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WATER CONSERVATION POTENTIAL OF
LANDSCAPE IRRIGATION SMART CONTROLLERS

M. D. Dukes

ABSTRACT. In the past ten years, smart irrigation controllers have been developed by a number of manufacturers and
have been promoted by water purveyors in an attempt to reduce excessive irrigation. Legislation has been introduced in
California and Texas and passed in Florida mandating or incentivizing the use of these controllers. As a result of the in-
terest in smart controllers, their use is increasing in new installations and retrofits of residential and light commercial ir-
rigation systems. A number of controlled research studies using formal experimental design and statistical analyses
indicate substantial water savings of anywhere from 40% to more than 70% when using these devices, however, real-
world savings in larger pilot-scale projects indicate savings of typically less than 10%. Reasons for the divergence be-
tween the apparent potential savings and the realized savings in pilot projects are related to the lack of: targeting of high
irrigation users (on either a relative or absolute scale), education for contractors and end users, and timely follow-up to
assess water savings. In addition, much of the scientific research on smart controllers has been conducted in humid re-
gions where higher potential savings are likely due to irrigation needed only to supplement rainfall. Future pilot projects
should include comprehensive educational components aimed at irrigation sites with potential irrigation savings based on
estimated landscape irrigation demand from climatic variables (i.e., high irrigation users).
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mart irrigation controllers are defined by the Irriga-
tion Association as controllers that “estimate or
measure depletion of available plant soil moisture
in order to operate an irrigation system, replenish-
ing water as needed while minimizing excess water use. A
properly programmed smart controller requires initial set-
up and will make irrigation schedule adjustments, including
run times and required cycles, throughout the irrigation
season without human intervention” (Irrigation Association,
2007). Thus, smart controllers measure variables in the irri-
gated system and adjust irrigation control to maintain well-
watered conditions. There are generally two types of smart
controllers: climatologically based controllers, also called
evapotranspiration (ET) based controllers, and soil mois-
ture sensor (SMS) based controllers. Rain sensors (RS) or
rain switches are another type of control mechanism that is
discussed in the context of control technologies that re-
spond to weather conditions in the irrigated landscape but
are not technically controllers.
The concept of soil moisture based irrigation control is
not new and has been used in agriculture (e.g., Mufioz-
Carpena et al., 2005; Smajstrla and Locascio, 1996) as well
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as in turfgrass irrigation (Snyder et al., 1984) at least since
the 1980s. These early efforts typically used switching ten-
siometers, which are relatively simple but require routine
maintenance for proper performance (Mufioz-Carpena et
al., 2005). There have been some attempts in landscape ir-
rigation at commercial soil moisture based control using
electrical resistance (such as gypsum blocks), but these
products were not successful and never became wide-
spread. Thus, automation based on tensiometers remained
primarily a research topic and was not widely used com-
mercially. Similarly, automation based on ET estimation
has been available for more than two decades, with central
control systems for commercial and golf irrigation that are
often integrated with on-site weather stations. However,
these systems continue to be relatively expensive and are
not appropriate for light commercial or residential land-
scape irrigation.

In 1996, a study was funded by the American Water
Works Association Research Foundation (AW WARF, now
the Water Research Foundation, WRF), called the Residen-
tial End Uses of Water (REUWS) study (Mayer et al.,
1999). In this study, more than 1,000 homes in 12 cities
across the U.S. were closely monitored (i.e., sub-minute
logging) for potable water use patterns during two select
two-week periods to represent summer and winter water
use (i.e., to capture high and low demand, where high de-
mand includes outdoor use). The goal of the study was to
assess indoor potable water use within various categories to
understand where water conservation efforts might be best
applied. As a byproduct of the study, outdoor use was also
determined. The largest component of total use was outdoor
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use, at 58% of the total, most of which was landscape irri-
gation. Inside the home, toilets and clothes washers were
the largest uses, 11% and 9% of the total, respectively. In
addition, per capita water use was relatively constant (~261
L person” d") in the home despite regional and climatic
variability. Peak potable water demand is driven by irriga-
tion use. An in-ground irrigation system increased water
consumption by 35%, and an automatic irrigation timer in-
creased consumption by 47%. Not surprisingly, irrigation
use was heavily influenced by climate and water price. This
study quantified the magnitude of the peak demand and to-
tal volume associated with landscape irrigation.

Smart irrigation controllers targeted at smaller irrigation
systems (less than 16 zones, but often 4 to 8) have become
available for the light commercial and residential market.
The first weather-based controllers (ET controllers) were
introduced into the western U.S. The earliest documented
study of ET controllers was in a pilot study in Irvine Ranch,
California, in 1998-1999, in which standard irrigation con-
trollers (time clocks) were modified to accept an ET signal
and adjust irrigation accordingly (Hunt et al., 2001). It is
interesting to note that all of the smart controllers devel-
oped during this time period were from small startup com-
panies. Since that time, the larger manufacturers have
developed, purchased, or adopted smart control technolo-
gies.

The Irrigation Association has developed a program,
Smart Water Application Technologies (SWAT), aimed at
marketing and incentivizing the use of water-conserving ir-
rigation technologies such as smart controllers (Irrigation
Association, 2011). As part of the SWAT program, testing
protocols have been developed to assess the performance of
ET controllers by measuring irrigation run times for a vir-
tual landscape over a 30-day test based on measured or es-
timated climatic variables by individual controllers. At the
end of the test, controllers are scored for their irrigation ad-
equacy (measure of under-irrigation) and scheduling effi-
ciency (measure of over-irrigation). A test protocol for rain
sensors has also been developed, and one for SMS control-
lers is in development.

This article summarizes the literature reports of smart
controller testing and performance, ranging from research
studies to pilot-scale implementations. Differences in re-
ported irrigation savings of various projects will be dis-
cussed along with recommendations for future implementa-
tion of the technology.

EVAPOTRANSPIRATION-BASED

CONTROLLERS

ET-based control systems have been available for many
years; however, similar to SMS-based control systems, un-
til recently the technology has not been reliable or inexpen-
sive enough for widespread landscape irrigation
applications. The oldest type of these systems consists of a
full weather station that interfaces with a controller typical-
ly intended for large irrigated areas, such as golf courses.
However, a full weather station costs several thousand dol-
lars and requires frequent maintenance for accurate meas-
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urements. ET is calculated based on the meteorological pa-
rameters measured by a weather station, and either some
type of soil water balance (SWB) is calculated continuously
by the controller or run times are adjusted in real time rela-
tive to historical peak ET (non-SWB controllers).

There are several approaches to residential and commer-
cial ET-based irrigation control. Common to all of these
approaches are settings programmed into the controller to
specify variables from the landscape being irrigated. For
example, most controllers include settings for variables
such as plant type, plant density, shade, slope, and sprinkler
application rate. These variables are used to adjust refer-
ence evapotranspiration (ET,; ASCE-EWRI, 2005) to
match a particular landscape irrigation zone and calculate
soil water depletion and run time. Specific techniques vary
by controller manufacturer, but the basic approach to deriv-
ing ET, is as follows:

e Signal-based: Meteorological data are collected either
from publicly available sources or from agreements
with weather station networks, and ETo is calculated.
ETo data are then sent to controllers via wireless
communication. Some controllers are sent weather
data, and the ETo value is then calculated at the con-
troller. In either case, the ETo value is based on some
type of point weather data or on a regional interpola-
tion of point data. The ET controller adjusts the irri-
gation run times, watering days, or both according to
changing climate throughout the year.

e Historical: This approach for ET controllers uses a
pre-programmed ETo curve for different regions. To
qualify as a smart controller, the curve must be modi-
fied by a sensor such as a temperature or solar radia-
tion sensor that measures on-site weather conditions.
A variation of this approach is common for non-SWB
controllers. These devices typically adjust user-input
maximum seasonal run times based on measured cli-
mate variables such as solar radiation and tempera-
ture. The maximum run times should be input based
on a selection in the controller of maximum seasonal
daily ET (i.e., the peak of the historical curve).

e On-site weather measurement: Weather data are
measured on-site at the controller to calculate ETo
continuously, and irrigation is adjusted according to
weather conditions using either a SWB or replacing
ET since the last irrigation event.

Application of ET, data varies by manufacturer and
product. Some devices aim to maintain calculated soil
moisture content between maximum allowable depletion
(MAD) and field capacity (FC). The simplest controllers
are non-SWB devices. Generally, most controllers with any
type of SWB have settings for the following:

e Soil type, to define available water holding capacity.

e Plant type, to adjust ETo to estimated plant ET (ETc).

¢ Emission device/application rate, to convert depth of
ETc to minutes of runtime.

Some controllers also have settings for percent slope, per-
cent shade, as well as other customizable inputs.

Table 1 shows a summary of plot-based ET controller
research results and measured irrigation savings. Davis et
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Table 1. Summary of smart irrigation controller studies and irrigation savings in plot-scale scientific studies.

Irrigation Savings

Savings Statistical Comparison'™
Study Technology! Conditions (%) Comparison (mm) Comments
Qualls et al., 2001 SMS Landscapes 26 Yes 726 Based on estimated net irrigation
requirement.
Cardenas-Lailhacar . Based on recommended 2 d week ™!
and Dukes, 2008 RS Virtual 3to4d Yes 818 schedule.
Cardenas-Lailhacar SMS Bermudagrass 72 Yes 1514 Normal rainfall conditions every 2 to 3
et al., 2008 RS turf plots 34 ’ days.
ET 47 840 95% to 100% irrigation efficiency settings
Davis et al., RS St. Augustine 24 Yes ’ o1me Y £8:
2009 ET turf plot 37
grassturtplots - 2L 1,424 80% irrigation efficiency settings.
RS 21
SMS . 38 .. .
McCready et al., St. Augustine ——_—— Drought conditions with extended dry
2009 ET rass rfplots ——2— 1O 1185 eriods
RS £ P 19 perio®s
Vasanth et al., SMS Fescue 33 Corgpared to an‘ on-demand SMS sy%em.
2007 ET turferass plots 26 Yes 448 Attributed to drier than normal conditions
g P and overestimated ET,,.
Cardenas-Lailhacar SMS Bermudagrass 34 Yes 602 Drought conditions with extended dry
etal., 2010 RS turf plots 13 periods.

[
[

al. (2009) showed that ET controllers in a research plot
study resulted in average irrigation savings of 43% com-
pared to typical homeowner schedules, with no reduction in
turf quality. Furthermore, savings were 60% in the winter
months. Devitt et al. (2008) reported that signal-based ET
controllers reduced irrigation by an average of 20% for
homes in Las Vegas, Nevada, compared to homes with
homeowner-scheduled irrigation. However, while 13 of 16
ET controller homes reduced water use, three of the homes
actually had increased irrigation. McCready et al. (2009)
reported ET controller irrigation savings ranging from 25%
to 63% when compared to a typical homeowner irrigation
schedule on research plots.

Davis and Dukes (2012) summarize and review out-
comes of ET controller research in Florida. They found that
ET controllers can match irrigation application with sea-
sonal demand and in particular reduce irrigation in the win-
ter when plant demands are dramatically reduced. In
addition, they point out that when ET controllers are ap-
plied to sites irrigating at levels less than plant demand,
those controllers will likely increase irrigation. Properly ac-
counting for rainfall was a challenge for most of the ET
controllers tested.

A number of pilot studies on ET controllers have been
performed (table 2), with many study details summarized
by USBR (2008). Hunt et al. (2001) reported 16% savings
from a pre/post one-year installation study of a prototype
that was to become the WeatherTRAK controller on 33
homes in the Irvine Ranch Water District, Irvine, Califor-
nia. Bamezai (2001, according to USBR, 2008) later re-
ported that savings were consistent for two years after the
initial study. Additional pilot projects have been conducted
in the western states of the U.S., including Colorado (Ag-
uacraft, 2003), Washington (The Saving Water Partnership,
2003), Oregon (Griffiths and Olson, 2007, according to
USBR, 2008), and Arizona (Quanrud and France, 2007, ac-
cording to USBR, 2008). The common link between all of
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4 ET, SMS, and RS indicate evapotranspiration-based controllers, SMS-based controllers, and rain sensors, respectively.
®1 Trrigation savings is typically in comparison to a time clock schedule that is either typical or recommended for the region.

these studies is that they were conducted with small num-
bers of homes (<35) and typically compared pre-
installation water use to post-installation use. Often, a sta-
tistical analysis considering random error was not used for
the comparisons, and in no case were the studies verified
by an independent third-party review as to the methodology
used and the soundness of the conclusions. Pittenger et al.
(2004) conducted a study evaluating several ET controllers
based on virtual testing of the controllers when they were
connected to a datalogger to record irrigation cycle times
based on real weather variability. They found that several
different brands of ET controllers could roughly adjust irri-
gation schedules over varying climate periods for different
types of landscapes, but the performance varied substantial-
ly based on specific controller programming.

Two studies evaluated ET controller performance over
larger numbers of homes and commercial installations (ta-
ble 2). Kennedy/Jenks Consultants (2008) reported results
for 1,222 residential and commercial sites in Orange Coun-
ty, California, that had ET controllers installed. Eight
brands of devices were installed without any apparent ra-
tionale except to include multiple brands. The controllers
were distributed through rebate programs without assessing
water use patterns on individual sites. Pre- and post-
installation water use was analyzed while accounting for
weather differences between the two time periods. Of the
residential sites, 33% had a significant decrease in water
consumption, 18% had an increase in water consumption,
and 50% had no change. Overall savings was 3.9% and in-
creased to 7.6% when considering only sites with a signifi-
cant change. In a similar review of ET controller
performance in northern and southern California pilot-scale
implementations, Mayer et al. (2009) evaluated the pre- and
post-installation water use of 2,294 smart controllers.
Overall, ET controllers reduced irrigation by 6.1%; howev-
er, it was found that 56.7% of the sites were responsible for
a significant decrease in irrigation application, while 41.8%
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Table 2. Summary of smart irrigation controller pilot tests and irrigation savings in home/commercial landscapes.

Savings Statistical ~ Irrigation Savings
Study Technology™ Conditions (%) Comparison™  Comparison™ Comments
Hunt et al., 2001 ET 33 residential 16 Yes Adj. pre-install Top 23% of water users selected.
landscapes usage
. 34 residential Adj. pre-install  Additional year on Hunt et al. (2001) stud
[d] J-p y y
Bamezai, 2001 ET landscapes 18 es usage as reported by USBR (2008).
Aquacraft, 2003 ET 10 residential g ) No Adj. pre-install e 4196 to 5% less than ET,
landscapes usage
The Saving Water 35 residential Not Adj. pre-install 0
Partnership, 2003 ET landscapes reported No usage 10 t0 21 kgal year”.
Pittenger et al., ET Virtual Variable No Coimpared to estimated plant water re-
2004 landscapes quirements.
97 residential 10
MWDOC and landscapes Adj. pre-install .
IRWD, 2004 ET 15 commercial o Yes usage High users not targeted.
landscapes
Griffiths and Olson, 29 public and Pre-install
200714 ET commercial sites 41 Unknown usage As reported by USBR (2008).
Allen, 1997 SMS 26 residential 10 No Nearby non-SMS
landscapes landscapes
Quanrud and France, g, qqpg 27 residential 5 o5 prnown Adprednstall o ted by USBR (2008).
2007 landscapes usage
Kennedy/Jenks ET 1,222 residential/ 3.9 Yes Adj. pre-install  High users not targeted.
Consultants, 2008 commercial sites 7.6 usage Sites with only a significant water savings.
Mayer et al., 2009 ET Residential 6.1 Yes E”l'“o-effgctlve High users not targeted.
landscapes rain estimate

la]
b]

ET and SMS indicate evapotranspiration-based and SMS-based controllers, respectively.
Statistical comparison” denotes studies using analysis of variance or other measures to account for inherent variability.

Note that none of the studies with statistical comparisons included a third-party review process that controlled publication.

e]

4 According to USBR (2008).
¢ One SMS controller in the entire study.

were responsible for a significant increase. The sites with
increased water use after the installation of a controller
were sites that historically irrigated less than the theoretical
landscape irrigation requirement.

SOIL MOISTURE SENSOR BASED

CONTROLLERS

Two types of control methodologies use soil moisture
sensor (SMS) controllers. The simplest is known as bypass
control, in which an SMS controller is connected in series
with a timer to control solenoid valves. In bypass control,
the SMS controller has a user-adjustable threshold setting
such that the scheduled time-based irrigation event is by-
passed if the soil moisture content exceeds the user-
adjustable threshold. It should be noted that the simplest
SMS-based controllers operate in interrupt mode, whereby
the sensor interrupts the control circuit as soon as soil mois-
ture exceeds the adjustable threshold.

In recent years, research has accelerated on bypass SMS
control systems for landscapes (table 1). Cardenas-
Lailhacar et al. (2008) showed average irrigation savings of
72% with four brands of SMS controllers relative to home-
owner irrigation schedules with a timer. These same four
SMS controllers had savings of 34% under dry conditions
(Cardenas-Lailhacar et al., 2010). Irrigation savings in the
same region under relatively dry conditions ranged from
11% to 53% under optimum threshold settings but still
showed that wasted irrigation due to excessive homeowner
schedules can be reduced while maintaining good turfgrass
quality (McCready et al., 2009). Ideally, soil moisture sen-
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“Adj. pre-install usage” indicates a weather-adjusted comparison to pre-installation water use.

sors should be installed in the root zone for each irrigation
zone. If the sensor system contains only one soil moisture
probe, then that probe should be installed in the irrigation
zone that will need irrigation most frequently, and the run
times of all other irrigation zones should be reduced to min-
imize overwatering. In such a system, the irrigation zone
with the sensor acts as an indicator of whether the entire
landscape will receive irrigation. In practice, bypass-
configured SMS systems in which only one sensor controls
the entire irrigation system (e.g., on homes in southwest
Florida) have been shown to reduce irrigation by 65%
compared to homes with only timers (Haley and Dukes,
2012). Cardenas-Lailhacar and Dukes (2012) present a de-
tailed summary and review of SMS research. As can be
seen in table 2, there have been no substantially sized pilot-
scale SMS irrigation controller projects to date, and few
demonstration projects compared to ET controllers.
Programming of a bypass soil moisture sensor controller
requires input of a run time into a time-based schedule.
This run time should not exceed the water-holding capacity
of the soil, defined as the difference between the threshold
capacity programmed in the SMS controller and the field
capacity. Ideally, frequent irrigation events should be pro-
grammed into the irrigation timer, and the sensor will allow
irrigation as conditions in the root zone dictate in response
to rainfall and ET. For example, if peak annual weekly ET,
for a site is 100 mm week ™', and the maximum allowable
depletion of the soil/plant system is 38 mm, then the net ir-
rigation for any particular cycle should not exceed 38 mm.
For a given week, 2.7 cycles (three cycles in practice) are
required to meet ET demands. In regions where unpredict-
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able rainfall occurs in the irrigation season or where soils
do not have sufficient storage, the 38 mm net irrigation cy-
cle should be divided into multiple events per day to pro-
vide a buffer in the soil as storage for rainfall.

The second type of soil moisture control is on-demand
control, in which the soil moisture based irrigation control
system consists of a stand-alone controller and multiple soil
moisture sensors. This SMS controller completely replaces
the timer. On-demand soil moisture based control utilizes
high and low limits such that irrigation occurs only within
those limits. Thus, the water content level at the maximum
allowed depletion level or reduction in water extraction
point would be the low or irrigation initiation threshold,
and field capacity or just below would be the upper thresh-
old signaling irrigation termination. Although the perfor-
mance of all SMS control systems depends on sensor
installation, extra care must be taken with an on-demand
system to ensure that excessively low or high irrigation
amounts do not occur. The irrigation manager should track
this type of system after initial installation and make ad-
justments as needed. Many of these systems include data
logging capability; therefore, soil water status can be
tracked for excessive values. This type of system is typical-
ly an order of magnitude more expensive than bypass con-
trollers and is warranted only on larger residential and
commercial landscapes.

RAIN SENSORS

Another type of device that has been used in landscape
irrigation for many years is a rain sensor, sometimes called
a rain switch. While not considered a smart controller, such
as SMS and ET based controllers, a rain sensor interrupts
the signal between the timer and solenoid valves in re-
sponse to rainfall. These devices may consist of a cup that
captures rainfall and either uses weight in the cup or de-
pends on water in the cup to conduct an electrical signal.
More common, however, is the expanding-disk rain sensor
that uses hygroscopic disks to open a switch in the solenoid
valves’ electrical circuit when the disks expand in response
to wetting. On traditional time clocks, rain sensors are
wired to interrupt the valves’ common wire when activated.
These devices can be connected and in fact are used as
standard equipment on some ET controllers to respond to
on-site rainfall.

Most expanding-disk sensors have adjustable setpoints
to cause an open circuit (i.e., irrigation interruption) at dif-
ferent amounts of rainfall. These devices can be useful in
humid regions where irrigation only supplements rainfall to
satisfy plant water demands. Cardenas-Lailhacar and Dukes
(2008) showed that one type of expanding-disk rain sensor
was relatively accurate at interrupting irrigation at three
setpoints. They calculated the payback of this technology
as less than a year with relatively inexpensive potable water
costs. However, they pointed out that on numerous occa-
sions sensors responded erratically to rainfall or even high
humidity conditions. In subsequent long-term monitoring
of rain sensors, Meeks et al. (2012) found that their accura-
cy averaged 62%, and some brands needed replacement
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each year for optimum performance. Rain sensor savings as
high as 34% have been documented under rainy conditions
in a humid climate (Cardenas-Lailhacar et al., 2008). Dur-
ing dry conditions, savings lower than 10% were found in
one study (McCready et al., 2009) and 15% to 20% in an-
other (Davis et al., 2009). SMS devices generally result in
two to three times more savings than expanding-disk rain
sensors (Cardenas-Lailhacar et al., 2008; McCready et al.,
2009; Davis et al., 2009). Most of the time, drying of the
wetted disks allowed irrigation within 24 h of interruption
at a recommended setpoint of 6 mm and within 48 h when
the disks were completely dry regardless of the setpoint
(Cardenas-Lailhacar and Dukes, 2008).

SUMMARY
Automation of landscape irrigation scheduling by smart
controllers promises to improve convenience and minimize
irrigation application while balancing high landscape quali-
ty. However, ET controllers have been found to increase ir-
rigation application (Mayer et al, 2009) when the
controllers were installed on sites that were already deficit
irrigated. Devitt et al. (2008) reported increased water use
on several sites as well. This phenomenon may be isolated
to ET controllers since they are designed to provide well-
watered conditions, unlike bypass SMS controllers that by-
pass irrigation cycles beyond a given soil water threshold.
There have been cases in which SMS controllers were im-
properly installed in non-representative landscape areas
(i.e., extremely dry or wet locations) and either did not re-
sult in water savings or did not allow irrigation. Potential
smart controller sites should be screened to ensure correct
application of the technology where potential irrigation
savings exist (e.g., where over-irrigation is occurring). Fig-
ure 1 shows an example of customer screening on a current
project by the author’s research group in Orange County,
Florida, where estimated single-family home irrigation is
compared to the gross landscape irrigation requirement.
The irrigation system must be designed adequately and
function properly before any smart technology is used. In
particular, obvious problems, such as sprinkler target ad-
justment and leaks, should all be repaired before installing
a smart controller. Significant irrigation savings have been
documented from the proper use of smart technologies in
arid regions, and especially in humid regions where irriga-
tion supplements rainfall. One commonality between ET
and SMS irrigation controllers is that either type of system
will likely need fine-tuning after initial installation to
achieve maximum potential water conservation benefits.
Suggestions for future implementation of the technology
include:
o Identify “over-irrigators” based on an index using
landscape ET estimation and effective rainfall (see
fig. 1).
e Offer retrofits or rebates to “over-irrigators” in pref-
erence to other users.
e Implement educational programs, particularly for
contractors but also for end users.
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Figure 1. Histogram showing distribution of Orange County Utilities estimated single-family home irrigation in Orange County, Florida. Poten-
tial sites for smart controller implementation have between 1.5 and 4 times average gross annual irrigation requirement (GIR). Sites irrigating
less than 1.5 times GIR will see little if any water conservation from a smart controller, whereas sites beyond 4 times GIR are more likely leaks
or multiple accounts misidentified as single-family homes, although some could be legitimately due to over-irrigation. The theoretical limit was
determined by a daily soil water balance to estimate irrigation requirement and summed for each month of the period of record.

e Conduct routine monitoring to verify anticipated wa-

ter savings occur.

Research studies conducted by universities result in
peer-reviewed publications by an unbiased third party.
Therefore, the results can be counted on to include statisti-
cal analysis and to be vetted by experts in the field. How-
ever, these studies are typically not representative of the
larger population involved as irrigation customers of a utili-
ty. As a result, the reported irrigation savings results will
likely not transfer directly. Larger-scale demonstration pro-
jects, such as those reported by Kennedy/Jenks Consultants
(2008) and Mayer et al. (2009), use large populations to
compare water use before and after smart controller instal-
lation using accepted statistical practices. However, there is
no guarantee that the irrigation practices in the “before”
case are representative; furthermore, it is likely that the
population with controllers is not representative of the utili-
ty’s broader customer population. Finally, smaller-scale
demonstration projects with no assessment of irrigator pro-
file nor statistical analysis of results have little value since
the irrigation savings are not reported in the context of the
variation inherent in utility customer data. Future work
should include demonstrations at a broad scale (hundreds of
users or more) to determine the actual water conservation
potential of smart controllers.

ACKNOWLEDGEMENTS

The author thanks the funding agencies that made our
work on smart controllers possible: Southwest Florida Wa-
ter Management District, Orange County Utilities, Water
Research Foundation, St. Johns River Water Management
District, South Florida Water Management District, Hills-
borough County Water Resource Services, Florida Depart-
ment of Agriculture and Consumer Services, Florida
Nursery Growers and Landscapers Association, Florida
Turfgrass Association, Golf Course Superintendents Asso-

568

ciation of America, Environmental Protection Agency, and
the Florida Agricultural Experiment Station. Thanks also to
the dedicated staff of the Department of Agricultural and
Biological Engineering at the University of Florida.

REFERENCES

ASCE-EWRI. 2005. The ASCE standardized reference
evapotranspiration equation. Technical report from the Task
Committee on Standardization of Reference
Evapotranspiration. Reston, Va.: ASCE Environmental and
Water Resources Institute.

Allen, R. G. 1997. Demonstration of potential for residential
water savings using a soil moisture controlled irrigation
monitor. Project completion report. Provo, Utah: U.S. Bureau
of Reclamation. Available at: www.kimberly.uidaho.edu/
water/swm/cons96p_rp_full.pdf. Accessed 13 December 2011.

Aquacraft. 2003. Report on performance of ET-based irrigation
controller. Analysis of operation of the WeatherTRAK
controller in field conditions during 2002. Boulder, Colo.:
Aquacraft, Inc. Available at: www.irrigation.org/WorkArea/
linkit.aspx?LinkIdentifier=id&ItemID=402&1ibID=424.
Accessed 13 December 2011.

Cardenas-Lailhacar, B., and M. D. Dukes. 2008. Expanding disk
rain sensor performance and potential water savings. J. Irrig.
and Drain. Eng. 134(1): 67-73.

Cardenas-Lailhacar, B., and M. D. Dukes. 2012. Soil moisture
sensor landscape irrigation controllers: Multi-study results and
future implications. Trans. ASABE 55(2): 581-590.

Cardenas-Lailhacar, B., M. D. Dukes, and G. L. Miller. 2008.
Sensor-based automation of irrigation on bermudagrass, during
wet weather conditions. J. Irrig. and Drain. Eng. 134(2): 120-
128.

Cardenas-Lailhacar, B., M. D. Dukes, and G. L. Miller. 2010.
Sensor-based automation of irrigation on bermudagrass, during
dry weather conditions. J. Irrig. and Drain. Eng. 136(3): 184-
193.

Davis, S. L., and M. D. Dukes. 2012. Landscape irrigation with

TRANSACTIONS OF THE ASABE



evapotranspiration controller in a humid climate. Trans.
ASABE 55(2): 571-580.

Davis, S. L., M. D. Dukes, and G. L. Miller. 2009. Landscape
irrigation by evapotranspiration-based controllers under dry
conditions in southwest Florida. Agric. Water Mgmt. 96(12):
1828-1836.

Devitt, D. A., K. Carstensen, and R. L. Morris. 2008. Residential
water savings associated with satellite-based ET irrigation
controllers. J. Irrig. and Drain. Eng. 134(1): 74-82.

Haley, M. B., and M. D. Dukes. 2012. Validation of landscape
irrigation reduction with soil moisture sensor irrigation
controllers. J. Irrig. and Drain. Eng. 138(2): 135-144.
Available at: http://dx.doi.org/10.1061/(ASCE)IR.1943-
4774.0000391. Accessed 13 December 2011.

Hunt, T., D. Lessick, J. Berg, J. Wiedmann, T. Ash, D. Pagano, M.
Marian, and A. Bamezai. 2001. Residential weather-based
irrigation scheduling: Evidence from the Irvine “ET
controller” study. Final report for Irvine Ranch Water District.
Available at: www.weathertrak.com/pdfs/studies/Irvine
Ranch_Water District Metropolitan_Water District 1.pdf.
Accessed 13 December 2010.

Irrigation Association. 2007. Definition of a smart controller. Falls
Church, Va.: Irrigation Association. Available at:
www.irrigation.org/WorkArea/linkit.aspx?LinkIdentifier=
id&ItemID=405&1ibID=427. Accessed 13 December 2010.

Irrigation Association. 2011. Smart Water Application
Technologies (SWAT) program. Falls Church, Va.: Irrigation
Association. Available at: www.irrigation.org/SWAT/.
Accessed 13 December 2010.

Kennedy/Jenks Consultants. 2008. Pilot implementation of smart
timers: Water conservation, urban runoff reduction, and water
quality. Report to Municipal Water District of Orange County.
Irvine, Cal.: Kennedy/Jenks Consultants. Available at:
www.mwdoc.com/documents/SmarTimerReport.pdf. Accessed
13 December 2011.

Mayer, P. W., W. B. DeOreo, E. M. Opitz, J. C. Kiefer, W. Y.
Davis, B. Dziegielewski, and J. O. Nelson. 1999. Residential
end uses of water. Denver, Colo.: AWWA Research Foundation
and American Water Works Association.

Mayer, P., W. DeOreo, M. Hayden, R. Davis, E. Caldwell, T.
Miller, and P. J. Bickel. 2009. Evaluation of California
weather-based “smart” irrigation controller programs. Final
report for the California Department of Water Resources.
Sacramento, Cal.: California Urban Water Conservation
Council. Available at: www.aquacraft.com/sites/default/files/
pub/Aquacraft-%282009%29-Evaluation-of-California-

55(2): 563-569

Weather-Based-Smart-Irrigation-Controller-Programs.pdf.
Accessed 13 December 2011.

McCready, M. S., M. D. Dukes, and G. L. Miller. 2009. Water
conservation potential of smart irrigation controllers on St.
Augustine grass. Agric. Water Mgmt. 96(11): 1623-1632.

Meeks, L., M. D. Dukes, K. W. Migliaccio, and B. Cardenas-
Lailhacar. 2012. Long term expanding-disk rain sensor
accuracy. J. Irrig. and Drain. Eng. 138(1): 16-20. Available at:
http://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000381.
Accessed 13 December 2011.

MWDOC and IRWD. 2004. The residential runoff reduction
study. Irvine, Cal.: Municipal Water District of Orange County
and Irvine Ranch Water District. Available at: www.mwdoc.
com/documents/R3Study-FINALREVISED10-28-04.pdf.
Accessed 13 December 2011.

Muiioz-Carpena, R., M. D. Dukes, Y. C. Li, and W. Klassen. 2005.
Field comparison of tensiometer and granular matrix sensor
automatic drip irrigation on tomato. HortTech. 15(3): 584-590.

Pittenger, D. R., D. A. Shaw, and W. E. Richie. 2004. Evaluation
of weather-sensing landscape irrigation controllers. Report
submitted to Office of Water Use Efficiency, California
Department of Water Resources. Available at:
http://ucce.ucdavis.edu/files/filelibrary/5764/21863.pdf.
Accessed 13 December 2011.

Qualls, R. J., J. M. Scott, and W. B. DeOreo. 2001. Soil moisture
sensors for urban landscape irrigation: Effectiveness and
reliability. J. American Water Res. Assoc. 37(3): 547-559.

Smajstrla, A. G., and S. J. Locascio. 1996. Tensiometer-controlled
drip irrigation scheduling of tomato. Applied Eng. in Agric.
12(3): 315-319.

Snyder, G. H., B. J. Augustin, and J. M. Davidson. 1984. Moisture
sensor-controlled irrigation for reducing N leaching in
bermudagrass turf. Agron. J. 76(6): 964-969.

The Saving Water Partnership. 2003. Water efficient irrigation
study. Final report. Available at: www.irrigation.org/
WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=413&libID=
435. Accessed 13 December 2011.

USBR. 2008. Summary of smart controller water savings studies.
Final Technical Memorandum No. 86-68210-SCAO-01.
Temecula, Cal.: U.S. Bureau of Reclamation. Available at:
www.usbr.gov/waterconservation/docs/WaterSavingsRpt.pdf.
Accessed 13 December 2011.

Vasanth, A., G. L. Grabow, D. Bowman, R. L. Huffman, and G. L.
Miller. 2007. Evaluation of evapotranspiration-based and soil-
moisture-based irrigation control in turf. In Proc. Intl.
Irrigation Show. Falls Church, Va.: Irrigation Association.

569




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




