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Field Performance of Subsurface Drip Irrigation (SDI) in Kansas
Mahbub Alam' and Danny H. Rogers®

Written for presentation at the 2005 International Irrigation Show and Technical
Conference, Phoenix, AZ, USA.
November 6-8, 2005

Introduction: Drip irrigation has proven to be an effective irrigation method for water
saving and better return for high dollar cash crops, however, as a surface drip system it
does not lend to the field cropping system practiced in the Central Great Plains. Kansas
State University’s research on suitability of using drip method as subsurface drip
irrigation (SDI) has shown that it is a feasible technology for irrigating field crops like
corn (Lamm, Manges, Stone, Khan, & Rogers, 1995). More than 2 million acres out of 3
million irrigated in Kansas depends on groundwater from the Ogallala aquifer. The
producers are experiencing decline in water level and the pumping cost is rising due to
greater depth of pumping and increasing fuel cost. Economic comparison of systems
indicated that a well managed SDI system with a promise of fifteen or more years of life
is economically competitive (O’Brien, Rogers, Lamm, & Clark, 1998), although it
requires a high investment at the start. Extension demonstration in producer field has
helped a steady increase in the acreage irrigated by subsurface drip irrigation starting in
1997. Initially many of these systems were installed in small farms with limited water
where a part of the water supply was diverted from existing flood or center pivot
sprinkler irrigation systems. Lately, producers with large acreage under flood irrigation
have started switching to SDI. The state wide SDI acreage is estimated at 20,000 acres,
most of which is in western Kansas represents about 1% of irrigated crop land. Although
no major concern regarding failure of system has surfaced, it was felt necessary to
evaluate the present operational condition of these systems to provide field performance
information to farmers intending to adopt SDI in their irrigation operation. The objective
of the study was to assess the operational condition of the existing subsurface drip
irrigation (SDI) systems and the level of satisfaction of the producers. Information would
help address clientele needs and keep the service providers informed.

Methods: A survey questionnaire was sent out to producers using SDI system. The
sample questionnaire is shown in Appendix A. The mailing list of producers was
prepared from sign up lists of farmers attending educational meetings conducted by
cooperative extension on use of SDI and a list obtained from Kansas State Division of
Water Resources that show producers reporting use of microirrigation. The recipients of
survey forms were requested to return the survey form even if they were not SDI users.
Survey forms numbering 297 were mailed out.

! Assoc. Professor and Extension Irrigation Engineer, Biological & Agricultural Engineering, K-State
Research and Extension, Southwest Area Extension. Garden City, KS. E-mail: malam@ksu.edu
*Professor, Irrigation Engineer, Biological & Agricultural Engineering, Kansas State University,
Manhattan, KS.



Results: The return rate of survey was 31% (returned 92) out of which 53% (49
responses) were from actual SDI users. The others either heard of SDI and wanted to
comment or are using some other form of microirrigation. The response from surface drip
users amounted to five percent (5 responses).

SDI acreage totaled from responses received amounts to 8,022 acres out of 323,260 acres
irrigated (about 2.5%) by the responding farmers.

Although some started using surface drip for trees and orchards in small acreage as early
as 1975, the subsurface drip for field crop was installed in 1994. There was no
appreciable installation until 1998. The peak number of system installation according to
the survey response was in 2000 and continued steadily at a somewhat reduced number to
the present. The numbers from the survey response are shown in Table 1.

Table 1. Yearly installation of SDI systems starting in 1994 according to survey response
from producers in western Kansas.

1994 1997 1998 1999 2000 2001 2002 2003

1 3 9 4 10 7 5 7

All of these systems are currently in use, except for one self-installed system of 2001.
This system of 22 acres was used for alfalfa and the producer was unable to keep up with
the rodents and field gophers. More detailed information is necessary to determine
present status.

Majority of the SDI systems were installed jointly by producers and contractors (54%)
according to survey response. Contractors installed systems account for 19% and the
remainders - 27% were self-installed by the producers.

When asked about if the producers received an “as-built” drawing or diagram of the
system from the contractors, thirty four responses were in the affirmative and fourteen
were in the negative. The response on receiving operational and maintenance instructions
or procedures for the SDI system was similar, thirty three received and fifteen did not
receive operational procedures. Names of eight contractors were mentioned as installers
and one of them located in Garden City, Kansas, came up as an installer of maximum
number of systems.

Crops irrigated by SDI systems were corn (43 responses), soybeans (24 responses),
cotton and alfalfa (5 responses each), and sorghum (3 responses). Besides these the
systems were also used for wheat, oats, and sorghum silage.

In response to the level of satisfaction with the system performance in a scale of 1 to 5;
where 1 indicates as very satisfied and 5 being unsatisfied, the majority of the responses
were between 1 and 2. The responses are shown in Table 2.




Table 2. Responses indicating the level of satisfaction with the performance of the SDI
system being used by the producers in a scale of 1 to 5.

1 2 3 4 5
Very satisfied Satisfied Almost satisfied Somewhat satisfied | Unsatisfied
17 19 4 4 2

Survey response to a question on whether the SDI users are planning to expand acreage
under SDI was that the majority plan to do so (30 responses), however a good number
(19) responded in the negative. The overwhelming concern was about rodent damages
and filtration. The major concerns were,

Rodents, gophers, and other vermin damages requiring many hours of repair. (37)
Filtration is a concern, but with a good system and maintenance there was no
problem. Some asked if there were better filtration systems. Should one oversize
to avoid frequent cleaning. (15)

Clogging due to iron bacteria and calcium precipitation is a concern. Some
reported clogging concern from drip oil used in pump. Clogging from drip oil is
more evident in pumps with low capacity or fluctuating water levels. (15)

Cost of the system, especially worried about the life of the system. (8)

Wetting up of the top soil for germination. (3)

Hard to visualize soil water condition.

Finally, answering to what are information needs that Kansas State Research and
Extension might be able to address, the responses from the producers were as follows:

Rodent control — how and what to use.

Fertilizer use through SDI including micro-nutrients.

More educational meetings, seminars on management - both pre and post season
included. Field tour to visit systems and exchange information with other
operators.

Drip tape spacing for crops other than corn. More research for alternative crops
under SDI.

More information about planting alfalfa under SDI.

How to germinate seed in dry soil. Conserving moisture in surface soil for
planting.

How to unclog drip lines. How to keep system clean with different water supplies.
System capacity, how much water to use, and limited water issues.

Comparisons of crop yield advantage from SDI over sprinkler.

Any improvement to cut down cost, better filtration, less maintenance system for
this area.

Property Taxation classification for SDI needs to be developed to avoid over
taxation where currently the producers are being penalized for conserving water.
Why assistances are unavailable to conservation conscious farmers who want to
install SDI, whereas it is available to non-conservative circle irrigation?




Discussion: A closer look of the survey response reveals that the owners of systems
installed earlier than 1994 are experiencing some difficulties. K-State Research and
Extension was still in the process of researching SDI and was not promoting the method.
Most of these systems were installed by producers themselves or inexperienced
contractors, some of these contractors are probably not in business currently. It is evident
that more research and extension education program are necessary. Individual owners
will be contacted for further evaluation.

Acknowledgement: The authors acknowledge partial funding support of the USDA-
Ogallala Initiative Program.

Literature Cited:

1. Lamm, F. R., Manges, H. L., Stone, L. R., Khan, A. H., & Rogers, D. H.
(1995). Water requirement of subsurface drip-irrigated corn in northwest
Kansas. Transactions of the ASAE. 38 (2): 441-448. ASAE, St. Joseph, MI
49085.

2. O’Brien, D., Rogers, D. H., Lamm, F. R., & Clark, G. A. (1998). An
economic comparison of subsurface drip and center pivot sprinkler irrigation
systems. Applied Engineering in Agriculture. 14 (4): 391-398. ASAE, St.
Joseph, MI 49085.

Appendix A

Subsurface Drip Irrigation (SDI) Field Survey
The individual information collected will be kept confidential. The compiled information
is for Kansas State University Research and Extension educational purposes only.

County

1. Do you have a buried subsurface drip irrigation (SDI) system?  Yes.
No. Please return survey even if you do not have an SDI system.

2. Number of acres in SDI. Number of total irrigated

acres.

3. Year of installation of oldest system.

4. TIs the oldest system in use? Yes No

5. Who installed your SDI system? Self-installed Contractor
Both

6. Name of the contractor
7. If the contractor designed or installed your SDI system:
a. Did you receive an “as-built” drawing or diagram of your system?

Yes. No.
b. Did you receive an operational and maintenance instructions or procedures
for your SDI system? Yes. No.




8. Crops grown with SDI: corn soybeans cotton
other , please list.

9. Please indicate your level of satisfaction with the system performance in a scale
of 1 to 5; where 1 indicates as very satisfied and 5 being unsatisfied.
Please circle anumber: 1 2 3 4 5

10. Are you planning to expand SDI acreage? Yes. No.

11. What are your concerns about the system (such as filtration, clogging of drip
lines, rodent damage, etc.)? Please list and comment.

12. What are information needs that Kansas State Research and Extension might be
able to
address?

If you would like to participate in an evaluation of your system (provided funding is
available from the university) please indicate so by signing below.

If the system is operated by someone else on your behalf, please provide the name and
address of that person below.
Name: Phone Number:

Address:

City, State and ZIP

Thank you for your time and input. The survey is complete. Please return using the
envelope provided. If you have any questions about this survey, please contact Dan
Rogers at 785-532-5813 or drogers@ksu.edu. Or Mahbub Alam at 620-275-9164 or
malam@ksu.edu SDI survey 2005-100a.




Tapered Lateral Design for Subsurface Drip Irrigation '

Gary Clark?, Nikki Dudley, Marsha Roberts, and Danny Rogers
Kansas State University

Abstract

A stepwise tapered lateral design was evaluated for drip tape laterals that are used in High Plains
subsurface drip irrigation systems. Spreadsheet models were developed to simulation drip
irrigation lateral hydraulics to determine flow requirements, emission uniformity, and chemical
travel times for tapered and non-tapered laterals. Models were run for a straight 11/8-inch lateral,
a 11/8-inch to 7/8-inch tapered lateral, and a 11/8-inch to 9/8-inch tapered lateral. Each of these
lateral combinations were simulated for nominal flow rates of 0.20, 0.25, and 0.25 gpm/100ft, and
slopes of 0%, -0.5%, and —1.0.

Tapered laterals reduced the travel time of injected chemicals and reduced required flow rates
during the flushing process. The 11/8-inch to 7/8-inch combination was generally not desirable due
to low emission uniformities. However, the 11/8 to 9/8-inch combination was acceptable for most
simulation scenarios. . Reduced fitting costs associated with smaller laterals, also reduced system
costs for the tapered lateral design.

Introduction

Subsurface drip irrigation (SDI) systems are increasing in acceptance and use throughout the Great
Plains. However, these production systems are concentrated with field crops (i.e. corn, soybean,
alfalfa) that need to maintain low production costs. As these SDI systems have evolved, longer
lateral run lengths result in the most economical designs. Because many of the agricultural
production fields were divided into quarter sections and flood irrigated with runs of 2640 ft, larger
diameter drip laterals have been developed to accommodate these long runs by maintaining
acceptable emission uniformities.

System maintenance is essential to ensure longevity and continued performance of the irrigation
system. This generally requires injection of chlorine, acid, and/or other water treatment chemicals
to treat the laterals. In addition liquid fertilizers can be injected to provide essential crop nutrients
on an as needed basis. While some dispersion can occur, these injected chemicals travel with the
water and are thus dependant upon the flow velocity of the water in the lateral and pipe network.
Flow velocities in drip laterals are typically very low, starting at 1 to 2 ft/s at the inlet end and
decreasing to zero at the distal end. Therefore, injected chemicals will move very slowly in the
lower sections of a drip lateral. When lateral diameter is increased, but the emitter spacing and
discharge remain the same, flow velocities are even lower. Some chemical travel time analyses will
not consider the last 10, 20 or 30 feet of the lateral because the water is moving so slow and that
section represents less than1-2% of the lateral length. For example, in a plug flow analysis of a
0.875-inch diameter lateral that is 1320 feet long with an average flow rate of 0.25 gpm/100ft, the

' Contribution No. 06-55-A of the Kansas Agricultural Experiment Station, Manhattan. This project was funded in part
through Regional Project W-1128, “Reducing Barriers to Adoption of Microirrigation”

* Address inquiries to Dr. Gary A. Clark, Professor, Department of Biological and Agricultural Engineering, 129,
Seaton Hall, Kansas State University, Manhattan, KS; gac@ksu.edu.; 785-532-2909.



travel times for injected chemical to get to the end of the lateral and within 10 feet of the end are
103 and 64 minutes, respectively. In a similar analysis for a 1.375-inch diameter lateral that is 2640
feet long, the travel times are 274 and 179 minutes, respectively, while for a 1.375-inch diameter
lateral that is 1320 feet long the times are 241 and 150 minutes. Thus, it can take almost 90 minutes
for chemical to travel the last 10 feet in a 1.375-inch diameter lateral. Therefore, it is evident that
lateral diameter is a significant factor that influences chemical travel times and that the analysis
position is also very important.

Flushing of drip laterals is an essential maintenance practice. In order to properly flush a lateral, it
is recommended to have a minimum flush velocity of 1 ft/s. The required volumetric flow rate
during a flushing cycle will be dependant upon the size of the laterals, the emitter discharge
characteristics, the number of laterals in a flushing zone, and the average lateral pressure during the
flushing cycle. larger diameter laterals require greater volumetric flow rates. For example, a 1 ft/s
flow velocity in a 0.875-inch diameter lateral corresponds to a flow velocity of 1.9 gpm while that
same flow velocity in a 1.375-inch diameter lateral requires 4.6 gpm.

A tapered lateral that steps from a larger diameter lateral to a smaller diameter lateral could improve
chemical travel times and reduce required flush cycle flow rates. However, the appropriate location
of the taper split needs to be analyzed. In addition, the hydraulic performance of the resultant
lateral needs to be assessed for uniformity of emitter discharge. Thus, the objectives of this work
were to design and analyze tapered laterals that use a discrete size change.

Methods and Materials

A spreadsheet model was developed to conduct a hydraulic analysis for a microirrigation lateral.
The model analysis was designed to first determine the optimal taper step position on a
microirrigation lateral based upon minimum flow velocity criteria during a flushing event. The
model analysis was designed to determine normal flow hydraulic characteristics and chemical travel
times using a plug flow analysis.

The lateral model hydraulics were based upon a Bernoulli energy head balance

2 2
v v
hy+—Ltz,=h,+—2+z,+h, 1
1 2g =N 2g 2t hy (H

where h; and h, represent the pressure head (ft) at two positions in the lateral, v, and v; are the flow
velocities (ft/s) at those locations (V2/2g is the velocity head), z; and z, are the elevation heads (ft) at
those locations, and he is the friction head (ft) between locations 1 and 2. This analysis was
conducted between adjacent emitters in a stepwise manner from the last (distal) emitter on a lateral
to the first (inlet) emitter on that lateral. Because the flow velocities in a microirrigation lateral are
low and the differences between flow velocities (and associated velocity heads) are very small, the
velocity head terms were negligible and were removed from Eq. 1.

The friction head, hy, was determined using the Darcy-Weisbach equation
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where L is the length (in.) of the lateral section that is being analyzed (in this case the distance
between emitters), D is the inside diameter (in.) of the lateral, and F¢ is the friction factor. The

friction factor was determined using the following relationship for Reynold’s numbers (Ry) below
2000

Fp=— 3)

The Blasius equation was used for Reynold’s numbers that exceeded 2000

F, =03160(R, %) )

The Reynold’s number was determined from
_ Q
R, = (3214)(B (5)

where Q is the flow rate (gpm) and D is the inside diameter of the lateral (in.). Emitter discharge
was determined using the emitter equation

q.=kp” (6)

where g is the emitter discharge (gph), k is the emitter flow constant, p is the emitter pressure (psi)
and x is the emitter discharge exponent. An emitter discharge exponent of 0.5 was used in all
calculations.

Lateral emission uniformity (EU) and emitter flow variation (qy.r) were used to quantify the
“quality” of a design. Emission uniformity was calculated as:

EU=100{1.0-127-C [9mn 7)
Jn, ) 4.

where C, is the manufacturers coefficient of variation (a value of 0.03 was used in all analyses), n,,
is the number of emitter per plant (1 for these analyses), qmin 1S the minimum emitter discharge on
the lateral, and q, is the average emitter discharge for the lateral. The emitter flow variation (qyar)
was calculated as
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Qmax

where (max 1S the maximum emitter discharge along the lateral and gy is the minimum emitter
discharge along the lateral.

The previously described relationships were programmed into a spreadsheet model (fig. 1). That
model and a companion model were used to determine the optimal location of the split junction
from larger to smaller lateral based upon maintaining a minimum flow velocity of 1 ft/s in all
portions of the lateral during a “flushing” operation. Flushing operation criteria used a distal
pressure of 3 psi with nominal tubing flow rates of 0.20, 0.25, and 0.25 gpm/100 ft (based on a
nominal pressure of 8 psi), and slopes of 0, —0.5%, and —1%. While the “optimal * junction location
varied with the three lateral design flow rates and distal pressure, most were close to the midpoint of
the lateral. Thus, subsequent design runs were conducted using a midpoint junction position.
Flushing operation simulations generated values for inlet pressure, lateral flow rate, and time to
completely flush the lateral.

A BT CEE | I B B b T
1 | Specify | Initial Flow Rate | 189.12388 gph
| 2 |Lateral length 1320 feet Must Be 0 0.000 gph
| 3 |Initial Pressure 12 psi
| 4 |k 0.0379 | Initial P. 12 psi |
| 5 |x 0.5
| 6 |Emitter Spacing 12 in. | Distal P. 2 psi |
| 7 |Slope 0 %
| § |Flush "q” 1.0 gpm
| 9@ |Larger Diameter 0.875 in.
| 10 |Smaller Diameter 0.625 in.
11 [Minimum Flushing Velocity 1 ft's
[12]
13 ]
| 14 Position Emitter D Pres qe qtube vtube Ry F hf 7 h Diameter
15 Feet No. in. psi gph gph ft's ft ft ft Size
545 | 532 532 0.875 g6 0.1 113.4 1.008 5240 0.0351 0.008 0.000 19.76 Larger
543 | 533 533 0.875 g6 0.1 113.2 1.007 5933 0.0351 0.008 0.000 19.75 Larger
550 | 534 534 0.875 8.5 0.1 1131 1.006 G926 0.0351 0.008 0.000 19.74 Larger
651 | G35 G35 0.875 8.5 0.1 113.0 1.005 G219 0.0351 0.008 0.000 1974 Larger
552 | 536 G35 0.875 8.5 0.1 1129 1.004 5213 0.0351 0.008 0.000 19.73 Larger
653 | 537 537 0.875 8.5 0.1 112.8 1.003 G205 0.0351 0.008 0.000 1972 Larger
554 | 535 535 0.875 8.5 0.1 127 1.002 staisie] 0.0351 0.008 0.000 19.71 Larger
655 | 535 539 0.875 8.5 0.1 1126 1.001 staize] 0.0351 0.007 0.000 19.71 Larger
656 | 540 540 0.875 8.5 0.1 125 1.000 G855 0.0351 0.007 0.000 12.70 Larger
657 | 641 541 0.875 8.5 0.1 112.4 0.999 5879 0.0351 0.007 0.000 1969 Larger
655 | 642 8.5 w 1.957 9621 0.0323 0.037 [ 000 iimm® Smaller
553 | 543 8.5 " 1121 1.958 == p=perote] 0.0a7 0.000 1965  Smaller
660 | 644 0. K —— 1 1.953 9602 0.0323 0.037 0.000 1961 Smaller
661 | 545 545 a. Veloclty 111.9 1.951 2552 0.0323 0.037 0.000 1957 Smaller
662 645 645 a. 111.8 1.245 25583 0.0323 0.037 0.000 1954 Smaller
E= 547 547 0. Change 11.7 1.947 2573 0.0324 0.037 0.000 1950 Smaller
== | LAS =y, =] inl o e s = 1 QA0 QecA 00274 0027 0 000 10 AC Snallor

Figure 1. Display of the “Split” spreadsheet that was used to determine the split junction between
larger and smaller diameter laterals.

Simulations were next conducted on those laterals for “normal” operation. Under the normal
operation simulations, the inlet pressure was set at 10 psi for each of the design lateral flow rates
and lateral slopes. These simulation runs provided data on distal pressure, actual lateral flow rate



(qiat), emission uniformity (EU), emitter flow variation (qy,r), and time for an injected chemical to
travel to the end of the tube (Timeenq) and to 10 ft from the end of the tube (Timeeng.10). Both
models were run for a straight 11/8-inch lateral, a 11/8-inch to 7/8-inch tapered lateral, and a 11/8-
inch to 9/8-inch tapered lateral.

Results

Example emitter discharge profiles on a level (05) slope for all three lateral combinations are shown
in fig. 2. The 11/8 to 7/8 combination has a more substantial emitter discharge variation due to
friction losses than the 11/8 to 9/8 combination. The 11/8 to 7/8 combination would not be
acceptable for a zero slope condition.
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Figure 2. Emitter discharge along the length of a 2,640-ft-long lateral under normal operating
conditions for a standard 1.375-in. lateral, a tapered 1.375 — 1.125-in. lateral, and a 1.375 - 0.875-in.
lateral.

Summary tables of the hydraulic performance of all lateral and nominal flow combinations are
shown in tables 1, 2, and 3. The non-tapered 11/8-inch lateral with a nominal flow of 0.20 gpm/100
ft (tab. 1a) resulted in distal pressures of 7.8, 12.8, and 17.8 psi for slopes of 0, -0.5%, and —1%,
respectively. Associated emission uniformities were 93, 92, and 84%. Thus the steeper slope
reduced the performance level of the lateral. Travel times to the end of the lateral ranged from 223
to 330 minutes while travel times to a position 10 feet upstream from the lateral ranged from 147 to
215 minutes. It is probably more realistic to use the Timeeng.10 data which substantially reduces the
travel time. However, the travel times can average 3 hours or more. Similar results exist for the
other nominal flowrates of 0.25 and 0.30 gpm/100 ft (tab. 1b and 1c).
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Tapering of the laterals from 11/8-inch to 7/8-inch (tables 2a, 2b, and 2¢) and from 11/8-inch to 9/8-
inch (tables 3a, 3b, and 3c) reduced both distal pressures and travel times for injected chemicals. In
general the 11/8 to 7/8 inch combination was not desirable due to low (<90) emission uniformities.
However, the 11/8 to 9/8 inch combination had acceptable (>90) or near acceptable emission
uniformities for most nominal flow rates and slopes. This lateral combination reduced the end-10
chemical travel time (Timeeng-10) times by 40 to 60 minutes for the 0.20 gpm/100 ft laterals. This
situation can enhance the discharge and application uniformity of injected chemicals. This tapered
lateral combination also reduced the required flowrate during flushing by 1.0 to over 1.5 gpm per
lateral while maintaining similar lateral inlet pressures during the flushing operation. The times to
purge the lateral during flushing were minimally increased. These are desirable design and
operational conditions.

Summary and Conclusions

Spreadsheet models were developed to simulation drip irrigation lateral hydraulics to determine
flow requirements, emission uniformity, and chemical travel times for tapered and non-tapered
laterals. Models were run for a straight 11/8-inch lateral, a 11/8-inch to 7/8-inch tapered lateral, and
a 11/8-inch to 9/8-inch tapered lateral. Each of these lateral combinations were simulated for
nominal flow rates of 0.20, 0.25, and 0.25 gpm/100ft, and slopes of 0%, -0.5%, and —1.0%.

Tapered laterals reduced the travel time of injected chemicals and reduced required flow rates
during the flushing process. The 11/8-inch to 7/8-inch combination was generally not desirable due
to low emission uniformities. However, the 11/8 to 9/8-inch combination was acceptable for most
simulation scenarios.
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Table 1. Normal and flushing operation data for an 11/8-inch diameter, 2,640 ft lateral at nominal
flowrates of (a) 0.20, (b) 0.25, and (c) 0.30 gpm/100 ft.

a. 11/8-inch --- 0.20 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 7.8 12.8 17.8
qlat gpm 5.40 6.11 6.73
EU % 93 92 84
qvar % 12 12 25
Timeenq min 330 261 223
Timeend-10 min 215 172 147
Flushing Inlet P psi 12.6 5.8 3.6
qlat gpm 9.41 8.20 9.27
Time min 32 33 27
b. 11/8-inch --- 0.25 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 7.0 11.7 16.4
qlat gpm 6.48 7.35 8.08
EU % 91 93 87
qvar % 17 11 22
Timeeng min 279 219 186
Timeend-10 min 182 144 123
Flushing Inlet P psi 14.2 7.0 3.1
Jlat gpm 10.77 9.28 9.33
Time min 30 31 27
c. 11/8-inch --- 0.30 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 6.2 10.6 15.1
Qlat gpm 7.46 8.45 9.32
EU % 90 93 89
qvar % 22 11 21
Timeenq min 247 192 162
Timeend-10 min 161 126 107
Flushing Inlet P psi 16.0 8.3 3.5
Qlat gpm 12.21 10.44 9.80
Time min 28 30 27
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Table 2. Normal and flushing operation data for a tapered 11/8-inch to 7/8-inch diameter, 2,640 ft
lateral at nominal flowrates of (a) 0.20, (b) 0.25, and (c) 0.30 gpm/100 ft.

a. 11/8 -7/8 inch --- 0.20 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 6.0 10.2 14.4
Qlat gpm 5.19 5.85 6.45
EU % 85 93 88
qvar % 23 7 17
Timeenq min 168 133 113
Timeend-10 min 115 92 79
Flushing Inlet P psi 16.5 9.4 3.9
qlat gpm 7.75 6.76 6.04
Time min 33 35 35
b. 11/8 -7/8 inch --- 0.25 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 4.9 8.5 12.3
qlat gpm 6.18 6.95 7.65
EU % 80 90 93
qvar % 31 12 10
Timeenq min 148 116 98
Timeend-10 min 101 80 68
Flushing Inlet P psi 19.9 12.4 4.6
qlat gpm 9.68 8.47 6.90
Time min 29 30 33
c. 11/8 -7/8 inch --- 0.30 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 3.9 7.1 10.4
qlat gpm 7.04 7.94 8.72
EU % 75 86 90
qvar % 38 20 13
Timeenq min 138 105 88
Timecnd-10 min 94 73 61
Flushing Inlet P psi 24.0 159 7.5
lat gpm 11.83 10.40 8.61
Time min 25 27 30
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Table 3. Normal and flushing operation data for a tapered 11/8-inch to 9/8-inch diameter, 2,640 ft
lateral at nominal flowrates of (a) 0.20, (b) 0.25, and (c) 0.30 gpm/100 ft.

a. 11/8 -9/8 inch --- 0.20 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 7.3 12.1 17.0
Qlat gpm 5.33 6.04 6.66
EU % 91 93 85
qvar % 14 10 23
Timeenq min 237 187 160
Timeend-10 min 158 126 108
Flushing Inlet P psi 12.7 59 3.0
qlat gpm 8.16 7.02 7.42
Time min 33 35 30
b. 11/8 -9/8 inch --- 0.25 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 6.4 10.9 15.4
qlat gpm 6.41 7.24 8.00
EU % 89 94 89
qvar % 20 8 19
Timeenq min 202 158 134
Timeend-10 min 134 106 91
Flushing Inlet P psi 14.6 7.4 3.7
qlat gpm 9.66 8.26 8.22
Time min 30 32 29
c. 11/8 -9/8 inch --- 0.30 gpm/100ft Slopes (%)
Operation Parameter Unit 0% -0.50% -1.00%
Normal Distal P psi 5.5 9.7 13.8
qlat gpm 7.34 8.32 9.15
EU % 86 94 91
qvar % 26 9 17
Timeenq min 181 140 118
Timecnd-10 min 120 94 80
Flushing Inlet P psi 16.8 9.2 3.7
lat gpm 11.26 9.62 8.61
Time min 28 30 29
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Cotton production with SDI, LEPA, and spray irrigation
in a thermally-limited climate'

Paul D. Colaizzi, Steven R. Evett, and Terry A. Howell’
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Bushland, Texas 79012-0010

Abstract

Producers in the Northern Texas Panhandle and Southwestern Kansas are considering
cotton as an alternative crop to corn because cotton has a similar profit potential for about one-
half the irrigation requirement. However, limited growing degree days pose some risk for cotton
production. We hypothesized that cotton under subsurface drip irrigation (SDI) would undergo
less evaporative cooling following an irrigation event compared with low energy precision
applicators (LEPA) or spray irrigation and, therefore, would increase growing degree day
accumulation and lead to earlier maturation. Cotton maturity was more related to irrigation rate
than irrigation method, with dryland and minimal irrigation rates reaching maturity earliest.
However, fiber quality, as indicated by total discount, was usually better with SDI. Lint yield and
water use efficiency were greatest with SDI at low irrigation rates in 2003, and lint yield and
gross returns were greatest with SDI regardless of irrigation rate in 2004.

Introduction

The Southern High Plains of Texas, centered at approximately Lubbock, is one of the
major cotton-producing areas in the United States, contributing approximately 10-20 percent of
the average 20 million bales of upland cotton produced in the nation (USDA-NASS, 2005; TDA-
TASS, 2005). In recent years, cotton production has expanded northward toward the Northern
Texas Panhandle and Southwestern Kansas as an alternative to corn because cotton has only one-
half the irrigation requirement but has a similar revenue potential as corn (Howell et al., 1997;
2004). The primary limitation to cotton production where corn has traditionally been produced is
the lack of growing degree days (heat units) (Peng et al., 1989; Morrow and Krieg, 1990) and the
lack of an industry infrastructure (gins, custom harvesters, etc.). The other main limitation is of
course water, specifically the declining availability of irrigation water from the Ogallala aquifer,
insufficient and sporadic in-season rainfall, and high evaporative demand. Despite these
limitations, Howell et al. (2004) showed that cotton production in this area is feasible, with lint
yields and water use efficiencies comparable to those in more ideal climates (Zwart and
Bastiaanssen, 2004).

! Contribution from the USDA-ARS, Southern Plains Area, Conservation and Production Research Laboratory,
Bushland, TX.

? Agricultural Engineer, Soil Scientist, and Research Leader (Agric. Engr.), respectively. e-mail:
pcolaizzi@cprl.ars.usda.gov.
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Pressurized irrigation systems such as mechanically moved and microirrigation can
enhance cotton lint yield and water use efficiency compared to furrow (gravity) irrigation or
dryland regimes, provided the pressurized system is properly designed and managed.
Mechanically moved systems have numerous variants of applicator packages, with the more
common configurations being mid- and low-elevation spray application (MESA and LESA,
respectively) and LEPA (Low Energy Precision Applicator; Lyle and Bordovsky, 1983;
Bordovsky et al., 1992). Microirrigation, usually in the form of subsurface drip irrigation (SDI),
has been widely adopted by commercial cotton producers throughout the South Plains and Trans
Pecos regions of Texas beginning in the early 1980s (Henggeler, 1995; 1997; Enciso et al., 2003;
2005). Although SDI has significantly greater initial costs than spray or LEPA systems (O’Brien
et al., 1998; Segarra et al., 1999), it has been documented to slightly outperform LEPA and spray
in terms of lint yield, lint quality (as reflected by loan prices), and water use efficiency (Segarra
et al., 1999; Bordovsky and Porter, 2003). Similar trends have been reported for surface drip
where laterals were placed in alternate furrows (Yazar et al., 2002) and each planted row (Cetin
and Bilgel, 2002). Nonetheless, Segarra et al. (1999), analyzing four years of continuous
monoculture cotton data at Halfway, Texas, concluded that SDI may not always provide
economic returns as large as LEPA does; but this largely depended on system life, installation
costs, pumping lift requirements, and hail damage that commonly occurs in West Texas. Also,
Howell et al. (1987) found no differences in lint yield of narrow row (0.5 m) cotton between
surface drip and furrow irrigation systems that were designed and managed to minimize soil
water deficits, although soil water evaporative losses were less for surface drip.

There is a general perception by some cotton producers that SDI enhances seedling
emergence and plant maturity due to reduced evaporative cooling compared to LEPA or spray,
which is a critical consideration in a thermally limited environment and is seldom considered in
economic analyses. There is, however, limited data in direct support of this view. Next to air
temperature, soil water depletion in the root zone appears most responsible for inducing earliness
for cotton (Guinn et al., 1981; Mateos et al., 1991; Orgaz et al., 1992) as well as for other crops
(Wang, 1960; Idso et al., 1978). Nonetheless, a few studies may indirectly support the premise
that SDI can enhance cotton maturity. Wang et al. (2000) reported that mean soil temperatures
were 4.4 °C greater for plots irrigated with surface drip laterals than stationary rotating
sprinklers, and they observed greater emergence rates and seedling development of soybeans.
They noted, however, that their results may have been influenced by the solar heating of water as
it passed through the black plastic drip laterals rather than the greater evaporating surface area of
the sprinkler plots. Tolk et al. (1995) showed that corn transpiration rates, canopy temperature,
and vapor pressure deficits were significantly reduced for several hours following irrigation by
overhead impact sprinklers, but not greatly changed following irrigation by LEPA in alternate
furrows. The reduced evaporative cooling thought to be associated with SDI, on the other hand,
may be countered by the greater cooling effect of increased irrigation frequency (Wanjura et al.,
1996). Constable and Hodgson (1990) reported that cotton under SDI matured several days later
than cotton under furrow irrigation.

The objectives of this study are to evaluate cotton yield, fiber quality, and maturity rates
for spray, LEPA, and SDI under full and deficit irrigation in the Northern Texas Panhandle,
which is a marginal climate for cotton production. This paper presents the results of the 2003 and
2004 growing seasons.
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Procedure

An experiment was conducted during the 2003 and 2004 growing seasons using MESA,
LESA, LEPA, and SDI to irrigate cotton at the USDA Conservation and Production Research
Laboratory in Bushland, Texas (35° 11’ N lat., 102° 06" W long., 1070 m elevation MSL). The
climate is semi-arid with a high evaporative demand of about 2,600 mm per year (Class A pan
evaporation) and low precipitation averaging 470 mm per year. Most of the evaporative demand
and precipitation occur during the growing season (May to October) and average 1,550 mm and
320 mm, respectively. Cumulative growing degree days (heat units) for cotton average 1,050 °C-
days during the growing season (mean daily air temperature minus base temperature of 15.6 °C);
however, Peng et al. (1989) state that about 1,450°C is required for full maturity cotton in the
region to our south centered around Lubbock, TX. The climate is also characterized by strong
regional advection from the south and southwest, with average daily wind runs at 2 m height
exceeding 460 km, especially during the early part of the growing season. The soil is a Pullman
clay loam (fine, superactive, mixed, thermic torrertic Paleustoll; USDA-NRCS, 2005), with slow
permeability due to a dense B21t layer that is 0.15- to 0.40-m below the surface. A calcic horizon
begins about 1.2 m below the surface.

Agronomic practices were similar to those practiced for high lint yield in the High Plains
region of Texas (Table 1). Cotton (Gossypium hirsutum L., Paymaster® 2280 BG RR) was
planted on 21 May 2003, and disked and replanted on 10 June 2003 (following severe hail
damage to seedlings) at 17.3 plants m™, on east-west oriented raised beds spaced 0.76 m. The
same variety was planted on 20 May 2004 at 19.0 plants m™. In 2004 only, this variety was also
planted in an adjacent, non-irrigated field at 12.5 plants m™, where every third row was not
planted (known regionally as "skip row" planting). Furrow dikes were installed in the irrigated
field after crop establishment both years to control runoff (Schneider and Howell, 2000). In
2003, preplant fertilizer containing nitrogen (N) and phosphorous (P) (10-34-0) was incorporated
into the raised beds, at rates resulting in 31 and 107 kg ha™ of N and P, respectively, which were
based on a soil fertility analysis. In 2004, similar rates of preplant fertilizer were applied (34 and
114 kg ha™' of N and P, respectively). Additional N (32-0-0) was injected into the irrigation water
from first square to early bloom, resulting in a total N application of 48 and 50 kg ha™ in 2003
and 2004, respectively, for the full irrigation treatment. Deficit irrigation treatments received
proportionately less N in irrigation water. Treflan was applied at one time before planting at 2.3
L ha' to control broadleaf weeds in both seasons. No other in-season or post-harvest chemical
inputs were required in either year.

The experimental design consisted of four irrigation methods (MESA, LESA, LEPA,
SDI, described in more detail shortly), and five irrigation rates (Io, I»s, Iso, I75, and I;99). The I;¢o
rate was sufficient to prevent yield-limiting soil water deficits from developing, and the
subscripts are the percentage of irrigation applied relative to the full (I;¢o) irrigation rate. The ;oo
rate was based on soil water measurements with neutron scattering to 2.4-m depth. Early in the
season, irrigation water was applied when soil water measurements indicated a deficit of 25 mm

The mention of trade or manufacturer names is made for information only and does not imply an endorsement,
recommendation, or exclusion by USDA-Agricultural Research Service.
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below field capacity in the ;o9 treatment. From first square to termination of irrigations, the
appropriate irrigation amount was applied on a weekly basis. The different irrigation rates were
used to estimate production functions, and to simulate the range of irrigation capacities one
might encounter in the region. The I, rate received sufficient irrigation for emergence only and to
settle and firm the furrow dikes and represents dryland production. In 2004, the adjacent non-
irrigated field ("skip row," designated I5;) was actually a true dryland treatment; however,
available resources limited soil water and plant measurements to the irrigated field (Iy through
L1090 treatments) so that only final lint yield and fiber quality were obtained for the I treatment.
The statistical design was a variant of the split-block design (Little and Hills, 1978), where
irrigation methods were in the direction of travel of a three-span lateral move system, and
irrigation rates were perpendicular to the direction of travel. This sacrificed the power of
comparing different irrigation rates, but was necessary to facilitate operation of the lateral-move
system using applicators common in the Southern High Plains. Each span of the linear move
system constituted a complete block (i.e., replicated three times), and irrigation methods were
randomized within each block. Plots were 25 m long by 9 m wide with 12 rows each, and 5 m
planted borders separated irrigation rate strips.

Spray and LEPA irrigations were applied with a hose-fed Valmont (Valmont Irrigation,
Valley, NE) Model 6000 lateral move irrigation system. Drop hoses were located over every
other furrow at 1.52-m spacing. Applicators were manufactured by Senninger (Senninger
Irrigation Inc., Orlando, FL) and were equipped with 69-kPa pressure regulators and #17 plastic
nozzles, giving a flow rate of 0.41 L s”'. The MESA and LESA spray heads were positioned 1.5
and 0.3 m above the furrow, respectively. A double-ended drag sock (A. E. Quest and Sons,
Lubbock, TX) was used with LEPA. The SDI consisted of Netafim (Netafim USA, Fresno, CA)
Typhoon dripline that was shank injected in 1999 under alternate furrows at 0.3 m depth below
the surface (before bedding). Irrigation treatment levels were controlled by varying the speed of
the lateral-move system for the spray and LEPA methods, and by different emitter flow and
spacing for the SDI method. All treatments were irrigated uniformly with MESA at the I, level
until furrow dikes were installed to ensure crop establishment.

Soil water was measured gravimetrically near the center of each plot prior to planting and
just after harvest to 1.8-m depth in 0.3-m increments, oven dried, and converted to volumetric
contents using known soil bulk densities by profile layer. During the season, soil water was
measured volumetrically near the center of each plot on a weekly basis by neutron attenuation to
2.4-m depth in 0.2-m increments according to procedures described in Evett and Steiner (1995)
and Evett et al. (2003). The gravimetric samples were used to compute seasonal water use
(irrigation + rainfall + change in soil water), and the neutron measurements were used to verify
that irrigation was sufficient so that no water deficits developed in the ;o treatment.

Plants were mapped both seasons in all plots on a weekly basis beginning with 1% square,
which included data on height, width, nodes, and number and position of fruit forms. Hand
samples of bolls were collected from each plot on 19 Nov 2003 and 14 Dec 2004 from a 10 m*
area that was sequestered from other activity during the season. Samples were weighed, ginned,
and analyzed for micronaire, strength, color grade, and uniformity at the International Textile
Center, Lubbock, Texas. Seed cotton was harvested following hand sampling with a commercial
cotton stripper, and stalks were shredded and rotary-tilled into the beds.
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Lint yield, seasonal water use (estimated from total irrigation + in season rainfall +
change in soil water content to the 1.8-m depth), micronaire, strength, uniformity, water use
efficiency (WUE), and irrigation water use efficiency (IWUE), total discount, and total return
were tested for differences for each irrigation method using the SAS mixed model (PROC
MIXED, Littell et al., 1996). In PROC MIXED, fixed and random effects are specified
separately. Random effects were block replicates, block by irrigation rate, and block by irrigation
method, and the fixed effect was irrigation method. Differences of fixed effects were tested using
least square means (o < 0.05) within each irrigation rate. Here, WUE was defined as the ratio of
economic yield (i.e., lint yield, LY) to seasonal water use (WU) or WUE = LY WU™'. Seasonal
water use includes evapotranspiration, deep percolation (if any), and runoff minus run on (if
any). IWUE was defined as the increase in irrigated yield (Y;) over dryland yield (Yq) due to
irrigation (IR), or IWUE = (Y; — Yq) IR (Bos, 1980). Further details of experimental design,
procedures, and equipment can be found in Colaizzi et al. (2004).

Results and Discussion

Rainfall, Irrigation, and Growing Degree Days

The 2003 and 2004 growing seasons contrasted in that 2003 had below average rainfall
and above-average air temperatures (Figure 1) and vice-versa for 2004 (Figure 2). In 2003, in-
season rainfall was near the 66-year average until around 30 June, which allowed in-season
irrigations to be delayed until 8 July as there was sufficient water stored in the soil profile
(Figure 1a). No significant rainfall occurred again until 29 August, and the last irrigation was on
20 August. Irrigations plus rainfall (since planting only; does not include preplant irrigation) for
the 1,9 treatment tracked crop water use (measured by gravimetric samples and neutron
scattering in the 1.8-m profile, I;oy treatment average) fairly well until irrigations were
terminated just after maximum bloom, indicating irrigation timing and amounts were
appropriate. Additional water for consumptive use after 20 August was provided by water stored
in the soil profile.

Cumulative growing degree days (15.6 °C base temperature; Fry, 1983; Peng et al., 1989)
from replanting (10 June) to harvest (21 November) in 2003 totaled 1076 °C-days (Figure 1b).
This was above the 17-year average of 893 °C-days for this period, and record high air
temperatures from 16 September to 23 October were no doubt fortuitous in compensating for a
late start following replanting due to hail damage. The first open boll in the 1oy treatment was
not observed until 22 September (900 °C-days), but nearly all bolls were open by 20 October,
and the first frost occurred on 26 October. Additional frost events defoliated all remaining
vegetative matter so that chemical defoliant was not required by harvest (21 November).

In 2004, in-season rainfall was unusually frequent but remained slightly below the 66-
year average until late September, after which precipitation was above average for the remainder
of the year (Figure 2a). Precipitation frequency continued to be unusually high for the remainder
of the season, and the crop could not be harvested until 14 December. Numerous freeze events
beginning 14 Oct (including 36 cm of snow on 2 Nov) defoliated all vegetative material and
hastened boll opening by harvest so that no chemical defoliant was required. The period up to the
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first neutron scattering measurement (23 June) indicated only 5 mm of water use on average for
the I, irrigation rate (Figure 2a). This was unlikely because there were two 25-mm irrigation
events and numerous rainfall events (totaling 38 mm). Furthermore, evaporation from bare soil
plus a very small amount of transpiration from young plants was estimated at 53 mm using the
Food and Agriculture Organization Paper No. 56 (FAO 56) dual crop coefficient approach (Allen
et al., 1998). It is possible that unaccounted water entered the soil profile control volume from
field run-on following a series of rainfall events 3-6 June that totaled 21 mm before the furrow
dikes were installed (16 June).

Cumulative growing degree days for 2004 were near the 17-year average from planting
(20 May) until around 9 August, and below average thereafter, only reaching 865 °C-days by
harvest (Figure 2b). This is considerably below the 17-year average of 1000 °C-days for the
same period. Cumulative growing degree days for both the 2003 and 2004 seasons were
considerably less than the 1450 °C-days thought to be required for full maturity cotton in the
Southern High Plains (Peng et al., 1989). The 2003 season (1076 °C-days) was slightly less than
that reported by Howell et al. (2004) for the 2000 and 2001 cotton seasons at our location, and
was at the minimal range of growing degree days reported by Wanjura et al. (2002) for 12 years
of data at Lubbock, TX. The 2004 season (865 °C-days) represents the least amount of growing
degrees documented for full maturity cotton that we are aware of.

Crop Response to Irrigation Methods and Rates

No differences in maturity rates (open harvestable bolls) were noted for any irrigation
method (MESA, LESA, LEPA, or SDI) in both the 2003 and 2004 seasons. Differences in
maturity rates appeared to vary primarily with irrigation rates, beginning with I and I, which
had the greatest soil water depletion, and proceeding through each subsequent level, in
agreement with Guinn et al. (1981), Mateos et al. (1991), and Orgaz et al. (1992).

Crop response in terms of lint yield, seasonal water use, water use efficiency (WUE),
irrigation water use efficiency (IWUE), fiber quality parameters, discount or premium, and gross
return were evaluated for irrigation rates and methods for 2003 (Table 2) and 2004 (Table 3). In
2003, crop response with SDI was most favorable at the I,s and Is irrigation rates, followed by
LEPA. At I75, LEPA outperformed the other methods, and at 1,09, MESA performed best. For a
given irrigation rate, seasonal water use was greatest for SDI at I,5s and I7s, nearly the same as
LEPA at I, but smallest at I;o9. Total discount or premium reflects fiber quality from a base
loan value of $1.1352 kg™, and SDI had the highest premiums at all irrigation rates except for
L0, which suggests SDI generally results in higher fiber quality. This is an important
consideration given the greater emphasis placed on fiber quality by the textile industry in recent
years. Fully irrigated MESA (I,00) had the highest lint yield (1,229 kg ha™"), premium ($0.0950
kg™), and gross return ($1,515.96 ha™") of all treatments in this study, but these were not always
significantly greater than other irrigation methods at I,0o. Most parameter differences within a
given irrigation rate were not significant, including seasonal water use, and crop response varied
more by irrigation rate than method. Among irrigation methods, I;o resulted in the greatest
values of lint yield, seasonal water use, WUE, premium, and gross return. However, 175 resulted
in the greatest IWUE and most optimal fiber quality parameters (except fiber length). Note that
WUE at sy and I,p were more than doubled and almost quadrupled, respectively, over Ij.
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Similar trends were observed with grain sorghum yield in a previous study using the same
experimental design (Colaizzi et al., 2004).

The cooler and wetter conditions of 2004 (Table 3) resulted in less seasonal water use,
IWUE, micronaire, fiber strength, and greater discounts compared to 2003 (Table 2). Micronaire
values were especially poor (the greatest was only 3.37 for I), and all treatments resulted in
discounts below the base loan value. The greater precipitation also reduced the response to
irrigation rates for lint yield, seasonal water use, WUE, IWUE, and gross return. Nonetheless,
crop response parameters, including fiber quality, were significantly greater with SDI at all
irrigation rates except for I»s, as well as among irrigation rates. Fiber quality, however, was best
for the skip row treatment (I;), which reflects true dryland cotton production in the region, and
I had the smallest loan value discount (-$0.0422 kg™) of all treatments in 2004, and the second
highest gross return ($649.25 kg™). From a commercial production standpoint, net returns would
have been greatest for I, in 2004 because there were no costs associated with irrigation, but
probably negative in 2003 because drought conditions would have resulted in near nonexistent
lint yield.

The 2003 and 2004 lint yield, seasonal water use, and WUE were within the range of
values reported by Howell et al. (2004) for the 2000 and 2001 cotton seasons under MESA
irrigation at our location, and 2003 lint yields were almost as high as those reported by Wanjura
et al. (2002) for their 1992 season, which only had 1092 °C-days. They found that lint yield was
more correlated to growing degree days than irrigation applied over their 12 years of data.

Production Functions and Water Use Efficiency

The relationships between lint yield and seasonal water use were significant (P <0.001)
following linear regression for each year (Figure 3). These relationships were not significantly
different from those for individual irrigation methods, not surprising since lint yield showed
greater variability with irrigation levels than for irrigation methods (Tables 2 and 3). The
different responses should be expected for different years due to interactions between seasonal
water use, growing degree days, and other environmental factors (Wanjura et al., 2002; Howell
et al., 2004). The X-axis intercept was significantly different from zero in 2003 (P < 0.001) but
not in 2004 (P = 0.234). In 2003, 400 mm of water was required for minimum lint yield, which
was double reported by Howell et al. (2004) for the 2000 and 2001 seasons at our location.
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Conclusion

Cotton maturity was influenced by soil water depletion (reflected by irrigation rate) rather
than irrigation method. Fiber quality was usually better with SDI in both years, which is
becoming increasingly important in the global market. For a given irrigation rate, seasonal water
use differences were not always significant or consistent between irrigation methods, with
seasonal water use sometimes being greater with SDI, possibly due to enhanced plant vigor. In
2003, SDI outperformed (either numerically or significantly) other irrigation methods at low
irrigation rates (Is and Isg). However, MESA and LESA outperformed both LEPA and SDI at
the 1,9 rate, but only on a numerical basis. At the 175 rate, LEPA numerically outperformed SDI,
and SDI numerically outperformed MESA and LESA. In 2004, SDI outperformed (often
significantly) all other methods at the Is, I;s, and I, rates, as well as among irrigation rates. In
both years, significant (but different) relationships were observed between lint yield and seasonal
water use.

In order to further investigate crop response to irrigation methods, this study has been
expanded to include detailed studies of near-surface soil temperature and volumetric moisture
content, where arrays of permanent thermocouple and time-domain reflectometry (TDR) probes
were installed in the raised beds beginning with the 2005 season. Large hail on 10-11 June 2005
destroyed the third cotton crop, and the field was replanted in soybeans, but it appears we have
obtained quality soil temperature and moisture data for several irrigation events. Plans are to
plant cotton again in 2006.
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Table 1. Agronomic and irrigation data for 2003 and 2004.

Variable 2003 2004

Fertilizer applied 31 kg ha preplant N 34 kg ha' preplant N
107 kg ha™ preplant P 114 kg ha preplant P
48 kgha” irr N (I;po) ™ 50 kg ha™ irr N (I;0) !

Herbicide applied 2.3 L ha” Treflan 2.3 L ha Treflan

Insecticide applied
Gravimetric soil water samples

Cotton variety

Plant density

Planting date

Harvest date

Iy preplant irrigation

L5 preplant irrigation

Iso preplant irrigation

I;5 preplant irrigation
I100 preplant irrigation
Irrigations to set furrow dikes
First treatment irrigation
Last irrigation

Iy in-season irrigation
I,5 in-season irrigation
I5o in-season irrigation
I;5 in-season irrigation
I,00 in-season irrigation
Precipitation

NONE
20-May
24-Nov
Paymaster 2280 BG, RR
17 plants m™
10-Jun ™
21-Nov
200 mm
200 mm
175 mm
125 mm
100 mm
9-Jul
21-Jul
20-Aug
25 mm

71 mm
117 mm
165 mm
211 mm
230 mm ™!

NONE
17-May
20-Dec
Paymaster 2280 BG, RR
19 plants m™
20-May
14-Dec
25 mm
25 mm
25 mm
25 mm
25 mm
18-Jun
14-Jul
8-Aug
50 mm
72 mm
94 mm
115 mm
137 mm
495 mm

1T iquid urea 32-0-0 injected into irrigation water; deficit irrigation treatments received proportionately less.
*] The first planting on 21 May sustained severe hail damage on 3 June.
[ Includes all rainfall between gravimetric sampling; 167 mm occurred between replant and harvest.
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Table 2. 2003 season yield, water use, fiber quality, and return parameters as affected by irrigation levels and methods. Numbers followed by the same letter are
not significantly different (o < 0.05).

Seasonal Total
Lint Water Fiber Fiber Fiber Discount or Gross
Irrigation Irrigation Yield Use WUE IWUE  Micronaire  strength length  Uniformity Premium !’ Return
Rate 1) Method (kg ha™) (mm) (kgm¥) (kgm?) value (g tex™) (mm) (%) ($ kgh ($ ha)
s (71 mm) MESA 213b 477b 0.045b 0.024c 5.20a 28.4b 0.75b 78.9b $-0.1646b  $208.19b
LESA 288ab 495ab 0.058b  0.130bc 5.13a 29.4ab 0.79a 80.2ab $-0.1386b  $288.55ab
LEPA 362ab 494ab 0.072ab  0.234ab 4.50b 30.1a 0.79a 80.4a $-0.0810a  $379.56ab
SDI 491a 530a 0.092a 0.416a 4.70b 29.9a 0.80a 80.9a $-0.0396a  $540.88a
Iso (117 mm) MESA 536b 604ab 0.089b 0.288b 5.07a 30.2ab 0.83ab 81.3a $-0.0810b  $567.16b
LESA 575b 582b 0.098b 0.321b 5.07a 29.2b 0.81b 81.2a $-0.1111b  $591.89b
LEPA 685ab 629a 0.109ab  0.415ab 4.77ab 31.3a 0.84ab 81.8a $0.0150a  $797.32ab
SDI 844a 627a 0.135a 0.549a 4.40b 30.3ab 0.85a 82.2a $0.0587a  $1010.08a
I75 (165 mm) MESA 1001a 705a 0.142a 0.491a 4.53a 31.3a 0.86a 82.3a $0.0623a  $1201.93a
LESA 984a 685a 0.143a 0.480a 4.40ab 30.8a 0.86a 82.3a $0.0605a  $1179.55a
LEPA 1149a 701a 0.164a 0.581a 4.07bc 31.1a 0.87a 81.7a $0.0500a  $1368.85a
SDI 1082a 714a 0.152a 0.540a 3.80c 31.6a 0.87a 82.4a $0.0829a  §$1322.12a
Lipo 211 mm)  MESA 1229a 752a 0.164a 0.492a 4.07a 31.4a 0.88a 82.5a $0.0950a  $1515.96a
LESA 1208a 754a 0.160a 0.482a 3.57b 30.9a 0.87a 81.7a $0.0466b  $1429.41a
LEPA 1153a 727a 0.158a 0.456a 3.53b 30.9a 0.88a 82.2a $0.0557ab  $1375.79a
SDI 1150a 725a 0.159a 0.454a 3.67b 30.4a 0.88a 81.9a $0.0818ab  $1402.89a
Irrigation Rate Averages
Io (25 mm) -— 196d 437e 0.046¢ --- 5.17a 28.8¢c 0.76¢ 79.1b $-0.1575¢  $192.71d
Ls (71 mm) - 339d 499d 0.067c 0.201c 4.88a 29.4¢ 0.79¢ 80.1b $-0.1060c $354.3d
Iso (117 mm) - 660c 610c 0.108b 0.393b 4.83a 30.2b 0.83b 81.6a $-0.0300b  $741.62c
I;5 (165 mm) -— 1054b 701b 0.150a 0.523a 4.20b 31.2a 0.87a 82.2a $0.0638a  $1268.12b
Ligo (211 mm) - 1185a 739a 0.160a  0.471ab 3.71c¢ 30.9a 0.88a 82.0a $0.0697a  $1431.02a
Irrigation Method Averages
- MESA 745a 635a 0.110a 0.324a 4.72a 30.3ab 0.83a 81.3a $-0.0220bc  $873.29a
-— LESA 764a 629a 0.115a 0.353a 4.54a 30.0b 0.83a 81.4a $-0.0356c  $872.35a
- LEPA 837a 638a 0.126a 0.421a 4.22b 30.8a 0.85a 81.5a $0.0100ab  $980.39a
- SDI 892a 649a 0.134a 0.490a 4.14b 30.6ab 0.85a 81.8a $0.0460a  $1068.99a

I Numbers in parentheses are in-season (planting to harvest) irrigation totals and do not include 100 to 200 mm of preplant irrigation.
*IBased on a base loan value of $1.1352 kg™ (average of all treatments for both years), from International Textile Center, Lubbock, Texas.
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Table 3. 2004 season yield, water use, fiber quality, and return parameters as affected by irrigation levels and methods. Numbers followed by the same letter are
not significantly different (o < 0.05).

Seasonal Total
Lint Water Fiber Fiber Fiber Discount or Gross
Irrigation Irrigation Yield Use WUE IWUE  Micronaire strength length Uniformity ~ Premium ™ Return
Rate ¥ Method (kg ha™) (mm)  (kgm”) (kgm™) value (gtex)  (mm) (%) ($ kg ($ ha)
Is (72 mm) MESA 622a 355¢ 0.176a  0.124ab 2.83a 26.9b 0.82b 79.9a $-0.1910a  $587.68a
LESA 579a 390bc 0.148bc  0.064b 2.70a 28.3a 0.85a 79.8a $-0.1797a  $553.01a
LEPA 586a 428a 0.137c  0.074b 2.70a 27.8ab 0.84a 80.3a $-0.1921a  $555.60a
SDI 648a 404ab 0.161ab  0.160a 2.77a 27.8ab 0.83ab 79.6a $-0.1723a  $623.62a
Iso (94 mm) MESA 594b 402b 0.148a  0.065b 2.73a 26.8ab 0.84a 79.8a $-0.1731a  $571.63ab
LESA 563b 411b 0.137a  0.032b 2.70a 26.9ab 0.83a 80.6a $-0.227ab  $510.32b
LEPA 592b 406b 0.146a  0.063b 2.63a 26.1b 0.82a 80.5a $-0.2431b  $528.20b
SDI 681a 452a 0.151a  0.158a 2.77a 27.2a 0.84a 80.3a $-0.1683a  $658.41a
I;5 (115 mm) MESA 644b 434ab 0.148b  0.096b 2.63a 26.9a 0.84a 80.5a $-0.1954a  $604.78b
LESA 637b 448a 0.142b  0.091b 2.73a 26.7a 0.83a 80.5a $-0.1881a  $603.54b
LEPA 673b 437ab 0.154b  0.122b 2.70a 27.3a 0.83a 80.4a $-0.2057a  $625.20b
SDI 779a 410b 0.191a  0.214a 2.80a 27.2a 0.84a 80.9a $-0.1665a  $755.62a
Ligo (137 mm)  MESA 684b 461a 0.148b  0.110b 2.70b 27.0b 0.83b 80.7b $-0.2009b  $640.29b
LESA 675b 489a 0.139b  0.104b 2.77b 27.2ab 0.82b 80.3b $-0.1885b  $639.49b
LEPA 733b 462a 0.159b  0.147b 2.80b 26.8b 0.83b 80.7b $-0.187b $695.54b
SDI 879a 455a 0.194a  0.253a 3.03a 28.3a 0.85a 81.9a $-0.0854a  $923.80a
Irrigation Rate Averages
I, (0 mm) -- 594bc - -—- - 3.30a 30.0a 0.87a 82.1a $-0.0422a  $649.25ab
Iy (50 mm) - 533c 367c 0.145a - 3.37a 27.9bc 0.81c 80.1bcd $-0.0956a  $553.46b
L5 (72 mm) - 609c 39%4c 0.155a  0.106a 2.75bc 27.7b 0.84b 79.9d $-0.1838bc  $579.97b
Lso (94 mm) - 607c 418b 0.146a  0.080a 2.71c 26.8d 0.83b 80.3cd $-0.2029¢  $567.14b
I75 (115 mm) - 683ab 432b 0.159a  0.131a 2.72¢ 27.0cd 0.84b 80.6bc $-0.1889bc  $647.29ab
Ligo (137 mm) - 743a 467a 0.160a  0.154a 2.83b 27.3bc 0.83b 80.9b $-0.1655b  $724.78a
Irrigation Method Averages
- MESA 636b 413a 0.155b  0.099b 2.73ab 26.9b 0.83b 80.2a $-0.1901b  $601.09b
- LESA 614b 434a 0.142b  0.073b 2.73ab 27.3ab 0.83ab 80.3a $-0.1958b  $576.59b
- LEPA 646b 433a 0.1496  0.101b 2.71b 27.0b 0.83b 80.5a $-0.2070b  $601.13b
- SDI 747a 430a 0.174a  0.196a 2.84a 27.6a 0.84a 80.7a $-0.1481a  $740.36a

I Numbers in parentheses are in-season (planting to harvest) irrigation totals and do not include 25 mm of preplant irrigation.
*IBased on a base loan value of $1.1352 kg™ (average of all treatments for both years), from International Textile Center, Lubbock, Texas.
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Figure 1. 2003 cotton season for full irrigation (I;4o) rate.
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Research Using Automated Irrigation Systems

Clinton C. Shock, Erik B. G Feibert, Cedric A. Shock, Andre B. Pereira, and Eric P.
Eldredge

Abstract. Starting in 1995, we initiated the use of automatic drip irrigation, based on
soil moisture feedback, to address research problems. Soil moisture data to be used for
feedback control of drip irrigation has been measured as soil water tension or soil water
content. A datalogger checks plots several times a day for soil moisture and irrigates
them according to pre-established soil moisture criteria. Using this system, the optimal
soil water tension for initiating irrigation for onion and potato were determined. This
automation strategy has also been successfully used to determine ideal N fertilizer
requirements for drip irrigated onion, to evaluate irrigation intensity and frequency for
drip irrigated onion, and to study the effect of the timing of short water stress on onion
quality. Starting in 2004, radio telemetry systems were also used to automate
irrigations.

Introduction. Soil moisture measurement can provide timely and accurate information
to schedule irrigations. Soil moisture can be measured as soil water tension or
volumetric soil water content. In the late 1980’s the Malheur Experiment Station chose
soil water tension as the preferred unit of measurement. Soil water tension can be more
closely related to crop productivity than volumetric soil water content, because soil water
tension is a direct measurement of the force that plant roots need to exert to exctract
water from the soil. Also, soil water tension varies less with minor soil type changes and
specific field soil conditions than volumetric soil water content.

Granular matrix sensors (GMS, Watermark Soil Moisture Sensor, Irrometer Co.,
Riverside, CA) are used in our studies to measure soil water tension. Data from a
calibration study was used to modify the equation that converts the electrical resistance
reading of the GMS to soil water tension (Shock et al., 1998a). In this study, the GMS
electrical resistance was compared to soil water tension readings from tensiometers and
to gravimetric soil moisture data in a weighing lysimeter with silt loam soil.

Optimum soil water tension for onion irrigation. Prior to the automation of irrigation
systems the optimum soil water tension for furrow irrigated onion was determined
testing a range of soil water tensions as setpoints for manually initiating irrigations. The
results showed that onion requires frequent irrigations at a soil water tension of 25 cb for
maximizing yield and grade (Shock et al., 1998b). Furrow irrigation at 25 cb results in
the soil water tension reaching values close to 0 cb (extremely wet, Figure 1).
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Figure 1. Soil water tension over time for onion furrow irrigated manually at 25 cb.

Frequent furrow irrigations result in nitrate leaching and soil erosion. Drip irrigation can
reduce the negative environmental consequences of frequent furrow irrigation and thus
has increased in usage. With drip irrigation, the application of small quantities of water
at a higher frequency is feasible, thus making irrigation automation feasible and
necessary.

In 1997 and 1998, irrigation automation was used to determine the optimum soil water
tension for drip-irrigated onion (Shock et al., 2000). Onions were submitted to 5 soil
water tension thresholds for automatically initiating drip irrigations (10, 20, 30, 50, and
70 cb). Soil water tension was measured at 8-inch depth below the onion row using
GMS. The drip tape was buried at 4-inch depth between the onion rows. The soil water
tension was checked by a datalogger reading GMS and the onions were irrigated
automatically up to eight times per day if the soil water tension was equal to or
exceeded the respective treatment threshold. At each irrigation 0.06 inch of water was
applied. The GMS were connected to a datalogger (CR 10 datalogger, Campbell
Scientific, Logan, Utah) via multiplexers (AM 416 multiplexer, Campbell Scientific). The
irrigations to each plot were controlled by the datalogger through a controller (SDM16
controller, Campbell Scientific) using a solenoid valve. Data was downloaded from the
datalogger with a laptop computer or with a SM192 Storage Module (Campbell
Scientific) and a CR10KD keyboard display (Campbell Scientific). The datalogger was
powered by a solar panel and the controller was powered by 24 V AC. With high
frequency automated drip irrigation at 20 cb, the soil water tension remains more
constant and does not reach the extremely wet values as with furrow irrigation (Figure
2). With high frequency automated drip irrigation, the amount of water applied over time
tracked ET. (Figure 3). In 1997, the highest marketable yield was achieved at a soill
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water tension of 21 cb. Marketable yield was lower with higher soil water tension due to
increased storage decomposition. In 1998, onion marketable yield was highest with a
soil water tension of 10 cb. Storage decomposition was not significant in 1998. Based
on this research, a soil water tension threshold of 20 cb is recomended for drip irrigated
onion.
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Figure 2. Soil water tension over time for onion drip irrigated automatically at 20 cb.
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Figure 3.
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Other research using automated irrigation. The previously described automated drip
irrigation system was used to investigate the optimum plant population and N fertilization
needs of drip irrigated onion in 1999, 2000, and 2001 (Shock et al., 2004). Each N rate
plot had plant populations as subplots. All plots were irrigated automatically, as
previously described, at a soil water tension treshold of 20 cb. This research showed
that with a carefully managed automated drip irrigation system, onion N fertilizer
requirements were very low. With drip irrigation, leaching tension was low and the crop
could utilize the substantial amounts of N derived from N mineralization. Onion bulb
size distribution was sensitively affected by plant population.

The low intensity, high frequency drip irrigation as used in our earlier drip-irrigated onion
research. If applied on a farm scale, low intensity, high frequency drip irrigation might
result in large water application disuniformity and inefficiencies, because of water losses
from the frequent charging and drainage of the drip irrigation system. In addition,
growers might not be able to allocate water nearly continuously to each field, which low
intensity irrigation requires. In 2002 and 2003, the same automated drip irrigation
system used in 1997 and 1998 was used to determine the influence of irrigation
intensities higher than 0.06 inch per irrigation on onion yield and grade (Shock et al.,
2005). Onions were submitted to 8 treatments as a combination of 4 irrigation
intensities (0.06, 0.12, 0.24, and 0.48 inch per irrigation) and two emitter flow rates. The
datalogger was programmed to irrigate each plot automatically and separately according
to the 4 irrigation intensities. Irrigation intensities of 0.5 inch per irrigation slighthly
increased onion yield and grade above the irrigation intensity of 0.06 inch per irrigation.
An irrigation intensity of 0.5 inch did not result in an increase in water applied (Figure 4)
nor in any significant difference in average soil water tension (Figure 5). Lowering the
emitter flow rate from the currently used of 0.132 gal/hour to 0.066 gal/h resulted in
slightly lower onion yield and grade.
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Figure 4. Onion evapotranspiration and total water applied plus precipitation over time
for two drip emitter flow rates and four drip irrigation intensities in 2002.
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In 2000 and 2001, research with potato was conducted to determine the optimum soil
water tension and drip tape placement for drip-irrigated potato (Shock et al., 2002). The
previously described automated drip irrigation system (Shock et al., 2000) was used to
submit potato to 4 soil water tension thresholds for initiating drip irrigations (15, 30, 45,
and 60 cb) and two drip tape placements (one tape per row or one tape per two rows).
The plots were irrigated automatically up to 4 times per day applying 0.1 inch of water
per irrigation whenever the soil water tension reached the treatment level. The results
showed that drip irrigated potato on silt loam should be irrigated at a soil water tension
of 30 cb using one tape per row.

Test of commercial automatic irrigation systems. In 2004 and 2005, 3 commercial
automatic irrigation systems were compared to the currently used Campbell Scientific
system for onion. Each system was replicated three times. The datalogger for each
system was programmed to make irrigation decisions every 12 hours: zones were
irrigated for eight hours (0.5 inch of water) if the soil water tension exceeded 20 cb.

Campbell Scientific. This system was similar to that used above (Shock et al., 2000)
using a soil water tension irrigation criterion of 20 cb.

Automata. Each one of the three zones had four GMS connected to a datalogger (Mini
Field Station, Automata, Inc., Nevada City, CA). The dataloggers at each zone were
connected to a controller (Mini-P Field Station, Automata) at the field edge by an
internal radio. The controllers (Mini-P Field Station, Automata) at the field edge were
connected to a base station (Mini-P Base Station, Automata) in the office by radio. The
base station was connected to a desktop computer. Each zone was irrigated
individually using a solenoid valve. The solenoid valves were connected to and
controlled by the controller. The desktop computer ran the software that monitored the
soil moisture in each zone and made the irrigation decisions. The Mini Field stations
were powered by solar panels and the Mini-P Field station was powered by 120 V AC.

Watermark Monitor. Irrometer manufactures the Watermark Monitor datalogger which
can record data from seven GMS and one temperature probe. The soil temperature is
used to adjust the soil water tension calibrations. Each of the three Watermark Monitor
zones had seven GMS connected to a Watermark Monitor. Data was downloaded from
the Watermark Monitor with a laptop computer. The Watermark Monitors were powered
by solar panels. Irrigation decisions were made daily by reading the GMS at each
Watermark Monitor. When the soil water tension reached 20 cb the zone was irrigated
manually for eight hours. This system only had an automatic recording system.

Acclima. Acclima (Meridian, ID) manufactures a Digital TDT™ that measures
volumetric soil moisture content. Each zone had one TDT sensor and four GMS. The
GMS were only used for comparison and were not used in irrigation automation. The
TDT sensors were connected to a model CS3500 controller (Acclima) at the field edge.
The controller monitored the soil water content and used the soil water content data to
control the irrigations for each zone separately using solenoid valves. The controller
was powered by 120 V AC. To monitor what the controller was doing, data was
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downloaded from the controller using a laptop computer. For comparison and
calibration, the GMS were connected to the Campbell Scientific datalogger which
monitored the soil water tension as described above. The CS3500 controller was
programmed to irrigate the zone when the volumetric soil water content was equal to or
lower than 27%. The soil water tension data was compared to the volumetric soil water
content data to adjust the CS3500 controller to irrigate each zone in a manner
equivalent to the irrigation scheduling using the GMS.

All of these systems produced high quality onions at yields considerably above normal
commercial expectations.

Expansion of Drip Irrigation

Automated drip irrigation research has facilitated the reliable and reproduceable field
results. Irrigation criteria, how to reduce N applications, ideal plant populations, and
irrigation rates and frequencies have been carefully determined. These findings have
encouraged the adoption of drip irrigation systems and helped growers understand how
to manage their systems.

Conclusion

Automated irrigation of water sensitive crops such as potato and onion controlled by
data loggers holds the promise of determining irrigation criteria that optimize yield or
quality under the constraint of conserving water and minimizing off site contamination
through irrigation runoff or nutrient leaching. Automated drip irrigation research has
facilitated the development of efficient management guidelines that have aided the
expansion of drip irrigation managemnet. Computer programs written for data loggers
can be effective research tools in establishing and maintaining small differences in
irrigation treatments and closely matching crop water needs to water applied.
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ABSTRACT

A three-year field study (2002-2004) was conducted to examine the effect of irrigation
frequency on limited subsurface drip-irrigated field corn on the deep silt loam soils of
western Kansas. Results indicate that SDI frequency on this soil type is not a major
issue in corn production. Grain yield was only affected in 2002, an extreme drought
year, with less frequent, larger irrigation events being advantageous. The grain filling
stage was also unaffected by irrigation frequency as was seasonal water use and water
use efficiency. Higher plant population (34000 plants/acre) was advantageous in the
good production year, 2004, and had no negative effect in the extreme drought years
2002 and 2003.

INTRODUCTION

Subsurface drip irrigation (SDI) is a relatively new technology in the U. S. central Great
Plains but producers are beginning to adopt and adapt the technology to their farms.
Many of the SDI systems are manually operated and SDI event duration is often 12 to
24 hours to match available labor schedules. This will result in approximate irrigation
frequencies of two to six days for irrigated corn depending on SDI system capacity.
There are a few fully automated SDI systems which can shift irrigation between the
various zones on a more frequent basis. Although it is often assumed that high
irrigation frequency is a "given" with microirrigation systems, a literature review of SDI
(Camp, 1998) indicates that SDI frequency is often only critical for shallow rooted crops
on shallow or sandy soils. At least two studies conducted in the U. S. Great Plains
indicate that irrigation frequencies from 1 to 7 days had no effect on corn yields
provided soil water was managed within acceptable stress ranges (Caldwell et al., 1994;
Howell et al., 1997). However, the question arises about what effect irrigation frequency
may have when SDI is limited by institutional or hydrologic constraints on pumping.

Limited or deficit irrigation of corn is difficult to implement successfully without reducing
grain yields (Lamm et al., 1993; Eck, 1986; Musick and Dusek, 1980; Stewart et al.,
1975). However, some strategies are more successful than others at maintaining corn
yields under limited irrigation. Conceptually, one limited irrigation method that might
work successfully (both economically and water efficient) is to provide small frequent
supplemental, but deficit, amounts of irrigation using subsurface drip irrigation (SDI).
These frequent "doses" might attenuate crop water stress allowing crop processes to
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continue and also allowing the crop to "scavenge" the soil profile for its remaining daily
crop water needs. In 2002, Kansas State University initiated a field study to evaluate
the effect of frequency for limited SDI for field corn production.

PROCEDURES

This experiment was conducted at the Kansas State University Northwest Research-
Extension Center at Colby, Kansas, USA during the period 2002-2004. The deep silt
loam soil can supply about 17.5 inches of available soil water for an 8-foot soil profile.
The climate can be described as semi-arid with a summer precipitation pattern with an
annual rainfall of approximately 19 inches. Average precipitation is approximately 12
inches during the 120-day corn growing season.

The treatments were four irrigation frequencies at a limited irrigation capacity plus the
addition of a fully irrigated and non-irrigated treatment each with three plant populations.
The four irrigation frequencies were 0.15 inches/day, 0.45 inches/3 days, 0.75 inches/5
days and 1.05 inches/7days which are equivalent but limited capacities. As a point of
reference a 0.25 inch/day irrigation capacity will match full irrigation needs for corn for
center pivot sprinkler irrigation in most years. The fully irrigated treatment was limited to
0.30 inches/day. The non-irrigated treatment only received 0.10 inches in a single
irrigation to facilitate nitrogen fertigation for those plots. However, the non-irrigated
treatment was irrigated each year in the dormant season to replenish the soil water in
the profile. Irrigation was scheduled using a climatic water budget, but was limited to
the specific irrigation frequency treatment. Irrigations were scheduled when the
calculated soil water depletion exceeded 1 inch for a given treatment.

The driplines with a 12-inch emitter spacing were spaced 60 inches apart with an
installation depth of 17 inches. Each dripline was centered between two corn rows
spaced 30 inches apart on the 60 inch crop bed. The nominal flow rate was 0.25 gal/min
for each 100 ft of dripline. There were four driplines in each plot and each whole plot
was 330 ft long. Each plot was instrumented with a municipal-type flowmeter to record
total accumulated flow. Mainline pressure entering the driplines was first standardized
to 20 psi with a pressure regulator and then further reduced with a throttling valve to the
nominal flowrate of 3.3 gpm/plot that resulted in an operating pressure of approximately
10 psi.

The three target plant populations were approximately 34000, 30000, and 26500
plants/acre. The experiment was conducted in a randomized complete block, split-plot
design with four replications. Plant population was the split plot variable and irrigation
level was the whole plot variable. Pioneer* hybrid 32R42 was used in 2002 and its corn
borer resistant related hybrid 32R43 was used in 2003 and 2004. This hybrid is a full
season hybrid for the region with an approximately 118 day comparative relative
maturity requirement. The corn was planted on May 1, 2002, April 30, 2003 and May 3,
2004. Pest (weeds and insects) control was accomplished with standard practices for
the region. A starter fertilizer application was banded at planting at the rate of 30 Ibs
N/acre and 45 Ibs P,0s/acre. Nitrogen fertilizer was applied to the study area through
the SDI system in multiple events during mid to late June each year for an additional
total amount of 200 Ibs N/acre. These fertilizer rates can be described as non-limiting
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for high corn yields. The corn rows were planted parallel with the dripline with each
corn row approximately 15 inches from the nearest dripline. A raised bed was used in
corn production. This allows for centering the corn rows on the dripline and limits wheel
traffic to the furrow (Figure 1). This controlled traffic can allow for some shallow
cultivation procedures.

Soil water content was measured on a periodic basis (weekly or biweekly) with a
neutron attenuation moisture meter in 1-ft increments to a depth of 8 ft at the corn row
(approximately 15 inches horizontally from the dripline. Corn production data collected
during the growing season included irrigation and precipitation amounts, weather data,
and yield components (yield, harvest plant population, ears/plant, kernels/ear, mass/100
kernels). Yield samples (20 row ft from the center of the plot) from selected treatments
were hand harvested on an approximately biweekly schedule during the month
preceding corn physiological maturity to ascertain the effect of frequency on grain filling.
Weather data were collected with an automated weather station approximately 0.35
mile from the research site to schedule irrigation. Factors calculated after the season
included seasonal water use and water use efficiency.
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Figure 1. Physical arrangement of the subsurface dripline in relation to the corn rows.
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RESULTS AND DISCUSSION
Weather Conditions

Briefly, the weather conditions can be specified as a severe drought (both hot and dry)
during 2002 and 2003 and near normal conditions in 2004. Precipitation during the
cropping season was 10.58, 9.12, and 12.24 inches for the respective years, 2002 to
2004 as compared to a normal amount of approximately 12 inches. Calculated
evapotranspiration for the 120-day period May 15 through September 11 was much
above normal in 2002 and 2003 (27.68 and 25.96 inches, respectively) and near long-
term normal (23 inches) at 22.56 inches in 2004. Hot and dry conditions during 2003
led to an increased problem with spider mites which could not be controlled with two
insecticide applications.

Corn Yield and Yield Components

Corn yields were high in all three years for all irrigated treatments ranging from 192 to
282 bushels/acre (Table 1, 2, and 3 and Figure 2.) Only in 2002 did irrigation frequency
significantly affect yields and the effect was the opposite of the hypothesis. In the
extreme drought year of 2002, the less frequent irrigation events with their larger
irrigation amounts (0.75 inches/5 days and 1.05 inches/7 days) resulted in yields
approximately 10 to 20 bushels/acre higher. The yield component most greatly affected
in 2002 was the kernels/ear and was 30-40 kernels/ear higher for the less frequent
events. It is suspected that the larger irrigation amounts for these less frequent events
sent an early-season signal to the corn plant to set more potential kernels. Much of the
potential kernel set occurs before the ninth leaf stage (corn approximately 24-36 inches
high), but there can be some kernel abortion as late as two weeks after pollination. It is
believed that for this study, the early period (ninth leaf stage) is when the effect
occurred. Kernels/ear was numerically higher for the fully irrigated treatment in both
2002 and 2003 which may be further indication of the severity of early season drought
conditions in those years. There was no consistent effect of irrigation frequency on corn
yields in 2003 and 2004. It is thought the grain filling was truncated in 2003 due to
heavy spider mite pressure and this is also the implication of the lower 100 kernel
weight that was obtained in 2003. The crop year 2004 was excellent during the grain
filling period with very mild conditions. However, even in 2004 there was no consistent
effect of irrigation frequency on any of the yield components. The results suggest that
irrigation frequencies from daily to weekly should not have much effect on corn yields in
most years.

The average daily yield gain for the periods August 30 to October 8, 2002 (39 days),
August 25 to September 19, 2003 (25 days) and September 7 to October 5, 2004 (28
days) were calculated for the various treatments. There was no consistent advantage
for any of the frequency treatments over another and they often had daily yield gains
similar to the fully irrigated treatment (Figure 3).

Averaged over the three years of the study, the deficit irrigated frequency treatments
produced 97% of the fully-irrigated treatment yield on 70% of the full irrigation amount.
The deficit irrigated treatments required approximately 12.4 inches of irrigation, but
outyielded the non-irrigated treatment by 126 bu/acre.
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Table 1. Summary of corn yield and water use data from 2002 SDI frequency study, Colby Kansas.

Irrigation Plant  Yield Plants/ Ears/ Kernels/ 100 Kernel Irrigation Water use WUE
Treatment Pop. Trt. bu/a acre Plant Ear Weight, g inches inches Ib/a-inch
0.15 in/d 340K 2222 31145 0.99 523 35.49 13.05 25.46 489
30.0K 212.7 28096 0.98 550 35.83 26.58 448
265K 195.0 25047 0.97 572 35.02 25.19 435
0.45in/3d 340K 199.2 32234 0.96 477 34.28 13.50 26.32 424
30.0K 223.7 29185 0.98 553 36.01 25.89 485
265K 199.7 25264 0.91 611 36.04 25.57 438
0.75in/5d 340K 2132 32016 0.97 507 34.43 13.50 26.56 449
30.0K 232.0 28750 0.96 588 36.56 26.58 490
265K 218.0 26790 0.87 642 37.50 26.46 462
1.05infrd 340K 240.6 32452 0.94 543 36.94 13.65 26.42 510
30.0K 2254 28967 0.94 559 37.70 26.60 474
265K 2311 26571 0.90 664 36.92 26.85 484
0.30in/d (Full) 34.0K 264.1 32017 0.97 612 35.61 20.40 29.32 505
30.0K 236.0 28750 0.99 595 35.68 29.41 450
265K 231.3 26354 1.00 597 36.92 29.00 447
Noirrigation 340K 67.9 31363 0.78 218 32.34 0.10 15.47 243
300K 856 28314 0.82 290 32.25 15.92 302
265K 642 24394 0.85 240 32.97 16.28 220
Mean of Irrigation Trt
0.15in/d 210.0 28096 0.98 548 35.75 - 25.74 457
0.45in/3d 207.5 28895 0.95 547 35.44 - 25.93 449
0.75in/5d 221.0 29185 0.93 579 36.16 - 26.53 467
1.05in/7d 232.4 29330 0.93 588 37.19 - 26.62 489
0.30 in/d (Fully 243.8 29040 0.98 601 36.22 - 29.24 467
No irrigation 726 28024 0.81 249 32.52 - 15.89 255
LSD (p<0.05)
Any 2 irrigation means 6.3 NS 0.03 19 0.50 - 0.33 15
within same P Pop
Mean of P Pop Trt
34.0K 201.2 31871 0.93 480 34.85 - 24.92 436
30.0K 202.6 28677 0.94 522 35.67 - 25.16 441
26.5K 189.9 25737 0.92 554 36.12 - 24.89 414
LSD (p<0.05)
Any 2 P Pop means 19.2 592 NS 67 1.80 - NS 50

within same Irr Trt Pop
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Table 2. Summary of corn yield and water use data from 2003 SDI frequency study, Colby Kansas.

Irrigation Plant  Yield Plants/ Ears/ Kernels/ 100 Kernel Irrigation Water use WUE
Treatment Pop. Trt. bu/a Acre Plant Ear Weight, g inches inches Ib/a-inch
0.15 in/d 34.0K 209.8 34413 0.98 491 32.39 12.60 26.20 449
30.0K 206.4 30057 1.03 507 33.51 26.74 433
265K 204.1 27225 1.03 532 34.71 26.10 439
0.45in/3d 34.0K 211.7 33759 0.98 496 32.86 12.60 25.94 457
30.0K 192.2 30274 0.96 510 33.04 25.85 417
26.5K 210.1 27007 1.05 535 35.25 25.88 456
0.75in/5d 34.0K 220.4 33977 0.99 494 33.88 12.75 26.97 458
30.0K 228.8 31581 1.02 535 33.78 27.09 473
26.5K 193.8 27443 1.00 521 34.47 26.76 406
1.05infrd 340K 203.1 35284 0.95 476 32.76 12.60 26.79 425
30.0K 206.9 31799 0.99 492 34.16 26.62 436
265K 200.0 26354 1.08 532 33.82 26.37 425
0.30in/d (Full) 34.0K 2358 31799 1.01 562 33.20 18.30 28.54 463
30.0K 2175 29839 1.02 522 34.77 28.58 427
265K 2174 27225 0.97 557 37.42 28.58 426
No irrigation 340K 331 32670 0.40 238 28.46 0.10 15.95 115
30.0K 447 30928 0.54 229 29.48 16.17 155
265K 585 27007 0.69 265 30.79 15.96 206
Mean of Irrigation Trt
0.15in/d 206.7 30565 1.01 510 33.54 - 26.35 440
0.45in/3d 204.6 30347 1.00 514 33.72 - 25.89 443
0.75in/5d 214.3 31000 1.00 517 34.04 - 26.94 446
1.05in/7d 203.3 31145 1.00 500 33.58 - 26.59 428
0.30 in/d (Fully 223.6 29620 1.00 547 35.13 - 28.56 439
No irrigation 455 30202 0.54 244 29.58 - 16.02 158
LSD (p<0.05)
Any 2 irrigation means 5.8 NS 0.03 15 0.70 - 0.31 15
within same P Pop
Mean of P Pop Trt
34.0K 185.6 33650 0.88 460 32.26 - 25.06 394
30.0K 182.7 30746 0.93 466 33.12 - 25.17 390
26.5K 180.7 27044 0.97 490 34.41 - 24.94 393
LSD (p<0.05)
Any 2 P Pop means NS 539 0.10 52 2.47 - NS NS

within same Irr Trt Pop
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Table 3. Summary of corn yield and water use data from 2004 SDI frequency study, Colby Kansas.

Irrigation Plant  Yield Plants/ Ears/ Kernels/ 100 Kernel Irrigation Water use WUE
Treatment Pop. Trt. bu/a Acre Plant Ear Weight, g inches inches Ib/a-inch
0.15 in/d 340K 282.0 35284 0.98 519 40.17 10.65 25.45 621
30.0K 268.1 30928 0.96 536 42.63 25.32 594
265K 251.2 27878 0.98 531 44.20 25.24 559
0.45in/3d 34.0K 267.1 34195 0.94 526 40.13 10.80 25.14 595
30.0K 268.1 31363 0.94 544 42.60 25.75 583
265K 2435 27661 0.96 541 43.43 24.98 546
0.75in/5d 34.0K 270.3 33106 0.97 529 40.57 11.25 25.54 594
30.0K 264.8 31146 0.98 525 42.01 25.31 586
265K 253.0 28314 0.97 538 43.61 25.12 564
1.05infrd 340K 2742 35066 0.97 509 40.19 11.55 26.33 584
30.0K 266.8 31146 0.97 532 42.16 26.02 574
265K 243.0 23789 0.96 562 43.23 25.77 528
0.30in/d (Full) 34.0K 273.5 33324 0.95 541 40.81 14.70 26.21 585
30.0K 256.4 30710 0.94 534 42.29 26.49 542
26.5K 240.7 26572 0.95 553 44.14 26.20 514
No irrigation 34.0K 180.9 34195 0.97 480 28.94 0.10 17.99 563
30.0K 180.2 29839 0.94 546 30.15 18.24 553
265K 170.1 26354 0.98 507 33.27 18.04 529
Mean of Irrigation Trt
0.15in/d 267.1 31363 0.97 528 42.33 - 25.33 591
0.45in/3d 259.5 31073 0.94 537 42.05 - 25.29 575
0.75in/5d 262.7 30855 0.97 531 42.06 - 25.32 581
1.05in/7d 261.3 31000 0.97 534 41.86 - 26.04 562
0.30 in/d (Fully 256.9 30202 0.95 542 42.41 - 26.30 547
No irrigation 177.0 30129 0.96 511 30.79 - 18.09 548
LSD (p<0.05)
Any 2 irrigation means 5.2 NS NS NS 0.57 - 0.28 12
within same P Pop
Mean of P Pop Trt
34.0K 258.0 34195 0.96 517 38.47 - 24.44 590
30.0K 250.7 30855 0.96 536 40.31 - 24.52 572
26.5K 233.6 27261 0.96 538 41.98 - 24.22 540
LSD (p<0.05)
Any 2 P Pop means 19.0 1928 NS 46 2.00 - NS 43

within same Irr Trt Pop
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Figure 2. Corn grain yields as affected by irrigation treatment, Colby, Kansas, 2002 to
2004.
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Figure3. Average daily yield gain for corn as affected by irrigation treatment, Colby,
Kansas, 2002 to 2004.

Plant population had little effect on corn yields in 2002 and 2003 (Tables 1 and 2) but
higher plant population had a large effect in 2004 (Table 3) increasing yields by
approximately 15-20 bu/acre. This is consistent with an earlier study (Lamm and
Trooien 2001) that indicated that higher plant population was seldom a drag on yield but
allowed for higher yields in good years.
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Water use and Water Use Efficiency

Water use for the 8-ft soil profile tended to be slightly higher for the less frequent
irrigation treatments (0.75 inches/5 days and 1.05 inches/7 days) and was significantly
higher in 2002 which may explain the higher yields for those treatments in that year
(Tables 1, 2 and 3). Water use for the deficit irrigated frequency treatments averaged
only 7% less than the fully irrigated treatment although irrigation was 30% less. This
indicates the deficit irrigated treatments were effective at “mining” soil water and also
perhaps had less deep percolation losses. Water use efficiency (yield divided by total
water use) was significantly higher for the less frequent treatments in 2002, but tended
higher for the more frequent treatments in 2003 and 2004.

Plant population did not affect total water use in any year. This would be anticipated
since there is little difference in water use after sufficient leaf area index is obtained.
These populations were sufficiently high to obtain good ground cover early in the
season. Water use efficiency was higher for the higher plant population in 2004,
reflecting the increased yield with plant population.

SUMMARY AND CONCLUSIONS

Corn production was not strongly affected by SDI frequency in two of three years and
less frequent larger irrigation events were beneficial in the extreme drought year of
2002. Further research is being conducted to determine why early season corn kernel
set can be affected in extreme drought years. Average daily yield gain during the grain
filling stage was not affected by SDI frequency. Water use and water use efficiency for
the 8-ft soil profile also were not strongly affected.

Combining these results with earlier studies from the U.S. Great Plains and elsewhere
(Camp, 1998; Howell et al., 1997; Caldwell et al., 1994) continues to suggest that SDI
frequency is not a significant issue for corn production on these deeper silt loam soils.
Irrigators may want to continue to use less expensive manually operated systems
unless they are engaged in automated nutrient management programs.

Higher plant population is generally beneficial in corn production with SDI systems even
under deficit irrigation.

REFERENCES

Caldwell, D. S., W. E. Spurgeon, and H. L. Manges. 1994. Frequency of irrigation for
subsurface drip-irrigated corn. Trans. ASAE 37(4):1099-1103.

Camp, C. R. 1998. Subsurface drip irrigation: A review. Trans. ASAE 41(5):1353-
1367.

Howell, T. A., A. D. Schneider, and S. R. Evett. 1997. Subsurface and surface
microirrigation of corn—Southern High Plains. Trans. ASAE 40(3):635-641.

48



Eck, H. V. 1986. Effects of water deficits on yields, yield components, and water use
efficiency of irrigated corn. Agron. J. 78:1035-1040.

Lamm, F. R. and T. P. Trooien. 2001. Irrigation capacity and plant population effects
on corn production using SDI. In Proc. Irrigation Assn. Int'l. Irrigation Technical Conf.
And Exposition, Nov. 4-6, 2001, San Antonio, TX. Pages 73-80. Available from
Irrigation Assn., Falls Church VA. Also available at http://www.oznet.ksu.edu/sdi/
under K-State Reports in 2001.

Lamm, F. R., M. E. Nelson, and D. H. Rogers. 1993. Resource allocation in corn
production with water resource constraints. Appl. Engr. in Agric. 9(4):379-385.

Musick, J. T. and D. A. Dusek. 1980. Irrigated corn yield response to water. Trans. of
the ASAE 23(1):92-98, 103.

Stewart, J. I., R. D. Misra, W. O. Pruitt and R. M. Hagan. 1975. Irrigating corn and
grain sorghum with a deficient water supply. Trans. ASAE 8(2):270-280.

! Mention of tradenames is for informational purposes and does not constitute
endorsement of the product by the authors or Kansas State University.

This paper was first presented at the 26th Annual International Irrigation Association
Exposition and Technical Conference, Phoenix, Arizona, November 6-8, 2005. Paper
No. IA05-1264. Proceedings available on CD-Rom from Irrigation Association, Falls
Church, Virginia

49



Ultra-slow Release of Trifluralin from Polymers

Rodney Ruskin
Geoflow, Inc.

Abstract

Slow release of trifluralin to inhibit root intrusion into drip irrigation emitters
is a well-known technology. Ultra-slow release to double the expected life of such
products, has recently been developed.

The concept is based on the recognition that nanometer sized inert
inorganic particles, such as nanometer sized clay patrticles, can be incorporated
into a polymeric host carrier, in order to control the diffusion rate of a dispersed
slow-release material. The active slow-release material may comprise a bioactive
chemical such as a fungicide, bactericide, insecticide or herbicide. The presence
of the nano-clay particles reduces the porosity of the polymer, or otherwise
obstructs the diffusion of the active material being released, thereby increasing
the length of the path of the diffusion through the host polymer. This further
slows the rate of release of the slow-release material. The method of blending
the materials proves to be critical.

Introduction

There are products in the marketplace that depend upon slow-release
technology. One product slowly releases a herbicide from a polymer into soil in
order to inhibit root intrusion into that area (Burton et. al. 1992). Flea repellent
dog collars are another example where an insecticide is slowly released from the
polymer in the collar. In many cases more of the active material is released than
is necessary to efficiently meet the product requirements. In other words, a lower
rate of diffusion through the polymer would result in a longer effective product
life.

The application discussed in this paper is a drip irrigation device that inhibits root
intrusion by incorporating trifluralin (an herbicide) into the drip emitter. This
technology has been successful in protecting buried drip irrigation devices from
root penetration for periods of more than fifteen years. The herbicide is
incorporated into a polymer matrix, which protects the trifluralin from chemical or
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biological degradation. This simultaneously provides a controlled, sustained
release of the herbicide to the soil adjacent the device. The blending of a nano-
clay into the polymer can extend the expected life of the herbicide by as much as
90%.

Materials and Methods

An intercalation material comprised of an inert fine particulate inorganic
material with a layered structure (a nano-clay) is incorporated into a mixture of
the slow-release bioactive material and the host polymer. The slow-release
material is accommodated within spaces between the layers of the intercalation
material to slow the diffusion rate of the slow-release material through the host
polymer, as compared to the diffusion rate of the same slow-release material
through the same host polymer not containing the dispersed intercalation
material. The intercalation material is surface-treated to expand the spaces
between the platelets that form the dispersed material. The active material is
released at a controlled reduced rate, but at a level sufficient to maintain its
effectiveness, while the resinous carrier maintains its structural properties.

The nano-clay is a montmorillonite, an alumino-silicate. The particles are in
layered form, i.e., formed as platelets. These particles measure on the order of
one micron (0.00004 inches) in diameter and a thickness of about 0.001 micron
(or one nanometer), giving them an aspect ratio of about 1,000:1. Relatively
small amounts of nanometer-sized clay particles, approximately 2% to
approximately 10% by weight, are dispersed in the resinous matrix formed by the
host polymer and the dispersed active material. The use of nano-clay materials
to reinforce the mechanical properties of plastic materials such as nylons and
polyolefins is described in by Sherman (Sherman, 1999).

Three masterbatches were prepared.

“Mix” refers to a simple mechanical mixing without the application of heat
or shear. “Compound” refers to mixing under heat and shear, followed by
pelletizing, in order to produce nearly homogeneous granules.

“MBN” is the nano-clay masterbatch. Nano-clay is compounded in a
polyethylene resin in the ratio of 40:60. Intercalation techniques similar to those
described in the Qian (Qian et. al.,, 2001) were used for surface treating the
nano-clay particles with a surface modifier to expand the spacing between
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platelets. Polyethylene resin was mixed with the clay particles to form a co-
intercalate material

MBT is the trifluralin masterbatch. The trifluralin-containing material was
made of 50% polyethylene resin, 25% trifluralin, and 25% carbon black. These
components were blended and then compounded in a twin screw compounding
extruder into a masterbatch according to techniques disclosed in Burton (Burton,
et. al. 1992).

MBTN is the combined masterbatch. The component materials for MBT
were mixed together, but not compounded. MBN was added. The ratio of
materials was: polyethylene 30%, trifluralin 15%, carbon black 15% and MBN
40%. The resulting mix was compounded in a twin screw compounding extruder.

For the first experiment, two mixes were prepared. MBT was mixed with
linear-low density polyethylene (LLDPE) in the ratio of 75:25. And, MBTN was
mixed with LLDPE in the ratio of 58.33:41.67. Both mixes contained 6.25% of
trifluralin.

For the second experiment, the MBN and MBT masterbatches were mixed
to produce the following three mixes:

TABLE 1

1 2 3
MBN 0.00 12.49 24.98
LLDPE 75.02 62.53 50.04
MBT 24.98 24.98 24.98
Total 100.00 100.00 100.00
(MBN/MBT)% 0% 50% 100%

In both experiments, the mixes were injection molded to form drippers.
Four drippers in each set were placed in an aluminum foil dish and weighed.
Initial weight of the drippers was 16 gm. They were then placed in an oven,
using a slow extraction fan to remove the trifluralin as it left the drippers. The first
experiment was conducted at 56.67° C (134° F.); and the second experiment at
88.90° C. (192° F.) In order to observe the extraction rate, the samples were
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Results and Discussion
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Figure 1: MBT and MBTN. Loss of weight in gms. against time in hours.

The first experiment: The graph shown in FIG. 1 illustrates the extraction rate of
trifluralin from the drippers. The data shows that extraction rate (or release rate)
of trifluralin from the drippers is not effected by the presence of the nano-clay.
This result was most disappointing. The project was dropped for six months.

The second experiment. The graph shown in FIG. 2 illustrates the
extraction rate of trifluralin from the drippers molded from the mixes shown in
Table 1. The data shows that extraction rate (or release rate) of trifluralin from
the drippers progressively decreases with a proportionate increase in the level of
nano-clay contained in the dripper body.
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More specifically, from Fig. 2, the time for the remaining concentration of
trifluralin to drop to 0.1 gms is:

Control 109 hours

50% 145 hours - 41% increase

100% 209 hours - 92% increase

Apparently, the bond of the trifluralin with the carbon black is so strong that
in the first experiment, adding the nano-clay did not decrease the rate of release;
however, by adding the two masterbatches separately, the rate of diffusion from
the carbon black was reduced by the barrier of the nano-clay in the LLDPE
carrier.
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It is believed that the process of utilizing dispersed nano-clays for slowing
the diffusion rate of the active material from the polymeric carrier is caused by
the phenomenon known as "intercalation.” Intercalation compounds are formed
when the "guest” molecule, in this case trifluralin, can be accommodated in the
spaces between adjacent layers of the "host" molecule, in this case, the
montmorillonite. Over time, trifluralin will diffuse out of the clay particles and the
polymer at a rate that is slower than the release rate from a similar structure not
containing the nano-clay particles. Such layered, inert, inorganic, fine particulate
materials which are effective in controlling slow-release active materials, such as
bioactive chemicals or herbicides, to slow their release rates are referred to as
"intercalation materials.” The phenomenon known as "intercalation" is described
in "Preparation of inorganic - organic nanocomposites by intercalation and its
application to materials," published by Applied Chemistry.

Conclusions

The data above shows that the addition of a nano-clay, in the manner
described, is effective because the addition of 10% of a nano-clay resulted in a
92% increase in the time to loose approximately 83% of the trifluralin
incorporated into the molded dripper. This, of course, means that there will be an
equivalent increase in the effective life.

This paper claims that the manufacture of two separate masterbatches is
essential, and that combining the manufacture of the masterbatches into one
single masterbatch does not result in any slow-down of the release process.

This process can be applied to many slow release applications, such as
termite barriers, fertilizers, anti-graffiti paint etc. (Ruskin 2004).

Further Research

Following the argument above, it is possible that by first compounding the
MBN with all the LLDPE to get the desired concentration, and then adding the
MBT, an even slower release rate could be produced.
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Forage Subsurface Drip Irrigation using Treated Swine Effluent

K. C. Stone, P. G. Hunt, J. A. Millen, and M. H. Johnson

Abstract

An experimental subsurface drip irrigation (SDI) system was initiated to evaluate the use
of treated swine effluent on a bermuda grass forage crop. The SDI system was installed
in Duplin County, North Carolina at the location of an innovative swine wastewater
treatment system. The effluent from the treatment facility was applied to Bermuda grass
forage crop at agronomic nutrient rates. Treated wastewater application below the soil
surface reduces nutrient loss potential through volatilization and places nutrients in the
rooting zone. Results from the forage SDI system indicated that treatments receiving
treated waste as their nutrient source had higher biomass yields.

Introduction

In the eastern US during the early 1990's, animal production has expanded rapidly. In
North Carolina, the number of swine has increased from approximately 2.8 million in
1990 to more than 9 million by 1996 (USDA-NASS, 2004). This rapid expansion of
animal production has resulted in greater amounts of concentrated animal waste to be
utilized or disposed of in an efficient and environmentally friendly manner. It has
exceeded the pace at which new innovative treatment systems have been developed, and
it has resulted in the animal production industry aggressively investigating and adapting
new alternative wastewater treatment technologies. Additionally, the expansion of
animal production has led to fewer, more concentrated operations that are challenged to
treat, utilize, and/or dispose of the waste in an environmentally friendly manner.
Additional challenges and concerns from these operations are odors, ammonia emissions,
and pathogens. Many new and innovative systems still rely on the final land application of
treated wastewater which typically uses high volume sprinkler irrigation systems.

Subsurface drip irrigation (SDI) systems can help address some concerns about land
application of treated animal effluent. The SDI systems apply effluent below the soil
surface and can eliminate spray and drift from land application thereby reducing odors
and ammonia volatilization. The SDI systems may also be used during periods of high
wind or low temperatures when sprinkler application would not be acceptable.

Subsurface drip irrigation systems have been used in Kansas to apply beef lagoon
effluent with successful results (Lamm et al., 2002). In the southeastern Coastal Plains,
little research has been conducted using SDI systems for application of wastewater. The
objective of this work is to determine the feasibility of and management guidelines for
SDI systems applying treated wastewater in the eastern Coastal Plains.
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Methods
Site Description

The study was conducted on a 4-ha site of Autryville loamy sand (Loamy, siliceous,
subactive, thermic Arenic Paleudults) in Duplin County, North Carolina. A subsurface
drip irrigation (SDI) system was installed in the summer 2003.

The forage SDI system was approximately 0.53 ha. The system consisted of 36 total
plots (9.6 x 9.6 m) with 9 treatments. The treatments were irrigation application amount
(75 or 100% of ET), nutrient source (commercial or treated effluent), SDI lateral spacing
(0.6 and 1.2 m), and a non-irrigated control.

The SDI laterals were installed 0.3 m below the soil surface using two poly-hose
injection shanks mounted on a tool bar. The irrigation system for each plot consisted of
individual PVC pipe manifolds for both the supply and discharge. Discharge manifolds
were flushed back to the adjacent lagoon. Irrigation laterals had in-line, pressure
compensating labyrinth emitters spaced 0.6 m apart with each delivering 1.9 L/h.

Control System: The SDI irrigation system was controlled by a 200 GHz Pentium PC
running a custom Visual Basic (VB) program. The VB program operated a digital output
PCI board, an A/D input board, and a counter/timer board. The digital output board
operated supply pumps and solenoid valves. The A/D input board read supply line
pressures. The counter/timer board recorded flows. Float switches controlled tank
levels.

Each water source had a dedicated pump and supply tank. Selected treatments could
receive treated effluent and all treatments could receive well water. Screen filters were
used for both well water and wastewater . A media filter with sand and gravel was used
to filter the treated effluent before it reached the screen filter.

Flow meters were used on each water source as well as each treatment. Supply pressures
were monitored using pressure transducers which were placed before and after the screen
filter for each water source.

Weather Station: A tripod mounted weather station was installed at the irrigation site.
The station used a CSI data logger to measure relative humidity, air temperature, solar
radiation, wind speed, wind direction and rainfall. The data logger tabulated data at 5
minute intervals. The data was downloaded daily to the irrigation control PC via broad
spectrum radio modems.

Irrigation Scheduling: Once the weather data was received from the data logger,
potential ET was calculated using a SAS program. Potential ET was then multiplied by a
crop coefficient to obtain daily ET value for the crop. The ET and daily rainfall were
accumulated for the previous seven days. When the cumulative ET for the previous days
exceeded the accumulated rainfall by greater than 6 mm, an irrigation event was initiated.
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Wastewater Treatment System: An innovative swine wastewater treatment system was
designed and tested at full-scale on a 4,400-head finishing farm as part of the agreement
between the Attorney General of North Carolina and Smithfield Foods/Premium Standard
Farms to replace current anaerobic lagoons with environmentally superior technology
(Vanotti, 2004). The treatment system was developed with the objectives 1) to eliminate
animal-waste discharge to surface and ground waters, 2) to eliminate contamination of
soil and groundwater by nutrients and heavy metals, and 3) to eliminate or greatly reduce
the release of ammonia, odor, and pathogens.

The effluent treatment system consisted of three modules. The first module separated
solids and liquids. The second module removed nitrogen using a combination of
nitrification and denitrification. The third module removed phosphorous in the
Phosphorus Separation Module, developed by USDA-ARS (Vanotti et al., 2001), and it
recovered the phosphorus as calcium phosphate. This process required only small
additions of liquid lime. The alkaline pH with this process reduced ammonia
volatilization losses and killed pathogens. Treated wastewater was recycled to clean
swine houses and for the SDI systems. The system removed 97.6% of the suspended
solids, 99.7% of BOD, 98.5% of TKN, 98.7% of ammonia, and 95% of total P. Average
inflow concentrations and system outflow nutrient concentrations are shown in table 1.
Effluent grab samples were taken before each wastewater irrigation. These wastewater
samples were analyzed to determine nutrients applied and to adjust subsequent
wastewater applications.

Table 1. Typical Treated Effluent Characteristics.

Water Quality Raw Flushed Treated
Parameter Manure Effluent (mg/L)
(mg/L)

pH 7.6 10.5
TSS 11,051 264
BOD;s 3,132 10
COD 16,138 445
Soluble P 135 8
TP 576 29
TKN 1,584 23
NH;-N 872 11
NO;-N+NO,-N 1 224

Crop Management

Bermuda Grass Forage: Bermuda grass was over sown with SS FFR535 wheat variety
using the no-till grain drill on December 2, 2003. The winter cover crop was mowed
after heading and bailed on May 27, 2004. Bermuda grass hay was then harvested on
July 1, August 10, and September 21, 2004. In 2004, the Bermuda grass was over sown
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with wheat in December and harvested in June 2005. Bermudagrass hay was harvested
on July 12, and August 15, 2005.

Results and Discussion

There were three Bermuda grass hay cuttings in 2004 and two cuttings in 2005 (Table 2).
For this experiment, there were two water application rates, 100% and 75% calculated
ET. The first cutting in 2004 produced yields that appeared to be counter intuitive. The
treatments using commercial fertilizer had much lower yields than the treatments with

treated wastewater for both lateral spacing and for both application rates. This was
partially explained by residual nutrients in the plots that were irrigated with treated

wastewater during the winter wheat season.

Table 2. Bermudagrass hay yields for 2004 and 2005

Harvest Mean
1 2 3 4 5
Yield Yield Yield Yield Yield Yield
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)
Mean | Std | Mean | Std | Mean | Std | Mean | Std | Mean | Std | Mean | Std
Spacing | Nutrient | %
(m) Source | ET
0 C 0| 2640| 583| 2713| 289| 2786| 506| 6113|2071 3655| 630 3582| 1636
0.6 C 75 1903 | 460| 3227| 266| 2372| 216| 5759 | 861 4221 195| 3496| 1476
100 1738 | 379| 2885| 305| 2084 | 484 | 5432| 655| 3809| 424| 3189 1425
A% 75| 2825| 441 2793 | 182 | 2364| 416| 6162 790| 3872| 386| 3603| 1472
100| 2806| 1174| 3081| 541 2106 | 562 | 4957| 1259| 3910| 1064 | 3372| 1325
1.2|C 75 1907 | 527 3080| 696| 2218| 771 | 4910| 1847 | 3804| 1326| 3184 | 1510
100 1878 | 594 | 2187| 673 1586 | 527| 5044 | 1426| 3206| 962 | 2780 1517
A% 75| 3761| 239| 3149| 650| 3410 615| 5354 521 4230 467| 3981| 920
100 3124| 695| 2952| 638| 2515| 588| 5607|1708| 3816 1215| 3603 | 1460
LSDo 05 897 740 783 1953 1211 892

For the second and subsequent cutting, results for both the commercial and treated waste
water treatments were similar. For this cutting, there was little difference between lateral

spacing, fertilizer source, and irrigation applications. Generally, irrigated treatment
yields were higher than the non-irrigated treatment. The irrigation treatments with

wastewater typically had higher yields than those with irrigated conventional fertilizer.
This may be attributed to additional small nutrient applications with the wastewater,
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whereas the conventional fertilizer was applied immediately after harvest. Leaching of
nutrients out of the root zone for the conventional fertilizer plots may have also occurred.
The lack of differences between the yields for the different lateral spacing could assist
future designs and lower the initial cost of SDI systems by using wider lateral spacings
with little yield differences.

In addition to the yield results, the total water quantities and total nutrients applied to
each treatment will be tabulated. The nutrient concentrations in the soil profile and in the
pore water from suction lysimeters are being analyzed to determine the overall water and
nutrient budgets for the crop.
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ENERGY USE FOR MICRO-IRRIGATION

Tom Trout and Jim Gar‘[ung1

ABSTRACT

Micro-irrigation systems can operate with low pressure. Micro-irrigation emitters require only 7
- 20 psi. Cleaning and delivering the water to the emitters on flat fields typically requires an
additional 15 psi. A survey of 312 California micro-irrigation systems showed that 60% of the
systems exceed these pressures, and 25% exceed by over 10psi. Pressure could be reduced by an
average of 15 psi in 60% of the systems. Pressure was lost at the filter station, in the distribution
system, at pressure regulators, in the lateral inlets, and at the emitters. Higher pressure is
required to irrigate undulating land. Reducing system pressure by 15 psi in a system could save
about $25 per acre per year in electricity costs, and reducing pressure by 15 psi for 60% of the
1.7 million acres of micro-irrigation in California would save 220 Gigawatt-hrs/yr of energy and
90 Megawatts of peak load. It will often be economical to invest more in the system to save
pressure and energy costs, but energy-saving changes may decrease system flexibility and
simplicity or increase risk of system failures.

INTRODUCTION

Electric energy rates increased by about 30% in California in 2001. Cost for pumping irrigation
water now exceeds 12 cents per kw-hr in most cases. Electricity shortages and the high cost of
marginal supplies on the spot market induced California to offer irrigators financial incentives to
reduce peak electricity demand.

Energy is used to lift water from groundwater wells to the fields and to pressurize the irrigation
system. Gravity irrigation methods generally do not require pressurization and are often the
lowest energy option. However, gravity systems may be less water use efficient than pressurized
systems, resulting in higher well pumping costs. Most sprinkler systems require 50 - 80 psi to
operate efficiently. The development of low pressure sprinklers and sprayers, largely in response
to energy cost increases in the 1970s, reduced pressure requirements of moving lateral (center
pivot, lateral move) sprinkler systems to 30 - 50 psi.

Micro-irrigation is a low pressure alternative to sprinkler systems that can efficiently and
uniformly apply irrigation water. Micro-irrigation is used on 1.7 million acres in California and
3 million acres in the U.S. (Irrigation Journal 2001). Drip emitters require 7 - 15 psi, and most
micro-sprayers operate well at 15 - 25 psi. However, unlike sprinkler systems which are usually
designed for minimal pressure losses between the pump and sprinkler, most micro-irrigation
systems use 10 to 30 psi to clean, regulate, and deliver water to the emitters. Thus, pressure
requirements are sometimes no lower than with low-pressure sprinkler systems.

Table 1 shows pressure requirements and pressure losses for two types of micro-irrigation

1Agricultural Engineers, USDA-Agricultural Research Service, San Joaquin Valley
Agricultural Sciences Center, 9611 S. Riverbend Ave., Parlier, CA 93648.
ttrout@fresno.ars.usda.gov
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systems, hose drip systems and micro-spray (jet) systems, based on equipment specifications,
design standards, and interviews with micro-irrigation system designers. About 15 psi is needed
to clean, control, and deliver water to the emitters for fields on level ground. An additional 7 —
25 psi is required for good emitter operation, depending on the type of emitter. Most filters have
minimum pressure requirements for backflushing varying from 20 to 45 psi.

There may be potential to reduce pressure, and thus energy, requirements of micro-irrigation
systems through alternative design, equipment selection, or management. A 10 psi pressure
reduction would reduce power requirements by about 36 kw-hr/ac.ft. of water pumped or about
220 million kw-hr/yr for California’s 1.7 million acres of micro-irrigation.

Energy use in irrigation can be reduced by reducing the amount of water pumped (increased
efficiency or deficit irrigation), by increasing the efficiency of the pumping plant, or by reducing
the system pressure. For example, for a 100 ac. California orchard that requires 3 ft. of water
annually with a well pump with a 100 ft. lift, energy costs can be reduced by about $1800 per
year either by increasing the irrigation efficiency from 75% to 85% (ie: reducing the water
pumped from 4 to 3.5 ac-ft/ac), by increasing the pumping plant efficiency from 60% to 68%, or
by reducing system pressure requirement from 40 to 30 psi. If the water supply is surface water,
the irrigation efficiency would need to be increased to 100% or the efficiency of the booster
pump to 80% to gain the same savings as reducing system pressure by 10 psi.

The objective of this study is to determine the pressures used with micro-irrigation systems, the
sources of pressure loss, and ways to reduce pressure requirements.

Table 1. Pressure losses for micro-irrigation systems.

Well-designed System*

System Component Range Microspray Drip
(psi) (psi) (PsY
Emitter (microspray, dripper) 7-25 20 15
Lateral hose 1-5 2 2
Manifold 1-5 1 1
Main and Sub-main pipelines 2-10 5 5
Filter (allowable loss) 3-10 5 5
Other losses: (Press. Regulators, Chem. 1-20 2 2
injectors, Control Valves, Flow Meters;
Fittings)
Total Cumulative 15-75 35 30

* 40 ac. orchard or vineyard on level land with a sand media and screen filter.
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METHODS

Several hundred California irrigation systems have been evaluated by mobile irrigation labs
using procedures developed by the Irrigation Training and Research Center (Burt et al. 2000).
As part of these evaluations, system pressures are measured at several points in the irrigation
system. We summarized pressure data from evaluations of 312 micro-irrigation systems in
California’s San Joaquin Valley and central coast carried out by the Irrigation Training and
Research Center” (Cal Poly, San Luis Obispo), Kings River Conservation District (Fresno), and
USDA-ARS-WMR over the last 5 years. We included only systems that irrigated more than 10
ac. These systems were predominately hose drip systems in vineyards, microspray systems in
orchards, and drip tape systems in strawberries. Table 2 shows the breakdown of systems by
crop group and system type.

Table 2. Evaluated Irrigation Systems included in Database by Crop Type and Micro-irrigation
method.

Crop Drip Hose | Microspray | Microspray | Drip Tape Total
Jets Spinners
Orchards (fruit and nut) 61 111 22 194
Vineyards 50 50
Strawberry 38 38
Other Annual 3 3
Unknown 27 27
Total 138 111 22 41 312

In these evaluations, pressures were recorded downstream from the pump and at several
locations in the irrigation laterals (at the emitters). Measurements were often also taken at the
filter downstream of the filter station (inlet of the distribution system). In addition, all
evaluations recorded the type of emitters and most recorded the type of filters and the presence
and location of regulating values. Evaluators recorded if the fields were “undulating”, however,
we found that information inadequate, so we located as many of the fields as possible (258) on
topographic maps and determined the general slope in the area, and when, possible (240 fields),
estimated the elevation of the water supply and high and low elevations for the field. Based on
field slope and elevation difference information, fields were categorized into 4 topographic
categories: Flat (less than 4.5 ft (equivalent to 2 psi) elevation difference, low slope (less than
11.5 ft (5 psi) elevation difference), moderate slope (< 35 ft (15 psi) elevation difference), and
high slope (>35 ft elevation difference). Table 3 shows the number of fields by slope category
and irrigation method.

Table 3. Evaluated Irrigation Systems included in Database by Elevation Category and Irrigation
Method (values in () are the portion of the systems with pressure compensating emitters).

Irrigation Method Flat Low Slope | Moderate Slope | High Slope
Drip Hose (PC) 36 (9) 23 (5) 36 (19) 17 (5)
Micro-Jets 42 30 11 3
Micro-Spinners (PC) 8(4) 7(5) 42 0 (0)
Drip Tape 6 19 6 10
Total 92 79 57 30

* Funding provided by U.S. Bureau of Reclamation and CA Dept of Water Resources
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RESULTS

Figure 1 shows the range and distribution of pump pressures (downstream of the pump and, in
most cases, upstream of the filter and any valves) in the 312 micro-irrigation systems. The figure
shows a cumulative distribution curve, or the percentage of the total systems with pressures
smaller than the x-axis value. For example, in Fig. 1, 60% of the systems had pump pressures
less than 40 psi and 40% had pressures greater than 40 psi. The range of pump pressures is wide
— from about 10 to 100 psi. About 30% of the systems operated with less than 30 psi pressure,
and 20% had over 50 psi pump pressure.

Also shown on Figure 1 is a cumulative distribution curve of pressure available to filter, regulate
and convey the water to the emitters. This available pressure was calculated as:

Pump Pressure — (highest field elevation — well elevation) — pressure required by emitter.

As the figure shows, although 60% the systems use more than 15 psi (Table 1) to clean, regulate,
and distribute the water, 25% of the systems use over 30 psi and 10% use over 40 psi for these
purposes. These data indicate potential opportunities to reduce system pressures.

These available pressure data are likely biased (underestimates) because systems often were not
pumping to the highest field elevation when the pump discharge pressures were measured.
When pressure required to distribute and elevate the water to the emitters is reduced, the pump
discharge pressure will decrease and flow rates increase unless the pump discharge is throttled
with control valves or pressure regulators. This will result in a bias towards underestimation of
available pressure. Consequently, many of the very low available pressures may be
underestimates.

High system pressures should result in improved irrigation water distribution uniformity (DU)
both by reducing the relative pressure differences due to elevation or friction loss, and by
enabling use of in-field pressure regulation. Figure 2 shows the relationship between low quarter
DU as calculated in the irrigation evaluation (Burt et al. 2000) and available pressure for the
systems that operated on flat or low-slope fields. The figure shows no relationship between
available pressure and DU, even for systems with very low pressure. This indicates there is no
water distribution or water saving benefits to high system pressures.
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Sources of Pressure Losses

Filter Station. The majority of the evaluated systems had sand media filters and/or tubular
screen filters. Table 4 shows the types of filters and water source for the evaluated systems.
Also listed are pressure loss expected when the filter is clean and the operating pressure required
to backflush (clean) the filter, based on typical manufacturer recommendations. System
designers often design for about 5 psi pressure loss for the filter, to allow for pressure loss when
the filter has accumulated particulates and is ready for cleaning.

Overflow screens, commonly used with surface or low pressure water supplies, discharge water
at atmospheric pressure and require a downstream booster pump for system pressure.
Consequently, there is no pressure loss data for these screens.

Table 4. Numbers of different types of filters used in the evaluated micro-irrigation systems, by

water source, and typical manufacturer’s specified head loss when clean, and pressure required
to backflush the filters

Filter Type Water Source Operating Pressure
Well | Surface | Both Total When Clean | Backflush
Sand Media (+ screen) 79 (6) 73 (5) 49(3) | 201 (14) 1-3 20 —45
Tubular Screen (vacuum) | 34 (7) 14 4 52 (7) 1-5 0-25
Disk 11 7 1 19 1-5 35-45
Sand Separator 6 0 1 7 4-11 4-11
Overflow 1 8 19 28 (35)
None 2 0 0

Figure 3 shows the distribution of filter and filter station losses. Filter loss is often measured by
differential pressure gauge connected to the inlet and outlet of the filters. Filter station loss is the
difference between the pressure downstream of the pump and somewhere near the outlet from
the filter station and inlet to the distribution system. About 1/3 of the systems indicated no
measurable pressure loss across the filter. Very small loss is possible, but this likely often
indicates a faulty gauge. Filter losses over 2 — 3 psi indicate the filters were not clean at the time
of measurement (evaluators do not backflush filters), or that the filters are undersized or require
substantial pressure loss to operate (sand separators and other centrifugal filters). Pressure loss
above 7 psi indicates either a plugged filter in need of cleaning or repair, or a drastically
undersized filter. There were no obvious differences in measured pressure losses for the various
types of filters.

The scattered data points on Figure 3 are the filter station loss for the filter on the cumulative
distribution curve (ie: same ordinate (y) value). Data points to the right of the curve indicates
filter station losses in addition to those through the filter, due to fitting losses, control valves,
chemigation injectors, etc. Thirty-one of the 280 systems had at least 5 psi pressure loss in
addition to filter loss (or at least 8 psi loss if filter loss was listed as 0), and 15 of the systems had
at least 10 psi loss in addition to the filter loss. For 7 of those systems, most of the loss was
attributed to partially-closed manual or automatic pressure control valves, with valves dissipating
over 15 psi for 5 of the systems. This is most likely due to a pumping plant over-designed for
the conditions at the time of the measurement — for example for use of sprinklers, capacity needs
for frost control, or pressure requirements to deliver water to higher fields. The right cumulative
distribution curve in Figure 3 represents the filter station (including filter) loss. Twenty percent
of the systems had filter station losses exceeding 8 psi.
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Distribution System. Figure 4 shows the cumulative distribution of pressure losses in the
distribution systems between the filter station and the manifold. The data represents the pressure
difference between downstream of the filter station and average pressure at the inlet to the first
lateral on each of three measured blocks. Thus, this represents distribution losses not to the
furthest point but to an average of a near, far, and intermediate block, and does not include losses
in the manifold. Elevation changes from the well to the highest field have been subtracted from
the losses so that they represent only friction losses, and only flat or low slope fields have been
included.

Nearly 50% of the systems exceed 10 psi pressure loss in the distribution system (main and sub-
main pipeline and control valves), and nearly 20% exceed 20 psi loss. These high losses are
surprising considering surveyed designers estimate typical main and submain losses at 3 — 6 psi.
Many designers use two criteria for pipeline design — flow velocities less than 5 ft/sec between
the filter station and block valves, and total distribution loss (including laterals) less than 3 psi
downstream of the block valve. Limiting flow velocities to 5 ft/sec will result in flow velocity
varying between 3.5 and 5 ft/sec (depending on flow rate and available pipe sizes) and pressure
losses that average about 5 psi per 1320 ft (1/4 mi - the length of a square 40 ac field) of pipeline.
Distributing water from one corner of a 40 ac field to the farthest block at the opposite corner
would result in about 10 psi loss with the 5 ft/sec criteria. These data seem to indicate that either
some systems use undersized pipelines, or there are significant losses in addition to pipeline
friction losses. The most likely source are losses in control valves and block valve and fittings.

Ninety-five of the 312 systems had pressure control valves at the block (set) control points, 31
systems used pressure regulation at the inlet to the laterals, and 6 systems used both block and
lateral pressure control valves. Seventy-six of 171 systems (45%) on flat or low slope fields
used pressure control valves in the distribution system (cross data in Fig. 4). Over 75% of the
systems on flat or low slope fields with distribution system loss over 15 psi had pressure control
valves. Thus, a significant portion of the high distribution system losses shown in Fig 4 likely
occur at pressure control valves.

Manifolds and Laterals. Figure 5 shows the average measured pressure loss in the manifolds of
the 154 systems that operated on flat or low-slope fields without hose pressure control. These
data were calculated as the difference between the inlet pressure in the lateral nearest the
manifold inlet and the last lateral on the manifold, and represent the average of three measured
manifolds on each field. Ten percent of the systems had slightly higher pressure at the tail end of
the manifold than at the head end, and an additional 15% had no average pressure loss in the
laterals, indicating the manifolds sloped downhill and elevation gain equaled or exceeded friction
loss. However, 20% of the systems exceeded 2 psi pressure loss in the laterals and 10%
exceeded 3 psi loss, which is excessive both for good distribution uniformity and pressure loss.

Another source of pressure loss in the manifold is the lateral inlet assembly. Hose screens are
often used at the inlet to drip and microspray hose laterals. The evaluators checked these screens
for plugging, and rechecked lateral pressures after cleaning. Before and after pressure
measurements indicate the pressure loss due to hose screen plugging. On 18% of the drip hose
and microspray systems, these screens generated over 1 psi of pressure loss, and on 10% of the
systems, the loss was greater than 2 psi. For drip tape systems, small diameter polyethylene
“spaghetti” tubing is usually used to connect the drip tape to the manifold. These connectors are
often undersized in strawberry drip systems and generate substantial pressure loss. These losses
were measured or calculated in the 38 strawberry drip systems, and over 50% caused more than
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Figure 5. Cumulative Distribution of average measured pressure loss in the manifold for flat and
low slope fields without hose pressure control.

2 psi of pressure loss. In 30% of the systems, these connectors caused over 4 psi of pressure
loss.

Figure 6 shows the average pressure loss in the lateral hoses and tapes for 5 types of micro-
irrigation systems. As expected, drip tapes, which have the lowest operating pressure, have the
lowest losses, and micro-spray spinners which operate at relatively high pressures, and drip hose
with pressure compensating (PC) emitters, have the highest loss. High distribution uniformity
requires less than 10 or 15% pressure variation within laterals for non-PC emitters, with would
be about 1 psi loss in tape, 2 psi loss in hose drip, and 3 psi in microsprays. About 50% of the
systems exceed these limits. All but one of the spinners with pressure loss over 3 psi had
pressure compensation. Where PC emitters are used to compensate for undulating terrain, they
solve an important problem. Where they are used to allow use of long laterals or small hose size,
they reduce initial costs at the expense of higher energy costs. About one-third of the PC drip
systems were used on flat or low-slope fields, but over 80% of the PC spinners were used on flat
or low-slope fields.
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The average pressure in the laterals is shown in Figure 7 for the 5 types of emitters. Non-PC drip
emitters and jets have no minimum or maximum pressure allowance other than the pressure
capacity of the hose or tape. Micro-irrigation designers consistently specify 8 — 10 psi for thin-
walled drip tape, based on tape burst pressure; 12 — 15 psi for thick walled tape and hose, based
on maintaining adequate velocities in the tortuous flow path to flush sediments; 20 psi in jets to
create adequate wetting diameters; and 25 psi in spinners to assure rotation. These values are
near the median measured for the various systems. Although tape systems are constrained by
burst pressures, about 20% of the remaining systems exceeded these target values by 5 psi. In
undulating terrain, high lateral pressure is required to maintain minimum pressures. Otherwise,
this extra pressure increases energy used without substantial improvement in water distribution
uniformity. Over 50% of the drip (non-PC) and jet systems with high lateral pressures were on
flat or low-slope fields.

POTENTIAL FOR REDUCING SYSTEM PRESSURES

The evaluation data indicate that, although a portion of the systems operate at low to moderate
pressure, there is potential to reduce pressure in many systems. Table 1 suggests that 15 psi
should be adequate to clean and deliver water to the emitters for most systems (not including lift
to high fields). Micro-irrigation designers in the San Joaquin valley estimated the pressure
required to clean and deliver water to emitters between 11 and 25 psi for flat fields. Figure 1
shows that about 60 percent of the measured systems exceed this value, and 30% of the systems
exceed by over 10 psi. Even if we allow for an additional 5 psi for pressure regulation on the
one-third of the fields with undulating terrain, there is potential to reduce system pressures by
and average of 15 psi in those 60% of the systems with excess pressure. Much of the potential
savings are on the 20% of the fields with the highest available pressures, where the average
potential savings is 29 psi.

Table 5 shows the annual energy cost savings (@ $0.12 per kw-hr) for a range of system
pressure reductions for varying field sizes (3.64 kw-hr is required to pressurize 1 ac-ft of water to
1 psi @65% pumping plant efficiency). A 15 psi pressure reduction for an 80 ac. orchard or
vineyard micro-irrigation system (with appropriate pumping plant modifications) would save
$2000 per year in energy costs.

Table 5. Potential annual energy cost savings from system pressure reduction.

Area Irrigation System Pressure Reduction (psi)

Amount 2 5 10 15 20 30
acre ft/ac

1 3 $2.62 $7 $13 $20 $26 $39
1 4 $3.49 $9 $17 $26 $35 $52
40 3 $105 $262 $524 $786 $1,048 $1,572
40 4 $140 $349 $699 $1,048 $1,397 $2,096
80 3 $210 $524  $1,048 $1,572 $2,096 $3,144
80 4 $279 $699  $1,397 $2,096 $2,795 $4,192
160 3 $419 $1,048  $2,096 $3,144 $4,192 $6,288
160 4 $559 $1,397  $2,795 $4,192 $5,590 $8,385

Assumptions: 65% pumping plant efficiency; $0.12/kw-hr electricity cost.

If these data are representative and pressures could be reduced by 15 psi on 60% of the 1.7
million acres with micro-irrigation in CA, this would save 220 gigawatt-hr/yr of power and about
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90 megawatts of peak demand. The potential for reducing energy use is substantial.

The data consistently show that for most sources of pressure loss, the range of losses is large —
about a quarter of the systems have very low loss and about 20% have high loss. Figure 2 shows
that irrigation uniformity is not low in low-pressure systems. This shows that low pressure
systems can work in many situations, and most of the potential for reducing energy loss is
concentrated in a small portion of the systems. It is more difficult from the irrigation evaluation
data to determine the reasons for the high losses, since the data was not collected for the purpose
of assessing energy efficiency.

Much of the potential for pressure loss reduction is in the distribution system. Even though
designers state that they design for only 3 — 6 psi losses in the distribution system, nearly 50% of
the systems on flat and low-slope fields had more than 10 psi loss between the filter station and
manifolds, and 20% of the systems had more than 20 psi loss. These losses include friction loss
in pipelines, fittings, and valves; and pressure drop at regulators. Most designers use a limiting
pipeline design criteria of 5 ft/sec velocity, which will usually result in friction loss in the range
0of 0.2 — 0.5 psi/100 ft and over 7 psi loss to the most distant manifold in typical systems.
Designers generally do not calculate fitting losses, but allow for fitting loss as part of a “safety
factor”.

The economics of initial cost vs. energy cost for distribution system pipe sizes and layout is not
difficult to calculate. For example, increasing pipe size by one size (ie: from 6 to 8”) will
increase material costs for the pipe by about 40% and reduce pressure loss by 60 to 80%. Ifa
designer uses 5 ft/sec flow velocity as the size criteria for a 1320 ft. 6” mainline, increasing the
pipe to 8” will save about 2.5 psi, with an annual energy savings of about $175 (for 160 ac-ft
pumped, 65% pumping plant efficiency, and $0.12/kw-h electricity cost) and an increased initial
cost of about $900. Whether the larger pipe is economic for the farmer depends on his
availability and cost of capital and the inflation in energy cost. Full assessment would also
require evaluating the impact of the larger pipe on more uniform pressure and water distribution.
Greater than 10 psi pressure loss in the distribution system will result in substantially reduced
DU unless pressure regulation is used.

Forty percent of the systems on relatively flat fields used block or lateral hose pressure
regulators. Designers typically allow 5 psi for operation of pressure regulators, and many of the
high distribution loss systems on flat and low-slope fields had regulators. Pressure regulation on
flat fields is not necessary, but is a means of simplifying system design and operation, reducing
the cost of distribution system pipelines, and reducing risk from operational errors. Regulation
allows the operator to vary set sizes and use pumps that produce excess pressure for the micro-
irrigation system. Although regulators are necessary to make micro-irrigation practical on
undulating fields, they are overused on flat fields where good hydraulic design can replace the
need for regulation. However, the added energy cost of less than $9 per acre per year ( 4 ac-ft of
water @ 5 psi) for a fruit or vegetable crop, may be a good investment if it improves system
flexibility and water distribution uniformity, and reduces risk of system (and crop) damage from
over-pressured laterals or fittings.

Pressure loss is substantial in some systems at the lateral inlet. High losses were measured or

estimated in undersized spaghetti tubing for drip tape systems in strawberries, and plugged hose
screens. Undersized shutoff ball valves at lateral risers can also cause substantial pressure loss.
These pressure losses can result in poor water distribution uniformity, because they often aren’t
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uniform. However, they will not likely result in reduced energy use because theses losses are not
normally calculated by designers and thus are not added into pump pressure requirements.

In low pressure systems, pressure required to backflush the filter may establish the low limit on
system pressure. Backflush pressure requirement varies with the type of screen and
manufacturer (Table 4). Manufacturers may over-specify backflush requirements to allow for
excessive pressure loss in the backflush discharge piping and for infrequent backflushing. The
majority of the evaluated systems used sand media filters. With proper piping and operation,
sand media filters can adequately backflush at less than 20 psi. Self-cleaning screen and disk
filters require 10 to 20 psi more pressure than media filters for effective backflushing, but
generate less backflush water. Designers should help micro-irrigation system purchasers
evaluate the real cost of a filter system that increases system pressure requirements. For
example, a filter system that increases system pressure requirements by 5 psi on a 160 ac.
orchard will increase annual energy cost by about $1400.

Designers allow for a safety factor when designing micro-irrigation systems of from 2 to 5 psi.
The reasons are to cover uncalculated fitting losses, higher than anticipated filter losses, pumps
that do not operate as specified, and well drawdown. Although it is easy to reduce pressures in
an over-pressurized system (ie: partially close a valve), it is difficult to increase pressures in an
under-pressurized system, and farmers will likely fault the designer if a system has inadequate
pressure or capacity at the field. As with the 5 psi filter backflush example above, this
contingency can be expensive in terms of energy costs for large systems. In some cases, this
extra pressure helps provide filter backflush pressure.

A common constraint to energy efficient design for micro-irrigation systems is the desire to use a
pre-existing pump or to use a pump that is also used for high pressure sprinkler systems. System
designers often point out the farmer criteria to match a system to an existing well pump. Some
of the very low pressure systems in the dataset were likely designed to match the discharge
characteristics of existing wells used for flood irrigation. Many of the high pressure systems
utilize pumps that also pressure sprinklers during crop establishment, frost control, and/or to
irrigate rotation vegetable crops. Although excess pump capacity can sometimes be used to
increase flow rates without increasing system pressure, high pump efficiency cannot be
maintained at two operating points. I suspect that a substantial portion of the high pressure
systems are the result of a pre-existing or specified high pressure pumping plant. Before using
an existing over-capacity pump, the designer should evaluate the energy benefits of modifying
the pump or installing a new pump designed for the system. For systems that occasionally
require additional pressure or capacity, such as to sprinkle newly-planted or frost-endangered
crops, use of a booster pump should be evaluated. A 20 HP booster pump that is used 10% of
the time to boost 700 gpm from 30 to 60 psi will save 35,000 kw-hr ($4000) per year.

Systems that irrigate undulating ground require a pumping plant to irrigate the area at the highest
elevation, and thus, the pump is over-designed for the rest of the area. Like the example above,
booster pumps that are used to produce the occasional high pressure needs will save significant
energy and should be evaluated.

Variable frequency drives (VFD) can be very efficient in systems that operate over a range of
pressure or flow rate requirements. On systems with varying flow rate requirements, VFDs can
maintain a constant pressure. In systems on undulating ground that irrigate equal-sized (and
flow rate) sets at varying elevations, they can maintain a constant flow rate and vary speed to
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automatically maintain the pressure required at the manifold. In both cases, not only does the
VFD reduce energy when full capacity is not required, but it also can avoid the use of pressure
regulation and the pressure loss required by regulators. A VFD can also efficiently provide the
higher flow or pressure required when the filter backflushes. Variable frequency pumping plants
must be well designed to insure that the pump operates most of the time in its high efficiency
range. Variable frequency drives also have energy losses (3 - 5%) that must be considered when
evaluating their benefits. Costs of VFDs have decreased as technology improves and demand
expands. A 50 HP VFD controller can currently be installed for about $10,000 (compared to
$3000 for a standard pump panel. In an 80 ac. system in which pressure requirements vary by 30
psi, this cost could be repaid in 4 years.

There are many choices made during system design that impact pressure requirements. Most
choices that reduce energy use increase initial system cost. Designers should evaluation the
economic tradeoffs and discuss them with the grower. Unfortunately, designers, who commonly
work for equipment dealers, may propose low cost systems without revealing the high energy
costs in order to win a contract bid. Growers, even when given the economic information,
sometimes choose to save initial costs in spite of higher deferred energy costs.

Conclusions

There is potential to reduce energy use in California micro-irrigation systems. Most of the
potential savings is in the 20% of the systems that operate at highest pressures. Distribution
system pipelines and pressure regulation are the largest sources of pressure loss. Some high
pressure systems use a single pumping plant to operate both micro-irrigation and sprinkler
irrigation. Booster pumps or variable frequency drives could potentially save significant energy
costs for these dual systems or systems that irrigate undulating land.

Recommendations

e Economically evaluate the best pipe sizes for distribution systems.

e Use pressure regulators or PC emitters only where the benefits in initial costs, water
distribution uniformity and system operation is greater than the energy costs.
Design filter backflush systems that do not limit system pressures.
Use lateral inlet fittings (ball valves, hose screens, spaghetti tubing) that cause little (<0.5
psi) pressure loss.

e Use booster pumps or variable frequency drives when a pumping plant must operate over
a range of pressures or flow rates.
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Computational Fluid Dynamics Analysis and Verification of

Hydraulic Performance in Drip Irrigation Emitters

Li Yongxin'; Li Guangyong’; Qiu Xiangyu®; Wang Jiandong'; Mahbub

Alam®

Abstract:

The Computational Fluid Dynamics (CFD) method was applied to investigate the hydraulic
performance of labyrinth type emitter. The characteristic of the emitter (COE), the relationship
between the flow rate of the emitter and the pipe pressure, was numerically calculated using CFD
model, and the standard k— ¢ turbulence model was introduced in the calculation. The modeling
results were compared with the laboratory test results. The CFD modeling results show a good
correlation with measured results. The pressure and velocity distributions in the flow path of the
labyrinth emitter were numerically simulated by the CFD method, and were compared to the
pressure distribution obtained from a prototype of the emitter manufactured with the dimensional
ratio of 10:1. Both modeling and the measured results indicated that the pressure was reduced
linearly with the length of the emitter flow path. The CFD method was found to be an effective

method to investigate the hydrodynamic performance of drip emitters.

Introduction:

The emitter is an important component in a drip irrigation system. As water flows into the emitter
from the lateral pipe, the turbulent flow path of the emitter dissipates energy and thereby reduces
pressure. Ordinarily, the emitter flowrate increases with the static pressure in a lateral pipe in an
exponential relation (Karmelli, 1977). The relationship between the emitter flowrate and the static
pressure of the pipe, which is called characteristic of emitters (COE), is very important to a drip
irrigation system. This relationship is used in designing the desired emitter flow path.
Computational Fluid Dynamics (CFD) numerical technique was applied to investigate the flow,
heat and mass transfer for many years. CFD technique has many advantages compared with other
numerical calculation methods. The simulation can maintain a stable boundary condition while
CFD modeling can be easily simulated with the change of the structure specification (Lee and
Short, 2000). The numerical calculation results can help researcher analyze the hydraulic
performance of the emitters and modify the geometries of the flow path, thus reducing time and
cost for producing new emitter designs (P. Salvador et al, 2004).

The objective of this study was to apply the Computational Fluid Dynamics (CFD) numerical
method to investigate the hydraulic performance of drip irrigation emitters, and to simulate the
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distributions of pressure and velocity in the flow path of the labyrinth emitter. The CFD modeling
results are validated by measuring results in the laboratory.

Materials and Methods

Labyrinth Emitters

An emitter with standard labyrinth flow path was selected for this study. There are many zigzag
teeth on both sides of the emitter (Figure 1), and the space among the teeth forms the flow path of
the emitter. The length of flow path for the emitter was 19.8 mm, the depth of the flow path was
0.7 mm, and the distance between the teeth was 1.5 mm.

Lengh of fow path ~ Deptn ot fow patn

nist ' Owlet

Figure 1 Structure of the labyrinth emitters
CFD Numerical Modeling

The CFD method divides the calculation domain into finite control volumes, and numerically

solves the Reynolds—averaged form of the Navier—Stokes equations (Fluent, 1998) within the
volumes. The Reynolds—averaged form considers the instantaneous flow parameters as the sum of
a mean and a fluctuating component of turbulence (Hinze, 1975; Bennet and Myers, 1995). Since
the high—frequency and small-scale fluctuations of turbulent flow could not be directly quantified;
turbulence numerical modeling relates some or all of the turbulent velocity fluctuations to the
mean flow quantities and their gradients.
1. The water flow inside the emitter was assumed to be an incompressible steady flow. The
governing equation included the following continuity equation and Navier-stokes equation
(Anderson, 1995):

2. Continuity equation: a_u + Q + a—w =0
' v eqnaton x oy o
a(E;O”)+V (pul) = 8 +,uV2u+pf
3. Navier-Stokes equation: (apv ) +V-(pvU)= a Ly uviv+ o
I(pw)

V- (pwU Viw+
— " (pwU) = a+ﬂWPf

4. Where U is the flow velocity: U =ui +vj + wk (ms™), u, v, w are the components
of the velocity vector inx, y, z axis; PO (kg m™) and U (Pa s) are the density and

dynamic viscosity coefficient of the fluid. The pressure of the fluid is p (Pa); f, f, f. are
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the components of the body force.

5. There are two flow patterns in the flow path, laminar flow and turbulence flow, which can be
discriminated by Reynolds Number of the flow. But the flow path in emitters is so
complicated that the signs of turbulence flow appear with low Reynolds Number. In this study,
the standard k— ¢ turbulence model was selected to describe the flow in emitters because its
results were very close to the practical flows (Launder and Spalding, 1974). In the k— ¢ model,
the turbulent kinetic energy (k) and the dissipation rate of (€ ) can be expressed as the
following equations:

k=%(17+\7+w’2)

ou _du
£= V(—a )(—a )
x, dx,
Where u’y v/, W (ms™) are the fluctuating components of the velocity, v (m’ s™) is the

kinematics viscosity coefficient of the fluid. In the standard k— € turbulence model, the transport

equations of the turbulent kinetic energy (k) and the dissipation rate of ( € ) are:

Where g, is turbulent eddy viscosity, G, represents the generation of turbulence kinetic energy

—(pk)+—(pkU)— [(u+0 514G, +G, - pe-7,

k

(ps) —(peU)— [(#+ 3 €)1
X

€ i

£ £
Cls ;(Gk + C3€Gb) - CZSIO?
caused by the mean velocity gradients, G, is the generation of turbulence kinetic energy caused

by buoyancy, Y,, represents the contribution of the fluctuating dilatation in compressible

. C

turbulence to the overall dissipation rate, and C,, . C,,

v~ 0, 0, arethe turbulent

3e

Prandt]l numbers for k and ¢ respectively.

6. The grid generation is very important in CFD numerical calculation. The hexahedron cells
with 0.1 mm were applied to generate the grid, and the cell number in the domain of the flow
path of the emitter was about 10 (figure 2).

Figure 2. Grid generation of the labyrinth emitter
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After completing the grid generation, a grid file was created and fed as input into FLUENT. The
boundary conditions were set in FLUENT according to the practical flow situation. The inlet of
the emitter was set as a pressure-inlet boundary condition, and was directed into with 3m, 5m, 8m,
10m, 12m, 15m, 18m, and 20m water heads respectively. The outlet of the emitter was set as a
pressure-outlet boundary condition; the local atmospheric pressure was included in the calculation
as the operational condition.

The local Reynolds number in the boundary layer region near the walls was so small that viscous
effects were predominant over turbulent effects. Two methods were used to account for this effect
and for the large gradients of variables near the wall; one method applied the wall function to
solve the flow near the wall, another method improved the turbulence model to solve the problem.
The wall function method, with low calculation load and high accuracy, was applied extensively
in the practical engineering calculations. In this study, the standard wall function was applied in
the region near the wall, and the roughness of the wall inside the emitter was set as 0.01 mm,
which is the ordinary technology level of plastic molding.

Measurement Procedure

The measurements were conducted in the laboratory of irrigation and drainage in China
Agricultural University. The measurements included two parts: the COE measuring and the
measuring of pressure inside an amplifying model.

The emitters are always integrated into the lateral pipeline after molded from plastic. The topside
of the emitter clings to the inner wall of the pipe; the wall of the pipe near the emitter outlet is
punctured through when integrating. Then the water can flow into the inlet of the emitter, flow
around every tooth, and discharge from the outlet pore. The drip pipe with twenty-five emitters
was installed in an experimental facility (figure 3). The measuring cups were used to collect the
water discharged from the emitters in a given duration to calculate the flowrate of the emitters.
Before the measuring, the air in the pipe was exhausted firstly, opened the valve little by little.
When the pipe pressure remained in a steady condition, the static pressure from the manometer
was recorded, as well as the duration and the amount of every emitter. The flow rate of the emitter
at any given pressure was calculated from the average of the twenty-five emitters. Finally the
COE curve can be made by regression analysis on the data.

It was very difficult to measure the pressure inside the flow path of the prototype emitters directly
because of their tiny size. So an amplifying model of the emitter was manufactured with the
dimension ratio 10:1 to verify the CFD modeling results of pressure distribution along the flow
path (Wang, 2004). The amplifying model was made by steel and based on the similarity theory.
Five pores with pressure tubes connected to manometers were made on the top wall of the
amplifying emitter along the flow path. The pressures inside the flow path can be measured by the

manometers.
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Figure 3. Schematic diagram of the experimental facility

Valve

Results and Discussions

COE comparison between CFD modeling and the measuring

Figure 4 shows the COE curves of prototype emitter and amplifying model made by regression
analysis from the CFD modeling data and the measuring data. The broken curves are the CFD
modeling results, and the continuous lines are the measuring results. It is showed that COE curves
made by CFD modeling data are very close to that by measuring data, the CFD modeling results
correlate well with the measuring results. The mean differences between the modeling results and
the measuring results do not exceed 5 %. It is indicated that the COE can be numerically
calculated by CFD method with high accuracy.

3.0
CFD Modeling: Q=1.5621 HO-493% e
P
_o
= 2.0 F
2
o Measuring : Q =1.4994 H%%'32
]
<
3
o 1.0 r
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Pressure H (10°Pa)

(a) Prototype emitters
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(b) Amplifying model

Figure 4. COE comparisons between the CFD modeling data and the measuring data

(Broken line: CFD modeling; Continuous line: measuring)

Pressure distribution inside the flow path

The pressure distribution inside the flow path influences the hydraulic performance of the emitter
greatly. Figure 5 a gives the pressure distribution inside the flow path of the emitter from the inlet
to the outlet simulated by CFD method. The static pressure of the pipe was 10 m water head, the
pressure unit in the legend was Pascal, and the grey level represents the pressure magnitude. The
pressure in the left inlet area was higher than it was in the right outlet area, and reduced gradually
from the inlet to the outlet. The detail pressure distribution between two teeth is given on figure 5
b. The direction of the arrow is the direction of the flow velocity of the position, and the white
lines are the contour line of the pressure. The contour lines near the peak of the teeth were
intensive, and the pressure gradient is very great there. When the water flows around the peak of
the teeth, the flow direction is changed, and the flow pattern becomes unstable. So the structure
and dimension of the peak of the teeth are very important to the hydraulic performance of the
emitters; more attentions need to be paid to this aspect when designing a new emitter.

In order to further investigate the pressure distribution inside the flow path of the emitter, the
pressures in sixteen positions along the flow path were numerically calculated by CFD method
and were analyzed by standardized method. The pressure in every position was replaced by

non-dimensional standardized pressure p , which was obtained by dividing the modeling pressure
P; in the position by the static pipe pressure p, when modeling.

The standardized pressures p were only determined by the positions, so we can compare the

Pi
Pp

P =
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pressures with varying static pressure of the pipe. The standardized pressures by CFD modeling
are shown with broken line on figure 6. The pressure decreases linearly with the length of the flow
path. The pressures measured in the amplifying model at five positions are also shown with
continuous line on figure 6. The pressures were also standardized by static pipe pressure when
measuring. There is a linear regression relationship between the pressure and the length of the
flow path with high coefficients of determination. The two regression curves by CFD modeling
and by measuring are very close, and the average difference between the modeling pressure and
the measuring pressure is no more than 3%. The pressure distribution modeling results agreed

well with the pressure measuring results in amplifying model of the emitter.
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(a) Pressure distribution from the inlet to the outlet of the emitter

(b) Pressure distribution between the teeth

Figure 5. Pressure distribution inside the flow path of the emitter
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Figure 6. Standardized pressure curves comparison between CFD modeling and measuring

Flow velocity field inside the flow path

The flow field in the flow path of the emitters is very difficult to investigate by traditional
methods. The flow velocity among the teeth by CFD modeling is shown on figure 7 a; the arrows
are the velocity vectors in the flow field. It was found that the flow velocity near the peak of the
teeth is much more than those at other places, a vortex is formed at the downstream side of the
teeth, and the flow velocity in the area of the vortex is low. The vortex inside the flow path can
improve the anti-clogging performance of the emitters because the vortex has a rinsing effect
inside the flow path. A vortex is also formed in the outlet area of the emitter while the water
discharge out the outlet pores (figure 7 b, ¢). The outlet area of the emitters in this study has a
quadrilateral shape, and the water is stagnant in the four corners. The corner areas are easy to clog
up if the irrigation water is not clean. The cylindrical outlet area would ameliorate the
anti-clogging performance of the emitters; but it will require verification by experiments in future.
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(b) Velocity distribution in the outlet area of the emitters

(c) Velocity vectors at the outlet pore of the emitters
Figure 7. Flow velocity field inside the flow path of the emitters by CFD modeling
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Conclusions

The characteristics of the emitters (COE) were investigated by Computational Fluid Dynamics
(CFD) method, and the modeling results were validated by measuring results in the laboratory.
The CFD modeling results showed a good correlation with the measuring results; the average
difference was no more than 5%. The CFD method was proved an effective method for the
numerical calculation of COE with a high degree of accuracy.
The distributions of pressure and velocity in the flow path of the labyrinth emitter were
numerically simulated by CFD method. An amplifying model of the labyrinth emitter was
manufactured with dimension ratio 10:1 to verify the pressure distribution along the flow path.
Both the modeling results and the measuring results indicated that the pressure was reduced
linearly with the length of the flow path. The pressure distribution modeling results agreed well
with the pressure measuring results in the amplifying model of the emitter. The average difference
between the modeling results and the measuring results was no more than 3%.

The flow velocity near the peak of the teeth is much more than those at other place. A vortex is
formed at the downstream side of the teeth, and the flow velocity in the area of the vortex was low.
The vortex inside the flow path can improve the anti-clogging performance of the emitters

because of rinsing effect.
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Title: Case Study: Subsurface Drip Irrigation in Southeastern Colorado

Four years of drought and more restrictive ground water pumping regulations from the
State Engineer forced Kent Lusk of Rocky Ford, Colorado to evaluate his current farming
operation. The extended drought in the Arkansas River Valley resulted in little or no
surface irrigation water. During this same time, the State of Colorado increased the
restrictions on the pumping of well water by more closely regulating ground water
augmentation plans. Lusk was faced with leaving previously irrigated land fallow,
converting irrigated land to dryland, or improving the efficiency and effectiveness of his
irrigation practices. As a matter of survival, Kent chose the latter.

Lusk installed his first 66 acres of SDI in 2003. With the help of the Natural Resources
Conservation Service (NRCS) Environmental Quality Incentives Program (EQIP) cost
share program Lusk has installed an additional 29 acres in 2004, and 33 acres in 2005
with plans to install another 43 acres in the next year or two.

The NRCS EQIP was authorized in the Farm Security and Rural Investment Act of 2002
(Farm Bill) to provide a voluntary conservation program for farmers and ranchers that
promotes agricultural production and environmental quality as compatible national goals.
EQIP offers financial and technical help to assist eligible participants install or implement
structural and management practices on eligible agricultural land. EQIP may cost share
up to 75 percent of the cost of certain conservation practices. All conservation practices
must be planned and implemented per NRCS standards. The local conservation district is
responsible for approving the plan.

As Lusk reviewed irrigation options to replace his current flood irrigation system and
practices for improved irrigation efficiency, he quickly narrowed in on Subsurface Drip
Irrigation (SDI). Since his farm was leveled to accommodate furrow irrigation, and all of
the fields were rectangular in shape, SDI fit the best. Overhead irrigation, either through
a solid set or center pivot/lateral move system, was ruled out due to the potential mold
and fungus problems with melon crops. In addition, the layout of his farm did not work
well with the constraints of a center pivot or lateral move system. His farm would have
required at least three center pivot/lateral move systems to irrigate most of the 171 acres
he is currently irrigating, or planning to irrigate, with SDI. Also, given the variety of
crops grown by Lusk, including melons, onions, peppers, tomatoes, corn, alfalfa, beans,
and small grains, the SDI system allows for more control of water, and nutrient
application, as well as other farming operations.
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As Lusk stated “Installing SDI is like buying the farm all over again. It is expensive.
The NRCS EQIP program has really helped financially”. The NRCS EQIP cost share
helped Lusk to install more of his farm acreage under SDI in a shorter time frame than he
could have on his own. His total acreage under SDI will be 171, with 105 acres installed
with the help of the EQIP program. Lusk applied for EQIP in 2002 and was approved for
a 50% cost share per the program that was in place at the time. As part of the Colorado
NRCS requirements system design drawings must be developed by a registered
Professional Engineer or NRCS Technical Service Provider (TSP) and approved prior to
installation.

In addition to water savings, Lusk hoped to realize improved crop yields and quality,
reduced fertilizer application, and a reduction in disease and pest problems. He couldn’t
be more pleased with the results. Water savings has been impressive. For example, 3 to
4 acre-ft of water was required for each acre of melons using flood irrigation. Currently,
Lusk is using about 1 acre-ft per acre with the SDI system. Fertilizer applications have
been reduced by 30 %. Crop yields have improved by at least 40% across the board. The
quality of the produce has also improved, especially the melon crops. Lusk credits the
use of SDI, along with plastic mulch, as the reason the number of melons with ground
spots or worms has decreased dramatically, while the percentage of No. 1 melons has
increased.

Although the results have been outstanding, some concerns were, and still are, in the back
of Lusk’s mind regarding SDI. His concerns include salt build up in the soil profile and
seed germination. To keep the potential salt build up in the soil due to the high TDS
water in check, Kent is having soil and water chemisty analysis completed each year to
help him develop a management plan. He is also injecting sulfuric acid into the water to
lower the pH. Reducing the water pH has also lowered the soil pH which has improved
the soil structure.

Lusk has also kept his old gated pipe around, and has installed risers on the SDI system
mainline so he can flood irrigate if needed to leach salts beyond the root zone of the
crops. So far, neither the salinity or germination has been a problem, but he is keeping a
close eye on both. For the most part, germination has not been a problem either. To
ensure complete germination for onions, which are very costly to plant, Lusk has flood
irrigated after planting to help the onion seeds in the outer edge of the planting beds
germinate.

Lusk also indicated that there is a definite “learning curve” with SDI. Due to the small
emitter outlets, keeping a handle on filtration and water chemistry is vital to the long term
success of the system. Lusk flushes each SDI zone every two to three weeks. Flushing
helps him track changes in the appearance of the water being flushed through the system.
He also checks the filter and monitors pH daily. This year for example, he began
noticing a black precipitate in the flush water. Upon closer inspection, some of the
tubing was beginning to plug. He is working with a drip product supplier to change his
chemical injection program to solve the plugging problem. Lusk has leaned that water
chemistry can change from year to year and you have to continuously monitor the
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operation of the system to keep small problems from becoming huge. You can’t start the
system in the spring and walk away, you have to continuously monitor and maintain the
system to keep the system working.

Survival forced Kent Lusk to review his farming operation. Although he set out to save
water, in the end he found saving water can result in many other benefits including
increased yields, higher quality crops, lower fertilizer input, and a better overall
environment. In short, his family farming operation is healthier and better poised to
compete down the road due to the implementation of SDI technology and the help of the
NRCS EQIP program.

SYSTEM DESIGN, SPECIFICATION, AND INSTALLATION

A 105 acre SDI was designed under the NRCS EQIP program. The 105 acres to be
installed under the NRCS cost share program was designed to properly work with the
existing 66 acres installed by Lusk prior to the NRCS involvement.

The 105 acres of crop land to be irrigated is broken into 9 different fields. All of the
fields are currently flood irrigated with gated pipe or siphon tubes. The system will be
designed with the following mix of crops, 50% vegetables, 20% alfalfa, and the
remaining 30% in either dry beans, wheat, soybeans, or a combination of the three.

Water Requirements

The irrigation water requirements for these systems has been estimated using the
procedures outlined in Chapter 2, Part 623 of the National Engineering Handbook. More
specifically, the SCS Technical Release No. 21 was utilized to estimate the irrigation
water requirements.

Assuming the crop mix as noted above, 20% of the land will be planted to alfalfa, 50% to
vegetables, and 30% in dry beans, wheat, soybeans, or a combination of the three. The
water requirements for dry beans were used in the calculations. The peak season water
requirements for dry beans is higher than that calculated for soybeans or wheat so the
water requirements for dry beans were used in the table.

Table 1 presents the peak system requirements assuming a normal, or average, rainfall.
Average rainfall is assumed to have a probability of occurring 5 out of 10 years. Table 2
presents the irrigation water requirements for a dry year. A dry year is assumed to be the
level of rainfall that can be expected 8 out of 10 years. The SCS Technical Release 21
was followed to estimate the dry year rainfall.
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TABLE 1
Lusk Farm
Estimated Monthy Water Use
Normal Year (50% Chance)
Alfalfa Vegetables Dry Beans Totals
Crop Acres-----> 21 Acres-----> 52.5 Acres-----> 31.5 105.00 Acres
Mixture Crop Crop Crop System
Net Irrig/Re] GPM/ Flow Net Irrig GPM/ Flow Net Irrig GPM/ Flow Flow
In/day Acre GPM in/day Acre GPM in/day Acre GPM GPM
Month
March 0.04 0.83] 17 17
April 0.08 1.83) 38, 38
May 0.14 3.26 69 0.02 0.55 29 0.05 1.11 35 132
June 0.25 5.67 119 0.13 2.97 156 0.19 4.37 138 413
July 0.26 5.93 125 0.18 4.07 214 0.26 6.07 191 529 Peak Flow
August 0.22 5.10 107| 0.16 3.58 188 0.15 3.40 107 402
September 0.15 3.50 73 73
October 0.07 1.64 34 34
TABLE 2
Lusk Farm
Estimated Monthy Water Use
Dry year (80% Chance)
Alfalfa Vegetables Dry Beans Totals
Crop Acres-----> 21 Acres-----> 52.5 Acres-----> 31.5 105.00 Acres
Mixture Crop Crop Crop System
Net Irrig/Re] GPM/ Flow Net Irrig GPM/ Flow Net Irrig GPM/ Flow Flow
In/day Acre GPM in/day Acre GPM in/day Acre GPM GPM
Month
March 0.04 0.97 20 20
April 0.09 2.02 42 42
May 0.16 3.57 75 0.04 0.82 43 0.06 1.38 43 162
June 0.26 5.95 125 0.14 3.21 168| 0.20 4.61 145 439
July 0.28 6.36 134 0.19 4.46 234 0.28 6.46 203 571 Peak Flow
August 0.24 5.41 114 0.17 3.88 203 0.16 3.70 117 434
September 0.16 3.66) 77 77
October 0.08 1.74 37 37

A flow of 529 gpm will be required to met peak ET demands for the 105 acres of crops
assuming normal rain fall and a flow of 571 gpm is required assuming a dry year. These
calculations assume that all of the water lost to ET is replaced by the irrigation system
each month, and that the soil moisture level is not depleted month to month.

Assuming the existing 66 acres of SDI will have a similar crop mixture, the flow required
to irrigated the entire 171 acres of SDI will be 529 gpm + 529 gpm x 66/105 = 861 gpm
assuming normal precipitation and 571 + 571 x 66/105 = 929 gpm assuming a dry year.

Again, these calculations assume that all of the water lost to ET is replaced by the

irrigation system each month, and that the soil moisture level is not depleted month to

month.

Using water stored in the crop root zone is a valid management tool to reduce the peak
season irrigation requirement for many crops. The use of a Management Allowed Deficit
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(MAD) of 50% is typical and will be used to calculate a reduced system flow
requirement.

The MAD is based upon the crop rooting depth, and the water holding capacity of the
soil. Per the Otero County Soil survey the three main soils at the Lusk farm are:

Kornman & Neesopah (KnA) loam, with a water holding capacity of 1.32 to 2.40 inches
per foot of soil.

Olney (OnA) Sandy Clay Loam, with a water holding capacity of 1.32 to 2.16 inches per
foot of soil.

Numa (Nma) clay-loam, with a water holding capacity of 1.68 to 2.52 inches per foot of
soil.

A conservative water holding capacity of 1.32 inches per foot of soil will be used to
calculate peak system flow with a MAD of 50%. Tables 3 and 4 calculate the monthly
water requirement and peak system flow assuming a MAD of 50%. Table 3 describes
water requirements based upon normal precipitation, and Table 4 assumes a dry year
precipitation.

TABLE 3
Lusk Farm
Estimated Monthy Water Use with Management Allowed Deficit Irrigation (MAD)
Normal year (50% Chance)

Crop Alfalfa Vegetables Dry Beans Totals
Mixture Acres--—--> 21 Acres--—-> 52.5 Acres--—-> 31.5] 105.00 Acres
Root depth 5 ft Root depth 3 ft Root depth 3 ft
Water Holding Capacity 1.32 in/ft Water Holding Capacity 1.32 in/ft Water Holding Capacity 1.32 in/ft
MAD 50 % MAD 50 % MAD 50 %
Soil Reservoir 3.3 Inches  |Soil Reservoir 1.98 Inches  |Soil Reservoir 1.98 Inches
Maximum Net Irrigation Application, In/day 0.21]Maximum Net Irrigation Application, In/day 0.14]Maximum Net Irrigation Application, In/day 0.2] System Flow
Flow, GPM per Acre 5.15|Flow, GPM per Acre 3.43|Flow, GPM per Acre 4.90]
Total Crop Flow, GPM 108]Total Crop Flow, GPM 180} Total Crop Flow, GPM 154 443 GPM
Net Irrig Net Irrig  [Max. Irrig Net Irrig Net Irrig  [Max. Irrig Net Irrig Net Irrig  |Max. Irrig
Req'd Days Irrig |[Req'd Applied |Deficiet |Req'd Days Irrig |Req'd Applied |Deficiet |Req'd Days Irrig |Req'd Applied |Deficiet
In/day Days/mo |In/Month |In/Month |In/Mo In/day Days/mo |In/Month |In/Month }In/Mo In/day Days/mo |In/Month JIn/Month |In/Mo
Month
March 0.04 20.00 0.72 4.20] 0.00
April 0.08 30.00 2.39 6.30 0.00
May 0.14 31.00 4.40] 6.51 0.00 0.02 15.00 0.36 210 0.00 0.05 15.00 0.72 3.00 0.00
June 0.25 30.00 7.40 6.30 -1.10 0.13 30.00 3.87 4.20 0.00 0.19 30.00 5.70 6.00 0.00
July 0.26 31.00 8.00 6.51 -1.49 0.18 31.00 5.48 4.34 -1.14 0.26 31.00] 8.18 6.20 -1.98
August 0.22 31.00 6.88 6.51 -0.37 0.16 31.00 4.82 4.34 -0.48 0.15 24.00 3.55 4.80 0.00
September 0.15 30.00 4.56) 6.30 0.00
October 0.07 13.00} 0.93 2.73 0.00
Cumulative Deficit Irrigation, Inches---> -2.95]Cumulative Deficit Irrigation, Inches---> -1.62]Cumulative Deficit Irrigation, Inches---> -1 ,9§|

161




TABLE 4
Lusk Farm
Estimated Monthy Water Use with Management Allowed Deficit Irrigation (MAD)
Dry Year (80% Chance)

Crop Alfalfa Vegetables Dry Beans Totals
Mixture Acres--—--> 21 Acres--—-> 52.5 Acres--—-> 31.5] 105.00 Acres
Root depth 5 ft Root depth 3 ft Root depth 3 ft
Water Holding Capacity 1.32 in/ft Water Holding Capacity 1.32 in/ft Water Holding Capacity 1.32 in/ft
MAD 50 % MAD 50 % MAD 50 %
Soil Reservoir 3.3 Inches  |Soil Reservoir 1.98 Inches  ]Soil Reservoir 1.98 Inches
Maximum Net Irrigation Application, In/day 0.22|Maximum Net Irrigation Application, In/day 0.15|-Maximum Net Irrigation Application, In/day 0.22] System Flow
Flow, GPM per Acre 5.39|Flow, GPM per Acre 3.68|Flow, GPM per Acre 5.39
Total Crop Flow, GPM 113]Total Crop Flow, GPM 193] Total Crop Flow, GPM 170 476 GPM
Net Irrig Net Irrig  [Max. Irrig Net Irrig Net Irrig  [Max. Irrig Net Irrig Net Irrig  [Max. Irrig
Req'd Days Irrig |[Req'd Applied |Deficiet |Req'd Days Irrig |Req'd Applied |Deficiet |Req'd Days Irrig |Req'd Applied |Deficiet
In/day Days/mo |In/Month |In/Month |In/Mo In/day Days/mo |In/Month |In/Month }In/Mo In/day Days/mo |In/Month JIn/Month |In/Mo
Month
March 0.04 20.00 0.84 4.40] 0.00
April 0.09 30.00 2.63 6.60 0.00
May 0.16 31.00 4.82] 6.82 0.00 0.04 15.00 0.54 2.25 0.00 0.06 15.00 0.90 3.30 0.00
June 0.26 30.00 7.76 6.60 -1.16 0.14 30.00 4.18] 4.50 0.00 0.20 30.00 6.01 6.60 0.00
July 0.28 31.00 8.58 6.82 -1.76 0.19 31.00 6.01 4.65 -1.36 0.28 31.00 8.70 6.82 -1.88
August 0.24 31.00) 7.30 6.82 -0.48 0.17 31.00 5.22 4.65 -0.57 0.16 24.00 3.86 5.28 0.00
September 0.16 30.00 4.77, 6.60 0.00
October 0.08 13.00} 0.99 2.86 0.00
Cumulative Deficit Irrigation, Inches---> -3.40]Cumulative Deficit Irrigation, Inches---> -1.93]Cumulative Deficit Irrigation, Inches---> -1 ,8§|

Using a MAD of 50%, the required peak season system flow requirement is 443 gpm
assuming normal precipitation, and 476 gpm assuming a dry year.

Assuming the existing 66 acres of SDI will have a similar crop mixture, the flow required
to irrigated the entire 171 acres of SDI with a MAD of 50 % will be 443 gpm + 443 gpm
x 66/105 =721 gpm assuming normal precipitation and 476 + 476 x 66/105 =775 gpm
assuming a dry year.

Since adequate water is available, either from well water or a combination of well and
canal water, it is recommended that the system be designed to provide a flow capacity of
929 gpm as calculated in Table 2. This assumes a dry year, and no deficit irrigation.
This is a conservative system flow and will allow for some cropping pattern changes and
calculated above.

A pump test was completed by a State of Colorado certified well tester in January of
2004. The produced a flow of 610 gpm, which is less than required flow to meet peak
ET, with using a MAD of 50%. Lusk drilled a new replacement well in 2005. This well
provides a flow of approximately 900 gpm, which is adequate as described above.

Water Quality

Water samples were sent to a qualified laboratory to test for all of the parameters required
by the Colorado NRCS. The water was tested for Nitrogen as Nitrate, Chloride, Sulfate,
Carbonate Calcium, Magnesium, Sodium, Potassium, Boron, Hydrogen Sulfide, Irion,
Manganese, TSS, TDS, Total Solids, Hardness, Alkalinity, EC, SAR, pH, and a Total
Bacteria plate count. In addition to this, a test was run to check for the presence of Iron
Bacteria.
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Based upon the results of the labor work, the following was noted about the well water.
The salinity hazard for the water is medium, which may affect the growth of moderately
sensitive crops. Leaching may be required to reduce the build up of salts in the root zone.

The leaching requirement was calculated using and EC for the irrigation water of 1.6, per
the water quality testing analysis, and an EC of the soil of 2.4. The soil EC was
estimated to be 1.5 x the irrigation water EC. At this level, a 5 percent leaching
requirement is required. Assuming an EC of the soil of 1.8, the leaching requirement
will be increased to 15 %. The NRCS CO-ENG-20 work sheet was used to determine the
leaching requirement.

Based upon the water requirements for the crops planned, the 15% leaching requirement
can be met for all months with the exception of July, during peak ET. From time to time,
it may be necessary to flood irrigate the fields to help move the salt accumulations thru
the soil profile. In all cases, the existing flood irrigation system can be used for this

purpose.

The water pH was 7.38, which is within the acceptable pH range of irrigation water of 6.4
to 7.6 of an acceptable pH range.

Iron bacteria were present in the well test. Although the iron level is low, 0.1ppm, it is
high enough to support the growth of iron bacteria in the system. The producer operated
the system last year with out any problems from the iron bacteria. If a bacterial slime
does develop, continuous chlorination is the recommended approach to the control of any
bacteria within the system. An injection pump and tank s is recommended for
chlorination of the system at the well. If precipitates become a problem from the
injection of chlorine, a media filter may also be required. Chlorine should be injected to
provide a continuous dosage of 0.5 — 1.5 ppm.

System Layout

The 105 acres of crop land to be irrigated with SDI is currently flood irrigated. The 105
acres is broken up into nine different fields. The producer has indicated a preference for
each field to be broken up into 5 acre zones. Using 5 acres per zone as a guideline, the 9
fields have been further divided up into 20 zones ranging from 3.7 to 5.7 acres each.

The drip tape will be installed in 60-inch rows to accommodate current farming practices.
The drip tape selected has a nominal flow of 0.3 gpm per 100 at an operating pressure of
10-14 psi. Both 5/8” diameter and 7/8” diameter drip tape will be required depending on
field slope, and row length. The tape operating pressure and diameter is specified to
provide the minimum emission uniformity of 85% and a minimum flushing velocity of
1.5 ft. /second as required by current NRCS design standards. Refer to the attached
drawing showing the layout and individual zone operating pressure, flow, and estimated
flow during flushing.
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Each zone has an estimated flow ranging from 104 to 149 gpm. All control valves are
manually operated, 3-inch butterfly valves. Each valve is opened to provide the desired
discharge pressure. A pressure gauge attached to a shrader valve located at each air relief
valve just downstream of each control valve is used to measure operating pressure. The
system has been designed to accommodate the future installation of automatic control
valves.

The supply manifolds are 4-inch PVC CL160 pipe. In general, two control valves are
located side by side in the field, thus reducing potential obstructions. The flush
manifolds are 3-inch CL160 PVC pipe, with a flush valve located at each end. Air relief
valves will be provided at end of each end of the supply manifold and flush manifold.
Drain valves will be provided at the low end of each supply manifold and flush manifold.

The mainline is 80 PSI PVC pipe, and ranges from an 8-inch diameter to a 4-inch size.
The mainline was sized to provide maximum flexibility in the management of the system.
Installation depth is at a minimum of 30 inches. Gate valves are provided to allow
isolation of sections of the system to assist in system winterization and maintenance.
Manual drains will be provided at low points in the mainline, and air and vacuum relief
valves will be located at all high points, tees, and ends.

Filtration And Pump Station

The existing screen filter has adequate capacity for the system. The 6-inch 200 mesh
screen filter with a maximum flow capacity of 900 GPM is in place.

Two booster pumps are in place to provide the pressure required to efficiently operate the
system. A 300 gpm, and a 600 gpm pump is in place. If one or two laterals are operated,
the 300 gpm pump is used, if two to four laterals are operated the 600 gpm pump is
operated, and if 5 or 6 laterals are operated both booster pumps must be operating.

The booster pumps have an electric interlock with the chemical injection pumps so that
the chemical injection pumps only operate when the booster pump is operating.

Chemigation

Chemigation is currently in place. The operator must maintain a current chemigation
license from the State of Colorado, and the system must conform to all state
requirements. A diagram and phone number for more information is attached.

The producer currently injects acid into the system to reduce the pH of the water. He
currently uses a pH test kit to adjust the injection rate of the acid to maintain the desired

water pH.

The two other chemical injection pumps are for fertilizer. These pumps are adjusted to
provide the desired application of fertilizer.
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Design Drawings

The following are samples of the drawings developed for the SDI system installed at
Lusks farm.
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@ WAFER STYLE CONTROL VALVE: NELSON
800 SERIES

@ PVC SCH 80 FLANGE SOLVENT WELD

PVC SCHEDULE 40 90" ELL OR TEE IF
AIR VACUUM RELIEF VALVE IS REQUIRED
ON MAINLINE

@ PVC SCH 40 TEE

PVC CL 180 PIPE, SIZE TO MATCH
CONTROL VALVE SIZE

PVC SCH 40 TEE OR ELL, SIZE TO
MATCH MANIFOLD. PROVIDE REDUCING
TEE OR ELL IF NEEDED

PVC REDUCING BUSHING WITH 1—INCH
FEMALE THREADS

AIR VACUUM RELIEF VALVE WITH
SCHRADER VALVE: AG PRODUCTS APW-1

SUPPLY MANIFOLD
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SECTION B-B

@

1-INCH PVC SCH 40 BALL VALVE

@ 3-INCH PVC SLEEVE WITH CAP

1—INCH DIAMETER PVC SCH 80 NIPPLE

@ GRAVEL SUMP

CONTROL AND COMMON WIRE

(15) WATER PROOF CONNECTOR

PVC SCH 40 REDUCER BUSHING WITH
2—INCH OUTLET AND 2-INCH PVC SCH 80
THREADED NIPPLE

AIR AND VACUUM RELIEF VALVE. SEE
PLANS.
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@ FLUSH VALVE: 2—-INCH SIZE
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@ PVC CL 160 PIPE: SIZE PER
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@ REDUCER BUSHING, SIZE TO
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NOTE:
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END OF MANIFOLD ONLY.
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CHECKED: WEE
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Combined LEPA and MESA Irrigation on a Site Specific Linear Move System
Robert G Evans® and William M. Iversen?

Abstract

An off-the-shelf PLC-based control system has been developed and field tested to enable site-
specific irrigation of multiple 50 ft X 80 ft research plots using either mid-elevation spray heads
(MESA) and low energy precision application (LEPA) irrigation methods on linear move sprinkler
systems. Both methods were installed on one machine to cover the same areas whereas the second
system varies application depths. The irrigation method alternates or applied depths can change
depending on irrigation treatment for each 50 ft plot width the machines travel down the field.
Electric over air-activated control valves are installed on each gooseneck for each system. The
PLC controls allow the variable treatments to be used depending on location which is provided by
a low cost WAAS enabled GPS system. Pneumatic cylinders lift the LEPA heads above the MESA
heads when the MESA is operating over a given plot width and length.

Keywords: precision irrigation, spatial variability, pneumatic controls, sugarbeets, barley, GPS
Introduction

Competition for water with municipalities, industries, recreation, and environmental uses appears
to be a globally important issue, with water conservation mandates and related litigation
increasing. The implications of these pressures will necessarily result in continued refining of
water conservation measures, through improved efficiency in delivery, timing of applications, and,
likely, increased use of various deficit irrigation strategies. Maintaining crop production through
more efficient use of rain and irrigation is critical to overcoming these problems, which are
complicated because their severity varies in both time and space. In order to maintain profitability,
irrigators will have to apply water and agrochemicals in an efficient manner to reduce the social as
well as the economic costs of diverting or pumping water over relatively long distances.

Improved technologies continue to be needed to better manage energy, water and soil resources.

Thus, new and improved strategies and practices are needed to reduce surface and groundwater
contamination from agricultural lands, and sustain food production for strategic, economic, and
social benefits. Innovative irrigation techniques and management systems will be necessary to
increase the cost-effectiveness of crop production, reduce soil erosion, and reduce energy
requirements while enhancing and sustaining crop production, the environment and water use
efficiency. We believe that precision differential irrigation under self-propelled irrigation systems
will be a significant part of the future toolbox for many growers.

Center pivot and linear move irrigation systems are particularly amenable to site-specific
approaches because of their current level of automation and large area coverage with a single
lateral pipe. Microprocessor controlled center pivot and linear move irrigation systems also

! Supervisory Agricultural Engineer, USDA-ARS, Northern Plains Agricultural Research Laboratory, 1500 N Central
Ave, Sidney MT 59270 revans@sidney.ars.usda.gov

2 Physical Scientist, USDA-ARS, Northern Plains Agricultural Research Laboratory, 1500 N Central Ave., Sidney,
MT 59270. biversen@sidney.ars.usda.gov
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Combined Site Specific LEPA and MESA Irrigation

provide a unique control and sensor platform for economical and effective precision irrigated crop
management. These technologies make it potentially possible to vary agrichemical and water
applications to meet the specific needs of a crop in each unique zone within a field to optimize
crop yield and quality goals while maintaining environmental health (reduced water and
agrichemical use) and reduced leaching.

Over the past 50 years, the goal of center pivot and linear move irrigation design engineers has
been to have the most uniform water application pattern possible along the entire length of the
center pivot or linear move, and they have been relatively successful. Considerable yield variations
still exist despite the inherent high frequency and fairly uniform applications of self-propelled
center pivot and linear move irrigation systems, which are often attributed to spatial variability in
soil water holding capacities and related nutrient availability. Field heterogeneity with respect to
soil water holding capacity has been reported in many studies (e.g., Burden and Selim, 1989; Agbu
and Olson, 1990, Mallawatantri and Mulla, 1996; Mulla et al. 1996; Evans and Han, 1994).
Furthermore, the terrain under center pivot and linear move irrigation systems is often quite
variable, causing runoff, channeling, and run-on, which can also profoundly affect crop stand and
crop yield.

Terrain variation can also change the system pressure distribution along the lateral pipeline.
Intermittent end gun operation can also cause system pressure fluctuations. System pressure
changes, in turn, alter the amount of water applied as water pressure varies with applicator
orientation and position in the field. While engineering solutions such as flow control nozzles or
pressure regulators at each head have somewhat helped this situation, they are still not able to fully
compensate for the effects of system pressure changes (Evans et al., 1995; James, 1982; Duke et
al., 1997; 1998., 2000). Other factors contributing to non-uniform applications include the types,
spacings, and locations of installed nozzles. These factors not only affect the amount of water
applied to a given area within the field, but they also compound the problem when applying
nutrients across a field. If fertigation is used or if the water supply contains significant nutrients,
the nutrient distribution will also not be uniformly distributed across the field (Evans et al., 1995;
Duke et al., 2000). As a result of these and other factors, considerable crop yield and leaching
variation can occur throughout the field.

In the past, to improve in-season operational efficiencies on a whole-field basis, managers have
resorted to practices such as manually changing sprinkler heads to match pre- and post-emergence
conditions. Labor costs make this technique unreasonably expensive. For within-field variation in
demand during the season, irrigators have had to vary end tower run speeds to adjust water
applications. This modifies water applications to more closely meet water requirements of the
field for a given angle of rotation. Until computerized center pivot panels became available, the
field manager was required to either be at the controller when a speed change was needed or to use
a switch at the pivot point and a second percent timer to vary the end tower speed. Now, with the
use of a computerized center pivot control panel, the end tower speed can be changed based on a
preprogrammed position in the field. This has greatly enhanced the ability of the field manager to
apply water to meet spatially variable demand in wedge-shaped segments, but it still assumes an
average demand across each wedge-shaped treatment area. Thus, areas of the field continue to be
over- or under-irrigated, causing plant stress, reducing yield and quality and increasing potential
for leaching water and chemicals.
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Precision Irrigation

The term precision irrigation predates site-specific agriculture. Its general meaning in the irrigation
industry connotes a precise amount of water applied at the correct time, but uniformly across the
field (Evans et al. 2000). In this paper, precision irrigation is further defined to replace the
uniformity criteria with the capacity of the irrigation system to have a spatially variable capability.
To achieve such capability, an otherwise conventional irrigation machine would potentially need
variable-rate sprinklers of some type, position determination (e.g., GPS), modification to the water
supply delivery system to handle variable-rate water demands as well as the capability for
variable-rate nutrient injection (probably), and variable-rate pesticide application (possibly).

The ability to vary water application along the main lateral of the center pivot based on position in
the field allows the field manager to address specific soil and/or slope conditions. By aligning
irrigation water application with variable water requirements in the field, total water use may be
reduced, decreasing de-percolation and surface run off. Reducing excess water applications will
decrease the potential to move nutrients past the plant root zone (King et al., 1995), and the fungal
disease pressure should also decrease (Neibling and Gallian, 1997). Precision application
technologies can be used to treat small areas of a field with simple on/off sprinkler controls in
single span-wide treatment areas or to treat the whole field by controlling all spans. Position in the
field can be determined by differential GPS, electronic compasses or electronic resolvers.

The development of control and management technologies that can spatially and temporally direct
the amount and frequency of water (and appropriate agrochemical) applications by “precision”
self-propelled irrigation systems would be a very powerful tool that would increase productivity
and minimize adverse water quality impacts. There is also a need to develop more efficient
methods of applying crop amendments (e.g., nutrients, pesticides) that will reduce usage, improve
profit margins and reduce environmental impacts.

Variations in precision irrigation using self-propelled center pivot and linear move irrigation
machines have been started by researchers in four groups embarked on research to develop site-
specific irrigation machines. These were in Ft. Collins, CO (Fraisse et al. 1992; Duke et al. 1992),
Aberdeen, ID (McCann and Stark, 1993; King et al. 1995; McCann et al. 1997), Prosser, WA
(Evans et al. 1996), and Florence, SC (Camp and Sadler, 1994; Sadler et al., 2002a, 2002b; Camp
et al. 2002; Omary et al. 1997). The methods developed in Prosser, WA, were installed on a 3-
pivot cluster in a commercial farm in south central Washington state and north central Oregon
(Harting 1999; Evans and Harting, 2000).

Early work on low-energy precision application (LEPA) in Lubbock-Halfway, TX, (Lyle and
Bordovsky, 1981, 1983) was used to conduct non-spatial irrigation research on cotton (Bordovsky
et al. 1992), corn (Lyle and Bordovsky, 1995) and sorghum (Bordovsky and Lyle 1996), and was
extended into variable-rate irrigation (Bordovsky and Lascano, 2003).

Controlling Water Depths

Application depths on linear move systems are generally controlled by the speed of the machine.
However, this is not sufficient under site-specific conditions where variable amounts are needed
along the length of the machine, and varying output from sprinklers depending on location in the
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field may be a viable option. Nevertheless, adjusting water application depths just based on soil
conditions to fine-tune the water management while considering spatial variability of soils and
topography can be a significant challenge.

It is possible to control every sprinkler individually, but the cost increases past the point that the
system is economically feasible. On the other hand, it would be possible to increase the number of
sprinklers per bank, which would decrease cost, but the control system would lose some ability to
match pre-selected treatment areas. In addition, individual control of heads may not be feasible
since growers can not practically manage areas less than 0.4 to 0.5 ha within a field in other
cultural aspects of their operation. Since sprinklers are mounted every 2.5 to 3 m with wetted
diameters ranging from 6 to 10 m or more, banks of 3 to 5 heads tends to match these practical
operational limits.

Several innovative technologies have been developed to variably apply irrigation water to meet
anticipated whole field management needs in precision irrigation, primarily with center pivot and
lateral move irrigation systems. Most of these systems use standard, off-the- shelf equipment with
much of the research effort directed towards developing the appropriate control systems. Roth and
Gardner (1989) used various sized sprinklers along a lateral move to apply different depths of
water as the machine moved. McCann et al. (1997) used either two or three boom systems on
center pivots which used combinations of two sprinklers sized to deliver or a 0, 1/3 and 2/3 or 0,
2/5 and 3/5 of the maximum application rate to achieve a targeted application depth in an area.
Omary et al (1997), Camp et al. (1998) and Sadler et al. (1996) employed a similar approach
utilizing combinations of two or three sprinklers applying 0, 1/3 and 2/3 or 0, 1/7, 2/7 and 4/7
(eight steps) of the maximum application depth. King and Kincaid (1996, 2004) developed an
approach based on a needle valve concept where the sizes of the nozzle orifices are modified to
achieve different discharge rates on a regular irrigation spray head but it required very precise
control and high quality water.

It is also possible to apply different depths by pulsing flow and varying cycle times. Other
investigators have relied on pulsing individual sprinklers or several sprinkler heads on a manifold
to vary the application depths (Fraisse et al., 1992; Evans et al., 1996; Duke et al., 1997,1998). For
this project, we have chosen the pulsing approach because of the greater flexibility in application
depths, installation simplicity and reduced costs since complicated sprinkler heads or extra
sprinklers and multiple valves are not required.

Cycle time is defined as the sum of total on and off times during one pulse cycle for calculation
purposes. For example, a total off time of 50 seconds out of every 250 seconds would result in an
80% of maximum application depth (this could be 5 off times of 10 seconds each or whatever
other combination is desired depending on the equipment). Evans et al. (1996) used a 250 second
cycle time with rotator heads whereas Duke et al. (1998) and Harting (1999) used a 60 second
cycle time with spray heads. We are also using a 60 second cycle time in this project, though our
software allows us to easily change the cycle time if we need to make changes..

We are utilizing the site-specific implementation of a pulsed system on an artificially imposed
spatial variability, such as a field of small research plots in which there are a mix of crops and a
prescribed set of water management experiments. Application of these technologies over the top
of natural variability is certainly more complicated and more demanding than general site specific
field irrigation. Our water management treatments vary either irrigation method or depth water
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applications as the machine moves through the field. The objective of this paper is to describe the
design, installation and testing of a site-specific irrigation system at the USDA-ARS, Northern
Plains Agricultural Research Laboratory in Sidney, Montana.

The Sidney Site-Specific Irrigation System

An irrigated sugarbeet-barley crop rotation and tillage research study by irrigation method (LEPA
vs MESA) was established near Sidney, MT under an 800 ft linear move irrigation system in 2004.
The focus of the project is to assess the environmental impacts of cultural practices and improved
management of water, nutrient and chemical applications. This is part of a multi-year team project
involving several scientists from ARS and Montana State University. The soils in the field were
grid sampled and analyzed for various physical and chemical characteristics prior to the initiation
of the project.

The nine acre field is laid out in 14 strips in the direction of travel. Each strip is planted either to
sugar beets or malting barley, which alternates from year to year. There are a total of 56 plots with
the individual plots being 50 ft wide and 80 ft long including buffers. Each strip is divided into
four plots with two plots being irrigated with MESA and two with LEPA that are blocked by
replication. Water is applied to meet the calculated ET, of each crop strip (backed up with soil
moisture readings) using data from a nearby weather station. Equivalent depths of water are
applied for both irrigation methods. Sugar beets are on 24 inch rows and the malting barley is on 8
inch row spacing.

We are using a Valley® (six tower system including the cart) diesel machine with an electrical
generator set (480 v, 3 phase) on the cart that provides power for the tower motors, cart motors and
the pump. A buried wire alignment system is used with the antennas located in the middle of the
machine. The linear move machine uses a screened floating pump intake in a level ditch as its
water supply. Nominal operating pressure is about 36 psi. Two double direction boom backs are
installed at each of the towers (although not at the cart). Spans are 160 ft in length except for the
center span with the guidance system which is a 156 foot span. The machine moves at about 7
ft/min at the100% setting.

A Valley CAMS Pro control panel is used to turn the machine on or off and control machine
ground speed. A separate controller, described later, was designed and fabricated to control the
precision water applications including irrigation method (and water application depths.)

The Nesson Valley Precision Site-Specific Irrigation System

While not the main topic of this paper, a second PLC control system has also been installed on a
1300 foot (366 m) buried wire-guided Valley linear move irrigation system (160 ft spans except
for 156 ft center span and overhangs at both ends). This machine was installed on about 40 acres
(16 ha) of the he new North Dakota State University farm in the Nesson Valley area, about 30 km
east of Williston, ND near the Missouri River. Water is supplied either from a well or from the

® Mention of product names or company names is for informational purposes only and does not imply any
endorsement by the USDA, Agricultural Research Service over products not mentioned.
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river. The site-specific irrigation control system is similar to the Sidney system except that it is
being used to evaluate irrigation frequency effects on sugarbeet-potato-barley rotations using only
MESA heads on 60 inch (1.5m) spacing. Water depth is varied by plot during the season to match
the respective crop ET as the machines moves down the field.

There are three separate sets of experiments under this machine that all irrigated differentially. The
differing irrigation requirements of all of the plots can be met by inputting the required
information in the control panel. The irrigation frequency study consists of 72 plots (each 50ft x 80
ft) arranged in a 4 x 18 matrix on a potato, sugarbeet and malting barley rotation. These plots are
irrigated on two different frequencies (approximatelygl in or 2 inch ET, replacement). Each of the
18 strips has two of the three crops and each crop is irrigated to match its respective ET,
throughout the season. We also apply nitrogen fertilizer to the beets and potatoes through the
system.

To the south of the irrigation frequency study, there are 6 groups of replicated soil quality study
plots, which requires half of them to be irrigated and half non-irrigated. To the west of the
irrigation frequency set of plots is a barley phosphorus study that extended nearly the length of the
linear. All of the plots in each of the three experiments are irrigated with a single pass of the linear
move.

Positioning System

At both locations, we are using a WAAS enabled Garmin 17HVS GPS with a DGPS positional
accuracy of <3 meters, 95% of the time. It is located at the cart for determining and tracking
machine position as it moves across the plots, The GPS readings are used to switch between either
the LEPA or MESA treatments (Sidney) or to differentially apply water to the different crops
(Nesson) depending on treatments.

Sprinkler arrangement-Sidney

MESA sprinkler heads are spaced every 10 ft with Nelson S3000 spinner (#31 nozzles) with 15 psi
regulators. These heads are about 42 inches above the ground on flexible drops with 1 b weights
below each regulator.

The LEPA system uses Senninger Quad-Spray® heads with 10 psi regulators (#10 nozzles) and
sliding 2 Ib weights above each regulator. The drops are spaced every 48 inches along
submanifolds suspended from the truss rods. The bottom Quad-Sprays are about 6 inches above
the furrow surface.

Sprinkler arrangement-Nesson
MESA heads are spaced every 5 ft using Senninger LDN (#12 nozzles) with 10 psi regulators. The
nozzles are about 42 inches above the ground on flexible drops with 2 Ib weights above each

regulator.

Lifting Mechanism for the LEPA Heads (Sidney). A system of pneumatically operated cylinders
have been designed and tested to lift the LEPA heads above the MESA heads when the MESA
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treatments are operating. This serves to minimize interference with the MESA spray patterns as
well as keep the LEPA heads out of the canopy. When air is applied to solenoid valves (turning
them off) on the LEPA manifolds, the cylinders are activated, lifting the LEPA heads.

The 4 foot long pneumatic cylinders have been built out of 2.5 inch aluminum sprinkler tubing.
End plates with O-rings were fabricated and installed at each end. The 5 foot plunger rod is 0.5
inch stainless steel and is threaded into a piston machined from acetal. The cylinders are attached
to the truss and are hooked to a series of cables and pulleys that lift the LEPA heads. This lifting
system was designed in Spring 2005 but was not installed and tested until Fall 2005.

PLC Control System Development

Both the Sidney and Nesson Valley systems utilize the same basic control and valve systems,
which are off the shelf components throughout. The PLC controller (Siemens 226 with 3 relay
expansion modules) activates electric solenoids (ASCO U8325B1V, 24 volt, 6.9 watt) to control
banks of sprinklers or LEPA heads. The ASCO valve, in turn, activates a pneumatic system to
close normally-open, %-inch plastic globe valves (Bermad, model 205). In the case of the MESA
heads, the Bermad valves are located on the gooseneck above each drop to each head in groups of
five (at Sidney) or ten (at Nesson). The air-activated Bermad valves are located on three
goosenecks that supply water to the submanifolds for the LEPA heads. The ISCO valves were
grouped into clusters of six valves and placed on a weather tight plastic enclosure at each tower
and the cart. Normally open valves were used on the heads since the failure mode would leave the
sprinklers on, however, this also increased the risk with the dual system at Sidney since both the
MESA and LEPA heads would be on if the air system failed.

Air was used as the control fluid in both systems since air was much cleaner than the irrigation
water from surface supplies, and eliminated foreign material in the water supply from plugging the
orifices in the control valves. Another advantage was that air does not freeze and the control
system did not need to be flushed or drained for winterization. Any moisture in the air system is
eventually vented to the atmosphere through the normal operation. A 1 HP, 3 phase, 480 volt air
compressor was located at each cart for easy maintenance with a 3/8 inch line running the length
of machine. Air reservoirs were located at each tower to ensure rapid and uniform valve operation.

The wiring cabinets for the PLC and add-ons were custom built (about $6K) using 36 inch steel,
water proof enclosures (Figure 1). The software for the PLC and an operator interface panel
(UniOp BKDR-16-0045) provides a means to control and monitor the PLC without the need for a
laptop computer. The panel’s LCD screen displays the status of each bank of sprinklers, the GPS
position and associated GPS parameters, the application rate timer settings for each crop and plot
area, and if a crop or study area will be irrigated. The interface panel is also used to input timer
settings that determine the application rate for each crop or study area, turn off the irrigation for a
particular crop or study area, or manually override the GPS unit for demonstration or
troubleshooting purposes. The layout of the physical addressing used in the Sidney project is
shown in Figure 2.
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Figure 1. Photograph of the interior of the wiring cabinet showing the PLC,
power supplies, wiring and front interface panel.

Future Directions

One way to achieve the desired level of control would be the use of real-time soil water and
micrometeorological sensors distributed across a field for continuously re-calibrating various
decision-making model parameters during irrigation events. This type of integrated feedback is
necessary because of the tremendous complexities and time constraints involved in solving real-
time 3-dimensional modeling of the systems. Simplified assumptions may be used to increase
computational speed and the predictive decision support models do not have the opportunity to
drift very far from actual conditions since operating parameters are frequently re-initialized and the
models rerun from more accurate baselines. Coupling real-time micro-weather stations, plant-
based sensors (e.g., fixed canopy level reflectance, infrared temperature or video) and numerous
real-time soil water sensors scattered around the field at critical locations with a set of good
predictive models into a decision support system also minimizes the need for continuous and
expensive agronomic oversight. Assessment of the environmental impacts of best management or
“normal” irrigation practices from the integrated set of models in this configuration with real-time
feedback will be more realistic and acceptable to both producers and regulators.

We are working on the use of distributed instrumentation (strategically placed, real-time soil water
and micro-meteorological sensors distributed or moving across a field to provide continuous
feedback ) tied to control systems for spatially-varied water applications (using wireless
communications technologies). We believe that a synergistic mix of remote sensing and on-the-go
within field sensing of soil and plant status can decrease water and energy use through better
timing of inputs for water, nutrient and pest management.
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Ultimately, because of the vagaries of “real” field conditions, we will probably need to use
strategically placed, real-time soil water and micro-meteorological sensors distributed or moving
across a field to provide continuous feedback to re-calibrate and check various model parameters
in a decision support framework. There is a real need to improve procedures so that the fewest
number of various soil water sensors and sensor systems would be placed for maximum impact to
improve water quality.

Conclusions

A precision site-specific irrigation system has been designed, installed and tested on a linear move
irrigation system. The PLC-based system has worked for two years (2004-2005). The system
successfully switches between MESA and LEPA irrigation methods (Sidney) as it moves down the
field. Water application depths can also varied for each crop (Nesson) depending on location as
determined by a GPS system at the cart. Position can be determined by low cost GPS systems but
it may also be economically feasible to use physical passive radio tag markers in the field to give
even greater precision. This equipment greatly increases our research flexibility and allows us to
address multiple experiments under the same machine, greatly maximizing results and utility of
these expensive machines.

This project shows it is possible to economically install and operate precision site-specific
irrigation systems on self-propelled linear move (and center pivot systems.) The knowledge of soil
variability within a field is fundamental to the development of site-specific management areas
since different soils have different water holding capabilities. The ability to vary water application
along the main lateral of the linear move based on position in the field allows the researchers as
well as producers to address specific soil, crop and/or special research conditions/treatments. By
aligning irrigation water applications with variable water requirements in the field, total water use
may be reduced, decreasing deep percolation and surface run off. Reducing excess water
applications will decrease the potential to move nutrients past the plant root zone and fungal
disease pressure should also decrease. Cropping systems that more efficiently utilize soil water
have been shown to reduce costs and energy use as well as reduce water quality concerns.

It should also be mentioned that both the Sidney and Nesson Valley projects are also developing
and evaluating minimum tillage practices suitable for self-propelled irrigation systems on these
rotations to reduce energy (e.g., tractor fuel) costs and improve soil quality.
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Abstract:

The spatial variability of agricultural fields has been addressed widely over various research
papers, while difficulty remains to optimize the site-specific field configuration. Because of the
complexities and time constraints involved in real-time irrigation scheduling, integrated feedback
of soil water and micrometeorological sensors distributed across a field is necessary for
continuous update on decision support of irrigation systems. There is a demand to improve
procedures so that the minimum number of in-field sensor systems would be placed with
maximum impact to the decision support.

The performance of the wireless data collection is evaluated on the experimental plot prepared with
conventional irrigation schedule. Each sensor station consists of sensors for leaf temperature and
humidity, soil temperature and moisture, and rain gage. Optimized sensor distribution produces
cost-effective system with increased computational speed, while frequent feedback of plant-
based sensors and soil water sensors minimizes drift from actual conditions.

Keywords: precision agriculture, wireless network, irrigation, real-time, sensing.
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INTRODUCTION

The rapid development of sensing, computing, and information technologies has introduced new
concepts on the management and control of agricultural systems. Precision agriculture is a
concurrent system utilizing many technologies for site-specific management: Global Positioning
System (GPS) for site-specific mapping, Geographic Information System (GIS) for decision
support, ground or remote sensing for biomass formation, harvest sensors for yield mapping, and
information technology for on-farm database system. The benefit of precision agriculture will be
achieved by the seamless integration of all these subsystems. Wireless radio frequency has been
widely applied in consumer’s electronics and provided opportunities to deploy wireless data
communication in agricultural systems.

A wireless in-field sensing network is proposed for sensor-based irrigation system. The system
consists of in-field sensing stations, a decision support engine, and an irrigation nozzle
controller. The sensing stations monitor soil and plant status across the field and are tele-metered
by 915 MHz spread spectrum radio. Decision support is made out of database of all on- and off-
field information and sends an application map to the irrigation controller via ethernet bridge to
operate individual nozzles.

The paper describes a framework of wireless in-field sensor network for automated irrigation
system and evaluate optimal site-specific configuration for the wireless sensor network.
Optimized sensor distribution can produce cost-effective system with increased computational
speed, while frequent feedback of plant-based sensors and soil water sensors minimizes drift
from actual condition.

WIRELESS NETWORK OF IN-FIELD SENSING STATIONS

A project was established to develop wireless network of in-field sensing stations for real-time
irrigation decision support by Northern Plains Agricultural Research Laboratory at USDA-ARS
on early 2004. The research presented in this paper is a part of project to evaluate optimal site-
specific configuration for the in-field sensor network.

Motivation

The concept of the wireless in-field sensor network for automated irrigation system was derived
from managing an irrigation system quickly, accurately, inexpensively, and globally. End-users
such as farmers can quickly access for irrigation control by real-time monitoring and scheduling
with hands-on technical support via online knowledgebase. The direct access to the field
condition is accurately supported by in-field sensor network configured based on pre-sampled
soil property maps, enabling site-specific application from localized database. Rapid
development and popularity of wireless technology has been reduced cost and improved the
range of data communication without interference using spread spectrum radio technology. The
development of online interface allows the end-users to globally access their irrigation
monitoring and controlling anywhere and anytime.
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Deliverables

The wireless in-field sensor network systems enable end-users to remotely access to field
condition via online monitoring. The development of knowledgebase can provide for farmers
real-time actions suggested to site-/time-specific application on product-identified data. From the
standpoint of developers, it takes an advantage of remote access to in-field sensor stations and
enables real-time manageability. The online infrastructure can provide direct link between the
end-users and developers and thus enable real-time electronic-support (E-support) from GIS-
identified database through secured access.

The sensor network for automated irrigation system is a user-friendly system with the promise of
a future-leading technology for a precision irrigation system. The system will provide efficient
irrigation management for both end-users and developers, as it becomes accessible, displayable,
communicable, and supportable.

Approaches and Design

The wireless in-field sensing-based irrigation system can be achieved by a seamless integration
of sensing, control, and wireless data communication. In hardware review, wireless I/O system
was selected because a wired system is expensive to install and maintain. In some cases, it is
difficult or impossible to install wires. A wireless system takes advantages of dynamic mobility
and cost-free relocation. There are many different wireless technologies available in the market.
Most of recent wireless technologies follow a standard such as 802.11, Bluetooth, or Zigbee,
which adopts spread spectrum technology. Three spectrum bands (902~928 MHz, 2.4~2.48 GHz,
and 5.7~5.85 GHz) were allocated for license-free spread spectrum devices (Kulkarni, 2005).
The choice of wireless standard depends on how to interface: distance, data rate, compatibility,
interference, and security. Major two factors are distance and speed.

The wireless in-field sensor network requires large networks that can form autonomously and
operate reliably without any operator intervention for long battery life extended by solar power.
Network topology is determined by a number of nodes and coverage area. A simple wireless
network topology called an ad-hoc network consists of a set of wireless stations that
communicate directly on peer-to-peer level without an access point, as shown in Figure 1. An
infrastructure network allows more flexible configuration by bridging the wireless and wired
networks via access points (Meel, 1999).
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Figure 1 Ad-hoc network topology.

Data processing and management

The network infrastructure provides data communications from all available information sources.
The development of microprocessors in the 1970's made it possible to realize many complex
functions in a simple manner and enhanced the sensing and data processing in a unified
framework. In-field information is acquired by data processing from raw data through filtering,
transmitting, and fusion and sent to data management which performs decision-making, display,
and diagnosis. The schematic diagram of data flow is shown in Figure 2.

| L 4
Sensory Filtering Presentation
data l' t
Transmitting ¥ ; Control
& Receiving Dei'swn making System
Fusion Diagnostics
1 & Prognostics

Info. reduction

Figure 2 Schematic diagram of sensory data flow.

Data processing is a sequence of data flow from the raw sensory data to the refined data that is
prepared for data management. A set of raw data are filtered to remove the noisy signals and
transmitted in a suitable data format. Data fusion performs integration of low-level information
provided by different kinds of sensors. The fusion of the collected data results in higher-level
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information that is more easily assessed by end users. Accordingly, the data fusion can provide
efficiency in the decision-making process. Finally, data are screened to remove unrelated
information and integrated. Refined data from the measurement system needs to be delivered to
the management system. Information delivery in a timely fashion was emphasized by Harbers
and Hoogenboom (2000) for their real-time database in application of dynamic web content.

Each sensory data have tolerances which relate directly to the original sensor modality and to the
sensor-dependent algorithms. These tolerances may determine the overall accuracy of the
system. The system will have benefits from the ability to compare the measurements of multiple
sensor systems and thus provide a means of highly accurate tuning of the algorithms of all
different sensor systems.

Decision making

The decision-making is a process of engineering information. A decision is made based on given
information and knowledge. Integrated information system for the management in agriculture
was discussed by Thiel et al. (2000) that used executive control center to combine the function of
operative systems, decision support systems, executive information systems, and groupware
systems. A correct decision is made when these two components are accurately obtained. In
reality, however, the given information and knowledge often include uncertainties and also
complexity arising from the dynamic nature of the underlying phenomena.

The flowchart of the dynamic decision-making process is illustrated in Figure 3. The collected
information about the field condition is used to make a decision at each time frame. Field
conditions are varying both independently and by the result of the previous decision. Thus, the
decision is dynamically determined by the changing information from the time-variant
environment just like an analogy to a medical decision making a proper treatment in time for a
patient under his or her changing physical conditions over time. Similarly, decision-making in
the agricultural system is to determine an optimal amount of irrigation or fertilizer with respect
to various crop conditions over time and for different sites. The complexity of these problems is
amplified, if information about the nature and the time of a certain situation are uncertain.

Time t

= - B
Field Condition Field Condition Field Condition
at -1 att at t+1

e

Information
att

Information II Information II
at 7-1 at r+1
e e e Decision at #-1 ; Decision at ¢ ; Decision at #+1 ; ° oo

Figure 3 Flowchart of dynamic decision making process.
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Information must be provided for flexible and efficient access. Visual display is useful
information presentation. Descriptive information associated with processed sensory data can be
represented to enable an end-user to easily access and efficiently manage the information. A
communication protocol for a distributed nozzle control system may use a network bus such as
Controller Area Network (CAN) which enables a huge reduction in wiring complexity with high
speed, high reliability, and low cost for distributed real time control applications (Ekiz et al.,
1996). The CAN system can provide direct feedback to the information collection and used to
check the current status of each nozzle pressure. CAN bus application of distributed control to
closed environments in agriculture was addressed by Alves-Serodio et al. (1998).

Conceptual system layout

A conceptual layout of wireless network of in-field sensing stations for real-time irrigation
decision support system is illustrated in Figure 4. The wireless sensing stations monitor the in-
field plant condition such as air temperature, relative humidity, soil temperature, soil moisture,
and rain gage and transmit data into a base receiver connected into an office computer. A
decision making is accomplished based on information given by in-field sensing stations and
weather station and send outputs to an irrigation controller. The data processing and management
are implemented by a computer that is bridged to internet database with secured access.
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Figure 4 Conceptual layout of wireless network of in-field sensing stations for the real-time
irrigation decision support system.
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SITE-SPECIFIC FIELD CONFIGURATION

Agricultural fields are not homogeneous and varying across the field. The field variability
continues over the time and site, affected by natural environmental impacts and human’s
agricultural inputs such as seeds, irrigation, fertilizers, and pesticides. The variability results in
yield varying across the field. One of the major factors of field variability is the change in soil
properties.

Spatial field variability

The field variability has to be taken into consideration to configure in-field sensor network. The
spatial variability of agricultural fields has been studied to optimize the site-specific field
configuration for wireless in-field sensor-based irrigation. The study of the field variability can
provide procedure such that the minimum number of in-field sensor stations would be placed
with maximum impact to the field information.

Soil property has a major impact on crop yield (Farahani, 2004). Among the many factors of
field variability, soil electrical conductivity (EC) and compaction were used to map the field
variability, because they are most widely used to characterize agricultural fields (Farahani, 2004
and Drummond et al., 2000). The EC measures the amount of salt in the soil as well as other soil
properties and thus can relate to soil properties of sand, clay, and organic matter. Mapping soil
EC and compaction may not identify yield variability, but provides a useful field characteristic
for optimal site-specific configuration of the field variation.

A soil profiler (Veris 3000, Veris Technologies, Salina, KS) was used to map soil compaction
and EC on an experimental field. The profiler is an automated system equipped with a
penetrometer and soil EC probe (Fig. 5). The probe is vertically pushed into ground by a
hydraulic power generated by self-contained 5.5 hp engine and measures pressure in MPa and
EC in milliSiemens per meter (mS/m) at the probe tip sensed by its load sensor (Veris
Technologies, 2002). The data are logged every 2 cm interval up to 92 cm in depth with geo-
referenced points using DGPS (Trimble Ag132).
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Figure 5 Soil profiler (Veris 3000) to measure soil EC and compaction.

Mapping spatial field variation

An experiment was conducted on a 1.4 ha field at Nesson Valley research farm located 23 miles
east of Williston, North Dakota on April 14, 2005. The profiler measured soil compaction and
EC at the probe tip sensed by its load sensor and associated with geo-referenced locations. A
total of 134 data were collected with average 7.6 m sampling interval.

Geostatistical analysis was performed with GIS software (ArcGIS ver. 9.1, ESRI, Redlands,
CA). Kriging model was used to interpolate both soil EC and compaction data and created spatial
maps with five classifications by a quantile method. Figures 6 and 7 illustrate the spatial
variation map of soil EC and compaction, respectively, at 30 cm soil depth. Both figures show
field variations with a different trend. The soil EC in most of east area is uniform, while more
variations were found in west area with highest EC in northern west area (Fig. 6).
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Figure 6 Spatial mapping of soil EC at 30 cm subsurface with a profiler (Veris 3000).
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A spatial map of the soil compaction at 30 cm subsurface was created based on pressure reading
sensed at a probe tip and displayed in figure 7. Although a few variations were found along the
field edges, most of area remained uniform with the compaction of about 2 MPa. Highest
compaction was located at northern east area of the field. The small scale of variation from 1.04
to 3.44 MPa indicated uniformity of the field.
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B 217-241
Bl 241-344
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Figure 7 Spatial mapping of soil compaction at 30 cm subsurface with a profiler (Veris 3000).

CONCLUSIONS AND FUTURE WORKS

A wireless in-field sensor network for automated irrigation system was presented. The research
was motivated to manage an irrigation system quickly, accurately, and inexpensively. Spread
spectrum wireless technology was selected for its dynamic mobility and cost-free maintenance.
Data processing and management were described from raw data to decision making through
information flow.

The spatial field variability was studied on an experimental field to optimize the site-specific
field configuration. Soil EC and compaction were sampled to map the field variability and geo-
statistically analyzed to create spatial field variation maps. The soil compaction map resulted in
minimal variation, whereas the soil EC map showed direct source to optimize network topology
for site-specific field configuration,

The system framework was constructed and details on hardware interface and software will be

investigated and developed. Future works include development of knowledgebase for decision
making and integration of the sensor network with an irrigation controller.
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SITE-SPECIFIC WATER AND NITROGEN MANAGEMENT FOR
POTATOES WITH CENTER PIVOT IRRIGATION

B.A. King, J.C. Stark and R.W. Wall
Department of Biological and Agricultural Engineering, Department of Plant, Soil and
Entomological Sciences, and Department of Electrical and Computer Engineering,
University of Idaho

ABSTRACT

Center pivots are the most commonly used irrigation system for potato production in the
Pacific Northwest and Intermountain West. Conventional irrigation management treats the field
as a homogeneous unit in regards to irrigation water requirements. However, differences in
irrigation water requirements often develop throughout the season within center pivot irrigated
potato fields that can reduce field scale tuber yield and quality. This study investigated the
potential increase in gross return from increased tuber yield and quality under site-specific versus
conventional uniform irrigation management with center pivot irrigation. In 2001 and 2002, one
quadrant of an 11.5 ha center pivot irrigated field was divided into eighteen arbitrary irrigation
management zones. One-half of the management zones received site-specific irrigation
management and the remainder received equal irrigation based on the average irrigation
requirement for the nine zones. The difference between mean seasonal irrigation amounts for the
treatments was less than 13 mm for both years. Total tuber yield was not significantly different
(p<0.05) for both years. However, based on a tuber quality adjusted price structure for
processing potatoes, the trend in gross receipts was approximately $159/ha ($64/ac) greater under
site-specific water management compared to conventional uniform irrigation management for the
field site. In 2004, the potential increase in gross return from conjunctive site-specific water and
in-season nitrogen management was investigated. Total tuber yield was not significantly
different (p<0.05) between treatments. The trend in gross receipts was approximately $324/ha
($131/ac) greater under conjunctive site-specific water and nitrogen management compared to
conventional uniform water and nitrogen management. Water use efficiency was not
significantly different (p<0.05) between treatments in any study year. However, water use
efficiency trended higher under site-specific water management averaging 5% greater in study
years 2001 and 2002 and 14% greater in 2004.

INTRODUCTION

Interest in site-specific irrigation management has emerged over the past decade in response
to successful commercialization of other site-specific application technologies in irrigated
agriculture. This interest is due partially to the desire to improve water use efficiency and
partially due to the need to implement site-specific water management to complement site-
specific management of other crop inputs such as nitrogen for groundwater protection. A holistic
approach to site-specific crop management in irrigated agriculture includes water as one of the
primary inputs. Extension of the site-specific crop management concept to irrigation follows
from the fact that excessive and deficient water availability greatly impacts crop yield and
quality.
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Continuous-move irrigation systems provide a natural platform upon which to develop site-
specific irrigation management technologies due to their current and increasing usage and high
degree of automation. Control systems and hardware to implement site-specific irrigation
management have been reported in the literature (e.g. Fraisse et al., 1995; King et al., 1996,
Sadler et al., 1996; Evans et al., 1996; Harting, 1999; and Perry et al., 2003). However, many
issues relating to reliability, management and economic viability need to be addressed before
commercialization and producer adoption can be expected.

Implementation of site-specific irrigation management will require additional irrigation
system hardware, labor, and information on site-specific soil and/or crop water status. Costs
associated with these additional requirements will need to be covered by increased receipts from
improved crop yield and quality in order for the technology to be adopted by producers. Site-
specific irrigation management will not likely be an economically viable practice for all crops
and all growing conditions. However, it may be universally beneficial in regards to reducing the
impact of irrigated agriculture on regional water resources through improved field-scale water
use efficiency and reduced localized leaching of nitrogen from the crop root zone.

The economic requirement of increased receipts to offset increased irrigation costs limits
site-specific management to commodities such as potatoes where yield and quality are highly
sensitive to root zone water availability (Wright and Stark, 1990) and the commodity price
structure is heavily dependent upon crop quality. In Idaho, which provides more than 25% of
total U.S. fall potato production, sales contracts for processing potatoes normally include a base
price plus tuber quality incentives and disincentives, thus total crop receipts are strongly
influenced by soil water availability throughout the growing season.

Few studies have been conducted to evaluate the profitability of site-specific water
management. Studies reported in the literature often have used simulation models based on
theoretical crop production functions. In each case, soil water holding capacity was considered
as the only factor influencing crop yield and the basis for needing site-specific water
management. In reality, many factors influence crop yield and quality besides soil water
availability, although it generally has a predominant adverse affect when well outside the
optimum range.

Watkins et al. (2002) used a simulation approach to evaluate the economic and
environmental benefits of site-specific irrigation management for seed potatoes in Idaho. They
concluded that site-specific water management was more likely to be both economically and
environmentally beneficial than variable rate nitrogen application for the study conditions.
Watkins et al. (2002) acknowledged that the model was not calibrated to simulate nitrogen losses
and neither yield nor nitrogen loss predictions were validated. Sensitivity analysis of the results
showed that a small increase in estimated costs for site-specific irrigation management over
conventional uniform irrigation management costs would result in the latter being more
economical.

Oliveira et al. (2004) used a simulation model to evaluate the economic return of site-specific
drip irrigation management for tomatoes in Tennessee. Based on 30 years of historical climate
data they found that conventional uniform irrigation management using the soil type with the
lowest water holding capacity to schedule irrigations had the same economic return as site-
specific irrigation management. However, uniform irrigation management required 20% more
water application compared to site-specific irrigation management.

Sadler et al. (2002) conducted a three-year field study to measure the mean response of corn
to irrigation and compare variation in crop response within and among soil map units. Variation

194



in crop response to irrigation was significant both between and among soil map units. Over the
three-year study, the optimum irrigation amount varied from 61% to 120% of the irrigation base
rate calculated as 100% of evapotranspiration minus precipitation. One conclusion of the study
was that achieving optimum site-specific irrigation management based on a priori information
will be a significant challenge. The variation in crop response to irrigation by year, soil map
unit, and within soil map unit highlighted the need to use empirically derived site-specific crop
response data to adequately simulate crop growth to site-specific water management in any
economic analysis.

The study of Sadler et al. (2002) represents the only known data set of empirical site-specific
crop response to water. It is not feasible to develop empirical crop response relationships for all
crops, conditions, and locations in order to assess the economic return from site-specific
irrigation management. Thus, field experimentation of site-specific irrigation management based
on real-time measurements of soil and/or crop water status will play a substantial role in
evaluating the economic and environmental benefits of site-specific irrigation management.

The underlying thesis of conventional uniform irrigation management is that soil water
availability must remain within an established optimum range throughout the growing season for
maximum crop yield and quality. However, this does not alone ensure maximum yield and
quality as many other factors can affect crop yield and quality. As a first step to field
experimentation, site-specific water management, based on site-specific soil water monitoring to
maintain soil water within an established optimum range throughout the growing season is the
basis for the current research. The objective of field studies conducted in 2001 and 2002 were to
compare site-specific water management against conventional uniform water management based
on continuous soil water monitoring to evaluate potential increase in potato yield, quality, and
resulting increase in crop receipts, if any. The objectives of a field study conducted in 2004 were
to implement independent site-specific in-season nitrogen application and compare site-specific
water and nitrogen management against conventional uniform water and nitrogen management to
evaluate the potential increase in potato yield, quality, and resulting increase in crop receipts.

METHODS AND MATERIALS

The field studies were conducted at the University of Idaho Aberdeen Research and
Extension Center in 2001, 2002, and 2004 using a center pivot irrigation system equipped with
the variable rate irrigation control system described by King et al. (2000). Briefly, variable rate
water application along the center pivot lateral is achieved using two sprinkler packages sized
with application rates of 1X and 2X. Solenoid valves on each sprinkler provide ON/OFF control
of each sprinkler resulting in application rates of 0X, 1X, 2X, and 3X using ON/OFF sequencing.
Valve control is provided by a supervisory control and data acquisition (SCADA) system that
utilizes RS-232, power line carrier, and radio frequency communication media to link system-
mounted controls and in-field stationary data loggers to a master computer. The SCADA system
is designed to upload logged soil moisture, water application, and environmental data from in-
field sensors when the center pivot lateral is within low-power radio frequency range. The data is
stored in the master computer located at the pivot point and downloaded to a portable computer
for analysis and site-specific irrigation scheduling decisions.

In 2003, the center pivot system was modified to include a separate low volume chemical
application system to allow independent site-specific water and nitrogen application. The
chemical application system consists of a 51 mm (2 in) diameter PE pipe placed along the top of
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the 191-m (628-ft) center pivot lateral with an outlet at each tower. The outlet at each tower is
connected to two 25 mm (1 in) diameter PE pipe manifolds equipped with microsprinklers
spaced 2.7 m (8.7 ft) apart. Each microsprinkler manifold is one-half the center pivot span
length to provide one-half span length radial resolution in chemical application control, equal to
that of water application control. The microsprinkler manifolds are suspended below the water
application sprinklers at a height of about 1.5 m (5 ft) above ground level. The microsprinklers
are Nelson S10 Spinners each equipped with gray plates and a 138 kPa (20 psi) Nelson Mini
Regulator and Drain Check (Nelson Irrigation Corp., Walla Walla, WA). A solenoid activated
diaphragm valve is used to control flow into each microsprinkler manifold and ON/OFF pulsing
is used to control chemical application rate. The microsprinkler drain check valves keep the
manifold from draining when microsprinkler flow is off. A separate 3.7 kW (5 hp) centrifugal
pump is used to pressurize the chemical application system. An 1890 L (500 gal) plastic tank is
used to provide on-site and on-demand mixed chemical solution for the chemical application
system. A fixed pipe orifice with a pressure regulated solenoid activated diaphragm valve is
used to provide a known water flow rate into the mixing tank from the pressurized irrigation
water source. A positive displacement chemical injection diaphragm pump is used to provide a
controlled and known flow rate of chemical into the water stream entering the mixing tank.
Variable rate chemical application is achieved by controlling the ON/OFF times of each
chemical application microsprinkler manifold and flow rate of chemical injected into the water
stream entering the mixing tank. The design application rate of the chemical application system
is 0.31 L/s/ha (2 gpm/ac). The minimum uniform water application depth of the chemical
application system is 0.8 mm (0.03 inch) for this particular center pivot system.

Each year one 2.9 ha (7.1 ac) quadrant of the center pivot irrigation system was divided into
eighteen arbitrary irrigation management zones. Different quadrants were used in 2001 and 2002
with 2001 and 2004 being the same quadrant. Soil texture in the upper 60 cm (2 ft) of the soil
profile was determined in the laboratory using the hydrometer method (Gee and Bauder, 1986)
based on soil sampling of the field on a 30.5 m (100 ft) hexagonal grid. Soil texture at unsampled
locations was estimated using block kriging. Soil texture ranges from a loamy sand to silty clay
loam and results in a two-fold variation in water holding capacity for the field site, which is
representative of many commercial potato fields in the region. The eighteen arbitrary
management zones were blocked into nine groups of two according to most similar soil texture
in the top 30 cm (1 ft) of the soil profile. Irrigation treatments of site-specific irrigation
management (SSIM) and conventional uniform irrigation management (CUIM) were randomly
assigned to the experimental units in each block. The resulting experimental design is a
randomized complete block with two treatments and nine replications.

An experimental plot measuring 6.5 m by 10 m (21.3 ft by 33 ft) was established in each
experimental unit located approximately three-quarters of the radial span length outward from
the pivot point under a particular span. A custom data logger (King et al. 2000) recorded soil
water content at two depths, soil and air temperature, relative humidity, and water application at
30-min intervals. The instrumentation was installed immediately following crop emergence.
The soil water sensors (CS615, Campbell Scientific, Logan, UT) were installed in the crop row
at 45° inclines to measure soil water content at depths of 2-23 ¢cm (1-9 in) and 20-41 cm (8-16
in). The soil water sensors were placed about 5 cm (2 in) offset of the crop row and adjacent to
an actively growing potato plant. An installation jig was used to ensure that the sensors were
installed identically in all experimental plots.
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A site-specific irrigation decision support model was used to determine the irrigation
requirement of each irrigation treatment in each experimental unit. The irrigation decision model
used a conventional soil water balance in combination with estimated potato evapotranspiration
(ET) to compute the minimum irrigation amount needed to maintain 65% available soil moisture
(ASM) in the 41 cm (16 in) soil profile until the next scheduled irrigation. Potato ET was
obtained from published regional values of daily crop evapotranspiration (USBR 2004). These
daily ET values are computed based on climatic parameters from a network of weather stations
using a modified Penman equation (Wright, 1982). For this study, potato ET was estimated
using climatic data from a weather station located within 1.6 km (1 mile) of the field site. The
soil water balance was used to account for actual potato ET being less that estimated potato ET
due to site-specific factors. For example, assume estimated ET is 7 mm/day (0.28 in/day) or 14
mm (0.55 in) for two days until the next scheduled irrigation. Thus, without site-specific
information on soil water content, the irrigation depth would need to be 14 mm. However, if soil
water data shows that 9 mm (0.35 in) is available above the lower limit (65% ASM), then only 5
mm (0.2 in) needs to be applied to sustain 65% ASM until the next scheduled irrigation.
Applying this soil water balance throughout the season allows irrigation to follow actual crop ET
without actually knowing the value of crop ET while assuring that sufficient water is available
until the next irrigation event. However, this approach requires soil water content measurements
that are representative to true field conditions. If they are biased or incorrect, excess or deficit
soil water conditions will prevail. Field capacity at each site was estimated based on soil sand
and clay content and in-situ field capacity tests (Cassel and Nielsen, 1986) across the field site.
Permanent wilting point was estimated based on soil sand and clay content (Rawls et al., 1982).
Irrigation frequency was once or twice weekly at the beginning and end of the growing season
and three times weekly from mid-June through mid-August.

In 2004, site-specific nitrogen management was coupled with site-specific water
management using the independent chemical application system to apply in-season N based on
the potato N management guideline of maintaining a minimum 15,000 mg/kg N concentration in
potato petioles (Stark and Love, 2003). Petiole samples were collected in each experimental plot
on Tuesday of each week. Based on the difference between N concentration in the petioles and
15,000 mg/kg, N application on Friday of the same week in the form of Urea Ammonium Nitrate
was determined using the following algorithm: difference < -3,000 mg/kg, apply 40 1b N/ac; -
3,000 < difference < 0 mg/kg, apply 30 Ib N/ac; 0 < difference < 3000 mg/kg, apply 20 Ib N/ac;
3000 mg/kg < difference, apply 0 Ib N/ac. In-season site-specific N management was applied
weekly over a six-week period from 28 June through 13 August. Conventional uniform N
management was coupled with uniform water application with weekly N application computed
as the average of the N applications determined for the experimental units under the uniform N
management treatment using the same in-season N management algorithm.

Russet Burbank potato crops were planted on 9 May 2001,1 May 2002, and 6 May 2004 with
a seed piece spacing of 30 cm (12 in) and row spacing of 91 cm (36 in). Fertilizer, herbicide and
fungicide were applied following University of Idaho potato production guidelines (Stark and
Love, 2003). Fertilizer (2001, 2002), herbicide, and fungicide applications through the irrigation
system were done uniformly using the 3X application rate with a minimum amount of water
application according to label recommendations. At harvest, tuber samples from three 9.1m (30
ft) sections of crop row from each experimental unit were collected on 5 Oct. 2001, 10 Oct.
2002, and 15 Oct. 2004. Tuber samples were weighed, sized and graded within 30 days of
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harvest. Specific gravity was determined with the standard weight-in-air/weight-in-water
method using a sub sample of U.S. No. 1 grade tubers weighing 0.170 to 0.283 kg (6 to 10 o0z).

RESULTS AND DISCUSSION

In 2001, the average seasonal irrigation depth for the SSIM treatment was 503 mm (19.8 in),
which is essentially equivalent to the 500 mm (19.7 in) applied to the CUIM treatment. The
minimum seasonal irrigation depth applied under the SSIM treatment was 437 mm (17.2 in) and
the maximum depth was 597 mm (23.5 in). In 2002, the average seasonal irrigation depth for the
SSIM treatment was 432 mm (17.0 in), which is slightly less (3%) than the 445 mm (17.5 in)
applied to the CUIM treatment. The minimum seasonal irrigation depth applied under the SSIM
treatment was 372 mm (14.6 in) and the maximum depth was 498 mm (19.6 in). In 2004 the
average seasonal irrigation depth applied to the SSIM treatment was 384 mm (15.2 in), which
was 8% less than the 416 mm (16.4 in) applied to the CUIM treatment. The minimum seasonal
irrigation depth applied under the SSIM treatment was 331 mm (13.0 in) and the maximum was
452 mm (17.8 in). Over the three study years, the variation in seasonal irrigation depth under the
SSIM treatment ranged from 82 to 119% of the average application depth, which is within the 61
to 120% range in optimal water application depth reported by Sadler et al. (2002) for corn over
12 soil map units in South Carolina

In 2004, average seasonal N application was 210 kg/ha (187 1b/ac) for the SSIM treatment
and 216 kg/ha (193 Ib/ac) for the CUIM treatment. The minimum seasonal N application under
the SSIM treatment was 168 kg/ha (150 1b/ac) and the maximum was 247 kg/ha (220 Ib/ac).

44

+ 388
O Uniform Irrigation (CUIM)
42 H Site-Specific Irrigation (SSIM) |
+ 368

® m
£ 40 R
> 3
= T8 G
S 38 o
2 Q2
>
. + 328 >_'
§ 36 | §
(= (=
© +308 ®
o 34- 5
L -

32 4 + 288

30 - 268

1 2 3 4 5 6 7 8 9
Block

Fig. 1. Total tuber yields measured in each block of the 2001 field study.

198



Total Tuber Yield (Mg/ha)

Total Tuber Yield (Mg/ha)

42

40 -

38

36

34

32 -

30 -

28

26

24 -

50

45

40 -

35

30 -

O Uniform Irrigation (CUIM)

M Site-Specific Irrigation (SSIM)

Block

T 374

T 354

T 334

T 314

T 294

T 274

T 254

Fig. 2. Total tuber yields measured in each block of the 2002 field study.

@ Uniform Irrigation (CUIM)
M Site-Specific Irrigation (SSIM)

T+ 423

T+ 373

T 323

+ 273

Block

Fig. 3. Total tuber yields measured in each block of the 2004 field study.

199

Total Tuber Yield (cwt/ac)

Total Tuber Yield (cwt/ac)



Total tuber yields for both irrigation treatments for each block in 2001, 2002, and 2004 are
shown in Figs. 1, 2 and 3, respectively. In 2001, total tuber yield was greater under the SSIM
treatment in 6 of the 9 blocks. Only in block 2 was total tuber yield substantially greater under
the CUIM treatment. Total tuber yield averaged across the field site was 37.4 Mg ha™ (334 cwt
ac™) for the CUIM treatment and 39.0 Mg ha™ (348 cwt ac™) for the SSIM treatment. Total
tuber yield was not significantly different between treatments at the 95% confidence level. In
2002, total tuber yield was again greater under the SSIM treatment in 6 of the 9 blocks. Total
tuber yield averaged across the field site was 33.1 Mg/ha (296 cwt/ac) for the CUIM treatment
and 34.3 Mg/ha (306 cwt/ac) for the SSIM treatment. However, again total tuber yield was not
significantly different between treatments at the 95% confidence level. In 2004, total tuber yield
was greater under the SSIM treatment in 6 of the 9 blocks. Total tuber yield averaged across the
field site was 39.4 Mg/ha (351 cwt/ac) for the CUIM treatment and 41.0 Mg/ha (374 cwt/ac) for
the SSIM treatment. Total tuber yield was not significantly different between treatments at the
95% confidence level.

Irrigation water use efficiency calculated as seasonal irrigation depth plus precipitation
divided by total yield was 0.070 Mg/ha-mm (15.9 cwt/ac-in) and 0.073 Mg/ha-mm (16.6 cwt/ac-
in) for CUIM and SSIM treatments, respectively in 2001. It was nearly equal in 2002 at 0.068
Mg/ha-mm (15.3 cwt/ac-in) and 0.071 Mg/ha-mm (16.2 cwt/ac-in) for CUIM and SSIM
treatments, respectively. Irrigation water use efficiency was 0.082 Mg/ha-mm (18.6 cwt/ac-in)
and 0.093 Mg/ha-mm (21.2 cwt/ac-in) for CUIM and SSIM treatments, respectively in 2004.
Irrigation water use efficiency was not significantly different at the 95% confidence level in any
study year. However, irrigation water use efficiency averaged over 2002 and 2003 study years
trended 5% higher under the SSIM treatment and was 14% greater under the site-specific water
and nitrogen treatment in 2004.

Computed gross income was calculated using a local tuber quality incentive based potato
processing contract price structure. In 2001, gross income averaged across the field site was
$3690/ha ($1494/ac) for the CUIM treatment and $3856/ha ($1561/ac) for the SSIM treatment, a
non-significant trend difference of $165/ha ($67/ac) greater under SSIM. In 2002, gross income
averaged across the field site was $3283/ha ($1329/ac) for the CUIM treatment and $3435/ha
($1391/ac)) for the SSIM treatment, a non-significant trend difference of $152/ha ($62/ac)
greater under SSIM. While non-significant, demonstration of a trend showing an average
increase in gross return of $159/ha ($65/ac) under the SSIM in the field experiment is
encouraging. In 2004, gross income average across the field site was $3544/ha ($1435/ac) for
the CUIM treatment and $3867/ha ($1566/ac) for a non-significant trend difference of $324/ha
($131/ac) in the one-year study.

SUMMARY AND CONCLUSIONS

Potato total tuber yield, gross income, and water use efficiency were increased under site-
specific irrigation management relative to conventional uniform irrigation management for the
study field site. However, total yield and water use efficiency were not significantly greater
(p<0.05) under site-specific irrigation management. Based on a local tuber quality adjusted
potato processing contract price structure, the trend in gross income averaged across the field site
for study years 2001 and 2002 was $159/ha ($65/ac) greater under site-specific irrigation
management compared to conventional uniform irrigation management. In 2004, the non-
significant trend in gross income averaged over the field site was $324/ha ($131/ac) greater
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under conjunctive site-specific water and in-season nitrogen management compared to
conventional uniform water and nitrogen management. The non-significant trend in increased
gross return and water use efficiency under site-specific irrigation management and conjunctive
in-season nitrogen management is encouraging. Continued research and development is needed
to reduce the capital and operational costs of site-specific irrigation and nitrogen management
and better understand the factors leading to the development of spatially variable irrigation
requirements in center pivot irrigated fields in order to realize a positive net return.
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Abstract #1242

Managing the Art and Science of Agricultural Irrigation
Scheduling.

El Dorado Irrigation District (EID) is a water utility serving the nearly 100,000 residents
in northern California’s El Dorado County. A scenic drive along Highway 50 heading
east from the Sacramento County line to South Lake Tahoe, takes you through the heart
of EID’s service area and gives you an overview of the extraordinary geographic
diversity of the region.

EID was formally organized in 1925 under California’s Irrigation District Law (Water
Code §§ 20500 et seq.). EID hold water rights that date back to the gold rush days, and
continue to work on securing and maintaining a reliable water supply to meet the growing
needs of our customers. Through negotiations with the U.S. Bureau of Reclamation, EID
acquired Jenkinson Lake at Sly Park in late 2003. The district has water service contracts
with the Bureau and a water right for diversion from Folsom Reservoir that was awarded
in 2001 by the State Water Resources Control Board. And EID’s recycled water,
agriculture irrigation management and water efficiency programs help our customers
conserve water and thus contribute to the overall water supply.

Today, EID’s facilities and delivery infrastructure for drinking water include 1,200 miles
of pipeline, 40 miles of ditches, 6 treatment plants, 33 storage reservoirs and 21 pumping
stations. The wastewater treatment system operates 58 lift stations, 300 miles of pipeline
and 5 treatment facilities. The El Dorado Hills and Deer Creek wastewater treatment
plants produce 2,500 acre-feet of recycled water each year — water that is used to irrigate
front and back yards at 1,700 homes as well as commercial and public landscapes. EID
estimate these numbers will more than double in the coming decade.

EID customer needs are as broad ranging as the area’s diversity. The district provides
drinking water for homes, schools and businesses and recycled water from wastewater
treatment plants to irrigate front and backyards and public landscapes. EID operate a
hydroelectric power project that includes dams, reservoirs and 23 miles of flumes, canals,
siphons and tunnels. Further, EID owns and manage several outdoor recreation sites,
including Sly Park Recreation Area near Pollock Pines and a 48-unit campground at
Silver Lake. In all EID does, the district strive to meet or exceed federal and state
standards for water quality, environmental protection and wildlife habitat.

EID’s agricultural customers farm over 3,500 acres. Topography limits the size of the
commercial planting which range in size from 0.25 acres to over 25 acres. Nearly all of
the holdings are family managed ventures. The Apple Hill Growers Association is
located in the middle of the EID. Commodities grown in the area include, but not limited
to, citrus, avocadoes, stone fruit, pome fruit, hay, grapes and Christmas trees. Irrigation
water requirements for the various commodities range from 48 inches per acre for
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peaches grown at low elevation on south slopes to 6 inches for Christmas trees grown at
higher elevation on north slopes.

California experienced a severe drought in 1976 and 1977. Nearly one half of Jenkinson
Lake’s holding capacity was consumed during the summer of 1976. As a result the
United States Bureau of Reclamation (USBR) required EID to implement a water
conservation program. Thus the EID Irrigation Management Service (IMS) was
developed.

The IMS program (the first of its kind in California) was developed through a
collaboration that included EID, USBR, University of California, Davis, Soil
Conservation Service, UC Cooperative Extension, El Dorado County Farm Advisor
Office and Grower Associations. The IMS program was developed to answer the
questions “How often do I irrigate” and “How much water do I apply.” To answer these
questions the three basic functions of the program were determined to be: 1) Sprinkler
evaluations to determine the time required to replace depleted water, 2) Determine the
amount of water required to refill the soil profile at any time and 3) Provide irrigation
scheduling.

In 1977 a study was initiated to determine the growing practices and needs for
commercial agriculture customers found within the EID service district. Three growing
seasons were spent determining the evapotranspiration (ET) rates of all commodities,
cover crop practices and evaluating irrigation systems. From these studies a multiple
commodity irrigation scheduling program was developed to achieve more crop per drop.

In 1984 a report was filed with the California Department of Water Resources. This
report documented the annual conservation of >2,000 acre feet of water through the IMS
program. The report further showed that the irrigation efficiency went from 50% to over
80% and the average irrigation dropped from 6 inches to 4 inches. Overall the IMS
program saved 2 irrigations per growing season. In addition the growers noticed the
reduction or absence of tail waters as well as the disappearance of a few springs.

Irrigation scheduling in the Sierra Nevada Foothill is very complex problem. This is due
to multiple microclimates, soil types, irrigation techniques and commodities. Multiple
microclimates are the result of slope, exposure, elevation and wind patterns. An example
of this is seen in the precipitation amounts which range from 25 inches per year at the
west edge of the county to over 50 inches per year near Pollock Pines. This requires site
specific ET rates to be developed from weather information and site specific crop curves.

Commercial crops are currently being grown on 38 soils types as classified by the Soil
Conservation Service for El Dorado County. This results in different field capacities and
refill points. This combination produces different Allowable Depletion for the various
commodities. Therefore a site specific Managed Allowable Depletions (MAD) is
required.
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Irrigation techniques used are as varied as the growers using them. Practices include
overhead (200 gallons per hour, gph), undertree, portable, microspray and drip (<I gph).
In addition practices change over time as new techniques are developed. This requires
site specific sprinkler evaluations to allow run time predictions to achieve refill.

Further crop management goals must be known to help the grower achieve the quality of
fruit required for his buyer. At the initial stages of the IMS program most of the crops
were pome fruits (apples and pears) with a constant MAD through the growing season.
Since then the growers have diversified to include stone fruits, nut crops, blueberries,
nursery stock and wine grapes. Current practices for wine grapes include deficit
irrigation to improve quality. Deficit irrigation practices require changes in the MAD
depending on the development stage of the berry. The result is changes in the run times
for the predicted irrigation events.

Initially there were over 90 growers participating in the program with over 300 sites
being monitored on a weekly basis. It was determined that the only way to handle all of
the data was to make this program effect was to utilize a computer program Initially the
WMC (Water Management and Conservation) computer program from USBR was used
for the irrigation scheduling prediction. The program was contained on two 5.25” floppy
and run on an Apple IIE computer. Weather data had to be entered as well as the weekly
water depletion. The program was limited to predicting the water depletion for the next
two weeks. This program was used effectively for over 20 years.

EID determined that the prediction software needed to be updated before the start of the
2005 growing season. A survey of the current software revealed that all of the programs
could meet only part of the IMS needs. TruePoint Solutions was contracted to produce
new prediction software to meet EID’s needs. Within two months EID went live with
True Irrigation Scheduling Management (TrueISM).

The goal for TrueISM is to promote and advance effective agricultural water
management. The program was developed to provide the mechanics of scientific
irrigation management in a straightforward and easy to use package. TruelSM is
deployed on the service oriented architecture platform utilizing the most current .NET
technology that delivers interoperability, scalability and flexibility.

Initially site specific crop curve and sprinkler efficiency are entered into the program.
Weekly soil moisture levels are entered into the program. The program then utilizes a
variety of data collected from weather stations, tensiometer, neutron probes and
individual site details (crop type, soil type, etc) to measure the soil-water content and
predict irrigation schedules. The program will generate irrigation reports that can be
automatically sent to the participating growers. The report contains site specific
information (historical weather, predicted ET, soil-moisture inspections, irrigation events
and irrigation schedules) for each site that the grower is monitoring.

A majority of the TrueISM functions are automated which reduces the amount of time
need to update the program. This includes daily weather station data. The weather data
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can be viewed in either a tabular form or a graph form. In addition, the weather data is
color coded to quickly identify any quality control flags associated with the data. The
EID program is utilizing data from Station #13 of the California Irrigation Management
Information System (CIMIS) to provide daily ET calculations. With this data the
program automatically updates the prediction schedule. Currently all of the predicted
irrigation events are calculated through the 2016 growing season.

TrueISM stores an unlimited amount of irrigation history that can be used for historical
trending and analysis. This historical data will help EID plan water needs for the future
years. This data can then be used for drought year(s) irrigation needs and potential water
sales to other utilities during wet abundance.

Currently there are 91 growers with 291 sites participating in the IMS program and
TrueISM has greatly increased the effectiveness and efficiency of the program. Initially
the IMS program was developed as a water conservation program, but it has matured into
irrigation water efficiency program. The implementation of the TrueISM program will
assist EID to increase the efficiency of irrigation management to everyone’s benefit.
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Practical and Effective Water Use Efficiency
Measurement and Management Methods for
the Australian Cotton Industry

David Wigginton, National Centre for Engineering in Agriculture, University of
Southern Queensland, Research Engineer, West St, Toowoomba, Queensland, 4350,
Australia and Sarah Hood, Sustainable Irrigation Systems, Director, 12 Hutt Street,
St George, Australia

Irrigation consultants and the National Centre for Engineering in Agriculture at the
University of Southern Queensland have been working with Australian Irrigated
Cotton Growers to improve their water use efficiency. This collaboration has seen the
development of a collection of revolutionary techniques which have taken the theories
behind evaporation and seepage and allowed for the practical measurement and
mitigation of these losses for both commercial and environmental benefits. Main areas
of work have included a farm water balance that can at any time in the season separate
out how much water has been used in each area of the farm. Secondly consultants
have been using surface simulation modeling to make irrigation performance precise
and a highly accurate depth sensor coupled with weather data to partition evaporation
and seepage losses throughout the system. This technique is also used to measure the
effectiveness of various innovative mitigation strategies including damcovers and
monolayers.
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Using water auditing to assess irrigation efficiency: a comparative assessment of trickle,
sprinkler and rain-guns for potato production in the UK
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* corresponding author: j.knox@cranfield.ac.uk

Abstract

In the UK, supplemental irrigation is an essential component in the production of high value crops, such
as potatoes, where continuous and reliable supplies of premium quality produce are demanded by the
major supermarkets. However, the rising demand for water is exerting acute pressure on water supplies
with many river basins (catchments) now considered to be over-licensed and/or over-abstracted.
Promoting efficient use of water has become a major priority for the government and the regulatory
authority responsible for water resource planning and allocation.

New legislation in England and Wales requires irrigators to demonstrate efficient use as part of
renewing their water abstraction licence (permit). As a result, defining and measuring irrigation
efficiency is the subject of national debate within and between the irrigation industry and water
regulatory authority. This paper describes the role of water auditing as a tool for assessing the financial
benefits (value) of irrigation water as a surrogate for quantifying irrigation efficiency.

Using selected farm sites, an analysis of water use, crop productivity and irrigation costs and benefits
for three contrasting systems (trickle, sprinkler and rain-guns) has been completed. The study focuses
on potatoes, the most important irrigated crop in the UK. A brief description of the rationale,
methodological approaches and implications of the research are outlined.

Keywords: auditing; efficiency; irrigation; potato; rain-gun; sprinkler; trickle.
1. Introduction

Internationally, the rising demand for water, most notably for irrigated agriculture, is exerting acute
pressure on water resources. This supply-demand imbalance is unsustainable, particularly if targets for
environmental protection are to be achieved. As a consequence, there is an increasing scarcity in
freshwater supplies, not only in arid and drought prone areas of the world, but also in more temperate
climates where rainfall is abundant. A typical example is in England and Wales, where recent droughts
have highlighted the fragile balance that exists between the needs of the water environment and those of
abstractors (e.g. Gowing and Ejieji, 2001). Although irrigation is supplemental to rainfall, it is essential
for the production of high value crops, such as potatoes, where continuous and reliable supplies of
premium quality are demanded by the major processors and supermarkets. As a consequence, the
demand for irrigation water in England and Wales is rising steadily, at an underlying rate of 3% per
annum (Weatherhead and Knox, 1999). This has contributed to a situation that is considered
environmentally unsustainable in many catchments (EA, 2001).

The European Water Framework Directive (2000/60/EC) requires Member States to establish controls
over the abstraction (withdrawal) of fresh surface and groundwater, including a register of water
abstractions. Almost all water abstractions in England and Wales therefore require an abstraction
licence (permit) from the regulatory authority, the Environment Agency (EA). There are currently about
48000 licences in force of which approximately a quarter are for irrigation. Historically, licenses were
issued on a first-come first-served basis and allocated in perpetuity (Weatherhead et al., 1997).
However, all new licenses are now time-limited and subject to renewal conditions. The seasonal volume
of water allocated on a new licence now reflects the water required by the farmer in a ‘design’ dry year,
equivalent to the 80% probability of non-exceedance, that is meeting demand in 80 years in 100 (Knox
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et al., 2005). In addition to this seasonal restriction, conditions in a licence can restrict peak rates of
water use (e.g. daily, monthly), particularly where an abstraction is from environmentally sensitive
water source.

As part of a broader project investigating the role of irrigation water auditing and benchmarking, this
paper reports on a study that combines fieldwork (water metering and hydraulic performance
assessment) with computer analyses (agronomic and economic) to assess the relative “efficiency” of
irrigation under three contrasting systems (trickle, sprinkler and travelling rain-gun). The study is
focussed on potatoes, the most important irrigated crop in the UK. A brief overview of potato irrigation
in the UK is provided. The research approaches, fieldwork and proposed cost-benefit analyses are then
described.

At the time of writing this paper (September 2005) the irrigation season was still underway; the final
results from the study are not therefore included here but will be presented at the 2005 US Irrigation
Association Conference and made available on the author’s website.

2. Potato irrigation in the UK

Irrigation accounts for less than 2% of total water abstraction in England and Wales, but can
nevertheless be environmentally damaging, because it is a consumptive use, concentrated in the driest
catchments and in the driest months. During peak periods it can account for up to 70% of total
abstraction in intensively irrigated areas. It is mostly used for the production of high value vegetables
and potatoes (Knox et al., 1996). Nationally, in 2001, potatoes accounted for 52% of the total irrigated
area and 58% of the total volume of water applied (Weatherhead and Danert, 2002). For many farm
businesses, irrigation of potatoes is the economic driving force behind investment in irrigation. The
main financial benefits of irrigation relate to the value of extra yield and improved quality, less any
additional production costs. In the UK, it is often the quality assurance benefits of irrigation that are
most significant. These are gained on the whole crop, not just the extra yield from irrigation. In general,
the extra net margin per m’ of water applied is highest for soft fruit (e.g. strawberries), vegetables,
potatoes and orchard fruit, and lowest for grass, cereals and sugar beet. For potatoes, irrigation is crucial
to minimise skin quality problems caused by common scab (Streptomyces scabies). Optimising size,
shape and skin finish are also important criteria in irrigation management. Indeed, quality criteria are
specified as a condition of producer contracts and supermarket grower protocols. Failure to meet these
quality standards often leads to large price reductions and possibly rejection.

Most UK potato irrigation relies on hose-reel systems (travelling guns). These are acknowledged to be
inaccurate and inefficient in water and energy use. However, they are robust, versatile, and fit well into
typical UK mechanised arable farms (Weatherhead et al., 1997), particularly where irrigation has to
follow the crop rotation around the farm, often with non-standard field sizes (typically irrigated
potatoes are grown in a rotation including non-irrigated cereal crops). However, changes in technology
choice are being driven by industry and regulatory pressures for more accurate and efficient irrigation
particularly since water is becoming scarce and highly valued. As a consequence, there has been
significant growth in the use of trickle irrigation, helped by product improvements and a reduction in
the cost of disposable drip tape. In 2003 there were estimated to be 2500 ha of potatoes under trickle
irrigation in England and Wales (Knox and Weatherhead, 2005), although this area is small compared
to the national total irrigated area (approximately 150,000 ha). Farmer experiences with trickle on
potatoes have been mixed, with many finding that their soil conditions make it difficult to achieve
sufficient lateral soil wetting, particularly on beds in sandy soils. Many have subsequently reverted back
to overhead systems, choosing hose reels fitted with booms in preference to rain-guns. Some are
trialling the use of solid set micro-sprinkler systems, which are an economic alternative where frequent
applications are required, and well suited to small areas or irregular shape fields that are difficult for
mechanized systems.
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3. Methodology

In this project, a comparative assessment of water use under trickle, sprinkler and hose-reel (rain-gun)
irrigation has been conducted at contrasting agroclimatic sites across the UK. The sites were located on
commercial farms involved in the production of high value maincrop potatoes. In summary, the pattern
of water use at each site was monitored during the 2005 irrigation season (April to September). The
water audit data were then combined with information relating to crop production (yield, prices, labour
and management costs) and irrigation (capital (equipment) and operating (energy, labour, water) costs)
to assess irrigation water use efficiency (t ha' mm™) and the marginal value of water (£/m’) for each
irrigation system. The study involved three main components:

1. An audit of water use under each irrigation system (trickle, permanent set sprinklers, hose-reel
fitted with rain gun) during the season;

2. A comparative assessment of the in-field performance of each irrigation system, and;

3. An evaluation of the financial costs and benefits associated with crop production under each
irrigation system. This involved a comparison of crop water use and productivity for each irrigated
crop against an equivalent non-irrigated (rain-fed) potato crop.

A brief description of each stage is given below:

3.1 Irrigation water audit

The purpose of the water audit was to record the date of each irrigation event, the scheduled depth (mm)
of water applied and the volume (m®) of water diverted (pumped) to each field site during the course of
the irrigation season. Water meters were installed at the field hydrant in each field site. A reading was
taken at the start and end of each irrigation event. Each farmer was provided with a water audit
proforma to record the necessary information. A weather station was used to record local weather data,
mainly rainfall and the parameters required to derive reference evapotranspiration (ETo) at each site. A
Sentek EnviroSCAN™ was used to monitor changes in soil moisture within the field sites during the
season, to assess the relative impact of the timing and frequency of each irrigation event on soil
moisture deficits.

Using information relating to local soil, climate and cropping practices (husbandry), the actual irrigation
applications (depths of water applied) during the season were compared against simulated applications
using an irrigation scheduling water balance model, and assuming the farmer was following best
management practice for irrigation scheduling.. The model (Hess, 1996), estimates the daily soil water
balance for the potato crop and local soil type, working from daily rainfall and reference
evapotranspiration (ETo) data. The model outputs information on the crop water use, the amounts of
irrigation water applied and the proportional yield loss due to any water stress. This provides a useful
comparison between the theoretical irrigation water requirements (mm) against the actual irrigation
applications.

3.2 Irrigation system performance (uniformity)

In addition to measuring water use, it is also important to consider how uniformly the water is
distributed across a crop. Non-uniform application inevitably leads to over or under-irrigation in some
parts of the field, leading to inadequate or inefficient irrigation, resulting in uneven yield and quality.
For the trickle irrigated field site, a hydraulic evaluation was undertaken based on a methodology
defined by the American Society of Agricultural Engineers (ASAE, 1999) to evaluate micro-irrigation
systems. This included an assessment of irrigation uniformity within selected irrigation blocks, using
mini catch-cans to collect the discharge from a series of randomly selected emitters, evaluation of the
uniformity along a complete lateral and measurement of pressure variations within the block (header,
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midpoint and tail-end). For the sprinkler and hose-reel irrigation systems, a procedure defined by ISO
(1990) was followed, using catchcans between static sprinklers and across gun travel lanes. Two
uniformity indicators were calculated, namely the Christiansen (1941) coefficient of uniformity (CU)
and the distribution uniformity (DU) defined as the ratio between the average depth in the lowest
quartile and the overall average.

3.3 Irrigation cost-benefit and irrigation water use efficiency

Farmers are generally most interested in maximising their economic returns. Where water is the scarce
(limiting) resource, these should be maximised per unit of water applied (£/m’). The irrigation cost-
benefit analysis was based on a methodology developed by Morris et al. (1997), but updated for current
prices. A comparison of irrigation benefits less costs (expressed as £/m’ of irrigation water applied)
provides the farmer and water regulator with indicative values of water for that enterprise, and hence
best economic use. This is probably the most rational indicator to compare different uses of water from
an economic viewpoint. The efficiencies of irrigation management and equipment are implicitly
included in the appraisal of the value of water. This approach also enables a comparison of the value of
water between different crops (e.g. potatoes, strawberries) and sectors to be undertaken (e.g.
horticulture versus sports-turf irrigation).

For each crop, the irrigation water use efficiency (IWUE, tonnes per hectare per mm of water, t ha™
mm™) was also estimated. This is defined as the ratio between the additional crop produced and the
irrigation water applied. IWUE is considered one of a useful range of measures to evaluate irrigation
system performance (Ayars et al., 1999). However, IWUE ignores the role that irrigation plays in
attaining premium crop quality, which is particularly important under supplemental irrigation
conditions such as in the UK. Price differentials of circa 30% between premium grade potatoes for the
pre-pack markets and processing potatoes illustrates the financial benefit of irrigating for quality.
Nevertheless, IWUE can be a useful indicator to compare irrigation productivity between individual
irrigation systems, assuming they are all scheduled correctly.

In order to estimate the marginal value of water and IWUE for each crop at each site, information on a
range of parameters were collected (Table 1).

Table 1. Components of crop production used to assess the performance of each irrigation system.

Indicator Description and units of measurement

Crop husbandry and production Cropped areas (ha).
Crop configuration (planting depth, ridge spacing, plant spacing)
Crop growth (planting, establishment and harvest dates)
Other costs of production (e.g. fertilizer application)
Farm labour inputs for irrigation management (hours)
Yields (t/ha) for irrigated and un-irrigated crops.
Crop prices (£/t).

Irrigation system and water use Irrigation system design and capital cost (£/ha)
Annualised in-field costs (£/ha/year) for each system, comprising
the capital costs amortised over their estimated useful lives,
together with estimated in-field running costs (i.e. labour, fuel,
water and repairs).
Water sources, costs and volumes abstracted (m?)
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4. Results

Unfortunately, at the time of preparation of this paper (September 2005) the irrigation season was still
underway. A complete set of results cannot therefore be produced. The results will be presented at the
US Irrigation Association Conference (November 2005) and reported on the authors website and in a
scientific irrigation journal in due course.

5. Discussion

A brief discussion of the rationale for evaluating irrigation efficiency and the implications for
improving water resource management is given below.

In many countries where water resources are under pressure, improving irrigation efficiency has
become the main objective of irrigated agricultural production. In the UK, rising demands for water,
increased competition between sectors and the longer-term threat of climate change are also
highlighting the limitations on available supplies for irrigation. Improving irrigation efficiency has
therefore become the focus of significant industry and regulatory attention. However, despite broad
acceptance of the overall concepts of making best use of water, improving crop productivity and
obtaining more crop per drop, the term “irrigation efficiency” has been very loosely used, often without
clear definition, including in the new Water Act (2003). Clarifying its interpretation has become
particularly important since new water regulation came into force whereby abstractors may have to
demonstrate “efficiency” at licence (water permit) renewal. Whilst this might sound straightforward in
practice, there is currently widespread confusion due to the many definitions of “efficiency”.

In order to compare irrigation systems, a range of indicators that provide an assessment of performance
has been widely used internationally. These have generally been termed efficiencies, for intuitive appeal
(Burt et al., 1997). Unfortunately, in many cases, the same term irrigation efficiency has been used, but
each time assuming a slightly different technical definition. This has led to widespread confusion. To
exacerbate the problem, another criterion, irrigation uniformity, has also been widely used; in many
cases the terms have been used interchangeably without recognising their fundamental differences (Burt
et al., 1997). A seminal paper by the on—farm irrigation committee of the American Society of Civil
Engineers (ASCE, 1978) defined irrigation efficiency as the ratio of the average depth (or volume) of
irrigation water which is beneficially used, to the average depth (or volume) of irrigation water applied.
But estimating irrigation efficiency is not straightforward. It requires a detailed consideration of the
various hydrological inputs and outputs through an irrigation water balance, clear definition of the study
area boundaries (e.g. field, farm or catchment) and quantification of the fate of the various fractions of
the irrigation water that is applied. Failure to define these scale and boundary issues has led to problems
in comparing efficiency values for different systems (Clemmens and Burt, 1997). Furthermore, efficient
systems by some definitions can be very poor performers by other definitions (Rogers et al., 1997). Use
of the term efficiency to assess individual systems and to set benchmarks for comparison between
different methods is therefore likely to be misleading. Indeed, its misuse has been noted to occur most
often when adopted as synonymous of irrigation performance (Pereira et al., 2002).

Whilst there is a significant volume of published research that deals with the efficiency of individual
irrigation systems for a wide range of crops, there is very little published information on studies that
specifically compare trickle with rain-gun irrigation on crops under UK weather conditions (low
evapotranspiration and significant rainfall). Most studies identified relate to the USA and for crops not
grown in the UK (e.g. cotton, sorghum). Many of the papers focussed on comparing trickle with either
sprinklers or more usually surface (furrow) irrigation. This reflects the dominance of surface irrigation
internationally. The findings confirm that the levels of efficiency attained in practice depend more on
the suitability of that crop to a particular irrigation method rather than the method of application per se.

In the UK, trickle irrigation has been widely described as being more efficient. On this basis there have
been suggestions that the government should encourage or even require irrigators to use trickle
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irrigation, and/or should exempt trickle from abstraction licensing. For this reason, trickle irrigation is
being heavily promoted, often by regulators and governments as well as the trickle industry. Compared
to traditional surface or overhead methods, trickle irrigation offers the potential for greater water use
efficiency and has often been reported to produce crops of higher yield and quality (Knox and
Weatherhead, 2003). Despite its higher costs, these characteristics make trickle an attractive option in
regions where irrigation water resources are scarce and/or expensive. Our initial findings confirm that
trickle irrigation is potentially more efficient than overhead irrigation. However, in practice its actual
efficiency depends as much on the level of on-farm water management being practised and on the crop
being grown. Another problem interpreting on-farm trial data is in distinguishing between water savings
directly due to the use of trickle irrigation, from that due to better scheduling and more intense
management. Whether water savings will persist once a trial is less closely monitored is unknown.

A number of field-scale farm trials using trickle on potato crops have been undertaken in the UK. None
were scientifically replicated or fully instrumented, but they usefully identified field-scale issues and
problems. None reported on direct water savings or increased irrigation efficiencies attributable to
trickle. A major problem in interpreting findings from all trials is in distinguishing between any water
savings (efficiencies) arising directly due to the use of trickle irrigation, and those due to better
scheduling and more intense management during the trial. Although figures of 90% efficiency are often
quoted from research and demonstration plots, the actual efficiency of trickle under field conditions as
evidenced in this study suggest the values significantly below this figure, depending on the level of on-
farm water conservation being practised.

A number of farm trials have also been reported in Australia where trickle has been compared against
other irrigation methods for use on various crops including potatoes, tomatoes and cotton. For potatoes,
farmer experiences are broadly similar to those experienced by many UK growers. Greater responses to
irrigation have been shown giving improved water use efficiency as well as crop quality benefits.
However, few of the studies have reported direct water savings attributable to trickle. On one
comparative study of trickle on tomatoes, it was reported that it was the skills of the grower that had the
most impact on yield and water use efficiency. Whilst some crops have shown spectacular increases in
yield when irrigated using trickle, this does not seem to be the case for potatoes; yields appear to be
similar to those from fully irrigated sprinkler plots. However, there is evidence of increase in yield and
quality when compared to hose-reel-gun irrigation, probably related to poor uniformity and inadequate
irrigation under the hose-reel (Weatherhead et al., 1997).

Finally, there are policy implications for promoting water efficiency. Water can generate very high
financial returns where supplementary irrigation assures first class quality high value crops. The
profitability of irrigation depends considerably on the price differentials offered for quality produce in
the market. In situations where water is limiting and returns per m’ of water are high, as they are in the
case of potatoes, previous research (Morris et al., 2003) suggests rationing water through increased
water prices could have a major impact on farm incomes before it substantially changes water use
behaviour. In such situations restrictions on abstraction licences may be a more effective and equitable
mechanism to achieve beneficial change. Some increase in abstraction charges, however, could help
fund water resource management initiatives by the regulatory agency. For example, further research
into the impacts of irrigation non-uniformity on crop yield and quality and the development of precision
irrigation application systems to increase water use efficiency, constitute two areas that might help to
deliver additional improvements in efficiency and water savings.

6. Conclusions

Water auditing studies have been undertaken to compare and assess the water use efficiency and value
of water under contrasting irrigation systems (overhead and trickle). The research is helping to improve
levels of understanding of irrigation system performance for the industry and water regulator. Clearly, if
meaningful comparisons between different irrigation systems (e.g. trickle versus sprinkler) are be made,
it is essential that those who undertake such work and the stakeholders for whom the results will be
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relevant (e.g. government, regulatory authorities, irrigation industry and farmers) understand and agree
from the outset the various definitions and their appropriateness. This will enable more rational
assessments of actual farm irrigation practices to be made and referenced against recognised industry
and government benchmarks.

The study so far has confirmed there are practical difficulties in assessing application efficiency, and
risks in using it as an indicator of best use. If efficiency assessments are required legally for abstraction
licensing control, then it is suggested they should be more closely related to the marginal IWUE and/or
the economic benefits (value) of the water being used. However, these definitions can themselves
become subjective in defining costs and benefits, and still omit non-economic issues, such as rural
development and fairness.
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The Use of Low-Cost, Differentially-Corrected GPS for
Reporting Field Position of Self-Propelled Irrigation Systems".

R. Troy Peters?, Dale F. Heermann®, Kristine M. Stahl®

Abstract

Precision irrigation and chemigation using center pivots and lateral move systems
requires precise knowledge of the field position of the moving irrigation system. This
kind of precision is not possible with typical methods of reporting angular position of
center pivots. Lateral move systems do not have a readily-available, low-cost method of
reporting field position. The decreasing costs and increased precision of differentially
corrected GPS receivers make them a possible solution to this problem. Low-cost GPS
units were tested at stationary positions in Bushland Texas and in Fort Collins, Colorado.
Tests on a moving center pivot were performed in Fort Collins. Outlying errors from the
reported GPS positions can be mitigated by averaging the GPS positions. Two different
averaging methods were evaluated and an algorithm for combining these averaging
methods with dead reckoning for reporting real-time position using recent historical data
is presented. Various time periods for averaging GPS points were evaluated. Averaging
time periods from 10 to 30 minutes bring in the outlying errors sufficiently without
having to apply dead reckoning across long times and distances. There was good
agreement on the moving pivot between GPS calculated angular data when compared
with measured reference points. The position estimates improved by averaging over
greater time periods. Averaging GPS points to calculate angular velocity decreases the
variability of velocity estimates. Averaging times of 5 to 10 minutes appeared adequate
to give good estimates of angular velocity.

Introduction

Along with increased accuracy, the cost of differentially corrected GPS receivers has
been decreasing, making possible their use in many additional applications. One such
application includes precision farming where GPS systems are used to guide tractors, and
collect position and yield data to create yield maps. There has been additional interest in
using GPS technology for center-pivot or lateral-move positioning with precision or site-
specific irrigation and/or chemigation.

! Contribution from USDA-Agricultural Research Service, Conservation and Production Research,
Bushland, TX and Water Management Research, Fort Collins, CO. The mention of trade or
manufacturer names is made for information only and does not imply an endorsement,
recommendation or exclusion by USDA — Agricultural Research Service.

2 Agricultural Engineer, Bushland, TX.

% Agricultural Engineer and Statistician, Fort Collins, CO.
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Most modern center pivots use either a resolver or an optical encoder located at the pivot
point to report angular position. However, these are often subject to errors and can only
report the position of the first tower from the center point. Since the pivot end tower on
an electrical drive pivot typically moves much more frequently than the first tower and
there may be a bow in the pivot alignment, the reported angular position of the first tower
may not translate into an accurate representation of the position of the end tower. Other
site-specific irrigation research has found errors in the pivot position angle reported by
the control panel and identified correction algorithms to get accurate field positions (e.g.
Sadler et al., 2002; Peters and Evett, 2005a). Though these position errors are not a cause
for concern for most irrigators, accurate, real-time knowledge of pivot position is
required for site-specific irrigation. A low cost GPS receiver mounted near the end of the
pivot has the potential to provide a more accurate representation of the pivot’s position
(Peters and Evett, 2005a). Most lateral-move control systems do not have an accurate,
low-cost mechanism for reporting field position. Heermann et al. (1997) discussed the
position reporting alternatives and concluded that GPS was the most viable method for
determining field position for lateral-move systems.

Heermann et al. (1997) investigated non-differentially corrected GPS positioning on a
lateral-move irrigation system for site-specific irrigation work. They determined
potential position with dead reckoning based on travel speed and known initial position.
This was then corrected with an averaging algorithm applied to the GPS receiver reported
positions. The demonstrated accuracy was within plus or minus 7 m. Kostrzewski et al.
(2002) briefly described a lateral-move system with a differentially corrected GPS unit
mounted on one end for reporting system position. In this experiment the position
accuracy was described by fitting a regression curve to the measured points from a
moving system and the variance from the regression was discussed. Reinke
Manufacturing Inc. (Deshler, Nebraska) has applied for a patent (Barker, 2004) for a GPS
control system for mechanized irrigation systems. GPS units are being tested on
cornering systems (Robinson, 2003). Peters and Evett (2005a) investigated the accuracy
of low-cost GPS units as applied to center pivots or lateral-move irrigation systems and
found that significant improvement of angular position reporting was possible. The
tested low-cost receiver was accurate to within 2.1 m 95% of the time. However, the
remaining 5% of points had errors as large as 6.6 m (Peters and Evett; 2005a). Peters and
Evett (2005b) also investigated the use of a second, similar GPS receiver in a known
location (like the pivot center point) to correct for the errors of the moving receiver
(mounted on the pivot end point) and discovered that there was very little correlation
between the errors of the two receivers. Although GPS has much better accuracy than
traditional methods of reporting field position of self-propelled irrigation systems, their
application for center pivot or lateral move positioning is hindered by large outlying
errors and the fact that the reported position tends to fluctuate in time. These errors can
be mitigated by using average position locations instead of single, real-time-reported
locations from the receiver. The objective of this research is to evaluate the effectiveness
of averaging algorithms for controlling these outlying errors and to present methods of
using averaged positions with dead reckoning for more precise position estimates of
moving, self-propelled irrigation systems.
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Materials and Methods

Bushland, TX Data Collection

A low-cost, differentially-corrected GPS receiver (Garmin 16HVS; Garmin International;
Olathe, KS), was mounted past the end tower on a center pivot with a 127 m (417 ft)
radius located at the Conservation and Production Research Laboratory of the USDA,
Agricultural Research Service (ARS) in Bushland, Texas. The GPS receiver was wired
into a Campbell Scientific datalogger (CR10X). The datalogger recorded data from the
GPS output NMEA (National Marine Electronics Association) sentence ($GPGGA),
which used the RS-232 protocol, every second and logged the one minute averages of the
sensed location. The pivot was left in a stationary location for three different extended
time periods of five days or greater on days of year (DOY) 194-199 (132 hours), 215-221
(131 hours), and 224-232 (183 hours). Since the sensors were not on a known
benchmark, precision was calculated instead of accuracy and the relative position to the
mean was evaluated.

The reported positions in longitude and latitude were translated into X-Y positions on a
theoretical grid using a series of equations described by Carlson (1999). These equations
used the WGS-84 (World Geodetic Survey 1984) reference datum to determine the
earth’s spheroid model. The average position of the receiver was set as the axis origin
and the variations of the individual measurements from the mean were calculated. The
pivot’s known location is used with the reported end location to calculate the center
pivot’s angular position.

Fort Collins, CO Data Collection

A similar, low-cost, differentially-corrected GPS receiver (Garmin GPS 17N; Garmin
International; Olathe, KS) was also mounted both at a stationary position and one foot
beyond the center pivot end tower with radius of 79 m (260 ft) located at the Agricultural
Engineering Research Center, Colorado State University, Fort Collins, Colorado. The
data were collected on a laptop computer at three second intervals. The processing was
similar to the procedure at Bushland above. A long term data set (approximately 68
hours) was collected at a stationary position. Data were also collected from the moving
center pivot with the percent timer setting of 50 and 100%. Seven reference stakes were
placed just outside of the outer tower and the times of the pivot passing each stake were
recorded. The moving data were analyzed in terms of errors in both radius and angle of
rotation. The angle, 0, is the only unknown since the radius is a constant when mounted
on a pivot. However, since the radius is known, the error in measuring this length with
the GPS provides an insight as to the accuracy expected when the pivot is stationary or
moving.

Averaging Algorithms and Dead Reckoning

Peters and Evett (2005a; 2005b) and others have shown that although differentially
corrected GPS is quite good at providing an accurate estimate of position, the observed
large outlying errors are a cause for concern for applications in precision irrigation. It
was hypothesized that averaging the reported positions over various time intervals could
reduce these errors. Determining the real-time position using averaged sensed GPS
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positions on a moving center pivot requires a method of estimating the current position
from past positions. Development of an algorithm combining dead reckoning and GPS
measurements is possible.

Dead reckoning is defined as the use of a known beginning point, velocity and direction
of travel to determine the ending location. When used on a pivot, the beginning reference
position is the latest averaged GPS position. Average GPS positions can be determined
in two ways. The first is to take the average position during specific time intervals such
as between every five minute mark. This is termed a time-period average. The other is a
rolling average. With a rolling average, all reported locations within a specified time
interval are held in memory. Each new point is included in the average as it comes in
and the oldest point is excluded such that the number of averaged points remains
constant. Both methods (time-period, and rolling averages) can be taken over various
time intervals. The time intervals of 3 seconds data, and 1, 5, 10, 30 and 60 minutes
averages were tested to determine which would be most ideal for accurate center pivot
position reporting. An advantage of rolling averages is that dead reckoning is applied
across a time only half as long as the chosen time interval for averaging. For example if
a rolling average was taken on a 60 minute time interval then dead reckoning must be
applied from the average point forwards 30 minutes. However, with time-period averages
dead reckoning must be applied across longer times from 0.5 to 1.5 times the averaging
interval. For example if a 60 minute time interval is used then at the extreme, dead
reckoning must be applied across a 90 minute time interval before the next 60 minute
average is updated. Applying dead reckoning across longer times and distances may be
an added source of uncertainty. Taking rolling averages has the distinct disadvantage,
however, of requiring the retention of all of the data points and their order in memory so
that the oldest point may be dropped when the newest point is included in the average.
This may complicate programming and increase memory requirements considerably.

The other unknowns for dead reckoning are travel speed and direction. Pivot travel speed
can be determined from the commonly known time that the pivot takes to make a
complete 360 degree revolution (tre) at the 100% setting, or traveling as fast as possible.
The travel speed in degrees/minute can be calculated using this time as:

A9,/ _ Pent 360
I 100 1 1)

rev

where AO/At is the travel speed in degrees per minute, and Pcnt is the pivot timer’s
percent setting which is available from the pivot’s electronic control panel. This method
of calculating A6/At will not be able to identify slippage or unplanned changes in
velocity. A6/At can also be calculated using GPS data from the recent past. This is as
simple as choosing a time interval (At) and measuring the change in angular position over
this time interval (A6) and calculating A6/At. The analysis of error with different
averaging times would provide an estimate of any changes in A6/At for calculating the
angle 6.
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Averaged GPS positions from a moving center pivot or lateral move can be combined
with dead reckoning using time-period averages as:

— [t
Xnew = X + (E+tnow _tLastEnd j ° A%t (2)

where Xnew IS the new real-time angular position of the pivot, X is the averaged GPS
position, and t is the time period over which the GPS position is averaged in minutes, thow
is the current time, and t asieng 1S the time that the last time-period average was updated.
Position can be reported as an angular position for center pivots, or a position from
starting point for lateral move systems. The same calculation using rolling averages is
computed as:

xw:Y%-A@M. ®)

Results and Discussion
The overall results from using the one-minute averages for the three different trials at

Bushland are given in Figure 1. Although most position estimates are within 1 — 2 meters
of the mean, there are a few outlying points that go far beyond this.
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Figure 1. Cumulative probability that the error is less than the given distance from the
mean for the three different extended time periods.
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The one minute average position for the DOY 194-199 time period is plotted in Figure 2.
This shows the large amount of variability, and especially the outlying points. To show
the effect of averaging, the 10 minute and 60 minute average positions (time-period
averages) for the same time period are plotted in Figures 3 and 4. The effect that
averaging has on bringing in the outlying points is dramatic.

Although it is clear that averaging bring in outlying points, they do not have much effect
on the average deviation from the mean. Table 1 gives the descriptive statistics for the
errors (distance from the mean) of the three Bushland trials using time-period averages.
Table 2 gives the same statistics for the errors of the stationary trial in Fort Collins.
Although the maximum error is reigned in significantly and the root mean squared error
is decreased slightly, the other error terms are only slightly affected. The 50" and 90"
percentile of the distribution sometimes actually increase when more points are included
in the average. This may be due to the fact that some errors are not random, but effected
by things which change slowly over time such as the atmospheric influences on the signal
speed from the satellites. It is not clear why the errors from the data collected on DOY
194-199 are so much higher than the other days.

For comparison rolling averages using the same time intervals were taken with the same
data from Bushland (Table 3). The errors of these rolling averages for the same time
interval are generally larger than for the time-period averages (Tables 1 and 2). Again
this may be due to the slowly changing atmospheric conditions which would cause the
errors to follow each other around.
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Figure 2. 1 minute averages for the DOY 194-199 time period.
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Table 1. Time-period averages of three different extended data collection periods in a
stationary location in 2005 from DOY's 194-199, 215-221, and 224-232 in Bushland, TX.
The averages were taken on 1, 5, 10, 30, and 60-minute time intervals. Statistics on the
error (distance from the mean, m) include the mean, the root mean square error (RMSE),
the 50% (median) and 95% distribution, the maximum error, the standard deviation, and
the number of points included (N).

1 min 5 min 10 min 30 min 60 min

Mean 0.60 0.60 0.60 0.60 0.61

S| rRvsE 0.83 0.76 0.73 0.69 0.67
o] 50% 0.47 0.48 0.50 0.55 0.60
Nl 95% 1.56 1.52 1.42 1.18 1.10
>| Max 9.27 4.97 3.38 2.33 1.73
QI stoev | o057 0.47 0.41 0.33 0.28
N 10663 2134 1068 358 180

Mean 0.56 0.56 0.56 0.56 0.56

<l rRvsE 0.73 0.69 0.67 0.64 0.62
2| 50% 0.45 0.46 0.47 0.49 0.53
<l 95% 1.33 1.30 1.26 1.12 1.02
>| Max 11.42 4.68 2.99 2.17 1.49
Q| stpev 0.47 0.40 0.37 0.31 0.26
N 7885 1577 789 264 132

Mean 0.99 0.99 0.99 0.99 0.99

§ RMSE 1.86 1.49 1.38 1.26 1.21
3| 50% 0.67 0.68 0.69 0.72 0.75
2| 95% 2.51 2.70 2.74 2.67 2.43
>| Max 72.89 18.09 9.26 4.36 3.72
2l stpbev 1.57 1.12 0.95 0.78 0.70
N 7897 1581 791 265 133

Table 2. Time-period averages of a 68 hour data collection period in a stationary location
for 2002, DOY 262-265 in Fort Collins, CO. The data were collected on 3 second
intervals, and averages were taken on 1, 5, 10, 30 and 60-minute timer intervals.
Statistics on the error (distance from the mean, m) are shown include the mean, the root
mean square error (RMSE), the 50% (median) and the 95% distribution points, the
maximum error, the standard deviation, and the number of points included (N).

3 sec 1 min 5min 10 min 30 min 60 min
Mean 0.82 0.80 0.71 0.64 0.51 0.40
S| RMSE 0.98 0.96 0.85 0.76 0.60 0.46
ﬁ Std Dev 0.53 0.52 0.47 0.42 0.30 0.24
Q 50% 0.73 0.69 0.61 0.54 0.47 0.34
> 0.95 1.87 1.84 1.62 1.46 1.12 0.84
8 Max 5.20 4.89 3.66 2.69 1.54 1.14
N 81444 4072 814 407 135 67
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Table 3. Rolling averages of three different extended data collection periods in a
stationary location in 2005 from DOY 194-199, 215-221, and 224-232 in Bushland, TX.
The rolling averages were taken on 1, 5, 10, 30, and 60-minute time intervals. Statistics
on the error (distance from the mean, m) include the mean, the root mean square error
(RMSE), the 50% (median) and 95% distribution, the maximum error, the standard
deviation, and the number of points included (N).

1 min 5 min 10 min 30 min 60 min
Mean 0.60 0.60 0.60 0.60 0.60
S| rRMsE 0.83 0.76 0.73 0.68 0.66
o] 50% 0.47 0.48 0.50 0.55 0.58
Nl 95% 1.56 1.52 1.42 1.18 1.07
>| Max 9.27 4.97 3.65 2.37 1.82
QI stoev | o057 0.47 0.41 0.33 0.27
N 10663 10659 10654 10634 10604
Mean 0.56 0.56 0.56 0.56 0.56
<l rRMsE 0.73 0.69 0.67 0.64 0.62
2| 50% 0.45 0.46 0.47 0.50 0.52
<l 95% 1.33 1.30 1.26 1.13 1.04
> Max 11.42 4.98 3.25 2.45 1.80
Q| stpev 0.47 0.40 0.36 0.30 0.26
N 7885 7881 7876 7856 7826
Mean 0.99 0.99 0.99 0.99 0.99
§ RMSE 1.86 1.50 1.39 1.27 1.22
3| 50% 0.67 0.67 0.69 0.73 0.75
| 95% 2.51 2.73 2.76 2.59 2.48
>| Max 72.89 20.26 12.54 6.08 4.25
2l stpbev 1.57 1.12 0.98 0.80 0.70
N 7897 7893 7888 7868 7838

A graphical representation of the maximum error and the root mean squared error data for
the different trials are given in Figures 5 and 6. Again, the advantages of averaging are
clear. Figures 5 and 6 also show that the differences between time-period averaging and
rolling averages are not very large. Both methods give very similar precision and there is
no clear advantage of one method over the other. Based on these figures it would make
sense to choose a time period of between 10 and 30 minutes for averaging GPS points.
Time intervals beyond this do not improve the precision while significantly increasing the
time and distance across which dead reckoning must be applied. This lack of precision is
particularly true if actual speed changes, with a constant timer setting, may be caused by
field conditions.
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Figure 5. Graphical representation of the maximum error from the mean for the three
different stationary time trials in Bushland and the one from Ft. Collins. Rolling averages
(Rlg; solid lines) and time-period averages (TP; dashed lines) are included for
comparison.
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Figure 6. Graphical representation of the root mean squared error from the mean point for
the three different stationary time trials in Bushland and one from Ft. Collins. Rolling
averages (RIg; solid lines) and time-period averages (TP; dashed lines) are included for
comparison.
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The first moving test, run at the Ft. Collins site, was 2 hours in length, with the system
stationary for the first hour. The system was run in the reverse direction until it reached
the first reference point and then run in the forward direction for 50 minutes. The three
second data are connected with a linear line (Figure 7). The 1,5 and 10 minute average
data for both the radius and angle are shown. At the maximum the radius exceeds the
mean of 79.6 m by 1.2 m and is less than the mean by 1.1 m. This is equal to about + 2
standard deviations of the stationary data. The data in Figure 7 shows quite good
agreement between measured angular data when compared with the reference points.
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Figure 7. Fort Collins center pivot system with GPS mounted near outer tower,
stationary for approximately 1 hour, followed by moving in reverse direction for 27°,

and then moving forward 72°. The timer setting for speed control was 100%. The
calculated radius (R) and angular position (theta; 6) are shown for all of the data (3
second time interval), and for 1-minute, 5-minute, and 10-minute averages. The measured
reference points are also shown for comparison.

The second moving example (Figure 8) had a similar maximum deviation of £ 1.2 m
from the actual radius to the GPS measured radius. This would be approximately equal
to an angle difference of 0.9°. The change in 0 at approximately 100 minutes is closely
coupled to the change in estimated radius at the same time. An analysis of the change in
0 and its change with time is better illustrated in Figure 9 and 10. The 3 second data has
considerable variation from one point to another. When connecting the data points the
entire figure is a series of up and down lines. This is likely due to the rapid change seen
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in the GPS estimated radius caused by the limited precision of the receiver. The
averaging process results with small changes in A6/At but both the 5 and 10 minute
averages are quite constant. Table 4 is a summary of the mean and standard deviation of
the AG/At for the 75-120 minute period for the 100 % timer and for the 20-115 minute
period for the 50% timer setting. The mean angular velocity is almost the same for all
averaging times. However, the standard deviation is less for both the 5 and 10 minute
averaging times. It would appear that either would be a reasonable time for use in
estimating the velocity for dead reckoning estimates of position corrected by GPS data.
The shorter average time would be more sensitive to changes in velocity due to field
conditions. The pivot’s % timer is quite accurate and could be used for dead reckoning.
The GPS would then account for changes in velocity due to slippage or velocity changes
due to going up or down hill.
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Figure 8. Center pivot system with GPS mounted near outer tower, stationary for
approximately 15 minutes, followed by moving in forward for 80°. The timer setting for
speed control was 50%. The calculated radius (R) and angular position (theta; 6) are
shown for all of the data (3 second time interval), and for 1-minute, 5-minute, and 10-
minute averages. The measured reference points are also shown for comparison.
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Figure 9. Center pivot system with GPS mounted near outer tower, stationary for
approximately 1 hour, followed by moving in reverse direction for 27°, and then moving
forward 72°. The timer setting for speed control was 100%..
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Figure 10. Center pivot system with GPS mounted near outer tower, stationary for
approximately 15 minutes, followed by moving in forward for 80°. The timer setting for

speed control was 50%.

284



Table 4. Summary statistics for the estimation of A6/At and standard deviation for the
different averaging times. The reference is included for comparison.

75 — 120 minutes

100% Timer

average t 3 seconds 1 minute 5 minute 10 minute reference
AB/At 1.57 1.60 1.62 151 1.68
Std. Dev. 1.34 0.248 0.100 0.205 0.108
20 — 115 minutes  50% timer
average t 3 seconds 1 minute 5 minute 10 minute reference
AB/At 0.75 0.74 0.75 0.74 0.77
Std. Dev. 1.65 0.271 0.112 0.060 0.017

Additional studies with more variability in velocity would be needed to develop and test
the algorithm for estimating the position of a center pivot or linear move system. The
error in estimating the angular position for a center pivot would decrease as the length of
the pivot increased. As was indicated, a 1.2 m variation in determining the position of a
point has almost one degree error with a center pivot lateral length of 79 m. The same
1.2 m variation with a lateral length of 105 m would have less than 0.2 degree error.
Precision irrigation applications with the longer laterals can be made within the expected
tolerances of treatment areas.

Conclusion

Although differentially corrected GPS receivers report positions fairly accurately
outlying position estimates are a cause for concern in precision irrigation or chemigation
applications. Low-cost, differentially corrected GPS units were tested at stationary
locations in Bushland Texas and in Fort Collins, Colorado. Tests on a moving center
pivot were performed in Fort Collins. It was demonstrated that outlying errors from the
reported GPS positions can be mitigated by averaging the reported GPS positions. Time-
period averages and rolling averages were evaluated and compared and it was found that
there were not large differences between the two methods. An algorithm was presented
for combining averaged GPS positions from a moving irrigation system with dead
reckoning for reporting real-time position. Various time periods for averaging GPS
points were compared and it was found that 10 to 30 minute averages bring in the
outlying errors sufficiently without having to apply dead reckoning across long times and
distances. There was good agreement on the moving pivot between GPS calculated
angular data when compared with measured reference points. Averaging GPS points
over greater time periods to calculate angular velocity decreased the variability of
velocity estimates. For estimating angular velocity averaging times of 5 to 10 minutes
appeared to be adequate.
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Advances in Using Center Pivots for Resource Management
By
Jacob L LaRue, Valmont Irrigation

Summary: Significant changes have occurred in how irrigators are using
center pivots and theilr expectations. In addition constraints on
available water are beginning to change irrigators’ management processes.
This paper will focus on changes within the center pivot industry to meet
both wants and needs of irrigators to provide optimum resource management.
Data will be presented on some specific examples of how irrigators are
using new center pivot technology to minimize input of labor and wvariable
expenses and additionally improve their quality of 1life. Generalized
costs associated with center pivot options for resource management will be
compared with potential annual savings. Finally the paper will contain a
brief discussion of the direction commercial center pivot technology is
moving.

Objective: To discuss specific examples of advances in center pivot
irrigation for providing better resource management options for operators.

Introduction: Since the early 1980’'s center pivots have seen a dramatic
increase in improved irrigation efficiencies with changes in the sprinkler
packages, pipeline diameters and structural design while little has been
done to address farmers’ needs for integrated resource management tools.

Besides the irrigation water, resources requiring management consideration
include but are not limited to power to pump the water, labor, equipment
to management such as a pickup truck, fertilizer, seed and herbicide.
With the rising costs of —capital ©purchases and operation, more
consideration is being given to tools to help manage these resources.
This coupled with farm consolidation has made a dramatic change in the
costs for an irrigator to manage their operation efficiently and

effectively. In addition, many irrigated farm operations need to be able
to rapidly adjust their cropping strategy due to changing commodity
prices, available water and production costs which reguires maximum

flexibility in resource management.

To help address the labor required to monitor, center pivot manufacturers
have offered some tools for remote communication such as phone
communication or VHF and UHF radios either for direct or base station
applications. These tools have been offered for over ten years but have
met with limited acceptance with 5% or less of growers using them. Part
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of the reason for limited acceptance has been the cost, reliability and

durability. Plus in most cases the communications devices provided only
limited monitoring or control information without providing an integrated
platform for resource management. Lastly many of the products offered did

not work on older ‘orphan’ center pivots.

With energy costs rising for both the pumping plant and for vehicles to
check the center pivot and consolidation of farms - more center pivots
being operated by single operations, the need and want for improved
monitor and control is rapidly increasing.

Discussion: Recent changes in technology have facilitated improvements in
the tools being offered for resource management. These changes include
improved design and construction of automated control panels such as the
TLC Pivot Manager™, RAMS 2000™, GrowSmart FieldBOSS™ and cams Pro2™,
improved cellular communications options such as Field Sentry and the cams
Tracker, data instead of voice radios for Base Stations and a variety of
sensors along with the software to provide expanded monitoring and control
capabilities.

Today, reliable tools are available to monitor specific functions of the
center pivot such as ©position, pressure, voltage, safety circuit,
direction, water on/off and others. In addition, monitoring of a variety
of environmental sensors has become common place. These include but are
not limited to water pressure, water flowrate, water volume, temperature,
rainfall, wind speed, wind direction and soil moisture. Data 1is
consolidated at the center pivot control panel and/or sent via state of
the art communication devices to cell phones, direct to the farm’s
computer or the internet.

Let us look at some generalized scenarios that may not reflect actual
situations but are designed to be instructive. In each case the costs for
the monitoring and communications is spread over a three year life.

Scenario 1 - Grower owns two center pivots and is renting three more for
row crop production and farms 2,500 acres more dryland. These pivots are
scattered with ten miles (16 km) between them and the farthest being
twelve miles (19km) from the farm house. The grower’s pumping cost
(natural gas) 1is running about $275/day/pivot (August 2005). While
rainfall is limited, rainfall events do occur during the growing season.
He estimates the cost (labor and pickup fuel) to check the pivots at $60
per trip not including wear and tear on his pickup. Typically he will
operate the pivots about 1,800 hours and make about 100 trips to check the
pivots.
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Situation 1 - The resource concern 1is labor and energy costs. If it
rains, did all or some of his pivots receive rain and was the rain
sufficient that he can stop the pump for a period of time. Does he stop
his activity and drive to check each of the pivots? To check the pivots
costs about $60 but it is also costing $57/hour to run all of the pivots.
If he could shut them all down for one day, he could save $1,375.

Solution la - By adding a rain shutoff, the pivot can be set to stop at a
set amount of rainfall, stop the pump and a remote monitoring device will
call and alert the farmer when the pivot has stopped. Depending on the
device, he will only know that the pivot and pump have stopped and not
specifically why.

Costs la - Basic rain shutoff and remote monitoring only - $525 annual
(costs spread over three years).

Payback la - If he can save two days of pumping for a pivot plus two trips
to the field, this will more than cover his costs for the monitoring
package.

Solution 1lb - His other alternative 1s to have a complete Base Station
package which will provide monitoring, control and reporting of what is
happening in the field.

Costs 1b - Complete monitor, control and report package, VHF radio -
$1,600 annual (costs spread over three years).

Payback 1b - While this package cost more in initial investment, its more
advanced capabilities providing more information such as specific pivot
status may also well be worth consideration. By reducing trips to check
the pivots by 20 could save about $1,200 plus if he can save operating the
pivots five days, will more than payback his investment. This also does
not consider any wear and tear on the equipment to check the irrigation
equipment and his ability to control the irrigation equipemtn.

Scenario 2 - Grower owns two center pivots for row crop production and
farms another 4,000 acres. These pivots are scattered with five miles
(8km) between them and the farthest being six miles (9km) from the farm
house. The grower’s pumping cost (electric) is running about
$6l/day/pivot (August 2005). His monthly demand charge is $750/pivot. He
is in an area of supplemental irrigation with rainfall events occurring
during the growing season. He estimates the cost (labor and pickup fuel)

to check the pivots at $40.
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Situation 2 - The primary resource concern is cost of the demand charge
when he will not have a chance to operate sufficient hours to use power to

offset the demand charge. In the early and late part of the season, it is
difficult to decide if he should irrigate or not. It is qguite expensive
to apply one inch due to the demand charge. Does he stop his activity on

the other fields and spend time walking the pivots to determine soil
moisture? Often in the fall, he is already into harvest on some of his
crops. To check one pivot’s soill moilisture status costs him more time than
he is willing to give up but not applying one more irrigation can impact
his crop quality. If he has to start the pivot to apply one more
irrigation, it will cost him $750 per pivot.

Solution 2 - By adding a moisture monitoring device integrated into the
control panel, he can go to the pivot point and immediately have a good
idea of the current moisture status without taking the time to scout the
field. In addition he can see the changes in soil moisture over a period
of time and know 1f the area of the soil moisture sensor 1is becoming
wetter or dryer. Based on this information he can make a decision as to
how critical one more irrigation would be.

Costs 2 - Soil moisture monitoring package - $950 annual (costs spread
over three years).

Payback 2 - If he can save the demand charge both in the spring and fall,
it will more than pay for the cost of soil moisture monitoring plus the
added benefit of using the soil moisture monitoring to help him determine
during the growing season if irrigation is required.

Scenario 3 - Grower owns five center pivots for forage production and runs
a large dairy. His pivots are about three miles (5km) away from his
milkhouse. The grower’s pumping cost (electric) is running about
$125/day/pivot (August 2005). He is in an area that is water limited with
some rainfall events occurring during the growing season. He estimates
the cost (labor and pickup fuel) to check the pivots at $97 due to the
high cost of labor. He runs forage crops continuously under the pivots
and contracts his harvest. Typically the pivots run about 2,500 hours per
year. With checking the pivots and changes during harvest he figures he
makes about 250 trips per vyear.
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Situation 3 - His primary resource management concern is labor and water
is also important. His focus is the dairy and does not believe he has a
sufficient number of pivots to Jjustify someone to operate and watch just
them. Often when harvest is in progress he needs to be moving the pivots
out of the way as the custom harvester does not want the responsibility of
operating the pivots. Does he stop his activity in the dairy to run out
and check the pivots and move them out of the way? Also the pivots need
to be running as soon as harvest is complete to maximize his yields.

Solution 3 - His solution is a complete Base Station package which will
provide monitoring, control and reporting of what is happening in the
field. At a glance in the milkhouse, he can see the location of the

pivots on his computer screen, maintain notes on cropping and harvest
status and control what pivots are irrigating where without having to be
in the field all of the time.

Costs 3 - Complete Base Station package for monitor, control and
reporting, VHF radio - $ 1,600 annual (costs spread over three years).

Payback 3 - Quickly by 1looking at a computer screen he knows what is
happening and with a few mouse <clicks he can be moving his pivots,
changing directions and applications depths. By reducing his trips to the
field by a third (80) would save him $7,760 plus help him maintain focus
on the dairy and allow more timely irrigations behind the harvest.
Certainly within three years he has more than saved what the cost of the
Base Station system is and this also does not consider any wear and tear
on the equipment to check the irrigation equipment.

Conclusion: In many more cases than farmers and growers realize, an
investment in remote monitoring, control and/or reporting for their center
pivot can have a very rapid payback. Traditionally less than 5% of

growers considered any type of ancillary equipment other than Jjust the
center pivot for resource management.

Each of the above scenarios 1is built around specific customer situations.

All of the major manufacturers are moving to more and better integrated
control packages to meet the changing needs of agriculture. With the
automated control panels, functions specific to the operation of the
center pivot such as position, pressure, safety circuilt, direction, water

on/off and others are included. In addition, monitoring of a variety of
environmental sensors is becoming common place. These include but are not
limited to water pressure, water flowrate, water volume, temperature,
rainfall, wind speed, wind direction and soil moisture. Information is
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collected at the center pivot control panel and stored for review or sent
via state of the art communication devices to cell phones, direct to the
farm’s computer or the internet.

With rapidly rising energy costs, the challenges of finding adequate labor
and general changes in cropping strategies, the need is here now and is
being met by the center pivot manufacturers.

Reliability and durability have been addressed and the challenges of the
1990’s have Dbeen overcome to offer products meeting most grower
situations. Today due to changes in design and manufacture in many cases
the maintenance costs for an automated panel are similar to a manual
panel.

As shown by the three examples above in many cases farmers can see a very
rapid payback, less than two or three years, for the additional investment
in equipment offered by the center pivot manufacturers for resource
management . In many cases, it is justified to upgrade existing center
panels and add ancillary hardware to better manage their available water
resource and fertilizer.

An area requiring more work is helping farmers and growers recognize the
advantages of the newer resource management tools for center pivots. Also
‘selling’ farmers on the reliability and durability of the new tools will
require effort by manufacturers.

It is anticipated we will continue to see more integrated monitoring,
control and reporting packages available utilizing the latest
communication options available to help farmers best manage their
resources at a cost providing excellent wvalue.

Also the center pivot manufacturers are moving to providing better and
more economical precision application solutions to address better resource
management within a particular field by crop, soils or topography.

As water resources for food, fiber and forage production continues to be a
world concern and available time growers have to manage their resources is
a challenge, more will move to mechanical move irrigation and integrated
monitoring, control and reporting packages to provide the flexibility they
require. Other irrigation technologies may offer water savings but do not
allow cost effective operation as growers move to more closely manage
their fields and cropping strategies.
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Instrumentation for Variable-Rate Lateral
Irrigation System

Sam Moore', Tom O. Owino’, Young J. Han’? and Ahmad Khalilian?, (1)Clemson
University, Graduate Research Assistant, 252 McAdams Hall, Clemson, SC 29634,
(2)Clemson University, Assistant Professor, 252 McAdams Hall, Clemson, SC 29634

Crops in the Southern United States are generally produced in fields which are known
to have a high degree of variability in soil type, topography, water holding capacity
and other major factors which affect crop production. A variable-rate lateral irrigation
system was developed for site-specific application of water to match crop needs. A
GPS receiver is used to determine the position of the lateral irrigation system in the
field. A variable speed control system allows the lateral to move quickly over wet
spots and slow down over dry spots. The lateral system is controlled by the nozzle-
pulsing technique for variable-rate water application. The nozzle pulsing technique to
adjust irrigation rate worked very well. The average water application rate error was
less than 2%. There was a strong correlation between soil electrical conductivity (EC)
and soil water holding capacity. Therefore, the EC measurements could be used for
irrigation scheduling decisions.
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FIELD PERFORMANCE TESTING OF IN-CANOPY CENTER PIVOT NOZZLE PACKAGES IN
KANSAS

Danny H. Rogers, Gary A. Clark, Mahbub Alam, Kent Shaw'

Written for presentation at the
2005 International Irrigation Show and Technical Conference
Phoenix, AZ, USA
November 6-8, 2005

Abstract: Traditional performance evaluation procedures of center pivot nozzle packages involved placement
of catch cans under the nozzles. An accurate catch requires at least three feet of separation between the top of
the can and the nozzle outlet. In the Ogallala irrigated regions of western Kansas, the majority of the nozzle
packages are in-canopy systems that preclude a catch can type performance evaluation. An in-canopy nozzle
package testing procedure was proposed, using individual nozzle pressure and flow readings at prescribed
locations along the center pivot lateral to compare to design specifications. The goal is to develop a streamlined
protocol to allow individuals, consultants, and/or agency personal to evaluate systems in a timely and efficient
matter. Such evaluations would allow independently gathered flow and pressure reading to verify on-site
monitoring equipment readings, add to the information data base on nozzle package performance under various
operating conditions and help producers track performance and help them decide when a nozzle package
upgrade or change is needed. The evaluation procedure and testing are being conducted as part of the Mobile
Irrigation Lab ( MIL) project. MIL software and information are available on the MIL website
(http://www.oznet.ksu.edu/mil/).

Introduction

The Mobile Irrigation Lab (MIL) project is an educational and technical assistance program focused on
enhancing the irrigation water management practices of Kansas irrigators (Clark et. al., 2002 and Rogers et. al.,
2002). The MIL has two parts: one part emphasizes irrigation software development and hands-on computer
training for producers; the second part has emphasis on field activities, which has included on-farm irrigation
demonstrations and center pivot performance evaluations. Center pivot nozzle package evaluations have used
catch can data to calculate a distribution uniformity coefficient (Figures 1 and 2). However in the Ogallala
irrigated areas of western Kansas, the most commonly utilized center pivot nozzle package is an in-canopy
placement of the nozzles, which can not be tested using the catch can procedure. The development of a testing
procedure for these types of systems that can be done in a time efficient manner would help producers evaluate
systems and make adjustments as needed to keep the system distributing irrigation water and chemicals
effectively and allow for good irrigation water management.

In-canopy Nozzle Package Testing

Unlike an above canopy nozzle package, where the uniformity of water distribution is dependent on non-

! Danny H. Rogers, Professor, Irrigation, Biological & Ag Engineering, K-State Research & Extension, Gary Clark, Professor Biological & Ag
Engineering, K-State University, Mahbub Alam, Assoc. Professor, Irrigation Engineer, Southwest Area Extension, Garden City, KS, Kent Shaw,
Irrigation Management Specialist, Southwest Area Extension, Garden City, KS.
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interference by the crop canopy, the in-canopy nozzle package almost always has the water streams from the
nozzle being intercepted and/or redirected by the crop stocks and leaves. The primary exception to this would
be a LEPA system utilizing circularly planted rows and bubble mode nozzles or drag tubes. Few of these types
of system are utilized in Kansas. However, even these types of systems would have non-uniform water
distribution if the design flow rate and pressure conditions are not met. Above-canopy testing experience
revealed that some package uniformity problems were related to the package design conditions not being met.
This could be caused due to a variety of reasons, including mis-communication between the designer and the
installer, errors in measuring or estimating well yield, changes in well capability due to water declines or wear,
and monitoring equipment errors resulting in incorrect operation flow and pressure setting. Another package
error discovered was improper installation, the most common of which was the reversal of pivot span nozzles.
This latter error could be more easily be discovered and corrected for an in-canopy package than for most above
canopy systems, since access to the nozzles for size reading and changing is convenient.

The concept of the in-canopy test was to develop a protocol to minimize data collection from a system that
would still allow a determination of whether design and operating conditions matched. The intent was to take a
number of pressure and flow readings from nozzles along the center pivot lateral and measure total flow and
pivot point pressure and compare this information to the design sheet specifications. It was thought that
eventually only readings of a few nozzles at the beginning and end of the pivot lateral would be sufficient to
verify the system performance in terms of water distribution along the center pivot lateral.

Since the nozzles are near the ground and many are mounted on a flexible drop tube, it was thought that
installation of a pressure shunt could be done by crimping off the water flow to an individual nozzle and
installing the pressure shunt to determine the nozzle pressure. The flow rate could be determined by volume
flow measurement and a stop watch. However before testing began, several small digital flow meters (F-1000-
RB flow rate meters from Blue-White Industries®) were purchased and configured with the pressure shunt as
shown in Figure 3.

Most irrigation wells are metered in Kansas and flow meter readings were accepted for use in the previous
above-canopy evaluations. However, several of the systems that were evaluated had poor performance ratings
for no apparent reason. One reason might have been improper flow or pressure at the pivot point. However
input flow and pressure readings were not independently verified, so this could not be proven. One of the
systems was retested at a later date and the performance rating was good and both input flow and pressure were
verified independently. To allow this to routinely occur, a non-intrusive flow meter was obtained.

The digital flow meters were lab tested and worked well over the specified flow range. However, during field
tests, we have had some difficulty with moisture accumulation in the LED display to the degree that the display
can not be read. Although the instrument specifications indicate they can be used in a wet environment, the
instruments would also shut down after several readings presumably due to the moisture condensation within
the body of the instrument. The instrument bodies can be opened to allow drying without apparent effect on
accuracy. Several ideas to prevent condensation have been tried without much success, so this remains an issue
for these particular instruments. The back up method for obtaining flow readings is the bucket and stop watch.

Data collection as not been as easily obtained as hoped for. A minimum of two individuals are needed on-site,
although three can be efficiently used. One “dry” individual is needed to record the data.

% No criticism or endorsement is intended by the use of commercial name. The use is only for clarity of the presentation.
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Example Test Results

Test results from the first in-canopy pivot analysis are shown in Table 1. Most of the measurements were taken
adjacent to a pivot tower. The test was conducted early in the irrigation season. The center pivot was 1305 feet
long and equipped with 251 Senninger LDN nozzles using concave grooved by chemigation pads with 6 and 10
psi pressure regulators. The design flow rate was 350 gpm with a top of pivot pressure of 14 psi.

Figure 4 shows the field measured pressure distribution and the design pipe pressure. The field pressures were
measured at approximately the nozzle height of 3 feet from the ground. The design pipe pressure would be at an
elevation of approximately 12.5 feet, for about a 4 psi pressure differential. The measured values appear to be
slightly higher than the design values. However, all nozzles are pressure regulated, so much of the pressure
differential would be dampened out through the regulators.

Figure 5 shows measured flow rates and design flow rates. Measured observations appeared to be slightly
higher at the end of the center pivot than design values. The test was conducted before the start of the general
irrigation season, which could mean the well yield was higher than what it might be after long term pumping.
However flow measurements at the beginning of the pivot lateral were matched very closely to the design
values. Overall, it appears this system’s performance was satisfactory.

Future Activities

The obvious improvements needed for the in-canopy test procedure are 1) reliable measurement of the pivot
point flow rate and pressure, 2) either a different nozzle flow measurement instrument or a method to better seal
the existing instrument, and 3) a standardized data collection routine. The latter comes with multiple testing and
analysis. Items one and two are being addressed. In addition to moisture condensation or accumulation within
the instrument, the instruments also shut down completely after a number of uses. This was originally thought
to be due to the moisture exposure, but an additional suggestion that exposure to cold ground water may be
having an effect on the instrument. This will be tested in the lab. During the test, the instruments are not
exposed to direct spray from other nozzles, but do get wet from handling.

Center pivot irrigation systems are the dominate type of irrigation system in Kansas. The most common type of
nozzle package uses an in-canopy configuration. The goal of developing a method to allow a cost effective
verification of the nozzle package performance will help irrigators management the irrigation water resources to
the highest degree possible.
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Figure 2. MIL uniformity test results for a center pivot equipped with an above canopy nozzle package of
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rotator nozzles.

Figure 3: Digital flow meter and pressure shunt apparatus used for in-canopy performance evaluation.
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Figure 4: Field measured verses design pressure from an in-canopy center pivot evaluation.
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Figure 5: Field measured verses design nozzle flow rates from an in-canopy center pivot evaluation.
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Table 1: Field Observed and Design Pipe Pressures and Nozzle Flow Rates from an In-canopy Center Pivot
Nozzle Package in Thomas County, Kansas.

Nozzle Field Design Field Design

number psi psi gpm gpm
251 9.2 10.3 33 2.44
250 9.4 10.15 3.02 2.44
247 9.8 10.39 2.84 2.44
246 9.4 10.39 2.27 2.44
245 8.5 10.39 0.86 2.44
244 9.8 10.39 2.78 2.44
243 9.8 10.39 2.88 2.44
242 9.2 10.39 2.27 2.44
240 9.8 10.4 2.23
239 9.7 10.4 2.49 222
238 10 10.4 2.44
237 9.8 10.4 2.8 2.44
236 9.8 10.4 2.59 2.44
234 10 10.4 2.86 2.44
233 10 10.4 2.8 2.44
231 9.8 10.4 222
230 9.9 10.4 222
207 9.8 10.44 2.76 2.05
206 9.8 10.44 2.02 2.04
205 9.8 10.44 2.34 2.04
174 9.8 10.58 1.76 1.71
173 9.6 10.59 2.82 1.71
172 10 10.59 1.84 1.71
141 10.4 10.86 1.45 1.41
140 10.2 10.87 1.2 1.41
139 10.6 10.88 0.5 1.54
108 10.8 11.27 1.08
107 10.8 11.29 1.22 1.22
106 10.8 11.3 1.25 1.22
75 11.2 11.82 0.37 0.82
74 10.8 11.84 0.47 0.82
73 11.2 11.86 0.82
42 11.2 12.48 0.49 0.58
41 11.4 12.5 1.08 0.58
40 11.4 12.52 0.2 0.58
1 11.4 13.9 0.55 0.59
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2005 Irrigation Association Technical Conference
Phoenix, AZ

Center Pivot Sprinkler
Instantaneous Application Area, Droplet Size and Soil Infiltration
Presented by: James Burks / Senninger Irrigation, Inc.

Objective:

Provoke thought, research and the development of improved methodology in
analyzing the effects of sprinkler system application intensity as it pertains to
instantaneous uniformity and droplet size. Promote the development of standards and
procedures in the quantification of system application efficiency and potential soil
property degradation.

Note: For the purpose of this presentation, the term sprinkler is often used to refer to any
type of water emission device used in center pivot irrigation (impact-driven sprinkler,
fixed-plate spray nozzles, moving-plate applicators, etc).

Intro:

The modeling of sprinkler application patterns provides valuable information
necessary in designing irrigation systems that will uniformly apply our valuable water
resource. Good designers rely on this information to help determine the optimum spacing,
elevation and operating pressure of a selected sprinkler. The most commonly used model
is arguably the single ray profile which can be described as the “fingerprint” of a
sprinkler’s performance at a specified pressure, flow rate and elevation. Our industry has
benefited greatly from software packages currently being used to calculate system
application uniformity and/or estimate potential run-off. These applications depend
heavily on the single ray profile model.

While the quantification of system application uniformity is achieved with reasonable
accuracy through conventional analytical methods, the ability to accurately predict
application efficiency and the potential negative effects a system design may have on soil
structure remains elusive. Scientists and irrigators have hypothesized on many ideas and
concepts that could lead to great improvements in this area yet improved procedures and
firm solutions have not yet solidified.

The remainder of this presentation will focus on some ideas that have improved our
understanding of the interface between the irrigation system and the soil or crop. An
isolated look at what occurs at the critical moment water is delivered to the soil and the
benefits and detriments in the process. Without standardized methods of quantifying
many of the sprinkler application aspects being discussed, observations and comparisons
must be based on relativity.

Conventional methods and thought:
Application Intensity or Instantaneous Application Rate:

The term [AR (Instantaneous Application Rate) has been used for several years in
discussions relating to the system-to-soil interface, most frequently when considering
potential detrimental effects to the soil such as structural degradation, surface compaction
and run-off. Application Intensity may be a better term as there has been some confusion

302



in our industry between the definitions of System Application Rate and Instantaneous
Application Rate.

It is generally understood that the term System Application Rate (can be stated in
GPM/Acre) is the total system flow rate divided by the entire wetted area of the system.
SAR = System Flow / Total Area of Coverage
Example: A center pivot system with a flow rate of 750 gpm and a length of 1,300 ft
equipped with sprinklers (fixed-plate spray nozzles) having an average wetted diameter
of 80 ft. Total area of coverage in acres is calculated by 1,300 ft multiplied by 40 ft and
the product divided by 43,560 ft* per acre.

SAR =750 gpm / 1.2 Acres = 625 GPM/Acre

In the estimation of how the system’s application may impact the soil, using SAR can
be characterized as a two dimensional view of the system-to-soil interface where a three
dimensional view, using IAR, could provide additional detail for a more accurate
analysis. With SAR as our only gauge for application intensity, we are making two very
errant assumptions. First we are assuming that the total wetted area is receiving a
perfectly uniform application and secondly that this uniform application is instantaneous
and continuous in time.

-Assumption #1 — Total Uniformity

The single ray profile model again proves useful in revealing that the different types of
sprinklers available today have varying application rates at varying distances from the
sprinkler location out to the edge of the wetted area. While some sprinkler types do have
a more even distribution profile than others, none of them offer perfect uniformity
throughout the profile.

Duly noted: This is not to say that a sprinkler distributing an uneven profile is
necessarily bad. When properly selected, spaced and designed, many sprinklers that
individually produce an uneven profile have very good distribution uniformity as a
collective package on a mechanical move system. These types of sprinklers may offer
other advantages over those with more even profiles such as application efficiency and/or
low pressure operation.

-Assumption #2 — Instantaneous Application

As mentioned before, a standard for measuring a sprinkler’s instantaneous application
area has not yet been determined. This is the most important factor to analyze when
considering an irrigation system’s potential impact on soil and is the greater contributor,
of the two assumptions, to an inaccurate analysis based on the SAR formula. Even
without a standard, comparing different sprinklers through observation has proven useful.
Focusing on application intensity, an observer can look at the relativity among various
sprinklers in the total surface area of soil that is being impacted at any given second of
the sprinkler’s operation. How much surface area of the soil is being wetted
instantaneously?

It is easier at this point to explain the difference between SAR and IAR, and the two
dimensional versus three dimensional view concept. Referencing the previous example of
the SAR calculation we can modify the formula to an IAR calculation.

IAR = System Flow / Instantaneous Area of Coverage

The difficulty comes in quantifying the “Instantaneous Area of Coverage” without a
standard method of testing and quantification. At this point we must default to estimates
via observation. For the purpose of this example, it is reasonably safe to say that a fixed-
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plate spray nozzle providing a 40 ft diameter of coverage is instantaneously applying
water to only 25% or less of the total area that it covers. Allowing this assumption
through observation, we would adjust our Total Area of Coverage accordingly, producing
an IAR calculation as follows.

TAR =750 gpm / 0.3 Acres = 2500 GPM/Acre

The potential impact a system’s application may have on the soil surface becomes
much more apparent when we are seeing a more accurate picture, in this case we might
say a magnitude of four times more accurate. It is important to again mention that there
are many aspects to consider in evaluating a sprinkler package. Spray nozzles inherently
have a greater application intensity than some other devices but when applied in the
proper areas can offer benefits that lower intensity sprinklers may not.

The concept of lowering application intensity is not new and can also be further
achieved in various ways of opening up the total sprinkler package wetted area through
specialized mounting hardware such as “boom-backs” and truss-rod mounting systems.
With the growing recognition of the benefits in lower application intensity, our industry
needs to support this movement through research and further development. Standardized
methodology and procedures that could incorporate an “Application Intensity” factor into
new or existing formulation of estimating run-off potential or soil structure degradation is
necessary for truly accurate forecasting.

-Intensity and Droplet Size:

Droplet size is another common topic when irrigators discuss potential soil structure
degradation. The physical truth of energy equals mass multiplied by velocity? has held up
too long to argue. Yet even with this strong physical understanding, field observations
have sometimes shown that soil structure degradation occurs with small droplets when
larger droplets have lesser impact. This was difficult to explain until the application
intensity issue was brought into the equation. With certain soil conditions it has been
demonstrated that smaller droplets delivered at high intensity have a much greater
negative impact on soil structure than larger droplets at low intensity. Research in the
area of what specific soil characteristics contribute to a soil being either more droplet size
sensitive or more application intensity sensitive would bring tremendous insight to
sprinkler selection and design.

-Benefits of maximizing droplet size:

When maximizing sprinkler system efficiency, a great rule of thumb regarding droplet
size is to select a sprinkler and pressure that generate the largest droplet possible without
adverse effects on the soil or crop. This rule of thumb covers three major design points:

1) Promotes efficiency by minimizing wind drift and evaporative loss.

2) Larger droplets are generally associated with lower operating pressures. Lowering
system operating pressure has become a very successful strategy in conserving
energy and enhancing profitability.

3) Design spacing and elevation are typically selected through single ray profile
analysis. Industry standards and repeatability dictate that the data for these
profiles be gathered in no-wind conditions. Larger drops contribute to better
“pattern integrity” which means the performance illustrated in a single ray profile
will be closer to field conditions with a wind element. System application
uniformity is likely to be negatively affected if a pattern does not have strong
integrity.
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Conclusion:

Sprinkler technology has advanced greatly over recent years resulting in an ability to
yield very high performance in uniformity and efficiency while reaping the benefits of
energy savings through lower system operating pressures. Focusing on performance
aspects such as application intensity and droplet size are critical in providing solutions to
ongoing center pivot irrigation concerns such as surface soil compaction, run-off and
wheel tracking. Further research and support to our industry is crucial to leverage the
potential of our advancing technology.
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Low Pressure Drip Irrigation - Alternative
Irrigation System to Flood/Furrow Irrigation
in California — “Water Savings with No
Increase in Energy Useage”

James D. Anshutz, Netafim Irrigation, Technical Director, 5470 E. Home Ave.,
Fresno, CA 93727

California irrigators have been cautioned regarding the adoption drip or micro
irrigation. A recent state funded study concluded that the adoption or conversion from
flood/furrow to drip or micro irrigation may result in some water savings but will
increase overall energy usage. The study found that when farmers converted from
flood/furrow to drip or micro irrigation they ultimately used more energy per acre due
to the higher system operating pressures and the switch, in many cases, from surface
water to ground water. The savings of one limited resource, water, may increase the
use of another —energy.

Dr. Claude J. Phene's Paper #1060 detailed a new concept of Low Pressure Systems
(LPS). LPS provides the water saving benefits of drip or micro irrigation and does not
increase the system operating pressure since it operates at the same field inlet pressure
as flood/furrow systems. LPS is a solution to California's water/energy dilemma.
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Evaluation of Phosphate Fertilizer Type on Plugging of Drip Irrigation Tape
Matt Beene, Barry Goodrich and Charles Krauter

Center for Irrigation Technology, California Water Institute

California State University, Fresno, CA

Phosphate fertilizers have a widely held reputation for reacting with other materials including the
dissolved salts in irrigation water to form solids that can plug drip emitters and tapes.

Phosphates can combine with many common cations in water to form precipitates with very low
solubility. The propensity for phosphates to precipitate with Calcium, Magnesium and other
metallic ions that occur in irrigation water is the basis for the commonly issued warning to avoid
the use of phosphate fertilizers in chemigation programs. The undeniable advantages of drip
systems for applying fertilizers with the same precision as the water applications have not been
extended to fertilizer programs where phosphates are needed by the crop. Phosphate nutrition,
unlike many other essential plant nutrients, is a matter of constant need throughout the growing
season and is proportional to the size and vigor of the plant. Ideally, they should be available to
the crop in steadily increasing amounts for the whole the growing season. Typically, phosphates
are applied as a dry material, in one large dose, often prior to planting. Uptake of phosphate by
the plant from the root zone competes with a variety of chemical and mineralogical reactions that
can significantly reduce the availability of the nutrients over time. Frequent small applications
of phosphate as in chemigation through a drip system would allow for a much more efficient
application program and better utilization by the crop. Unfortunately fears of permanent
plugging of the drip system by chemical precipitates prevents the use of this potentially effective
method of phosphate fertilizer application.

A contributing factor to the problem of chemigation with phosphate is the fact that there are only
a few common forms of the fertilizer and each has the potential to react with Calcium in the
irrigation water. Nitrogen, Potassium and most micro-nutrient fertilizers are available in a
variety of formulations many of which have high solubility. That is not the case for the
phosphates. Liquid forms of phosphate fertilizers are limited to Phosphoric acid (0-54-0) and
Ammonium Phosphate solution (10-34-0). Phosphoric acid is usually very expensive and 10-34-
0 is commonly assumed to form precipitates with even a small amount of Calcium in the
irrigation water. Recently, the CSU Fresno — Center for Irrigation Technology was approached
by the manufacturer of an organic based liquid phosphate fertilizer. The possibility that an
organic complex containing the phosphate might be less likely to react with Calcium in the water
suggested this new form of phosphate fertilizer might be more successful in a chemigation
program.

A testing program was devised to compare the organic-phosphate material along with the two
common inorganic forms in drip tape using poor quality, high Calcium irrigation water. The
testing program was designed to evaluate the plugging potential of the fertilizers under
conditions at least as extreme as those encountered in the field. A very high application rate of
phosphate was used in both new and used tapes and with water sources selected for high salinity
and Calcium content. A combination with other fertilizers containing Calcium was also part of
the test. The results were somewhat surprising and, while the organic phosphate material did
appear to be less of a plugging problem, the most interesting conclusion from this evaluation was
the fact that each of the drip tapes tested maintained a normal delivery under conditions that were
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initially expected to cause serious plugging. While this simple series of tests should not be
construed as conclusive proof that phosphates can be applied through drip tapes without any
danger of plugging, it does indicate the fact that the ability of modern drip tapes to handle poor
quality water and solids has been considerably underestimated.

Methodology

The effects of adding three fertilizer materials, (10-34-0 liquid ammonium phosphate, 0-54-0
phosphoric acid, and a organic based phosphorus fertilizer) on drip tape flows were evaluated
with various water sources. A system traditionally used to test plugging of drip tape by sand
particles from media filters was used for the tests. The system entails a pump, pressure
regulation system, heat exchanger, and two 25 ft. runs of drip tape used to test plugging or
reduced flow rates (Fig. 1). Once water and fertilizer was emitted from the drip tape it was re-
circulated through the system continually. Flow rates were recorded periodically during the test.

Pressure
Regulator

Parallel 25 Foot Sections
of Drip Tape

™

Catch Basin

Reservoir

Heat Exchanger

Pump

Fig. 1 Schematic of drip testing apparatus

Flow rates of individual emitters were recorded with volumetric cylinders over a two
minute period and converted to gallons per hour. Initials tests of the study were run for a time
period of four hours but latter tests were extended in time to induce more plugging. The initial
tests included five readings for each test. Reading #1 before addition of fertilizer, reading #2
thirty minutes after addition of fertilizer, reading #3 two hours after the addition of fertilizer,
reading #5 four hours after addition of fertilizer, and reading #6 after flush of system with test
water. Fertilizers were added to the system by pouring a stock solution into the reservoir. The
extended tests were similar to the shorter test but additional readings were made every two hours
until late in the day approximately fifteen hours after the start of the test they system was shut-
down for the night. The testing system was restarted the next morning, allowed to run for thirty
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minutes, after which flow rates were recorded. Depending on severity of plugging a flush with
clean test water or phosphoric acid (0-54-0) was done after which additional flow rates were
recorded. Table 1. is an example the type of data created with the extended test.

Table 1. Table of data produced from extended test

Drip Tape Plugging Test Results - Drip Tape Flow Rates
Eertilizer Test Water Drip Tape
Organic Coastal Salinas Valley
Sample Time 745 910 1040 1240 1530 1830 2130 1245 1400
Sample Description Test Water Fert+05h Fert+2h Fert+4h Fert+7h Fert+10h Fert+13h Fert+28h PostFlush
Reading # Readingl Reading2 Reading3 Reading4 Reading 5 Reading 6 Reading 7 Reading 8 Reading 9
GPH/Emitter 0.22 0.23 0.23 0.23 0.22 0.22 0.21 0.22 0.23
% of Initial Flow Rate  100% 101% 101% 101% 100% 97% 94% 100% 104%

The testing conditions were a simulation of two extreme situations in California where
phosphate fertilizer could be used in vegetable production irrigated with drip tape. In each case,
a typical drip tape and a poor quality water from each simulated location was used. Testing with
a high quality water was also done for calibration of the testing equipment and procedures.

Three types of water were used as test water for evaluation. Fresno State campus water was used
to represent high quality water, tile drain water from southern Kings County with high levels of
calcium and magnesium was used to represent low quality, Central Valley water, and well water
from northern Monterey County with high levels of calcium was used to represent low quality
Salinas Valley water.

Two types of drip tape were chosen to match the different test waters. A 6” spacing tape
(Toro Aqua-Traxx EAXxx0667) typical of those used in the coastal vegetable growing regions
was used for the Salinas Valley simulation and a 12°” tape (T-Tape TSX 7XX-12-220) typical
for vegetable and field crop production in the southern San Joaquin Valley was used with the tile
drain water source. Both tapes were obtained from the growers who supplied the water samples.
The tape was new in each case but some of the Central Valley testing was duplicated with
similar tape recovered from the field after three seasons and no differences in results were
apparent. The fertilizers were all applied at a rate of 150 Ibs./A of P,Os which is a very high rate
but one that could be required for a high value vegetable crop in either location.

The original testing procedure did not result in any plugging with any tape, water source
or fertilizer combination. The four hour period with the fertilizer in the tape was apparently
insufficient time to allow the chemical precipitation to form. The test procedure was modified to
increase the time and add a second cycle to simulate a second irrigation with the fertilizer
remaining in the tape between irrigations. Plugging was observed with this longer test
procedure. Figure 2 and Table 2 show the Salinas Valley test with 10-34-0 and the tape was
almost completely plugged by the end of the first run and did not recover at the beginning of the
second irrigation cycle. The test equipment failed during the second cycle so the flushing with
acid to test the recovery from the plugging could not be completed. Table 3 and Figure 3 show
the same fertilizer with good water and the Central Valley tape. The results were similar to those
in Table 2 in that complete plugging occurred at the end of the first irrigation and the interval
before the second. In this case, flushing with acid was able to restore about 40% of the emitters
to nearly their original flow rate. The organic based phosphate fertilizer caused some reduction
in flow rate under the same conditions but the loss was about 10% compared to nearly 100%
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plugging with the 10-34-0. Recovery after flushing with water in the second irrigation restored
the original flow rate of the tape for both the Salinas Valley simulation, Table 4 and Figure 4 and
the Central Valley simulation, Table 5 and Figure 5.

These simulations, while intentionally extreme, are not intended to be proof that
phosphate fertilizers can be safely applied through drip tape. The chemical precipitates can still
form and plug the tape under field conditions similar to these. The interesting results found in
the tests were these:

1. The chemical precipitation may require several hours to form and cause plugging. Short
irrigation periods and short chemical applications within those short irrigations may be
safer than long runs.

2. Phosphate fertilizer remaining in the tape because of insufficient post-application
flushing can be responsible for additional plugging problems.

3. Some forms of phosphate fertilizers may produce significantly less chemical precipitate
than other forms.

4. Tapes in current use are capable of being flushed after partial plugging with phosphate
fertilizers to restore some, and perhaps all of the original performance.

It would appear that the “fatal plugging” by fertilizers of drip tape and emitters that was
observed in the first years of the use of drip irrigation is not as big a problem as it once was.
The use of phosphate and other low solubility fertilizers may be considered for chemigation
programs with appropriate testing and careful monitoring, flushing and maintenance of the
system.
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Table 2 Table summarizing data evaluating 10-34-0, coastal water, and Salinas Valley drip tape

Drip Tape Plugging Test Results - Drip Tape Flow Rates
Fertilizer Test Water  Drip Tape
10-34-0 Coastal Salinas Valley

Sample Time 715 2200 800
Sample Description TestWater Fert+14h Fert+24h
Reading # Reading 1 Reading 8 Reading 9

GPH/Emitter 0.23 0.02 0.01

% of Initial Flow Rate 100% 9% 6%

Drip Tape Flow Rates
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. < < < <
0.20 \
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0.10 \
0.05 \\’\‘
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——GPH

Test Water Fert+0.5h Fert+2h Fert+4h Fert+4.5h Fert+9h Fert+11.5h Fert+14h Fert +24

Sample Desciption

Fig. 2 Graph illustrating reduction of drip tape flow rates when running 10-34-0 and coastal
water through Salinas Valley drip tape
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Table 3 Table summarizing data evaluating 10-34-0, campus water, and Central Valley drip tape

Drip Tape Plugging Test Results - Drip Tape Flow Rates
Fertilizer Test Water  Drip Tape
10-34-0 Campus Central Valley
Sample Time 640 2200 850
Sample Description Test Water Fert+15h  Post Acid + Flush
Reading # Readingl Reading 8 Reading 11
GPH/Emitter 0.17 0.00 0.07
% of Initial Flow Rate 100% 0% 40%

Drip Tape Flow Rates
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TestWater Fert+0.5h  Fert+2h Fert+4h Fert+7h  Fert+10h Fert+12h Fert+15h Fert+24h  PostAcid  PostAcid +
Flush

Sample Description

Fig. 3 Reduction in flow rates of drip tape after several hours or running 10-34-0 and campus
water in Central Valley drip tape
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Table 4 Table summarizing data evaluating an organic fertilizer, coastal water, and Salinas
Valley drip tape.

Drip Tape Plugging Test Results - Drip Tape Flow Rates
Fertilizer Test Water  Drip Tape
Organic Coastal Salinas Valley
Sample Time 745 2130 1400
Sample Description Test Water Fert+13h  Post Flush
Reading # Readingl Reading7 Reading9
GPH/Emitter 0.22 0.21 0.23
% of Initial Flow Rate  100% 94% 104%

0.24
0.22

0.20

I 0.18

0.16
0.14

0.12

Drip Tape Flow Rates

¢ ——o— o /

"\./

——GPH |—

Test Water Fert+0.5h Fert+2h Fert+4h Fert+7h Fert+10h Fert+13h

Sample Desciption

Fert+28h

Post Aush

Fig. 4 Drip tape flow rates slightly decreased when running an organic fertilizer and coastal
water through a Salinas Valley drip tape.
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Table 5 Table summarizing data evaluating an organic fertilizer and drainage water ran through
Central Valley drip tape.

Drip Tape Plugging Test Results - Drip Tape Flow Rates
Fertilizer Test Water  Drip Tape
Organic Drainage Central Valley

Sample Time 640 2200 900
Sample Description Test Water Fert+ 15h Post Flush
Reading # Reading 1 Reading 8 Reading 10

GPH/Emitter 0.16 0.15 0.16

% of Initial Flow Rate 100% 92% 99%

Drip Tape Flow Rates

017

016 >— .

o5 e e . /v

0.14

013 —
——GPH
0.12 —

GPH

011

0.10

0.09

0.08

Test Water Fert+0.5h Fert+2h Fert+4h Fert+7h Fert+9h Fert+13h Fert+15h Fert +24 Post Flush

Sample Description

Fig. 5 Drip tape flow rates decreasing slightly when running an organic fertilizer and drainage
water through Central Valley drip tape
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ABSTRACT Irrigators are facing challenges with declining well yields or reduced allocations
from water districts. To make reductions in water use, irrigators are considering shifts in
cropping patterns that earn better net economic returns. A cropping season planning tool, the
Crop Water Allocator (CWA), available at www.oznet.ksu.edu/mil , has been developed to
find optimum net returns from combinations of crops, irrigation amounts, and land allocations
(crop rotations) that program users choose to examine. Because personal computers can bring
solutions to complex questions, this program can be used by individual irrigators at their
workplace. The model uses yield-irrigation relationships for 280-530 mm of rainfall in
western Kansas. The user can customize the program with crop localized crop production
costs or rely on default values from typical western Kansas farming operations. Irrigators are
able to plan for the optimum economic use of their limited water supply by testing their
options with CWA.

Groundwater declines and dwindling surface water deliveries are normal rather than
infrequent. Record energy costs are driving irrigators to fewer applications or crops that require
less water. Irrigators have adjusted by turning to more efficient irrigation application techniques
and water-conserving cropping practices. All of these measures have given incremental
improvement to the use and effectiveness of water at the farm level.

Irrigators choose crops on the basis of production capabilities, economic returns, crop
adaptability to the area, government programs, crop water use, and their preferences. When full
crop evapotranspiration demand cannot be met, yield-irrigation relationships and production
costs become even more important inputs for management decisions. Under full irrigation, crop
selection is driven by the prevailing economics and production patterns of the region. Crops that
respond well to water, return profitably in the marketplace and/or receive favorable government
subsidies are usually selected. These crops can still under perform in limited irrigation systems,
but management decisions arise as water is limited: should fully watered cops continue to be
used; should other crops be considered; what proportions of land should be devoted to each crop;
and finally, how much water should be apportioned to each crop? The final outcome of these
questions is returning the optimal net gain for the available inputs.
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Determining the relative importance of the factors that influence the outcome of limited-
irrigation management decisions can become complex. Commodity prices and government
programs can fluctuate and change advantages for one crop relative to another. Water
availability, determined by governmental policy or by irrigation system capacity, may also
change with time. Precipitation probabilities influence the level of risk the producer is willing to
assume. Production costs give competitive advantage or disadvantage to the crops under
consideration.

With computationally powerful personal computers becoming common on the desks of
irrigators during the last 5 years, mathematical models for decision tools can be given to
managers at their work place. The objective of this project has been to create a decision tool
with user interaction to examine crop mixes and limited water allocations within land allocation
constraints to find optimum net economic returns from these combinations. This decision aid is
for intended producers with limited water supplies to allocate their seasonal water resource
among a mix of crops. But, it may be used by others interested in decisions concerning
allocating limited water to crops. Decisions are intended as a planning tool for crop selection and
season allocations of land and water to crop rotations.

BACKGROUND

Net economic return occurs is calculated for all combinations of crops selected and the
water allocated. Subsequent model executions of land-split (crop rotation) scenarios can lead to
more comparisons. The land split options are: 50-50; 25-75; 33-33-33; 25-25-50; 25-25-25-25.
Irrigation system parameters, production costs, commodity prices, yield maximums, annual
rainfall, and water allocation were also held constant for each model execution, but can be
changed by the user in subsequent executions. The number of crops eligible for consideration in
the crop rotation could be equal to, or greater than, the number of land splits under consideration.
Optimum outcomes may recommend fewer crops than selected land splits. Fallow is considered
as a crop (cropping system selection) because a valid option is to idle part of a field or farm.

The model examines each possible combination of crops selected for every possible
combination of water allocation by 10% increments of the gross allocation. The model has an
option for larger water iteration increments to save computing time. For all iterations, net return
to land, management, and irrigation equipment is calculated:

Net return = (commodity price) X (yield) — (irrigation cost + production cost)

(1)

where:
commodity prices determined from user inputs,
crop yields calculated from yield-irrigation relationships derived from a
simulation model based on field research,
irrigation costs calculated from lift, water flow, water pressure, fuel cost, pumping
hours, repair, maintenance, and labor for irrigation, and
production costs calculated from user inputs or default values derived from
Kansas State University projected crop budgets.
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All of the resulting calculations of net return are sorted from maximum to minimum and several
of the top scenarios are summarized and presented to the user.

One of the features of CWA is that the user can choose among five land splits or fixed
configurations of dividing the land resource (50-50; 25-75; 33-33-33; 25-25-50; 25-25-25-25).
These splits reflect the most probable crop-rotation patterns in western Kansas. The user can
examine the results of each one of the land splits in sequential executions of the model, but the
algorithm treats land split as a constant during an individual scenario. Producers divide their
fields into discrete parcels, and rotate their crops in this same pattern, which led to this
simplifying assumption and to the possibility of an iterative solution of the model.

The grain yield-irrigation relationship forms the basis for calculating the gross income from
the crop Irrigation translates into grain yield, which combines with price to determine income.
Grain yields for corn, grain sorghum, sunflower, and winter wheat were estimated by using the
“KS Water Budget v. T1” software. Software development and use are described in Stone et al.
(1995), Khan (1996), and Khan et al. (1996). Yield for each crop was estimated from
relationships with irrigation amount for annual rainfall and silt loam soils with loess origins
derived from research in the High Plains of western Kansas and eastern Colorado. The resulting
yield-irrigation relationship for grain sorghum (fig. 1) shows a convergence to a maximum yield
of 10.7 Mg/ ha (159 bu/ac) from the various combinations of rainfall and irrigation. A
diminishing-return relationship of yield with irrigation applied was typical for all crops. Each
broken line represents normal annual rainfall for an area.
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Figure 1. Yield-irrigation relationship for grain sorghum with annual rainfall from 280-530 mm
(11-21 in).

The crop production budgets are the foundation for default production costs used in CWA.

Program users can input their own costs or bring up default costs to make comparisons. For
western Kansas, cost-return budgets for center-pivot irrigation of crops (Dumler and Thompson,
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2004) provided the basis for default production-cost values for CWA. Results can be sensitive to
production costs, which require realistic production inputs.

The program was designed with user-friendly, customized interface screens with discrete
input information cells or keyed actions. The input cells have drop-down choices, where
appropriate, and direct links to help information. A help library is also available that serves a
technical guide for the program. Information inputs are categorized into general, irrigation, and
crop production, according to the input screens receiving the data. Each crop has a separate
production-cost screen. User inputs including water supply, irrigation costs, crop production
costs, commodity prices, and maximum crop yields can be tailored to user circumstances. These
inputs directly influence the selection of the optimum crop rotation, water allocation among
those crops, and ultimate net return of the cropping system. The Crop Water Allocator can be
found at: www.oznet.ksu.edu\mil
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Abstract

While many irrigators are aware that improved technology can increase their
control of water, the implementation of these improvements is often limited by
external supply and regulatory systems. In a study of a large irrigated area of
south eastern Australia, it was evident that significant improvement in water
productivity and irrigation efficiency came when irrigated communities were able
to combine improved delivery systems and on-farm irrigated practice. The study
brought together the bio-physical and socio-economic information that illustrates
the use of resources, the water productivity and the differences in performance of
different regions. From this analysis it was possible to identify where new
opportunities might be available and how irrigation might adapt to an increasingly
variable resource and market environment. Further improvement in water
productivity will be possible when the introduction of more control technology is
combined with improvements in water delivery systems, institutional
arrangements and learning support.

The irrigated areas of inland, south eastern Australia are largely associated with
two large, connected river systems, the Murray and Murrumbidgee. These rivers
arise in the catchments of the eastern and southern highlands and then

generally run in a westerly direction through 1000 km of semi arid country. Water
from these rivers and their associated storages is used in extensive surface
irrigated areas on the flat riverine areas in the east, while in the downstream,
westerly regions irrigation occurs in quite narrow ribbon developments along
either side of the river. Almost all of these irrigated developments are less than
100 years old, several are less than 50 years old but all areas are actively
upgrading and refurbishing the water delivery infrastructure.

Irrigated regions in the Murray and Murrumbidgee Basins

For this study the irrigated areas of the Murray and Murrumbidgee Basins were
grouped into ten regions as illustrated in Figure 1.

Within the study regions, the total area irrigated grew by 21% between 1996/97
to 2000/01 to reach 1,243,000 ha. This accounted for 49% of the total irrigated
area of Australia.

These regions diverted 8,608 GL' of water for irrigation which is about half the
total water used for irrigation in Australia. Of the water diverted, 6,656 GL (77%)

' GL = Gigalitre = 10° m®= 1000 Megalitres (ML) = 10° litres
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was recorded as being delivered to farms. Recent collation of runoff and inflow
to the storages and tributaries of these maijor rivers indicates that, on average
just more than 50% of this inflow is diverted for irrigation.

Irrigated area

Figure 1 - Location of the nominated regions and distribution of irrigated
land area in the Murray and Murrumbidgee Basins.

Water for irrigation is directed through extensive supply and drainage channel
infrastructure that has an estimated replacement value of $Aus3.8 billion. This
off-farm investment is complemented by an asset value on-farm of $Aus6.3
billion. At the farm level the area irrigated by different application systems is in
the ratio of 83:10:7, surface : sprinkler : micro, respectively.

Irrigation — what does it produce and how much is it worth?

With all this infrastructure, water and expertise, what does irrigation in these
regions produce? They produce 19% of Australia's vegetables, 50% of all fruit
and nuts and 63% of all grapes. The combined estimated revenue for these
commodities is $Aus1.7 billion or 40% of all fruit, nut and vegetable production
(irrigated and rain-fed) in Australia.
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The largest estimated profits for 2000/01, in aggregate, were generated by dairy
($Aus329m), grapes ($Aus289m) and fruit and tree nut crops ($Aus126m). As
expected, the largest profits on a per ha and per ML basis were the intensive
horticultural activities; vegetables ($Aus941/ML), grapes ($Aus651/ML) and fruit
and tree nut crops ($Aus472/ML).

Comparing irrigated and rain-fed districts shows that the total water input from
irrigation above rainfall was 2.4 times greater (4.47 ML/ha rain-fed, 10.93 ML/ha
rain plus irrigation), with a revenue generation that is 13.1 times greater
($Aus52.45/ML rain-fed, $Aus686.83/ML rain plus irrigation). This increased
revenue supports a level of economic activity that is three to five times greater
than in the adjacent rain-fed district. The population is greater; there are more
businesses, more employment and significantly more services.

The combination of “upstream” and “downstream” dependant activities
associated with dairy, fruit, vegetables and wine grapes has an average
economic multiplier of 3.5. This means that for every $Aus1000 of farm gate
revenue generated, there is an additional $Aus3,500 of dependant economic
activity.

There is a substantial difference between those regions in the east
(Murrumbidgee, Coleambally, NSW Murray, Goulburn-Broken) on the vast
Riverine Plain and those in the west (Sunraysia, Riverland and Lower Murray)
within the Murray Basin geological region. The NSW Murray region irrigates
321,000 ha with a diversion volume of more than 2,000 GL to produce irrigated
revenue of about $Aus310 million. The Riverland region irrigates 36,000 ha with
a diverted volume of 311 GL to produce irrigated revenue of $Aus555 million.
The reasons for this difference can be attributed to fundamental differences of
geology, soils, and viability of surface irrigation methods. In the “upstream”
eastern regions the irrigated areas are flat alluvial plains predominately with deep
clay soils while the “downstream” western areas generally adjacent to the incised
river have sandy and medium textured soils often overlying calcareous deposits.
Eastern regions can divert and distribute water largely without pumping, while in
the western regions water needs to be lifted out of the river.

Change in water productivity over time

There are only a few examples of irrigated commodities that have tracked the
change in water productivity over time. The rice industry on the Riverine plain in
New South Wales (Murrumbidgee, Coleambally and NSW Murray in Figure 1)
has documented the improvement in productivity over the last twenty years as
illustrated in Figure 2.
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Figure 2 — Change in grain yield and water use in rice over the 20 year period to
2001 with the derived change in water productivity. Data and Figure from
Humphreys and Robinson, 2003. Note: units of g/kg x 1000 = kg/ML.

Several recent studies of the irrigated dairy industry in northern Victoria
(Armstrong et al 2000, Linehan et al 2004, and Melsen et al 2004) have shown
the tremendous variation that exists between dairy farm water productivity — a
situation that is consistent with citrus production as shown by Skewes and
Meissner (1997). The survey of 170 farms between 1994 and 1996 produced
water productivity values with a range from 25 to 115 kg milk fat per ML of
irrigation water. A similar, although smaller, survey in 1997 to 1999 indicated
that while there had been significantly different water availability conditions
between the two survey periods there was no consistent evidence to indicate that
limited water had improved water productivity. The Melsen et al (2004 ) study
focused on two case study farms for which long term records had been kept.

The indications are that there was a small but gradual improvement in water
productivity between 1967 (45 kg milk fat /ML) and 1991 (90 kg milk fat / ML) and
that this increased to 150 kg milk fat /ML in 2002. However, as Melsen et al.
point out, this later rise is primarily due to the dairy farmer bringing in additional
supplementary feed. The amount of irrigation water and productivity from the
irrigated pasture is unlikely to have changed significantly. There appears to be
some evidence of improved water productivity in dairy but given the complexity of
the feed and animal interaction there is need for greater consistency in collecting
the data so that we can be sure of the trend.
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Other commodities have variable information on change in water productivity but
none have collected this in a consistent manner similar to that of rice. A paper by
Meyer in 1997 compared water use and energy conversion efficiency from
average data 30 years apart(Table 1). This demonstrated that water productivity
had improved in all commodities and that the major reason was increased yield
rather than a consistent decrease in the water used to produce this yield. Similar
anecdotal evidence comes from irrigated almonds in the Riverland and Sunraysia
regions (Tony Read, Pers. Comm. 2005). In 1987 yields were about 2.7 tonnes
per ha using 13 ML/ha of water. It is expected that in 2005 yields will be closer to
4 t/ha with 15 ML/ha of water use. This means that water productivity has risen
from 208 to 267 kg/ML, an improvement of 28% over an eighteen year period.

Water
Crop Year Yield Water use | productivity
(kg/ha) (ML/ha) (kg/ML)

1960 25172 10.7 2353
Grapes (white)

1990 30000 8 3750

1960 30206 12.2 2476
Oranges (fresh)

1990 40000 15 2667

1960 5096 15.2 335
Rice (white)

1990 5850 12 488

1960 911 4.6 198
Wheat (flour)

1990 3750 5 750

1960 50300 9.1 5527
Tomatoes (fresh red)

1990 80000 8 10000

Table 1 — Example of increased water productivity over time for selected
commodities. Adapted from Meyer (1994).

While we have been able to gather some data for commodity water productivity,
it is clear that most recording systems are inadequate to enable a confident
assessment of progress over time. There is certainly enough evidence to show
that improvement is occurring; there is also enough evidence to demonstrate that
there is still a very wide range of performance at farm enterprise level.
Improvement is occurring and further opportunities for additional improvement
are certainly indicated.

Theoretical consideration of water productivity suggests that with current
genotypes it may only be possible to realise about a 30% improvement above
current best practice, mostly by reducing ground surface evaporation and using
higher density plantings. We therefore need to look at other parts of the water
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supply and irrigation system to identify possible areas for significant
improvement.

Improved distribution and application

Data from the Sunraysia region for the period from 1998 to 2003 (Giddings 2004)
shows that as improved irrigation delivery and application systems come into
effect so the annual application of water decreased. For example, in comparable
evapotranspiration and rainfall years of 1998/1999 and 2002/2003, the amount of
water applied decreased from 4.56 kL/mm of evaporation minus rain down to 3.7
kL/mm, a decrease of 19%.

This decrease was associated with major shifts towards more controlled irrigation
systems when there was synergistic investment in delivery system upgrades and
on farm application systems. Three irrigation areas (Pomona, Coomealla and
Curlwaa) converted from open channel supply systems to semi pressurised
pipelines between 1989 and 2000. This resulted in a 58%, 28% and 34%
reduction in the annual delivery volumes for the three areas. Immediately
following the installation of these piped delivery systems there was a major shift
in on farm irrigation application systems. For example, in 1997 35% of the
irrigation was furrow delivered with only 13% through drip systems. By 2003, the
distribution ratio was reversed, 13% by furrow, 36% by drip (Giddings, 2004).
Similar responses have been recorded in other areas following upgrading of
distribution systems. As a bonus, improved distribution and more controlled
application systems also lead to decreased drainage to underlying groundwater
and increased depths to the underlying, unconfined groundwater.

A major study of the water distribution in the Murrumbidgee River system (Pratt
Water, 2004) indicated that significant water savings are possible in both the
distribution system and the on farm application system. The study highlighted
deficiencies in the measurement systems on the river that may account for up to
10 to 15% of the total annual flow. With the irrigation area distribution system,
more than 100 GL per year, or about 10% of total delivery, could potentially be
saved through greater control, reduced channel seepage and suppression of
channel evaporation. Economic assessment indicated that controlling channel
seepage to save up to 20 GL/year would cost from $Aus400/ML to
$Aus2000/ML, depending on the methods used. To realise further water
savings, the costs rise by an order of magnitude. For on farm application,
analysis of possible change in the Murrumbidgee Irrigation Area indicates that
water savings of 60 GL (6% of annual water diversion) would require a capital
outlay of $Aus150 million. This outlay is associated with conversion of some
existing horticultural crop irrigation systems to drip and some surface irrigated
crops to moveable sprinkler systems. Realising water savings through improved
application systems is not a linear response, however, since an additional
$Aus173 to $Aus377 million would be needed to achieve a further saving of 25
GL.
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Essential elements for improved irrigation practice

Where significant regional improvement in irrigated practice has occurred there
has been a combined effort involving policy change, incentives, system delivery
improvement, on farm practice change, community education and increased
service provision. Almost always there is a common understanding of the need
to act most often in the form of a threat to irrigation water supplies, from
increasing drainage and salinity problems or from significant changes in
commodity markets. Often, the expression of political will and leadership is
needed to trigger a more concerted private sector shift. Indeed, public and
private sector interaction is critical but first both parties need to be convinced that
there is a better way and a more confident future.

The lesson from the Riverland rehabilitation process in which open channels
were replaced with pressurised pipe supply is that capital investment in supply
delivery acted as a catalyst for considerable on farm investment. The synergistic
effect on improved irrigation performance occurred through improved delivery
and water control and also through an improved attitude and confidence in the
future of irrigation.

Significant government policy change has seen irrigation water supply entities
change from government control to corporate structures. There is a range of
structures across the regions and in many, governance responsibilities are still
being worked out. Water access entitlements have been more clearly defined
and have been uncoupled from land ownership thus enabling trade within, as yet
reasonably constrained, trading conditions. Temporary and permanent trade in
water access entitlement has set a market value for water that varies with
storage and allocation availability. Access and allocation has taken on new
importance since a limit, (a “cap”) was placed on the amount of water that could
be diverted from the rivers.

Our experience is that success in irrigation performance is strongly influenced by
the extent of regional community involvement in these change processes. A
critical element is the identification of influential community leaders who have
enough commitment and persistence to work through the many technical,
political, business, and community issues that accompany major change
processes. These community leaders have taken a front line position in the
consultation and communication needs to bring about successful change.

In many of the irrigated regions in this study there has been the development of
regional land and water management plans. These have formed an important
focus for government and community input. They have involved documenting
the understanding of the current land use, its hydrology, groundwater and
vegetation assets which then provides the basis for how these assets can be
protected and used. This then triggers an assessment of the consequences of
continuing with current practice (the “do-nothing” scenario) and also the
assessment of some more desirable intervention scenarios. During this process
community consultation is critical and has often found the level of shared
understanding is quite low even of the most fundamental processes e.g. water
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flow patterns and drainage. Several regions have addressed this by developing
formal adult education programs which have been delivered to a wide section of
the community. Other regions have been well supported through post secondary
education providers who have developed regionally specific short courses on
irrigation and drainage practice. The deployment of increased technology in
delivery and application systems means that information systems and
implementation skills need to be upgraded. The education and training provision
certainly assists this but there is also need for greater levels of service support in
the form of equipment provision and maintenance and advice services. Without
these, the uptake and continued use of improved irrigation practice may not
continue.

In summary, the elements that are important for sustained regional improvement
in irrigation practice and associated water productivity contain the following:
shared appreciation of the imperative to act, committed leaders at political and
community level, policy and regulatory provision to provide clarity and
encouragement to act, combined supply and application improvement,
community education and training, and ongoing improvement in equipment and
advice services.

This study of the major irrigated areas of inland south eastern Australia showed
that there is considerable opportunity for increased production, increased water
productivity and a balance between water use for production and that for
maintenance of environmental values. Realising the opportunities cannot be
achieved through a piecemeal, incremental process, it requires collective action
at a regional level so that irrigators, delivery system performance and institutional
arrangements work together.
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Abstract: Fluctuations in cotton yield in the Tennessee Valley of North Alabama are
common and are usually related to drought or irregular rainfall. A sprinkler irrigation
study established in 1999 evaluated a range of irrigation application intervals to identify
the minimum design flow rate that will produce optimum yields. Treatments included
four sprinkler irrigation intervals ranging from one inch every 12.5 days (1.5 gpm per
acre) to one inch every 3.1 days (6.0 gpm per acre) and a non-irrigated treatment.
Irrigation was managed using soil moisture sensors and a spreadsheet-based scheduling
method. Significant yield differences between irrigated and non-irrigated were noted in
most years, with rainfall variability and treatment effects accounting for a wide range of
yield responses between irrigated treatments.

Introduction: While the southeastern U.S. has plenty of water available on an average
annual basis, large inter-annual variability in rainfall and sporadic convective rainfall
during the growing season —
makes purely rain-fed 0
agriculture a poor competitor

to the efficiency of irrigated Legend
agriculture. Figure 1 shows ; K TVREC of streom reservolr sta
|

the annual distribution of Annal rainfall

mm

rainfall in Alabama, ———— Al L

I 2o e N
averaging about 1320mm (52 B v | o AL A
inches) per year. The ] vz ars
research presented in this e
paper is located in northern — ik
Alabama in the Tennessee - o172
Valley, an area of widespread * cassandiowns
cotton production (Figure 2). —_— 1%

Figure 1. Annual precipitation distribution in Alabama
showing location of study area (denoted by a star).
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This system design
capacity experiment was
established in 1999 to
evaluate a range of
irrigation application
capabilities in order to
identify the minimum
design flow rate that will
produce optimum cotton
yields. Figure 2 shows
the research area and 5.3
ha (13 ac) off-stream
water storage reservoir
located adjacent to the
study site. Figure 2. Oblique view south of system capacity test plots and
adjacent irrigation storage reservoir, Tennessee Valley
Research and Extension Center, Belle Mina, AL.

Tennessee Valley Research and Extension Center

During the six years of this study, precipitation and evaporation fluctuated across a wide
range, providing representative wet and dry years for comparative study (Figure 3).
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Figure 3. Seasonal precipitation (June, July, and August), pan evaporation, and
adjusted evapotranspiration at Belle Mina, AL, during the 6-year study period.

Methods: Treatments included four sprinkler irrigation system capacities and a
nonirrigated treatment for cotton. Cotton irrigation was managed using soil moisture
sensors and a spreadsheet-based scheduling method. The irrigation system capacities
tested were (1) one inch every 12.5 days, (2) one inch every 6.3 days, (3) one inch every
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4.2 days, and (4) one inch every 3.1 days. These irrigation capabilities are equivalent to
1.5, 3, 4.5, and 6 gallons per minute per acre. The one-inch amount represents the
maximum amount of irrigation applied in the time indicated. Figures 4 and 5 show the
location and setup of the replicated treatments used in this study.

g
L]
i
i
L]
'
L]
i
P
i
M

Source: Auburn University

Figure 4. Location of sprinkler system capacity plots, Tennessee Valley Research
and Extension Center, Belle Mina, AL.

.... 1.5

Figure 5. Sprinkler plot layout, beginning of 2002 growing season (0, 1.5, 3, 4.5, and
6 denote dryland treatment, and 1.5, 3.0, 4.5, and 6.0 gpm/ac irrigated treatments).

1.5
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Individual plots were arranged as a randomize block of five treatments. Each 13.3-foot x
39-foot plot was irrigated with four quarter-throw sprinklers programmed with a “soak-
and-cycle” feature to limit runoff. From 1999 to 2000, three replications of each
treatment were used. In 2001, a fourth replication was added, as shown in Figure 5.
Moisture management and irrigation scheduling was accomplished using Watermark ™
soil moisture sensors, and weekly data entry into a spreadsheet program, Moistcot,
developed by Alabama Cooperative Extension (Tyson et al, 1996).

Results: Table 1 presents average yields for the six-year study period in pounds of seed
cotton per acre. Average turnout of lint from seed cotton ranged from 35 to 38 percent
during the study period.

Table 1. Yearly and average seed cotton yields for system capacity treatments,
pounds per acre.

Year Dryland 1.5gpm/ac 3.0gpm/ac 4.5gpm/ac 6.0gpm/ac
1999 1700 2637 2984 3708 3920
2000 1236 2444 3688 3603 3627
2001 3061 3387 3466 3595 3371
2002 1759 2530 2871 2853 2925
2003 3288 3579 3802 3764 3739
2004 3530 3300 3208 3505 3367
Average 2429a 2980ab  3337Db,c 3505 ¢ 3492 ¢

Dryland = nonirrigated

1.5gpm/ac is equivalent to 1 inch every 12.5 days.

3.0gpm/ac is equivalent to 1 inch every 6.3 days.

4.5gpm/ac is equivalent to 1 inch every 4.2 days.

6.0gpm/ac is equivalent to 1 inch every 3.1 days.

Similar subscripts (a, b, ¢) denote 6-year averages not significantly different at alpha value 0.10 (using
standard two sample t-test).

In 2004, rainfall was plentiful throughout the growing season, and dryland and irrigated
yields were not substantially different. In 2003, rainfall was near optimum through much
of the growing season, but a 26-day dry period occurred between August 7 and
September 4. A total of only 0.61 inches of rain occurred during this period, and this
rainfall was measured in seven minor rainfall events. Three timely one-inch irrigation
applications during this period boosted irrigated yields, with 476 additional pounds of
seed cotton per acre on the optimum irrigation treatment (one inch every 4.2 days).

In 2002, irrigated yields were significantly higher than nonirrigated yields, but the highest
yields were less than in other years for most treatments. The reason for this is unclear but
may be related to shutdown of irrigation prior to sufficient boll maturity. Only very small
yield differences were noted in 2001, while significant differences were measured in
1999 and 2000. Rainfall variability and treatment effects accounted for the wide range of
yield responses for each of these years.
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Discussion and summary: Figure 6 shows comparative seed cotton yields from each
treatment from1999 to 2004. For the lowest irrigation design flow, 1.5 gpm/ac (1 inch
every 12.5 days) yields track those of dryland cotton and in fact are not signicantly
different from dryland yields (Table 1). The next highest irrigation design flow, at 3.0
gpm/ac (1 inch every 6.3 days) does not have yields significantly different from 1.5
gpm/ac, but has average 6-year yields significantly higher than dryland cotton. The
highest irrigation design flow rates, 4.5 and 6.0 gpm/ac (1 inch every 4.2 and 3.1 days,
respectively) result in yields significantly higher than both dryland and 1.5 gpm/ac
treatments.

Graphical results (Figure 6) reveal that yields from dryland cotton and the lowest
irrigation design flow (1.5 gpm/ac) track seasonal precipitation. The data from this study
suggest that the minimum design flow rate that will produce optimum yields in irrigated
cotton is 4.5 gpm/ac, which is equivalent to approximately one inch every 4.2 days. This
information can be used to optimize the design of pivot irrigation pumping plants by
matching pump and storage facility size to the total area irrigated.
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Figure 6. Yield response, pounds of seed cotton, of four irrigated system capacity
treatments versus one nonirrigated treatment, 1999-2004, Belle Mina, AL.
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Irrigation Scheduling Using the Oklahoma Mesonet
Michael A. Kizer, Albert L. Sutherland and J. D. Carlson”

Evapotranspiration estimates are one of the value-added weather products available on the
Oklahoma Mesonet agricultural website (http://agweather.mesonet.org/). Daily reference
evapotranspiration estimates from the Penman-Monteith equation are posted for irrigation
managers who use water balance scheduling methods. Daily evapotranspiration estimates
calculated using crop coefficients based on user-supplied planting dates and maturity periods for
the major crops of Oklahoma are posted to pages dedicated specifically to that crop. Daily and
cumulative water use for major crops are reported in a tabular output which allow agricultural
producers and homeowners to estimate water use by crops and turf grass for periods from one
day to several days. The Oklahoma Mesonet is a network of 117 automated weather stations that
cover all 77 counties in Oklahoma with an average station spacing of 30 km. Data are beamed
by radio to a central processing site every 5 minutes, error-checked and posted on the Mesonet
website.

Introduction

The Oklahoma Mesonet is a statewide network of 117 automated weather stations that has been
operational since 1994 (Brock et. al., 1995). The network is a cooperative effort between the
University of Oklahoma and Oklahoma State University. The stations have an average spacing
of 30 km and are distributed throughout all 77 counties of Oklahoma. (Figure 1.)

Figure 1. Distribution of Mesonet weather stations in 2003.
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The Mesonet stations collect a wide array of weather data for meteorological, environmental and
agricultural research, as well as for public safety purposes (Elliott, et. al., 1994). The data are
collected every 15 seconds for a 5-minute period. The 5-minute averages are then sent by radio
to the nearest Oklahoma Law Enforcement Telecommunication Service (OLETS) station and
then relayed to the Mesonet central computer in Norman, OK. (Figure 2)

Figure 2. Mesonet station configuration and measured parameters.
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The raw data are analyzed for quality assurance and processed into a variety of end products.
The raw data and end products are posted to a number of Mesonet websites within 10 minutes of
collection in most cases. Some of the data are available on websites which require a user’s fee,
while others are free to the general public.

Agweather Page

The Agweather webpage (http://agweather.mesonet.org) is a public webpage which houses a
wide variety of agriculture-related weather information available through Mesonet. The weather
data and products on the Agweather webpage are organized in seven general categories:
Weather, Soils, Livestock, Rangeland, Crops, Horticulture, Forestry. Users can find an array of
weather related information and products related to each category on the appropriate sub-page.
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On the Weather page raw data, summaries and end products for the current measurement period
can be viewed. One of the end products available is Standardized Reference Evapotranspiration
(ETs).

Reference Evapotranspiration

The Standardized Reference Evapotranspiration (ETs,) calculation used on Mesonet webpages
follows the recommendation of the Standardization of Reference Evapotranspiration Task
Committee of the Environmental and Water Resources Institute of the American Society of Civil
Engineers (ASCE) in their final report of July 9, 2002. A complete explanation of the
computation process is viewable on-line by clicking on the information button (&) in the upper
right-hand corner of the appropriate webpages. Both short (ET,s) and tall (ET,s) crop reference
values are available for use in computer-based irrigation scheduling programs. These reference
ET values, plus many of the weather-dependent intermediate variables used to compute them, are
available on the reference ET webpage (Figure 3).

Figure 3. Reference ET page for a single Mesonet station.
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The authors have developed a PC-based checkbook irrigation scheduling program that interfaces
with the Mesonet webpage and automatically downloads daily reference ET. That information is
combined with a basal crop coefficient(K), a soil water availability coefficient (K,), and a soil
surface wetness coefficient (K), which are all stored in a field-specific file that keeps the most
recent soil water conditions of the crop root zone, to provide a crop ET estimate corrected for
specific soil water conditions.

Many horticultural producers in the state have traditionally used scheduling programs based on

pan evaporation. To assist these producers, estimates pan evaporation for the Mesonet site
developed from reference ET and pan coefficients are also available on this webpage.
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Crop Evapotranspiration

Under the Crops sub-page an array of weather-related information for each of the major
agronomic crops produced in Oklahoma is available, including disease and insect development
models, degree-day calculators and crop evapotranspiration (ET.) models. The ET, calculation
uses the short crop reference (ET,s) and an appropriate crop coefficient (K.). In some cases the
K. values are calculated from relationships that have been locally calibrated, while for some
crops the K.’s are determined from general relationships recommended by the United Nations
Food and Agriculture Organization (Allen, et. al., 1998).

The specific K, relationship is determined when the user chooses a crop from the Crops menu.
The actual daily value of the K, is determined based on the date of the computation, the planting
date and maturity/season length information provided by the user. No adjustments are made for
reduced soil water availability or wet soil surface conditions. Daily and cumulative ET, during
the season are presented in a table with the most recent day at the top (Figure 4). This crop water
use information, combined with the allowable soil water deficit (as determined by the available
water holding capacity of the root zone soil, the crop rooting depth and maximum fraction of
water that can be depleted) or the expected effective depth of irrigation allows the irrigation
manager to determine when to initiate irrigation.

Figure 4. Crop ET example page from the Mesonet website.

frsmwmanmema
GOOD | 2005-07-11 11 0.35 0.35 0.0a 0.00 -0.35
GOOD | 2005-07-10 | 2 0.45 0.80 0.00 0.00 -0.80
GOOD | 2005-07-08 |3 0.41 1.21 0.oo 0.0o -1.21
GOOD 1 2005-07-08 14 0.3g 1.8 ono o.on -1.59
GOOD | 2005-07-07 | 5 0.43 2.02 0.00 0.00 -2.02
GOOD | 2005-07-06 | 6 0.35 237 0.00 0.00 -2.37
GOOD | 2005-07-058 |7 0.28 268 0.7a 0.74a -1.87
GOOD | 2005-07-04 | 8 0.31 297 0.00 079 -2.18
GooD | 2005-07-03 18 051 348 oon 07a 258
GOOD | 2005-07-02 (10 0.43 382 043 1.32 -2.60
GOOD | 2005-07-01 | 11 0.35 427 0.o7 1.39 -2.88
GOOD | 2005-06-30 |12 G.48 4.73 G.00 1.35 334
GOOD | 2005-06-28 113 0.60 533 0.0a 1.38 -3.84
GOOD | 2005-06-28 | 14 0.60 5.93 0.00 1.39 -4.54
GOOD | 2005-06-27 |15 0453 B.47 ooa 1.38 -5.08
GOOD | 2005-06-26 |16 0.46 B.92 0.00 1.38 -5.53
GOOD | 2005-06-25 |17 0.44 7.36 0.00 1.39 -5.97
GOOD | 2005-06-24 |18 0.50 7.87 0.00 1.38 -6.48
GOOD | 2005-06-23 (149 0.41 g.38 0.00 1.38 -6.99
GOOD | 2005-06-22 | 20 0.46 8.84 0.00 1.39 -7.45
GooD | 2005-06-21 1 038 922 oon 1.38 -7.83
GOOD | 2005-06-20 | 22 0.38 9.61 0.00 1.38 -8.22
GOOD | 2005-06-19 | 23 0.44 10.05 0.00 1.39 -8.66
GOOD | 2005-06-18 | 24 0.38 10.42 0.00 1.38 -9.03
GOOD | 2005-06-17 | 258 0.36 10,78 0.00 1.39 -9.39
GOOD | 2005-06-16 | 26 0.38 MAT 0.00 1.39 -9.78
-
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For the example shown in Figure 4, if the corn crop had a fully developed root depth of 48 inches
in a sandy loam soil with an available water capacity of 0.125 inches of available water per inch
of soil and a maximum of 40% of the soil water in the root zone can be depleted before water
stress affects crop performance, the allowable water deficit is 2.4 inches. Looking down the
water use table, the manager can see that cumulative water use of the crop is 2.37 inches since
July 6. If the crop was last irrigated on July 6, it is time to irrigate again. If the last irrigation
occurred on July 7, the manager can see that based on the most recent ET, values he has one
more day until irrigation must be initiated. Similarly, if the irrigation manager likes to apply no
more than 1.25 inches of net water depth with his center pivot system, he can see that after 3
days it is time to irrigate and apply 1.21 inches of water.

The crop ET table also includes daily and cumulative rainfall amounts measured at the Mesonet
weather station site, allowing the calculation of a water balance for the site. Users are advised
that no adjustment has been made for effective rainfall is made in this calculation. They are also
advised that the high spatial variability in rainfall, especially the rainfall from single-cell
thunderstorms in the Southern Plains region, makes this information of limited value. They are
instead advised to maintain a rain gauge at the site of each field they are irrigating.

The authors acknowledge that there are certain limitations inherent in this approach to predicting
actual crop ET. because adjustments for soil water availability and soil surface wetness are
ignored. However, no bookkeeping is required by the user and no files need to be stored on the
user’s computer to use this method. It is our belief that a simple irrigation scheduling system of
reasonable accuracy that requires minimal feedback from the user is more likely to be used
consistently by irrigators who have not previously used a weather-based scheduling method than
a more accurate, but more complicated system.

Future Improvements

The evapotranspiration products currently available on the Mesonet website include reference
ET for short and tall reference crops, and the primary crops of economic importance in
Oklahoma. At this time there are ET estimates for eight agronomic crops (alfalfa, corn, cotton,
grass hay, peanuts, sorghum, soybeans and wheat), three fruit and nut crops (grapes, peaches,
and pecans), three vegetable crops (general small vegetables, tomatoes and watermelons), and
two turf crops (cool season grasses and warm season grasses). As time and resources permit ET
products for additional crops will be added.

Discussions have been initiated with Mesonet managers about making system resources
available for field specific scheduling data. This would set aside storage space that would allow
irrigation managers to keep water budget files for individual irrigation systems on-line.

Summary

The Oklahoma Mesonet has implemented a simplified, on-line evapotranspiration modeling
system that allows irrigators to use near-real-time weather data to estimate crop water use. The
system provides daily reference ET estimates, as well as estimates of actual crop ET for potential
conditions for all of the major crops of economic importance in Oklahoma. The listing of
cumulative crop ET that the user can adjust for planting date and crop maturity group permits
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reasonably accurate timing of irrigation events with minimal effort required of the irrigation
manager.
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AZSCHED V2.0: CLIMATE-BASED IRRIGATION SCHEDULING IN ARIZONA

Edward C. Martin' Donald C. Slack

ABSTRACT

Timely information on crop water needs is essential for any effective irrigation scheduling strategy. Use
of historical or average weather data may suffice in the short term, but often causes significant errors in
crop water use estimates when used over long periods of time. AZSCHED (AriZona Irrigation
SCHEDuling) program utilizes real-time weather data from the AZMET (AriZona METeorological)
database to estimate reference crop evapotranspiration (ET,). These data are then combined with crop
coefficient data (K.) to estimate daily crop water use for 28 different crops grown in Arizona and the
Southwest. AZSCHED V1.0 is already available on the Internet and has been downloaded to over 300
users. This new version allows for the use of tree crops and incorporates many new features that can be
used with drip and micro sprinkler systems. This paper discusses some of the new features and how the
new V2.0 system operates.

INTRODUCTION

Recent droughts in the Southwest have many agricultural producers thinking about their water use and
ways to conserve water. In-field tools such as soil sampling, tensiometers and gypsum blocks serve a
purpose, but quite often growers are too busy to make frequent visits to all of their fields. Other
monitoring devices, such as Time Domain Reflectometry, capacitance probes and crop imaging often
carry a hefty price tag. One alternative is computerized irrigation scheduling programs.

To help growers increase their water use efficiency, the University of Arizona’s Department of
Agricultural and Biosystems Engineering developed a computerized irrigation scheduling program called
AZSCHED (Fox et al., 1992; Martin, et al., 2003). AZSCHED calculates the crop evapotranspiration
(ET,) as the product of a crop coefficient (K.) and a reference evapotranspiration (ET,). ET, is estimated
from real time weather data using the modified Penman equation (Doorenbos and Pruitt, 1977). Crop
coefficients are taken from 28 crop curves developed from existing water use data and normalized by heat
units to account for climatic variability (Slack et al., 1996; Martin et al., 1996). AZSCHED V1.18
system, originally developed in 1992 by Fox et al., is now a Windows-based program available for
downloading on the Internet (Martin, et al., 2003). AZSCHED V1.18 can only be run under Windows-
based operating systems. These systems include Windows NT, Windows 98, or Windows XP. If real
time weather is to be used, then an internet connection may be useful. It is recommended that the
computer used to run the software have at least 20MB of free hard disk space for the program files and
associated Visual Basic .DLL files.

With the success of the AZSCHED V1.18, the developers began the design of AZSCHED V2.0. Version
2.0 has new programming to accommodate tree crops and drip irrigation systems.

! Edward C. Martin, Assoc. Prof./Extension Specialist; Donald C. Slack, Prof. and Head, Dept. of Ag. & Biosystems
Engineering, University of Arizona, Tucson, AZ.
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PROGRAM STRUCTURE

AZSCHED V2.0 is not available to the general public. However, AZSCHED V1.18 can be downloaded
directly from the Internet at http://ag.arizona.edu/crops/irrigation/irrigation.html. In addition to the
program itself, a Users Guide is downloaded. This handbook is available by clicking “Help” on the first
screen of AZSCHED V1.18. From the main page of AZSCHED V2.0 (Fig. 1), Users can enter data,
retrieve data and get a schedule of all the fields managed with AZSCHED. Below are detailed
descriptions of AZSCHED V2.0

Field Options

This is the portion of the programming where the majority of the user/program interface takes place.
Choosing this option, the User is given five additional options plus a “Go Back” button to return to the
main menu. A diagram of the screen is shown in Fig. 2.

Field Display

This option will display all of the fields currently being scheduled. The User can choose on how the
fields are displays (i.e., according to planting date, crop type, next irrigation or field name). The total
number of fields displayed on the screen at one time is determined by the User entered value from the
“Configuration” option in the main menu. The fields are displayed in color according to their irrigation
needs. Green fields are within the specified soil moisture, yellow fields are closing approaching irrigation
or harvesting and red fields are in need of immediately attention.

Field Selection
In this option, the User can either select a field to be updated, create a new field, or select a field to be
harvested/deleted. Harvested/deleted fields are removed for the field list but the data is saved. Thus, if
the User wanted to review data from a field harvested several years ago, it would still be possible to go

back and printout a summary/history of that field.

Creating a new field

The creation of a new field requires several inputs from the Users and it would be best to gather the
information prior to initiating a field. The first screen asks for crop type and soil data format. Crop type is
selected from a list. For the soil format, there are two choices: Fixed soil layers — Soil are defined by
“fixed” layers of a certain thickness. For example, the soil can be defined every 6 inches... or every 12
inches. Or, the soil format can be defined as Variable soil layers — where each individual layer is defined.
Thus, if the soil has about 3 inches of top soil, then 6 inches of clay, then 7 inches of sandy clay, etc., this
option will allow the User to define the thickness of each individual layer.

Next, the User needs to input a field ID, planting date, a weather station nearest the field being scheduled,
an irrigation efficiency and the maximum allowable deficiency (MAD). The MAD should be in percent
and is the threshold of the percent of Plant Available Water (PAW) in the plant rootzone at which the
User wants an irrigation to occur. The weather station selection is a list of AZMET (Arizona
Meteorological Station) weather station locations. These stations collect hourly data on a variety of
atmospheric conditions (Brown, 1998). However, if the User created a Custom Weather file, using
weather data from a station not on the AZMET network, this station can be chosen here. Then, the
program will also look first to this file for updated weather information. There is also a selection for soil,
asking whether the User wants to enter new soil data, use soil data from an existing field or use soil data
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from a harvested/deleted field. Then the User is given the option to alter the crop’s maximum rooting
depth.

If the crop to be scheduled is alfalfa, then there are two more entries. One is the Critical MAD and the
other is the Field Drying Time. The Critical MAD is a depletion percentage that you never want the field
to fall below. Quite often, the cutting date and the scheduled irrigation date conflict. Thus, the program
may be calling for irrigation the day before a scheduled cut. In order to avoid this, the program will use
the Critical Mad and the Field Drying Time. The default for the Field Drying Time is 7 days. This means
that the field can be safely entered with machinery 7 days after an irrigation event. The program will
calculate this and may ask for an irrigation earlier than the entered MAD to assure that the hay will be cut
and removed before the soil water falls below the Critical MAD. Normally, the Critical MAD is set 5-
10% higher than the MAD.

Finally, if the crop chosen is a tree crop, additional information on orchard geometry and the size of the
tree is requested. First, the User is asked to enter ft/m between rows and between trees. Then the User is
asked to enter the Effective Crop Canopy (ECC). The ECC is a method for helping to determine the age,
size and thus water use of an orchard tree. When trees are young, their canopy size is limited and the
amount of canopy coverage on the orchard floor is low. As the trees grow, they begin to cover more and
more of the orchard floor. Once the ECC equals 70%, it is assumed that the trees are transpiring at their
maximum (Sammis et al., 2005). The User can enter any number from 10-100%, although there is no
adjustment once the ECC gets beyond 70%. However, lower numbers reduce the K. and the root
coverage of the crop by the ECC factor given in Equation 1:

ECC Factor = (-0.0001 *ECC2+0.022 1*ECC)*100 (1)

Here, the ECC Factor will be used to reduce crop water use (via a reduction in K.) and reduce the actual
soil volume available for water uptake. A diagram of the Input Screen for a tree crop for AZSCHED
V2.0 is shown in Fig. 3.

Once this information is entered, the program will automatically check to see if there is weather data
available for the field created. If not, a window will now pop up saying that weather data is required. The
User can then either download data automatically from the Internet or use default data. The internet data
will be automatically downloaded from the AZMET (the University of Arizona’s weather station system;
Brown, 1998) website and will download data from the weather station the User entered. The second
option is to allow the program to use default weather data. The program automatically computes weather
data for your station based on the average over many years. This data is not the best to use for scheduling
since it uses averages.

Soils Data

When initially setting up the field, the User had the option to either enter soil water data one of three
methods: 1) Enter new data; 2) Use data from an existing field; or 3) Use data from a harvested/deleted
field. If the User chose to enter new data, a soil screen will appear requesting information of the soil’s
available water holding capacity and the initial soil water content at planting. If options 2 or 3 were
chosen, the User is given a list of existing or harvested/deleted fields to choose from. Once the soils data
is entered, the program then predicts the next irrigation.
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Field Options

The Field Options pull-down menu allows the User to enter data throughout the season on water added to
the field. It also allows the User to change certain parameters such as the MAD, irrigation efficiency or
field depletion. The User can also get a quick view of the Field Summary and Field Details.

Field Reports

This pull down menu has three options: 1) Print/Save/View irrigation schedule for all fields; 2)
Print/Save/View the field report for the field selected; 3) Print the field report for a harvested/deleted
field. The irrigation schedule gives a list of all fields presently being scheduled, their present soil water
status and the predicted next irrigation date, along with irrigation amount. For alfalfa, the next predicted
cutting data is also give.

The field report (Fig. 4) contains daily data on the selected field including the following (Text in bold is
how the data is reported in the field report):

Date Kc — crop coefficient

Day (DAP) - days after planting Kd — soil dryness coefficient

Avail (in) - available water in inches ETC (in/acre — gals/tree) — crop ET.*. It is the
Depl (%) — percent available water depletion ET, times the K, times the soil dryness factor, in
GDD (F) — growing degree days in Fahrenheit, inches

for that day ETC (Cumm) — cumulative ET¢

GDD (Cumm) — cumulative growing degree Irr (in) — irrigation amounts

days in Fahrenheit Rain (in) — rainfall amounts

ETR (in) — reference evapotranspiration (ET,) Cut No. — the number of the cut that was taken
for that day, in inches off a field (for hay only)

ETR (Cumm) — cumulative ETR

* Gallons or liters per tree only for tree crops and only if selected by the User.

The final option is to print a field report of a harvested/delete field. This report is the same as previously
described in the last paragraph. However, since these are harvested/deleted fields, only printed copies can
be obtained.

Weather Data information section

The “Weather Data” is chosen from the main menu and gives the User several options of adding or
viewing weather data. If not previously done, the program will first prompt the User to choose a weather
station. Then the User can choose from three pull down menu: 1) Add Weather Data; 2) View Weather
Data 3) Custom Disk Weather Files (Fig. 5).

Add Weather Data

In this section the User can: 1) download data from AZMET; 2) enter/edit weather data; or 3) load default
weather data. Downloading AZMET data allows the User to download weather data without having to
have a field to schedule. This way, the User can view weather data from any available AZMET station.
Option 2, enter or edit weather data, allows the User to enter weather data for any AZMET station.
Caution must be used here because the entered data will be saved by the program and used to schedule
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irrigations. This option should only be used when it is known that the weather data already saved by
AZSCHED is incorrect. Loading default weather data can be helpful if there is no Internet connection
and the User wants to view historical averages.

View Weather Data

This selection allows the User to view the weather data from the selected station for years that have been
downloaded, either directly in the menu or automatically through scheduling. The User also has the
option of printing the weather data shown on the screen or printing the entire weather file.

Custom Disk Weather Files

This selection allows the User to create, update or delete a custom weather file. This is for User’s outside
of the AZMET weather network who may want to use AZSCHED V2.0. Also, a page describing the
format of weather files required by AZSCHED is given.

Configuration section

This section allows the User to change the date the program has set as today’s date, set units to English or
metric, and set field display — which allow the User to change the number of fields that are displayed on
your computer screen when the Field Options > Field Displays menu choice is selected.

ESTIMATING CROP WATER USE

AZSCHED uses the “water-balance method” to estimate daily crop water use. In this approach, the soil is
viewed as a water storage reservoir from which plants extract water. This water is then replaced by either
irrigation or precipitation. In using this method, reliable information on the soil available water holding
capacity (AWC) is essential. The AWC is generally defined as the amount of water retained in the soil
between “field capacity” (FC) and the “permanent wilting point” (PWP).

Crop water use is estimated using a calculated reference crop evapotranspiration (ET,) data and a crop
coefficient. The method used in AZSCHED for estimating ET, is the FAO Modified Penman equation
(Doorenboos and Pruitt, 1977). This equation estimates the ET of a healthy, cool season grass, 8-15 cm
in height maintained in a well watered environment. The Modified Penman equation requires daily
information on max/min temperatures, max/min relative humidity, net radiation, wind speed and the
day/night wind ratio. The equation, often refereed to as the combination equation, has the form:

ETo=c*[W*Rut+ (1- w)* f(u)*(ea - ed)] )

Where c is an adjustment factor to compensate for the effect of day and night weather conditions; W is a
temperature related weighing factor, f(u) is a wind function, R, is the net radiation equivalent in mm/day
and (e,-eq) is the vapor pressure deficit.

To estimate actual crop water use, AZSCHED uses the ET, data with crop coefficient values (K.), derived
from several sources (Erie, et al., 1982; Sammis et al., 1985; Martin, et al., 1996). The crop coefficient is
defined as:

ET:

Kc:
ET,

3)
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Where ET. is the actual crop evapotranspiration and ET, is calculated as previously described.

A unique feature of AZSCHED program is the use of growing degree days (gdd) as the unit of time
measurement. Growing degree days are often referred to as heat units or thermal time. In its simplest
form, gdd are defined as:

gdd = Tmean — Thase (4)

Where T,y is the daily mean air temperature and Ty, is the minimum daily mean air temperature
required for crop growth. The value of Ty, is unique to the crop. Equation 4 is only valid when
Thase<Tmean<Tmax. In areas such as Arizona, where summer temperatures often rise well above 100 °F, an
upper threshold temperature similar to Ty, and referred to as Ty is required. If Tpean™>Thmax » then
formula for computing gdd is:

gdd = T max— Thase (5)

Where Tean 1S the daily mean air temperature and T, is the maximum daily mean air temperature that
once reached, no additional significant crop growth occurs. Snyder (1985) developed a method for
calculating gdd for a variety of temperature scenarios. This method was used in the AZSCHED program
to determine daily gdd accumulation.

CONCLUSION

Over 300 copies of AZSCHED V1.18 have been downloaded from the University of Arizona website. It
is hoped that this new version of AZSCHED will also be used so widely. With initial testing continuing
this year, it is hoped that a Beta version will be available by the end 2005, with a public release by June of
2006.
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Figure 1. The main menu screen for the AZSCHED Version 2 program.
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& Field=Oranges. ID=0ORtest. Budded: 03-23-04. AZMet Location: YUMA MESA. AZSched Ver 2.15
Field Displays NFEEREEETGN Field Options  Field Reports  Configure <-G0 BACK

You have selected the following field:
Crop is: Oranges

Field ID is: ORtest

Budding Date: 03-23-04

Weather data from: YUMA MESA

Click on Field Options/Details for comprehensive
field data and predictions

Click on other Field Options menu items for
updating irrigation, cutting dates, etc.

Fields updated with same weather data: 02

Figld=Cranges ID=0Rtest | Budded: 03-23-04 | AZMet YUMA MESA 552005

Figure 2. The Field Options screen from AZSCHED. This screen shows data from an orange test plot
with a budding date of 3-23-04.

w. Field Info, AZSched Ver 2.15

Field Crop: Oranges

Field 1D Code: Drange05
Budding Date: |2/04/2005

AZMET Weather Station: LM WALLEY

Irrigation Efficiency %: |75
Management Allowed ISD—
Deficiency [MAD] %:
Soil Layers & Water Content

Enter new Copy from Copy from
C Gata & sting field  * deleted field

Trees Only

Spacing between trees: |30

(in feetineters)

Spacing between rows: |30

[in feetineters)

Percent Canopy Coverage: |100

Cinly reset the maxiraum rooting depth if ywou know
yonr 2oil agrers won't support the defanlt value!

Default Max Rooting Depth: |39.4 in.
MHew Max Rooting Depth: ,7

[in inches)

Cancel

Field ID=0range05 | Budded:2/04/200% | YUMAMALLEY  8/8/2005

Figure 3. Field input screen for AZSCHED V2. This is for an orange crop.
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w| Field=Oranges. ID=0Rtest. Budded: 03-23-04. AiMet Location: YUMA MESA. AZSched Ver 2.15

|ORtest |  Oranges Mext Suggested Irrigation Amourt: | 6.65 inches or | 3732.9 gals. Today is:
Budding Date| 03-23-04 Mesxt Suggested Irrigation Date: |08-07-05 8/8/2005

Date DAP AWC Depl. GDD Cum. ETR Cum. ke kd ETC Cum. Root Irrig. Rain
{in) % (F) GDD (in) ETR (gal) ETC (ft) {in)  (in)
03-23-04 000 B.57 FULL oon o0 0.00 0.0 040 1.00 aoo.o oooo 03.3 000 000 -
03-24-04 001 532 0z 178 18 0.26 0.3 040 1.00 057.2  00a7 a2y 000 ooo
03-25-04 002 522 04 181 36 0.26 0.5 040 089 0578 0115 0.y 000 ooo
03-26-04 003 411 G 183 54 026 008 040 0899 0578 0473 027 000 000
03-27-04 004 501 ik} 186 73 0.26 01.0 040 0898 0583 023 nz.y 000 ooo
03-28-04 005 490 10 1848 92 0.27 01.3 040 0893 058.9 0290 a2y 000 ooo
03-29-04 006 4.80 12 191 111 0.27 01.6 040 0897 058.9 0348 nz.y 000 ooo
03-30-04 007 469 13 194 130 0.27 01.9 0.40 0897 039.54 0408 0.y 0o.0  ooao
03-31-04 008 458 15 196 150 0.28 021 040 096 059.5 0468 0.y 000 ooo
04-01-04 009 448 17 198 170 0.28 024 040 096 0g0.0 0528 a2y 000 ooo
04-02-04 010 437 19 202 190 0.2a 0y 040 0835 060.0 0588 a2y 000 ooo
04-03-04 011 426 2 204 210 0.2a 3.0 040 0893 060.6 0648 0.y 000 ooo
04-04-04 012 4415 23 207 2N 0.2a 03.3 040 094 0606 0709 a2y 000 oo0ao
04-05-04 013 404 25 2.0 252 0.2a 036 040 094 0g1.1 0770 nz.y 000 ooo
04-06-04 014 393 27 1.3 273 0.2a 038 040 083 0611 083 a2y 000 ooo
04-07-04 015 3.82 30 215 295 0.30 04.1 040 0893 061.1 0893 nz.y 000 ooo
04-08-04 016 371 32 218 217 0.30 04.4 040 092 061.7 0934 0.y 0o.0  ooao
04-09-04 017 360 34 221 338 0.30 047 040 091 061.7 1016 0.y 000 ooo
04-10-04 018 349 36 223 38 0.30 05.0 040 091 0g1.7 1078 a2y 000 ooo o

< ?

If excess water exists, Depl.% will be "FULL™ Print Sc'ei\y Print Field History

Figure 4. A sample of the Field Report from AZSCHED Version 2.

w Weather Data, AZSched Ver 2.15
Custom Disk Weather Files  <-GO BACK

EDIT WEATHER DATA
SELECT DATE: [0a072006  CAL.|
Daily Max Temp (ded. Fi. ... . 104.9
Daily Min Temp (deg. F) 4
Daily Max Rel. Humidity (%, ........... 83.2
Daily Min Rel. Hurmidity {%). .. ......... 28.4
Diaily Avg Wind Velocity (mphy. ... 6.7
DaviNight Wind Velacity Ratio. .. ...... 7
Solar Radiation (Langleysiday) 512.7
Reference Evavoptranspiration {iny . . ... 0.3

OKIUEﬁate

Field & ID Planting D ate A7Met: YUMA MESA  8/8/2005

Figure 5. The Weather Menu from the AZSCHED V2 program.
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Automated Water Management for Center Pivot Irrigation Systems

Jared Oswald, Hal Werner, Todd Trooien
South Dakota State University

Abstract

Simulations were conducted to determine the effectiveness of a software package that
fully automates center pivot irrigation systems on fields planted to corn for years 1985-
2004. A total of seven sites from the Central and Northern Plains were chosen for
analysis (Akron, CO, Ames, IA, Brookings, SD, Sandyland, KS, Oakes, ND, Ord, NE,
and Rock Port, MO). System pumping capacities of 37.9, 50.5, and 63.1 liters/second
were simulated at each site along with the soil available water holding capacities of 83,
125, and 167 mm/meter. A comprehensive analysis is presented in this paper for all sites
for a pumping rate of 50.5 liters/second and an available water holding capacity of 125
mm/meter of soil. The average days under minimum allowable soil moisture capacity in
a single growing season ranged from 37 at Akron, CO to one at Oakes, ND. Akron, CO
also had the greatest average number of irrigation cycles in a growing season (24) with
both Ames, IA and Oakes, ND having the least average number of irrigation cycles per
season of sites analyzed with 12. The average ratio of actual evapotranspiration to water
inputs for all sites was greatest at Sandyland, KS (0.95) and least at Oakes, ND (0.90).

Introduction

Center pivots irrigate more than 8 million hectares in the United States (Werner, 2000).
The popularity of these systems can be attributed to their ease of use and relative high
application efficiencies. To achieve the greatest yield return from a center pivot
irrigation system while efficiently using water resources and energy, scientific irrigation
scheduling must be used (Field et al., 1994, Shae et al., 1999, Heinemann et al., 2000,
Steele et al., 2000). In the Steele et al. study in 2000, they were able to save 30% in
irrigation inputs (water and energy) along with increasing yield 5% using scientific
scheduling compared with grower practices. The practice of scientific irrigation
scheduling is, however, seldom used by farmers. Lieb et al. (2002) found that as of 1998,
as few as 18% of irrigators used scientific scheduling, even with consultants available for
technical support.

The challenge to scheduling center pivot irrigations is being able to apply an adequate
amount of water at the correct time in order to eliminate a future deficit. It is also
imperative not to water excessively which can cause transport of nutrients out of the crop
root zone, wasted pumping energy, and of course, wasted water.

The objective of this project was to create a software package to implement a water
balance that relieves the producer of the daily tedium of scheduling irrigation.
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Methods and Materials

The irrigation software calculated soil moisture balances and determined irrigation timing
and depth of application for each six degree section on a full circle (360 degree) center
pivot. The following parameters were held constant for all simulations:

Distance from center to furthest point reached by end gun =418 m
Initial soil water content = 80% of field capacity

System application efficiency = 90%

Crop planted = Corn

Angles analyzed = 175-180

Scientific irrigation scheduling relies on the ability to accurately estimate
evapotranspiration (ET). The FAO Penman Monteith (Allen et al., 1998) equation was
chosen as the most reliable and accepted means of determining ET.

0.408AR, —G)+7—0 4t (e —e )
ET - T+273

A+y(1+0.34u,)

(1)

ET, - reference evapotranspiration [mm day™'],

R, - net radiation at the crop surface [MJ m™ day™'],
G - soil heat flux density [MJ m™ day™'],

T - mean daily air temperature at 2 m height [°C],
u; - wind speed at 2 m height [m s™],

e, - saturation vapour pressure [kPa],

e, - actual vapour pressure [kPa],

(e, - e, - saturation vapour pressure deficit [kPa],

A - slope vapour pressure curve [kPa °C™],

¥- psychrometric constant [kPa °c™h.

Required weather data were collected and recorded at automatic weather stations for each
of the simulated sites and downloaded from the High Plains Regional Climate Center
online databases. The reference evapotranspiration (ET,) value was calculated for each
day past a given planting date (Table 1).

Table 1. Planting dates and season lengths for the seven locations.

Site Planting Date Season Length (Days)

Akron, CO April 1 180
Ames, IA April 1 180
Brookings, SD April 15 165
Sandyland, KS April 1 180
Oakes, ND May 1 150
Ord, NE April 1 180
Rockport, MO April 1 180
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ET, was multiplied by a crop coefficient and a plant available water coefficient (Equation
2). The crop coefficient was adapted from FAO coefficients (Allen et al., 1998) to fit the
growing season length for each chosen site.

ET, =ET,*K,*K, 2)

Et. — actual evapotranspiration (mm)
ET, — reference evapotranspiration (mm)
K. — crop coefficient

K, —plant available water coefficient

The plant available water coefficient decreases as the amount of available water in the
soil decreases (Jensen et al., 1990).

K, = In(AW +1) 3)
In(101)

K, — plant available water coefficient

AW — available water (%)

Initial rooting depth of the corn crop was set to 0.3 m to provide a buffer at the beginning
of the season and was gradually increased to a maximum depth of 0.9 m when the crop
reached maximum height above the soil surface. Minimum soil moisture levels were set
to 30% of field capacity in the initial growing stage, increased from 30% to 60% during
the developmental stage, maintained at 60% of field capacity during midseason, and
decreased from 60% to 35% in late season.

A maximum irrigation application depth was set to provide a buffer which would allow
for a rainfall event after an irrigation that would not exceed field capacity. The maximum
application depth value was set to 60% of field capacity in the initial growing stage,
increased from 60% to 80% during the developmental stage, maintained at 80% of field
capacity during midseason, and decreased from 80% to 50% in late season. The
maximum depth of water that could be applied at one time was set at 32 mm with a
minimum depth set to 13 mm.

ET forecasting was used to determine the timing and depth of irrigation applications.

The predicted four day future ET total was found by taking the average of the previous
two days ET and projecting it for the next four days. This predicted four day ET total
was then subtracted from the current soil moisture balance for each six degree section of
the pivot. If this predicted balance fell below the minimum allowable soil moisture, that
individual section of the field was determined to be in need of irrigation at that future
time. The application depth was then determined for each section by subtracting the
predicted balance from the maximum application depth. Provided that this depth was
between the allowable limits, the center pivot was operated to apply the specified amount
to each section.
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Daily rainfall was added to the soil moisture balance. If the soil moisture balance for any
one day exceeded the field capacity due to rainfall, irrigation, or a combination of the
two, the balance was held at field capacity for an additional day. The only exception to
this rule was when the ET for the additional day was greater than the excess amount
above field capacity. In this case, the soil moisture balance was found by subtracting the
ET from the sum of field capacity and excess. All excesses were considered to be lost to
runoff or deep percolation.

To analyze the effectiveness of the simulation software, an ET ratio (water balance ratio)
was calculated for each simulation.

ET
ETratio = . (4)
(R+1—-Ex+Ex,)

ETratio - ratio of evapotranspiration to soil moisture inputs

ET, — actual evapotranspiration (mm)

R — rainfall (mm)

I — irrigation (mm)

Ex — amount above field capacity (mm)

Ex; - amount above field capacity caused by an irrigation event (mm)

All variables in the ratio are seasonal totals. The amount above field capacity (Ex) is
calculated on a daily basis by subtracting the field capacity value from the actual balance.
The amount above field capacity caused by an irrigation event (Ex;) is any amount above
field capacity that takes place up to four days after an irrigation event in any given
section of the field. This ratio was developed to determine if the software was able to
schedule irrigation events to meet the soil moisture losses incurred by evapotranspiration.
A ratio of one indicates that all ET losses were replenished by rainfall and irrigation. The
overall effectiveness of the software package was determined by finding the ET ratio and
number of days that the section of the field being analyzed was under the minimum
allowable water content.

Simulation software to fully automate the center pivot irrigator was written in National
Instruments Labview Version 7.1.

Results

A comprehensive analysis was completed on all sites with the variables of pumping rate
and soil available water holding capacity held constant at 50.5 L/s and 125 mm/m of soil,
respectively (Table 2). The goal of the project was to analyze sites for the years 1985-
2004. However, downloadable weather data were not available for all years at all
locations.
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Table 2. Summary of results for the seven locations with a pumping capacity of 50.5 L/s and
water holding capacity of 125 mm/m.

Excess
Caused Days
Excess By Under
Total ET Rainfall Irrigation Water Irrigation Minimum
(mm) (mm) (mm) (mm) (mm) ET Ratio  Allowable
Akron, CO 961 340 729 87 37 0.94 37
Ames, IA* 694 647 346 305 80 0.92 3
Brookings, SD 641 406 397 133 32 0.92 4
Oakes, ND** 576 354 355 102 31 0.90 1
Ord, NE 765 442 474 131 39 0.93 9
Rock Port, MO*** 716 574 399 253 53 0.93 4
Sandyland, KS 913 436 630 145 42 0.95 26

* average values for 1986-2004
**average values for 1990-2004
***average values for 1991-2004

Irrigation
Cycles

24
12
13
12
16
14
21

The ratio of average rainfall to average ET for the season was least at the Akron, CO site
(0.35). This low ratio indicates a greater need for irrigation to replenish the losses from
ET resulting in an average seasonal irrigation of 729 mm. The highest ratio for the sites
analyzed was at Ames, IA (0.93) which triggered the lowest average seasonal irrigation
depth of 355 mm.

Akron, CO 1997 - 125 mm/m

120

100 -

80

60

40 1

Balance (cm)

20

0
1-Apr 21-May 10-Jul 29-Aug

Minimum Allow able == = Fjeld Capacity Actual Balance - 37.9 L/s

Actual Balance - 50.5L/s ------- Actual Balance - 63.1 L/s

Figure 1. Soil water content for three pumping capacities at Akron, CO in 1997.

Akron, CO averaged the greatest number of days under the minimum allowable soil
moisture (37) despite the system completing an average of 24 irrigation cycles per
season. This is an indicator that the system pumping capacity is not adequate enough to
meet the ET needs of a corn crop with this soil moisture capacity located in this particular
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climate. Even the higher pumping rate of 63.1 L/s was unable to maintain soil water
content greater than minimum allowable at Akron (Figure 1). The total calculated ET for
this growing season was 930 mm with a seasonal rainfall of 292 mm. The days under
minimum allowable water content dropped from an estimated total of 45 days at a
pumping capacity of 37.9 L/s to 18 days at 63.1 L/s.

At the simulated pumping capacity of 50.5 L/s and available soil moisture of 125 mm/m
of soil, the Oakes, ND site only had only four years (1991 ,1992, 2001, 2002) that had
any days during the growing season in which the actual soil balance dropped below the
minimum allowable balance. In 1997 at Oakes, all system pumping capacities simulated
were able to keep up with the ET demand (Figure 2).

Oakes, ND 1997 - 125 mm/m

140

120 -
100
80
60

Balance (mm)

40

20

O T T T
1-May 20-Jun 9-Aug 28-Sep

Minimum Allow able == = Fjeld Capacity Actual Balance -37.9 L/s

Actual Balance-50.5L/s ------- Actual Balance-63.1 L/s

Figure 2. Soil water content for three pumping capacities at Oakes, ND in 1997.

At some of the sites, excessive water inputs lowered the ET ratio values. Though they
may appear as a result of irrigation, most are caused by ill-timed or excessive rainfall.
Quite frequently, the reason for the apparent excess water is caused by rainfall occurring
during non-critical stages of crop development both early and late in the growing season.

In 1989 at Ames, IA, the wettest growing season in this study, there was a total of 1166
mm of rain (Figure 3). This total is over 500 mm greater than the average seasonal
rainfall of 648 mm for the years analyzed. These rainfall events, which were often large
early in the growing season, contributed 638 mm of the 826 total mm of excess water.
The total rainfall for the season was much greater than the ET losses (648 mm). Since
much of the rainfall occurred before the critical growing stage for corn, the simulation
software instructed the pivot to apply 272 mm of water to overcome deficits during
critical growth stages in July and August when rainfall was deficient.
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Ames, 1989
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Figure 3. Timing of rainfall and irrigation events in relation to the overall excess moisture
above field capacity at Ames, IA in 1989.

Discussion

Simulation software was developed to perform irrigation scheduling using 20 years of
weather data for seven locations in the Upper Great Plains where center pivots are the
dominant method of irrigation. Simulations were conducted for three system capacities
and three soil moisture holding capacities. ET was estimated for corn using the FAO
Penman-Monteith method. Minimum soil depletion allowances were set for various
growth stages to minimize crop water stress.

The simulation model addressed the system operating limitations for the center pivot.
Water could only be applied if the irrigation system was available at that location in the
field. An ET forecasting scheme projected water use and operated the pivot to minimize
crop water stress throughout the field.

The simulation model was able to effectively manage a center pivot irrigation system
over the growing season. Where system capacity was adequate to meet crop water needs
for a given soil, the simulator maintained the soil water balance between field capacity
and the minimum balance specified. Even though a buffer was included in the model to
allow for rainfall storage, unplanned rainfall events often exceeded field capacity of the
soil. During crop development periods when evaporative demand is high and rainfall is
low, even high capacity systems may not be able to prevent stress events.

Actual field tests will need to be performed to determine any corrections or adjustments

that may need to be made to the simulation software. Future research is needed to
document the impact of stress events upon predicted crop production.
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Abstract

Water demand for irrigation in the Southeast is expected to increase in the future. There is
a need to combine climate information and risk analysis for peanut irrigation in the
southeastern US. This paper describes a peanut irrigation decision support system which
was developed to assist growers and to provide information on the levels of profitability of
peanut production with and without irrigation under different climate forecasts. The
system provides probability distributions of the seasonal cost to irrigate peanuts and
amount of water required. Yields were simulated for both irrigated and non-irrigated
peanuts using the CSM-CROPGRO-Peanut model. Results of a case study were
presented for the Georgia Green variety grown in Miller County, Georgia. The probability
of obtaining a high net return under irrigated conditions increased when planting dates
were delayed for El Nifio years. Dryland peanut production was profitable in a La Nifia
year if peanuts were planted between mid-April and early May. The prototype irrigation
decision support system will be deployed as a web-based tool on the AgClimate web site

(www.AgClimate.org) after additional testing and evaluation.

Introduction

El Nifio refers to the oceanic component of the El Nifio-Southern Oscillation (ENSO)
system and is characterized by a large-scale weakening of the trade winds and warming of

the surface layers in the eastern and central equatorial Pacific Ocean (NOAA, 2001). El
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Nifio events occur irregularly at intervals of 2 to 7 years, although the average is about
once every 3 to 4 years. The southeastern United States is one of the regions affected by
ENSO events (Peters et al., 2003). During an EI Nifio event the winter in the Southeast is
marked by above normal precipitation while summers are typically dry (Green et al.,
1997). Crop yields in the southeastern United States are impacted by ENSO and are

different, depending on the ENSO phase (Adams et al., 1996; Hansen et al., 1998, 2001).

Peanut is a major crop grown under rainfed and irrigated conditions in the Southeast.
From 1997 to 2002, the total peanut farm acreage under irrigation in the region has
increased (NASS, 2004). Irrigation systems provide farmers with an option to provide
supplemental water to crops during dry conditions and to mitigate some of the effects of
temporal rainfall variability in the region. Despite the prospect of higher yields due to
irrigation, a grower always faces the question of whether or not to invest in an irrigation
system and to install it in his/her field. It is possible that the expense of owning and
operating an irrigation system outweighs income benefits when calculated over several

years (Martin et al., 1996).

Studies have shown the potential benefits and needs of climate forecasts for the main
agricultural commodities in the southeastern US (Hildebrand et al., 1999; Breuer et al.
2003). Available climate information can be used by growers to assess different scenarios
and alternatives for different agricultural activities; and there is a need to combine climate
information and risk analysis for peanut irrigation especially for growers in the southeastern

us.

This paper presents a prototype peanut irrigation decision support system based on long-

term climate information. We also present a case study for Miller County, Georgia, and the
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effect of irrigation, planting dates, and climate forecasts on the level of profitability on

peanut production.

Climate-based Decision Support Systems

AgClimate (www.agclimate.org) is an online climate information delivery system developed

by the Southeast Climate Consortium (SECC). It encompasses an interactive web site
with climate, agriculture, and forestry information that allows users to assess resource
management options with respect to their probable outcomes based on forecasted climate
conditions. The SECC comprises six member institutions namely: Auburn University,
Florida State University, University of Alabama-Huntsville, University of Florida, University
of Georgia and University of Miami. Its mission is to use advances in climate sciences,
including improved capabilities to forecast seasonal climate, to provide scientifically sound
information and decision support tools for agriculture, forestry, and water resources

management in the southeastern USA.

Agclimate consists of a web-based decision support system (DSS) in which information
and dynamic applications or tools are embedded (Fraisse et al., 2005). Some of the web-
based applications that have been implemented so far include a climate risk tool and a
yield risk tool for peanut, tomato, and potato. One of the activities of the SECC is to
develop prototypes of decision support tools relevant to agricultural and natural resource
management. Development of prototypes allow SECC researchers and extension
specialists to evaluate and refine the products based on stakeholder input and suggestions
prior to final implementation as a web-based tool on the Agclimate web site. One of the
tools that was recently developed is the Peanut Irrigation Decision Support System

(PIDSS).
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Peanut Irrigation Decision Support System

The PIDSS was developed to assist peanut producers in evaluating their long-term
economic risks associated with strategic decisions related to irrigation. The program was
developed using Microsoft™ VisualBasic, and it links to an Access database. The
program requires output from a crop simulation model that is used to calculate the
probabilities of several seasonal economic and crop management variables, namely: net

return, irrigation cost, irrigation water, and rainfed/irrigated yield ratio (Fig. 1).

The system has two forms or windows. The first window shows the main interface (Fig. 2)
and the second window is for the detailed cost structure (Fig. 3). Using the main window,
users can select the peanut variety, location, and soil type using the dropdown menus
located on the left side. The right side of the main interface shows the probability table
and chart. The table has three tabs, namely: probability, probability of exceedance, and
average, from which users can select. The system provides users with a quick and
interactive way of analyzing the effect of different ENSO phases on the probability
distribution and probability of exceedance for different locations and soil types. Users can
also highlight selected columns, i.e. planting dates, and the system will automatically

generate a probability histogram for the selected planting date(s).
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Figure 1. The Peanut Irrigation Decision Support System interface showing the probability
table and chart of net return (US$/ac) of irrigated peanut production in Miller County, GA.
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Figure 2. Probability table and chart of estimated irrigation cost (US$/ac) of peanut
production in Miller County, GA.
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Figure 3. PIDSS cost structure section which allows the user to customize prices and
guantities according to local conditions.

The other window shows the detailed cost structure which provides the different
components of the variable and fixed costs used in the enterprise cost analysis for irrigated
peanuts (Smith et al., 2004). This section allows the user to customize prices and
guantities according to his/her local conditions. The program also allows users to export
the values to a spreadsheet. Changes made in the cost structure are automatically

reflected in the probability tables and charts of net returns and irrigation cost.
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In addition to net returns and irrigation cost, users can examine the distribution of total
irrigation water requirements for a particular planting date under different ENSO phases

(Figure 4).
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Figure 4. Probability table and histogram of total irrigation consumption for selected
planting dates during Neutral years.

Case Study

A comparison of rainfed and irrigated peanut production for Miller County in Georgia is
presented to showcase the features of the system and to examine the effect of irrigation,
planting dates, and climate on the level of profitability on peanut