








SCADA Implementation

Initiating SCADA Projects in Irrigation Districts . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Askar Karimov, Eric Leigh and Guy Fipps

Use of GIS as a Real Time Decision Support System for Irrigation Districts . . . . 189
Gabriele Bonaiti and Guy Fipps

Interaction of Advanced Scientific Irrigation Management (ASIM) with
I-SCADA System for Efficient and Sustainable Production of Fiber on 10,360
Hectares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

Nabil Mohamed

Improving Irrigation System Performance in the Middle Rio Grande Through
Scheduled Water Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

Nathi Manana, Kristoph-Dietrich Kinzli, Ramchand Oad, Luis Garcia,

David Patterson and Nabil Shafike

Cost-Effective SCADA Development for Irrigation Districts: A Nebraska
Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

Clinton Powell and Tom Gill

Integrated Hybrid Radio Communications Networks . . . . . . . . . . . . . . . . . . . . . . . . 243
Dan Steele

Integrating Fish Screen Requirements, Flow Measurement, Level Control,
and SCADA — What Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

Kenneth B. Schuster

Accomplishments from a Decade of SCADA Implementation in Idaho’s
Payette Valley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

Brian W. Sauer and Ronald Shurtleff

Low Cost Linear Actuators for Canal Gate Control . . . . . . . . . . . . . . . . . . . . . . . . . 275
Blair L. Stringam and Tom Gill

Critical Success Factors for Large Scale Automation — Experiences from
10,000 Gates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

Tony Oakes, Gino Ciavarella and Remy Halm

Evapotranspiration

Mapping ET in Southeastern Colorado Using a Surface Aerodynamic
Temperature Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297

José L. Chávez, Dale Straw, Luis A. Garcia, Thomas W. Ley, Allan A.

Andales, Lane H. Simmons and Michael E. Bartolo

Alfalfa Crop Coefficients Developed Using a Weighing Lysimeter in
Southeast Colorado. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

Hamdan AlWahaibi, Allan Andales, Dale Straw, Lane Simmons, Michael

Bartolo, Thomas Ley, Thomas Trout, José Chávez and Neil Hansen

Turfgrass ET from Small Lysimeters in Northeast Colorado . . . . . . . . . . . . . . . . . 319
Mark A. Crookston and Mary Hattendorf

v



Monitoring Turf Water Status with Infrared Thermometry . . . . . . . . . . . . . . . . . . . 329
Mary J. Hattendorf and Mark A. Crookston

Water Management and Quality Issues

Training Tool for On-Farm Water Management Using Heuristic Simulation
Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339

Mohammed Z. Shaban and Gary P. Merkley

Water Production Functions for High Plains Crops . . . . . . . . . . . . . . . . . . . . . . . . . 357
Thomas J. Trout, Walter Bausch and Gerald Buchleiter

Stormwater and Irrigation Canals — Emerging Issues. . . . . . . . . . . . . . . . . . . . . . . 363
Richard L. Belt, and Kyle Abbott

Assessment of Dissolved Solids Concentrations and Loads in the South
Platte River Basin, Northeastern Colorado . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 371

Paul A. Haby and Jim C. Loftis

Poster Session

Automatic Control of Canal Flow Disturbances . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
Albert J. Clemmens

Assessment of Economic and Hydrologic Impacts of Reduced Surface
Water Supply for Irrigation via Remote Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 401

Duncan MacEwan, Byron Clark, Bryan Thoreson, Richard Howitt, Josue

Medellin-Azuara and Grant Davids

Other

Developing Corn Regional Crop Coefficients Using a Satellite–Based Energy
Balance Model (Reset) in the South Platte River Area of Colorado . . . . . . . . . . . . 419

Aymn Elhaddad, Luis A. Garcia, Jon Altenhofen and Mary Hattendorf

vi



 231 

COST-EFFECTIVE SCADA DEVELOPMENT FOR IRRIGATION DISTRICTS:  
A NEBRASKA CASE STUDY 

 
Clinton Powell1 

Tom Gill2 
 

ABSTRACT 
 

Irrigation districts across the West face economic hardship brought about by increased 
maintenance costs, reduced water supplies, and a shortage of skilled labor.  One 
opportunity for a district 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-Kansas 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 a small irrigation district with limited resources.  Specifically the project has 
focused on low acquisition and installation costs, district driven solutions to 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 
                                                            
1 Agricultural Engineer, US Bureau of Reclamation, Nebraska-Kansas Area Office, Water Conservation 
Program; clintonpowell@usbr.gov 
2 Hydraulic Engineer, US Bureau of Reclamation, Hydraulic Investigations and Laboratory Services 
Group; tgill@usbr.gov 
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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 a site was reached at which a reliable 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 sites within its range.  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 as a 
base or as a field Remote Transmission Unit (RTU) and simultaneously function as a 
repeater.  Figure 3 is a sketch 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. 

 

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 as rolling hills.  Much of the radio pathway being 
utilized is not line of sight. 

GATE MOTORIZATION 

Nebraska Bostwick considered a range 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 also presented on a chain 
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.  The function of this rod is to 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 sites in 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 this task.  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 shows the final stages of hardware installation at the 20.2 
check.  Figure 5 is a photo 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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INTEGRATED HYBRID RADIO COMMUNICATIONS NETWORKS 
 

Dan Steele1 
 

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 ways to 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 

 
 

  

                  
 

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 
technologies 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 

                                                 
1 Business Development Executive, FreeWave Technologies, Inc., 1880 S. Flatiron Court Suite F, Boulder, 
CO, 80301, dsteele@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 us to consider better manageability, expandability, cost and speed. 
Hybrid networks, for example, can include microwave, satellite or cell phone-based 
technologies along with licensed or unlicensed land-based systems.  
 
Achieving Compatibility 
 
These technologies all 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, IP-based PLC’s or RTU’s and radios with Ethernet 
and Serial ports are commonplace now. The need to add more speed and still 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 best repeater site and adding additional 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 IP-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 IP network or “hybrid network,” which can have serial, IO, 
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 a widespread 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 a LAN 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 IP-based diagnostics that can view or see the entire 
network and how well it is working and bring back alarms if something changes due to 
lightning, grounding, equipment failure or vandalism. The use of IP-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. This saves a lot of labor costs and time 
that could be deployed elsewhere. The bottom line is that the owner of these networks is 
more efficient and can access the network from any location with Internet access. 

 

 
 

Figure 3. Serial-based SS radio IO system gathering field inputs and sending them back 
to a host 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 serial 
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 devices that use a lot 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 users to just replace those units when they fail in the future, or when they have the 
financial resources to 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 area requires a lot 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 modulation 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.  

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’s with 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 IO 
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 actual 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 a little at a time, 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 a track 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's/RTUs) 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? 
• Is this technology being over-sold?  

o (over the air speed vs. actual data throughput) 
• What diagnostics software is available and is it user friendly? 
 

Figure 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 a record 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 is working, 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-data is not always 
an option. By combining different technologies, such as microwave, satellite or cell 
phone technologies 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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INTEGRATING FISH SCREEN REQUIREMENTS, FLOW MEASUREMENT, 
LEVEL CONTROL, AND SCADA ─ WHAT WORKS 

 
Dr. Kenneth B. Schuster1 

 
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 small2 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 

                                                            
1 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 a requirement 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 is readily available at relatively low 
cost.  In most cases paddlewheels are used. 
 
Design Criteria for flat plate with paddle-wheel driven rotary wiper and paddle wheel-
driven rotary screens (Washington Department of Fish and Wildlife) The critical design 
criteria for 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 screens is important 
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 use is 
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 screens is also required.  However, there may be exceptions for flat plate screens for 
varying rates of diversion if it can be shown that the criteria for approach and sweeping 
velocities are maintained.  For example, the level of submergence in a particular structure 
for a flow of 25 cubic feet per second would be higher than for a flow of 10 cubic feet per 
second, provided that criteria for approach and sweeping velocities are satisfied. 
 
The State of Washington Water Metering Program 
 
Surface water diversions in 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 all diversions from waters in which the salmonid stock status is 
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 simultaneously, 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 Yakima County Superior Court (the Court) 
adjudicating surface water rights in the Yakima River basin issued a Pendente Lite Order3 
on 13 October 1994 requiring surface diversions on the main stem rivers (Yakima, 
Naches, and Tieton Rivers) in the Adjudication of the Yakima 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 diversions relied on a rated section with a staff 
gauge, with the Bureau providing monthly flow measurements to verify the rating curve. 
 
The Court issued another Pendente Lite Order4 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 

                                                            
3 State of Washington, Department of Ecology v. James J. Acquavella, et.al., No. 72-2-01484-5 (Yakima 
County Superior Court 1994). 
4 State of Washington, Department of Ecology v. James J. Acquavella, et.al., No. 72-2-01484-5 (Yakima 
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 also “put up” with fish screens 
and problems associated with screening, they wanted a solution that reduced the work the 
two requirements imposed on them. 
 
There is 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 device is 0.5 cfs or 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 rates of diversion 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 is in 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 a relatively constant level of 
submergence on a fish screen because of changes in water levels imposed by weirs as 
flow rate changes regardless of whether a weir is located 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 
as well 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 logs is 
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 bypass to 
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 a regulating 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 is a generic 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.  The right hand version is a mirror image of the plan view shown.  The plan 
is modified to fit individual diversions whether made of concrete or steel. 

 
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 orifice is ideal 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 a water 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 

Fish screen can be either a flat 
plate with brush or rotary drum 

Paddle wheel 

Gate  

Orifice plate 

Fish bypass 
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Fish screen bay 

Orifice plate 

Orifice bay 



 259 

ACCOMPLISHMENTS FROM A DECADE OF SCADA IMPLEMENTATION IN 
IDAHO’S PAYETTE VALLEY 

 
Brian W. Sauer1 
Ronald Shurtleff2 

 
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 Valley canals were built with only a few 
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 

                                                 
1Hydraulic Engineer, U.S. Bureau of Reclamation, Snake River Area Office, 230 Collins Road, Boise, ID 
83702, bsauer@usbr.gov . 
2Watermaster, 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 periods in August and September.     
 

 
 

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 Astoria in 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 along 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.  This facility 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 the river.  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 dams in the 
basin, provided stored water for late season irrigation and for the development of 
additional irrigated acres.   

 
Late 1900’s Developments 
 
Irrigation water supplies were plentiful in the Payette Basin throughout most of the1950’s 
and 1960’s.  All of the water users had natural flow rights under Idaho’s prior 
appropriation statutes and some also 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 Idaho 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.  Several of the lower valley canal companies filed water right claims to the 
irrigation return flows in the numerous open drains that carry irrigation return flows back 
to the lower reaches of the river.  Until this time, 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 years in Snake 
River basin in southeastern Idaho. 
 
Additional drought years in 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 rights in the basin and administer the water bank.  This was endorsed by the 
Bureau of Reclamation.  By this time, 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.  This water came from 
uncontracted storage in Reclamation reservoirs in the Snake River basin as well as water 
leased from private reservoir spaceholders through established water banks in the basin. 
 

IRRIGATION SYSTEM IMPROVEMENTS 
 
The drought years in 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 came to 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 levels to make irrigation deliveries.  In other cases, diversions into the canal 
fluctuated with changes in 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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The First 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 
Office in Boise, ID, about some efforts by Reclamation’s Denver Technical Service 
Center (TSC) and Provo Area Office to develop low-cost, solar powered systems to 
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 slide 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 data logger.  The data logger 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 canal’s 
gauging station another half-mile downstream of the control structure.  The controller 
was accessed either on-site or by telephone using a laptop 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 some typical 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 projects in 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 also 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 
wide radial 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. 
 
 

 
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 unique 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 operators to accurately regulate canal diversions despite fluctuations in 
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ABSTRACT 

 
Electric linear actuators are a reliable, 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 canal 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 simple to 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 
 

As irrigation 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 a device that can be a cost effective alternative that can be used as a 
commercial gate actuator.  It consists of a long 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 
a motor.  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.  As a result of the wide range of applications in 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 the irrigation 
system market. 
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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 
applications it 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 a fuse 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 sensors is that 
gate position must be re-established each time a programmable controller operating the 
gate is powered down and powered back up.  This is due to the fact that gate position is 
tracked by keeping count of pulses – a task 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 is moved.  Even if the actuator 
is temporarily disconnected and the gate is moved manually, as long as the actuator is 

Figure 1. 12 Volt DC linear actuator with limit switches 
and position sensor 
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reconnected using the same linkage positions, the analog-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 a linear 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, a linear 
actuator may move a slide 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 the irrigation 
structure will also increase the loading on the actuator.  If a linear actuator is overloaded, 
the actuator will move slowly or possibly not move at all.  Unless circuit overload 
protection is installed 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. 
 
Obviously, the actuator should be selected so that it will meet the operation span 
requirements of the irrigation 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 sites in 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 a low 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 time is required to install limit switches on the 
control structure.  Much of the cost advantage that can be realized by using linear 
actuators to motorize canal gates will be lost if the selected actuators do not have built-in 
limit switches and a built-in position sensor. 
 
As with 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 cube relays”.  As the power requirement of a location 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 a wheel that is connected to a threaded stem or some kind of leverage movement 
device such as the one in Fig. 2 on a canal in the Bard Irrigation District in California.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Large slide gates can be wide enough that it can be impractical to lift them from a single 
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 same rate.  Fig. 3 shows a gate on an eastern Idaho canal.  
This type of gate was effectively motorized using two linear actuators.  The two actuator 
lift system serves to keep both sides of the gate moving at the same rate.  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.   
 

 
 
 

 

Figure 2.  A vertical slide gate with a linear actuator installed 
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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 
a vertical slide gate is shown 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 
is shown 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. 
 

 
 
 

Figure 3.  Side by side large slide gates with two linear actuators on each gate 
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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 a primary 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 Yuma 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 a field in the south of 
Yuma.  A second field site is being set up in cooperation with the University of 
California Extension Service at a field in the Imperial Irrigation District in Southern 
California. 
 
The sites near Yuma are on level basin fields, one at a citrus orchard and the second at an 
alfalfa field.  At each site, water is turned out from a concrete-lined canal via large 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 a field 
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 alfalfa field sites respectively. 
    

Figure 4.  Actuators with bevel gear boxes for 
linking multiple drives 



 Low Cost Linear Actuators 281 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 developed 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.  Figures 7, 8 and 9 show linear actuators installed on the port 
gates and on a check gate.  

Figure 6.  Alfalfa field turnout gates 

Figure 5.  Citrus grove turnout gate 
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CRITICAL SUCCESS FACTORS FOR 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 years in 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 a critical initiative to double world food production by 2050.  
Improving the performance of irrigation canal systems is seen as a critical 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 there is 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 years in the development 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.  The focus is primarily on a holistic 
approach to transform irrigation systems from pre biblical design principles to be fast, 
flexible, responsive and efficient to provide a platform to sustain food production against 
a global 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 
• Instrumentation 
• Gates Actuation and Flow measurement 
• Communications 
• SCADA System Engineering and Control 
• Human Considerations 
• Performance Measurement 

 
For a more detailed discussion on the business benefits of automation technology refer to 
Reference 3. 
 

AUTOMATION CONCEPTUALISATION 
 
The process of automating a single gate to meet a local objective such as maintaining an 
upstream or downstream water level or constant flow is a well 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 this type 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 example there are many choices to be made about the 
technologies to best meet the automation needs with accuracy, stability, reliability, 
responsiveness, durability and total cost of ownership being key considerations.  
However, a more 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 standalone 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 a network 
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 systems it may be possible 
to compute the best position to set many gates to meet an overall control objective but in 
general with communication system constraints it 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. 
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Figure 1.  Conceptual Structure of a Pool 

 
The authors contend that this conceptualisation of large networks is a critical factor in 
successfully deploying automation on a large scale. 
 

INSTRUMENTATION 
 
There is much to be said for the old adage that if you cannot measure it then you cannot 
manage it.  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 is that flow leaving the pool at 
the downstream gate must be accurately measured if there is to be accurate control.  It is 
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 relationships 
shown in Figure 2 it is possible to precisely measure water level. 
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Figure 2.  Self Calibrating Ultrasonic Water Level Instrument 

 
This instrument in packaged as a standalone device but also embedded within the 
FlumeGate products as shown in Figure 4. 
 

GATES ACTUATION 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 sites in the 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 experience is that this approach is really 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] a more 
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  
 

• High Duty cycle – the unique actuation and drive chain mechanism is designed 
for precise control and long life. 

• The water level instrumentation is located within the gate frame providing stable 
and repeatable water level measurements. 
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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 (Ts), using a 
linear surface to air temperature difference function (dT = a + b Ts), obtained from 
satellites or airborne sensors. However, H may be over-estimated when Ts is used rather 
than the surface aerodynamic temperature (To) in the bulk aerodynamic resistance 
equation since Ts is typically larger than To. 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.  
 

MATERIALS AND 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 
38º 2’ N and 103º 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 

DENVER 
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irrigated 4.13 ha field (162 × 255 m) planted to alfalfa in 2007. The large lysimeter (3 × 3 
× 2.4 m) was located in this field (Fig.2a). The second smaller lysimeter (1.5 × 1.5 × 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 (CM14, Kipp and 
Zonen, Bohemia, N.Y.), two pyranometers (an Eppley PSP and a LI200X-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 2. Large weighing lysimeter in an alfalfa 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 Ta 

(ºC) 
RH 
( %) 

U 
(m s-1) 

BP 
(kPa) 

Rs 
(W m-2) 

hc 
(m) 

LAI 
(m2 m-2) 

θv 
(m3 m-3) 

139 31.1 22.9 4.6 87.26 947.4 0.56 4.8 11 
187 21.4 76.4 2.3 87.61 853.1 0.58 4.9 28 
where, DOY is day of year, Ta is air temperature, RH relative humidity, U wind speed, BP barometric 
pressure, Rs shortwave incoming solar radiation, hc crop height, LAI is alfalfa leaf area index, and θv 
volumetric soil water content.  

(a) 

(b) 
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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 Temperature based Remote Sensing ET Algorithm  
 
The proposed RS-based ET algorithm uses a surface aerodynamic temperature (SAT_ET) 
model developed in Colorado (Chávez et al., 2010). The ET algorithm uses the land 
surface energy balance (EB, Eq. 1) to estimate instantaneous latent heat flux (LE) or 
evapotranspiration (ETi) as a residual. 

 LE = Rn - G - H                                                                (1) 

where Rn is net radiation, G is the soil heat flux, and H is sensible heat flux. Units in Eq. 
(1) are all in W m-2, with Rn and G positive toward the crop/soil surface and other terms 
positive away from the surface. 
 
Net radiation was estimated according to Monteith (1973).  
 

( ) 4
ss

4
aasn TTR1R σε−σε+α−=     (2) 

 
where α is surface albedo, Rs is shortwave incoming solar radiation (W m-2), εa is 
atmospheric emissivity, σ is the Stefan-Boltzmann constant (5.67E-08 Watts m-2 K-4), Ta 
air temperature (K), and Ts is surface temperature (K). Both surface albedo and Ts are 
derived from the satellite multispectral imagery. Details on the remote sensing 
application of Rn can be found in Chávez et al. (2009a) and Chávez et al. (2005). 
 
Soil heat flux was estimated according to Chávez et al. (2005). 
 

G = {(0.3324 – 0.024 LAI) × (0.8155 – 0.3032 ln(LAI))} × Rn  (3) 
 
Sensible heat flux was estimated using the bulk aerodynamic resistance equation (Eq. 4) 
and the surface aerodynamic equation (Eq. 5) developed by Chávez et al. (2010, 2009b). 

       H = ρa Cpa (To – Ta) / rah        (4) 

To = 1.5 Ts - 0.53 Ta + 0.052 rah + 0.36    (5) 
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where ρa is air density (kg m-3),  Cpa is specific heat of dry air (≈ 1,004.5 J kg-1 K-1), Ta is 
average air temperature (K),  To 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 (Zoh, m) 
height, and rah is surface aerodynamic resistance (in s m-1) to heat transfer from d+Zoh to 
Zm (horizontal wind speed measurement height, m). Further, k is the von Karman 
constant (0.41) and u* the friction velocity in m s-1. Ψh( )  and Ψm ( ) 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 Zm.   
 
LE is converted to an equivalent water depth evapotranspirated (mm h-1) using the 
following conversion formula: 
 

  ETi = (3600 × LE) / (λLE × ρw)    (8) 

where, ETi is instantaneous remote sensing derived crop ET (mm h-1), λLE is the latent 
heat of vaporization (MJ kg-1), and ρw is the density of water (1 Mg m-3).  
 
Reference ET fraction (ETrF) is the ratio of the crop ETi to the alfalfa reference ETri that 
is computed from weather station data at overpass time (hourly average). Finally, the 
computation of daily or 24-h ET (ETd), for each pixel, is performed as: 
 

ETd = ETrF × ETrd      (9) 

where, ETrd is the cumulative 24-h alfalfa reference ET for the day (mm d-1). Both ETri 
and ETrd were computed following ASCE-EWRI (2005) procedures. 
 

RESULTS AND DISCUSSION 
 
ET maps for both DOYs 139 and 187 were produced for the Arkansas River Valley of 
southeastern Colorado (Fig. 3). In the maps, the location of the city of Rocky Ford and 
the location of the CSU AVRC lysimeter sites are indicated. For DOY 139 the maximum 
ET rate was 12.5 mm d-1 for well-irrigated crops, due to the large evaporative demand 
imposed by the atmospheric conditions. For DOY 187 the maximum ET rate was only 
8.0 mm d-1 for well-irrigated crops due to the air high relative humidity, low air 
temperature, and calm winds. 
 



 

 309 

ALFALFA CROP COEFFICIENTS DEVELOPED USING A WEIGHING 
LYSIMETER IN SOUTHEAST COLORADO 

 

Hamdan AlWahaibi 1                  Allan Andales1 
Dale Straw2                  Lane Simmons1 
Michael Bartolo1           Thomas Ley2 
Thomas Trout3          José Chávez1 

Neil Hansen1 

 
ABSTRACT 

Weighing lysimeters are precise devices used to measure crop evapotranspiration (ET) 
and to develop crop coefficients. A weighing lysimeter was installed in the Arkansas 
River Valley of Colorado in 2006 to measure ET and develop crop coefficients of locally-
grown crops. The lysimeter was filled with a 3 m × 3 m undisturbed soil monolith. 
Alfalfa (Medicago sativa L.) was planted in the lysimeter and in 4 ha of surrounding field 
in August 2007. Climatic data and soil conditions were measured using microclimate and 
soil sensors installed above and on the lysimeter. Furrow irrigation was applied to the 
monolith and surrounding field. Reference ET was calculated using the hourly ASCE 
standardized reference ET equation. Crop coefficients of alfalfa were calculated by 
dividing daily measured ET from the lysimeter by the corresponding daily total ASCE 
standardized reference ET. Four alfalfa cuttings occurred in both the 2008 and 2009 
growing seasons. The results showed that the alfalfa growth, climate and precipitation 
were shaping crop coefficients. The first cutting cycle, which had slower growth due to 
climate, had lower crop coefficients, whereas later cutting cycles with rapid growth had 
higher crop coefficients. The maximum crop coefficients were below 1.2 in 2008 and at 
or above 1.2 in 2009. Precipitation interception by the alfalfa canopy increased 
evaporation and caused outliers in the crop coefficient values.   

INTRODUCTION 

Irrigation water management is an essential element of conservation and sustainability of 
water resources. Effective irrigation management depends on accurate estimates of crop 
water use which is needed for deciding when and how much to irrigate. Crop water use is 
defined as the water lost from crop and soil through the processes of transpiration and 
evaporation (evapotranspiration, ET).  

Estimation of ET or water consumption is the foundation of irrigation scheduling for 
efficient irrigation management. Although many methods to determine ET are available, 
direct measurement using a weighing lysimeter is the most precise method for measuring 
crop water consumption. In a precision weighing lysimeter, ET is determined by 
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measuring the change in mass with an accuracy equivalent to a few hundredths of 
millimeters of water (Allen et al., 1998). The crop coefficient (Kc), which represents 
plant characteristics, is the ratio of the actual crop ETc to the reference evapotranspiration 
(ETr). Crop coefficients are widely used to determine crop water consumption and in 
determining when and how much water to apply with irrigation (Howell et al., 2006). 
Even though Kc values for most crops have been reported in the literature, developing 
them under local cropping practices and soil and climatic conditions is recommended for 
accurate irrigation scheduling because of variations in crops, climate and other 
environmental factors that influence ET. Whatever a reference ET method is used, there 
is proof that Kc values may not be transferable from one area to another (Evett et al., 
1998). Crop coefficients that are currently used by the Colorado Division of Water 
Resources were measured at Kimberly, Idaho and Bushland, Texas (Berrada et al., 2008).  

Alfalfa is one of the major and most valuable forage crops and has a high biomass yield 
potential in Colorado (Smith et al., 1999). Irrigated alfalfa has one of the greatest levels 
of seasonal water consumption among irrigated crops (Wright, 1988).  Determination and 
application of accurate alfalfa crop coefficients could be a potential way to save water. 
This research was aimed to develop crop coefficients of alfalfa using a weighing 
lysimeter in the Arkansas Valley of Colorado.  

MATERIALS AND METHODS 

Experimental location  

The experiment was conducted during 2008 and 2009 at the Arkansas Valley Research 
Center in southeast Colorado (latitude 38o 2’ 17.30”, longitude 103o 41’ 17.60”, altitude 
1,274 m above sea level). It was carried out using a large weighing lysimeter constructed 
for evaluating the American Society of Civil Engineers (ASCE) standardized Penman 
Monteith (PM) equation and to compute  actual evapotranspiration (ETc) and crop 
coefficients (Kc) for various crops under Arkansas Valley conditions. The lysimeter was 
filled with an undisturbed soil monolith with soil type being a Rocky Ford course loamy, 
mixed , superactive, mesic Aridic argiustoll. The soil pH and ECe are 8.2 and 0.78 dS/m 
respectively. The soil layers have bulk density and hydraulic conductivity ranges of 1.35-
1.45 g/cm and 0.33-1.25 cm/hr, respectively. 

Lysimeter design 

The inner tank of the weighing lysimeter has dimensions of 3m x 3m x 2.4 m depth. 
Calibration of the weighing mechanism was done similar to the procedure developed by 
USDA-ARS at Bushland, Texas (Berrada et al., 2008) to convert the load cell output in 
mV/V to mass. The lysimeter load cell output was recorded every 10 seconds throughout 
each growing season. Fifteen-minute averages of the load cell data were used in the 
calculation of ETc. Based on the load cell calibration, a change of 1 mV/V in the load 
cell output is equivalent to a change of 76 mm of water in the lysimeter.  
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Climate and soil measurements 

A weather station was installed at the lysimeter site to measure climate variables above 
and within the lysimeter. Variables included rainfall, wind speed, air temperature, solar 
radiation, barometric pressure, soil temperature, and soil heat flux. Berrada et al. (2008) 
described in detail the sensors and their placement. Climatic data were recorded every 15 
minutes. Soil moisture in and near the lysimeters was monitored using a CPN 503 DR 
neutron probe at 20 cm increments up to 190 cm. Two access tubes were installed inside 
the monolith and four were installed immediately outside the lysimeter. The neutron 
probe was calibrated based on the Evett et al method (Berrada et al., 2008).   

Alfalfa planting and irrigation 

Alfalfa (Genoa variety) was planted mechanically in the field and by hand in the 
lysimeter on 9 August 2007 at a rate of 21.3 kg/ha. The soil monolith was irrigated 
manually to mimic the furrow irrigation of the surrounding field (158.5 m x 256.1 m). 
When flow in the field furrows reached the lysimeter, it was diverted around the 
lysimeter. Metered water was pumped into four evenly-spaced furrows (76 cm spacing) 
on the soil. The amount of water applied to the monolith was recorded. Alfalfa height 
was measured weekly. Alfalfa was harvested four times in both 2008 and 2009. Alfalfa in 
the lysimeter was harvested manually in June 11th, July 21st, September 1st and November 
3rd in 2008 and in June 8th, July 15th, August 24th and October 5th in 2009. 

Water balance  

Water balance of the lysimeter for the 2008 and 2009 seasons was calculated based on 
the weight data using the equation: 

  (1) 

Where seasonal change in soil water content (ΔS) was calculated from water inputs 
[Precipitation (P) and irrigation (Irr)] and water outputs [Evapotranspiration (ET) and 
Drainage (D)]. 

Reference ET calculation 

The American Society of Civil Engineers (ASCE-PM) standardized ETrs equation was 
used to estimate reference evapotranspiration on an hourly time step using climatic data 
obtained from the weather station.  

  (2) 

where: 

ETrs = standardized reference crop evapotranspiration for tall surfaces (mm/h), 
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Rn = calculated net radiation at the crop surface (MJ/m2/h), 

G = soil heat flux density at the soil surface (MJ/m2/h), 

T = mean hourly air temperature at 1.5 to 2.5-m height (°C), 

u2 = mean hourly wind speed at 2-m height (m/s), 

es = saturation vapor pressure at 1.5 to 2.5-m height (kPa), 

ea = mean actual vapor pressure at 1.5 to 2.5-m height (kPa), 

Δ = slope of the saturation vapor pressure-temperature curve (kPa/°C), 

γ = psychrometric constant (kPa/ °C), 

Cn = 66; numerator constant for tall reference and hourly time step (K mm s3 /Mg/h) and 

Cd = 0.25 (daytime), 1.7 (nighttime); denominator constants for tall reference and hourly 
time step (s/m). 

Units for the 0.408 coefficient are m2 mm / MJ. 

The ETrs calculated by ASCE-PM uses wind speed measured at 2 m height over smooth 
surface like clipped grass. The wind speed at the lysimeter was measured at 2m above 
alfalfa, which had variable height during the growing season. At most times alfalfa height 
was greater than clipped grass. The wind speed adjustment algorithmdescribed by Ley et 
al. (2009) was used to adjust wind speeds over variable height alfalfa to equivalent wind 
speeds at 2 m over grass. 

Crop coefficient (Kcr) calculations 

Crop coefficient values based on a tall (alfalfa) reference for the 2008 and 2009 seasons 
were calculated on a daily time step as the ratio between measured ETc from the 
lysimeter and the ASCE standardized ETrs. 

   (3) 

where: 

ETc =  Actual crop evapotranspiration from lysimeter (mm/d) 

ETrs = ASCE standardized reference crop evapotranspiration (mm/d) 

The daily ETrs values were obtained by summing values calculated from the hourly 
version of the standardized equation for each 24-hour period. Crop coefficient curves for 
each alfalfa cutting cycle were fitted through observed Kcr values  using FAO 56 
methods (Allen et al., 1998), with some modification to fit observed Kc’s for each growth 
stage. 
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RESULTS AND DISCUSSION 

Seasonal Water Balance 

Seasonal water balance for 2008 and 2009 is shown in Figure 1. Alfalfa use 1333 mm of 
water in 2008 and 1179 in 2009. The total water input (precipitation + Irrigation) was 
1269 mm in 2008 and 1381 mm in 2009. There was no drainage in both seasons. The 
change in soil water content in 2008 was -64 mm. This indicates that alfalfa consumed 64 
mm more water than that added by precipitation and irrigation.  In 2009, the change in 
soil water content was +202 mm, indicating that alfalfa consumed 202 mm less water 
than that added by precipitation and irrigation. Alfalfa consumed more water in 2008 than 
in 2009 even though the total water added was lower than 2009. Higher water 
consumption in 2008 was primarily due to a longer growing season. The total growing 
season in 2008 was 215 days whereas 2009 was only 195 days.   

 
Figure 1. Seasonal water balance of the alfalfa grown in the lysimeter in 2008 (4/1/08 -

11/5/08) and 2009 (3/24/09 – 10/5/09). 

Alfalfa Evapotranspiration 

Daily alfalfa ET for both 2008 and 2009 season is shown in Figure 2A. Alfalfa ET 
fluctuations during the growing periods corresponded with similar fluctuations in 
reference ET (Figure 2B). Actual ET in 2008 was higher than in 2009 for the first cutting 
cycle because of greater atmospheric demand, which is reflected in the higher ETrs 
values in 2008. Maximum water use of alfalfa was around 14.0 mm/d for both 2008 and 
2009 seasons.  Average ET for 2008 and 2009 was 6.1 mm/d and 6.0 mm/d, respectively. 
In comparison, Evett et al. (1998) found that measured ET of alfalfa at Bushland, TX in 
1996 and 1997 averaged 7.1 mm/d and 6.7 mm/d, respectively. They also found that the 
peak ET reached 16 mm/d for both years.  
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Mark A. Crookston1 
Mary Hattendorf 2 

 
ABSTRACT 

 
Small weighing lysimeters were planted to 11 different turfgrass varieties in 2010. Only 
one of the 11 turfgrasses selected was warm-season, the remaining 10 were cool-season. 
There are four replicates of each turfgrass. Results are compared to ETos calculated from 
an adjacent weather station using the standardized Penman-Monteith equation. The first 
season results from 44 small weighing lysimeters are presented. 
 
Each lysimeter is centered in a 4 ft by 4 ft plot of the same grass variety. The lysimeters 
each consist of a PVC shell containing a 12-inch diameter free draining sandy loam soil 
core having a 20-inch rooting depth. The lysimeters are continuously weighed in-place by 
electronic load platforms connected to a data logger. Irrigation is applied via high 
uniformity sprinklers and measured through a flow meter monitored by a data logger. All 
turfgrasses receive the same irrigation treatment and are managed to avoid soil moisture 
induced stress. All grasses are mowed to the same height. 
 
The purpose of the study is to quantify evapotranspiration of several varieties of 
turfgrass, under well watered conditions and with adequate fertility. 
 
Differences in measured turfgrass evapotranspiration are included in the summary. 
Quantification of turfgrass ET with increased accuracy is especially important in regards 
to water conservation, agricultural to urban water transfers, and water rights 
administration.  

INTRODUCTION AND BACKGROUND 
 
Interest in different varieties of turfgrasses and their water usage has increased in recent 
years. Although general statements of lower water requirements are readily attached to 
some turfgrasses, quantitative assessments based on ETos from the standardized Penman-
Monteith equation are rare. The use of lysimeters to directly measure turfgrass ET 
provides a defensible basis for quantifying and comparing actual water use. This 
information will provide municipalities with information needed in developing 
landscaping standards in support of efficient water use and conservation. It should also 
assist in more accurate quantification of irrigation return flows from urban landscapes 
and the in-stream flow credits claimed by Colorado municipalities under water rights 
administration. 
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Previous Studies 
 
Jensen et al. (1990) stated that “differences in grasses appear to be even greater than 
those for alfalfa, with clipping height having a pronounced effect on ET rates. In 
addition, large differences in peak period ET may exist between warm- and cool-season 
grass types . . .” 
 
Feldhake et al. (1983) reported results from a three year turf study (1979 to 1981) of eight 
small weighable lysimeters at Fort Collins, Colorado. Mowing was two to three times per 
week with a height of 0.8 inches standard. Grasses included Merion Kentucky bluegrass 
(three years), Rebel tall fescue (one year), and common buffalograss (one year). Moisture 
levels in all lysimeters were maintained for maximum ET (irrigated three times per 
week). Reference ET was taken to be the measured ET from the Kentucky bluegrass 
lysimeters – irrigated three times/week, mowed to 0.8 inches, and maintained with 
adequate fertility (0.8 lbs/1,000 ft2/month). In 1979 (July 13 to October 4), bluegrass 
mowed at 2.0 inches resulted in 13% higher ET. Concerns about oasis effects from the 
mini-plots with higher mowing height prompted observations using an infrared 
thermometer. These showed a “substantial temperature gradient” across mini-plot (8.2 ft 
x 8.2 ft) borders, but “essentially a constant temperature” inside a distance of 1.2 ft. In 
1980 (June 20 to August 28), bluegrass with deficient fertility resulted in 14% lower ET. 
In 1981 (June 8 to August 16), tall fescue had 2% higher ET and buffalograss had 21% 
lower ET. 
 
Brown et al. (2001) affirmed the following factors to affect turf water use and thus Kc: 
turf species and/or variety (cool-season – higher ET, warm-season – lower ET), canopy 
characteristics, mowing height (increased – higher ET, decreased – lower ET), nutrition 
(adequate – higher ET, deficient – lower ET), irrigation frequency (increased – higher 
ET, decreased – lower ET particularly for surface applied irrigation), and the procedure 
used to estimate ETo. 
 
Jensen et al. (1990) also stated “an average ETr/ETo ratio of 1.2 to 1.25 may have been 
more representative of the 11 lysimeter sites evaluated” in ASCE Manual No. 70. This 
would provide a factor of 0.80 to 0.83 to convert alfalfa reference to a cool-season grass 
reference. 
 
The University of Idaho REF-ET software recognizes that the ratio of ETr to ETo can 
range from 1.15 to 1.25, with 1.25 as the recommended default. This ratio provides a 
factor of 0.80 to covert alfalfa reference to cool-season grass reference, with an assumed 
grass height of 4.7 inches. 
 
Jensen et al. (1990) included Table 6.11 that provided a ratio of 1.28 for 1982 Kimberly 
Penman ETr to lysimeter measured ET for clipped ryegrass (3-6 inches) for May through 
August at Kimberly, Idaho (1983-1984). This ratio would provide a factor of 0.78 to 
convert alfalfa reference to actual ryegrass ET. Their Table 6.9 provides the same 0.78 
mean Kc factor for use directly with alfalfa reference ETr (120 days during mid-season). 
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Allen et al. (2007) converted the mean crop coefficients from Kimberly, Idaho for use 
directly with alfalfa reference ETrs obtained from the ASCE standardized Penman-
Monteith equation. Their Table 8.7 provides an updated Kcs of 0.80 for perennial 
ryegrass during mid-season (60 days) and 0.55 for the beginning and end of season.  
 
Devitt et al. (1992) provided monthly Kc values for over seeded perennial ryegrass in Las 
Vegas, Nevada. The basis was a two year study (1987 to 1989) of common bermudagrass 
over seeded with perennial ryegrass on three sites (two golf courses and one park). Each 
site was equipped with two vacuum drained lysimeters and a weather station. Ryegrass 
was over seeded the third week of September and reached mowing height the second 
week of October. The ryegrass was mowed to an average of 0.7 inches at the golf course 
sites and to two inches at the park site. For the November through April period (when 
ryegrass fully dominated) the average monthly Kc values from the golf course sites 
ranged from 0.43 in February to 0.81 in November, averaging 0.62. In contrast, the 
corresponding monthly Kc from the park site ranged from 0.33 in February to 0.60 in 
November, averaging 0.46. Reference ETo was calculated using the 1973 Penman 
equation. The significant increase in Kc at the golf course sites was largely attributed to 
increased fertility levels with 3 to 5 times the nitrogen fertilizer applied as compared to 
the park site. If the mowing height at the golf course sites had been two inches (same as 
the park site) further increased Kc factors may have resulted. 
 
Hill (1998) reported a crop coefficient for turf of 0.56 applied to 1972 Kimberly Penman 
derived alfalfa reference. The applicable season was April-Oct (210 days). The basis was 
field research from two lysimeters in the Logan, Utah Country Club Golf Course during 
two seasons, 1991-1992. 
 
Allen et al. (1998) provided a mid-season to end crop coefficient for cool-season 
turfgrass (bluegrass, ryegrass, and fescue with height of 2.4 to 3.1 inches) of 0.95 for 
FAO Penman-Monteith grass reference. The corresponding mid season to end crop 
coefficients for alfalfa hay were 1.20 and 1.15. The basis for these crop coefficients was a 
two year study (1971-1972) at Davis, California involving two large sensitive lysimeters 
planted to alfalfa and ‘Alta’ tall fescue grass. A procedure was provided for deriving a 
reference conversion ratio for more arid sites, such as Kimberly, Idaho. Application of 
this procedure results in a ratio of 1.24 for ETr at Kimberly to ETo at Davis. 
Consequently, also adapting the FAO-56 crop coefficients for cool-season grass to 
Kimberly, Idaho (Kc now equals 0.98) and combining with the ETr/ETo factor – 
provides a factor of 0.79 to convert ETr to cool-season grass ET for Kimberly. 
 
Allen et al. (2007) updated the FAO-56 mean crop coefficient to 0.90 for cool-season 
turfgrass. Utilizing the 1998 procedure, this would provide factors of 0.75 to 0.78 to 
convert ETr for Kimberly to cool-season grass ET. 
 
Ervin et al. (1998) reported crop coefficients of 0.70 (0.60 to 0.80) for Kentucky 
bluegrass and 0.60 (0.50 to 0.80) for tall fescue applied to 1982 Kimberly-Penman 
derived alfalfa reference. The basis was field research from a line source sprinkler 
irrigation study at Fort Collins, Colorado, 1993-1994. Mowing was twice weekly at 2.5 



322 Meeting Irrigation Demands in a Water-Challenged Environment 

 

inches. This study showed that reduced irrigation levels did maintain acceptable turfgrass 
quality. 
 
Brown et al. (2001) provided monthly Kc for over seeded ‘Froghair’ intermediate 
ryegrass that ranged from 0.78 in January to 0.90 in April. The basis was a three year 
study (1994-1997) in Tucson, Arizona utilizing two large weighing lysimeters with 
bermudagrass during June through September, which was then over seeded to ryegrass in 
October, with the November through May (180 days) data utilized to develop the 
ryegrass Kc. Reference ETo was calculated using the FAO-56 Penman-Monteith 
equation. Irrigation was daily and the ryegrass was mowed two times per week at a height 
of one inch. 
 
Although many previous studies are in relatively close agreement for ET from well-
irrigated cool-season turfgrass with adequate fertility, differences between cool-season 
turfgrasses is lacking. Additionally, the difference in mowing height and lack of reference 
to ETos from the standardized Penman-Monteith equation curtails their transferability 
from one region to another. The Northern Water lysimeter study will compare turfgrasses 
under the same climate conditions with similar mowing heights to the standardized 
Penmen-Monteith ETo at Berthoud, CO. 
 

MATERIALS AND METHODS 
 
In 2009, Northern Water commenced construction and installation of a 30-ft x 30-ft study 
plot for turfgrass lysimeters within its Conservation Gardens at its headquarters in 
Berthoud, Colorado. The turfgrasses were seeded starting May 28th and finishing June 
2nd, 2010. 
 
The lysimeter plot was divided into 4-ft x 4-ft sub-plots, separated by 1-inch x 6-inch 
PVC plastic composite decking/edging material. This edging clearly delineates the 
subplots and helps prevent the spread of one grass variety into another subplot. It also 
provides support for foot traffic by study technicians without damage to turf or 
compaction of the soil. Turfgrasses were planted into 44 of the 49 sub-plots, with the four 
corners and center sub-plots excluded from the study, but planted to a bluegrass blend to 
maintain fetch. The lysimeter plot was divided into four blocks, with each block 
containing 11 randomized sub-plots with lysimeters, one of each turfgrass variety 
included in the study. Consequently, the study includes four replicates of each of the 
following 11 turfgrasses: 
 

Kentucky bluegrass blend: 
50% - Rampart 
25% - Touchdown 
25% - Orfeo 

Drought hardy Kentucky bluegrass: 
33% - Rugby 
33% - America 
33% - Moonlight 

Fine fescue blend: 
25% - Covar Sheep 
25% - Intrigue Chewings 
25% - Cindy Lou Creeping Red 
25% - Eureka Hard 

Reubens Canada bluegrass 
Tall fescue – Major League blend 
Ephraim crested wheatgrass 
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‘Low Grow’ mix: 
29% - Creeping Red fescue 
27% - Canada bluegrass 
24% - Sheep fescue 
16% - Sandburg bluegrass 

Perennial ryegrass - Playmate blend 
Texas hybrid bluegrass blend: 

50% - Reveille 
50% - SPF 30 

 

‘Natures Choice’ - Arkansas Valley mix: 
70% - Ephraim Crested wheatgrass 
15% - Hard fescue 
10% - Perennial ryegrass 
5% - Kentucky bluegrass 

Blue gramma – buffalograss mix: 
70% - Blue Gramma 
30% - Buffalograss 

 

EQUIPMENT 
 

The weighing platform for each lysimeter includes a Revere PC6-100kg-C3 load cell 
transducer. Each load cell is connected to one of three AM 16/32 multiplexers, each 
connected to a Campbell Scientific CR10X data logger. Figure 1 is a diagram of the small 
turfgrass lysimeters and their arrangement within the lysimeter plot. 
 

 
Figure 1. Diagram of Small Turfgrass Lysimeters 
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ABSTRACT 

Accurate estimates of evapotranspiration for agricultural crops are essential for water 
resources management and for crop production.  Traditional methods for estimating crop 
evapotranspiration are based on weather based reference evapotranspiration estimates 
multiplied by a crop coefficient (Kc). The crop coefficient varies based on crop type and 
growth stage and optimum growing conditions are assumed in this approach. Satellite 
based energy balance models can directly measure actual ET in fields and these 
measurements can be used to develop crop coefficients for different crops for a particular 
region. In this study a surface energy balance model (ReSET) is used to measure actual 
ET for corn fields in the South Plate River Basin of Colorado. The study covers four 
growing seasons (2001, 2004, 2005 and 2006).  A total of 79 Landsat 5 and 7 images 
were used for the four years using two satellite paths 33/32 and 32/32. 

INTRODUCTION 

Remote sensing algorithms that use satellite imagery have been widely used to estimate 
evapotranspiration (ET). These algorithms are called surface energy balance models and 
most of them were developed in the last decade (Kustas and Norman 1996; Bastiaanssen 
et al. 1998a,b; Timmermans et al. 2004; Nagler et al. 2005; Allen et al. 2007a,b). These 
models use satellite imagery such as Landsat, AVHRR, ASTER, and MODIS to estimate 
ET (Nishida et al. 2003). The models estimate the actual ET occurring in the fields, 
which takes into account the cumulative impact on ET of all ground factors such as water 
stress, soil salinity, pest infestations, hail damage, agronomic practices, etc.  The models 
cannot determine the impact of each factor but the combined impact of all ground factors.  
Remote sensing of ET provides an “actual” estimate of ET versus more traditional ET 
methods which calculate a reference crop ET and then apply crop coefficients to estimate 
the ET for different crops under optimum conditions.  Of the traditional approaches for 
calculating crop ET, weather based reference ET is the most commonly used along with 
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crop coefficient (Kc) curves to estimate water demand for different crops.  Crop 
coefficient curves presented in the literature by Doorenbos and Pruitt (1977), Wright 
(1981, 1982 and 1995) and Allen et al. (1998) are based on point measurements and 
assume optimum cultivating conditions (management, irrigation, etc).  Such assumptions 
do not apply for many fields since irrigation type and adequacy differs from field to field 
as well as soil type.  Presence of soil salinity and fertilizers application can also vary 
significantly between fields that have the same crop.  A regional based crop coefficient 
approach is proposed in this research that takes into account the spatial and temporal 
variability in crop conditions in an area, which can be accomplished using surface energy 
balance models using satellite imagery.  Surface energy balance models measure actual 
ET in the fields which aggregates all temporal and spatial variability.  This actual 
measured ET is then used with weather based reference ET to develop crop coefficient 
curves that are tailored to each crop type and to each region. These regional crop 
coefficient curves can be used to determine crop water requirements for a particular 
region.  The ReSET (Elhaddad et al., 2008) surface energy balance model is used in this 
research to determine the “actual” ET. 

METHODOLOGY 

The study area is an agricultural area covering a portion of the South Platte river basin in 
northwest Colorado. This region has a semi-arid climate with irrigation water resources 
in the area mainly from the South Platte River or from ground water. The main crops 
cultivated in the area are corn, alfalfa, small grains, dry beans and sugar beets. The study 
area falls on two Landsat paths 32/32 and 33/32. In this study crop coefficients for grain 
corn were developed; the study area starts on the west at the town of Wiggins and extends 
north east to the town of Ovid as shown in Figure 1. 
 
The data used in the ReSET model includes a digital elevation map for the area, hourly 
and daily reference ET grids from five weather stations in the area (Crook, Ovid, 
Sterling, Brush and Wiggins) and finally Landsat 5 and 7 images collected at 11:20 am 
(during the growing season – daylight savings time). The study covered the growing 
season for corn (May to October) for four years (2001, 2004, 2005 and 2006) for Landsat 
paths 32/32 and 33/32.  Landsat images are available every 16 days for each path which 
makes it possible to collect almost 4 images from the two satellites (Landsat 5 and 7) per 
month.  However, the number of usable images per month is less than four since the 
ReSET model can only use cloud free images, therefore the number of usable images 
varies depending on the cloud cover. The Landsat 7 imagery for the 2001 year was 
useable since it did not have the stripping problem of blank strips with no data that started 
in 2003.  The Landsat 7 images from years 2004, 2005 and 2006 had the stripping 
problem and the areas covered by the strips were masked with values of no data, which 
allowed the remainder of the image to be use in the Kc calculations. 
 
A total number of seventy nine Landsat images were used to develop the corn Kc curve 
with an average of four images per month and twenty images per growing season. An 
initial set of corn fields were identified based on a crop classification map developed by 
the Northern Colorado Water Conservancy District (NCWCD) for each growing season. 
Those sets of fields had to be filtered to eliminate fields that might have been 
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misclassified, partially cultivated, fields that were abandoned during the growing season 
and/or fields that were harvest for silage (since they are harvest earlier than grain corn).  
The objective of the filtering procedure is not to select ideal grain corn fields but to select 
grain corn fields growing under typical and variable conditions for an entire corn grain 
season. 

 

Figure 1. Study Area 

Filtering Procedure for Fields 

1. Using Consecutive Values of NDVI: Knowing the mean Normalized Difference 
Vegetation Index (NDVI) value for each field for several consecutive dates (this 
value is expected to increase throughout the season), if a different behavior is 
detected (NDVI decreases during the middle of the season) this indicates that the crop 
is either not corn, silage corn, or corn that was grown under abnormal growing 
conditions (drought, hail damage, pests) and therefore these fields were removed 
from the dataset.  An example is shown in Figure 2, which is a false color infrared 
image where red represents actively growing crops and fields classified as corn by 
NCWCD are shown with an outline.  The left image was taken in July 14, 2006 and 
clearly shows an actively growing crop in the two center pivots inside the black circle 
in the middle of the image.  The right image was taken on July 30, 2006 and shows 
the same fields but with very light color that indicates a drop in vegetation density.  
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These fields were excluded because they were probably not corn or corn that was 
harvest very early as silage corn.  

 

Figure 2. Fields probably misclassified as corn.  Left image was taken on 7/14/06 and 
right image was taken on 7/30/06. 

2. High NDVI Standard Deviation: Fields with high NDVI standard deviation indicate 
a large spatial variation in the field which could be because the field is partially 
cultivated as seen in Figure 3 or the field has areas with high salinity, partially 
irrigated, pests, etc. These are not good fields for use in generating Kc values for corn 
since they will cause an underestimation of the Kc values. Fields with high NDVI 
standard deviation (higher than 0.1) were removed from the analysis. 
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Figure 3. Fields classified as corn but partially cultivated. 

3. Using NDVI Values to Single Out Non-corn Fields: The last check to ensure that the 
selected fields are all corn fields is a NDVI value check at early, mid and late season. 
Corn fields should have low NDVI values during the early part of the growing season 
(May-June) since they should have little vegetation at that time and therefore a low 
NDVI value (0.1 to 0.5).  Fields with high NDVI values during the early part of the 
season such as those shown in Figure 4 from a satellite image taken on 4/16/2006 
should be excluded.  Those fields are either not corn, corn that was planted very early, 
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or another crop and therefore would introduce some error when calculating Kc for the 
majority of corn fields, a mid season check on the NDVI values around late July is 
done to exclude fields with low NDVI values (less than 0.7) in July since fields with 
corn in good conditions should have NDVI values from 0.7 to 0.8.  Any fields with 
low NDVI during this time should be excluded. For the late season NDVI values 
should not exceed 0.5 for corn fields, fields with higher values should be excluded. 

 

Figure 4. Non corn fields or fields with corn planted very early since it is actively 
growing on 4/16/2006. 

4. Cloud Masking: Creating a subset of the fields that are cloud free on ALL dates may 
reduce the number of fields too much.  Therefore, sets of fields for each image date 
are created so that the maximum number of fields is used for each image date.  To do 
this the shapefile containing the corn fields with the correct range of NDVI values 
and NDVI standard deviation values are used as the starting set. This set stays the 
same on dates with no clouds; for dates with cloud cover a shapefile excluding the 
fields under cloudy areas is created. 
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Fields that passed all these filtering procedures are considered representative full season 
grain corn fields for the range of growing conditions and can be used to calculate Kc for 
grain corn. Before the application of the filtering procedure, all fields were buffered with 
a 60 m inward buffer to minimize the thermal pixel contamination at the borders of the 
fields caused by the areas surrounding the fields.  After the buffer is applied, the fields 
with areas less than 28,328 m2 (7 acres) were excluded from the set for being too small 
compared to the thermal pixel size.  The maximum pixel size (thermal pixels) in the 
imagery used (Landsat 5) is 120 m by 120 m which represents an area of 14,400 m2, to 
ensure that the smallest field used contains at least two thermal pixels, the area of 28,800 
m2 was used. The mean value of the hourly ET estimated by the ReSET model from all 
pixels within the boundary of each field is assigned as a single value for each field. This 
value is divided by the spatially corresponding gridded weather station hourly reference 
ET to develop a Kc value for that field. A mean value of the Kc for all fields is then used 
to represent the corn Kc for that date. The Kc developed from each date was then 
combined to create a corn Kc curve for the whole growing season for each year. A final 
cumulative Kc curve for the four years (2001, 2004, 2005 and 2006) for the study area 
was developed. 

The interpolated spatial grid of hourly weather station reference ET from all five weather 
stations was generated for each of the Landsat image dates.  The reference ET for each 
field was extracted from these grids based on the location of each field.  This process 
allocates reference ET based on the spatial location of each field rather than using a point 
value from one or more weather stations for all fields which could cause either an 
overestimation or underestimation of the reference ET because of spatial variability in 
weather conditions. 

RESULTS AND DISCUSSION 

The ResET model was used to estimate hourly ET (Fig 5b) from Landsat 5, 7 images (Fig 
5a), a shapefile of corn fields (Fig 6) was buffered and fields smaller than 28,328 m2 (7 
acres) were excluded (Fig 7) to avoid thermal pixel contamination. 
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Figure 5. a) Landsat image on 7/30/2006    b) Hourly ReSET ET 7/30/2006 

 

 

Figure 6. Corn fields 
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Figure 7. a) Buffered corn fields     b) Smaller fields selected and excluded 

Within each polygon (field) using the zonal statistics function in ArcGIS a set of values 
are calculated: 

• ReSET estimated hourly ET (mean values).  

• NDVI (mean, standard deviation).  

• Reference hourly ET from weather stations grid (mean values).   

• Corn Kc for each image date is calculated by dividing the mean value of the 
hourly ET from the ReSET model by the weather station reference hourly ET 
corresponding value. 

Mean corn Kc values for each date are obtained from the attribute table of the final 
shapefile Fig (8). 
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Figure 8. Corn Kc values for each date. 

For the year 2001, twenty two Landsat images were used to develop corn Kc for that 
year, ten of them are Landsat 7 and 12 are Landsat 5.  Of these images thirteen fall on 
path 33/32 and nine images fall on path 32/32. A maximum number of 1,295 corn fields 
were used from path 32/32 and a maximum number of 1,701 were used from path 33/32. 
Figure 9 shows the 2001 Kc for corn developed using ReSET plotted against growing 
degree days and Figure 10 shows the 2001 Kc for corn plotted against dates.  The 
regression curves shown in each image have an R2 value of 0.97 and 0.96 respectively.  
For 2004 twenty one Landsat images were used to develop corn Kc values which resulted 
in an R2 value of 0.90 and 0.95 for growing degree days and dates respectively. For 2005 
only thirteen Landsat images were used to develop Kc due to high cloud cover which 
resulted in an R2 value of 0.93 and 0.94 for growing degree days and dates respectively. 
For 2006 twenty three Landsat images were used to develop corn Kc which resulted in an 
R2 value of 0.96 and 0.94 respectively.  Figure 11 and 12 show a combined graph for all 
years (2001 to 2006) of the corn Kc plotted against growing degree days (Figure 11) and 
against day of the year (Figure 12). Each year is treated as a separate data series, years 
2004 and 2005 show lower corn Kc values at the beginning of the season compared to 
years 2001 and 2006. The R2 value of a polynomial fitted through the data for all the 
years is 0.89 and 0.91 respectively for growing degree days and day of the year. The 
intent of using growing degree days as a scale for Kc values is to reduce the variability 
due to temperature differences between years.  
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 Figure 9. ReSET growing degree day corn Kc curve developed using 2001 data. 

 

Figure 10. ReSET corn Kc curve developed using 2001 data. 
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Figure 11. ReSET corn Kc values developed using 2001, 2004, 2005 and 2006 data. 
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Figure 12. ReSET corn Kc values developed using 2001, 2004, 2005 and 2006 data. 

As seen in all the years of the study the variability in the model calculated corn Kc is 
large at the start and the end of the corn growing season while it is smaller during the 
middle of the season.  This is probably due to the temporal variability in planting and 
irrigation dates as the model is sensitive to surface temperature of irrigated fields which 
are likely to have more transpiration from bare soil early in the season which would result 
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in higher values for Kc. The variation in Kc at the end of the season is most likely caused 
by senescence of the crop; crop harvesting or because of variable drying of the field at the 
end of the season. Since all these events are field dependent they all contribute to the 
larger variation in Kc at the end of the season. Corn Kc during the middle of the season 
(mid July to end of August) has much less variation because of the similarity in crop 
conditions in most of the fields and because of the high crop coverage which minimizes 
the impacting of wet soil.  

SUMMARY AND CONCLUSIONS 

The results of this study show that surface energy balance models such as the ReSET 
model can be used to develop regional Kc values for agricultural crops.  The Kc 
developed for grain corn fields in the South Platte of Colorado used data for a period of 
four years, with a total of 79 Landsat images using over 1,000 corn fields during the 
growing season which extends from May to October.  The Kc for each of the years 
(Figures 11 and 12) matched well which supports the approach for using models such as 
ReSET in developing Kc for agricultural crops.  This approach provides a convenient and 
practical way of estimating a regional crop Kc.  These Kc values can be compared to 
others developed for other regions to determine if there are local conditions that are 
reflected in the regional Kc values.  
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