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Abstract. In this two-year study, the relationship between irrigation scheduling using
soil water measurements, and two thermal indices was investigated. One-half of a
three-span center pivot irrigated field was planted to cotton in circular rows and irrigated
with LEPA (low energy, precision application) drag socks in furrow dikes. Infrared
thermometers (IRTs), used to measure crop canopy temperature, were mounted on the
center pivot spans. Replicated treatments established radially from the pivot point,
received four amounts of water, 100%, 67%, 33% and 0%, where 0% was dryland (Dry)
and the 100% amount was based on either soil water replenishment to field capacity
(manually initiated) or on the automatic irrigation protocol called the Time Temperature
Threshold (TTT) method. Three sectors (blocks) of radial plots were irrigated on odad-
numbered days of year (DOY) based on neutron moisture meter (NMM) soil water
measurements in a 1.5-m profile, while three sectors were irrigated automatically on
even-numbered days based on the TTT method. Average cotton lint-yields, dryland, and
water use efficiencies for 2007 were not significantly different between the automatic
and manual blocks. Averaged paired yields for each irrigation level were only
significantly different between manual and automatic blocks in the 67% treatment. A
post analysis of the daily theoretical CWSI was performed and compared to a
predetermined TTT index for each day during the period of automatic irrigation
scheduling, showing that 92% of the automatic irrigation triggers occurred when the TTT
index > 450 minutes and the theoretical CWSI was > = 0.5 for the two growing
seasons. Combining the theoretical CWSI with a TTT index may improve automatic
irrigation scheduling. Yield data for 2008 were not yet available.

Keywords. center pivot, crop water stress index, irrigation scheduling, time temperature
threshold index

INTRODUCTION

In the semi-arid Texas High Plains, approximately 75% of crop irrigation is
accomplished by center pivots drawing groundwater from the Ogallala Aquifer. Average



groundwater levels from the aquifer have declined by more than 50% (McGuire, 2003).
From 1950 to 2005, the number of farms in the state of Texas declined by 33%, while
land in farms decreased by only 15% (NASS, 2008). This typifies a national trend; the
number of farms is decreasing, while farm size is increasing. For production to be
profitable on larger farms, farmers must effectively operate their numerous irrigation
systems with low management cost. Automated irrigation scheduling and control to
meet crop water needs has the potential to improve water-use efficiency, assist in
strategies to produce optimal yields, and decrease management time (Evett et al., 1996;
2006).

Irrigation scheduling can broadly be categorized into three paradigms based on
measurements of: (1) weather, (2) soil water, and (3) plant condition (Jones, 2004). One
method based on plant condition is the Time Temperature Threshold (TTT) method
based on a canopy temperature threshold and a time threshold (Peters and Evett, 2007;
Evett et al., 2006). Because it is a feedback method of automatic control, the TTT
method does not require extensive supplementary inputs for triggering an irrigation; and
it has been shown to allow control of water-use efficiency. Yields and water use
efficiencies for drip irrigated soybean and corn were not significantly different using TTT
than were those of manually irrigated plots (Evett et al., 2006). In work with center-pivot
irrigated cotton, automatic irrigation scheduling was limited to even-numbered days of
year (DOY) to allow for control sections to be manually irrigated on odd-numbered DOY
(Peters and Evett, 2007).

In preparation for commercial application of the TTT method, it is desirable to make the
method robust in the face of challenges such as plant disease and uneven plant stand
with resulting uncovered soil. Testing of the TTT method in combination with a second
irrigation trigger on a field of a larger-scale may help provide adjustments to this
irrigation scheduling and control algorithm for successful commercial application.

A second irrigation trigger to consider for irrigation scheduling is the CWSI, developed in
the early 1980s by Idso et al. (1981) who originated an empirical approach, requiring
measurement of crop canopy temperature, air temperature and relative humidity.
Jackson et al. (1981) developed a theoretical approach that required the additional
measured inputs of solar radiation and wind speed, and the calculation of aerodynamic
resistance (r.). Researched extensively, the CWSI has been labeled a sensitive means
to monitor and quantify plant stress for a variety of crops. Pinter et al. (1983) determined
the CWSI to be inversely correlated to cotton yields. Howell et al. (1984) concluded that
the CWSI was responsive to both matric potential stress and soil osmotic potential
stress for cotton. Colaizzi et al. (2003a) showed that the Crop Water Stress Index was
correlated with soil water depletion for a fully developed canopy when no soil
reflectance was present. It was also determined that the Water Deficit Index (WDI),
which is a two-dimensional CWSI (Moran et al., 1994) normalized for vegetation cover,
was correlated with crop water stress (Colaizzi et al., 2003b). The CWSI has also been
used to predict yield response of different crops to water stress and to develop
strategies for irrigation management decisions (Erdem et al., 2006; Yuan, et al., 2003).



Most temperature-based indices were developed around the assumption that the
infrared radiometer (infrared thermometer) views only vegetation. However, soil
background is usually present to some extent throughout the season, especially for
cotton even when the canopy completely covers the inter-rows. Some indices such as
the Water Deficit Index have attempted to account for soil background, but these require
soil-specific parameterizations that are not routinely available, and could potentially
confound errors associated with interpreting the ensembile (i.e., vegetation and soil)
radiometric temperature. Therefore, IRT measurement protocols typically call for
viewing the canopy across rows and at oblique angles to minimize soil background.
The objectives of this study were (1) to compare the TTT method of automatic irrigation
scheduling to manual scheduling using neutron scattering for soil water measurements;
and (2) using a post analysis review, to investigate if the CWSI would be a useful
addition to the TTT algorithm for automatic irrigation scheduling and control.

MATERIALS AND METHODS

Cotton [Gossypium hirsutum L.] was planted on DOY 149, 2007 (cv PayMaster' 2280
BG/RR); and on DOY 141, 2008 (cv Delta Pine 117 B2RF). Both cultivars were from
Delta Pine Land Co., Scott, MS, and were Bollgard [I® Roundup Ready®. The crop was
grown in eighteen-row plots on beds spaced 0.76-m apart and formed in circles under a
three span center pivot at the USDA-ARS Conservation and Production Research
Laboratory, Bushland, Texas (35° 11’ N, 102° 06’ W, 1174 m above mean sea level).
Irrigations were applied either manually (Manual) or automatically (Auto) by the TTT
method. In order to avoid conflicts between manual and automatic irrigations, manual
irrigations were applied only on even-numbered days of the year (DOY) and automatic
irrigations were applied only on odd-numbered DOY. One half of the center pivot circle
was used for the experiment; and it was divided into six sectors, each of which was a
block of treatments (Fig. 1). Treatments were assigned randomly in the radial direction
within each block and were doubly replicated within blocks. There were four treatments
for each method, Manual or Auto, and they were designated 100%, 67%, 33% and Dry.
For the Manual method, irrigations were applied weekly fully replenish soil water to field
capacity in the 100% Manual treatment. Automatic irrigations were triggered only for
TTTIl > 452 min where TTTl is the TTT Index, which is the time in min that the canopy
temperature exceeds the temperature threshold of 28°C for cotton each day. For the
Auto method, irrigations of 20 mm were applied in the 100% Auto treatment (20 mm is
twice the average weekly peak daily consumption of 10 mm). For both methods,
irrigation depths in the 67% and 33% treatments were 67% and 33%, respectively, of
the 100% treatment depth for the respective scheduling method; and these amounts
were achieved by reducing nozzle sizes. The Dry treatment received no irrigation. Low
energy precision application (LEPA) drag socks were used in every other furrow with
furrow dikes to inhibit runoff and surface redistribution of water. Manual irrigations were
based on soil water contents in the top 1.5 m of soil as determined weekly by neutron

' The mention of trade names of commercial products in this article is solely for the
purpose of providing specific information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture.



moisture meter (NMM) readings to 2.4-m depth in 0.20-m increments beginning at 10-
cm depth using methods described by Evett (2008).

Canopy temperature was sensed using infrared thermometers (model IRT/c 5:1,
Exergen, Inc., Watertown, MA) mounted on the pivot with an oblique viewing angle.
Date were continuously recorded and provided canopy temperatures of the entire
cropping field when the pivot was moved around the semi-circle area. Pivot mounted
infrared thermometers (IRTs) were wired to a datalogger (Model 21X, Campbell
Scientific, Logan, UT). When the irrigation system was moving, the mean temperature
of each plot, for the center of the time period during which the plot was sensed by the
IRTS, was scaled to a stationary reference temperature using the algorithm of Peters
and Evett (2004) to produce an estimated daytime temperature curve for that plot.
Stationary (reference) IRTs, wired in 2007 and wireless (O’Shaughnessy and Evett,
2008) in 2008, were located in the field within automatically irrigated treatment plots and
provided reference crop canopy temperatures.

The soil was Pullman clay loam, a fine, mixed, superactive, thermic, Torrertic Paleustoll
(Soil Survey Staff, 2004). Air temperature, relative humidity, solar radiation, and wind
speed were measured at 6-s intervals and reported as 15-min mean values at the
adjacent Soil and Water Management Research Unit weather station, Bushland, TX
(see Evett, 2002 for methods). Average plant height and width measurements were
taken every two weeks.

Crop water stress index

The theoretical CWSI was used to calculate a stress index for each day during the
irrigation scheduling seasons as:
cwsp = L—T) =T -T),

(T; - Ta)ul - (T; - Ta)ll
where (T;- T,) is the measured difference between crop canopy temperature, T., and
air temperature, T,, (Tc- Ta)uis the lower limit representing the temperature difference
for a well watered crop and (7. - Ta)u is the upper limit representing the temperature
difference between the crop canopy and ambient air when the plants are severely
stressed (Jackson et al., 1988). The upper limit was calculated using the equation:

(T'c_Ta)ulzr.;l(Rn_G)/pCp [2]
where r, is aerodynamic resistance, R, is net radiation (W m®), G is soil heat flux (W m’

%), p is the density of air (kg m™®) approximated as a function of elevation, and C, is heat
capacity of air (J kg™’ °C™"). Soil heat flux was estimated as

G=O.1Rn [3]

[1]

Net radiation was calculated as
R =(l-a)R_+R,_, -R n

in 1w _ out

where a is albedo (estimated to be 0.23), Rs is short wave irradiance (measured at the
weather station), Rw in is incoming long wave radiation and Ry, out iS outgoing long wave



radiation. The values Ry, in and R ouit Were evaluated according to Jensen et al. (1990).
Aerodynamic resistance, r, (s m"), was calculated using

m(z —0.63hj
- 0.13h (5]

2
‘ k’u

where zis the reference anemometer height (m), kis the von Karman constant (0.41), u
is the wind speed (m s™") at height z and h is the vegetation height (m).

The lower limit, (T - T5)y was calculated using:

rR vy e —e
T_T — a n _ s a
= e o) Tary) 5

where y is the psychometric constant (P,°C™"), e is saturated vapor pressure, e is
actual vapor pressure, and A is the slope of the saturated vapor pressure — temperature
relationship, which can be estimated using the equation (Jackson et al., 1988):

A =45.03 + 3.014T + 0.05345T% + 0.00224 T® [7]

where T is the average of the canopy and air temperature (T.+T,)/2 , expressed in (°C).
The saturated vapor pressure was evaluated using

[8]

17.27T
€ = 0.6108*exp{ - }

T, +237.7

where T, is air temperature (°C). The actual vapor pressure was taken as e; (RH/100)
where RH is the relative humidity.

Mean values, between 1100 hrs and 1530 hrs, of air temperature (T,), crop canopy
temperature (Tc) from 100% treatment plots in the automatic blocks, RH, incoming short
wave radiation (Rs), and wind speed were used to calculate the CWSI. Using mean,
rather than point values, is a method similar to Erdem (et al., 2006), and Alderfasi and
Nielsen (2001), who used data measurements over time to calculate CWSI.

Time Temperature Threshold Index

The TTTI was calculated as time in minutes for which the crop canopy temperature was
above 28°C. When the pivot was moving, TTTI values were calculated using scaled
temperatures per Peters and Evett (2004).



Water use efficiency and yields

Water use (ET, m) was calculated using the soil water balance equation (Evett, 2002):
ET=-AS-R+P+1-D [9]

where ET is evapotranspiration, AS is the change in soil water stored in the profile
(determined by NMM in the 2.4-m profile, negative when ET is positive), R is total runoff
(m), Pisthe amount of precipitation (m), /is the irrigation water applied (m), and D is
the drainage (m). Because the amount of irrigation water was only sulfficient to bring the
water deficit to field capacity and because furrow dikes prevented most runon and
runoff. Drainage and runoff were neglected in our calculations, similar to methods by
Schneider and Howell (2000). Water use efficiency (WUE, kg m™) was calculated as
Y4/ETi, where Yy was economic yield (kg m®) divided by seasonal ET; (m) for each
irrigation level. Irrigation water use efficiency (IWUE, kg m™®) was determined by the

equation:
(Ygi_Ygd)

IRR.

1

IWUE = [10]

where Yy is the economic yield (kg m™®) for irrigation level i, Yyq is the dryland yield (kg
m?), and IRR;is the applied irrigation water (m) (Bos, 1985; Howell, 2002).

Data analysis

Results were analyzed using Proc Mixed Analysis, Analysis of Variance (ANOVA),
linear regression, and the Fisher Least Significant Difference (LSD) test using SAS
software (SAS 9.1, SAS Institute Inc., and Cary, NC).

RESULTS AND DISCUSSION

Climatic conditions and irrigation summary

The effective experimental irrigation seasons for 2007 and 2008 lasted for a period of
44 and 25 days, respectively. The planting date for both years was in mid May. Harsh
climatic conditions for the 2008 growing season, a combination of high temperatures
and wind with low RH, slowed early vegetative growth and made it difficult to wet the
soil profile to field capacity. Average temperatures and wind speeds in May and June
were higher in 2008 than in 2007, while RH was lower (Table 1). In August 2008,
temperatures were cooler, RH was higher and wind speeds were less than in August



2007. Heavy rainfall received in August 2008 (DOY 226 to DOY 229), shortened the
irrigation season. A plant regulator (Stance™, Bayer CropScience, Research Triangle
Park, NC) was applied on DOY 235, 2008 to induce reproductive development and
prevent rank vegetative growth.

A greater volume of water was applied to the manually irrigated plots, i.e. 42.9 and 37.1
mm (at the 100% irrigation level) in the 2007 and 2008 growing seasons, respectively
(Table 2). The frequency of automatically scheduled irrigations increased from 1 in 7
days to 1in 4 days in the late flowering and early boll formation period in 2007. Irrigation
scheduling began late in 2008, and automatic scheduling occurred roughly every 4 days
in the early vegetative stage.

Yield and water use efficiency

In 2007, yields from Automatic and Manual treatment methods were not significantly
different (P =0.83) (Table 3). Irrigation levels significantly affected the dry lint yields (a =
0.05), but there was no significant interaction between the methods and levels of
treatment (P = 0.18). The WUE and IWUE values were not significantly different
between the manual and automatic irrigated plots in 2007. Overall, the WUE for the
dryland plots was not significantly different from any of the irrigated treatment plots due
to the mild summer temperatures and above average rainfall. Linear regression
demonstrated that cotton lint yields were positively correlated to water use for irrigations
< 450 mm (Fig. 2). Yield data for 2008 are not yet available.

Thermal indices

For 2007, there was a weak relationship between the two the CWSI and TTTI thermal
indices (ANOVA r* = 0.19, F= 12.1, and P <0.001). The TTTI was not significantly
related to the CWSI in 2008; this may be related to the limited number of data points
collected in 2008 due to the shortened irrigation season.

Most TTTI triggers occurred when the CWSI > 0.5 (Fig. 3a, b, quadrant I). Less than 5%
and 10% of TTTI values > 452 min occurred when CWSI was < 0.5 for both the 2007
and 2008 seasons, respectively (Fig. 3a, b, quadrant Il). Data points representing TTTI
<452 min and corresponding CWSI < 0.5 can potentially be classified as “non-triggers”
(Fig. 3a, b, quadrant Ill). Data points for which CWSI > 0.5 when TTTI < 452 min
represented 32% of the measured data in 2007, occurring generally during the early
vegetative stage (Fig. 3a, quadrant IV). This could possibly mean that the TTTI is more
robust than the CWSI when soil background is present. In 2008, most of the data points
falling into this category did so from DOY 210-216, during cloudy days.

If the calculated theoretical CWSI > 0.5 was used to trigger automatic irrigations
(calculations made on odd numbered DOY only), then the number of automatically
scheduled irrigations would increase by ten and two for 2007 and 2008, respectively.



Figures 4a and 4b provide a time series depiction of the calculated theoretical CWSI
and the TTTI during the automatic scheduling periods for 2007 and 2008.

A disadvantage to considering the use of both of these indices is that under partial
canopy, soil temperatures will invariably influence the composite temperature measured
by the IRTs. Additional sensors and modeling approaches can help reduce these
inherent problems.

CONCLUSIONS

Yield results showed that the TTT algorithm for automatic irrigation scheduling of a
center pivot for LEPA irrigated cotton successfully controlled the amount of irrigation
water applied without significantly affecting cotton yield as compared with water balance
irrigation scheduling done using NMM data. For full irrigation, the TTT method produced
significantly greater overall WUE than did water balance irrigation scheduling; but
differences were not significant for irrigation at reduced rates of 33 and 67% of full.
There was a strong positive correlation between lint yield and water use < 450 mm.

Post analysis comparison of the two thermal indices indicated that they have similar
trends, but the daily theoretical CWSI > 0.5 would result in additional irrigations.
However, future work investigating the CWSI over a daily time step may prove to be a
worthwhile index capable of indicating crop water status. Further research is needed to
test new algorithms and compare crop yields and WUE.
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Table 1. Climatic data (monthly averages) for 2007 and 2008 growing seasons.

Rainfall IR RH u R
(mm) (°C) (%) (ms”) (MJ m?d™)
Month\Seasons 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008
May 17.8 4.6 17.27 18.4 70.11 47.32 426 529 2444 26.52
June 56.4 57.3 216 2429 6463 47.14 3.81 543 2594 28.89
July 36.60 49.3 23.98 23.83 62.79 60.77 3.23 4.08 23.26 24.61
August 63.70 731 2454 2258 64.18 66.06 3.70 3.37 23.26 22.34

T, is air temperature, RH is relative humidity, u is wind speed, and R; is solar irradiance.



Table 2. Irrigation summary for the 2007 and 2008 growing seasons.

Growing Season 2007 2008
Planting Day (DQOY) 149 141
Start of automatic scheduling (DOY) 197 202
End of automatic scheduling (DOY) 241 227
Irrigation water applied to Manual 100% treatment plots® (mm) 182 133
Irrigation water applied to Automatic 100% treatment plots® (mm) 139 92

% Refers to application depth during the irrigation scheduling



Table 3. Cotton Yields 2007: three-span center pivot, Bushland, TX.

Category Treatment Average Total WUE IWUE
Dry Lint Water (kg m®) (kg m®)
Yield Use
(@m? (mm)
Methods Manual 82a 390a 0.22a 0.20a
Automatic 82a 370b 0.22a 0.22a
Irrigation 100% 105a 519a 0.20a 0.19a
Levels 67% 96b 425b 0.23b 0.23b
33% 73c 333c 0.22ab 0.20c
0% 55d 243d 0.23ab
100%-Manual 102a 543a 0.19a 0.16a
Treatment 100%-Auto 108a 494b 0.22b 0.21a
by 67%-Manual 102a 436¢ 0.23b 0.24a
Irrigation 67%-Auto 90c 414d 0.22b 0.21a
Level 33%- Manual 72d 338e 0.22ab 0.18a
33%-Auto 74d 328e 0.23b 0.23a
0%-Manual 54e 242f 0.23ab
0%-Auto 55e 245f 0.23ab

WUE = water use efficiency
IWUE = irrigated water use efficiency
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Figure 1. Fully randomized block design for manually (Manual) and automatically
(Auto) irrigated treatments, 100%, 67%, 33% and dryland cotton (Dry) under a
three-span center pivot system at Bushland, TX, 2007.
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Figure 2. Lint yields versus water use efficiency (WUE) for cotton crop under a three-span
center pivot, Bushland, TX, 2007.
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Figure 3. Relationship between the TTTI and the theoretically calculated CWSI
for the (a) 2007 and (b) 2008 growing seasons. Horizontal and vertical lines
divide the graphs into four quadrants labeled |, Il, Ill and IV. The horizontal line
is drawn at the TTT index threshold of 452 min; and the vertical bar is drawn at
a CWSI value of 0.5. Solid squares represent data points that automatically
triggered irrigations in the 2007 and 2008 growing seasons. Data points shown
as hollow circles in quadrant | are canopy temperature measurements that
would have triggered an automatic irrigation; however because their TTT
minutes were accumulated on even-numbered DOY, no automatic irrigation was
scheduled.
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Design and Troubleshooting Wireless Ethernet/Serial Irrigation Systems

By Kim Heiner
Western Regional Sales Manager
CalAmp

SCADA: Supervisory Control and Data Acquisition

The purpose of this article is to provide some insight into design considerations for
wireless communication networks as used in modern SCADA systems. With some
basic knowledge of design considerations, it is easier to take the right automation
approach and choose the right equipment for the task at hand.

Wide area SCADA systems provide a means of remotely monitoring events and
controlling machinery at unattended locations. To accomplish this task, as in any
system design, various disparate components must be integrated. In this case they
include: sensors and metering devices, motor controls, programmable logic controllers,
a communications network to link it all together, a host computer and HMI software.
Sometimes, remote site hardware and wireless communications gear is packaged
together in a NEMA outdoor rated equipment enclosure. In this instance, the equipment
may be referred to as an RTU or a Remote Terminal Unit.

. Omii- Making all these items
an{:ﬁna RF path d;ﬂ?{;ﬂ’.’{‘;" work tggether
harmoniously to achieve
your objectives is the
responsibility of the
system designer and the
RS-232 I system integrator, and
this is where they prove
PLC Host their value.
f ,\ Computer
HMI
Software
meters
Remote System Control
Site or Host Site

©19%% DRL



Where did it all start?

In any SCADA system, the remote site’s PLC communications to the control point pass
through an RS-232 serial port. In older designs, a modem converts the serial digital
data into analog 'mark' and 'space' audio tones that are sent long distances over leased
or dial-up communications lines. By this means, connectivity is provided for wide area
SCADA applications.

Over time, licensed two-way radio displaced the phone line as the most popular
communications medium. This has happened for two main reasons. First, though the
reliability of the US telephone infrastructure is second to none, mission critical
communications are best trusted to a network under one’s own direct control. Second,
and equally as important, is the high recurring cost of leased telephone lines. SCADA
users have historically found that their wireless data network pays for itself in a relatively
short period of time.

Architecture

In the SCADA world today, the vast majority of systems are set up in a ‘polled’
architecture, as opposed to a ‘report by exception’ architecture. In a polled architecture,
the system control point, or host, initiates all data transmission sequences. No remote
site reports its status until the host asks for it. Polled systems are designed to poll every
few seconds or minutes or hours, depending on how often information updates are
required. If pressed, the capabilities of modern high-speed radio modem hardware
make it unlikely that any retrieved data will be ‘stale.’

'Report by exception' may be utilized
when constant operational updates from
remote sites are not required and traffic
volume is light. In 'report by exception'
architecture, remote sites send updates
Remote only when a 'change of state' occurs.
As remote sites are often out of radio
range of each other, some provision
must be made for avoidance, and
Base Remote recovery from, 'on the air' collisions as
would happen during simultaneous data
‘% transmission attempts. This can
increase system complexity and cost,
and may not offer ideal performance,
particularly if later system expansion is
anticipated.

Remote
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Unlicensed vs. Licensed Radio

Today, the savvy wireless data customer is presented with a wide variety of
communications options. In addition to licensed radio, there is now unlicensed radio.
Unlicensed radio has the obvious appeal of being license free. The downside is that
since it is uncoordinated spectrum, unlicensed radio has become somewhat unreliable
as it has become more crowded.

Unlicensed wireless SCADA networks find themselves sharing spectrum with an
increasing number of industrial and consumer devices such as: cordless telephones,
baby monitors, wireless LAN devices, and amateur radio operators. Also, if used
legally, the output power of the unlicensed radio must be reduced when very high gain
antennas are used. Additionally, radio propagation at higher unlicensed frequencies is
relatively unfavorable as compared to the lower frequency licensed bands.

In the past, licensed frequencies were crowded and difficult to obtain. Sometimes it
could take many months to obtain operational authority from the FCC. However, since
1997, FCC 'refarming' has made it possible to obtain new communications channels
and has greatly relieved communications congestion for wireless data users.
Additionally, wireless data users have discovered that by utilizing professional licensing
services, they can receive operational authority in a month or less. Be mindful,
however, that not all FCC licensing services are experienced, nor up to date, with
wireless data applications and the pertinent spectrum rules.

FCC Refarming

Overall, refarming is a decade long multi-step process. It is affecting both radio
manufacturers and radio users. Existing users of two-way wireless devices will find the
necessity, sooner or later, to upgrade their equipment to modern ‘refarmed’ equipment.
They are, or will make, the transition for one of two reasons: 1) Future FCC regulation of
some form will make it unattractive to continue holding a ‘full channel’ of spectrum. 2)
The other more immediate and compelling reason is that the full channel user may
receive harmful adjacent communication channel interference from newly established
half channel users. Conversely, the new half channel user is less likely to receive
interference from the incumbent full channel user. This is by virtue of the difference of
bandwidth in the new and old design transceivers and the relative spectral position of
the two signals. There are other more stringent requirements beyond channel
bandwidth that refarming has brought to radio manufacturers, but that is beyond the
scope of this article. Suffice it to say that today’s radios are designed and perform with
a great deal more precision than in the past.



Radio Propagation Studies

Radio propagation is the study of the behavior of radio waves at particular frequencies
over terrain. Regardless of whether you choose licensed or unlicensed radio, it is
absolutely essential that you have a propagation study conducted. A radio propagation
or path study will determine with a fair degree of certainty whether your radio signal can
get there from here. It may demonstrate the need to relocate certain sites or the need
to utilize a radio repeater, or use an existing or proposed remote site as a relay station.
Additionally, a thorough path study will take into account the need for a 20 to 30 dB fade
margin. This allows for uninterrupted communications when the path undergoes
temporary and periodic degradation due to atmospheric and/or seasonal changes.

For a small system path study, you may find you can verify radio line of site with
portable radios. In doing this, it is essential to eliminate as many variables as possible.
Try to simulate the same antenna height and performance and use the same RF output
power as will be used in the built-out system. It is also necessary to realize that reliable
data communications will require stronger signal strength than for voice
communications.

For large systems, it is prudent to perform a computerized path study, preferably before
placing a SCADA system job up for bid. Computerized path studies take into account
terrain, ground clutter and vegetation profiles, and generally are a good value as they
save you and your integrator time and money. If you put your system design out for
public bid, you will find that having a previously conducted path study will facilitate the
bidding and bid evaluation process for you, and your successful bidder to be.

Repeaters

In some instances, you may

discover that your proposed
communications to certain R\ _
remote sites are marginal. '

Repeaters may be used to
extend the communications Remote Remote

reach of your control point.
Most commonly, an

advantageously located

remote is utilized as a sub- Base

master which forwards
polling requests from the ‘%

control point to other remote
stations.

Repeater
Remote
21999 DRL

This type of repeating is called 'store and forward.' It is differentiated from full duplex
repeating that performs simultaneous reception and transmission, and requires two
radio channels. 'Store and forward' repeating is very common in SCADA system design



and it is often chosen for its simplicity and relatively low cost. It takes advantage of
features that may already be built into the remote site PLC hardware. Another
alternative is to remotely locate your control point radio hardware if your control point
does not provide radio coverage to your remote sites.

It may be difficult to justify the added expense of extending your wireless range, but
realize that marginal communications will never provide you reliable SCADA system
performance, and will cause you aggravation and untimely down time.

Antennas, Feedlines and Lightning Protection

Generally, in a polled system, an omni-directional antenna is employed at the system
control point. Omni-directional antennas radiate equally well in all compass headings.
The yagi antenna on the other hand is directional and must be pointed in the direction of
intended communication. Often, remote sites that communicate only with the control
point are equipped with yagi antennas.

Low loss antenna feedline and connectors are required when UHF (commonly 450-470
MHz) or higher frequencies are employed. This is because feedline and connectors
exhibit greater losses at higher frequencies, on both transmit and receive. For this
reason, UHF frequencies require hardline or rigid wall coax for all runs, whereas low
loss RG-8 type coaxial cable can be used for VHF runs of less than 25 feet. Popular
UHF (PL-259) feedline connectors can be used at VHF frequencies, but generally the
lower loss 'Type N' connector should be utilized for VHF and UHF frequencies.

Lightning is more common in some geographic areas that others. Wherever it happens,
catastrophic damage to communications and control system hardware can result.

Using a bulkhead mounted lightning surge suppression device with single point earth
grounding is a good investment. Many choose to cut corners here, but it is ill advised.
Plan to spend money on this part of your system. If you choose to play the odds, you
will at some point lose and suffer downtime and loss of system control.

Radio Modem Hardware and PLC Protocols

Customers are also faced with a wide range of radio modem products today. In the
past, it was customary to use outboard Bell 202 type 1200 bps modems and interface
them to two-way voice type radios. This requires the tedious adjustment, and periodic
readjustment, of audio levels between the separate modem and radio.

The Bell 202 solution ignores technology advances that have been made in the last 5
years. Today it is less expensive, over the life of your system, to invest in high speed
integrated radio modem products which offer the advantage of easier interfacing and
swapping out, higher data and polling rates, more sensitive modem and radio
technology, and features like wireless network diagnostics.



Additionally, many users today have a choice between ‘packetized’ and ‘transparent’
radio modem hardware. Before comparing these two alternatives, it is useful to note
that PLC devices utilize communication protocols or languages that encapsulate the
data stream in an envelope called a ‘packet.” This envelope surrounds the data with a
message start and end marker, an origination and destination address, and a CRC or
checksum. These protocols were born in the hardwired world and have transitioned
very well into the wireless data world.

As the PLC is already ‘packetizing’ your data, it is more efficient to employ ‘transparent’
communications hardware that does not add an additional second layer of error
checking and addressing. There may be situations where this additional overhead buys
you something, but in most cases, there is no added value.

MODBUS™ is a popular protocol for wireless communications. Numerous PLC
manufacturers have their unique implementation of this protocol. There are other
protocols that operate similarly; some are proprietary. Generally, master slave
protocols that are framed, employ message addressing, error checking and that are
designed for Master-Slave polling, work well in the wireless environment. Truly
transparent radio modem hardware requires RTS/CTS hardware handshaking for data
flow control. Make sure that your PLC hardware supports this communications
requirement if you elect to utilize transparent radio modem hardware.

Wireless Network Diagnostics

Investing your hardware dollars in integrated radio modem devices also provides new
features that are becoming indispensable. Wireless network diagnostics is one such
feature, which can reduce communication failures, minimize the potential risk of
downtime due to equipment or system malfunction, and facilitate a speedy recovery
from outages. This results both in a more favorable risk management scenario and a
high return on investment for your automation dollars.

In practice, diagnostics at the wireless communication level makes it possible to verify
connectivity to a remote site even if your PLC or instrumentation has failed. Some
diagnostic methods can even be utilized concurrently with your regular polling cycle to
warn of impending communication failures. Your ability to maintain or quickly return
your system to service is enhanced by the performance statistics that you can remotely
obtain. Diagnostic tools can also be utilized during system deployment, and can speed
along the installation process.

Redundancy and Point of Failure

SCADA system designers strive in their work to eliminate as many single points of
failure as possible. Redundancy is utilized to minimize the impact of system component
failure, often at the system control point. Redundancy increases the system design and
deployment cost. If carried to the extreme, it can make operation of the system more
complicated and laborious.



In a recent study of automated SCADA systems’, it was found that 50% of automated
systems are run on manual mode. Among the reasons given in this study is "low user
confidence in the technology." If system complexity and operator workload is a concern
for you, having spare components can be considered a simple and valid safeguard.

In conclusion, it is wise to note that all system design involves 'trade-offs’. Itis
essential to know and understand the benefits and drawbacks of the individual elements
of your system design. Only then will you be able to make the right choice for your
application and needs!

"Manning, Alan W. 1999. “Status of Automation in the Wastewater Industry”
(information presented at Automatic Monitoring Seminar. Water Environment
Federation 72" Annual Exhibition & Technical Conference).

™MODBUS is a trademark of Schneider Automation, Inc.



Potential Runoff and Erosion Comparison of Center
Pivot Sprinklers on Three Idaho Soils
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Abstract. The operational characteristics of center pivot sprinklers are well documented but few
studies have been conducted to evaluate the effects that operating characteristics of a particular
sprinkler have on infiltration, runoff, and erosion of specific soil types. The objective of this
study was to evaluate potential runoff and erosion from common commercial center pivot
sprinklers on three widely distributed, south central Idaho soils. A modified commercial
irrigation boom system was used to emulate center pivot irrigation on experimental runoff plots.
Sprinklers used in the study were: 1) Nelson R3000 with brown plate, 2) Nelson R3000 with red
plate, 3) Nelson S3000 with purple plate, and 4) Senninger I-Wob with standard 9-groove plate.
There were significant differences in runoff and erosion rates between sprinkler types for the
soils tested and experimental conditions. The I-Wob exhibited the highest overall runoff and
erosion rates and the R3000 sprinklers exhibited the lowest rates for the three soils tested. In
general, sprinkler types that visually appear to more uniformly distribute sprinkler droplets over
the wetted area with respect to time exhibited the highest runoff and erosion rates. The relative
differences in runoff between the sprinklers tested for the three soils were not directly
proportional to droplet kinetic energy. This outcome is in conflict with conventional theory on
soil surface sealing from droplet impact.

Keywords. Center Pivot, Runoff, Erosion

Introduction

Center pivot irrigation is popular with producers but is not necessarily the best irrigation
system choice for all site conditions. Water application rates along the outer portion of
the system, which influences the most acres, often exceed soil infiltration rates for
medium- and fine-textured soils may result in substantial runoff, erosion and spatial
non-uniformity in water application depth on rolling topography. The primary emphasis
for many center pivot sprinkler product developments and application studies has been
high uniformity which really is not the main challenge for good water application at the
outer end of the pivot system. Over the past two decades center pivot sprinkler
manufacturers have developed sprinklers that minimize peak water application rates
while sustaining high application uniformity. As a result there are numerous center pivot
sprinkler choices available for the producer but little quantitative information that relates
these choices to infiltration, runoff, and erosion on a particular soil.

The operational characteristics of center pivot sprinklers such as wetted diameter,
application rate pattern shape and drop size distribution have been reported in the



scientific literature (e.g. Kincaid et al., 1996; Faci et al., 2001; DeBoer, 2001; Sourell et
al., 2003; Playan et al., 2004; Kincaid, 2005;). However, studies evaluating the effect
operating characteristics of a particular sprinkler have on infiltration, runoff, and erosion
of specific soil types are limited. This is especially true for low organic matter
calcareous soils in the arid western U.S whose aggregate structure readily breaks down
under sprinkler droplet impact to form surface seals that reduce water infiltration rates.

The obijective of this study was to evaluate potential runoff and erosion from common
commercial center pivot sprinklers on three widely distributed, south central Idaho soils
under center pivot irrigation.

Methods and Materials

A 4-wheel commercial irrigation boom 154 ft in length (Briggs Irrigation,
Northhamptonshire, UK) was used to emulate center pivot water application on
replicated soil plots. The irrigation boom was modified by increasing the boom height 18
inches and adding additional sprinkler outlets along the boom length. Two additional
sprinkler outlets were added between each existing outlet to provide 48 to 51 inch
spacing between adjacent outlets. A hydraulic cable winch system mounted on the
front of a John Deere 1020 tractor was used to mobilize the irrigation boom. Water is
supplied to the irrigation boom by a 3 inch, 300 ft drag hose. Travel speed of the boom
is computer controlled at a specified constant rate. Specific details on the irrigation
system used to emulate center pivot irrigation are provided by King and Bjorneberg
(2007).

The effect center pivot sprinkler type has on runoff and erosion for a specific soil was
evaluated using raised runoff plot boxes, figure 1. The elevated plot boxes were 4 feet
wide by 8 feet long with different end heights to provide a nominal slope of 5%. The
bottom of each runoff box was filled with Portneuf silt loam to a depth six inches below
the top. The soil to be evaluated (Table 1) for runoff and erosion was then used to fill
the remaining volume in the plot box. This provided a soil depth of 6 inches for runoff
and erosion evaluation. A metal frame border measuring 3.3 feet (1 m) wide by 6.6 feet
(2 m) long was installed on the box soil surface to collect runoff and prevent plot runon
from the surrounding area and eliminate edge effects. The metal frame was made of
3/16-inch thick steel 3-inches in width orientated vertically on three sides. The bottom
edge of the metal frame was driven into the soil to a depth of about 1.5 inches to
channel the runoff and prevent runon. The down slope outlet end of the frame had a
horizontal metal lip along its length about 2.5 inches in width for runoff to leave the
frame without excessive erosion due to head cutting. Along the down slope length of
the metal lip was a metal trough sloped to one edge of the metal frame to collect runoff
and channel it to a collection bucket in a hole dug near the corner of the runoff plot box.
The depth of water in the bucket was measured with a ruler to determine runoff volume.
The bucket was covered to prevent water from sprinklers contributing to runoff water
volume. The combined horizontal width of the lip and trough was about 3.25 inches.
Water application to the lip and trough adds to the total runoff volume and was
accounted for when calculating plot runoff volume.



3.3 ft X 6.6 ft Runoff Frame

14 in

Runoff Collector

Figure 1. Diagram showing layout, dimensions and features of runoff plot box with
metal frame.

Sixteen runoff plots boxes were installed in a four row by four column arrangement as
shown in figure 2. The metal frames were installed at a constant slope of 5% on the
surface of each runoff plot box and the soil within the metal frames graded smooth. The
rather steep slope and smoothed soil surface of the plots was selected to minimize the
unknown and variable surface storage component of the infiltration-runoff-erosion
process. Consequently, the runoff and erosion rates measured in this study represent
maximum rates for worse case conditions. Actual field runoff and erosion rates would
be substantially less due to soil surface micro topography storage, sustained higher
infiltration rates due to residue management and less slope. The runoff and erosion
rates obtained in this study represent potential runoff and erosion for sloping conditions
rather than actual field rates. Four common commercial sprinklers were used to
evaluate infiltration, runoff and erosion differences. They were: 1) Nelson R3000 with
brown plate (Nelson Irrigation Corp., Walla Walla, WA) with a Nelson 20 psi regulator,
2) Nelson R3000 with red plate with a Nelson 20 psi regulator, 3) Nelson S3000 with
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Figure 2. Diagram showing experimental plot layout used to evaluate center pivot
sprinkler runoff and erosion potential.

purple plate with a Nelson 15 psi regulator, and 4) Senninger I-Wob with standard 9-
groove plate (Senninger Irrigation Inc., Clermont, FL) with Senniger 15 psi regulator.
Using manufacturer’s data, sprinkler nozzle sizes were selected to be representative of
those used on the outer end of “2-mile center pivot systems in Idaho. The sprinkler
nozzle sizes were also selected to provide approximately the same flow rate per
sprinkler regardless of operating pressure or manufacturer. The selected sprinkler
nozzle sizes and corresponding flow rates were; 1) 0.297 inch (#38) rated at 11.28 gpm,
2) 0.297 inch (#38) rated at 11.28 gpm 3) 0.320 inch (#41) rated at 11.48 gpm, and 4)
0.328 inches (#21) rated at 11.36 gpm, respectively. Sprinkler height was
approximately 3 feet above the surface of the runoff plot boxes. Sprinkler spacing along
the boom was 96 to 102 inches. Four consecutive irrigations were applied to the runoff
plots with an irrigation interval of 5 to 10 days to allow the soil surface to dry and soil
profile to drain between irrigations. All irrigation applications were to bare soil
conditions. Only half the length of the irrigation boom was used to apply water to the
runoff plots.

The four sprinkler configurations (treatments) were randomly assigned to the sixteen
plots with one treatment per row and column in order to obtain a Latin Square statistical
design. Twelve of the sixteen plots were covered with waterproof polyethylene tarps to
protect the soil surface and prevent water application when the irrigation boom passed
over the plot area with a particular sprinkler treatment. Then the irrigation boom
sprinklers were changed, the tarps repositioned and the irrigation boom repositioned
and towed upslope over the plot area again to apply a different sprinkler treatment.
Irrigation treatments were completed over a one or two day period. All the tarps were
installed and removed at the same time to minimize differences in soil drying between
irrigation events. Sediment mass in runoff was measured using vacuum filtration and



Table 1. Soil particle size fractions for the three soils used in the study.

Particle Size Fraction (%)

Soil Name Sand Silt Clay
Chijer Fine Sandy Loam 39 45 16
Portneuf Silt Loam 14 65 21
Sluka Silt Loam 27 63 10

filter paper. Statistical analysis of the measurements was conducted using SAS GLM
procedure and Duncan’s multiple range tests for means comparison (SAS, 2007).

The runoff tests were repeated for each soil type (Table 1). Soil was removed from
each runoff plot box by hand and filled with the new soil. The soils used in the test were
obtained from commercial farm fields. A large articulated hydraulic loader was used to
collect soil from the top six inches of the field and load it on a dump truck. The soil was
stock piled on site until used. Soil texture analysis was conduced on each soil using the
hydrometer method.

Results

Texture analysis results for the three soils used in the study are listed in Table 1. The
soils were selected to cover the range in sand and clay fraction available locally. A 25
percent range in sand fraction was fairly evenly split between the three soils. The range
in clay fraction is limited due to the existence of predominately loam and silt loam
textured soils in the local area.

Percent runoff (runoff volume / application volume x 100) for each sprinkler type,
irrigation event and soil type are shown in figures 3 through 5. Target application
depths for the four irrigation events in each series of tests for a specific soil were 0.96,
0.8, 0.6, and 0.6 inches, respectively. In general, the percent runoff for each soll
increased with the number of irrigations. This result is attributed to reduced infiltration
rates caused by soil surface sealing due to sprinkler droplet impact on the bare soil
surface and is consistent with the findings of Thompson and James (1985), DeBoer et
al., (1988), Agassi et al., (1994) and Lersch and Kincaid (2000). The development of a
soil surface seal after the first irrigation was readily apparent for all the soils. Runoff
measurements for a single irrigation event were highly variable despite the controlled
experimental conditions and small distances between plots, limiting detection of
significant differences in runoff among sprinkler types. Sources of random variability
include soil placement and compaction in the runoff plot boxes, soil surface smoothness
and structure, location of box within sprinkler overlap pattern and wind speed and
direction. To minimize the effect these random factors have on detection of significant
differences between sprinkler types, cumulative percent runoff for each sprinkler type
was calculated as the sum of measured runoff divided by the sum of measured water
application for the four irrigation events and statistically compared. Cumulative percent
runoff for each soil type is shown in figure 6. There were significant differences in
cumulative percent runoff between sprinkler types. Overall, the I-Wob sprinkler



(o]
o

%40 . §a
S N N
§30 : § §
£ | : \ \
5 NN BN
& § § §
i Sy N |

Irrigation event

Figure 3. Runoff percentage measured for each of the four irrigation events on the
Chijer fine sandy loam. Columns with the same letter for an irrigation event
are not significantly different at the 0.05 level.
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Figure 4. Runoff percentage measured for each of the four irrigation events on the
Portneuf silt loam. Columns with the same letter for an irrigation event are
not significantly different at the 0.05 level.
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Figure 5. Runoff percentage measured for each of the four irrigation events on the
Sluka silt loam. Columns with the same letter for an irrigation event are not
significantly different at the 0.05 level.
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Figure 7. Approximate relative magnitude of droplet kinetic energy for sprinklers similar
to those used in this study. Adapted from Kincaid (1996).

produced the highest runoff percentage and the R3000 with red plate sprinkler
produced the lowest runoff percentage, for the soils tested. The magnitude of the
differences in runoff percentage between sprinkler types is as great as or greater than
the differences between the soils tested. In general, sprinkler types that visually appear
to more uniformly distribute sprinkler droplets over the wetted area with respect to time
produce the highest runoff percentage. Conventional theory on sprinkler droplet
induced soil surface sealing and infiltration reduction is based on droplet kinetic energy
as the driving factor. Estimated droplet kinetic energy for the sprinkler types used in this
study is shown in figure 7 (Kincaid, 1996). Based on measured droplets sizes and
modeled droplet velocity, the relative ranking of the sprinkler types in order of increasing
kinetic energy is: 1) I-Wob, 2) S3000 spinner, and 3) R3000 red rotator. The results of
this study, figure 5, are not directly related to droplet kinetic energy as determined by
Kincaid (1996). Sprinkler types with the highest droplet kinetic energy have the lowest
runoff (highest infiltration) and vise versa. Possible explanations for this outcome
include incorrect representation of droplet kinetic energy, conventional soil surface
sealing theory does not apply to the soils used in this study, or some unknown factor is
dominating the infiltration and runoff process for the study conditions. Additional
research is needed to examine the infiltration and runoff processes under the study
conditions in more detail in order to explain the results.

Sediment loss per unit of applied water for each sprinkler type, irrigation event and soil
type are shown in figures 8 through 10. Sediment loss is highly correlated with runoff
volume because greater runoff provides a greater opportunity for sediment transport. In
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Figure 8. Sediment loss measured for each of the four irrigation events on the Chijer
fine sandy loam. Columns with the same letter for an irrigation event are not
significantly different at the 0.05 level.
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Figure 9. Sediment loss measured for each of the four irrigation events on the Portneuf
silt loam. Columns with the same letter for an irrigation event are not
significantly different at the 0.05 level.
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Figure 10. Sediment loss measured for each of the four irrigation events on the Sluka
silt loam. Columns with the same letter for an irrigation event are not
significantly different at the 0.05 level.
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general, sediment loss for individual irrigation events closely follows runoff. Cumulative
sediment loss divided by cumulative water application for each soil type was calculated
and statistically compared to reduce the effect of random variability. Cumulative
sediment loss per unit of applied water is shown in figure 11. Significant differences in
sediment loss between sprinkler types exist for each of the three soils tested. The
relative ranking of sediment loss for each soil type closely follow the relative ranking for
runoff. Overall, the I-Wob sprinkler produced the highest sediment loss and the R3000
with red plate sprinkler produced the lowest sediment loss. Sprinkler types that visually
appear to more uniformly distribute sprinkler droplets over the wetted area with respect
to time produce the highest sediment loss. This functional difference may cause
sediment to remain in suspension in overland flow for a longer duration allowing it to be
more readily transported down slope.

Conclusions

Potential runoff and erosion from three Idaho soils were evaluated under emulated
center pivot irrigation using four common commercial center pivot sprinkler types.
There were significant differences in runoff and erosion rates between center pivot
sprinkler types for the soils tested and experimental conditions. The magnitude of the
differences is equal to or greater than the differences soils tested. Overall, the I-Wob
exhibited the highest runoff and erosion rates and the R3000 sprinklers exhibited the
lowest rates for the three soils tested. In general, sprinkler types that visually appear to
more uniformly distribute sprinkler droplets over the wetted area with respect to time
exhibited the highest runoff and erosion rates. The relative differences in runoff
between the sprinklers tested were not directly proportional to droplet kinetic energy.
This outcome is in conflict with conventional theory on soil surface sealing from droplet
impact. Possible explanations include incorrect representation of droplet kinetic
energy, conventional soil surface sealing theory does not apply to the soils used in this
study, or some unknown factor is dominating the infiltration and runoff process for the
study conditions. Additional research is needed to examine the infiltration and runoff
processes under the study conditions in more detail in order to explain the results.
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Abstract: Southwest Kansas is north of the traditional Cotton Belt and considered a
thermally limited area for cotton;, however cotton is being grown as an alternative to corn
to stretch declining water resources. Producers in this region have adopted both
sprinkler and subsurface drip irrigation (SDI), but SDI may result in greater soil
temperatures due to less evaporative cooling compared with sprinkler. This is an
important consideration for cotton production in a thermally-limited climate. A field
demonstration was conducted in 2007 to compare soil temperatures for sprinkler and
SDI planted in cotton. The season started with relatively low temperatures but rapidly
increased. First bloom occurred on July 24 (63 days since emergence) when cumulative
growing degree days (GDD; 60 °F base temperature) reached 847 °F, which was about
100 °F lower from areas in the traditional Cotton Belt. Total GDD from planting date of
May 10 to September 30 was 1907 °F, which was about 250 °F less than that expected
in the Coftton Belt. The daily average soil temperature was about 6 °F greater for SDI
compared with sprinkler. However, lint yield was 1,164 Ib ac™ for the sprinkler irrigated
field, slightly higher compared to 1,005 Ib ac” for the SDI field. This differential in yield
was contributed by timely and higher amount of soil water availability. The sprinkler
irrigated field received about 5.7 inches of water input from rain and irrigation, whereas
the SDI field received only 3.9 inches combined from irrigation and rain. The SDI field
did not receive irrigation after mid-July, but the sprinkler field received irrigation in both
late July and mid-August. Irrigation timing and amount applied had effect on yield.
Amount of residue cover in no-till effected plant population, but plant population had no
effect on yield.

Keywords: Ogallala aquifer, thermally limited area, cotton, SDI, irrigation

Introduction: In Southwest Kansas, the capacities of irrigation wells are declining
with the decline of the Ogallala Aquifer groundwater level. Producers are looking for
alternative crops to conserve water and at the same time maintain economic
sustainability. Farmers in Southwest Kansas and North Plains of Texas are considering



cotton as an alternative crop, which has respectable revenue potential as corn but about
half the irrigation requirement (Howell et al., 2004). Acreages were increasing, but in
2004 the heat units were low for cotton. This adversely impacted yield and quality, and
as a result the acreage declined. It is also possible that cooling due to surface wetting of
canopy and or soil surface from sprinkler or surface irrigation may lower the perceptible
heat units for the cotton plant, especially in thermally limited areas. Subsurface drip
irrigation (SDI) may result in less evaporative cooling from the soil surface and crop
canopy compared with sprinkler irrigation, which could potentially result in earlier
establishment and maturity of the crop. The objective of the study was to compare soil
temperatures, plant development, and yield for cotton irrigated with sprinkler and SDI.

Procedures

Two fields within a one-mile radius operated by the same producer were selected for
the field study and demonstration. One of the fields was irrigated by SDI and the other
was irrigated by center pivot sprinkler system. The sprinkler-irrigated field was
previously planted in corn and had good residual soil water when the cotton crop was
planted. The SDI field was previously planted in grain sorghum for half the length and
soybean in the remaining half of the field. Both fields were cultivated in a no-till method.
At the time of cotton planting on May 10, 2007, the fields had different amounts of
residue cover. The USDA-NRCS Line Transact method was used to determine the
residue cover. The sprinkler irrigated cotton was planted with a 45% corn residue cover
on the field. The SDI field had only 24% residue cover for the portion that grew grain
sorghum. The other half that had soybeans had very little residue.

The residue cover had a big impact on plant stand. Plant population counted initially at
emergence for the sprinkler irrigated field with no-till corn residue (45%) was about
20,000 plants ac™', whereas in the SDI field with Milo residue (24%) the population was
more than 25,000 plants ac™'. Plant population in the clean field area was 62,378 plants
ac™', exceeding target plant population of 50,000 plants ac™ (with a seeding rate of
55,000 plants ac™ indicating that the planter dropped more seed then the calibrated
rate).

Irrigation was done by the producer as and when available. For the first year no control
was imposed. The sprinkler field received 2.5 inches of irrigation and was applied at the
critical stages. Rainfall in this site was recorded as 6 inches. The SDI field received 1.7
inches of irrigation at the rate 0.08 inches per day, which was far below the ET rate.
Irrigation was not available after July 15 for the SDI irrigated field, a very critical period
when the field was in bloom. Rainfall amount at this site was about 4 inches. There was
also severe damage from 2-4-D herbicide drift in the SDI field. The sprinkler field
experienced no damage from herbicide drift and was irrigated until mid-August which
helped the crop at critical bloom stage. A summary of the field conditions are shown in
table 1.

Thermocouples were laid in three rows in each site at 4 different depths- at 0, 2, 4, and
6 inches below surface. Temperature was averaged for each field from 24 hours data
collected at 15 minutes interval. A solar panel installed at each site provided power to
recharge batteries that powered the data logger. Plant growth data were recorded. Yield



reported was based on lint weight from total field production. Hand harvested yield is

also shown in table 1.

Table 1: Summary of field conditions for the study sites

Sprinkler

Subsurface drip

Hybrid: Paymaster 2145-PGR 4
Cruiser

Hybrid: Paymaster 2145-PGR 4
Cruiser

Seed rate: 55,000 per acre

Seed rate: 55,000 per acre

Target plant population: 50,000

Target plant population: 50,000

Planted in no-till corn residue

Planted in no-till grain sorghum and
soybean residue

Residue cover measured using NRCS
line transact method was about 45%

Residue cover in grain sorghum was
24% and minimal in soybean residue
area

Planting Date: 5/10/2007

Planting Date: 5/10/2007

Start of Emergence: 5/23/07

Start of Emergence: 5/18/07

Plant population per acre at emergence
in the count row - 19,863; in harvest
row -22,900

Plant population at emergence in count
row in grain sorghum — 25,090 and in
harvest row 24,891; soybean area at
emergence in count row — 62,378 and
in harvest row — 51,276

Herbicide: Prowl H20 — 5/12/07

Acephate — 6/2/07, Dual magnum &
Omex 22 — 6/19/07, Acephate — 7/5/07,

Prowl — 5/12/07, Omex — 6/2/07, Dual
magnum and Omex — 6/19/07,
Acephate — 7/3/07

Growth control: Pix (10 oz) — 7/10/07

Growth control: Pix (12 oz) — 7/18/07

Water use: Crop ET — 14.3” (5-23 to 9-
30) Reference ET — 33.24”

Irrigation: 2.25”, Rain: 3.46” (effective)
out of 6.53” (Total water input: 5.71”)

Crop ET — 12.95” (5-23 to 9-30),
Reference ET — 33.24”

Irrigation: 1.76”, Rain: 2.19” (effective)
out of 4.6” (Total water input: 3.95”)

The daily average of 6 degrees lower

The daily average of 6 degrees higher

Av. Bolls/plant as of 9/12/07 is 14.5

Average number 14

Plant height — 30.25”

Plant height 33.7”

2-4-D damage: None

Extensive 2-4-D damage

Cotton GDD = 1907 by Sept. 30

Cotton GDD - 1907

Yield 2.2 bales (average harvest value
per acre for the total field). Hand
harvest value about 2.6 bales lint.

Yield 1.93 bales (average harvest
value per acre for the total field). Hand
harvest yield for grain sorghum area
1.3 and soybean area 2.2 bales.




The field trial failed in 2008 due to the lack of initial soil water for planting in the SDI
field. The producer delayed planting as the moisture in the planting depth was
insufficient. Later, the soil surface was scraped aside and seed planted in the favorable
moist zone, but a heavy rainfall event caused soil crusting, which prevented emergence,
and the crop was abandoned.

Results and Discussion:

The cotton crop began to emerge 5 days earlier for the SDI field (May 18) compared
with the sprinkler field (May 23). This may have been more related to fewer residues in
the SDI field resulting in greater daytime soil heating early in the season. Temperatures
recorded for August 10-27, 2007 are presented in Figure 1. Soil temperatures were
about 5-6 °F greater for SDI compared with sprinkler until August 21. Greater soil
temperatures in SDI irrigated fields in the Texas High Plains were also reported by
Colaizzi et al. (2006). In this study it was observed that with the cooling of the season
the soil temperatures came closer and the difference between surface and 15 cm depth
also shrank.
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The yield in the sprinkler field was a little better indicating that irrigation at full bloom is
more critical for yield. The sprinkler irrigated field received irrigation in late July and
early to mid-August, which were critical periods. There was no water available for SDI
field after mid-July, and the total water input was less for SDI field. Although soil



temperatures were greater for the SDI field, final lint yield was probably limited by water
stress during full bloom. It has been reported that use of SDI has resulted in greater
crop yields, greater water use efficiency, better cotton fiber quality, and enhanced crop
maturity compared with typical sprinkler packages (Bordovsky and Porter (2003), and
Colaizzi et al. (2005)

Conclusion

One year field study indicates that a higher soil temperature is maintained in fields
irrigated by SDI. This has potential in contributing to yield and quality of cotton,
especially in a thermally limited area.
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Abstract. In humid regions, agricultural irrigation developed using stream and farm pond water
sources. The same droughts that pushed farmers to irrigate often made these sources
unreliable. Where deep groundwater aquifers existed, wells became the water supply of choice.
In the SE Coastal Plain aquifers are showing signs of over-pumping, and high energy costs are
causing a fresh look at farm ponds. We cataloged and characterized many of the 60,000 water
bodies in the Coastal Plain of Georgia that could be used for irrigation. Proximity to cultivated
fields, catchment area, potential pond storage, and proximity to other users were considered.
Average pond sizes could not supply full-season irrigation for average pivot fields, although they
could for small pivots and other systems. Many pond and catchment sites remain near
irrigatable fields. With proper incentives, the irrigators could increase the capacity of surface
water supplies for irrigation and decrease pressure on groundwater aquifers.

Keywords. Southeast U.S., humid region, farm ponds, man-made, reservoirs, impoundments,
sprinkler irrigation, surface water supply.



Introduction

As with most regions of the country, the Southeast U.S. has experienced the pinch between
water supplies and water demands. Irrigation, mostly by overhead sprinkler systems, has relied
upon self-supplied water sources, especially in the Coastal Plain where most row crop and
vegetable production occurs. No federal or state programs have developed regional reservoirs
or water distribution systems to support production agriculture, and none of the large federal
reservoirs have been purposed for agricultural irrigation.

Initially farmers used surface water sources — streams and ponds - but as they became more
dependent upon irrigated crop production, they came to rely upon groundwater supplies. While
the major aquifers of the region, particularly the Floridan system, are extensive, there are areas
with growing evidence that withdrawals may be exceeding long-term recharge. In the Coastal
Plain, homeowners, municipalities, and most industries are completely dependent upon these
same aquifers. Many are in close proximity to irrigated agriculture. Long term declines in water
tables, or hydraulic heads in confined portions of the aquifers, threaten not only agriculture but
also industries and other commercial and household uses.

Rainfall in this humid region can supply a portion of the water needed for irrigation, just as it
supplies about half of the crops needs directly during the growing season. However, the water
for that irrigation must to be captured and stored until irrigation is needed. Farmers have long
recognized this. Many built or expanded impoundments on their properties to provide at least a
portion of their irrigation water supply.

As the region comes to grips with growing populations, greater competition for existing water
supplies, and more frequent shortages during drought, it has looked at all water supplies and
demands more critically. As with other regions where agriculture faces competition for water, its
water use is being questioned. To the extent that agriculture can secure water that is not in
direct competition with that most other users and does not threaten environmental problems, it
can secure its survival. With abundant rainfall, even in drought years, the Southeast farmers
can probably accomplish this.

Our objective in this study was to determine to what extent could on-farm surface water storage
meets irrigation needs in Georgia. Since all planning is local, we also sought to understand
where current reliance on farm impoundments was greatest.

Background

Irrigated agriculture is a relatively new phenomena in the Southeast. A humid, temperate to
subtropical region, it receives a plentiful supply of rainfall in most years. The rainfall, while never
evenly distributed, occurs year-round. In most years, however, evapotranspiration from native
vegetation and crops will exceed rainfall from May through October. Most of the river systems
are short, extending from the Appalachian Mountains to the sea or Gulf just a few hundred miles
away. This combination places a premium on stored water to see users through the summer
months. In the past farmers accepted the summer shortfall and just lowered their production
expectations. However, in the 1970’s farmers began installing irrigation as new pivots and other
sprinkler equipment became practical for irregular shaped fields and rolling topography. Within a
few years, higher production levels provided a competitive edge, and neither farmers nor their
financial backers were willing to accept risk of drought induced crop failures any longer.



Water supplies for these sprinkler systems, which now cover almost 1.5 million acres in Georgia
alone, include streams, farm ponds, and groundwater, all located on the irrigator’s property. The
dense, dendritic network of streams in Piedmont and Coastal Plain landscapes gave most
farmers direct access to some flowing water, and withdrawals were secured by their riparian
rights. Rights or not, streams of the region generally proved unreliable because of the summer
rainfall-ET deficit. Much of the summer rainfall is intercepted by plants and dry soils before it can
reach the streams, and many smaller streams go dry or have reduced flow when needs for
irrigation are greatest. Farmers turned to their ponds that stored rainfall from the winter excess
and from periodic summer runoff events. Many that were originally built for maintaining livestock
became irrigation water supplies. As farmers turned to irrigation to maximize their production
efficiency, even these ponds were seen as too risky and unreliable. If groundwater was an
option, as it was throughout much of the Coastal Plain, it became the preferred water source.
Not only was the source less dependent upon in-season rainfall, but also wells could be placed
conveniently at the pivot point or other location that minimized pipe and pumping losses.
Harrison documented the transition in water supplies in the triennial Georgia Irrigation Surveys
(Harrison, 2005, ). While the number of irrigation systems supplied from ponds and streams
has remained constant at about 6,000 since the early 1970’s, systems supplied from wells have
increased from fewer than 1,000 in 1972, to 6,000 by 1986, and to more than 10,000 by 2000.

Georgia and US Geologic Survey (USGS) monitor depth of water table or hydraulic head in
wells in the primary aquifers in Georgia. While these records show no long-term water table
declines in the recharge areas of the principal — Floridan — aquifer, declines of up to 1 to 1.5 ftly
have been observed in confined areas of the Floridan aquifer. These declines are particularly
steep in the central Coastal Plain area, and they have persisted for almost 25 years in some
wells. During droughts of 1999 to 2002 and more recently 2007 to 2008, well failures have
affected many who tapped this aquifer shallowly or who relied upon the shallower Miocene
aquifer above it. These are areas with extensive agricultural irrigation. Declines are commonly
seen during the pumping season. These partially rebound during Fall and Winter by hydraulic
heads are not returning to previous Spring levels.

In the Suwannee and Ochlocknee Basins in the Central Coastal Plain and in selected
watersheds within other river basins, withdrawals permitted by the Georgia’s Environmental
Protection Division (EPD) exceed normal summer and fall flows of their streams. Agricultural
withdrawals in Georgia are permitted by pump capacity in gallons per minute with no limits on
the daily or monthly pumping. For direct withdrawals from streams that have a 7Q10 value
greater than 1 cfs, there are low stream flow levels that are supposed to protect stream base
flow, but no surveillance is used to assure that pumps are turned off when these levels are
reached. Normally, farmers stop pumping when flow is too low to keep their pumps primed. This
occurs regularly, especially during the recent drought.

Because stream flow is unreliable, and because many withdrawals are made from the same
stream by neighboring farmers, most have turned to on farm impoundments to catch and retain
water. These farm ponds do provide water storage, but farmers do not always have
impoundments with enough capacity to last through low rainfall periods between runoff-
generating events. Thus many refill their ponds with wells.

As with other areas where agricultural irrigation is practiced, conflicts arise with others who
depend upon the same shared sources of surface and groundwater, and ecosystems are
challenged when natural flows and discharges from groundwater are altered. In the Georgia
portion of the Coastal Plain, agriculture has fewer competitors than found in most irrigated
areas. Most of the surface water withdrawn for irrigation is from stream and river systems that
have few urban centers downstream. Those that are there rely upon groundwater. However, the



regions abundant flora and fauna, well known for its bio-diversity, can be affected when streams
dry earlier, reach lower summer levels, or remain low for extended periods because of
withdrawals. Interstate challenges to surface water withdrawals are based in part upon impacts
on threatened and endangered species. Groundwater withdrawals for irrigation can also
compete directly with other users. Rural and urban homes, municipal suppliers of most
community water systems, and commercial and industrial users are often close enough to be
impacted by farm withdrawals.

Recognizing the value of rainfall and runoff as a source of water in the area, Georgia soil and
water conservationists have identified farm ponds as a viable water storage method for
agricultural irrigation. Using Farm Bill support, they have cost shared on new or enlarged pond
construction when that pond will be used for existing irrigation. This includes systems irrigated
by groundwater. With a view towards understanding the overall potential of farm ponds for
irrigation supply and particularly identifying areas where ponds could be used more extensively
in irrigation, we set out to inventory the existing impoundments and irrigation in the Georgia
Coastal Plain

Approach

Most irrigation in Georgia and other Southeastern States occurs in Coastal Plain regions. We
used US Geologic Survey maps of sub-basins (HUCS8) that covered the Coastal Plain region of
Georgia as study areas (USGS, 2005). In Georgia there are 32 sub-basins in the Coastal Plain.
Ten of these receive part of the main stem flow from upstream areas that lie in the Piedmont
areas of Georgia. These Piedmont streams — Savannah, Oconee, Okmulgee, Altamaha, Flint,
and Chattahoochee — pass through the Coastal Plain relatively untapped by agriculture.
Together, they account for fewer than 0.1% of all permitted surface water withdrawals in the
Coastal Plain. Almost all of the surface water withdrawals for irrigation are from collected runoff
and streams from rainfall that originates on the 32 Coastal Plain sub-basins themselves. We
sought to identify water stored in impoundments in these areas.

No single comprehensive listing or map of all man-made impoundments exists for Georgia, but
several efforts have identified the vast majority of water bodies including impoundments. Water
bodies connected with flowing streams have been mapped with the Southeast NHD+ GIS data
layer (USGS, 2006). The layer did not provide extensive enough mapping of ponds, but it did
provide the most comprehensive mapping of streams in the region, allowing us to understand
the extent to which these streams are impounded. The Georgia Department of Transportation
undertook the mapping of the water bodies following passage of the Safe Dams Act in 1978.
Highway structures including culverts, bridges, and paving are impacted by dam failures, and
during storms impoundments may back up water onto rights-of-way. The DOT mapped water
bodies of all types and sizes for each of the state’s 159 counties (Georgia DOT, 1999).

Overlay of the NHD and DOT data sets showed that most impoundments of NHD were also
mapped by DOT, but their area and shape often differed. In addition 2007 aerial imagery
showed additional water bodies that were missed by both efforts. To get a better idea of the
relationship of these data sets to visible imagery, and to understand where impoundments were
in relation to streams and to each other, we created random transects. Each line was 10 to 25
miles in length with random orientation and starting point in the landscape. All water bodies that
were visible on aerial imagery touched by or intersected by the lines were noted and visible
boundaries for each drawn. Catchment areas were measured using topographic maps. Distance
to nearby upstream and downstream impoundments and stream order and stream number
(expressing the position of the impoundment relative to size of the stream) were noted. Sizes of



remapped ponds were compared with DOT and NHD. Finally distance to nearby irrigated fields
or potentially irrigated fields was measured.

Proximity of impoundments to irrigated fields required map coverage of known irrigation. During
2006-2008, the Georgia Soil and Water Conservation Commission (SWCC) mapped irrigated
field areas as they installed flow meters as per 2003 legislation requiring that all permitted water
withdrawals be metered. Field technicians used GPS to locate existing withdrawal points, pivot
pads, and extent of irrigation hardware, as well as boundaries of irrigated areas for other fields.
These were then mapped in GIS, although for pivots, irrigated area was only shown to the end
tower for pivots and not the additional area reached by the end gun. We increased wetted areas
by 5% to estimate this additional area in computing total irrigation areas from this data source.
Georgia’s Environmental Protection Division (EPD) also maintains a mapping of irrigation in the
State. These were prepared in cooperation with farmers during the permit application and
evaluation process or during county based permit days that attempted to bring early permit
records up to date. Where subsequent field mapping of irrigated area by the SWCC confirmed
these locations, their area values were substituted for EPD’s. Finally, center pivots that were not
mapped in either record set but were visible in 2007 aerial imagery were mapped by systematic
scan of each county’s image. Area and location of each field was accomplished in GIS.

Armed with the extensive mapping of ponds and irrigated fields we began a systematic analysis
to estimate those ponds which could be used in irrigation and conservatively estimating storage
capacities. All ponds of 30 acres or greater were individually inspected and ruled as available or
not available for irrigation. Most were ponds owned or operated by electricity generators,
municipalities, parks and recreation. Others were built as features in housing developments.
Unless they had permitted withdrawals for irrigation (EPD permit records) or were located in
areas adjacent to cropland, these were considered unavailable for irrigation. On the other end of
the scale there were numerous impoundments created as landscape features, fire protection
and livestock watering on individual rural properties. Although small ponds may be drained for
irrigation in drought years, ponds under two acres do not provide enough storage for more than
a single irrigation on an average irrigated field or perhaps two on a small fields. More commonly
when these are used in irrigation, a well is used to refill the pond and hold water that will be
pumped out at a rate greater than wells in the area could supply directly for irrigation. Ponds
one acre or larger that were not otherwise designated for non-agricultural uses formed the base
area for potential surface water storage in the Coastal Plain sub-basins.

Storage capacity was not recorded in either USGS or DOT records of water bodies.
Topographic maps can provide estimates of depth of water at the impoundment dam. However,
with 10 ft contours in many areas these would be very rough. Instead we used estimates of
depth to area as provided by NRCS employees who design these ponds. From their estimates,
we used a conservative storage of five feet as an average over all surface area of the pond.
This may be too high for older ponds partially silted in from uphill and upstream soil erosion. It is
too low for new ponds, especially those over 5 acres in area.

Results

Impoundments in Coastal Plain

Transects intersected 161 pond areas. Almost 65% of these had not been mapped by USGS in
its National Hydrologic Data set; however almost all of them were included in Georgia DOT
maps. Sizes of these impoundments varied from one to 220 ac, with an average of 11.7 ac. The
distribution of pond sizes (Fig. 1) though shows that 75% have less than 9 ac surface area.
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Figure 1. Distribution of pond sizes in the random sample of 161 impoundments
intersected by random transects in the Georgia Coastal Plain.

We traced the source of water feeding the ponds. Catchment areas varied from 17 to more than
10,000 ac with average catchment of 900 ac. With less than 5% runoff from a catchment area
following a 1 inch storm, the average catchment could provide 45 ac-ft, easily filling most small
impoundments that have less than 9 ac surface area.

In the Coastal Plain, most impoundments are formed as a dam is placed across a water course.
Of the 160 random ponds studied in detail, 84 or 52% were built across drainage ways that
normally have no flow (off-stream). These ponds catch runoff during and immediately after a
rainfall event, In a few cases interflow and even seepage from permanent water tables may
support the pond. Ponds in these off-stream positions do not interfere with migration of fish or
other stream life. These ponds in the Coastal Plain do typically include wetlands soil areas. New
ponds require wetland mitigation if they are large, but the US Army Corps of Engineers has
given blanket permission to NRCS to exempt small farm ponds for irrigation from wetland rules.
While covering wetland areas near drainage ways is common, other parts of the impoundment
lie outside of the wetland. This is because broad wetland areas are generally not suitably
shaped for pond construction.

In addition to the 52% of ponds that were off-stream, another 36% were on first order streams.
This section of the stream is the most upstream segment of flowing water in a stream system. In
addition to runoff, first order streams typically are sustained by interflow and seepage from
surrounding shallow water tables. They tend to dry up in drought years, but they can refill or
maintain pond storage capacity between rainfall in other years. Generally speaking first order
streams would have 7Q10 flows of less than 1 cfs, and EPD would not require low-flow shutoff
for permitted withdrawals from these streams or ponds on them. Just 10% of ponds were on
second order streams — below junction of first order streams — and only 2% of the ponds were
on third order streams.



The topography of the area makes construction of large ponds impractical, however, many land-
owners build one pond below another in a ‘string-of-pearls’ fashion. Of the transected ponds 46
or 28% of the ponds had at least one pond upstream. On average these were 0.59 mi upstream.
There were 71 ponds, 44%, with a downstream pond located an average of 0.55 mi
downstream. The close proximity provides options for management including draining an
upstream pond to refill a downstream pond if pumping empties it during long rainless periods.

Analysis of ponds mapped by DOT in Georgia is startling. By their classification 81,000 water
bodies have been built in the Coastal Plain. These include everything from the largest reservoirs
to small dugout ponds located on individual properties. Some canals and industrial lagoons and
waste storage ponds were also identified. We examined the classification of all industrial sites
where they showed one or more ‘reservoirs” by their terminology using 2006 and 2007 aerial
imagery. Often nearby “lake/ponds” had to be added to these sites as industrial . All lakes and
ponds greater than 30 acres were also examined. Many of these are operated by others, and
they often prohibit agricultural withdrawals. We classified these as power dams or regional
reservoirs. A few were also mislabeled natural lakes or lagoons.

Of those impoundments remaining there were 80,000 classified as man-made structures. The
distribution of sizes for these are shown in Fig. 2. We removed 35,234 ponds that were drawn
with less than 1.0 ac surface area. Most of these would be considered landscape and livestock
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Figure 2. Distribution of pond sizes among the 44,700 ponds mapped by DOT that were
greater than 1.0 acre in surface area.

ponds, although some much bigger than 1.0 ac could fit this category as well. The remaining
44,760 ponds included almost 58% that were less than 3 ac in size. Together ponds greater
than 10 ac made up less than 10% of all the ponds in the Coastal Plain. Without reconstruction
or enlargement, impoundments for irrigation are made up primarily from small ponds. However,
the number and distribution of these ponds makes many accessible for irrigation.



Irrigation Proximity to Ponds

Irrigated areas mapped in Georgia show that there are 26,900 irrigated fields covering 1.344
million irrigated acres (Table 1). In the Georgia Department of Natural Resources designated
Flint River Basin there are three sub-basins that have irrigated fields covering more than 20% of
the basin’s area. in the

Table 1. Irrigated field number and area by sub-basins (HUCS8) in the Georgia Coastal
Plain, computed ratios of irrigated area to sub-basin area, and humber of potential farm
ponds in the subbasin.

DNR River Irrigated  Irrigated Irrigated Ponds
Basins Sub-basin fields fields area/basin
no. ac % no.

Altamaha Altamha 515 16,850 1.88 1,657
Altamaha Ohoopee 504 18,248 212 2,655
Chattahoochee Middle Chattahoochee 178 5,851 0.32 812
Chattahoochee Lower Chattahoochee 716 36,998 4.63 399
Flint Middle Flint 2,226 132,449 13.27 1,534
Flint Kinchafoonee-Muckalee 1,605 84,572 11.98 808
Flint Lower Flint 2,231 174,472 21.35 1,284
Flint Ichawaynochaway 2,187 118,569 16.75 979
Flint Spring 2,388 146,944 29.06 739
Flint Apalachicola 44 2,183 3.57 49
Ochlockonee Apalachee Bay-St. Marks 8 230 0.15 100
Ochlockonee Upper Ochlockonee 1,278 51,484 8.65 2,623
Ochlockonee Lower Ochlockonee 264 13,094 5.1 398
Ocmulgee Lower Ocmulgee 1,867 96,145 6.46 2,930
Ocmulgee Little Ocmulgee 390 15,699 3.05 1,309
Oconee Lower Oconee 376 14,027 0.91 2,997
Ogeechee Upper Ogeechee 457 30,494 2.60 1,785
Ogeechee Lower Ogeechee 448 25,521 3.18 1,695
Ogeechee Canoochee 805 27,054 3.05 2,960
Ogeechee Ogeechee Coastal 26 561 0.06 532
Satilla Satilla 1,751 61,797 3.61 3,717
Satilla Little Satilla 360 16,239 3.19 597
Satilla Cumberland-St. Simons 15 367 0.07 316
Savannah Middle Savannah 93 7,936 0.68 1,055
Savannah Brier 192 14,667 2.70 948
Savannah Lower Savannah 105 5,844 0.98 483
St. Mary St. Marys 21 573 0.08 200
Suwannee Aucilla 89 5,357 2.77 258
Suwannee Upper Suwannee 44 1,012 0.08 308
Suwannee Alapaha 2,356 89,669 8.14 3,352
Suwannee Withlacoochee 1,121 51,916 6.26 2,560
Suwannee Little 2,276 77,520 13.57 2,971

The comparison of pond numbers versus irrigated field numbers gives some impression of
disparities that exist in some of the heavily irrigated sub-basins (Table 1). For example in the
five sub-basins of the Flint basin that have large numbers of irrigated fields, each has fewer
ponds than irrigation systems, often by half. In most of the other basins, ponds outnumber



irrigated fields by more than 2:1. The Lower Flint River Basin which includes all or most of the
sub-basins shown, is known as the Dougherty Plain. The region is unsuited to pond
development. The terrain is nearly flat, and it has few streams. It has karst topographic features
from the underlying thinly covered formations that make up the Floridan aquifer. In addition to
unsuitable pond sites, shallow and productive wells can provide as much water as irrigators
need.

In the Suwannee’s Alapaha, Little, and Withlacoochee sub-basins, irrigation systems are also
numerous. Here however, the Floridan is overlain by a thick clay and sand layer that serves as
an aquiclude preventing recharge to the Floridan. The area can be tapped by wells in most
areas, but bore holes are deeper and pumping rates lower than in the Dougherty Plain. The
rolling topography known as Tifton uplands and underlying clay created a well-developed
network of streams, and ideal pond sites are numerous. Farmers in this area build and depend
upon surface water impoundments for part of their water supply. This is also the area where the
greatest declines in groundwater head have been observed. Increasing dependence upon
surface water here may help stabilize groundwater levels.

While sub-basin examination gives some idea of areas where both ponds and irrigated fields
are numerous, it does not show whether they are close enough to irrigated fields to be put to
that use. We looked at transect data to help clarify that. Ponds with pumps permitted or metered
for irrigation withdrawals were obvious indicators of proximity. Approximately 25% of random
ponds in our Coastal Plain transect survey had permitted or metered pumps in place.
Additionally, aerial imagery showed that 66% of the random ponds had a farm field within 1300
feet of the edge of the pond. The quarter mile pumping distance is approximately the point at
which pipe and installation begin to approach the cost of a well in the region. However, given
low yield of some wells, farmers may chose to pump further from a reliable surface water
source.

Irrigation Demands versus Supply in Impoundments

Irrigation amounts in the Georgia Coastal Plain were observed between 1999 and 2004 through
the Ag Water Pumping study (Hook et al. 2005). For five years, almost 800 farms fields from
randomly selected permitted withdrawals were metered. Monthly observations of crop type and
irrigation were recorded by a team who drove throughout the region. Data was summarized by
water source, sub-region, basin, county and irrigation type. Farmers who irrigated directly from
wells applied more water than farmers who used surface water sources. Three of the
observation years were during the prolonged 1998- to 2002 drought in the Southeast. Farmers
had difficulties obtaining surface water from streams, and ponds did not refill before later season
irrigations were needed. Most who used wells, including those who used wells to refill their
ponds met reasonable needs for irrigation, as they judged adequate. Because we see these
groundwater source irrigation as a truer measure of farmers intention to irrigate, we used the
average application depths for them to estimate the irrigation water supply that would be
needed if farmers relied upon water stored in the regions ponds. Those irrigation application
depths are shown (Table 2) under each basin as a range. The lower number was application
depths observed in the basin for 2004, an average year, while the higher value was average
application depth for 2000, 2001and 2002, all drought years. The application depths vary by
watershed in part because of differences in predominant crops, irrigation systems, soils, and
production levels. For the comparison with pond capacity the upper or drought year value was
used to compute irrigation amount in ac-ft/year (Table 2) from irrigated acres (Table 1).



Table 2. Irrigation requirements (demand) by sub-basin in drought years, total of pond
surface area, estimated pond capacity as computed as 50 % of ponds available for
irrigation and all ponds have 5 ft of water over their surface area. Percent of annual
irrigation requirement that could be met by that estimated pond capacity for each sub-

basin.
DNR Irrigation Pond Pond Annual
Watershed Sub-basin requirements area capacity  Supply
ac-ft ac ac-ft %
Altamaha Altamha 8,140 6,163 15400 100
5.2-5.8 infyr Ohoopee 8,820 10,031 25100 100
Chattahoochee Middle Chattahoochee 4,920 4,099 10200 100
7.9-10.1 infyr Lower Chattahoochee 31,100 1,634 4090 45
Flint Middle Flint 111,500 6,954 17400 16
7.9-10.1 in/yr Kinchafoonee-Muckalee 71,200 4,726 11800 16
Lower Flint 146,800 6,706 16800 17
Ichawaynochaway 99,800 6,834 17100 17
Spring 125,400 2,936 9840 8
Apalachicola 1,840 144 360 20
Ochlockonee Apalachee Bay-St. Marks 335 709 1770 100
7.8-17.5 inlyr Upper Ochlockonee 75,100 10,687 26700 36
Lower Ochlockonee 19,100 1,701 4250 22
Ocmulgee Lower Ocmulgee 140,200 13,022 32600 23
7.3-10.9 in/yr Little Ocmulgee 22,900 5,268 13200 58
Oconee 8.0-
11.8 infyr Lower Oconee 13,790 14,567 36400 100
Ogeechee Upper Ogeechee 31,000 8,914 22300 72
9.3-12.2 in/yr Lower Ogeechee 25,900 7,698 19250 74
Canoochee 27,500 12,794 32000 100
Ogeechee Coastal 570 2,493 6230 100
Satilla Satilla 36,600 13,181 33000 91
5.1-7.1 infyr Little Satilla 9,600 2,391 5980 62
Cumberland-St. Simons 217 1,368 3420 100
Savannah Middle Savannah 8,070 4,854 12140 100
9.3-12.2 in/yr Brier 14,900 4,327 10820 73
Lower Savannah 5,941 2,022 5060 85
St. Mary St. Marys 837 2092
Suwannee Aucilla 3,040 1,348 3370 100
5.2-6.8 in/yr Upper Suwannee 573 860 2150 100
Alapaha 50,800 15,982 40000 78
Withlacoochee 29,400 12,597 31500 100
Little 43,900 11,867 29700 68

Pond area, the sum of all potential agricultural ponds within a basin was shown in Table 2.
Since the transect study showed that already 25% of ponds are involved in irrigation and that
66% were close enough to fields to be used in irrigation, we examined the impact of doubling
active irrigation from 25% to 50% of the farm ponds in each basin. Further we assumed that the
average pond could yield 5 ft of water over the entire surface area of the ponds. While this could
readily be obtained from larger and deeper ponds, some of the smaller ponds may require one
refilling to provide that much water, a likely occurrence in most years including drought years in
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the Coastal Plain. Pond capacity thus was computed as surface area X 0.5 X 5 ft for each sub-
basin.

In two thirds of the sub-basins, all of the regions irrigation could be supplied from ponds if 50%
of them were used in irrigation as described. The greatest disparity between irrigation demand
and pond capacity occurred in the Flint and Ochlockonee Basins. As mentioned earlier the Flint
has a plentiful supply of groundwater and little opportunity for increased ponds, particularly in
the Dougherty Plain area of the Flint. One fifth to one third of the demand could be met in the
Lower and Upper Ochlockonee sub-basins. This is an area where pecan groves, sod farms, and
ornamentals are produced and demand is higher her than in most basins. In most of the
remaining sub-basins 50% or more of the annual demand could be met if pond withdrawals
were increased. In many cases a single filling at the start of the growing season would suffice if
seepage and evaporation did not reduce available water in storage.

With an average area for DOT-mapped ponds only 4.5 acres, average pond sizes could not
supply full-season irrigation for average pivot fields of 100 acres as indicated in Georgia
Irrigation Surveys (Harrison 2005a,b). However, with ponds doubled up and for smaller pivots
and other fields, average and larger ponds could serve needs of most farmers of Georgia.

Conclusion

Ponds have been built in Georgia Coastal Plain for many reasons. The relationship of ponds to
irrigated field numbers suggests that many were built in part to support irrigation. However,
ready access to the Floridan aquifer in most areas of the Georgia Coastal Plain has led many to
depend more heavily upon groundwater for irrigation supplies. Analysis of pond humbers,
current use for irrigation, and proximity to irrigated fields suggests that in areas where
groundwater supplies are overtaxed, farmers could turn to surface water as a reasonable
alternative for areas outside of the Flint River basin. With proper incentives, the irrigators could
increase the capacity of surface water supplies for irrigation and decrease pressure on
groundwater aquifers.
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Abstract. A procedure is presented that allows crop coefficient values, as described in FAO-56,
to be easily adjusted to meet local conditions. Values are adjusted vertically based on FAO-56
procedures and internal weather databases.

The paper calculates the season length of corn and soybeans based on Relative Maturity and
Maturity Group, respectively. Within the determined growing season, the period of time for the
four growth periods was determined by empirical equations relating length in days to air
temperature. This is a logical procedure, as common sense dictates that the initial period
would be longer when planting is done when the weather was cool, as opposed to when it was
warm.

The paper shows how available national weather databases can be used to calculate K-c _ini,
which can be difficult to calculate due to the background information required.

Keywords. Crop coefficients, irrigation scheduling, FAO-56.

Introduction

This paper is based primarily on procedures to adjust crop coefficient (K.) values as described
in FAO-56, Crop evapotranspiration - Guidelines for computing crop water requirements - FAO
Irrigation and drainage paper 56 (Allen et al., 1998). Adjustment procedures of K; values allow
one to take default K. values as suggested in FAO-56 and make them more accurate for local
conditions. Crop coefficient values are used in the following way to predict water use:

ET, = ETox K. Eq. 1

Where, ET, is the water use of the crop in question (mm or inches)
ET, is reference evapotranspiration (mm or inches)

FAO-56 is actually very Spartan in concept, only dealing with three K; values to describe
conditions of the entire growing season; these points are: Kc_ini, Kc-mid, and Kc-end. Based on
local climate conditions, these values can be increased or decreased, and is referred to as
vertical adjustment.



The horizontal location of these three cardinal values is based on the number of days in each of
the four crop stages (initial, development, mid-season, and end) for the crop in question. For
each of the many crops discussed in FAO-56, there are generally four or five examples provided
from around the world showing the length of time (i.e., the number of days) in each period.
Adjusting the length of any of the periods, initiates horizontal adjustment. Through the three
points which lay out horizontally based on values for the growing periods, a curve is constructed
encompassing the whole growing season and is known as the crop coefficient curve (figure 1).

In the authors’ opinions, FAO-56’s weakest component regarding crop coefficients has been the
lack of procedures to better determine Growth Period lengths. This paper attempts to provide a
methodology to better determine growth period lengths using local weather information and
other factors.

Corn (RM 115) for Charleston, MO (single coefficent)
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Fig. 1. A seasonal crop coefficient curve developed for corn in SE Missouri, showing the three
cardinal K. values in pink which can be vertically adjusted. Adjusting the lengths of time for each of
the four periods (separated by the blue dashed lines) provides horizontal adjustment.

VERTICAL ADJUSTMENT - Coefficient Values

Crop coefficients are of two types. The most commonly used are the single crop coefficient
(K;). This one is used when crop transpiration (T) and soil evaporation (E) are combined jointly.
The dual crop coefficient (K +Ke) is used when T and E are calculated separately. The single



crop coefficient value will be higher since it has to account for water loss through both T and E.
Also, the amount of rainfall events is significant early in the season before canopies close.

Suggested values for both types of coefficients are provided in FAO-56. These values were
derived from locations having an average daily minimum Relative Humidity value of 45% and an
average daily wind speed of 2 m/s. Locales with different weather parameters can have their
coefficient values adjusted using a simple equation (Allen, et al., 1998). Table 1 shows the
factors used for adjustment for the three cardinal coefficient values of both types of coefficients.

Table 1. Factors used in adjusting crop coefficient values.

Period Coefficient

Type of coefficient

Kc_—ini Kc_mid Kc-end
~ETo . ~ crop height
5 ; ~crop height "
Single crop coefficient (K.) 5 gi?t?r?;%;:hwemng ~ min. RH 5 wil:a RH
~ soil type ~ wind ~ desired harvest conditions
~ crop height : (r:r:i?\p Ig|e_:ght
Dual crop coefficient (K,) No adjustment ~ min. RH 5 wina
~ wind

~ desired harvest conditions

The most difficult data to collect needed to modifying crop coefficient values are those data
needed for the Kc_ini value of the Single crop coefficient. However, the U.S. Department of
Commerce has on line a database of about 300 cities in the US and its possessions that shows
the data required to calculate the adjustment (U.S. Department of Commerce, 2008). Data on
the number of rainfall events > 0.01 inch per month is used in the equation. Since rainfall on
adjacent days is only counted as a single event, it is important to reduce the number or the
Kc_ini value will be too high. A factor of 0.5 works well in Missouri. Figure 2 shows a print out
of Kc values.

Kc values from Kc values Modified by Kc values being
literature local weather Used

Kc-ini [beg] | 0.30 | see Table 1 below | 0.73
Kc-ini [end] 0.84
Kc-mid 1.20 1.15 1.17
Kc-end 0.35 0.35 0.50

Table 1. Kcini values
0.58
0.59
0.64
0.66
0.67
0.68
0.66
0.67
0.67

Fig. 2. Crop coefficient values modified with data in NOAA databases.



HORIZONTAL ADJUSTMENT - Lengths of the Growing Periods

FAO-56 provides helpful information on growth period length. An example, compiled from FAO-
56 data on soybeans is shown in Figure 3. It has four locations and the differences in season
length vary from 85 days to 135 days. This could be problematic for someone trying to
construct a Kc curve for his own locale. One benefit of the data, however, is that the length of
the Growth Periods can be seen as a percentage of the whole season. Once the expected
season length is determined, for your locale then these percentages — converted to number of
days- will be a good starting point.

Background on: Determining the length for the 4 growth periods
Literature Review (from FAO-56) on Length for Various Periods
Initial Development Mid-Season Late-Season Total Plant Date Region
Lit Result 1 15 15 40 15 85 Dec Tropics
Lit Result 2 20 35 60 25 140 May Cent USA 1
Lit Result 3 20 30 60 25 135 May Cent USA 2
Lit Result 4 20 25 75 30 150 June Japan
Lit,Result 5
LitIResuIt 6
Lit Average (days): 19 26 59 24 128
Lit Average (% of days): 15% 21% 46% 19%

Fig. 3. Typical growth period length data as reported in FAO-56.

Calculating Season Length

CORN. The termination date of corn can readily be predicted. The corn HU growth model
(86¢°F / 50-F) that is universally used was developed at Texas A&M University in the 1950s
(Gilmore and Rogers, 1958). Seed companies have made use of it for many years to predict
both silking (very important for breeders) and black layer (important in quantifying the growing
period required) in their hybrids, so its accuracy has been well established. However, seed
companies use another scale to actually categorize hybrid season length, Relative Maturity
(RM). RM is the estimated length in days of a hybrid’s season. Farmers in a location may
commonly have a 10-day span in the hybrids they are using. For example, in southeast
Missouri (SEMO) the normal range in hybrids is RM 109 to RM 119. This in itself represents
about a 10% error for irrigation programs that deal with corn generically. On top of this, RM
values are only approximations based on “average” planting dates for that region, outside of this
planting window and local weather patterns, the RM values loose accuracy. For example, in
SEMO a hybrid with a RM value of 113 could have a season length ranging from 76 to 124 days
depending if it emerged 1 Apr or 1 Jun.

Seed companies normally provide data on HUs to black layer (HUy). In cases where it is not
known, the RM value can be used to predict HU, as seen in Equation 3.

HU,, =—(0.0063 x RM *) +(2.20742 x RM *) — (204.17 x RM ) + 8407.5 (Eq. 3)
If where
HU, = > HUs (86°F limit on max. temperature and 50°F-base) to black layer [°F]

RM

seed company rating system for hybrid season length [days]

Figure 4 shows the relationship of RM to Heat Units.
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Fig. 4. Heat Units to black layer and silking based on RM of corn.

SOYBEAN. The termination date of soybean is more difficult to determine since most soybeans
are day-length sensitive. Based on their normal growing period soybean varieties are
categorized by Maturity Groups (MG). The smaller the MG value, the shorter the season.
Farmers in Missouri plant varieties with MG values ranging from Il to VII. An equation was
developed to predict the expected season length of a soybean variety based on its MG, date of
planting, and latitude. Data for this model (Eq. 4) was gathered from reported variety tests
conducted throughout the Midwest and mid-South that utilized varieties with varying MG values
and which reported soybean termination dates for the varieties in the trial.

L =—-(0.71x DOY) +(0.0015 x DOY *) + (0.92 x Lat) + (9.1x MG) +127.6 (Eq. 4)
where
L = the season length [days]
DOY = numerical day of year of planting
Lat = latitude of location [°F]

MG = Maturity Group of soybean variety



Calculating Lengths for Each Growth Period

Since the farmer knows the planting date and Eqgs. 3 and 4 will be used to determine crop
termination, the season length is now known, thus a reasonable time framework is laid out on
which to building the crop coefficient curve. Empirical studies were used to determine the
number of days from planting until end of the initial period and from planting unit the end of the
development period based on air temperature. This is a common sense approach and it will
lengthen those periods when planting occurs early and it is still cool. Figure 5 shows the

results.

60 y = -0.0022x2 - 0.4705x + 78.833
R?=0.9919
50 T~
y =-0.0176x% + 1.3582x + 13.814
% R? = 0.9967
' —
o O Soy - Kc ini
8 o Soy - Kc dev
..6 30 ~ o Corn - Kc - ini
- o Corn - Kc - dev
e
()] =
5 20 = =
J w
y =-0.0076x? + 0.5093x + 23.34
R?=0.9972
10 +— y =-0.003x? + 0.1539x + 20.903
R? = 0.9969
0 T T T
40 50 60 70 80
Average Temp (F)

Fig. 5. The amount of time for the initial and development periods for corn and soybean based on
temperature.

A period of 24 days was defaulted as the length of the /ate period. This value plus the values
from Fig. 5 are used to determine the length of the mid period, which is the residual of season
length minus the values for the other periods.

Conclusion

Most irrigators and irrigation programs probably use off-the-shelf crop coefficient values taken

from FAO-56. This procedure allows the values to be easily modified to local conditions based
on that locale’s weather. An on-line Kc value generator will be added to the Missouri Irrigation
website in the future (http://agebb.missouri.edul/irrigate/index.htm).
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Evaluating Airborne Remote Sensing ET
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Abstract

Growth of population, agriculture, and industry are increasing the demand for
water. As competition for water increases, use of water for production of crops must
become more efficient. Thus, saving water by managing irrigation systems better may be
possible if irrigation scheduling is improved by accurately estimating spatially distributed
actual evapotranspiration (ET). ET can be estimated using energy balance algorithms
that use agrometeorological and remote sensed surface reflectance/temperature data. In
this study, the objective was to evaluate spatial ET estimates obtained with a modified
energy balance-based Two Source Model (TSM). For this purpose, two high-resolution
aircraft images acquired during the 2008 Bushland Evapotranspiration and Agricultural
Remote Sensing Experiment (BEAREXO08) at the USDA-ARS Conservation and
Production Research Laboratory, Bushland, TX, were used. Predicted ET values for
cotton fields were compared with measured ET from eddy covariance systems using a
heat flux source area function. Results showed that the TSM slightly under estimated ET
by 0.5 mm d™, (or -5.1%) with a standard deviation of 0.6 mm d”'. Overall, the modified
TSM performed well for LAl values less than 1.5 m? m™. Further research will test the

modified TSM for cotton LAI values larger than 3 m*m™.

Keywords: Southern High Plains, semi-arid environment, remote sensing, two
source energy balance model, water management.
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Introduction

Remote sensing (RS) derived evapotranspiration (ET) values can
potentially be used as in input in irrigation scheduling and in hydrologic
simulations In addition, seasonal ET may be used to assess the overall irrigation
project efficiency, provided volumes of water pumped (or diversions) had been
measured, i.e. in groundwater management in arid and semiarid regions like the
Southern High Plains.

Most of the RS algorithms used to estimate crop ET are based on the land
surface energy balance (EB) model. These algorithms are based on the fact that
ET is a change of the water state, from liquid to vapor, depending on available
energy (net radiation at the surface less the energy into the ground), Su et al.
(2005).

Remote sensing (RS) based surface energy balance for land provides
instantaneous estimates of latent heat flux (LE) or evapotranspiration (ET); and
has been recognized as a feasible method to mapping spatially distributed crop
water use (Jackson, 1984).

In terms of remote sensing based EB models, there are several algorithms
available in the literature. Gowda et al. (2008) present a description and
discussion on most of the EB models that use remote sensing inputs for
agricultural water management. Most of the EB models are single source
models, e.g. SEBI (Menenti and Choudhury, 1993), SEBAL (Bastiaanssen et al.,
1998), SEBS (Su, 2002), METRIC (Allen et al.,, 2007), etc. These models

estimate different components of the EB assuming that the surface heat fluxes



originate from a source that is the composite of vegetation and background soil
(substrate).

However, there is a fundamental problem in representing a heterogeneous
(sparse, non-uniform) surface as a single layer or source because of the
significant influence of the soil/substrate on the total surface EB. Thus, the
surface resistance to evaporation has lost physical meaning because it
represents an unknown combination of stomatal resistance of the vegetation and
resistance to soil evaporation (Blyth and Harding, 1995). This resulted in the
development of two-source approaches or models (TSM), where the energy
exchanges of the soil/substrate and vegetation are evaluated separately
(Shuttleworth and Wallace, 1985); i.e. more physically based models that
differentiate or partition the EB terms, R,, H, and LE between the soil and the
vegetation canopy, Norman et al. (1995).

Norman et al. (1995) and Kustas and Norman (1999, 2000) developed
operational methodology to the two-source approach proposed by Shuttleworth
and Wallace (1985) and Shuttleworth and Guerney (1990). Their model showed
good agreement with observations (made with meteorological flux stations, eddy
covariance/Bowen ration EB systems) over sub-humid prairie, semi-arid shrub,
and fully irrigated crops. The TSM methodology generally does not require
additional meteorological or information over single-source models; however, it
requires some assumptions such as the partitioning of composite radiometric
surface temperature into soil and vegetation components, turbulent exchange of

mass and energy at the soil level, and coupling/decoupling of energy exchange



between vegetation and substrate (i.e., parallel or series resistance networks).
The energy exchange in the soil-plant-atmosphere continuum is based on
resistances to heat and momentum transport, and sensible heat fluxes are
estimated by the temperature gradient-resistance system. Radiometric
temperatures, resistances, sensible heat fluxes, and latent heat fluxes of the
canopy and soil components are derived by iterative procedures constrained by
composite, directional radiometric surface temperature, vegetation cover fraction,
and maximum potential latent heat flux.

In an evaluation study, Chavez et al. (2008) found out that the Norman et
al. (1995) and Kustas and Norman (1999) TSM algorithm for low biomass (Leaf
area index, LAI, less than 3 m? m™) resulted in large under predictions of ET.
They added that the ensemble sensible heat flux was better estimated when the
surface aerodynamic resistance term was eliminated from the sensible heat flux
originating from the ground, in the parallel resistance network model.

Regarding the evaluation of ET estimated using remote sensing imagery,
as input in EB models, using measured ET by eddy covariance systems, Chavez
et al. (2005) demonstrated that using heat flux source area functions (footprint
models) was more appropriate than employing simple AOI (area of interest)
polygons that average ET pixels upwind of the eddy covariance tower location.

In this study, a modified TSM, Chavez et al. (2008), was applied to very
high spatial resolution airborne remote sensing imagery acquired over cotton
fields in the Southern High Plains (SHP) to derive ET. Furthermore, spatially

distributed ET pixels were weighted and integrated using a heat source area



function (footprint) for comparison to ET measured with eddy covariance systems

in order to assess the performance of the modified TSM.

Materials and Methods

Study area

Field data collection and coinciding acquisition of high resolution remote
sensing data was made during the 2008 cotton cropping season at the USDA-
ARS Conservation and Production Research Laboratory (CPRL), located in
Bushland, Texas. The geographic coordinates of the CPRL are [35° 11’ N, 102°
06’ W], and its elevation is 1,170 m above mean sea level. Soils in and around
Bushland are classified as slowly permeable Pullman clay loam. The major crops
in the region are corn, sorghum, winter wheat, and cotton. Wind direction is
predominantly from the south/southwest direction. Annual average precipitation
is about 562 mm while about 670 mm of water are needed to grow cotton.
Although, only 280 mm of water (depth) fall as precipitation during the cotton

growing season, New (2005).

Eddy covariance

Eddy covariance is based on the direct turbulent measurements of the
product of vertical velocity fluctuations (w’) and a scalar (e.g. air temperature,
water vapor, carbon dioxide, horizontal wind speed, etc.) concentration
fluctuation (c’) producing a direct measurement of H, LE, CO,, and momemtum

(shear forces) fluxes respectively; under the assumption that the mean vertical



velocity is zero, i.e. if turbulence is treated as a set of flucturations about a mean
value, which is called Reynolds averaging, then the value of any variable at a
given time is the sum of a temporal mean (over some time period) plus an
instantaneous deviation. EC principles and history can be found in Hipps and
Kustas (2001), and Shuttleworth (2007) respectively. Burba and Anderson
(2007) provide an on-line guidelines for EC method installation, use,
maintenance, data post-processing, etc.

Two identical eddy covariance (EC) systems were installed on the East
weighing lysimeter experimental fields managed under irrigation (a NE field and a
SE field; Fig. 1), [4.7 ha each, i.e. 210 m wide (East-West) x 225 m long (North-
South)], close to the center of the field and downwind of the predominant wind
direction. Cotton was planted on May 21, 2008, on these East fields; and these
fields started being irrigated (Lateral Move) on May 23. The NE field had N-S row
orientation while the SE field had E-W row orientation like all prior Bushland ET
research. Each EC system consisted of a fast response 3D sonic anemometer
(model CSAT3, Campbell Scientific Inc., Logan, UT), a fast response open path
infrared gas (H2O and CO,) analyzer (model LI-7500, LI-COR Inc., Lincoln, NE),
a fine wire thermocouple (model FW05, Campbell Scientific Inc., Logan, UT), an
air temperature/humidity sensor (model HMP45C, Vaisala Inc., Woburn, MA),
and a micrologger (model CR3000, Campbell Scientific Inc., Logan, UT). A
constant air density measured as the mean for each 15-min period was used
(model CS106, Vaisala PTB110 barometer, Campbell Scientific, Logan, UT) to

compute the flux terms.



The EC system measured turbulent fluxes at a 20-Hz frequency (20
measurements per second) and 15-min average LE and H fluxes were
computed. Both EC systems were installed at a 2.5 m height above ground level.
The CSAT3 sensor was oriented towards the predominant wind direction, with an
azimuth angle of 225 degree from true North. The magnetic declination angle

was taken into account in the EC program.

Figure 1. Three-band false color composite reflectance image, DOY 178,
showing location of eddy covariance towers (circles) and grass reference
weather station (square).



Airborne Remote Sensing Data

The Utah State University (USU) airborne digital multispectral system was
used to acquire multispectral remote sensing data at 1-m spatial resolution for
visible and near-infrared, and 4-m for thermal-infrared portions of the
electromagnetic spectrum. This is a third generation of the system originally
described by Neale and Crowther (1994), based on digital frame cameras but
following similar image calibration procedures. The USU multispectral system
comprises of three Kodak® Megaplus digital frame cameras with interference
filters centered in the green (Gn) (0.545-0.560 um), red (R) (0.665-0.680 um),
and near-infrared (NIR) (0.795-0.809 um) portions of the electromagnetic
spectrum. The fourth camera is an Inframetrics 760 thermal-infrared (TIR)
scanner (8-12 um) that provides imagery to obtain surface radiometric
temperature images.

Two airborne remote sensing images/scenes were used; each acquired
over the CPRL on June 26 (DOY 178), and July 28 (DOY 210), respectively. All
images were acquired close to 11:30 a.m. CST to coincide with Landsat 5 TM or
ASTER satellite overpasses. These images were calibrated and transformed into
surface reflectance and temperature images to be used for the estimation of
reflected outgoing short wave and long wave radiation, respectively, with both

components required in the estimation of spatially distributed net radiation.

® The mention of trade names of commercial products in this article is solely for the purpose of
providing specific information and does not imply recommendation or endorsement by the U.S.
Department of Agriculture.



Two source energy balance model

To derive LE (or ET;) Eq. 1 is solved for LE, i.e., as a residual of the
surface EB equation (Brown and Rosenberg, 1973; and Stone and Horton,

1974):

R,=G+H+LE (1)

where, R, is net radiation, G is the soil heat flux, and H is sensible heat flux.
Units in Eq. 1 are all in W m; with R,, positive toward the crop surface and other
terms positive away from the crop surface. The conversion of LE to ET as an
hourly and daily rate is detailed in the appendix.

This EB model mainly needs, remotely sensed radiometric surface
temperature (Tsi, K), air temperature (T, K), horizontal wind speed (U, m s™),
leaf area index (LAI, m? m™), vegetation fraction cover (f;), fraction of LAl that is
green (fg), crop height (he, m), average leaf width (w, m), and net radiation (R,) as
input. The remote sensing input dependent variables, among others, are T,
LAI, he, f., surface albedo, etc. In addition, the model needs weather data such
as air temperature, horizontal wind speed, incoming short wave solar radiation,
and relative humidity values; which were taken from the ARS weather station
(ARS-Bushland, square symbol in Fig. 1) at Bushland, TX.

The TSM algorithm solves Eq. 1 for LE after finding separately the canopy
R, and H and the soil R,, G and H components, i.e. the TSM partitions each of

the surface energy balance components into fluxes generated from the



vegetation canopy (first source) and the bare soil/background soil (second
source) as depicted in Fig. 2. For instance, the ensemble H was estimated by
summing sensible heat fluxes from both soil (Hs) and canopy (H:). Hs occurs
between the soil surface and a point above the canopy (Zn) where air
temperature (T,) is measured; while H; is generated between the vegetation

canopy and a parcel of air at Z,,, assuming a parallel resistance network (Fig. 2).

Tsfc
/\ /Rn
T,

Figure 2. TSM parallel resistance network scheme.

Mathematically H is expressed as:

H=H, + Hs (2)

HC _ Pa Cpa (Tc _Ta) (3)
rah

H =pa Cpa(Ts_Ta) (4)
° (r 1)

ah 's
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o= [0.004+(0.012 U,)]

()

where, T is canopy temperature (K), Ts is soil temperature (K), rs is the
resistance to heat flow above the soil (s m™), ran is the surface aerodynamic
resistance (s m™') to heat transfer, Us is horizontal wind speed (m s™) just above
the soil surface, p, is air density (kg m™), and Cp, is specific heat of dry air
(1,004 J kg™ K"). T, and Ts were estimated using Eq. 6 for a Nadir looking

thermal infrared remote sensor as:

1

Tste = [(fc X Tc? )+ ((1 —fe )X TcL:1 )]Z (6)

where, Tsc is the so-called “ensemble (or composite) radiometric surface
temperature,” and f; is the fractional vegetation cover (function of LAIl). First, to
obtain H, an initial estimation of Hc, applying the Priestley and Taylor (1972) ET
model, is performed. Subsequently, the H; value is used to derive an initial T,
value by inverting Eq. 3 assuming a neutral atmospheric stability condition. Next,
Eq. 6 is solved for Ts and updated values of H; and Hs are computed correcting
ran for atmospheric stability using the Monin-Obukhov (MO) atmospheric stability
length scale (similarity theory, Foken, 2006). The MO mechanism is explained in
detail in Chavez et al. (2005). T, and Ts were verified by testing the estimated LE
for a negative value, in which case temperatures are not correct, and then the
soil is assumed to have a dry surface. A new iteration cycle is needed, in which

LE is set to zero for the soil component and Hs is re-calculated. A new Ts and T,

11



values are found and sensible heat flux components are again estimated, and
canopy LE computed. In this parallel resistances network, ra, was eliminated
from the computation of Hs considering it may yield better Hs (H) estimates for
sparser vegetation according to Chavez et al. (2008).

Soil heat flux (G, in W m?) was estimated using three different methods
because different remote sensing based G models are developed under different
conditions, i.e. crop type, soil background, soil/vegetation moisture levels, etc;
thus there was the need to find a suitable G model that would yield accurate
values for the cotton fields under the conditions encountered in the CPRL. The
first model used was that (Eq. 7) developed by Chavez et al. (2005). A second
model was from Norman et al. (1995), who estimated G as a function of the net

radiation at the soil surface only (Eq. 8).

G = {(0.3324 -0.024 LAI)x (0.8155 - (0.3032 In[LAI]))} xR, (7)

where LAl is leaf area index (m? m?). The G model is valid for the range of LAI
values between 0.3 and 5.0 m*> m™?. This G model is a combination of linear-
logarithmic functions and was developed using measured data on corn and
soybean fields near Ames, lowa, and airborne remote sensing based LAl and R,
estimates.

G :0'35XRH_SO” (8)

where R, soi (W m™) is the net radiation at the soil surface (soil only) in W m™.
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Also, the G model developed by Bastiaanssen (2000) was applied (Eq. 9).

This model was developed using a wide variety of soil vegetation cover types.

G = {T5(0.0038 +0.0074 a)x 1 —0.98 NDVI* xR, (9)

where Tg (°C) is remotely sensed brightness (at sensor) surface temperature, i.e.
the resulting temperature from converting the remote sensing thermal band
digital numbers to radiance (system calibration) and then to temperature
(Planck’s law) without any further atmospheric interference calibration. NDVI is
the normalized difference vegetation index; which is determined using
reflectance values from the red (R) and near-infrared (NIR) bands. Surface
albedo (a) was computed according to Brest and Goward (1987) as a function of

R and NIR.

Heat flux source area (footprint) model

In an effort to understand and define the upwind area that contributes with
heat fluxes to eddy covariance (or Bowen ratio) system ‘flux area source’ or
footprint (FTP) models have been developed. The footprint models determine
what area upwind of towers is contributing with heat fluxes to the sensors, as well
as the relative weight of each particular cell (sub-area) inside the footprint limits.
Different footprint models have been proposed, one-dimensional (1D), and tow-
dimensional (2D) models. These models are the analytical solution to the
diffusion-dispersion-advection equation (Horst and Weil, 1992 and 1994). Other

models are Lagrangian (Leclerc and Thurtel, 1990). Studies using these models
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were able to prove that depending on the height of the vegetation, height of the
instrumentation, wind speed, wind direction standard deviation, and atmospheric
stability condition the shape and length of the footprint would vary upwind of the
instruments, as well as the relative weights (magnitude of contribution), in each
individual cell/area inside the footprint. Areas very close to the station contribute
less to the total flux sensed by the instrument, areas further away (upwind)
increasingly contribute more, up to a point where a peak is reached, thereafter
the contribution decreases rapidly further upwind from the station (Verma, 1998).
Similar behavior describes the crosswind flux distribution detected by the
instruments.

In this study the FSAM (Flux Source Area Model) by Schmid (1994) was
used to integrate and weight the TSM estimate ET values. The FSAM was based
on the Horst and Weil (1992) model (coded in Fortran) generates the FTP
weights for the source area and the approximate dimensions of the FTP area for
an area that contributes up to 90% of the sensed fluxes by the instrumentation. It

includes the crosswind-integrated flux as Horst and Weil (1992, 1994).
F(X,y,Zpn) =Dy (xy)F (x,Zy) (10)

where, F(Xx,y,Zm) is the footprint weight function, Dy(x,y) is the cross-wind

distribution function, and F¥(x,Z) is the cross-wind integrated function.
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Results and Discussion

During DOY 178, the weather conditions where such, relative humidity
(RH) was low and wind speed (H) was high, that the grass reference ET resulted
in high rates (Table 1). Incoming short wave solar radiation (Rs) was slightly
higher for DOY 178. However, on DOY 210, RH was higher and U lower thus ET,
was lower than on DOY 178. Further weather and crop parameter values can be
found in Table 1 below. In this table note the difference in crop height (h;) and
leaf area index (LAI) for both DOYs. Wind direction (U dir) was from the south

southwest direction; the direction of predominant winds.

Table 1. Weather and crop conditions on DOY 178 and 210.

DOY
178 210
Rs, W m™ 980 963
T., °C 31.6 30.8
RH, % 31 44
Ums' 7.6 4.9
U dir, ° 206 214
U dir std, ° 20 20
he, m 0.18 0.64
LAI, m* m™ 0.1 1.3
ET,, mmd” 10 8
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In the process of correcting the surface aerodynamic temperature for
atmospheric stability, the Monin-Obukhov stability length was computed (L),
shown in Table 2. This parameter was also used in the FSAM footprint (FTP) to
determine the extent of the FTP and the individual cell weight value within the
boundary of the FTP. It worth noting that L was considerably large on DOY 210,
which indicates that H was very small, consequently the cotton field was using
most of the available energy (R, — G) for the evapotranspiration process instead
of for heating the air. Another terms used in the FTP model was the EC sensors’
height (Z) and the friction velocity (u:), Table 2, which was measured by the

eddy covariance system.

Table 2. Variables and parameters used in the footprint FSAM.

DOY u, ms’ Fan, S M L, m Zm, M
178 0.48 34.5 -65.2 2.5
210 0.53 255 -1071.5 2.5

According to the FSAM, for DOY 178, 90% of the upwind FTP length
(fetch) was 84 m and the crosswind length was only 13 m. The leading edge of
the FTP started about 6 m (upwind) from the EC tower location. Even though the
footprint dimensions were generated for 90% of the fetch, the weights integrated
under the FTP function added up to 1, i.e. accounting for 100% of the weights. In
the case of DOY 210 weather/crop conditions, the FTP fetch was a little bit

longer, 105 m, and the crosswind extent was 17 m (not much wind direction
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variability), with the leading edge stating at 10 m from the EC tower. A graphical
representation of the FTPs, for DOY 178 and 210, can be seen in Figure 3 (a)
and (b), respectively. Note the effect of the stronger wind speed of DOY 178 in
the FTP extent, i.e. small size. Figure 3 also shows the relative weights
generated inside the FTP boundary. These weights were used to integrate the
remote sensing based TSM ET estimation for comparison to the EC-based ET
measurements. The ET weighting and integration procedure followed was that
developed by Chavez (2005) and Chavez et al. (2005).

After generating the FTP weights, their text file was converted into an
image. Subsequently, the weights image was geo-referenced (rectified) to the
same coordinate system/projection/datum (UTM, m) as the reflectance/thermal
imagery considering the FTP dimensions and leading edge from the EC tower
location as well as the upwind wind direction.

Figure 4 depicts the superposition of the geo-rectified FTP weights image
(black and white rectangles) over false color reflectance images of DOYs 178
and 210 respectively (two different days same northeast and southwest fields).
The white color in the FTP image represents the concentration of larger (heavy)
weights. Multiplying the geo-rectified FTP weights image by the TSM estimated
ET image (ET map, Figs. 5 and 6) one obtains the FTP weighted ET values.
These values were extracted from the image attribute tables and integrated

according to the image pixel value histogram.
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Figure 3. FSAM 3D footprint representation for DOY 178 (a) and 210 (b).
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Figure 4. FSAM footprints on DOY 178 (a) and DOY 210 (b) over reflectance

images. Both images (a) and (b) are the same northeast fields.

In the process of obtaining ET using the TSM, radiometric surface
temperature values were partitioned into canopy (T.) and background soil
temperatures (Ts) using the modification in the calculation of the sensible heat
flux originated from the soil. Results from the TSM ensemble surface

temperature were reported in Table 3. These temperature values (Table 3) were
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used in the estimation of the composite sensible heat flux reported in Table 4.
During DOY 178, the soil temperature was about 10°C warmer than the canopy
temperature, while on DOY 210 this difference was only 2°C for the NE cotton
field and almost 4°C for the SE field. The much lower soil temperatures of DOY
210 were due to the higher biomass and greater ground cover presence (Table
1) on this day, even though solar radiation (Rs, Table 1) was slightly higher on

DOY 178.

Table 3. Canopy and soil temperature from radiometric surface temperature.

DOY Site Tstc, °C T, °C Ts, °C
178 NE 42.2 31.6 42.6
178 SE 41.6 31.5 41.9
210 NE 29.2 30.5 32.5
210 SE 30.9 30.6 34.4

As previously discussed above, H resulted very low during DOY 210
(Table 4), lower for NE cotton field than for the SE field; an indication of higher
ET rate at the NE field. In contrast H was very high during DOY 178, which
indicates that the available energy was used to heat the air and the soil since the
cotton plants were very short with not much biomass and probably due to limited
soil water content. The resulting H was somewhat over estimated by the modified
TSM algorithm. Sensible heat flux estimation error was 15 W m™ (standard
deviation, o4 of 15.7 W m™), i.e. an error of 17.2 + 15.5%. This H result is an

indication of good canopy and soil temperature partitioning.
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Soil heat flux was better estimated by the Bastiaanssen’s model in a
comparison with measured G by soil heat flux plates (accounting for heat
storage). Bastiaanssen’s model predicted G with an average error of only -9.9 W
m? (o4 of 20.2 W m™). In percent based on mean values these were -7.1%
average error with a o4 of 13.6%; while Chavez et al. (2005) model produced G
estimates with large errors, in the order of 100%. This result was somewhat
expected since the former was developed for a wider range of crops (including
cotton), while the latter was developed using measured G values obtained on
corn and soybean fields. In the case of the third G model, the errors were 46.6%
in average, with a o4 of 30.1%, thus not suitable for this study. Therefore,
Bastiaanssen’s G model was used in the TSM applied in this research. Soil heat
flux values, using Bastiaanssen’s model, can be found in Table 4, for individual
fields and DOYs.

Net radiation was estimated accurately by the TSM, the average
estimation error was only 39.8 W m™ (o4 of 7.9 W m™), or in percent 6.5 + 1.6%.
Table 4 shows the individual net radiation values for each DOY and field location.

Evapotranspiration, according to the FTP integrated TSM estimation,
doubled on DOY 210 with respect to the ET rate of DOY 178 (Table 4). In
addition, when the TSM ET values of Table 4 were compared to values
measured by the EC systems it turned out that the TSM slightly under predicted
ET by 0.5 mm d”' (std of 0.6 mm d™"), or by 5.1 + 7.2%, respectively. This under
prediction is relatively small if one considers that the uncertainty associated with

the instrumentation, (for each term of the energy balance) in general ranges from
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10-20%. Moreover, ET was better predicted than when a satellite image was
used and no modification was made on the TSM for the calculation of H; in which
case ET resulted in an under prediction error of 0.8 mm d™ (std of 0.8 mm d™), or
by 9.2 + 9.0% respectively, Chavez et al. (2007). It is important to have in mind
that in the latter case no footprint model was used and the pixel resolution was
coarser.

This result was evidence that the modification proposed in Chavez et al.
(2008) for the TSM to estimate H for the ground, under sparse/low biomass
levels, is appropriate. Furthermore, the FSAM footprint seems to be a viable

means to weight/integrate very high spatial resolution ET map pixels.

Table 4. Net radiation, soil/sensible heat flux and ET estimated by the TSM.

DOY/Site | 178/NE 178/SE 210/NE 210/SE
Rn, W m™ 625.9 619.7 719.9 690.4
G, Wm? 109.3 114.6 73.1 78.1

H, Wm? 261.8 247.2 17.0 24.0
ET, mmd’ 4.1 4.2 8.9 8.2

Finally, maps of distributed ET are shown in Figures 5 and 6 for DOY 178
and 210 respectively. As per the distributed ET values in both Figs., the NE
cotton field showed more ET heterogeneity (variability) for DOY 178 than for
DOY 210. Also, Figure 5 shows the SE field bordering with a much drier fallow
winter wheat field; which could have been an issue had the wind speed been

calm because the heat flux source area would have extended into the drier fallow
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land, thus resulting in a probable lower ET measurement by the eddy covariance

system.
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Figure 5. Map of distributed ET generated with the TSM for
DOY 178
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Figure 6. Map of distributed ET generated with the TSM for
DOY 210
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CONCLUSION

A modified two source energy balance model was applied to very high
resolution airborne multispectral imagery to generate distributed ET values. And
a 2D heat flux footprint model was used to weight and integrate the resulting ET
values.

Results indicated that the modification proposed by Chavez et al. (2008)
for the TSM sensible heat flux estimation originating from the ground (substrate),
under sparse/low biomass levels, was appropriate. Furthermore, the FSAM
footprint seems to be a viable means to weight/integrate very high spatial
resolution ET map pixels.

In addition, soil heat flux needs to be estimated by a remote sensing-
based model that is valid for the vegetation/background conditions encountered
during the scene (image) acquisition. In other words, a soil heat flux model is
needed which had been developed considering (is valid for) a wide range of
crops, crop biomass level (range of LAl values), soil water content levels, sun
zenith angle and sensor bandwidths.

Further research will include the incorporation of a number of airborne
scenes to test the modified TSM under dense biomass presence where the
resistance network modification suggests ignoring the sensible heat flux

originated from the substrate when LAl is larger than 3 m? m™.
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APPENDIX

LE Conversion into ET Rates

Once the TSM has produced estimates of latent heat fluxes (LE, W m™), these
need to be converted into an equivalent water depth or instantaneous ET rates
(ET, mmh™).

LE is converted into ET as follows:

ET - (3,600 LE)
(/ILE pw)

where, ET; is hourly ET (mm h™) calculated from the TSM estimated
instantaneous LE (W m™). Ae is the latent heat of vaporization (MJ kg™, equal to
(2.501 — 0.00236 T.), being T, in ° C units, and p,, is water density (~ 1 Mg m™).
The 3,600 number is a factor to time conversion of s h™.

In addition, daily evapotranspiration (ET4)) was computed as:

ETy = ET, xET,
ET,,

where, ET,; is hourly grass reference ET (mm h™), calculated using the
ARS-Bushland weather station hourly data and the ASCE-EWRI (2005)
standardized Penman-Monteith method. ET, is the daily ET (mm d”') computed
by adding up the hourly ET over the course of the entire day; and ET,; is the TSM

estimated actual crop instantaneous ET (mm h™") values.
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Basic Water Treatment: Theory & Practical Application

Micro irrigation systems are a wonderful invention for delivering water and fertilizer
directly to plants with the least amount of water at a low cost. The biggest problem with
micro irrigation systems is the “micro” part. Small emitters plug easier than larger emit-
ters. The plugging of emitters is the biggest problem with “micro” irrigation systems.
Emitter plugging can result many causes such as physical (grit), biological (bacteria
and algae), or, as some claim, chemical (iron and calcium scale). Frequently, plugging
is caused by a combination of more than one of these factors.

The rules for using water are the same for every industry that uses water. The
practical applications of water treatment rules are the same for industrial cooling, foun-
tains, agriculture, turf, and horticulture. There isn't any magic to the application and
use of water. There are just some common sense rules to follow. There are several
key factors for using water for irrigation: algae and bacteria, iron, and calcium. These
factors are considered the most common problems encountered with irrigation sys-
tems.

ALGAE

Blockage caused by algae is the most common problem in irrigation systems. The
reason why is that algae reproduces prolifically where there is moisture and warmth.
The Ideal conditions for growing algae are the same conditions found in irrigation sys-
tems. And grow it does!

Algae (sing. alga) are a large and diverse group of simple organisms. They can be

either unicellular or multicellular forms. Algae can use the sun to produce food through



photosynthesis like plants, but they are "simple" because they lack the many distinct
organs found in higher developed plants. Algae are eukaryotes (organisms whose
cells are organized into complex structures enclosed within cell walls. Algae are dis-
tinguished from protozoa in that they can use photosynthesis to produce food. The
process of photosynthesis produces oxygen as a by-product.

Algae reproduce asexually and the cycle of duplication is between 7 and 14 days
depending on the strain and conditions. Because algae are asexual, their reproduction
rates are not dependent on fertilizing eggs and their reproduction rate is continuous

and exponential in numbers.

Think of a swimming pool as an example. Normal chlorine treatment is recommended at no
less than every 7 days. Because on the 8" or 9" day, algae us usually visible. Preventive
treatment is an attempt to keep the number of colonies low enough that they aren’t visible. Al-
gae in non-pathogenic to animals and plants, but it can make using the water difficult. Chlo-
rine kills the algae, but it requires a filter is still required to remove dead cells from the pool

water. Chlorine does not remove live or dead algae cells even when super chlorinated.

World-wide it is thought that there are over 15,000 separate species of algae which are:

5,000 species of red algae, 2,000 of brown algae and 8,000 of green algae.

You've probably heard a grower state “I have good water and | don't have any
problems with algae”. This is a common belief and hopefully it will hold true for those
growers. However, there is a nursery in Louisiana that use RO water (similar to dis-
tilled water) and the algae still grow prolifically in their irrigation system. The overhead
sprayers plug within weeks of being replaced.

Another statement that is made is “let's take a water sample and see what'’s in the



water”. That's good to do occasionally, but there is no easy test for microorganisms
that grow in these systems. The microorganisms are so small that it would take filter-
ing several hundred gallons with very fine filtration to collect enough cells to run a cul-
ture. Almost all water will grow algae under the right conditions. Micro irrigation sys-
tems provide the optimal conditions for algae growth.

Treatments: No remedies have been effective for preventing the growth of microor-

ganisms until recent innovations. Many treatments have been tried including chlorine
(powder, liquid, & gas), chlorine dioxide, UV lights, ozone, mineral acids, quats (qua-
ternary ammonium compounds), peroxide, and several others. None of these treat-
ments has been effective to prevent or remove the microorganisms. The only treat-
ment that has proven effective is a peracetic based product.

Chlorine only kills microorganisms, but it leaves the dead cells in the system which
becomes food for other organisms. Chlorine has no residual effect. A continuous feed-
ing of chlorine may allow organisms to become resistant to chlorine. Chlorine will then
be less effective.

Being simple cell organisms, they don't have sophisticated defenses. One response
they do have is reproduction. When algae colonies are attacked, they can immediately
put an all out effort to reproduce. An algae bloom can occur. A bloom occurs when the
reproduction rate grows dramatically and algae become visible. The colonies can be-
come larger masses and are stringy.

Chlorine, at lower dosages of 1-15 ppm, will only kill the outside layer of a colony
and has no ability to penetrate into masses. Chlorine added at a high enough dosage

to remove colonies can be toxic to plants, corrosive to metals, and can even destroy



plastic parts by removing the moisture (desiccating) the plastic. The plastic can then
fracture which can cause the damage to emitters.

An example of how chlorine works is washing clothes. At a medium dosage (15 — 25
ppm) of chlorine, it will bleach out some organic stains (not blood). At a much higher
dosage (super chlorination), it will destroy the fabric by burning holes in the clothing
(and can do the same thing to plants). At lower dosages of 1-2 ppm of chlorine, it may
kill a few organisms, but even at this dosage, slime can still form in the pipes of drink-
ing water systems. In some municipal systems, non-pathogenic bacteria will grow in
the system readily. Chlorine will not remove these organisms unless the system is su-
per chlorinated.

Some “quats” (Quaternary Ammonium Compounds) are being used in an attempt
to prevent blockage. An example of quats in common usage is Lysol. Quats work by
attaching to the cells and bursting the cell walls, but a contact time of 10 minutes or
longer is required. Dead cells are left behind which once again can be used as food for
new colonies. Quats are very expensive and are rarely fed at the manufacturer's rec-
ommended rate of 25 to 50 ppm. Label directions clearly state to remove all organic
matter before applying the quaternary compounds to the area.

Hydrogen peroxide is an effective cleaner, but requires a very high dosage. Perox-
ide isn't cost effective to use. It is effective at cleaning filters (particularly sand media).
The high dilution rate makes using peroxide too expensive to use for preventing or re-
moving organic deposits in micro irrigation systems on a large scale basis.

Another treatment method of cleaning irrigation lines is to use mineral acids (hy-

drochloric, nitric, n-furic, sulfuric acids). Mineral acid treatments are injected into the



lines to remove either calcium or microorganisms. Mineral acids have no ability to Kill
microorganisms. They have no oxidizing or disinfectant properties, and have little ef-
fect. A very high dosage could physically destroy the cells, but that would take a huge
amount of acid to fill the lines and just the fumes could kill plants. The mineral acids
are very corrosion to most metals and could severely damage the plants. To remove
calcium scale requires a pH of <2.5 which is deadly to plants and too expensive to
use. A proposed dosage is 1-2 tons per acre. Reports indicate that it may be effective
for a few days, but then the blockage returns. No study of their effectiveness has been
reported.

A stabilized peracetic complex has been formulated that destroys organics. The pH
is not affected. It leaves no residue, and, breaks down to water and carbon dioxide. Its
low dosage results in low cost to use. It removes organics in irrigation systems. It is
the only product we know of that removes blockage in micro irrigation systems. For

more information, see http://www.lineblaster.com/.

BACTERIA
Bacteria work very similar to algae, but do not use photosynthesis for the production

of food. They have more sophisticated structures. Sulfur slimes and sulfate reducing
bacteria are probably the two types of bacteria that will cause most of the bacterial
problems with micro irrigation systems. Both readily form colonies and can be pumped
out of wells in great volumes. At times, the residue from the bacterial colonies looks
like tissue paper when collected. They produce hydrogen sulfide gas (rotten egg smell)
as a by-product and this can be used to determine their presence. Sulfur slimes and

sulfate reducing bacteria are more difficult to remove than algae due to the tighter for-



mation of colonies and the carbohydrate sheath of “chitin” that protect the cells. Chlo-
rine has no effect on these bacteria at all. As a general rule, chlorine won’t even kill the
sulfur slimes and sulfate reducing bacteria due to the carbohydrate sheath surround-
ing these organisms. Chlorine does not penetrate the sheath and can’t kill the bacte-
ria. Peracetic acid compounds mentioned above has proven effective in penetrating
the carbohydrate sheath to remove colonies.

IRON

Iron probably accounts for the second most problems in micro irrigation systems.
Most water that contains iron is taken from wells. Iron is an element which means it
can’t be eliminated with chemical treatment. Iron could be filtered or removed by RO,
distillation, or other process, but the cost of eliminating iron is staggering. The volume
of water is much too great to be treated by mechanical processes.

Iron is found in two states: ferrous (black) and ferric (red). The ferrous iron molecule
is more soluble and is not visible when dissolved in water. The ferric molecule is
formed when ferrous iron is combined with oxygen and converts the ferrous iron to fer-
ric iron. This is called oxidation which is basically:

Ferrous Iron + Oxygen = Rust (Ferric Iron)

It is the ferric iron that causes the reddish-orange rust staining. The formula is listed

below.

2Fe*™ + Oz = FGzOz

Ferrous Iron + Oxygen = Ferric Iron

When this reaction occurs, the iron in the ferrous state converts to iron in the ferric

state. It is still an iron compound and always will contain iron. The iron just changes



the compound with the addition of oxygen. Once this reaction occurs, it cannot be
reversed and there isn’'t any process outside of expensive mechanical processes to

remove the ferric iron. The iron needs to be treated before it converts to the ferric iron

state.

The ferrous iron is soluble and is dissolved in the water. Acid can be added to the
water to keep the iron from coming out of solution, but the pH of the water after adding
acid is too low for applying to plants. The ferric iron is a heavier compound and it is
more likely to fall out of solution which can result in iron deposits.

One of the properties of this reaction (conversion) is that it takes from 4 to 12 hours
to complete. It means the ferric iron is not visible for a few hours. To have a visible
confirmation of iron in the water, collect a glass jar of water. When first collected, the
water will appear clear and free of residue. The bottom of the container will be free of
any iron particles. After a period of 4 to 12 hours, the iron will drop to the bottom of the
jar. Iron normally will have turned to a dull brick-orange color and appear to be very
light in texture. The iron particles are wispy-like when lightly swirled.

Although iron really does not cause plugging, there are several different ways that
have been used for treating iron. One is to inject chlorine into water with iron to control
the “iron deposits”. The formula that has been proposed is “to continuously inject
chlorine at the rate of 0.6 ppm of chlorine/ppm ferrous iron, and then adjust chlorine
levels to a 1 ppm residual at the end of the line.” This will accelerate the oxidation
process. The idea is to not cause plugging. If the iron is induced to fall out of solution,
there may be enough iron to actually cause plugging. Under normal operating

conditions, iron does not cause plugging. Chemically inducing iron to precipitate may



cause plugging.

Another treatment for iron that is being used is to dig a pond (or use a large tank).
Pump the well water into the pond (tank) allow the iron to naturally oxidize and fall out
of solution. The iron will naturally settle to the bottom of the pond or tank. The suction
point of the irrigation pump must be raised off the bottom of the tank. This avoids
pumping the iron through the system. There have been instances in which the iron
builds up to such a level that the iron in the water being drawn from the pond is higher
in iron content that the water coming directly out of the well. At that point, it may be a
good idea to dig a new pond and start over. A factor to consider is the cost. This
process requires two pumps (one pumping into the pond and the other out of the
pond), the cost of digging the pond and the cost of the land.

Polyphosphates have been injected into irrigation water to bond with the iron to
prevent the iron from converting to the ferric state. The iron bonds tighter with the
polyphosphate and will not let the oxygen bond with the iron. This prevents the
oxidation from taking place and is highly effective. However, this is usually reserved for
horticulture and residential irrigation systems. As noted above, in agriculture the iron
isn’t a real threat and iron on the ground does not hurt the product. In horticulture, no
one wants to by a rust stained plant. In residential applications, the stains are unsightly
and stain sidewalks, houses, cars, and plants. I've even seen red grass due to heavy
rust stains.

When water containing iron is used in micro irrigation systems, the iron should have
enough time to exit the system before oxidation occurs. The iron will convert to the

ferric compound and precipitate on the ground. The amount of water left in the drip



tape will leave a light dusting of iron residue, but will never be enough to cause
blockage. Even In some of the worst situations, water with an iron content of 10 ppm
or higher, plugging from iron doesn’t occur. Consider a worst case scenario and how
little iron is involved.

Example of Iron Distribution in Drip Tape

10 ppm iron in irrigation water @ 400 gpm
There is only 0.02 grams of iron per foot of Drip Tape in 299.8 hours of irrigation
This amount of iron is insignificant and won’t cause plugging. Also this is considering
that none of the iron passes out of the irrigation system.

IRON BACTERIA

The difference between iron bacteria and iron obviously is the bacteria. Iron-related or
iron-precipitating bacteria (Crenothrix) are a diverse group of microorganisms widely
distributed in nature. They are found in fresh and salt waters, in soils, and on desert
rock surfaces. Iron bacteria do not normally cause diseases to humans or animals, but
rather, they are a nuisance microorganism. These bacteria do not need light or air to
proliferate or multiply. They flourish and they obtain energy by the oxidation of dis-
solved iron in the water from the ferrous to the ferric state. The ferric form is precipitat-
ed as ferric hydroxide (Fe(OH);

Usually surrounded by a tubular "mucilaginous" sheath that hardens and becomes
impregnated with ferric hydroxide, iron bacteria can be difficult to control. Chlorination
has been used for control in bulk waters for many years; however, there are inherent
drawbacks in the use of these products. High chlorine demand due to organic matter

and iron levels has shifted the emphasis for control to the use of non-oxidizing bio-



cides, such as quaternary ammonium compounds, as well as organo-sulfur com-
pounds. Both chlorine and quats are only temporary and the problem comes back in a
matter of days.

Iron bacteria thrive on iron and use it as a food source. It occurs in pockets that are
localized. Iron bacteria can be found in one place and 10 miles away, the water is free
of iron and iron bacteria. These microorganisms combine dissolved iron or manganese
with oxygen and use it to form rust-colored deposits. In the process, the bacteria pro-
duce a brown slime that builds up on well screens, pipes, and micro irrigation systems.

There are certain indications that your well may have an iron bacteria problem.
These are:

Red, yellow, or orange color to the water
Slime on the inner walls of irrigation system
A smell that may resemble fuel oil, cucumber, or sewage

For several reasons, routine chemical disinfectants that effectively wipe out other
bacteria are only modestly successful against iron bacteria. Iron bacteria build up in
thick layers forming a slime that keeps disinfectants from penetrating beyond the sur-
face cells. In addition, miner iron dissolved in water can absorb much of the disinfec-
tants before they reach the bacterial cells. Also, because chemical reactions are
slowed at the cool temperatures common in wells, bacterial cells need a long expo-
sure to the chemical for treatment to be effective. Even if chlorine kills all the bacterial
cells in the water, those in the groundwater can be drawn in by pumping or drift back

into the well.



There are both chemical and mechanical methods for treating iron bacteria prob-
lems. The mechanical processes for iron and iron bacteria are too expensive due to
the volume of water required. It is possible and has been used on a small basis, but it
has very little acceptance due to the cost. Most current treatments consist of dumping
chlorine or other chemicals into the well and “hope that works for a while”. Chlorine
tablets have been in use since they are slower to dissolve and may give a longer con-
tact time. Since bacteria tend to build up again a few day or weeks after treatment,
well owners should be aware that this only controls rather than completely "cures" the
problem. While this may be a common practice among well drillers, the legality may be
under scrutiny by the environmental agencies.

The most effective product is the peracetic acid that penetrates and removes organic
blockages. It can be used continuously or intermittently depending on the operation
and the amount of time irrigating.

CALCIUM

Calcium has been identified as a culprit in plugging. Calcium does not precipitate (fall
out of solution) in micro irrigation systems. Micro irrigation systems operate as once-
thru systems at ambient temperature. If you collect a sample of water and allowed it to
sit overnight, there won’t be any residue from the calcium in the bottom of the contain-
er. This is an example of the calcium remaining soluble. The calcium does not precipi-
tate in the container. If it doesn’t precipitate overnight, the calcium will completely flow
through the system and remain soluble during the irrigation cycle. Perhaps there may
be little white specs of calcium are visible. After 20 years of research, we have learned

that the real culprit is the microorganisms (algae, bacteria, etc.). They form layers and



begin to act like a filter. The calcium deposit forms when the water on the surface of
the colonies evaporates. What is seen in micro irrigation systems is the white crusty
calcium. Underneath the calcium is a usually a colony of algae or other microorgan-
isms. When calcium is observed, the water sits on the layers of algae and when the
water evaporates, the calcium is visible. If you remove the organics, the calcium will
pass through the system. In 34 years of water treatment experience, no plugging has
been discovered to be caused by calcium. If the calcium were to form deposits, using
micro irrigation systems in Florida would be almost impossible due to the extremely
high calcium levels of Florida water.

PHYSICAL BLOCKAGE

Flushing irrigation systems is another method used to control algae. Flushing will re-
move the loose colonies that collect at the end of the rows, but will not remove the
colonies that adhere to the micro irrigation systems. Automatic flush valves do not al-
low many of the colonies to flow out of the lines. The colonies are heavy and will settle
to the bottom of the system without pressure to push them out of the lines. Flushing
helps to an extent, but is labor intensive and expensive and does not remove many of
the colonies.

Sand, clay, grit, insects, and other debris can cause blockage in micro irrigation sys-
tems. The blockage caused by physical debris is either a filter, well or insect control
problem. These problems can be eliminated by proper operation of the system and
careful checking of operations. Before the season starts, the system should be
checked for problems. Filters should be inspected and cleaned. Sock filters can be

used to look for problems that may arise from split casings, sand infiltration, or other



problems. A sock filter should be installed to detect problems with physical matter that
may be in the micro irrigation systems. Checking the sock filter weekly may prevent a
disaster from occurring. Blockages caused by physical debris are almost impossible to
remove. There are no methods that are effective in dissolving sand, clay, grit, or insect
parts. A physical hand cleaning is about the only method of removing physical block-

age. It usually is easier to replace the micro irrigation system.



Moisture-activated Kink Valves for the Hose-fed irrigation of
individual trees, shrubs and vines.

Mike Brown DIM, LTI, Managing Director

Liquid Lever Solutions Ltd, Chamber of Commerce Building, 34-38 Beverley Road, Hull,
East Yorkshire, HU3 1YE, United Kingdom, Tel: 00 44 (0) 1482 324976,
mike@liquidlever.com, web: www.growmorefood.org

Abstract. This paper explores the benefits of employing moisture-activated Kink
Valves for remote irrigation, over conventional pinch valves and stopcock (end stop)
valves. This new family of valves is manufactured from a combination of moisture-
absorbing thermoplastic elastomers (TPE’s) in a configuration that results in a bi-stable,
mechanically-advantaged geometry. This enables the valve to flip’ from a dry ‘straight
open-bore’ state to a wetted ‘kinked-closed’ state and vice versa. These valves do not
need filtered water, they operate from only inches of water-head and are self-purging.
Data will be presented confirming their performance, energy and cost-saving benefits.
Published International Patent Document WO 2008/068496 reveals how this is
achieved and how Kink Valves provide an opportunity to expand ‘Drylands’ agriculture,
using a minimum of irrigation water and without the need for electricity. Earlier patents
for moisture-activated valves will be illustrated to show how advances in one industry
make possible developments in another.

Keywords. Moisture-activated irrigation valves, low head hose-fed irrigation for trees,
shrubs and vines, kink valves, pinch valves, stopcock valves, earlier patents,
commercial designs, moisture-swelling materials, some essential elements for a bi-
stable bi-polymer valve, optimising hose system layout from a centrally positioned low
head water supply tank, saving electricity, water and labor.

Introduction

It is felt that in remote low rainfall areas and where there is no electricity, horticulturalists
could benefit from a simple design of water control valve to regulate the individual hose-
fed outflows to widely spaced trees, shrubs and vines. Such a valve would have to be
easily fitted to the open end of each hose lateral in a distribution system and rely solely
for its operation on variations in local moisture. Given a practical and commercially
viable solution Designers would be well placed then to provide horticulturalists with
simplified ‘on demand’ irrigation systems on any scale, so reducing the costs of food
production — this is our goal.
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Past experiences

Limited always by the materials of their time a great many people have devoted their
energies to designing and producing moisture-activated valves. In the past there have
been a number of very significant design proposals and some of these have reached
the production stage and achieved success in niche applications. | personally owe a
great deal, and empathize strongly with these pioneers, for signposting the way and
demonstrating the scope of the two favoured design principles namely, the pinch valve
and the stopcock. To date though, neither of these has been adopted for the large
scale commercial growing of trees, shrubs and vines.



A new approach

With the very latest materials and a fresh approach it might be possible now to revisit
the original ‘constraints and opportunities’ to establish a third basic design principle.
For example, where previously only one moisture-swelling material was employed as
the prime mover, it might be possible now to employ a combination of polymers to
mimic some of the properties of the bi-metal thermostat.

This would introduce the prospect of serious animation to valve design, providing it with
a snap open and close action, rather than the traditional slow hydraulic opening and
closing. Such a valve would be bi-stable and perhaps exhibit different characteristics
from pinch valve and stopcock designs.

With this in mind we have combined together up to three polymers (thermoplastic
elastomers) in a special geometry to produce what we now call a moisture-activated
Kink Valve. This bi-stable design is so radically different from earlier valves that we feel
it represents a new, third design principle for the irrigation industry.

The future

Our work is not finished, as we still need to employ large numbers of these valves in the
field, to better understand the size of the gains from simplifying hose-fed irrigation and
reducing year on year operating costs. We are confident that these will be shown to be
attractive to growers and sustainable for the long term, as energy costs rise and water
supplies become more critical.

The evidence to date

The following text and illustrations are based around a Power Point® presentation of
twenty slides some of which contain video clips and animations. They are reproduced
here in a simplified form, starting at slide 3 in the series and concluding at slide 19:

Slide 3 What options do we have?

For gravity-fed hose systems, individual outflows are controlled by one of two
classic methods namely, moisture-activated, Pinch valves and Stopcocks.
Pressure-fed Dripper valves are not within the scope of this paper. Kink Valves
offer a third option perhaps with different benefits? But what has already been
invented and what is available to buy?

The IP year dates inside the brackets refer to the year that the Intellectual Property
was filed as a patent application.



Slide 4 The Patent Archives reveal (1): Pinch Valves:
Top view

Irrigation valve device (IP 1978) Gerhard Beckmann, Patent US 4,214,701.

“The water swellable member 1 could be: wood — spruce, fir or pine, or a polymer
— Polyurethane Gel.”

i
it

This ‘general’ configuration of a pinch valve which is spiked into the soil, appears
many times in the Patent Archives and has been used ever since vulcanised
rubber was first used to make hose pipes and tubing.



Slide 4
Lower view

Irristat™ (IP 1978) Leonard Ornstein, Patent US 4,182,357.

“A water swellable hydrogel, for example based upon polyacrylamide, polyvinyl
alcohol, Formulations, etc.”

Drawing reproduced with kind permission from: www.pipeline.com

Gel

Silicone-rubber Porous membrane

tubing

IRRISTAT

The Irristat™ valve was used extensively in the field over many seasons and
geared to controlling the water supply to individual fruit trees, etc. Preferably the
product is sited below soil level.



Slide 5 The Patent Archives reveal (2): Stopcocks (end stop) valves:
Top view

Moisture-activated valve (IP 1985) Gant, Patent US 4,696,319.

“Bentonite hydrophilic expandable material.”

146
144
- Y137
. ‘ 136
140
139"‘“\ e
135 — < 133

This is an example of a stopcock type of valve, where the moisture swelling
member 144 (shaded blue), working against a spring 141, is exposed to moisture
entering and leaving through the top porous membrane 146 and generating
hydraulic movement at the end stop 135. It is necessary for this type of valve to
be in intimate contact with the soil.



Slide 5 cont’d
Lower view

SmartValve® (IP 1988) Graham et al. Patent US 5,382,270.
“Polyethylene oxide hydrogel.”
Faithfully reproduced for educational purposes only

Web: www.smart-tech.uk.com
Smart Tech Ltd, United Kingdom.

il

SmartGel” Dry

Inlet Qutlet

This type of stopcock responds to being in intimate contact with the soil or
growing medium.

Slide 6 The Market reveals:
Top view

SmartValve® Stopcock (IP 1988)
A moisture swelling Smartgel™ disc element which wets-up to press on a
membrane to stop the flow of water through the valve.



slide 6 top view continued,

“particularly preferred is the use of a cross-linked, partially crystalline
polyethylene oxide Hydrogel.”

Web: www.smart-tech.uk.com
Smart Tech Ltd, United Kingdom.

Side/ front view Rear/ side view

The activating moisture enters and leaves through the four apertures on the front
face. The irrigation water from a push-on hose lateral, enters down the tubular
stem, and when the valve is dry, passes across the internal membrane and exits
into the soil through the recessed hole, arrowed (yellow).

It is worth noting at this point that the advent of new moisture swelling polymers
has given the designer a new degree of freedom, which was not possible before
with the limited-life, moisture swelling wood members and clay compounds.

slide 6 continued over page,



Slide 6 cont’d
Lower view

AquaSmart™ Stopcock (IP 1994)

A moisture swelling polymer (blue) takes the form of a piston and wets-up to stop
the flow of water through the valve.

“Polyether block amide.”

Moss Products Pty. Ltd, Australia
Web: www.mossproducts.com.au

This product is spiked into the soil so that the blue swelling polymer is in intimate
contact with the soil or growing medium. The irrigation water enters the tubular
stem on the left side, to which is attached a hose, and passes through the hole
(arrowed yellow in the cut away view). Still inside the valve body the water is
forced upwards and into the swivelling cowl which directs it back down again and
onto the soil. By this means the valve can be adjusted to increase or decrease
its delivery of water over time.

Slide 7 Moisture-activated Kink Valve.
If we could make a Kink Valve using not just one but two or more thermoplastic

elastomers (TPE’s) with different moisture swelling properties, we might be able
to make the Water Industry’s equivalent of the bi-metal thermostat?



Slide 8 Elements of a bi-metal thermostat.

On 8" April 1921 John A Spencer of Massachusetts filed a patent application for
a bi-metal thermostat device: Patent US 1,448,240.

“to which is imparted a sudden and rapid movement when a substantially
predetermined temperature is reached.”
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The two special features of this switch (shown here in a smoothing iron) were
that it was able to convert the slow curling action of the bi-metal element into
a sudden and rapid movement by way of its special geometry to create a very
positive bi-stable switching action — this minimised the arcing and burning of the
contacts that was a normal occurrence when the circuit was made and broken
repeatedly, to control the ironing temperature. At the time this was a very
significant step forward for the Electrical Industry. Billions of these types of

switch are in daily use around the world.
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Slide 9 Moisture-activated, bi-polymer Kink Valve.

To make this new type of water ‘switch’ we need to accomplish the two steps as
follows:

1. Initiate a curling action similar to that of the thermostat, but with moisture
and not with heat, and

2. control the movement within a special geometry to create a mechanical
advantage, to produce a bi-stable flip/ flop action.

Preferably the new valve will have a straight-through open bore with no

restrictions to keep hose sizes to a minimum. The valve must also close
positively and open again fully — to prevent blockages and leakage, i.e. it must be

self-purging.

Slide 10 Step 1: Make a moisture-activated, bi-polymer strip element.

Two TPE’s with very different moisture swelling properties have been bonded
together.

Underside view
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Side view

This is a simple and effective demonstration.
11



Slide 11 Step 1: continued

From a dry state submerge the bi-polymer strip element in water and this is what
happens after approximately 2 hours.

Side view

This reproduces the first condition — the curling action. How good is this material
combination, what happens if we leave it in the water overnight?

Slide 12 Step 1: continued.

Sample strip element following an overnight soaking.

12



slide 12 continued

It is evident that this material combination has a very special property which we
can put to good use. Note, it is only necessary to use a part of this potential for
curling to create the basis for a kink valve.

Slide 13 The Moisture-activated Kink Valve features

There is a ten second animated E-Drawing on this slide which shows how the
various features of the (2” long) Kink Valve have evolved.

1. At the base of the valve shown and underneath the dark waffle plate
(perforated) there is a spider shaped web of high moisture-swelling polymer
material.

2. The high moisture-swelling material is bonded to the underside of the dark
waffle plate which is a low moisture-swelling polymer material, and in this
example very elastic.

3. Four standoffs rise up from the waffle plate to form a cradle for the irrigation
tube.

4. The irrigation tube is a very low moisture swelling polymer with the ability to
kink repeatedly — in bore sizes: 5/32” (4 mm), 1/4” (6 mm) & 5/16” (8 mm).
13



Providing water flows from, 1/2 gal. (2 litres) — 14 gal. (50 litres) per hour, and
with water heads from as little as 20” (0.5 metre).

When these different materials are brought together in this special geometry and
in a dry state the device can be connected to the free and open end of a hose
lateral. In this dry state the valve will allow water to pass freely through its full
open bore for as long as the valve remains dry and the water supply is available.
For example from a supply tank providing anything from a two foot to a ten foot
head of water. If at some point the valve is wetted up on the outside the
subsequent swelling and stretching of the polymers will cause the valve base to
curl inwards on itself to a point where the irrigation tube will suddenly collapse to
form a kink. It is this action which closes off the passage of water.

Once the valve has had some time to dry out again and partially de-curl, there
will come a point when the kink suddenly disappears and the water passage is
opened up again to resume watering.

Slide 14 Step 2: Create the special geometry - the Mechanical Advantage.

The dramatic formation of a kink described above in slide 13 is shown here.

Note, the acute kink formed in the tube (yellow guide lines) as a direct
consequence of the gentle curling of the high moisture swelling base element
(magenta guide lines).

14



Slide 15 The Kink Valve in operation

This is a twenty second video clip of the Kink Valve in operation, snapping shut
and closing off the water flow.

Open — dry state Closed — wet state

Slide 16 Kink Valve funnel assembly for field use.

This slide is a ten second animated E-Drawing showing the assembly of the Kink
valve, its connector bracket, funnel and limpet foot coming together and attaching
to the free and open end of a hose lateral.

Kink Valve

| Kink Vaive |
——

Connector bracket

Hose lateral

Limpet foot

15



slide 16 cont'd

The components are described as follows:

¢ Funnel - this is used as a housing and drainage point for the irrigation water.
¢ Kink Valve — this is used to switch the water on and off.

o Connector bracket — this is used to join the lateral hose to the Kink Valve
and serves also to secure the sub-assembly to the funnel housing.

¢ Limpet foot — this acts as a ground anchor to prevent rodents and birds from
uprooting the whole assembly.

In field use the funnel is partially buried with only the top one inch visible above

ground level. The funnel has options for up to three drain holes, to cater for
different watering needs.

Slide 17 Kink Valve funnel assembly operating in the field.

This is a twenty second video showing the Kink Valve delivering water to a tree
and then snapping closed when the watering is completed.

16



Slide 18 The potential for gains employing moisture-activated irrigation
valves in gravity fed hose distribution systems.

¢ Costs less - simpler and smaller hoses
+» Visible — not buried underground

+»+ No electric power needed

+» No pumping

¢ No pressurized filtration

« Optimum water usage

s Self purging

% Less maintenance

< Will fertigate.

Slide 19 This slide is a twenty second animated E-Drawing of a citrus grove
describing a tank-fed hose layout and its operation.
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Conclusion

A study of the patent archives and the commercial market confirms a long-standing and
continuing interest in moisture-activated valves for controlling the individual outflows of
hose-fed irrigation systems. This is particularly relevant where hose laterals are widely
spaced for example in the cultivation of food producing trees, shrubs and vines.

There have been significant advances in the materials available for these special valves
which traditionally fall into two classes of operation namely, pinch valves and stopcocks.
New polymer based materials are providing Designers with the opportunity to refine
existing configurations and to consider radical new designs based on Technology
Transfer from other industries.

The new moisture-activated Kink Valves currently under development, exhibit animated
properties similar to those of the electric thermostat. This adds a new dynamic to water-
control valve design.

It is likely, in the very near future, that moisture-activated valves will come under the
spotlight as growers seek solutions to overcome water and electricity shortages in the
face of growing pressure to increase food production on ever more marginal land. Itis
hoped that the Irrigation industry will be well placed to supply a useful range of
moisture-activated valves.
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Abstract

The flow of water down an irrigation ditch can be measured using a flume or by
measuring the discharge from a well into the cannel. Water is diverted from the cannel
into a field by opening gates in the cannel to each field. To calculate the depth of water
applied to a field, it is necessary to measure the time duration that the flow in the cannel
is diverted to each field and the area of the field. The time that a gate is open to the field
can be measured with an irrigation gate status recorder consisting of standard magnet
switch used in tipping bucket rain gauges and a Hobo event recorder that records the date
and time that the switch is closed. An event is recorded each time the magnet on the gate
passes the magnet switch as the gate is raised or lowered.

Introduction

Water conservation and proper irrigation timing and amount require knowledge about the
amount of water applied during an irrigation to each boarder in a field. Ideally, the timing
and amount of water applied to an irrigated field should be measured automatically
without the need for a person to be present to record the flow rate and duration of the
flow. Automatic control gate that opened and closed automatically were developed in the
1960 (Bowman , 1968, Calder and Weston. 1966, Humpherys , 1967), but these
automated flood irrigation turnout gates were never adapted by the farming community
because of the lack of reliability of the systems. Consequently, most flood irrigation
control gates are operated manually. The flow rate of water down an irrigation ditch and
the controlled turnout into a field through a gate can be measured using a flume or by
measuring the discharge from a well into the cannel using a flow meter installed on the
well discharge pipe. If the flow meter contains an output single proportional to the flow
rate, it can be connected to a data logger to measure the accumulated flow over time and
the total volume of water. Generally, the electronic propeller meter contains an electronic
rate/totalizer that senses the propeller rotation via a magnetic pickup sensor located in the
gearbox and translates these pulses to rate and total flow. The meters contain a 4-20 mA
pulse output when the totalizer is connected to an outside power source. This output can
be recorded by a data logger that can be an inexpensive single cannel data logger costing
$400 or a multi cannel data logger costing up to $1,100.



However, when the irrigator changes the flow down the cannel from one boarder to
another, a method of determining when that boarder gate is open or closed is needed to
determine volume of water into each boarder or set of furrow irrigations. If a electronic
sensor is not available on the flow meter but a total volume mechanical meter is read at
the beginning and end of the growing season, and a gate recorder is used to record the
time duration and date that each gate for each boarder is open then the proportional time
duration that each gate is open can be used to prorate the total volume of water into each
boarder at each irrigation assuming the discharge rate of the well into the channel is
constant through out the growing season. If the well in use irrigate more than one field,
then irrigation gate state recorders must be installed on all gates in all fields.

If the water comes from a main irrigation district cannel turnout then it can be measured
using a flume in the field cannel. The depth of the water in the flume over time and thus
the flow rate can be measured using a pressure transducer connected to a data logger. The
S-M type flumes (Samani, Z. and Magallanez, H. 2000) can be installed quickly and at a
cost of $100- $200 into a concrete or dirt ditch cannel. The pressure transducers range in
price from $600 to $1000. Again the cost of the data loggers is from $400 to $1100.
Water flow in a cannel is measured and the water is then diverted into a field by manually
opening gates in the cannel to each boarder. Again, in order to calculate the depth of
water applied to a boarder, it is necessary to know the time duration and flow rate that the
flow in the cannel is diverted to each boarder and the area of the foarder. The boarder
area can be determined by aerial photographs or using GPS equipment.

The objective of the research was to develop an inexpensive irrigation gate status
recorder that when combined with knowledge of the flow rate or total flow down the
cannel could measure the volume of water applied to each boarder in a field and in turn
the depth of water applied at each irrigation date automatically.

Materials and methods

The time that a high flow turnout gate (Fig. 1) is open to irrigate a boarder can be
measured with an irrigation gate status recorder. The gate data logger consists of an event
recorder (Fig. 2) with an external magnetic switch (Fig 3) attached to the frame of the
high flow turnout gate and a magnet attached to the slide portion of the gate.



Fig. 2 Irrigation event data logger.

The event recorder switch attached to the frame of the gate is activated as the slide
portion containing the magnet pass the switch. The data logger records the date and time
the magnet passes the switch each time the gate is opened or closed. The magnet switch
and the magnet are attached to the gate using silicon rubber. The magnet switch used is a
tipping bucket recording rain gages switch (Hamlin 5801 switch). The magnets used
were acquired from a home alarm company. The switches used by the home alarm
company can not be used because they are for indoor use and fail after a rainfall event
even if covered with silicon rubber. The Hamlin switch is water proof. The event recorder
is a Hobo h007-002. The magnet is raised when the gate is raised, closing the switch and
recording an event. It is important that the magnet switch be placed closes enough to the
magnet to be activated. This distance should be no more than 0.25 inch and do the
operation check after installation by rising and lowering the gate several times to make



sure the magnet is operating the switch. As long as the gate is open, no further events are
recorded. However, a delay of 1 second is set in the Hobo data logger before another
even can be recorded so that multiple recording do not occur when the magnet passes the
magnet switch. When the gate is closed at the end of the boarder irrigation another event
is recorded. This data along with the integrated flow over the measured time period is
used to calculate the water amount diverted into the field.

Knowledge of the flow rate through the gate is required. In this study, the discharge from
two wells was measured into the cannel using the Sparling meters installed on the wells
outlet pipes. The gate flow rate was equal to the combined discharge rate of the two wells
because only a single high flow turnout gate was open at a time. If sets of gates are open
for an irrigation event, with each turnout gate supplying water to a different boarder in
sequence, then one recorder is installed on each gate to determine when it was opened
and closed. The total flow in the ditch must be diverted to one boarder at a time for the
measurements to be accurate. The flow rate in the cannel if it is constant based on a
upstream turnout setting can be measured using a inexpensive S-M flume (Samani, Z.
and Magallanez, H. 2000) consisting of two half section of pvc pipe placed in a vertical
channel or a single pvc pipe placed in the center of a trapezoidal channel. This flow rate
must be recorded by the irrigator at each irrigation event or set to the same flow rate
throughout the growing season.

Fig 3. Switch and magnet attached to a slide gate.
Field Experiment

A pecan orchard in the Messia Valley New Mexico was planted in 1970 on 9.7 by 9.7 m
tree spacing with a average orchard tree height of 12.8 m and an average tree diameter at
breast height of 30 cm. The soil type was a Harkey loam and the orchard was irrigated
before the soil moisture reached a maximum allowable depletion (MAD) of 50% based
on a tensiometer reading at 30 cm reached 0.6 bar or when more than 8 days would have
occurred between irrigations. The study was started in 2003 and the gate recorder was
installed on a gate in the first boarder of the field in March of 2003 down stream from a



cannel that received its water from two irrigation wells containing Sparling meter with
only totalizing water meters on them (Fig. 4)

The boarders had high flow turnout gates to take the total flow from the two irrigation
wells that was around 3600 gpm. Flow measurement throughout the growing season
determined that the flow rate from the wells varied less than 2% the accuracy of the flow
meters. The event recorder data was downloaded using Onset cooperation Box Car Pro 4
software installed on a portable computer that was taken to the field to read the data
logger every two weeks.

2 St e SRR e i Fig. 4. Measuring
discharge of the irrigation wells using Sparling meters.

Results and Discussion

Before the installation of the irrigation gate status recorder, in the first year of the
research the two Sparling meters were read before and after each irrigation of the
monitored boarder. However, because the farmer did not always inform the researchers
when an irrigation event was to occur, many irrigation events were missed or more than
one boarder in the field was irrigated between meter readings. Also, because it was
necessary that the meters be read at the end of the irrigation before changing the gates to
irrigate another boarder, a person had to stay at the field during the entire boarder
irrigation even which could take 5 hr’s.



After the installation of the irrigation gate status recorder, irrigation date, amount
and depth were measured automatically (Fig. 5).
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Fig. 5. Depth and amount of water applied to a Pecan flood irrigated orchard in 2003

Occasionally, the event recorder did not record an irrigation event for unknown reasons.
Then, a second irrigation gate status recorder was installed on the other side of the gate,
so if one failed the backup recorder would work. In a couple of times during the
experiment (year 2004 and 2005 ) the irrigator broke and loosened the magnet switch
from the side of the gate and one time the magnet came off the slide portion of the gate. It
is recommended that a plastic cover be put over the magnet switch and the wires from the
switch to the Hobo event data logger be put in protective pvc for long time installation.
Also, it is important when using the Hobo event recorder to observe the battery status of
the recorder and replace it when it shows 50% depletion.

Conclusion

A simple irrigation gate status recorder was designed and used to record the date and time
a irrigation gate on a high flow turnout was opened and closed. This coupled with the
flow rate in the cannel and the area of the boarder allowed for a calculation of depth of
water application. The simple irrigation gate status recorder is reliable.Because of the low
cost, two gate status recorders are recommended to be installed in case of instrumentation
failure so that no irrigation events are missed.
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Abstract. Irrigation control systems incorporating soils measurements to make
“smart” decisions have not fully embraced soil moisture sensors because of difficulties
associated with data interpretation. While soil water potential data are easier to
interpret than soil volumetric water content data, the lack of a robust and inexpensive
soil water potential sensor has prevented the irrigation industry from using water
potential to control irrigation. The goal of our research was to develop a low cost,
simple, and accurate water potential sensor that is easy to install and long-lasting in
the ground. The water potential sensor (WPS) that we developed measured the
dielectric permittivity of a well-characterized porous ceramic disc in equilibrium with
the surrounding soil. We evaluated sensor performance over a wide range of water
potentials using tensiometers and pressure plates. Sensor calibration showed high
measurement sensitivity in range of soil water potentials that plants grow. In
addition, confounding environmental factors like soil electrical conductivity and soil
type did not appear to affect sensor output. Results suggest the WPS is a tool that
makes irrigation scheduling as simple as regulating heating in a home.

Keywords. Soil moisture, water potential, soil moisture sensor, smart irrigation



Introduction

“Smart” irrigation control is critical to conserving municipal water supplies. Among many
control strategies, soil moisture monitoring has become one of the more promising irrigation
control technologies because the measurement provides information about the availability of
water in the soil (Campbell and Campbell, 1982). However, the majority of soil moisture
technologies only determine the amount of water in the soil, not if irrigation is necessary. That
decision is left to the user. Because most people do not know how to interpret soil moisture
measurements, general integration of these devices into irrigation control systems has been
slow.

The effects of soil particle size and soil density are at the heart of the challenge of interpreting
soil moisture measurements. The size distribution of the particles in soil determines if water
will be available to plant growth. The smaller the majority of the particles, the more tightly
water is bound. Thus, a sand-sized soil and a clay-sized soil with the same amount of water in
them will have completely different amounts of water available to the plant. For example, sand
with 20% water by volume (VWC) may only bind 5% (by volume) tightly so 15% is freely
available for uptake and use in biochemical processes and transpiration. A clay with 20% water
by volume will exhibit completely different behavior. In this case, the water will be bound so
tightly by the extensive surface area of the fine particles that 0% will be freely available and
most plants will find it difficult or impossible to remove any water at all. Clearly, simply relying
on the amount of water to determine the needs of the plant can lead to gross interpretation
errors.

Ideally, the solution to “smart” irrigation control is similar to placing a thermostat in a house;
people with no knowledge of thermoregulation can easily use their thermostat to keep their
homes at a comfortable temperature. Instead, most irrigation control systems that integrating
soil moisture measurements use an arbitrary “refill” point, set by the user, to make irrigation
decisions. This is an imprecise technique, often relying on the knowledge of the user to define
the level of soil moisture plants require. In fact, plant water requirements are better defined by
a parameter called “soil water potential” (SWP) which defines the energy state, not the
amount, of water in soil. Plants use a gradient in water potential to draw or literally suck water
from the soil. Since healthy plants require a well defined range of water potentials for
optimum growth, much the way people have a set range of temperatures for comfort, a SWP
sensor could control irrigation with minimal knowledge of irrigation requirements.

Differences in water potential between the atmosphere and soils drive water movement from
the soil through the plants and into the atmosphere. Water will always move from high water
potential (less negative) to low water potential (more negative). However, if this gradient
becomes too high (because of lack of soil moisture), plants can no longer pull water from the
soil. The point at which the water potential is below optimal levels is typically < -100 kPa. This
relationship is independent of soil type, and the optimal SWP growth ranges for specific plants
are well tabulated in scientific literature.



Although SWP sensors have been available for many years, currently available sensors are
either inaccurate, too expensive, or have short field life (Scanlon et al., 2002). The objective of
this study was to design a low cost, high quality sensor to measure SWP in situ. To meet our
goals, the sensor will show no soil type dependence, work over a wide range of SWP, have low
salinity response, and agree well with existing technologies.

Sensor Design

When a porous material (ceramic) is put in contact with the soil, water will flow into or out of
that material until the material’s water potential is equal to the soil’s water potential. As with
any porous material, ceramic has a unique, static relationship between the amount of water in
the matrix (water content) and its water potential, called a moisture characteristic. The WPS
measures the water potential of the soil by equilibrating a ceramic matrix with the soil,
measuring the dielectric permittivity of the ceramic to find its water content, then determining
the water potential through the moisture characteristic relationship. Instead of converting the
sensor output to dielectric and then water content, correlations are made directly between
sensor output and water potential.

Laboratory Calibration and Characterization

1 and 5-bar pressure plates were used to create the moisture characteristic for the WPS. To
determine points between 0 and 5 bars, we used a tensiometer for the wet range and a
thermocouple psychrometer and a chlled miller hygrometer for the dry range. Sensors were
packed into saturated soil on 1 and 5-bar pressure plates and allowed to equilibrate for at least
48 h at a variety of pressures. Two soil textures (sandy loam and silty clay loam) were tested to
ensure sensor calibration was constant in differing soil types.

After calibration, sensors were installed in a silt loam together with tensiometers to show
relative response time and water potential range. Wheat was grown in the soil under sodium
grow lights to simulate field water use conditions.

Sensors were also tested to determine their sensitivity to electrical conductivity. To do this, the
ceramic disks were vacuum saturated in solutions with a range of electrical conductivities. Data
from the sensors in soils containing different electrical conductivities were not significantly
different.

Results and Discussion

A time series of sensor equilibration on a pressure plate over a range of pressures is show in
Fig. 1. The stair-step nature of sensor output shows repeated pressure changes and sensor
equilibration. Although sensor output did not plateau for more than 24 h in some cases, it is
likely that these long equilibration times are due to the equilibration of the entire pressure
plate together with the soil and not the sensor themselves.
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Figure 1. Time-series WPS calibration data collected in silty clay loam soil in 1 bar pressure
plate apparatus. Chamber pressure settings are shown at each step.

Sensor calibration data were derived from the equilibrated sensor output at each chamber pressure (see
plateau values in Fig. 1). Ideally, the WPS would have the same calibration curve, regardless of soil type.
Indeed, Figure 2 (a&b) shows no difference between water potential readings on two different pressure
plates and in the two soil types. Especially impressive is the way the calibration lines matchup between
the one bar and five bar pressure plates, constituting entirely different measurement systems.
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Figure 2. Calibration data collected from the WPS (a) plotted with linear axes and (b)
plotted with water potential units in logarithmic increments. The derived calibration
function for the semi-log data is shown in the upper right hand corner of Figure 2(b).

Semi-log plots of the calibration data show a quadratic relationship between sensor output and
water potential (Figure 2b). The sensors were calibrated from these data, which requires both
a natural log transformation and a subsequent quadratic conversion. More importantly, sensor
data show high sensitivity in the most important range for actively growing plant, 0 to -100 kPa
( 1 bar = 100 kPa). However, the data also show the sensor will not measure to complete
saturation; it reaches a maximum value at -9 kPa. This maximum is called the air entry
potential of the ceramic and represents the potential that water begins to drain from pores in
the ceramic matrix. At water potentials closer to zero, the soil will exert a pull on the water to
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drain the matrix but the binding strength of the ceramic will not allow water to flow out.
Although an upper water potential limit closer to zero would be nice, it is not necessary for
irrigation control. On the dry end, the WPS will work well down to SWP of approximately -500
kPa. This lower limit is more than adequate for actively growing plants although it does not
reach the commonly accepted value for permanent wilting point of -1500 kPa.

Combined WPS and tensiometer data in a silt loam with actively growing wheat are shown in
Fig. 3. Data from the WPS agree well across several dry-down events, marking heavy daytime
wheat water uptake with steep declines in water potential and nighttime dormancy with
plateaus. Response time of the WPS is consistent with the tensiometer, further supporting the
hypothesis that long read times in the pressure chamber were due to system and not sensor
equilibration. The abrupt end to tensiometer data during the last dry-down was caused by
tensiometer cavitation, underscoring the challenges of maintaining that technology in
functional condition (Young and Sisson, 2002).
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Figure 3. Time-series water potential measured with a calibrated WPS and a tensiometer
over several drydown and re-wetting cycles in an agricultural soil under wheat.
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Figure 4. WPS sensitivity to soil solution to electrical conductivity. All values have been
normalized to 1 dS/m solution values. Error bars are +1 standard deviation from a sample
of 10 WPS sensors.

Soil salinity did not appear to affect the sensor, changing < 1% over a range of ceramic solution
electrical conductivies of 0 to 5 dS m™. The mechanism for the low sensitivity to salinity is
unclear. The sensor’s 70 MHz measurement frequency along with its no-contact measurement
do reduce salt effects (Kizito et al., 2008). Still, there may be some salinity mitigation from the
ceramic as well. With its extensive ability to bind charged ions, the clay ceramic may buffer salt
effects by simply binding a portion of the ions in the water, thus reducing their deleterious
effects.

Conclusions

The WPS performed well in our tests showing an extensive measurement range, fast
equilibration, consistent readings in differing soil types, and low sensitivity to soil salinity. In
addition, calibration was consistent between two soil types and with a variety of calibration
techniques. Indeed, data suggest that the design objectives for the sensor were met. The
broad range of water potential sensitivity will give irrigation controllers complete freedom to
use literature values for healthy plants and simply control to an optimum value in the same way
thermostats control temperature.
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Abstract. McCrometer and the University of Nebraska recently studied the
effects of flow conditioning on flow meter accuracy. The results of the study
indicate that the incorporation of a flow straightener into the design of an
irrigation propeller flow meter provides +2 percent measurement accuracy while
greatly reducing the instrument’s typically required straight pipe run.

This advanced propeller flow meter’s design reduces the straight pipe run
required by up to 80 percent , which greatly reduces pipe material and installation
costs for new irrigation well sites. In the retrofitting of existing well sites to add
flow meters for the first time, this new meter design also alleviates the problems
associated with crowded equipment configurations where adding the meter has
often resulted in significant re-layouts at high cost.

Keywords. Agriculture, water, irrigation, flow meter, propeller flow meter,
saddle meter, flow conditioning, flow conditioner, flow straightening, flow
straightener, pipe straight run, mandatory water metering, measurement
accuracy,



Introduction

Water agencies across the United States continue to require water flow meters
for new agricultural irrigation well site installations and for existing well sites too.
The need to balance the water needs of agriculture, other industries and
residential use is driving water conservation as never before.

In agriculture, irrigation scheduling is the application of water to crops only when
needed and only in the amounts needed. It involves studying, understanding,
applying, then monitoring and controlling necessary instruments such as soil
moisture analyzers, rain gauges, and flow meters to assure efficient use of
energy and water in crop production. In turn, minimizing the waste of water and
supporting water conservation while maximizing crop yields.

Good irrigation scheduling practices include knowing the volume of water applied
to each field. Flow meters, when properly selected and installed correctly,
accurately measure the water to verify the proper amount was applied. An
accurate flow meter is essential to good irrigation scheduling practices.

Typical Flow Meters

Flow meters come in all shapes, sizes, and price ranges. Types of irrigation flow
meters include: propeller, turbine, magnetic, and insertion. Propeller meters are
durable, reliable, easy to install, economical to purchase, and therefore make up
the maijority of the installed base of irrigation water meters in the US.

The propeller meter consists of a rotating device, a helical-shaped impeller,
positioned in the flow stream. When fluid passes through the meter it contacts
the impeller causing it to spin. The impeller’s rotational velocity is directly
proportional to the velocity of the flow.

The impeller’s rotation is transmitted through mechanical linkages, which drive a
mechanical register that displays both instantaneous and totalized flow. The
irrigator can look at his meter register at any given time to collect instantaneous
and totalized flow rate data.

Propeller Meter Installation Requirements

To measure flow accurately, the installation of a typical propeller flow meter
requires 5 to 10 pipe diameters of straight, unobstructed pipe run upstream from
the meter inlet tube. The straight pipe run is necessary to provide a highly
uniform liquid flow profile within the pipe that is stable enough for measurement.

Flow meter straight pipe run requirements are expensive in terms of pipe
materials, installation labor and maintenance. In retrofit situations where a new
flow meter is added to existing equipment, there is often not enough space to
accommodate the straight pipe run necessary for accurate flow measurement.



This situation can result in costly redesigns and re-piping of existing sites that is
time-consuming and costly.

Flow Conditioning

McCrometer and the University of Nebraska recently studied the effects of flow
conditioning on the installation requirements for propeller flow meters. This study
was designed to determine if integrating a flow straightener (FS) into the design
of a new propeller flow meter would result in accurate flow measurement while
significantly reducing the need for straight pipe runs.

The saddle-style propeller meter developed for this study features a patent
pending flow straightener to condition water flow. This integrated
meter/straightener design is expected to maintain the propeller meter’s stated +2
percent accuracy, while reducing the upstream straight run to 2 pipe diameters
and the downstream run to 0 to 1.5 pipe diameters. The saddle-style propeller
meter was selected for this test because it is easy to install as both a new and a
retrofit device.

Statement of Problem

Irrigation plays a maijor role in the Nebraska farm economy. There are over
100,000 wells in the state that contribute to approximately 90% of the annual
groundwater consumption. In order to practice good irrigation water
management, it is important to accurately measure the amount of water being
pumped from these irrigation wells. Currently, propeller flow meters are the most
common devices used for irrigation water measurement in Nebraska.

When selected and installed correctly, propeller meters can be accurate within +2
percent of actual flow. To achieve this level of accuracy, the propeller meters
must be placed in an “undisturbed flow of water”. Undisturbed flow is another
way of saying that the velocity profile in the pipe has not been distorted causing
swirl, secondary flows, asymmetrical profiles, or symmetrical non-reference
profiles.

Propeller meters are designed to measure the flow rate in a full pipe that has an
axially symmetrical, non-swirling, and parabolic reference distribution of velocity
across the pipe (Figure 1). The flow measurement can be inaccurate when the
water entering the metering section has been disturbed and the distribution of
velocity across the pipe has been distorted (Figure 2). Apparatus in the pipeline,
such as pumps, valves, and elbows, can cause distortions to the velocity profile.
In Nebraska, common flow disturbances include pumps, chemigation check
valves, and elbows.

One approach to obtain accurate water measurement in the vicinity of flow
disturbances is to place the flow meter far enough downstream from the flow
disturbance so that the water nearly returns to the normal expected velocity
pattern, i.e., a fully developed velocity profile, before it enters the metering



section. To achieve the desired pattern it is recommended that there be at least
10 pipe diameters (10D) of straight blank pipe between the disturbance and the
metering section. However for many cases in the field there was not enough
space built into the piping system to allow for the recommended 10D of distance.
Thus, when retrofitting existing irrigation systems, the piping system must be
altered significantly so that adequate distance is made available for metering.
Since these alterations can be expensive it would be beneficial to the irrigation
industry if the space requirements could be reduced.
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The use of flow conditioners is one approach for reducing the required distance
of straight blank pipe. Straightening vanes are a common type of flow
conditioner. McCrometer, Inc. uses a 6-vane arrangement for this purpose.
McCrometer, Inc. recently developed a new flow conditioning and straightening
device, the Mc SpaceSaver™ Flow Meter.

Project Objective

The objective of this project was to determine the impact of the flow straightener
(FS) on the metering accuracy of propeller meters in the presence of flow
disturbances. The flow disturbances considered were two elbows out of plane,
vertical turbine pumps, and vertical turbine pumps equipped with a spring-loaded
swing check valve.

Procedures

The project was conducted in the Biological Systems Engineering Water
Hydraulics lab located in L. W. Chase Hall, University of Nebraska-Lincoln. A
venturi flow meter system served as the standard for flow rate comparisons. The
venturi size used for an individual test was based on flow rate. Flow rates less
than 700 gpm were measured with a 6-inch venturi and flow rates greater than
700 gpm were measured with a 10-inch venturi. Our experience indicates that
the venturi system measures flow within 1-2 percent of actual flow.

A redundancy meter, a McCrometer propeller meter, S/N 80-8-555, was used to
verify the quality of the venturi data. The meter used in the test section, herein
called the test meter, was a 6-inch McCrometer meter, Model Number MO 306-



675, S/N 07-06548-06. The meter was mounted in a 20 inch long metering
section with flanged fittings. The flow straightener (FS), a McCrometer FS106-2,
was mounted in a 12 inch long flanged spool. The spool length was considered
as part to the straight pipe length between flow disturbances and the metering
section. All distance measurements were taken from the downstream flange of
each disturbance to the tip of the propeller. The piping used in all conditions was
flanged 6-inch nominal Schedule 40 PVC pipe with an inside diameter of 6.065
inches.

The various testing conditions are shown in Tables 1 and 2. In addition, a
baseline test was performed on the test meter. The baseline test was conducted
with 32D of straight blank pipe located between a standard vane and the
metering section.

The two elbows out of plane configuration is shown in Figure 3 and the vertical
turbine pump and check valve is shown in Figure 4.

The volume totalizer of the test meter was timed with a stop watch for flow rate

calculation. The timing period was for approximately three minutes. Each test
was replicated three times.

Table 1. Two elbows out-of-plane test conditions.

Factors
Two flow conditioners — none and FS
Three distances — 2D, 4D, and 8D
Four nominal flow rates — 250, 550, 900, and 1200 gpm

Table 2. Vertical turbine pump test conditions.

Factors
Two flow conditioners — none and FS
Three distances — 2D, 4D, and 8D
Two check valve conditions — none and chemigation check valve
Two flow rates — 250 and 550 gpm
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Figure 3. Two elbows out-of-plane configuration.



Figure 4. Vertical turbine pump with check valve configuration.



Results

The test results are summarized in Table 3 and are presented graphically in
Figures 5-14. Actual flow rates were always very near to the planned nominal
flow rates with all flows being within 20 gpm of planned and with the maijority
being within 5 gpm of planned. The metering accuracy or uncertainty was
quantified by the flow ratio, the ratio of the test meter flow rate divided by the
laboratory standard flow rate. A flow ratio of 0.98 indicates that the test meter
registered 2 percent lower than the laboratory standard.

All data, except for the baseline test data, have been corrected for meter
measurement bias, i.e., the baseline data were used to correct the test meter
flow rates. The meter measurement bias is based on the difference between the
test meter flow rate and the laboratory standard flow rate that was observed in
the baseline test. It is caused by a combination of the laboratory standard bias
and the test meter bias.

The test data were corrected for meter measurement bias by dividing the
observed test meter flow rate by 0.98, the mean flow ratio of the baseline tests.
The confidence intervals presented on the graphs are 95 percent intervals. The
95 percent confidence intervals were calculated by multiplying the standard
deviation of the data by two and then adding and subtracting this number from
the mean of the three replications. When calculated over all of the tests, the flow
ratio of the laboratory redundancy meter (McCrometer S/N 80-8-555) was 1.00
with a range of 0.985-1.015 confirming that experimental errors did not lead to
erroneous laboratory standard data.



Table 3. Summary of flow ratio results (data corrected for meter
measurement bias detected in the baseline test).

--- Flow Ratio---

Flow Condition Mean Range’ Standard Dev.”
Baseline without vane @ meter | 0.980 0.967-0.993 0.004
Two elbows, 2PD, w/o FS 0.892 0.879-0.899 0.010
Two elbows, 2PD, w/FS 0.984 0.972-0.989 0.003
Two elbows, 4PD, w/o FS 0.895 0.882-0.902 0.005
Two elbows, 4PD, w/FS 0.981 0.970-0.987 0.003
Two elbows, 8PD, w/o FS 0.904 0.891-0.908 0.005
Two elbows, 8PD, w/FS 0.982 0.969-0.988 0.003
Pump, no check valve, 2PD, w/o | 0.954 0.949-0.959 0.004
Pump, no check valve, 2PD, 0.978 0.971-0.985 0.002
Pump, no check valve, 4PD, w/o | 0.964 0.960-0.968 0.002
Pump, no check valve, 4PD, 0.981 0.974-0.988 0.001
Pump, no check valve, 8PD, w/o | 0.973 0.971-0.975 0.004
Pump, no check valve, 8PD, 0.983 0.975-0.990 0.002
Pump, check valve, 2PD, w/o 0.937 0.920-0.954 0.004
Pump, check valve, 2PD, w/FS 0.980 0.978-0.982 0.002
Pump, check valve, 4PD, w/o 0.945 0.930-0.959 0.003
Pump, check valve, 4PD, w/FS 0.981 0.973-0.989 0.002
Pump, check valve, 8PD, w/o 0.951 0.943-0.959 0.002
Pump, check valve, 8PD, w/FS 0.981 0.975-0.987 0.002

"Mean flow ratio over all flow rates

’Range of the mean flow ratios for each flow rate

3Mean standard deviation over all flow rates
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Baseline Tests

The results of the baseline tests are shown in Figure 5. The mean flow ratios
varied from 0.967-0.993 with a mean of 0.980. As was true with many of the tests
where the flow had been conditioned in this project, the lowest flow ratio occurred
at the nominal flow rate of 550 gpm.

Baseline Test
32 Pipe Diameters

[McCrometer 07-06548-06 |

g

g 1.05

Q
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g * 3 5
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= 095

©

(hd

% 0.90

T Error Bars = 95%
0.85 Confidence Intervals
0-80 T T T T T T

0 200 400 600 800 1000 1200 1400

Flow Rate of Venturi (gpm)

Figure 5. Flow ratios in relation to flow rate for baseline tests (data not
corrected for directional meter bias).

Two Elbows Out-of-Plane

The two elbows out-of-plane results are shown in Figures 6, 7, and 8. The data
shown have been corrected for the meter measurement bias. The two elbows
out-of-plane was the disturbance that cased the most inaccuracy in flow
measurement in our tests. Measured flow averaged about 11 percent low 2PD
downstream of the elbows. At 8PD the meter still registered over 10 percent low.
The FS significantly improved the metering accuracy with measured flows being
within about 2 percent of the laboratory standard for all three straight pipe
distances upstream. As can be noted by the error bars and the standard
deviation data presented in Table 3, the FS greatly reduced the variability in the
data.
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Figure 6. Flow ratios in relation to flow rate for two elbows out-of-plane, 2
PD upstream straight pipe (data corrected for meter measurement bias).
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Figure 7. Flow ratios in relation to flow rate for two elbows out-of-plane, 4
PD upstream straight pipe (data corrected for meter measurement bias).



Two Elbows Out-of-Plane
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Figure 8. Flow ratios in relation to flow rate for two elbows out-of-plane, 8
PD upstream straight pipe (data corrected for meter measurement bias).

Vertical Turbine Pump/Check Valve Combinations

The results for the vertical turbine pump without the check valve are shown in
Figures 9-11. Without flow conditioning the measured flow averaged between
2.7 and 4.6 percent low relative to the laboratory standard. The FS conditioned
flow averaged 2.2, 1.9, and 1.7 percent low for the 2PD, 4PD, and 8PD of
straight upstream pipe, respectively. Conditioning the flow with the FS reduced
the standard deviation by approximately 50% for these tests.

When the spring-loaded check valve was in place downstream of the pump
discharge and upstream of the test meter, the metered flow averaged 6.3, 5.5,
and 4.9 percent lower than the laboratory standard for the 2PD, 4PD, and 8PD
straight pipe upstream distances respectively. These inaccuracies were reduced
to about 2 percent low by use of the FS. As was the case for the other tests, in
general the variability in the data was also reduced by the FS as indicated by the
reduction of the standard deviation.
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Figure 9. Flow ratios in relation to flow rate for vertical turbine pump
without check valve, 2 PD upstream straight pipe (data corrected for meter
measurement bias).
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Figure 10. Flow ratios in relation to flow rate for vertical turbine pump
without check valve, 4 PD upstream straight pipe (data corrected for meter
measurement bias).
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Figure 11. Flow ratios in relation to flow rate for vertical turbine pump
without check valve, 8 PD upstream straight pipe (data corrected for meter

measurement bias).
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Figure 12. Flow ratios in relation to flow rate for vertical turbine pump with
check valve, 2 PD upstream straight pipe (data corrected for meter

measurement bias).
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Figure 13. Flow ratios in relation to flow rate for vertical turbine pump with
check valve, 4 PD upstream straight pipe (data corrected for meter
measurement bias).
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Figure 14. Flow ratios in relation to flow rate for vertical turbine pump with
check valve, 8 PD upstream straight pipe (data corrected for meter
measurement bias).
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Conclusions

The objective of this project was to determine the impact of the McCrometer
SpaceSaver Flow Straightener (FS) on the metering accuracy of propeller meters
in the presence of flow disturbances. The flow disturbances considered were two
elbows out of plane, vertical turbine pumps, and vertical turbine pumps equipped
with a spring-loaded swing check valve.

In total, 34 tests, replicated three times, were conducted in the Hydraulics
Laboratory of Biological Systems Engineering, University of Nebraska, Lincoln.
All data were collected in 6-inch PVC pipelines. A venturi system was used as
the laboratory standard for comparison. Measurement uncertainty was corrected
for meter measurement bias. While the flow disturbances caused average
uncertainties as high as 10.8 percent low, the FS conditioned the flow so that
mean measured flow was within 2.2 percent of actual flow in all cases.
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Abstract

A fast-responding dendrometer is needed for measuring tree growth responses (daily or hourly)
to drought, fertilization stress and other stresses. This study reports on operational comparisons
between new, inexpensive automatic point and band contact dendrometers. Eighteen point and
five band dendrometers were installed on pecan tree trunks and branches during the 2005
growing season, and their performance and measurements were compared by analyzing data
downloaded weekly. Data indicated that the point dendrometer was accurate. However, band
dendrometers may underestimate tree growth (average measured value by a band dendrometer
was half that measured by the point dendrometers), and they may not be able to measure the
hourly diameter change of small-diameter branches over several days. Point dendrometers were
found to be suitable for large-scale tree growth measurements and water and fertilizer stress
monitoring due to their fast response (hourly or faster), ease of construction and installation, and
low expense (<$40 each).

Keywords: Automatic, Branch, Dendrometer, Pecan, Point Dendrometer, Trunk, Radial Growth.

Introduction

Dendrometers have been used to measure the change in growth of forest trees (Clark et
al., 2000) and fruit trees, notably apples (Link et al., 1998) and peaches (Goldhamer et al., 1999).
Dendrometers measure the change in the diameter and growth of a tree. Clark et al. (2000)
presented a complete review of the literature on dendrometer types and uses in forestry research
and management. There are two categories of dendrometers: contact and noncontact. Contact
dendrometers contact the stem physically to measure the diameter of a branch/trunk. A diameter
tape (a kind of contact dendrometer) can measure the diameter of a trunk/branch by circling
around the trunk/branch surface, assuming the trunk/branch shape is round. Contact
dendrometers include calipers, dial gauges, diameter tapes, the Biltmore stick, sector forks, and
the Samoan stick (Jackson, 1911; Brown et al., 1947; Tryon and Finn, 1949; Bower and Blocker,
1966; Dixon, 1973; Matérn, 1990; Keeland, 1993; Costella, 1995; Link et al., 1998; Goldhamer
et al., 1999; Bitterlich, 1998).

Noncontact dendrometers can obtain measurements remotely. Optical dendrometers are
the most commonly used noncontact dendrometers (Clark, 1913; Wheeler, 1962; Eller and
Keister, 1979; Robbins and Young, 1968; McClure, 1969; Williams et al., 1999; Parker and
Matney, 1999). An optical caliper uses two parallel lines of light to view points on a stem that



represent the diameter. The distance between the two lines, which can be measured by a ruler on
the optical dendrometer, is the diameter (Clark et al., 2000).

Noncontact dendrometers can be more efficient than contact dendrometers with a 35 to
40% time savings, and their diameter measurements are comparable in accuracy to
measurements by calipers and diameter tapes (Binot et al., 1995). Data measured by non-contact
dendrometers can be directly downloaded to a computer (Binot et al., 1995). Automated contact
point and band dendrometers are also commercially available. However, instruments cost around
$650, which limits the number that can be installed on a tree to measure branch growth
(Agricultural Electronics Corporation, 2003).

Most dendrometers, except the automated ones, are “slow-responding” instruments,
because they are typically used to measure tree growth monthly or yearly. To observe growth
responses on an hourly or daily cycle (e.g., the responses to water and fertilizer stresses), a fast-
responding electronic dendrometer is needed; and at least two sensors/branch must be installed
and replicated three to four times (Andales et al., 2006). The minimum cost would be $20,800 to
measure 4 trees, 4 branches per tree, with 2 dendrometers per branch, using commercially
available automated fast-responding dendrometers. Consequently, there is a need for low-cost
automated contact point or band dendrometers.

Point dendrometers have been criticized for being inaccurate compared to band
dendrometers—a point dendrometer can only measure a point diameter growth, while
measurements from band dendrometers represent an average of all diameters over all directions
(Avery and Burkhart, 1994; Clark et al., 2000). Therefore, multiple point dendrometers are
needed for branch/trunk growth measurements. In addition, an automatic point dendrometer is
often installed with the LVDT or a linear potentiometer holder (LVDT: linear variable
differential transformer) anchored to a measuring branch with two long anchor screws (Andales
et al., 2006), so the LVDT or potentiometer will not move as the branch/trunk grows. Band
dendrometers do not have this measurement problem; however, an LVDT/potentiometer band
dendrometer must be held to the branch with a constant spring tension that allows the band to
expand as growth occurs. If the interest is in measuring the expansion and contraction of the
trunk diameter throughout the day in response to moisture stress, a band dendrometer may not be
sensitive enough because a spring must contract the band, and to accomplish this contraction the
spring force must overcome the force of friction as the trunk shrinks.

The objectives of this study were to design inexpensive automatic fast-responding point
and band dendrometers and to compare the performance of these two systems to data found in
the literature.

Materials and methods

Design
Automatic band dendrometer

The automatic band dendrometer consists of several parts, including a linear
potentiometer sensor, stainless steel hose clamps, bolts and nuts, an aluminum channel, and a
stainless steel spring (Figure 1). The potentiometer sensor is a Model 9605 BEI made by Duncan
Electronics (http://www.beiduncan.com/html/products/linear/mini_sensors.htm). Clamps, bolts,
nuts, and aluminum channel can be purchased from a local hardware store. The spring (model:
LE 026 C 115s) can be ordered from Lee’s Spring Company (http://www.leespring.com/). The
hose screw can be used to adjust the dendrometer perimeter to fit different branches and trunks.




The BEI 9605 sensor (Figure 2) gives a linear electrical response that can be converted to
linear distance (e.g., diameter growth) when connected to a CR23X or a CR10X datalogger
(Campbell Scientific, Inc., Logan, Utah) or to any data logger with the capability of measuring a
half bridge circuit.

The 9605 sensor must be wired as shown in Figure 2 or the response curve will be non-
linear. The sensor is a linear sliding resistor with terminal 2 connected to the resistor slider
(plunger). Terminals 3 and 1 are connected to the resistor’s end points. A datalogger measures
the voltage (V1) between terminals 2 and 3 and the voltage (Vx) between terminals 1 and 3. The
ratio of the resistance between 3 and 2 to the resistance between 1 and 3 is linearly related to the
ratio of the length between 2 and 3 to the whole length between 1 and 3. From the ratio of V1 to
Vx, the physical position of terminal 2 (plunger position) on the resistor can be determined.
Consequently, the change in plunger length can be used to measure change in growth of the tree.
The AC half bridge (P5) instruction set for the Campbell CR10X or CR23X is used in the data
logger program to record the output from the sensor. Instruction P5 has eight parameters that
need to be specified in the program. Appendix 1 shows an example program for a CR10X. Note
that if more than one sensor is connected to the data logger, parameter 4 (excitation channel
number) must be set to increment by 1 so that the excitation source can be rotated among the
three available E (excitation) channels for consecutive sensors.

If two sensors per trunk (or per branch) are installed, a 6-wire cable (e.g, Belden Part No.
9745, 22 AWG, unshielded) can be used to connect the sensor to the data logger. However, a 3-
wire cable also can be used to connect the dendrometer to the data logger (e.g., Belden Part No.
8443, 22 AWG, unshielded). Wire lead length should be less than 116 m in order to get accurate
measurements of the change in resistance. Longer wire lengths can be used, but calibration
should be done with the leads connected to the sensor to account for the connection wire
resistance.

Construction of a band dendrometer requires two hose clamps (Figure 3, a, b and c). Each
clamp perimeter should be longer than the half length of a branch perimeter to be measured. The
clamps need to be unscrewed and then connected together (Figure 3, b and ¢). The screw at the
open end is removed so that the other band end can go through the hole (Figure 3, d), and a new
screw is inserted and held by a nut (Figure 3, e and f). The screw and nuts should leave some
space around the band so that the band can freely move (Figure 3, ). The BEI 9605 is held in an
aluminum channel segment which is held on the freely moving band end by two stainless screws
(Figure 3, g and h). Appropriate holes on the aluminum channel are drilled and threaded before
attaching the BEI 9605 sensor. The thread can be made directly by the screws instead of using
threading tools since the aluminum is softer than the steel screw. One side of the spring is
connected into the freely moving band end and the other side is connected into an appropriate
point of the band (Figure 3, i). The spring choice was based on work by Keeland and Young
(2007), who found that a spring length of 76.2 cm (3 inch), outside spring diameter of 6.35 mm
(0.25 inch), and wire diameter of 0.66 mm (0.026 inch) work very well for band dendrometers.
These springs provide an initial tension of 1.48 N (0.333 Ib), a rate of 0.087 N/mm (0.5 1b/inch),
and a maximum extension of 190.5 mm (7.5 inch).

Automatic point dendrometer

To build a point dendrometer, the BEI 9605 sensor is mounted in a 25.4 mm C—clamp
(available at local hardware stores) that holds the 9605 sensor in place against the trunk or
branch of the pecan tree (Figure 4). (We conducted intensive experiments on pecan tree water



use [evapotranspiration] and growth; these dendrometers were initially used to measure pecan
tree growth. However, in this paper, we report the dendrometers’ design and comparison. These
dendrometers can be used for other trees as well). Two holes are drilled at opposite sides of the
clamp for the 100 mm hanger bolts. Two nuts on each bolt fix the clamp. Pre-drilling the
trunk/branch for the two bolts is required to reduce resistance when driving the bolts into the
wood. The BEI 9605 sensor is relatively inexpensive ($25), so the total cost for an automatic
dendrometer (point and band) will be below $40.

Calibration of the 9605 linear position sensor

The 9605 sensor output V1/Vx ratio, which ranges from 0 to 1.0, is converted into the y-
value (length of sensor, mm) using a linear calibration regression equation (Figure 5). The slope
of the equation is the change rate of the sensor length to the variation of V1/Vx. When using new
sensors, at least three sensors should be tested to verify that the same linear calibration equation
can be used for all the sensors. The 9605 sensor attached to a CR10X or CR23X is easily
calibrated using a digital caliper and viewing the response (V1/Vx) at various sensor lengths
using Loggernet software (Campbell Scientific, Inc., Logan, Utah) or similar data acquisition
software. One can also use a battery (e.g., AAA) to provide voltage to Vx and measure the V1
variation with a multimeter. Because of the inner structure of the sensor, the resistance between
terminals 1 and 3 may vary when one changes the plunger length; therefore, measuring the
resistance variation with plunger length across terminals 2 and 3 and then using the ratio of this
resistance to a constant resistance across terminals 1 and 3 to infer V1/Vx may not obtain the
true variation and is not recommended. The change of the sensor length over a specified time
interval gives the measured linear growth of the radius (point dendrometer) or perimeter (band
dendrometer) of the trunk or branch.

Thermal expansion and contraction—sensor resolution

For the point dendrometer, the thermal expansion/contraction variation of the bolt in the
diameter direction will affect the diameter measurement. Steel has a thermal expansion rate of
1.2x10°°C™" (Pesonen et al., 2004 ). The steel expansion rate was used for the point dendrometer
thermal expansion correction. The length of the bolt was 100 mm. The bolt
expansion/contraction was therefore 1.2x10” mm °C™". For this study, the measured annual
diameter growth ranged from 0.47 mm to 7.1 mm. The annual growth measurement by the point
dendrometers used data taken in the afternoon at 14:00. The temperature difference at 14:00
between day 87 (the beginning day of the growth calculation) and day 354 (the end day) was
10°C (temperature data were obtained from weather.nmsu.edu). Therefore, the thermal effect
was about 0.012 mm for the annual point growth measurement, which appeared to be negligible
compared to annual radial growth (>1 mm per year). However, for hourly growth measurement,
thermal effects may be relatively large (e.g., 0.01 mm, because daily temperature change can be
10°C or more) in relation to the daily fluctuation (<0.05 mm per day) in radial growth.
Therefore, the thermal correction must be made when using the point dendrometer for hourly
measurements.

The thermal correction of the band dendrometer is related to the band effective length
(the perimeter of the trunk/branch). The trunk/branch diameters ranged from 85.7 mm to 354.0
mm. The trunk/branch perimeters ranged from 269.1 mm to 1111.6 mm. Therefore, the thermal
effect was about 0.13 mm for the annual growth measurement based on the expansion rate of



1.2x107 °C™" (Pesonen et al., 2004 ), which is negligible compared to annual radial growth (>1
mm per year). However, for hourly growth measurement, thermal effects may be relatively large
(e.g., 0.01 mm, because daily temperature change can be 10°C or more) in relation to the daily
fluctuation (<0.05 mm per day) in radial growth. Therefore, the band dendrometers require
thermal correction for daily measurements.

The working temperature limit of the BEI 9605 sensor is -40°C to 135°C. The published
linear accuracy is 98%, i.e., the error will be 0.02 mm for a 1 mm measurement and 0.001 mm
for a 0.05 mm measurement. The major specifications of the sensor are shown in Table 1. More
detailed specifications can be found in the user manual (BEI Duncan Electronics, 2004). Sensor
resolution (the shortest distance that the sensor can detect) was not provided in the manual. From
the data measured in the study, the resolution of the sensor was estimated to be better than 0.01
mm (Figure 6).

Experiments
Dendrometer calibration

The BEI 9605 sensors may have different calibration slopes when new and after they are
used for a certain period. Therefore, V1/Vx variation with sensor length was measured for five
new sensors (randomly selected) and for five randomly selected sensors having been used for
one year. Because the sensors had different lot numbers, V1/Vx variation with sensor length for
five sensors from a second lot and three sensors from a third lot (only three sensors from the
latter lot were available) were also measured.

Tree growth measurements
Dendrometer measurements

To compare point and band dendrometers, eighteen point dendrometers and five band
dendrometers were constructed with BEI 9605 sensors from lot numbers 04-43, 3302, and 3362
and installed on four pecan trees at a 5.1-ha orchard south of Las Cruces, NM (N32° 16" 34.37",
W -106° 49" 4.14") in March 2005 when the trees were dormant. The orchard was planted in
1970 at 10.0 m by 10.0 m tree spacing. In 2005, the average orchard height was 12 m and trees
had a 0.3-m average DBH (diameter at breast height; the average diameter [outside the bark] of a
tree 4.5 feet [1.35 m] above mean ground level.) The soil was a Harkey loam (coarse-silty,
mixed, calcareous, thermic typic Torrifluvents). The farmer applied 320 kg ha™' of nitrogen
through the irrigation system throughout the growing season. The orchard was flood-irrigated
from two wells; the water was discharged into the orchard through a high-flow turnout. Sparling
Propeller flow meters (Sparling Instruments, Inc., CA) were installed on the pumps to measure
irrigation amounts. Daily precipitation and hourly temperature were measured at the
Leyendecker Plant Science Center Weather Station (N32° 12" 3.89”, W -106° 44’ 33.0"), located
3.1 km from our experimental site, and the data are available from the New Mexico Climate
Center Website (http://weather.nmsu.edu).

The dendrometer measurements were collected with a CR23X data logger. The sampling
frequency was 1 hour. Measurements continued from March 28, 2005 (Julian day 87) through
January 14, 2006 (Julian day 14). The trees broke dormancy in early April, 2005.

The dendrometers were installed on trunks, primary branches and secondary branches
(the installation position and branch and trunk diameters are provided in Table 2). The band
dendrometers were installed near (~1 cm) the corresponding point dendrometers.

Manual measurements




To check the dendrometer accuracy, the core samples of annual rings were taken at the
corresponding dendrometer measurement locations using a borer tool (5-mm inside diameter,
Suunto, Finland) in April 2008. For each trunk/branch, 4 core samples were taken, of which 1 or
2 samples corresponded to the point dendrometer measurement points (Table 2). Then the width
(annual radial growth) of the 2005 annual ring on each core sample was measured using an
electronic caliper (Model No. CD-6" CS, Mitutoyo Corp, Japan).

Data analysis
Calibration slopes

A calibration slope was obtained for each sensor from the V1/Vx and sensor length
change data using a linear regression method (Figure 5). The slope and constant in a regression
equation were evaluated using T tests to see if they were statistically significant. One-way
ANOVA (analysis of variance) was used to test if the calibration slopes were different for new
sensors, old sensors, and sensors from different lots.

Tree growth measured by dendrometers

Dendrometer measurements were converted to length using the average of all the
calibration slopes, which were statistically similar (Table 3). The point and band dendrometer
measurements were corrected for thermal effects (see the section Thermal expansion and
contraction and sensor resolution). The temperature at the beginning of the growth season was
used as the base temperature. Each length measurement then had subtracted from it the product
of 1.2x10% mm °C"" and the temperature variation (°C) (the difference between the current and
the base temperature). The length change (Lband for band dendrometers, Lpoint for point
dendrometers, mm) during the growing season (from 14:00 day 87 to 14:00 day 354) was
calculated. The Lband value measured by band dendrometers was divided by Pi (3.14) to obtain
the diameter growth, and the resultant value was divided by 2 for comparison with the point
dendrometer L point value, which was the radius growth.

Dendrometer accuracy

The annual radius growth measured by dendrometers was compared with the manual
measurement. The point dendrometer measurements were divided into three groups: trunk,
primary branch and secondary branch (Table 2). In each group, the radius growth data were used
in one-way ANOVA analyses to test if the difference between measurements from point and
manual measurement was significant. The Minitab (2000) statistical software package was used
for all the statistical analyses.

For the accuracy analysis of band dendrometer measurements, the mean of each 4 manual
measurements of radial growth on the corresponding branch/trunk was calculated. (The manually
measured data were not available for the secondary branch on tree 2 [diameter =10.1 cm, Table
2] because the branch was removed by the farmer before 2008.) Then, all the measurements of
annual radial growth (branch/trunk diameter ranged from 198.1 mm to 330 mm) by band
dendrometers were compared to the manually measured means by one-way ANOVA.

In addition, the time series (daily and yearly durations) of band and point measurements
were plotted against each other.

Results and Discussion
Calibration slopes



Good fits were obtained in the regression calibrations (see the sample calibration in
Figure 5) (R*>0.99, T>260, P<0.0001). The calibration slopes were statistically similar (F=0.63,
P=0.605, and Table 3) for the three different categories of BEI 9605 sensors: new, old, and
different lots. The average slope was 12.643 mm. The 95% confidence interval was 12.576 mm
to 12.709 mm. Therefore, if the average slope (12.643 mm) is used, the possible error obtainable
from the slope calibration would be within £0.066 mm for the full scale (V1/Vx=1) and the
relative error would be £0.066 mm /12.643 mm (the full scale) = +0.5%. To use these sensors to
measure tree growth, several sensors (e.g., five in this study) would be enough to represent
calibration for all sensors.

Daily measurements

Figure 6 shows the hourly measurements of point and band dendrometers in nine days
(days 217 to 226). Branch or trunk growth usually occurred from sunset through morning, with
peak growth occurring during the morning from around 7 a.m. to 12 p.m. From afternoon to
sunset, the diameter of the tree shrank due to increased evapotranspiration drawing some water
from the stems (Génard et al., 2001; Pesonen et al., 2004).

Band dendrometers were more sensitive to the hourly changes of trunks (dendrometer 9
in Figure 6) and larger branches (dendrometer 13 in Figure 6) than to changes in smaller
branches (dendrometer 8 in Figure 6), because trunks and larger branches may undergo larger
changes than do smaller branches over that period (Table 3).

Point dendrometers had different responses on different points of the trunk or branch
(dendrometers 11 and 12 in Figure 6) because the radial change of each point was different.
Point dendrometers can be sensitive to the radial changes of smaller branches (dendrometers 11
and 12 in Figure 6). Multiple (at least two) point dendrometers are required to measure growth of
a branch/trunk accurately, which is feasible with a low-cost dendrometer.

Seasonal measurements

Figure 7 shows the seasonal radius growth measured by point and band dendrometers.
The tree branch and trunk grew from day 87 to around day 260 (September 17). After day 260,
the trunk and branches did not show significant growth. During wintertime (day 354, 2005 to day
14, 2006), the diameters of trunk and branches shrank because the trees had not been irrigated
since day 276.

There are large oscillations shown in the graphs from days 149 to 272. This is the tree
response to an irrigation cycle (compared with irrigation, precipitation provided a small amount
of water). When irrigation occurred, branches and trunks started to grow and kept growing for
about 7 days; then the diameters shrank as the trees experienced water stress.

Point dendrometer measurements may have large magnitude variations (point
dendrometers 11, 12, and 20 in Figure 7), and point dendrometers on different points of a trunk
or branch may give different measurements. However, band dendrometers always measure
relatively smooth curves because the measurement represents an average of all diameters over all
directions, eliminating variability caused by direction (Clark et al., 2000).

Dendrometer accuracy

Point dendrometer measurements were statically the same as the manually measured data
(Table 4; all the one-way ANOVA P values were larger than 0.05). The annual radial growth
measured manually and by point dendrometers was reasonable compared with data in Nelson et
al. (1965), who found the average 10-year radius growth of unmanaged pecan (DBH= 150.2 mm



to 304.8 mm) in the northeast Louisiana Delta to be 24.13 mm, i.e., an average annual radius
growth of about 2.413 mm. The DBH of our measured trunk ranged from 295.4 mm to 354.0
mm and the average radius growth in 2005 was 2.50 mm (manual measurements, n=16) and 2.79
mm (n=5, measured by dendrometer) (Tables 3 and 4). The diameters of primary branches
ranged from 198.1 mm to 273.4 mm and the average radius growth was 2.28 mm (manual) and
2.36 mm (dendrometer). The diameter of secondary branches ranged from 101.1 mm to 152.8
mm and the average radius growth was 1.70 mm (manual) and 1.64 mm (dendrometer).

However, the band dendrometer’s measurement was significantly different than manual
measurements (Table 4, F= 10.6, P<0.05). The measurements from band dendrometers (Table 4,
mean=1.40 mm) were 42% lower than the manual measurements (mean=2.42 mm).

The underestimate of band dendrometer measurements may be caused by the slack
between the band and the branch/trunk surface. Although the spring on the band forces the band
tightly against the trunk/branch surface, the band may not touch the surface seamlessly, and this
may cause some slack. If this is true, it is important to consider that measurements in the
literature taken by automated band dendrometers may underestimate tree growth.

Further observations

The BEI 9605 sensor should not be held tightly by the screws and clamps; otherwise the
plunger will not be able to move freely. The plunger should be evaluated after installation to
ensure that it can move freely.

Thermal correction needs to be done for the point and band dendrometer measurements,
especially for hourly measurements. The temperature data at a local weather station can be used
for the correction, but onsite temperature data would be preferable.

Dendrometers can be installed in remote areas, but sometimes that makes it difficult to
travel frequently to the site. It is possible to set up remote access using a local telephone line or
a wireless phone line to connect to the datalogger (www.campbellsci.com). Even so, because the
sensors may be affected by small animals and other environmental factors, routine physical
checks would be required.

Conclusions

The high accuracy, fast response, ease of fabrication and installation, and low cost of
automated point contact dendrometers make them suitable for tree growth measurements and for
water and fertilizer stress monitoring. Multiple point dendrometers should be installed when
making branch/trunk diameter growth measurements because the radial change at each point will
be different. Band dendrometers underestimate tree growth, and they may not be able to measure
the hourly diameter change of small-diameter branches (e.g., 10.1 cm in this study for pecan
trees) over several days. Our data indicates that researchers should be careful when using growth
data in the literature if measurements were obtained using automated band dendrometers.
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Appendix 1: A sample program (Instruction 5 setting) for a Campbell CR10X data logger to read the 9605 sensor.

Parameter Setting Note

01 4 Reps (i.e., 4 sensors connected to the logger)

02 15 2500 mV Fast Range (The voltage and scanning
code for the readings)

03 1 First SE channel (i.e., 1* sensor is connected to
single-ended channel 1, 2" sensor connected to
SE 2, 3" sensor connected to SE 3, 4™ sensor
connected to SE 4)

04 11 Excitation begins at E1 and is incremented by 1
(i.e., E1 excites sensor 1, E2 excites sensor 2, E3
excites sensor 3, E1 excites sensor 4)

05 2500 mV Excitation voltage

06 1 Input (memory) location number for first
measurement

07 1 Multiplier (This may be set to the slope of the
calibration line)

08 0 Offset (This may be set to the y-intercept of the

calibration line)
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Table 1. Specification of 9605 sensor.

Total Electrical Travel (A) mm (inches)
Active Electrical Travel mm (inches)
Linearity Over Active Electrical Travel
Mechanical Life

Actuation Force Newtons (0z.)

Temperature Limits °C

12.7 (0.50)

10.0 (0.40)

2%

2,000,000 Full Cycles

4.0 (14.4) Maximum, supplied with internal spring
to return actuator to extended position.

-40 to 135
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Table 2. Dendrometer placement on pecan trees in the pecan orchard, and other trunk/branch parameters.

Tree No. Trunk/branch information and dendrometer type Sensor number and placement
Primary Secondary
Trunk Branch Branch
SE* NW SE NW SE NW

1 Trunk or branch diameter (mm) 327.6 218.4 85.7

Point dendrometer No. #1 #2 #3 #4 #6

Measured annual radius growth by the sensor+ 3.57 285 287 0.57 1.3

(mm)

Band dendrometer No. #5

Annual radius growth measured by the sensor 0.88

(mm)

Annual radius growth measured manuallyi: (mm) 3.77 2.75 2.70 1.57 1.76  1.79
2 Trunk or branch diameter (mm) 354.0 198.1 101.1

Point dendrometer No. #7 #10 #11 #12

Measured annual radius growth by the sensor 1.54 0.91 0.24 0.23

(mm)

Band dendrometer No. #9 #8

Annual radius growth measured by the sensor 1.39 0.33

(mm)

Annual radius growth measured manually (mm) 172 193 22 131 NA§ NA
3 Trunk or branch diameter (mm) 2954 273.4 152.8

Point dendrometer No. #14  #15 #16 #17  #18

Measured annual radius growth by the sensor 285 429 N/A 1.17 2.21

(mm)

Band dendrometer No. #13

Annual radius growth measured by the sensor 1.8

(mm)

Annual radius growth measured manually (mm) 226 275 348 208 147 2.01
4  Trunk or branch diameter (mm) 330.0 254.8 141.6

Point dendrometer No. #19  #20 #22 #23

Measured annual radius growth by the sensor 3.28 N/A 3.16 1.88

(mm)

Band dendrometer No. #21

Annual radius growth measured by the sensor 1.56

(mm)

Annual radius growth measured manually (mm) 3.13 278 3.21 3.33 1.83 1.39

*: SE = southeast side; NW = northwest side.

i: the growth during day 87 (March 28) to day 354 (December 20) in 2005.

i: annual ring width in 2005

§: N/A: not available. Datalogger channel for dendrometer 16 had problems and did not record the data.
Dendrometer 20 had outliers after day 188 and the annual radius growth could not be calculated.
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Table 3. Mean and standard deviation (Std.) of annual radius growth (during day 87 [March 28] to day 354 [December
20] in 2005) for pecan tree trunk and branches measured by point and band dendrometers and measured manually.

Automatic point Automatic band Measured manually
dendrometer dendrometer
Trunk or branch diameter Mean/Std. Mean/Std. Mean/Std.
range
mm mm mm mm
Trunk 2.818/0.776,n=5 @ 1.475/0.120, n=2 2.50/0.71,n=16
295.4-330.0
Primary branch 2.36 /1.576, n=5 1.340/0.257, n=2 2.28/0.69, n=16
198.1-273.4
Secondary branch 1.172/0.8187, n=6 0.330 / N/A®) n=1 1.70/0.20, n=12
85.7-152.8

2: n: sample number;
®: N/A: not available.
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Table 4. One-way ANOVA test results for radius growth measured by point and band dendrometers vs. the
corresponding manual measurements.

Dendrometer Point Band
type

Branch diameter 295.4-330 198.1-273.4 85.7-152.8 198.1-330
range (mm)

Sample number 5 5 4 4

(n)

ANOVA F/P 0.02/0.89 0.02/0.89 0.24/0.64 10.6/0.02
values

Mean radius 2.79/2.85 2.36/2.48 1.64/1.77 1.40/2.42
growth

(dendrometer vs.
manual) (mm)




Alumina

channel
LVDT segment
sensor

Hose ¢

Screw .
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for adjusting @) (b) _
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perimeter screws and
nuts
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(c)
Figure1. A sample automatic band dendrometer. (a) a band dendrometer before installation; (b) the LVDT sensor side
view after installation; (c) the spring side view after installation.
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Terminal 2: Wire to any single-
ended channel (either H or L) on
CR10X / CR23X data logger.

ACTLIRI SIZF

Terminal 3: Wire to an analog Terminal 1: Wire to an excitation
ground terminal (AG) on channel (E1, E2, or E3) on
CR10X / CR23X data logger. CR10X / CR23X data logger.

T Voltage=V1 —I

2

O

Voltage=Vx

Figure 2. Wiring Diagram of a BEI 9605 linear motion position sensor to a CR10X or CR23X datalogger.
Above: the sensor; bottom: the circuit diagram.



Figure 3. Automatic band dendrometer construction. (a) original hose clamp; (b) two unscrewed clamps; (c) two clamps are connected together; (d), (e), (f)
replace the original screw (at the open end of the two connected clamps) with a smaller screw and insert the other camp band end into the hole; (g), (h) hold
the sensor in a aluminum channel segment which is held on the freely moving inserted clamp end; (g) the bottom view; (h) one side view; (i) plug one side of

the spring into the freely moving band end and the other side into an appropriate position of the band.




I-inch C-clamp

Figure 4. Mounting a 9605 sensor to a pecan branch. Top figure: the general mounting; bottom
figure: the mounting bolt.
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=

Figure 5. The linear response of a BEI 9605 sensor to change in length of the sensor.

V1/Vx is the is the ratio of the voltage across terminals 2 and 3 to that across terminals
1 and 3 of the 9605 sensors (see Figure 2 for the terminals). ‘Length from housing’ refers

to the sensor plunger length outside of the sensor box.
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—e— Point dendrometer 7 on tree 2 trunk
—— Band dendrometer 9 on tree 2 trunk

0.15

0.1

Radial growth (mm)

Hour of day

—— Band dendrometer 13 on tree 3 primary branch
—e— Point dendrometer 15 on tree 3 primary branch

Radial growth (mm)

-0.1
Hour of day
a— Point dendrometer 11 on tree 2 secondary branch
¢ Point dendrometer 12 on tree 2 secondary branch
—— Band dendrometer 8 on tree 2 secondary branch
0.15

Radial growth (mm)

Hour of day

Figure 6. Hourly measurements of automatic point and band dendrometers during day 217 to day 226. Top figure:
for tree 2 trunk (diameter=35.4 cm); middle figure:for tree 3 primary branch (diameter=27.3 cm); bottom figure: for

tree 2 secondary branch (diameter=10.1 cm). ”



Individual 95% CIs For Mean
Based on Pooled StDev

Level N Mean Sthev —-—+-—————-—--- t-——————— Fe——————— +-——=

New 04-43 5 12.625 0.058 (—===————-- Koo )

0ld 04-43 5 12.593 0.124 (-——=—————- Hmm oo )

0ld 3362 3 12.726 0.081 (————————————= Xemmmm e )

0ld 3302 5 12.660 0.211 (=== Ao mm )
- R R o

Pooled StDev = 0.138 12.48 12.60 12.72 12.84

Figure 7. The mean, standard deviations (StDev), and confidence intervals (Cls) of calibration slopes (mm) for new
and old BEI 9605 sensors (used for one year). The lot numbers are: 04-43, 3362, and 3302.
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Figure 8. Measurements of selected point and band dendrometers of : (a) tree 1 primary branch (diameter=21.8 cm);
(b) tree 2 trunk (diameter=35.4 cm); (c) tree 2 secondary branch (diameter=10.1 cm); (d) tree 3 secondary branch
(diameter=27.3 cm); (e) tree 4 trunk (diameter=33.0 cm). Irrigation and daily precipitation were shown on the figure
(daily precipitation amount smaller than 1 mm was not shown). The period was from day 87 of 2005 to day 14 of 2006.
There were missed dendrometer data from day 231 to day 249 and from day 276 to day 353 because of datalogger
power failures. Point dendrometer 20 had outliers (had negative 2-mm growth after day 188 because the transducer
was tilted upward; the outliers are not shown on the figure).
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Soil Water Repellency — Influence on Irrigated Apple Productivity

Stanley J. Kostka, Director - Technology, Aquatrols Corporation of America, 1273 Imperial Way,
Paulsboro, NJ 08066, USA

David J. Bell, President, David J. Bell & Associates Pty Ltd, 169 McKindleys Rd., Arcadia, Victoria,
Australia

Nicholas J. Gadd, Manager — International Business, Aquatrols Corporation of America, 124
Lakeside Drive, Gray, GA 31032, USA

Abstract. Soil water repellency (SWR) deleteriously influences soil hydrological properties, yet
few reports on consequences to crop yield and quality exist. With global concerns on drought
and water availability and the projected impacts of climate change, development of novel
strategies to optimize efficient rootzone delivery of water are required. It is the objective of
this study to utilize surfactant treatment to increase soil water content and wetting front depth
in a precision irrigated, Goulburn clay loam soil in Victoria, AU, as a means of estimating
potential crop losses to SWR in Malus domestica Borkh. [cv. Pink Lady (2006/07 and 2007/08)
and cv. Gala (2007/08)]. SWR was mitigated using an alkyl polyglycoside - block copolymer
surfactant co-formulation applied initially at 0 or 5 L ha™* in November and followed by 3-4
monthly applications at 0 or 2.5 L ha™, respectively on mini-sprinkler irrigated M. domestica
Borkh. Mitigation of SWR significantly increased soil volumetric water content at the 0-10 cm
and 10-25 cm depths (p = 0.05) and increased fruit size by 17g — 41 g and total yield by 20% —
40% in the respective varieties (p = 0.05). The net difference in crop value was $6,000 - $9000
ha™ for Pink Lady and $3,600 ha™ for Gala. This is the first study to demonstrate the impact of
SWR on productivity in apples.

Keywords: water repellency, soil water content, surfactants, crop yield, apples, irrigation
efficiency

Introduction

Soil water repellency (SWR) reduces a soil’s affinity to water and affects an array of hydrological
processes including infiltration, runoff, soil erosion, heterogeneous wetting, the development
of preferential flow, and accelerated leaching of agrichemicals (Doerr et al., 2000 Dekker et al.,
2001 ). Heterogeneous wetting and flow results in deprivation of a consistent water supply to
plants, decreased rootzone storage of water, and non-uniform soil distribution of crop
production and crop protection chemicals.

The phenomenon of SWR is attributed to the accumulation of hydrophobic organic compounds
as coatings on soil particles and aggregates, as well as, physiochemical changes that occur in
decomposing soil organic matter of plant or microbial origin (Miller and Williamson, 1977;
Hallett et al., 2001; Hallett, 2008). In most soils, SWR is a transient phenomenon appearing



after the onset of dry periods with high evaporative demand. The impacts can vary widely and
are highly influenced by environmental conditions and rainfall (Doer et al., 2000).

While it is recognized that SWR can influence irrigation efficiency, water conservation, and
agricultural productivity, few studies have been published literature assessing the effects of
SWR on productivity of agricultural and high value horticultural crops (Crabtree and Henderson,
1999; Robinson, 1999, Blackwell, 2000; Cooley et al., 2007).

Surfactants are commonly employed to ameliorate SWR in highly managed turf grass, improve
infiltration, reduce runoff, and improve irrigation efficiency and turf performance (Cisar et al.,
2000; Kostka, 2000; Park et al., 2005; Mitra et al., 2006). While this strategy is commonplace in
turfgrass, application in agricultural crop production has been limited for two key reasons: the
lack of recognition of SWR as a problem of agronomic significance and the lack of
documentable evidence for surfactant enhancement of crop yields.

The sustainability of crop and biomass production is being impacted globally by depletion of
water resources resulting in water scarcity and deteriorating water quality. As soil water
repellency is now recognized as norm in agricultural soils rather than an exception, the use of
surfactants may enable us to ascertain the potential impacts of this phenomenon on crop
productivity. Hence, the objectives of this study were to utilize surfactant treatments to modify
soil hydrological properties under precision irrigation as a means of estimating potential crop
losses to SWR in a high value horticultural crop - apples (Malus domestica Borkh.).

Materials and Methods

Three trials were conducted in Victoria, AU on a clay loam soil with a history of poor wetting
and water infiltration. Apple varieties included the cultivars Pink Lady planted at 1190 trees ha
! on a trellis system and Gala planted at 100 trees ha™ under a traditional central leader
planting. The test design was a randomized complete block with each treatment replicated 5-6
times with each plot containing 5-6 trees, but varied by planting method (trellis versus single
leader).

SWR was mitigated by applying surfactant [a blend of alkylpolyglycoside (APG) and ethylene
oxide/propylene oxide (EO/PO) block copolymer surfactants (Kostka and Bially, 2005)] at initial
rates of 0 or 5 L ha™ in the spring as a 1 m band down the tree line. Applications thereafter
were applied monthly at 0 or 2.5 L ha™, respectively for up to four months. Plots were irrigated
by mini sprinklers and received the same irrigation volumes and management practices. Soil
volumetric water content (VWC) was monitored at 0-10 cm and 10-25 cm using a Theta probe
(Delta-T Devices, Cambridge, UK). At harvest, fruit weights were measured from selected
individual trees and used for crop yield estimations.

Results and Discussion
At each of the three test locations differences in soil VWC were observed between the
untreated control and soils where SWR was mitigated with surfactant treatments (p = 0.05).



Soil VWC was significantly lower in the untreated control than in soils where SWR was
mitigated with surfactant treatments.

At Location 1, soil VWC was monitored at two depths (0-10 cm and 10-25 cm) throughout the
test period. Statistically significant differences in VWC were observed between treatments, not
only in the upper portions of the soil profile (0-10 cm) (Figure 1) but also deeper in the profile
(10-25 cm) (Figure 2). On each measurement date, VWC was lower in the untreated control
than in the SWR mitigated surfactant treatment. Water contents in the untreated controls
were up to 25% lower than in soils where SWR was mitigated by surfactant treatments.

While not monitored systematically over the test period, statistically significant differences (p =
0.05) in soil VWC were observed between the untreated control and SWR surfactant mitigation
treatment on each sampling date and depth at the remaining two locations (data not
presented). Across all three test locations, surfactant mitigation of SWR resulted in higher
VWC of the soil profile.
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Figure 1. Soil volumetric water content (vol%) (10 cm depth) in untreated and surfactant-
treated soils under precision irrigation in a clay loam soil.

During blossoming, plant growth regulators (thinners) were applied to manage fruit set
resulting in statistically equivalent fruit numbers on a per tree basis. However, yields in the
untreated controls were significantly lower (p = 0.05) on a hectare basis than with the SWR
mitigation surfactant treatment (Table 1). The yield component most affected by SWR was
mean fruit size - a difference of 24-32 gin the cv. Pink Lady and 43 g in the cv. Gala (p=0.05).



When examining the yield differences on a hectare basis, yield depressions of 3.7 — 6.1 Mg ha™
(16-23% difference) solely attributable to WR were encountered in the two varieties

tested. Mitigation of SWR resulted in increased net return of $6,000 - $9000 ha for Pink Lady

and $3,600 ha™ for Gala. This study is the first to provide an insight on potential crop losses in
apples growing in a water repellent soil.
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Figure 2. Soil volumetric water content (vol%) (25 cm depth) in untreated and surfactant-
treated soils under precision irrigation in a clay loam soil.

Table 1. Effect of SWR on fruit size and yield in control and SWR-mitigated (surfactant treated)
irrigated apples (Malus domestica Borkh.) in Victoria, AU.

Fruit Size (g) Yield (Mg ha™)
Location Variety Control Surfactant Control Surfactant
1 Pink Lady 142.5 b® 1753 a 29.3b 349a
2 Gala 81.3b 1243 a3 79b 11.8a
3 Pink Lady 125b 149 a 30.2b 36.3a

®Paired comparisons followed by the same letter are not significantly different, LSD (0.05).

Conclusions

The results from these studies provide evidence that SWR deleteriously impacts soil
hydrological status resulting in reduced productivity, yield, and quality in apples (Malus
domestica Borkh.), a high value horticultural crop. While irrigation practices and volumes were
identical, water use efficiency was higher in the surfactant treatments and resulted in increased
fruit size and yield increases in the apple cultivars Pink Lady and Gala.



In light of the severity of drought conditions experienced by growers in the Murray-Darling
River Basin and projections that due to climate change such precipitation deficit conditions are
becoming the norm, simple innovative management strategies such as the incorporation of
surface active agents in irrigation programs can have profound effects on soil hydrological
status, crop yield, and water use efficiency. Research is continuing to confirm these results in
other high value horticultural crops.
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Abstract. Options can be specified to minimize power consumption by vertical pumps — both
when new and over the life of the pump. Options discussed include bowl coatings, proper well
development, improved suction screens, using closed impeller designs, increasing column size,
using new bearings, providing proper bearing lubrication, impeller balancing, and polishing
impellers. The proper TDH and flow rate must be specified, and the advantages of VFD controls
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Introduction

On the surface, the basics of good pump performance are relatively simple. They are:
1. Select a high quality pump.
2. Select a pump that operates at a high efficiency at your desired flow rate and pressure.

However, in practice, pump efficiencies are not as simple to achieve as it might appear. In
December of 2003, ITRC published the report “California Agricultural Electrical Energy
Requirements” (Burt et al, 2003) for the Public Interest Energy Research Program of the
California Energy Commission that included the following two figures, demonstrating that
average pump efficiencies are not as uniform they should be throughout California.
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Figure 1. Pumping plant efficiency as a function of motor input kW for each pump tested —
irrigation districts. Data collected by Cal Poly ITRC. Average efficiency is about
64%.
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On-farm pumping plant efficiency as a function of motor input kW for each pump
tested. Data collected by CIT. Average efficiency is about 48%.

So, if the basics of pump performance are so simple, why are overall pumping plant efficiencies
so low? The answer includes a blend of the following factors:

Energy prices have historically not been high enough (relative to overall farming costs) for
farmers to pay more attention to obtaining higher efficiencies.

Irrigation pump dealers appear to believe that agricultural customers will price-shop and
therefore they will only be able to sell bare-bones equipment to farmers.

Both farmers and pump dealers are often unaware of pump options that could be specified to
improve or maintain high pump efficiencies.

Some major pump companies have in recent years moved their foundries overseas and some
of the previous “standard” options that were important for high efficiencies have been
eliminated.

There has not yet been widespread usage of variable speed drive controllers, which can be
very helpful in (a) increasing well life, (b) reducing water hammer, and (¢) perhaps most
importantly for this paper, allowing the pump to operate without producing more pressure or
flow than is needed on any particular day.

In agriculture, we typically use four general types of pumps:

1.
2.

3,
4,

Vertical line-shaft turbines in wells

Submersible motors for pumps in wells (usually called “submersible pumps” because the
package often includes an impeller/bowl assembly that is custom-made for submersible
motors).

Above-ground horizontal “booster” pumps — typically either end suction or split case.
Propeller pumps for low lift, often high volume applications.

Furthermore, there are two ways to power most pumps:

1.
2.

Electric motors (required for submersible pumps, obviously)
Engines



This paper focuses on one combination: Vertical line-shaft turbine pumps with electric

motors. The authors address two important issues:

1. What options are important to include in a new pump purchase?

2. What options will help keep power consumption (per acre-foot pumped) low for 5 to
10 years after the initial purchase?

Minimizing Initial Power Bills with a New Well Pump

Note that the essence of the words above are “minimizing power bills” rather than “maximizing
efficiency”. It is always important to select an efficient pump, but putting an emphasis only on
“maximizing efficiency” ignores several important concepts:

e Electric power bills can often be reduced if a farmer can avoid pumping during some hours
of the day or week. Ultilities offer special “time of use” electric rates for pumping during off-
peak electrical usage hours only.

e A pump may be producing a pressure and flow rate with a very high efficiency, but if there is
excess pressure that is being dissipated through pressure regulators, the “power utilization
efficiency” (PUE — a new term by the authors) is much lower than the “pumping plant
efficiency”.

e The design pressure requirement may be greater than is necessary. For example, the column
pipe diameter may be too small.

e Power can be minimized if the well is properly designed to minimize drawdown in the well.

Selecting an efficient pump

e It’s not a question of whether or not the “pump is efficient”. Rather, it’s a question of
whether the pump operates efficiently at the specified pressure and flow rate. In other
words, someone who understands hydraulics, well drawdown, and irrigation system pressure
and flow requirements needs to get together with the pump supplier and provide the correct
flow and pressure specifications.

o Use line shafts with enclosed oil-lubricated bearings rather than product (water) lubricated
shaft bearings. If you are not allowed to use standard oil lubrication, instead select 10 weight
food grade oil. The motor must provide the power to overcome the mechanical bearing
friction, which is typically in the neighborhood of 1-2 HP per 100 feet of shaft with drip feed
oil lubrication. This HP requirement can double with standard rubber water lubricated
bearings — usually not at first but with time due to abrasion with sand. If there is no sand in
the water, product lube can be fine.

o Coat the interior of pump bowls with Scotchkote 134 (SK134) fusion bonded epoxy per the
manufacturer’s specifications. It is approved for potable water, and will typically provide an
improvement in efficiency of 2% minimum, with 4-5% reported in some cases. Costs vary
from about $500 - $650/stage for 10” and 14” bowls, respectively.



e Specify a C-10/C-20/C-30 polished finish on all impeller passages and removal of burrs.
Some of the low-end agricultural market suppliers do not have the equipment necessary to do
this. This should increase efficiency by 1-3%.

Figure 4. The thickness on the bottom of the vane is correct; the thickness must be reduced
on the upper portion of the vane.

e Specify a sufficiently deep pump setting so that there will be at least 10-30 feet of water
(while pumping) above the inlet to the pump bowls. One must take into account variations in
well water levels from Spring to Fall, and between years. Some well pumps need even more
submergence to avoid cavitation.

e Do NOT use semi-open impellers. Instead, use enclosed impellers. The performance of
semi-open impellers is highly dependent upon proper adjustment of the lineshaft nut on the
top of the motor, and incorrect “rules of thumb” for adjustment of the height are usually used.

e Obtain from the manufacturer the proper setting of the lineshaft for that particular installation
— considering the lineshaft material and diameter, the bowls, the shaft length, and the
pressure (total dynamic head). Make sure the installer uses that information.

Proper initial specifications that help maintain a high efficiency

e Specify that impellers be dynamically balanced to ISO 1940, Grade 6.3. The cost is about
$100/stage for a 10” pump and $200/stage for a 16” pump. This minimizes the possibility of
imbalance in the bowl assembly — and subsequent damage from vibrations.



If you specify drip-oil lubrication of the shaft, make sure that the oil drips the way it should.
This means you must specify a non-standard oil pot assembly. The design depicted below
will maintain a fairly constant drip rate (a minimum of 6-7 drips/minute are needed) and
provides a large reservoir — with the constant drip rate, the pot will empty out more quickly
than standard pots with reduced drip rates over time. Another important feature can be a low
wattage heater coil, covered with insulation, attached to the oil pipe above the adjustment
valve.
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Figure 5. New well pump oiler

Vertical hollow shaft motors require special attention. Premium efficiency motors should be
specified on 150 HP or less. It is important to select the correct brand of motor. “Premium”
efficiency motors by brand “X” may have a lower efficiency than standard motors from
brand “Z.” See later notes on motors for VFD installations.

Motor life can be extended greatly in many cases if:

o A space heater is provided in the motor housing to prevent condensation.

o In areas of heavy fog, the motor is enclosed in some type of shed.

o The motor is shaded from direct sunlight.

A common misconception is that if a motor is oversized, the efficiency of the motor will
drop. The figure below illustrates the result of ITRC testing of a variety of motors ranging
from 20 HP to 100 HP.
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Figure 6. Efficiencies of ITRC-tested motors, across-the-line, at various relative loads.

Install a flow meter that is robust and that is installed properly. Trying to estimate changes in
pump efficiencies over time without a flow meter is problematic, to say the least.

If there is any sand in the water, do not use bronze impellers. Instead, select Ni-Resist.
Although this material requires more polishing than bronze and loses 1-2 efficiency points, it
will last much longer (meaning the efficiency will not drop as much). Additional costs are
about $500 - $1200 per stage for 10” and 14” pumps, respectively.

If you want to use suction cone screens, be sure to use screens constructed of non-corrosive
materials with no restriction of open area. The photo below indicates that, as screens fall
apart, pieces of screen go into the impeller. Additionally, the flow opening can be drastically
reduced. The reduced opening can cause pump cavitation and will always increase the Total
Dynamic Head (TDH) of the pump — resulting in decreased flow rate and usually lower
efficiency.

Figure 7. Corroded pump cone screen with missing sections.



Reducing the Total Dynamic Head (pressure) requirement

e Start with a well that has a good screen. Screens cost money up front. Holes poked in well
casing are cheap, but a good screen has numerous initial and long-term advantages that save
power in the long run. These advantages include:

o They allow for good development of a well (see later section).

o They have a large percentage of open area — easily 3-4 times as much as inexpensive slots
or holes in casing. This means there is less head loss between the aquifer and the well
(meaning less drawdown), and the lower velocities also help minimize corrosion and
chemical blockage.

o Good materials do not corrode. Corrosion blocks the entry of water into the well —
increasing the TDH and decreasing the yield (flow rate).

e Have the well properly developed when it is initially drilled. Development is the process of
cleaning out the soil immediately around the well casing to allow for free flow of water into
the well (and thereby decreasing drawdown). Proper drawdown involves a lot more than just
“overpumping” (the common practice), which just improves the opening of already-clean
zones. See a well development specialist to learn about various techniques that are available.

e Use one larger size of column pipe and discharge head. Most customers don’t know how
much column friction they are paying for, but it can be substantial (a common number is
about 1 foot per 100’ of column). By going up one pipe size, the friction can often be cut in
half. Another option is to coat the inside of the column pipe to increase the smoothness.

e Use a smart irrigation system design that does not require extra pressure for flushing filters,
injecting fertilizers, or special valves.

Variable Frequency Drive Controllers
Advantages to VFD control

Power Savings. The key power savings advantage to using VFD control is simple — the speed of

the pump will be adjusted so that the pump only provides the pressure or flow that is needed — no

more and no less. For agricultural well pumps, this has huge implications because:

o Well water levels fluctuate during the year and between years.

e Irrigation systems may not always need a constant flow rate and/or pressure. For example, a
drip system is typically divided into blocks that may be of different sizes and at different
elevations, each requiring a different operating point.

How much savings does this represent? It is impossible to say without knowing the details of the
aquifer and the irrigation system. There is an inherent extra 6% or so power requirement for
VFD controllers (inefficiency plus air conditioning), so the savings have to be greater than 6% to
break even. But “experience” seems to indicate that 10-15% overall savings are commonplace.

Ability to use Time-of-Use (TOU) Rates with Well Pumps. Every time a standard well pump is
started, it has a very high initial flow rate (due to having a low initial pressure requirement). The
water level in the well drops quickly, and the water on the outside of the casing takes time to
“catch up” in dropping. Meanwhile, there are large inward pressures on the casing. This leads to
premature well failure.




Many farmers correctly understand that their wells have a life measured in the number of
startups, rather than in number of years. Therefore, these farmers will not start and stop their
well pumps every day to take advantage of low power rates (TOU rates) — the risk of well failure
in the middle of the summer is too great.

VFDs offer the advantage of being able to slowly start and stop the pumps — so that the well
itself is not subject to violent stresses. This lengthens the life of wells. We do not have good
field data on this, but it is clear that this is the case.

Reduction of Water Hammer. The slow start and stop of well pumps is a dream for minimizing
water hammer problems that typically occur during rapid startup. Pipes fill up slowly.

Motor specifications for VFDs

Besides the general motor recommendations given earlier, VFD installations should include:

e Proper grounding to eliminate bearing corrosion due to stray currents. Specify a shaft
grounding ring installed in the new motor.

e “Inverter duty” premium motors. These are designed to withstand the peculiar electrical
stresses associated with simulated AC current.

Special lineshaft bearings for VFD applications

Because of the slow start, water lubricated bearings may spin some time before they become
lubricated. If the water is very clean and and an open lineshaft is used, specify carbon bearings.

Purchasing a good VFD controller

There are large differences in quality between VFD controllers. ITRC provides guidelines for
VFD specifications at www.itrc.org. A good VFD controller will:

1. Allow one to run electrical conduit more than a few feet between the controller panel and the
motor.

Provide an excellent Power Factor.

Provide high quality power that helps ensure long motor life.

Have a very high efficiency — 98% or so.

Condition the power properly. For example, a good VFD controller will not be limited to the
lowest voltage of the 3 leads of a 3 phase power supply.

6. Be capable of functioning with variations in voltage in the power supply.

ol

ITRC has encountered two common VFD problems in the agricultural market:

1. The panel must be properly cooled and kept clean. Often this requires an air conditioner unit.

2. The VFD controller should usually be one size larger than the motor. For example, a 125-HP
VED controller is needed for a 100-HP motor.



Conclusion

Proper design and the addition of appropriate options can greatly maximize efficiency and
minimize power bills associate with pump systems. Additionally, VFD controllers have not yet
caught on in popularity, despite the powerful advantages that they bring when properly selected
and installed. With rising energy prices throughout the country, it is important that farmers
become aware of potential improvements to their systems.
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Abstract. Case study of the Orchard Mesa Irrigation District’s replacement of an old
vertical turbine lift pump, and incorporating new technology in the station. Upgrading
the pump station required a new: 75 horse power pump, 480 volt electrical service, a
VFD, and a water level spread spectrum telemetry link. The new pump station has
increased pumping capacity, improved the water delivery service to the growers, and
has the potential to conserve both water and energy for the irrigation District.
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Introduction.

The Orchard Mesa Irrigation District (OMID) is in the Grand Valley. The OMID is
located south of the Colorado River and East of the junction between the Gunnison and
Colorado Rivers, in Western Colorado. The OMID is part of the Bureau of
Reclamation’s Grand Valley Project. Irrigation water is transported to the OMID lands
through the Orchard Mesa Power Canal, which transports 800 CFS to a Reclamation
power plant and the OMID’s hydraulic pumps, which serve 9,000 irrigated acres.

The Vinelands is a part of the OMID that straddles the Power Canal, before the canal
reaches the power and pumping plants. One-hundred-sixty acres of trees and vines are
located above the Power Canal. This acreage is served by a canal-side pump station
and piped lateral.

Operation. The canal-side pump is referred to as the Vinelands Pump. The pump
lifts water 103 feet, through a 12 inch diameter, 3,000 foot pipeline, to a concrete stand-
pipe. The stand-pipe is the start of a three-mile gravity pipe lateral that supplies water
to 160 acres of irrigated land.

The historic operation was to run the 60 horse power, 3 phase, 230 volt canal side
pump continuously throughout the seven month irrigation season. About 3.3 CFS was
continuously pumped from the canal to the stand-pipe. The gravity piped lateral from
the stand-pipe to the farms, is a demand delivery system. There are no water orders
and no limits on the duration of water deliveries. The delivery rate is somewhat
controlled by the size of the on-farm irrigation systems. There is no standard water
delivery measurement system on the lateral.



During low irrigation demand on the system, the quantity of water pumped exceeded the
demand. The stand-pipe spilled into an overflow pipe that returned the excess water to
the Colorado River. In normal operation the stand-pipe maintains a head on the lateral
pipe, and no water is spilled to the river. When peak demand exceeds the 3.3 CFS
delivered from the canal pump (9.2 gpm/acre), the water level drops in the stand-pipe
and air enters the lateral pipe. The farm deliveries on the upper end of the lateral pipe
loose their water. The ditch rider then negotiates with the users on the lower end of the
lateral pipe to reduce their demand on the system, so that the upper end deliveries can
resume. Under this operating strategy the pump was running in the service factor
continually, and both the pump and motor had been rebuilt numerous times.

Modernization. The plan involved the replacement of the pump/motor combination
and adding a Variable Frequency Drive (VFD) to maintain a somewhat constant water
level in the concrete stand-pipe. The hydraulic calculation indicated that a two stage 75
horse power vertical turbine pump, with a 3.8 CFS maximum discharge (10.7 gpm/acre)
would provide sufficient irrigation flexibility to operate the piped lateral without irrigation
scheduling. To reduce the electric current requirement, a new three phase 480 volt
power service replaced the existing 240 volt service. By using the higher input voltage,
the wire size in the motor and the current requirements of the VFD are reduced.

The telemetry between the pump site and the stand-pipe use two spread spectrum 900
MHz radios. The Distance is only 3000 feet, but the line-of-sight is blocked by a ridge.
The radio communication works fine, despite not having a clear line-of-sight. A 4-20
milliamp pressure transducer is mounted in a PVC pipe stilling well, that is attached to
the high water level of the concrete stand-pipe. The controlled water level is about 2-
inches below the overflow pipe inside the stand-pipe.

The VFD chosen for this application is an ABB-800 series. This VFD is actually two
VFD mounted back-to-back within a single unit. One VFD manages the harmonics fed
back to the power grid. The second VFD manages the power to the pump motor, and
controls the pump speed. The combination of VFD’s eliminates the need for a line filter,
to cancel harmonics, and maintains the power factor at about .98. This coupled with a
premium efficient motor makes for high electrical power efficiency.

Control strategy. For the on-farm delivery system to operate effectively, a constant
water surface level in the stand-pipe is necessary. The pressure transducer generates
a 4-20 milliamp signal that represents the water level in the stand-pipe. This signal is
transmitted by spread spectrum radio to the VFD. A PID logic controller is used to
control the pump motor speed in relation to the water level in the stand-pipe. A change
in irrigation demand is signaled by a change in the water level in the stand-pipe, which
in turn changes the pump speed to maintain the head on the lateral pipeline.

The old control strategy was to run the pump at the maximum speed and spill the
excess water to the river. The new strategy is to adjust the pump speed to maintain the
water level in the stand-pipe and during periods of low demand, run the pump at a
minimum speed of 1300 rpm’s and spill some water (up to 1 CFS) back to the river.



This strategy is not a no-spill operation, but it is a reduced spill from the constant flow
strategy.

Results. There were no complaints of water shortages on the lateral this year. The
demand for water on the Vineland’s pipeline lateral will likely grow to match the
available supply. With the new bigger pump, more water was pumped. Despite the
improved electrical efficiency, more power was consumed by the pump. The irrigators
experienced greater flexibility in their water delivery, but the speculation is that the
annual on-farm irrigation efficiency may have decreased

Lessons Learned. The ABB field engineer, the integrator, and the electrician were
all working on the VFD at various times. At one point an external PLC was added to the
communication link, and the output from the PLC’s PID algorithm was the analog input
to the VFD’s PID algorithm. That didn’t work. There were too many cooks in the
kitchen.

When this pump modernization proposal was presented to the OMID Board of Directors
cost was a concern. The old pump didn’t have a check valve on the discharge, or a flow
meter; therefore, the new pump didn’t “need” them either. Pump maintenance was a
concern, so a flush water bearing system was used instead of the traditional product
lubrication for the pump bearings. When the realization that domestic flush water was
expensive, a canal water filtration system was substituted for domestic water. That
didn’t work. A flush water bearing system needs very clean water.

Conclusion. The pump station modernization was successful in that it increased the
amount of water available to the irrigators. This may have resulted in more flexibility or
it may have led to lower on-farm irrigation efficiencies. A power and water cost savings
was not achieved, because the irrigation water delivery demand increased. Were the
crops previously under irrigated? The crops were not stressed from an undersized
irrigation delivery system. The new system will deliver water more efficiently (less spill),
but the on-farm management may negate any cost savings.
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Abstract. Growers concerned with drainage, runoff, and localized dry spots in the Pacific
Northwest are considering adding soil surfactants during irrigation based on claims that these
wetting agents improve infiltration, water distribution uniformity, and soil moisture retention.
Growers are requesting independent studies on the cost effectiveness of these materials.
Experiments are being conducted at Washington State University in uniformly prepared soil
columns to investigate the effects of surfactants on soil-water properties of sandy and silt loam
soils. The infiltration rate, water holding capacity, and unsaturated hydraulic conductivity were
compared for soil columns irrigated with and without several types of soil surfactants. To date,
no statistical differences between treatments have been found. Capillary rise experiments
remain to be conducted, and some sand columns are still being processd. Researchers have
concluded that new tests will need to be designed with problem-soil conditions before results
can help advise the irrigation practices of regional growers of difficult-to-irrigate crops such as
high-value vegetables and beans.

Keywords. Surfactant, wetting agent, soil penetrant, water saving, drainage, runoff, dry spot,
water repellent, hydrophobic, surface tension, infiltration, hydraulic conductivity, moisture
content, field capacity, capillary rise, Wet-Sol, WaterMaxx, Ad-Sorb, ADVANTAGE Formula
One, anionic, non-ionic, block polymer

Introduction

Agricultural soil in the Pacific Northwestern states of Washington, Idaho, and Oregon is among
the richest in the world for producing high-value crops such as potatoes, beans, and onions.
Yet, growers face a number of costly irrigation problems. Not only does poor irrigation
contribute to lowered yields and produce quality, but wasted water is costly and it can carry
away topsoil or increase leaching of pollutants such as nitrates into groundwater.

Yet growers know that experimentation in the field with potential remedies is also costly and
risky. Hence, this study investigates a frequently recommended method to improve penetration
and distribution of irrigation water by “making water wetter,” the application of soil surfactants
with irrigation water.

The Need for Wetter Water

Whether center-pivot or surface irrigation systems are used, water fails to penetrate some soils
due to surface crusting or hardpan conditions, leading to runoff or evaporation and poor
irrigation distribution uniformity from surface ponding. In the opposite scenario, water often
drains too quickly in sandy soils to provide adequate moisture content for plant uptake. While



percolating, water may not distribute evenly, but instead take preferential pathways through the
soil pores so that water and applied nutrients miss plant roots.

Localized dry spots (LDS), which may appear in patchwork patterns across a field, frequently
occur when soils become water repellant, also known as hydrophobic. Naturally repellant soils
include uncultivated sands of uniform particle size, clay soils with pore spaces too small for
water droplets to enter easily, and various grasslands (Sullivan 2001, Doerr et al., 2000).
Repellant soils can also be developed by burning fields or from frequent wet and dry cycles
(Miller 2002).

Water repellency is believed to be caused by coating of soil particles with hydrophobic organic
materials, which occurs when very wet soil dries quickly (Hallett, 2008; Doerr et al., 2000).
Healthy soil is coated with wet organic compounds produced by beneficial fungi, other microbes,
fluids excreted from plant pores, natural leaf waxes, and any plant residues tilled into the soil.
When dry, however, these organic compounds cling to each other (i.e. adhere) and become
hydrophobic (i.e. will not bond readily with water). Distribution of fungal species and organic
matter will determine where dry spots develop. Water repellent soil layers may develop
between layers of healthy, hydrophilic soil in response to burning, climate swings, or mineral
profile (Hallett, 2008). LDS may be induced by uneven irrigation coverage that results in
uneven wetting of organic compounds across a field (Karnok, 2001). Hence, growers’ attempts
to compensate for dry periods or new dry spots by temporarily increasing irrigation may
unfortunately worsen water-repellent soil conditions over time. This problem only adds to the
increased pumping and water costs and leaching of soil nutrients associated with over-irrigating.

An Advertised Solution

A remedy for all these problems is offered by manufacturers of surface-active wetting agents
called soil surfactants. These topical treatments are advertised to change soil-water properties:
if soil is impermeable, a soil surfactant will reduce crusting and compaction; if the soil is too dry,
a soil surfactant will cause water to cling to the soil; if a soil is too wet, a soil surfactant will
improve drainage. (These differ from surfactants applied in chemigation as spreaders and
stickers.)

All soil surfactants on the market are designed to reduce the surface tension of water, and their
main features are summarized in Table 1 from descriptions of various manufacturers. Since
water molecules are bound to one another by surface tension (i.e. cohesive forces), then this
reduction will make water less likely to bead, more likely to flow into air spaces in the soil, and
more likely to spread over the surface of soil particles to adhere to soil. This theoretically should
increase infiltration and uniformity of water distribution through the soil. Side benefits may
include improvements in air movement (hence, better soil structure), microbial populations, seed
germination, and root development.



Table 1. Chemical categories of soil surfactants.

Common Ingredients Main Use Characteristics

Anionic Akyl aral polyethoxylate, e Reduce water surface tension.

ammonium lauryeth sulfate e Called “flash wetters,” these low-molecular weight

(used in bath products) or chemicals leach readily through soil.

alkyl sulfate e May be toxic to some plants or affect some soil

structures.

Non-ionic | Akyl -phenyl oxyethylene, ¢ Reduce water surface tension.

phenol or alcohol ethoxylates, | «  Low-molecular weight flash wetters that leach readily.

and/or organosilicones e Some used as spray adjuvants.

e Most are chemically non-reactive and biodegradable.

Block Alkoxylated polyols e Achieve the least reduction in water surface tension
Polymer of the types.

e Designed as polar molecules for good residual effect:
one end clings to hydrophobic soil, while the other
end is hydrophilic and attaches to water molecules to
draw them to the soil for long-lasting adsorption.

e Biodegradable with low phytotoxicity.

Previous Evaluations of Soil Surfactants

Over the past three decades, studies on various soil surfactants have reported both positive and
negative results, making it clear more investigation is needed. Studies have mainly focused on
field trials over where soil conditions can vary greatly by local features, land use, and irrigation
history. Cost analyses are not usually included in reports, and Sullivan’s critique of alternative
soil amendments cautions that applying soil surfactants adequately may prove costly (2001).

Positive results have been achieved with hydrophobic turfgrass. Severe LDS was reduced in 36
sand-based golf tees treated with a block polymer Aquatrols surfactant (Kostka, 2000). Another
study with an Aquatrols surfactant on a putting green showed an increase in soil moisture
uniformity, and overall water savings due to a moderation of soil moisture across different
irrigation frequencies (Karcher et al., 2005; Aquatrols, 2005). However, timing is key: LDS
reduction only persisted three months under a less costly one-time application of surfactants,
while regular monthly applications consistently maintained low LDS levels (Miller, 2002).

Some striking successes have been realized with potatoes. In the Pacific Northwest, increases
in potato yields and/or tuber yields were observed in 22 to 67% of the hydrophobic soil plots
treated with Aquatrols’ IrrigAid Gold block polymer surfactant (as cited in O’Neill, 2005). In more
than one Wisconsin study, researchers have reported reduction of nitrate leaching and greater
yields in surfactant-treated, hydrophic, sandy soils compared to no treatment (Kelling 2003;
Lowery 2005). Although 50% increase in water content was seen throughout the growing
season after an early surfactant application, further study into optimal timing was recommended
(Lowery, 2005). In Colorado, the Platte Chemical Company was sure enough of nonionic
surfactants’ improvements in both potato yield and reductions in nitrate leaching that they
applied for a patent on their own method of applying the surfactant to root zones (World, 2008).




Less promising results are found with other high-value vegetables and grains. A Texas A&M
University review of soil surfactant use with corn, potatoes, soybeans, wheat, and grain
sorghum cited several studies where no significant increase in yield or nutrient content was
observed after applying surface wetting agents (McFarland et al., 2005). After their success on
the golf courses, Aquatrols received a 2005 annual report on their IrrigAid Gold and Advantage
surfactants that showed no significant differences in either soil moisture contents or pinto bean
yields between treated and untreated sandy loam plots in the arid Southwest (O’Neill, 2005).

Surfactant vendors present results in promotional literature as well, which showcase their own
trials, customer testimonials, and graphs and percentages taken from academic studies (without
showing complete reports and references). These all share the bias that success was achieved
in tests selected by the vendors. The soil conditions may have been optimal for that particular
surfactant’'s mechanism of action, and may not exactly match the conditions in the field for
which the surfactant is being considered by other growers. This present study differs from such
approaches by seeking to level the field by using uniform soil conditions across the tests of
different surfactants. The tests themselves attempt to isolate the effects of surfactants on the
key physical processes that are behind the many advertised benefits of soil surfactants.

Objectives

This independent study evaluates advertised benefits of soil surfactants from the perspective of
classic soil physics. The objectives are to determine if any statistically significant changes are
seen in the following soil-water properties when a surfactant is added to irrigation water:

¢ Rate at which water vertically infiltrates the soil;

¢ Moisture retention of soil, measured as moisture content two days after irrigation;

o Unsaturated hydraulic conductivity (UHC) as a measure of water distribution in the sail;

¢ Rate of capillary rise, which is upward movement of a wetting front due to surface tension.

Methods and Materials

The experiments will determine whether surfactants added to irrigation water increase,

decrease, or have no effect on the four properties of infiltration rate, field capacity, UHC, and

capillary rise. For each experiment, each soil sample will receive one of the following

treatments (applied randomly):

o Wet-Sol #233, a nonionic surfactant from Schaeffer Manufacturing Company (St. Louis,
MO);

o WaterMaxx Il, a block polymer surfactant from Western Farm Service (Fresno, CA);
Ad-Sorb RST, a block polymer from J.R. Simplot Company — Plant Health Technologies
(Boise, Idaho);

o ADVANTAGE Formula One, an anionic soil penetrant from Wilbur-Ellis Company (Fresno,
CA);

o Irrigation water without additives (i.e. control treatment).

Each experiment will be performed in two types of soil from the Columbia River Basin: Warden
silt loam and Quincy sand. Experiments will be replicated four times in each soil type, leading to
20 samples (5 treatments x 4 replicates) for silt loam and 20 for sand. Constants related to the
soil water properties of infiltration rate, field capacity, UHC, and capillary rise will be derived
from the measured data. Statistical differences among surfactant treatments and the control will
be determined for each soil type by an Analysis of Variance (ANOVA) test on the means
(average values) of the derived constants using Statistical Analysis System (SAS) software.



Surfactant Selection and Concentrations

The selected surfactants span the chemical categories and are all commonly used by Pacific
Northwest growers and supplied by local distributers. Concentrations were determined for the
tests of infiltration rate and moisture content based on the volume of surfactant V; that the soil
sample would see if it were irrigated as part of a larger field. Hence, the volume of surfactant
applied to each sample was obtained by determining what fraction of the amount recommended
for an acre would equate to the fraction of an acre taken up by a soil sample:

Vs/ Recommended Volume for Acre = Sample Cross-sectional Area / Acre (1)

The median value from the manufacturer’'s range of recommended amounts was used so as not
to bias the study toward lesser or greater chances of obtaining the advertised effects. Finally,
the volume ¥ of each surfactant was mixed with sufficient irrigation water (about 161 ml for
these samples) to penetrate the soil sample to a 1-cm depth. UHC and capillary rise
experiments were sample-volume independent, and hence used the same concentrations as for
the infiltration rate and moisture content experiments. The surfactant volumes used were 0.271
ml, 0.181 ml, 0.090 ml, and 16.9 pl, respectively for Wet-Sol, WaterMaxx I, Ad-Sorb RST, and
Formula One, and all were applied toptically in 161 ml of water.

Infiltration Rate Experiment

Infiltration rate was tested by siphoning irrigation water from a Mariotte-type reservoir into clear
plexiglass columns filled with approximately 20.5 in. (52 cm) of air-dried, sifted soil to which the
surfactant had been added in 1 cm of water (see Figure 2). A shake-cup-and-drop method of
filling ensured uniformity across the columns and random particle distribution, while pounding
the columns settled the particles. The bottom of each column was covered with wire mesh
netting (0.2 cm holes) to allow drainage, while a slip of filter paper (150mm diameter pores) was
placed on the mesh to hold the soil.

The water reservoir enabled air inflow through a tube (anchored by a rubber stopper on
reservoir top) so that pressures could equalize after the siphon was released into a soil column
open to the atmosphere as shown in Figure 1. The column was placed at a height that ensured
(by the pressure head) that water would flow into the column until a pond formed on the soil
surface that was level with the tube end. Thereafter, to keep the pond height constant, the
reservoir continued to supply water to the soil column at just the rate necessary to replace the
water that infiltrated the soil.

) G PR - Water leve
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tube level :
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Figure 1. Mariotte principle is utilized in irrigating soil columns for infiltration rate experiments.



Figure 2. Irrigation of one treatment set during infiltration rate experiment.

Hence, the drops in the reservoir's water levels over time represented the infiltration rate. Water
levels were recorded every 2 to 5 minutes for sand, and 3 to 10 minutes for silt until the soil
column reached saturation and began to drip water. The infiltration rate decreased
exponentially over time, as shown.
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Figure 3. Typical infiltration rate curve obtained from experimental data.

Regression analysis showed that a power function of the form y(t) = at® best fit the infiltration
rate curve. Hence, the data followed the form of the modified Lewis-Kostiakov equation for
infiltration rate: I(t) = ak t*" + F,, with F, always greater than or equal to zero. SAS ANOVA
was finally applied to determine statistical differences in the Lewis-Kostiakov coefficients among
the treatments.



Moisture Content at Field Capacity

The soil-moisture retention of the columns from the infiltration rate experiment was determined
indirectly by collecting weight data and calculating gravimetric moisture content (6,,), volumetric
moisture content (6,), and bulk density (P,). Columns were weighed just prior to irrigation and
again after the soil had drained for two days (with columns covered with tin foil to prevent
evaporation). This represented a field capacity condition, in which all the soil moisture that
could be pulled by gravity had drained.

The equations for calculating 6,,,6,, and P, are:

0,= M,/ Ms (2)
0, = 06,,x Py/P, (3)
P,= M/ V, (4)

where M;is the mass of soil in the column, M,, is the mass of water in the soil at field capacity,
V., is the total volume of soil and water, and P, is the density of water, known to be 1000 kgm'3.

The masses can be represented by weights measured in the lab, as they relate directly through
the gravitational constant. Hence, dry soil weight corresponds to M, while M, is represented by
subtracting the soil’'s weight from the total (soil plus water) weight at field capacity. Gravimetric
water content is then approximated as follows:

6, = (wet weight — dry weight) / dry weight (5)

After determining 8., for each column, the bulk densities were obtained using the soil height and
column radius to calculate V;, and 6, was found from 6, and P,. Finally, the three values of
gravimetric water content, volumetric water content, and bulk density for each column were
statistically compared for variance across treatments using the same SAS ANOVA applied for
infiltration rate constants.

Unsaturated Hydraulic Conductivity Experiments

Hydraulic conductivity is one of the most important soil-water properties, encompassing both
lateral and vertical water movement in the unsaturated zone (i.e. still able to receive more
water). Inlayman’s terms, hydraulic conductivity accounts for the movement of water from wet
to dry areas of the soil.

As shown in Figure 4, 100-ml mini-disk infiltrometers (Decagon Devices, Inc) were filled with a
surfactant-water solution, of the same concentrations used previously, and then set on air-dried,
sifted soil in shallow containers (5-in height, 9-in. diameter). Once the porous end of the
infiltrometer contacted the soil, the solution spread freely out and down into the soil, while
measurements similar to infiltration rate were taken. Water levels were recorded over time,
every 10 seconds for silt and 5 seconds for sand. This time, cumulative infiltration was
calculated as the drop in water level normalized by the cross-sectional area of the infiltrometer.



Figure 4. One researcher readsthe water level on the mini-disk infilirometer in the hydraulic
conductivity experiment, while another records the readings at regular time intervals.

Cumulative infiltration data was fit to a simplified form of the Richard’s Equation. Derived from
the universal Darcy’s Law, the Richard’s Equation includes a theoretical UHC as a function of
soil moisture content, denoted as K(6):
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where z is the position variable (facing doward) and g is the matric potential, also a function of
moisture content.

However, the Richard’s Equation is difficult to solve in this form, so numerical solutions have
been discovered as simplifications for irrigation over short time periods. The form used for this
study is the same as described by Hallett (2008), and represents cumulative irrigation as a
function of time, I(t), as being composed of a nonlinear term with coefficient Cy, related to
sorptivity, and a linear term with coefficient C,, which is proportional to hydraulic conductivity.

It =C,t "+ Cyt (7)

Using this simplified model, hydraulic conductivity was indirectly analyzed through the constant
value C, Regression was applied to determine values of C; and C, that gave the best I(t) curve-
fit to the data. The results were analyzed with the SAS ANOVA program used previously to find
any significant statistical differences in the C.- coefficient across treatments.

Capillary Rise Experiments

Effects of the different surfactants on surface tension will be examined through a capillary rise
test for the initailly-unsaturated soil condition. These tests were not yet conducted at the time of
writing, but results will be announced in the presentation of this study at the November 2008
Irrigation Show in Anaheim, CA.

Clear plastic columns of 3-4 cm diameter and approximately 1 foot height will be filled with the
same air-dried, sifted silt loam and sandy soils, then placed in 1-inch ponds of the treatment
solution — a mixture of the same concentrations of surfactant and water used previously. A
reservoir containing more of the treatment solution will be attached so as to resupply the pond
at the same rate the water was taken up by the soil, according to the Mariotte principle. (Note:
setup resembled an automatically-refilling watering dish for pets.)



Transparent rulers and transparent sheets will be attached to the clear columns for recording
the heights of the wetting front and tracing its pattern at regular intervals of time. The rates at
which the wetting fronts rise vertically will be statistically compared across the treatments with
the same SAS ANOVA program used previously.

Results and Discussion

To compare the effects of different treatments, one or more key parameters were found for each
of the soil-water properties of infiltration rate, moisture retention (at the field capacity condition),
and hydraulic conductivity (in unsaturated soil condition). These parameters were statistically
analyzed for the variance among their means with a SAS ANOVA (GLM) procedure. If the
variance among the means was less than 5% (i.e. if a Pr-value of 0.05 was given by the SAS
program), this variance was then considered significant. This meant that the surfactant showed
a less than 5% chance of its key parameter's mean being significantly different from the key
parameters’ means of the other treatments.

Table 2 shows the key parameters that were analyzed, and the ANOVA Pr-values obtained.
For the sand experiments, only 3 of the 4 planned replicates have been processed to date and
soil columns are still drying from the unsaturated hydraulic conductivity experiments.
Capillary rise experiments are also still underway. The remaining experiments will be
completed and the results reported during the 2008 Irrigation Show held November 2-4, and the
authors will be pleased to respond to requests for updated documents.

Table 2. Statitistical results from analysis of variance across the experimental treatments.

Soil Type Soil-water Property Parameters Pr-values
Analyzed
Silt Infiltration rate Rate constant a, for 0.503

best-fit curve
Itt) =ak t*" + F,

Moisture retention at field 6, gravimetric 0.763 (6,,)
capacity moisture content

6, volumetric moisture | 0.507 (6,)
content

P, bulk density

0.194 (P,)
Unsaturated hydraulic C, in best-fit curve, 0.443
conductivity I) =Cit "+ Cyt
Sand Infiltration rate Rate constant a, for 0.411
best-fit curve
It =akt“” + F,
Unsaturated hydraulic C, in best-fit curve, 0.620

conductivity I) =C, t "2+ Cyt

As seen above, all the parameters showed greater than 20% likehood of having their means
overlapping, so to speak, with the means of any other surfactants or the control treatment.
Hence, this study showed no significant difference in soil-water properties across the treatments
of 4 different types of surfactant and irrigating with no surfactant.




Nevertheless, one cannot interpret these results as proving that surfactants do not produce
significant changes in soils. One must remember that the soils in these experiments used were
sifted and uniformly settled into columns, without clods or uneven compaction. Also, though the
soils were typical of Pacific Northwest fields where high-value crops are grown in furrows, they
appeared free of some of the unique problems of water repellency that have been known to
develop. Hence, these experimental soils are not actually the target customers for soll
surfactants, which are advertised to ameliorate problem conditions in soils.

Researchers evaluating the success of numerous soil additive experiments have found similar
results as achieved so far in this study: applying surfactants to normal (wettable) soils did not
produce any noticeable changes (McFarland, 2005). Likewise, Sullivan’s review of many soil
amendments includes soils that already have good structure in his list of soils in which beneficial
effects from surfactants should not be expected. Hence, the results from this study may be
supporting a theory that soil surfactants have no effect on non-problem soils.

A balanced interpretation of these results would be to consider this type of study as a gateway
to a full investigation of surfactants’ physical effects. A full understanding of their activities
during irrigation must begin with studies such as this that isolate the effects of the wetting
agents on physicochemical properties of soil-water without soil problems in the picture.

Then for a study to be considered complete, it must proceed with a closer look at the effects of
soil variations on the surfactants’ action. The soil conditions should be varied in the lab, while
still maintaining a controlled environment that assures uniform conditions across treatments, to
investigate in more detail such scenarios as initial penetration in crusted or compacted soils,
and moisture retention or distribution patterns in water repellent soils. Again, using classic soils
physics methods will be applied, and perhaps digital imaging software can be used for
observing wetting fronts (in case of preferential flows). Further helpful to understanding soill
surfactant effects and still in the realm of soil physics, would be an examination of the
surfactants more closely by measuring their surface tension; this would help explain the effects
they may have on water and soil particles. The surfactant solution’s critical mass should also be
obtained or tested to verify that concentrations used in experiments (which, in this study, have
been based soley on field applications) are appropriate for the surfactants’ compositions.

Additionally, persistence experiments should also be conducted to see if accumulation of
surfactant molecules in the soil may produce any effects on soil-water properties. If any of the
above-mentioned experiments with problem soils should show improvements in soil-water
properties after surfactants are applied, then the longer-term effects of surfactant treatments
should be investigated to answer the question of how long the positive results will continue
before the soil surfactants are drained away or biodegrade.

Conclusion

Again, no signficant statistical differences were noted among all surfactant treatments and the
control, but the value of this study was to determine whether surfactants acted directly on the
soil-water properties of two soil types typical in the Pacific Northwest for growing high-value
crops. The results answered that adding soil surfactants to irrigation water did not produce any
significant changes for the soil-water properties of infiltration rate, soil moisture content and bulk
density, unsaturated hydraulic conductivity, and capillary rise, at least not for healthy and
uniformly distributed soils immediately after the initial treatment.
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Further studies with surfactants are needed. We recommend more tests on those properties of
the surfactants that would influence their effects on soil-water, and experiments with varying soil
conditions in the lab, especially water repellency.

In response to all the soil-improvement products being offered today, the North Central Regional
Committee (NCR-103) was formed to investigate claims and advise consumers on a number of
soil additives and conditioners, including surfactants (lowa, 2004). NCR-103, which can boast
Dr. Kelling of the Wisconsin potato studies as a member, cautions that reliable standardized
procedures have not yet been developed to evaluate effects of various types of products on soil
physical properties (North, 2004). Perhaps as further academic studies such as this one are
conducted, new collaborations will be formed among universities and with industry partners that
will lead to such standards, or at least, to an understanding of best practices so that growers
can base their purchasing decisions on science-based evaluations of the effects of using these
products in irrigation.

References

Aquatrols. Research summary: Impact of Aquatrols Revolution® on turf quality and soil moisture
with various irrigation frequencies.
http://www.aquatrols.com/Research/Revolution/Revolution-Karcher0405-22Dec06.pdf

Doerr, S.H., Shakesby, R.A., and Walsh, R.P.D. 2000. Soil water repellency: its causes,
characteristics and hydro-geomorphological significance. Earth-Science Reviews 51: 33-65.

Hallet, P.D. 2008. A brief overview of the causes, impacts, and amelioration of soil water
repellency. Soil and Water Resources 3:521-S29.

lowa State University Agronomy Extension. Compendium of research reports on use of non-
traditional materials for crop production.
http://extension.agron.iastate.edu/compendium/index.aspx

Lentz, R.D. 2003. Inhibiting water infiltration with polyacrylamide and surfactants: Applications
for irrigated agriculture. Journal of Soil and Water Conservation 58(5): 290-300.

Karcher, D., Miller, J., Richardson, M. and Leinauer, B. 2005. Irrigation frequency and soil
surfactant effects on a sand-based putting green. University of Arkansas Research and
Extension Center.

http://147.213.145.2/biohydrology/abstracts/Karcher S3.doc

Karnok, K.J., and Tucker, K.A. 2001. Controlling LDS with a fungicide: A common fungicide
does not always prevent water-repellent soil. Golf Course Management, Golf Course
Superintendents Association of America.
http://www.cropsoil.uga.edu/~kjkarnok/pubs/ControllingLDSWithFungicide.pdf

Kelling, K.A., Speth, P.E., Arriaga, F.J. and Lowery, B. 2003. Use of a nonionic surfactant to
improve nitrogen use efficiency of potato. Acta Horticulturae, International Society for
Horticultural Science (ISHS) 619: 225-232.

11



Kostka, S.J. 2000. Amelioration of water repellency in highly managed soils and the
enhancement of turfgrass performance through the systematic

application of surfactants. Journal of Hydrology 231-232: 359-368.

McFarland, M.L., Stichler, C., and Lemon, R.G. 2005. Non-traditional soil additives: Can they
improve crop production? Forages: Texas A&M University System AgriLife Extension.
http://forages.tamu.edu/pubs.html

Miller, C. 2002. Timing soil surfactant applications: Their effect on soil water repellency.
TurfGrass Trends, 2008.
http://lwww.turfgrasstrends.com/turfgrasstrends/article/articleDetail .jsp?id=13067

Lowery, B., Speth, P., and Kelling, K. 2005. Use of surfactant to increase water and nitrogen
use efficiency in potato production in hydrophobic sandy soil in Wisconsin, USA. Geophysical
Research Abstracts 7: 00490.

North Central Regional Committee. 2004. Nonconventional soil additives: Products, companies,
ingredients, and claims. NCR-103 Committee activity,
http://www.soils.wisc.edu/extension/hottopics/nonconventional.pdf

O’Neill, M., Heyduck, R., and Prior, N. 2005. Soil surfactants for improved soil moisture and
nutrient use efficiency in pinto beans. New Mexico State University Agricultural Science Center
— Farmington.

http://cahe.nmsu.edu/aes/farm/projects--results.html

Sullivan, P. 2001. Alternative soil amendments. National Sustainable Agriculture Information
Service, National Center for Appropriate Technology, 2008.
http://attra.ncat.org/attra-pub/altsoilamend.html

World Intellectual Property Organization. 2006. Application of surfactants to crop root zone to
improve potato yield and reduce soil nitrate leaching. Publication No. WO/2001/008482.
http://www.wipo.int/pctdb/images4/PCT-PAGES/2001/062001/01008483/01008483.pdf

12



Irrigation by Evapotranspiration-Based Irrigation Controllers in
Florida

S. L. Davis

Agricultural and Biological Engineering Department, University of Florida, P.O. Box 110570,
Gainesville, FL 32611-0570; PH (352) 392-1864 ext. 263; FAX (352) 392-4092; email:
stacia@ufl.edu

M. D. Dukes

Agricultural and Biological Engineering Department, University of Florida, P.O. Box 110570,
Gainesville, FL 32611-0570; PH (352) 392-1864 ext. 205; FAX (352) 392-4092; email:
mddukes@ufl.edu

G. L. Miller
Crop Science Department, North Carolina State University, P.O. Box 7620, Raleigh, NC, 27695-
7620; PH (919) 515-5656; FAX (919) 515-7979; email: grady miller@ncsu.edu

Abstract. Despite limited water resources, the need for irrigation will continually grow with
increased population without change in the demand for aesthetically pleasing landscapes. The
objective of this study was to evaluate the ability of three ET-based controllers to schedule
irrigation compared to a time irrigation schedule representative of a homeowner. Twenty plots
were partitioned into 65% St. Augustinegrass and 35% mixed-ornamentals to represent a typical
Florida landscape plant composition. The five replicated treatments were: ET controller A, ET
controller B, ET controller C, a time-based treatment determined by UF-IFAS recommendations
and a time-based treatment that is sixty percent of the previous time-based treatment. Results
showed that the ET controllers resulted in 35%-42% average water savings compared to a time
clock schedule without a rain sensor while maintaining acceptable turfgrass quality. Also,
average potential water savings by using a rain sensor at a 6 mm threshold was 21% over

the study period.
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Introduction

Similar to the water shortages seen in other parts of the United States, Florida has become
increasingly aware of the limitations in the availability of its water resources. It is estimated that
over half of total fresh water is used for irrigation (Hutson et al., 2004). It was found in recent
research that 71% of residential water use was used for irrigation (Baum et al., 2003). As a
result, new methods must be explored for outdoor water conservation to maintain the high
demand for aesthetically pleasing urban landscapes from continually increasing populations in
Florida.

Evapotranspiration (ET), defined as the evaporation from the soil surface and the transpiration
through plant canopies (Allen et al., 1998), is the exchange of energy for outgoing water at the
surface of the plant (Allen et al., 2005). The components used to estimate ET are solar radiation,
temperature, relative humidity, and wind speed (Allen et al., 2005). Evapotranspiration-based



controllers, also known as ET controllers, are irrigation controllers that use an estimation of ET
to schedule irrigation. These controllers are typically programmed with landscape-specific
conditions making them more efficient (Riley, 2005).

The objective of this study was to evaluate the ability of three brands of ET-based controllers to
schedule irrigation by comparing irrigation application to a time clock schedule intended to
mimic homeowner irrigation schedules. The controllers should also be able to maintain
acceptable turfgrass quality regardless of water savings results.

Materials and Methods

This study was primarily conducted at the University of Florida Gulf Coast Research and
Education Center (GCREC) in Wimauma, Florida. There were a total of twenty plots that
measured 7.62 m x 12.2 m. Each plot consisted of 65% St. Augustinegrass (Stenotaphrum
secundatum ‘Floratam’) and 35% mixed ornamentals to represent a typical residential landscape
plant composition in Florida. This research reports on the turfgrass portion of each plot.
Landscapes were maintained through mowing, pruning, edging, mulching, fertilization, and pest
and weed control according to current UF-IFAS recommendations (Black and Ruppert, 1998;
Sartain, 1991). Each plot contained separate irrigation zones for turfgrass and mixed
ornamentals.

Five treatments were established and replicated four times for a total of twenty plots in a
completely randomized block design. The irrigation treatments were as follows:

e ET controller A;

e ET controller B;

e ET Controller C;

e TIME, a time-based treatment determined by UF-IFAS recommendations (Dukes and

Haman, 2002); and

e RTIME, a time-based treatment that is 60% of T4.
The ET controllers were as follows: Intelli-sense (Toro Company, Inc., Riverside, CA) utilizing
the WeatherTRAK ET Everywhere service (Hydropoint Datasystems, Inc., Petaluma, CA),
SL.1600 controller with SLW15 weather monitor (Weathermatic, Inc., Dallas, TX), and Smart
Controller 100 (ET Water Systems LCC, Corte Madera, CA). All treatments utilized rain
sensors set at a 6 mm threshold.

There were five periods of data collection:

e 13 August, 2006 through 30 November, 2006 as fall 2006;

e 1 December, 2006 through 26 February, 2007 as winter 2006-2007;

e 27 February, 2007 through 31 May, 2007 as spring 2007;

e 1 June, 2007 through 31 August, 2007 as summer 2007; and

e 1 September, 2007 through 30 November, 2007 as fall 2007.
Data collected over these time periods included irrigation water applied per plot from totalizing
flow meters and turfgrass quality measurements. More information on the additional results
from this research can be found in Davis (2008).



The ET controller treatments were programmed with two days per week watering restrictions
during fall 2006 and winter 2006-2007, Wednesday and Saturday, and no watering between 10
am and 4 pm. Also, the controllers were programmed with maximum system efficiencies over
these periods that resulted in 95-100% efficiencies depending on the maximum efficiency value
allowed by the individual controllers. All ET controllers were updated to allow irrigation
everyday with an 80% efficiency determined from on-site uniformity testing from spring through
fall 2007.

The time-based treatments were programmed with two days per week watering restrictions for
all five periods. Fall 2006 and winter 2006-2007 applied 60% of the net irrigation requirement
derived from historical ET and effective rainfall specific to south Florida (Dukes and Haman,
2002) and RTIME applied 60% of the irrigation depth calculated from TIME equaling 36% of
the net irrigation requirement. TIME was increased to apply irrigation to replace 100% of the
net irrigation requirement instead of 60% used during the first two periods. Once again, RTIME
applied 60% of TIME resulting in the reduced treatment applying 60% of the net irrigation
requirement. Irrigation runtimes for these treatments were adjusted monthly.

Results were quantified by comparing all treatments to a time-based treatment without a rain
sensor (TIME WORS). The time-based treatment without a rain sensor was derived from TIME
by including water application from irrigation events that were bypassed due to rain and was not
an actual treatment. Turfgrass quality was measured monthly using the National Turfgrass
Evaluation Program (NTEP) standards (Shearman and Morris, 2006). The turfgrass was rated on
a scale from 1 to 9 where 1 represented dead turfgrass or bare ground, 9 represented an ideal
turfgrass, and 5 was considered minimally acceptable quality for a residential setting.

SAS statistical software (SAS Institute, Inc., Cary, NC) was used for all statistical analysis,
utilizing the General Linear Model (GLM) procedure with a confidence interval of 95%. Means
separation was conducted using Duncan’s multiple range test.

Results and Discussion

All treatments resulted in substantial savings compared to the TIME WORS treatment for fall
2006 (Table 1). RTIME showed the most savings at 55% due to an error in the October schedule
for south Florida (Dukes and Haman, 2002) causing extremely low water application for this
month. TIME had 28% savings also due to the low watering schedule in October. Savings from
the ET controller treatments A and B fell between the other treatments by saving 38% and 39%,
respectively. The ET controller C did not function during this period due to circuitry problems
and results were not reported.

Fall 2006 average turfgrass quality ratings were below the minimally acceptable value of 5.0 for
all treatments due to pest problems and fungal disease. All of the turfgrass plots suffered from
an infestation of chinch bugs (Blissus insularis ‘Barber’) and a fungal disease known as
Curvularia. Damaged turfgrass was replaced with new sod during the week following 26
September, 2006; no more than 25% of any plot was resodded and most of the damage was
located along the edges of the plots where irrigation coverage was marginal.



Winter water application was less than any other period due to the reduced climatic demand.

The ET controller A saved 50% and ET controller B saved 60% compared to TIME WORS
(Table 2). TIME and RTIME respectively had savings of 20% and 49%. Both ET controller
treatments, A and B, applied less water than RTIME unlike any other time of year. The ET
controller C remained nonfunctional during this period. The ET controller treatments showed the
potential to save over 50% of water applied in subsequent winter periods. Turfgrass quality
ratings were above minimum acceptability ranging from 5.7 to 6.0 and were not different across
treatments.

Spring 2007 water savings by all treatments compared to the TIME WORS treatment ranged
from 9% by ET controller A to 50% by the RTIME (Table 3). The ET controller B and TIME
had similar savings of 15% and 18%, respectively. The time-based schedules, TIME and
RTIME, applied irrigation during every scheduled event for the months of March and May due
to lack of rainfall. Irrigation savings by the ET controller treatments were based purely on their
ability to match irrigation application with environmental demand and not affected by the
variability of the rain sensor during these two months. All treatments maintained similar
turfgrass quality ratings above the minimally acceptable level, averages ranging from 6.1 to 6.4,
and were not different from each other (Table 3). Despite the reduced watering by RTIME in the
spring 2007 period, the reduced time-based schedule still had an above average turfgrass quality
rating.

The ET controller C resulted in 30% savings compared to TIME WORS (Table 3) in the Spring
of 2007. The ET controller C frequently had poor signal strength and the irrigation schedule was
not updated from 9 April, 2007 through 23 May, 2007 causing the 9 April schedule to
continually apply until communication was re-established. Thus, the water application rate
stayed constant throughout the spring period while the other treatments increased the irrigation
rate (i.e., frequency) based on increased climatic demand and little rainfall. The 30% irrigation
savings attributed to this controller was an over-estimate due to the constant irrigation rate in the
spring. This controller also would not recognize a rain sensor despite repeated attempts with
customer service to repair.

Water savings for summer 2007 by all treatments compared to the TIME WORS treatment
(Table 4) ranged from 31% by TIME, to 63% by RTIME. Savings from the ET controller
treatments, B and C, fell between the other treatments by saving 41% and 45%, respectively.
Turfgrass quality ratings were not different across treatments (P=0.933) and remained above the
minimally acceptable levels. A power outage caused by lightning occurring on 8 June, 2007
damaged the equipment associated with ET controller A, which resulted in a gap in calculated
ET for that controller. Since ET controller A did not operate based on an ET schedule, data for
this controller was removed for this period. The ET controller C continued to apply irrigation
every day without a functional rain sensor.

Fall 2007 savings were once again seen by all treatments compared to TIME WORS (Table 5).
The ET controller A saved 43% compared to TIME WORS while ET controllers B and C saved
59% and 50%, respectively. Both TIME and RTIME also showed water savings from 15% to
50%. Turfgrass quality was similar across all treatments and higher than the minimally



acceptable value of 5, ranging from 6.4 to 7.1; quality was not different between treatments
(P=0.170).

When operating properly, all ET controller treatments exhibited considerable savings compared
to TIME WORS for every period except spring 2007. This occurred because the time-based
treatments were developed considering historical effective rainfall. However, the spring 2007
period experienced very little rainfall and an increase in the demand for irrigation. Even though
more irrigation occurred compared to the time-based treatments, the ET controllers were reacting
to climatic demands based on real-time conditions and as opposed to historical weather data.
Water savings by the ET controller treatments were similar between the brands when compared
over the same periods.

TIME, developed from 100% replacement of the net irrigation requirement, consistently applied
more cumulative irrigation compared to the ET controller treatments. Also, RTIME applied the
least amount of water in all periods except winter 2006-2007 and fall 2007. However, turfgrass
quality remained above the minimally acceptable level for both treatments with no statistical
differences between the ratings. As a result, 60% replacement of net irrigation requirements is
appropriate for effective water application assuming good uniformity and average weather
conditions.

Conclusions

All treatments applied less water compared to TIME WORS. The average potential water
savings across all periods averaged 35% - 43% for ET controllers. Maximum and minimum
savings were seen over winter 2006-2007 and spring 2007, respectively, as responses to climatic
demand. Also, average potential water savings by using a rain sensor at a 6 mm threshold was
21% over the entire study period. These savings occurred even during dry conditions due to
scheduling only two irrigation events per week.

The reduced time-based treatment, T5, resulted in similar water savings as ET controllers with
no differences in turfgrass quality. As has been shown in previous research in Florida, changing
time clock settings throughout the year can result in substantial irrigation savings. The reduced
time-based schedule (T5) only replaced 36% of the net irrigation requirement in Fall 2006 and
winter 2006-2007, but still irrigated more in the winter compared to the ET controller treatments.
Time-based treatments were developed from the historical net irrigation requirement for the area
resulting in less water applied than if scheduled without using historical ET and effective
rainfall. However, time-based schedules do not fluctuate with changing weather conditions and
typical homeowners will not manually adjust on a regular basis. Thus, the ET controllers show
promising results for consistent water savings.
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Table 1. Fall 2006 savings compared to the time WORS treatment' using cumulative period
totals and turfgrass quality’

Controller Savings compared to time WORS  Turfgrass quality’
A 38% 4.8 a

B 39% 49 a

C - -

TIME 28% 4.7 a

RTIME 55% 4.8a

'The time WORS treatment refers to the time-based treatment without a rain sensor
theoretically derived from T4.

*Turfgrass quality ratings used a 1 to 9 scale where 1 was of lowest quality, 9 was of highest
quality, and 5 was minimally acceptable.

SNumbers with different letters in columns indicated differences at the 95% confidence level
using Duncan’s Multiple Range Test.

*Indicates nonfunctional treatments.

Table 2. Winter 2006-2007 savings compared to the time WORS treatment' using cumulative
period totals and turfgrass quality”

Controller Savings compared to time WORS  Turfgrass quality’
A 50% 57a

B 60% 59a

C . --

TIME 20% 6.0a

RTIME 49% 5.7a

'The time WORS treatment refers to the time-based treatment without a rain sensor
theoretically derived from T4.

*Turfgrass quality ratings used a 1 to 9 scale where 1 was of lowest quality, 9 was of highest
quality, and 5 was minimally acceptable.

SNumbers with different letters in columns indicated differences at the 95% confidence level
using Duncan’s Multiple Range Test.

*Indicates nonfunctional treatments.



Table 3. Spring 2007 savings compared to the time WORS treatment' using cumulative period
totals and turfgrass quality’

Controller Savings compared to time WORS  Turfgrass quality’
A 9% 6.2a
B 15% 6.4 a
C 30%" 6.3a
TIME 18% 6.2a
RTIME 50% 6.1a

'The time WORS treatment refers to the time-based treatment without a rain sensor
theoretically derived from T4.

*Turfgrass quality ratings used a 1 to 9 scale where 1 was of lowest quality, 9 was of highest
quality, and 5 was minimally acceptable.

*Numbers with different letters in columns indicated differences at the 95% confidence level
using Duncan’s Multiple Range Test.

*Savings were a partial result of low signal strength and no updates to the irrigation schedule.

Table 4. Summer 2007 savings compared to the time WORS treatment' using cumulative period
totals and turfgrass quality”

Controller Savings compared to time WORS  Turfgrass quality’
A - --

B 41% 6.1a

C 45% 6.1a

TIME 31% 6.1a

RTIME 63% 58a

'The time WORS treatment refers to the time-based treatment without a rain sensor
theoretically derived from T4.

*Turfgrass quality ratings used a 1 to 9 scale where 1 was of lowest quality, 9 was of highest
quality, and 5 was minimally acceptable.

SNumbers with different letters in columns indicated differences at the 95% confidence level
using Duncan’s Multiple Range Test.

*Indicates nonfunctional treatments.



Table 5. Fall 2007 savings compared to the time WORS treatment' using cumulative period
totals and turfgrass quality’

Controller Savings compared to time WORS  Turfgrass quality’
A 43% 6.4 a
B 59% 7.1a
C 50% 7.0 a
TIME 15% 6.6 a
RTIME 50% 6.5a

'The time WORS treatment refers to the time-based treatment without a rain sensor
theoretically derived from T4.

*Turfgrass quality ratings used a 1 to 9 scale where 1 was of lowest quality, 9 was of highest
quality, and 5 was minimally acceptable.

*Numbers with different letters in columns indicated differences at the 95% confidence level
using Duncan’s Multiple Range Test.
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Abstract. Turfgrass crop coefficients are used for irrigation consumptive use permitting
as well as the basis for irrigation scheduling in many areas of the U.S. However, there
have been limited studies to determine crop coefficients for turfgrass. This paper
summarizes crop coefficients available in the literature and indicates the need for future

crop coefficient determination.

Keywords: crop coefficient, warm-season turfgrass, cool-season turfgrass.

Introduction

According to a turfgrass industry survey, 18,207 km? (1,820,700 ha) of turf
existed in Florida in 1991-92. Industry sales and services amounted to approximately $7
billion during that time (Hodges et al., 1994). In 2003, Morris estimated that there were
202,300 km? (20,230,000 ha) of turf in the U.S., with approximately 67% found in home
lawns Florida has the second largest withdrawal of ground water for public supply in the
U.S. (Solley et al., 1998). The most recent estimation of the turf area in the USA was
presented by Milesi et al. (2005), reporting a total estimated turfgrass area of 163,800
km? (+/- 35,850 km? for the upper and lower 95% confidence interval bounds-equivalent
to 16,380,000 +/- 3,885,000 ha), which include all residential, commercial, and
institutional lawns, parks, golf courses, and athletic fields (Fender, 2006). The study was



based on the distribution of urban areas from satellite and aerial imagery. If considering
the upper 95% confidence interval bound, that would represent 199,650 km?
(19,965,000 ha) and this estimate reasonably compares to the estimates of Morris
(2003).

Estimates in Florida indicate that 30-70% (FDEP, 2001) of residential per capita
water use is for landscape irrigation. Landscape ordinances and water conservation
rebate programs from Texas, Arizona and California promote the use of water
conserving plant species and the reduction in the amount of landscape area planted to
turfgrass in urban landscapes. Little evidence was available to document the impacts of
these ordinances and programs on reductions in water as of 2003 (Havlak, 2003).
However, a study funded by Tampa Bay Water that suggests that landscape water
conservation ordinances are not consistently enforced resulting in poor compliance in
Southwest Florida. Thus, there are likely minimal water conservation benefits (Tampa
Bay Water, 2005).

Turfgrass provides functional (i.e. soil erosion reduction, dust prevention, heat
dissipation, wild habitat), recreational (i.e., low cost surfaces, physical and mental
health) and aesthetic (i.e. beauty, quality of life, increased property values) benefits to
society and the environment (Fender, 2006; King and Balogh, 2006). However, critics of
grass maintain it not only wastes time, money and resources, but even worse, that
efforts to grow grass results in environmental pollution. Critics recommend the total

replacement with what are termed ‘native plants’ (Fender, 2006).

The water requirements of most turfgrasses have been established by scientific
study (Beard and Green, 1994). Water use of turfgrasses is the total amount of water
required for growth and transpiration plus the amount of water lost from the soil surface
(evaporation), but because the amount of water used for growth is so small, it is usually
neglected (Huang, 2006; Augustin, 2000). Most of the water transpired through the plant
moves through openings in the leaves called stomates, which results in a cooling effect
resulting from the evaporation process. The amount of water lost through transpiration
is a function of the rate of plant growth and several environmental factors, such as soil

moisture, temperature, solar radiation, humidity and wind. Transpiration rates are higher



in arid climates than in humid climates because of the greater water vapor deficit
between the leaf and the atmosphere in dry air. Thus, transpiration losses may be as
high as 10 mm of water per day in desert climates during summer months; whereas in
humid climates under similar temperature conditions, the daily losses may be only 5 mm
of water per day (Duble, 2006). The application of water to turfgrass in amounts
exceeding its requirements can be attributed to human factors, not plant needs (Beard
and Green, 1994).

Crop coefficients (K.'s) used in irrigation are the ratio of actual evapotranspiration
(ETa) to reference ET. Reference ET (ETo) is the ET that is calculated from a surface of
actively growing grass that is maintained at 12 cm and is well-watered (Allen et al.,
1998). Once K:'s have been generated, only estimates of ETo are required to estimate
ETa needed for scheduling irrigation (Allen et al., 1998). Thus, using different ETo
equations will generate different K. values, which is one reason the ASCE EWRI
Standardized Reference ET methodology was developed (Allen et al., 2005). Allen et al.
(2005) stated “there can be considerable uncertainty in K.-based ET predictions due to
uncertainty in quality and representativeness of weather data for the ETo estimate and
uncertainty regarding similarity in physiology and morphology between specific crops

and varieties in an area and the crop for which the K. was originally derived.

Crop coefficients can vary substantially over short time periods, so monthly
averaged coefficients are normally used for irrigation scheduling (Carrow, 1995). These
coefficients can be averaged to yield quarterly, semi-annual, or annual crop coefficients
(Richie et al., 1997), although averaging K.'s reduces monthly precision and turfgrass
may be under-irrigated during stressful summer months. Factors influencing K. for
turfgrasses are seasonal canopy characteristics, rate of growth, and soil moisture stress
that would cause coefficients to decrease, root growth and turf management practices
(Gibeault et al., 1989; Carrow, 1995).

Scientific irrigation scheduling regimes which calculate irrigation water
requirements based on ETa have been suggested as one means of improving irrigation

management of turfgrass (Brown et al., 2001). ETo data are available from public



weather networks in different regions of U.S.; however, access to reliable K.’s becomes

a limiting factor when implementing scientific irrigation scheduling systems for turfgrass.

The obijective of this study is to perform a literature review showing reported crop

coefficients for both warm and cool season grasses available in the U.S.

Methods

A review of the literature was performed to summarize K.'s determined for both
warm and cool season grasses. Many studies have been conducted on turfgrass water
use with a wide variety of methods. In most of the studies, weather data were not
reported. Therefore, K. values could not be calculated. In addition, turfgrass water loss

data was assembled for Florida conditions.
Literature review

Many literature sources and agencies reference warm and cool season turfgrass
K¢'s developed in California in the early 1980’s as reported by Gibeault et al. (1989).
These K. values were developed and documented in a series of publications, none of
which appear in the peer reviewed literature, thus they are difficult to find in some
cases. Turfgrass K¢'s will exhibit considerable variation during the growing season
which is due in part to plant cover, growth rate, root growth and stage of the plant
development and turf management practices (Gibeault et al., 1989; Brown et al., 2001).
K. data for warm-season grasses included common and hybrid Bermudagrasses, St.
Augustinegrass, Bahiagrass, Centipedegrass, Zoysiagrass, and Seashore Paspalum.
K. values for cool-season turfgrasses included Kentucky bluegrass, Perennial ryegrass,

Tall Fescue, mixed grasses, shortgrass and sagebrush-grass.

One of the most comprehensive studies provided an estimate of Penman crop
coefficients for various grasses grown in southeastern U.S. was presented by Carrow
(1995), including Tifway bermudagrass (Cynodon dactylon X C. transvaalensis),
common bermudagrass [C. dactylon (L.) Pers.], Meyer Zoysiagrass (Zoysia japonica
Steud), common Centipedegrass [Eremochloa ophiuroides (Munro.) Hack.], Raleigh St.
Augustinegrass [Stenotaphrum secundatum (Walt.) Kuntze], and Rebel Il and Kentucky-

31 tall fescue (Festuca arundinacea Schreb.). The study was conducted in Griffin, GA



on research plots, during 1989 and 1990, where these seven turfgrasses (including
warm-season and cool-season turfgrasses) are commonly used in the mid- to upper
Southeast region. Reference crop evapotranspiration (ETo) was determined by the FAO

modified Penman equation, which is described by Doorenbos and Pruitt (1984) as:
ETope = c[W X Rn + (I-W) X f(u) X (ea-ed)],

Where ETope is reference evapotranspiration (mm), c is adjustment factor to
compensate for the effect of day and night weather condition, W is temperature related
weighing factor for the effect of radiation on ETo (mm), | is irrigation (mm), Rn is net
radiation in equivalent evaporation (mm), f(u) is a wind function, ea is saturation vapor
pressure of air at the mean daily air temperature (kPa) and ed is actual vapor pressure
of air at the mean daily air temperature (kPa). Actual evapotranspiration (ETa) was
derived from daily soil water extraction data from TDR soil moisture probes obtained
during dry-down periods following irrigation or rainfall events when no drainage
occurred. According to the author, the irrigation regime imposed moderate to
moderately severe stress on the turfgrass but this would be representative of most
home lawn irrigation regimes. ETa was determined by soil-water balance method.
Therefore, K. was calculated dividing ETa by the FAO modified Penman ETo. For all
grasses, coefficients varied substantially over short time periods, but data was
presented as monthly averages. Tifway bermudagrass exhibited the least variation
(0.53-0.97 for K;) and Meyer Zoysiagrass the most (0.51-1.14 for K¢). In general, warm-
season species ranged from 0.67 to 0.85, while cool-season grasses were 0.79 and
0.82 (Table 1). A similar study using cool-season and warm-season grasses under
warmer conditions (California) was presented by Meyer and Gibeault (1987). They
developed a set of crop coefficients for Kentucky bluegrass, perennial ryegrass, tall
fescue (cool-season grasses) and hybrid bermudagrass, zoysiagrass and seashore
paspalum (warm-season grasses), that could be used by California turfgrass managers
to determine on-site water use by both type of turfgrasses. Crop coefficients ranged
from 0.60 to 1.04 for cool-season turfgrasses, and from 0.54 to 0.79 for warm-season
grasses. ETc was calculated as the actual applied water divided by the extra water

factor (EWFgp), which was 1.35. EWFg is the amount of water needed to apply 1 inch



(2.5 cm) to 90% of the area. In this experiment the coefficient of uniformity, CUs — 87%
and EWF90 =1.35:

EWF90 = 1/[1-(£/X)

Where t = probability value from statistical table related to the number of cans in
the test and the percentage of the area that must receive a unit amount of water (90%).
2 is a function of individual can value, the mean of all values (X') and number of cans.
ETc was for the 100% ET regime, since 60% and 80% were also tested. ETo was

calculated using the modified Penman equation (Doorenbos and Pruitt, 1977).

Meyer et al. (1985) used data from a study reported by Marsh et al. (1978) to
develop the California K's. The authors report that the K. values were developed by a
Bureau of Plant Industry (BPI) evaporation pan measurement adjusted to a standard
Class A pan and then adjusted to ETo based on factors presented by Doorenbos and
Pruitt (1977). Thus, there were several adjustment factors based on generalized
literature values rather than quantitative measurements. Furthermore, the ETc data
reported by Marsh et al. (1978) were developed by measuring the irrigation application
on tensiometer controlled field plots. This study was conducted during different years
for warm and cool season grasses. Regarding the cool season grass study, the authors
note “Evaporation was greater and rain less during these three years than during the
previous study with warm season grasses”. Thus, the California K. values were
developed with uncertain and general ETo values and it is likely the plots were not “well-

watered” during the entire study.

Another study using bahiagrass (Paspalum notatum Flugge) was presented by
Jia et al. (2007). Daily K. values were determined for July 2003 through December 2006
in central Florida, where the eddy correlation method was used to estimate crop
evapotranspiration (ETc) rates. ETo was calculated using the standardized reference
evapotranspiration equation. Monthly K. values were low in the winter time (dormant
grass status) although the K; values also decreased in the summer time from peak
values in May (Table 1). In the southern area of Florida, the water budgets of a

monoculture St. Augustinegrass (Stenotaphrum secundatum Waltz Kuntze cv.



‘Floratam’) and an alternative ornamental landscape were compared (Park and Cisar,
2006). ETc was determined by a wat