsdam and Humbolt University,
Berlin, Germany, respectively, for providing the root data.

REFERENCES
Pinter, P, Ir,, B.A. Kimball, I.R. Mauney, G.R. Hendrey, K.F. Lewin, and J. Nagy, 1994. Effects of free-air carbon
dioxide enrichment on PAR absorption and conversion efficiency by cotton. Agric, For, Meteorol. 70:209-230,

Pinter,P.J., Jr., B.A. Kimball, R.L. Garcia, G.W. Wall, D.J. Hunsaker, and R.L. LaMorte. 1996. Free-air CO,

enrichment: Responses of cotton and wheat crops. -Pages 215-249 [p Carbon Dioxide and Terrestrial Ecosystema. G.W.
Koch and H.A. Mooney (editors), Academic Press, San Diego.
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Figure 1. Fraction of phetosynthetically active radiation (FAPAR) measured al
midday with a Ceptometer during the 1994 FACE experiment with Yecora Rojo spring
wheat. Abbreviations: CD, Contyol Dey; CW, Control Wet; FR, FACE Dy

FW, FACE Wet,

Day of Year (1994)

Figure 3. Biotogically effective EAPAR predicled as a function of the Normatized
Difference Vepetation Index (NDVI) for Yecora Rejo spring wheat in the 1993 FACE
experiment. Abhreviations: CB, Control Diy; CW, Control Wet; FD, FACE Dry;

3
q o=
m
': AAAAAAAAAAAA ow
N KA.
:: FD
:‘\ o PR AR ‘\‘
N FW
AN
/\ -
\
N
NN
N
1o 3

Biologically Effective fAPAR

Ratio Effeclive JAPAR (FACE1Control}

Lo+ TP T, S YN

= - 2557, be2.008

FRGr = 888 tr - 4846 n =~ iis

L]

Pre-Anthesis
o]

""" Papi-Anthesis
FS

Bare Soil

05 02 4

0.6

‘Nermalized Difference VI

Lo

Figure 2 Biologically effective fraction of photosynthetically active radiation
{fAPAR) versus the Normalized Difference Vegelation Index (NDVT) measured with

the Exotech radiomoeter.

9. Fipesing

Wet

0 30 60

"

Day of Year (1994)

Figure 4. The mtio of FACE to Consrol biotogicatly effective FAPAR for dry and
wetl irrgation treatments duting the 1994 FACE experiment with spring whem,
Horizontal bars show approximate duration of prowth stages.

Annual Report of the U.S. Water Conservation Laboratory



98

Light Use Efficlency (g/MJ)

e Dry Irrigation Treatment e Wet Irrigation Treatment
80 T s st [ ] e o ey I I
i Control R i Conlrol
I T S I e R
o FACE
1 , 2 E 217
- 1sn 2 ogedee] A ety rrmerre e b e g g v rane e rene]
PR S e T e g
4 = 4
o § sodin] IR0 BB B0 BT
Jodoaomeend BP0 B ... =
—:':'-; E
X% 20 gadieen] BEE---f B0 BN | - -]
Le =
L%} ¥ [ X
Seedirg A -~ Beatimg Gram Fill , Semdling T Desling Grsin il
'ﬁnuin; ~ Anthesi OVERALL Tiflering ~Anlhesls OVERALL
¥
Developmental Stage Developmental Stage

Figure 5. Dynamics of light use efficiency (g/MJ PAR) during different stages of development in the dry (5a) and wet (5b) irrigation treatments
during the 1994 FACE cxperiment. Percentages above bars refer to enhancement of FACE over Control.

Table 1. Seasonal values of accumuiated absorbed photosynthetically active radiation (APAR), and tight use efficiency (g/MJ)
computed as cnd-o:f-seasun biomass divided by accumulated PAR and also as the slope of regression between biomass and
accumulated APAR.

Ccoz& Ir"rig. Accumulated APAR (MJ) End of Season LUE (g/MJ) Regression based LUE (g/MJ)
Treatment mean 5€ mcan s¢ mean 5¢

Control D;ry 666 69 - 217 0056 212 0.024

Control Wet 802 7.9 231 0192 237 0.028

FACE Dry 667 16.0 248 0257 247 0021

FACE Wet 7 11.3 256 0.070 270 0.042
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BIDIRECTIONAL AND ATMOSPHERIC CONSIDERATION IN COMPOSITING MULTITEMPORAL AND
MULTIDIRECTIONAL REMOTE SENSING DATA

1. Qi aJ{d M. 8. Moran, Physical Scientists

PROBLEM: With increasing demand for frequent observations of the planet Earth from space for global change studies,
about a dozen orbiting sateilites have been operational, and more advanced satellites have been scheduled to launch in
the near future. Examples are the advanced, very high resolution radiometer (AVHRR) on the National Oceanic and
Atmospheric Administration (NOAA) satellite series and the proposed moderate-resolution imaping spectrometer
(MODIS) to be on board the Earth Observing System (EOS) platforms, These sensors have the ability to sense the entire
easth on a daily basis because of their large field of view (FOV). Dafa acquired with these operational satellites are
usually processed using a compositing technique to remove or reduce the effects of clouds and poor atmospheric
conditions (Qi et al., 1995). The current compositing technique selects the data point, from a predefined window period,
that has the maximum value of the normalized difference vegetation index (NDVI). Because of the dependency of NDVI
on external factors such as atmospheric condition and surface bidirectional properties, two major issues have been raised
recently: 1) should the NDVT be computed prior to or afler the atmospheric correction, and 2) what is the consequence
of bidirectional effects on the composited results? The objective of this study is first to investigate the consequences of
atmospheric correction and second to incorporate a bidirectional reflectance distribution function (BRDF) model into the
current compositing technique to normalize sun and viewing angle influences on the composited remote sensing
observations. The focus will be on the development of a compositing technique that will optimize atmospheric correction
procedures and incorporate BRDF models for bidirectional correction.

APPROACH: Multitemporal remote sensing images obtained with the Advanced Very High Resolution Radiometer
(AVHRR) were obtained over four different vegetation types (Millet, Tiger bush, Fallow, and Degraded fallow) over the
Hapex Sahel Experiment sites near Niamey, Niger, in 1992. The maximum value compositing (MVC) technique was
applied on this data set both before and afier atmospheric corrections to examine the consequences of atmospheric
correction. Then an empirical BRDF model proposed by Shibayaran and Wiegand (1985) was applied to normalize the
bidirectional effects:

A6 )
£(0,0)

where p is reflectance, O is the sensor’s viewing angle, Os is the sun zenith angle, and ¢ is the relative azimuth aogle
between the viewing azimuth and solar azimuth. The coefficients f1, B2, and B3 are empirical parameters to be
determined by an inversion procedure. The normalized data were then composited with the MVC technique. The
resultant composited data of all four vegetation types were then compared to examine the consequences of bidirectional
corrections. Finally, a sensitivity analysis was conducted to examine the advantages and disadvantages of incorporating
a BRDF mode! into the current compositing technique.

=1.0+[, +5, sm(-~—)+ Pr(——)sin €, )

FINDINGS:

1. The bidirectional effect is significant and must be considered in compositing procedures, In figure 1, the raw
AVHRR data in chaanels 1 and 2 are depicted as the dotted lines for the four vegetation types. The solid lines with
stars (*) and circles (o) are the reflectances after the MVC compositing technique was applied, whereas the solid
lines with crosses (+) were the absolute view angles corresponding to the selected data points. The
cloud-contaminated pixels could easily be seen becanse of their exceptionally high values in channels 1 and channel
2 for all vegetation types in this study. The remnining high frequency variations of the reflectances were due partly
1o Lhe atmospheric variations in such components as water vapor content, aerosols, and ozone concentrations; and
partly to the surface bidirectional effect caused by the differences in view angles and solar position. It is apparent
that the data would be useless unless clouds are removed and stmospheric and bidirectional effects are reduced.
The composited data appeared to follow exactly the pattern of the viewing anglés.
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2. The sequences of atmospheric correction appeared to be less important, but compositing prior to atmospheric
correction seemed Lo result in a less noisy temporal profile. The comparison of the composited results before and
after atmospheric corrections are depicted in figure 2; where the top profiles are the raw data in channels 1 and
2, whereas lines with star "*" and circle "o™ symbols are the composited resuits, Since the absolute values of these
temporal profiles are not the major concern in this study, the data were plotted with different additive scaling
factors to separate them for a better graphic view. The temporal profiles showed no significant difference before
and after atmospheric corrections.

3. Incorporation of 2 simple BRDF model significantly reduced the noise due to sun and view angle effects. To
illustrate the improvement in the composited data by using the BRDF model corrections, data sets composited
before and after bidirectional corrections were plotied (different constants were added to have a better graphic view
for comparison) against each other in figure 3. Variations in both channels I and 2 found before bidirectional
corrections seemed to disappear from the dnta after bidirectional corrections, indicating that the simple. BRDF
mode! could be used in the normealization of bidirectional effect on AVHRR data.

4. The sensitivity analysis showed that by incorporating a BRDF model in the MVC compositing, not only the
bidirectional effects were reduced, but the composited NDVI results were more correlated to tbe vegetation amount
(table 1) as indicated by the correlation coefficients between NDVI and leaf area index values.

INTERPRETATION: The pmpos:ed incorporation of both atmospheric and bidirectional correction procedures improved
the quality of composited AVHRR data, The atmospheric correction and bidirectional corrections reduced view angle
effects as well as the atmospheric effect, resulting in smoother temporal profiles for all sites in this study. The
incorporation of these two correction procedures in compositing also increased the sensitivity of the NDVI to vegetation
changes. 1t is consequently beneficial to perform both atmospheric and bidirectional corrections prior to the compositing
process when dealing with muititemporal AVHRR dnta. The incorporation of bidirectional correction procedures into
the MVC technique will improve the data quality for global change and resources management studies. The sequence
of processing AVHRR data ought lo proceed, based on this study, in the following way: 1) make atmospheric corrections;
2) make bidirectional corrections; 3) apply the MVC compositing technique to select the best data points. In case
bidirectional correction is not available, apply compesiting procedure first, and then perform the atmospheric corrections
on the composited results. This would not only result in a smoother temporal profile, but also reduce the computing time
on atmospheric correction because the atmospheric correction will be applied only to the composited data. Operational
implementation of bidirectional correction should be feasible, such as using a simple BRDF model in this study.

FUTURE PLANS: The next step is to incorporate the bidirectional correction and atmospheric correction procedures
in the current compositing technique. These procedures will be implemented in an operational way to be ready to apply
on muititemporal remote sensing imnges obtained with different satellite sensing systems.

COOPERATORS: Y. Kerr, CESBIO, CNES, France; and E. Vermonte, GSFC, NASA,

REFERENCES
QiJ. and Kerr Y, 1995. On current compositing algorithms, Remote Sensing Reviews (in press).
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Table 1, Correlation cosfficients (CC)of reflectances and NDVI with noise and leaf area index (LAI) for all
sites of different compositing procedures. The poodness rapking: 1:=Best, 4=worst.

BRF Corrections; ATM. Goodness
Corrections . CC of Reflectance with View Angles Ranking
FPallow Millet ! D Fallow{ T Bush Total
NO NO 0.452 0.512 0.405 0.580 0.491 3
NO YES (.698 0.528 0.460 0.546 0.561 4
YES NO 0.280 (.379 0.443 0.394 0.369 2
YES YES 0,111 0.167 -0.005 0.179 0.092 1
CC of NDVI with LAI
NO NG N/A 0.741 0.753 N/A 0.746 3
NO YES NiA 0,624 0.523 N/A 0.578 4
YES NO N/A 0.785 | 0.805 N/A 0.794 2
YES YES N/A .903 0.994 N/A 0.901 1
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Figure 1. Temporal profiles of reflectances before atmospheric corrections and their composited results for the four
selected sites. The noise dotted lines are the raw profiles while the solid lines with stars “*” are near-infrared and those
with circles are red reflectances. The solid lines with crosses “+" are the view angles, and the dotted lines with circles
are the NDVI profiles. These variables were scaled to different levels for a better dispiay.
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COUPLING REMOTELY SENSED DATA TO A MESOSCALE ATMOSPHERIC MODEL
J.1. Toth, Meteorologist; and M.S. Moran, Physical Scientist

PROBLEM: Remotely sensed daia can be used to estimate surface sensible and latent heat fluxes over an entire region.
Within the Basin end Range Province of southern Arizona, the potential benefits of accurate estimates include not only
improved local crop diagnostics, but also a better determination of feedback effects on the regional climate. Many
existing flux-estimate techniques make approximations that are questionable in an area of complex topography and sparse
vegetation. For example, sparse vegetation can be addressed by assuming that the atmosphere is horizontally
homogeneous, While such an assumption may be reasonable for smalt (e.g., 20 kan’) areas, it certainly cannot be
extended to cover both mountain range and basin.

APPROACH: To estimate heat fluxes over n large, heterogeneous region, we are coupling the Regional Atmospheric
Modeling System (RAMS) model with remotely-sensed surface parameters. The two parameters primarily used were
(1) the effective surface temperature and (2) the NDV1 vegetation index. The first of these, effective surface temperature,
was explicitly predicted in the model as a weighted average of the model vegetation temperature and the model bare soil
temperature. The second, NDVI, did not have an exact counterpart in the model, but was used ns an indicator of
fractional vegetation coverage. Recognizing that NDVI may be influenced by other vegetation characteristics, the
vegetation-coverage estimates were treated as containing a certain degres of error. The fractional coverages were adjusted
by amounts no more than 0,20 above or below the original estimates, The purpose of the adjustments was to produce
model surface temperatures in agreement with the Landsat satellite observations. As an initial test of this approach, the
mode} was run for a two-dimensional vertical cross-section extending across the San Pedro basin. The details of one
model nun are shown The ‘peciﬁed surface elevation and fractional vegetation coverage are at the top of figure 1. Only
the 1-km horizontal grid spacing is shown. Near the center of the basin a riparian area, less than 1 km wide, was resolved
with an inner, nested grid. On the 1-km grid, the soil moisture was increased for the two points nearest the river. The
model was initialized with a radiosonde sounding taken near the time of the satellite overpass. The wind below mountain-
top was initialized calm, and the mode} fields evolved for a full 24 h before comparison with the satellite data, All
temperatures were converted to polential temperature (i.e., adjusted to sea-level using a dry-adiabatic lapse rate).

FINDINGS: By 10:30 MST ({the time of the satellite overpass) the mountains, serving as elevated heat sources, caused
the mode! to generate moderate (5 m/s) surface winds along the mountain slopes. Surface winds near the center of the
basin remained nearly calm. The surface air temperature was highest over the mountains, consistent with constant heating
of air parcels as they moved from the basin to the mountains, Except for evaporation near the river, nearly all of the
mode] latent beat flux was due to tmnspiration. Over the basin, the total flux of latent heat was very small (3040 W/m?),
except for higher amounts at the river. Along the mountain slopes, the combination of moderate winds, 70% vegetation
cover, and correspondingly higher Jeaf area caused the fatent heat flux to exceed 300 W/m®. At the mountain top, where
the wind again became nearly calm, the latent heat flux was reduced to 150 W/m®. 'The sensible heat flux followed a
patiern roughly opposite that of laient heat, The exception was a trend toward higher sensible heat moving from the center
of the basin toward the mountains. There was a corresponding trend loward Jower bare soil temperatures {figure 2). Both
of these trends are associated with increased wind speeds which caused a shift in the surface energy budget from soil heat
flux to sensible heat flux. The vegetation temperature {(not shown) was consisiently 2-3 degrees warmer than the air
temperature, except for the slope regions with high transpiration, where the vegetation cooled to approximately the same
as or even slightly cooler than the air temperature, The vegetation was naturally mucb cooler than the dry bare soil, and
so the warmest effective temperatures were generated over the basin away from the river. These temperatures were
slightly cocler Lhan but within 2 K of the sateflite-observed surface potential temperatures, The river temperatures on the
inner grid (not shown) were also in good agreement with the sateliite data. The mountain temperatures, ranging from
321 to 326 K, were roughly 2 degrees warmer than the range of satellite temperatures,

The vegetation coverage over the mountains was initially estimated at 60%. Because the effective temperatures were
too high, the coverage was increased to 80%. This yielded effective surface temperatures in excellent agreement with
the satellite data. But it also generated latent heat fluxes in excess of 400 W/m®. The radiosonde data, which sensed the
upper branch of the mountain circulation, retumning from mountain-top, indicated that the 70% as well as the 80%
vegetation coverage produced too much moisture flux from the mountains.

o1

Annual Report of the U.S. Water Conservation Laboratory



INTERPRETATION: The two-dimensional results were somewhat unrealistic due {o the unnatural constraints of the
boundary conditions. However, these simulations highlighted the importance of horizontal inhomogeneities in the
atmospbere, For example, if the winds end temperatures across the basin were assumed to be constant, then the sensible
heat flux would be estimated as positively correlated with the surface skin temperature, The model resulls indicated just
the opposite carrelation across the lower basin. The model transpiration appeared to be overly sensitive to the combined
effects of wind and leaf area; that is, transpiration was too fow over the basin end too high over the mountains. The leaf
area was set, based on previous studies, at approximately seven times the fractional covernge of vepetation. This value
may require downward adjustment over the mountains, The mountain winds may also be too high, Full, three-
dimensional simulations will be required to resolve this uncertainty.

FUTURE PLANS: Full, threedimensional model simulations with accurate boundary conditions will be required. The
boundary conditions can be obtained from large-scale operational model analyses generated by the National Weather
Service. But these operational analyses use heavily smoothed topography. In order to resolve the effects of individual
mountain renges, model simulations with 4-lam and 1-km grid spacings will be needed over limited domnins. The model
grids should be referenced to UTM coordinates so that the model output can be incorporated into a GIS analysis system,

There are several parameters that influence the model surface temperature (vegetation caverage, leaf area index, soil
type, surface and deep soil moisture). Consideration should be given to lumping these together into & single adjustable
parameter that could be related to NDVT and perhaps other remotely-sensed data. The disadvantage of this approach is
that it becomes difficult to refate this single adjustable parameter to measurable quantities,

Finally, to be really valuable the flux estimates need to be made routinely. The link between operational analyses and
small-scale detail cannot aiways depend on.a 3-D atmospheric model. A sofution might be to run model simulations for
certain climatologically favored patterns. The results from these detailed simulations could be retrieved and used
repeatedly on a routine basis.

COOPERATORS: D.C. Goodrich, ARS Southwest Watershed Research Center, Tucson, AZ; R. Avissar, Rutgers
University, New Brunswick, NJ; A.F. Rahman, Univ. of Arizona, Dept. of Hydrology and Water Resources, Tucson,
AZ; Electric Power Research Institute, Palo Aito, CA
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COMBINING THE PENMAN-MONTEITH EQUATION WITH LANDSAT TM
DATA TO MAP REGIONAL EVAPORATION RATES

M.S. Moran, Physical Scientist

PROBLEM: Current interest in the prediction of drought, forest fires, and regional changes in climate has resulted in
a related interest in meking maps of vegetation health, It is commonly accepted that vegetation health is directly related
to plant transpiration rates, where plant transpiration rate generally decreases with lack of water, insect infestation,
disease, or exireme weather conditions. The Penman-Monteith equation is useful for computing evaporation rates of
uniform surfaces, mich as evaporation from bare sail or transpiration from dense vegelation. This equation becomes less
useful for evaluation of evapotranspiration (ET) rates at the regional scale, where surfaces are generally characterized
by a patchy combination of vegetation and soil. ‘This is particularly true in the arid and semiarid regions of the.worid.

APPROACH: The approach proposed here was an afternpt to use remotely-sensed measurements of surface reflectance
and temperature 1o allow application of the Penman-Monteith theary to partially vegetated fields without a prior knowledge
of the percent vegetation cover and canopy resistance (Moran et al., 1995). Basically, the Penman-Monteith equation
was combined with the energy halance equation to estimate the surface temperature (T,) associated with four states:
surfaces characterized by full-cover vegetation and bare soil with evaporation rates at potential (ET,) and zero (Moran
et al., 1994). Then, linear interpolations between T,-T, values compnted for fulf-cover and bare soil conditions were used
to produce a vegeiation index/temperature (VIT) trapezoid (figure 1). A soil-adjusted vegetation index (SAVI) was
compuled from a ratio of red and NIR reflectances and linearly correlated with vegetation cover, where SAVI=0.0 was
associated with bare soil conditions and SAVI=0.7 was associated with full-cover vegetation. An index (termed the
Water Deficit Index: WDI) was computed, where WDI = ET/ET, based on the ratio of AC/AB in figure 1. Thus, plant
heslth couid be rated from good (WDI1=0) to poor (WDI=[) based on measurements of T,-T, and SAVI for each
resolution cell.

The approach was first lested using ground-based measuremenis of surface reflectance and temperature at a rangeland
site, Then, the approach was tested based on a set of four Landsat Thematic Mapper (TM) images acquired in southeast
Arizona during 19592, Maps of surface air temperature and wind speed were combined with maps of surface temperature
and spectral vegetation index to produce regional estimates of evaporation rates for the grassland biome. At the local
scale, modeled evaporation rates were compared with ground-based measurements at one site; at the regional scale, the
modeled evaporation rales for the entire grassland biome were validated with knowledge of recent rainfall events and on-
site meteorological conditions.

FINDINGS: For a grassiand site in the USDA-ARS Walnut Gulch Experimental Watershed (WGEW) in southeastern
Arizona, we computed the VIT trapezoid and determined the WDI based on ground-based measurements of T, and SAVI
on each date. With a computation of potential ET, for each date, we were able to retrieve instantaneous actual ET (W
m™) from the WDI and compare that with the values of ET measured on-site (Kustas et al., 1994). The "modeled” values
based on the VIT tmpezoid compared well with the measured values (RMSE = 29 W m™ over a range of ET values from
200450 W m™) (figure 2). However, there was a trend for the modeled ET to overestimate the measured values in most
cases (Mean Absolute Difference (MAD) = 45 W m™).

In order to compute WD1 on a regional basis, maps of T,, wind speed (U), vapor pressure deficit (VPD), and incoming
solar radiation were derived from measurements made at 13 meteorological sites within a 100x100-km aren in southeastern
Arizona. These maps of meteorological conditions were combined with four associated Landsat TM images of surface
reflectance and iemperature for a large grassland biome within the TM image. The rainfall and soil moisture conditions
associated with the four dates are as follows:

Day-of-Year 1992  Last Rai : ¢ Rain in Last 30D Soil Moi
162 10 June - 30 May, 0.5 mm 32 mm 2%
178 26 June 30 May, 0.5 mm 2 mm 2%
274 30 Sept. 20 Sept., 0.7 mm 7 mm (Rain in Aug: 117mm) 3%
306 2 Nov. 28 Oct., 11 mm 14 mm NA

The WDI was computed for each pixel within the subset of the Landsat TM scenes co\;;ariug the grassland biome. The
VIT trapezoids encompassed the majorsity of the data on each date (figure 3). It is notable that data scatter on day-of-year
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(DOY) 178 (the driest date) did not approach the theoretical "cool” edge of the trapezoid. On the other three dates, the
seatler touched and sometimes exceeded the coo! edge. On DOY 162 (the wettest date), the highest density of points was
located in the middle of the trapezoid, unlike the other days where the highest density of points was jocated close to the
"warm edge.” There was a tendency for the TM data to exceed the confines of the warm edge of the VIT trapezoid (e.g.,
DOYs 178, 274 and 306). It appeared that either the VIT trapezoid method tended to underestimate the temperature of
the warm edge, or the surface temperature data from the Landsat TM images were overestimated.

INTERPRETATION: It is possible that errors in the computation of the warm edge (figure 3) could be due to errors
in the calculation of net radiation (R_), soil heat flux (G) or aerocdynamic resistance (r,). However, since the method
worked well at the local scale (figure 2), it appears that these inputs were reasonable. Amnother source of error could be
the calibration and atmospheric correction of the remotely-sensed data, causing an overestimation of the surface
temperature. In fact, Washburne (1994) found that the satellite temperatures computed from these 1992 images were
consistently warmer (by up to 3°C) than aireraft and ground-based measurements. For the conditions at WGEW, an errar
of 1°C in surface temperature could result in an error of 50 W m® in the estimation of ET. Thus, this 3°C overestimation
of surface temperature would account for the majority of the pixels for which ET was underestimated.

Based on analysis at the Jocal and regional scale, it appears that this approach is reasonable and has some potential for
mapping evaporation rates of heterogeneous Iandscapes. Assuming that the vegetation type is kmown (using a biome map
or other information), the inputs required were only:

1. spatially-distributed meteorological measurements of T,, U, R, G, and VPD,

2. remotely sensed measurements of T, and SAVI, and

3. estimates of surface roughness (z_) and displacement (d_) heights.

FUTURE PLANS: The sources of error for application of this approach at the regional scale are numerous and need
to be analyzed for impact on the results. A sensitivity analysis will be performed to investigate the effects of topography
on surface reflectance and temperature measurements, the error associated with applying an atmospheric correction
computed at one altitude to an image composed of multiple altitudes, and the sensitivity of the procedure to differences
in surface emissivity. The error associated with variations in emisgivity could be reduced by estimating the surface
emissivity from measurements of surface reflectance, as suggested by Van de Griend and Owe (1993).

One idea that deserves further consideration is the use of data from a large bare soil site within the image as a baseline
from which to understand the scattergrams of the other biomes. This approach would be applicable only to certain scenes
but may hold some promise to minimize the meteorological measurements required by the technique.

REFERENCES:
Moran, M.5., T.R. Clarke, Y. Inove and A, Vidal., 1994, Estimating crop water deficit using the relation between
surface-air temperature and spectral vegetation index, Rem. Sens. Environ, 49:246-263.

Moran, M.S., A.F. Rahman, J.C. Washburne, D.C. Goodrich, M.A. Weltz and W P, Kustas, 1995. Combining the
Penman-Monteith equation with measurements of surface temperature and reflectance to estimate evaporation rates of

semiarid grassland, Agric. For. Meteorol, (in press).

Kustas, W.P., J.H. Blanford, D.I. Stannard, C.S.T. Daughtry, W.D, Nichols and M.A. Weltz. 1994, Local energy
flux estimates for unstable conditions using variance data in semiarid rangelands, Water Res, Research 30:1351-1361.

Washburme, J.C. 1994. A distributed surface temperature and energy balance model of semi-arid watershed, Ph.D.
Dissertation, Univ. of Ariz., Dept. of Hyd. and Water Res., 412 p.

Van de Griend, A.A. and M, Owe. 1993, Onthe relationship between thermal emissivity and the normalized difference
vegetation index for natural surfaces, Jat, 1. of Rem. Sens, 14:1119-1131.

COOPERATORS: A. Faizur Rahman, Univ, of Ariz., Dept. of Soil and Water Science, Tucson, AZ; Jim Washburne,
Univ, of Ariz., Dept. of Hydrology and Water Resources, Tucson, AZ; Dave Goodrich, Mark Weltz, USDA-ARS
Southwest Watershed Research Center, Tucson, AZ; Bill Kustas, USDA-ARS Hydrology Laboratory, Beltsville, MD.
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AIRBORNE IMAGERY PRODUCTS FOR FARM MANAGEMENT

T.R. Clarke, Physical Scientist; M.5. Moran, Physical Scientist; J. Qi, Physical Scientist;
T.A Mitchell, Engineering Technician; P.J. Pinter, Jr., Research Biologist;
and E.M. Barnes, Agricultural Engineer

PROBLEM: Airborne imagery of farms has long held the potential of improving management practices simply by
offering a new perspective from whicb to view the land. Until very recently, the only advancement from standard
panchromatic or color aerial photography has been the use of color infrared film, with its increased sensitivity to
vegetation. While this imagery has been useful to fann managers, the expense of procuring the images has not often been
justified by the results: that is, the cost has excesded the benefits, :

APPROACH: The data collected during the Multispectral Airborne Demonstration over the Maricopa Agricultural
Center (MADMAC) in 1994 provided the means to test algorithms developed to increase the value of multispectral
imagery to the end user. The three products selected for immediate testing were a growth rate image (AVI), which
mapped the change in reflectance-based spectral vegetation index (VI) over time; a water deficiency index (WDI) which
maps relative evapotranspiration using the VI/thermal trapezoid (Moran et al., 1994), and a crop stress index (CSD), an
adaptation of the WDI that can detect abnormally warm plant canopies; a condition often caused by insufficient soil
moisture.

FINDINGS: While analysis of the imagery from the fourleen MADMAC overflights is only partially complete, early
results have been very encouraging. Growth rate images clearly show cottan fields with differing growth rates, and
within-field variations were also apparent. Farm managers could use this information during the growing season to
compare and adjust management strategies. The WDI evapotranspiration images showed areal differences in water use,
demonstrating the algorithm’s potential for improving irrigation scheduling models. The CSI showed areas with water
stress before the effects were visible to the eye.

INTERPRETATION: Some difficulty has been encountered in geographic registration of the images, which has slowed
production of finished images. This problem is patticularly acute in the relative growth rate maps, where images from
successive overflights must be mapped accurately before comparison, While this problem nitimately must be resolved
through the development of better platform hardware, manus] registration of the MADMAC data set is continning.

The VIT Trapezoid vertices calculated using air temperatures and humidities from the local AZMET station appear to
underestimate the temperatires seen in the thermal imagery. Resolving the problem is necessary to improve the reliability
of such imagery.

FUTURE PLANS: As more of the MADMAC imagery is made ready for finel analysis, we hope to expand cooperation
with other researchers who were conducting experiments at MAC during the 19%4 season, including cotton variety tests,
insect and weed studies, and fertilization timing. We also will be working to improve our contacts with growers,
extension personnel, and potential service providers to give us a better understanding of their needs and to give them an
idea of possible benefits remote sensing can provide,

COOPERATORS: Christopher Neale, Utah State University; Roy Rauschkotb, Robert Roth, Pat Murphree, and MacD
Hartmnn of The University of Arizona Maricopa Agricultural Center; Scott Miller, ARS Tucson; and Charles Sanchez,
The University of Arizona Cooperative Extension.

REFERENCES:
Moran, M.S., T.R. Clarke, Y. Inoue, and A. Vidal. 1994. Estimating crop water deficit using the relation between
surface minus air temperature and spectral vegetation index., Remote Sensing of Environ. 49:246-263.
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COMBINING MULTI-FREQUENCY MICROWAVE
AND OPTICAL DATA FOR FARM MANAGEMENT

M.S. Moran, 1. Qi, T.R. Clarke, Physical Scientists;
P.).Pinter, Jr., Research Biologist; and T.A. Mitchell, Engineering Technician

PROBLEM: For more than twenty-five years, scientists have been using spectral images acquired by sensors aboard
airplanes and orbiting satellites to monitor crop and soil conditions., This work has focused on the relation between
surface reflectance and temperature (termed oprical data) and such parameters as crop biomass production, crop vigor,
and soil moisture, However, this work has been limited by the probiems associsted with measuring surface reflectance
and temperature, such as cloudy weather, effects of varying solar illumination, and atmospheric interference. Recently,
several new satellites have been launched which measure the backscatter of microwave energy from crops and soils. Data
scquired in the microwave spectrum have the advantages of cloud and atmosphere penetration, and day/night acquisitions.
These characteristics make microwave data appealing for agricultural applications; however, little is known about the
interchangability of optical and microwave data for monitoring such parameters as crop biomass and soil moisture.

APPROACH: The potential for the combined use of microwave and optical data for farm management was explored
based on images acquired in the visible, near-infrared, and thermal spectrum and the synthetic aperture radar (SAR)
wavelengths of the Ku (~13 GHz) and C (~5 GHz) bands. The images were obtained during June 1954 and covered an
agricultural site composed of large fields of partialcover cotton, near-full-cover alfalfs, and bare soil fields of varying
roughness. The work was conducted in two stages, First, the images were analyzed to determine statistical relations
between the SAR backscatter and measurements of surface reflectance and temperature (Moran et al., 1995a).

Next, an SAR backscatter model was used to determine the physical relation between SAR backscatter and such
agricultural parameters as green leaf area index (GLAT) and soil moisture (h,) (Moran et al., 1995b). The general water-
cloud moddel {(Attema and Ulaby, 1978) represents the power backscattered by the whole canopy 0° as the sum of the
contribution of the vegetation o] and that of the underlying soil o] :

0° = o + 105, M
where .

0° = AVF cosB(1-1)), @)

o, = C + Dh,, 3)

and O is & given incidence angle and V is GLAIL. T is the two-way attenuation through the canopy, expressed as
T = exp(-2BV / cosB). @

The coefficients D and C can be determined based on = linear regression of 0° with h, measured for a bare soil field over
a drying period. Values for A, B, and E (and C, if necessary) can be determined by fixing D and minimizing the sum
of squares of the differences between modeled and measured ¢° based on eqgs. (1)-(4). When values of A-E are known,
it is possible to estimate values of GLAI and h, based on multi-frequency measurements of 0°,

FINDINGS: Findings showed that the SAR Ku backscatter coefficient (0p) was sensitive to soil roughness and
insensitive to soil moisture conditions when vegetation was present. When soil roughness conditions were relatively
simifar (e.g., for cotton fields of similar row direction and for all alfalfa fields}, 07 was sensitive to the fraction of the
surface covered by vegetation.- Under these conditions, the of and the optical normalized difference vegetation index
{NDV]) were generally correlated (Figore 1), The SAR C backscatter coefficient (07) was found to be sensitive to soil
mwoisture conditions for cotton fields with GLAI less than 1.0 and alfalfa fields with GLAI nearly 2.0, For both low-GLAI
cotton and high-GLAI alfalfa, 02 was significantly correlated with measurements of surface temperature (T,) (figure 2}.
Based on the findings of correistions between o and NDV1 and between o, and T,, the following multi-frequency SAR
approach was suggested for farm management applications.

The water cloud model (eq. 1) was used to compute the backscatter of jow- and high-frequency SAR data (Kuand C
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frequencies) for different mixed crop and soil conditions. The result was a mesh graph of Ku and C backscatter (Oy and
@), whose Cartesian coordinates could be used to determine GLAI and h,. The simulated mesh graph was superimposed
over the scattergram of measured values of of and of for all field borders during the June campaign (figure 3). The
Iocation of the measurements within the mesh graph were reasonable; that is, according to the ocular surveys,

1. the wet fields were generally to right and dry fields to the left;

2. fields with greater vegetation cover were located toward the top of the graph; and

3. the GLAI and h, values associated with 0] and o2 were generally within the range of values measured on-site.

A quantilative validation of the modeled results was conducted using modeled and measured h, vaiues within selected
borders of three fields. The location of field measurements within the resultant mesh graph allowed us to estimate the soil
moisture for each aifalfa and cotton field within the image. Based on comparison with ground-based measuremeants in
partially-vegetated cotton and variable-cover alfalfa fields, the modeled estimates of h, differed from measurements by
0.01 to 0.11 em’/cm’ (figure 4). A

INTERPRETATION: Considering that the mode calibration was accomplished with a very limited data set, these results
are encouraging. Limitations to this approach include the sensitivity of o; and o, to soil roughness conditions and the
apparent saturation of 0; and 0y with increasing GLAI.

FUTURE PLANS: In previous work, we have derived both statistical and physical relations between measurements of
SAR backscatter (in Ku-and C-band frequencies) and measurements of surface reflectance and temperature. These
relations sbowed the potential of using SAR data interchangeably with optical data for crop and soil monitoring and farm
management applications. ‘There remain, however, some questions that will be answered with the overflights scheduled
for Mission 7;

1. Is the Ku-band SAR backscatter signal independent of soil moisture conditions?

2. Do the results obtained at the 55-degree incidence angle hold for a variety of incidence angles?

3. Could multi-incidence SAR data in a single frequency (Ku-band) be used instead of multi-frequency SAR data at

a single incidence angle in this application?

We propose to answer questions 1 and 2 by arranging for a variety of soil moisture and surface roughness conditions
at MAC with simultaneous acquisitions of Ku- and C-band SAR images in January 1996. An attempt will be made to
produce fallow figlds of similar soil roughness and varying soil moisture conditions, Regarding question 3), we will make
measurements of soil moisture conditions and vegetation biomass and green leaf area index (GLAIJ) in alfalfa and wheat
fields during the overpass, These dats will be used to test the soil moisture and GLAI estimates made with the
SAR/modeling approach for different incidence angles, It will also allow the first application of the approach to a wheat
canopy.

COOPERATORS:

Alain Vidal, Denis Troufleau, CEMAGREF-ENGREF Remote Sensing Laboratory, Mantpellier, France;
Yoshio Inoue, NIAES Lahoralory of Agro-Biological Measurements, Tsukuha, Japan;

Boh Huelskamp, AMPS manager, Sandia National Laboratories, Albuquerque, New Mexico.

REFERENCES:
Attema, E. and F. Ulaby, 1978, Vegetation modeled as 2 water cloud, Radio Sci. 13:357-364,

Moran, M.S., A. Vidal, D. Troufleau, J. Qi, T.R. Clarke, P.1. Pinter, T. Mitchell, Y. Inoue, and C. Neale. 1995a.
Combining multi-frequency microwave and optical data for farm management, Rem. Sens, Environ, (in review).

Moran, M.S., A. Vidal, D. Troufleau, Y. Inoue and T. Mitchell. 1995b. Modeling multi-frequency microwave data
for farm management in Anzona, [EEE Geosci, and Rem. Sens, (in review).
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GEOMETRIC RECTIFICATION OF MULTITEMPORAL, MULTISPECTRAL VIDEO IMAGERY

T,A. Mitchell, Engineering Technician;
1. Qi, T.R. Clarke, and M. S, Moran, Physical Scientists

PROBLEM: Imnges acquired with airborne video cameras can be very useful for farrn management. Crop information,
including water stress, can be extracted from multitemporal and multispectral images. The nccuracy of information
extracted from thess images depends on the optical and geometric quality of the images. Airborne videographic images
are characterized by distortions that occur because of unique camera optics and the attributes of the airborne piatform.
The inteclacing of two video “fields” to produce ench video frame resuits in a fractional, horizontal line shift of odd and
even lines within the frame that blurs feature edges (fig. 1). The multi-camera system results in a misregistration of bands
that varies thronghout the flight because of varying aireraft elevation, motion, and shudder. Thus, traditional methods
for registering multitemporal images (developed for satellite-based sysiems) are not satisfactory for application to airborne
video imagery. In this study, new techniques were developed to register multitemporal and multispectral video images
more precisely (Mitchelt et al., 1995).

APPROACH: A total of fourteen sets of multispectral images were acquired over The University of Arizona Maricopa
Agricultural Center (MAC) in Maricopa, Arizona, during tbe Multispectral Airborne Demonstration at the Maricopa
Agricultura] Center (MADMAC) experiment in 1994, These images were recorded using a multispectral airborne video
system and were digitized post-flight. Images collected for this experiment were recorded at 550 nm (green), 650 nm
(red), 850 nm (near infrared), and 8-12 pm (thermal) wavelengths with four separate cameras,

Automated analysis software was developed for line-by-line analysis of sach video frame to determine the fractionsal,
horizontal line shift. This Was accomplished by making comparisons between the slope of feature edges for even lines
and the relative line shift of odd lines from this slope (fig. 2). Analysis of the statistical mean and standard deviation for
these net shifts were used to ideotify any shift anomalies, which were discarded from the calculation of the shift for that
line. This was repeated for all sets of odd and even lines in the image, and using the same statistical mean and standard
deviation calculations for the individual lines, outlying shifts were discarded and replaced with interpolated values, This
algorithm provided an automated means for correcting continuously-changing, fractional line shifis that appear in
videographic imagery. ‘

Because separate cameras were used for each wavelength, geometric band registration was required. Band-to-band
misregistration, cansed by small changes in aircrafi motion, is commonly accomplished using automated image correlation
techniques, wbere the alignment is determined by the location of the highest image correlation. This worked well for the
red/green band registration at MAC becanse the images were positively correlated for all targets. However, the NIR band
was both positively and negatively correlated with the red or green band, depending upon the feature, When an attemnpt
was made to correlate the NIR with the green or red images, the positive and negative correlations for the different
features begin to add destructively, causing an erroneous shift. This problem was resolved by treating both images with
a high pass filter to identify changes related to feature boundaries and then taking the absolute value of this change,
thereby providing only positive correlations between bands,

FINDINGS: In images of the MAC farm, the interline shifling was quite apparent when inspected at the pixel level (fig.
1). Comparison of this shift with the 2-m resolution of the video imagery revealed an overlap of 50% between the odd
and even lines, corresponding ta the average vertical line shift in the image (fig. 2). This indicated that 25% of the data
was sampled twice, and another 25% was not sampled at all. Horizontal line shifting, forming zig-zag patterns at feature
boundrries, was more noticeable than vertical line shifting, and therefore more attention was given to its correction. By
making use of feature edges found in the images of geometric landscapes such as farmland, analysis of the horizonial and
vertical shift of the aircraft was determined by comparing the slope lines and shifts. Calculation of the statistical mean
of these slope-adjusted-horizental shifts;-with-the-exclusion-ef-outliervalnes;—contributed-to-a-betier assessment of
fractional shift values that more accurately represent the interline horizontal shifts in the video frames.

Analysis of the MAC images revealed that the interline shift varied sporadically within a single frame, making constant
shift corrections insufficient (fig. 3). Proper rectification involved individual corrections to be made on a line-by-line
bosis. Further analysis revealed that the avernge shift was typically less than a single pixel, and in the case of highly
geometric landscapes such as farmland, fractional shifts of less than one pixel were quite noticeable at field borders. By
correcting for these fractional shifts with linear interpolation resampling, pixel values were extracted that more closely
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represented the trua ground region {fig. 4). Inspection of feature boundaries revealed the improved line-to-line registration
accomplished by this horizonial shift correction (fig. 5).

A typical frame was found to contain several different features like fields of loose hare soil, packed dirt roads, water
bodies, and vegetation (fig. 6), which can all correlate differently between bands {fig. 7). Registration of the MAC
images using standard image correlation worked well between (he red and green bands but proved unreliable for the NIR
registration. The reason for difficulty with the NIR images was found to be the existence of both positive and negative
correlations in the feature scenes. Inspection of the band profiles for these regions revealed that the red and green bands
were positively correlated with one another for all features, while this was not true for the NIR band {fig. 7). As the shifts
between the NIR band and the others were calculated, the positive and negative correlationa for the different features
added destructively, causing error in estimating the true shift.

To resolve this, a specia] high pass filter was derived for a 7x7 pixel kernel. The overall kernel dimensions and high-
pass filter weighting function were determined empirically to work well with the video imagery of MAC. This filter gave
extremely effective results for the green and red image registration, but it produced the same failure as before with the
NIR band, This was again due to the existence of positive and negative correlations, which were not removed during high
pass filtering. Inspection of the filtered band profiles revealed that the same correlation relationships among the three
bands were even more pronounced than for the original data (fig. ).

The final solution to this problem was found to exist in the detection of feature boundaries that could be represented
by positive increases regardless of the direction of change in the image. Taking the absolute value of this change
enhanced each boundary as a positive increase and thereby provided for only positive correlations between bands, Visual
inspection of known ground points in the MAC images revealed that the application of this algorithm resulted in
exceptional band registrations for all bands, including the NIR. The success of this absolute-value, high-pass filter can
be attributed to its generation of strictly positive correlations at feature boundaries (fig. 9).

By tracking the statistical mean and standard deviation of the band registration shifts, the accuracy and speed of this
software were greatly increased over multiple frames, Use of this algorithm on the MAC images resulted in a failure rate
less than 2% and a registration time less than 15 minutes per 80 sets of individual three-band images on a Silicon Graphics
Indy workstation.

INTERPRETATION: Interline shifting in airborne video frames was alleviated in geometrically-featured imagery using
slope and shift correlations. Fractional shifts were detected on & line-by-line basis, and using statistical analysis, an
accurata correction for this interline shifting was accomplished. Correlation methods of determining horizontal and
vertical alipnment between bands can ofien fail because of the existence of both positive and negative correlations, which
add destructively and hide the true band shifts. While high-pass fillering did not alleviate this problem, an ebsolute-value,
high-pass filter produced only positive correlations and succeeded in proper band registration. Applications of interline
shift and band registration corrections allowed for a greater accuracy in geometric rectification, thereby producing greater
confidence in multitemporal analysis of muitispectral videographic imagery.

FUTURE PLANS: Future plans are focused on the retrieval of pertinent crop and soil information from the corrected,
multispectra] MADMAC images. We are currently working on assimilation of MADMAC remolely-sensed images into
a physically-based simulation model to provide accurate, daily soil and crop information. This work will be directly
related to irrigation scheduling at MAC,

COOPERATORS: C.M.U, Neale, Dept. of Biol. and Irrig. Engineering, Utah State University, Logan, UT; R.A.
Schowengerdt, Elec. and Comp. Eng. Dept., Univ. of Ariz., Tucaon.

REFERENCES:

Mitchell, T.A., J. @i, T.R. Clatke, M.5. Moran, C.M. Neale andR Schowengerdt 1995 Geometric rectlﬁcatlon of
- muli-temporal -nuiti-band wvideographio imagery; H jca : g-and:Videag s
Assesament, Terre Haute, Ind., 1-3 May, p. 100-105.
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NORMALIZATION OF BIDIRECTIONAL EFFECTS IN VIDEOGRAPHIC IMAGERY

1. Qi and M. S. Moran, Physical Scientisis;
P. 1. Pinter Ir., Research Biologist; and T.R. Clarke, Physical Scientist

PROBLEM; Because of its low cost and flexible data acquisition schedule, videographic imagery has become a practical
means (o acquire remote sensing data from which to infer crop information for precision farm management. One of the
generic problems in using videographic imagery for operational farm management is the nonuniformity in brightness
across the imagery due to bidirectional effect. During the imagery acquisition processes, the sun’s position and the
sensor's viewing angles vary not only across an individual frame, but also from frame-to-frame. Some areas of the
resultant images appear darker or brighter than others, depending on the positinn of the sun and the sensor’s viewing
angles. The differences in brightness due to bidirectional effect can be as high as 40% and, therefore, videographic
imagery must undergo a pre-process procedure to correct the bidirectinnai effect prior to quantitative analysis. The
objective of this study is to develop a practical procedure to normalize the bidirectional effect so that consistent
videographic imagery can be obtained for operational farm management.

APPROACH: Several bidirectional reflectance distribution function (BRDF) models have been developed in the past
decade to predict the consequences of changing sun and viewing angles on observed reflectances (Strahler, 1994; and
Cabot ¢t al., 1954). These models potentially can be used to normaiize the bidirectional effects (Qi et al., 1995). The
empirical modei proposed by Shibayama and Wiegand (1985) was used in thir study:

26,0)
£0,0)

where p is reflectance, O is the sensor’s viewing angle, Os is the sun zenith angle, and ¢ is the relative azimuth angle
between the viewing azimuth and solar azimuth. The coefficients B1, P2, and B3 are empirical paramelers to be
determined by an inversion procedure. The practical normalization procedure is outlined in figure 1. Several consecutive
frames with 60% overlaps were obtained in such a way that a common feature on ground appears in all frames but at
varying Iocations. Data at these locations were then extracted and used in an inversion procedure (o obtain a set of
coefficients (1, B2, B3) used in the BRDF model. These generated coefficients are then used in the mode] to generate
normalization coefficients, which are then applied to ali frames to normalize the bidirectional effect. As a demonstration,
individual image Fframes of a bare soil field at the Maricopa Agricultural Center near Phoenix, Arizona, were used. A
transect was selected to cross different surface types to study quantitatively the bidirectional effect.

= 1. O +[8, + 5 sm(«—)+ﬂz( )]sin 8 €y

FINDINGS: Prior to bidirectional correction, the brightness of videographic imagery varied as much as 24% in this
study because of the difference in the sun’s position and sensor's viewing angles (figure 2). When the sun is in the
backscattering direction (the sun is in the same direction as the sensing system), the resultant brightness is higher than
that when the sun is in the forward direction (the sun is in the opposite direction of the sensing system) for both red and
near-infrared channels. When the normalization procedure was applied, the differences in brightness in both channels
were greaily reduced as demonstrated in figure 3. The top curves are the brightness values from three different frames
over a single field. The upper curves in figure 3a are near-infrared, and the lower ones are red channel values. The
curves in figure 3b are the same transect values but afier the normelization pracedure was applied. The values from the
three individual frames were normalized to the same level. The bidirectional correction procedure normalized the
radiometric discontinuities due to sun and viewing angle differences among individual videographic images.

INTERPRETATION: The proposed procedure to normalize the bidirectional effect improved the quality of
videographic imagery and therefore increased the value of its applications for resources management. The procedure will
permit the use of multitemporal videographic imagery in a consistent manner. Afer normalization of hidirectional effect,
videographic imagery can be used in a quantitative way, and images acquired under different time and sensor geometric
configurations can thus he compared directly. This is very beneficial to remote sensing users such as farmers for
quantitative and reliahle assessment of their crop conditions. It should be pointed out, however, that the normalization
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procedure requires that multi-frames be obtained in order to yield a reliable set of normalization coefficients. Because
the normalization coefficients have o be generated for virtually every pixel, substantial computing time is needed. This
limitation can be overcome with availability of faster computers.

FUTURE PLANS: The next slep is to impiem.;-.nt this procedure and make it operationally routine for bidirectional effect
corrections. The procedure will be implemented on both personal computers and workstations.

COOPERATORS: C. U, M, Neale, 8. Sundararaman, and R. Ahmed, Department of Biological and Irripation
Engineering, Utah State University, Logan, Utah,

REFERENCES :

Cabot F., J. Qi, M. 8. Moran, and G, Dedieu. 1994, Test of surface bidirectional reflectance models with surface
measurements: Results and consequences for the use of remotely sensed data, Proc. 6th International Symposium on
Physical Measurements and Signatures in Remote Sensing, Val d'Isere, France. January 17-24, 1994,

Qi, J., M. S. Moran, F. Crbot, and G. Dedien. 1995. Nommalization of sun/view angles effects using spectral
albedo-based vegetation indices, Remote Sens. Environ., 52: 207-217.

Shibayama, M. and C. L. Wiegand, 1985, View azinmth and zenith, and solar angle effects on wheat canopy reflectance,
Remote Sens. Environ. 18: 91-103.

Strahler A. 1954, Mea.-:m?ng and modeling the bidirectional reflectance of plant canopies, 6th International Symposium
on Physical Measurernents and Signatures in Remote Sensing, Val d'Isere, France. January 17 - 24, 1954,

109

Annual Report of the U.S. Water Conservation Laboratory



1/ 8=-12

3/92-4
0 A

BRDF Model
Inversion

Figure 1. Schematic view of the procedures for bidirectional effect cotrections on videographic imagery.
200 T T 1 T Y

\-‘\\N ' Backscatiering '

B )
E f‘/a\,.r’-\fh -
£ = '
@]
3 LH.’“"M
o Forward Direction '
i
(e
100 i 1 i ] L
0 100 200 300 400 500 600
Transec!

250 ¥ T
2200 i
c
3
=
5 M
% 150 2 e ey

Forward Direction

(&)
100 2 1] A 1
0 100,, . .200. - e 300\ .. .400‘ Vel .500‘ PR BDD. .
Transect
Figure 2. Radiometric discontinity along the center of a field. Deta in the upper curves were grabbed from a frame that
corresponds to backscaitering, while lower curves are from forward direction.

110

Annual Report of the U.S. Water Conservation Laboratory



Forward Nadir BackscatlLer

220 T t 0
=
200} | f w'\.d\vﬁwvm .
e

180} 'L.“.\T" 4
160 iwf Wm ﬂj\ﬁw’mﬁ?
1é0h V’\»% :

Digital Number

‘ 200 100 200 300 400 500 600
Transecl
- 180 T T T
(=]
-
=
= 160}, N r W, 1
£ 140} 1
3 "
3 120 \H*w"“WMMﬁW mb!\"'"“tf\f\‘wwd”‘
&
= 100 1 1. I
0 100 200 300 400 500 Gop
. Transec! .

Figure 3. Comparison between results of before and after normalization procedure applications.

111

Annual Report of the U.S. Water Conservation Laboratory



IDENTIFICATION OF NEW METHODS TO APPLY REMOTE
SENSING FOR FARM MANAGEMENT

E.M. Bames, Agricultural Engineer; T.R. Clarke and M.S. Moran,
Physical Scientists; and P.J. Pinter, Jr., Research Biologist

PROBLEM;: Researchers have demonstrated several ways in which remotely sensed data can be used to characterize
crop conditions; however, operational application of this technology at the level of production agriculture is still limited.
Factors that have contributed ta this limited adoption include the availability and cost of the data and the lack of necessary
tools to interpret the data for decision making purposes (Jackson, 1984; Moran, 1994). The objective of this project is
to identify methods ta expand the products availabie from remotely sensed data in order to maximize their utility and cost
effectiveness for farm management applications. .

APPROACH: The problems facing apricultural producers and service providers are being identified to determine areas
where remote sensing techniques can be applied to provide solutions. This is being accomplished through interaction with
Cooperative Extension personnel, contacts with agricultural consujtants, and informal interviews with producers.
Additionally, methads that use remote sensing data to enhance otber farm management technologies are being explored.

FINDINGS: While this project is in its initial stages, two areas currently show potential to develop a synergistic
relationship with remote sensing to assist farm managers and consuftants. The first is related to crop growth simulation
models. These models have been developed to predict crop growth in response to factors such as meteorological
conditions, water stress, and available soil nutrients. Systems have been developed to use these models to identify
management practices that optimize the use of water and farm chemicals for agricultural production (Jones and Ritchie,
1990; Hoogenboom and Boote, 1992). However, the application of these models has been limited by the complicated
calibration procedures that must be conducted before they can be applied accurately with a new variety or under different
site conditions. Development of automated procedures to process remotely sensed data for comparison with the crop
model's predictions will increase the ease and accuracy with which these modela can be applied.

The second area identified is site-specific agriculture, which uses a giobal positioning system {(GPS) to link agricultural
equipment with a peographic informatinn system (GIS). The GIS is a spatial data base containing information such as
soil type, crop type, and fertilizer requirements (Blackmore, 1994). The information in the GIS can then be used to vary
application rates according to the specific needs of a particular location in the field. A limitation to this farming system
is the vast amount of data needed to maintain the GIS. Remote sensing hns the potential to supply and supplement many
of these data needs. Site-specific farming naturally complements remote sensing, as the tools (GIS and GPS) needed to
utilize aircraft- or satellite-based imagery are already in place.

INTERPRETATION: The synergistic combination of remnte sensing with other technologies promises to increase the
adoption rate of new, more efficient farm management practices. By extending the products that can be derived from
remotely sensed data, the economic return from this data to the agricultural producer can be increased.

FUTURE PLANS: Efforts to interact with the agricultural community to identify and develop remotely sensed products
will continue, A prototype system Lo integrate remotely sensed data with a cotton growth simulation model will begin
in the near futre. Definition of specific remote sensing products that will serve site-specific agriculture is also planned
in the coming months. As these areas are developed, methods to combine all three technologies {remote sensing, crop
models, and site-specific agriculure) wili be considered.

REFERENCES:
Blackmore, §. 1994. Precision farming, an introduction. Outlook on Agriculture 23(4): 275-280.

Hoogenboom, G., I.W. Jones and K.J. Boote. 1992. Modeling growth, development, and yield of grain legumes vsing
SOYGRO, PNUTGRO, and BEANGRO: A review. Transactions of the ASAE 35(6): 2043-2056.
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GUAYULE LATEX EXTRACTION AND GERMPLASM IMPROVEMENT

F.S. Nakayamna, Research Chemist; T.A. Coffelt, D.A. Dierig,
and A.E.Thompson (Collaborator), Research Geneticists

PROBLEM: Much interest has been generated since it was reported that latex from the semi-arid adapted guayule plant
was hypoaliergenic, unlike Hevea latex which can canse mild to severe allergy reactions. Unfortunately, sufficient
quantities of latex for latex testing and making medical products are not presently available. Reliable information is
lacking on the best method for extracting latex from shrubs and its preservation after extraction. Similarly, no data are
available on the yield potential of the various guayule lines, which were selected and developed for optimizing solid rubber
and not tatex rubber. Our research efforis, starled in 1994, continue to be (1) the development of guayule latex rubber
extraction methods for optimizing its quality and quantity (produce sufficient quantities of latex for testing and fabrication},
and (2) the improvement of guayule lines for maximizing latex yields.

APPROACH: Latex Extraction: Labomtory procedures, with potential for scaling up the process, that include chemical
and physical variables, will be used to determine the extractability of latex from the shrub. Shrubs will be cut into smalier
pieces so they can be hendled by leboratory blenders, Water-based latex extracting solution will consist of an antioxidant
and binder or complexer for the phenolic resins. Microbiological inhibitors will be used as needed. The macerated plant
material and extractant will be filtered and then stabilized by ammonification, The raw latex then will be concentrated
with a cream sepamtor system and followed with further concentration with the creaming procedure. During this testing
stage, the latex obtained will be made available to the various researchers needing the raw Iatex. In addition, the raw
latex will be purified, primarily to remove the resin materials that are closely associated with the rubber polymer. Various
approaches can be taken for this objective (fig. 1), and the one that is simplest and most economical will be selected for
the iarge scale production of latex.

Because of limited facilitates during the laboratory renovation, specific cooperative ngreements will be made with {he
universities for developing latex analysis techniques and for shrub analysis for latex and bulk rubber and resin contents.
Latex extractability of existing puayule lines will be determined from which the appropriate selections and yield
enhancement breeding procedures can be followed.

Guayule Genmplasm: Field tests were conducted at the Maricopa Agricultural Center (MAC) and Marana Experimental
Station to determine the genotype interactive effects with planting method (transplanting vs. direct seeding), stem size,
and field storage time after harvest, Planting method evaluations were conducted on new plantings made in 1995, while
the stemn size and field storage tests were conducted on established plants. Lines developed from tissue culture were field
transplanted at MAC to try to reduce within line variability.

FINDING: Latex Extraction: Adequate quantities of latex material were produced to supply our cooperators working
with the biological, physical and chemical properties of the latex. One cooperator was able to develop a Iaboratory
method for determining latex in small amounts of plant materials. The procedure is being used for evaluating iatex yield
potentials of the various lines of guayule, For iatex extraction, we found that storage of shrub for one week under
refrigeration prevented the loss of latex. In addition, refrigeration of the raw extracted latex before centrifuge separation
helped in the extraction procedure. The cream separator could remove about 50% of the latex present in the raw, freshly
ground and filtered preparation, which had a latex concentration between (1.5 and 1%. The latex concentration varied
from 151020%. Cream washing (fig. 1) increased the latex concentration to 40%. The higher concentration is needed
by industry for their latex product preparation, Creaming helped to decrease the resin content of the latex (o about 13%.
The Mocney values of the coagulated latex were approximately 65% of Hevea latex, but we do not know at present how
this difference will affect the final latex product,

Qggyﬂ]_g,@l_:nnplﬂ_;m: Both direct seeding and transplanting could be used for estahlishing all the germplasm lines under
study. The plant size for the spring planting -was larger for the transplanted than the direct-seeded stands, hut they were
equal in size by fall. Lines varied significantly in growth rate. Results from stem size studies on two improved lines
(016-1 and G7-11) showed that most (76%) of their latex was in stems 2-10 mm in diameter. G7-11 had significantly
higher fresh and dry weights than O16-1, whereas O16-1 had a significantly higher percentage of latex. Thus, the total
latex yield of the two lines was equal. Results from field storage tests showed significant losses in latex occur within 24
hours after harvest. '
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INTERPRETATION: Latex Extraction: Latex extraction efficiency could be improved by further modification in the
solvent composition and better separation equipment. Coagulation of part of the latex in the separator disks could possibly
be prevented by use of stabilizers, which would not affect processing further down the fabrication process. Resin removal
also has not been optimized, and additional work needs to be done to improve latex quality.

Gueyule Germplasm: Guayule can be established either by direct seeding or transplanting seedlings. Direct seeding

is much cheaper than transplanting. Some factors affecting successful stand establishment by direct seeding were seed
quality (% germination), planting depth, soil and air temperatures at and following planting, and irrigation method. Direct
seeding can be used with furrow irrigation, but stand establishment is easier with sprinkler irrigation. Young, direct-
seeded stands are extremely susceptible to damage by heavy rains. The optimal conditions for success in direct seeding
are warm temperatures during and after spring or fall planting, use of sprinkler irrigation, and no rainfall during the
establishment period. The finding that the higher concentration of latex resides in the smaller stems allows us to be more
flexible -on harvesting methods. For example, hedging and pollarding of plants, instead of whole-plant harvest, are
possible. Both methods aflow for plant regrowth without need for replanting and permit an earlier harvest for the
following cycle. The finding that latex is rapidly lost following harvest means that more work needs to be done on post-
harvest technology to mainiain maximum latex, More work needs to be done on reducing the within line variability.
Reducing this variability could significantly increase latex yield and lead to an improved possibility of guayule
commercialization. .
FUTURE PLANS: Latex: Continue to explore the extraction process to increase the efficiency of latex removal and
controlling resin content, This involves further work on extraction solution composition. Plant preparation procedure
could be simplified and possibly involve.stabilizers and antidegradants to help in the actual latex separation process,
Becanse the extraction of latex is a water-based process, we will look at various recycling schemes for water conservation.
Develop in-house capabiiities for measuring resin content and composition, and for determining the physical properties
of the Iatex.

Guavule germplasm: Continue to evaluate direct seeding and transplanting for stand establishment, harvesting
techniques, and to reduce within line variahility. These studies involve close cooperative work with scientists at the
various locations involved in puayule culture, Continue to develop new lines of puayule with a higher latex yield,
primarily through a combination of higher latex concentration and biomass.

COOPERATOR: K. Comish, USDA-ARS-PWA, Albany, CA; W, Coates, J, Hoffman, and D, Stumpf, Office of Arid
Land Studies, University of Arizona; D.T. Ray, Plant Science Dept, University of Arizona, Tucson, AZ; W.W,

Schloman, Jr., Department of Polymer Science, University of Akron, Akron, OH; M. Foster, Texas A&M University,
Ft. Stockton, TX; R. Backhaus, Arizona State University, Tempe, AZ.
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Figure 1. Various schemes for purifying guayule iatex.
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LESQUERELLA GERMPLASM IMPROVEMENT AND COMMERCIALIZATION STATUS

D.A. Dierig, T-A. Coffelt, and A.E. Thompson, (Collaborator), Research Geneticists;
and F.S, Nakayama, Research Chemist

PROBLEM: Lesquerella has potential as a new industrial hydroxy fatty acid oilseed crop that could contribute
significantly to UL.S. agriculture by providing diversifacation from traditional crops and improve the general economy of
the country. Since early 1970, the U.S. has relied exclusively on imports of castor for the supply of hydroxy fatty acids
used in many types of industrial applications. Imports of castor oil and derivatives amount to more than 65,000 tons per
year at a valie exceeding $100 million per year. The unique chemical structure of the oil from Lesquerella offers distinct
advantages for development of new industrial applications as well as a partial replacement for castor oil. At present, one
species native to the southwest is being developed. Other species may also have potential as sources of hydroxy fatty acids
in other geographical locations. Many species of Lesquerella and a closely related genus with this same seed-cil,
Physaria, are becoming extinct. The germplasm base of these species needs to be expanded to preserve the diversity.

Continued cooperative interaction with universities and industry, which this Iaboratory initiated, must be maintained.
The focus of our research is to coliect, evaluate, and improve, through plant breeding, Lesquerella germplasm and
develop appropriate cultural and water mansgement practices.

APPROACH: Germplasm of Lesguerella species were collected in Oklahoma, Tennessee, and Alabama in 1995. Along
with seed collection, data were taken on seed size, growth habit, and other plant characteristics. Flower buds, if available
at the necessary meiotic stage, were collected for chromosome counts. Seed oil contents and composition were
determined. Evaluations and seed increases of these collected accessions were made. Fifty populations of L. fendleri
were field prown. When plants began to flower, screen cages were placed over individual plots and were supplied with
a nucleus of honey bees for pollination. Insects are necessary for seed production in Lesquerella. The cages prevented
accessions from cross pollinating, so seed lines could be maintained without contamination. Plant growth measurements
were taken throughout the season. Afier harvest, seeds from each accession were analyzed for oil content and
composition, and gum content of the seed coat, '

Three recurrent populations for increased oil content, increased hydroxy fatty acid content, and oil and hydroxy fatty
acid vields were repeated for the 1994-1995 season. This is the third generation of these populations. Five hundred plants
from each population were harvested and analyzed. The highest 10% of the popuiation was chosen and planted for new
recombinations and further selection.

Plants segregating for a maternally inherited yellow versus an orange seed coat trait were planted at USWCL. Plants
producing yellow seed were selected at harvest. This trait may have an importance in the cosmetic industry. Decolarstion
from the seed coat pigment is present in the oil and must be removed by hydrogenation. The oil from these lines may
be lighter in color and eliminate this extra processing. Quality and quantity of oil and gums from these lines will be
examined when sufficient quantities of these materials become available.

Seed of sutofertile progeny (plants that do not require insects to produce seed) were planted in the greenhouse this fail.
These selections inciude germplasm from our program and from our industry collsborator, Mycogen Plant Sciences.
These plants will be kept in isolation to verify that they are autofertile. Afler verification, seed will be increased.

Malecular markers are being developed using & Polymerized Chain Reaction (PCR) technique called RAPDs. The
methodology for DNA extraction has been completed, and primers producing polymorphisms are being screened.
Codominant isozyme markers are continuing to be used in genetic inheritance studies such as male sterility.

We have been attempting to produce fertile hybrids between L. fendleri and other species from this genus. Controlled
crosses were made using L, lindhimeri and L. gracillis as pollen parents. Both of these species have higher oil contents
and different oil profiles than L. fendleri.

FINDINGS: Five species, 11 accessions, were collected from Tennessee, including L: densipilia (2 accessions), L.
globasa (2 accessions), L. lescurii (2 accessions), L. perforata (2 accessions), and L. stonesis (3 acceasions), L. yrara
(1 accession) was collected in Alabama. In Oklahoma, L. angustifolia (3 accessions), L. auriculata (1 accession), L.
gordonii (9 accessions), L. gracillis nunallii (4 accessions), L. ovalifolia ovalifolia (6 accessions), and L. ovalifolia alba
(3 accessions) were collected. Seed oil content and fatty acid composition profile are baing analyzed,

Accessions of L. fendleri being evaluated at USWCL had diverse growth habits, ranging from upright to prostrate. The
nurnber of days until the first flower mnged between 119 to 154 days. Seed weights ranged between 0.51 to 1.2 g / 1000
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seexl. Seed oil conent mnged between 17.5 ta 28.7%. Seed oil composition is still being evaluated. Preliminary seed coat
gum contents have ranged between 9.2 to 14.7%.

The recurrent population for high oil content ranged between 14 to 37%. The range from the previous year was between
18 to 32%. The population mean (500 samples) was 26.5%. Over the past three years, we have increased seed ail content
with this breeding strategy from 22 to 26%. The population for high lesquerolic acid content ranged from 45.9 to 64.2%.

The population mean was 54.5%. Lesquerolic acid yields ranged between 11 to 20%. The mean of this population was
15.3%. All populations had an increase in the trait being selected compared to the previous year. Samples from an
unselected check population are also being analyzed to compare with this population. Plants containing seed with only
yellow seed coats were identified in the field. Seed oil contents of these plants were not statistically different from the
arange-brown seeded plants. Autofertile plants were nlso identified in the greenhouse. Putative hybrids between L.
fendleri x L. lindhimeri and L. fendleri x L. gracillis were produced.

INTERPRETATION: A major role of the USWCL research effort is to provide leadership in new germplasm collection,
evaluation, genetic enhancement, and development of improved varieties or hybrids. This aspect of our program is being
achieved. Full scale commercinlization efforts are now underway invelving other USDA agencies, universities, and
private industries.

Fewer accessions than the two previous years were collected. Many of the historical locations where these species have
been found in the past were no longer available. The list of species on the verge of hecoming endangered is increasing,
and those species in the eastern U.S. are following similar trends. This fact makes this work even more important since
soon many of these species could become extinct. The germplasm collections help preserve this diversity.

An ndequate representation of the native eastern U.S. populations has been completed in this year’s collection. Through
the past 3 years of collection, we have added 10 species not previously present in the Germplasm Resources Information
Network (GRINY and 87 new populations of L. fendleri. This greatly improves the amount of diversity from which we
can draw in our breeding program, It also will be important for the future development of potential markets for other
Lesquerella species containing other types of hydroxy fatty acids.

The achievement of increasing oil content through recurrent selection is encouraging. The range of oil content for L.
fendleri collected in the wild is not as hiph what has been achieved in the recurrent population. This demonstrates that
the actual genetic potential is much greater than what is represenied in the initial screening of the populations from the
wild,

Continued research on water use efficiency and timing of water application is clearly needed along with other agronomic
research involving fertilization, dates of planting, and harvesting. The additional support from the "Advanced Materials
from Renewable Resources Program,” DOD, through USDA-CSRS-0OAM, will facilitate this by providing funding for
our university cooperators. The infusion of AARC funding into our program will greatly help the germplasm evaluation
program.

FUTURE PLANS: Germplasm collections in 1996 are planned for Utah, Wyoming, and Colorado. A recollection in
Oklahoma is also planned for additional accessions of L. aurfculaza, More than half of the fendleri collections, afong with
a limited number of other species, have been evaluated and seed increased. The remainder will be completed in 1996
at this location.

The next generation of the recurrent selection for improved oil and fatty acid content has been planted, Seed will be
harvested and analyzed at this laboratory in June 1996. Seed and oil characteristics of yellow seed coat lines will be
studied this season along with continued development of nutofertife lines. We plan to hire a postdoctoral research
associate to develop molecular markers for breeding.

COOPERATORS: R. L. Roth, Univ. Arizona, Tucson, AZ; J.H. Brown, J.D. Arquette, and R, Kleiman, International
Flora Technologies, Gilbert, AZ; M. Pollard and L. Sernyk, Mycogen Plant Sciences, San Diego, CA; E. H. Erickson,

USDA, ARS, Car! Hayden Bee Research Laboratery,-Tucson, AZ; T.Abbott and B.-Phillips, USDA, ARS, NCAUR, .
Peoria, IL.
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CULTURAL MANAGEMENT OF LESQUERELLA: WATER AND STRESS MANAGEMENT

D.J. Hunsaker, Agricultural Engineer; W.L. Alexander, Agronomist;
D.A. Dierig, Research Geneticist; and F,S. Nakayama, Research Chemist

PROBLEM: Efficient management of irrigation water to achieve optimum yield is essential to the commercialization
of Lesquerella fendleri, a plant native to the southwestern U.S. that contains high amounts of a unique oil for making
lubricants, resins, waxes, nylons, plastics, cosmetics, and other products. Prior studies have indicated a seasonal water
requirement of about 600 mm for lesquerella in central Arizona. However, scheduling irrigation time and amount for
the crop has not been establisbed.

A computer-based irrigation scheduling information system (AZSCHED) is presently used in Arizona to schedule
irrigation for traditional crops such as wheat and cotton. The irrigation scheduling software is menu-driven and relatively
easy to use. However, one of the primary elements of AZSCHED is a crop coefficient curve that relates the crop's
evapotranspiration (ET,} throughout its growing season to a meteorological-based, grass-reference evapotranspiration
(ET,). Thus, before AZSCHED can be used for scheduling lesquerella, a specific crop coefficient curve must be
developed. The first objective was to derive a crop coefficient curve for lesquerella. The second objective was to
incorporate the curve with AZSCHED and evaluate the effectiveness of the irrigation scheduling program for lesquerella.
The third objective was 1o determine the effects of allowable soil water depletion from 40 to 60% on the seed yield and
oil content of lesquerella.

APPROACH: AZSCHED uses a soil water balance to predict the time and water application amount for irrigatiuns
during the season. A user establishes an allowable soil water depletion level at which irrigations will be given and
provides an eslimate for the system irrigation efficiency. The program estimates crop water use during the season from
a crop coefficient curve that expresses the mtio of daily ET, to daily ET, [k,] as a function of accumulated heat units, also
calied growing-degree-days (GDDs). Local meteorulugical data is used to calculate ET,.

Irrigation studies were conducted by the USWCL during the 1991-92, 1992-93, and 1993-94, seasons to obtain data
on lesquerella crop coefficients during the seasons. The data were used to derive a lesquerella crop coefficient curve.

During the 1994-95, lesquerella season, the curve was used in the AZSCHED program to schedule irrigations. The
experiment was conducted at The University of Arizona Maricopa Agricultural Center (MAC). Lesguerelia fendleri was.
planted on the flat in 18 11- by 15-m plots on September 30, 1994, The seeding rate was 6.7 kg seed per ha.
Immediately after planting, 50 mm of water was applied to the plots for seed germination. Each of the plots was randomly
assigned to one of three soil water depletion level treatments, with six replications per treatment. Flood irrigation was
applied 1o the plots when the AZSCHED program predicted the soil water depletion of the active root zone had reached
the targeted level. The targeted depletion levels of the treatments were 40, 50, and 60%. The estimated irrigation
efficiency was assumed at 95% for all treatments. After crop establishment, seven, five, and four irrigations were given
10 the 40, 50, and 60% depletion treatments, respectively, representing a total water application of 505, 480, and 460 mm,
respectively. Rainfall during the season totaled 149 mm, most of which occurred during October 1994, through early
January 1995, All plots were given two applications of nitrogen fertilizer (in mid-February and in mid-April 1995) at a
rate of 56 and 67 kg-N per ha for the first and second applications, respectively.

During the season, soil water contents were measured with neutron scattering equipment and time domain reflectometry
in the plots, before and after irrigations. On June 9, 1995, 22.5 m’® of area was harvested by a combine in each plot.
The harvested seed was then cleaned and weighed. The oil content of the seed is currently being analyzed.

FINDINGS: Figure 1 sbows the crop coefficient curve that was derived for lesquerella from measured data obtained
during studies in 1991 through 1994,

Figure 2 shows the soil water depletion of the root zone calculated by AZSCHED during the 1994-95 study between
January 1 through May 29,-1995 (DOY -1 through DOY-149),-for each of the three soil water depletion levels. From
March through early May, irrigation applications were given every 7 to 11, 13 to 17, and 16 to 24 days for the 40, 50,
and 60% depletion levels, respectively. Soil water contents measured during the study are currently being analyzed. That
data will be used to assess the correlation between the measured and predicted soil water depletion and crop water use
during the season.
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The 50 and 60% depletion treatments received 96 and 94% of the total water applied given to the 40% depletion
treatment, respectively (table 1). All treatments, however, received a total water application above the estimated
jesquerella seasonal water requirement of 600 mm.

Analysis of the seed yield data indicated that mean yield for the 50% depletion treatment was significantly higher than
that for the 60% depletion treatment at the 0,10 level of probability (table 1). However, the difference in yield between
the 40 and 60% depletion level treatments was not significant.

INTERPRETATION: Using AZSCHED with the derived crop coefficient could be a useful metbod for determining
the required irrigation application amounts for lesquerella. However, additional analysis is needed to evaluate how well
the AZSCHED soil water balance tracked the measured soii water conditions and crop water use during the 1994-95
season. For the soil water holding characteristics at the MAC study site, scheduling irrigations with AZSCHED at 50%
soil water depletion (every 13 to 17 days) produced the highest seed yield. That result was consistent with past studies
(1991-1994), which, collectively, indicated that the highest seed yields were obtained with irrigations about once every
two weeks between late February throngh May. Yields have generally been depressed when irripations were given at
intervals of three weeks or longer during mid-geason.

FUTURE STUDIES: Another study is planned for next year during the 1996-97 season to further assess lesquerella
irrigation scheduling with AZSCHED.

COOPERATORS: J. Nelson, Agronomist, The University of Arizona Maricopa Agriculiural Center.
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" Table 1. Total water applied and seed yield for treatments in 1994-G5.

Soil Waier Depletion ) Total Water Applied' Seed Yield®
(%) (mm) (kg/hn)
40 705 1010ab
50 680 | 1125b
60 660 - O015a

! Includes irrigation and seasonal rainfali.
% Seed yield means folijowed hy different letters indicate a statistical difference at the 0.10 prohability level,
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VERNONIA GERMPLASM IMPROVEMENT

T.A. Coffelt, D.A. Dierig, and A.E. Thompson, (Collaborator) Research Geneticists;
and F.S. Naekayama, Research Chemist

PROBLEM: Natural epoxidized oils are potentially important for industrial nse as drying agents in reformulated oil-
based or alkyd-resin paints, The United States presently mamifactures 1230 million liters of these types of paint varnishes
anmually, Drying agents currently used in them are major air pollutants, releasing volatile organic compounds (VQOCs).
Use of vernonia oil in these formulations would greatly reduce the VOC pollutants and create some 150,000 ha of an
alternative crop for farmers to grow, Vernonia galamensis is one of the small number of plants that contain and produce
encugh epoxidized oil to make it highly promising for commercialization. V. galamensis is a native of Africa and flowers
and produces seed only under short day conditions. This characteristic prevents successful cultivation of Yernonia within
the continental U,5. However, we have successiutly utilized an accession, subspecies galamensis, variety peritiana, that
will flower any time of the year, to produce hybrids containing this trait. The objective of this research is to develop
high-yielding germplasm adapted to the U.S, through hybridization and selection and to evaluate Vemonia‘s agronomic
potential a5 a new oilseed crop.

APPROACH: Flowering, plant, oil, seed, and yield characteristics of 11 populations developed from hybrids between
Vermonia galamensis var, petitiana (day neutral flowering) and var. ethiopica (short-day flowering), and the periana
parent were determined at gix locations: Phoenix and Tuscon, Arizona; Medford, Oregon; Ft. Stockton, Texas; Lexington,
Kentucky; and Petersburg, Virginia, in 1995, Ten of the populations and two of the parental lines were evaluated in
replicated tests at Salta Argentina. An additional 12 populations were evaluated at Phoenix and Tucson in replicated yield
tests and another 12 populations at Phoenix in an unreplicated test. A planting density lest was conducted at Tuscon by
varying plant spacing within the rows, which were 1 m apart. Plant populations were established at 15,000, 30,000, and
60,000 plants per ha using spacings of 0.15 m, 0.30 m, and 0.60 m, respectively, in an RCB design with four replications.

Various controlled greenhouse crosses and backcrosses were made between day-neutral hybrids aod short-day flowering
varieties to improve flowering and seed traits. Progenies were field planted at USWCL this past summer for evaluation
and further selection.

Seed has been sent to ARS, NCAUR, Peoria, llinois, for fatty acid analysis. NMR equipment has been calibrated for
doing in-house total oil analyses. Selections made here and &t other locations were increased over the winter at the
USDA-ARS facility, Isabela, Puerto Rico.

FINDINGS: Results from the 1994 Uniform Vernonia Yield Trials were anaiyzed by Jocation and across the six focations
(Medford, Oregon; Ft. Stockton, Texas; Columbia, Missouri; Petersburg, Virginia; Phoenix, Arizona; and Salta,
Arpentina), Severe whitefly and disease pressure at the Phoenix location resulted in only flowering data being collected
at this location, Results showed that focations differed for all traits with Virginia and Missouri higher in yield and
Argentina higher in 1000 seed weight and tolal oil content (tabie 1). The AO399 check had more flowers/plant; 29E-OR2-
14 and 66C-1-9 higher yields; 15D-10-12, 29E-OR2-14, and 66C-1-9 larper seed; and 29E-OR2-14 more total oil (table
2). There were significant location x entry interactions for numhber of plants flowering at 81 DAP, yield, and total oil
content, indicating variability in stability for these traits among the populations. Results for the 1995 field tests are atill
being collected, but preliminary data indicate similar findings,

Selections were made within hybrid and backcross populations based on flower head size, seed size, disease and insect
resistance, and mumber of flower heads per piant. These selections were harvested and then planted in a winter nursery
at USDA-ARS, Puerto Rico.

INTERPRETATION: Hybrid lines have been identified that have nearly the same flowering response as the donor
parent of this trait, A0399 var. peritiana, -A0399 cannot be strictly called a day neutral variety since a response in the
amount of flower heads produced is dependent on day length. However, variation was seen within this variety, allowing
further selection and backcrossing onto the hybrids. The barrier to growing Vernonia in the U.5. has been overcome
through this hybridization, but improvement is still necessary for future commercialization. Significant improvement in
the other traits studied &lso can be made through further selection within these populations. The significant population X
environment interactions (ndicate the importance of evaluating these populations in muitiple environments. Lines for
commercial production may have to be selected in the environment where they will bo grown. The higher seed weights
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and lotal oil contents from Argentina may be due to the fact that only mature flower heads were harvested at this location.
This may also account for the lower total yield observed in Argentina compared to the U.S. locations.

Although plants may have flowered earlier in the 0.60-m spacing, toward the end of the season those plants appeared
to be the poorest performers, As plants matire the stems become brittle. There seems to be an advantage to space plants
closer, possibly to provide support for other planis. The closer spacing may also force flowering on the top and outside
canopy, allowing better plant architecture for harvesting.

The comparison of Fl1 plants to hybrids from later generations for flower head and seed size indicates that some
inbreeding depression occurs. The backeross populations have successfully increased the number and size of flower heads
per plant. Further impravement should be possible in successive backcross generations.

FUTURE PLANS: Financial support from the "Advanced Materials from Renewable Resources Program” from the
Department of Defense, through the CSRS, Office of Agricultural Materials, was obtained for a second year (FY95) to
support Vernonia research.. These funds are being utilized to support fasier germplasm increase through the winter
nursery in Puerto Rico and cooperative tests at other locations: In Spring, 1996 we will grow-out selections presently
being increased in Puerto Rico. These will be evaluated at muitiple locations as in this past year. Development of
cultural practices for the various locations will be expanded. We also will try to initiate seed dormancy studies on selected
lines.

COOPERATORS: T. Abbott and B. Phillips, USDA-ARS-NCAUR, Peoria, IL; D.T. Ray and W, Coates, Univ. of
Arizona, Tucson; M.A. Foster, TAES, Texas A&M, Ft Stockton, TX; R.J. Roseburg, Oregon State Univ., Medford,
OR; D. Hildebrand, Univ. of Kentucky, Lexingion, KY; H.L. Bhardwaj, Virginia State Univ., Petersburg, VA; A.
Sotomayor-Rios, ARS, M?ynguez, PR; R. Ayerza, Agropecuaria El Valle 5.A.
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Table 1. Mean vernonia yield, seed weight, and seed oil content of five locations in 1954,

Lacation Yield (kg/ha) Seed Wt. (g/1000) Oil (%)
Virginia 820 2.82 38.1
Misgouri 325 2.76 37.2
Texas 303 2.55 37.8
Oregon 645 2.53 35.2
Arpentina 155 in 41.7
LSD 86 0.10 1.0

Table 2. Mean vernonin yield, seed weight, and seed oil content of eight hybrid populations and the AO 399 parent from
five locations in 1994.

Line Yield (kg/hs) L Seed Wt. (2/1000) 0il (%)
14D-25 397 2.76 37.1
15D-10-12 435 3.01 38.9
29E-OR2-14 575 2.96 40.2
35A.2-9 434 2.74 38.3
35A-2-10 395 2.69 36.3
48A-10 376 2.68 38.6
66C-1-9 504 3.05 37.7
T2A-1-2 432 2.65 36.5
AO 399 496 2.62 38.6
LSD 115 0.13 1.4
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ELECTRONICS ENGINEERING LABORATORY
D.E. Pettit, Electronics Engineer

The electranics engineering labaratory is staffed by an electronics engineer whose duties include design, development,
evaluation, and calibration of elecironic prototypes in suppart of U.S, Water Conservation Laboratory research projects.
Other respansibilities 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 erders completed in
1995:

*» Design and constructed six interface controller boxes between Batch Controller and Solenoid Valves used in the
FACE experiment.

* Constructed four battery charger hoxes with batteries and multiple D.C. pawer distribution boards containing
lightning surge protection for use in the FACE experiment,

* Rewired the large valve box to SDM-CD 16 control module for the Camphell CR10 data logger control used in the
FACE experiment. ’

* Designed and constructed the tone generator that is mounted to and used with the minicamera system/frame grabber
for the FACE experiment.

« Repaired and modified a variety of equipment throughout the year, including CR21X data loggers and CR7 data
loggers, varjous IRT hand-held guns, polycorders and polycorder cables, the convection oven, the Oxford Nuclear
Magnetic Resonance Unit, anemometers, A CO, controller system, and A CO,-IR analyzer unit,

126

Annual Report of the U.S. Water Conservation Laboratory



COMPUTER FACILITY
T. A. Mills, Compnuter Specialist

The Compuler Facility is staffed by one full-time computer specialist and one computer assistant. Support is provided
to all Laboratory and Location Administrative Office computer equipment and applications. The facility is responsible
for recommending, purchasing, installing, configuring, upgrading, and maintaining the Laboratory’s Local and Wide Area
Networks (LAN, WAN), computer systemns, and peripherals. The LAN is composed of eight 10Base-T hubs connected
to a standard Ethernet backbone providing 36 ports. A local router and s 56kbs lease line 1o Arizona State University
provide a gateway to the Internet WAN. The Laboratory has an Internet Class C IP address and operates under the
domain usweci.ars.ag.gov. Network UNIX services are provided by a Sun micro SPARC 20.

Novell NetWare 3.12 continues to provide most of the network services, The NetWare network consists of a primary
file server with six gigabytes. of storage, a backup server with two [0-gigabyte tape drives. Remote communications are
provided with NetWare Asynchronous Communication Services (NACS) and NetWare Access Services (NAS). E-mail
to the Internet is provided through Novell’s Mail Handler System (MHS) and an SMTP server.

Enhancements FY 95

The MHS and SMTP servers were added to provide desktop E-mail to the Internet. Two Microsoft Windows 3.5 NT
servers were brought online. One of the NT servers hosts the Laboratory web server (www.uswcl.ars.ag.gov). The
NetWare backup server also was added this year.

- Projections for FY 96
The focus this year will be on better remote access to the Laboratory LAN. Better methods for dialing in and out are

currently being evaluated. Improved cross-platform integration and resource sharing also will be implemented. New
network management and annlysis software also will be place in operation,
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LIBRARY AND PUBLICATIONS
L. S. Seay, 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
weil as for holdings of professional journals and other incoming media. Support includes searches for requested
publications and materials for the Staff, Library holdings include approximately 1700 volumes m various scientific fields
related to agriculture. Haldings of some professional journals extend back to 1959.

The U. S. Water Conservation Laboratory List of Publications, containing about 1900 entries, is maintained on
PROCITE, an automated bibliographic program. The automated system provides for sorfing and. printing selected lists
of Laboratory publications and is now accessible on LAN by the Research Staff. Publications lists and most of the
publications listed therein ars available on request.

' Appendix A lists manuscripts published or formally accepted for publication in 1994 and/or 1995,
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MACHINE SHOP

C.L. Lewis, Machinist

The machine shop, staffed by two full-time machinists, provides facilities to fabricate, assemble, modify, and replace
experimental equipment in support of U.S. Water Conservation laboratory research projects. Following are examples
of work orders completed in 1995:

Two free-standing 20-foot spiral staircases were constructed and erected to provide access for data collection at the
upper levels of the orange tree chambers. The staircases are fabricated from cold rolled steel and are equipped with
drawbridge style walkwnys connecting the staircases to the chambers, -

Four steady-state canopy gas exchange systerns were fabricated for continuous monitoring of carbon and water vapor
exchange rates for the FACE experiment. The chambers are 130cm by 100 cm by 75cm, of aluminum frame
construction, and have mounting brackets for instrument attachments. The frames are equipped with plexiglass
panels 59cm by 100cm with ports and flanges for tubing aftachments.

Twenty chambers were fabricated for soil CO, flux sampling. The chambers are constructed from 8" diameter
schedule 50 PVC tubing. Plexiglass covers with closed—<ell neoprene gaskets also were constructed.

Seventy 30' aluminum irrigation pipes were modified to fit existing irrigation connections. The mating ends of the
pipes were cut off, and new connectors were welded into place, Welding repair of tears and holes in the irrigation
pipe were done at that time,

Twelve panels of reflective standard tarp material were constructed for the determination of bidirectional reflectance
properties of the material, The panels are made of 2* by 2' 1/4 inch plywood and are painted with a non-reflective

flat black paint. The tarp material is attached to the panels with metallic staples placed 1/16 inch from the panel
edge.
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APPENDIX A

Manuscripts Published or Accepted for Publication in 1995

1. ADAMSEN, F.J., and R.C. RICE. 1995. Nitrate and water transport as affecied by fertilizer and irrigation
management. p. I-4. IN: Proc. Conf. on Clean Water Environment - 21st Century, Vol II: Nutrients. Kansas
City, MO. 5-8 March 1995. WCL# 1899.}

2. ADAMSEN, F.J., WJ. PARTON, and S.R. BENNETT. 1995. A cuvette desigu for field and laboratory
measurement of water and ammonia flux from soils in a short grass prairie. Comm. in Soil Science and Plant
"Analysis. 26(5&6):813-830. WCL# 1822,

3 AKIN, D.E., L.L. RIGSBY, G.R. GAMBLE, W.H. MORRISON I, B.A. KIMBALL, P.J. PINTER, JR.,
G.W. WALL, R.L. GARCIA, and R.L, LAMORTE, 1[995. Biodegradation of plant cell walls, wall
carbohydrates, and wall aromatics in wheat grown in ambient or enriched CO, concentrations. J. Sci. Food
Agric. 67:399-406. WCL# 1837.

4. ALLEN, R.G., G.L. DICKEY, J.L.. WRIGHT, J.F. STONE, and D.J. HUNSAKER. 1993. Error analysis
of bulk density measurements for neutron gauge calibration. p. 1120-1127. IN: R.G. Allen and Christopher
M.U. Neale (eds.) 1993 Nat. Conf. on Irrig. and Drain. Engineering, Management & Irrig. and Drain, Systems:
Integrated Perspectives/ASCE, Park City, UT. 21-23 Jul 1993, WCL# 1762,

3. AKIN. D.E., B.A. KIMBALL, W.R. WINDHAM, P.J. PINTER, JR., G.W. WALL, R.L. GARCIA, R.L.
LAMORTE, W.H. MORRISON IIl. 1995. Effect of free-air CO, enrichment (FACE) on forage quality of
wheat. Animal Feed Sci, & Techn, 53:29-43. WCL# 1838,

6. " BAUTISTA, E., AJ. CLEMMENS, and T.S. STRELKOFF. 1995. Inverse computation methods for open-
channel.flow control. p. 593-557. IN: Proc. First Int. Conf. Water Resources Engineering Division/ASCE,
San Antonio, TX. 14-18 Aug. 1995. WCL# 1871.

7. BAUTISTA, E., A.R. DEDRICK, and S.A. RISH. 1995. Integrated resource management for irrigated
agriculture: The Demonstration Management Improvement Program, p. 173-174. IN: Proc, Arizona
Hydrological Society, 8th Annual Symp., Water Use in Arizons, Tucson, AZ. 14-16 Sep 1995, WCL# 1900,

8. BOUWER, H. 1995, Estimating the ability of the vadose zone to transmit liquids. p. 177-188. IN: L.G.
Everett, 8.7, Cullen, L.G. Wilson {eds.). Handbook of Vadose Zone Characterization and Monitoring, Lewis
Publishers, Boca Raton, FL.. WCL# 1848,

9, BOUWER, H. 1995. New developments in artificial recharge of groundwater and water reuse. IN: Proc.
Biennial Groundwater Conf', San Diego CA. 11-12 Sep 1995, (ACCEPTED-MAY 1995). WCL# 1875,

i0. BOUWER, H. 1995. Surface water, groundwater, and subflow - Jegal nexus and the hydrologic connection,
Arizonn Water Resources. Water Resources Research Center, The University of Arizons, Tucson, AZ. 3(8):7.
WCL# 1849.

! The WCL# correspands to the item number on the USWCL Publication List. Please use the WCL# to request
USWCL publications,
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12.
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15.
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19.

20.
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BOUWER, H. 1995. Past, present, and future of water and wastewater, p, 1-6, IN: R.J. Charbenean (ed.)
Proc. First Int. Conf. Water Resources Engineering Division/ASCE, San Antonio, TX. 14-18 Aug. 1995,
WCL# 1889.

BOUWER, H. 1995. Effect of gron.mﬂwater purping on streamflow, p. 265-276. IN: RJ. Charbeneau (ed.)
Proc. First Int. Conf. Water Resources Engineering Division/ASCE, San Antonio, TX. 14-18 Aug. 1995,
WCL# 1891,

BOUWER, H. 1995, Issues in artificial recharge. p. 53-58. IN: RJ. Charbeneau (ed.) Proc. First Int. Symp.
Water Resources Engineering Division/ASCE, San Antonio, TX. 14-18 Aug. 1995. WCL# 1892,

BOUWER, H. 1995. Artificial recharge: Issues and future. p. 2-10. IN: Proc. 2nd Int. Symp. Astificial
Recharge of Ground Water, ASCE, Orlando, FL. 17-22 Jul 1955, WCL# 1901.

BOUWER, H. 1995, Issues in artificial recharge. p. 1-16. IN: Proc. 7th Biennial Symp. on Artificial
Recharge of Groundwater, Salt River Project, The University of Arizona and U. S. Water Conservation Lab.,
Tempe, AZ. 17-19 May 1995. WCL# 1502,

BOUWER, H. 1995, Issues in artificial recharge. p, 871-880, IN: Proc. 2nd Int. Symp. on Wastewater
Reclamation and Reuse, Int. Assoc. on Water Quality, Iraklion, Crete, Greece, 16-20 Oct. 1995. WCL#
1903.

BURT, C.M., AJ. CLEMMENS, and K.H. SOLOMON. 1995, Identification and quantification of efficiency
and uniformity components., p. 1526-1530, IN: Proc, First Int. Conf. Water Resources Engineering
Division/ASCE, San Antonio, TX. 14-18 Aup. 1995, WCL# 1873,

BURT, C.M., R.8. GOOCH, T.S. STRELKOFF, and J.L. DELTOUR. 1995. Response of ideally controlled
canals to downstream withdrawals. p. 169-173. IN: Proc. First Int. Conf. Water Resources Engineering
Divisiop/ASCE, San Antonio, TX, 14-18 Aug. 1995, WCL¥# 1904,

CLEMMENS, AJ., C.M, BURT, and D,C. ROGERS. 1995, Introduction to canal control algorithm needs.
p- 1-5. IN: Proc. First Int, Symp. Water Resources Engineering Division/ASCE, San Antonio, TX. 14-18 Aug.
1995, WCL# 1867.

CLEMMENS, AL, J. SCHUURMANS, and R.J. STRAND. 1995. Application of automatic control on
MSIDD WM lateral canal. p. 491495, IN: Proc, First Int, Conf. Water Resources Engineering/ASCE, San
Antonio, TX. 14-18 Aug. 1995. WCL#¥ 1864.

CLEMMENS, AJ., K. SOLOMON. 1995. Procedures for combining distribution uniformity components.
p. 1531-1535. IN: Proc, First Int, Conf. Water Resources Engineering Division/ASCE, San Antonio, TX. 14-
18 Aug. 1995, WCL# 1863.

CLEMMENS, A7, T.S. STRELKOFF, and C.M. BURT. 1995. Defining efficiency and uniformity:
Problems and perspectives. p. 1521-1525, IN: Proc. First Int. Conf. Water Resources Engineering
Division/ASCE, San Antonio, TX, 14-18- Aug 1995. WCL# 1862.

CLEMMENS-Ad - 1805.~Determining aceuracy-of-estimates. for-irrigation-e ficiency and-uniformity. p. 1536-
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