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Preface

The papers included in these Proceedings were presented during the USCID Water
Management Conference, held September 28 - October 1, 2010, in Fort Collins,
Colorado. The Theme of the Conference was Meeting Irrigation Demands in a
Water-Challenged Environment. An accompanying book presents abstracts of each
paper.

In today’s economy, it is easy to forget about planning and implementing
state-of-the-art technology and instead focus on “just getting by.” However,
continual improvements in technology provide the backbone in processes and
systems to increase efficiency and provide protection from the vulnerabilities
caused by antiquated methods. Technological advances affect all aspects of
irrigation and water system operations, from engineering, planning and finance, to
system operations and environmental protection. The Conference provided a forum
for presentation and discussion of advancements in technology, and to demonstrate
its application to all areas of irrigation and water resource system planning,
engineering, operation and maintenance.

The Conference incorporated a special session dedicated to Supervisory Control
and Data Acquisition (SCADA) systems. This session featured an exchange of
ideas and information regarding state-of-the SCADA systems, building upon
previous USCID conferences on this subject.

The authors of papers presented in these Proceedings are professionals from
academia; federal, state and local government agencies; international agencies;
water and irrigation districts; and the private sector.

USCID and the Conference Chairman express gratitude to the authors, session
moderators and participants for their contributions.

Gerald A. Gibbens
MWH Americas, Inc.
Fort Collins, Colorado

Conference Chairman
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ITHE COLORADO SATELLITE-LINKED WATER RESOURCESMONITORING
SYSTEM: 25 YEARSLATER

Thomas W. Ley! PhD, PE
Phil L. DeArcos?
Russell V. Stroud®
David G. Hutchens®

ABSTRACT

The Colorado Satellite-Linked Water Resources Monitoring System was initiated as a
two-year pilot demonstration project in the early 1980'sin Colorado’s Arkansas River
and Rio Grande River Basins. The system was formally established with funding from
the Colorado Water Resources and Power Devel opment Authority in 1985. By the end of
1985, an effective monitoring network of 150 stations had been established. The Satellite
Monitoring System (or SMS, asit is now called) was turned over to the State Engineer’s
Office (akathe Colorado Division of Water Resources, CO DWR) to operate and
maintain in October 1985. Today CO DWR operates and maintains over 500 satellite
telemetry gage stations on rivers, streams, ditches and reservoirs around the State. In
combination with satellite telemetry gaging stations operated by the USGS, and gage data
from other State and local agenciesin Colorado, water resources data from over 900 sites
are available in near real time from the Colorado Surface Water Conditions web site
(www.dwr.state.co.us). This paper will chronicle the continuing development of this
important water resources management tool in Colorado, including changesin
technology, information management and delivery, system expansion, coordination with
other agencies, and the ever-increasing ways in which the data are used. Although not a
SCADA system, many gages on the network provide dual benefit for collection of data
for the SMS as well asfor direct feed to SCADA systems operated by gage cooperators.

BACKGROUND

Colorado water law hasits roots in the gold rush days of the late 1850’ s and early 1860'’s,
when miners used water to work their claims regardless of the location of the claim
relative to the water source. Due to the relative scarcity of water in the Intermountain
West and the sporadic nature of the supplies, these early water use rights also were based
on the concept of “first in time, first inright”. Asmining went through its boom and
bust cycles, homesteading and development of agriculture followed closely behind. Prior
to Colorado statehood in 1876, territorial laws were enacted allowing water to be taken
from streams and rivers to lands “not adjoining the waterway”, as well as recognition of
rights of way to transport water across lands not owned by the owners of the water right.

! Chief, Hydrographic and Satellite Monitoring Branch, CO Division of Water Resources,
thomas.|ey @state.co.us

21T Professional , CO Division of Water Resources, phil.dearcos@state.co.us

3 Hydrographic Technician, CO Division of Water Resources, russell.stroud@state.co.us
* Electronics Specialist, CO Division of Water Resources, david.hutchens@state.co.us
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The Colorado Doctrine, or the Doctrine of Prior Appropriation, recognizes: a) those that
put the water to use first are entitled to get their water first during periods of water
shortage, and b) water is a separate property right that can be sold separately from the
land. Thisisopposed to the Riparian Doctrine that ties water use rights to the ownership
of lands adjacent to the river or stream. The codification of fundamental Colorado water
law isfound in Colorado’s 1876 Constitution, Article XVI, Sections 5, 6 and 7. These
basically state: water within the State of Colorado is a public resource belonging to the
citizens of the State; the right is recognized to divert unappropriated waters of any natural
stream and apply that water to beneficial use with priority of appropriation determining
who gets water first in times of shortage; and, the right is recognized to convey water
across public, private and corporate lands upon payment of just compensation.

In 1879, the legislature created a part of Colorado’s present water administration system.
It provided for the division of the State into ten water districts, nine of these in the South
Platte valley and one in the Arkansas. The position of Water Commissioner was created
with this legidlation for the express purpose of allocating and distributing water according
to the doctrine of prior appropriation. The statute as passed by the legislature in 1879 did
not provide for stream measurement.

In 1881, the Colorado legidlature established the Office of the State Hydraulic Engineer.
The purpose of this office was to assist in carrying out the provisions of certain portions
of theirrigation laws passed at the same session, and to obtain important information by
means of surveys and observations. Primary responsibility was the administration of
water rights according to the appropriation doctrine, “first in time, first in right,” by
maintaining alist of water rights, on each stream, in order of priority. The priority of a
water right is determined by both when the water was first diverted and put to a beneficial
use and when the right was decreed by the district court. Additionally, the State
Engineer shall: “shall make, or cause to be made, careful measurements and cal culations
of the maximum and minimum flow in cubic feet per second, of water in each stream
from which water shall be drawn for irrigation, as may be best for affording information
for irrigating purposes, commencing with those streams most used for irrigation; also to
collect facts and make report as to a system of reservoirs for the storage of water, their
location, capacity and cost; and he shall keep proper and full records of hiswork,
observations and calculations.”

These two early pieces of legislation formed the basis of the system of water
administration still in use today: measurements of the amount of water in rivers and
streams over time provide the data needed and used by water commissionersto
administer water rights according to the State's Constitution. Early on this process was
difficult. Only infrequent observations of the amount of water in various water courses
were possible, only in afew locations, and these observations suffered from inaccuracy
and imprecision. In 1883, Colorado’ s second State Engineer, E.S. Nettleton, designed
and developed the Colorado Current Meter, cups or vanes rotating in a horizontal plane
around avertical axis, the speed of rotation of which could be directly related to the
velocity of water impinging on the vanes. This design isthe basis of the Price AA
current meter still widely used today. This advance greatly improved the ability to
accurately measure stream discharge. In 1884, Nettleton designed and developed a
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stream stage recorder for use at streamgaging stations to collect continuous records of
stream stage, which could be used to compute records of streamflow. The State
Engineer’ s Office established some of Colorado’s earliest stream gaging stations during
this period: Cache la Poudre at the Canyon Mouth (1881), Arkansas River at Canon City
(1888), and Rio Grande near Del Norte (1889), and are still operated by this office.

In 1887, the State created the position of superintendent of irrigation, the forerunner of
today’ s division engineer, to supervise water commissioners within each division. By the
beginning of the 1890's, many stream systems were over appropriated. The need to know
stream flow rates over time and in many locations was becoming more widespread.

In 1969, the State legislature passed the Colorado Water Rights Determination Act. This
legidlation created the Colorado Division of Water Resources (CO DWR) as part of the
Department of Natural Resources. The State Engineer’ s Office was incorporated as the
CO DWR. CO DWR isempowered to administer all surface and ground water rights
throughout the state and ensure that water is administered according the State
Constitution and court decrees. CO DWR employs approximately 257 professional
engineers and geol ogists, information technology professionals, technicians, and support
staff to administer water rights, to evaluate and issue water well permits, monitor stream
flow and water use, inspect dams and wells for construction and safety, maintain
databases of Colorado water information, represent Colorado in interstate water compact
proceedings, evaluate impacts of and necessary mitigation for various water use
activities, educate the public, and numerous other responsibilities.

Significant development has transpired over the 134 years since Colorado became a
State, including development of major urban centers (particularly on the Front Range),
economic development, and agricultural development. Interstate compacts and
agreements were developed describing how water, which has its source in Colorado,
would be shared with downstream States. By the later decades of the 20" century, heavy
stress on Colorado’ s limited water supply and on administration of that water supply was
being experienced. Population growth has resulted in greater domestic demand for both
surface and ground water. Colorado’s water administration has attempted to keep pace.
Increasingly complex water court decrees, augmentation plans, exchanges, etc. have been
developed and executed.

DEVELOPMENT OF THE COLORADO SATELLITE-LINKED WATER
RESOURCES MONITORING SYSTEM

As discussed above, by the early 1980's, Colorado water administrators were
experiencing greater and greater need for timely and accurate water resources data at
more and more locations Statewide. To help meet this need, atwo-year demonstration
project was designed and implemented in the Arkansas River and Rio Grande River
basins, in which, continuous water resources data were collected at key gaging stations
and provided in near real-time via satellite telemetry to decision makers. The project
successfully demonstrated that water rights administration, hydrologic records
development, flood warning, and water resources management could be significantly
enhanced.
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The Colorado Water Resources and Power Development Authority provided initial
funding for this project pursuant to Section 37-95-107(5), C.R.S. (1983), by enactment of
Senate Joint Resolution No. 20. The Colorado Water Resources and Power
Development Authority has, as one of its goal's, enhancement of water resources
management in Colorado. The Authority provided funding for system establishment and
itsfirst year of operation at atotal cost of $1.8 millionin 1984.

The Authority awarded the contract, under competitive procurement, to the Sutron
Corporation, Herndon, Virginia, in May, 1984. The original contract called for Sutron to
provide aturn-key system including remote data collection hardware for 82 stations,
receive site, central computer, and operating/applications software. In March 1985, the
Authority approved an expansion of the monitoring network by an additional 68 stations.
This effectively brought the statewide network to 150 stations. The system acceptance
test was successfully run on August 8, 1985. The system was formally dedicated on
October 4, 1985. At that time, the Authority turned the system over to the State of
Colorado under the jurisdiction of the Office of the State Engineer.

Early System Description

The SMS allows the Division of Water Resources to collect, process, store, and distribute
many kinds of environmental data transmitted from remote locations. The data set of
interest to the Division isthe water level at rivers, streams, diversion structures, and
reservoirs. The SMS converts these raw water level valuesinto several "products’ of use
to various "clients'. The "products’ range from raw data passed on to other computer
systems to the official Hydrographic Records of mean daily stream flows. Clients
include Division of Water Resources personnel and other water users wanting rea-time
administrative data, computer systems performing other analyses, and the varied user
community of state and federal agencies, municipalities, canal companies, attorneys, and
consulting engineers needing access to real-time and historic stream flow data.

The SMS consists of four primary sub-systems: 1) the remote station data measurement,
collection, and transmission hardware; 2) the satellite communication links and
transmission receive hardware; 3) the computer hardware and software systems; and 4)
the computer-based hardware and software for making data available to users.

Data collection, measurement and transmission hardware was generally installed in
existing stream, diversion, or reservoir gauging stations, and included on-site sensors, a
programmable Data Collection Platform (DCP) and radio transmitter electronics, a power
supply, and aradio antenna. The primary sensor for measurement of stream stage or
water level was either afloat actuated incremental shaft encoder operating in astilling
well hydraulically connected to the stream or reservoir, or, a manometer or other type of
pressure transducer, or adirect discharge meter. Often air temperature sensors and other
meteorol ogical sensors were also present. The DCP is a programmable device that
collects, processes, and stores data from up to 16 sensors. It also controls the timing of
the satellite radio transmissions. Most sites are powered by 12-volt batteries re-charged
by solar panels. If available on site, 120 volt AC power was used and converted to 12
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volt DC current. Environmentally secure enclosures were used to protect the equipment
from extreme weather and unauthorized access.

In the early years of operation, remote site hardware consisted of a Sutron 8004 DCP
(Fig. 1) that would measure data every 15 minutes from a 0-5 volt shaft encoder and then
transmit the values every four hours at a data transmission rate of 100 bps. Transmission
time windows were one minute in length. The DCP was programmed using command
driven software by connecting a portable computer viaan RS-232 port. Very little
diagnostic insight about DCP operational performance was provided. The 8004 was
limited to storage of 32 data values per connected sensor. In most cases, this amounted to
8 hours of 15-minute data. With scheduled transmissions at 4-hour intervals, this
provided replicate datain case of amissed transmission. A DCP could be programmed to
detect if stream stage or water level conditions exceeded programmed threshold levels.
When such conditions occurred, transmission of such random events on a separate
channel for random messages could be enabled, providing real-time alarm warnings. A
major operational issue was the need to maintain accurate time (GMT) inthe DCPin
order to keep satellite transmissions within the required transmission time window for the
specific gage site. Many transmissions were missed due to incorrect GMT time entry,
and, over time DCP clocks would drift. Additionally, transmission circuits would drift
requiring bench re-calibration.

e — - -
s 2222887 58FFbeececca

fresocezsveccrecoeon

Figure 1. Early Colorado SMS DCP and gage installation.

The system was expanded in the 1990’ s using Sutron 8200 DCPs. The 8200 could
measure and log data from several different types of shaft encoders and could store up to
one year of dataininternal memory. New bubbler-type pressure transducers were
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introduced in the field to replace mercury manometers. The DCP was programmed by
menu driven software, but now had a one line display and front panel keypad for
configuration and viewing of data. Many transmissions were still missed due to clock
and transmission circuit drift.

The communications link for data transmissions from the remote site DCPisa
Geostationary Orbital Environmental Satellite (GOES). Thisisafedera satellite
operated by the National Oceanic and Atmospheric Administration-National
Environmental Satellite, Data, and Information Service (NOAA-NESDIS). The GOES
satellite isin equatorial, geostationary orbit 22,500 miles from the earth surface in space.
The Division of Water Resources originally installed a Direct Readout Ground Station
(DRGS) to receive this data directly from the GOES satellite. Inthe mid 1990’s, this
method was converted to what is called alocal readout ground station which receives and
processes data transmitted on a domestic communications satellite. The NOAA Data
Collection System (DCS) receives all GOES transmissions at its Command and Data
Acquisition Station at Wallops Island, Virginia then retransmits the data over one channel
to a domestic communications satellite visible from all of North America. This satellite
(DOMSAT) broadcasts back to earth with much more power than the GOES system. The
more powerful signal allows use of a much smaller 1.8-m diameter antenna and much
simpler electronics. Sincethe DOMSAT multiplexes all data on one channel data from
any remote site can be received without additional electronics.

The first main computer used on the SMS was a Digital Equipment Corporation (DEC)
VAX 4000-300. This system gathered data from the DRGS el ectronics and from the
DOMSAT receive system running on a PC. Real-time software automatically processed
converted, and stored the incoming data. The conversion calculations used the most up-
to-date stage-discharge relationships for a given stream gage and hydrographic shifts, as
determined by actual measurements, to reflect changes in the stream channel
characteristics. The system processed meteorological information in asimilar manner.
Every morning the system processed the previous day's data and cal culated mean values,
minimums, maximums, and other statistics, placing the resultsin a separate database. To
preserve the integrity of the data, the original raw satellite data were archived unedited in
aseparate database. An internally developed system extracted a subset of the original
data for editing and hydrologic streamflow record development. Other programs
allowed users to access data and to control the system.

Several methods of communications access and data di ssemination were supported in the
early years. Using a PC and a modem, users anywhere in the world, with proper
authorization could access the system. 1n 1995, CO DWR installed newer, high speed
28.8kb modems. This provided users with a better level of service through much higher
datatransfer rates. Eventually applications were developed alowing users to connect to
the system and access data through the Internet.

The Colorado Satellite-linked Water Resources Monitoring System received national
merit awardsin 1985 and 1986. The National Society of Professional Engineers selected
the system as one of ten outstanding national engineering achievements for 1985. The
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Council of State Governments selected the system as one of eight of the top innovative
programs instituted by state government in the nation for 1986. At the time, Colorado
was the only State in the nation to operate a statewide monitoring system of this type.

On-Going Development

The interest in real-time data collection for monitoring water resources and other natural
resources data grew at an incredible rate due to the need for such data and the cost
effectiveness of this approach to data collection, processing and dissemination. Table 1
shows the growth of the SM S at five-year intervals since inception. Various federal
agencies (primarily the US Geological Survey), water conservancy districts,
municipalities, and private entities operate satellite-linked data collection stationsin
Colorado in addition to the State-operated network.

Table 1. Growth of the number of gaging stations (operated by CO DWR and by other
agencies) included in the Satellite Monitoring System since inception.

USGS and Other Federal,
Y ear CO DWR State, Local Agencies Totd
1985 52 98 150
1990 57 101 158
1995 229 176 405
2000 324 264 588
2005 462 276 738
2010 518 384 902

During the past decade a one there have been significant advances in technologies
employed in the SM S for data collection, data processing, and data presentation to end
users. Theyear 2000 (Y 2K) brought about the end of the use of the VAX main frame
and DB2 database on the SM S due to incompatibility issues. At that time the satellite
monitoring database was migrated to SQL Server 2000 and initial data processing was
accomplished on aredundant set of workstations. Each workstation was connected to
one of the satellite dish receiversat CO DWR. Datafrom the receivers was processed
and decoded, and then the processed data was fed into both an internal data system, and
out through a set of TCP/IP sockets. Alert, Decode, and Diagnostics sub-systems (hosted
on the main application/database server), each ‘listened’ on their respective sockets for
feeds from the decoding software. These received and then processed the data messages
into the main database, where the processed information was used by other sub-systems
and applications. The USGS and NCWCD sub-systems (hosted on the development
server), received and processed data from their respective cooperator agencies and also
stored the data in the main database.

The Data Processing sub-system performed additional calculations or summaries as
necessary. Thisfinal processed data was then made available to the web reporting
database, applications, and tools. Internal Data Viewing and Management Applications
were used by CO DWR personnel to manage aspects of the Data Processing sub-system,
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check the status of field equipment, or retrieve real-time stream-flow results from the
database archive. The Hydrologic Management System, a PC client-based software tool,
allowed CO DWR hydrographers to update rating tables, shifts, and shift curves used
when calculating streamflow results, and the SatMon Telemetry Editor allowed I T
personnel to update decoding information. Real-Time Archive and Diagnostics
Reporting Systems were intranet based web applications that allowed users to retrieve
flow data from the database, as well as to check the status of field equipment by
reviewing reports of the diagnostic data sent with each satellite transmission.

In 2000, a simple web site was created for public access to hydrograph displays and
tabular data of current stream conditions and up to the last 10 days of historic data.
Additional historic data requests required the user to contact CO DWR. In 2004, an
internal Alert notification system was added so that specific threshold stream and
reservoir conditions could be monitored and notification alert messages generated when
thresholds were met or exceeded.

Several improvements were made to the data processing and presentation sub-systems
during 2007-2008. These included:

e Extensive upgrade and re-formatting of the stream flow web site allowing
enhanced viewing and analysis of current conditions and historic data

e Development of web-based applications for system administration

e Migration of the satellite monitoring database to SQL Server 2005
Added gage data from a new cooperative program (discussed below) with water
conservancy district gages for display on the CO DWR web site

e Upgraded satellite data decoding to a near industry standard LRGS process
developed by llex Engineering. This new system can capture data from both
satellite and/or Internet sources

e Developed and implemented Windows services to process incoming data to
improve system stability and integrity

e Added historic dataretrieval and analysis features to the web site

e Allowed usersto define custom station lists

Current SM S Configuration

Due to near saturation use of available channels on the GOES satellite system, in 2001
NOAA-NESDIS began a process to convert from 100 bps transmissions within one-
minute windows every four hoursto “high data rate” transmissions at 300/1200 bpsin 6
to 15 second windows every hour. This conversion process was formally implemented in
2003, and NOAA-NESDIS has alowed a 10-year period for upgrades. Asaresult the
capacity of the GOES satellite system has increased significantly. For the CO SMS,
upgrades have typically involved complete replacement of remote site equipment.
Upgrade costs have been in the range of $4000 to $5000 per gage.



Colorado Satellite-Linked Water Resour ces M onitoring System 9

Currently, the typical configuration at CO DWR SM S gaging station consists of a Sutron
Satlink2 high data rate (hourly transmissions at 300 bps) DCP along with a serial digital
interface (SDI) shaft encoder or a bubbler type pressure transducer called a Constant
Flow Bubbler. The Satlink2 DCP is programmed using Windows-based software. DCPs
are typically configured to collect and log data every 15 minutes. Dataare storein flash
memory for up to 3years. The Satlink2 provides the user the option of also installing up
to four analog sensors (such as air temperature) and includes a separate input for atipping
bucket rain gage. Several gagesin key areas are setup to log and transmit these
additional parameters.

By virtue of the implementation of high data rate transmission and shorter time windows
in which to successfully complete transmissions (6 to 15 seconds) DCP clock reliability
has had to improve. This has been accomplished through use of GPS synchronization
that acquires GMT time every hour to ensure accurate DCP clock time. Transmissions
occur once every hour at an assigned time given by NESDIS. Four hours of data are
transmitted each hour, with three of the four hours being redundant data.

The Satlink2 DCP may also be programmed for aert levels. High threshold alert levels
are used to monitor potential flood threats, low threshold alert levels provide protection
for low flow instream water rights, and rate of change threshold alerts are used to monitor
flows at gages below reservoirs. Once an alert level is detected the DCP will then
transmit data values on a separate random channel. These may be viewed real time on
the web site or activate an alert messaging service described later.

Sutron has been the primary supplier of data collection platform and satellite telemetry
equipment since the SMSwas initiated in 1985. This attempt to standardize on
equipment has resulted in the following benefits:

e eguipment compatibility issues are non-existent or minimal

o staff efficiency in terms of training requirementsisimproved

o staff develop better understanding of equipment operation, maintenance and
troubleshooting when from a single source rather than multiple sources,

e costs of ancillary equipment, parts, pieces, tools to support asingle line of
equipment rather than multiple lines are reduced

o diagnostics test equipment costs are reduced

CO DWRiscurrently in the final stages of a multi-year program to upgrade satellite
equipment at gaging stations throughout Colorado to high datarate. It is expected the
upgrade process will be completed during 2010. Part of the upgrade process has
included installation of: &) proper grounding and isolation equipment to improve
operational reliability at field sites, b) improved gage power supply equipment (better
batteries and solar panels), ¢) more accurate 400 count per rotation SDI shaft encoders to
replace older 200 count per rotation shaft encoders, and d) Sutron Constant Flow
Bubblersto replace older bubbler type pressure transducers for better performance and



10 Meeting Irrigation Demandsin a Water-Challenged Environment

operation diagnostics. Figure 2 presents photos of several upgraded gage stations
showing the improved components.

Improvements and upgrades to the SM'S data processing and presentation sub-systems
have continued as well. Once data have been transmitted to the GOES satellite, the

Figure 2. Photos of CO DWR gaging stations showing equipment upgrades.

NOAA CDA dtation at Wallops Island decodes the data from the transmission and then
makes it available in 2 ways:. by rebroadcasting data to the domestic satellite (DOMSAT),
and by streaming to the Internet where users may access and capture the data stream viaa
Loca Readout Ground Station (LRGS). There are multiple LRGS stations around the
country that access satellite transmissions through a Direct Readout Ground Station
(DRGS) and make the transmissions available through an LRGS to the Internet.

Data messages are received at CO DWR through an LRGS. The LRGSis aWindows
Server 2003 PC. It isconfigured to receive transmissions primarily through a DOMSAT
receiver connected to the satellite dish on the Centennial Building. A new featureisif the
receiver signal fails, then the LRGS will automatically switch to a TCP/IP connection and
retrieves data messages through a USGS LRGS system (the Emergency Data Distribution
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Network) in Sioux Falls SD. A second LRGS platform sitsin a*“ hot-standby state” as an
emergency backup. Figure 3isadiagram illustrating the current configuration of
hardware components used in the SM S from remote field sites to the LRGS server in
Denver.

Data are decoded by the LRGS software and stored as text files on the local server. Each
LRGS decodes and stores 30 days of data transmissions. Processing is performed by a
series of applications running as Windows services. The Data Loader Service takesfiles
decoded by the LRGS and pushes them to the SMS database. The LRGS server also
runs applications as “Windows services’ to retrieve and process data from cooperator
agencies which, inturn, are stored in the SMS database. A USGS Data Service processes
data from the USGS web site and stores the data. A NCWCD Data Service processes
dataviaaweb service and stores the data. The Data Processor service takes the initially
processed data, and performs additional calculations such asdischarge. A Diagnostics
Service processes “raw” data from files decoded by the LRGS and pushes them to the
SMS database. Datain thesefilesis used to diagnose common problems with satellite
transmissions. A separate windows service application performs additional data
processing, and data is disseminated through a variety of means. Figure4isan
illustration of the current configuration of computer hardware used to process and prepare
data for presentation to end users.

Additional data processing systems and services have recently been implemented. The
SMS Monitor Serviceis aWindows service that periodically checks each component in
the data processing system. If any one component has failed to execute within a specified
period of time, a notification email is sent to the system administrator. This service has
added to the operational integrity of the system. The Alert System has been re-written as
aWindows service which allows “ subscribers’ to be notified when transmitted data
meets certain threshold criteria. These two services reside together on a Windows Server
2003 PC. 1n 2009, data analysis features were added to streamflow web site to replace
an internal tool used by Water Commissioners called SatMon Tool. Also in 2009, aweb
service was created to provide data access by data cooperators on the SMS.

A few operational data processing stetistics illustrate the volume of data handled by the
SMSinits current configuration:

e 10,700+ satellite transmissions decoded per day

e 105,500+ data values stored per day

e 32,000+ diagnostics data values (signal strength, battery voltage, error codes,
etc.) decoded per day

e 45,000+ data values from external providers processed and stored per day.

OPERATION OF THE SMS

The Hydrographic and Satellite Monitoring Branch of the CO DWR is charged with the
operational responsibility of the SMS. The Branch’s primary efforts are directed
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towards collection and dissemination of accurate, high quality ‘real-time’ surface water
(stream and reservoir) datato support CO DWR’s water rights administration mission.
The Branch currently operates and maintains nearly 520 gaging stations throughout
Colorado, and coordinates with the USGS and other State and Federal agencies that
operate approximately an additional 380 gaging stationsin the State. Primary objectives
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of thiswork are: 1) to conduct streamflow measurements at stream gaging sites along the
State’ s natural rivers and creeks, and at major ditch and canal diversions, to maintain
accurate stage-discharge relationships and 2) maintain water level (stage) sensing and
satellite telemetry equipment to minimize operational downtime and missing data. The
purpose of thiswork isto provide accurate water supply data at key locationsto CO
DWR water administrators, who, in turn, must distribute and allocate water according to
the principals of allocation and public safety as established in the Colorado Constitution,
court decrees, and I nterstate Compacts while maximizing beneficial use.

Basic statutory authority vesting the State Engineer with streamflow measurement and
monitoring responsibility is given in Colorado Revised Statutes (CRS) Section 37-80-
102(1)(h), which gives the State Engineer general supervisory control over measurement,
record-keeping, and distribution of the public waters of the state. Flow measurements are
performed on rivers, streams, creeks, major ditch and canal diversions to support
increased water administration accuracy and efficiency.

CRS Section 37-80-110(1)(i) authorizes the State Engineer to collect fees for water
measurement work done by his office “for rating any ditch, canal, reservoir inlet or outlet,
at the request of the owner thereof or of any agent or employee having control of the
same’. Section 37-80-117 requires owners/operators of canal and ditch diversionsto
cooperate with authorized hydrographers to regulate flows in the canal or ditch when it
has been deemed necessary to perform rating measurements to make arating of any weir
or flume or measuring section of any canal or ditch.

CRS Sections 37-84-112 to 37-84-122 discuss responsibilities of water users and owners
of ditches, canals, measurement structures, reservoirs and other facilities for diversion
and use of water with respect to specifications, construction, and maintenance of such
facilities. Section 37-84-114 requires the state engineer or division engineer rate the
measuring flumes and welirs referred to in these sections, and maintain records thereof.
Section 37-84-122 describes the penalties when any division engineer, or his deputy or
assistant, willfully neglects or refuses, after being called upon, to promptly measure water
from the stream or other source of supply into theirrigating canals or ditches, in his
division.

Authority to house and operate the satellite monitoring system within the State

Engineer’ s Office was given in CRS Section 37-80-102(10). Section 37-80-111.5(1)(c)
created the satellite monitoring system cash fund and authorized the State Engineer to set
and collect fees by rule and regulation for the use of the equipment and programs of the
satellite monitoring system authorized pursuant to Section 37-80-102 (10). Moneysin
the satellite monitoring system cash fund may be expended by the State Engineer for the
purposes of Section 37-80-102 (10), subject to appropriation by the general assembly.

The Hydrographic Program is implemented substantially in accordance with the State of
Colorado DWR Hydrographic Manual. This manual provides standard operating
procedures to be followed by all CO DWR hydrographers and provides the basis for the
technical guidance and administrative management for consistent, reliable and sound
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streamflow measurement and record development. Many of the standard operating
procedures for streamflow measurement; gaging station design, construction and
maintenance; and streamflow record development are directly attributable to US
Geological Survey streamflow measurement and computation methods (USGS Water
Supply Paper 2175: Measurement and Computation of Streamflow).

Maintaining database integrity is an important operations goal. Real-time data are of no
value unless the data are accurate. Considerable effort is expended to ensure that remote
hardware and sensorsremain in calibration. While other entities operate about 43% of
the stations in the State's monitoring network, they generally are not using the datato
make real-time water administration decisions. This difference in the use of data makes
efforts to keep equipment calibrated more difficult. Those entities more concerned with
historic data do not have the same sense of immediacy asthe CO DWR with itsinterest in
water administration. State hydrographers visit SM S gage stations as frequently as every
week, but generally at two to four week intervals. On-site flow measurements and any
necessary adjustments to the equipment are made.

System diagnostics data help in monitoring the operation of the remote data collection
hardware. Computer generated reports tabul ate the transmission characteristics and a
database analysis for each station for the previousday. Reports list the number of
received, scheduled, and missed transmissions, any message length errors, transmission
time errors, errorsin transmission quality including power and frequency, any deficiency
in remote power supplies, and the number of missing values and parity errors for each
station. Remote equipment operating problems can be detected before they produce fatal
errors.

Hydrographic field personnel receive training from the SM S Electronics Specialist in the
operation and maintenance of system hardware. Training isdirected at system
diagnostics, hardware calibration, and basic repairs. Each Division is supplied with sets
of replacement hardware. If acomponent malfunctions and cannot be repaired in the
field, it isreplaced and sent to the Electronics Specialist’s repair facility in Denver. |If
repair isnot possible there or if the item is under warranty, it is then returned to the
manufacturer for repair.

DATA ACCESS

The system was developed as atool to help the Division of Water Resources administer
and enforce user water rights and interstate compact agreements. Software systems and
tools for accessing and retrieving stream flow data have been devel oped to support CO
DWR personnel, outside agencies and the public. These systems provide both real-time
and historic stream-flow information by a number of different means and formats. Users
can access data from the system by different avenues depending on their need.



Colorado Satellite-Linked Water Resour ces M onitoring System 15

Colorado Surface Water Conditions Website

Raw and processed data are available to users at the Colorado Surface Water Conditions
web site (www.dwr.state.co.us). Thiswebsite queriesthe SM S database and provides
users with current surface water conditions and provisional, historic data (both graphic
and tabular). In addition to stream flow data, many gaging stations provide other
environmental parameters such as precipitation, air or water temperature. Also, many of
the state’ sreservoirs are included in the system to provide water surface elevation and
storage contents in acre-feet of storage. The current conditions web siteisan ASP.NET
2.0 application that connects to the SM S database to generate on-the-fly data pages to the
web user.

Since 2008, the web site has offered a number of important features for the retrieval and
anaysis of surface water data. A “My Stations’ section was added to the web site that
allowed users to create a custom set of gaging stations. This custom set allowed users to
quickly view gaging stations of special interest. That same year afeature was also added
to allow usersthe ability to “overlay” data from multiple gaging stations, or multiple
years of data from the same station. This feature provides users with the ability to
compare multiple data sets.

Most recently, afeature was added to allow users the opportunity to view statistical
information from a set of gaging stations. Statistics include daily averages, 24 hourly
values (for user defined 24-hour period), and daily minimum and maximum values.
Users may download these statistical values for further analysis. In 2009, the web site
had 4,671,884 hits.

Links are also provided to historic data for published stream flow gages on the Colorado
Decision Support System website (http://cdss.state.co.us’'DNN/default.aspx).

Water Talk

The telephony based application WaterTalk, provides data via a call-in telephone based
system. WaterTalk is an automated water information phone line used to access specific
stream flow data at stream gages located throughout Colorado. The system is comprised
of aDialogic telephony card mounted in a PC running Windows Server 2003. The
telephony application, Active Call Center, runs as a Windows service to monitor
incoming calls from the Dialogic card. When acall is detected, a series of scripts are
executed to “walk” the caller through the system and retrieve the desired information. In
2009, WaterTak processed 75,475 telephone requests.

In the process, the caller dials into the system and selects one of seven valid water
divisionsin the State. The system verifies the water division selected, and then asks the
user to enter the code number for a station identifier within that division. If avalid code
was entered, the system returns information pertaining to that station, including the
descriptive name, date and time of the latest data reading, and the value at that time. In
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addition to selecting avalid water division, auser may select division 0, which in reality
returns the latest data value recorded in the Satellite Monitoring System. This allows
administrators to remotely test whether the system is up to date and functioning properly.

webHM SWeb Site

The SM S system includes aweb site to provide administrative functions. The webHMS
web site was devel oped to provide Hydrographic Branch personnel with a user interface
for gaging station management. Viathisinterface, staff can assess system status and
perform system administration functions. These include managing gaging station data
processing including shift and stage-shift relationship activation, rating curve application,
and setting of message flags regarding station data quality and status. Satellite telemetry
setup and configuration including how the gage data are to be decoded can be performed.
Staff can access and eval uate satellite transmission diagnostic data including remote site
GOES transmitter operational status, remote site battery voltage, remote site self-timed
and random transmission activity, etc. Statistical reports summarizing the status of the
system can also be generated.

ColoradoWater SMSWeb Service

The ColoradoWaterSM S web service was created to expose data from CO DWR stream
flow and climate stations throughout the State. The web service was devel oped using
Visual Studio .NET and resides on the same web server as the current conditions web
site.

The goal of this service isto expose useful non-proprietary, non-security-sensitive data to
our cooperators and anyone else interested in consuming it, and alows the user to
develop their own program to consume and display data. Web services are for machine-
to-machine communications, exchanging XML messages between the entity requesting
information (client), and the entity providing information by responding to these requests
(server).

SYSTEM APPLICATIONS

Water Rights Administration

The primary utility of the Colorado satellite-linked monitoring system is for water rights
administration. The availability of real-time data from a network of key gauging stations
in each major river basin in Colorado provides an overview of the hydrologic conditions
of the basin that was previously not available. By evaluating real-time data for upstream
stations, downstream flow conditions can typically be predicted 24 to 48 hoursin
advance. Thisbecomes an essential planning tool in the hands of the Division Engineers
and Water Commissioners. The "river call" can be adjusted more precisely to satisfy as
many water rights as possible, even if just for short duration flow peaks caused by
precipitation events. Access to real-time data makes it possible to adjust the "river call”
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to match dynamic hydrologic conditions. If additional water becomes available,
additional junior rights can be satisfied. On the other hand, if water supplies decrease,
then water use can be curtailed to protect senior rights.

The administration of water rightsin Colorado is becoming increasingly more complex
due to increased demands, implementation of augmentation plans, water exchanges,
transmountain diversions, and minimum stream flow requirements. For example, the
number of water rights has increased from 102,028 in 1982 to over 173,000 in 2007, and
increasing numbers of water rights has continued to the present. Water rights transfers
approved by the water courts are becoming increasingly complex. Thisisespecially
evident where agricultural water rights are transferred to municipal use.

Thereis considerable interest in monitoring transmountain diversions, both by western
slope water users and the eastern slope entities diverting the water. Transmountain
diversion water is administered under different laws than water originating in the basin.
In general, this water may be claimed for reuse by the diverter until it istotally
consumed. Forty transmountain diversions are monitored by the SMS.

Water exchanges between water users are becoming increasingly frequent. These
exchanges can provide for more effective utilization of available water resourcesin high
demand river basins, but can be difficult to administer. The satellite-linked monitoring
system has proven to be an integral component in monitoring and accounting of these
exchanges.

Many municipalities and mgjor irrigation companies have reservoir storage rights.
Generally, these entities can call for release of stored water on demand. The Division
Engineer must be able to delineate the natural flow from the storage release while in the
stream. He/she then must track the release and ensure that the proper delivery is made.
The SM S has demonstrated to be effectivein this area.

The utility of the SM S in the administration of interstate compactsis an especially
important application. The State Engineer has the responsibility to deliver defined
amounts of water under the terms of the various interstate compacts, but not to over-
deliver and deprive Colorado of its entitlement. Data collected from over twenty gage
stations operated by both the CO DWR and the USGS are incorporated in the statewide
monitoring network and utilized for the effective administration of these interstate
compacts.

The mgjority of the large, senior water rightsin Colorado belong to irrigation companies.
These rights are often the calling right in the administration of awater district. The direct
diversion rights exercised can affect significantly the hydrology of theriver. Dozens of
major irrigation diversions are monitored by the system.

Water rights have been acquired by federal and state agencies to guarantee minimum
stream flow for both recreational and fisheries benefits. Aswell, instream flow water
rights have been developed by the Colorado Water Conservation Board to ensure
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minimum instream flows are maintained in critical stream reaches around the State. The
availability of real-time datais essential in ensuring that these minimum stream flows are
maintai ned.

Hydr ologic Recor ds Development

Specialized software programs provide for the processing of raw hydrologic dataon a
real-time basis. Conversions such as stage-discharge relationships and shift applications
are performed on areal-time basis as the data transmissions are received. Mean daily
values are computed automatically each day for the previous day. Datavaluesthat fall
outside of user defined normal or expected ranges are flagged appropriately. Flagged
data values are not utilized in computing mean daily values. Missing values can be added
and invalid data values corrected by the respective hydrographer for that station using
data editing functions.

Data can beretrieved and displayed in various formats including the standardized US
Geological Survey-Water Resources Division annual report format adopted by the
Colorado Division of Water Resources for publication purposes. An advantage of real-
time hydrologic data collection isin being able to monitor the station for on-going valid
data collection. If asensor or recorder fails, the hydrographer isimmediately aware of the
problem and can take corrective action before losing a significant amount of data.

It isessential to understand that real-time records can be different from the final record
for agiven station. This can be the result of editing raw data val ues because of sensor
calibration errors, sensor malfunctions, analog-to-digital conversion errors, or parity
errors. The entering of more current rating tables and shifts can modify discharge
conversions. Corrections to the data are sometimes necessary to compensate for
hydrologic effects such asicing. Human error can also result in invalid data. The final
record for those gauging stations operated by non-state entities, such asthe US
Geological Survey-Water Resources Division, isthe responsibility of that entity.
Modifications to the real-time records for these stations are accepted by the State of
Colorado.

The Hydrographic Branch develops historic streamflow records in coordination with
other State and Federal entities and the water user community. At the conclusion of each
water year, the State Engineer’ s Office compiles streamflow information and
measurements conducted throughout the year for publication. Published streamflow
records describe the mean daily discharge, the instantaneous maximum, lowest mean
discharge, and monthly/ annual volumetric totals for a specific location on ariver or
stream. These annual streamflow records are computed using two critical sources of
information: streamflow measurements made throughout the water year to calibrate the
stage-discharge relationship at a specific site, and, the electronic record of stream stage
collected by the satellite monitoring system. Using these data a continuous record of
streamflow for the water year is computed. Streamflow records undergo a rigorous data
quality control/quality assurance program to ensure the product is accurate. The Division
of Water Resources Hydrographic program computes and publishes over 240 streamflow
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records annually. Published historical streamflow data are extremely valuable in support
of water resources planning and management decision-making, assessment of current
conditions and comparisons with historical flow data, and hydrologic modeling.

Water Resour ces Accounting

Currently, the SMSis being utilized for accounting for the Colorado River Decision
Support System (CRDSS), the Colorado-Big Thompson Project, the Dolores Project, and
the Fryingpan-Arkansas Project Winter Water Storage Program among others around the
State. The ability to input real-time data into these accounting programs allows for
current and on-going tabulations.

Dam Safety

Dam safety monitoring has developed in recent years into amajor issue. Numerous on-
site parameters are of interest to the State Engineer in assessing stability of adam. At
this time, the system monitors reservoir inflow, water surface elevation and reservoir
release or outflow at more than fifty reservoirsin Colorado. These data provide abasis
for evaluating current operating conditions as compared to specific operating instructions.
The installation and operation of additional sensor types could provide essential dataon
internal hydraulic pressure, vertical and horizontal movement, and seepage rates.

COORDINATION AND COOPERATION

Formal streamgaging programs are administered by the CO DWR and the USGS
Colorado Water Science Center, and have support from more than 60 cooperating
organizations. Streamgaging programs are closely coordinated between the CO DWR
and the USGS with funding and coordination assistance from the Colorado Water
Conservation Board, to help ensure the data are comparable and easily accessible to
everyone, including the provision of real-time data on the internet. Other organizations,
including the U.S. Bureau of Reclamation, the U.S. Army Corps of Engineers, Northern
Colorado Water Conservancy District, Denver Water, the cities of Aurora and Colorado
Springs, and the Urban Drainage and Flood Control District, also collect streamflow
information to support their project needs and make those data available to water users
and managers. Coordination occurs on many levels; high level coordination, data chief
coordination, and field staff coordination.

The CO DWR Director/State Engineer, the CWCB Director, and the USGS Colorado
Water Science Center Director meet annually to discuss respective program and set
policy directions that concern all entities. Topics include current projects, litigation
involving water-quantification issues, and ongoing evaluations of the adequacy of the
gage-network operations and coverage. Coordination of equipment purchases to upgrade
streamgages is also discussed at these meetings. Coordination agreements allow the State
to buy specialized equipment directly through the USGS Hydrologic Instrumentation
Facility.
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Coordination meetings also occur between the CO DWR Lead Hydrographers, the
CWCB Gaging Coordinator, and the USGS Data Chiefs two times per year. These
meetings enable our agencies to work cohesively and to effectively coordinate our work
efforts at the operational level. Mutual objectives, opportunities, and conflicts are
discussed and coordinated to facilitate better operations for al three agencies. Training
opportunities are also shared between agencies at these meetings. Streamflow data
coordination is one of the ongoing agenda items at the Data Chief Coordination meetings.
Data are shared between the agencies and the public viawebsites and direct data feeds.
Streamflow records from 15 gages sites operated by the CO DWR are reviewed and
published by the USGS.

Day-to-day coordination occurs between the staff of all three agencies. Contact is made
as needed and mutual support routinely is offered among the agencies. Help includes
equipment repair and maintenance, and streamflow data troubleshooting. For example, if
a hydrographer discovers a problem with another agency’ s gage while on site, a
temporary repair will be made so data are not |ost.

A recent cooperative program between CO DWR, Northern Colorado Water Conservancy
District (NCWCD), Lower South Platte Water Conservancy District (LSPWCD), and
Saint Vrain and Left Hand Water Conservancy District (SYLHWCD) has resulted in
obtaining and presenting streamflow data from 65 additional gage stations at diversion,
recharge sites, augmentation sites, and return sites for display on the CO DWR website.
These gages are configured with Sutron Stage Discharge Recorders (basicaly a
programmable shaft encoder with onboard datal ogging and communications interface)
and cell phone telemetry. Both the SDR unit as well asthis cell phone telemetry
paradigm were largely developed and refined by cooperative efforts between CO DWR
and Sutron Corp. and NCWCD.

Data are transferred from the remote SDR sites to computer base stations in the NCWCD
and LSPWCD offices on an hourly basis similar to the current SM S transmission interval
and on-demand as needed, where the data is processed and made available so that the
SMS system can access and transfer the dataviaan FTP service client. Datais then
archived in CO DWR databases and displayed in asimilar fashion to traditional SMS
sites. Figure 5 isaphoto of a cooperative program SDR/cell phone telemetry gage.

This system deviates substantially from the SM S system discussed earlier in that
discharge computations are computed, processed, and logged wholly within the SDR unit
rather than being computed based on parameters stored in the satellite monitoring
database. Additionally, datatransmission and data retrieval are not initiated from the
field unit; rather the base computer stations call out and individually poll the sites at
specified intervals. Special routines are in place to redundantly call aremote site if data
transmission failed or if a data set isincomplete.

This program paradigm has proven to be a cost effective solution for obtaining data from
multiple remote sites of mutual interest because of the lower initial capital inputs. Asa
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result of the lower capital inputs and further development of the SDR units, simple
automation has started to be installed or considered on some of these sites via the Sutron
Ditch Master package.

Figure 5. Cooperative Program SDR/cell phone telemetry streamgage.

Another recent cooperative development has been to marry or merge multiple users of a
gage to asingle sensor capable of multiple data outputs (SDI-12 / RS-485 / SCADA).
Historically, cooperative gages at which multiple users or entities were involved required
multiple instruments to accomplish the same task due to their output requirements. Thus,
asingle gage may have severa sensors performing the same task reporting to different
systems. For example, a float-actuated shaft encoder would report stage valuesto a DCP
via SDI-12, which is placed next to another float-actuated shaft encoder producing an
analog signal to a Supervisory Control and Data Acquisition (SCADA) system. This
paradigm caused the two data sets to differ, primarily due to instrument calibration issues.
Moreover, many of the analog sensors had poor resolution.

Starting in 2007, a cooperative pilot program was devel oped embarked upon between the
USBR and CO DWR within the East Slope of the Colorado Big Thompson (CBT)
system, whereby gages that were cooperatively operated by the USBR and CO DWR
were migrated to a single stage sensor system. Typical installations employed a Design
Analysis Waterlog H-334 Absolute SDI-12 shaft encoder (65,536 counts/rev). The H-334
unit simultaneously produces a SDI-12 and analog (4-20mA) output. Stage determined
via the optical/magnetic sensor determines stage in user defined units, and then scales and
produces the output signal via an internal digital to analog converter. Subsequent
installations within the CBT system have used a Sutron SDR-001-4 unit which can
simultaneously produce output signals via SDI-12 and 4-20mA analog similar to the H-
334 unit, but also maintains an internal log of recorded stage as well as all user
interactions with the unit.
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For sites employing a pressure transducer, the single sensor approach was accomplished
by utilization of a Design Analysis H-416 SDI-12 to 4-20mA converter unit (Figure 6).
The H-416 unit is designed to passively listen for to the SDI-12 bus for a user defined
address and parameter. Once the SDI-12 value is captured by the H-416 unit, it scales
and produces an output current based on user-defined threshold values.

Employment of the signal sensor paradigm has proven to be a positive solution for all

partiesinvolved. Data obtained viadigital and analog avenues agree much closer than
ever before. USBR staff had previously had to visit gages up to three times aweek to
ensure calibration now only weekly visits are made and adjustments are rarely needed.

Because of the success of this pilot program employed along the East Slope portion of the
CBT project, cooperative USBR-CO DWR gages throughout the West Slope of the CBT,
aswell as Fryingpan-Arkansas projects have been, or arein the process of being
converted to the single sensor-dual output paradigm®. Moreover, similar cooperative
gages within the Denver Water, NCWCD systems have started to employ the techniques
demonstrated within the East Slope CBT system.

Figure 6. Photos showing a Sutron CFB connected to a Design Analysis H-416 SDI-12
to 4-20mA converter module.

> The authors wish to acknowledge the efforts of Mr. Mark Henneberg, formerly Hydrologic Technician,
Eastern CO Area Office, US Bureau of Reclamation, Loveland CO, and currently US Geological Survey,
Grand Junction CO for his extensive work to make the single sensor-dual output paradigm areality.
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SUMMARY

The satellite-linked monitoring system (SMS) provides the Division of Water Resources,
other State and Federal entities, and the water user community with access to real-time
and historic stream-flow data from gauging stations across the State of Colorado. These
data and software systems provide for more effective water rights administration,
improved water resource management, computerized hydrologic records development,
flood warning and other types of flow alert notifications.
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USING STATE WATER LAW FOR EFFICIENT WATER USE IN THE WEST]

LauraA. Schroeder!
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ABSTRACT

The prior appropriation doctrine, as adopted by water codes throughout the western
states, creates water rights based on the time of appropriation. Under the prior
appropriation system, water users must put water to beneficial use without waste, and
may not sit on their rights without actually using the water they are allotted.

Despite the superficia efficiency that the prior appropriation system espouses, the system
isin fact highly inefficient. Water users are locked into antiquated practices without
incentives to modernize their operations. The administrative process for changing water
rights to more efficient uses acts as a roadblock to such action.

Western states have begun evolving their water codes to provide for more opportunities
in water conservation and efficiency. This paper explains the background of the prior
appropriation system, analyzes how the “pure’ prior appropriation system creates water
use inefficiency, and explores how certain states are bringing their water codes into the
21% Century.

INTRODUCTION AND BACKGROUND

A Brief History of Prior Appropriation

Irrigation is an essential element for living in the western United States. Archeological
studies have shown evidence of early Indian irrigation projectsin the West.* Spanish
colonists utilized irrigation ditches in what are now Arizona and New Mexico during the
16™ Century.* Along with the civilization of the western frontier came the water needs of
those early populations, and harnessing the waters of the West through irrigation was the
only way to support lifein the arid climate.

Modern irrigation practices were developed as pioneers popul ated the West. First,
Mormon settlers constructed community irrigation systems to support domestic uses,
stock watering, irrigation, manufacturing and mining beginning in 1847.> Additionally,
the California Gold Rush of 1849 brought miners out west, who diverted water while

! Partner and Founder, Schroeder Law Offices, P.C., P.O. Box 12527, Portland, Oregon, 97212, (503) 281-
4100, schroeder@water-law.com.

2 Managing Attorney, Reno, Nevada Office, Schroeder Law Offices, P.C., P.O. Box 12527, Portland,
Oregon, 97212, (503) 281-4100, t.ure@water-law.com.

3 WATERS AND WATER RIGHTS § 11.02 (Robert E. Beck ed., 3 Edition, 2009).
“1d.
> 1d. at § 11.02(b).
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26 Meeting Irrigation Demandsin a Water-Challenged Environment

seeking their fortunes.® These larger populations devel oped customary local rules to
govern water use, based on priority in time of use and actual use of the water.”

Most early settlement took place on federal lands without the express permission of the
government. In order to support the settlement of the West, the federal government
ratified the pioneers’ actions through the Homestead Act,® the Mining Act,” the Desert
Land Act,’® and the Carey Act.™ Through these federal acts, the federal government
granted lands and water to citizens in order to provide incentives for easternersto move
west and defend the new country.*?

Aswestern states joined the Union they adopted the water customs which were already
present in the territories. Eighteen states currently follow the prior appropriation
doctrine,*® all of which adopted that system before the beginning of the 20™ Century.**
Although it was believed at the time of settlement that federal land patents included water
rights, the United States Supreme Court made it clear that settlers had to look to the
states for the right to appropriate water.*®

At first the prior appropriation system was a tenet of common law, enforced through the
courts.!” But quickly, western states adopted statutes that codified the prior appropriation
system.’® Now every western state has awater code that outlines the specificities of the
prior appropriation system in the jurisdiction.

The“Pure’ Prior Appropriation Doctrine

Water law is state law. Variations exist from jurisdiction to jurisdiction. However, the
prior appropriation system has core elements which create a platform, upon which
modern variations exist.

®1d. at § 11.02(c).

"1d.

8 12 stat. 392, Ch. 75 (1862).

% 14 Stat. 251, Ch. 262 (1866).

1019 star. 377, ch. 107 (1877).

1 28 stat. 422, ch. 301 (1894).

12 \WATERS AND WATER RIGHTS, supra note 3, a § 11.03(a).

B The eighteen prior appropriation states are; Arizona, California, Colorado, Idaho, Kansas, Montana,
Nebraska, Nevada, New Mexico, North Dakota, Oklahoma, Oregon, South Dakota, Texas, Utah,
Washington, Wyoming, and Alaska.

14 WATERS AND WATER RIGHTS, supra note 3, at § 11.03(a). Note that riparian rights, the eastern system
creating the right to use water based on proximity to the water source, existed in western states before the
prior appropriation system. Some western states rejected the riparian system, and others found away for
both systems to coexist.

15

Id.
16 California Oregon Power Co. v. Beaver Portland Cement Co., 295 U.S. 142, 162 (1935).
Y \WATERS AND WATER RIGHTS, supra note 3, a § 11.04(b).

18 |d. Not all states follow the prior appropriation doctrine for the use of groundwater; some use the rule of
capture, and some follow riparian principles of reasonable use. See generally, WATERS AND WATER
RIGHTS, supra note 3, at § 11.01.
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The first core principle of the prior appropriation system is that the “first in timeisfirstin
right.”*® This principle creates a hierarchal system of junior and senior rights holders.
Senior water users have rights to use water that are superior to the rights of junior users.
The priority of water rights becomes exceedingly important in times of drought because
juniors may not take water from awatercourse if there isinsufficient supply to fulfill the
seniors’ rights.?° Priority is established through application to the appropriate state
agency for water appropriation.”

An applicant must show intent, diversion, and beneficial useto be eligible to appropriate
the waters of a state. First, physical diversion of water from the source was originally
required because actual diversion provides subsequent users with notice of a senior use.??
Additionally, diversion requires funds and labor, which tends to show a serious
investment to put water to actual use rather than speculate water resources.”

Second, the diverted water must be put to beneficial use. Most western states have nearly
identical statutes that state: “beneficial use, without waste, is the basis, measure, and limit
of awater right.”** Traditionally, states only recognized 19" and early 20™ century uses
such as mining, irrigation, stock watering, municipal use, power creation, and industrial
uses as beneficial.>> Some western states have gone beyond the traditional scope of the
doctrine to recognize additional beneficial uses, such as fish propagation, wildlife habitat,
and recreation.?® In order for a use to qualify as beneficial, the “type of use” must be
socially recognized, and the “amount of use” must be that actually required by the use.?’
This principle was imposed to prevent speculation of resources, and ensure that precious
resources were not wasted.”®

Third, intent to divert the water and put it to beneficial use had to be shown. Intent may
be inferred from diversion and application of waters to beneficial use.® Once intent is
established through these actions, it relates back to theiinitial date of application.®* Again,

19 Western Water Pol icy Review Advisory Commission, Water in the West: The Challenge for the Next
Century 8 5-4 (June, 1998) (hereinafter “Water in the West").

MARC REISNER & SARAH BATES, OVERTAPPED OASIS: REFORM OR REVOLUTION FOR WESTERN WATER
63 (Island Press 1990).
2L \WATERS AND WATER RIGHTS, supra note 3, at § 12.02(a). As states adopted water codes, prior uses of
water were recognized with priority dates correlating to historic use periods. Id.
zz WATERS AND WATER RIGHTS, supra note 3, at § 12.02(c)(1).

Id.
24 Janet C. Neuman, Beneficial Use, Waste, and Forfeiture: The Inefficient Search for Efficiency in
Western Water Use, 28 ENVTL. L. 919, 923-924 (1998).
2 \d. at 927-8; Western Water Policy Review Advisory Commission, supra note 19, at § 5-4; REISNER &
BATES, supra note 20, at 63.
2 Neuman, supra note 24, at 927-8; Western Water Policy Review Advisory Commission, supra note 19,
a §5-4.
4.
28 \WATERS AND WATER RIGHTS, supra note 3, a § 12.02(c)(2).
29 1d. at § 12.02(h).
04,
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this requirement’ s purpose was to prevent speculation.** To appropriate water, the
applicant must intend to use the water for a beneficial purpose.

An important innovation of western water law, as compared to riparian law in the East, is
that water useis not limited to use on strictly riparian lands.> Water may be transported
in ditches to distant lands and used for any beneficial purpose.®® But despite this
flexibility, water rights are narrowly tailored. A water right creates the right to use a fixed
amount of water, at a specific time of year, on a particular parcel of land, for adefinite
use; no more and no less. The rights become appurtenant to the land on which they are
put to beneficial use®

Finally, water rights are subject to the “use it or loseit” principle.® If water is not
continuously put to beneficial use, then the user risks loss of their right to appropriate.
Loss may occur by common law or statute. The common law doctrine of abandonment
requires both the “intent to abandon” and “actual relinquishment” of the right.*® Statutory
forfeiture of aright takes place when the appropriator fails to put the water to a beneficial
use for a statutorily determined amount of time.*’

INEFFICIENCIESCREATED BY THE PRIOR APPROPRIATION SYSTEM

I nefficient Principles Underlying Prior Appropriation

The core principles of the prior appropriation doctrine appear asif they would promote
efficiency. The system creates a clear order of priorities for defined rights to water, and
users must put water to a beneficial use, without waste. Those who fail to follow the rules
lose their rights. However, the prior appropriation system arose from old mining customs,
and from atime when water supply was larger than water demand. The prior
appropriation system, in many ways, creates inefficiencies in modern water allocation.

The beneficial use requirement is not an efficiency-forcing standard.® Rather than
requiring acertain level of efficiency in water use, the beneficial use doctrine takes a
“customary approach.”* The amount of water that was traditionally needed to satisfy a
particular use, based on customary methods employed by the local community, will
continue to satisfy the doctrine in the future.”® The doctrine does not demand higher

4.

3 \d., at § 12.02(f).

Id. Note that many states have limitations on taking water outside of watershed or water basin
boundaries. 1d. Additionally, states have restrictions on using state water on lands outside the state borders.
Id.

14
* REISNER& BATES, supra note 20, at 63.
% Searsv. Berryman, 623 P.2d 455, 459 (Idaho, 1981).
4.
38 Neuman, supra note 24, at 960.
39
Id.
4.
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efficiency standards based on new innovations; it allows large amounts of water to be
wasted through seepage and application, yet does not proclaim this “waste.” The
beneficial use doctrine creates inefficiency because it allows archaic practicesto persist.

The“first in time, first in right” principle allows inefficient uses of water to carry onin
perpetuity.** Additionally, abandonment and forfeiture can sweep in to divest a user of
hisrightsif he does not put all the water he has aright to use to work continuously.*
Combined, these two facets of western water law create disincentive to conserve water.*?
If ausersincreases his efficiency he gains nothing. In fact, heis out the cost of his
investment and additionally loses his rights to use the water he saved. This system s
inefficient because it forces users to continue wasteful practices, or lose a portion of their
rights.

Roadblocks to Efficiency

The Coase Theorem, an economic theory, states that the market will create an efficient
resource allocation if property rights are clearly defined and transaction costs are low.*
When these prerequisites are met, efficiency will transpire, even if the initial allocation of
rights was inefficient.*> However, Coase equilibrium may not be possible in the current
water system due to high transaction costs and ill-defined property rights.*

Transaction costs for water transfers can be extremely high. Thisisdue, in large part, to
the slow-moving wheels of the administrative process.*’ In the West, state agencies
control the water appropriation process.*® The agencies must approve new appropriations
aswell as changesto existing water rights. Thistypically involves application to the state
agency, notice to other rights holders and the public, opportunity for comment, objection,
and possibly a hearing, examination of the application by the agency in light of statutory
requirements, and acceptance, rejection, or modification of the application.* This process
can take many years to complete. Additionally, the states impose fees for submitting and

L L awReNCE J. MACDONNELL, FROM RECLAMATION TO SUSTAINABILITY: WATER, AGRICULTURE, AND
THE ENVIRONMENT IN THE AMERICAN WEST 127-129 (University Press of Colorado, 1999).

42 See, supra notes 35-37, and accompanying text.

43 MACDONNELL, supra note 41, at 132.

“*4 HENRY N. BUTLER & CHRISTOPHER R. DRAHOZAL, ECONOMIC ANALYSISFOR LAWYERS 29 (Carolina

Academic Press 2006).
4.

% ¢. Carter Ruml, The Coase Theorem and Western U.S. Appropriative Water Rights, 45 NAT. RESOURCES
J. 169, 182 (2005).

1d. at 175-80; Lawrence J. MacDonnéll, Transferring Water Uses in the West, 43 OKLA. L. Rev. 119,
121-122 (1990).

Water is controlled by state agenciesin all western states except for Colorado. Colorado uses a water
court in place of an agency, but the water court performs the same functions as the agencies in other states.
WATERS AND WATER RIGHTS, supra note 3, at § 11.04(b).

49 Ruml, supra note 45, at 176-177.
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reviewing applications, providing notice, and conducting hearings.®® The time and
expenses involved in appropriating water and changing water permits can be enormous.

Further, the prior appropriation system restricts the ability of water usersto freely transfer
and change water rights. No transfer or changed right may “injure” existing water
rights.>* Although this promotes clarity in private property rights, delayed or unforeseen
injury may raise problems for awater user attempting to transfer or change aright.
Further, water rights may be transferred to a new place of use,** but state statutes restrict
transfers outside of the water basin of origin, outside of state boundaries, and outside of
special districts.

In addition, water rights are not clearly defined property rights. First, water rights may be
subject to public rightsin water through the Public Trust Doctrine. This doctrine, which
is part of the common law passed down from England,> imposes on the states a fiduciary
duty to protect public interestsin water such as navigation, commerce, fishing, and
bathing.> In avery progressive case, the California Supreme Court held that state water
appropriations were void because they were issued without consideration of public trust
interests.>® The scope of the public trust is a very controversial issue, and itsintricacies
are too great to cover in this paper,®” but it suffices to say that public rightsin water
interfere with private rights in water.

Second, water rights may be subject to federal rights through the doctrine of federally
reserved water rights. Under the Property Clause of the United States Constitution, the
federal government makes rules and regulations with respect to property belonging to the
United States.* The United States Supreme Court decided that when the federal
government creates an Indian reservation, the creation impliedly includes the reservation
of as much water asis necessary to support the 1and.%® In Winters v. United Sates,
although state residents had duly appropriated water under state law before an Indian
reservation began to take water, those appropriations were held to be junior to the federal

0 See, e.g., Oregon Revised Statutes (“ORS’) § 536.050.
L A.DAN TARLOCK, JAMES N. CORBRIDGE, JR., & DAVID H. GETCHES, WATER RESOURCE MANAGEMENT
232-233 (Foundation Press, 2002). See also, WATERSAND WATER RIGHTS, supra hote 3, at § 11.07.
:z WATERS AND WATER RIGHTS, supra note 3, at § 12.02(f).
Id.
> Charles F. Wilki nson, The Headwaters of the Public Trust: Some Thoughts on the Source and Scope of
the Traditional Doctrine, 19 ENVTL. L. 425, 431 (1989).
> |llinois Central Railroad Co. v. lllinoi s, 146 U.S. 387, 452 (1892). The scope of the Public Trust

Doctrine has been extended in some states. See, e.g., Marks v. Whitney, 491 P.2d 374, 381 (Cal. 1971), and
National Audubon Society v. Superior Court of Alpine County, 658 P.2d 709, 712 (Cal. 1983).

% National Audubon Soci ety, 658 P.2d at 728-729.
57 For afull descri ption of the Public Trust Doctrine and its implications, see Wilkinson, supra note 51. For

acritique of the doctrine, see James L. Huffman, Speaking of Inconvenient Truths—A History of the Public
Trust Doctrine, 18 DUKEENVTL. L. & PoL’Y F. 1 (2007).

8 United States Constitution, Art. IV sec. 3 cl. 2.
59
Id.

%0 Winters v. United States, 207 U.S. 564, 577-578 (1908).
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reserved water rights.”* This doctrine has been extended to all federal land reservations,
such as national forests, recreational areas, and wildlife areas.®” Therefore, water
appropriations may be subject to federal reservations without any notice of thisfact from
the onset.

Finally, water users may be hesitant to attempt to transfer or change awater right due to
the risk of losing a portion of their right through abandonment. The historical use
doctrine states that atransfer or change is limited to the amount of water that was
historically used, regardless of whether the right holder has a* paper right” to divert a
larger quantity.®® Historical use and abandonment arguments may be raised whenever a
water user seeks to transfer or change his water rights.®* Thus, the doctrine deters water
rights changes and transfers.

THE EVOLUTION OF THE PRIOR APPROPRIATION SYSTEM

Sour cesfor New Standards

The prior appropriation system began in the courts as a common law regime.®® As states
joined the Union, state legislatures codified the common law and created permitting
systems.®® State agencies were given the authority by the legislatures to run the
permitting systems and to create regulations to aid permitting and enforcement.®” Asa
result, al three institutions, the courts, the legidature, and the agencies, have the ability
to set new standards in western water law.

Judges have the ability to interpret statutory law and common law issues that come before
the courts. Thus courts have the ability to forge new ground within the prior

appropriation system. For instance, courts have the ability to determine what constitutes a
beneficial use, and what practices cause prohibited waste. I nterpretation of the laws and
application to individual cases is an important power in bringing about new standardsin
the law.

State |egislatures have the ability to change the laws by passing new statutes. For
example, they can change forfeiture standards or appurtenance requirements.
Additionally, legislatures have the power to set aside fundsto aid conservation. They
may raise money to provide incentives to users for saving water. These powers are
instrumental in bringing about change in western water law.

Finally, state agencies have been delegated the authority to make regulations that set
standards for water users. Agencies may define the intricacies of state statutes. As an

61 4.

%2 Arizonav. California, 376 U.S. 340 (1964).
63 See, e.g., Orr v. Arapahoe Water and Sanitation District, 753 P.2d 1217, 1223-24 (Colo. 1988).

®d.Ina proceeding for change in place of diversion, the court found that the appropriation should be
limited to the amount of water historically used. Id.

%5 WATERS AND WATER RIGHTS, supra note 3, at § 11.04(b).
66
Id.

" A.DAN TARLOCK, JAMES N. CORBRIDGE, JR., & DAVID H. GETCHES, supra note 51, at 292-293.
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illustration, an agency may define “waste,” if left undefined by the legislature, and may
even set metering or construction requirements to prevent waste. These sorts of
requirements may be written into user permits, thus promoting conservation and
efficiency one user at atime.

Evolving State L aws that Provide for Conservation and Efficiency

All western states have gone beyond the bare bones requirements of the “pure’
appropriation doctrine. As demand for water resources grew, water uses began to
compete with one another, and states had to provide means for settling conflicts and
reallocating existing water rights.® In the modern era, because of growing demand, and
over-appropriated water resources, many states have implemented policies that allow for
better conservation and efficiency. This section provides examples of ways in which the
“pure’ prior appropriation doctrine has evolved in certain states to accommodate modern
water allocation challenges.

Appurtenance Reguirements Typically, appropriated water must be put to beneficial use
on a specific parcel of land, to which the right to use water becomes appurtenant.® This
requirement can lock water rights holders into inefficient uses of their water. Thus, some
states have changed appurtenance requirements, alowing users additional flexibility to
determine on which lands to put water to beneficial use.

In Oregon, the state allows water permit and water certificate™ holders to change the
place of use without lengthy administrative processes under certain circumstances. Permit
holders may change their place of use to contingent lands, which they own or control, so
long asthere is no injury to other rights holders, and the permittee gives notice to the
Water Resources Department 60 days before the change is made.” Most water right
certificates may only be changed by detailed application to the Water Resources
Department, notice by publication, and opportunity for objection and hearing.”
Certificate holders who put water to use for irrigation, however, do not need to go
through the application processif “the owner of the water right uses the water for
incidental agricultural, stock watering and other uses related to irrigation use, so long as
there is no increase in the rate, duty, total acreage benefited or season of use.” "

Nevada has also changed traditional appurtenance requirements. Initially, waters put to
beneficial use are “deemed to remain appurtenant to the place of use.””* However, the

%8 e generally, WATERS AND WATER RIGHTS, supra note 3, at § 11.07.
%9 See footnotes 32-34 and accompanying text.

n Oregon, awater permit isissued after initial review of the appropriation application. The permit
allows auser to divert water and put it to beneficial use. A water right certificate is then issued after the
user perfects his water right by completing any needed construction and putting the water to beneficial use.
ORS § 537.230.

™ ORS § 537.211(4).

2 ORS § 540.520(1)-(7).

3 ORS § 540.520(8).

™ Nevada Revised Statutes (“NRS’) § 533.040(1).
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state legislature has carved out an exception that is applicable to surface water users who
receive water from federal reclamation projects. The exception allows such users to
classify all lands under the same ownership, which are used primarily for agricultural
purposes, as asingle “farm.” ™ Then, the user can apply to the state engineer to change
his place of useto the “farm” rather than individual parcels of land.” In this way, a water
user may alternate water use on different parcels of land, so long as the total amount used
does not exceed the quantity laid out in the user’s permit.”” Although theinitial
classification asa“farm” requires an application to change the place of use,” thereafter
the water user can enjoy great flexibility regarding where to apply his water.

Washington, like Nevada and Oregon, requires water users to apply to the Department of
Ecology before making changes to the place of use of water.”® However, the state allows
seasonal or temporary changes in place of use with only the prior permission of awater
master, rather than requiring users to undertake full change in place of use procedure.®
This can save awater user both time and money. Additionally, Washington allows water
users who own lands and water rights to rotate the use of water to which the group of
usersis collectively entitled.®" Thisway, larger amounts of water may be put to use on
different parcelsin different years or during different seasons.

In Idaho, although changes in place of use usually require a water rights holder to apply
to the Department of Water Resources,® when an irrigation district holds water rights,
the place of use specified in the permit can encompass the entire irrigation district.>* Asa
result, water may be used on any parcel of land within the district, and changesin place
of use may be made without having to comply with change in place of use
requirements.®* This type of system is utilized in many western states.®®

Conservation and Salvaged Water Under the “pure” prior appropriation doctrine, if a user
implements conservation practices, and as a result uses less water, that user loses the right
to use the saved water through abandonment or forfeiture.®® This creates a disincentive
for conservation. To cure this problem, some states have declared that conservation will
not constitute abandonment or forfeiture.

> NRS § 533.040(7).
6 NRS § 533.040(4).
77
Id.
8 NRS §8 533.325 and 533.345.
" Revised Code of Washington (“RCW") § 90.03.380.
80 RCW § 90.03.390.
81
Id.
82 | daho Code (“1C") § 42-222.
8 |c §42-219(5).
8 | c §42-219(7).
8 e, eg., ORS §8 540.570 and 540.580; RCW § 90.03.380.
8 see footnotes 41-43 and accompanying text.
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The Oregon legislature has declared that “ conservation and efficient utilization of water
benefits all water users, provides water to satisfy current and future needs through
reduction of consumptive waste, improves water quality by reducing contaminated return
flow, prevents erosion and allows increased in-stream flow.”®’ In order to implement this
policy, the state has established a voluntary program® under which “any person” holding
awater right certificate may apply to the Water Resources Department for an allocation
of “conserved water.”® Conserved water results only from “conservation,” which is
defined as “the reduction of the amount of water diverted to satisfy an existing beneficial
use achieved either by improving the technology or method for diverting, transporting,
applying or recovering the water or by implementing other approved conservation
measures.” * Conserved water is the difference between the smaller of the quantity of
water which is stated in the water right or that which was actually diverted through
existing facilities,™ and the quantity of water needed after implementation of
conservation practices to satisfy the beneficial use.*? The water user must apply within
five years of implementing the conservation measure.® If approved, the water user is
allocated 75 percent of the conserved water, and only 25 percent reverts back to the state
for in-stream purposes or appropriation to new users. The water user may then sell the
conserved water, or keep the water for his personal beneficial use.*

Likewise, Montana has declared it the policy of the state to “encourage the conservation
and full use of water.”® Therefore, the state has provided for those who “salvage” water
to maintain full rights to such water for beneficial use.® To “salvage” means “to make
water available for beneficial use from an existing valid appropriation through
application of water-saving methods.”®” Holders of rights to salvaged water may make
short-term leases of the water without prior approval from the Department of Natural
Resources and Conservation.®® All other uses of the right to salvaged water must be
approved as a change to the water right.*® The rights to salvaged water may also be sold
or leased.'®

87 ORS § 537.460(1). See also, Oregon Administrative Rules (“OAR”) § 690-018-0010.
% ORS § 537.463.
8 ORs § 537.465.
% ORS § 537.455(1).
%% Note that this requirement is an application of the historical use doctrine. See footnotes 64-65 and
accompanying text.
%2 ORS § 537.455(2).
% ORS § 537.470(2).
% ORS § 547.490.
zz Montana Code, Annotated (“MCA”) § 85-2-419 (2009).
Id.
9 MCA § 85-2-102(20).
% MCA § 85-2-410.
9 4. Changes to water rights must be approved through the proceduresimposed by MCA 8§ 85-2-402 and
85-2-436.
100 \1cA § 85-2-419. Water sales are dealt with in MAC § 85-2-403, and leasesin MAC §§ 85-2-408, 85-
2-410, and 85-2-436.
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Washington also allows water users to conserve water without losing their rightsin the
water saved. Washington implemented its program due to water shortages and the ability
of voluntary water transfersto alleviate those shortages, meet presently unmet needs, and
provide for future water needs in the state.’®* Unlike Oregon and Montana, Washington's
legislation provides authority to state to enter into contracts with water users to supply
money to assist the funding of water conservation projects in return for conveyance of the
net water savings to the state “trust water rights program.”** The conveyance may take
the form of atemporary transfer, permanent transfer, or lease.’® Under the state trust
water rights program, conveyed water is delegated for in-stream, irrigation, municipal, or
other beneficial uses.'® The water user may contract for how the water is delegated.'®
Additionally, the state may, with the consent of the water right holder, transfer rights to
the W%gr-banking program to provide water to third parties on atemporary or permanent
basis.

In-Stream Water Rights Traditionally, water had to be diverted from its source for a
water user to claim aright to it."°” Demands on water sources have continued to increase
in every western state.'”® Therefore, states have begun to recognize in-stream water rights
as beneficial.'® Water users can take advantage of these programs to maintain their rights
during periods of non-use.

In Oregon, any person can purchase or lease or accept a gift of an existing water right, or
portion thereof, for in-stream use.™*° In order to accomplish this result, the state has
declared that “using” awater right for in-stream purposesis a beneficial use.*** Water
rights holders may split their use of water by leasing a portion of their water rights, so
long as the uses are not concurrent during the year.**? A savvy water rights holder may
wish to lease an unused portion of hisrights for in-stream purposes in order to avoid loss
of hisrightsto the water through abandonment or forfeiture proceedings.

In Utah, only the government™*® may purchase, lease, or accept as a gift awater right to
be used for in-stream purposes.™** Fishing groups, however, may file afixed time change

101 Rew §90.42.005.

192 Rew § 90.42.030.

103 |4

10% Rew § 90.42.040.

105 pew § 90.42.040(9).

106 RCW §8 90.42.100 through 90.42.130.

197 see footnotes 22-23 and accompanying text.

108 \\estern Water Policy Review Advisory Commission, supra note 19, at § 5-5.

109 \WATERS AND WATER RIGHTS, supra note 3, a § 13.05(a).

19 5Rs § 537.348.

11 ORs § 537.348(2).

12 0rs § 537.348(3). See also, OAR § 690-077-0079 for split season in-stream leasing requirements.
13 wThe government” includes the Division of Wildlife Resources or Division of Parks and Recreation.
Utah Code (“UC") 8§ 73-3-30(1)(a).

14 uc§73-3-3002).
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application in order to protect certain species of native trout.**> Like Oregon, Utah has
declared in-stream uses of water to be beneficial .**® This departure from traditional
western water law promotes conservation of water sources, and allows water rights
holders to protect their rights from abandonment and forfeiture during periods of non-use.

Beneficia Use Requirements Beneficial use istypically determined on customary
grounds.™” If a certain amount of water for a certain use has traditionally been used in a
local area, then that use is most likely considered a beneficial use by the relevant
jurisdiction. However, following a customary approach can lead to inefficiency because
new technologies and changed circumstances may make the amount of water previously
used wasteful. For these reasons, states have begun to change how they determine
whether a particular use isindeed beneficial, or just wasteful.

In Idaho, the legislature has determined the amount of water that is beneficial for
irrigation. Users cannot divert more than one cubic foot of water per second for each 50
acres of land to be irrigated.™® Additionally, users cannot store more than five acre-feet
of water per year for each acre of land to be irrigated.™® However, the legislature has
merely created a presumption that water above the stated amount is wasteful. The
presumption can be rebutted with evidence showing that a greater quantity of water is
necessary for specific irrigation projects.** Although the state has strayed from the
traditional conception of what constitutes beneficia use, courts must still ook to local
and community customary uses, rules and regulations, adopted by the majority of users
from acommon water source, to determine whether alarger quantity of water isin fact
necessary.'**

The Nevada state |legislature has prescribed additional factors to be considered in
beneficial use analysis beyond the traditional customary approach. For instance, the
quantity of water must be limited to the amount with is “reasonably required” for the
particular use.*? To determine what amount of water is reasonable, the state engineer
must consider the climate of the area, the duty of the water as established by decree or
experimental work, the length of the growing season, the type of crop to be grown,
reasonable transportation |osses and evaporation losses, and any other information and
data available.** Through this process, the state can reduce waste and increase efficient
allocation of water resources.

15 uc §73-3-30(3).

18 yc §73-3-30(7).
17 see footnotes 38-40 and accompanying text.

18 ¢ 5 42-202.
119 Id

120
Id.

121 ¢ 5 42-220.

122 NRs § 533.070.
123 Id
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CONCLUSIONS
Water in the western United Statesis a scarce, yet essential resource. The prior
appropriation doctrine devel oped during atime when water supply surpassed water
demand. Therefore, many of the tenets of the “pure” prior appropriation doctrine are out
of touch with the realities of modern water needs in the West.
Although an evolution in western water law is desperately needed to bring forth
efficiency in water allocations, the states have been slow to waiver from the basic
principles espoused by the prior appropriation doctrine. These principles are enshrined in
both the laws of the western states and in western culture.
Despite the long precedence of the “pure” prior appropriation doctrine, states have begun,
one by one, to make small departures from that system. These changes to the traditional
doctrine have been driven by necessity. Only through conservation and efficient water
use practices can the West sustain its current growth patterns and be plentiful in the
future.
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[ON-FARM STRATEGIES FOR DEFICIT OR LIMITED IRRIGATION TQO
MAXIMIZE OPERATIONAL PROFIT POTENTIAL IN COLORADO’SSOUTH
PLATTE BASIN

Stephen W. Smith?
ABSTRACT

Farming, in many ways, is more complex and technically demanding than ever before.
Just one example of this complexity is related to the population growth along the Front
Range of Colorado and within the South Platte Basin. Municipalities, desperate to
identify and solidify their future water supplies that will sustain continued population
growth and produce a“safe yield” of water are frequently looking toward agriculture as a
water supply source. Often enough, farms are acquired outright and the water rights are
parted off 100% to be changed over to municipal use. Thisis often referred to as * buy
and dry.”

The purpose of this paper is to show that successful farming operations can be continued
while benefiting from a proportional parting-off of the water right’s established
consumptive use (CU). The CU of agiven water right is established through an
engineering study which evaluates and details the historic use of the water right. Historic
cropping patterns, acreages, and irrigation methods must be considered in the study. Once
the CU is established and vetted through the Colorado Water Court, the CU for that water
right becomes decreed — a known quantity. This then allows for more comprehensive
consideration as to how that CU water might be used to economic advantage in the
future. Specifically, afuture water use might be to continue farming but to lease or sell a
proportion of the CU to municipal interests. This same general idea might also apply to a
ditch company getting involved in planning, controlling, and administering an overall
service-area-wide program.

Once actual CU water quantification is fully understood, consideration can be given to a
comprehensive package of farming practices which become the underpinning of future
agriculture operations for farmers interested in availing themselves of such a change.
Practices may include changes to cropping patterns, consideration of alternative crops,
deficit irrigation, improved irrigation application efficiencies, and improved management
and monitoring / control using the newest technologies. Optimization software is under
development to assist farmers and ditch companies as they consider the viability of
operational changes.

Yroundi ng Partner, Regenesis Management Group, 2442 S. Downing St., Suite 250, Denver, CO 80210.
Graduate Student, Civil & Environmental Engineering Dept., Colorado State University, Fort Collins, CO.
Email: swsmith@regenmg.com.
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INTRODUCTION

In 2003, the State of Colorado initiated a planning effort called the Statewide Water
Supply Initiative (often termed “ SWSI” and pronounced “swa - zy”) for the purpose of
projecting water supply needs for each of Colorado’sriver basinsin 2025. For the South
Platte Basin (Figure 1), the SWSI report forecast a population growth of 65% which
eguates to 2,000,000 people by 2025 and an associated water supply need of 400,000 acre
feet. The South Platte is already over appropriated. Transbasin transfers and new storage
are essentially no longer feasible because of permitting obstacles. The prevalent
presumption is that the 400,000 acre feet will likely come from irrigated agriculture. This
dynamic is also playing out in other statesin the West and other basinsin Colorado in the
form of municipal acquisition of farms and water. The water is then 100% removed from
the farm and the use of the water is changed to municipal and industrial (M&1) use. The
farmisdried up into perpetuity. This processis often referred to as “buy and dry.” Even
some of the municipalities who have availed themselves of this practice are saying
publically that they do not want to continue with the practice because of the impact on the
rural community and the cumulative negative push back from many sectors. Some

municipalities are actively looking for alternatives to what has come to be called “ buy
and dry.”

South Platte River Basin

’r,,-}'/}m.-.m].

~TF |
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Figure 1. The South Platte River Basin in northeastern Colorado.

An dternative to buy and dry in the Arkansas Basin of southeastern Colorado is manifest
in the form of the Super Ditch Company. The Super Ditch is arecent, for-profit farmer-
managed entity that represents the collective interests of eight ditch companies by
offering arotational fallowing option to their constituent farmers. A municipality or
water district may contract with The Super Ditch to deliver a prescribed amount of CU
water over a specified period of time. The CU water is made available through rotational
fallowing. Farmers can evaluate a number of options suitable to their specific
circumstance and make it known to Super Ditch management that some proportion of
their land is available to be fallowed. Some operational issues are still under
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consideration, and as of now, no wet water has been delivered. However, aletter of intent
to contract has been executed between Super Ditch and the Pikes Peak Regional Water
Authority according to published newspaper reportsin The Pueblo Chieftain.

A somewhat similar approach but differently organized isin the early stage of
development and vetting in the South Platte Basin. With this program, farmers can
initiate a desktop analysis of their farming operation, evaluate future “what if” operations,
and consider the cumulative effect of changed practices. The analysis facilitates viewing
their consumptive use (CU) water as a block from which they may evaluate an
incremental parting off of some proportion of the CU. The ultimate goal, depending on
several intertwined factors, may beto lease or sell a portion of their CU or to at least
consider that option. The lease of a proportion of the CU could become a steady and
predictable revenue stream for the farmer over the term of the lease. By evaluating
aternatives which may include afull package of changed practices, the farmer can at
least evaluate the potential for this change. Does it work for them or not? The answer to
that question is an individual decision but at least the option can be fully evaluated using
a decision support system and optimization. Changed farming practices represent a
business decision, of necessity, but a decision underpinned by sound engineering and
€conomics.

The relevant technical literature uses many terms for “limited irrigation” or “deficit
irrigation.” The terms are often used interchangeably. It was noted at a recent deficit
irrigation workshop that there is ambiguity in the terms but it was suggested that “ deficit
irrigation” may be preferred by many. Marshall English at Oregon State University has
recently defined deficit irrigation asirrigation that allows stressin a significant fraction

of afield at some times during the season. Freddie Lamb at Kansas State University notes
that he defines deficit irrigation as an irrigation level under the expectation of reduced
crop yield with economics justifying the deficit. The term “limited irrigation” herein will
refer to areduction of water applications through a combination of practices, one of
which may be deficit irrigation.

The history of basic research in this areaislong and dates back to the 1970s. Early work
was primarily intended to show the basic potential for water conservation. The more
recent work is driven by drought response demands, desire to predict climate change
impacts on crop production, and the possibility of revamping individual farming
operations for maximizing profit as opposed to maximizing yield.

The current definitive research in the western U.S. is being conducted by Derrel Martin
and Ray Supalla at the University of Nebraska, Norm Klocke at Kansas State University,
Tom Trout with the USDA-ARS Water Management Unit in Fort Collins, Colorado, and
Marshall English at Oregon State University. Several of these research efforts have
resulted in Excel-based optimization routines including the Water Optimizer program
developed at the University of Nebraska and the Water Allocator program developed at
Kansas State University.
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THE SOUTH PLATTE BASIN CIRCUMSTANCE

The South Platte Basin has become a focus and “ poster child” of many of the interrelated
problems associated with population growth. Cities and towns along the Front Range
have varying water portfolio amountsin what isreferred to as “safe yield” water to serve
growing populations. There is often a desperation mentality that makes the municipal
water managers grasp at all alternatives — conservation, new storage, leak detection, fines
for water wastage, water conservation programs, public information programs, and
aggressive water acquisition. In the water acquisition realm, the City of Thornton
clandestinely bought up Northeastern Colorado farmsin 1986 with the explicit purpose to
eventually dry up those farms and move water south to Thornton for future water supply
needs. All of this creates alot of angst, distrust, and uncertainty in the water community
and the community at large. Periodic drought conditions and climate change discussions
magnify all of this.

As noted in the 2004 SWSI report:

“Nearly two-thirds of the increase in the state gross demand by 2030,
approximately 409,700 AF, will be in the South Platte Basin. Of the 409,700 AF
of increased water demands in the South Platte Basin, the majority of the demand
is proposed to be met through existing supplies and water rights and through the
implementation of identified projects and processes. However, there are still some
anticipated shortfalls expected in certain portions of the basin. The identified
shortfalls will be the focus for supply aternatives developed for the basin.”

Todd Doherty with the Colorado Water Conservation Board noted in a recent Colorado
Water Institute newsletter that “most of the (water for population growth) will be met
through three main water supply strategies. conservation, agricultural transfers, and new
water supply development.” He goes on to say “if these new water supply projects are not
built, future water demands will have to be met mostly through a combination of
agricultural transfers and conservation.

ESTABLISHMENT OF HISTORIC CONSUMPTIVE USE

Thereis no intent herein to fully describe the engineering or the legal process of formally
establishing the consumptive use of awater right in Colorado. However, for the purpose
of framing the change case effort which requires a study of historic CU, it isworthwhile
to describe afew pertinent aspects of the process.

The need for establishing the CU of awater right must first exist. If farmers have
beneficially used awater right decreed for irrigation for along period, then they can
continue to use the water right in that way indefinitely with no need to define or quantify
CU. An evaluation of CU is generaly driven by a change in the type of use, place of
diversion, or the quantity of water diverted. Because the engineering study to establish
historic consumptive use is costly, it is unlikely that anyone would take on the effort
without justification. That said, it isimportant to note that someone else holding the same
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water shares (i.e. same ditch company) can initiate a change case, establish CU through
the court process, and Colorado’s Water Court will likely view that change case as being
a“ditch-wide” analysis and therefore affecting al the shareholders of that right whether
they participated in the change case or not. This subtlety can be extremely important.

The historic water deliveries and season of use are easily found in the data base of the
South Platte Decision Support System (http://cdss.state.co.us’'DNN/default.aspx) . Historic
cropping data and irrigated areas are not so easily found. One must investigate vintage
aerial photography from multiple sources, locate and check publically available Farm
Service Agency documents and records, talk to landowners and irrigators, and otherwise
undertake a time consuming effort to understand the past. Sometimes the ditch
company’ s board members and board or annual meeting minutes can provide useful
historic information. Historic irrigation practices, estimates of irrigation efficiency, and
delivery efficiency (canal seepage) also come into play with the CU calculations and
must be determined or estimated.

A water balance of the canal or the farm is a useful means of understanding the sources
and the destinations of water. The Figure 2 one-line diagram shows how the water
balance plays out from the river diversion and downstream to the on-farm distribution
system and provides some context of common terms.

Basically, what thisillustrative graphic shows is what happens to water once it is diverted
into aditch or cana for irrigation purposes. The character of some of the water changes
as one moves downstream in the canal. Some would say colloquially that the “color” of
the water changes, areference to where the water came from, or where it is bound, or
what isits decreed use.

— M Diversion —p Available for Irrigation Tallsnd
. Conveyance Loss Returns
Consumptive
Use
Saved CU
Headgate On-farm 7 Surface
Delivery > e aneey > Irigation — oo Flow

Subsurface
Return Flow

Figure 2. Depiction of the elements of surface water delivered to the farm via canal.
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After diversion into an earthen canal, the diverted flow immediately begins to diminish
because of conveyance losses, the most notable of which is seepage. Other losses are
attributable to phreatophytes and evaporation. Seepage can be quite significant especialy
over the full length of the canal and is likely the highest loss in earthen canals. Seepage
returns to the river as subsurface flows and the time it takes to actually arrive at the river
isafunction of distance from the river and characteristics of the alluvium and this can
vary over the length of the canal as well. With awater right change case, this historic
return flow pattern must be maintained into the future.

Aswe move downstream through the canal, some water returnsto the river viathe end of
the canal as wastage or operational spill. Some canals have historically diverted a
generous amount of water to assist with canal operations. It is easier to deliver equitable
flowsto canal headgates, especially those at the end of the candl, if the canal is flowing
nicely with excess water that can be returned to the river for other downstream users.

Continuing to refer to Figure 2, a headgate delivery to the farm has similar water balance
characteristics as with the main canal but the headgate delivery likely represents the point
at which the company’ s delivery responsibility ends and the individual farmer’s
responsibility begins. Downstream of the headgate, there are often on-farm conveyances
from which there are losses, and again, those loses are most notably seepage. Once we
deliver water to on-farm irrigated fields, and the associated irrigation systems, the key
elements of irrigation water can be identified as consumptive use, the surface return flow,
and the subsurface return flow. Within the consumptive use amount, there is a proportion
of that consumptive use that may be appropriately termed “conserved” or “saved” or “ set-
aside” CU and this amount is the water that might be considered for its higher economic
value.

In Figure 3, the average historically diverted water to the farm is characterized as
consumptive use, surface return flow, and subsurface return flow. Crop consumptive
water use is the amount of water transpired during plant growth plus what evaporates
from the soil surface and foliage in the crop area. The portion of water consumed in crop
production depends on many factors including whether or not water availability is
limiting evapotranspiration plus soil texture, crop varieties, and so on.

% This practice is becoming less common as canals come under scrutiny for “sweeping the
river” and taking the full flow of the river even if they are decreed to do so.
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Return Flow

Subsurface R.F. To River

Figure 3. Depiction of the primary named use of water delivered to the farm.

Once an estimated or afully decreed consumptive use (CU) is known for a given water
right, it opens up potential to consider options for how the CU might be utilized
differently in the future. The consumptive use can be allocated to new use priority or
some bal ance between old and new priorities. The consumptive use can now be viewed in
terms of an on-farm CU water budget. A new use of the CU might be to part off a portion
of the water to amunicipal or environmental water user.

As an example, consider afarming operation that istypified as follows:
e 150 acresirrigated.

e Surface water supply is owned to include 10 sharesin aditch company that, on average,
delivers 30 acre feet per share or 300 acre feet total .

o The CU has been established via a ditch-wide analysis of the shares and the right. The
decreed CU is 10 acre feet per share.

e A loca municipality is offering $500 per acre foot of CU water on along-term lease
arrangement.

In this example, the farmer has 10 shares times 10 acre feet per share or 100 acre feet of
CU water available in an average year. Maybe the farmer wants to consider parting off
half of that water, or 50 acre feet of CU water. A lease of the water to a municipality
would provide alow risk revenue option and a predictable revenue stream ($25,000 /
year) into the farming operation.

Planning for the use of the remaining 50 acre feet of CU water can now be considered by
management. Planning must include appropriate consideration to each component of the
water right. Historic return flows must be maintained and this applies to the full water
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right just asif no CU water had been parted out. So, farms can be operationally changed
in asignificant way or crops may be converted to dryland crops or fields fallowed to
reduce the amount of CU water that is used. Monitoring and reporting of operational
changesislikely to be precisely mandated in any change case decree. The State of
Colorado has become much more stringent in the last decade and requiring of more data
and more timely, even real time, data.

It isimportant to note that alease to a municipality probably includes a guarantee for
delivery of acertain amount of water each year. This would be defined in contractual
terms but would probably be a commitment to deliver an agreed upon amount of water
regardless of the impact on the farming operation in that year. In other words, the farmer
will be required, under contract, to take the shortage in any given year. A drought year or
years could result in the necessity for the farmer to deliver the agreed upon amount of
water regardless of the impact to the farm. Severe drought conditions may result in
curtailed farming during drought years so as to meet the obligation to the municipality.

A somewhat bigger picture view of this circumstance is shown in Figure 4 which
indicates surface irrigated fields and again identifying colored water. Downstream of the
river diversion the canal seepage contributesto return flowsto the river. After water is
diverted at the farm headgate, water flows down furrows and the portion that does not
infiltrate to the soil becomes tailwater and returns to the river as surface return flows.
Deep percolation below the crop root zone is subsurface return flow.

Flow measurements are indicated in Figure 4 at the river diversion, downstream of the
farm headgate, and on the tailwater return ditch. In the past some or al of these flow
measurements were not necessary and not undertaken due to hydraulic structure and data
collection costs. In the future, and under a substitute water supply plan or awater right
change decree, all of these flow measurements will be mandated a ong with the reporting.
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Tailend
Returns or Spills

Figure 4. A graphic depiction of ariver diversion, canal, and elements of on-farm
water delivery. In the future, flow measurements at the points noted will likely be
required in awater court change decree and the State Engineer will monitor real
time data and monthly reports which collectively will indicate conformance with a
decree.

POTENTIAL FOR CHANGING FARMING PRACTICES
AND MONITORING USING A DECISION SUPPORT SYSTEM

Once afarmer or group of farmers (possibly afarmer cooperative) understands the
amount of consumptive use water that is available to them through their water rights,
consideration can be given to anew mix of water uses for the remaining portion. These
uses can be evaluated within a CU water budget which can be optimized for agiven year.
Thiswater budget would logically have basic characteristics as follows:

e Monthly and annual time basis and potentially covering multiple years.

e Recognition of multiple water sources and their respective season of use.
o Water dlocations by fields and crops.
e Consumptive use alocation.

e Approach to return flow replacements at the river.

In many instances, the water right was historically used to grow the crops that were
prevaent in the area. On the South Platte, the predominant crops are corn, wheat, dry
beans, grass hay, alfalfahay, and truck crops. Consideration can be given to the practices,
or more likely the combinations of practices, that adhere to an annual CU water budget.
In any given year, practices may include:
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Deficit irrigation.

Crop rotations and introduction of new crops.
Permanent or rotational fallowing.

Dryland farming.

Continued full irrigation of selected crops.

Combinations or permutations of the above.

A new decision support system is under development by ateam lead by Regenesis
Management Group located in Denver, Colorado. This program is contained within an
internet-delivered software package known as Sustainable Water & Innovative Irrigation
Management™ or SWIIM™. SWIIM™ isintended to be used for farmer-considered
planning but also as a monitoring and reporting system into the future should practice
changes be implemented.

SWIIM™ isatool for farmersto use in evaluating potential operational changes to
conserve CU. More specifically, SWIIM™ is:

A package of technologies under one umbrella software program.

A decision support system (DSS).

A farm operations simulation.

An optimization program for evaluating alternative farm operational strategies.

A database, monitoring, and reporting system following implementation of a
strategy or strategies.

Primary planning and modeling features of SWIIM™ are:

Gl S-created user inputs of all inputs such as field configurations that are
geographic in nature.

Prompting for inputs for past operational costs.

An underlying database containing al planning level data.

Optimization routines (non-linear programming) to evaluate alternatives.

Reports to assist in considering a package of changed practices to compare future
practices with the historic past and with one another.

Primary implementation, monitoring, and reporting features of SWIIM™ are:

On-farm monitoring of soil moisture and other site specific parameters such as
wind speed and precipitation.

Integration with weather station networks and existing SCADA systems.
Reports to management.
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e Reportsto the State Engineer’ s Office (SEO) to meet their regulatory
requirements for timely and a suitable amount of confirming data.

e Field confirmation of changed irrigation practices.
Aerial (low level periodic flights) confirmation of changed irrigation practices and
evapotranspiration rates.

o Satellite (LandSat) confirmation of farm level, ditch-wide, and regional
evapotranspiration rates and monitoring or affirmation of deficit conditions on
larger fields.

SUMMARY

Agriculture to urban water transfers can be affected in various ways. Alternatives to “buy
and dry” appear to have validity and are under development. The Super Ditch Company
in the Arkansas Valley of southeastern Colorado was formed to offer farmers land
fallowing options. It isintended that a collection of consumptive use water sources can to
be leased to needful municipal interests. In the South Platte Basin of northeastern
Colorado, research is being conducted and optimization and planning software is under
development to assist farmers in considering technology and changed farming practices
also intended to provide options. Farmersinterested in continued farming operations
while availing themselves of anew predictable revenue stream are considering these
options. With consumptive use water is parted out, historic return flows to the river must
be maintained. None of these technology options have been decreed by the Colorado
Water Court system and it will likely be several years before a change case with high
technology features receivesits day in court.
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KNOWLEDGE MANAGEMENT FOR THE 21ST CENTURY]

John Winchester, P.E.*
ABSTRACT

According to the US Bureau of Labor Statistics and the Office of Personnel Management,
40% of America sworkforce will be eligible to retirein 2010 (Greene, 2005). Some jobs
will be difficult to fill, meaning that there may not be anyone to train before a person
retires. If wefail to transfer our institutional knowledge to the next generation, career-
scale knowledge will be lost. Knowledge management systems will preserve institutional
knowledge, plus allow future engineers quickly find the information they need.

One of the best ways newer employees can learn from more experienced staff membersis
by shadowing. However, shadowing only works for planned changes in personnel and is
not an option for sudden, unexpected departures. Thisis a significant factor because
younger employees change jobs more frequently than earlier generations of workers did.
Therefore preservation of knowledge is critical, regardless of the age or intentions of an
organization’s employees.

Knowledge preservation has been tried using audio, video and written media. With
today’ s technology, preservation of engineering knowledge is most likely to be document
based because written documents can be stored and searched very efficiently.

Document management options include filing cabinets, searchable databases, linked
documents, document management software and facilities maintenance programs.
Because water resources projects commonly have a spatial aspect, map-based software
provides many advantages over other systems. Developing a knowledge management
system entails identifying key documents, facilities, relationships and operations;
converting the information to a useable format; and organizing the documents so they can
be searched electronically.

Knowledge management systems can be populated in large sections with concerted

effort, or over time by regularly dedicating staff time to the task, or by building the

management system by adding knowledge as staff work on projects.
INTRODUCTION AND BACKGROUND

Pur pose and Scope

The purpose of this paper is to raise awareness of the need for knowledge management
systems, to describe the basic types of systems currently available, and to provide several
example web sites.

President, High Country Hydrology, 825 South Broadway, Suite 10, Boulder, CO 80305;
john@highcountryhydrology.com
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Background

In the days when children took over the family business, whether the farm, the store or a
trade, the younger generation typically worked beside their parents for several years, and
in the process learned how to run the business. This tradition has changed as people have
the financial and socia opportunity to choose adifferent career than their parents. In
today’ s mobile world, institutional knowledge should stay with the organization and not
the individual worker.

Dueto avariety of factorsthe typical length of employment is getting shorter. Workers
now feel less loyalty toward employers and may be more willing to move from one job to
another. This creates problems for employers in areas such as water management
organizations, because without a knowledge management system, employees leave with
valuable institutional knowledge that is very difficult, if not impossible, to regain. Thisis
particularly important as long-term key employees reach retirement age, because the
replacement workers are likely to have been in the organization for less time than their
predecessors, and will likely not stay in the position as the person they are replacing. The
converging trends of shorter lengths of employment make knowledge management and
retention acritical issue for the present time.

KNOWLEDGE MANAGEMENT

The Objective of Knowledge M anagement

The objective of a knowledge management system is to record knowledge held by current
employees, and store it in aform so that future employees can easily find and access that
knowledge. This enables future employeesto learn institutional knowledge more quickly
than if they had to mine the file drawer themselves, therefore permits them to be more
productive, which in turn allows the company to retain benefit from the time and money
invested in the current employee.

The Question of What K nowledge to Preserve

The first question to address in a discussion of knowledge management is exactly what
information should be preserved. Thisisimportant because different information is best
stored in different formats.

For example, is the knowledge documentary in nature, describing why something was
done the way it was done? Documentary information is likely to be reviewed only
occasionally and will likely be viewed inits entirety. Consequently this information can
be stored in a variety of formats, including written paper or electronic documents, audio
or video interviews. It is also lessimportant that this information be searchable. For
example, to preserve the engineering knowledge gained from designing the Concorde
SST, engineers were interviewed on video tape before they left so the knowledge of how
to build a supersonic passenger plane would not be lost.

Or, isthe information most likely to be referred to on aregular, even if infrequent basis?
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This material should be stored in such away that it can be searched, such as searchable
electronic text files.

Or isthe information about how ajob is to be performed, in which case the material
should be organized by topic, preferably with decision trees and summary lists of
subtasks to be completed.

Or isthe information more spatial in nature? Information about infrastructure, easements,
water rights and other location-specific documents can be organized and even stored in
map-based software.

Fundamental #1: How you choose to store information depends on who is going to use it
and what purpose they are going to useit for.

The |l ssue of Preservation

Another aspect of knowledge management is the level of risk the organization willing to
take that the information could be lost. Loss can happen in several ways: destruction of
the archive documents themselves; losing the ability to read electronic documents when
software or hardware becomes obsolete; or simply losing the knowledge that the
documents or files exist, which is arguably worse than knowing they existed and then
losing physical accessto them.

If an organization chooses to store its information in an electronic format, it isimportant
that the organization have arigorous plan in place to make sure that all documents are
updated to a current software version and state of the art hardware format on a regular
basis. Continually moving the data— which likely includes word processing documents,
spreadsheets, cadd drawings, databases and photos — helps ensure that they will be
accessible in the future. However, for a continual modernization program to be
successful, it is necessary that all important files be included. For example, if a
spreadsheet was used to develop interim data, the interim spreadsheet has to be updated,
or the process will likely be lost.

Fundamental #2: Safe storage of electronic filesis not enough to ensure readability in the
future. Electronic files must be repeatedly saved to current file formats or they may be
lost to software or hardware obsol escence.

Corner stones of a good K nowledge M anagement System

The purpose of knowledge management is three-fold: First, to encourage the transfer
knowledge from the individual to the institution. Second, provide a mechanism so that
knowledge may be found and used by others. And third, the management system should
suggest relevant information to the user, particularly about details of which the user may
not be aware.

Knowledge Transfer: While some individuals may be very conscientious about
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documenting what they do and why they did it a particular way, some are not. Institutions
concerned with knowledge management should build in procedures and a corporate
culture that encourages the transfer of knowledge asit is generated.

Usability: A good knowledge management system will have two key usability features.
First it will have an interface that isintuitive for at least 95% of the potential users.
Making the interface ssimple to use allows it to be used by people with awide variety of
computer skills, which in turn has two immediate benefits: first, the person looking for
information will be able to search and find the information that is of particular interest to
the situation at hand. Having a user friendly interface also means that a person with less
technological skill can use the management system. Second, some systems, such as those
based in facilities maintenance software, require someone with specialized computer
skillsto pull information. These systems are useful, but require more staff time to
operate. Particularly in the current economic climate, systems requiring excessive staff
time are probably impractical.

Suggestible Nature: A good knowledge management system will not only identify the
information the user islooking for, but will suggest related material. The ability to
suggest related material helps ensure that the user is aware of all information pertinent to
the topic being researched. Thisis particularly important for new employees, who may
not be aware of areas of past work. For example, a new employee may not be aware of an
operational agreement negotiated with another water user, and a good knowledge
management system would make the employee aware of the agreement.

Fundamental #3: A knowledge management system makes it easy to put information in
asanormal course of doing business, and makesit easy to find and retrieve that
information at alater time.

K ey Featuresfor Water Resour ces Or ganizations

The key features of knowledge management systems are based on the three objectives
described above. The four key attributes are: First, the interface must make it easy to both
find and retrieve information. Second, the subject matter must be easy to locate. Data and
information must be arranged in alogical fashion so people looking for specific
information can readily find it. Third, specific information must be easy to find. This
means the information must be searchable. And fourth, information must suggest itself to
the user, so it will be found even if the user is not looking for that particular piece of
information.

Ease of Use: The user interface must make it easy to both store and retrieve information,
or it won't get used. Thisis particularly important for areas where new information
continues to be generated, less important for organizations where the institutional
knowledge remains fairly static.

In either case, it should be easy for users to document their work. It should be easy for
employees to add documents, data and short explanatory notes to the system. It should
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also be easy for employees to not only add documents, but to add relevant information to
the index. The aternative is to have a dedicated person add the documents, which not
only requires that person’stime, but also means that there will be some lag between when
the documents are created and when they are added to the system. Ideally, aworker will
add a document just as soon asit is completed. Workers who are asked to frequently use
an unfriendly system will not want to do it, while workers who use the system only
infrequently may be unable to remember the nuances of how the system works.

If the system is easy to use, not only will employees add their documents, but they will
also use the system themselves as a reference tool for past work. Thisisthe ideal
situation, because the workers will learn through use how to file things so they can be
found, how to best index documents, and what sort of documents, data and notes are the
most valuable for future reference.

Logica Organization: Today’s technologically savvy users expect the technology to be
user friendly. For example, Apple doesn’t include a user’s manual with its phones or mp3
players, but rather designs its devices with the objective that users will not need a
manual. Users expect technology to be intuitive, and companies like Google, eBay and
Amazon make large investments to have their sites anticipate what users want and not
just what they ask for.

In the past, the state of the art knowledge management system included filing cabinets
with a paper list of contents. This system has three main drawbacks. First, the user has
to know that a document exists before they can look for it. Tables of contents commonly
have only one entry per document, so if the user doesn’t look for and recognize the right
entry, they will not be able to find the document. For example, if afacility has multiple
names, such as the Charles Boustead Tunnel in the Fryingpan-Arkansas system, a user,
particularly an inexperienced user, who is looking for one entry may not recognize the
facility if it islisted under another name. Unlike a paper-based system, a good knowledge
management system will include the ability to attach multiple termsto a single record.

Searchability: The power of today’ s technology is the ability to search documents. A
knowledge management system should not only organize data, but allow for documents
to be searched for specific text strings. This should include legal documents, agreements,
raw data, as well as non-text file formats such as spreadsheets and drawings.

If the knowledge management system does not allow the user to search documents
directly, it should, at the very least, list documents that the user can / should open and
search as a separate process. For example, someone looking for flow rate limitationsin a
water rights decree may have to read multiple sections just to find the particular numbers
they are looking for. A good knowledge management system will include the ability to
search documents. Today, this typically means that documents are stored in an electronic
format that includes text-based information, for example, an original word processing
document or searchable .pdf, rather than a..tiff or .pdf imagefile.

Related Material is Suggested: A good knowledge management system should suggest
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what data, information, legal documents or institutional knowledge is available for
structures or facilities that are owned or otherwise used by your organization. This could
include information on:

* water rights

* operationa agreements

* |eases of facilities or water rights

* knowledge of day to day operations, including key contacts

* maintenance schedules for equipment or facilities

* emergency procedures

For example, water rights decrees and stipulations, intergovernmental agreements and
operational procedures should all automatically be returned when a user researches a
particular structure.

Practical Options

Currently there are three practical options for computer-based knowledge management
systems;

1. Searchable / browsable document indexes

2. Web based document management

3. Map based systems

Searchable document indexes can be built using linked .pdf or office suite files, where the
user creates an index of files, and then the index entries are linked to the source
documents. If the .pdf files are created as searchable text documents, this system fulfills
the basic requirements of being easy to operate, easy to update and easy to search. Most
offices have the necessary software, such as MS Word or WordPerfect, or with aminimal
investment can purchase a.pdf file creator. Unlike word processor or spreadsheet files,
.pdf files have the advantage that they cannot be inadvertently changed while someoneis
browsing through them. The disadvantage of linked indexesisthat unlesstheindex is
very carefully planned, the system will not suggest related material to the user.

Web-based document managers are simply web pages that allow the user to organize
documents by topic using html language. The advantage of these systemsis that almost
every computer user is familiar with how to navigate web pages. The disadvantage is that
if theindex is broken up into multiple web pages, thereis no way to search all the
subpages automatically. A single page might work for organizations with only afew
dozen documents, but when many hundreds or thousands of documents are involved, a
single page can become overwhelming to browse through. Typically web indexes are
broken down by topic, so the user can navigate through several layers of web pagesto
find the documents of interest. Web-based systems typically require someone with above-
average computer cabability to create and maintain.

Map-based systems organize documents by geographical area. Thisis particularly useful
for documents that relate to a specific location, such as awater right. This allows the user
to quickly grasp where previous work has been done.
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There are many levels of user interface, with the more complex interfaces typically
providing more power to the user. Map-based systems have the advantage that a user can
browse a geographic area and see |locations that have documents associated with them.
Software options include GI S software, facilities management software, graphics-based
web pages, and hybrids such as Google map. Map-based systems typically require a
technologically advanced person to set up and maintain, but can frequently be operated
by all levels of user.

Potential Pitfalls

While there are many advantages of putting your information into a knowledge
management system, there are also risks. First, there isthe risk that your information
could be accessed by those wishing to cause you, your organization, your customers or
the public in general harm or embarrassment. For example, information on infrastructure
could be used to determine how to disrupt operations. Institutional knowledge could be
used to discover weaknesses in water rights or planning processes, and could be used to
disrupt strategic planning. Documents containing institutional knowledge could be used
to identify processes or activities which could be construed as approaching the fringe on
legality. To prevent this sort of security breach, document control and computer security
iS paramount.

A knowledge management system could also make it easier for the public to locate and
find information subject to Freedom of Information Act (FOIA) requests from public
entities. If the existence of a system is made public, there could be a FOIA request for
the system and all its documents. Sensitive documents should be protected by attorney-
client privilege. In these cases, the knowledge management system can refer to the
documents, even if it isin an abstract manner. While laws vary by location, one possible
option for sensitive documentsis to have a consulting attorney or engineer host the
knowledge management system, so the documents, because they are on a network
belonging to a private corporation, are not subject to FOIA.

If documents are stored in an editable format such as aword processing or spreadsheet
software, the “documents of record” could accidentally be modified, causing confusion
later. While thereis an advantage to keeping an editable version in the original format
for future use, it is also worth considering whether regularly accessed documents should
be stored as non-editable documents, such as pdfs. With these documents, there is no
chance the document can be inadvertently changed.

Online Examples

There are numerous knowledge management systems in use today. The following map-
based versionsillustrate some of the variety of the software platforms and user interfaces
available. While several of these examples have physical scales that are orders of
magnitude larger than would be applicable for atypical water organization, they do show
some of the potential possibilities for linking various types of maps, databases and
documents.
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The Oklahoma Water Resources Board maintains an on-line water resources database for
the state. This system allows users to view different layers (ground water, surface water,
land cover, water rights, water supply, etc.). In addition, the user can select color aerial
photos, topographic maps or shaded relief maps as the background for the map.

This system was developed in-house by OWRB staff with ESRI products, and took
approximately a person-year to assemble and populate. Less computer-savvy users may
find this interface somewhat intimidating because of its complex nature. Go to the
following url and click on Custom Map Viewer.

http://www.owrb.ok.gov/maps/server/wims.php

Summit County Colorado has built an on-line map-based database that allows the public
to access data from the assessor’ s office. 1n addition to displaying information at various
levels of detail, this map alows the user to query the assessor’ s database by address,
description, owner, or county schedule number or PPl number.

This database displays the lots, and selecting the information icon and then clicking on
the lot brings up a box with detailed information about the owner, lot size, improvements,
etc. The interface on this database is less complex than the one used by the Oklahoma
Water Resources Board.

http://maps.co.summit.co.us/arcmapl/Run.htm

The State of New Mexico Water Rights Reporting is an on-line, map-based system that is
written in html code. The map links index pages which in turn link to formsfilled in from
adatabase. The forms are only as complete as the supporting database, and in many cases
the fields have not been completely populated.

http://nmwrrs.ose.state.nm.us/nmwrrs/sub.html

The Digital Atlas of Montanais also html-based, using a combination of clickable maps
and forms that guides the user to the information they are looking for. This site has the
advantage that you can choose how you locate the data you are interested in, whether by
county, stream, township/range, or other parameter.

http://maps2.nris.state.mt.us/mapper/

The Oregon Water Rights Mapping Program is a map-based information system that
allows the user to find information on water rights users. Thisinterface isfairly easy to
navigate and provides tabular datafilled in from a database. The code could undoubtedly
be changed to include links to documents in addition to data fields.

http://gis.wrd.state.or.us/apps/map/owrd_map/

The Smartmap was built as a basic proof of concept that a knowledge management
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system could be built using Google map. The advantage of this system is that the user
interface has been refined by Google to be user friendly. The user constructs data files
that are read by the map engine to display markers, lines and text balloons. Thesein turn
can be linked to any file the user has access to.

This system does not have a search function, but relies on the user’ s visual acuity to
determine that there are related documents available. If desired, it is possible to construct
a search feature that would look at keywords, titles or document text.

The Google licensing agreement says that Google map can be used for any legal purpose,
so long as the data files are available to the public. This allows other Google map

devel opers the opportunity to use code developed by other users. This means that you
cannot host a Google map behind afirewall. What you can do though, is to put the html
code up on a publicly available site, but put the data files used to populate the map and in
apassword protected directory. In addition, the files that the map links to can be placed
on asecure server behind afirewall so they cannot be accessed without authorization.
This allows the user to satisfy the Google license while also protecting the information
from public view.

www.smartmap.highcountryhydrology.com
CONCLUDING OBSERVATIONS

In addition to learning what documents are important to keep, organizations should set
clear expectations about what types of documents are not worth keeping. Draft reports,
preliminary calculations and outdated analyses should all be discarded rather than
archived. From alegal perspective, e-mail records should be carefully scrutinized to
make sure they do not include any material that could be taken out of context or that
could be used by opposing entities against the organization.

Thereis asaying, “software will come and go, but datais forever.” A knowledge
management system should be developed with the expectation that it will eventualy be
replaced by another system. The information committed to the system should be easily
retrievable and exportable to a commonplace format. As ageneral rule, software with
proprietary data formats should be avoided. In addition to being able to store information,
knowledge management systems should be able to import and export data easily.

There should be a conscious effort to migrate information from one software to another
as products gain and lose public favor. For example, documents written in WordStar
should have been converted to other formats such as Word Perfect or M S Office when
users realized WordStar was on the decline.

Developing a knowledge management system can preserve institutional knowledge,
reduce the learning time for new employees and enable employees to be more agile and
responsive to inquiries for specific information.
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ECONOMICS OF GROUNDWATER MANAGEMENT ALTERNATIVESIN
THE REPUBLICAN BASIN|

Raymond J. Supalla'
Christopher L. Thompson'

ABSTRACT

In 2005 the State of Nebraska, in cooperation with local Natural Resources Districts
(NRD’s), implemented policies to reduce irrigation in the Republican Basin to comply
with the Republican Interstate Compact. These policies limit the amount of water which
irrigators can apply over a five year period. In this paper an optimization program called
Water Optimizer was used to analyze the optimal irrigation management responses to
these limitations and to estimate the cost to irrigators and the Basin economy. The
optimal strategy was found to be deficit irrigation in most cases, with no reductions in
irrigated acres until allocations were reduced to less than about 70 percent of unrestrained
requirements. If optimal strategies were followed and average weather occurred, it was
estimated that under current polices annual costs would be $27 per affected acre, or $278
per acre foot change in applied water to reduce irrigation. When expressed in terms of the
primary policy objective, which is to reduce consumptive use, costs were found to
average $344 per acre foot of decrease in evapotranspiration (ET) from irrigation. The
aggregate economic effects since the control policies were implemented, however, were
found to be small relative to the total regional economy. Favorable weather, high crop
prices and improved agricultural technologies have mitigated much of the expected
adverse impact of irrigation reductions on the regional economy.

INTRODUCTION AND BACKGROUND

In 1998 Kansas sued Nebraska and Colorado alleging that they had violated the
Republican River Compact by allowing the proliferation and use of thousands of wells
hydraulically connected to the Republican River and its tributaries, thus adversely
affecting the amount of stream flow reaching Kansas. The states of Colorado, Kansas
and Nebraska settled this lawsuit in December 2002. The Settlement Agreement required
Nebraska and Colorado to significantly reduce their consumptive use from irrigation to
levels that met Compact entitlements. Nebraska’s entitlement is 49 percent and
Colorado’s 11 percent of total Republican Basin consumptive use. Compliance is defined
as a five year moving average, except in dry years when compliance is measured on a
two or three year moving average basis. This paper addresses the economics of policy
options used by Nebraska to comply with this Agreement.

Under Nebraska law, surface water is administered by the Nebraska Department of
Natural Resources (NDNR) following the Appropriation Doctrine of first in time, first in
right, and groundwater is administered by Natural Resources Districts (NRD’s) using a
correlative rights approach. The Republican Basin encompasses three NRD’s, called the

! Raymond J. Supalla and Christopher L. Thompson are Professor and Research Associate, respectively,
Department of Agricultural Economics, University of Nebraska — Lincoln.
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Lower Republican NRD (LRNRD), the Middle Republican NRD (MRNRD) and the
Upper Republican NRD (URNRD) (Figure 1)%. Each of these NRD’s has worked with the
NDNR to develop management plans that reduce irrigation to meet Compact
requirements. This paper presents estimates of the on-farm cost of limiting irrigation
using these management plans, assuming that irrigators optimally respond to the
associated regulations. It also addresses the regional economic consequences of the
reductions in agricultural production which have resulted from reduced irrigation.

Registered Irrigation Wells
by NRD

within the Republican Basin
Upper Republican NRD 3364 wells
Middle Republican NRD 3317 wells

Lower Republican NRD 3743 wells
Tri Basin NRD 1558 wells
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Figure 1. Map of the Republican River Basin.

DESCRIPTION OF THE REPUBLICAN BASIN

The Republican Basin begins with the North Fork and South Fork Republican rivers in
the high plains of northeastern Colorado. These rivers meet to form the major trunk of the
Republican immediately southeast of Benkelman, Nebraska. The Republican River then
flows generally eastward along the southern border of Nebraska, passing through the
Swanson and Harlan County reservoirs before curving southward into Kansas. Growing
season rainfall varies from 16 inches at the western edge of Nebraska to 28 inches at the
east end of the Basin. Elevation ranges between 3,284 feet and 1,598 feet above mean sea
level.

Agriculture in the Basin is a mix of irrigated crops, dryland crops and rangeland. There
are about one million certified irrigated acres in the Basin, distributed across the URNRD
(435,337), the MRNRD (310,168) and the LRNRD (325,876)°. The major irrigated crops
are corn (60%), Soybeans (17%), wheat (5%) and other (18%). There is about 1,450,000
acres of dryland crop production in the Basin, consisting primarily of wheat in the west
and a corn-soybean rotation in the east. Historically there has also been a significant
amount of dryland grain sorghum produced throughout the Basin, but grain sorghum
acreage has decreased substantially in recent years. Dryland wheat is usually produced in

? The Tri-Basin NRD is also partially located within the Republican Basin, but the Settlement Agreement
did not require it to reduce consumptive use from irrigation.
3 Producer reported irrigated acres are certified as accurate estimates of historical irrigation by NRD staff.
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a two year summer fallow—wheat rotation or in a three year eco-fallow rotation of corn-
fallow-wheat.

About 65 percent of the irrigated land is irrigated with sprinkler systems, primarily center
pivots, and 35 percent with gravity systems, primarily gated pipe (Table 1). About 10
percent of all irrigated land receives some surface water, although most surface watered
acreage also receives supplemental groundwater. Over 95 percent of the total water
applied comes from groundwater. Total irrigation water applied in the Basin averaged 1.1
million acre-feet per year during the five years prior the Settlement Agreement, with
average per acre applications of 14.7, 12.0 and 8.9 inches in LRNRD, MRNRD and
URNRD, respectively.

Table 1. Irrigated Acres, Irrigation System Type and Water Pumped,
Pre-Settlement Baseline

Irrigated : % : HEUET Avgr age
ACTes Distribution Pumped Application
by System (Acre-feet) In./Acre
Upper Republican
NRD
Sprinkler 407,778 93.7 498,044
Gravity 27,559 6.3 33,709
Total 435,337 531,753 14.7
Middle Republican
NRD
Sprinkler 134,375 43.3 134,317
Gravity 175,793 56.7 175,162
Total 310,168 309,479 12.0
L ower Republican
NRD
Sprinkler 130,533 40.1 97,051
Gravity 195,343 59.9 145,238
Total 325,876 242,289 8.9
Total Republican
Basin
Sprinkler 672,686 62.8 729,412
Gravity 398,695 37.2 354,109
Total 1,071,381 1,083,521 12.1

METHODSAND PROCEDURESFOR ESTIMATING ON-FARM COST OF
IRRIGATION REDUCTIONS

The on-farm cost of reducing irrigation was estimated using Water Optimizer, which is a
non-linear optimization model developed at the University of Nebraska
(http://wateroptimizer.unl.edu). This model computes the profit maximizing irrigation
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management strategies when both water and land are constrained. It determines the
optimum crops to produce, the optimum amount of water to apply to each crop and the
optimum number of acres to irrigate. The on-farm cost of irrigation reductions was
defined as the difference in net economic returns for two different water supply levels,
assuming that irrigators maximize profits as determined with the Water Optimizer model.
The major inputs that determine the profit maximizing strategies include crop water
requirements, comparative crop yields, crop prices, production costs and irrigation costs.

Crop Water Reguirements

The estimated production functions which define the relationship between water applied
and grain yields are probably the most important inputs to this analysis. Most of the
economic effects stem directly from how crop yields change as the amount of water
applied is reduced. Production functions were estimated separately for central locations
within each NRD, for four irrigated crops (corn, soybeans, wheat and grain sorghum),
assuming the most typical irrigation system (center pivot sprinklers at a water use
efficiency of 0.75), and a medium soil having a water holding capacity of 1.5 inches per
foot of rooting depth.

Estimating the water applied versus crop yield production functions required four critical
inputs for each case: non-irrigated yield, maximum irrigated yield, maximum irrigation
requirement, and water use efficiency. The parameter values used in this analysis were
the same as those developed for general use in Water Optimizer (See
http://wateroptimizer.unl.edu for data sources and procedures) and are shown here in
Table 2.

Each of the production functions used in Water Optimizer and in this analysis were
defined as

LTV

Y=Yy + (Y -Yy) | 1-]1-] 2~
(1)

Where: Y = grain yield in bushels per acre
Y4 = non-irrigated yield
Y = maximum yield from a fully watered crop
I, = irrigation water applied, inches
I, = irrigation water applied for maximum yield, inches
B = water use efficiency, assumed to be 0.75

Source: Martin (1989).

Production functions describing how crop yields respond to water applied are graphically
depicted in Figure 2, for the four major crops at a representative location within the
MRNRD, using input data from Table 2. Note that crop yield response to water
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diminishes as more and more irrigation water is applied. Recognizing the presence of
diminishing returns to water is of crucial importance for understanding the economic
effects from reduced irrigation. The profit maximizing irrigator logically continues to
apply successive amounts of water to a crop as long as the additional water will produce a
net economic gain. The first inch of water applied to a crop produces a large economic
gain, whereas the last inch applied may cost as much as the value of what it produces.

Table 2. Crop Water Requirements®

LRNRD MRNRD URNRD

Corn
Non-Irrigated Yield 83.7 62.8 50.2
Max Irrigated Yield 2134 209.4 201.3
Irrigation Needed for Max Yield 12.7 15.2 16.7
Wheat
Non-Irrigated Yield 55.6 52.9 49.1
Max-Irrigated Yield 735 78.9 83.2
Irrigation Needed for Max Yield 5.0 7.5 10.0
Grain Sorghum
Non-Irrigated Yield 72.9 58.9 50.7
Max-Irrigated Yield 139.5 139.5 139.5
Irrigation Needed for Max Yield 10.0 12.7 14.2
Soybeans
Non-Irrigated Yield 37.3 20.1 210
Max-Irrigated Yield 66.6 64.5 57.6
Irrigation Needed for Max Yield 10.8 13.0 14.2

All estimates assume a center pivot system and a water use efficiency of 0.75. The representative values
for each NRD were based on available estimates for centrally located counties, Franklin for the LRNRD,

Red Willow for the MRNRD and Chase for the URNRD.

Crop Prices, Production and Irrigation Costs

The crop prices used for corn, wheat, grain sorghum and soybeans were based on futures
market prices for December 2010, with basis adjustments to reflect average Nebraska
prices (Table 3). These prices also closely correspond to the price forecasts available
from the Food and Agricultural Policy Research Institute (FAPRI,
http://www.fapri.iastate.edu/) and from the Economic Research Service, USDA
(http://ers.usda.gov/).
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Figure 2. Production Functions for Corn, Soybeans, Grain Sorghum, and Wheat, in the
Middle Republican NRD

The crop production costs used in this analysis were estimated for the Water Optimizer
model based on 2010 Nebraska crop budgets data produced by the Department of
Agricultural Economics, UNL (Wilson, 2010). The costs for each crop include yield
dependent costs and other variable production costs (Table 3). Yield dependent costs
include all costs that vary with crop yield. Grain handling, drying grain and nitrogen
fertilizer were the main yield dependent costs. Other production costs included those
costs associated with producing a crop which were variable in the sense that they could
be avoided if the crop was not produced, such as seed, chemicals, fertilizer and field
operations. Costs which are unaffected by how the land is managed, such as overhead and
management charges, insurance, taxes and some depreciation costs were not considered.
Irrigation costs were addressed as a separate category.
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Table 3. Crop Prices and Production Costs

Yield Dependent Other Variable Costs

Costs? Except Irrigation®
Crop Prices ($/bushel) ($lacre)
Corn 3.76 37 27177
Wheat 4.99 33 196.12
Grain Sorghum 3.20 .61 182.36
Soybeans 9.08 .08 164.16

#Includes all costs that vary with yield such as grain handling, grain drying and nitrogen.

® Includes costs for seed, chemicals, fertilizer, labor, field operations and use related depreciation. Costs
which are not affected by what crop is produced, such as overhead and management charges, insurance or
taxes are excluded.

Irrigation costs depend on irrigation system type, feet of lift, pressure required and energy
cost. Within the Republican Basin irrigation costs range from about $2.00 per inch for a
gravity system, a shallow well and an electric pump, to about $8.00 per inch for a center
pivot requiring moderately high pressure, pumping from a deep well and using a diesel
pump. This analysis used a mid range cost of $5.50 per inch.

OPTIMUM MANAGEMENT STRATEGIESWHEN WATER ISLIMITING

When water becomes the limiting input, producers have three basic management options,
deficit irrigate, plant crops that use less water and/or irrigate fewer acres. The profit
maximizing practices at different levels of available water were analyzed in detail for
Red Willow County, which is in the MRNRD and centrally located within the Republican
Basin. We found that if water was unrestricted and rainfall was normal, producers would
grow 80 percent corn and 20 percent soybeans, applying 15.2 inches to corn and 12.9
inches to soybeans, resulting in average water use of 14.8 inches per irrigated acre.* The
optimal strategy, if the available supply of applied water was reduced by less than 30
percent of the combined requirement for both crops, was to deficit irrigate. It was not
optimal to begin reducing irrigated acres until the amount of water available for corn was
less than 13 inches, which is 85 percent of the full corn requirement, and the amount
available for soybeans was less than 8.5 inches, which is 65 percent of the full soybean
requirement. It was never profitable to produce lower water using crops such as grain
sorghum or wheat at any water supply allocation (Table 4).

Deficit irrigation is clearly a preferred management strategy when one expects average
weather, or has a sufficiently large multi-year allocation to compensate for less than
expected rainfall during the season. A 20 percent reduction in applied water, for example,
would cost irrigators $36 per acre if they followed deficit irrigation practices and $50 per

* Irrigated soybean acreage was limited to a maximum of 20 percent to more realistically represent current
practices.
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Table 4. Optimal Management Strategies when Applied Water is Controlled,
Red Willow County

Optimal Crop Choices®

Allocation Water Water
Level Allocated Corn Applied  Soybean  Applied Dryland Total Net
(% of Amount Acres toCorn Acres toBeans  Acres’ Return

Demand) (In/Acre) (% ofall) (In/Acre) (% ofall) (In./Acre) (% ofall) ($/Acre)
100 14.8 80 15.2 20 12.9 0.0 $352
90 13.3 80 14.0 20 10.5 0.0 $339
80 11.8 78 13.0 20 8.5 24 $316
70 10.3 67 13.0 20 8.5 13.5 $290
60 8.9 55 13.0 20 8.5 24.8 $264
50 7.4 44 13.0 20 8.5 36.2 $238
40 5.9 32 13.0 20 8.5 47.5 $212
30 44 21 13.0 20 8.5 58.9 $186
20 3.0 10 13.0 20 8.5 70.3 $160
10 1.5 0 0.0 20 7.4 80.0 $134
0 0.0 0 0.0 0 0.0 100.0 $100

*The cropping pattern was restricted to a maximum of 20% soybeans to reflect current production practices.

® Optimal dryland crop was eco-fallow, a corn-fallow-wheat rotation.

acre if they fully irrigated both crops by reducing irrigated acres. However, if the irrigator
does not have a remaining allocation that is large enough to compensate for rainfall risk,
then the optimal strategy may be different. Rainfall risk is not a factor as long as the
irrigator has enough water remaining in his multi-year allocation to compensate by
applying more irrigation water than planned when rainfall is less than average. Similarly,
if rainfall is more than average the produce can meet the optimal outcome by applying
less irrigation water than planned and carrying the surplus forward to a future year, or by
irrigating as planned resulting in higher than expected yields. Rainfall risk becomes a
factor only if the producer is approaching the end of a multi-year allocation period and
does not have enough water available to compensate for below average rainfall.

The effects of rainfall risk were evaluated for an optimal management strategy which
incorporated deficit irrigation, and for a full irrigation strategy. For this analysis it was
assumed that in higher than average rainfall years the irrigator would not decrease his
planned irrigation level unless total available water exceeded crop requirements. The
findings indicate that deficit irrigation is substantially better at capturing the upside of
rainfall variability, with no significant differences on the downside, when compared to a
full irrigation strategy. If you plan to deficit irrigate, rather than choosing to fully irrigate
by putting your limited water on fewer acres, then when rainfall is above average the net
returns from the deficit strategy are much higher than those from a fully watered strategy
(Figure 3). Downside rainfall risk is very similar for both the deficit irrigation and fully
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watered strategies. Hence, deficit irrigation appears to be an even more strongly preferred
strategy when rainfall risk is considered.
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Figure 3. Distribution of Net Returns Depending on Management Strategy and Rainfall
Amounts in Red Willow County Nebraska

Assuming profit maximizing behavior and no adjustments for risk, net returns over
variable costs were estimated to range from $160 per acre with a three inch water supply,
to $352 per acre at a full water supply of 14.8 inches, given the conditions described for
Red Willow County (Table 4). This means that a reduction from 14.8 to 3.0 inches
would cost irrigators $192 per acre (352-160 = 192), or an average of $16.27 for each one
inch reduction in applied water. Cost per inch of reduction increases substantially as the
reduction in available water gets larger, with the first 10 percent reduction in applied
water costing $9.00 per inch, and the final 10 percent costing $17 per inch (Table 5).

What is most important from a producer perspective is the cost of reducing the amount of
water that can be applied, because that is how the regulations are currently administered.
The appropriate policy variable, however, is cost per unit change in evapotranspiration
(ET) from irrigation, because the policy objective is to reduce the effect of irrigation on
consumptive use in the Basin. When optimal management practices are followed and
regulations are administered based on applied water, the cost of reducing ET from
irrigation was estimated to range from $26 per inch at a 20 percent reduction in applied
water to $22 per inch for large reductions (Table 5).
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Table 5. On-farm Cost of Reducing Applied Water and ET, by Allocation Level

Cost of

Changein Changein Reducing Cost of

Allocation Allocation Applied ET from Changein Applied Reducing
(% of Amount Water Irrigation Net Returns Water ET
Demand) (In./Acre) (In/Acre)  (Ac./Inches) ($/Acre) ($/Inch) ($/Inch)
100 14.8

90 13.3 1.4 0.5 $13 $8.90 $24.27

80 11.8 2.9 1.4 $36 $12.46 $25.89

70 10.3 4.4 2.6 $62 $14.16 $23.99

60 8.9 5.9 3.8 $88 $15.00 $23.23

50 7.4 7.4 5.0 $114 $15.50 $22.84

40 5.9 8.8 6.2 $140 $15.84 $22.60

30 44 10.3 7.4 $166 $16.08 $22.43

20 3.0 11.8 8.6 $192 $16.26 $22.32

10 1.5 13.3 9.8 $218 $16.41 $22.29

0 0.0 14.7 11.1 $252 $17.11 $22.76

CURRENT AGGREGATE ON-FARM COSTSFROM REDUCING IRRIGATION

The management plans currently in place in the Republican Basin specifically restrict the
amount of water that can be pumped per certified irrigated acre and acknowledges the
need to reduce irrigated acres, especially in dry years. The Lower Republican NRD
(LRNRD), Middle Republican NRD (MRNRD) and Upper Republican NRD (URNRD)
restrict irrigation withdrawals over the next five years to 45, 60 and 67.5 inches,
respectively. Irrigators may manage their allocations however they want over a five year
period. There are no restrictions on what crops can be produced, how they are irrigated,
or on how much water can be pumped in a single year. A limited amount of water not
used during the five year allocation period can be carried forward to subsequent periods,
but exceeding the five year allocation by essentially borrowing from subsequent periods
in not allowed. Since 2005 there have been temporary retirements of irrigated acres under
the federal CREP and EQIP programs and through the occasional purchasing of annual
irrigation rights by the NDNR, but no well defined long-term land retirement program is
in place.

> CREP is the acronym for the federal Conservation Retirement Enhancement Program, which has been
used in the Basin to pay farmers for converting irrigated land to conservation uses that do not involve any
dryland or irrigated crop production for a contract period of 10 to 15 years. EQIP is the acronym for
Environmental Quality Improvement Program, which has been used for paying farmers to convert land
from irrigated to dryland crop production for a period of three years.



Groundwater Management Alter natives 71

Cost of Reduced Pumping Allocations

The aggregate costs from the current allocation program depend on the economic factors
discussed above, on how many acres have been affected by pumping limits, and by how
much water was being applied before the limits were imposed. The first step in the
analysis consisted of estimating how much water was being applied before the current
regulations were imposed. This was done using historical well pumping distributions
which depict the percentage of the wells which pumped more or less than particular
amounts, expressed in inches per acre. A log normal distribution was assumed based on
work by Martin (Martin,2004). Log normal distributions were estimated for each NRD
by inputting the mean historical pumping level and then varying the standard deviation
until the total area under the distribution curve matched NRD estimate of historical
average annual volume pumped by all wells. These pumping distributions were used to
determine how many acres historically received more water than the current allocation
(Table 6).

The second step consisted of using Water Optimizer to compute optimal net returns for
regulated and non-regulated water levels, for typical conditions in each NRD. Typical
conditions were defined based on centrally located counties within each NRD. Franklin,
Red Willow and Chase counties were used to represent the LRNRD, MRNRD and
URNRD, respectively. County level data defined the irrigation requirements for each
crop, as described in Table 2. Typical irrigation system characteristics and economic
variables were assumed to be the same in each location and the same as those used above
for evaluating alternative management practices.

On-farm costs resulting from the current allocation levels in each NRD were estimated at
$20.7 million per year for the entire Republican Basin, which is an average of $27.43 per
affected acre.
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Table 6. On-farm Cost of Current Allocation Programs

Net Returns
at Current  Prior Net Acres
Allocation Returns  Affected by Cost of Regulations

($/Acre) ($/Acre)'  Regulations ($/Acre) Total

Lower Republican NRD $341.24
Historical Use
9.0 to 10.5 Inches $354.41 48,881 $13.17 $ 643,763
10.5 to 12.0 Inches $374.85 39,105 $33.61 $1,314,319
12.0 Inches or More $379.14 74,951 $37.90 $2,840,643
Totals 162,937 $29.45 $4,798,725
Middle Republican NRD $318.74
Historical Use
12.0 to 13.5 Inches $331.24 31,107 $12.50 $ 388,838
13.5 to 15.2 Inches $350.34 27,915 $31.60 $ 882,114
> 15.2 Inches $352.06 96,152 $33.32 $3,203,785
Totals 155,174 $28.84 $4,474,736
Upper Republican NRD $270.53
Historical Use
Regulated @ 14.5 Inches $296.70 435,337 $26.17 $11,392,769
Republican Basin Total 753,448 $27.43 $20,666,230

'For the Lower and Middle Republican NRD’s, acres receiving less than the unrestricted requirement were
evaluated at the midpoint of the indicated range in water applied, and acre receiving the average irrigation
requirement or more were evaluated at the required amount.

For the Upper Republican NRD, all irrigators were assumed to be using their previous
allocation of 14.5 inches before the current regulations were implemented.

Per acre costs were very similar for each NRD, which is perhaps a reflection of a general
desire to implement policies which distribute the economic burden of meeting Compact
requirements fairly evenly across NRD’s. However, it important to note that the Compact
costs estimated for the URNRD reflect the fact that they had an allocation program in
place before obligations to meet Compact in-stream flow requirements became an issue.
If costs for the URNRD were estimated relative to an unregulated state, as they were for
the LRNRD and MRNRD, they would have been much higher.

In addition to thinking in terms of costs per acre, it is useful from a policy perspective to
consider on-farm costs in terms of dollars per unit reduction in water applied or
consumed. Estimated on-farm costs for current allocation policies average $278 per acre
foot change in applied water ($20,700,000/74,293 =$278) and $344 per acre foot change
in ET from irrigation ($20,700,000/60,006 = $344). The costs per acre foot change in ET
from irrigation are higher than the costs per acre foot change in applied water, because
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the reduction in ET averages about 80 percent of the reduction in applied water for the
current allocation programs in the Basin.

Farm L evel Cost of Reducing Irrigated Acres

Irrigated land retirement is an alternative method of reducing irrigation. This could be
accomplished by leasing or purchasing irrigation rights and the cost is theoretically equal
to the difference in net returns with and without irrigation water, expressed in annual
terms or as a capitalized value. Land retirement costs are very difficult to estimate,
however, because whereas allocation rules apply to all acreage, retirement costs depend
on what land is retired. If the land retired is in the eastern part of the Basin where rainfall
is higher, the difference in annual net returns between irrigated and dryland is about $150
per acre at current crop prices, but this difference increases to over $250 per acre at the
western end of the Basin. These values are for lands having typical productivity and
irrigation costs. If one was able to retire irrigated land beginning with the least productive
land in the highest rainfall areas, the farm level costs would be well below the estimate of
$150 per acre, per year. These costs would be incurred by irrigators if acres were
reduced using regulations without compensation, or by general taxpayers if compensation
were paid.

Retiring irrigated land by leasing or purchasing irrigation rights is the most cost effective
way of reducing ET from irrigation, assuming that no excess compensation is paid°. If
acreage controls were used to reduce ET from irrigation in the central part of the Basin,
the change in ET would be about 11.1 inches per acre and the cost would depend on the
productivity of the land involved. If producers were forced to retire some part of their
irrigated acres, the cost to them for typical pivot irrigated land in Red Willow County
would be about $200 per acre for a one year shift to dryland, assuming current crop
prices and a reduction in land taxes of about $50 per acre. This translates to a cost of
$18.00 per inch, or $216 per acre foot of reduction in ET, compared to a cost of over
$325 per acre foot to achieve the same result with allocation in the same location.

OBSERVED IMPACTSFROM ALLOCATION POLICIES: 2005-2009

The above discussion addresses expected farm level effects of reduced irrigation in a
weather normal year. How does this compare with what the Basin has actually
experienced since post Settlement Agreement regulation began in 2005? In particular,
have we seen the expected reductions in agricultural production and regional economic
activity?

The estimated effect of allocation on net farm income of $20.7 M., expressed as net
returns over variable costs, represents a change in agricultural production of about $14
M., with the difference accounted for by reduced farm input costs. Although this total is
not insignificant in absolute terms, it amounts to less than five percent of the total value
of irrigated crop production in the Basin, which makes the aggregate impacts difficult to

® Voluntary willing buyer and willing seller land retirement plans often result in payments well in excess of
what is required to make the producer equally well off.
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detect. A review of Basin wide trends in the value of agricultural production shows that
agricultural values increased substantially after 2005, due primarily to crop price
increases (Figure 4). When crop prices were held constant at their 10 year averages,
Basin production was found to be nearly constant across most of the past decade. The
inability to observe an impact in Figure 4 from regulations adopted in 2005, may be due
to the fact that in the five years before 2005 growing season rainfall averaged 3.3 inches
less than what has been experienced since 2005, at three representative weather stations.
If adjustments were made for rainfall, the data would suggest some decline in production
due to reducing irrigation, but still a very small change compared to the total.
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Figure 4. Republican Basin Agriculture Production Trends

One rather good measure of the effect of changes in irrigated agriculture on total regional
economic activity is sales tax revenue. Sales taxes are levied on most consumer products,
except services and some agricultural inputs. Sales tax trends in the Republican Basin
show slower growth rates compared to what occurred in other rural areas or at the state
level in recent years, but the Republican Basin economy has not experienced an absolute
decline since the post Compact Settlement regulations were imposed in 2005 (Figure 5).
This is due in part to the fortune of reasonably good weather and to the technologies that
have led to increased grain yields and improved production efficiencies over time.
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Figure 5. Nebraska Sales Tax Revenue, by Region
SUMMARY AND STUDY LIMITATIONS

This study addressed the economic consequences from policies designed to reduce
irrigation in the Nebraska Republican Basin. It was found that the optimal strategy was to
deficit irrigate, if the available supply of applied water was reduced by less than 30
percent of the combined requirement for both crops. It was not optimal to begin reducing
irrigated acres until the amount of water available for corn was less than 85 percent of the
full corn requirement, and the amount available for soybeans was less than 65 percent of
the full soybean requirement. It was never profitable to produce lower water using crops
such as grain sorghum or wheat at any water supply allocation. If optimal strategies were
followed and average weather occurred, the cost of reducing irrigation by limiting
applied water was estimated at $27 per affected acre, $278 per acre foot change in
applied water, and $344 per acre foot of decrease in ET from irrigation, under current
polices and economic conditions. It was also found that ET from irrigation, which is the
major policy objective, could be achieved much cheaper if an acreage retirement policy
was used, especially if the policy procedures led to retirement of the least productive
land. The observed effects on the total Basin economy of the regulations adopted in 2005
were found to be surprisingly small. This is due in part to favorable weather, high crop
prices and improved agricultural technologies.

It is important to note that the results from this analysis reflect current crop prices, a very
simplified approach to representing the diversity of irrigation operations in the Basin, and
assumed optimal irrigator responses to water limiting regulations. Estimated costs would
be quite different if alternative assumptions were made, although the estimates are
believed to represent midrange outcomes for current economic conditions.
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ABSTRACT

The state of New Mexico islocated in the Chihuahuan Desert, an environment
characterized by high aridity and a very limited water supply. New Mexico’ swater is
supplied by both rivers and underground aquifers with the Rio Grande serving as the
principle source of surface water throughout the state’s central corridor. Recycled
wastewater has been recognized as a promising source of “new” water throughout the
world and in the arid western United States. However, recycled wastewater has yet to be
exploited in New Mexico due to current regulations and technological limitations which
make it infeasible to employ recycled water in agricultural uses. In order to meet future
water needs, New Mexico needs to revise the distribution of testing responsibilities
between producers and consumers of recycled water. Technology currently used to treat
recycled water in the state also needs to be upgraded in order to guarantee its safe use on
crops.

New Mexico isin the process of increasing the efficiency of recycled water production
and use but the state still needs more investment and regulatory changesin order to
achieve sustainable and higher levels of wastewater reclamation. The use of recycled
water for green space irrigation has increased in southern New Mexico. Clear evidence
of thisincreasing trend is the recent construction of awastewater reclamation facility on
Las Cruces East Mesa. The mgjority of the water treated at thisfacility, water which
originates in the Jornada Aquifer, will be used for green space irrigation, and as a result
will not end up being returned to the Rio Grande. Las Cruces, New Mexico’s second
largest city, has arapidly growing population and diversifying economy, and is regularly
included on lists of most desirable placesto retire, livable small cities, etc.

The objective of this paper isto describe the current water resource situation in southern
New Mexico, compare and contrast New Mexico and California regulations regarding
recycled water, and provide recommendations for improved recycled water regulationsin
New Mexico.
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INTRODUCTION AND BACKGROUND

Sour ces of Water in Las Cruces, New M exico

Las Cruces, New Mexico is located in south-central New Mexico in the northern part of
the Chihuahuan Desert. New Mexico is split from north to south by the Rio Grande,
which traverses several rapidly growing metropolitan areas located along the central
spine of the state and is the primary source of water for agricultural irrigation in the
region. Thisriver isprimarily fed by snowmelt from Colorado’ s southern Rocky
Mountains.

New Mexico isa prior appropriation state which means that water rights are established
using the “first in time-first in right” principle (Center, 2001). Agricultural water rights
are old, well established, and are facing the challenges which arise from growing demand
for water by non-agricultural users aswell as increasing demand for water by relatively
new crops with high levels of consumptive use. The need for more water for agricultural
irrigation in New Mexico forces farmers into difficult situations. Farmers must either
buy water rights or wet water from other farmers or agricultural water rights holders or
use an alternative “new” source of water. Currently al the water that flows down the Rio
Grande is fully appropriated which means there are few sources of “new” water. Buying
water rights or wet water can be very expensive, and in some cases the cost may be
higher than the value of additional crop yield. Furthermore, many cities and local
governments are aggressively purchasing water rights in order to secure a future supply
of potable water for municipal and industrial (M&1) users. The added competition from
M& I users for water rights means that agricultural water users now have relatively less
bargaining power in water market transactions.

Groundwater is New Mexico's other important source of drinking water, and one which
will be critical to the future of agriculture as well as overall economic and population
growth throughout the state.  Ground water comes from several underground aquifers,
and like surface water is regulated through the New Mexico Office of the State Engineer
(OSE). The state engineer has declared 33 underground water basins throughout New
Mexico (Center, 2001). The Jornada Aquifer islocated along the east side of Las Cruces
and is believed to currently hold over 100 million acre-feet of water in the underground
storage basin.  The Jornada Aquifer (the Mesilla Bolson is the primary drinking water
aquifer for Las Cruces) isrecharged at arate of 5,350 acre-feet per year; thisis a source
of concern because higher volumes of water are annually removed from the aquifer
(Credl, 2007). The OSE monitors the extraction of water through limitations on wells.
Persons seeking to use groundwater must be granted approval by the state in order to drill
and extract the water for use (Center, 2001). The well permitting process requiresthat a
report be sent to the OSE explaining the beneficia use of the water. Upon completion of
the beneficial use inspection the OSE will issue alicense to appropriate water to that
person (Center, 2001).

One of the main concerns about the Jornada Aquifer is that the groundwater that is non-
consumptively used is then cleaned and discharged into the Rio Grande. This
arrangement adds water to the Rio Grande that otherwise would never end up in the river.
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Unlike other aquifersin New Mexico and Texas the Jornada Aquifer is not recharged
from the nearby Rio Grande (Creel, 2007). While the current situation contributes to
surface water flows in the Rio Grande, the non-consumed groundwater is effectively lost
from the Jornada Aquifer forever. The wastewater which remains after M& | pumping of
Jornada Aquifer groundwater is currently not reused; however, the City of Las Cruces
could use available technology to treat the wastewater and make it acceptable for food
crop irrigation, green space irrigation, or other beneficial uses.

New Mexico has not fully utilized water reuse technology in the past; however, the state
recently began allowing recycled water to be used for aquifer storage and recovery. State
statues (819.25.8, Natural Resources and Wildlife Administration and Use of Water—
General Provisions Underground Storage and Recovery paraphrase) cover the
administration and use of water for the purpose of underground storage and recovery
(USR). The 1999 Act passed by the New Mexico Legislature allows governmental
entities to store surplus supplies of water underground and to withdraw the recoverable
amount at alater date for use by the governmental entity. The Legislature found that by
passing this act groundwater recharge, storage, and recovery have the potential to: 1)
offer savingsin the cost of capital investment, operation and maintenance, and flood
control and may improve water and environmental quality; 2) reduce the rate at which
groundwater levels will decline and stress the aquifer; 3) promote conservation of water;
4) serve the public welfare of the state; and 5) lead to a more effective use of the state’'s
water resources. With this said the effort, efficiency, and process to actually acquire the
permit for underground storage and recovery would probably take a sufficient amount of
funds and years of time. (State of New Mexico, 2001)

Presently the City of Las Crucesisin the last phase of construction on a Class 1A
reclamation plant. This plant will allow the city to clean up to one million gallons of
wastewater per day. Presently the non-potable water will be used to irrigate a golf
course, high school football field, and several parks. The city haslooked into the
possibility of USR, but has found that certain barriers exist and limit their capability of
USR. Barriersare political in nature but most deal with the fact that there is a need for
accountability of stored water and thereis a strong need for hydrologica modeling. Both
of these barriers are expensive and time consuming, although they are not
insurmountable.

In recent drought years the Village of Cloudcroft, New Mexico has found itself in critical
need of additional M&| water. The Village of Cloudcroft stated that during years of
drought it was necessary to truck in approximately 20,000 gallons per day during their
peak summer tourism season. (Livingston Associates, 2008) In 2007, Cloudcroft
received a $600,000 grant from the State of New Mexico Governors Water Innovation
Fund to help fund the village’' s new $2 million water reuse system. The state of the art
system employs a second generation membrane bioreactor (MBR) and gravity fed reverse
osMmosis system to treat wastewater flows that after treatment exceeds drinking water
quality standards. The treated effluent is discharged into a man-made reservoir rather
than pumped into alarge body of water such as an aquifer. The reservoir servesasaraw
water source for the town’s drinking water treatment system (Livingston Associates,
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2008). This process of developing the treatment system has been very long and tedious,
but designing and permitting the system is one of the first stepsin the process of
developing reclaimed water supplies statewide. Overall New Mexico remains very
restrictive with respect to the guidelines and regulations affecting recycled water. In
order to use recycled water the producer and the user are heavily regulated, required to
produce numerous documents, and continuously test water quality. In many casesitis
not economically beneficial or feasible to use recycled water because of therigid
regulatory environment, numerous restrictions, and barriers.

WATER REGULATIONSAND POLICY: NEW MEXICO VS. CALIFORNIA

New M exico Recycled Water Requlations

Water users throughout New Mexico have not taken full advantage of technology and
research that has been conducted within the wastewater reclamation industry. New
Mexico has seen the neighboring states of Texas and Arizona embrace readily available
and proven water technology designed to help arid regions cope with limited water
supplies. Clearly, if New Mexico isto meet the water challenges which will result from
population growth and economic expansion, the state cannot afford to fall behind. The
need for modernized, reality-based water policy is evidenced by the state’ s current
recycled wastewater classification scheme. New Mexico has four recycled wastewater
classes which range from Class 1A to Class 3. The following table describes the four
classes and what each class of water can be used for.

Table 1. Uses of Recycled Water by Class Allowed in New Mexico (Utilities, 2007)

Class of Recycled Approved Uses
Waste Water

Includes usage on all classeslisted below:
Class 1A No setback limit to dwelling unit or occupied establishment

Backfill around potable water pipes

Irrigation of food crops

Includes usage on all classes except 1A:
I mpoundments (recreational or ornamental)

Class 1B Irrigation of parks, schools yards, golf courses

Irrigation of urban landscaping

Snow Making

Street Cleaning

Backfill around non-potable piping

Toilet Flushing

Includesusageon class2 & 3:
Concrete mixing

Dust control

Class 2 Irrigation of fodder, fiber, and seed crops for milk-producing animals

Irrigation of roadway median landscapes

Irrigation of sod farms

Livestock watering

Soil compaction

Class 3 Includes usage only for class 3:
Irrigation of fodder, fiber, and seed crops for non-milk-producing animals

Irrigation of forest trees (silviculture)
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Class of recycled wastewater 1A is the highest standard of treated water in New Mexico.
It is approved for the irrigation of food crops; however, the edible portion of the crops
cannot come into direct contact with the recycled water. Based on this stipulation
cabbage, onions, chile peppers, lettuce, and other vegetables produced in southern New
Mexico cannot be irrigated using recycled water. This stipulation does allow other crops
produced in the region, such as pecans and corn silage, to use recycled water, although
other regulations make it very difficult to do so economically. Wastewater in New
Mexico is monitored very strictly at both the reclamation plant and at the point of use.
Recycled wastewater has strict quality tolerances that must be met in order to meet Class
1A standards. These Class 1A tolerances are presented in Table 2 below.

Beyond testing by the recycled water producer at the treatment plant, the water must also
be tested at the point of use. For example, if a farmer uses recycled water to irrigate their
field or orchard, the water must be tested at the point of use. This testing requirement is
an extra burden for agricultural irrigators and is a disincentive to the use of recycled
water in crop production.

Table 2. New Mexico Water Quality Requirements for Class 1A Recycled Wastewater
(Utilities, 2007).

Class of Wastewater | Wastewater Quality Requirements Wastewater Monitoring
Recycled Quality Requirements
Wastewater | Parameter 30- Day Average Maximum Sample Measurement
type Frequency
Biochemical 10 mg/I 15 mg/l Minimum of | 3 test/week at
Class 1A Oxygen 6-hour major WWTP!
Demand composite | 1 test per 2
(BOD) weeks at minor
WWTP
Turbidity 3 Nephelometric 5 Nephelometric | Continuous | Continuous
Turbidity Units Turbidity Units
(NTU) (NTU)
Fecal 5 per 100ml 23 per 100ml Grab sample | 3 test/week at
Coliform at peak flow | major WWTP
1 test/week at
minor WWTP
Ultraviolet Monitor only Monitor only Grab Record values
uv Sample or at peak hourly
Transmissivit reading at flow when
y peak flow fecal coliform
samples are
collected
! Major waste water treatment plants (WWTP) are plants that clean one million gallons or more per day
and minor WWTP are ones that produce less than one million gallons per day.

California Recycled Water Regulations

Every U.S. state has different regulations regarding acceptable levels of wastewater
treatment, permitted treatment processes, and allowable uses for recycled water. The
state of California is a leader in exploitation of recycled water in a variety of applications.
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The California Department of Public Health Title 22 Regulations determine the uses for
recycled water. Recycled water treated to the tertiary level can be used to irrigate food
crops, including edible root crops, parks and playgrounds, schoolyards, residential
landscaping and public golf courses (State of California, 2009). Californiaregulations
allow treated wastewater to be used in agricultural irrigation, public green space
irrigation, and aquifer recharge or storage. Table 3 describes California’s regulatory
system for recycled water.

Table 3. California Permitted Recycled Water Uses (California, 2009).

Class of Reclaimed Approved Uses

Waste Water
Disinfected tertiary Irrigation of cropsin which edible portion comes into contact
recycled water with the water
Orchards in which the water has no contact with the edible
portion
Un-disinfected secondary | Vineyards where water has no contact with edible portion
recycled water Non-food bearing trees

Fodder and fiber crops and pasture animals not producing
milk for human consumption

Seed crops not eaten by humans

Food crops that must undergo commercial pathogen —
destroying processes

Ornamental nursery stock with no human contact 14 days
after last irrigation with reclaimed water

California s policy of alowing the use of disinfected tertiary recycled water in irrigation
of crops where the edible portion isin contact with the water means that state can take
full advantage of recycled wastewater. Californialeads the nation in the production of
high quality fruits, vegetables, and specialty crops. The future of these cropsin the state
depends on the availability of a safe and consistent supply of irrigation water. California
agriculture has benefitted from technology development and research done on wastewater
reclamation, and as aresult now firmly includes recycled water within its short and long-
run water resource planning. Due to continued water shortages and expected increasesin
demand for water in California, the use of recycled water will continue to play an
important rolein California agriculture. Other Californiaindustries also currently use
recycled water, with varying degrees of dependence on the recycled supplies. The energy
industry, public utilities, and prevention of seawater intrusion rely heavily on recycled
water in California. The table below describes the requirements for disinfected “2.2
recycled water.” Water recycled at the 2.2 parts of total coliform bacteria/milliliter
standard and which has been oxidized and disinfected can be used to irrigate edible food
crops if the crops do not have contact with recycled water.
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Table 4. Quality Requirements for Recycled Waste water in California (California, 2009).

Class of Wastewater Wastewater Quality Measuring
Recycled water Quality Requirements Frequency
Parameter 30- day Maximum
average

Total coliform 2.2 per 100ml | 23 per 100ml Once daily
Disinfected organisms

secondary 2.2 Turbidity 2NTU 5NTU Continuous
recycled water Treatment

process must

contain

coagulation

Disinfected secondary “ 23 recycled water” is treated water that never surpasses atotal of
23 per 100ml of coliform organisms and does not meet the requirement of the 2.2 per
100ml for a 30 day average. Thislevel of treastment allows water to be used for public
areas and seed and fodder production but not for edible food production (California,
2009).

Californiarequires the producer/supplier of the recycled water to test and assure that the
treated water meets regulatory standards. These regulations give the recycled water
producer the primary responsibility for water quality, rather than the treated water
consumer. California also allows manufacturers to demonstrate using a standard protocol
that the standard can be met consistently. Use of a certified technology then reduces the
testing burden for the water producer. As aresult, barriers to the use of the recycled water
are reduced.

The assignment of recycled water quality responsibility to water producers has resulted in
California s status as a leading state in the use of recycled water. In 2006-07, California
used 14,118 acre-feet of water in agricultural irrigation. Recycled water used in Los
Angeles County alone totaled 94,750 acre-feet in the same year; figure 1 below illustrates
the distribution of recycled water use in Los Angeles County in 2006-07. Almost 50% of
the recycled water used in Los Angeles County was used in USR, thus contributing to the
long-run sustainability of water suppliesin theregion (MIT, 2010). By comparison, as of
2008, there was minimal recycled water used in USR anywhere in the state of New
Mexico. The City of Albugquergue Public Works Department stated that a pilot project
was conducted in Albuquergque (2007-2008), but this project has been discontinued
(Yuhas, 2009).
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Distribution of Recycled Water Usage Fiscal
Year 2006-2007

Environmental
9.8%

Agriculture
14.9%

Industrial 5.9%

Landscaping
19.6%

Figure 1. Recycled Water Use in Los Angeles County, California, 2006-07 (MIT, 2010).

INCREASING RECYCLED WATER USE IN A WATER-SHORT REGION

Technology and | mproved Regulations

New Mexico has not taken full advantage of technology development and research that
has been conducted to ensure the safety of recycled water. The majority of water
currently used for irrigation in the southern half of the state comes from the Rio Grande
with the remainder coming from groundwater. The region’s surface water isfully
appropriated, and future M& | water supplies in the region will likely be developed from
reallocating surface water away from agricultural users. Expansion of irrigated
agriculture in the region is thus constrained by water availability now and in the future.
Groundwater suppliesin the region are also limited and subject to competition from M&I
users. Not al aguifersin the region are replenished by surface water flows, and mined
groundwater is a significant source of water for many of the region’susers. Thus,
recycled wastewater represents a rare opportunity to expand existing water suppliesin a
water-short region.

Asof 2010 New Mexico’ s regulations do not allow recycled water to be used in the
production of food crops where the edible portion of the crop isin direct contact with the



Policies Governing Water Reuse 85

water. Wastewater reclamation plantsin New Mexico need to consider adopting new
technology that will enable them to treat water to disinfected tertiary levels. This
technology would allow communities or utilitiesto treat their wastewater to the level
required for comprehensive agricultural use and provide an additional source of revenue
for the wastewater producers.

The use of recycled water on pecan orchards in southern New Mexico should be urgently
considered. A recent study conducted in Florida examined the effect of using irrigated
recycled water on citrus orchards. The study focused on whether fruit yield, quality, and
foliage health and density decreased or increased. Results from the study indicated that
citrus yields were affected along with leaf concentration by the recycled water. The
tonnage of fruit harvested increased but the actual number of fruit picked decreased.
Overdl, yields (by weight) increased due to the increase in fruit size while fruit quality
was also higher. The study also found that soil quality was not compromised as a result
of irrigation with recycled water. Researchers concluded that when wastewater is treated
effectively and fertilizer is adjusted accordingly, plants are not harmed and fruit yields
are not compromised (Morgan, 2008). Thereis however an anecdotal account of small
wastewater treatment plant effluent being used to irrigate pecans with no lossin yields or
guality. However there are no studies being performed in this orchard, nor is there easily
available verification of anecdotal accounts.

New Mexico’ s recycled water regulations should be modified to reflect the reality of
current and future water shortages. Revising water testing responsibilities to align with
Californiaregulations would increase the willingness of New Mexico agricultural
irrigators to use recycled wastewater. With consistent, robust demand for the recycled
water, producers would have increased incentives to invest in proven treatment
technologies.

Benefits of Using Recycled Water

Recycled water use has many benefits. The primary benefit of recycled water usein New
Mexico would be increased sustainability. The use of recycled water would allow
residents of the state to reduce the rate of use and preserve fresh water in the underground
aquifers, thus allowing that water to be banked for the future. The underground aquifers
in the state are an important and reliable source of water, and thus need to be conserved
for aslong as possible. The use of recycled water would reduce aquifer drawdown and
increase the length of time the aquifers could be economically pumped. Recycled water
could also contribute to aquifer recharge in some areas.

Wastewater reclamation would also contribute to improved water quality throughout the
region, as wastewater which is now returned to the Rio Grande is minimally treated and
ultimately applied to crops after it enters the river and joins the surface water flow. The
quality of recycled water treated to higher standards would be of higher quality than the
region’s current surface water supply which includes irrigation return flows, minimally
treated wastewater from numerous municipalities, aswell asrainfall runoff and other
underground flows hydrologically connected to theriver. Surface water quality
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throughout the Lower Rio Grande Valley would be improved by keeping contaminates
such as heavy metals, endocrine disrupters, and other biologically active agents out of the
river system as aresult of the higher-level treatment processes.

Securing a Sustainable Water Future

Without the use of recycled water, the state of New Mexico islimiting its water resource
sustainability. Future population and economic growth, as well as agricultural irrigation,
all depend on adequate water supplies. California strack record in wastewater
reclamation provides amodel for New Mexico and other arid, water-short regions to
emulate. Policy and regulatory changes are essential if New Mexico isto take full
advantage of existing wastewater supplies. Itiscritical that state regulations require the
majority of water quality testing be conducted at the treatment facility by the recycled
water producer rather than at the point of use by the recycled water user. Relieving the
burden of testing from agricultural irrigators would increase the likelihood that these
users will actively seek out and use recycled water in crop production. Treating recycled
water to a higher quality would ensure robust demand for the water by providing a safety
assurance to agricultural irrigators and make the water acceptable for application to
higher value food crops. Recycled water treated to a higher quality isamore valuable
input for agricultural producers, and thus would be worth more to food crop irrigators
than to forage or other lower valued crop producers.

California has demonstrated that wastewater reclamation and the application of recycled
water to food cropsis safe and economically feasible. Consumers throughout the United
States currently consume fruit, vegetables, and specialty crops produced in California,
and by their actions, are demonstrating that using recycled water to irrigate food cropsis
acceptable.

CONCLUSION

New Mexico islocated in an arid desert environment where water is scarce. New Mexico
has two sources of water: rivers and underground aquifers. The Rio Grande traverses the
middle of the state and provides irrigation water to thousands of agricultural irrigators.
Rapidly growing cities and towns located in the state’ s Lower Rio Grande Valley will
soon withdraw surface water for M& | uses. Surface water is fully appropriated,
groundwater is already extensively used throughout the region, and there are virtually no
untapped water supplies available. However, recycled wastewater use is an option
which would supplement existing water supplies, support future population growth, and
contribute to a sustainable water future in the region. Unfortunately, New Mexico
currently enforces strict regulations that inhibit both development of recycled water
supplies and demand for the recycled water by agricultural users.

Policy and regulations related to the use of recycled water in crop production in New
Mexico must be changed; Californiaregulations provide a template for the changes.
Regulatory changes are necessary in order to expand the use of recycled water on crops.
Without regulatory change, thereislittle incentive for investments in water reclamation
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technology that treats waste water to the levels required for higher valued uses (e.g., food
crop irrigation). The use of recycled water in New Mexico would relieve the pressure on
underground aquifers, increase downstream water quality, provide areliable source of
water to agricultural irrigators, and enhance water resource sustainability in the region.
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ABSTRACT

In an effort to improve the management of the Bryan Canal, the United Irrigation District
in South Texas installed aradial gate in place of a pre-existing vertical dide gate
structure with the objectives of establishing telemetry and remote control capabilities, and
providing the District the ability to control the gates based on flow.

This paper discusses the calibration of the radial gate for flow based on the head
differential and gate opening. Details are provided on the equipment and instrumentation
used, which included pressure transducers for upstream and downstream water levels,
gate opening sensor, and doppler and velocity flow meters. The calibration of the
doppler flow meter will be discussed along with the methods used to determine actual
radial gate opening from sensor data and the problems caused by hysteresis.

Flow rate was calculated from the head differential across the gate and gate opening
using a submerged orifice equation. By adjusting the discharge coefficient, the equation
was calibrated in such away that total calculated flow matched the total measured flow.
The flow data was further analyzed for individual flow events. Data was collected
continuously over three months. This paper discusses the process of analyzing data and
determining the conditions for which the equation is valid.

INTRODUCTION

Study Area

United Irrigation District (District) islocated in the southernmost region of Texas,
commonly known as the Lower Rio Grande Valley (Valley). The District is one of the
28 irrigation districts that calls the Valley home (Fig. 1). The District covers 37,800
acres of which 47% has now been lost to urban expansion, and holds 57,000 acre-feet
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of Class A water rights from the Rio Grande River. The District distribution network is
made up of approximately 50 miles of lined and unlined canals and 115 miles of gravity
fed pipeline, with small hydraulic gradients.

The District’s Bryan Canal isthe main artery for the eastern portion of the District,
delivering approximately 10,000 acre-feet/yr of irrigation water and 23,000 acre-feet/yr
for municipal consumption to Sharyland Water Supply Company and the North Water
Plant for the City of McAllen. The canal begins near the District office, just upstream of
the third re-lift pump station, and flows east off the main canal and along Mile 2 N Road.
On average, the Bryan canal carries 30% of total water distributed by the District.

Project Description and Objectives

In 2007, as part of the Irrigation District Engineering and Assistance (IDEA) program of
the Irrigation Technology Center, we initiated a demonstration project with United
Irrigation District to improve the efficiency of Bryan Canal by replacing the head vertical
slide gate (Fig. 2) with anew radial gate (Fig. 3).

Figure 2. Pre-existing head slide vertical gate structure of the Eryan canal.
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" Figure 3. New radial gate and structure.

The objectives of the project were to:

e Establish telemetry and remote control capabilities

e Givethe Didtrict the ability to control the gates based on specific water levels and
flow rate set points

e Demonstrate the use of SCADA equipment and control systems

The pre-existing vertical dlide gates and structure were in poor condition (Fig. 2). Only
two of the three gates were operable and the bottoms of all the gate slots were blocked
with concrete, providing alimited range of control. The radial gate was recommended to
the District due to the known advantages of needing a small force for lift and operation,
and good hydraulic discharge characteristics that are more favorable when calibrating a
gate to serve as aflow measurement device (Bos, 1976; Wahl, 2004).
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METHODSAND MATERIALS

Site Description

Bryan Canal is atrapezoidal concrete-lined canal with a capacity of 225 cfswith cross-
section dimensions of 7 feet deep, 18 feet top width, 4 feet bottom width, and side slope
of 1:1. The new housing for the radial gate is arectangular structure 24 feet long and 10
feet wide. The gate has aradius of 7 feet, vertical height of 7 feet, and pinion height of
3.5 ft. Its opening ranges from 0 to approximately 5 feet. The gate leaf edges have hard
bar-shaped rubber seals. All these structural details have a relevant influence on the
calibration procedure (Wahl, 2005).

Equipment and | nstrumentation

Pressure transducer sensors were positioned to record/measure the upstream and
downstream water levels of the gate. The gate can be operated manually or remotely
with the use of abuilt in gate position sensor in the actuator. A doppler flow meter
(Argonaut-SW) was installed downstream of the radial gate and mounted on the bottom
of the canal. A Campbell Scientific CR 1000 datalogger and a SDM-CV O4 control
module control and record all activities at the site and are hard-wired to the District
office. A schematic of the instrumentation installed to monitor flow is shown in Fig. 4.

For the calibration analysis, flow data was continuously recorded from January 13, 2009,

through April 5, 2009, for atotal of 80 days. The polling interval for the datalogger
programming was set to 5 seconds. Data was automatically averaged every 30 minutes.

—--—- Doppler Flow Meter Actuator RTU

Upstream Pressure — . ] PLC
Transducer T

Downstream Pressure Radial Gate

Transducer

hard-wired
connection
to office

Pivot Point
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—»

= Rectangular
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% {Drawing not to scale)
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Figure 4. Instrumentation installed in the Bryan canal radial gate to monitor flow.

Water Level Sensors Two Keller America Acculevel pressure transducer sensors were
installed as shown in Fig. 4. The upstream sensor was placed 10 feet from the gate
pinion in atwo-inch PVC stilling-well built into the vertical wall of the radial gate's
rectangular control structure. The downstream sensor was housed 30 feet from the gate
pinion in a16-inch PV C stilling-well with the bottom open to the canal flow.
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Actuator The actuator used for this project isan AUMA multi-turn actuator (Model SA
10.1-54B/GSD100.3) with built in 4-20mA input/output control signals. It featuresa
single phase motor, 120 VAC, 60 Hz, 2 gear train limit switch with 8 contacts, a dual
position potentiometer, and a RWG position transmitter (4-20mA DC output). The
District purchased the actuator, and AUMA engineers helped with original calibration
and set up.

Doppler Flow Meter The Argonaut-SW specifications state that it is accurate to = 0.1%
for water level when used in depths less than 16-feet and has an accuracy of + 1% of
water velocity for velocities up to 16 feet/second. The meter was installed in the middle
of the canal about 30 feet downstream of the gate structure, and readings were recorded
in 2-minute intervals.

Field Equipment Verification and Calibration

Current Meter vs. Doppler Meter Flow Verification We performed a series of flow
measurements using Price Type AA current meter to verify the readings from the
Argonaut-SW flow meter. Tests were carried out with maximum and very low flow. The
measurement cross section was immediately upstream of the Argonaut-SW position. The
USGS recommended procedures were followed, using the two-point method in
measuring the velocities at 20% and 80% of total water depth of the canal cross-section
(USBR, 2001).

Calibration of Vertica Gate Opening vs Actuator Position and Data logger Input The
control range of the actuator (4-20 mA) was set to 0-100% scales, which corresponds to
0-5 ft of gate opening. The gate was then operated to different vertical opened positions
based on a graduated input percentage set in the data logger during both the opening and
closing to the gate. The chosen gate positions were every 0.5 ft of theoretical vertical
opening. At each percentage, the actual vertical opening of the gate and the position of
actuator were measured.

Flow Estimation

The submerged orifice flow eguation was chosen to establish a head-discharge
relationship for the Bryan radial gate. This equation is derived from the general
Bernoulli equation used to estimate flow through an underflow gate, and is applicable to
radial gatesin case of slow and very submerged flow (Ghetti, 2006), which may be
written:

Q=axLx*Cyx2%gx(hy—hy) (1)

Where:

Q = discharge

Cq = discharge coefficient
a = gate opening

L = gate width

g = gravitational constant
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h; = upstream level
h, = downstream level
h; - h, = head differential (Fig. 4)

As suggested by USBR (2001) and Buyalski (1983) “approaching flow should be
tranquil...10 average approach flow widths of straight, unobstructed approach are
required.” The old gate structure might therefore have slightly affected the accuracy of
results.

In this study, Equation (1) was fitted to the measured flow datain order to calibrate the
gate. To evaluate the accuracy of flow calculated with Equation (1), we used the
coefficient of determination (R?) for the regression functions on all data, and the relative
sample standard deviation for individual events. In the latter case, we treated the
calculated flow and the measured flow as two samples from a population normally
distributed, with the goal to calculate the error on estimating the real flow with the two
methods, calculated as:

1] 1 N
== |—_— o ¥)2
s fJN—lzm(x' %)
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Where:

s = relative sample standard deviation
N = number of samples

X = sample

¥ = mean of all samples

RESULTS

Current Meter vs. Doppler Meter Flow Verification

Maximum measured flow reached 116 cfs and avelocity of 1.7 feet/second, which was
well under the Argonaut-SW factory accuracy limits. In al tests carried out the average
flow rate measured with the Argonaut-SW was 3% less than the average flow rate
measured with the current flow meter. The Argonaut data was therefore corrected
according to the finding.

Calibration of Vertical Gate Opening vs Actuator Position and Data L ogger | nput

Actuator position signal vs gate opening The correlation between actuator position signal
and gate opening differed depending upon whether the motion was set upward or
downward. So, at a given actuator position the gate opening was greater when the gate
was operated upward compared to downward (Fig. 5). This hysteresis phenomenon
accounted for up to 0.1 ft difference, corresponding to about 4.4 cfs. Data from two
measured series of observations on upward and downward motion were fitted by 2™
degree polynomial regression. Both equations are used depending upon whether The
identified equations were used to convert actuator signal into gate opening.
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Fig. 5. Hysteresis identified between Actuator position and Gate opening: @) full gate

opening range; b) detail for observed gate opening range.

Datalogger input percentage vs Actuator position The correlation between gate opening

input percentage and actuator position reading differed depending whether it was moving
upward or downward. So, at a given gate opening input percentage the actuator position
reading was lower when the gate was operated upward compared to downward (Fig. 6).
This second hysteresis phenomenon was up to 0.5 mA, corresponding to 0.16 ft, and to
7.1 cfsin average. Thus, for gate calibration, the actuator readings were used instead of

the data logger input.
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Fig. 6. Hysteresis identified between datalogger input and actuator position.

Calculated and M easur ed Flow Rate
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The radial gate was completely closed every Friday, except twice in the second half of
February. There were an average of about four gate movements per week greater than 2
inches, mainly Monday through Wednesday, and the maximum observed opening was
1.5 feet. Downstream level was, in the average, one (1) foot lower than the upstream
level, and such that flow conditions were always submerged. Table 1 summarizes the
range in conditions that were observed.

Table 1. Range in conditions that were observed.

Parameter Abbreviation | Max | Average | Min
Opening (ft) a 1.5 0.5 0.0
Upstream level (ft) h; 7.0 54 3.9
Downstream level (ft) h, 54 4.2 2.2
Upstream level - Downstream level (ft) h;-h, 2.8 1.2 0.0

The calibration process proceeded as follows. First, Equation (1) was re-written with the
values corresponding to the dimensions of the radial gate:

Q=ax10xCy*/2 32174 % (hy — hy)

3
Where:
Q = discharge,
a = gate opening,
h; = upstream level,
h, = downstream level.

Next, by trial and error, we selected values for C, and solved Equation (3) until the
cumulative flow converged with the measured values. A single discharge coefficient Cq
=0.71 wasfound to be able to predict all events, and matched measured flow with an
average error of 3.2 % (Fig. 7).
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Figure 7. @) Gate opening and water level upstream and downstream the gate;
b) Comparison of calculated flow and measured flow.

The relation between individual events of measured and cal cul ated flow was well fitted

by alinear regression function, as shown in Fig. 8. By comparing these events before

hysteresis correction, we were able to identify two separated groups of data
corresponding to opening and closing motion of the gate (Fig. 9). The linear regressions
fitting the two groups of data were tested for parallelism, and the slopes resulted
statistically different from each other.




Flow Calibration 99

v | /
o T 5
g % 3
30
g .
5 o 4
S 1 - =}
o > B
@ 10 & =
O A y=1.0773x- 2.2102 = y = 0.9927x +0.0047
1 cnglllr - R2=0.9943 o R2=0.9999
-10 : — % 3
-10 10 30 50 70 & 3 4 5
M easur ed flow (cfs) Doppler water level (ft)
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Figure 9. Identified groups of data corresponding to opening and closing motion of the
gate by comparing calculated vs measured flow before correction for hysteresis.

CONCLUSIONS

The gate was calibrated for flow by inputting data on gate position and head differential
across the gate into the submerged orifice equation. The coefficient of discharge (Cq)
was adjusted to 0.71 in the equation for the total calculated flow to match the total
measured flow of the doppler flow meter. A good correlation was found between each
calculated flow event (every 30 minutes) and the corresponding measured doppler flow
data. This correlation was described by alinear regression with slope equal to 1.08 and a
R? equal to 0.994.
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The doppler flow meter (Argonaut-SW) was very useful in the process because of the
high accuracy and large amount of data obtained in a short period of time. The curve
obtained is only valid for the flow conditions observed in this study. Such conditions
were:

1) gate opening <1.5 ft;

2) gate always under submerged flow condition, with downstream level >2.2 ft,

with maximum head differential 2.8 ft;

3) maximum flow 68.9 cfs.
Further calibration is needed for other ranges of flow.

A problem of hysteresis was identified in the gate position management. Thiswas dueto
adifference between input and out signals to and from the actuator, and between the
actuator signal and the real gate opening. While the former was not a factor in the flow
calibration process because only the output signal of the gate setting was used, the latter
required the use of separate equations to convert actuator signal into gate opening
whether the motion was upward or downward.
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CONSIDERING CANAL POOL RESONANCE IN CONTROLLER DESIGN

Albert J. Clemmens'

ABSTRACT

The Integrator-Delay (I D) model (Schuurmans et al 1999) is a simple model of canal
response that is used for design of various canal controllers. It describes the change in
water depth at the downstream end of a canal pool as a function of flow changes at the
upstream and downstream gates. Canal pools are characterized by a Delay time and a
backwater surface area (Integrator). This model works very well for canal pools where
water is flowing under normal depth conditions for a portion of the length, or where there
are drops. For canal pools where the upstream flow depth is influenced by the
downstream flow depth (that is, where canal pool is under backwater) the ID model often
does not properly represent the water-level response. Changes in gate flows often cause a
step change in water level. Schuurmans (1997) and Miltenburg (2008) propose the use of
filters to account for this step change (ID-F), where the filter effectively causes a delay in
response. Litrico and Fromion (2004) proposed the IDZ model, where a gate flow change
causes a step change in downstream water level, after which the water level response
follows the integrator of the ID model. The IDZ model does not fully account for
resonance. An IDZ model with Filtering (IDZ-F) is proposed to account for additional
resonance. In this paper, we compare the resulting water level response when the ID-F
and IDZ-F models are used to design canal controllers for canal pools under backwater. It
is shown that controllers designed with the IDZ-F model provide slightly better control
than when designed with the ID-F model, although differences are not significant.

INTRODUCTION

Canal controller design requires a mathematical model of canal pool response. Most
canal control methods rely on a linear model of canal pool response. Schuurmans (1997)
suggest that there are two types of canal pools: 1) pools in which flow is governed by
normal depth for some length at the upstream end and under back water at the
downstream end and 2) pools which are entirely under backwater. For 1), Schuurans, et al
(1999) propose the use of the Integrator-Delay (ID) model to describe canal response.
The ID model determines the response of the water level at the downstream end of the
pool to changes in gate discharge at either the upstream or downstream end. Resonance is
usually not a problem for this type of canal pool. The model has two parameters: a delay
time, 1, generally associated with the section under normal depth, and a backwater
surface area, A, which functions as the integrator of the flow change. Clemmens and
Schuurmans (2004) use state-transition equations to describe the ID model and then use
Linear Quadratic Regulator (LQR) design to develop canal controllers. For 2), Litrico and
Fromion (2004) propose the Integrator-Delay-Zero (IDZ) model to predict the water level
response associated with canal pools under backwater. They use the same integrator and
delay as in the ID model. The Zero essentially describes the influence of the celerity

! Center Director, U.S. Arid Land Agricultural Research Center, USDA/ARS, 21881 N. Cardon Lane,
Maricopa, AZ 85138 bert.clemmens@ars.usda.gov
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wave on the water level response. The purpose of this paper is to develop state-transition
equations for the IDZ model and to compare canal controllers developed with the ID and
IDZ models (with filters).

ID MODEL

The ID model assumes the water level at the downstream end of a pool responds linearly
to changes in flow from steady state. It assumes immediate response to downstream flow
change and a delayed response to upstream flow change. The ID model in continuous
form is:

yj(t):yj(o)_% tS’l:j
3 (1)
y_/(l) = yj(O) + ¢ Z?Qj_l - tfj t>7

J J
where y is water depth at the downstream end of a pool, Q is discharge, j represents the
pool number and the gate at the downstream end, ¢ is time, 7 is the delay time for a wave
to travel from the upstream to the downstream end of a pool, and 4 is the backwater
surface area of a pool.

A discrete form of the ID model is:
At
By, (k1) = Ay, () = 2 AQ, (k)

J

&y, (k1) =8y, () + 510,00, (0)+ 8, A0, (k=1 +..1- =140, () 1T

tSTj

2)

where A represents the change in conditions over one time step, Az, and ¢ are weighting
coefficients that describe the water level slope change at each time step. The ¢
coefficients for any pool j sum to one. If a delay time falls in the middle of a time step, a
portion of the water surface slope (and associated water level increase) occurs. The rest
of the water surface slope is added at the next times step so that future water level slopes
match the ID model slope (AQ/A4). The follow expression defines the ¢ terms for any pool

J:

7=0 =1 ¢=0 ¢,=0
_(At-17) _T _
0<T<Al ¢°_—At ) Ar ¢, =0
B _(2At-7) _ (t—At) _ 3
At<T<2At  @,=0 b= b= 4 0 .. 3)
QAt<T<3At  $,=0 ¢ =0 ¢2:M ¢3:w $,=0

At At
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Figure 1. ID model in discrete and continuous form does not display resonance. The

fit for canal pool CD-12. Step change in upstream ID model shown was fit by trial
discharge. and error. Changes in cross

section with depth cause the
model to deviate from the simple ID model. The water level shown is for canal pool CD-
12 at the Central Arizona Irrigation and Drainage District (CAIDD), Eloy, AZ. The pool
has a bottom width of 4 ft, side slopes 1.5:1 (horizontal to vertical), slope 0.0012 m/m,
length 3025 ft, a downstream set point depth of 5.05 ft, and a capacity of 110 cfs. The
flow change was 5.5 cfs, and the backwater area was 0.346 ac. The ID discrete model in
Figure 1 shows the water surface slope which is initially shallower than the ID model
because of the discrete data points used (i.e., every 10 minutes). The change in slope is
reflected by values of ¢. The delay time, t, for this model is 7 minutes, giving ¢o = 0.3
and ¢; = 0.7. Thus the initial slope of the response curve is 0.3 times the slope of the ID
model.

ID-F MODEL

In canal pools under backwater, the dynamic wave created from an upstream flow change
arrives suddenly at the downstream end, causing a sudden change in water level there.
This can cause difficulty with water-level controllers. Schuurmans (1997) proposed the
use of proportional-integral (PI) controllers with filtered water levels (PI-F) to assure
control stability. This is currently the primary method for dealing with resonance in the
design of canal controllers. A linear filter is used where

yik)y=Fy (k=)+A-F)yk) (4)
where y((k) is the filtered water level at time step k and F is the filter constant. The filter
constant is determined from

F =l (5)

where T;is the filter time constant and 7 is the time step for water level sampling. For
Schuurman’s (1997) PI-F controller based on the ID model, 7ris found from

AR,
T, = |—~ (6)
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where R,, is the resonance peak height, o, is the resonant frequency. The resonant
frequency is 2 divided by the time for a wave to travel the length of a pool and back.
Any disturbance in a canal pool causes a wave. These waves travel at the speed of
celerity

c=4gD (7)

where g is the acceleration of gravity and D is the hydraulic depth (area divided by top
width). The wave travel time can be estimated from

L L
+

v+e v—c ®)
where L is the pool length, v is the average flow velocity, 1, is the time for the wave to
travel to the downstream end, and t,, is the time for the wave to travel to the upstream
end. Then o, = 2x /1..

T =7 _+7, =

The filter causes a delay in the water level response, which can be estimated from
__k
tdelay - q T; (9)

For controller design, this delay time is added to the ID model time delay. The filter
constant computed above based on Eq. 6 is for Schuurmans’ PI-F controller, and may or
may not be appropriate for other controllers.

Figure 2 shows the simulated (Sobek 2000) downstream-water-level response in a pool
for a step increase in flow at the upstream gate. This canal pool clearly shows resonance.
The ID model is fit to the long-term response. The oscillations of the water level around
the ID model line indicate resonance. The response in Figure 2 is for pool CM-1 for the
Central Main Canal of CAIDD, which has a capacity of 900 cfs, bottom width 12 ft, sides
slopes 1.5 to 1 horizontal to vertical, length 17,119 ft, slope 0.00013 ft/ft, downstream
water level set point depth 11.0 ft. The step change was 35.3 cfs.
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Figure 2. IDZ model in discrete and continuous form for canal pool CM-1 at a) 20% and
b) 50% flow. Step change in upstream discharge.
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IDZ MODEL

Litrico and Fromion (2004) proposed the IDZ model to account for the sudden rise in
water level that occurs for pools which are under backwater, as shown in Figure 2. They
developed a set of frequency-based relationships to describe the IDZ model. A time-
based version in continuous form is:

t
yj(t):yj(o)_(A__i_pzzJQj =7+
J

(10)

1-7,-7, ¢ t>7ty
y,(0)=y,;(0)+ A—+p21 O - A_+P22 0,
; ,

J
where ;; is the wave travel time through pool j (Trd in Eq.8), and p»; and p»; are the
transfer function for the sudden change in downstream water level for a change in
upstream and downstream flow, respectively.

The height of the water level above the ID model line in Figure 2 (i.e., the first cycle) is
an indicator of the resonance peak, although a higher wave would result if the input
(upstream flow change) were cycled at the resonance frequency. The IDZ model response
shown in Figure 2 was computed with equations for p»; and p», from the Litrico and
Fromion (2004). Note that for the lower flow rate, the peak height was under predicted.
(This is not unexpected. Litrico 2010, personal communication). And this model over-
predicts long-term changes in water level response. I also found that the estimates for this
step height were very sensitive to estimates for the downstream water surface slope. Thus
I decided to determine py; and p,; based on matching the ID model, and then account for
the additional resonance with a water level filter, as in the ID-F model. This approach can
be considered a filtered IDZ model, or IDZ-F.

IDZ-F MODEL

For step changes in upstream discharge, we assume that the IDZ-F model steps up to the
ID model line when the wave arrives. The step height is thus

T,
Ay (step) =A—’AQj (11)
J
Thus py; =1, /A. For a change in discharge at the downstream gate, the solution is less
obvious. If we assume that the backwater area equals the pool length times the top width
(Aj=L; B;) and that celerity is much larger than the average velocity (z.; = Li/c;)
substituting these relationships into Eq. 11 gives

AQ,
Ay, (step) Be, (12)
(This matches the solution for p,; by Litrico and Fromion (2004) for a Froude number of
zero.) Figure 3 shows simulation results (Sobek 2000) where a step change in
downstream discharge of 17.2 cfs (0.5 m’/s) was made in pool CM-1. Initial flow was
450 cfs (50% of capacity). The value of the step change computed for p,, from Litrico
and Fromion (2004) was 0.0272 ft. Eq (12) gives 0.0269 ft. The initial drop in level is
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well predicted (Figure 3). For simplicity, we can use Eq. 11 for changes in either the
downstream or upstream gate.
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A discrete version of the IDZ-F model is:

A
ij(k+1)=ij(k)—{ o T Z’JAQ (ky+2 A0, (k=1) t<t;+7y

J ]

1>7+y

Ay;(k+1)=Ay, (k)+ [¢0]AQ_1(k)+¢1,AQ,1(k D+..] (13)

At+7, T,
~| = A0, (k) +~LAQ, (k1)
4, 4,

The last term in the first of Eq. (13) brings the water level slope back to the ID model
after the initial shock from moving the downstream gate. The filter delay is included in ;.

The following equation defines the ¢ terms for the IDZ-F model for any pool j. This
version of the IDZ-F model is essentially a piece-wise linear model of dy/dt over time,
where the response over the duration of one time step is linear. The functions described
by ¢ essentially changes dy/dt. The slope dy/dt returns to the simple ID model after the
step increase.

rf+r:0 =1 ¢=0 ¢,=0
(At—71) T
O<7,+7<At = =— =
f ¢0 At ¢1 At ¢2
(At —7) (- A1)
(3At—1) (t—-2A1)

QN<T,+T<3N ¢,=0 =0 ¢,= @ =

=0
At At Z
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Figure 4. IDZ-F model in discrete and continuous form fit for canal pool CM-1 at 50%
flow. (Filter time delay not shown).

Eqgs. (3) and (14) are very similar. The only difference is that 1,; influences the time step
in which the step increase in water level occurs, while 1 has essentially the same
influence as in the ID model. A large difference occurs if 1, is large. Values of the first
non-zero @-term can be larger than unity, but the second non-zero ¢-term is then negative
to bring the sum back to unity, which brings the water level slope back to the ID model
slope. An example of the step change for the discrete IDZ-F model (without filter delay)
is shown in Figure 4, for the same scenario as given for Figure 2.

CONTROL EXAMPLE

The details of the Central Main Canal, the delay times and the filter constants are
presented in Clemmens and Strand (2010). The parameters for the ID model were
determined from steady-state simulation with Sobek (2000). For the ID-F model, filters
were designed with the procedures of Schuurmans (1997). The filter delay for the ID-F
model response was 14 minutes for all but pool 3, which had a delay of 8.7 min. For the
IDZ-F model, we used a much smaller filter, essentially for antialiasing, with a 4.4
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Figure 5. Water level response to upstream flow changes for pool CM-1 at 50% flow.
a) Filtered water level and delayed ID-F model (14 minute delay) and
b) Filtered water level and delayed IDZ-F model (4.4 minute delay).
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minute delay. Figure 5 shows the approximate match between the filtered water level for
pool CM-1 and the ID-F and IDZ-F models. These models fit the filtered water levels

pretty well.

Downstream-water-level controllers were developed with the procedures of Clemmens
and Schuurmans (2004) with either Egs (2) and (3) for the ID-F model or Eqgs (13) and
(14) for the IDZ-F model. Controller tuning (i.e., tradeoffs between water level deviations
and flow rate changes) was the same for both. Steady flow was established, and a turnout
in pool CM-5 was suddenly increased by 17.6 cfs (0.5 m’/s) without knowledge by the
controller. Figures 6 and 7 show the water level response for these controllers. Overall,
both controllers performed well. The controller designed with the IDZ-F model had a
smaller deviation in water level than ID-F. However, the difference was not great. This is
expected, since this controller had the most mechanistic response and shorter filter
delays. Deviations in neighboring pools differed somewhat in which controller responded
better. A more careful analysis of filter constants and tuning would be required to give a
more definitive comparison.
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Figure 6. Response of water level to disturbance in pool CM-5: controller designed from
ID-F model. (14 minute filter delay).
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Figure 7. Response of water level to disturbance in pool CM-5: controller designed from
IDZ-F model. (4.4 minute delay)
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SYNTHETIC CANAL LINING EVALUATION PROJECT]
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ABSTRACT

Irrigation districtsin the Lower Rio Grande Valley of Texas have been experimenting
with an assortment of synthetic canal lining materials, looking for more cost-effective
methods for rehabilitating old, deteriorating canals. The synthetic canal lining materials
are showing promise, but little information exists on the relative performance between
different products. In 2005, we initiated a program to track the long-term effectiveness
and durability of these lining projects and to document the damage caused by such factors
as UV damage, animal traffic, intentional and unintentional vandalism. A summary of
our results from the first four years of inspections are presented. Inspections for the
linings are currently being updated for 2009-2010. Additionally, this paper provides
documentation on canal lining installation and maintenance procedures, along with
suggested considerations when planning alining project. This paper also discusses future
collaborative efforts underway for the testing and evaluation of synthetic canal liners.

The best performers were the two types of synthetic liners (PV C and polyester) with a
protective barrier of shotcrete, which have shown no problems to-date. The noticeable
difference between the two types of liners was the ability of the polyester to hold the
shotcrete in place on the canal sidewalls. The PVC liner required an additional support
system using awire mesh overlay serving as the attachment between the material and the
shotcrete.

The performance of synthetic liners without a protective barrier varied dramatically. One
important factor was the location of the project. Linerslocated in high traffic areas
(people and animals) showed significantly more damage than those installed in remote
areas. The PVC aloy isthe toughest of the 4 linersinstalled without a protective barrier,
ismore difficult to cut and less likely to be damaged by unintentional vandalism. We
also observed that liners carelessly or improperly installed were more susceptible to
intentional and/or unintentional damage.

INTRODUCTION

Water Losses from irrigation canals can be significant, and water districts are looking for
more cost-effective methods for rehabilitating old, deteriorating canals other than relining
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University, College Station, Texas 77843-2117; eleigh@tamu.edu

? Extension Associate, Department of Biological and Agricultural Engineering, 2117 Texas A&M
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with concrete or replacement with pipelines. Synthetic canal lining materials are
showing promise as an alternative to more costly methods, but little information exists on
the relative performance between different products, or on installation and maintenance
procedures needed to ensure long life.

Since 1999, irrigation districts in the Lower Rio Grande Valley of Texas have been
experimenting with an assortment of canal lining materials. 1n 2005, we initiated a
program to track the long-term effectiveness and durability of these materials and to
document installation and maintenance procedures which will help ensure good
performance. Each lining project was inspected multiple times to document the effects of
such factors as UV damage, animal traffic, intentional and unintentional vandalism, and
normal irrigation district operational and maintenance activities. A summary of the
results from the first four years of inspections are presented in this report.

MATERIALSAND METHODS

Lining Materials

Six different lining materials have been installed in seven irrigation districts of the Lower
Rio Grande Valley of Texas. Table 1 providesalist of material types and generic
descriptions of each. Unlike the other materials, the polyurethane was manufactured on-
site during installation using specialized equipment. The locations of the lining projects
are shown in Figure 1. In 1999, Hidalgo County Irrigation District No. 1 initiated a
program that included four types of linersinstalled in 27 segments.

Table 1. Description of each lining material’s composition.

Material Description

Polyester with A geocomposite consisting of two layers (top and bottom) of 8 oz/yd?
protective barrier nonwoven polyester bonded to an olefinic copolymer geomembrane, 20
mil thick. The protective barrier consists of 2-3 inches of shotcrete.

PVC with Non-reinforced Poly Vinyl Chloride (PVC). The protective barrier

protective barrier consists of awire mesh with 2.5 inches of shotcrete.

Polypropylene A reinforced polyester scrim 16 oz/yd? between polypropylene layers,
24 mil thick.

PVC Alloy A polyvinylchloride blend, reinforced with a polyester scrim, 40 mil
thick.

EPDM Rubber A non-reinforced EPDM (ethylene propylene diene monomer), 45 mil
thick.

Polyurethane Two layers of 3-0z/yd?, heat-bonded, non-woven geotextile saturated

with liquid polyurethane, 40 mil thick.
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Evaluations and Site | nspections

During each site inspection, projects were given a condition rating ranging from
“excellent” to “serious problems’ as defined in Table 2, and photographs and other
information were collected to document observed problems. Our origina plan wasto
conduct inspections every six months. However, little change was observed over this
time period, and succeeding inspections took place annually as follows:

e February 2005

e September 2005
e September 2006
e December 2007

Conducting inspections during the winter months when water levels tend to be the lowest
have proved to be the most effective.

Table 2. General performance ratings for canal liners.

Rating Definition
Excellent 0%: no damage and no maintenance required
Good 0 — 5%: mild damage to top anchor and canal interior

1 to 2 significant repairs needed per year

Fair 5 —20%: mild damage to top anchor and canal interior
3 to 5 significant repairs needed per year

Poor 20 — 50%: mild damage to top anchor and canal interior
6 to 10 significant repairs needed per year

Serious Problems 50 — 100%: mild damage to top anchor and canal interior
10 > significant repairs needed per year

Note: Percentages are based on the linear length of the lining project

Seepage L oss Tests

Before and after seepage |oss tests were conducted for Project #5 in Figure 1 using the
ponding test method. In this method, earthen dams are constructed at either end of the
test segment. The test segment is then filled with water, and the rate and total water
losses are measured over a 24-48 hour period (Leigh and Fipps, 2009). The time-line for
these tests was as follows:

e pre-lining test - September 2002
e lining project completed - October 2004
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o first post-lining test - November 2004
e second post-lining test - July 2005.
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Figure 1. Lining Projects by Material Type

RESULTSAND DISCUSSION

The results of our evaluations are summarized in Table 3. Projects are grouped into
lining projects with a protective barrier and projects without a protective barrier.

Without question, liners with a protective barrier performed the best and have required no
maintenance, while the performance of the liners without a protective barrier has varied
significantly.
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Table 3. Range of the performance rating results by lining material

Material No. of Projects I/ﬁtlzls Rating

with a protective barrier

Polyester with 4 14.47 Excellent

PV C with shotcrete 1 2.61 Excellent

without a protective barrier

Polypropylene 2 0.36 Excellent to Good
PVC Alloy 3 0.05 Excellent to Good
EPDM Rubber 8 2.04 Excellent to Serious
Polyurethane 9 1.42 Excellent to Serious

Linerswith a Protective Barrier

The best performers were the synthetic liners with alayer of shotcrete. Thissystemis
effective as the liner reduces seepage losses dramatically, while the layer of shotcrete

prevents damage to the liner. Five projects extending over about 17 miles were

implemented using this system with two different liners: polyester and PVC. The

protective barrier consisted of 2 - 3 inches of shotcrete as shown in Figure 2.

To-date, these projects show no evidence of problems and have required no maintenance.

No difference in performance was observed between the two types of liners. Hairline

cracks developed in the shotcrete on a small stretch of Project #5, but no related problems

have been observed.
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Figure 2. Polyesfer canal liner with a 3-inch protective barrier

An important consideration with this system is the ability of the shotcrete to adhere to the
liner. The polyester liner has arough surface to which the shotcrete readily adheresto,
while surface of the PVC liner is slick, and a wire mesh must be used.

In seepage loss tests, we found that this lining system reduced seepage |osses by 94%
after eight months (Leigh and Fipps, 2006). Details are asfollows:

e beforelining, lossrate = 1.36 gal/ft’/day (134 ac-ft/mi/yr)
e one (1) month after installation, loss rate = 0.27 gal/ft*/day (24 ac-ft/milyr)
e eight (8) months after installation, loss rate = 0.09 gal/ft?/day (8 ac-ft/mi/yr)

Linerswithout a Protective Barrier

The performance of the liners without a protective barrier has varied significantly.
Exposed liners are obviously more susceptible to damage caused by UV light, animals,
and vandalism, as well as damage caused by the districts mowers and maintenance
activities. However, the amount of damage varied by the location of the project. Liners
in remote areas have performed much better than those in urban or high traffic areas.

Installation and maintenance of the liners also appears to explain some of the variation in
performance of these projects as discussed below. Another consideration with exposed
linersisthe potential damage that machinery can cause during normal district mowing
operations and while cleaning out aquatic vegetation and sedimentation (Figure 3).
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Figure 3. Aquatic vegetation and sedimentation clogging afarm outlet pipe

In general, of the four types of materials, the polypropylene and PV C alloy liners have
been more durable and have experienced less damage. The performance of the other two
liners, EPDM rubber and polyurethane varied significantly. While some projects are still
in excellent condition, others have serious problems or have failed completely. Details
are discussed below by type of liner.

Polypropylene In two lining projects, polypropylene was applied on existing concrete
canals. To-date, these two lining projects are in excellent condition, with no visual
damage. Yet, for one of these projects, we have concerns with the large amount of
wrinkles which occurred during installation. Wrinkles can reduce water flow, accelerate
sedimentation, and provide loose material that can easily be damaged.

For the project shown in Figure 4, concrete sections approximately 1-foot wide were
poured on top of the liner at a spacing of 500 feet. The rational is that the concrete
sections will help keep the liner in place and provide access points for sediment removal.
Our conclusion is that long-term evaluation is needed to determine if such sections are
useful for these purposes.
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Figure 4. Concrete sections poured to of apolypropylene liner

PV C Alloy Three short sections of PVC aloy wereinstalled in 1999, ranging in length
from 38 to 148 ft. This material has performed well, requiring little maintenance, with no
major damage observed. However, cuts and tears have occurred in the exposed area of
the liner (Figure 5) which could develop into larger problemsif not taken care of ina
timely manner. The overall performances for these small test segments are excellent to
good.

EPDM Rubber The performance of the eight projects using EPDM rubber has varied
significantly. Two projects are in good to excellent condition, while the remaining six
ranges from fair condition to serious problems, with one totally failing. EPDM rubber is
very susceptible to vandalism and punctures caused by animals. It also appears that
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many cuts and tearsinitially occurred on the exposed areas where there is the most
human and animal traffic (Figure 6). Unlessrepaired in atimely manner, these tears may
lead to increasing amounts of damage (Figure 7).

Figure 7. A rubber liner damaged possibly due to vandalism

Polyurethane During 1999 - 2000, nine short sections were lined with polyurethane,
totaling 1.42 miles. The current condition of these projects varies from excellent to
serious problems, with one section atotal failure. Observed problems include the liner
falling off the canal walls which was likely caused by a combination of severe UV
damage (Figure 8), material defects, and vandalism. In some segments, the top layer of
the material has peeled off, while in others, the entire liner has worn off (Figure 9).
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Unlike the other liners, the polyurethane was manufactured on-site by specialized
machinery, and requires that the chemicals used to be properly handled. Several
problems occurred during its manufacture and installation, including inconsistency in
product thickness, which may account for the large variation in performance. In addition,
little to no maintenance has occurred since installation.

The location of the section does not appear to be afactor. For example, projects 17, 18,
20, and 21 are al continuing test segments; while projects 17 and 21 are in excellent
shape, projects 18 and 20 have serious problems.

Figure 8. Polyurethane liner is shown hanging off the canal wall.



Synthetic Canal Lining 121

Figure 9. Residue left from a deteriorated polyurethane liner

CONSIDERATION WHEN PLANNING NEW LINING PROJECTS

The installation procedures and equipment requirements vary from material to material,
with details avail able from each manufacturer. Proper installation and maintenance is
necessary for avoiding or reducing problems that may contribute to accelerated
deterioration of the material.

Lining I nstallation

Important installation considerations include:

¢ the methods used to overlap and mend/seam the layers of lining material together

¢ the methods used for attaching the material to the canal walls, around structures,
and to the top of the levee (top anchor)

¢ thetotal width of the liner and extension on top of the levee in relation to the
normal and maximum operating depth of the canals

Liners need to be properly installed and stretched in order to prevent wrinkles. Wrinkles
not only look unprofessional, but make the liner more susceptible to damage. Glues,
liquid rubbersresin, tar and types of metal pins are used to secure the material around the
structures and at the joints (Figures 10).
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Figure 10. Glues being applied to the joints of a polyester liner.

In one of early lining projects, the liner size was not planned properly to overlap and
extend onto the top of the levee (Figure 11). Asseenin Figure 12, the operating depth of
the canal was higher than the top of the liner. The water eventually got underneath this

liner and caused it to float.

__-_-_.S'F'--

" Figure 11. Canal liner installed too low on the levee
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T

| igure 12. Water level higher than the canal liner inaIIed

Most damage has occurred on the exposed areas of the liner and top side walls of the
canal. Figure 13 shows a cut made with a sharp object (probably intentional vandalism)
verses Figure 14 could have been a case of unintentional vandalism. In areas where kids
are playing, swimming in the canals, or being mischievous, intentional and unintentional
vandalism will occur. Vultures have been reported to pick at the seams on the EPDM
Rubber; animal hoofs can cut some liners.

Figure 13. Horizontal cuts likely due to vandalism on the cana sidewall
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Figure 14. Vertical cut or tear on canal side wall caused unintentionally

Use of a Protective Barrier

Whilethe initial costs of alining project using a use of a protective barrier such as
shotcrete are higher, these costs may be offset by the reduction in costs of maintenance
and repairs over the life of the project. Animportant consideration isthe ability shotcrete
to adhere to the liner. The polyester material has small fibers (similar to the harden side
of Velcro) to which the shotcrete will stick when sprayed on to the liner (Figure 15). On
the other hand, the PV C liner has a smooth texture to which the shotcrete will not stick,
and awire mesh needs to be used on the top of the liner to provide grip and added
reinforcement. This application also increases labor and cost.

12/19/2007

Figure 15. Shotcrete being sprayed onto the fibrous polyester liner
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M aintenance

A regular inspection and maintenance program is important so that repairs can be
completed on atime basis. Once atear or cut starts, it will tend to expand or be
susceptible to further damage until it isrepaired. Districts should consider having their
personnel trained to performed the repair and maintenance which sometimes requires
specialized equipment, and similar glues and adhesives used during the installation
process (Figures 16 and 17). Removing sediment from lined canals may be more
difficult due to the limitations of using heavy machinery, and may require increased
manual labor (Figure 18).
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CONCLUSIONS

The best performers were the two types of synthetic liners (PV C and polyester) with a
protective barrier of shotcrete, which have shown no problemsto-date. All five projects
using a protective barrier were rated with a score of excellent sinceinstallation. The use
of aprotective barrier can extend the life of the lining project by preventing inadvertent
damage and discouraging vandalism. The noticeable difference between the two types of
liners was the ability of the polyester to hold the shotcrete in place on the canal sidewalls.
The PVC liner required an additional support system using awire mesh overlay serving
as the attachment between the material and the shotcrete.

The performance of the synthetic liners without a protective barrier varied dramatically,
ranging from excellent to having serious problems. Some were found to be more
susceptible to such factors as installation problems, unintentional damage and vandalism.

Most of the damage to the synthetic liners occurred around the exposed areas of the liner
near the top anchor attachments and top side walls of the canal. If the damageis not
repaired in atimely manner, small tears can grow into larger ones. In general, exposed
synthetic liners need more frequent inspections and regular maintenance.

In conclusion, the initial costs of acanal lining project will vary depending on the type of
material and whether a protective barrier isused. For that reason, when planning a
project, especially in areas of high traffic (animals and pedestrians), the district should
consider if the short-term costs of adding a protective barrier will be more cost-effective
compared to the long-term costs that will be incurred due to maintenance and repairs
from the lining being damaged.
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FUTURE COLLABORATIVE EFFORTS

Collaborative efforts are underway to assess more geosynthetic cana lining materials.
Texas AgriLife Extension engineers and the Specialty Products division of Firestone are
demonstrating three reinforced geomembranes with Adams Garden Irrigation District.
The three lining materials included: 300 feet of Green TPO-R 0.060", 110 feet of Black
Reinforced EPDM 0.045”, and 160 feet of Black Reinforced fpp-R 0.045”. During
installation, the Extension engineers monitored and evaluated the installation techniques
and materials used. The joining methods of the materials and sections were done using
the overlap method and TPO QuickPrime tape along with a six inch wide standard
unsupported QuickSeam Coverstrip. Further testing methods are being assessed such as
tear and puncture testing methods used in the geosynthetic market today.
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ABSTRACT

The Prior Appropriation Doctrine formulated in early-day Colorado as a means of
appropriating water used primarily by the mining industry became the framework of
water law for most states of the western United States. Colorado has also been afront-
runner in establishing legal recognition of the hydraulic connection between surface
streams and the tributary aquifersin within stream basins. Colorado’s Water Right
Determination and Administration Act of 1969 was passed to integrate administration of
groundwater pumped from tributary aguifers with the administration of diversions from
surface streams. The impact of the 1969 act on well users was magnified by a 2001
Colorado Supreme Court ruling, (Empire Lodge Homeowner’ s Association vs. Moyer),
subsequent to which eastern Colorado water users that depend at least in part on
groundwater wells have faced a dramatic increase in requirements for measuring and
recording water flows.

A case-study is presented documenting an effort spearheaded by the South Platte Ditch
Company (SPDC) in northeastern Colorado with objectives of improving flow
measurement capabilities and of simplifying data collection and data management tasks.
After an initial season with two field sites, representing SPDC’ s first experience with
electronic flow monitoring equipment, the district quickly recognized that integration of
€l ectronic technologies represented a steep learning curve, and saw evidence that
significant mutual benefits could be realized if multiple small districts like themselves
(along with individual irrigators) could jointly establish and utilize awireless data
collection network.

A grant to fund a broader scale demonstration project was awarded to SPDC by the
Colorado Water Conservation Board (CWCB) in late 2005. The key objective of the
project isto enable water users to make water management decisions —including
augmentation of stream flows to offset depletions due to past well pumping — based on
real-time data. 1n the aftermath of the 2001 Empire Lodge ruling, well augmentation
requirements are being quantified based on “worse-case” projections using data whose
availability istypicaly lagged a month or more. Cooperating partnersin the
demonstration project include the South Platte Ditch Co.; shareholders of the Johnson
and Edwards Ditch Co.; the Lower South Platte Water Conservancy District; the
Colorado Division of Water Resources; US Bureau of Reclamation; Control Design Inc.
along with limited support of other water entities and equipment manufacturers.

! Hydraulic Engineer, US Bureau of Reclamation, USCID Member
2 Project Coordinator, Irrigator, Board Member of South Platte Ditch Company
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BACKGROUND

Colorado’s Water Right Determination and Administration Act of 1969 (1969 Act)
brought operation of wells pumping from tributary aquifers under the Prior Appropriation
Doctrine that is the basis for Colorado water laws governing diversion of water from
surface streams. The 1969 Act was passed in recognition of the hydraulic connectivity
between surface streams and alluvia aguifersin a stream basin whereby pumping of
wells with junior water rights creates injuries to senior surface water rights holders on a
time delayed basis. The 1969 Act called for well owners to secure water supplies that
could be used to augment surface flows to repair injuries “in time and in place” that
would otherwise be inflicted on senior water rights as aresult of well pumping.

As apotential augmentation supply, the idea of developing groundwater recharge systems
emerged. At times when available stream flow exceeded calls by established water right
holders, flows could be diverted from the surface stream and routed to a point it could be
allowed to percolate through the soil profile and “recharge” the alluvial agquifer. This
would have the effect of augmenting surface flow on adelayed basisin the inverse
manner in which well pumping depletes surface flow on a delayed basis.

The South Platte Ditch Company (SPDC) was a cooperative partner in a demonstration
pilot groundwater recharge project initiated in 1972. Other participants in the project
included the now defunct Groundwater A ppropriators of the South Platte River Basin Inc.
(GASP), Colorado State University (CSU), and the Colorado Division of Water
Resources, (CDWR). In acontinuation of the pilot project, SPDC eventually secured one
of the most senior recharge diversion rights along the South Platte River with a priority
date of 1974. During the early years of operation, return flows from the SPDC recharge
project that were projected to augment surface flow at times when surface flow was
insufficient to meet demands were leased to the GA SP organization on an annual basis.
SPDC irrigators who also operated wells enrolled their wellsin GASP to administer
augmentation needs. During this period, flowsin the SPDC recharge project were
documented using paper-chart flow recorders.

A 2001 Colorado Supreme Court Ruling, Empire Lodge Homeowner’s Association vs.
Moyer, (Empire Lodge Ruling) dramatically shifted how the 1969 Act would be
administered by the State Engineer’ s Office within the CDWR. Accounting for well
usage and the projected delayed injury to surface flows, along with the monitoring of
stream augmentation to repair well pumping injuries has subsequently been held to a
higher degree of precision both in terms of timing and location. A culture of accounting
for flows on amonthly or even seasonal basis lacked the type of data availability needed
to adjust rapidly to new operational constraints.

Wells that were able to remain in operation have done so for the large part by furnishing
augmentation supplies to meet “worse-case” scenarios by which —even in an unusually
dry year when greater than normal pumping might be required and when |ess than normal
recharge accretions and/or other augmentation sources might be available — the well
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owner could demonstrate the capability of offsetting any stream flow injury with
sufficient augmentation supplies.

Flow meters on wells are required to be recorded daily, but are reported monthly to the
Office of the State Engineer. Paper chart recorders are being replaced with electronic
dataloggers that record flow information in 15 minute intervals, but most of these units
require periodic on-site data downloads. The steep increase in data management tasks for
the State Engineer’ s office bears little resemblance to modest staffing increases. Asa
result there is atime lag on the order of months between the point in time at which a
piece of flow information is recorded and the time at which processed information from
the State Engineer isin the hands of the decision maker seeking to ensure hiswell is
appropriately augmented. Under this operating scenario, well depletions are typically
over augmented using projections generated from the most recent available — but a month
or more old — data. Progressive irrigation managers have recognized access to real-time
flow data as potentially a key aspect for long-term economic viability of irrigated
operations along the Colorado South Platte Basin.

PROJECT STARTUP

During the spring of 2005 an SPDC board member contacted an engineer at
Reclamation’ s Hydraulics Investigations and Laboratory Services Group (HILS) in
Denver seeking information on electronic flow measurement data collection equipment.
As ademonstration project, HILS agreed to install alow cost system that had been
developed in-house for an application at the East Bench Irrigation District in Montana.
The device which HIL S staff called the Continuous Flow Meter (CFM) was assembled
using a programmabl e logic controller with integral display module that was marketed as
a hobby robot controller.

An analog signal from any of arange of readily available electronic level sensors could
be linked to the controller and calibrated to measure water level. A simple program
written in a BASIC programming language would first apply calibrated slope and offset
constants to an equation to calculate water level. Thislevel value was then input into a
power equation with calibration constants appropriate for the flow measurement structure
at which the unit wasinstalled. A desired measurement time interval (i.e. 15 minutes)
input into the CFM program would trigger a measurement cycle. Once aflow rate had
been calculated, a volume increment was determined based on the measured flow and the
elapsed time from the previous reading. This volume increment would be added to a
previous running total value. With each reading cycle, the most recently measured flow
depth, flow rate, and total volume would be displayed on the CFM.

CFM unitswereinstalled at two locations on the SPCD recharge system to operate in
parallel with existing Stevens paper chart recorders. A key shortcoming of the CFM for
this application was the limited on-board memory which was insufficient for storing data
logged values. The State Engineer’ s requirement of logging flow values at 15 minute
intervals could not be met with this equipment. Approximately a month after installation
both CFM units were removed.
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DATA LOGGING AND TELEMETRY

During the same time frame the SPDC demonstration project was being initiated, HILS
engineers came in contact with Control Design Inc. (CDI) of Placitas NM. CDI produces
units that consist of a programmable logic controller coupled with a proprietary
communications modem plus a communications radio operating on UHF frequency.
Upon learning of the SPDC demonstration project, CDI offered use of equipment for two
field sites plus two office base units for the 2005 season.

The CDI programmable controllers are designed around radio communications operation.
All available on-board memory, including memory available for datalogged values, is
configured as Modbus registers. CDI worked with HILS engineers to develop aflow
monitoring program for the demonstration project. A software program provided by CDI
named Project 3 was installed on a Windows-based computer at a SPDC office site as
well as at the Lower South Platte Water Conservancy District (LSPW CD) in Sterling
CO. Project 3 can be configured to direct CDI base unitsto periodically poll field sites
and download accumulated logged data values. Retrieved datais then stored on the
computer hard drive in an Excel compatible .csv datafile.

CDI units were installed on the SPDC recharge system at the two sites where the CFM
units had previously been. Figure 1 showsthe installation at the original G2 flume. This
site marks the beginning of the reach of the Sandhill ditch for which SPDC receives
recharge credit for canal seepage losses. Figure 2 shows the Sandhill pond installation.

Figure 1. 2005 Photo of the SPDC G2 Flume

| ey e
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Figure 2. 2005 Installation at the SPDC SandhiIIPond Entrance

During 2005 operations, the CDI equipment provided a promising level of performance
with regard to performing on-site functions and in reliably performing data transmission
tasks. Performance of third-party level sensors on the other hand was somewhat
sporadic. The ultrasonic “down-looker” level sensors that were being used at both sites
repeatedly lost accuracy at temperatures approaching freezing.

Another system “snag” encountered during 2005 was related to attempting to collect data
at two office locations. The Project 3 software which is available for download from
CDI’sweb site was devel oped for systems with a single data-collection node. Asfield
sites were polled by an office base unit, Project 3 would reset the field units to write the
next datain theinitial Modbus register of register field designated for datalogging.
Unless a second base attempting to retrieve the same data did so before the subsequent 15
minute data cycle, or else some data registers would be overwritten. It was deemed
important for the CDWR or an entity acting on CDWR' s behalf (i.e. LSPWCD) to
receive direct transmission of recharge project field data. At the sametime, it was
important for SPCD to aso have real-time access to the field data to ensure that all fields
sites are functioning properly at any point in time.

Overall, SPDC recognized significant value in benefitsit could realize from electronic
flow monitoring coupled with areliable wireless data telemetry system. The limited-
scope of the 2005 demonstration project left SPDC interested in seeking a means of
extending the demonstration to develop aframework for a network that could potentialy
be beneficial for multiple water using entities in the area.
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EXPANDED DEMONSTRATION PROJECT

Following the 2005 irrigation season, SPDC board members that had worked closely with
the demonstration project approached two neighboring districts to see whether there
might be support for a multi-district effort to seek funding support from the Colorado
Water Conservation Board (CWCB). After receiving an affirmative response from the
boards of both neighboring districts, afunding proposal was submitted to the CWCB.
During the CWCB November 2005 board meeting, $100,000 in grant funding was
awarded to the project over athree year period.

Shortly after grant funding was approved the project encountered controversy. One of
the neighboring districts notified SPDC that they had decided not to participate in the
demonstration project. Issueslinked to the ramifications of the Empire Lodge ruling and
the subsequent demise of GASP represented a strain on resources of the district and of
individual shareholders. The other partnering district notified SPDC that some of their
shareholders had entered into an option agreement for sale of ditch company shares.
Those shareholders whom had entered the option agreement did not want wireless
monitoring equipment installed at sites owned by them or on district owned sites.

Following these developments, an agreement was negotiated with CWCB whereby the
scope of the CWCB-funded project would include monitoring locations within the SPDC
system, plus key control structures that SPDC planned to look at automated or remote
manual operating capabilities. In addition, willing shareholders in the Johnson &
Edwards Ditch Company (J & E) agreed to install radio/control equipment on wells
designated through water court as Alternate Points of Diversion to J & E surface rights,
and at recharge facilities owned by participating J & E shareholders.

Ironing out these controversies consumed considerabletime. A contract for the grant
funding was finally issued by CWCB in April 2007. At that point in time, CDI notified
project participants that the company was devel oping an upgraded product line that
would be specifically geared toward low energy consumption for solar charged
applications. In addition, the new product would be developed entirely “in-house” to
eliminate quality control issues CDI had been experiencing with circuit boards devel oped
for CDI by a contracting electronic design firm. New CDI units would not be available
till late 2007.

After weighing factors including comparative product affordability, the high level of
technical support that had been provided, and the “fit” of CDI product capabilities with
project operational needs led SPDC and J & E participants in the demonstration project
decide to delay start-up of installations with CWCB assisted funding until the new CDI
product line was in production. The first new units were installed in the fall of 2007 at
the SPDC main flume, and at the SPDC G2 and Sandhill Pond recharge sites.

A project task funded by SPDC was replacement of the G2 flume. The previous flume
was atrapezoidal flume constructed of sheet metal. The trapezoidal flume lacked lateral
support members and over time the sides had been pushed in to the point where
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calibrations for the “ as-fabricated” cross sectional geometry were no longer valid.
Additionally, backwater effects on the trapezoidal flume resulted in it operating under
excess submergence at flow rates commonly encountered at the site. A new ramp-type
long throated flume was constructed at G2 in September of 2007. Figure 3 showsthe
completed installation at the new G2 flume.
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Figure 3. New Ramp-Type Long-Throated Flume at the SPDC G2 Site

During 2008, radio/control equipment was installed at additional recharge sites on the
SPDC recharge system, and at one site on the J& E recharge system. A new base unit
was installed at the Lower South Platte Water Conservancy District (LSPWCD) officein
Sterling CO. CDI radio/control units were also installed on four J & E aternate point of
diversion wells. At al recharge sites, redundant recording devices arein place.

At the SPDC main flume and the J & E recharge site, Sutron Stage & Discharge Recorder
(SDR) unitsareinstaled. At the remaining SPDC recharge sites, Stevenstype F chart
recorders are installed. Both the Sutron SDR units and the Stevens type F recorders
utilize float and pulley type level sensors. In an effort to minimize variability between
recording technol ogies, multi-turn potentiometers were installed on the Sutron and
Stevens equipment to serve as level sensors for the CDI radio/control units.

Each of the J& E alternate point of diversion wells was already equipped with
McCrometer propeller meters. In order to provide electronic input signal for the CDI
radio/control units, pulse output modules were installed on the McCrometer meters.
Trandation of puslesinto flow rate was calibrated by starting with a McCrometer-
supplied “K” factor then comparing the electronic totalized flow with the totalized value
on the mechanical McCrometer over extended run time. The K factors have adjusted in
an effort to achieve outputs as nearly synchronized as possible.
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Level measurement accuracies are a point of focus. With the open channel sites, itisa
straight-forward task to identify slope and offset values for the electronic sensors (multi-
turn potentiometers linked to afloat & pulley apparatus). With these calibrated
constants, the radio/control equipment is able to make an accurate a determination of
water level, and in turn of flow within the accuracy limits of the flow measurement
structure. Thereis greater uncertainty in the monitored pump flow. Propeller meter
measurement accuracy is difficult to verify without installation of an independent flow
meter of known accuracy in series with the propeller meter. Thus the system being
employed on the J & E alternate point of diversion wellsis presently limited to the
unknown accuracy of installed propeller meters.

A potentiometer installed on a Stevenstype F recorder isshown in Figure 4. A kit
available from Stevens enables a multi-turn potentiometer to be installed in the gear
mechanism of the type F recorder. Otherswho have utilized this kit report that they
typically needed to reset the offset on the potentiometer every time a new paper chart is
loaded, as it is common practice to loosen the thumb screw that tightens the pulley to the
shaft it rotates to adjust the chart to the existing flow level. For this project it was
reasoned that by attaching directly to the pulley, the relationship between float elevation
and potentiometer rotation would remain constant despite these chart-setting adjustments.
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Figure4. A Pottiometér Mounted to a Stevens tioe

Record lley

After installing the pulley-mounted potentiometers, it became apparent that not only do
chart installers loosen the thumb screw for adjustments, lifting the beaded float cable off
the pulley is another commonly employed practice. SPDC has encountered repeated
instances of the potentiometer offset getting off a distance equal to one or multiple times
the distance between bead notches in the pulley after CDWR staff had installed new
paper charts. Presumably thiswill be a problem that goes away as CDWR develops a
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confidence level in the radio/control monitoring and telemetry system and agreesto
discontinue the redundant datal ogging using paper charts.

Figure 5 shows a McCrometer meter with pulse output module installed on awell
discharge pipe. The pulse output generator isinstalled at the base of the mechanical
meter. Installing this module requires a shaft extension for the mechanical meter as well
as longer screws to secure the mechanical meter to the meter base.

Figure 5. A Pulse Output Module Installed on aMcCrometer Meter at aJ & E Well
Despite the availability of on-site electrical power, all radio/control installationsin the
project are powered using solar charged systems. Thiswas done to eliminate the
potential of damaging surge voltage coming in through power supply lines. The CDI
radio/control units feature an on-board charge controller to maintain battery voltage
within an appropriate range.

In addition to the flow monitoring and logging functions the radio/control units are
currently performing, they may be programmed to perform expanded functionsin the
future. The capability exists to perform tasks such as monitoring of pump panel fuses,
panel or motor temperature, timed startup and/or stoppage of the wells, remotely
controlled well startup or stoppage, etc. Figure 6 shows the radio/control unit installation
at aJ&E well site.
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Figure6. A CDI Radio/Control Unit Installed in the Pump House Shown in Figure 5
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FLOW CONTROL

During 2009, the first gate automation site was added to the SPDC demonstration project.
A lateral that serves approximately one-third of SPDC acreage, referred to asthe
“Company Lateral”, branches off near mid reach of the main SPDC canal. Flow entering
the Company Lateral is controlled by avertical ide gate. Lateral flow ismeasured at a
flume located approximately 70 yards below the gate. The gate is automated to maintain
atarget flow rate. CDI radio/control units were installed at both the gate and flume sites.
The flume unit reads the water level and calculates aflow rate every 60 seconds. The
gate unit calls the flume site to obtain current data and determines whether or not a gate
adjustment is called for at 3 minute intervals.

The gate was previously operated by turning a hand-wheel about a threaded rod attached
to the gate leaf. A chain drive system was installed to motorize the gate. The rim of a50
tooth sprocket sized for #50 roller chain is attached to the underside of the gate hand
wheel. A 20 rpm gear drive 12 volt DC motor with a 12 tooth sprocket is mounted to the
top of the gate frame. Gate position is monitored using a multi-turn potentiometer linked
to a gear that engages in the gate stem threads. Limit switches are installed to interrupt
the motor circuit as aredundant safety limit to software limits programmed into the
control unit. Figure 7 shows the Company Lateral Gate with motorization equipment
installed.
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Figure7. Gate Automation Equi pent at SPDC Company Lateral Headgate

SPDC may adjust the gate by multiple means. A new target value may be entered at the
District office using a PC linked to the base radio unit. SPDC also has amobile
radio/control unit marketed by CDI asthe “Ditch Rider Unit”. Following on-screen
prompts and providing inputs using the six button keypad, the ditch rider can check
current conditions and/or enter anew target value from his pickup. While on-site, anew
target may be input following on-screen prompts and using keypad inputs on the field
CDI unit at the gate site. On-site toggle switches also allow changing control from auto
to manual. In manual an on-off-on toggle islabeled for raise-off-lower positions. And
finally, should there be a power or motor failure, by removing a safety guard over the
gate wheel and disconnecting the roller chain, the site may be reverted to hand operation
in minutes.

In 2010, a new motorized overshot gate was installed in a previously stop-log controlled
bay at a spill structure just upstream the SPDC main flume. SPDC plans to automate the
overshot gate to maintain atarget canal bay water level. A three-bay check structure
immediately downstream from the spill gates currently features three hand-wheel
operated vertical dide gates. SPDC plans to motorize one of these gates and install gate
position sensors on all three. Once thisis completed, a CDI radio/control unit will
control automation of the overshot gate to maintain atarget upstream water level and
calculate gate-measured spill discharge. The same CDI unit will control the motorized
gate in the adjacent check to maintain atarget flow rate at the SPDC main flume. Figure
8 isaphoto of the overshot gate in the SPDC spill structure.
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Figure 8. Newly Installed Overshot Gate the SPDC Spill Structure
FIELD DAYS
SPDC and the participating J& E shareholders have hosted annual field days open to all

interested partiesin 2008 and 2009. A September date is currently being targeted for a
2010 field day. Figure 9 isaphoto of the 2008 field day field tour.

Figur 9. 2008 Field Day Tour Stop at the SPDC Mai FIu
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LONG-DISTANCE NETWORK BACKBONE

During 2009, a component was added to the demonstration phase of the project to look at
potential benefits of a system extending beyond the SPDC and participating J& E
shareholders. A task to demonstrate the transmission range that can be provided by the
CDI equipment was carried out by establishing a series of repeater stations. Key
additions were repeater units on towers owned by KCI, alocal internet provider based on
Sterling CO.

A CDI radio/control unit was installed on a KCI tower on the west edge of Fort Morgan.
From this site, it is possible to communicate with the SPDC office to the east, and with a
CDI repeater station that the Northern Colorado Water Conservancy District (NCWCD)

has established approximately 20 miles east of its office complex at Berthoud CO.

A second repeater was installed at what KCI calls its Peetz tower approximately 30 miles
northeast of Sterling. From this site, it is possible to communicate to the west with the
SPDC office. Thissite was also be contacted to the east from Julesburg during aradio
check using amobile “ditch rider” unit.

Installation of repeaters at the two KCI towers provides the capability to transmit
information from Julesburg to the NCWCD office viarepeats at the Peetz KCI tower, the
SPDC base, the Fort Morgan KCI tower, and the NCWCD repeater. Remote sites that
have been linked to this extended network include a recharge measurement site on the
Morgan Ditch system, and a recharge well owned by Roth Brothers near Goodrich.
Figure 10 is amap showing nodes of this communication path.
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Figure 10. Extended Communications Network Radio Pathway
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CURRENT PROJECT STATUS AND FUTURE PLANS

The three year project term defined in the CWCB grant contract ran through April, 2010.
As of January 2010, approximately half the funding made available by CWCB had not
been spent. As per agreements made at the project outset, there has been some
modification of project tasks by mutual agreement of project participants and CWCB
staff. The large remaining portion of unspent fundsis due in part to some lower than
budgeted equipment costs, along with utilization of surplus solar charging equipment
made available by Reclamation. In addition, the project has fallen behind schedule on
various tasks, as labor requirements that represent in-kind contributions by participants
have exceeded estimated time needed.

In early 2010 CWCB granted the project atwo year extension. Among remaining tasksis
installation of a CDI radio/control unit at the SPDC river diversion. This unit would be
linked to a pneumatically operated overshot gate on the river dam and to asimilar gatein
the canal mouth. SPDC plansto use gate-measured flow passing the spill structure as
feedback for automated or remotely operated adjustments of the river diversion structure.
Other installations planned include additional SPDC recharge monitoring sites, additional
J& E alternate point of diversion wells, monitoring of an SPDC ditch pump and
monitoring flow of an SPDC well utilizing pressure differential at a pipe diameter
reduction.

In addition to remaining planned field installations, project participants are developing a
plan to revise the data collection/data management aspect of the project. Attemptsto
enable polling of field units by multiple entities have come up against multiple
constraints. Present plans are to set up an internet server at the SPDC base site and
handle data collection exclusively through the SPDC base unit. Retrieve datawould be
logged and stored on-site in addition to being posted on the internet server.

For control functions and daily operational monitoring tasks, a second radio frequency
will be employed along with a second radio/control unit to be installed at the SPDC base.
The data collection base radio/control unit will control all direct communications with
field sites. The most recently acquired data from field units along with afield-site
generated time stamp will be passed to the secondary (or control and daily operations)
radio/control base. Remotely entered control set point adjustments will either be entered
directly into the secondary base, or radio transmitted to the secondary base from the
mobile ditch rider unit, then passed from the secondary base to the primary base for
transmission to field sites.

Similarly, alarm conditions detected by field units will read as part of the data polling
process by the primary base. Alarmswill then be passed to the secondary base. Asaarm
conditions are detected, the secondary unit can directly pass alarm information to mobile
ditch rider units. A third-party alarm system linked to digital output ports of the
secondary base unit will also be able to send out alarm messages by phone or by voice or
pager radio systems.
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SUMMARY

SPDC and participating partners have been able to develop a framework for a system that
can significantly improve capabilities to manage and more efficiently use irrigation water
supplies. The CWCB grant has enabled participants to develop a system that addresses
issues unique to their needs and the regulatory environment in which eastern Colorado
irrigation districts operate.

One aspect that may have been less than fully appreciated by project participants at the
outset is the amount of time that a project of this nature might require. Some of this can
be attributed to the versatility of the radio/control devices being utilized. As CDI founder
Jim Conley has jokingly stated to project participants on multiple occasions,
“Unfortunately, thereisn’t very much you can’t make this equipment do.” Asthe
equipment capabilities become more fully appreciated, it is difficult to resist trying to
incorporate additional tasks. Much time getstied up developing and field testing
programs that will “do more things’. As the programs being devel oped become more
complex, the debugging process seems to become exponentially more time consuming.

At present the SPDC demonstration projects includes numerous loose ends. At the same
time, equipment configurations and programming that have been developed as part of this
project will be readily transferable to other projects. To wit, flow monitoring and gate
control algorithms utilized on this project are being utilized by Reclamation and others on
irrigation systems distributed over several western US states. The loose ends aspect is
likely to persist as long as creative minds are looking for better ways to do things. Each
accomplishment seems to open up amyriad of previously unconsidered possibilities.
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ABSTRACT

In Colorado, the pressures on the historic native water rights are tremendous. Senior
water rights that have been in place since the 1800’ s are now frequently changed to
accommodate transfers to municipal and industrial use or an environmental use. Senior
water rights are also frequently changed as well augmentation is added as awater use. In
order to begin a change case in Colorado Water Court, the historic consumptive use (CU)
of the water right must be established through an engineering study. Various historic use
records, assumptions, period of record, and other elements of the engineering study come
under intense scrutiny by objectors in the case and by the Court.

Most commonly, ditch companies actually hold the decreed water right and each
shareholder in the ditch system owns a proportional amount of that right based on their
share holdings. For example, one share out of one hundred shares issued represents one
percent ownership of the company and one percent of that water right. In the past, change
cases have been initiated, and a new change decree fully adjudicated, in consideration of
only a portion of the outstanding shares under the ditch system using what is known as a
parcel specific anaysis. Issues arise with thisin that the amount of shares owned and
used to irrigate a certain amount of irrigated ground can vary from one farming operation
to another. The pros and cons associated with doing afull ditch-wide analysis of the
water right are discussed.

INTRODUCTION

The South Platte Basin has become a focus and “ poster child” of many of the interrelated
problems associated with population growth and the municipal hunt for growth-driven
water. Cities and towns aong the Front Range have varying water portfolio amountsin
what is commonly referred to as “safe yield” water to serve their growing popul ations out
to aprescribed date. There is often a desperation mentality in play that forces municipal
water managersto grasp at all alternatives —water conservation programs, new storage,
leak detection, fines for water waste, public information programs, and aggressive water
acquisition. As can be imagined, no community wants to be chronically short of water
and no administrator wants to be responsible for not securing a suitable amount of water
for the future.

Specific to the South Platte Basin, and as noted in Colorado Water Conservation Board's
2004 Statewide Water Supply Initiative report:

! Manager, New Cache La Poudre Management Co., Lucerne, Colorado. E-mail: don@newcache.com .
2 Founding Partner, Regenesis Management Group, 2442 S. Downing St., Suite 250, Denver, Colorado
80210. E-mail: swsmith@regenmg.com .
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“Nearly two-thirds of the increase in the state gross demand by 2030,
approximately 409,700 AF, will be in the South Platte Basin. Of the
409,700 AF of increased water demands in the South Platte Basin, the
majority of the demand is proposed to be met through existing supplies
and water rights and through the implementation of identified projects and
processes. However, there are still some anticipated shortfalls expected in
certain portions of the basin. The identified shortfalls will be the focus for
supply alternatives devel oped for the basin.” (Colorado Water
Conservation Board. et al. 2004)

Todd Doherty, program manager with the Colorado Water Conservation Board noted in a
recent Colorado Water issue that “most of the demand (water for population growth) will
be met through three main water supply strategies. conservation, agricultural transfers,
and new water supply development.” He goes on to say “if these new water supply
projects are not built, future water demands will have to be met mostly through a
combination of agricultural transfers and conservation” (Doherty 2010).

In recent U.S. congressional hearing, Jennifer Gimbel, Director, Colorado Water
Conservation Board, offered the following expert testimony:

“The projected growth in the South Platte River basin will create water
supply challenges for the agricultura community. The basin currently
irrigates approximately 830,000 acres. Since 2001, the basin has seen a
decline of approximately 100,000 irrigated acres due to well curtailment,
urbanization and urban transfers. The basin will likely lose 40,000 to
50,000 acres as aresult of urbanization. An additional 160,000 to 280,000
acres is expected to be lost due to agricultural to municipal transfers--
combined this could equate to a 25% to 40% reduction in itsirrigated
acreage in the basin by the year 2050. There are several projects working
through the federal permitting process that could assist in helping to
minimize the loss of irrigated agriculture. Those projects include Halligan-
Seaman Project, Moffat Collection System Project, Windy Gap Firming
Project, Northern Integrated Supply Project (NISP) and Chatfield
Enlargement Project. However, comments from the Environmental
Protection Agency suggest that agriculture dry-up is the least
environmentally damaging alternative to most of the proposed projects.
This conclusion ignores the environmental benefits of the irrigated acreage
itself, aswell as the return flows, riparian environment and wetlands that
are created” (Gimbel 2010).

Clearly water to serve the anticipated population growth, and the well augmentation
needs anticipated in the South Platte and other areas of Colorado, isgoing to be a
significant issue over the next few decades and water right change cases are likely to
abound.
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WATER RIGHTSIN COLORADO

Colorado was thefirst state to develop a system of water rights and laws based on the
prior appropriation system. The underpinning of the system is“first intime, firstin
right.” So, if you were the first to divert the water from a stream, then you are the first
priority on theriver, and so forth. Calls on the river are satisfied according to the priority
or priorities enjoyed by the water right holder. This approach, started in the mid-1800s,
has worked quite well for Colorado and other western states that operate under the prior
appropriation system (Schempp 2009).

In the late 1960’ s, a State of Colorado statute legally recognized that tributary ground
water is hydrologically connected to surface water®. Consequently, both ground water
and surface water are administered under Colorado’ s prior appropriation system.
Colorado’s water supply can come from either surface or tributary ground water sources,
both of which are governed in the same way.

When water rights are changed, the CU must be established through an engineering
analysis and subsequent report that accompanies the change case and the ultimate change
decree (Jones and Cech 2009).

HISTORIC CONSUMPTIVE USE ANALYSIS

The amount of the CU per share really establishes the water right in Colorado whether
that CU has been quantified and decree or not. The historic diversions at the river
headgate are a vital part of the historic record but the understanding of the historic CU is
indicative of the value of the water right. The diverting of water at the river headgate has
not only established the priority and gross volume of the diversion water right, but
arguably and more importantly, the beneficial use of the water has established the volume
of the water consumed under that water right.

Asan overly simplified example, consider two 500-acre farms with different water rights.
One farm as been historically irrigated with 3,000 acre feet of water diverted from the
river, while the other farm has been irrigated with 2,000 acre feet of water diverted from
theriver. Both farms have historically grown corn and let us assume the CU for cornis 2
acre feet per acre or 1,000 acre feet for either of the 500-acre farms. So, the CU for each
farm isidentical. The farm that diverted 3,000 acre feet returns more water to the river
than the other farm as either surface return flows or a subsurface return flows. The
consumptively used water is the same in either case considering the areais 500 acres and
the crop is corn. Hence, the water right is the same for both farms.

(Pease 2010) notes these overview requirements about water rights transfers:

3 When this paper refers to ground water, reference is made to tributary ground water that is hydrologically
connected to surface water in streams and rivers. This should not be confused with deep, closed basin
ground water, which is not regulated by the prior appropriation system in Colorado.
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Often atransfer of water has unknown impacts on downstream users, or at
least an impact that is difficult to quantify. A water right should contain
the following information:

e adiversionary amount

e aconsumptive amount

e thepoint of diversion

¢ the purpose of use

e placeof use

e the priority date of theright.

Also important, but often omitted from water rights are, the time of year

during which water can be diverted from awater course, and the size and
location where return flows reenter the system. A change in any of these
attributes can negatively impact downstream users.

The need and justification for establishing the CU of awater right must first exist. If
farmers have beneficially used awater right decreed for irrigation for along period, then
they can continue to use the water right in that way indefinitely with no need to define or
guantify CU. An evaluation of CU is generally driven by a change in the type of use,
place of diversion, or the quantity of water diverted. Because the engineering to establish
historic consumptive use is time consuming and therefore costly, it is unlikely that
anyone would take on the effort without justification.

DITCH-WIDE VERSUSSMALL PARCEL (SHARE BLOCK) ANALYSIS

A historic consumptive use analysis can be accomplished for asingle parcel (shareholder)
or asubset of the full shareholder group in aparcel specific analysis, or it can be done for
the full service area of the Company, which isreferred to as a ditch wide analysis.

In a case commonly known as the “ Jones Ditch Case” (See In Re Water Rights of Central
Colorado Water Conservancy District, 147 P.3d9 (Colo. 2006), the Supreme Court stated
that aditch wide analysisis preferred. Unfortunately, the court did not elaborate as to
why aditch wide analysisis preferred. Even though the decision leaves considerable
room for speculation and future litigation might bring clarification, to date, both
approaches for calculating CU are legally valid.

The issues are exemplified by the histogram depicted in Figure 1. At sometimein the
distant past, with many ditch companies, there might have been rather narrow distribution
of sharesfor agiven acreage of land. Over time, especially over a 100-year plus
timeframe, some farmers may have sold shares and others may have bought shares within
the company and under the confines of the service area of the ditch. Thisis normal and
represents a perfectly legal and acceptable means of selling and buying shares within an
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irrigation mutual company — willing seller and willing buyer. The reasons for the
movement of shares within the company is not material but the exchanges were likely
driven by one shareholder’ s need to sell an asset to raise cash and another shareholder’s
desireto increase their water holdings. The primary point hereis that some farms,
through this process of buying and selling, can become water short and others water long.

Figure 1 shows an example of the disparity that result. The average consumptive use for
thisexample is 28 acre feet per share if a ditch-wide analysis were conducted. By contrast
if agroup of water short shareholders initiated a change case, then their quantified CU

per share would be higher, and if agroup of water long shareholders initiated a change
case, then the CU per share would be less than the average.

Refer to Table 1 for a summary of reasons, from the shareholder perspective, asto why a
parcel analysisor aditch wide analysisis preferred. A summarizing question for
consideration isthis: the stockholder owns a pro ratainterest in the water right. The
stockholder pays a pro rata portion of the operating expenses through assessments. So,
why would the stockholder have anything other than a pro ratainterest in the CU given
that CU isthe true measure of the water right?

Histogram - Theoretical CU by Farm
Period of Record: 1970 - 2010
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Figure 1. A histogram depicting the variability that can result due to willing seller
and willing buyer exchanges of company stock over time. In this example, the
average CU per shareis 28 AF/share but outliers show the variance that is possible.
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Table 1. The primary pros and cons of a ditch-wide versus a parcel specific (share block)
analysis of CU.

PARCEL SPECIFIC ANALYSIS

DITCH WIDE ANALYSIS

CU varies from parcel to parcel (shareto
share)

CU equal for every share

Dry up acresvary for every parcel or share
(but limited to parcel involved)

Dry up acres equal for every share

Cheaper analysis short term

Market develops for surplus dry up acres

Exposes stockholders to multiple inaccuracies
from different sources in differing analyses

More expensive analysis short term

Often done using river diversion record and
not headgate deliveries

Opens system to easier changes in the future

Favors those with fewer shares per acre

Favors those with fewer acres per share

Favors those who improved irrigation facilities
(if they increased the acres irrigated)

Favors those who paid the expenses
historically

Favors those who sold off water

Shareholders may not be aware that a parcel
level change may affect their CU per share

All shareholders are informed and participants
in the change case

Requires the company to be involved in
multiple analyses with multiple engineers and
attorneys.

More indicative of the intent and spirit of a
mutual ditch company
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SUMMARY

In consideration of a parcel specific analysis of CU versus a ditch wide analysis of CU,
the summary points are these:

1) A change of shares by any stockholder has the potential to adversely impact
another or all stockholdersif not properly accomplished.

2) There are pitfalls with either approach if you view the question from strictly the
point of view of the water long versus the water short shareholder.

3) A more magnanimous approach in asking “what’ s best for the irrigation mutual
company as awhole?’ is probably preferred.
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[BORE WELLS — A BOON FOR TAIL END USERSI

Rajeev Kumar Goyal, M.LE."
ABSTRACT

The efficiency of an irrigation engineer can be well judged from the canal water
available at tail ends of the canals under his control. But often he finds it difficult to
maintain authorised share of water at tails. In India position is particularly precarious
during rice sowing period, which is monsoon season, i.e. rainy season in India at that
time. It is the peak demand period for canal water. A deficit monsoon coupled with
water theft makes it very difficult for authorised share to reach at tail ends. On the
other hand, a good rain can cause tails to get flooded. It causes great loss to tail end
users.

This problem can be solved to some extent with the help of bore wells or dug wells, dug
along the canal, more of them in the last one third of the length of the canal. These dug
wells will act as rechargers of ground water during the period when there is excess of
supply of water in the canals by diverting excess water to these bore wells, and will act as
boosters during short supply by drawing this water through tube wells and mixing it with
canal water. Though conjunctive use of tube wells along with canal water is being
practised since long, this technique of first recharging aquifers with surplus canal water
and then withdrawing this recharged ground water through tube wells during peak
demand period, is particularly useful where ground water is otherwise brackish and is
unfit for use.

INTRODUCTION AND BACKGROUND

Through this paper, an effort has been made to visualize how such a system can be
developed, maintained and operated, what should be the design parameters, what
problems can occur, what can be the solutions for such problems etc.

Punjab, which is known as food basket of India, is having the most developed Canal
System in India. The green revolution has been possible only due to such a well
developed canal system. Multipurpose projects like Bhakhra Dam project, Pong Dam
project, Ranjit Sagar Project has made it possible to develop such a vast canal network.
Some famous canals flowing through Punjab are Indira Gandhi National Canal, Bikaner
Canal, Upper Bari Doab Canal, Bhakra main Line Canal, Sirhind Canal etc. These canals
has made Punjab a basket of grains. These canals take off from Harike Headworks,
Madhopur Headworks and Nangal Headworks. Figure 1 on the following page shows one
such canal of vast network of canals in Punjab.

'Sub Divisional Officer, Punjab Irrigation Department, Rajuwala canal sub Division, Rajuwala (Faridkot),
Punjab (INDIA)E-mail : goyal rkg2003@yahoo.com
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Figure 1. Photo of a canal in Punjab

Apart from canal network, a large number of tube wells are drawing underground water
to fulfil water requirement of ever demanding crops. The over utilization of underground
water has rendered water level to go down to drastic levels, resulting into 59 blocks out
of 118 blocks of Punjab being declared as Black. In Faridkot, Mukatsar, Moga, Bathinda,
Mansa, Ferozepur Districts of south Punjab, the underground water is becoming
unsuitable for irrigation as over exploitation of underground water leaves behind brackish
water due to increased concentration of salts in residual water.

A number of studies has been conducted to know the characteristics of ground water in
this area and most of the results are shocking for the farming sector in particular and
general public at large. The quality of underground water has gone so down that it is
resulting into large number of health problems like spurt in cancer patients and such other
medical problems. The percolation of pesticides into ground water has also resulted into
rendering underground water unfit for irrigation or human use.

All this has increased dependence of farming sector more on canal water. This has
increased pressure on irrigation men as they are now asked for every fluctuation in canal
water. The over dependence on canals has resulted into more cases of water theft also,
which hinders proper regulation of water. All this results in large fluctuations in canal
water at the tail ends. Figure 2 below depicts shortage of water at tails.
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Figure 2. Tails with short supply of water

Several existing canal irrigation systems suffer from inadequate water supplies. The
available supply for instance is often less than half the amount needed for intensive
agriculture. The total quantity of irrigation water is neither adequate nor satisfactory & in
time. This calls for other measures to augment the available supplies. Tube wells are
commonly used for conjunctive use of surface and ground water. The conjunctive use of
surface and ground water can take form of augmenting canal supplies by direct pumping
of ground water through augmentation tube wells or direct use of ground water during
periods of low canal supplies or canal closures. It can also take the form of irrigating a
part of the canal command area exclusively with ground water.

The conjunctive use of surface and ground water has been in practice in India to a limited
extent. The practice has been prevalent in the Cauvery delta in Tamilnadu, the Godawari
canal system in Maharashtra, Yamuna canal system in Haryana and parts of Punjab. In
the Cauvery delta, privately owned filter points have been constructed on a large scale to
raise paddy seedlings early in June before the canal system is opened. The filter points
also provide irrigation to the rice crop after the canals are closed, thus ensuring a rich
harvest. Some farmers also raise summer crops of cotton or ground nut with the help of
filter points and give irrigation support to sugarcane crops.

In U.P. conjunctive use of surface & ground water started as early as 1930, when
batteries of tube wells were installed in the tail end of some of the Ganga canal in Meerut
District to meet great demand for water during low canal supply. In western Yamuna
canal system in Haryana, tube wells have been constructed along the canal bank to
augment canal supplies and lower the ground water table.
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Tube wells are commonly used for conjunctive use of surface water and ground water.
During their canal water turns, farmers pump tube well water into the canal to augment
supplies to their fields. Farmers use a cluster of strainers to capture the canal seepage
from shallow depths & pump it to mix with canal water for irrigation orchards. Farmers
realized that they cannot pump for long periods at a stretch because brackish water would
be pumped out after long period. But at times you need to pump water for longer
durations. In such cases, to solve the problem of brackish water being pumped out after
long periods, recharging of aquifers with surplus canal water could be effectively used.
This will help in recharging of aquifers with good quality of water, thus increasing time
period for pumping.

Another remedy to fluctuation in canal water as well as a solution to ever decreasing
water table in this area has been found in Dug wells or bore wells being dug along the
canals as well as at other common village lands. The runoff of excess rainfall, as well as
excess canal water during lean demand period of canal water, is fed to these dug wells.
Good results have been received from them, which are very encouraging. But this method
is still in the early stage and a lot needs to be done in this regards. For this we will first
study various types of recharge dug wells, their suitability in various circumstances, their
design parameters, various arrangements to use this recharged ground water to
supplement short supply of canal water at tail ends etc.

TYPES OF DUG WELLS/ RECHARGE SHAFTS

These are the most efficient and cost effective structures to recharge the aquifer directly.
These can be constructed in areas where source of water is available for some time or
perennially. Following are suitable site characteristics and design parameters:

e [fthe strata is non caving, it can be dug manually.

e [fthe strata is caving, proper permeable lining in the form of open work, boulder
lining should be provided.

e The diameter of the well/shaft should normally be more than 2m to accommodate
more water and to avoid eddies in the well. In the areas where water is having silt, it
should be filled with boulder, gravel and sand to form an inverted filter. The upper-
most sandy layer must be removed and cleaned periodically. A filter should also be
provided before the source water enters the shatft.

e [f the water is put directly into the recharge well through pipes, air bubbles are also
sucked into the shaft through the pipe, which can choke the aquifer. To avoid this
shaft should be lowered below the water table.

The advantage of the dug wells is that it requires only a small piece of land and water
losses are less as it can be constructed close to the canal. Old unused wells can also be
used for the purpose. Even operational bore wells can also be used as recharge shafts. It
saves extra investment. Due to simple in design, it is easy to use even ever excess canal
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water flow is available for a limited period only. The effect is fast and immediately
delivers the benefit.

Further these can be constructed in two different ways — vertical and lateral.

Vertical Shafts

The vertical recharge shaft can be provided with or without injection well at the bottom
of the shaft. The recharge shaft without injection well is well suited for deep water levels
(up to 15m bgl), if clay is encountered with in 15 m, effective if there is less vertical
natural recharge and it is effective with silt water also by using inverted filter. The rate of
recharge depends upon on the aquifer material and the silt content in the water. The depth
and diameter of the dug well depends upon the depth of aquifer and volume of water to
be recharged.
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Figure 3. Vertical dug well/recharge shaft without injection well

This type of recharge shaft has been constructed at following places and good results
have been received at all these places:

e Brahm sarovar, Kurukshetra — Silt free water
e Dhuri Drain and Dhuri link drain, District Sangrur, Punjab
e Nurmahal Block, Punjab

Vertical shaft with injection well

In this technique an Injection well of 100-150 mm diameter is constructed at the bottom
of shaft piercing through the layers of impermeable horizon to the potential aquifers to be
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reached about 3 to 15 m below the water table. Such a structure is ideally suitable for
very deep water levels (more than 15 m), aquifer is overlain by impervious thick clay
beds etc. The injection well with assembly should have screen in the potential aquifer at
least 3-5m below the water level. The injection well without assembly is filled with
gravel to provide hydraulic continuity so that water is directly recharged into the aquifer.
Depending upon the volume of water to be injected, number of injection wells can
increased to enhance the recharge rate. The efficiency of such well is very high and
recharge can go up to 15 Ips at certain places.

Figure 4: Recharge shaft with injection well

Such structures have been constructed at the following places in Punjab
Injection well without assembly:

e Dhuri drain, Sangrur district, Punjab

e Khana block, Ludhiana district, Punjab

e Samana block, Patiala district, Punjab
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Injection well with assembly:

e Dhuri link drain, Sangrur district, Punjab
e Kalasinghian, Jalandhar district, Punjab

Lateral recharge shaft

Such a structure is ideally suited where permeable sandy horizon is within 3m below
ground level and continues up to the water level — under unconfined conditions. The
copious water available can be easily recharged due to large storage and recharge
potential. It is well suited for silt water. These are constructed by excavating a 2 to 3 m
wide and 2 to 3 m deep trench, length of which depends upon volume of water to be
handled. These can be constructed with or without injection wells.
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Figure 5. Lateral recharge shafts

This type of structures has been constructed at the following places:

e Dhuri drain with 6 injection wells (Iength 300 m)
e Dhuri link drain with 3 injection wells (Ilength 250 m)

e Samana block Punjab - 4 lateral shafts with injection wells
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CASE STUDY

Village Mukand Singh Wala falls in Hithar area of Faridkot District in Punjab. Hithar
area is notorious for shortage of water. The land profile is such that on top of the soil is
sandy strata, the depth of which varies from 5 m to 10 m, which is followed by an
impervious layer of clay which is about 10 to 20 m wide. Due to sandy strata at the top,
any rainfall or irrigation water fed to fields goes down very fast leaving fields again dry.
And the clay strata beneath does not allow rain water to recharge underground water
which lies below impervious clay strata. Due to this, the underground water is brackish
and hence unfit for use. Figure 6 below depicts various layers of soil in one typical
section:
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Figure 6. A typical section of Earth profile at Village Mukand singh wala

This village is supplied canal water for irrigation through Golewala distributary.
Golewala distributary, which has a design discharge of 290 cusecs at the head, has a
length of 40 km and combined length of minors off taking from it is 75 km. Hence it is a
big canal system which feed about an area of 1,00,000 acres (Approx.) or say 40,000
hectares. This canal system suffers from chronic shortage of water at tail ends. The
quantity of rainfall is also less than desired. Due to brackish nature of under ground
water, the conjunctive use of underground water is not use full. So, it was decided to dug
a recharge well adjacent to canal with depth about 50 m, going well down the impervious
layer. A vertical recharge shaft with dia of 2 m was dug 25 feet away from the canal, so
that canal does not face any breach or any other harm in future due to the recharge well.
It was dug near outlet R.D.115000-L of Golewala distributary adjacent to an already
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existing tube well with an idea that recharged underground water will be pumped through
this tube well and mixed with canal water flowing through the water course of outlet R.D.
115000-L.

To save recharge well from any future choking with silt water, inverted filter with layers
of sand, gravel and boulder has been laid. A special open flume outlet has been made in
the canal with crest at full supply level, Width of outlet (Bt) being 60 cm (2 ft). So that
whenever there is excess supply in the canal, extra water available automatically flows
into recharge well. The seepage from canal as well as surface runoff during rainy season
also helped in recharge of the aquifer below the impervious layer.

The tube well has a casing of 15 cms and delivery pipe of 10 cms capable of supplying
about 1.0 cusecs of water with depth of 50 m, reaching down to recharged aquifer. The
tube well was about 25 m away from recharging well and water from it was directly fed
to the water course carrying water from outlet R.D. 115000. The plan showing location of
recharging well and the tube well with respect to the Golewala Distributory and the water
course of outlet R.D. 115000 is shown below.
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Figure 7. Picture showing section of recharge well and tube well
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Figure 8. Picture showing plan of recharge well and tube well

Under the guidelines of Command area development authority (CADA), the shareholders
of each outlet has formed individual water user associations, which deal with
construction and maintenance of the water course of that particular outlet including all its
branches. Initially each shareholder as per his land holding on that outlet, contributes
10% share of total budget and rest is contributed by centre government through CADA.
The operation and management of the present system was also handed over to the same
Water user association.

The construction of recharge well was completed by September 2008. From the end of
October 2008, recharge well started receiving excess canal water through the special out
let. A few rains in winter also helped recharge well to receive water to recharge aquifer
below the impervious layer. During the period from November 2008 to March 2009, the
water level of underground water rose by one foot. The recharge shaft got surplus canal
water, rainfall runoff as well as seepage from canal running along, to recharge the
aquifer. Due to limited demand of water during this season (Wheat season), the running
of tube well was not much required. This helped the aquifer to be charged to a good
extent, so as to be useful in the coming rice sowing season.
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It was in the beginning of June 2009, when the sowing of Rice (PADDY) started, that
necessity to run tube well was felt to augment low supplies of canal water in the water
course of out let RD 115000-L. Due to delay in Monsoon over the region, the flow of
water at the tails has reduced to half. Hence the full running of tube well was started. The
tube well water was mixed with canal water flowing in the water course. This helped
shareholders to receive full share of good quality water. This continued for the full month
of June till the rains started in the beginning of July. This improved the situation of water
in the canal at the tail end. The running of tube well was reduced. During the whole of the
paddy season, conjunctive use of under ground water was done along with canal water
and the shareholders of outlet R.D.115000 received authorized share of water for the full
season. This has helped the production of the rice to increase on an average by 15% as
compared to last year.

Advantages of the System

e Loss of crops at tail ends due to shortage or excess supply of water reduced.
e Shareholders received full share of water for irrigation regularly.

e Best suited to circumstances where underground water is otherwise unfit for
conjunctive use, but with the recharging of aquifer with canal water and rainwater, it
allows underground water to become fit for use.

SUMMARY

From the above discussion, we can well find out that to reduce fluctuations of canal
water at tail ends, bore wells or recharge dug wells are a boon which help in mitigating
woes of farmers by controlling both — excess and short supply of water in canals at the
tail ends. Conjunctive use of underground water by pumping is possible only where
quality of underground water is good. So to have a good quality of underground water,
the best solution is to recharge such aquifers with the help of recharge shafts of different
types as per requirement. The alternate use of bore wells, i.e., first for recharging the
aquifers and then for withdrawing water from them can help in a big way to mitigate
problems of tail end users. So we can well say that bore wells are a boon for tail end
users.
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ABSTRACT

This study focuses on water use efficiency and water user’ s role in maintenance of the
system for sustainable irrigated agriculture. The parameters assessed were water delivery
to water users, water distribution, water use efficiency and farmers’ role. The relevant
data were collected in the field and through a literature survey.

Analyses of data indicate that DPR during the season varied from 1.0 to 1.60. The
middle reach received slightly more than the head reach, and in the tail reach it varied
from 0.6 to 1.80. Furthermore, water distribution among watercourses was also variable.
The 7L- head watercourse received 30 to 82 percent more water than its design discharge
(Qq). The downstream watercourses (16R and 18AT) also received up to 183 percent
more discharge than Qy. However, the mid-reach watercourses (9AR and 13R) received
the design share or less, though the flow of water was greater. In spite of unfair
distribution there were no complaints from the water users about unequal distribution
because there was enough water for everyone.

Furthermore, result indicated that total water supply was 6.62 mm/day and the crop water
requirement was between 2.54 and 3.56 mm/day in the Rabi (winter) crop season. Thus,
the total loss of water was estimated as 46 percent. Thiswas aso verified by estimating
seepage losses in watercourses and the distributary, which were 4.5 percent and 26
percent, respectively.

However, the role of the Water Users Associations (WUA) in the maintenance of the
distributary was significant. They collectively desilted the channel at a cost of about US$
0.25 (Pak Rs. 21) per acre of land, which improved the head-tail water delivery
performance ratio from 3.53 to 2.55 (Lashari and Murray-Rust 2002). But the maturity
index has indicated that only 12.5 percent of the WUASs were at a sustainable level
(Lashari et al. 2009).

INTRODUCTION
The Sindh is the second most populous province in Pakistan. With a growth rate of

2.8%, the total population is estimated at 41.2 million in the 23 districts of the Sindh.
The population density in the Sindh is about 243 persons per sq km.

! Professor, Institute of Irrigation and Drainage Engineering, Mehran University University of Engineering
and Tech Jamshoro, Sindh Pakistan; bakhshall @yahoo.com.
2 Research fellow, International Water Management Institute, Pakistan.
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About 68% of the rural population depends on agriculture, which employs over 46
percent of the labor force and accounts for more than 60 percent of foreign exchange
earnings. Pakistan’s economic development is, therefore, directly linked to the progress
of the agriculture sector. The Sindh’s contribution to Pakistan's agriculture GDP is 23%
with its contributions of major products as: wheat 21%, cotton 23%, livestock 28%,
sugarcane 31%, rice 42%, and marine fish 70%.

There are two growing seasons. the summer (Kharif) season, from May to September,
and the winter (Rabi) season from October to March. Annual cropping intensities vary
significantly across canal command areas. The average annual cropping intensity in the
provinceis about 67%.

The average water use in the Sindh from 1991 to 2009 was estimated at 40.5 MAF, which
includes more than 95% for agricultural purposes and the remaining 4-5 percent for
domestic and industrial use. Groundwater abstraction for agriculture has been estimated
about 5 MAF/year. The extraction of groundwater is being made by deep and shallow
tube wells, and there are more than 50,000 tube wells.

The cultivable command area (CCA) is about 12.6 million acres. About 3.33 million
acres are classified as fallow, which could be brought under cultivation if irrigation water
were available. The actual irrigated area varies from year to year depending on the
availability of canal water, with an average of 9.35 million acres. Theirrigation system
below the barrages comprises 14 feeders and main canals and 1,462 branch canals,
distributaries, and minors.

The inequitable distribution of water, an unreliable supply of irrigation water, inefficient
cropping patterns, lack of coordination among irrigated agriculture stakeholders, and lack
of investment for the re-modeling of the irrigation system are major obstaclesin
conserving and efficiently managing water resources in the Sindh (Azad 2003). Inthe
Sindh, the average irrigation efficiency is about 30 to 35 percent and water logging and
salinity isaserious problem. Consequently, the yield of major cropsis reduced by about
40-50 percent (IUCN 2007).

To improve irrigation water management, to produce enough food for future generations
within at least the limits of existing water resources, and to deliver water in an equitable
and reliable way to the users, the irrigation management strategies which define rights
and responsibilities, and penalties, for violations of the rules, and when irrigation water is
insufficient to meet limited crop demand, should be considered to achieve the highest
possible economic return (Perry 2001; Schneekloth et al. 2001; Wahgj et al. 2000).

The actual water distribution pattern in the Sindh have failed to meet the targets agreed
upon at the start of each season. There are different water deliveriesto different sub-
systems in Pakistan. Head-end (upstream) areas receive significantly more water than
their share, while tail-end (downstream) areas receive comparatively less (Kijne et al.
2002; Vander Valde 1991).
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In order to solve theirrigation and drainage problems, the Government of Pakistan
adopted a new program to establish a self-sustaining irrigation and drainage system. This
involves: (a) transforming Provincial Irrigation Departments into Provincial Irrigation
and Drainage Authorities (PIDAS); (b) creating Area Water Boards (AWBS); and, ()
organizing farmersinto Farmer Organizations (FOs). Under such reforms, all provinces
established irrigation and drainage authorities through Acts passed by the assembliesin
their respective provinces. Thiswas called the PIDA act of 1997. Thiswas, in fact, the
first major move to introduce participatory irrigation management throughout the
country.

Since the establishment of the Sindh Irrigation and Drainage Authority (SIDA), three
AWABSs have been formed: Ghotki Feeder Canal Area Water Board, Nara Canal Area
Water Board, and Left Bank Canals (Fuleli and Akram Wah Canals) Area Water Board
(Fig. 1). Additionally, 369 Farmer Organizations (FOs) which are at the third tier on the
SIDA system, have been formed and formal IDMT Agreements have been made with 315
FOs. Thisresearch study focuses on irrigation water management and the water user’s
role in maintenance of the system

MATERIAL AND METHODS

Study Area

The study was conducted at Heran Distributary which is an off-take from the Naramain
canal at the Sukkur Barrage. Under the institutional reforms program water users
association (WUA) wasformed on the Heran distributary command areain 1998. The
irrigation management transfer (IMT) of the distributary to WUA was made on 2002, and
since then WUA isresponsible for water distribution, water fee collection, and
maintenance of the distributary. The location map and salient features of the distributary
aregiven Fig. 1 and Table 1.
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Figure 1. Location Map of Heran Distributary, Sanghar.

Table 1. The Salient Feature of Heran Distributary, Sanghar

Description Value
Design Discharge (cfs) 62.5
Distributary Length (ft) 34,800
Number of Watercourses 31
Number of Lined Watercourses (one-third of 31
length)

Crop Command Area (acres) 15,410

Data Collection

To obtain discharges at the head, middle, and tail reaches, flow measurement gauges
wereinstalled and calibrated. Similarly, the outlet structures of sample watercourses
were calibrated. The discharges were recorded on adaily basisfor all three gauges and
all five sample watercourses for the period from October 15, 2007, to March 15, 2008
(winter crop season 2007-08). Crop data were surveyed for four sample watercourses
representing head, middle, and tail reaches. Other data, such as metrological information
and organizational management, were also collected in the field, aswell as from the
concerned departments. Using the CROPWAT model, potential ET was calculated for
the distributary command area. The literature was surveyed to assess the role of farmer
organizations established at different times by different organizations.
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RESULTS AND DISCUSSIONS

Water distribution. Figure 2 explains the supply to the distributary at head and
distribution along the length of channel.
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Figure 2. Water Distribution along the Channel Length

Observed data show that the delivery performance ratio-DPR (DPR is defined as ratio of
actual discharge to designed discharge) at head of the distributary was between 1.0 — 1.6;
at the middle it was slightly higher than at the upstream end (head), and at the
downstream end (tail) the variation was from 0.6 to 1.8 during the Rabi season of 2007-
08. The main reasons for such variation in the head, middle, and tail reaches were
mismanagement and excessive supply of irrigation water. The canal was closed for
maintenance from January 7-31, and there was a rotational closure of the distributary
from February 27 to March 3 due to water shortage.

Table 2 describes the water distribution among watercourses along the channel length
during the Rabi season of 2007-08.

Table 2. Water Delivery Performance Ratio (DPR) in Sample Watercourses

Month Delivery Performance Ratio (DPR)

7-L | 9AR | 13-R | 16-R | 18-AT
October 1.64 1.11 0.95 2.83 1.4
November 1.61 1.02 0.86 1.95 1.13
December 1.45 0.88 0.75 1.82 0.76
January 1.29 0.9 0.7 1.44 0.89
February 1.47 0.88 0.82 1.35 1.42
March 1.82 0.73 0.88 2.12 1.45

Results indicate that 7L- head watercourse was getting 30 to 82 percent more water than
its designed discharge (Qq). The tail reach watercourses (16R and 18AT) were also
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receiving up to 183 percent more discharge than Q4. However, the middle reach
watercourses (9AR and 13R) were taking nearly the design share (or less), though the
flow of water was more in this reach. In spite of unfair distribution there were no
complaints from the water users for unequal distribution of water because there was
enough for everyone.

Cropping pattern. The major crops of the Rabi season were wheat, fodder, and vegetable,
and the annual crops were sugarcane and gardens, as shown in Tables 3 and 4.

Table 3. Cropping Patten of the Sample Watercourses for the Rabi Season (2007-08).

Cropping Pattern in Percent
Crops 7L | 9-AR | 13-R | 18 AT | Average
Wheat 64.2 61.5 56.2 60.7 60.6
Sugarcane 7.2 5.4 11.2 4.4 7.1
Fodder 12.8 6.1 14.4 14.6 12
Oil Seed 14.5 24.4 17.6 9.8 16.6
Vegetables 1.4 1.1 0.6 4.6 1.9
Garden 00 1.6 0 5.8 1.9

Table 4. Cropping Pattern in the Rabi Season for Different Years in the Hearn
Distributary Command Area.

Crops (1995-96) (1999-2000) (2007-08)
Wheat 65.6% 64.8% 60.6%
Sugarcane 8.8% 9.4% 7.1%
Fodder 15.7% 13.9% 12.0%
Orchard & Gardens 3.7% 7.2% 1.9%
Vegetables 6.1% 4.7% 18.5*

*includes oil seed and vegetable data

The cropping pattern from 1995 to 2008 indicates that wheat, sugarcane, and fodder were
cultivated on almost equal areas. Nevertheless, vegetable increased 3-4 times in 2008
and garden crops declined in 2008. In fact, wheat is a stable crop, fodder is needed for
livestock, and sugarcane is a cash crop. Thus, farmers always prefer to keep these crops
as constant and regular crops, while vegetables vary from year to year depending on
market prices, and gardens were damaged due to water logging and salinity.

Water supply (WS) and crop water requirement (CWR). Figure 3 depicts the actual
water supply to the distributary and calculated crop water requirements based on
cultivated area and crop types.
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Figure 3. Water Supply and Crop Water Requirements in Rabi 2007-08

Analysis has indicated that the average supply at the head end of the distributary was 0.26
inch (6.62 mm) per day and the crop water requirement was between 0.10 inch (2.54 mm)
per day and 0.14 inch (3.56 mm) per day from the beginning to the end of the cropping
season. Thus, the values clearly demonstrate that the water supply (WS) was more than
the crop water requirements (CWR). It is noted that the distributary was closed for canal
maintenance from January 8 to 31, and was closed from 27 February to 3 March dueto

water shortage.

Seepage losses. Figures 4 and 5 discuss seepage losses in distributaries and watercourses
in Pakistan and the study area. In the Heran distributary the seepage |osses were about
4.5 percent and its watercourse seepage |osses were 26 percent. The lossesin the
distributary were small due to adequate maintenance, while the watercourses were poorly
maintained in the earthen portions, and sections at some places were wide and
overtopping was common. Also, animal movement in the watercourses was noticed. The
trend of seepage losses in distributaries and watercourses in Pakistan is almost the same

except for afew cases.
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Figure 5. Seepage Losses in H-M-T Reaches of Watercourses

Net water balance. Figure 6 demonstrates the net water balance. Results show that
except for the month of January, the excess of water was from 27 M ft* to 59 M ft%in the
Rabi season. Thus, the total seasonal excess amount of water (+ net balance) was about
131 M ft*. This excess amount not only contributes to the water table depth and water
logging, but also reduces crop yield and creates water shortages to the tails of the overall

network of irrigation system in the Sindh. The problem of water logging can be assessed
through Fig. 7.
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Figure 6. Net Water Balance in the Distributary Command Area

In the Sindh province, due to losses from the irrigation network and over-irrigation in the
fields, water logging and salinity problems are very serious. The assessment was done
from 1998 to 2009, which has indicated that in 1999 the waterlogged area, with a water
table depth of 0-5 ft, was 5.43 million acres, which drastically reduced to about 0.64
million acres due to drought conditions from 1998-2001. However, the variation has
been continued from year to year asindicated in Fig. 7.
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Figure 7. Waterlogging in Sindh Province

Sustainability of Farmer Organizations. The maturity index (organizational, conflict
resolution, financial, O&M, environment, and capacity aspects) of 160 out of 369 FOsin
the Sindh were determined. It was found12.5 percent of the FOs are at a sustainable
level, 55 percent the FOs are at a stable level, 25 percent of the FOs are fragile, and 7.5
percent are weak (Lashari et a. 2009).
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Figure 8. Farmer Organizations (FOs) strength in Sindh

The pilot project on farmer-managed irrigation systems carried out on the Heran
distributary by International Water Management Institute (IWMI1) has indicated that the
FOs carried out remarkable maintenance of the distributary in which they collectively
desilted the channel at a cost of about US$ 0.25 (Pak Rs. 21) per acre of land and
improved the head-tail water delivery performance ratio from 3.53 to 2.55 (Lashari and
Murry-Rust 2002).

SUMMARY AND CONCLUSIONS

Supply to the distributary was almost double the design discharge, but distribution among
water users was observed to be unfair and no water users complained about unfair
distribution. The reasons were an abundant supply of water and the fact that everyone
was obtaining some water illegally. Thisincreased supply not only impacted the
efficiency of the system, but also decreased the crop yield and increased water logging in
the command area of the distributary and throughout the Sindh province of Pakistan.
Also, it was noticed during the study period that the downstream ends of theirrigation
system of the Sindh suffered from an acute shortage of water.

The ingtitutional reformsin the Sindh have not yet proved to be effective in providing

equitable, reliable, and adequate supplies to cultivable lands for enhancing agriculture

productivity and sustainable development. The FOs which were formed are till in the
learning and capacity-building stages and cannot achieve the set objectives of efficient
management of irrigation water, though there have been some FO success stories.
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INITIATING SCADA PROJECTSIN IRRIGATION DISTRICTS
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ABSTRACT

Delivering water efficiently through distribution networksisa priority for irrigation
districts but often is a difficult goal to achieve. SCADA shows promise of improving
operational efficiency, increasing flexibility in the amount and timing of water deliveries,
and reducing spills and other losses in distribution networks.

However, implementing SCADA in adistrict for the first time is adifficult process.
Districts often do not understand or are distrustful of the technology. They often do not
know or understand how their system actually operates, thus making it difficult to design
SCADA systems and to determine operational parameters and control algorithms.

Selecting equipment that is easy to integrate into district operationsis not asimple
decision. Simple tasks such as selection of sensors and communication hardware become
time consuming because of the need to explain advantages and disadvantages of each
component. District boards of directors are normally reluctant to spend money, which
further complicates the process. Once SCADA isinstalled, district personnel have to be
trained on how to use the equipment to perform daily operations.

In this paper we discuss the process of implementing SCADA projects for the first time
in adistrict that had no previous experience with such technology or control systems. The
paper will cover both hardware aspects as well as human consideration, and discuss some
of the many lessons learned.

INTRODUCTION

Implementation of SCADA technologies for irrigation districts to improve real time
water measurement, and control and monitoring have been significantly increased in
recent years. Thisis partly due to the cost of SCADA hardware, software and operation
and maintenance that is becoming cheaper, and the availability of funding to implement
such projects. However, challenges remain on the implementation process. Many
irrigation districts in Texas have little experience using such technology and need training
on selection, setup, operation, and maintenance of SCADA equipment.
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Out of the 28 irrigation districts that reside in the Lower Rio Grande Valley (LRGV) of
Texas, only a handful of those districts have implemented various levels of SCADA. For
the most part, many of the districts operate completely technology free; gates and pumps
are controlled manually based on a combination of experience, water levels, and the use
of the spill structures. The canal riders operate the gates based on the logic that a certain
number of turns of the gate wheel equal a“head” of water. The only mandatory flow
measurement takes place at the main intake pumps on the Rio Grande River, which is
required by Texas Commission on Environmental Quality (TCEQ).

The Irrigation District Engineering and Assistance (IDEA) team of The Irrigation
Technology Center has been working with several irrigation districts to implement
SCADA demonstration projects in an attempt to familiarize them with the use of the
technologies.

The IDEA team has learned about different types of hardware and software regarding to
SCADA through training courses, conferences, and several visitsto the districtsin
California, Oklahoma, Colorado and Texas where these systems have being utilized in
daily operations. In addition, the IDEA team has gained valuable experience designing
and implementing SCADA demonstration projects with Hidalgo County Irrigation
District No.6 (HCIDG6 or ‘District’) and United Irrigation Districts and through the
collaborative work with other districts and their consulting engineers.

In this paper we discuss the process of implementing a SCADA project for the first time
in HCIDG6 of Texas, which had had no previous experience with such technology or
control systems. The paper will cover both hardware aspects as well as human
consideration; and discuss some of the many |essons learned.

BACKGROUND

Hidago County Irrigation District No.6 islocated at the most southern tip of Texasin an area
caled the Lower Rio Grande Valey (LRGV). The LRGV has been experiencing significant
urban growth over the past decade causing considerable fragmentation of the agricultural
lands and puitting increased pressure on the irrigation districts to improve overal water use
efficiency. Of the countiesthat comprise the LRGV, Hidalgo County had the highest percent
increase in urban areawith 35% (Leigh et d., 2009). Figure 1 shows Hidago County
Irrigation District No.6 with distribution network and expansion of urban area.

The Didtrict, located in the western part of Hidalgo County, has authorized water rights of
40,729 acre-feet of water from the Rio Grande River and serves gpproximately 18,900 acres,
aswell as provides raw water for industrial and municipa uses. The distribution network
conssts of approximately 23 miles of main and 41 miles of secondary and tertiary lined
canals, and 60 miles of gravity fed pipelines. In addition, there are three main re-lift stations
on main cana and severd smdll lift stations throughout the district. The District operates two
reservoirs at the start of the main system: Walker (116 acre) and District Lake (60 acres),
which are maintained in maximum storage capacities to absorb changes from municipa and
irrigation demands.
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PROJECT DESCRIPTION

During large rainfall events, the District must release excess water out of the two
reservoirs, more specifically Walker Lake, and back into the main canal to prevent
flooding of the surrounding neighborhoods. The water level in the main canal is
normally kept at the same level asthe reservoirs and also requires lowering. A steel 36-
inch round slide gate (refer to as the “emergency gate”’) near the main pumping plant
must be opened in order to drain the water from the main canal and back into the Rio
Grande River.

While the reservoir gates are relatively close to the district employee’ s home who
manages the area, the emergency gate islocated several of milesaway. The unpaved
roads to the gate can become impassable during rain events, requiring the district
employee to walk, often at night, to open the gate.

The district manager requested assistance from the IDEA team on combating the
problem. He understood theoretically that some type of automatic control system could
be used, but did not know about the specific types of equipment, components, or setup
requirements that would be needed. The IDEA team first worked with the district to
understand their overall goals and to evaluate potential project sites.

Next, the team developed arange of options including the hardware, software, telemetry
equipment and the control logic for the system that would provide the best benefit for
remote and automatic control operations. The project was divided into two phases: Phase
I: design and implement a SCADA system for the emergency gate on the main canal;
Phase I1: implement the developed SCADA system (from Phase ) for the gates of
Walker and District Lakes.

METHODSAND PROCEDURES

Har dwar e and Softwar e

Actuator AUMA brand actuators were selected for use in these projects. A basic 1/3
horsepower actuator is used at the emergency gate site. One horsepower actuators with
built-in 4-20 mA gate position feedback are used for the radial gate at Walker Lake and
the vertical dide gates at the District Lake.

Programmable L ogic Controller (PLC) A SCADAPack controller by Control
Microsystems are used for all project sites. These PLCs have 14 digital and 8 analog
inputs with 2 additional analog output ports. This brand was chosen due to its current use
by other districts and their engineers.

Water Level Sensor A Stevens float and pulley with 4-20 mA output signal are used as
water level sensors on the main canal, and Walker and District Lakes. They are enclosed
in a24-inch PV C pipe that serves as the stilling well. A float and pulley sensor was
chosen due to the easy of calibration, installation and use, as well as low operation and
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maintenance cost. In addition, vandalism was the main factor on eliminating the use of
ultrasonic sensors, and the high salinity content of the water prevented the use of pressure
transducers.

Communication system A dedicated phone line was set up as main telemetry system
between RTU and Master station while site evaluations for radios were investigated.
Once aclear line of sight was verified, 915 MHz Transnet (also known as a spread
spectrum) radios were selected for the telemetry system (Figure 2).

Operation Parameters Control logic for the gate had to be developed in order to maintain
normal water levelsin the system during flooding situations. The main challenge was to
determine awater level set point for automatic control of the gate. Since this emergency
gate islocated on the main canal next to the main pump station, the water level set point
cannot overlap with high water level in the canal during peak irrigation season, as it
would create an artificial emergency situation. Therefore, all frequency of high water
level scenarios had to be considered in order to develop optimal operation parameters for
the gate.

Programming In the region, Ladder logic and C are commonly used in programming the
input and output signals from hardware into PLC in other districts. We worked with a
local consultant engineering company to finalize control logic that was devel oped using
C language.

Human Machine Interface (HM1) ClearSCADA of Control Microsystems was used as
HMI software, which resides on a dedicated computer at the district office. The other
software used in the region are LookOut and Wonderware. ClearSCADA was chosen
because of costs, availability of local technical support, ease of use, interface and smple
graphical displays. The LookOut software was eliminated due to the lack of local
technical support, while Wonderware needed a specialist for initial integration due to
complexity of the software.

| mplementation

Remote Terminal Unit (RTU) Three Nema enclosure boxes were installed at the
emergency gate, and at Walker and District Lakes; one for the PLC, radio, power
converter and terminal blocks, and the other for the main power supply (Figure 3). The
actuator was installed, wired and programmed into PLC, along with radios.
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Figure 2. Determination of line of sight using SIGNAL software
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Figure 3. The Remote Terminal Unit (RTU), which consists of PLC, radio, power
converter, fuses and terminals and actuator at the Emergency Gate site.

Radio Telemetry System Line-of-sight availability for radio communication was
determined using SIGMA software which generated detailed recommendation based on
latitude/longitude coordinates of the Master station and RTU. Based on the software
results, we used a 30 db Yagi antenna at a height of 30 ft at the RTU and a7 db Omni
antenna at a height of 40 ft at the Master station. We also established the available range
of communication using diagnostics software of the radio.

For the emergence gate site, the radio signal at the site ranges from -92 db to -97 db
where -40 db is the best and -120 db is the worst. But according to technical specs of this
particular radio, the max range is-100 db.

Control Logic Control algorithm for the gate was devel oped for remote and automatic
control options based on a pre-determined water level set point. Since the main purpose
of the project was to rel ease excess amount of water from Walker Lake during heavy
rains, the emergency set point was based on the maximum water level reading at the lake.
Both Walker and District lakes had staff gauges that were calibrated to sealevel.

The district operates both lakes at a maximum level of 132.2 ft. If rainfall occurs, the
lakes can handle another depth of 4 inches (free board) before it spills over into a
residential area surrounding Walker Lake. Therefore, based on the managers
recommendation, we developed a control logic based on the 132.2 ft pre-set water level,
the “emergency level”. When water level exceeds 132.2 ft, the PLC recelvesasigna
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from the water level sensor and sends a signal to the actuator to open the gate. The gate
stays open until water level at the canal dropsto 132.1 ft, and then closes.

Master Station The master station consists of aradio and antenna to receive and send
signal to/from remote sites and a dedicated computer, which hosts the ClearSCADA HMI
software. All the register addresses in PLC, such as gate position, water level readings
and set points, and automatic/remote control options were programmed into HMI
software. Graphical displays showing real-time operation and monitoring, and alarming
capabilities were implemented into the HMI in a simple manner so the district personnel
can easily understand and utilize the system efficiently (Figure 4 and 5).
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Figure 4. Remote Terminal Units at emergency gate, Walker and District Lakes on HMI
software display on district computer at the office.
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computer

Test of the system We performed series of control scenarios to test reliability, accuracy
and correctness of logic to control the gate. For instance, an artificial flood situation was
created to test reliability of automatic control with increasing water level set point to
examine how gate supposed to react to the given command from the sensor. As soon as
water level reading exceeded the emergency set point of 132.2 ft, the gate opened
immediately and stayed open until set point was decreased below 132.1 ft.

The system was also tested for remote control operation by simply changing control type
on HMI without changing water level set point. This option is particularly designed and
programmed for high water level in the canal system during which max water is pumped
from the river to meet the demand at downstream water users. In that case, the district
personnel will change the control type from automatic to remote on HMI to eliminate
flooding in the system.

Training District Personnel We provided training on operation and use of HMI software,
since this gate is designed for automatic control purpose; it’s not operated frequently. In
addition, wiring diagrams for actuator, sensor, radios and power for RTU aong with
customized manuals on operation of HMI and radios were provided.
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RESULTSAND DISCUSSION

At the start of Phase I, the actuator installed for the emergency gate had initial operational
problems due to the rust build up on the stem, threads, and guide frame from infrequent
use. In the beginning we thought that the gate supports and stem were not capabl e of
supporting the torque force from the actuator. Additional steel supports were added to
the structure but the problem persisted. For further evaluation, the concrete section
containing the gate was then blocked from the main canal and drained. After the rusty
condition of the gate was determined as the problem, the district personnel cleaned and
applied grease to the gate components.

The installation of the equipment for the RTU sites, which included the water level
sensors, actuators, spread spectrum radios, and PLCs were successfully installed. The
next decision was to decide on the programming language to be used for this project.
The SCADAPack PLC can use several languages including ladder logic and C/C++.

We initially had limited programming experience, so we worked in close collaboration
with other districts and their consulting engineering companies whom had similar
SCADA systems. The consultants provided example programming codes using the C
language and assisted us on understanding of the functions involved.

During the implementation of Phase I, we ran into problems with the calibration of the
actuator at Walker Lake that controls asmall radial gate. The gate feedback position
signal of the actuator was giving false readings because the wrong potentiometer was
installed. The AUMA sales representative made some initial miscal culations when
during the specification process. We contacted AUMA for assistance. The company
sent an engineer to work with us to solve the problem. The potentiometer was replaced
and the actuator was properly calibrated.

The next problem was due to lightning events that occurred at the Walker Lake RTU site.
One of the analog inputs on PL C board along with fuses and a water level sensor was
damaged and the team replaced water level sensor and PLC.

Thefinal problems were encountered at the District Lake RTU site during the installation
of the radio system. We had a series of problems on gaining line-of-sight. The initial
tests showed that signal strength was at -110 db, and not within the optimal signal range
between -40 and -100 db, not allowing any communication to the master station. The
antennae height was then raised from 30 feet to 40 feet, which increased the signal
strength to an achievable range between -98 db to -100db. While thisis still not adesired
range, we have future plansto add a repeater station for signal strength improvement. But
so far the district has not had any problems with radio communications.

A summary of the lessons learned from problems experienced during the process of the
project:

e Need proper evaluation of existing equipment before proceeding to next task
e Understanding the use of the programming language
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Ordering proper equipment (i.e. lightening protection, actuator components)
Proper planning out the installation of equipment

Establishment of suitable line of sight for radio telemetry system
Calibration of actuators and water level sensors

CONCLUSIONS

The money isthe essence for the implementation of any kind of project whether it is
SCADA or rehabilitation of canals and pipelines. But the Board of directors most of the
time are unwilling to spending money for these small SCADA demonstration projects
due to the cost, mistrustful of technology, fear of the cost for operation and maintenance
of the system and etc.

We had been working with several districts in the region on design and implementation
of SCADA projects for various applications. However, most of the districts are willing to
work and they do understand importance of technology on improvement of water
delivery efficienciesin the conveyance systems.

In addition, most of the districts are experiencing shortages on number of canal riders
who perform daily operations of gates, turnouts and pumps. Most of the canal riders are
about to retire but districts are having hard time on recruiting new canal riders. This
seems to be one of the biggest problemsin near future.

We learned many lessons throughout design and implementation phases of SCADA
projects. But when working with irrigation districts other issues arise including:

e Districts not installing the equipment as provided in project plans

e Lack of understanding and seeing the overall project goal (slows down project
implementation)
Lack of education on the cost, time and efforts need for each project

¢ Not understanding the importance of being involved on all aspects of the project,
including learning how to use to control systems

Thiswas one of the successful projects that we have implemented so far. Another part of
the success of this project was due to the district manager’ s willingness to spent money to
combat the flooding problemsin his reservoirs; the board members were al'so very
supportive.
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USE OF GISASA REAL TIME DECISION SUPPORT SYSTEM FOR
IRRIGATION DISTRICTS

Gabriele Bonaiti, Ph.D.}
Guy Fipps, Ph.D., P.E.2

ABSTRACT

GIStechnology has been utilized in the past years by drainage and irrigation districts
mostly for organization of spatial data, and as decision support system. However in some
cases, GIS has not reached its full potential due to such factors as lack of interest after
initial set up, effort required for and the high costs of keeping the system updated, and a
disconnect with daily management.

This paper discusses the development of areal time GIS decision support system for the
Brownsville Irrigation District of Texas (District). The objectives were to provide the
District with asimple tool that would improve the management of water orders, allow
access of data by landowners through the internet, and to improve the availability of
pump flow data from the existing SCADA system. An important component of the
project was to interact and train District personnel. The final product of the project isa
website, where water orders and pump operations information are displayed in real-time,
along with links to related historical data, and other information.

The activity resulted in an expanded interest on the use of GIS asareal time decision
support system by District personnel, the identification of solutions for limitsin the
existing database, and recommendations for further improvement. In this paper, we
present the steps that were taken with District personnel to set up the system, the website
features, and the initial benefits that have been identified by District personnel and the
manager.

INTRODUCTION

Water conservation in the irrigation districts of the Lower Rio Grande Valley of Texas
has been a key challenge for more than a decade. Hence, new technologies and water
management strategies have been implemented. GIS is one of the technologies that have
been introduced in irrigation districts, and has been used primarily for mapping and
planning purposes (Fipps and Leigh, 1998, Fipps and Leigh, 2003, Leigh et al, 2009).
GIS has not reached its full potential, due to such factors aslack of interest after initial set
up, high costs of upgrades and keeping the system updated, and a disconnect with daily
management.

! Extension Associate, Department of Biological and Agricultural Engineering, 2117 Texas A&M
University, College Station, Texas 77843-2117; gbonaiti @ag.tamu.edu

2 Professor and Extension Agricultural Engineer, Department of Biological and Agricultural Engineering,
2117 Texas A&M University, College Station, Texas 77843-2117; g-fipps@tamu.edu
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A demonstration project started in June 2009 by the Irrigation District Engineering and
Assistance (IDEA) program of the Irrigation Technology Center, in collaboration with
the Brownsville Irrigation District (District). The general objective was to improve the
use of GIS in managing pump operation data, which are monitored with a Supervisory
Control And Data Acquisition (SCADA) technology, and water account data.

The District is one of the smaller of 28 irrigation districtsin the Lower Rio Grande
Valley (Figure 1). Theirrigated land is about 4,200 acres, typically using the flood
irrigation method, and the most common irrigated crops are corn, soybean, sugarcane,
and orchards. Water is pumped from the Rio Grande River, and delivered to the fields by
means of re-lift pumps and a network of pipelines under low pressure. Pump operation
data are continuously measured and remotely monitored with a SCADA system. Water
sales are recorded daily in awater account database, with the support of manual meter
readings. The GISis mainly used to create maps representing total yearly water sales, and
distribution network features.

Obj ectives

The objectives of the project were to:
e Improve access to existing pump operation and water account data, both from
District office and via the internet
e Enable landowners and growers to access their data directly
e UseGIStolink different sources of data and to serve as interactive display tool
e Interact and train District personnel

We carried out three main activities:
o Analysis of pumps operation and water orders management
e Education and GIS training program
e Establishment of aWeb GIS Pilot Project
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Figure 1. Service areas of theirrigation districts in the Lower Rio Grande Valley of
Texas.
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MEXICO

Figure 2. Pump stations and delivery network in the Brownsville Irrigation District.
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ANALY SIS OF PUMPS OPERATION AND WATER ORDERS MANAGEMENT

District’s I nternal Computer Network

We examined the District’ s internal computer network to ascertain if and how computers
are interconnected, how datais stored, what software is used for data acquisition and
management, and the level of training of District personnel on the use of computer
systems and associated software. Data recorded at the District office were identified,
along with storage and use details. We also determined what type of information District
personnel considered the most useful and what improvements were desirable.

The District’ s pumps are equipped with remote terminal units (RTUs) for remote control.
The pumps are operated remotely with SCADA software, which isinstalled on a personal
computer (PC1) disconnected from the internal network (Figure 3). The SCADA unit
pollsthe RTUs for water data of the canals from where water is pumped, equipment
status (whether pumps are on and off), flow rate, and cumulated flow.

Water account information is stored in the server, and is updated daily from a personal
computer (PC2) with the database management software FilePRO (Figure 3). The District
manages water orders by selling “water tickets,” which specify detailed information such
as date of purchase and delivery, amount of water sold and delivered, name of land owner
and grower, crop. The water accounts database is frequently not updated in atimely
manner with water ticket information, particularly the dates of order and delivery.
However, water ticket information for afew of the largest farms is kept more current on a
third computer (PC3). GIS database is also managed and stored on PC2.

Internet Internet Internet
SCADA: Water account Water account Water account
pumps operation database: weekly database: daily database: weekly
display and update of water update of water update of water
controlin real sales sales for main sales
time GIS: yearly update farms
I 1} I 1 1 1} I 1
PCl PC2 PC3 Server

Internal Network
Figure 3. Schema of pump and water orders database management. Communication is
missing between some sources of data.

| dentified Problems and Recommended Changes

The most evident problem was a missing communication link between different sources
of data. Internet access was, nevertheless, ensured to three out of four computers. Some
modifications to database settings (e.g. output data formatting) can only be done by
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contractors, which leads to a strong dependency on the contractor and ties the hands of
the District staff.

A list of the problems and recommended changes were compiled (Table 1) for the
District, some of which were addressed during the Web GIS Pilot Project.

Table 1. A sample of the identified problems and recommended changes.

Problems

Recommended changes

SCADA Water account database

GIS

Output data are in an encrypted format

Update of water tickets is done weekly
Irrigated fields (“locations”) are missing
in the water account database

Daily updates of water sales are recorded
in a standalone computer (no connection
to the internal network)

Information on planting date, harvest
date, and irrigation method are missing

District personnel do not know how to
access stored data

No communication with the interna
network

Current shape files are not usable with
available alphanumeric information and
other IDEA Team shapefiles

Water orders areadiffer from water
account area (sub areas, mistakes on
drawing, over selling, confusion of order
between accounts, etc.)

“Locations’ recorded by canal rider
differ from water account boundaries

Daily updates of water sales are recorded
in a standalone computer (codes in the
spread sheet not compatible with GIS)

Add routine that converts output in a text
file format, or convertsto a different
database product

o Update water ticketsinformation daily

Add “location,” ensuring the use of the
same code as in the GI S database.
Record data in the water account
computer (PC2)

Require the canal rider to record this
information and update them daily in the
database

Convert output into a text file format with
the desired frequency
Connect to the internal network

Re-project to common spatial references;
add fields to host new information; edit at
scale equal or larger than 1:10,000; snap
network and update it

Frequently update maps with information
on location, turnouts, and cultivated
parcels, encourage the identification of
irrigated fields with grower

If the location is larger, use this name to
identify the account; if it issmaller, useit
to split account

Modify files to meet GIS requirements, or
record data in the water account computer
(PC2)
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EDUCATION AND GISTRAINING PROGRAM

The education and GI S training program was designed to help District personnel and
contractors to better use available tools, and to learn new ones. Meetings, GI S classes,
demonstration sessions, and field tours were the activities carried out as face-to-face
sessions (Table 2). Correspondences by regular mail and email, and phone calls, are not
reported in the table, but were used extensively.

Table 2. Face to face education and GI S training program.

Meetings Demonstrations Classes Field tours

NUMBER OF EVENTS 9 6 2 3
PEOPLE (counted for each event):

District manager and personnel 11 8 2 1

Water account database contractor 1

SCADA contractor 1 2

TOTAL 13 10 2 1
HOURS (hours x people) 28 105 5 7
M eetings

Meetings were organized to foster discussions with the manager and District personnel,
and to identify expected outcomes. Those discussions focused on improvement need for
database organization and access.

To obtain useful results, we met frequently and spent a considerable amount of time
discussing the current organization, proposed tools, and specific aspect to be devel oped.
This allowed for both, District and IDEA Team personnel, to understand each other
vision, and to carefully evaluate proposed changes.

GlSClasses

The project required that District personnel learn two key skillsin GIS database
management. Therefore we organized two classes to teach staff how to use basic and
some advanced tools available in the ArcGIS ArcView software, and to set up procedures
for the Web GIS Filot Project.

Demonstrations

During the first session, we introduced the manager and District personnel to ArcGIS
Server web applications, and demonstrated how the Districts data could be managed with
this extension of ArcGIS. In the following session, we designed and taught atool that
could effectively help the District manage pump operation and water orders through
ArcGI S Server web applications. The features of thistool are described below.

Sessions were also organized for the SCADA contractor upon his request. We introduced
him to the ArcGI S Server web applications, and to the ongoing Web GIS Pilot Project at
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the District. After the demonstrations, the contractor expressed his intention to continue
GIS education, in an effort to improve further technical assistance.

Field Visits

Several field visits were conducted by the canal rider in order to bring the IDEA Team up
to speed on the distribution network system. The visits were useful for understanding the
type of field activities carried out, and gave the canal rider the opportunity to explain in
detail his work methods.

WEB GISPILOT PROJECT

The Web GIS Pilot Project was organized in the following steps:

Ensuring correct data format and features

Transfer of filesin real time from District computers to the IDEA Team server
Storing and processing of received files

Creation of GIS projects to synthesize data

Creation of Web GIS projects for remote access

Data Format and Features

Some changes had to be made to the database structures in order to use them in the Web
GIS Pilot Project. A routine was added by the SCADA contractor in PC1 to output and
save datain aCSV file format every 15 minutes. Data older than a week are overwritten;
in thisway the size of thefileis kept limited for faster transfer.

In the same way, the FilePRO daily output was set up to be automatically converted to
CSV format. The size of thisfile is not an issue since transfer is only needed once aday.

For PC3, minor changes were made in the spread sheet files to limit errorsin the data
entry process (e.g. introduction of drop down lists) and to facilitate the exchange of files
(e.g. limiting of number of new workbooks).

Finally, spatial references were added to the feature classes in the GI S database, together
with identification codes enabling joining with other databases. This allowed for water
account detailed boundaries to be added (Figure 4). A procedure was set up in
collaboration with the District personnel for ensuring frequent updates of class features.
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Figure 4. Water accounts were split to display orders in the specific fields. Canal rider
can check if water is allocated correctly.

Transfer of Data

Internet access was added to PC3. Then Secure Shell Protocol (SSP) was installed on
each computer containing needed files and set up to automatically transfer files from the
District computersto the IDEA Team server. Pump operation data were set to be
transferred every 15 minutes, while water sales and GIS data were transferred daily.

Processing of Data

A set of automatic routines were set up on the IDEA Team server to process received
data. The objective wasto create a new, smplified database, and to create queries to
extract the most useful information (e.g. current flow rate, last water ticket order, pending
water tickets, cumulated ordered water for each field for a selected year, historic
database). Thisdatais stored in a SQL Server database. ArcGI S feature classes were
converted to geodatabases using ArcGIS Arclnfo, and are manually modified every time
there is an update.

Centralized GIS

ArcGISisused to retrieve all spatial datareceived and all related information from the
database. New maps are created using the feature classes sent by the District combined
with those possessed by the IDEA team (roads, soil properties, cities, etc.). Maps are set
to automatically update when new attribute datais received.
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Web GIS Access

Datais organized to be accessed, displayed and downloaded through the Internet
according to the needs of the District manager and personnel. This was done by
publishing the new maps as “services’ and “web applications,” using the ArcGIS Server
software, and by linking historical data. Meter readings and District personnel web pages
are password protected. Data access, display and download are set up differently for the
growers/landowners than for District personnel, to better manage permissions and
security issues. Pump operation and water account management in the Web GIS Pilot
Project is shown in Figure 5.

SCADA + GIS + SCADA + GIS +
Water account Water account
database: database:
daily updated daily updated
data and maps data and maps
1 1 T 1
IDEA Team Server Grower/Owner
Internet
§ SCADA: Water account Water account Water account
.E pumps operation database: weekly database: daily database: weekly
a display and update of water update of water update of water
@ controlin real sales sales for main sales
E time GIS: yearly update farms
2 T 1 I A T Y 1 A
2 PC1 PC2 PC3 Server
5 | |
(aa]

Internal Network

Figure 5. Database management in the Web GIS Pilot Project. Data and maps are shared
through the Internet.

Grower/L andowner The grower and the landowner can open a dedicated interactive map
(web application) on the District webpage (Figure 6). From the webpage, the
grower/landowner can query the flow meter on their land and check the latest readings,
which are updated every 15 minutes, without having to call the canal rider. With a
different query, they can locate their fields, and find related information on water tickets.
Each query requires a password, which was mailed to the grower/owner. Visualized
information can also be printed. The map includes useful feature and images, such as
delivery network, roads, District boundaries, and aerial photograph (Figure 7).
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District Personnel From the District webpage, District personnel are redirected to another
webpage, where they can choose to access real time or historical data. The accessto this
page is password protected.

The web page shows current operating pumps, related flow and water body levels, along
with alink to the data from the last week of operation. The map includes information on
other useful features and images, such as delivery network, roads, District boundaries,
and aeria photograph (Figure 8).

Real time water sales are displayed in the same web application, and queries are set to
find the desired field in the map. Options for queries include searching by water account
number, owner name, or grower name (Figure 9).

Finaly, all historical data regarding pump operation and water orders can be accessed

from a different webpage. Dataisin a spreadsheet format, and may contain further
elaboration as requested by the District personnel (Figure 10).

—\I Legend
Unit_1 [Pl Unit
\I_\J s (———— Network B

— Roads T

: % Water deigS

.25 0

12000 10600

H £

?, 8000 10400 5

T 6000 3

S 4000 10300 9

;‘ 2000 10200 2

£ o)

o 0 10100 F

@ 219 2024 31

—Llevel —GPM_1 =---ACFT
Time GPM 1| ACFT E-
Monday 3/8/2010 8:30 | 4290 | 10531 4290 GPM
/ |

Figure 8. Pump operation real time and historical data accessed by District personnel.



Real Time GIS Decision Support System

A ] 8 ] C
1GROWER
1 404 3 R
1 404 3 R
3 RRRRRR
3 R
3 R
3 R
3 R
3 R
3 R
ER
3 R
3 HRad
3 R
3 R
3 R
3 R
3 HdR
3 RERRR
1 RRRRRR
3 ReARaR
3 ReAaR
3 RedRaR
y 3 wedRaR
2511, 194? 3 AR

Wl alenle|wn|e

EPATRETY )
PR water_ 1nos mnd °T

o
QOWNER
fr s
frsrs
AR
frsrs g
frsrs
frsrs
frsrs g
frsrs g
frtrs g
FEr b
frsrs g
wRRE
frtrs g
frtrs
frsrs g
frsrs g
R
frsrs
RERRER
frsrs g
fr s
frsrs
frsrs g
wdE

E

sua

iDIX INDUS
(DIX INDUS
:DIX INDUS
101X INDUE
ACTNO 1
CTNO1

s

ALM PAR
PALM PAR
PALM PAR
PALM PAR

X-TTNT N T

Dl PV

BLK

LT

MET_ACREMNET_ACRECROPL

958
558
9 58
5.58
358
358
358
9 WH
958
9358
9 WH
958
958
B WH
2'WH
858
258
8 5B
258
4 WH
5WH
458
558
458

£ ca

201

Legend

@ Unit
Meters

ﬁ Cistrict meter

I:I Farmer meter

MNetwork

K L M ™

CROP INCHES ACFT DATE

SOY BEAN 15/ ‘CGS
SOY BEAN
SOV BEAN
S0Y BEAN
50Y BEAN
50Y BEAN
S0Y BEAN

5/12/2008
15/2008

S0Y BEAN
S0Y BEAN
SOYBEAN
SOY BEAN
WHEAT

WHEAT

S0Y BEAN
SOY BEAN
S0Y BEAN

£ BEAN

D O oo 0 O O O Oh OY DO 0RO O 00O O DI GO A LA LA OO

Figure 10. Historical data can be downloaded by District personnel as spreadsheets.
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CONCLUSIONS

In collaboration with the Brownsville Irrigation District, an education and demonstration
project was implemented to use GIS in managing pump operation, and water account
data.

Problems and recommended changes in managing data were identified. The most relevant
problems were an incomplete connection link between computers, aformatting of output
data not suitable for GIS applications, and a missing relation between irrigation water
orders and irrigated fields.

A Web GIS Pilot Project was established which also addresses some of the identified
problems. GI S training sessions were organized to ensure effectiveness of introduced
changes. As aresult of the Project, real time and historical data can be retrieved from GIS
applications through the internet and owners and growers can access their personal water
account and meter reading information, reducing need for help from District personnel.
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(ASIM) WITH 1-SCADA SYSTEM FOR EFFICIENT AND SUSTAINABLE|
PRODUCTION OF FIBER ON 10,360 HECTARES

Nabil Mohamed*

ABSTRACT

Efficient drip irrigation of 10,000,000 fast-growing Pacific Albus trees in the water-
challenged environment of Easter Oregon, US; requires not only a massive and complex
computerized water distribution system but also an efficient and economical
methodology to manage and deliver the water to the trees. The Greenwood Resources
Boardman Tree Farm (GWR BTF) achieves this by interacting its Advanced Scientific
Irrigation Management (ASIM) program with its state-of-art Irrigation Supervisory
Control and Data Acquisition (I-SCADA) system to achieve high irrigation and
economical efficiencies. Also within this ASIM / I-SCADA system combination is an
elaborate automated soil moisture sensing operation and an original and innovative
methodology incorporating a customized Advance Hydraulic Balanced Irrigation
Scheduling (AHBIS) program, which enables smooth and steady hydraulic operation of
101 pumps at 23 major pump stations. Additionally, the BTF I-SCADA system operates
pivot irrigation on 1,930 hectares (4,770 ac) of very high-value agriculture crops,
including organic crops.

Boardman Tree Farm offers a show-case example where the latest technology and human
ingenuity are utilized to drip irrigate vast areas of land, while at the same time
minimizing the use of scarce water and energy resources and maintaining a sustainable
and economical rate of fiber production for use in BioEnergy, Paper and Solid Wood
production.

INTRODUCTION

In the semi-arid part of Easter Oregon, US, where less than 20 cm (8 in) of total annual
precipitation occurs, exists the world’s largest contiguous drip irrigated farm of 10,360
hectares (25,600 ac), managed by Greenwood Resources (GWR), and known as the
Boardman Tree Farm (BTF) (Figure 1).

At BTF, 10,000,000 fast-growing Pacific Albus trees are irrigated by a massive and
complex computerized water distribution system. Cost of pumping water is a major crop
production cost, so a very aggressive and determined effort is made to operate the
irrigation system efficiently and cost effectively. To achieve high irrigation efficiencies
BTF uses Advanced Scientific Irrigation Management (ASIM) program, automated soil
moisture sensing and one of the most advanced and sophisticated Irrigation Supervisory
Control and Data Acquisition (I-SCADA) systems in the world. Additionally BTF

! Water & Energy Resource Engineer, Greenwood Resources Boardman Tree Farm, 77200 Poleline Road,
Boardman, OR 97818, nabil. mohamed@gwrglobal.com, www.greenwoodresources.com
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Figure 1. Satellite image of Boardman Tree Farm (BTF) in Eastern Oregon showing both
the drip and pivot irrigated lands. Included also is the GreenWood Resources Sand Piper
Tree farm located in Washington state and north of Boardman.

utilizes original and innovative methodology incorporating customized Advance
Hydraulic Balanced Irrigation Scheduling (AHBIS) program, to create individual block
irrigation schedule regimes. These irrigation schedule regimes provide precise irrigation
together with a smooth and steady pump stations hydraulic operation.

One of the success stories of BTF’s excellent water management practices is the
demonstrated ability to irrigate with such accuracy (+/- 1 minute) and precision that the
central 60 cm (2 ft) wide soil strip between the three meter (10 ft) wide tree rows always
remains dry. This level of water application efficiency is unparalleled on such a grand
scale anywhere else in the world!

The BTF overall tree management strategy emphasizes the use of the most efficient water
delivery methods via drip irrigation and automation. Together with the use of the highest
quality tree clonal material and the continuous monitoring of crop vigor and health, BTF
aims to become the lowest cost producer of high quality sustainable wood fiber products.
The Pacific Albus trees at BTF are grown on an eleven to fourteen-year rotation. For
disease control and other reasons, multiple clones of Pacific Albus trees are used to add
genetic diversity. Each clone has its own characteristic needs for water and fertilizer and
unique production quality and quantity. Pacific Albus trees are known to grow more than
five centimeters (2 in) a day during peak growth and have growth rings more than three
and a half centimeters wide (1.5 in). The trees are harvested at an average sustainable rate
of one tree every 16 seconds. For BioEnergy fiber production the trees are harvested
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every two years, for paper chip production the trees are grown for six to seven years and
for solid wood the trees are harvested at twelve to fourteen years of age. It is a dynamic
harvest plan which adjusts to market needs in order to maximize economical returns and
production efficiencies at the Saw Mill located within BTF.

PROJECT FACTS

Boardman Tree Farm (BTF)

The BTF consists of two main units - North/South Boardman Tree Farm and the Sand
Lake Tree Farm. In the North/South BTF, 7,500,000 fast-growing Pacific Albus trees are
irrigated by a massive and very technically complex automated water distribution system.
The large tree acreage is operationally divided into 369 individual irrigated blocks, each
ranging in size from 16 to 28 ha (40 to 70 ac), which are fed by 13 different pumping
stations from two independent farm water supply distributions; which also supplies water
to other various crops on 1,930 ha (4,770 ac) under pivot irrigation. The extensive
irrigation pipe network consists of 805 km (500 ml) of buried pipe 4 to 183 cm (1.5t0 72
in) in diameter and 23,100 km (14,330 ml) of drip tube with nearly 20,000,000 emitters.
The 13 pumping stations have 70 irrigation pumps with a total of 22,640 kW (30,350
HP), producing peak flow capacities of 689,000 Ipm (182,000 gpm) and a capacity to
produce 992,000,000 Ipd (262,000,000 gpd). Single pump capacities range from 1,900
Ipm to 121,000 Ipm (500 to 32,000 gpm) with pump motors ranging in size from 22 to
746 kW (30 to 1,000 HP).

North/South Tree Farm together with the Sand Lake Tree Farm, collectively form the
BTF and cover 104 square km (40 sq ml) planted with 10,000,000 Pacific Albus trees on
10,360 ha (25,600 ac). Additionally there are a combined total of 2,225 ha (5,500 ac) of
various high value crops including organic crops under pivot irrigation but on a non-
GWR ownership. Both the trees and the pivot crops are irrigated by 23 major pump
stations through 101 pumps. BTF peak pumping capability of 28,420 kW (38,100 HP)
can deliver in excess of 852,000 Ipm (225,000 gpm) with a capacity to produce
1,226,000,000 Ipd (324,000 gpd). This very large volume of water is feed via nearly
27,000,000 emitters to the trees through an astounding 30,622 km (19,028 ml) of drip
line, which is about % the circumference of the earth. The 250 sand media filters in the
irrigation system gives BTF the largest concentration of operational sand media filters in
the world (Figure 2). Even though it is one of the largest rural water distribution systems
in the state of Oregon, GreenWood Resources Drip irrigation System (GWRDIS) has the
capacity to pump enough water per day to serve three cities the size of Portland, the
largest city in the state of Oregon. The BTF with its present size of 10,360 ha (25,600 ac)
is the world’s largest irrigated fiber farm and the North/South BTF is one of the largest
contiguous drip irrigated farms in the world. BTF is also a world leader in large-scale
drip irrigation efficiency.
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Figure 2. BTF I-SCADA Remote Terminal Unit (RTU) with sand media secondary
filters.

Irrigation Supervisory Control and Data Acquisition (I-SCADA) System

BTF irrigation practices cover a huge area and are very complex and demanding, thereby
requiring a very sophisticated control and monitoring system. BTF state-of-art I-SCADA
system controls and monitors 250 pumps, 369 irrigation blocks, 1254 automated valves
and 46 center pivots. BTF’s I-SCADA system consists of two master processors and a
single computer installed with Human Machine Interface (HMI) software, all interacting
together with the 153 Remote Terminal Units (RTU) (Figure 2). All communications to
the RTU’s is done by Spread Spectrum radio telemetry on two totally independent
licensed radio frequencies. This I-SCADA system is designed to remotely control
valve(s) or pump(s) within a radius of 24 km (15 ml) from the Operator Interface
Terminal (OIT) at the office. All I-SCADA system remote field actions occur within two
seconds of operator command, with full control acknowledgement within 5 seconds of
command initialization from the OIT. Irrigation system operations can be remotely, or
manually, programmed and stored at multiple locations on the I-SCADA system such as
the OIT, master processors and the RTU’s. I-SCADA system real time data is stored on a
sequential database. Some data is stored every minute, and is then plotted for trends and
also analyzed to improve BTF irrigation performance and methodologies.

IRRIGATION

Survival of Pacific Albus trees at BTF is largely dependent on irrigation water. In the
semiarid environment during peak evapotranspiration rates, the project’s irrigation
system cannot adequately provide the trees high daily water consumption. Additionally
for some tree clones the timing of irrigation is also important, therefore requiring random
daily irrigation start times. Growing trees under these conditions and in sandy soils is a
challenge in itself, further compounded with the fact that any cessation of irrigation for
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more than 15 hours causes a detrimental reduction in yield or even death of trees!
Therefore reliability of the BTF irrigation system is very crucial.

BTF’s pumping energy cost of nearly $4,000,000 for an irrigation season of less than
eight months is a major operational cost for tree production; so achieving a high pumping
efficiency is crucial task of the BTF I-SCADA system.

With all these tough environmental and tree demands, has forced BTF to implement very
sophisticated and reliable water management practices. With 369 individual blocks, that
cycle irrigation as much as four times a day, irrigation scheduling is also a hydraulic
nightmare.

There are basically two major irrigation challenges facing the BTF:
1) Water deliverance from the source to the trees.

Every irrigation project has its challenges and the challenges faced by BTF, especially in
water deliverance are not unique except for its very large scale of operation. BTF met
these challenges by spending adequate resources to ensure the delivery of water is not an
issue in tree production. Senior water rights, upgrading/changing of existing water
deliverance facilities by using the latest and appropriate technology with “good”
engineering were the keys. Once the deliverance system was installed, a state-of-art I-
SCADA system was installed to control and monitor the whole BTF irrigation system.
This I-SCADA system provided the ability to “spoon feed” the trees with specific
amounts of water and fertilizer.

2) Water management and irrigation scheduling.

In the areas of water management and irrigation scheduling, BTF faces challenges that
are huge, ongoing and very complex that require unique solutions involving collectively
the I-SCADA system and the use of multiple customized and in-house software.
Additionally these challenges are made even more demanding as they affect the whole
economics of the BTF operation.

The I-SCADA system tackles these daunting challenges of water management and
irrigation scheduling by interacting together with sophisticated and customized Advanced
Hydraulic Balanced Irrigation Scheduling (AHBIS) software. This AHBIS program
generates an I-SCADA operational code file with nearly 12,000 individual block
irrigation schedules with random daily irrigation start times and hydraulically balanced.
The I-SCADA / AHBIS program interaction allows BTF to micromanage irrigation
scheduling at the individual 16 to 28 ha (40 to 70 ac) block level.

Hydraulic Balanced Irrigation Scheduling (HBIS) is an original and innovative
methodology of creating individual block schedule regimes that leads to a smooth and
steady pump station hydraulic operation. This methodology is incorporated into a
customized highly sophisticated Advance Hydraulic Balanced Irrigation Scheduling
(AHBIS) program that optimizes irrigation schedule regimes, such that no pump changes
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are necessary during a period of a particular irrigation schedule regime. This also leads to
steady canal withdrawal rates at the pump stations thereby assisting the irrigation district
to have an efficient canal operation. It also allows the operation of a very large complex
irrigation system without the use of expensive and very complex pump automation
programs. The AHBIS methodology improves pumping energy efficiency with tangible
pump energy savings, decreases irrigation system wear and greatly improves human
resource allocations. This “smooth” operation of the irrigation system is “easy’ on the
irrigation hardware of the system and lessens the work load of the irrigation team
members as their interaction with the I-SCADA system is normally only limited to
reacting to its remote pager alarm message(s). This hydraulically smooth operation is
what enables the I-SCADA system to become a “stand alone” system.

ADVANCED SCIENTIFIC IRRIGATION MANAGEMENT (ASIM) PROGRAM

1. The BTF water management goal, for economical and environmental reasons, is to
ensure that the water pumped by the irrigation system is the right amount for the trees —
“no more no less”.

2. The goal of applying only the absolute minimal amount of water that the trees need,
lead to the development in-house of sophisticated and comprehensive Advanced
Scientific Irrigation Management (ASIM) program. This ASIM program is operated on
weekly basis throughout the irrigation season.

3. The weekly ASIM program starts from weather data collected from the local AgriMet
station(s) (Figure 3). AgriMet stations are a satellite-based network of nearly 75
automated agricultural weather stations located mainly in the Pacific Northwest and are
operated and maintained by the Bureau of Reclamation. The AgriMet weather data is
analyzed together with weather forecasts from three independent sources, including a
customized weather forecast provider. Further computation and analysis with a 22 year
historical local weather database, leads to a prediction of Evapotranspiration (ET) and
Growing Degree-day (TG) rates for the coming 10 days. The ET and TG information is
then input into in-house Pacific Albus crop models, which result in an accurate and
repeatable scientific approach to predicating water demands for each age group of trees.
Collectively this predicated water demand is the accumulated amount of water to be
pumped by the BTF irrigation system and is the right amount of water that the trees
actually need for the coming week.

4. Nearly 375 automated soil moisture sensors provide real time soil moisture readings
at various locations and depths around BTF. The soil moisture data is collected by I-
SCADA and stored in a sequential database. Analysis of the soil moisture data provides
information if any adjustment to the soil moisture reservoir in the soil is required. The
goal of BTF, for optimum economical growth of the trees, is to maintain greater than
80% available soil moisture in the root zone. The automated soil moisture sensors also
monitor the irrigation water encroachment to the central 60 cm (2 ft) wide soil strip
between the three meter (10 ft) tree rows; which according to state water right rules has to
always remain dry. A detailed soil moisture evaluation status (increase/decrease) at each
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field, including other analysis, is done at this stage of the ASIM program and a soil
moisture report is created.

Figure 3. “HERO” AgriMet station located North boundary of BTF.

5. The predicated water demand per tree age group is converted to hours of irrigation
operation and is presented to the Water Group of BTF team for acceptance and
modifications. The present and extended weather forecast, extended and historical ET
and TG graphs and the soil moisture report are also presented at the same time. This is a
major decision of the week and one that impacts greatly on the economics of BTF.
Debate is done on issues such as; if water demands for a particular age group of tree need
any adjustment, date and time for the start of the next irrigation schedule, pump
availability and water quality issues such as system flushes. Water Group members
provide input on irrigation hour’s adjustments per age group and clone, special irrigation
requests, single or multiple block runs, daily to every third day schedules, number of
cycles per day, system flushes and special water regimes for experimental testing and
harvesting. A report with the final decision on the hours of irrigation for each age group
and other irrigation parameters is then prepared and forwarded onto the next stage of
ASIM program.

6. The information from the hours of irrigation report is then input into an in-house
software program and hours adjusted due to higher or lower emitter flows in comparison
to design flows. Additional adjustment to the hours is made due to the BTF Deficit
Irrigation program. After computation a determination of the expected water demand at
each pump station and the expected withdrawal rates from the irrigation canal is made.
Pump selection per pump station for efficient water delivery is also computed and relayed
to the irrigation team for confirmation on availability of the selected pump(s) to the I-
SCADA system. The expected water withdrawal demand from each of the irrigation
canal pump stations is then relayed to the irrigation canal company 24 hours before the
new schedule goes into place. The final output of this stage of ASIM program is an
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irrigation demand file that is forwarded to the next step of the ASIM program for
encoding into the I-SCADA system.

7. For actual I-SCADA implementation of the planned hours of irrigation, a six-day
irrigation schedule regime for each of the 369 individual blocks is created from the
irrigation demand file by the AHBIS program. It is a tedious and complex process of
laying out an irrigation schedule that provides not only the irrigation needs of each block
precisely but also covers the block flush requirements, has random daily irrigation start
times and maintains a steady hydraulic demand at all times at each pump station during
the duration of the irrigation schedule. The output of the AHBIS program is the BTF
irrigation schedule code file, consisting of nearly 12,000 individual block irrigation
and/or flush schedules over a six day period. This irrigation schedule regime allows the
BTF irrigation team to micromanage irrigation at each block level to within +/- of a
minute, for a high precision and accurate irrigation of the Pacific Albus trees.

8. The BTF irrigation schedule code file is then transferred, via Ethernet, to I-SCADA
master processor which in turn remotely transfers, via radio, to the 93 RTU’s for
implementation at field level. The I-SCADA OIT displays the new irrigation schedule
and system flushes of each block, keeps track of its real time operation as it progresses
and stores the data in the database every minute. An 18-page report on the new daily
irrigation schedule for the next six day run is the final output of the weekly ASIM
program at BTF. This irrigation schedule report is then disseminated to the BTF irrigation
team.

9. When the weather conditions change enough to affect the trees predicted water
demand, the ASIM program is run again and a new BTF irrigation schedule code file
created. Major structural failures with the BTF irrigation system can also cause a change
in the water regime and thereby initiate a new partial, or full, ASIM program run.

10. If the water demand for the trees does not change over a six-day period, the I-SCADA
system will automatically repeat the previous week’s irrigation schedule.

OTHER IRRIGATION EFFICIENCY PRACTICES

Beside the use of ASIM and AHBIS programs together with the I-SCADA system, BTF
utilizes other important practices for achieving high overall irrigation efficiencies. These
practices include:

1) Use of an award winning design for closed-loop drip irrigation system together with
pressure compensated emitters to achieve the highest possible irrigation application
efficiencies.

2) Use of Variable Frequency Drive (VFD) motors, Real-Time innovated pump
selection guides at the I-SCADA OIT for single and multiple pumps operations, Real-
Time data of energy usage per unit of water pumped and combined with on-line pump
testing; all collectively help improve irrigation pumping energy efficiencies.

3) Use of extensive Real-Time flow and pressure monitoring at pump station and block
levels, enables high irrigation uniformity efficiencies.
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4) Complex localized RTU programming at each block level to enable hydraulic Self
Recovery of the irrigation system in case of partial lose of pumps or pumps stations.
This Self Recovery allows partial irrigation to occur minimizing the downtime effects
of an irrigation system failure.

5) Use of sophisticated “auto-pump shut-off” RTU programs for maintaining system
integrity when irrigation system fails. This is combined together with extensive Real-
Time alarm/pager system to alert operators of an irrigation situation that would affect
irrigation performance or efficiency.

6) Use of satellite multi-band imagery and aerial Infra Red (IR) information to assist in
improving irrigation uniformity efficiencies.

CONCLUSION

With the use of innovative irrigation water management ideas and methodologies,
together with precise and accurate application of irrigation amounts, BTF farm achieves
high overall on-farm irrigation efficiencies in excess of 95%. The BTF offers a show-case
example where latest technology and human ingenuity are utilized to drip irrigate vast
areas of land, while minimizing the use of scare water and energy resources while
maintaining a sustainable and economical rate of fiber production for use in BioEnergy,
Paper and Solid Wood production. At BTF the use of Advanced Scientific Irrigation
Management (ASIM) program, State-of-Art I-SCADA system, extensive automated soil
moisture monitoring, multiple weather sources, Pacific Albus crop curves and the use of
complex customized and in-house software, allows BTF to adequately irrigate its trees
very efficiently and so maintain its position as a world leader in large scale drip irrigation
efficiency.

With its innovative and sophisticated drip irrigation technology, BTF can help lead the
world in advancing the spread of large-scale drip irrigation projects. Implementation of
drip irrigation technology is ever so much important in today’s times, where some
countries social and economical survival may very well depend on migrating from less
water efficient irrigation systems to more water efficient drip irrigation systems, allowing
optimum use of their scarce and diminishing water resources.
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ABSTRACT

Scheduled water delivery (SWD) provides the opportunity to increase overall irrigation
system performance and define legitimate water use in regions without adjudication. A
well-managed program of scheduled water delivery is able to fulfill seasonal crop water
requirements in atimely manner, but requires less water than on-demand water delivery.
In order to successfully realize SWD in an irrigation district, several components need to
be addressed and devel oped simultaneously.

This paper will present results of on-going research in the Middle Rio Grande
Conservancy District (MRGCD) related to implementation of scheduled water delivery
supported by a decision-support system (DSS) and modernization of irrigation
infrastructure. A DSS developed over the last four years uses linear programming to find
an optimum water delivery schedule for all canal service areasin the MRGCD irrigation
system. The DSS has been devel oped for the entire MRGCD and a significant validation
effort of input parameters and model 1ogic has been compl eted.

The second component for implementing scheduled water delivery is a program of
irrigation infrastructure modernization with Supervisory Control and Data Acquisition
(SCADA) system. Over the past six years, the MRGCD has modernized canal
infrastructure and developed a SCADA system with the focus being to improve water use
efficiency.

The third component in implementing scheduled water delivery isits acceptance by al
water users as amatter of district policy and practice. To gain acceptance and disseminate
information regarding SWD, a public outreach program was formulated that includes
providing water users information through newdetters, websites, and public meetings. It
also included training related MRGCD staff in the concepts and practice of scheduled water
delivery and the use of related decision-support systems.
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INTRODUCTION

Irrigated agriculture in the Western United States has traditionally been the backbone of a
vibrant rural economy. The climate in much of the American West in characterised by
low annual rainfall amounts of 8-14 inches, which is conducive only to dry land farming.
Irrigated agriculture requires extensive water diversions and systems of canals and
laterals. Topography inthe West is characterized by north to south mountain ranges,
such as the Rocky Mountains, which accumulate significant snowfall. These mountain
ranges interrupt the movement of precipitation in the west to east storm tracks causing
rain deficit shadows in the plains on the lee side of the mountain ranges. The snowmelt
hydrograph, which has a duration of approximately 100 days, provides direct diversion of
water on to the irrigated farms, with excess runoff stored in reservoirs alowing for
irrigation throughout the summer crop-growing season. Of the total available surface
water, irrigated agriculture uses (diverts) roughly 80 to 90% (Oad et al. 2009; Oad and
Kullman, 2006). The combined demands of agriculture, urban, and industrial sectorsin
the past have left little water for fish and wildlife. Since irrigated agriculture uses
(diverts) roughly 80 to 90% of surface water in the West, it is often targeted for decrease
diversions. Due to fish and wildlife concerns and demands from a growing urban
population, the pressure for flow reductions on irrigated agriculture increases every year.
In order to sustain itself and deal with external pressure for reduced river diversions
irrigated agriculture has to become more efficient in its water consumption. This paper
focuses on research regarding improving water delivery operations, specifically
scheduled water delivery, in the Middle Rio Grande irrigation system through the use of a
decision support system and SCADA technology. Middle Rio Grande Valley

The Middle Rio Grande (MRG) Valley runs north to south through central New Mexico
from Cochiti Reservoir to the headwaters of Elephant Butte Reservoir, a distance of
approximately 175 miles. The valley is narrow, with the majority of water use occurring
within five miles on either side of theriver. The bosque, or riverside forest of
cottonwood and salt cedar, is supported by waters of the Rio Grande and is surrounded by
widespread irrigated farming. The Cities of Albuquerque, Rio Rancho, Belen and several
smaller communities are located in and adjacent to the MRG Valley. Although the valley
receives less than 10 inches of rainfall annually, it supports arich and diverse ecosystem
of fish and wildlife and is a common outdoor resource for communities in the region.
Water supply available for use in the MRG Valley includes: native flow of the Rio
Grande and its tributaries, allocated according to the Rio Grande Compact of 1938; San
Juan-Chama (SJC) project water, obtained via a trans-mountain diversion from the
Colorado River system; and groundwater. Water isfully appropriated in the MRG Valley
and its utilization is limited by the Rio Grande Compact, which sets forth a schedul e of
deliveries of native Rio Grande water from Colorado to New Mexico and from New
Mexico to Texas (Rio Grande Compact Commission, 1997), and between the United
States and the Republic of Mexico. Water demand in the MRG Valley includesirrigated
agriculture in the Middle Rio Grande Conservancy District (MRGCD), Pueblo prior and
paramount and other currently un-adjudicated rights, and municipal and industrial
consumption. In addition to these demands, there are significant consumptive uses
associated with the riparian vegetation, and reservoir evaporation. There are also river
flow targets associated with two federally-listed endangered species, the Rio Grande
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silvery minnow (Hybognathus amarus), and the southwestern willow fly catcher
(Empidonax traillii extimus) (USFWS, 2003).

Middle Rio Grande Conservancy District

The MRGCD was formed in 1925 in response to flooding and the deterioration of
irrigation works (Shah, 2001). Water diverted by the MRGCD originates as native flow
of the Rio Grande River and its tributaries, including the Rio Chama River. The MRGCD
is able to store water in severa upstream reservoirsincluding El Vado and Heron
reservoirs. The MRGCD servicesirrigators from Cochiti Reservoir to the northern
boundary of the Bosgue del Apache National Wildlife Refuge. Irrigation facilities
managed by the MRGCD divert water from the river to service agricultural lands, which
include small urban parcels and large tracts that produce afalfa, pasture, corn, and
vegetabl e crops such as green chili, the latter of which is famous throughout the
Southwest. The MRGCD supplies water to its four divisions -- Cochiti, Albuquerque,
Belen and Socorro -- through Cochiti Dam and Angostura, Isleta and San Acacia
diversion weirs, respectively. Water is conveyed in the MRGCD by gravity flow through
primarily earthen ditches. On-farm water management is entirely the responsibility of
water users and application istypically flood irrigation, either basin or furrow. The
MRGCD does not meter individual farm turnouts, and ditch-riders estimate water
delivery on the basis of time required for irrigation. Therefore, the quantity of water
applied to fields is not measured. The total irrigated land within the MRGCD is
approximately 60,000 acres. Figure 1 displays the location of the MRGCD.

During the recent drought years, low flows combined with instream flow requirements
for the endangered Rio Grande silvery minnow have drastically reduced available water
supplies. In order to deal with reduced water availability, the MRGCD has taken a
proactive approach to be a more efficient water user and satisfy itsirrigator’s
requirements with reduced river diversions. Towards this end, the division managers and
ditch-riders are increasingly practicing scheduled water delivery, which is an effective
way to fulfill demand with reduced available water.

Scheduled Water Delivery (SWD) is used in irrigation systems worldwide to improve
water delivery and to support water conservation. In SWD, lateral canals receive water
from the main canal by turns, allowing water use in some laterals while others are closed.
In addition to this water scheduling among laterals, there can be scheduling within
laterals whereby water use is distributed in turns among farm turnouts along a lateral. By
distributing water among usersin a systematic scheduled fashion, an irrigation district
can decrease water diversions and still meet crop water use requirements.
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Figure 1. Middle Rio Grande Conservancy District (MRGCD)

Decision Support Modelling of Irrigation Systems

The New Mexico Interstate Stream Commission (NMISC) and the MRGCD have
sponsored a research project with Colorado State University to develop a decision
support system (DSS) to model and assist implementation of scheduled water delivery in
the MRGCD’s servicearea. A DSSisalogica arrangement of information including
engineering models, field data, Geographic Information System (GIS) and graphical user
interfaces, and is used by managers to make informed decisions. Inirrigation systems, a
DSS can organize information about water demand in the service area and then schedule
available water suppliesto efficiently fulfill the demand. Figure 2 displays a conceptual
view of how a DSS can be used to devel op scheduled water delivery.
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Figure 2. Conceptual View of a Generic SWD DSS
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The conceptual problem addressed by aDSS for an irrigation system is how best to route
water supply in amain canal to its laterals so that the required river water diversion is
minimized. The desirable solution to this problem should be “demand-driven”, in the
sense that it should be based on arealistic estimation of water demand. The water
demand in alateral canal service area, or for an irrigated parcel, can be predicted
throughout the season through analysis of information on the irrigated area, crop type and
soil characteristics. The important demand concepts are: 1) When is water supply needed
to meet crop demand (Irrigation Timing), 2) How long is the water supply needed during
an irrigation event (Irrigation Duration), and 3) How often must irrigation events occur
for agiven service area (Frequency of Irrigation).

Decision support systems have found implementation throughout the American West and
are mostly used to regulate river flow. Decision support systems on theriver level are
linked to gauging stations and are used to administer water rights at diversions points.
Although decision support systems have proved their worth in river management, few
have been implemented for modeling irrigation canals and laterals (NMISC, 2006).

DECISION SUPPORT SYSTEM FOR THE MIDDLE RIO GRANDE

The first component in achieving scheduled water delivery in the MRGCD isthe DSS.
The DSS was formulated using linear programming with the use of an objective function.
A detailed description of model programming can be found in (Oad et al. 2009). Overal
model structure consists of three modules that function in concert to cal culate the most
efficient irrigation water delivery.

Model Structure

The DSS consists of three model elements or modules: a water demand module, a supply
network module, and a scheduling module. A Graphical User Interface (GUI) provides a
means for linking the three elements of the DSS. This GUI is an interactive means for
the user to access data and output for the system. The project GIS and databases are used
to develop input for both the water demand and the supply network modules. Some of
the input is directly linked through the GUI and some is handled externally in the DSS.
Figure 3 displays the structure of the MRGCD DSS.

Water Demand Module. The water demand module of the MRGCD DSSisimplemented
either through the ET TOOLBOX for the Middle Rio Grande or the Integrated Decision
Support Consumptive Use, or IDSCU model, amodel developed over a period of years at
the Colorado State University. The ET Toolbox is aweb application developed by the
Bureau of Reclamation that estimates real-time evapotranspiration from distributed
climate stations, NexRAD precipitation data, and remotely sensed cropping patterns.
Crop consumptive use is cal culated using the Penman-Montieth method. The reference
ET (ET,) is calculated using weather data from the MRGCD. Crop coefficients using
growing degree days are applied to the Penman-based ET, to obtain a consumptive use
for each crop type throughout the growing season. The water demand module performs
these calculations to obtain a spatially-averaged consumptive use at the lateral service
arealevel, using the distribution of crop types within each service area.
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The crop irrigation requirement (CIR) is calculated by accounting for the effective
precipitation using the Soil Conservation Service Method. The crop irrigation
requirement is calculated on adaily basis, corresponding to the water needed to directly
satisfy crop needs for all acresin the service area. The crop irrigation requirement for the
service areais subsequently passed to the supply network module, where it is divided by
an efficiency factor to obtain alateral service area delivery requirement (LDR).

Database & GIS —— Water Supply
Module
- Choose scale (lateral,
main canal) Input: Input:
« Irrigation service area « Irrigated area + Main canal layout
« Cropping pattemns « Crop types » Lateral canal layout
» Weather data Data Analysis: » Service areas
«Calculate Daily CU: + Location of check
structures
l » Channel cross-
Scheduli Modul sections
chneaulin oduie
g Data Analysis:
* Scheduling of water supply to various laterals | « Flow capacity
* Routing models
» Conveyance losses

Figure 3. DSS Structure Displaying the Three Modules and Database
(Kinzli, 2009)

Based on acreages, crop types and soil types within each lateral service area, a Readily
Available Moisture (RAM) iscalculated. The RAM calculated in this context represents
a storage capacity to be filled and depleted over severa irrigation cycles during the
course of theirrigation season. During each irrigation, it is expected that an amount of
water equal to the RAM will be stored in soils, which is then depleted, due to crop water
use.

Supply Network Module. The supply network module represents the layout of the
conveyance system, its physical properties, supply to the conveyance network, and the
relative location of diversions from the network to the lateral service area. The layout of
the conveyance system is specified through a user-designed link-node network. Through
the DSS GUI, a user can drag and drop different types of nodes such as inflows, demands
and return flow nodes. The link-node network represents the connections between canals
or laterals and demands for water at each service area. Figure 4 displays the supply
network.

Irrigation Scheduling Module. The irrigation scheduling module can be used to plan
water deliveries to meet crop demand at the lateral and at the main canal level. The
module calculates and displays a schedule for the laterals on agiven main canal. This
schedule indicates how many laterals can be run at atime, how long each lateral should
run and how often. The module is currently set up to run on adaily time step. This
module calculates the daily irrigation schedule using mass balance equations and a linear
programming solver. The approach is based on the consideration that the farm soil root-
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zoneisareservoir for water storage, for which irrigation applications are inflows and
CIR isan outflow. Figure 5 displays a calendar developed by the irrigation scheduling
module.
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Figure5. Irrigation Calendar Devel oped Using the Scheduling Module

The DSS has undergone extensive calibration and validation and has proved to be reliable
and able to create irrigation schedules based on crop demand (Oad et al. 2009).
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SUPERVISORY CONTROL AND DATA ACQUISITION (SCADA) SYSTEM

Along with the development of the DSS to aid in scheduled water delivery the MGRCD
has been proactive in updating aging infrastructure as well as incorporating advanced
technology such as SCADA (Supervisory Control and Data Acquisition) for more precise
and controlled water delivery. This updated technology will allow for the control that is
necessary for implementing the irrigation schedules recommended by the DSS and
represents the second component necessary for achieving scheduled water delivery.

Over the past few years, the MRGCD has developed a SCADA system with the focus
being to improve water use efficiency throughout the Middle Rio Grande Valley (Gender
et a. 2009). The MRGCD program of measurement and automation was built entirely in-
house using inexpensive components due to budget constraints. Using traditional
SCADA components as well as adaptations of technology from other industries makes
the MRGCD SCADA setup unigue. The developed SCADA system consists of five main
components:
-Water Measurement Structures
-Automated Control Structures
-Instrumentation
-Telemetry
-Control Software

Water M easurement Structures

Water measurement is the single most important component of the MRGCD's SCADA
experience, since all operational decisions require sound knowledge of available water
supplies and the demand throughout the system. When the MRGCD was initially
constructed, considerable thought to water measurement was given. Over the years,
gauging stations equipped with measurement instrumentation gradually deteriorated and
quality and accuracy of flow records declined.

In 1996, the MRGCD was operating only 15 gauges on 1,200 miles of canals. The
following year, the MRGCD officially embarked upon its modernization program. The
construction of new flow gauges was the first step in this program. New gauges were
constructed at key pointsin the canal system, notably at diversion structures and at return
flow points. Efforts were also made to improve the quality of measurements. Open
channel gauging sites with no control structures gave way to site specific measuring
structures. A variety of flow measurement structures were built in the MRGCD and
include sharp crested weirs, broad crested weirs, adjustable weirs and Parshall flumes.
Current MRGCD design standards specify that new gauges are constructed with broad-
crested weirs using WINFLUME for design and calibration. Currently, MRGCD is
operating 75 gauges.

Automated Control Structures

With the advent of better data collection, it became apparent to the MRGCD that
automated control was necessary. Data from gauges revealed that many operational
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problems occurred because canal operators could not be physically present at all times.
Automation began with an experimental effort at a wasteway that had been fitted with an
automated Langemann gate (Figure 6) for water measurement. The MRGCD built the
prototype electronic controller and created the control software for this first automated
gate, borrowing heavily from Bureau of Reclamation experience in Utah. Success and
invaluable experience from the first automated structure led to installation of over 40
additional automated structures using commercial control products.

Most of the MRGCD’ s recent automation efforts have involved the installation of
Langemann overshot gates (Aqua Systems, 2006). The majority of these can be easily
retrofitted to existing structures, though some involve the construction of new check or
heading structures. The Langemann Gate has the capability to maintain a constant
upstream water level as a check structure or it can provide a constant flow rate to
downstream users (Figure 6). The Langemann gate is equipped with solar panelsto power
both gate operation and telemetry units. The gates employ integrated electronic controllers
built around 1C Tech Radio Terminal Units (RTU’s) and Agua Systems 2000 software.
Langemann gates in the MRGCD are used as checks, turnouts, spillways, and diversion
structures.

Figure 6. Langemann Gate (Kinzli, 2009)

Some existing radial gates have also been automated. Conversion involves selection of a
gearbox, motor, and controller. Some in-house fabrication is involved to adapt the drive
unit to the existing gate hoist shaft. Early conversion attempts used an AMI controller
supplied by Aqua Systems 2000, but recently the MRGCD has used the IC Tech RTU,
which can be programmed to calculate flow through automated radial gates. Though not
as accurate as overshot gates, thisis useful for setting target bypass flows at diversion
structures for endangered species flow requirements.

| nstrumentation

Flow measurement and automated control must include some level of instrumentation. In
the 1930's, afloat in astilling well driving a pen across arevolving strip of paper was
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adequate. Infact, at the beginning of modernization efforts, the MRGCD was still using
15 Stevens A-71 stage recorders. Diversions into the canal system were only known after
the strip charts were collected and processed at the end of the irrigation season.

M odernization meant a device was needed to generate an electronic output that could be
digitally stored or transmitted. Initially, shaft encoders were used for this purpose,
providing input for electronic dataloggers. Experimentation with submersible pressure
sensors soon followed, and these have been adopted, although a number of shaft encoders
are still in use. Recently, sonar sensors have been used satisfactorily at a number of sites.
The MRGCD has |learned that different situations call for specific sensor types and
sensors are selected for applications where they are most appropriate.

Telemetry

Datafrom electronic data-loggers was initially downloaded manually and proved to be
only aminimal improvement over strip chart recording, though processing was much
faster. To address data downloading concerns, telemetry was adopted to bring the
recorded data back to MRGCD headquarters at regular intervals. The MRGCD's initial
exposure to telemetry was through the addition of GOES satellite transmitters to existing
electronic data loggers. This method worked, but presented limitations. Data could only
be transmitted periodically, and at regularly scheduled intervals. Of greater consequence
was that the GOES system, at least as used by the MRGCD, was a one-way link. Data
could be received from gauging stations, but not sent back to them.

To address therising cost of telemetry using cell phone service, experiments with FM
radio telemetry were conducted. These began as away to bring multiple stream gage
sitesto a central datalogger, which would then be relayed via GOES to MRGCD. First
attempts with FM radio were not encouraging; however a successful system was
eventually developed. Asthisuse of FM radio telemetry (licensed 450 mHz) expanded,
and knowledge of radio telemetry grew, it was soon realized that data could be directly
transmitted to MRGCD headquarters without using the GOES system.

The shift to FM radio produced what is one of the more unique features of the MRGCD
telemetry system. The datalink proved so reliable, that there was no longer a need to
store data on site, and the use of data loggers was mostly discontinued, the exception
being wesather stations. In effect, a single desktop computer at the MRGCD headquarters
has become the data-logger for the entire stream gauge and gate system, being connected
to sensorsin the field through the FM radio link. Three repeater sites are used to relay
data up and down the length of the valley, with transmission up to 75 miles. Also, this
has the benefit of being a 2-way link, so various setup and control parameters can be
transmitted to devices along the canals.

The MRGCD telemetry network consists exclusively of IC Tech RTU’s. Several
different types of these units are used, depending on the application. The simplest units
contain only a modem and radio, and transmit collected and processed weather station
data from Campbell Scientific CR10X datal oggers.
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The majority of the RTU’s contain a modem, radio, and an input/output (1/0O) board
packaged into a single unit. Sensors can be connected directly to these and read remotely
over the radio link. A variety of analog (4-20ma, 0-20ma, 0-5v) and digital (SDI-12, RS-
485) output devices can be accommodated this way. Another type includes a
programmable (RP-52 BASIC) controller. This type is used for all automatic control
sites and places where unusual processing of sensor outputs such as averaging values,
combining values, or timed functions, are required. At the present time, the MRGCD
telemetry network gathers data from 75 stream flow gages and 18 ag-met stations, and
controls 50 automated gates (Figure 7).

YALLEY CROSS SECTIONS sins IRRIGATION

[__]otuns COCNS

[<&] COCHITI COCHITI DIVERSION
COCOov
--------------------------------- JECNE
[ [ EIrElrE [ o] ANGOSTURA DIVERSION
corcu[_p }---f---- avsov (53]
ucroR[ o p-—{E ey —
corvw [ 8 > Acecn [ ] armcn [0
Leror[_5_—- atren o] Eerch
atscn_ o} --f oo — atocy [Ca] AReck [T
FETG 1 &8 ifg::_ ALGDR aeoh 2]
____ 2] ALBUQUERQUE #TROR 58— 7] areon —
[ = 195] 15L0N " ISLETADIVERSION
SteR _.:‘\ isLov[a ]
— 240 — =
— eeor[ 5 ; cHacy 0] secen [0
A SALADO. ——ronwv 6] E [ 0 smww LU ] =He [
— seeor [
,,,,,,,,,,,,,,,,,,,,,,,,, BERNARDD! \ rron
BERNARDO
LAJOYAPONDS T
_________________________________ & B
CiisaNacacia _ Mo SAN ACACIA DIVERSION
[ —— Jierov
] socy ———ea—m]) soccn [
socww [ ——
BOSGUE DEL A
ARACHEPONDS BROWH ARROYO
ROV RIO GRANDE
B socor [ |or=ALFEE

SAN MARCIAL SMONG swpns  Updated: Jan 30 09:00 mst 2007

Figure 7. MRGCD Telemetry Network

Control Software

Measurement, automation, and telemetry components were developed simultaneously,
but largely independent of one another. While each component functioned as expected,
components did not exist as a harmonious whole, or what could truly be called a SCADA
system. The missing component was software to tie all the processes together. There are
a variety of commercially available software packages for such use and the MRGCD
experimented with several. Ultimately, the MRGCD chose to purchase the commercial
software package Vsystem and to employ the vendor Vista Controls to develop new
features specific to the control of a canal network. Installation and setup was done by the
MRGCD.

This system, known affectionately as the Supervisory Hydro-data Acquisition and
Handling System (SHAHS, named after Mr. S.K. Shah), gathers data from RTU's on a
regular basis. With the capability to define both timed and event driven poll routines, and
specify a virtually unlimited number of RTU’s and MODBUS registers to collect,
virtually any piece of information can be collected at any desired time. The Vsystem
software can process data through a myriad of mathematical functions, and combine
outputs from multiple stations. Vsystem also incorporates the ability to permanently store
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datainits own internal database, Microsoft® Structured Query Language (SQL)
databases, or export datain other formats. Data can be displayed in a user-created
graphical user interface (GUI) which MRGCD water operations personnel use to monitor
water movement. The screens can also execute scripts to generate data, control
parameters, control gate set points, and monitor alarm conditions for automated control
structures. Finally, the GUI’s can be used to control automated structures by transmitting
new parameters, setpoints, and flowrates. With the simultaneous devel opment of the
MRGCD DSS and SCADA system, the possibility to implement scheduled water
delivery based on crop demand could be realized.

Linking DSS and SCADA

Thefirst step was incorporating the DSS into the MRGCD SCADA System. This
involved converting the DSS output into a data stream format that was compatible with
the MRGCD V system software. The DSS gives MRGCD operators a required irrigation
delivery on alateral level based on crop demand, as well as the timing of that irrigation.
The required delivery and timing isimported into the graphical user interface (GUI) of
the MRGCD SCADA system daily, so that actual deliveries along the canal system can
be compared to the required deliveries. The GUI allows water managers to remotely
change automated gate settings so that actual diversions closely represent water
requirements. This provides better water management within the MRGCD and alows
for aminimized river diversion as the required and actual diversion values converge.
Figure 8 displays the MRGCD SCADA screen with actual deliveries and DSS
recommendations.

Figure 8. MRGCD SCADA Screen with Actual Deliveries and DSS Recommendations
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IMPLEMENTATON OF DSS

The third and final component of achieving scheduled water delivery in the MRGCD was
an in depth public outreach campaign. The adoption and acceptance of scheduled water
delivery by the MRGCD and its water usersis closely tied to understanding the principles
and the benefits that this more intensive management provides. Public outreachisa
timely and effective strategy for disseminating information and a necessity if water users
are to accept the policy of scheduled water delivery. The program was designed to
provide education and information to MRGCD water users. The information included the
need to practice scheduled water delivery, that schedules are based on crop water
requirements, how it will be implemented, and that it leads to fair and efficient water
distribution for all concerned. Additionally, amajor goal of the public outreach program
was to get feedback and comments from water users and address concerns that they might
have with scheduled water delivery.

There were two broad categories of information that needed to be conveyed and
discussed with the MRGCD water users. The first was information related to the science,
policy, and practice of scheduled water delivery as compared to the historic practice of
continuous canal water delivery. The second category was the explanation of the tools,
such asthe DSS and SCADA, available to the MRGCD to effectively facilitate and
implement scheduled water delivery.

The first step in public outreach was providing information on scheduled water delivery
and the associated technology on the MRGCD website. The information provided
explains the DSS and the practice of scheduled water delivery under a section of the
MRGCD website that is devoted solely to the DSS and water scheduling. Figure 9
displays the links on the MRGCD homepage www.mrged.com and an article about the
DSS.

DISTRICT

Decision Support System

When, How Often and How Long to Irrigate

For the past 10 years the Middle Rio Grande
Conservancy District has been using technology
and automated gates to more efficiently get water
to farmers and their crops. The improvements have
helped the District cut by about half the amount of
water it diverts from the Rio Grande each irrigation
season.

Now, more improvements are on the way, and
= the District will be better able to serve farmers and
L their crops while maximizing the use of water.

Beginning with the 2008 irigation season, the
District will start using a computer modeling
program called the Decision Support System

M (DSS) to help water managers and farmers
“  determine when, how often and for how long they
should irrigate.

RcisconS L g astamated The DSS for irrigation scheduling is the result
weather stations will be a : 0 :

crudial factor in the Dedision of the cooperative work between the New Mexico
Support System. They'll help Interstate Stream commission. Colorado State
determine when, how often and University and the MRGCD. The Interstate Stream
for how long farmers should Commission has sponsored the project for the past

Figure 9. Article Explaining DSS on MRGCD Website
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The second step of the public outreach program was including an article about scheduled
water delivery in the MRGCD newsletter that gets delivered every two months. The
articlein the newsletter was entitled, “ Computer Irrigation Scheduling Software to
Remove Guesswork for Irrigators,” and was delivered to over 50,000 water users,
property owners, and other stakeholdersin the Middle Rio Grande Valley. Thearticle
was al so posted on the MRGCD website and linked to the Decision Support Section of
the website. Developments regarding scheduled water delivery are periodically inserted
into the newsdletter to inform farmers about any changes or progress.

The third and key component of the public outreach program has been to conduct
outreach meetings with water users throughout the MRGCD. Large scale public outreach
meetings have been held in the Belen, Socorro, and Albuquerque Divisions. Small scale
neighborhood meetings were held in the more urban sections of the Albuquerque North
and South Valley to deal with the higher population density. These meetings were
advertised in the MRGCD newsdletter and personal invitations were sent to water users
resulting in excellent turnout. Smaller meetings and presentations have also been held at
the Los Poblanos I rrigation Workshop, and throughout the Belen Division. Meetings with
over 100 individual farmers have aso been held to clarify scheduled water delivery, the
DSS, and to address concerns. These meetings provided a productive venue to educate
farmers about scheduled water delivery, modernization efforts, and the DSS. The
meetings also provided the opportunity to inform water users about future plansin the
MRGCD. Additionally, water users were able to ask questions, voice concerns, offer
valuable suggestions, and provide information critical to successfully implementing
scheduled water delivery. One unexpected benefit of the outreach meetings has been that
reporters have been present at several of the meetings which resulted in newspaper
articles published in the Albuquerque Journal and the Vaencia County News Bulletin.
Three total articles have been published describing scheduled water delivery, its benefits,
and the technology being used to implement scheduling.

The fourth aspect of the public outreach campaign has been to gain the support of the
MRGCD Board of Directors and CEO. Presentations of scheduled water delivery and the
DSS have been made to the MRGCD Board and CEO on four occasions and have been
received well. The MRGCD Board understands the need for scheduled water delivery
and supported the use of the DSS to develop water delivery schedules beginning in 2008.
At arecent meeting the board re-emphasi zed their complete support of scheduled water
delivery practice utilizing the DSS as an advisory tool. In tandem, the MRGCD water
policy has been placed on the website in order to clarify any confusion. The policy states
that water for irrigation must be scheduled with the ditch-rider and that rotational
scheduling will be implemented during times of water shortage. Such political support
has been invaluable in gaining water user acceptance of scheduled water delivery.

The fifth main aspect of implementing scheduled water delivery and the DSS has been
the training of ditch-riders and water management personnel. For the DSS to be accepted
by the MRGCD, it was necessary to have the water operations personnel running the DSS
and creating water delivery schedules. The training of the ditch-riders consisted of
education in regards to the scientific principles used in the DSS, atutorial on how to
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develop schedules with the DSS, and training on the use of soil moisture sensors. For the
2009 irrigation season ditch-riders were given portable Aquaterr™ soil moisture meters
to ensure that water delivery schedules were not adversely affecting crop growth in their
service areas.

The five steps of the public outreach campaign have resulted in positive progress towards
district wide scheduled water delivery. First, MRGCD water users can easily access
information about relevant issues such as irrigation water delivery and scheduling of their
water supply. The public outreach program also provided a much needed opportunity for
water users and managers to meet and discuss issues related to an extremely precious
resource —irrigation water. Before this program, there was no structured process
whereby the water users could meet as a group and discuss their concerns and questions
with their water provider.

Second, the public outreach program has resulted in the limited implementation of the
DSS. The DSSis currently being used to develop irrigation schedules in the form of a
calendar which determines when certain lateral canals need to be running to meet crop
demand. The area over which the implementation is occurring represents roughly 14% of
the total irrigated acreage in the MRGCD. The calendars are allowing irrigators to plan
their water use and provide for amore reliable water delivery method. Without calendars
or scheduling, water deliveries were often unreliable and unpredictable. Creating
schedules that address water deliveries in advance allows managers to adjust deliveries
upstream accordingly.

Overall, scheduling has been successful in several aspects. The schedules have resulted in
increased head in the irrigation ditches, increased reliability in water delivery, and
efficiency improvements. From a management standpoint, the DSS has resulted in a
much more organized protocol for delivering water by determining water delivery targets
in advance, which allows managers to adjust deliveries upstream accordingly. Over time,
scheduled water delivery and the MRGCD DSS will be used throughout the entire
district.

RESULTS

Using limited scheduled water delivery and infrastructural improvements, the MRGCD
has been able to significantly reduce river diversions. Historically, the MRGCD diverted
as much as 600,000 AF/year from the Rio Grande. Over the last 3 years, their diversions
have averaged less than 350,000 AF/year. Thisisasignificant accomplishment asthe
MRGCD has been able to reduce diversion to meet fish and wildlife concerns, while still
providing the needed water to irrigators. Figure 10 displays the decreasing trend in total
MRGCD river diversions. Currently scheduling is only practiced in afew limited areas,
leaving much room for efficiency improvement.
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CONCLUSIONS AND FURTHER RESEARCH

An integrated decision support system and SCADA system for the Middle Rio Grande
Conservancy District has been developed that models the canal network and can compute
water delivery options for optimum water delivery scheduling. The system additionally
allowsfor local and automated controls which can be actuated at a central office. The
linking of the MRGCD SCADA and the DSS provides operators with arequired
irrigation delivery on alateral level based on crop demand as well as the timing of that
irrigation. This provides better water management within the MRGCD and allows for a
minimized river diversion as the required and actual diversion values converge. The
system has also resulted in increased head in the irrigation ditches, increased reliability in
water delivery, efficiency improvements, and improved protocol for anticipating future
water demands. The public outreach campaign has been successful in educating water
users on the principles of scheduled water delivery as well as providing much needed
opportunities for water users and water managers to discuss water delivery issues.

Future plans for scheduled water delivery in the MRGCD include expanding the use of
the DSS and scheduled water delivery. Plans also include further modernization efforts
and continued public outreach and training programs to facilitate scheduled water
delivery. Through expanded implementation of scheduled water delivery and the DSS
the MRCGD will further reduce river diversions, while continuing to sustain irrigated
agriculture in the Middle Rio Grande Valley.
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COST-EFFECTIVE SCADA DEVELOPMENT FOR IRRIGATION DISTRICTS:
A NEBRASKA CASE STUDY)|

Clinton Powell*
Tom Gill?

ABSTRACT

Irrigation districts across the West face economic hardship brought about by increased
mai ntenance costs, reduced water supplies, and a shortage of skilled labor. One
opportunity for adistrict to offset these challenges is by implementing a Supervisory
Control and Data Acquisition (SCADA) system. However, historically these systems
have been out of the reach of smaller and less-affluent districts because of the large
capital outlays required for adoption.

Reclamation’s Nebraska-K ansas Area Office in cooperation with Reclamation’s
Hydraulic Investigations and Research Laboratory is working with the Bostwick
Irrigation District in Nebraska to create a monitoring and control system suitable to the
needs of asmall irrigation district with limited resources. Specifically the project has
focused on low acquisition and installation costs, district driven solutionsto SCADA
operational issues, and minimization of technical expertise for maintenance purposes.

This paper chronicles the efforts to develop a SCADA solution for the Bostwick
Irrigation District in Nebraska that meets each of these needs through innovative product
choices, materials fabrication, and low-cost solutions. Current project status and future
project direction are discussed in context of the District’s operating environment in light
of the complex issues facing all the water users in the Republican River Basin upstream
from Kansas.

BACKGROUND

The Bostwick Division was authorized in December of 1944. The Bostwick Division is
comprised of two sub-units, Bostwick Irrigation District in Nebraska that currently serves
approximately 20,500 acres in Nebraska, and the Kansas-Bostwick Irrigation District
currently serving approximately 62,000 acres. Harlan County Lake, a multiple use water
storage and flood control facility constructed by the US Army Corps of Engineers
(USACE) on the Republican River near Republican City NE serves as storage for both
the Nebraska and Kansas Bostwick Districts. Lovewell reservoir on White Rock Creed
provides additional storage for the Kansas-Bostwick District.

Nebraska Bostwick Irrigation District is geographically in the middle of the area that was
the focus of recent US Supreme Court litigation among Kansas, Nebraska and Colorado
regarding use of Republican River Basin water resources. In 2004 with Harlan County

! Agricultural Engineer, US Bureau of Reclamation, Nebraska-K ansas Area Office, Water Conservation
Program; clintonpowel | @usbr.gov
2 Hydraulic Engineer, US Bureau of Reclamation, Hydraulic Investigations and Laboratory Services
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Lake at approximately one-third normal storage capacity, no water was delivered to
District shareholders for the first time since water delivery operations wereinitiated in
the 1950’'s. 2005 was again a water short year and for the second consecutive year, no
deliveries were made to Nebraska Bostwick irrigators. With return of precipitation in the
basin to rates closer to the historical norm, Nebraska Bostwick water deliveries resumed
in 2006 and have continued through 2009. Going into the 2010 season, Harlan county
lakeisat full storage, which bodes well for normal deliveriesin 2010

With these recent uncertainties in its operations, Nebraska Bostwick has been aggressive
in enhancing water conservation capabilitiesin their delivery network. The District has
taken advantage of the comparatively high elevation of the Franklin Canal relative to the
delivery areas served by laterals off the Canal and in Spring, 2010 is completing a multi-
year project to replace multiple open laterals with buried pipe. In an effort initiated in
2009, Nebraska Bostwick began to integrate electronic control and radio communications
equipment which will enable local automation and/or remote operation and monitoring of
structures in the canal system. The control/communications project is the focus of this

PROJECT SCOPE

All field locations included in initial phase of Nebraska Bostwick’s control/
communications project are located on the main stem of the District’s Franklin Canal.
The Franklin Canal runs along the north side of the Republican River beginning at the
turnout gates just below Harlan County Dam. The canal continues for almost 47 canal
miles eastward paralleling the Republican River along the north side of the valley. The
upper end design capacity of the Franklin Canal is 230 ft*/s.

Sites selected for equipment installation are ten check structure along the canal reach
between Harlan County Dam and Red Cloud NE. The selected checks represent
approximately every third check structure. Distance in canal miles between instrumented
checksranges from alow of 2.1 milesto ahigh of 5.6 miles. The average distanceis
approximately 3.6 miles.

Lands under Nebraska Bostwick are subject to frequent intense and often localized
thunder storms. Asaresult, irrigators routinely need to drop scheduled deliveries on
short notice. Additionally, storm water runoff can lead to significant unanticipated canal
inflows. Throughout its operating history, Nebraska Bostwick has experienced
significant spillage |osses due to impacts of weather events.

Primary among upgraded capabilities being sought by the district were 1) improved
delivery reliability, and 2) the capability to utilize in-canal storage to limit spillage losses.
Additional benefits such as reduced vehicle mileage and staff travel time required to
monitor the system were considered secondary to improving system performance and
enhancing water conservation.

To meet District objectives, Reclamation engineers worked with District staff to develop
aplan for equipping the ten designated check structures for local automated upstream
level control with the capability to adjust target levels either onsite, or remotely.



Cost-Effective SCADA Development 233

Additionally, Reclamation engineers attempted to develop a methodology for using the
installed gates as a flow measurement device to determine flow passing the instrumented
check structures.

EVALUATION OF EXISTING STRUCTURES

The ten selected checks represented two general design configurations. The upper seven
checks were each three-bay structures. The two outer bays were stop-log controlled and
the center bay was a vertical dide gate. None of the gates were motorized. District staff
indicated that the vertical slide gates had remained in closed position at all timesfor as
far back as presently employed personnel could remember. The District opted to rebuild
existing gates prior to installing the control and communications equipment. Since
district staff wastied up on the project of converting open laterals to buried pipe, the
District contracted with alocal welding shop to construct new gates for the seven upper
three-bay structures. Figure 1 isaphoto of the three-bay 5.4 check

Figure 1. Reclamation Engineer Clinton Powell (L) and Nebraska Bostwick
Manager Mike Delka Inspect the 5.4 Check in February, 2009

The three checks lower on the canal that the District selected for motorized gate operation
initially had no gatesinstalled. Each of these sites was a two-bay structure with stop-log
control in each bay. The District staff fabricated new vertical slide gatesto install in one
of the stop-log bays at each of these checks. Figure 2 shows the 34.2 check site.
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Figure 2. Nebraska Bostwick 34.2 Check in February 2009

RADO PATHWAY CHECK

In March of 2009, Reclamation engineers worked with Nebraska Bostwick personnel to
test radio transmission signal strength. Radio/control units manufactured by Control
Design Inc. (CDI) were selected for the tests based on the successful performance of their
equipment on other projects. Compared to other available alternatives, CDI equipment
was cost effective and demonstrated good signal strength. For the tests, an antenna was
temporarily installed on the communications radio tower at the District’s Red Cloud
office. A battery-powered radio was connected to the antenna at the tower base. A
second antenna was attached to a ten-foot mast and taken to each check structure,
beginning with the site nearest Red Cloud and working outward. A second battery
powered radio/control unit programmed with a calibration algorithm to determine
receiver signal strength indicator (RSSI) levels was linked to the field antenna.

Communications with the Red Cloud office were tested at successively further west sites
until asite was reached at which areliable link could not be established. At that time, the
field antenna was taken to the District’ s Franklin office and temporarily installed on the
Franklin communications radio tower to attempt direct contact with Red Cloud.

Attempts to make direct contact between the office sites were unsuccessful. To continue
the tests, the antenna at Red Cloud was taken down and mounted to the ten-foot mast to
use at remaining field sites in checking communications linkage with the Franklin Office.
The later tests showed that communications from Franklin were possible with the
westernmost check that could be contacted from Red Cloud, and with all of the rest of the
field sites west from that point plus the gate house at Harlan County Dam.
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Based on findings of the radio pathways testing a comparatively simple radio network
was sufficient to establish communications among all sites and both offices without
including any dedicated repeater sites. Each office base could be programmed to
communicate directly with field siteswithin itsrange. The system was designed such
that for out of range sites, each office would repeat first through the field site (the 28.6
check) that could directly communicate with both offices. A second repeat could be
made through the base at the other office, then back to the selected field site. Built-in
networking configuration tools in the CDI equipment enables each unit to perform asa
base or as afield Remote Transmission Unit (RTU) and simultaneously function as a
repeater. Figure 3 isasketch of the project layout showing relative positions of Harlan
County Lake, instrumented check sites, the Franklin and Red Cloud offices, along with
the check site that also functions as a repeater.
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Figure 3. A Layout Sketch of Approximate Locations of the Radio/Communications
Sites.

A sense of scale may be derived from Figure 3 from check identifier names. The
identification number for the Franklin Canal checks represent the number of canal miles
they are located from the gate house below the Harlan County Dam. It should be noted in
the context of the discussions on radio transmission paths that the landscape throughout
the project area can be characterized asrolling hills. Much of the radio pathway being
utilized is not line of sight.

GATE MOTORIZATION

Nebraska Bostwick considered arange of gate motorization alternatives. Prior to
embarking on this project, two members of the District staff participated in a
Reclamation-sponsored Canal Modernization Workshop held in February of 2009 in Hot
Springs SD. During the workshop, staff of the Belle Fourche (SD) Irrigation District
reported on their canal modernization project that included using linear actuators on
previously hand-operated gates. Belle Fourche has also installed commercially produce
canal gate actuators produced by Limitorque. Information was aso presented on achain
drive gate motorization that was developed by Reclamation over a decade ago that has
been in service over an extended time period at sites in multiple states.
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For reasons of simplified installation and for the attractive affordability offered, the
District opted to motorize the vertical slide check gates using linear actuators.
Availability of units with built-in travel limit switches as well as built in positions sensors
were perceived as key benefits over the chain drive option. From an affordability
standpoint, the linear actuators are almost an order of magnitude lower in cost than
commercial actuators.

The new gates, which were either built by District staff or by a contractor, were
configured during construction for linear actuator operation. In lieu of the threaded rods
previously used to lift gates, a short section of smooth shaft was affixed to the gate on the
lower end and has a clevis-type connector for linkage to the linear actuator on the upper
end. Thefunction of thisrod isto keep all components of the linear actuator above the
water surface at any gate position.

2009 INSTALLATIONS

New gates were installed at each of the selected check sitesin early June prior to the
initial water-up of the system. Tubing and protective conduit for bubbler level sensors
were also installed at check structures prior to watering up the system. Each site was
equipped for upstream and downstream level measurement if submergence conditions are
present.

Installation of linear actuators, along with batteries, solar charging systems, and manual
operation toggle switches began prior to water-up and continued through out much of the
irrigation season. Limitations on the time commitments of Reclamation staff proved to
be a bottleneck in completion of thistask. Reclamation’s staff was primarily responsible
for calibration and testing of electrical and electronic components. At sites where gate
motorization was not yet functional, canal stage adjustments were made by adjusting stop
logs in bays adjacent to the gated bays, in the same manner the system has been operated
in previous years. Figure 4 showsthe final stages of hardware installation at the 20.2
check. Figure5 isaphoto of the same site from a different angle.
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Figure 4. Reclamation Engineer Clinton Powell Making Wiring Connections
on the Linear Actuator at the Nebraska Bostwick 20.2 Check

Figure 5. Completed Hardware Installation at the Nebraska Bostwick 20.2 Check
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CONTROL SYSTEM COMPONENTS

As noted earlier, bubbler level sensors were selected to measure upstream canal pool
level. Downstream levels are needed for gate flow measurement where submergenceis
present. The bubbler equipment employs a single bubbler setup plumbed through a bi-
directional solenoid valve to enable the same sensor to measure water level at two
locations. The installation was made easier because CDI had previously provided a board
with al components needed for this multiple level bubbler sensor for use with a
submerged flume measuring system Reclamation has been field testing in Arizona.

This multiple location bubbler level sensor was a cost competitive aternative for
measuring two levels. The bubbler technology also eliminates water quality concerns
associated with use of submersible pressure transducers, functions effectively without a
stilling well, and does not require the temperature compensation that is often needed with
ultrasonic level sensors.

Gate operation circuitry that Reclamation (and others) have utilized at multiple DC
powered canal gate installations utilizes triple-pole, double-throw plug-in relays with
relay contacts located in a sealed chamber filled with inert gas. Two relays are utilized
for each gate. When arelay coil is energized, two of the normally open triple pole
contacts close to complete both the ground and positive legs of the gate motor circuit.
The coil energizing circuit utilizes normally closed contacts on the third pole of the
companion relay. Thuswhen onerelay coil is energized, all normally closed poles are
opened. Itisnot possible to simultaneously energize both relay coils.

CDI has created a circuit board with sockets for the plug-in relays that utilize the same
circuitry as hand-wired installations Reclamation has used successfully along with diodes
to protect against reverse current flow resulting from collapsing fields as circuits are
switched. An additional feature built into the CDI boards are terminal connections for
installation of toggle switches to switch control from the on-site programmable logic
controller (PLC) to hand operated toggle switchesto raise and lower gates.

The CDI radio control units are assembled as a single unit consisting of a programmable
logic controller, amodem and the radio. The current product line which was introduced
in 2007 may be configured with or without an on-board 4 x 20 display and with or
without an on-board 6 button keypad. At similar installations where CDI equipment has
been utilized, an on-site user interface has proven to be a desirable configuration. Figure
6 shows installation of control equipment at a Nebraska Bostwick check site with
remotely located display and 4 x 4 keypad.



Cost-Effective SCADA Development 239

Figure 6. Control Components (upper enclosure) and
User-Interface Components (lower enclosure)

A drawback to the on-board display and keypad isthat if these user interface components
are frequently accessed, there is high potential for the enclosure cover to be insufficiently
closed and sealed |leading to issues with moisture and/or insects disrupting function of
electronic components. For the Nebraska Bostwick project, external display and keypad
components are located in a separate electrical enclosure to reduce potential for exposure
of sensitive electronic components to the elements. To further isolate sensitive
components from potentially corrosive agents, the battery is housed in a separate
enclosure on the opposite side of the pole from control equipment.

2010 PROJECT STATUSAND FUTURE PLANS

During the 2009 irrigation season, as linear actuators along with batteries and charging
systems were installed, ditch riders adjusted the motorized check gates manually using
toggle switches (seen in Figure 6 below the display and keypad face plate). The upstream
level control programming will be installed in the CDI units and tested during the 2010
irrigation season.
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After manually operating the motorized gates in 2009, the ditch rider staff isin favor of a
program to upgrade al stop log bays with gate structures. The District recognizes the
advantages of the configuration of the three-bay checksin the upper reaches of the
Franklin Canal whereby the center vertical dide gate enables passage of bed sediments
while flow passing over stop logs on the side bays can enable much of the floating debris
to also pass the structure.

To maintain the ability to pass floating debris, overshot gates were identified as the
preferred alternative for upgrading stop-log bays at checks where vertical slide gates
already exist. Following a scoping-level investigation of pricesfor commercialy
available overshot gates, the District opted to participate in a Reclamation Science and
Technology Program research project that is seeking to develop guidelines for overshot
gates that irrigation districts can self-construct. The research project isfocused on
structures that can be fabricated as “drop-in” units for existing stop-log structures.

In this effort the District has constructed overshot gatesto install in stop log bays at three
of the checks where motorized dlide gates were installed in 2009. Similar to the
motorization alternative selected for vertical slide gates, the overshot gates will also be
operated by DC powered linear actuators. Based on a projection of forces that will act on
the gates, two actuators with gear heads linked by a drive shaft will be used to operate the
gates.

As operation of the overshot gatesisincorporated into the automated upstream level
operation, the algorithm will call for coarse adjustments to be accomplished with
overshot gate movements while small adjustments will be made with vertical dide gate
movements. Once the automation system is functional, water level target adjustments
may be entered on-site following on-screen prompts and keypad input, or remotely via
radio. Manager Mike Delka sees the District expanding this modernization effort at an
affordable rate until ultimately all main canal checks have similar automated or remote
operating capability. Figure 7 isaphoto of the District’s 28.6 check where motorized
gates have been installed in previously stop-log controlled bays by the beginning of the
2010 irrigation season.
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Figure 7. Vertical Slide and Overshot Gates at the 28.6 Check
Both Motorized using DC Linear Actuators

SUMMARY

For aninitial experience with integration of electronic control and communications
equipment into canal operations, the scope of Nebraska Bostwick’s project represents a
comparatively ambitious step. The seemingly boldness of theinitial project scopeis
tempered considerably when considered in the context of current operating realities
including the complete shut-down of deliveriesin 2004 and 2005. Improving the
District’s water management capabilities to enable more efficient delivery operationsisa
key focus for District staff and producers alike.

The situation Nebraska Bostwick findsitself in is similar to the plight of many irrigation
systems throughout the western United States. Many water users are being faced with the
alternative of seeking affordable means of stretching limited water supplies, or risk being
unable to afford to remain viable. The approach Nebraska Bostwick has selected isto
rely on in-house talents and develop new in-house capabilities to the extent possible to
make adoption of new technologies in system operations an affordable process that can
help sustain the District with limited reliance on external expertise.






INTEGRATED HYBRID RADIO COMMUNICATIONSNETWORK S

Dan Steele!
ABSTRACT

Farms and water irrigation districts with geographically dispersed operations can collect
and report data with a single solution. Sometimes this approach makes sense. However,
other times integrating additional technologies offers significant benefits that can easily
and more cost-effectively be incorporated into a single network. This paper will offer
specific waysto set up and deploy hybrid networks to drive maintenance/monthly costs
down, which directly impacts financial obligations; decreases polling cycle times;
reduces the time needed to identify and rectify problems within the network; and,
eliminates |locations where the network is reliant upon a single communication
component and thus vulnerable to failure.

INTRODUCTION AND BACKGROUND
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Figure 1. Hybrid radio network example.

Small-to-large family or corporate farms, municipal water and wastewater utilities or
water conservancy or irrigation districts with remote operations (such as those in the
farming and irrigation water industry), can select one technology, one source or one
vendor to collect, retrieve and report data to assess the status of their operations.
Sometimes, this type of approach makes sense. However, other times integrating multiple
technol ogies offers significant benefits that can easily and more cost-effectively be
incorporated into one cohesive network. This can be done by using a combination of

! Business Development Executive, FreeWave Technologies, Inc., 1880 S. Flatiron Court Suite F, Boulder,
CO, 80301, dstecle@freewave.com
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different technologies and in some cases, different vendors, based on a mix of data
requirements which are unique to each network owner.

The days of building large, unmanageable networks are behind us. In the past, the
building of large elaborate radio networks may have been the way a company or farm
might demonstrate its vast expertise and deep knowledge base. However, today there are
options that allow usto consider better manageability, expandability, cost and speed.
Hybrid networks, for example, can include microwave, satellite or cell phone-based
technol ogies along with licensed or unlicensed land-based systems.

Achieving Compatibility

These technologies al can be made compatible with one another by the selection of
standard communications protocols, such as Modbus, which is now common, and allows
information from many different devices to be sent back to a PLC/RTU or the computer
host software. In addition, the use of Ethernet devices is much more prevalent today than
ever before. MPEG-4 video cameras, |P-based PLC’s or RTU’ s and radios with Ethernet
and Serial ports are commonplace now. The need to add more speed and till be able to
“talk” to the older radios usually makes sense, and the end device may not have a
requirement for IP or Ethernet and serial data, therefore the use of existing technology is
the prudent thing to do while still decreasing the SCADA software polling time.

Figure 2. Selecting the beﬁr te and ;d g ditional hardware takes time and
study to ensure the best results.

Microwave radios in both the unlicensed and licensed band have dropped dramatically in
price while they have increased the speed or capacity with which they can transmit data.
New microwave radios using the 2.4 and 5GHz unlicensed bands are easy to set up and
often incorporate integrated radios with a patch antenna or have external antenna options
for longer range. The fact that they are | P-based makes it easy to add other IP or Ethernet
radios on the network. These networks can branch out and pick up the serial devices that
may be added to the new I P network or “hybrid network,” which can have serial, 10,
low-to-medium and high-speed Ethernet all on the same communication network.
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No one system can effectively collect data from multiple locations and deliver it to
offices over awidespread area and many companies are in need of a solution for this type
of data collection. However, by combining technologies, users can create a seamless data
stream from several locations and share data over aLAN or WAN with multiple users.
The end result is more effective and efficient management of their network, increased
reliability through reduced downtime — all at a much more affordable price. The other
key benefit is the ability to use I P-based diagnostics that can view or see the entire
network and how well it isworking and bring back alarmsif something changes due to
lightning, grounding, equipment failure or vandalism. The use of 1P-based or hybrid
networks allow for “over the air” equipment changes or firmware updates from the host
location instead of having to travel to each site. Thissaves alot of labor costs and time
that could be deployed elsewhere. The bottom line is that the owner of these networksis
more efficient and can access the network from any location with Internet access.

Master Radio

Up to...

Expansion Stack n ,

Host System

Figure 3. Serial-based SS radio 10 system gathering field inputs and sending them back
to ahost computer via Modbus protocol.

The speed of the newer microwave radios is incredible — 300Mbps or more isn’t
uncommon and even the spread spectrum hopping radios are over 1 Mbps now. In the old
days, 9600 baud was fast at the PLC/RTU site and now it is common to even have seria
connections up to 115kbps and/or Ethernet ports for higher speed devices. The biggest
factor contributing to the appetite for speed is driven by new applications, such as
sending images, video and data over the network and the use of real-time monitoring and
control. The use of some IP devicesthat use alot of bandwidth has created a demand for
speed, and streaming full motion video is another high-bandwidth application that is
becoming common for security monitoring.

The reason for using a hybrid system might simply be narrowed down to costs and the
fact that even though some of the older hardware is slower, it still works. The sites that
some of these devices are connected to can live with the speed they currently have. This
allows usersto just replace those units when they fail in the future, or when they have the
financial resourcesto do so.
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Benefits of High-Speed Networks

Installing high-speed networks in areas where users have existing, older radio
technologies in the same geographical arearequires alot of thought and engineering to
ensure the system will work as designed. If network owners are replacing older and
slower devices with newer ones then they have to understand that speed comes with a
price. The low-speed radios can transmit and receive at very long distances because they
are using smaller bandwidth and have higher sensitivity. The high-speed radios use large
chunks of bandwidth and different RF modul ation schemes to transmit data. Sensitivity
will be less and the distance that users can transmit effectively is also less. Users may be
able to add higher gain antennas — but the price goes up dramatically and then they need
to worry about wind and tower loading. The other big difference is the need for 100
percent line of site and total Fresnel zone clearance for the high-speed radios to work.
Users also may need to use different coaxial cable or use POE (Power of Ethernet) cable
to the radio and antenna outdoor unit (ODU) from an indoor unit (IDU) that adds more
cost to the installation and two devices or more at each site. The other thing to consider is
that routers or switches will need to be deployed to manage how the Ethernet traffic is
directed from the host.
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Figure 4. Example of a computer-generated path test showing the location, antenna
distance, antenna height, radio path and Fresnel zone clearance.

Ethernet-based networks are faster and allow for remote diagnostics, over the air
firmware upgrades and new hardware options that can be added to the network. PLC’s or
RTU’ swith Ethernet ports can be added instead of serial port devices. Increased
bandwidth allows security video camera systems to be easily added to the network and 10
devices can be viewed at the host computer. Network design may require more research
and engineering up front, but the payoff is speed, enhanced capabilities and compatibility
with existing hardware. Computer-generated path surveys and network designs should
assist in the process, but actua site visits, tower inspection and/or construction may be
required. If network users deploy licensed technology, they will have to apply for
licenses with the FCC and will have renewable fees to keep track of and pay.
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Implementing a Hybrid Network

There are several potential approaches to implementation. Users can start small, pay as
their radio network grows, and add hardware alittle at atime, or they can do a complete
overhaul. The choice is dependent on their urgency, financial budget and needs. A few of
the radio manufacturers may offer “free” assistance with the network design and
engineering and will help with some of the design requirements and radio settings. Users
should be careful though, do their homework and choose a company that will be there to
help them after they buy the equipment and will support them when they have installed
the hardware and software. Here are some guidelines in summary to consider:

Does the product/company have atrack record?
Are the radio products field-proven and reliable?
Will the SCADA data be secure?
Will the hardware perform in harsh environments?
How does the radio product interface to hardware (PLC'sYRTUs) and sensors, and
is the programming easy to do?
What are the limitations of the technology?
Are the manufacturer’ s radios backwards-compatible with older hardware?
e [sthistechnology being over-sold?
o (over the air speed vs. actual data throughput)
e What diagnostics softwareis available and is it user friendly?
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Applications Radio List Gt s

A

@

Fi gure 5. FreeWave Technologies Toolsuite Software

The radios should be easy to set up, program and maintain. They also should provide
diagnostic information to show the health of the network, thresholds, alarms and offer the
capability to import and export information — all at the users fingertips. These features
and software should be included at no cost to the end user and updates to the software or
radio firmware should be included at no charge. The field technicians should be able to
maintain the network and add to it painlessly and have arecord of any changes or updates
stored in the computer host.
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In addition, diagnostics tools are one of the most important parts of the system, as they
allow one to know how well the network isworking, and they give the ability to
troubleshoot and fix small problems before they might take an entire network or sub-
network down. The ability to see if anything has changed after a thunderstorm or other
weather factors will be easy to detect.

CONCLUSION

When it comes to communication networks, especially those within geographically
dispersed or remote locations, a single solution for monitoring critical-datais not always
an option. By combining different technologies, such as microwave, satellite or cell
phone technol ogies with either licensed or unlicensed systems, users can create a
seamless data stream that is fast and cost effective. In addition, many users have deployed
an Ethernet backbone to combine the mutiple technologies into a single network. These
types of networks are high-speed and satisfy the increasing need for real-time data. With
proper engineering and installation, this type of network will provide the ulitimate
network management system that a single solution cannot.
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ILEVEL CONTROL, AND SCADA — WHAT WORK

Dr. Kenneth B. Schuster?
ABSTRACT

In the State of Washington, metering of open channel and pressurized pipe systems is a
requirement of the Water Code. Adequate and approved fish screens are also a
requirement of the Fish and Wildlife Code. Submergence of fish screens needs to be
maintained between 65% and 85% through all ranges of diversion.

Three requirements need to be satisfied. Those are: 1) the measuring device complements
the fish screen, 2) the agency(ies) responsible for the fish screen recognize the
compatibility of the measuring device with the operation of the fish screen, and 3) users
are confident the device measures accurately and meets regulatory requirements for
accuracy in measuring and reporting their water use. Partially-contracted submerged
orifices have proven to meet the three requirements.

Automated monitoring and control provides for timely adjustment of the rates of
diversion for maintaining submergence on the fish screens, provide sufficient water for
fish bypass at the screens, and adequate flows in the irrigation canal. Users do not need
to make several trips per day to check on and make manual adjustments. SCADA using
the Internet not only provides remote control of the system on a real time basis, it also
enables automatic reporting of water use to regulatory agencies automatically at pre-
determined intervals, and view-only access can be granted to other interested parties.

INTRODUCTION AND BACKGROUND

The State of Washington Fish Screen Program

Most open channel irrigation systems diverting water from the main stems of rivers in the
fish-critical watershed resource inventory areas (WRIAS) of the State of Washington are
medium to small? in size, with the majority of small users located on tributaries to the
main stems. The tributaries are important for recovery of salmonid fish species because
at the very least they serve as refuge for fry and smolts, providing escapement from
predators such as fishes, piscatorial birds, etc.

In many situations, the small canals themselves serve ideally as refuge. The purpose of
fish screens is to prevent fry and smolts from access to the entire diversion channel where
survival is not likely and instead return them to the river or tributary via a fish bypass
structure. For water diversions using either open channel or pumps, an adequate and

! Water metering advisor, Watch Technologies, 4330 Fish Hatchery Rd. Grants Pass, OR 97527,
kschuster@q.com

2 For purposes of this paper, medium size means diversions diverting between 20 to 100 cfs. Small size
means diversions less than 20 cfs, the majority of which divert less than 5 cfs.
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approved fish screen is arequirement of the Revised Code of Washington (RCW)
77.57.040. Open channel systems must also have an adequate fish bypass return. Fish
screens must satisfy design criteria. The two types of screens used on most medium and
small sized diversions in Washington are rotary drum and flat plate screens. Structures
housing fish screens are also constructed to operate a paddlewheel that either turns the
rotary screen to prevent plugging with trash or operates a brushing device on flat plate
screens to remove trash from the screen as water passes through the fish screen into the
open channel. Electric power may be used if power isreadily available at relatively low
cost. In most cases paddlewheels are used.

Design Criteriafor flat plate with paddle-wheel driven rotary wiper and paddie wheel-
driven rotary screens (Washington Department of Fish and Wildlife) The critical design
criteriafor all fish screens are an approach velocity of 0.4 feet per second or less and
sweeping velocity of 0.4 feet per second or higher. Submergence of screensisimportant
for ensuring that 1) approach velocity of water through the screen does not exceed 0.4
feet per second to prevent impingement of fry and smolts against the screen, 2) sweeping
velocities parallel to the screen are equal or greater than the 0.4 feet per second to guide
fry and smolts to the bypass channel, and 3) smolts cannot jump over the fish screen and
into the diversion channel. A bypass flow between 10% and 15% of consumptive useis
required at all times when smolts migrate, but can be lower after migration, particularly
when stream flow declines.

Rotary fish screens must be submerged at 65% - 85% of screen height to maintain criteria
for approach and sweeping velocities. The range of 65% - 85% submergence on flat
plate screensis also required. However, there may be exceptions for flat plate screens for
varying rates of diversion if it can be shown that the criteriafor approach and sweeping
velocities are maintained. For example, the level of submergence in a particular structure
for aflow of 25 cubic feet per second would be higher than for aflow of 10 cubic feet per
second, provided that criteriafor approach and sweeping velocities are satisfied.

The State of Washington Water M etering Program

Surface water diversionsin the State of Washington are required by RCW 90.03.360 to
measure the instantaneous rate of flow (Qi) and the total volume of water (Qa) diverted
and to report usage annually to the Washington Department of Ecology (Ecology) per
Washington Administrative Code (WAC) 173-173-020(a). WAC 173-173-020(a)
requires measuring on al diversions from waters in which the salmonid stock statusis
depressed or critical, as determined by the Washington Department of Fish and Wildlife.
Sixteen watershed basins have been so designated.

Defining the Problem

The problem was, and is, the need to satisfy two objectives simultaneoudly, flow
measurement and fish screening. It is challenging to do both effectively. The agencies
responsible for the installation of fish screens, the U.S. Fish and Wildlife Service,
Washington Department of Fish and Wildlife, and U.S. Bureau of Reclamation,
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implemented fish screening before Ecology began implementing the water measurement

requirement. Few of those diversions included an adequate measuring device or method,
and fish screens were installed without considering the need for flow measurement in the
design.

The problem manifested when the Y akima County Superior Court (the Court)
adjudicating surface water rightsin the Y akima River basin issued a Pendente Lite Order®
on 13 October 1994 requiring surface diversions on the main stem rivers (Y akima,
Naches, and Tieton Rivers) in the Adjudication of the Y akima River Basin to measure
and report water use to the U.S. Bureau of Reclamation (the Bureau). Acceptable
measurement methods included standard weirs, Parshall flumes, velocity meters,
pressurized pipe meters, stable rated section with a staff gauge and rating table, or other
acceptable methods or devices. Most diversionsrelied on arated section with a staff
gauge, with the Bureau providing monthly flow measurements to verify the rating curve.

The Court issued another Pendente Lite Order® on 15 September 2005 requiring all
surface water diversions with a conditional final order to install water measuring devices
and to begin recording and reporting water use to Ecology. The Order included
diversions on tributaries to the main stems, of which most did not have measuring
devices or fish screens. Holders of water rights then began asking Ecology about water
measuring devices that would satisfy the requirements for accuracy in WAC 173-173-
020(a). Diversions associated with the Bureau did have accurate methods of measuring
and the technical expertise to maintain accuracy. However, the Bureau did not have
enough manpower to verify rating curves used by users on the main stems at sites not
associated with the Bureau. For that reason, those users were not comfortable that the
rated section method provided the accuracy required in the metering rule because they
did not possess the expertise themselves to verify rating curves. Few users on the
tributaries to the main stems had any measuring device or method, and most of those that
did were using inadequate methods.

The requirement to have fish screens compounded the overall challenge when the
agencies responsible for prioritizing diversions that needed fish screens had to convince
owners of surface diversions that a fish screen was needed. Funds and technical expertise
for designing and installing fish screens were provided with the understanding that, once
installed and operating, the daily operation and maintenance were the responsibility of
the owners of the diversions. In general, while owners did not like the idea that they
“were told what to do,” they did cooperate.

Many were frustrated about the need for daily maintenance. Without daily maintenance,
accumulations of trash on the fish screens impacted the operation of the fish screens
because enough water was not passing by the paddle wheels to keep either the rotary
screen or brushes on the flat plate screens operating and reduced the amount of water

* State of Washington, Department of Ecology v. James J. Acquavella, et.al., No. 72-2-01484-5 (Y akima
County Superior Court 1994).
* State of Washington, Department of Ecology v. James J. Acquavella, et.al., No. 72-2-01484-5 (Y akima
County Superior Court 2005).
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delivered that the user needed. Then came enforcement to measure and record the
instantaneous rate of diversion and the total quantity diverted and submit those records of
use to Ecology annually. If the users had to measure and aso “put up” with fish screens
and problems associated with screening, they wanted a solution that reduced the work the
two requirements imposed on them.

Thereis an unintended and significant benefit of fish screen structures for measuring
water that was used to advantage and reduce that workload. Fish screen structures are
constructed level and of sufficient size and depth that conditions of approach flow for
accurate measuring are easily met. Because the fish screen serves as a baffle, the velocity
of approach of water to the measuring deviceis 0.5 cfsor less, usually less. That benefit
was not realized until the need for developing a solution that concurrently measured
water and satisfied the operational requirements of fish screens and reduced the workload
that both requirements imposed on water users.

Preferred location for measuring r ates of diver sion into open channels

The preferred location for measuring rates of diversion is below fish screens regardless of
the method of measurement. If the location is above the fish screen, all water is
measured as consumptive use. Bypass flow isin reality non-consumptive, but allowance
for bypass flow returned to the river or tributary is problematic, is seldom done, and so is
counted as consumptive use. Measuring water below the fish screen eliminates that
problem and only actual consumptive use is measured.

Sharp- or broad-crested weirs measure water accurately when conditions of approach and
depth of water in the weir pool are optimal. Weirs must also operate with downstream
submergence below critical flow limits, but that is not often a problem. However, with
sharp- or broad-crested weirs it is difficult to maintain arelatively constant level of
submergence on afish screen because of changes in water levelsimposed by weirs as
flow rate changes regardless of whether aweir islocated above or below the fish screen.
Daily fluctuations in water levels on rivers and tributaries cause similar problems. Stop
logs placed below fish screens are used to maintain submergence, but often do not work
aswell as intended without impacting rates of diversion, which can cause tension
between the user and agencies responsible for the design and installation of fish screens.
For instance, if the rates of diversion increase, then stop logs should be removed, or if
rates of diversion decrease, stop logs should be added. Removing or adding stop logsis
not done, which usually results in the fish screen operating outside the preferred range of
submergence.

Solving the Problem

Six conditions needed to be met: 1) accurate measurement and delivery of water to the
user, 2) proper operation of fish screens to keep the screens free of trash, 3) steady flow
of water through the fish screen, 4) maintain adequate depth in the fish screen structure to
maintain submergence of the fish screens between 65% and 85% submergence, with 75%
submergence generally ideal, 5) maintain adequate flow through the fish bypassto
provide enough water for smolts and fry to return to the river or tributary, and 6)
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assurance to the agencies that the proposed measuring solution would not impact
operation of the fish screens and that performance of fish screens would be enhanced.

The solution developed was: 1) install a partially-contracted submerged orifice for
measuring water, 2) install aregulating gate below the orifice to control the amount of
water diverted into the open channel and use the difference in head across the orifice to
calculate flow, and 3) install automation and SCADA control using the wireless Internet.
Figure 1 isageneric left hand plan view of the fish screen structure, showing the location
of the orifice plate, regulating gate, fish screen, and the fish screen bay, forebay, and
orifice bay. Theright hand version isamirror image of the plan view shown. The plan
ismodified to fit individual diversions whether made of concrete or stedl.

Orifice bay

Forebay

‘ Fish screen bay

Orificeplate > ™4}

W e
Paddle wheel

\\ Fish bypass

Fish screen can be either a flat

plate with brush or rotary drum

Figure 1. Plan view of fish screen structure with submerged orifice and regulating gate.

Why Select a Submerged orifice The objective is to create conditions within the fish
screen structure that ensure a fish screen stays submerged within the desired range of
submergence and to accurately measure water. A submerged orificeisideal as conditions
very similar to a constant head orifice can be duplicated within the fish screen structure.
Very stable rates of diversion are maintained by managing for awater level in the pool
that varies no more than the desired range of submergence of 65% to 85%.

The two primary advantages are 1) submerged orifices are accurate for measuring water,
and 2) for fish screens, the depth of water in the forebay is easier to maintain (US Bureau
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of Reclamation). Because the water level in the forebay rises or lowers at arate slower
than the level of water in the orifice bay as rates of diversion change, submergence on the
fish screen is maintained between 65% - 85%. In essence, the forebay servesasa
regulating reservoir. The larger the forebay, the more effective the forebay servesas a
regulating reservoir.

Operationally, there are three factors critical to success in using a submerged orifice to
obtain optimum results discussed above. First, the regulating gate below the orifice must
be properly operated to maintain a stable water surface that only varies within the 65% -
85% range of submergence on the fish screens most of the time. Second, the height of
the orifice should be kept as short as possible in relation to the width. For instance, afour
sguare foot orifice should be perhaps four feet wide and one foot high as compared to a
two foot by two foot orifice. It iseasier to maintain the depth of water in the forebay at
least 2.5 times higher than the height of the orifice if the height of the orifice is kept low.
Third, the area of the orifice should be as small as possible to obtain higher resolution for
measuring, which also improves the ability to maintain the optimum depth in the forebay
and thereby maintain submergence on the fish screen. A fourth option isthat an
operational spill should, when feasible, be included that would begin spilling water when
the level of submergence on the fish screens begins to exceed 75% to aid in controlling
water levels on the screen rising higher than 85% as much as possible.

Automation and SCADA Automation and SCADA provide what has shown to be a
dramatic improvement in operating and managing small and medium size diversions.
Automation and SCADA enables 1) level control in the fish screen bay to maintain 65%
to 85% submergence and to raise and lower alevel control gate within the fish screen bay
to assist in maintaining the desired level within the fish screen, 2) communication with
and automation of the diversion head works to open and close the gates to maintain the
level of submergence consistent with the amount of water needed for the consumptive
use, 3) automation to raise and lower the regulating gate to maintain the desired rate of
diversion into the open channel, and 4) establishing wireless Internet communication for
remote control of the entire system by the water user. Level control in the forebay is
particularly important because of the lag time on open channels for water to reach the fish
screen structure when rates of diversion are changed, or when water levelsin theriver or
tributary increase or decrease and affect the rate of diversion, astypically occursin a 24-
hour period. Two systems are discussed below.

THE PACKWOOD CANAL DIVERSION

The Packwood Canal diversion isa 25 cfsdiversion on the YakimaRiver. Itsdiversion
channel to the fish screen is approximately one-half milein length. Thefish screenisa
flat screen approximately four feet high and fifty feet long. Brushes clean debris from the
screen, including leaves, small twigs, and growths of algae. The brushes are operated by
apaddle wheel which isturned by the force of water passing through the paddle into the
delivery canal.
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The dlope on the channel below the paddie wheel is 0.0002 %, which for design purposes
isvirtually flat. Under most operating conditions the paddlewheel did not turn
sufficiently to operate the brushes to clean the fish screen. The fish screen structure also
was not designed with flow control and measurement in mind, as diversions to the canal
for irrigation were regulated manually with check boards.

It was possible to maintain a depth of four feet in the fish screen structure, so a
submerged orifice was a perfect fit for meeting the needs of all parties concerned. The
orifice provides flow measurement, and an automated undershot gate for regulating flows
was added in the orifice bay in front of the paddlie wheel; it now provides adequate
velocity to operate the brushes consistently under all flows and controls the amount of
water diverted to the canal for irrigation.

Figure 2 shows how the two operational spill outlets now control depth in the forebay
(Figure 2). Excesswater isreturned to the river viatwo return channels, one for the
passive spill and one for the automated spill, the same channel used for the fish bypass
located at the downstream end of the structure next to the automated spill outlet.

operational spill, submerged orifice, and automated gate in front of paddlewheel

The Packwood Canal was completely automated and tested in 2009 (the diversion head
works was not automated). Check boards in the passive spill were set to 3.8 feet, at
which point water would begin to spill over the boardsinto its return channel. The
automated gate was also set to maintain the depth of water at 3.8 feet. When the depth
exceeds 3.8 feet, the automated spill gate lowersto spill water and continue to spill water
to maintain the desired depth. When water is spilling and depth drops to less than 3.5
feet, the gate raises to maintain depth at 3.8 feet. The goal isto maintain arange of depth
of 3.5 to 3.8 feet on the fish screens, so adead band of 3.5to0 3.8 feet isallowed. If depth
drops below 3.0 feet, the system alarms the manager who then has to go to the head
works and open the head gate.

An Internet connection viaradio was designed for remote communication and control for
the manager of the system. A webpage (Figure 3) for the human-machine interface
(HM1) was designed to the user specifications so that operation of the entire system could
be monitored and controlled remotely. The system is powered by solar panels. The
system functioned as designed and met all expectations and requirements of the owners
and other interested parties, and could be monitored anywhere using the wireless Internet.
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Protocols for automatically transmitting data on instantaneous and total flow to Ecology
will be established for the 2010 irrigation season.
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Figure 3. Internet screen HMI for the Packwood Canal showing flow, forebay level, gate
position, target level, battery power, and continuous instantaneous and total flow

Equipment installed at the fish screen structure consisted of the submerged orifice, an
undershot regulating gate in front of the paddlewheel behind the submerged orifice, the
drop-down gate for the automated spill, 2 each WEGS automatic gate controllers, two
solar assemblies for the automated gates, 2 each WER3 RTUs with software for
automating the gates, and two stilling wells and pressure transducers. The remote
terminal unit contains the RUG 3 controllers for connecting the sensors, display data, and
control gate operations, and the radio and solar charge controller.

Equipment for the base station consisted of one WE1111 900 MHz radio assembly (1W),
one WE900Y 900 MHz Y age 9dbi antennae, one WER5** RTU WEMDM modem
board, one WER5 RTU with software for Modbus interface, one PC server and software,
router and Internet interface, WE1111900 MHz Radio Assembly (1W), and one WEA901
—900 MHz 5 dbi Omni antenna with mast and bracket.

THE NESBIT DIVERSION

The Neshit diversionisa 3.5 cfsdiversion off of Cherry Creek, atributary to the Y akima
River. Cherry Creek isatributary that has alot of potential as a salmonid-bearing
stream, especially as habitat for spawning and rearing of salmonids, primarily salmon.
An old, not fish-friendly diversion dam was removed in 2009 and replaced with a series
of in-stream rock weirs to raise the level of the creek for the farmer to obtain water from
the creek. A flat plate, rotary brush fish screen structure was modified to incorporate a
bottom contraction-suppressed rectangular submerged orifice (Figure 4). The fish screen
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and automation are installed and diversion will be operational for the 2010 irrigation
season.

Figure 4. Nisbet diversion showing the completed structure, automated regulating
gate after the submerged orifice, flat plate fish screen and location of staff gauges
for determining head differential between forebay and orifice bay.

The fish screen structure now serves two purposes instead of just preventing fry and
smolts from ending up in the irrigation system. It now integrates the capability for
measuring water. The submerged orifice serves three purposes — maintaining the desired
depth on the fish screen, measuring water, and providing sufficient velocity of water
through the paddle wheel to reliably turn the rotary brushes to keep the screen free of
trash and other debris.

The irrigation system draws water from one other source, an irrigation company. The
irrigation company supplies extra water through a pipeline for the irrigator when flows in
Cherry Creek are too low for the irrigator to receive a full supply of water. The SCADA
system controls and measures that water as well. When supply from the creek is
insufficient, the system lets in enough water from the second source, the pipeline, and
provides the extra water needed. Equipment for automation and SCADA consisted of
three gate controllers, one WT RUG 5 RTU, 2 automated gates (one six-inch and one 12-
inch), one Watch Technologies custom gate for controlling flows through the orifice bay
for irrigation, 3 level transducers, and software.

LESSONS LEARNED

There were a number of lessons learned when working with water users and agencies
concerning fish screens, water measurement, automation, and SCADA. Those were:

1. First and most important, speak the language of the user to avoid being separated by a
common language.

2. FOLLOW THE K.I.S.S. PRINCIPLE. Complexity will not sell. Most, if not all,
small- and medium-sized systems have neither the personnel nor technical skills
needed to understand and maintain technically complex SCADA systems. They do
not have the money to hire permanent staff nor time to develop the individual skills
needed, and most of them are not interested in doing so. Simplicity and ease of
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understanding of the system and information, the end product provided, is important
to them.

Develop an empathy with the people purchasing and using the system and discuss
with them in detail what they want the system to provide. Commensurate with that is
understanding and appreciating the obligations they have as water users regarding
meeting any requirements of the water codes under which they operate and problems
they have with the existing diversion and delivery system that automation and
SCADA can help them resolve.

Explain to the usersthat at best it will take at least a year’ s worth of experience with
the system after installation to work out the “bugs’ and get the system operating to
their satisfaction. It often takes at least one irrigation season to identify and fix
problems and the next season to become comfortable with it.

NEVER, NEVER let the pressures under which users operate affect the service being
provided. And, they are not interested in the pressures which you, the provider, may
be suffering.

The customer is aways right, provided you have obtained all the pertinent
information from the customer that is needed (see 3, above).

Lastly, and no less important than the six points above, inter- and intra-agency bias
and disciplinary bias was, and remains, amgjor problem to resolve. The focus hasto
be for an interdisciplinary, interagency solution, which is and remains perhaps the
most difficult persuasion.
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ABSTRACT

Irrigated agriculture began in southwest Idaho’ s Lower Payette Valley in the 1880's. By
1900, over 30,000 irrigated acres had been developed, served by a system of over 20
canals diverting natural flows. High springtime river flows were often reduced to a
trickle by August. Two Bureau of Reclamation dams were built to provide supplemental
storage and to bring another 53,000 acres into production.

Like many early canal systems, the Payette VValley canals were built with only afew
manually operated water control structures or water measurement devices. Diversions
were difficult to control due to variable river flows and much water was wasted. Water
rights were difficult to administer, due to the lack of accurate water measurement. In dry
years there were often disputes among users on different canals as natural flows declined.

In 1997, the first canal headworks in the Payette were automated, utilizing solar power
and simple off-the-shelf components. The success of this single project encouraged more
irrigation entities to improve water control capabilities utilizing SCADA. New control
structures were built and automated and communication links were put in place to
monitor canal operations and to update water accounting.

Today, there are over 40 automated control gates, 14 telemetered water measurement
sites, and 11 new water measurement structures. Diversion data daily and accurately
account for water use in the basin. Telemetry has enabled canal operators to monitor
facilities and to respond quickly to changing water needs or emergency situations. Canal
systems in the valley are being operated more efficiently, reducing both diversion rates
and operational spills. This more efficient operation has helped to improve water supply
reliability. These changes have also served to bring a greater sense of cooperation to
water users throughout the Payette Valley.

BACKGROUND

Early Irrigation Development

The Payette River and its tributaries drain approximately 3200 square miles in the west
central mountains of Idaho (Figure 1). On average, the river produces over 2 million
acre-ft of water per year. Much of the basin is unregulated, with no dams or storage

"Hydraulic Engineer, U.S. Bureau of Reclamation, Snake River Area Office, 230 Collins Road, Boise, ID
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AWatermaster, Water District #65, 102 North Main Street, Payette, ID 83661, waterdist65@srvinet.com .
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reservoirs. Flows vary greatly between the peak runoff season in May and June and the
lowest flow periodsin August and September.

Payette River Basin

Figure 1. Map of the Payette River Basin

The Payette River was named for Francois Payette, a French-Canadian fur trapper who
was one of the first people of European descent to settle in the Payette River area. Payette
ventured east from Fort Astoriain 1818, and from1835 to 1844, he headed the Hudson's
Bay Company's Fort Boise which was located near the mouth of the Payette River. As
settlers moved into the valley in the 1870's, irrigated agriculture sprung up aong the
lower the Payette Valley. Many of the farmers grew produce for the many new gold
mines in the surrounding mountains.

Irrigated acreage in the valley expanded in the 1880’ s as more canals were constructed.
While the high elevation snow in the basin generally provided good water supplies until
mid-summer, low late-summer river flows limited the irrigation development in the area.
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By 1900, approximately 13,000 irrigated acres were in production. Following its creation
in 1902, the U.S. Reclamation Service (later the U.S. Bureau of Reclamation) identified
an additional 59,000 acres that could be irrigated from the Payette River with
construction of adequate water storage.

Black Canyon Diversion Dam, 183 ft high and completed in 1924, was the first
Reclamation facility built in the Payette basin. Thisfacility was constructed to divert
water into a“high line” canal which could serve much of the remaining irrigable land on
the south side of the river and to pump water to Emmett Irrigation District lands on the
north side of theriver. Work began in 1936 on the south-side Black Canyon Main Canal
and a gravity distribution system to 28,000 acres and was completed in 1940. An
additional 25,200 new acres were added to the Black Canyon Irrigation District in 1949
with the completion of the large C-Line Pumping Plant.

Since reservoir storage was essential to expansion of irrigated lands in the Payette Valley,
Reclamation then completed Deadwood Dam, a concrete arch dam with 154,000 ac-ft of
storage on the Deadwood River, in 1931. Cascade Dam, a zoned earthfill dam on the
North Fork of the Payette with 646,000 ac-ft of storage, was completed in 1948. The
largest amounts of storage space in the two reservoirs were purchased by the Black
Canyon Irrigation District (240,000 ac-ft) to irrigate the “new” project lands and the
Emmett Irrigation district (62,000 ac-ft) to supplement their existing natural flow rights.
These facilities, along with several smaller, privately constructed storage damsin the
basin, provided stored water for late season irrigation and for the devel opment of
additional irrigated acres.

Late 1900's Developments

Irrigation water supplies were plentiful in the Payette Basin throughout most of thel950's
and 1960's. All of the water users had natural flow rights under Idaho’ s prior
appropriation statutes and some aso had reservoir storage. These rights, however, had
not been formally adjudicated by the state and were not closely monitored. In some
years, particularly during low flow periods in late summer, there was some friction
between the two largest water users, Emmett and Black Canyon Irrigation Districts who
divert their water at Black Canyon Diversion Dam, and the smaller canal companies that
diverted water below the dam. Many of these “lower valley” irrigators felt that even
though they had senior water rights they were sometimes short of water due to excessive
diversions by the two “upper valley” users. Still, in most years, water supplies were
adequate.

In 1977, much of the Pacific Northwest was subject to extreme drought conditions. This
resulted in the first water shortages in the Payette Valley since the construction of
Cascade Reservoir. This brought about several changes in the way water was managed.
First, an emergency Payette River watermaster was appointed by the |daho Department
of Water Resources (IDWR) to monitor the irrigation diversions and to administer the
water rights in the basin during the drought. This drought period also prompted two of
the lower valley canal companies, the Farmers Cooperative Irrigation Company and the
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Lower Payette Ditch Company, to purchase available storage in Cascade Reservoir to
help weather future drought periods. Other water users, including the Noble Ditch
Company and Emmett Irrigation District later purchased Cascade Reservoir storage.

Shortly thereafter, IDWR began the adjudication process to formally quantify and
validate all of the water claims in the Payette Basin. This process brought about further
changes. Severa of the lower valley canal companies filed water right claimsto the
irrigation return flows in the numerous open drains that carry irrigation return flows back
to the lower reaches of theriver. Until thistime, this supplemental water was mostly
taken for granted. Also, with several of the lower valley canal companies purchasing
supplemental reservoir storage, a water bank was established in the Payette Basin. This
enabled reservoir spaceholders to lease their unneeded stored water to other water users
on an annual basis. A similar water bank had been working for many yearsin Snake
River basin in southeastern Idaho.

Additional drought yearsin the early 1990’ s caused more water shortages, prompting
IDWR to strongly encourage the Payette water users to establish a permanent state-
sanctioned water district, Water District #65, to fund a permanent watermaster to monitor
all of water rightsin the basin and administer the water bank. Thiswas endorsed by the
Bureau of Reclamation. By thistime, Reclamation was beginning its effort to provide
releases of stored water to supplement natural river flows in the Snake and Columbia
Rivers for downstream migration of endangered salmon smolt. Thiswater came from
uncontracted storage in Reclamation reservoirsin the Snake River basin as well as water
leased from private reservoir spacehol ders through established water banks in the basin.

IRRIGATION SYSTEM IMPROVEMENTS

The drought yearsin the early 1990’ s also caused several of the canal companies and
irrigation districts in the Payette Valley to examine their facilities and operations to see
where changes could be made to improve operational efficiencies. Upon reflection,
several items cameto the forefront. Many of the older distribution systems had limited
water control capabilities and much water was lost to operational spills. In some cases,
more water than necessary was diverted from the river in order to maintain adequate
canal levelsto make irrigation deliveries. In other cases, diversions into the canal
fluctuated with changesin river flows. Antiquated or poorly-maintained headworks
structures made it difficult to regulate canal inflows.

Since nearly half of the Payette River basin is not regulated by dams, flows in the lower
valley can vary significantly when mountain snows are melting. These canal fluctuations
often caused either too much or too little water to be delivered. Additionally, most
diversions were measured using rated canal sections which “shifted” or changed
calibration during the irrigation season. This made it difficult for canal operators and the
watermaster to accurately determine actual canal flows.
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TheFirst Projects

In 1996, the District #65 watermaster and representatives of the Farmers Cooperative
Irrigation Company (FCIC) contacted the Bureau of Reclamation’s Snake River Area
Officein Boise, ID, about some efforts by Reclamation’s Denver Technical Service
Center (TSC) and Provo Area Office to develop low-cost, solar powered systemsto
control and monitor canal facilities. The FCIC wished to reduce operational spills by
automating its “ Squeeze Gate” structure which regulates flows into the company’ s 30
mile-long main canal, located near Emmett, ID. FCIC applied for and received a cost-
share grant from Reclamation’s Water Conservation Field Services Program for the
project. With financial and technical assistance from Reclamation, the three 5’ -wide x 8
high steel dide gates were automated prior to the 1997 irrigation season.

The hand cranks on each of the three gate operators were replaced with a 30:1 chain drive
and connected to a 1/10-horsepower 12-volt DC gearmotor. Power for the motors was
supplied by a 30-watt solar panel and 2 deep-cycle batteries. Water level sensors were
placed in the canal upstream and downstream of the structure. The system was controlled
by a Campbell Scientific CR10 datalogger. The datalogger was connected via modem
to an existing telephone line that was buried beside the canal. The site was programmed
to maintain a desired downstream water level which was correlated with the cana’s
gauging station another half-mile downstream of the control structure. The controller
was accessed either on-site or by telephone using alaptop or desktop computer and
Campbell Scientific’'s PC208 software. Installation took approximately five days. Figure
2 shows the Squeeze Gate structure following SCADA installation.

Figure 2. Farmers Cooperative Automated Squeeze Gate’ Structure

After sometypical startup bugs, the system worked well throughout the 1997 irrigation
season. In addition to maintaining steady flows at the head of the FCIC main canal, the
SCADA capabilities permitted canal operators to make flow changes remotely, saving
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untold time and pickup miles. With this capability, canal flows could be changed
remotely from the FCIC shop in New Plymouth, 20 miles from the site. This enabled
operators to remotely make flow changes late at night which would ensure that the proper
amount of water reached downstream irrigators the first thing the next morning.

The success of the Squeeze Gate project led to other similar projectsin the Payette
Valley. Prior to the 1998 irrigation season, the Reed Ditch constructed a ramp flume at
the head of its 50-cfs canal and replaced a check board regulating structure with an
automated Armtec overshot gate (Figure 3). This site a'so used a CR10 controller but
utilized analog cellular telephone telemetry. Also, following the 1998 season, the Lake
Reservoir Company used the same technology to facilitate remote operation of three 12-ft
wideradial gates at Lardo Dam in McCall, Idaho. This site, which regulates the outlet of
Payette Lake, is approximately 100 miles from the Company’ s office in Payette, ID.
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Figure 3. Automated Armtec gate regulates the Reed Ditch diversion

Types of projects

At present, there are approximately 50 SCADA sites within the Payette River valley.
Individual sites may have unigque configurations or operational objectives, but all use the
same basic technologies, including Campbell Scientific dataloggers, solar power, and
small 12-volt DC motors. The sites can be categorized as follows:

Automatic flow control - Many of the projects have established automatic and/or remote
control at key water control structures. The main objective of these projects has been to
stabilize and regulate downstream canal flows. To date, eight Payette River diversions,
with capacities ranging in size from 30 to 1200 cfs, have been automated. This has
enabled canal operatorsto accurately regulate canal diversions despite fluctuationsin
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river flows. At most locations, existing gates and operators were adapted to automatic
operations with minor modifications. At one site it was necessary to replace two old
wooden gates before they could be automated.

The largest automated river diversion is Black Canyon Irrigation District’s 30-ft wide
radial gate at Black Canyon Diversion Dam. Dueto limited freeboard in downstream
flume sections, the district has installed redundant downstream water level sensors for
better control and monitoring. The Emmett Irrigation District has automated the turnouts
for two distribution laterals near the tail end of their main canal to compensate for
variable flow conditions.

Water level control — Several of the early canal systems were constructed with few in-line
check structures. Here, the only way to regulate canal levels at delivery points was to
spill water into drainage channels at various points along the canal. The Farmers
Cooperative Irrigation Company and the Noble Ditch Company have automated existing
slide gates at numerous spill locations. The FCIC, the Noble and the Lower Payette
Ditch Companies have replaced check boards with automated L angemann overshot gates
at existing spill locations. 1n addition to water level control, the design of these gates also
permits the companies to easily measure the spills at these sites.

In order to better control canal levels, both the FCIC and the Lower Payette Ditch
Company have constructed check structures at lateral turnout locations along their main
canas. The Farmers Cooperative Canal was originally constructed without control
structures in the canal in order to permit logs harvested in the upper part of the Payette
basin to be floated down the river and then 20 miles down the canal to a sawmill near the
town of New Plymouth. During the late season when natural river flows declined and
canal flows were reduced, the canal company would typically pile large rocks and
concrete rubble below some turnouts to check up the water levels. The rocks were then
removed after the irrigation season.

Both of the aforementioned canal companies have constructed a series of check structures
to control down the length of their main canals. The checksall use asimilar single
overshot gate design, with the gate leaf operated by a cable hoist. Three of the FCIC's
checks have installed SCADA for automatic level control (Figure 4). The company’s
remaining six overshot checks have been motorized, lacking only an RTU and
communication components to be able to operate automatically. Lower Payette has
installed 7 check structuresin its main canal, all motorized but not currently automated.
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Figure 4. Automated check structure on the Farmers Cooperative Canal. Structure
utilizes check boards (left) and automated overshot gate (right) to control water levels.

Water measurement and accounting improvements — Idaho water laws require that all
irrigation diversions must have some type of measurement to allow the Department of
Water Resources monitor water use and assure compliance with state water rights. The
state watermaster for each river basin is charged with measuring and recording water use
data to determine an accurate accounting of irrigation diversions. Most of the Payette
diversions were originally measured using rated canal sections which needed frequent
calibration to maintain accuracy. Typically, the watermaster would only be able to visit
each site once or twice a week to measure and record flows. In order to provide more
accurate measurement of their diversions, several canal companiesin the basin have
replaced existing rated sections with ramp flumes. Since 1998, nine rated sections,
ranging in capacity from 3 to 300 cfs, have been replaced by ramp flumes. At several
sites, flow data from recently constructed ramp flumesis used as input for automated
diversions.

The controllers at the automated sites have datalogging capability, so it is a simple matter
to record flow data and obtain an accurate accounting of diversions and spills. Typically
flow dataisrecorded every 15 minutes. Since many of the automated sites have
telephone or radio communication, the watermaster is able to download data from these
siteson adaily basis viathe communication link. This enables the watermaster and the
canal companiesto monitor their water use daily. Currently the Payette River
watermaster is able to download 15-minute flow data from 23 sitesin the basin.
Downloads are performed automatically early each morning during the irrigation season.
Data from 13 of these sites are used as input to the IDWR water accounting program for
Water District #65.
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Communications — When the SCADA installation process began, telephone technology
was the primary communication method. Most of the automated sites were connected to
nearby buried telephone lines. At more remote locations, analog cellular telephones were
used. Most of the sites used a modem that transferred data but also could be programmed
to relay information to the operator using a synthesized voice. The audio feedback was
helpful to the novice SCADA system operators. They could monitor the site conditions
remotely without the need for a computer. Most of the sites were programmed to
automatically dial out and send an alarm to the operator in the event of certain unusual
circumstances, such as high or low water levels or a non-responsive automated control
gate. With voice capabilities, the operators could be informed of the nature of the
problem over the phone.

In several locations, direct FM radio communications are used to transmit data between
two automated sites, such as a control gate and a downstream flow monitoring site. As
the number of SCADA sites increased, the water users began looking at ways to reduce
communications costs. Radios were installed at some of the sites with telephone
communications, enabling those sites to communicate with new radio-only installations.
This eliminated the need for an additional phone and its monthly service charges. Newer
technology also enabled radio sites to serve as repeater stations for other radio sites. The
remaining cell phones have been converted from analog to digital technology. However,
the new digital cell modems no longer have the voice synthesis capabilities. System
operators access their remote sites via office computers or with laptops and cell phone
modems in their pickups.

Currently, water users in the Payette and Water District #65 are working together to
develop avalley-wide radio network that will eliminate most of the telephone
communications. A radio communications site has been established at the Water District
office and will also serve as arepeater site for much of the western part of the valley.
The watermaster is currently working to establish another repeater site that will cover the
eastern portion of the valley and can also communicate with the Water District office.

The Seven Mile Slough Pr oject

The work on one area of the Valley, the Seven Mile Slough (Slough), provides a good
example of multiple water user entities working together to improve water management
through the use of SCADA and improved water measurement. The Slough is a seven-
mile-long side channel of the main Payette River, located near Letha, Idaho. The Noble,
Reed and L etha Ditches and severa smaller irrigation canals divert from the Slough. In
the 1920’ s the water users on the Slough constructed a concrete structure with three radial
gates at the head of the Slough to regulate inflows from the river. In addition to Payette
River water, the Slough can receive up to 70 cfs of water from alarge open drainage
channel, known locally as the Government Drain. The drain and the diversion structure,
known as The Barrels, were constructed in the 1940’ s by the Bureau of Reclamation to
alleviate high water tables caused by upslopeirrigation. The Idaho Department of Fish
and Game has asked the irrigators on the Slough to maintain a minimum 35-cfs flow
downstream of the last irrigation diversion.
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The Noble Ditch Company (NDC) operates the Slough headworks and also has the
largest irrigation diversion on the Slough. Prior to the Slough project, Noble Ditch flows
were highly variable. Flow variationsin the river caused variable flows into the Slough,
resulting in too much or too little water being diverted into downstream canals. Variable
inflows of drain water at the Barrels caused additional fluctuationsin the Slough,
exacerbating the problem. All of the water control structures on the Slough were
manually operated and required constant monitoring to maintain steady canal flows. To
assure sufficient water in the downstream reaches, the NDC would generally divert extra
water into the Slough. Any flows above the 35-cfs minimum, however, are unused and
are essentially wasted. This wasted water is charged against the water accounts of NDC
and the other water users on the Slough.

To improve the measurement accuracy on their main canal, the NDC constructed a ramp
flume at the head of the Noble Ditchin 1997. Following the 1997 irrigation season, the
NDC worked to automate the Noble Ditch headworks, using similar technology as the
Farmers Cooperative. Utilizing financial and technical assistance from Reclamation’s
Snake River and Provo Area Offices, NDC automated one of the two slide gates at the
head of the ditch (Figure 5). The site was solar powered and had cell phone telemetry.
Flows were measured at the downstream ramp flume.

"

Figure 5. Noble Ditch headworks structure

In early 1998, the Reed Ditch Company, the second largest diversion on the Slough, also
constructed a ramp flume at the head of their main canal. The Reed project automated
the diversion, replaced a check-board structure with a solar-powered Armtec overshot
gate, and also installed cell phone telemetry. Both projects worked well during the 1998
irrigation season, and eliminated much of the variability in canal flows.
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The following year, the NDC and other water users on the Seven Mile Slough tackled the
problem of excesstailwater at the downstream end of the Slough. Before the 1999
season, the NDC automated two of the three radial gates on the control structure at the
head of the Slough (Figure 6). A 30-ft wide ramp flume was constructed in the channel
below the control structure to assure accurate flow measurement (Figure 7). The NDC
also took steps to regulate inflows to the Slough from the Government Drain. A
Langemann overshot gate was installed at the Barrels site to control water levelsin the
Drain and regulate diversions into the Slough. Another ramp flume was constructed to
measure these diverted flows. The overshot design of the control gate permits
measurement of the remaining drain flows. Additionally, a second Langemann gate was
installed at the last diversion on the Slough to automatically control upstream water
levels and to measure flows passing back to theriver (Figure 8). Cell phone telemetry
permitted the NDC and the watermaster to accurately measure and control the flowsin
the Slough.
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These projects significantly enhanced the efficiency of the operations by reducing flow
fluctuations and operational spills (Figure 9). The work done on the Seven Mile Slough
demonstrated how relatively simple and inexpensive technologies could be used to
improve water management in the Payette Valley. It also demonstrated how multiple
entities could pull together to accomplish common objectives.
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Figure 9. Seven Mile Slough inflows and outflows before and after automation
at the headworks and the end check.

BENEFITS

Since 1997, water users in the Lower Payette Valley have installed over 40 automated
water control sites, 14 water measurement sites with telemetry, and 11 new water
measurement structures. Many of these projects received technical and financial
assistance from the Bureau of Reclamation’s Water Conservation Field Services
Program. Some new control gates were installed in the process, but in many cases,
original gates were used with only minor modifications. Nearly all of the sites are using
the same technology, Campbell Scientific RTU’s, solar power, and telephone or radio
telemetry.

Over the years, the RTU software and hardware has been updated and analog cell phones
have been replaced with digital technology or radio communications, but the simple, “do-
it-yourself” methodology has proved successful. Now, even much of the RTU
programming is being done by the water users, with some occasional outside assistance.
Several of the key benefits of these projects are:

Improved water use efficiency - The SCADA and measurement improvements have
reduced overall water use in the valley, primarily by providing canal operators with the
tools to reduce operational waste. Comparisons of current, late-summer flows below
Black Canyon Dam with historic flows show that irrigation demands in the lower valley
can be met with nearly 200 cfslesswater. Thisis primarily due to improved control and
better water measurement. Better control of canal flows has aso provided more constant
farm deliveries, which likely has improved the efficiency of on-farm irrigation
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applications. Improved water use efficiency has also helped water users to better weather
the inevitable drought years.

Improved water accounting — Improved measurement of diversions and spills helpsto
assure accurate accounting of water use. Flumes have eliminated errors caused by
calibration “shifts’” of rated canal sections. Telemetry and continuous data recording
allows the watermaster to provide most water users with accurate water use information
on adaily basis rather than once or twice aweek.

Making water available for other uses - More efficient water use has also enabled Payette
irrigation districts and canal companies to make reservoir storage water available for
other uses through the basin’s water bank. In years with adequate supplies, reservoir
space holders can raise revenue by leasing stored water to others. In Water District #65,
much of the leased water is used by the Bureau of Reclamation to augment river flows for
ocean-bound salmon smolt in the lower Snake and Columbia Rivers. In 2009, Payette
water users leased approximately 166,000 ac-ft of stored water to Reclamation for flow
augmentation and an additional 10,000 ac-ft for in-basin irrigation uses.

Revenue for capital improvements - Lessors of water receive a payment of $2.00 per ac-ft
for stored water used within the Payette basin and $11.80 for stored water used outside of
the basin. (The price differential is due to in-basin leases having a higher refill priority
than out-of-basin leases in the subsequent water year.) Many of the SCADA projects
have been partially funded with this revenue. Additionally, Water District #65 receives a
$1.00 per ac-ft administration fee for al leased water. The Water District makes most of
this money available as grants for the irrigation districts and canal companies in the basin
to help fund distribution system improvement projects.

Reduced operating costs — Once SCADA systems are in place, system operators are able
to monitor their conveyance systems around the clock. The ability to check the status of
key locations of the system at a glance and to make flow changes remotely reduces travel
and man-hours. Alarm capabilities of the systems can notify operators of potential
problems before they get severe and enable them to respond more quickly.

Increased cooperation — One of the unanticipated benefits of the SCADA projectsin the
Payette Valley has been increased cooperation between many of the canal companies and
irrigation districts. Asthe projects were being devel oped, ideas and experiences were
being shared among the entities. Designs for control structures and gate operators were
developed and shared. Asthe number of sites has expanded, the water user entities have
begun working together to develop a valley-wide radio telemetry network to reduce
communication costs and improve the reliability. The Water District and the watermaster
are acommon point of contact for all of the entities and have become keysto this
cooperation.
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SUMMARY

Irrigated agriculture has been an important part of southwest Idaho’s Lower Payette
Valley for over one hundred years. Natural river flows and stored water from Bureau of
Reclamation reservoirsis conveyed to over 80,000 acres of farmland through a system of
over 20 canals. Most of the canal systems were constructed in the late 1800’ s and were
built with only afew manually operated water control structures and few water
measurement devices. Only part of the Payette River isregulated by dams, resulting in
highly variable river flows. Thisvariability made irrigation diversionsinto canals
difficult to control. Water diverted into canals was often wasted due to the lack of
accurate water measurement at diversion points and the lack of water control within the
distribution systems.

A series of dry yearsin the early 1990’ s prompted water users in the Payette Valley to
evaluate updating and improving their canal systems to improve operational efficiencies.
In 1997, the first canal headworks in the Payette were automated, utilizing solar power
and simple off-the-shelf components. The success of this single project encouraged more
canal companiesin the valley to take the leap into the SCADA world. With assistance
from the Bureau of Reclamation, Payette water users began to improve their water
measurement and al so began improving control capabilities throughout the distribution
systems. New control structures were built and automated. Communication links were
put in place to monitor critical locations on canals around the clock.

These improvements, initiated by a dozen different irrigation districts and canal
organizations, have resulted in the installation of more than 40 SCADA sites where
irrigation water is controlled and/or measured. Telemetry has enabled canal operators to
monitor facilities around the clock and to respond quickly to changing water needs or
emergency situations. Improved water measurement has enhanced the operators’ ability
to manage their water resources. With these improved capabilities, canal systemsin the
valley are being operated more efficiently, diversion rates have been lowered and
operational spills have been reduced. This more efficient operation has helped to
improve carryover reservoir storage and increased the amount of water made available in
the basin’s water bank. Moreover, these enhancements have served to bring a greater
sense of cooperation to water users throughout the Payette Valley.

DISCLAIMER

The information contained in this report regarding commercial products or firms may not
be used for advertising or promotional purposes and is not to be construed as an
endorsement of any product or firm by the U.S. Bureau of Reclamation or Idaho Water
District #65.






LOW COST LINEAR ACTUATORS FOR CANAL GATE CONTROL|
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ABSTRACT

Electric linear actuators are areliable, cost-effective alternative for operating canal gates
as part of a canal modernization program. These units have been successfully utilized to
upgrade existing gates or at new gate installations (vertical slide gates and overshot
gates). They are commonly available with built-in travel-limit switches and position
indicators. The cost and range of sizes available reflect an economy of scale in their
production that is far better than that of components designed exclusively for irrigation
system use. For cana gates, they are often used in manual control installations as well as
fully automatic or remote-manual control. Using these components helps to make canal
operation convenient and safe. These actuators have been proven rugged, reliable,
comparatively simpleto install, and cost effective in ongoing field demonstration
projects. They can significantly reduce the cost of equipment in a canal modernization
project without sacrificing functionality or reliability.

INTRODUCTION

Asirrigation districts seek to upgrade control capabilities on canal systems, one of the
initial items to consider is whether to rehabilitate existing control structures or replace
them with all new equipment. Unless an outside funding source is present, limited
available funding typically dictates that districts maximize use of existing facilities.
Many districts have opted to motorize existing gate structures as an affordable alternative
to replacing existing gates with commercially produced gate systems that can be
automatically or remotely operated.

A linear actuator is adevice that can be a cost effective alternative that can be used asa
commercia gate actuator. It consists of along acme-threaded shaft housed within an
outer metal tube, a nut attached on one end of a smaller inner metal tube, a gear box, and
amotor. The motor can be AC or DC powered. They are used in many industrial
applications, medical applications, recreational vehicles, satellite dish movement
mechanisms etc. Linear actuators are designed to move different loads and have varied
operational spans. Asaresult of the wide range of applicationsin which linear actuators
are used, the price range at which they are available reflects an economy of scale ($400 -
$1000 per actuator) not frequently encountered in products targeted for theirrigation
system market.

! Associate Professor, Dept of PES, New Mexico State University, MSC 3AG, PO Box 30003, Las Cruces,
NM, 88003-8003 (blairs@nmsu.edu)

2 Hydraulic Engineer, US Bureau of Reclamation, Mail Code 86-68460, PO Box 25007, Denver, CO
80225-0007 (tgill @usbr.gov)
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Linear actuators are available in different load ranges and for different travel spans.
Operational safety and feedback features that may be available include overload
protection such as torque limiting clutches and/or thermal switches. For irrigation
applicationsit is desirable for actuators to have travel limit switches and position sensors.
Overload protection components are usually not required as this function may be
economically accomplished by installing afuse or circuit breaker in the control circuitry
external to the actuator. Having built-in limit switches and position indicators enhances
affordability and reduces the complexity of on-site tasks required for motorizing a canal
gate. An example of an actuator with built-in limit switches and position indicator is
shown in Fig. 1.

Retraction

Limit Svgtch 4

Extension
Limit Switch

Extension =
Limit Adjustment

Figure 1. 12 Volt DC linear actuator with limit switches
and position sensor

DC powered actuators such as the one shown in Fig. 1 are equipped with a diodes and
limit switches to protect the motor and power supply in case the actuator is run to the end
of its operating range.

Linear actuators are commonly available with either analog (potentiometer) position
sensors or digital (pulse output) position sensors. Pulse output sensors are sometimes
more readily available and may be less costly. A disadvantage with pulse sensorsis that
gate position must be re-established each time a programmabl e controller operating the
gate is powered down and powered back up. Thisis due to the fact that gate position is
tracked by keeping count of pulses—atask that cannot be performed while the controller
is powered down. With an analog output position sensor the magnitude of the analog
signal will correspond to a specific gate position. This relationship will not change
unless the linkage between the linear actuator and the gate ismoved. Even if the actuator
istemporarily disconnected and the gate is moved manually, as long as the actuator is
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reconnected using the same linkage positions, the anal og-signal-magnitude/gate-position
relationship will remain the same.

Linear actuators are produced by numerous manufacturers, though not all offer specific
features or operational ranges that may be desired for operating canal gates. In some
cases the manufacturers may have excessive lead times. Functional suitability and timely
availability are important factors for consideration in comparing linear actuators from
different sources.

When selecting alinear actuator, it is recommended that the load capability of the
actuator surpasses the required load capability by about 20 to 30 percent. This can
account for any unforeseen changes in the loading of the actuator. For example, alinear
actuator may move a dide gate for typical operating conditions, but unanticipated
accumulation of debris may increase the loading on the gate movement mechanism. If
there is a portion of the year that the canal is not used, corrosion on theirrigation
structure will also increase the loading on the actuator. If alinear actuator is overloaded,
the actuator will move slowly or possibly not move at al. Unless circuit overload
protection isinstalled the motor will burn out. A well-designed system will include a
fuse (or circuit breaker) located in the power supply circuit that will burn out (or trip)
before damaging the actuator motor.

Obvioudly, the actuator should be selected so that it will meet the operation span
requirements of theirrigation structure. An actuator with a greater-than-required span
can work suitably by adjusting the limit switches to limit the operating range to the
appropriate travel distance. Additional span length (within a manufacturer’ s standard
production range) typically adds a minimal additional cost. For an irrigation district
using linear actuators at multiple sites— not all of which have the same load and span
requirements — it may be a cost-effective consideration over the project life to use
actuators meeting the same specifications at all sitesin order that a spare unit could be
kept on hand as a replacement for any site, or in an emergency an actuator could be taken
from alow priority site for use at a high priority site until a replacement unit is obtained.

Actuators that have limit switches incorporated into the device save in setup time, protect
the switches from the environment, help protect the switches from vandalism, and in
most cases cost less than installing external switches. If limit switches are not contained
in the actuator unit, additional fabrication timeisrequired to install limit switches on the
control structure. Much of the cost advantage that can be realized by using linear
actuators to motorize canal gateswill be lost if the selected actuators do not have built-in
limit switches and a built-in position sensor.

Aswith any electrical installation, the electrical components must be sized to meet the
power requirements of the actuator. The switches and relays must be able to handle the
current that is required to move the motor. This can be difficult if the actuator motor
requires a current greater than 10 amps. There are relays and contactors that are designed
to handle current loads that exceed 10 amps, but they are usually much more costly than
simple“ice cuberelays’. Asthe power requirement of alocation exceeds an amperage
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threshold in this range, not only does the cost of circuitry components escalate rapidly,
the affordability and availability of linear actuator equipment with suitable load capacity
becomes much less attractive.

SLIDE GATE APPLICATIONS

Slide gates are common water control devices that are used on canals throughout the
United States and the world. Many of these gates have an actuation device that consists
of awheel that is connected to a threaded stem or some kind of |everage movement
device such asthe one in Fig. 2 on acanal in the Bard Irrigation District in California.

Figure 2. A vertical dide gate with alinear actuator installed

Large slide gates can be wide enough that it can be impractical to lift them from asingle
point. For wide gates, lifting from a single point can cause the gate to bind if both sides
do not raise or lower at the samerate. Fig. 3 shows a gate on an eastern Idaho canal.
Thistype of gate was effectively motorized using two linear actuators. The two actuator
lift system servesto keep both sides of the gate moving at the samerate. In addition, the
load being carried by each actuator is half the total load. This reduces the power
requirement for each actuator. For this application the system is more cost effective than
designing and installing a movement mechanism using one actuator.
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Figure 3. Side by side large slide gates with two linear actuators on each gate

A problem with the type of configuration shown in Fig. 3 is keeping the actuators aligned
with each other. Control engineers compensate for this problem by incorporating a
subroutine in the control code that determines when the actuators are misaligned. If this
occurs, the subroutine activates one actuator to realign the two actuators.

Another method of addressing the alignment issue when two actuators are being used on
avertical dide gateisshown in Fig. 4. For this configuration, bevel gear boxes are
attached to the acme screw end of two actuators. A shaft connects the two gear boxes to
ensure the acme screw rotation speed will be identical in both units. A single drive motor
isshown in Fig. 4. A similar configuration with two motors — one attached to each bevel
gear box is configured for installation on gates at the Nebraska Bostwick Irrigation
District.
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Figure 4. Actuators ith bevel gear boxes for
linking multiple drives

The US Bureau of Reclamation has been setting up field demonstration sites using linear
actuators to move slide gates over the last decade. An objective of Reclamation’s work
has been to identify and refine methodologies for canal modernization in which irrigation
district staff can play aprimary role in implementation. Irrigation districts have been
actively involved in installation and maintenance of modern technologies with limited
reliance on costly consultants and/or integrators.

In work with Reclamation’s Y uma Area Office, linear actuators are being used to operate
gates at two prototype automated surface irrigation sites. Two sites are being set up in
cooperation with the University of Arizona Extension Service on afield in the south of
Yuma. A second field site is being set up in cooperation with the University of
California Extension Service at afield in the Imperial Irrigation District in Southern
Cdifornia.

The sites near Yuma are on level basin fields, one at a citrus orchard and the second at an
afafafield. At each site, water isturned out from a concrete-lined canal vialarge jack-
gate turnouts, one gate per border section. Flow approaching the field is measured as it
passes through a ramp-type long-throated flume. Flow rate and known border section
geometry are utilized to determine appropriate cut-off time for water turned into afield
section. A programmable radio/control unit operates linear actuators of the respective
field section gates to start and stop flow into the border sections. Figures 5 and 6 show
gates and actuators at the citrus grove and alfalfafield sites respectively.
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Figure 5. Citrus grove turnout gate

Figure 6. Alfalfafield turnout gates

The Imperial Irrigation District automated surface irrigation site is a sloped field with
three smaller “port” gates per border section installed in a concrete-lined canal. Two
check gates are needed in the canal along this one-half mile wide field with twelve border
sections. The control system being devel oped will utilize monitored flow rate along with
advance rate feedback from the first two border sections plus monitored end-of-field
runoff to determine appropriate cut-off times to stop flow in one border section and open
gates for the next border. Figures7, 8 and 9 show linear actuatorsinstalled on the port
gates and on a check gate.
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Figure7. Linear actuator on
turnout gate at the Imperial
Irrigation District automated
surfaceirrigation
demonstration site

Figure 8. Linear actuator in
operation on aturnout gate at
Imperial Irrigation District
automated surface irrigation
demonstration site

Figure 9. Linear actuator on
check gate at Imperia Irrigation
District automated surface
irrigation demonstration site
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OVERSHOT GATE APPLICATIONS

There are a number of movement mechanisms that have been developed for the overshot
gate. Thefirst overshot patent was granted to R.A. Lang in 1890. The devicewasa
chain suspended gate that doesn’t have much relevance to today’ sirrigation
requirements. UMA Engineering developed a cable and drum hoist overshot gate that it
installed in several irrigation projects (Ayers, T.G. and Palmer, B.C.,1987). There have
been more recent patents for irrigation applications (Aughton et. al., 2006. Langemann,
1994). These last two devices have been used extensively and are effective water level
control devicesfor irrigation canals.

There are anumber of benefits in using an overshot gate for water level regulation.

Much like widely used stop log structures they effectively maintain comparatively steady
upstream water levels due to the fact that flow rate passed downstream is a function of
change in upstream head raised to the 1.5 power. (i.e. Modest upstream level changes
result in significant changesin flow rate passed.) Adjusting an overshot gateistypically
much simpler than inserting or removing stop logs. In addition, gates may be adjusted to
any level within the operational range while stop log control isincremental, dependent on
the dimensions of an individual stop log.

Safety concerns are also commonly associated with stop logs. Aswooden stoplogs
become saturated and swell it is common for them to become lodged in place. Methods
such as cutting submerged stop logs with chain saws, or utilizing heavy equipment such
as a backhoe to adjust swollen stop logs have been repeatedly reported by irrigation
districts. For acombination of these reasons, upgrading existing check structures through
installation of overshot gates is an improvement numerous irrigation districts have
already done or are presently considering.

There are plenty of compelling reasons for an irrigation district to upgrade check
structures by installing overshot gates. The greatest obstacle for most districtsis cost of
commercially available overshot gate systems. In recent field demonstration activities
the authors have been independently involved in the development of overshot gate
systems that could be self-constructed and installed by irrigation districts.

The stedl fabrication equipment and skilled personnel needed to construct these gates are
resources many irrigation districts already have in place as necessary capabilities for
routine system maintenance. Self-fabricated structures can be a particularly cost effective
option for irrigation districts in climates where there is an extended non-irrigation season.

Using alinear actuator to operate a gate enhances the cost effectiveness of a self-
constructed overshot gate system. Thisis accomplished through simplified fabrication
and installation tasks, and reduced up-front costs compared with aternative gate
motorization options available. Prototype self-constructed overshot gates utilizing linear
actuators were developed in cooperation with irrigation districts in Idaho and Oregon.
Figures 10 and 11 show overshot gates constructed by irrigation districts that utilize
linear actuators to operate the gates.
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Figure 10. Self-constructed overshot gatein
eastern Oregon.

Figure 11. Self-constructed overshot gatein
eastern |daho.

Presently, there are two concernsin this design. By extending aframe out at the edge of
the gate and attaching the linear actuator, the mechanical advantage is reduced and a
larger actuator has to be used. Alternative designs are being considered to improve the
mechanical advantage. A second issue is the accumulation of debris around the gate.
Debris collects between the gate leaf lift frame and the wall of the overshot. Ditch riders
are aware of this and remove the debris as needed during the peak of theirrigation
season. Similar gates using linear actuators were fabricated and installed in the spring of
2010 by districtsin Colorado and Nebraska. These gates will include design
modifications that address these concerns.

SUMMARY
Linear actuators can be a cost effective and reliable alternative for motorized operation of

canal gates. Unlike technologies developed to exclusively target irrigation system
structures, linear actuators have awide range of industrial applications with aresulting
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economy of scalein production. A notable drawback that has been encountered is an
insufficient weather-tight seal on motor and gearbox housing. Figure 12 shows aless

elegant but effective weather protection system that a South Dakota district reports has
eliminated this problem.

Figure 12. Linear actuator on adlide

gate with an inverted bucket installed
over the motor and gearbox to prevent
moisture damage.
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CRITICAL SUCCESSFACTORSFOR LARGE SCALE AUTOMATION
EXPERIENCES FROM 10,000 GATES
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ABSTRACT

Canals have been the principal means of distributing irrigation water since the early
civilisations. However, the performance of irrigation systems, which use approximately
70% of the available water world-wide, is being called into question. The technology
used to control canals and hence their performance changed little until the second half of
the nineteenth century when the early work on performance enhancement started with the
first generation of activities focussed on automatic monitoring and regulation. This paper
provides an overview of the experiences gained over the last 20 yearsin the application
of technology to enhance the performance of large scale irrigation systems through
improvements to monitoring and control. Improving the productivity of irrigated
agriculture is seen as acritical initiative to double world food production by 2050.
Improving the performance of irrigation canal systemsis seen asacritical requirement to
meet the future world food needs.

INTRODUCTION

Automation is defined as “ The act of implementing the control of equipment with
advanced technology; usually involving electronic hardware; "automation replaces
human workers by machines'[1]. Numerous papers have been devoted to various aspects
of automation of irrigation systems at previous USCID forums and likewise thereis a
plethora of information published in the academic literature about irrigation system
automation.

This paper seeks to provide an overview of the author’s collective experience gained over
the last 20 yearsin the devel opment and application of automation technology to the open
channel irrigation sector, primarily in Australia but more recently in the USA, China,
New Zealand, India, Vietnam, France and Italy. Thefocusis primarily on aholistic
approach to transform irrigation systems from pre biblical design principlesto be fast,
flexible, responsive and efficient to provide a platform to sustain food production against
aglobal background of declining water, agricultural land, energy and nutrient
availability. The paper generally follows the directions documented in [2] and discusses
the following topics
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Automation Conceptualisation

| nstrumentation

Gates Actuation and Flow measurement
Communications

SCADA System Engineering and Control
Human Considerations

Performance M easurement

For amore detailed discussion on the business benefits of automation technology refer to
Reference 3.

AUTOMATION CONCEPTUALISATION

The process of automating a single gate to meet alocal objective such as maintaining an
upstream or downstream water level or constant flow is awell documented and
understood process. Invariably this process involves instrumentation to monitor water
levels, usually on the upstream and downside side of the gate, some instrumentation to
measure the position of the gate, a motor to drive the gate, and some electronics usually
in the form of a commodity Programmable Logic Controller (PLC) or Remote Terminal
Unit (RTU) to make the decisions about how to position the gate as a function of time to
meet the underlying objective. Installations of thistype require an energy source to drive
the automation equipment with solar being a popular choice due to the remote location of
installations, and communication to a central environment and/or other gates is becoming
increasingly common practice.

For this simple standalone exampl e there are many choices to be made about the
technol ogies to best meet the automation needs with accuracy, stability, reliability,
responsiveness, durability and total cost of ownership being key considerations.
However, amore overriding consideration is usually how this automation equipment
“fits” with the channel system and the “demands’ the system places on the automation
technology. In the case of a single standal one piece of equipment heuristic methods to
configure and tune the automation are generally satisfactory.

However, the approach to automating large systems where there are potentially thousands
of automated gates is a more demanding academic and practical challenge. In anetwork
of automated gates the impact of control action at one gate can potentially impact on the
control outcomes at many other gates. For moderately large systemsit may be possible
to compute the best position to set many gates to meet an overall control objective but in
general with communication system constraintsit is not practical to transmit these values
to the field equipment at the required frequency given their remoteness. For these
reasons we have chosen to distribute the control logic to the field equipment on the basis
of the conceptualisation of a canal system as many concatenated blocks of the form
depicted in Figure 1.



L arge Scale Automation Experiences 289
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Figure 1. Conceptua Structure of a Pool

The authors contend that this conceptualisation of large networksis acritical factor in
successfully deploying automation on alarge scale.

INSTRUMENTATION

There is much to be said for the old adage that if you cannot measure it then you cannot
manageit. The availability of cost effective and accurate measurement instrumentation
has in our view hampered the development of large scale automation technology. An
implication of the conceptual structure shown in Figure 1 isthat flow leaving the pool at
the downstream gate must be accurately measured if there is to be accurate control. Itis
contended that to accurately measure flow it is necessary to be able to accurately measure
water levels, with millimetre precision. For this reason and in the absence of alternatives
in the market Rubicon has developed unique water level measurement instrumentation
based on acoustic technology, as depicted in Figure 2. The unique feature is the use of a
precision calibrated reference mark that reflects the sound wave before the reflection
from the water level surface. By processing the return signals and using the rel ationships
shown in Figure 2 it is possible to precisely measure water level.
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Figure 2. Self Calibrating Ultrasonic Water Level Instrument

Thisinstrument in packaged as a standalone device but also embedded within the
FlumeGate products as shown in Figure 4.

GATESACTUATION AND FLOW MEASUREMENT

Rubicon has a generic gate control software product. This product been progressively
developed since the company’ s formation in 1995 and has been implemented on
hundreds of gates mainly in Australia, with a handful of sitesinthe USA. The design
intent was to be able to retrofit to instrumentation and actuation equipment using industry
standard interconnection methods like 4-20mA, 0-5 Volt, MODBUS and relay
technology. Figure 3 shows an example from the USA. In this case the application was
to automate a standalone spill gate site to “dump” water on the basis of high canal levels,
utilising existing gate and lifting mechanisms but retrofitted with a Limitorque actuator,
solar power supply, RTU and radio. This approach required extensive on site equipment
installation and configuration and the software configuration requires the gate elevations
to be surveyed and various calibration parameters computed and configured in the field
for incorporation in the software.
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Figure 3. Retrofitted Automation — New Cache La Poudre, Colorado, USA

Our experienceisthat this approach isreally only viable when contemplating a small
number of sites when the duty is primarily focussed around coarse control objectives
where the errors associated with water level and gate position measurement are consistent
with the capabilities of the plant.

However, when contemplating large scale automation of complete irrigation systems
such as the Northern Victorian Irrigation Modernisation and Renewal Project [3] amore
systematic approach to the control infrastructure is considered to be warranted. For this
project FlumeGate technology was used to replace the existing in channel manual
regulating equipment. The FlumeGate is a precision manufactured control and measuring
device that has been specifically designed for network based control strategies such at
that shown in Figure 1.

Critical Success Factors for supporting this strategy are

e High Duty cycle —the unique actuation and drive chain mechanism is designed
for precise control and long life.

e Thewater level instrumentation is located within the gate frame providing stable
and repeatable water level measurements.
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The flume nature of the gate design combined with precision instrumentation
enables accurate flow measurements across free and submerged flow conditions.
Standardised electronics and software featuring solid state fusing, digital
instrument marshalling, encoder based gate positioning, motor soft starting
combined with local keypad and display interface.
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Figure 4. 9 FlumeGate™s at the CG No 8 Channel Offtake, Tatura, Australia

COMMUNICATIONS

Reliable communication is aclearly acritical success factor for reliable automation. The
systems we have deployed are based on the following design principles;

Most of the communications traffic is based on report by exception where the site
broadcasts a message when a parameter value changes by an amount that is
uniquely configured for each key variable at asite. An event driven
communication architecture isa critical requirement for addressing scalability.
Each control site communicates with its neighbouring site, independently of the
central server — so called Peer-Peer communication.

Each site must be capable of being solar powered and is typically configured with
a 75 watt solar panel.

For redundancy reasons, there are alternate communication paths to link the
distributed communication nodes to the central office environment. Figure 5
shows a solar powered communication node.
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Frequency Hopping Spread Spectrum (FHSS) radio systems are the technology of
choice for most applications primarily because

o Thereis no requirement for licensing, as they operate in the 915MHz —
928MHz ISM band

High speed air interface typically running at 19,200bps

L ow maintenance requirements

High sensitivity -116 dom

Designed for robust communications in an unlicensed band

Ease of deployment

Total cost of ownership

Figure 5. Communications Node Site

SCADA SYSTEM ENGINEERING AND CONTROL

Our experience from managing large scale rollouts is that the following are critical
success factors;

1. Standard software needs to be developed and maintained based on well
understood IT system design and implementation methodologies. Our preference
isto use standard programming languages like C/C++ and Java across the product
range rather than RTU specific languages that are difficult to manage using code
revision control systems.
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2. The software needsto closely couple demand and supply i.e. it is considered
essential that the demand imposed on the control system never exceeds the
capacity. This Demand Management System is considered to be a critical aspect
of any canal automation solution.

3. The systems must be able to be incrementally configured to support the transition
from manual to automated operation.

4. The ahility to configure systems dynamically without the need to shutdown or
interrupt system operations.

HUMAN CONSIDERATIONS

The management of changeis clearly acritical aspect of any transformation project such
as canal automation. Firstly for irrigation district staff moving from manually planned
and controlled systems to complete automation is a huge change. The skill setsfor
supervising and maintaining the automated systems are completely different and this
needs to be formally addressed through a structured change management program. For
irrigation district customers automation can deliver huge improvements in services.
However, again because the extent of the changes can be dramatic, particularly for older
farmers, it is essential that they be lead through this process and supported by informed
and positive staff.

PERFORMANCE MEASUREMENT

Quantifying and measuring the performance of an automated canal system is not trivial.
Control Engineers often like to measure performance within a framework like that shown
in Figure 6. However, these principles are difficult to communicate to irrigation district
staff and to incorporate into contract acceptance criteria.

Process output
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Y(ts) ————— st frmmmmm s
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|
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Figure 6. Characteristic Control System Process Response
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Our experience for these purposesis that simpler measures shown below are more
practical;

Time water level deviates from set point

Volume of water spilt from system

Availability of plant (i.e. benchmark on down time)

Deviation between time customer requires water and when it is delivered
Deviation between requested and delivered flow rate

LEASONS AND CONCLUSIONS

Quite clearly the technology used for automating irrigation systems needs to be first
class, well designed, robust, stable and cost effective. In developing evolutionary
solutions for canal automation, a critical focus has been placed on technol ogical
innovation and standards. However, as the footprint of the implementations expands
increasing focus is being placed on the human aspects associated with moving from a
manually operated data poor situation to one that is automatic and datarich. Itis
absolutely critical for Boards of Management and Irrigation District managers to be able
to define to customers what the costs and benefits of implementing canal automation may
be and how such an investment will be assessed, measured and evaluated. A key success
factor in asmooth transition to an automated irrigation system is preparing and
implementing a sound Education/Information/Training program for both staff and
customers in the use and maintenance of the systems. It is our experience that whole of
life costs are amore significant consideration for customers than the initial capital cost of
asystem.

Irrigation in most parts of the world is under growing pressure to “lift its game” to
perform better and use more productively, the large proportion of water allocated to it.
There is now demonstrated experience that full automation can be successfully
implemented to deliver significant performance improvements and enhanced customer
services.
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ABSTRACT

Accurate estimates of spatially distributed evapotranspiration (ET) using remote sensing
inputs could help improve crop water management, the assessment of regional drought
conditions, irrigation efficiency, ground water depletion, and the verification of the use of
water rights over large irrigated areas.

In this study, ET was mapped using surface reflectance and radiometric temperature
images from the Landsat 5 satellite in a surface energy budget algorithm driven by a
surface aerodynamic temperature (SAT_ET) model. The SAT ET model was developed
using surface temperature, horizontal wind speed, air temperature and crop biophysical
characteristic measured over an irrigated alfalfa field in Southeastern Colorado. Estimates
of the remote sensing-based ET for a 4.0 hectare alfalfa field and a 3.5 hectare oats field,
during the 2009 cropping season, were evaluated using two monolithic weighing
lysimeters located at the Colorado State University Arkansas Valley Research Center
(AVRC) in Rocky Ford, Colorado. Although the overall model performance was
encouraging, results indicated that the SAT ET model performed well under dry
atmospheric and soil conditions and less accurately under high air relative humidity and
soil water content conditions. These findings are evidence that SAT ET needs to be
further developed to perform better under a range of environmental and atmospheric
conditions.
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INTRODUCTION

In the Western United States as well as in other semiarid areas of the world, intensifying
competition for limited water supplies between urban, industrial and agriculture uses
continues to exert profound pressures on the agricultural sector. In the Western U.S.,
agriculture currently accounts for about 70 percent of consumptive water use, and its
water rights are increasingly being transferred to municipal and industrial uses, while in-
stream flow requirements for environmental purposes also threaten to curtail diversions
for irrigation. Maximizing the services provided by available water supplies for multiple
uses imposes an immense responsibility to improve agricultural water management and
planning for potential future climate change and population growth.

Irrigation and rainfall water use as crop evapotranspiration (ET) varies spatially and
seasonally according to weather and vegetation cover conditions (Hanson, 1991).
Modeling variations in ET is essential for providing predictive capabilities to guide
planning and management of water resources, especially in arid and semi-arid regions
where crop water demand exceeds precipitation and requires irrigation from surface
and/or groundwater resources. Remote sensing (RS) based ET methods have been found
to be useful for deriving such information for the range of present conditions (Gowda et
al., 2008; Choi et al., 2009).

Most RS ET models are driven by a land surface energy balance algorithm in which
sensible heat flux (H) is estimated using the radiometric surface temperature (T;), using a
linear surface to air temperature difference function (dT = a + b T;), obtained from
satellites or airborne sensors. However, H may be over-estimated when T is used rather
than the surface aerodynamic temperature (T,) in the bulk aerodynamic resistance
equation since T is typically larger than T,. This result would affect the estimation of
crop water use or ET since and over-estimation of H would mean an under-estimation of
ET, when using the energy balance method, consequently irrigation amounts would be
less than required. Therefore, resulting in crop water stress and yield reductions.

The objective of this study was to evaluate ET values obtained remotely, under different
atmospheric and environmental conditions, using an empirically developed surface
aerodynamic temperature model in southeastern Colorado.

MATERIALSAND METHODS

Study Area

The research was carried out at the Colorado State University (CSU) Arkansas Valley
Research Center (AVRC) which is located near Rocky Ford, Colorado, in 2009. The site
elevation is 1,274 m (above mean sea level), and its latitude and longitude coordinates are
38°2’ N and 103° 41° W, respectively. The soil type at the AVRC is Rocky Ford silty
clay loam. The long term average annual precipitation is 299 mm, with May through
August having the largest precipitation amounts. Figure 1 shows the location of the
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research site in southeastern Colorado (upper picture) and the location of the large and
small weighing lysimeters (lower picture) at the CSU AVRC.

Figure 1. Location of research site (white dot) in
southeastern Colorado (upper picture) and lysimeter
fields location (lower picture), in a reflectance false

color composite image, at the CSU AVRC facility near
Rocky Ford, CO. The black rectangle shows the alfalfa
field location (large lysimeter site) and the black triangle

shows the location of the oat field (smaller lysimeter).

Lysimeter Characteristics

Remote sensing estimates of ET were verified by comparison with measured ET derived
from a soil-water mass balance using data from two large monolithic weighing
lysimeters. The CSU lysimeters were located in two fields. One field was a furrow
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irrigated 4.13 ha field (162 x 255 m) planted to alfalfa in 2007. The large lysimeter (3 x 3
x 2.4 m) was located in this field (Fig.2a). The second smaller lysimeter (1.5 x 1.5 x 2.4
m) was in a 3.12 ha triangular field (180 m long in the North-South direction and 350 m
in the East-West direction) was planted to oats in 2009 (Fig. 2b).

The following sensors were installed at the large lysimeter site: one tipping bucket rain
gauge (TE525, Texas Electronics, Inc., Dallas, Tex.), a horizontal wind speed/direction
sensor at 2 m height (RM Young 03101 Wind monitor, Campbell Scientific, Inc., Logan,
Utah), two additional anemometers at 2-m and 3-m height (RM Young Wind Sentry,
Campbell Scientific, Inc., Logan, Utah), one air temperature/relative humidity sensor
installed at a height of 1.5 m above ground (HMP45, Vaisala, Campbell Scientific, Inc.,
Logan, Utah), and another air temperature/relative humidity sensor (HMT331, Vaisala,
Campbell Scientific, Inc., Logan, Utah) which was located in a “cotton” shelter along
with a barometer (PTB101B, Vaisala, Campbell Scientific, Inc., Logan, Utah). In
addition, a net radiometer [Q*7.1, Radiation and Energy Balance Systems (REBS),
Bellevue, Wash.], two infra-red thermometers, (IRTS-P, Apogee, Logan, Utah),
incoming and reflected photosynthetic active radiation (PAR) sensors (Model LI-191
Line Quantum, LI-COR Biosciences, Lincoln, Neb.), an albedometer (CM 14, Kipp and
Zonen, Bohemia, N.Y.), two pyranometers (an Eppley PSP and a LI1200X-L21, LI-COR,
Campbell Scientific, Inc., Logan, Utah), 14 soil temperature probes (107, Campbell
Scientific, Inc., Logan, Utah), and four access tubes for soil water content readings using
a neutron probe (model 503DR1.5, InstroTek Inc., Concord, CA) were installed at and
near the lysimeter.

Remote Sensing Data

In this study, two images from the Landsat 5 Thematic Mapper (TM) satellite sensor
were used. Landsat 5 produces images in seven bands from 520-600 nm of bandwidth in
the visible (VIS) to 10,400-12,500 nm for the thermal band. The image pixel spatial
resolution is 30 m for the VIS, near infra-red, and mid infra-red bands while the pixel size
is 120 m for the thermal band (which the image supplier had re-sampled to 60 m). The
temporal resolution is one scene every 16 days. The satellite sun-synchronous near-polar
orbit altitude is 705 km which results in an image swath width of 185 km.

The two images were acquired on May 19 and July 7, 2009. The local overpass time was
approximately 17:20 GTM (or 10:20 MST). The images were pre-processed according to
the following steps: a) digital number (DN) conversion to radiance values, b) conversion
of radiance values of visible and mid infra-red bands to top-of-atmosphere (TOA)
reflectance, c) correction of TOA reflectance for atmospheric effects using the
atmospheric radiative transfer model MODTRAN4 v3 (Berk et al., 2003), conversion of
thermal radiance values to apparent surface radiometric temperature, correction of
atmospheric effects on the apparent surface temperature using MODTRAN4 v3 to obtain
the at-surface temperature value.
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Figure . awighi lysimeter in an afala field (a)
and smaller weighing lysimeter in an oat field (b).

Weather, Crop and Soil Water Content Data

Weather data was collected from the instrumentation available at the lysimeter sites (see
Fig. 2). Table 1 summarizes the 15-minute average recorded weather data as well as the
alfalfa biophysical characteristics and soil volumetric water content (average soil
moisture at a depth of 0.15-2 m).

Table 1. Weather data for DOYs 139 and 187 collected near the satellite overpass time.

DOY| T, | RH | U BP R, h. | LAI 0,
(C) | (%) | (msh) | (kPa) | Wm?) | (m) | (mm?) | (m’m?)

139 | 311 | 229 | 46 | 87.26 | 9474 | 056 | 48 I

187 | 214 | 764 | 23 | 8761 | 853.1 | 058 | 49 28

where, DOY is day of year, T, is air temperature, RH relative humidity, U wind speed, BP barometric
pressure, R shortwave incoming solar radiation, h. crop height, LAI is alfalfa leaf area index, and 0,
volumetric soil water content.
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It is worth noting the difference in the atmospheric and soil water content conditions on
both days. DOY 139 is characterized by a dry surface and atmospheric conditions while
DOY 187, on the contrary, is characterized by a near field capacity volumetric soil water
content and very humid air.

Surface Aerodynamic Temper ature based Remote Sensing ET Algorithm

The proposed RS-based ET algorithm uses a surface aerodynamic temperature (SAT _ET)
model developed in Colorado (Chévez et al., 2010). The ET algorithm uses the land
surface energy balance (EB, Eq. 1) to estimate instantaneous latent heat flux (LE) or
evapotranspiration (ET;) as a residual.

LE=R,-G-H (1)

where R, is net radiation, G is the soil heat flux, and H is sensible heat flux. Units in Eq.
(1) are all in W m™, with R, and G positive toward the crop/soil surface and other terms
positive away from the surface.

Net radiation was estimated according to Monteith (1973).
R, =(1-0)R, +¢,0T' —eoT! )

where o is surface albedo, R, is shortwave incoming solar radiation (W m™), &, is
atmospheric emissivity, o is the Stefan-Boltzmann constant (5.67E-08 Watts m™ K™*), T,
air temperature (K), and T is surface temperature (K). Both surface albedo and T are
derived from the satellite multispectral imagery. Details on the remote sensing
application of R, can be found in Chéavez et al. (2009a) and Chavez et al. (2005).

Soil heat flux was estimated according to Chavez et al. (2005).
G = {(0.3324 — 0.024 LAI) x (0.8155—-0.3032 In(LAI))} x R, (3)

Sensible heat flux was estimated using the bulk aerodynamic resistance equation (Eq. 4)
and the surface aerodynamic equation (Eq. 5) developed by Chavez et al. (2010, 2009b).

H=p, Cpa (To —To) / Tan 4)
T,=1.5T,-0.53 T, +0.052 rzy + 0.36 )

(2,-d)_ (zm-dj+ [zj
) z. Yy, L Wy, L

L=
¢ u. k

(6)
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where p, is air density (kg m™), Cp, is specific heat of dry air (= 1,004.5 T kg"' K'), T, is
average air temperature (K), T, is average surface aerodynamic temperature (K), which
is defined as the air temperature that occurs at a height equal to the zero plane
displacement height (d, m) plus the roughness length for sensible heat transfer (Zq,, m)
height, and r,;, is surface aerodynamic resistance (in s rn'l) to heat transfer from d+Z,, to
Z (horizontal wind speed measurement height, m). Further, k is the von Karman
constant (0.41) and u» the friction velocity in m s™. Wy() and Wy, () are the atmospheric
stability factors for heat and momentum transfer, respectively. L is the Monin-Obukhov
stability length (m), and u horizontal wind speed at Zy,.

(7)

u, =

LE is converted to an equivalent water depth evapotranspirated (mm h™") using the
following conversion formula:

ET; = (3600 x LE) / (ALg X puw) (8)

where, ET; is instantaneous remote sensing derived crop ET (mm h'l), Mg 1s the latent
heat of vaporization (MJ kg™), and p, is the density of water (1 Mg m™).

Reference ET fraction (ET.F) is the ratio of the crop ET; to the alfalfa reference ET,; that
is computed from weather station data at overpass time (hourly average). Finally, the
computation of daily or 24-h ET (ETy), for each pixel, is performed as:

ETy=ET.F x ETyq (9)

where, ET,q is the cumulative 24-h alfalfa reference ET for the day (mm d'l). Both ETj
and ET,4 were com