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The research goals were to evaluate the ability of irrigation technologies to reduce 

nitrogen leaching from turfgrass and to simulate irrigation, leaching, and potential water 

savings associated with these irrigation systems as compared to a time-based system. 

To achieve these goals, there was: (1) a field study in south Florida comparing water 

quantity applied and water quantity and quality (NO3-N and NH4-N) leached by four 

different irrigation systems: time-based, time-based with a rain sensor (RS), time-based 

with a soil water sensor (SWS), and an evapotranspiration (ET) controller and (2) 

development of a simple soil water balance (SWB) model to simulate a turfgrass system 

irrigated by one of four irrigation systems, which was developed into the “Interactive 

Irrigation Tool.” 

The field study indicated that the three technology-based irrigation treatments 

applied significantly less water than the time-based system. Nitrogen concentrations 

and loads were relatively low among all treatments, ranging from an average of 6.80E-

03 kg NO3-N ha-1 for the ET controller up to 0.053 kg NO3-N ha-1 for rain-sensor based 

irrigation; and 1.72E-03 kg NH4 ha-1 for the ET controller up to 9.84E-03 kg NH4 ha-1 for 
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the time-based irrigation over nearly 5 months. The model, validated using the field 

data, simulated the SWB including irrigation, rainfall, ET, runoff, and percolation for 

turfgrass irrigated by one of the four irrigation technologies. Average absolute 

differences between measured and predicted values ranged from 0.37 cm to 1.62 cm 

for percolation and 0.0 cm to 0.28 cm for irrigation depths.  
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CHAPTER 1 
INTRODUCTION 

Rationale 

Florida is ranked first in the Southeast and third in the nation for employment 

related to natural resources and leisure and hospitality, both industries closely tied to 

the state’s water resources. It follows that water conservation is a central focus of 

various public agencies of Florida (e.g. water management districts, Florida Department 

of Environmental Protection [FDEP], United States Geological Survey [USGS]). Florida 

has 11,158 square kilometers (4,308 square miles) of water; 1,927 km (1,197 miles) of 

coastline; 3,664 km (2,276 miles) of tidal shoreline; over 17,700 km (11,000 miles) of 

rivers, streams, and waterways; about 7,700 lakes greater than 4 hectares (10 acres); 

and 27 first magnitude springs (more than any other state) (State of Florida.com, 2011). 

Florida is one of the top travel destinations in the world, which can be attributed 

primarily to its attractive water resources, making water quality necessary not only for 

ecological benefits, but also to ensure Florida’s economy. With the many demands on 

the water resources of Florida from recreational, public water supply, agriculture, and 

the natural ecosystem and unpredictable weather patterns, it is necessary to employ 

conservative management techniques in order to meet and sustain water supply needs.  

For several years, a major focus of FDEP and the United States Environmental 

Protection Agency (EPA) has been the reduction of nutrient pollution which is partially 

from nonpoint sources where fertilizer and water are applied in excess. There are 

regulations in place to protect designated uses of water bodies from both point and 

nonpoint sources based on total maximum daily loads (TMDLs); however, nutrient 

pollution continues to degrade water quality. From 2008 to 2010, identified nutrient-

impaired waterways in Florida increased from about 1,610 to 3,058 km of impaired 
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streams and rivers and 141,640 to 152,972 ha of impaired lakes. The FDEP and EPA 

are continuing to develop numeric nutrient criteria for Florida’s waters. These criteria 

establish allowable limits for nutrient loads and/or concentrations (i.e., nitrogen [N] and 

phosphorous [P]) in waterways “to improve water quality and protect public health, 

aquatic life and the long term recreational uses of Florida’s waters.” Following a lawsuit 

from the Florida Wildlife Federation in 2008, EPA set a rule in the fall of 2010 for water 

quality standards for inland waters in Florida, outside of south Florida. The proposal of a 

second rule for estuaries, coastal waters and flowing waters in south Florida was set to 

be released in March 2012. In response to the rules set by the EPA, FDEP petitioned in 

April 2011 to have these rules repealed and to develop its own set of nutrient criteria. 

Given that states have the primary responsibility to maintain the quality of their waters, 

EPA may withdraw these rules if FDEP can develop “their own protective and 

scientifically sound numeric standards.” A final rule by FDEP was adopted in January 

2012, to be followed by legislative ratification (EPA, 2012). 

The various uses of freshwater include public supply, domestic, irrigation, 

livestock, aquaculture, industry, mining, and thermoelectric power. In a report by Kenny 

et al. (2009), irrigation was defined as agricultural and recreational (e.g. golf courses, 

parks), but not residential. Public water supply, as defined by Kenny et al. (2009), may 

include a variety of uses such as outdoor domestic use, such as residential irrigation. 

This study indicated that in Florida, public water supply was 37% of the total freshwater 

use. Public water supply accounts for the majority of groundwater withdrawals (52%), 

followed by 34% for agricultural and recreational irrigation. Due to the high rate of 

groundwater withdrawal and the interaction of groundwater with surface pollutants, 
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decreasing groundwater levels and the contamination of groundwater and surface water 

is a concern across Florida. 

Irrigation is often required to maintain turf quality during the growing season. 

Automatic irrigation systems for turf and ornamental landscapes have been shown to 

apply more water than manual irrigation or hose-end sprinklers (Mayer et al., 1999). 

Surveys conducted by Whitcomb (2005) of 7,200 single-family homes across Florida 

(16 water utilities) revealed that 53% of irrigation systems are in-ground with automatic 

timers, 13% are in-ground manual, 25% are hose-end, and 10% do not irrigate. Some 

states, including Florida, require by statute water-saving devices such as rain sensors 

(RSs) to be added to automatic irrigation systems (s.373.62 Florida Statutes, 1991). 

Still, this is not strictly enforced as the study by Whitcomb (2005) found that only 25% of 

single-family homes with automatic irrigation systems across Florida have a RS and 

only 1% has a soil water sensor (SWS). 

The demand for public water supply is predicted to continue to increase (Marella, 

2009). In addition to the increasing number of visitors to Florida, there has been a 

17.6% increase in population from 2000 to 2010, almost twice the national average 

(U.S. Census Bureau, 2011). This trend in population is expected to continue, but may 

be limited by the supply of freshwater. Freshwater use in Florida is expected to increase 

by 7.6 billion liters (2 billion gallons) per day by 2025 (FDEP, 2010). Additionally, 

unpredictable changes in weather patterns must be considered in developing a 

comprehensive water conservation strategy. This strategy should include a means of 

conserving urban water use, given that the majority (approximately 80%) of the U.S. 

population resides in urban areas (U.S. Census Bureau, 2010).  
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Conservative water practices are necessary to allocate water supplies considering 

all water users and to plan for future water demands. One sector where potential water 

savings exist is with landscape irrigation users. This research project was conceived 

based on the state-wide need to gain knowledge on the relationship between irrigation 

management and nutrient leaching and for better online tools to engage the public in 

water conservation efforts related to landscape irrigation. Nutrient leaching and runoff 

from turf and landscape may be considered more critical than in agricultural areas due 

to the proximity to drinking water supply (Waller, 2007). There are several 

recommendations given by the University of Florida (UF) Institute of Food and 

Agricultural Sciences (IFAS) on proper irrigation and fertilization, but compliance by 

property owners regarding these recommendations or statutes (e.g. mandatory RSs 

with automatic irrigation systems) remains a challenge. Recent studies in Florida 

indicate that residential properties can greatly reduce water applied by using soil-water 

based or evapotranspiration (ET) based irrigation scheduling devices (Dukes and Haley, 

2009; Davis and Dukes, 2010; McCready and Migliaccio, 2011). Other studies have 

shown that soil moisture sensing devices can reduce nutrient leaching compared to 

conventional automatic irrigation (Augustin and Snyder, 1984; Snyder et al., 1984; 

Pathan et al., 2007).  

Research Goal 

The goal of this project is to compare water application and nutrient leaching 

among different turf irrigation technologies in a field setting and to develop a simple 

model that predicts water losses based on the irrigation method: time-based, time-

based with a RS, SWS, or ET controller. This model will be used to provide a more 

detailed alternative to the “Urban Irrigation Scheduler” on the Florida Automated 
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Weather Network (FAWN) website so that users will be able to evaluate their own or 

alternative irrigation schemes with respect to water stress and losses. 

Application 

This research will contribute to water conservation efforts by offering a comparison 

of the water volumes applied among the various irrigation technologies, applicable to 

various turf landscapes in a residential, commercial, or public setting. The study will also 

provide an estimate of nitrate and ammonium leaching under the various irrigation 

treatments. In addition to optimizing irrigation scheduling, this information would 

improve the ability to quantify nutrient contributions from nonpoint sources such as 

residential land, aiding in the development of a more comprehensive nutrient 

management plan.  

 The online tool can assist in the management of water applied to turfgrass. The 

model will use real-time weather data and user inputs to estimate water stress and 

losses for a particular lawn. This model could be used by irrigation professionals, home 

owners, or students interested in modeling these technologies and comparing their 

benefits.   

The Florida Lawn and Soil Conditions 

There are over 2 million hectares (5 million acres) of home lawns in Florida, with 

over 400,000 hectares (1 million acres) professionally managed (Trenholm and Unruh, 

2005). There is a variety of warm-season turfgrass, but the three most common species 

are bahiagrass, bermudagrass, and St. Augustinegrass. There are three maintenance 

levels for lawns: basic, moderate, and high. Low-maintenance turf may be fertilized only 

two to three times per year, with or without irrigation, and mowed as needed. High-

maintenance turf is fertilized up to five times annually according to IFAS 
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recommendations, with frequent irrigation during dry weather, increased mowing, and 

increased pest and disease problems. Most homeowners prefer to install an automatic 

irrigation system for convenience. The downside to this automation is that systems tend 

to over-water, resulting in decreased turf quality and potentially loss of applied nutrients 

(Trenholm and Unruh, 2005). Fertilization recommendations vary by region in Florida: 

north, central, and south; generally increasing application amount from north to south. 

Mowing frequency depends on turfgrass variety and desired level of maintenance, but 

can be minimized by reducing the quantity of water and fertilizer applied. The UF IFAS 

has published much information related to proper lawn management, freely available 

through sources such as the UF IFAS Extension Electronic Data Information Source 

(EDIS), Florida-Friendly LandscapingTM, and Florida Automated Weather Network 

(FAWN). 

 On average, most of Florida receives at least 152 cm (60 in) of rainfall annually, 

with the majority occurring between June and October (Trenholm and Unruh, 2005). 

The typical field capacity for Florida soils is 1/12 cm/cm (1 cm of water to the top 12 cm 

of soil). The typical rooting depth for turfgrass is about 10 to 15 cm (4 to 6 in). Based on 

this information, the current UF IFAS recommendation is to apply 1.3 to 1.9 cm (0.5 to 

0.75 in) of water when the lawn show signs of wilt in order to wet the rooting zone and 

slightly below (Trenholm et al., 2009). UF/IFAS irrigation recommendations for turfgrass 

in Florida are provided in several publications, however, Dukes (2008) summarized 

these recommendations as follows: (1) Irrigating "deep and infrequently" (1.3 to 1.9 cm) 

for wilting turf in a sandy soil where vertical root growth is not limited; (2) Irrigation 

frequency and run times are recommended based on irrigation application rate, month 

of the year, and different climate areas within the state.  
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Nitrogen application recommendations do not require soil testing, but are based 

on crop needs as found in literature (Kidder et al., 1998). The recommended fertilizer 

application rates are provided in Tables 1-2 and 1-3 for north, central, and south Florida 

for three common varieties of turfgrass (Kidder et al., 1998). Water and fertilizer needs 

vary by location and season, but some general recommendations for the lawn are given 

by Trenholm et al. (2009). IFAS recommends that soluble N application not exceed 24.4 

kg ha-1 (0.5 lb per 1000 square feet). Slow-release N (SRN) sources are preferred and 

application rates will depend on the N release rate. A range of N application rates is 

given by Trenholm et al. (2002) and Trenholm and Unruh (2005) based on variations in 

the desired maintenance level, localized environmental conditions, and irrigation 

schemes.  

Soil Water Terminology 

Water is mainly absorbed by turfgrass through the roots and lost through 

transpiration. The quantity of water absorbed is a function of root depth, root number, 

amount of available water in root zone, root extension rate, transpiration rate, and soil 

temperature. The amount of available water in the root zone is controlled by 

precipitation rate, irrigation rate, water table depth, soil properties, and salt 

concentration of the soil. Water absorption rate may be restricted by excessive N 

fertilization, overwatering, and acidic, compacted soil (Beard, 1973). 

Available water is the total amount of water available for a plant to absorb based 

on the root zone (RZ) and the water holding capacity (WHC). WHC is the amount of 

water that is available for plant uptake, given as a ratio of the depth of water available 

for uptake for a given depth of soil; this is the difference between field capacity (FC) and 

permanent wilting point (PWP), shown in Equation 1-3. FC is the upper limit of water 
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storage given as depth of water per depth of soil. PWP is the lower limit, or the point at 

which the plant can no longer absorb water from the soil.  

WHC = FC – PWP  (1-1) 

AW = WHC x RZ  (1-2) 

To maintain plant quality in an efficient manner, irrigation should occur when a certain 

percentage of the AW, or the management allowable depletion (MAD) is reached, 

typically taken as 0.5 (Allen et al., 1998).  

RAW = MAD x AW  (1-3) 

where RAW is the readily available water, or represents the lower boundary of an ideal 

operating range for irrigation based on soil water content. The soil water depletion 

depends on plant characteristics, soil characteristics, and atmospheric conditions. By 

keeping track of the inputs and outputs of the system using a SWB, irrigation can be 

scheduled so that losses are minimized. 

Soil Water Balance 

 The SWB is shown in Equation 1-4, with all quantities in units of length. This 

balance consists of water applied, ET, runoff, and drainage below the root zone. It 

provides a way to check irrigation scheduling efficiency so that the optimal amount is 

being applied to maintain water for plant growth. 

QDETIRSW −−−+=∆   (1-4) 

ΔSW is change in soil water storage, R is rainfall, I is irrigation, D is drainage, and Q is 

runoff. 
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Evapotranspiration 

ET is the combination of water loss by evaporation from the soil and plant and by 

transpiration from the plant. Energy from the sun may be used for ET, reflected, or 

transferred by conduction. By transpiration, water flows from the roots to plant leaves to 

transport nutrients and maintain a healthy temperature range for growth. Transpiration 

increases with an increased vapor pressure gradient as the internal leaf vapor pressure 

increases with increasing leaf temperature. ET can account for 80 to 85% of soil water 

loss (Harrold and Dreibelbis, 1951). ET varies seasonally, diurnally, and hourly. 

Typically, maximum rates occur when solar radiation is greatest while there is a 

significant decrease during months with lower rates of solar radiation (Harrold and 

Dreibelbis, 1951; USDA, 1955; Richards and Weeks, 1963; Pruitt, 1964; Horn, 1965; 

Ekern, 1966). 

ET rate is affected by temperature, light duration, atmospheric vapor pressure, 

wind, water absorption rate, and soil moisture tension. Atmospheric water vapor content 

and wind speed tend to have a significant influence on ET rate (Beard, 1973). 

Transpiration increases with the influence of wind which lowers external vapor pressure. 

Transpiration may stop temporarily if stomata close during periods of extreme high 

temperature. ET is also reduced in the shade due to decreased reception of solar 

energy. Transpiration rate is affected by water absorption rate which is a function of soil 

water availability, soil temperature, and the extent and quality of the roots. Soil water 

level varies with incoming water, soil properties, and plant uptake. Transpiration is 

reduced when there is a soil water deficit which causes a decrease in the internal plant 

vapor pressure, reducing the vapor pressure gradient with the external atmosphere 

(Eagleman and Decker, 1965; USDA, 1955). Transpiration rate varies among turfgrass 
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species due to differences in rooting depth, root density, root-shoot ratio, total leaf 

surface area, cuticle thickness, osmotic pressure of cells in the leaf, leaf morphology, 

leaf orientation, internal leaf structure, differences in stomata, and leaf folding capability 

(Beard, 1973). Pesticides and fertilizers may also influence transpiration rate (Wilson 

and Runnels, 1931; Runnels and Wilson, 1934; Slayter and Bierhuizen, 1964). ET can 

be calculated by a variety of methods (Table 1-1). ET for a specific plant (or ETc) is 

calculated as (Dukes et al., 2009): 

oETcKcET ×=  (1-5) 

where ETc is crop ET and Kc is the crop coefficient. Crop coefficients depend on specific 

crop, management practices, and location. ETc may also be referred to as ETa or actual 

ET. 

Infiltration and Runoff 

 There are four common methods of calculating runoff: Horton’s equation, Philip’s 

equation, Green-Ampt method, and Soil Conservation Service (SCS) method. The first 

three methods involve calculating infiltration. Runoff is then calculated as the difference 

between rain intensity and infiltration capacity (i – f). Horton’s and Philip’s equations 

were developed from approximate solutions of Richard’s equation, the governing 

equation for unsteady unsaturated flow in a porous medium (Equation 1-6).  

  (1-6)
 

θ is soil water content, t is time, z is positive upward axis, D is soil water diffusivity, and 

K is hydraulic conductivity. 
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 Horton’s (1933, 1939) equation can be derived from Richard’s equation by 

assuming K and D are constants independent of soil moisture content, reducing 

Equation 1-6 to 

2

2

dz
D

t
θθ ∂

=
∂
∂

   (1-7)
 

From Equation 1-7, soil water content can be found as a function of time and depth 

(Eagleson, 1970; Raudkivi, 1979). 

Philip’s (1957, 1969) equation assumes that K and D vary with moisture content 

and solves for cumulative infiltration, i.e. F(t), as 

KtSttF += 5.0)(   (1-8) 

where S is sorptivity. 

The Green-Ampt method has an exact analytical solution derived from a physical 

theory, using the principles of continuity and momentum (Green and Ampt, 1911). It 

requires several parameters including K, porosity (η), and the wetting front soil suction 

head (Ψ). These parameters are available for various soil classes. 

KttFtF =







∆Ψ

+∆Ψ−
θ

θ
)(1ln)(

  (1-9)
 

 The SCS method (1972) was developed as a simple means to calculate runoff 

without calculating infiltration. The depth of runoff Pe is assumed to be less than 

precipitation depth P and the water that is retained Fa is less than or equal to a 

maximum potential S. There is an initial amount of rainfall for which no runoff occurs, Ia 
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so that potential runoff is P – Ia.  The main assumption is that the ratios of the two actual 

and two potential quantities are equal as shown below 

a

ea

IP
P

S
F

−
=     (1-10) 

Fa is depth of water retained in watershed, S is potential maximum retention, Pe is runoff 

depth, P is precipitation depth, and Ia is initial abstraction before ponding. All depths are 

in inches. 

Based on continuity, 

aFaIePP ++=   (1-11) 

enabling the solution of Pe in Equation 1-10. After much study, an empirical relationship 

was developed:  

SIa 2.0=  (1-12) 

The final equation to calculate runoff is: 

SP
SPPe 8.0

)2.0( 2

+
−

=   (1-13) 

Curve numbers (CNs) were derived from plotting P versus Pe for many watersheds. 

S
CN

+
=

10
1000   (1-14) 

where S is in inches. CNs are known for four hydrologic soil groups and various land 

uses, which can be used to solve for S in Equation 1-14 and, subsequently, Pe in 

Equation 1-13. 
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 The Chemicals, Runoff, and Erosion from Agricultural Management Systems 

(CREAMS) model combined modified the CN method by relating S to soil water content 

(Knisel, 1980): 







 −

=
UL

SMUL
mxSS  (1-15) 

where UL is the upper limit of soil water storage of FC and SM is the soil water content 

in the root zone. The maximum value of S, Smx (cm), is calculated using the antecedent 

moisture condition (AMC) I (dry): 

4.252540
−=

ICNmxS  (1-16) 

where CNI is the CN for AMC I (dry). CNI can be calculated by Equation 1-17 as: 

3)(0001177.02)(01379.0)(348.191.16 IICNIICNIICNICN +−+−=  (1-17) 

where CNII is the CN for AMC II (normal) (Knisel, 1980). 

Soil Properties 

 Soil properties affect certain components of the SWB, namely the drainage, 

storage, infiltration, and runoff components, and therefore affect irrigation rates. 

Physical properties that influence infiltration, retention, and water movement include soil 

texture, depth, structure, and porosity. Texture refers to soil particle size, while structure 

is the arrangement of soil particles into larger aggregates. The four major components 

of soil which will determine these physical properties are minerals, organic matter, 

water, and air. Volumetric soil water content varies with soil texture (Zotarelli et al., 

2010). The preferred textures for turfgrass are loamy sands, course sandy loams, and 

loams. Modifying the structure such as adding course aggregate such as sand can 
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improve soil conditions for turfgrass by increasing aeration and water movement in 

places of heavy traffic. Percolation, the downward movement of water through the soil, 

is affected by the size, number, and continuity of pores; hydration of the pores; and 

resistance of entrapped air. Percolation rates affect infiltration. Percolation is relatively 

fast in course sands and slow in clays. Desirable characteristics for high water retention 

include fine soil texture, good structure, and high organic matter (Beard, 1973). 

Nutrients 

Turfgrass requires N and P in greater amounts than other essential 

macronutrients necessary for optimum growth.  Nitrogen is the most heavily required 

nutrient by turfgrass and so N is often applied at a higher rate and more frequently than 

other nutrients. The quantity applied depends on a variety of factors including: turfgrass 

variety, quality desired, soil type, and the amount of water applied which varies by 

region. For example, bahiagrass requires small amounts of N for optimal growth, 

compared to bermudagrass and St. Augustinegrass which cannot survive most sandy 

Florida soils without added N (Trenholm and Unruh, 2005). There are two main forms of 

N fertilizer: soluble and slow-release (SRN). There are advantages and disadvantages 

for each form, but typically a mixture of the two is preferred, with a higher SRN content. 

Soluble N may burn turfgrass if applied in excess of the recommended 24.4 kg ha-1 (0.5 

lb/1000 ft2). Excess water application and heavy rainfall events may leach soluble N 

below the root zone. SRN offer the benefits of minimizing losses by leaching and an 

extended response, but turfgrass is considered to be an efficient N-absorbing ground 

cover if the turfgrass is properly maintained and has been fertilized at the UF IFAS 

recommended rate and frequency (Trenholm and Unruh, 2005).  
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Nitrogen 

Nitrogen is the most common limiting nutrient for turfgrass. Nitrogen provides 

dark-green leaf color, shoot density, and tolerance to nutrient and pest stresses. 

Excessive N application may result in increased growth and water demand, increased 

disease susceptibility, and reduced high temperature tolerance (Havlin et al., 2005). 

Nitrogen is transformed between inorganic and organic forms within the soil-

plant-atmosphere system, converting N2 to plant available N. The N cycle consists of 

inputs, outputs, and cycling within the soil. The inputs include fertilizers; outputs include 

plant uptake, denitrification, volatilization, leaching, and NH4
+ fixation; cycling processes 

within the soil include immobilization, mineralization, and nitrification. The N cycle 

consists of the following steps: (1) N2 from the atmosphere and the inorganic N sources 

on the ground surface are added to the soil, (2) organic N is mineralized into NH4
+, (3) 

NH4
+ is converted to NO3

-, (4) NO3
- and NH4

+ are taken up by plants, (5) NO3
- lost 

through leaching, (6) some NO3
- converted to N2 and N oxides, and (7) some NH4

+ 

converted to NH3  (Havlin et al., 2005).Turfgrass will take up N as NO3
- and NH4

+, but 

NO3
- is the preferred form (Blackmer, 2000). 

Nutrient Leaching 

Nutrient leaching is a concern in Florida because of the sandy soils with low field 

capacity and low nutrient retention, and relatively high water table. In order to maintain 

turf quality with Florida soils, a fertilization regimen is required. Turfgrass can uptake N 

efficiently, but excess N may be lost through runoff or leaching. According to a study by 

Easton and Petrovic (2004), nutrient leaching is a function of soil infiltration rate, 

fertilizer source, time, shoot density, and antecedent soil moisture. Leaching is assumed 

to occur whenever the soil moisture of the root zone exceeds field capacity (Smith and 
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Williams, 1980).  Soil pH also has an effect on leaching. Plant nutrients leach more 

rapidly at soil pH values less than 5.0 than in the range between 5.0 and 7.5 (Trenholm 

and Unruh, 2005). N poses a threat to water sources as a risk to human health and the 

ecosystem. Once applied to the soil, N can be transported following heavy rain or 

irrigation either by runoff to surface water or leaching. N in runoff may enter surface 

water bodies and contribute to increased rates of eutrophication. Once leached, N may 

enter the groundwater, possibly being conveyed to public drinking water supply or 

discharged by springs. The public drinking water standard for NO3-N is 10 mg L-1 (EPA, 

2011). 

Previous Studies 

Irrigation Technologies 

Several studies have been conducted in Florida on water savings associated with 

RSs, SWSs, and ET controllers compared to conventional time-based irrigation 

scheduling (Davis et al., 2007; Haley and Dukes, 2007; Shedd et al., 2007; Cardenas-

Laihalcar et al., 2008; Dukes et al., 2008; Davis and Dukes, 2008, 2010; Davis et al., 

2009; McCready et al., 2009; Cardenas-Laihalcar et al., 2010; Cardenas-Laihalcar and 

Dukes, 2010; McCready and Dukes, 2011; Haley and Dukes, 2012). McCready et al. 

(2009) tested the ability of SWS controllers, ET controllers, and RSs to conserve water 

while maintaining quality of St. Augustinegrass. There was a 7-30% reduction in water 

use for RS treatments; 0-74% for SWS treatments; and 25-62% reduction for ET 

treatments. A 40% reduced irrigation schedule coupled with a RS resulted in water 

savings of 36-53%. 

A study comprised of 58 homes with pre-existing automatic time-based irrigation 

systems in Palm Harbor, Florida showed that SWS system controllers were able to 
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reduce irrigation by 65%, corresponding to a maximum reduction of 992 L d-1, compared 

to conventional time-based irrigation (Haley and Dukes, 2012). The four treatments in 

this study were (1) automatic timer with a bypass SWS control system, (2) automatic 

timer with RS and educational materials, (3) automatic timer with RS, (4) automatic 

timer only or time-based (typical for the region); each treatment was replicated at least 

three times. Homeowners ultimately had control over the operation of their irrigation 

system. Data collected over 26 months included irrigation application, frequency, 

quarterly turf quality ratings, and weather data. Despite dry weather conditions, the 

SWS controllers still reduced the number of monthly irrigation events, averaging two 

irrigation events per month versus 4 to 5 events for time-based irrigation systems. 

Treatment 2, which provided homeowners with educational materials on recommended 

time clock settings, showed initial water savings similar to the SWS, but was ultimately 

not significantly different from the time-based. The RSs did not provide significant water 

savings, possibly due to the dry weather conditions. 

Cardenas-Lailhacar et al. (2008) results from experimental study plots (not 

residential land) under wet weather conditions revealed that time-based irrigation 

systems with a RS at a 6 mm threshold applied 34% less water than those without one. 

Four brands of SWS controllers at three frequency settings were tested. It was 

concluded that SWS-based irrigation offers a significantly more efficient means of 

irrigation compared to time-based, with water savings of up to 92% while maintaining 

turfgrass quality. Of the three frequencies of SWS-based treatments tested (1, 2, and 7 

days per week), the 7 day/week frequency applied the least amount of water, indicating 

that high-frequency irrigation offers a means of conserving water during a rainy season 

for sandy soil. Due to the favorable weather and environmental conditions, even the 
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non-irrigated control plots maintained acceptable quality standards. Regarding the 

inconsistent results among the various brands tested, it was noted that performance of 

individual sensors depends greatly on threshold settings and burial depth. 

 Pathan et al. (2007) in Western Australia evaluated the capability of a SWS to 

reduce water and nutrient leaching in turfgrass, compared to conventional scheduled 

irrigation. Results showed that volumetric water applied was reduced by 25% for the 

turfgrass irrigated with a SWS. Leaching was also lower with the SWS, with only 4% of 

applied water draining from SWS plots and 16% from conventionally irrigated plots. 

Overall, nutrient leaching was minimal, but was 5.5 times lower in the SWS plots. 

Overall appearance remained acceptable under both conditions, but according to 

certain metrics (e.g. clippings, color, and osmotic potential of leaf sap), the SWS plots 

were considered to have had “mild drought stress.”  

A study in Gainesville, Florida on RS accuracy by Meeks et al. (2012) tested the 

accuracy of seven model and set-point combinations to interrupt irrigation events based 

on threshold settings. Results showed no single trend for all RSs, but showed much 

variability in terms of accuracy over time. A higher threshold setting did correspond with 

lower accuracy for the same brand. There was also improved accuracy over time. One 

brand, Toro TWRS, showed 95% accuracy at the beginning and 98% three years later. 

Some brands showed decreased accuracy over time or after changing threshold 

settings. Reducing the threshold of one brand from 25 to 6 mm reduced accuracy from 

27 to 98%. The average weighted accuracy of another brand, set at 3 and 13 mm, over 

the same time period decreased from 84 to 59%. Due to low costs and maintenance 
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requirements, RSs are still considered a useful water-saving device, but should not be 

used where high accuracy and precision are required. 

Nutrient Leaching from Turfgrass 

 Bowman et al. (2002) compared N leaching and uptake among six warm-season 

turfgrasses: St. Augustinegrass, centipedegrass, Meyer zoysiagrass, Emerald 

zoysiagrass, Tifway bermudagrass, and common bermudagrass. Grasses were 

established in sand-filled columns in a greenhouse and ammonium nitrate (34-0-0) was 

applied at 50 kg N ha-1 on seven dates. In order to promote leaching of ~50% and 

measurable differences among the turfgrass species, columns were irrigated three 

times per week (4-10 cm of water per week). Leachate samples were collected following 

each irrigation event and analyzed for NO3-N and NH4-N. Leaching losses ranged from 

48-100% for NO3-N and 4 to 16% for NH4-N. Results showed that St. Augustine and 

bermudagrass (common and hybrid) were most efficient at reducing leaching. Initially, 

NO3-N and NH4-N leached readily, until the root system developed. With the exception 

of Meyer zoysiagrass following one of the applications, all volume-weighted NO3-N 

concentrations were below the 10 mg N L-1 threshold. The N uptake was measured in 

clippings, roots, and shoots. Root length density at various soil depths was also 

measured at the conclusion of the experiment. At soil depths >30 cm, St. 

Augustinegrass and bermudagrasses, the species which produced the least leaching 

losses, had significantly higher root length density than the other grasses, indicating that 

turfgrass species and rooting depth significantly affect NO3-N leaching and N uptake. 

 Augustin and Snyder (1984) tested the ability of tensiometer soil tension sensing 

devices to save water and reduce leaching of soluble N and SRN on bermudagrass, 

grown in Pompano fine sand in south Florida over a four-year period. Maintenance 
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levels were similar to those of golf course fairways in Florida. There were two irrigation 

schemes, with six replicates each: (1) daily irrigation equivalent to the historical 

maximum daily ET amount and (2) irrigation when a sufficient deficit was detected by 

the tensiometer. Leaching fractions (LF) were calculated as  

RI
ETRILF

+
−+

=   (1-18) 

where I is irrigation and R is rainfall. During the wet season, water savings of 42-95% 

were obtained from the tensiometer irrigation, compared to daily irrigation treatment; 

leaching fractions averaged 0.55 and 0.02 for daily and sensor treatments, respectively. 

During the dry season, water savings of 47-95% were obtained from the tensiometer 

irrigation, compared to daily irrigation. The leaching fraction was also greater for the 

daily irrigation treatment. Tensiometer irrigation applied only 26% of the total water 

applied by the daily irrigation treatment and also improved turf appearance. Results 

showed that tensiometer controllers reduced N leaching from all N sources. The 

greatest N leaching (22-56% of that applied) occurred with the treatment of NH4NO3 at 5 

g m-2 month-1 and daily irrigation. SWS controller and fertigation (applying the NH4NO3 

with irrigation simultaneously) produced the least amount of leaching (<1 to 6% of that 

applied). SRN fertilization treatment, sulfur-coated urea, combined with tensiometer-

based irrigation resulted in the second least amount of leaching (0.3-11.2% of that 

applied). Soluble N fertilizer application in conjunction with the tensiometer irrigation 

treatment produced statistically equivalent turf appearance to the SRN fertilizer and 

daily irrigation treatment, indicating that fertilizer costs can be reduced with the SWS 

irrigation treatment. 
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 Erickson et al. (2001) compared N losses by runoff and leaching of a St. 

Augustinegrass and a mixed-species landscape. A RS was connected to the irrigation 

timer. They found that N losses in runoff were minimal for both and that losses by 

leaching were surprisingly greater for the mixed-species landscape at 48.3 kg ha-1 and 

4.1 kg ha-1 for the St. Augustinegrass. Results indicated that properly established St. 

Augustinegrass is not a significant contributor to N pollution.  

 Petrovic (1990) provided a review of several studies at a variety of locations on 

the fate of N applied to turfgrass (i.e. plant uptake, atmospheric loss, soil storage, 

leaching, and runoff). He reported that fertilizer uptake by turfgrass was a function of N 

release rate, N application rate, and grass species. Uptake ranged from 5 to 74% of 

applied N. Leaching was affected by fertilizer management practices (rate and timing), 

N source, soil texture, rainfall, and irrigation. Nitrate leaching was highly variable among 

studies, mostly less than 10% of that applied, but as high as 80%. The percent that 

leached was particularly high for the studies where fertilizer was applied at rates greater 

than the normal rate. Atmospheric loss by volatilization and denitrification ranged from 0 

to 93% of applied N. Volatilization can be reduced by irrigating following N application. 

Significant denitrification was found to occur only on fine-textured, saturated, warm 

soils. Although few studies had been conducted on N concentration in runoff at the time 

of the Petrovic (1990) review, concentrations of N in runoff were rarely found to be 

above the 10 mg L-1 drinking water standard. 

 The source of N and timing of application affects the percent leached as shown 

in a study by Easton and Petrovic (2004) on turfgrass in sandy soils. During a dry and 

normal year of precipitation, there was little difference between the soluble and SRN 
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source, with the soluble leaching being 0.9% to 5% of that applied and the SRN being 

0.5 to 7.4% of that applied. During a wetter than normal year, there was a significant 

difference in the percentage leached between the two N sources, with the SRN leaching 

12 to 29% of that applied and the slow-release only 2 to 7%. Fertilizer application timing 

for this particular region (northeast U.S.) was found to result in the least amount of 

leaching in late fall as compared to the end of the growing season. Nutrient leachate 

reduction by turfgrass was related to overall plant growth and shoot density. More 

soluble synthetic organic fertilizers resulted in greater N loss (Easton and Petrovic, 

2004). 

Irrigation Equipment and Design 

 A traditional automatic irrigation system consists of sprinkler heads, valves, 

controllers, and the appropriate pipes and fittings. Three types of water-saving irrigation 

technologies are discussed: RSs, SWSs, and ET controllers.  

Traditional Irrigation Equipment 

 There are several types of sprinkler heads with various flow patterns, volumetric 

rates, and spray distance.  The two basic flow patterns are stream and spray. A spray is 

a continuous flow of water and a stream is a rotating jet of water which can reach a 

larger area. Valves, typically operated electrically, are used to release the water coming 

from a main line to the sprinkler head at the appropriate time. Controllers are electrical 

timers that send a signal to the valve to open or close to allow an irrigation event to 

occur for a specified length of time.  

Rain Sensors 

Rain sensors (Figure 1-1) are the simplest device to add to a conventional time-

based irrigation system of the three water-saving technologies. The most common type 
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of RS, and the one used in this study, is the sensor with an expansion disk. When 

rainfall enters the device, an expanding cork disk triggers a pressure valve which will 

then stop scheduled irrigation if a pre-set amount of rainfall occurs. The most recent 

version of Florida statute 373.62 requires that all automatic irrigation systems have a 

RS or some other water-saving irrigation controller (e.g. SWS or ET controller). 

Cardenas-Lailhacar and Dukes (2008) recommend setting the lowest threshold possible 

(3 mm or 1/8 in on most devices), or no higher than 6 mm (0.25 in), in order to achieve 

greater water savings. 

Soil Water Sensors 

 There are direct and indirect methods to measure soil water content. Direct 

methods, including thermo-gravimetric and thermo-volumetric, require soil sampling and 

laboratory analysis. Direct methods do not provide continuous monitoring of soil water 

content at the same location. Indirect methods, classified as either volumetric or 

tensiometric, estimate soil water content through a calibrated relationship with some 

other known variable.  A discussion of different indirect methods follows. 

Neutron moderation 

Neutrons emitted from a radioactive source (within the probe) collide with 

particles of the same mass such as hydrogen ions. Since the source of hydrogen ions in 

most soils is water, the density of neutrons around the probe is proportional to the soil 

water volume fraction. Soil water is obtained from the device based on a linear 

calibration between the number of neutrons and the soil water content measured from 

nearby soil samples (Muñoz-Carpena, 2004). 
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Dielectric methods 

Soil water content is estimated by measuring soil bulk permittivity, or dielectric 

constant, Kab, shown below. 

2

2






=

L
tc

Ka to
b

 (1-19)
 

where co is the speed of light in a vacuum, tt is the travel time of electromagnetic pulse, 

and L is length of the probe (Evett, 2007). Soil permittivity consists of the relative 

contribution of the various soil components (i.e. soil, water, air) and is dominated by 

water which has the highest dielectric constant (Kaw = 81). For most soils with a water 

content less than 50%, the dielectric constant and volumetric water content (VWC) are 

often related by the equation established by Topp et al. (1980) shown below.  

362422 103.4105.529.2103.5 bbb KaKaKaVWC −−−− ×+×−×+×−=  (1-20) 

Within the dielectric methods, there is time domain reflectometry (TDR), frequency 

domain (FD), amplitude domain reflectometry (ADR), phase transmission, and time 

domain transmission (TDT).  

Tensiometric methods  

Soil water matric potential is estimated by means of a porous medium in contact 

with the soil. Soil water moves into the medium in relatively wet soil or out of the 

medium in dry soil creating a tension within the tube that relates to matric potential of 

the soil. 
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Evapotranspiration Controllers 

There are two general categories of ET controllers: (1) SWB based and (2) non-

SWB based (Dukes, 2012). The SWB based controllers calculate a SWB continuously; 

whereas, the non-SWB controllers adjust run times relative to historical peak ET based 

on real time on-site measured weather conditions (i.e. temperature and/or solar 

radiation) (Dukes, 2012). The SWB-based controller maintains a record of the SWB by 

recording water applied and estimating ET losses. ET is estimated by a standard 

equation which uses a combination of the following environmental parameters: 

temperature, solar radiation, relative humidity, and wind speed. Depending on the 

available parameters, there are a number of equations to calculate ET.  

Three types of ET controllers described by Dukes et al. (2009): signal-based, 

standalone, and add-on. The signal-based and standalone ET controllers measure ET 

at designated intervals and calculate optimal irrigation runtimes based on weather 

conditions and preset factors such as plant type, soil type, and percent shade. For 

signal-based, ET is calculated from data from remote weather stations. Either the 

weather data or the calculated ET is sent wirelessly to the controller (Dukes, 2012). A 

disadvantage of signal-based, particularly with sporadic weather patterns in places such 

as Florida, is that the weather at the weather station from which it receives data may not 

be the same weather conditions at the actual site. A RS is recommended to be used 

with signal-based ET controllers. The standalone (or on-site) ET controllers adjust 

irrigation according to weather conditions measured continuously on-site, either by a 

SWB or replacement of ET (Dukes, 2012). The add-on devices cannot calculate 

irrigation runtimes, but will only bypass a scheduled irrigation event based on the depth 

of irrigation input, rainfall, and ET, similar to a RS. Some controllers have an alternative 
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source of ET from programmed historical data or will default to the last broadcasted ET 

value. Historical-based is another type of controller which uses a pre-programmed ET 

curve for a particular region, modified by an on-site weather sensor (i.e. temperature 

and/or solar radiation) (Dukes, 2012).  
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Table 1-1.  Methods used for calculating ET. 
Equation Name Reference Equation 
American Society of Civil 
Engineers (ASCE-EWRI) 
standardized ETo equation 

Allen et al. (2005) 
  

 
ETO = reference ET (mm d-1) 
Rn = net radiation (MJ m-2 d-1) 
G = heat flux (MJ m-2 d-1) 
U2 = wind speed (m s-1) 
T = temperature (°C) 
Δ = vapor pressure (kPa °C-1) 
γ = psychometric constant (kPa °C-1) 
es = saturation vapor pressure (kPa) 
ea = actual vapor pressure (kPa) 
Cn = constant (900) 
Cd = constant (0.34) 

UF IFAS (1984) Penman 
equation* 

Jones et al. 
(1984) 

  

 

 
EToIFAS = potential ET from vegetated surface (mm d-1) 
Δ =slope of vapor-pressure temperature curve for air (mb °C-1) 
γ = psychometric constant (kPa °C-1) 
α = albedo or canopy reflection coefficient 
Rs = total incoming solar radiation (cal cm-2 d-1) 
σ = Stefan-Boltzmann constant (11.71 x 10-8 cal cm-2 d-1 K-1) 
T = mean daily air temperature (°K) 
ea = vapor pressure of air (mb) 
Rso = total daily cloudless sky radiation (cal cm-2 d-1) 
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Table 1-1.  Continued. 
Equation Name Reference Equation 
  λ= latent heat of vaporization (cal cm-1 mm-1) 

u2 = wind speed at 2 m height (km d-1) 
ed = vapor pressure at dew point temperature (mb) 

SFWMD simple method Abtew and Obeysekera (1995) 
  

 
ETp = potential ET from vegetated surface (mm d-1) 
K1 = regression coefficient (0.53) 
RS = total incoming solar radiation (MJ m-2 d-1) 
λ = latent heat of vaporization (MJ kg-1) 

Priestley-Taylor Priestley and Taylor (1972); 
Sumner and Jacobs (2004)   

 
Δ = slope of vapor pressure-temperature curve (kPa °C-1) 
α = empirical constant (1.26 for humid climates) 
Rn = net radiation (MJ m-2 d-1) 
G = soil heat flux (MJ m-2 d-1) 

Turc (1961) 
  

 
Rs = daily solar radiation (cal cm-2 d-1) 
T = daily mean air temperature (°C) 

Hargreaves and Samani  (1985)   

Ra = extraterrestrial radiation (MJ m-2 d-1) 
Tmin = minimum daily air temperature (°C) 
Tmax = maximum daily air temperature (°C) 
T = daily mean air temperature (°C) 

*Used by FAWN 
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Table 1-2.  Studies on water-saving irrigation technologies. 
Irrigation 
Technology 

Weather 
Conditions 

Water 
Savings 

Reference 

Rain sensor Normal up to 34% Cardenas-
Lailhacar et al. 
(2008) 

Normal 7-30% McCready et al. 
(2009) 

Dry 13-24% Cardenas-
Lailhacar et al. 
(2010) 

- 19% Haley and Dukes 
(2007) 

Dry 14% Haley and Dukes 
(2012) 

Soil moisture 
sensor 

Normal 69-92% Cardenas-
Lailhacar et al. 
(2008) 

Dry 16-83% Cardenas-
Lailhacar et al. 
(2010) 

Dry 11-53% McCready et al. 
(2009) 

- 25% Pathan et al. 
(2007) 

- 73% Qualls et al. 
(2001) 

- 74% (42-
95%) 

Augustin and 
Snyder, (1984) 

Dry 65% Haley and Dukes 
(2012) 

 42-95% Snyder et al. 
(1984) 

- 40% Horst and 
Peterson (1990) 

ET controller Dry to normal 25-62% McCready et al. 
(2009) 

 - 20-60% Davis et al. (2007) 
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Table 1-3.  Sprinkler types and approximate water application rates (Michael Dukes, 
University of Florida, personal communication, 9 May 2011). 

Sprinkler Type Application Rate 
(in/hr) (cm/hr) 

Fixed spray head 1.5 3.9 
Gear driven rotary 0.5 1.3 
Impact 0.5 1.3 

  

 
Figure 1-1.  Toro® expanding disk rain sensor with adjustable setting. 
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CHAPTER 2 
EVALUATION OF WATER APPLICATION BY FOUR IRRIGATION SYSTEMS AND 

ASSOCIATED NUTRIENT LEACHING 
 

Background 

A major environmental focus at the national and state levels has been the 

reduction of nutrient pollution in waterways. Point source pollution can be successfully 

managed by establishing enforceable effluent limits. Nonpoint source pollution from 

anthropogenically managed lands is more difficult to mitigate and continues to threaten 

the balance of aquatic ecosystems worldwide (Duda, 1993). The diffuse nature of 

nonpoint source pollution suggests that a set of management practices, rather than 

effluent limits, are a more realistic abatement method to reduce nonpoint source 

pollution (Loehr, 1974). 

Despite regulations to protect water bodies from point and nonpoint sources 

based on total maximum daily loads (TMDLs) in the US, excessive nutrients (primarily 

from nonpoint sources) continue to degrade water quality. From 2008 to 2010, identified 

nutrient-impaired waterways in Florida nearly doubled from about 1,600 to 3,000 km of 

streams and rivers and from 141,640 to 152,972 ha of lakes. The United States 

Environmental Protection Agency (EPA) and Florida Department of Environmental 

Protection (FDEP) are developing numeric nutrient criteria for Florida’s waters to protect 

these resources from nonpoint and point pollution. These criteria establish allowable 

limits for nutrient loads and/or concentrations (i.e., nitrogen and phosphorous) in 

waterways “to improve water quality and protect public health, aquatic life and the long 

term recreational uses of Florida’s waters” (EPA, 2011). Following a lawsuit from the 

Florida Wildlife Federation in 2008, EPA set a rule in the fall of 2010 (effective July 

2012) for water quality standards for inland waters in Florida, outside of south Florida. 
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The proposal of a second rule for estuaries, coastal waters and flowing waters in south 

Florida was set to be released in May 2012. In response to the rules set by the EPA, 

FDEP petitioned in April 2011 to have these rules repealed and to develop its own set of 

nutrient criteria. Given that states have the primary responsibility to maintain the quality 

of their waters, EPA may withdraw these rules if FDEP can develop “their own 

protective and scientifically sound numeric standards” (EPA, 2011). In January 2012, 

there was adoption of a final rule by FDEP, to be followed by legislative ratification 

(EPA, 2012). Once nutrient criteria have been established water bodies will be 

evaluated and designated as impaired or not impaired based on this standard. If 

impaired, nutrient sources will need to be quantified in order to allocate loads for 

establishing a TMDL. 

One source of nutrient nonpoint source pollution is fertilizers. Fertilizers are used 

to maintain turf and landscape’s aesthetic qualities and are also used in agriculture to 

increase crop yields. Excessive nutrients in leachate or runoff may lead to increased 

eutrophication or conditions that alter natural ecosystem communities affecting 

freshwater supply and ecosystem balance. Nutrient leaching and runoff from turf and 

landscape may be considered more critical than in agricultural areas due to the 

proximity to drinking water supply (Waller, 2007). 

Nitrogen (N) is a common nutrient in fertilizers and has been shown to be 

susceptible to leaching and runoff due to its solubility in water, particularly the nitrate 

(NO3) form (Havlin et al., 2005). Nitrogen leaching is considered a primary means of N 

loss in humid climates and under irrigated conditions (Havlin et al., 2005). Some factors 

that influence NO3 leaching include: rate, timing, source, and method of fertilization; 
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plant uptake; soil profile characteristics which affect percolation; and quantity, pattern, 

and time of rainfall and/or irrigation (Havlin et al., 2005). Certain forms of N, such as 

NO3 and NH4, are also commonly limiting nutrients in ecosystems and a potential health 

hazard if NO3-N is over 10 mg/L (EPA, 2012).  

While irrigation and fertilization are often required to maintain turf quality due to 

insufficient rainfall and soil nutrient deficiencies, excessive irrigation (in addition to 

heavy rainfall) can lead to increased runoff or leaching of nutrients (Barton and Colmer, 

2006). An average of 2.95 × 1010 L (7.8 billion gallons) of water is used each day in the 

US for outdoor purposes, including irrigation, which constitutes 30% of the total daily 

water consumption in the US (EPA, 2010). Even with proper fertilizer application, 

excessive water application may result in nutrient leaching (Barton and Colmer, 2006). 

Irrigation is often applied in excess when using an automatic irrigation system due to the 

“set and forget” mentality associated with these systems, which may apply 47% more 

water than non-automatic techniques (Mayer et al., 1999). Over-watering also results in 

decreased turf quality and potentially loss of applied nutrients (Trenholm and Unruh, 

2005). 

Conservation water practices are necessary to ensure all water users have 

adequate supply and future water demands can be met. There are several 

recommendations given by the University of Florida (UF) Institute of Food and 

Agricultural Sciences (IFAS) on proper irrigation and fertilization, but compliance by 

property owners to follow these recommendations or statutes (e.g. mandatory rain 

sensors with automatic irrigation systems) remains a challenge. Studies in Florida 

indicate that residential properties can greatly reduce water applied by using soil-water 
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based or weather-based irrigation scheduling devices (Dukes and Haley, 2009; Davis 

and Dukes, 2010; McCready and Migliaccio, 2011). Other studies have shown that soil 

water sensing devices can reduce nutrient leaching compared to conventional 

automatic irrigation (Augustin and Snyder, 1984; Snyder et al., 1984; Pathan et al., 

2007). It follows that the other weather-based technologies (e.g., evapotranspiration 

[ET] based) should also reduce percolation and nutrient leaching. 

Soil water sensors provide an indirect estimate of the soil water content in situ. 

One common technology for regulating irrigation by estimating soil water content is time 

domain transmission (TDT). This technology measures the one-way (transmission) 

travel time of an electromagnetic pulse along a metal probe within a dielectric medium 

(i.e. soil, water, and air). The velocity is a function of soil permittivity, εa, which is then 

related to the soil water content by calibration. Calibration is used to determine the field 

capacity (FC). Based on site FC, scheduled irrigation will be prevented if a certain 

percentage of FC exists or be applied if FC is below a set percentage of FC is reached 

(Muñoz-Carpena et al., 2005; Evett, 2007). 

Evapotranspiration-based controllers schedule irrigation using an estimation of 

ET and, typically, other site-specific factors (i.e., soil type, plant type, etc.). There are 

two general categories of ET controllers: (1) soil water balance (SWB) based and (2) 

non soil water balance (non-SWB) based (Dukes, 2012). The SWB based controllers 

calculate a soil water balance continuously; whereas, the non-SWB controllers adjust 

run times relative to historical peak ET based on real time on-site measured weather 

conditions (i.e. temperature and/or solar radiation) (Dukes, 2012). Three basic ET 

controller types are (1) signal-based, (2) onsite weather measurement, and (3) historical 
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ET-based (Dukes, 2009). For SWB-based controllers, the required amount of irrigation 

is calculated based on the amount of water necessary to replace water lost through ET 

from a water budget of irrigation and rainfall gains and ET losses (using either real-time 

or historical weather data). Controller type (1) receives weather data from a local 

weather station (typically for a service fee) and typically uses more real-time weather 

data to calculate ET (i.e. wind speed, relative humidity, etc.) (Dukes et al., 2009). 

Controller type (2) has a small on-site weather station and uses real-time data (typically 

temperature and rainfall) and may also use historical data to calculate ET (Dukes, 

2009). Controller type (3) is pre-programmed with region-specific water use curves 

(which may be improved with additional on-site weather sensors) to predict irrigation 

requirements (Dukes, 2009). Depending on the manufacturer, there are a variety of 

other factors that can be entered or selected including ZIP code, soil type, sprinkler type 

(with an assumed application rate and efficiency factor), slope, plant type, shade factor, 

and plant maturity to estimate the soil water budget. 

Another component that is used to improve the efficiency of automatic irrigation 

is a rain sensor (RS). Rain sensors are external devices that can be added to an 

automatic irrigation timer to control irrigation application by preventing a scheduled 

irrigation event if a certain depth of rainfall has occurred, as detected by the device. 

There are various types of RSs including those based on water weight, electrical 

conductivity of water, or expansion disks which proportionally expand with the 

absorption of water (Dukes and Haman, 2002a).  

 Thus, we combined irrigation technologies that have successfully been applied to 

improve irrigation practices with monitoring equipment to compare the potential leaching 
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of N and water losses by typical automated irrigation systems to that of the technology-

based irrigation systems. This knowledge will assist water managers with load 

estimations and allocations, if and when TMDLs are needed. This was accomplished by 

comparing (1) applied water quantities, (2) leachate quantities, and (3) leachate N loads 

and concentrations among three technology-based irrigation systems and a traditional 

automatic time-based irrigation system. 

Materials and Methods 

The field study site was at the UF IFAS Tropical Research and Education Center 

(TREC) in Homestead, Florida. The study was conducted during the end of the wet 

season and part of the dry season (31 August 2011 [29 September 2011 for leachate 

volumes] through 16 February 2012). The experiment was conducted on previously 

established bahiagrass, with an area of 429.2 m2 (4620 ft2). The area was divided into 

16 square plots, each 20.9 m2 (225 ft2), and 0.61 m (2 ft) buffer areas between plots. 

The experiment consisted of four treatments (T1 through T4), arranged in a randomized 

block design. Each treatment was replicated four times for water application and three 

times for leachate collection. In each plot, there were four quarter-circle pop-up irrigation 

heads with MP Rotator nozzles (Hunter Industries, Inc., San Marcos, CA) with an 

application rate of (0.5 in h-1), one in each corner. Leachate was collected twice a week 

from lysimeters, following each scheduled irrigation event, in 250 mL plastic bottles 

using a small peristaltic pump (TAT pumps, Logan, OH) with 1.9 cm (0.75 in) outer 

diameter plastic tubing connected to a 12 V battery. Leachate volumes were measured 

using a graduated cylinder. Water application volumes were monitored with DLJ multi-

jet water meters (Daniel L. Jerman Co., Hackensack, NJ) and recorded manually after 

each irrigation event. 
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Lysimeter Design and Installation 

Lysimeters were designed to capture up to a 3.81 cm (1.5 in) rainfall event. The 

height of 58.4 cm (23 in) water holding tube was selected based on diameter of the top 

catchment area (17.1 cm or 6.75 in) and the 3.8 cm (1.5 in) diameter to collect the 

maximum rainfall depth. Tubing was connected, one to collect water and the other to 

allow air to enter to reduce pressure inside. Screening was attached to the bottom of the 

catchment to minimize debris entering the water-holding tube. Sand was placed in the 

catchment area to prevent finer particles from entering the water-holding tube. The 

lysimeters were buried below the root zone (approximately 30 cm) in 12 plots, with three 

replicates for each treatment.  

Irrigation Treatments 

Treatment 1 (T1), or time-based, consisted of irrigation controlled by a digital 

timer (Hunter Pro–C Conventional  9 Zone Outdoor Model, Hunter Industries, Inc., San 

Marcos, CA), set to irrigate biweekly on Sunday and Thursday (Miami-Dade County 

water restrictions), from 02:00 to 03:00 to apply 1.3 cm (0.5 in). The runtime was 

increased to 1.5 h on 17 of December 2011 to apply 1.9 cm (0.75 in). The runtime was 

increased a second time to 2.5 h on 18 January 2012 to apply 3.2 cm (1.25 in). The 

runtime of the time-based treatment was increased twice to promote irrigation induced 

leaching (otherwise, leachate was only collected following relatively heavy rainfall 

events). The first two irrigation rates were within UF IFAS recommendations, which 

were not great enough to cause leaching from irrigation; however, the last rate was 

beyond the recommended rate, which caused leaching to occur following irrigation.  

Treatment 2 (T2) consisted of irrigation controlled by an ET controller (Rain Bird 

ESP-SMT, Rain Bird Inc., Tucson, AZ). The ET controller was programmed by inputting 
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parameters including: ZIP code, soil type, sprinkler type, slope, plant type, shade factor, 

plant maturity (Table 2-1). The ET controller initiated irrigation based on an accumulated 

water requirement, as determined by the digital record of real-time weather data, 

including ETo and effective rainfall. Effective rainfall was determined by the on-site 

tipping bucket, which measured rainfall amount and intensity, and soil type input. The 

ET was calculated by an undisclosed equation using real-time temperature and 

historical wind speed and solar radiation data for the designated ZIP code. Irrigation 

occurred when the management allowable depletion (MAD) of 50% was reached, as 

determined by the controller-monitored soil water balance. Based on inputs, the 

controller determined the proper length of time and frequency to irrigate in order to 

prevent runoff (Q). Watering days were programmed as Sunday and Thursday (given 

Miami-Dade County watering restrictions). Allowed watering time was programmed as 

1.5 h so that sufficient irrigation could occur if required, given that it operates on a “cycle 

and soak” principle to minimize Q. The controller default crop coefficient (Kc) values are 

from the Irrigation Association (Table 2-2) (IA, 2008). The runtime and weather data 

were recorded manually from the ET controller after each irrigation event (although a 

digital record of the last 30 days was available). 

Treatment 3 (T3) consisted of a RS with an internal water-absorbing expansion 

disk (Toro, Bloomington, MN). The RS treatment was controlled by a separate timer, as 

this technology will either apply the scheduled amount or completely bypass irrigation if 

the rainfall threshold has occurred, as detected by the sensor. Irrigation was set to 

occur on Sunday and Thursday, 03:00 to 04:00. At first, the rainfall threshold was 

manually set as 12 mm (22 September through 8 November 2011), but was replaced 
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and set at 3 mm on 9 November 2011. There were also two runtimes for T3: 1.0 h to 

apply 1.3 cm (0.5 in) per event (31 August 2011 to 22 January 2012) and 1.5 h to apply 

1.9 cm (0.75 in) per event (23 January through 16 February 2012). 

Treatment 4 (T4) used a SWS (Baseline WaterTec S100, Baseline, Inc., 2009) to 

manage irrigation. T1 and T4 were operated on the same controller, but at separate 

times to avoid system pressure losses. SWS treatments were scheduled for 04:00 to 

05:00 on Sunday and Thursday, but irrigation was applied to a manufactured-

programmed percentage (i.e. 70%) of FC or bypassed if this minimum level of soil water 

was detected by the sensor. The SWS devices were installed in four plots. In each of 

the four plots, one sensor was buried in a corner opposite of the lysimeter, 5-8 cm (2-3 

in) below the ground surface according to the Baseline WaterTec S100 Installation 

Manual. The sensor was installed horizontally to prevent pooling on the wide surface 

area of the sensor (Baseline, Inc., 2009). Each sensor had a digital controller that was 

wired into the automatic irrigation system and also connected to the buried sensor. 

Automatic calibration was performed by saturating the soil surrounding the sensor and 

using the 24-hour automatic calibration feature on the controller. The Baseline SWS 

device uses TDT technology and determines sufficient water content based on field 

capacity, permanent wilting point, and a manufacturer-programmed threshold setting. 

Uniformity Testing 

Uniformity of water application was tested according to American Society of 

Agricultural Engineers (ASAE) standard, American National Standards Institute 

(ANSI)/ASAE S436.1 (ASAE, 2003) prior to the beginning of the experiment (14, 15, 

and 16 September 2011). Uniformity tests were performed during the evening and early 

morning hours to avoid evaporative losses. Each treatment zone was tested at separate 
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times (consistent with the irrigation schedule) to avoid system pressure losses. Twenty-

five catchments (GladTM 947 mL disposable containers) were placed in an evenly 

spaced grid pattern in each plot, with the outermost catchments being 0.3 m (1 ft) inset 

from the plot boundaries (distinguished by sprinkler head location). The irrigation 

runtime was two hours. The wind speed was recorded every 15 minutes with a 

handheld digital anemometer to ensure that wind speed did not exceed 5 m s-1, which 

may affect the results. At the end of the test period, collected water volumes were 

measured with a graduated cylinder. The opening diameter of the catchments was 13.3 

cm (5.25 in). Distribution uniformity (DU) was calculated with Equation 2-1. 

totDU
lqDU

lqDU =  (2-1) 

 
Turfgrass Quality Evaluation 

Turfgrass quality was evaluated according to the National Turfgrass Evaluation 

Program guidelines for the following characteristics: genetic color, turfgrass density, 

percent living ground cover, and texture. Quality was based on a visual rating scale of 

one (worst) to nine (best). For genetic color, or inherent genotype color, one is light 

green and nine is dark green. Turfgrass density is a visual estimate of living turfgrass 

per unit area. Percent living ground cover is an estimate of surface area that is covered 

by the originally planted species. Turfgrass texture is an estimate of leaf width, with one 

being course and 9 being fine (Morris and Shearman, 1998). 

Fertilizer Application 

All 16 plots were fertilized according to UF IFAS recommendation for slow-

release N fertilizer, 4.8 g N m-2 (1 lb N per 1000 ft2) (Trenholm and Unruh, 2005). 

LESCO® Professional Turf 26-2-11 (N-P-K) fertilizer was used with 26% total N, 1.15% 
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ammonical N and 24.85% Urea N (LESCO, Cleveland, OH). Given this composition, the 

total amount applied to the 16-plot study area was 8.8 kg (19.3 lbs). The urea N was 

6.5% slowly available urea N from Sulfur coated urea. Other components included 2% 

phosphate, 11% soluble potash, 0.50% magnesium total, 4% sulfur, 0.10% copper total, 

3% iron total, 0.80% manganese total, 0.20% zinc total. The maximum chloride was 

8.25%. Fertilizer was applied using a Scotts® Standard broadcast spreader by pushing 

the spreader at a constant pace in a serpentine pattern at the setting of 5.5, as 

recommended on the LESCO fertilizer bag. The first fertilizer application was on 7 

September 2011 and the second application was 18 January 2012. 

Nitrogen Analysis 

Leachate collected from lysimeters was filtered with Whatman 42 filter paper into 

20 mL vials, frozen, thawed, and analyzed for NO3-N and NH4-N concentrations using a 

SEAL AQ2 discrete analyzer (SEAL Analytical, Inc., Mequon, WI). Nitrate was 

determined spectrophotometrically by reducing NO3
- to NO2

- using a cadmium coil and 

the determining the NO2
- concentration by USEPA method 353.2 (EPA, 1993a). 

Ammonia and ammonium ion were determined spectrophotometrically by USEPA 

method 350.1 Rev. 2.0 (EPA, 1993b). The detection limits of NO3-N and NH4-N were 

0.021 and 0.046 mg/L, respectively. For concentrations less than these detection limits, 

the concentration was taken as half of the limit (i.e., the minimal NO3-N and NH4-N 

concentrations were 0.01 and 0.023 mg/L, respectively). Initial (before fertilizer 

application) and final soil and tissue samples were also collected and analyzed. The 

tissue and soil samples were analyzed for total N and C using the elemental analyzer 

vario MAX CNS (Elementar Analysensysteme, Hanau, Germany). This automatic 

instrument uses catalytic tube combustion under oxygen supply and high temperatures. 
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Water Balance 

In addition to comparing significant differences among treatments, an overall soil 

water balance was estimated for each irrigation treatment considering cumulative 

depths of irrigation (I) and percolation (Perc), averaged across replicates, and rainfall 

(R) and reference ET (ETo) (Equation 2-2). The average water depths applied and 

leached for each treatment were summed over the entire study period. Daily rainfall and 

ETo were obtained from the FAWN Homestead weather station and summed over the 

study period. Runoff was not measured and is considered negligible in our system due 

to high infiltration rates, with a mean asymptotic infiltration capacity of 36 cm h-1 

according to Chin (2007), and flat topography (slope = 0).  

PercIoETRSW −+−=∆  (2-2) 

Data Analysis 

Irrigation water volumes applied and leached per plot were measured and 

converted to depths. Data were analyzed for significant differences (p ≤ 0.05) among 

treatments for water applied, leachate depths, NO3-N and NH4-N concentrations, and 

NO3-N and NH4-N loads by performing either or a one-way analysis of variance 

(ANOVA) (parametric) for normally distributed data or Kruskal–Wallis one-way ANOVA 

on ranks (non-parametric) for data that failed normality. For the ANOVA on ranks, an H 

statistic and P value were given by ranking all observations in ascending order and 

comparing the average value of the ranks for each treatment. Pairwise multiple 

comparisons were performed using Tukey’s test. Data analyses for water quantities 

applied and leached and were divided into three time periods according to the 

application rates per event of the time-based treatment (T1): (1) 1.3 cm (0.5 in) from 22 
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September through 16 December 2011; (2) 1.9 cm (0.75 in) from 17 December 2011 

through 17 January 2012; and (3) 3.2 cm (1.25 in) from 18 January through 16 

February. Data analyses for N concentrations and loads were divided into two periods: 

after the first fertilizer application (22 September 2011 to 18 January 2012) and after the 

second application (19 January to February 16 2012). For times when no leachate was 

collected from the lysimeter, the NO3-N and NH4-N concentrations and loads were 

considered to be 0. 

Results and Discussion 

Results of Quantity of Irrigation Water Applied 

The normality test failed for data collected from all three time-based (T1) 

application rates, so data were analyzed by a one-way ANOVA on ranks using the 

Kruskal-Wallis test. For the three different T1 application rates, water depths applied 

were significantly different (P<0.001). Water depth applied by T1 was always greater 

and significantly different (P<0.05) from each of the three technology-based treatments 

(T2, T3, and T4). Additionally, T2, T3, and T4 were compared over the entire study period. 

These data were not normally distributed, but based on the ANOVA on ranks, the 

medians of these treatments were significantly different (P <0.001). Results showed that 

T3 was significantly different (P<0.05) from T2 and T4, as well as T2 being significantly 

different from T4. Cumulatively, T1 applied the greatest amount of water 68.2 cm 

(replicate summation average), while T2 applied the least amount of water 17.3 cm 

(Table 2-5). Results indicated that T2 had the greatest water savings (70, 69, and 83% 

for T1 application rates 1, 2, and 3, respectively). During T1 application rate 3, T4 also 

resulted in 83% water savings, although the T4 savings were 62 and 60% for T1 

application rates 1 and 2, respectively. The RS-based treatment (T3) resulted in the 
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least water savings of 9% for the 12 mm rain sensor setting (31 August to 9 November 

2011) and averaging 26% savings (16-53% during the different application rates) for the 

3 mm setting (10 November 2011 to 16 February 2012). 

The average application depth of T1 for application rate 1 was 1.1 cm, 1.7 cm for 

application rate 2, and 2.9 cm for application rate 3 (Table 2-4). Over the entire study 

period, the average application depths of ET-based (T2) and SWS-based irrigation (T4) 

were 0.4 cm and 0.5 cm, respectively. The RS-based treatment (T3) applied an average 

of 1.0 cm per irrigation event from 22 September 2011 through 22 January 2012 

(although equipment was replaced and threshold changed from 12 to 6 mm on 9 

November 2011). After the scheduled watering window for T3 was increased to 1.5 h 

(23 January through 16 February 2012), T3 applied an average of 1.4 cm per event. 

Over the entire study period (22 September to 16 February 2012), cumulative 

rainfall was 55.4 cm and cumulative reference ET was 30.8 cm. Averaging the three 

replicates for each treatment, the average total leachate collected from T1, T2, T3, and 

T4 was 22.1 cm, 14.1 cm, 14.4 cm, and 15.2 cm, respectively (Table 2-5). 

Results of Water Leached 

The normality test failed for all three time periods (T1 application rates 1 through 

3) and a non-parametric test was performed for each leachate data set. For application 

rate 1 (29 September to 17 December 2011), the leachate depths were not significantly 

different. For application rate 2, the differences in median values among treatments 

were significantly different (P <0.001); additionally T2 and T3 were significantly different 

from T1. For application rate 3, the differences in median values among treatments were 

significantly different (P <0.001). During application rate 3; T2, T3, and T4 leachate 

depths were significantly different from T1 (Table 2-6). The average leachate depth of T1 
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for application rate 1 was 0.5 cm, 0.1 cm for application rate 2, and 1.1 cm for 

application rate 3 (Table 2-6). Although the irrigation was increased for application rate 

2, there was the least amount of rainfall during this period; correspondingly, leachate 

depth was the lowest during this time. Total rainfall depths during application rates 1, 2, 

and 3 were 36.7, 0.03, and 6.9 cm, respectively. Table 2-6 provides the mean leachate 

depths for the individual time-based application rates; over the entire study period, the 

average leachate depth of T2 and T4 were 0.4 cm and 0.3 cm, respectively. For both 

irrigation runtimes of T3 (1.0 h from 31 August 2011 to 22 January 2012 and 1.5 h from 

23 January through 16 February 2012), the average leachate depth was 0.4 cm. 

Results of Nutrients Leached 

NO3-N 

The medians, means, and standard deviations of the concentrations and loads of 

NO3-N and NH4-N, for two fertilizer applications for T1 through T4 are given in Tables 2-7 

and 2-8. For all treatments over the entire study period, the average loads were 2.44E-

02 kg NO3-N ha-1 and 5.39E-03 kg NH4 ha-1. After the first fertilizer application, 

differences among treatment median NO3-N concentrations and loads were not 

significantly different (P = 0.299 and P = 0.819 for concentrations and loads, 

respectively) based on a one-way ANOVA on ranks (Tables 2-7 and 2-8). When 

irrigation was increased passed the recommended amount along with the second 

fertilizer application, concentrations and loads were significantly different (P<0.001 for 

both). Additionally, after irrigation was increased passed the recommended amount 

along with the second fertilizer application, T1 NO3-N concentrations and loads were 

significantly greater than each of the technology-based treatments (P<0.05) (Tables 2-7 

and 2-8). Over the entire study period, the average NO3-N concentrations of T1, T2, T3, 
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and T4 were 1.37, 0.24, 2.36, and 0.24 mg L-1, respectively; the average loads were 

0.24, 0.08, 0.70, and 0.08 mg, respectively. The average NO3-N concentrations of T3 

after the first and second fertilizer applications were 0.68 and 4.05 mg L-1 (average 

loads of 0.12 and 1.3 mg), respectively. The maximum concentrations of NO3-N for T1, 

T2, T3, and T4 were15.8, 15.6, 93.9, and 15.1 mg L-1, respectively, which exceed the 

drinking water standard. Maximum concentrations of T1 and T3 were obtained after the 

second fertilizer application (and corresponding irrigation increase beyond UF/IFAS 

recommendation), while the maximum concentrations of T2 and T4 were obtained after 

the first application. 

NH4-N  

Similar to the NO3-N results, differences among treatment median NH4 

concentrations and loads were not significantly different (P = 0.086 and P = 0.528 for 

concentrations and loads, respectively) after the first fertilizer application based on a 

one-way ANOVA on ranks (Tables 2-8 and 2-9). When irrigation was increased passed 

the recommended amount along with the second fertilizer application, concentrations 

and loads were significantly different (P<0.001 for both). Additionally, after irrigation was 

increased above the recommended amount along with the second fertilizer application, 

T1 NH4 concentrations and loads were significantly greater from each of the technology-

based treatments (P<0.05) (Tables 2-7 and 2-8). Over the entire study period, the 

average NH4 concentrations of T1, T2, T3, and T4 were 1.08, 0.07, 0.06, and 0.19 mg L-1; 

the average loads were 0.12, 0.01, 0.01, and 0.04 mg per event, respectively. The 

maximum concentrations of NH4 for T1, T2, T3, and T4 were 9.21, 5.95, 4.85, and 6.26 

mg L-1, respectively, all obtained after the first fertilizer application. The percentage of 
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NO3-N and NH4-N leached of that applied is presented in Table 2-7, showing that, on 

average, a higher percentage of the ammonical form was leached. 

Turfgrass Quality Evaluation Results 

 Results from the initial and final turfgrass evaluations indicated that the overall 

quality of the turfgrass for each treatment either remained the same or slightly improved 

over the duration of the experiment (Table 2-10). No differences were observed among 

treatments suggesting that no treatment was water stressed. This is supported by the 

water balance which showed that irrigation and rainfall exceeded ET demands. 

Tissue and Soil Results 

The results of the initial (before fertilization) and final turfgrass tissue and soil 

total percent N and total percent C revealed that overall, averaging all plots, total 

percent N in the tissue increased from 1.89% to 2.17% (Table 2-11). Total percent N in 

the soil increased from an average of 0.20% to 0.25% (Table 2-12). 

Discussion 

As expected the technology-based irrigation systems, T2 through T4, resulted in 

significant water savings compared to the time-based control. This has been 

demonstrated before in similar field studies (Davis et al., 2007; Haley and Dukes, 2007; 

Shedd et al., 2007; Cardenas-Laihalcar et al., 2008; Dukes et al., 2008; Dukes and 

Haley, 2009; McCready et al., 2009; Cardenas-Laihalcar et al., 2010; Cardenas-

Laihalcar and Dukes, 2010; Davis and Dukes, 2010; McCready and Dukes, 2011). 

Table 2-13 compares water savings of the technology-based irrigation systems in this 

study and similar studies. The variance of applied water among replicates was lowest 

for the ET controller, followed by SWS, RS, and time-based (Table 2-14). The greater 

variability among the SWS replicates is expected given that irrigation was controlled by 
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a separate sensor in each replicate plot and the soil water content would not be exactly 

consistent among replicates. The SWS data were random, there was no particular 

trend. The water savings results of the ET controller were relatively high compared to 

other studies (Table 2-13), and still the turfgrass quality was maintained throughout the 

study. This is partly due to comparison to an elevated time-based irrigation rate. 

Considering the cumulative water balance (except runoff) over the study period for the 

ET controller, there was still an average surplus of 27.8 cm. The greater savings may be 

due to different weather conditions from other studies which caused the ET controller to 

apply less water or because of the crop coefficient, which are higher for this area and 

therefore would have resulted in greater irrigation. 

Other studies indicated that SWS-based irrigation also reduces nutrient leaching 

(Augustin and Snyder, 1984; Snyder et al., 1984; Pathan et al., 2007). Pathan et al. 

(2007) found that leachate was only 4% of applied water draining from SMS plots 

versus 16% from conventionally irrigated plots. Leachate median quantities were 

significantly different among treatments during the second and third time-based 

application rates. Additionally T2, T3, and T4 leachate depths were significantly less from 

T1 during the third application rate. When the average leachate depths were summed 

over the entire study period, the time-based irrigation resulted in the greatest quantity of 

leachate (22.1 cm); whereas the ET-based irrigation resulted in the least amount of 

leachate (14.1 cm), which is a 36% reduction in leachate compared to the traditional 

time-based irrigation. The SWS-based irrigation yielded 15.2 cm leachate (31% less 

than time-based) and the rain sensor-based yielded 14.4 cm leachate (35% less than 

time-based) over the entire study period. The rain sensor-based irrigation resulted in 
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slightly less leachate than the SWS, but the cumulative leachate depths of all three 

technology-based systems were relatively close. The slight differences in the leachate 

summations may be due to inconsistencies in lysimeter design among the treatments 

which may have enabled one lysimeter to collect and pump water more efficiently than 

another, which also affected the numbers of samples being collected from each 

treatment. The lysimeters were pumped a total of 114 days; however, total leachate 

samples from T1, T2, T3, T4 were 53, 14, 26, 28 samples, respectively.  The greater 

number of leachate samples collected from the SWS compared to the rain sensor likely 

biased the results for the cumulative leachate depth. According to Petrovic (1990), 

leaching is affected by fertilizer management practices (rate and timing), N source, soil 

texture, rainfall, and irrigation. Given that UF IFAS recommended amounts of irrigation 

water and fertilizer were applied, the resulting loads were similar to the values obtained 

by other studies which also applied moderate amounts of fertilizer and irrigated at rates 

equal to or less than potential ET (Table 2-15) (Barton and Colmer, 2006). Even when 

time-based irrigation was increased beyond the recommended level and a second 

fertilizer application, the highest average NO3-N and NH4-N concentrations among all 

treatments were still substantially below the 10 mg/L drinking water standard, 1.43 mg 

NH4 L-1 (time-based) and 4.05 mg NO3-N L-1 (RS), or loads of 0.75 kg NH4 ha-1 (time-

based) and 5.03 kg NO3-N ha-1 (RS). 

For the majority of the study period, which took place during the dry season, 

leaching from all treatments seemed to be driven by heavy rainfall rather than irrigation 

(Figure 2-2). This was reasonable given that irrigation was not applied excessively, 

except during the last four weeks when time-based irrigation was increased beyond the 
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UF IFAS recommended level. For excessive application, leachate was collected from 

the T1 replicates after every irrigation event (Figure 2-3). Still, rainfall further increased 

the leachate volume collected (Figure 2-3). 

A possible explanation for the low leachate volume collected may be due to 

preferential flow outside of the catchment area of the lysimeters and the inflow rate 

limitations of the lysimeters; therefore, the true amount of leachate may not have been 

collected. During the lysimeter installation, the top layer of soil was removed and 

replaced so that normal drainage patterns were disturbed and preferential flow 

pathways may have been created which drain outside of the lysimeter catchment area. 

A portion of applied water is usually intercepted in discontinuous macropores (internal 

catchments) within the soil. Booltink and Bouma (1991) demonstrated that 42% of the 

volume of applied water was affected by these internal catchments. Preferential flow 

may occur in, and even be enhanced by, unsaturated conditions, which corresponds to 

when most differences occurred between observed and simulated values. There are 

several examples of this occurrence, as cited by Nimmo (2012). Preferential flow is 

typically considered as non-equilibrium flow, given that, ‘infiltrating water does not have 

sufficient time to equilibrate with… “resident” water’ (Jarvis, 1998). Due to this non-

equilibrium, water has been found to flow in thin films and that preferential flow stops 

suddenly when water is no longer applied, implying that unsaturated adjacent matrix 

material readily absorbs the water (Cey and Ruldoph, 2009). Rimon et al. (2011) also 

found different parts of a pore wetted while other portions remained dry. Antecedent 

moisture conditions do not necessarily affect preferential flow, as Stumpp and 

Maloszewski (2010) concluded that preferential flow can also occur during high-intensity 
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rainfall even if the soil is initially dry. Structural continuity of the soil matrix also affects 

drainage patterns. Smettem et al. (1994) stated that structural continuity substantially 

increases soil drainage, more so than the antecedent water content. Wetter antecedent 

moisture conditions may not always guarantee faster flow (Nimmo, 2012). Furthermore, 

preferential flow can occur within different parts of a pore. Considering all of these 

supporting facts, it is likely that preferential flow had a significant impact on the outcome 

of field results and that the full amount of leachate was not captured. It is possible that 

applied water was conveyed horizontally through preferential pathways away from the 

lysimeter catchment. Future lysimeter designs should include ways to account for 

preferential flow in both dry and wet conditions. 
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Table 2-1.  Evapotranspiration (ET) controller input parameters used. 
Parameter Site-specific input 
ZIP code 33031 
Soil type Loamy sand 
Sprinkler type Rotary nozzle 
Slope 0-2% 
Plant type Grass lawn -> warm-season variety 
Shade factor Full sun 
Plant maturity Established 

 
Table 2-2.  Crop coefficient (Kc) values used by the Rain Bird ESP-SMT ET controller 

for warm-season turfgrass (IA, 2008). 
 Kc* 
Jan 0.52 
Feb 0.64 
Mar 0.70 
Apr 0.73 
May 0.73 
Jun 0.71 
Jul 0.69 
Aug 0.67 
Sep 0.64 
Oct 0.60 
Nov 0.57 
Dec 0.53 

*Bermudagrass values used for all warm-season turfgrass species. 

Table 2-3.  Irrigation system quality ratings for evaluating distribution uniformity (DU) 
(IA, 2005a). 

Rating DU 
Fail < 0.40 
Poor 0.40 - 0.49 
Fair 0.50 - 0.54 
Good 0.55 - 0.64 
Very Good 0.65 - 0.74 
Excellent 0.75 and above 

 
Table 2-4.  Comparison of medians, means, and standard deviations of water depths 

applied during three time-based application rates among the four treatments: 
time-based (T1), evapotranspiration controller (T2), rain sensor (T3), and soil 
water sensor (T4). 

   Rate 1* Rate 2* Rate 3* 

T1 
Median cm 1.1a 1.7a 2.9a 
Mean cm 1.1 1.7 2.9 
Standard Deviation cm 0.1 0.1 0.2 
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Table 2-4.  Continued. 
   Rate 1* Rate 2* Rate 3* 

T2 
Median cm 0.4b 0.5b 0.6b 
Mean cm 0.3 0.5 0.5 
Standard Deviation cm 0.3 0.1 0.3 

T3 
Median cm 1.0c 1.1c 1.5c 
Mean cm 0.9 1.1 1.4 
Standard Deviation cm 0.4 0.1 0.5 

T4 
Median cm 0.0b 1.1b,c 0.0b 
Mean cm 0.4 0.7 0.5 
Standard Deviation cm 0.5 0.6 0.6 

*Treatment median depths with different letters were significantly different (P<0.05) by 
column (application rate) using Tukey test. 
 
Table 2-5.  Comparison of average cumulative quantities*, medians, means, and 

standard deviations among the four treatments: time-based (T1), 
evapotranspiration controller (T2), rain sensor (T3), and soil water sensor (T4) 
for water depths applied and leached during the study period (22 September 
2011 through 16 February 2012). 

     bWater 
   aIrrigation aPercolation Balance 

 Cumulative cm 68.2 22.1 +70.7 

T1 
Median** cm . 0.0a  
Mean** cm . 0.6  
Standard Deviation** cm . 0.9  

 Cumulative cm 17.3 14.1 +27.8 

T2 
Median cm 0.5a 0.0b  
Mean cm 0.4 0.4  
Standard Deviation cm 0.3 0.8  

 Cumulative cm 44.7 14.4 +54.9 

T3 
Median cm 1.0b 0.0b  
Mean cm 1.0 0.4  
Standard Deviation cm 0.4 0.8  

 Cumulative cm 19.7 15.2 +29.1 

T4 
Median cm 0.0c 0.0b  
Mean cm 0.5 0.4  
Standard Deviation cm 0.6 0.8  

*Replicate values were averaged and summed. 
**For T1, there were three different application rates, so the median, mean, and 
standard deviation are presented in a separate table. 
aTreatment median depths with different letters were significantly different (P<0.05) by 
column based on Tukey test. 
bCalculated as summation of rainfall and irrigation, minus ET and percolation over study 
period. 
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Table 2-6.  Comparison of water depths leached among the four treatments: time-based 
(T1), evapotranspiration controller (T2), rain sensor (T3), and soil water sensor 
(T4) for the three time-based application rates. 

   Rate 1 Rate 2z Rate 3z 

T1 
Median cm 0.0 0.1a 0.8a 
Mean cm 0.5 0.1 1.1 
Standard Deviation cm 1.0 0.1 0.8 

T2 
Median cm 0.0 0.0b,c 0.0b 
Mean cm 0.5 0.0 0.3 
Standard Deviation cm 0.9 0.0 0.7 

T3 
Median cm 0.0 0.0b,c 0.0b 
Mean cm 0.5 0.0 0.3 
Standard Deviation cm 0.9 0.0 0.7 

T4 
Median cm 0.0 0.0a,c 0.0b 
Mean cm 0.5 0.1 0.3 
Standard Deviation cm 0.9 0.2 0.7 

zTreatment median depths with different letters were significantly different (P<0.05) by 
column (application rate) based on Tukey test. 
 
Table 2-7.  Comparison of nitrate and ammonium percent leached for two fertilizer 

applications (noted as 1 and 2) among the four treatments: time-based (T1), 
evapotranspiration controller (T2), rain sensor (T3), and soil water sensor (T4). 

 NO3-N (1) NO3-Nz (2) NH4-N (1) NH4-Nz (2) 
 % % % % 
T1 1.47 2.43 14.6 24.7 
T2 3.13 0.01 6.81 0.20 
T3 2.26 7.69 7.95 0.24 
T4 0.53 0.75 32.2 0.22 
Average 1.84 2.72 15.4 6.34 

 
Table 2-8.  Comparison of nitrate and ammonium concentrations for two fertilizer 

applications (noted as 1 and 2) among the four treatments: time-based (T1), 
evapotranspiration controller (T2), rain sensor (T3), and soil water sensor (T4). 

   NO3-N 
(1) 

NO3-Nz 
(2) 

NH4-N 

(1) 
NH4-Nz 
(2) 

T1 

Median mg/L 0.00 0.30a 0.31 0.02a 
Mean mg/L 0.46 2.29 0.73 1.43 
Standard 
Deviation mg/L 2.19 4.08 1.90 2.23 

T2 

Median mg/L 0.00 0.00b 0.10 0.00b 
Mean mg/L 0.48 0.01 0.14 0.01 
Standard 
Deviation mg/L 2.25 0.02 0.65 0.01 

T3 

Median mg/L 0.00 0.00b 0.02 0.00b 
Mean mg/L 0.68 4.05 0.10 0.01 
Standard 
Deviation mg/L 3.48 18.21 0.52 0.01 
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Table 2-8.  Continued. 

   
NO3-N 
(1) 

NO3-Nz 
(2) 

NH4-N 

(1) 
NH4-Nz 
(2) 

T4 

Median mg/L 0.00 0.00b 0.54 0.00b 
Mean mg/L 0.26 0.23 0.38 0.01 
Standard 
Deviation mg/L 1.59 1.17 1.14 0.01 

zTreatment median depths with different letters were significantly different (P<0.05) by 
column (application rate) based on Tukey test. 
 
Table 2-9.  Comparison of nitrogen loads among treatments for two fertilizer 

applications (noted as 1 and 2) among the four treatments: time-based (T1), 
evapotranspiration controller (T2), rain sensor (T3), and soil water sensor (T4). 

   NO3-N 
(1) 

NO3-N 
(2) 

NH4-Nz 
(1) 

NH4-N 
(2) 

T1 
Median mg 0.00 0.02a 0.00 0.01a 
Mean mg 0.08 0.41 0.03 0.21 
Standard Deviation mg 0.80 0.86 0.10 0.39 

T2 
Median mg 0.00 0.00b 0.00 0.00b 
Mean mg 0.16 0.00 0.02 0.00 
Standard Deviation mg 0.95 0.00 0.06 0.00 

T3 
Median mg 0.00 0.00b 0.00 0.00b 
Mean mg 0.12 1.28 0.02 0.00 
Standard Deviation mg 0.69 6.32 0.08 0.00 

T4 
Median mg 0.00 0.00b 0.00 0.00b 
Mean mg 0.03 0.13 0.08 0.00 
Standard Deviation mg 0.17 0.64 0.28 0.00 

zTreatment median depths with different letters were significantly different (P<0.05) by 
column (application rate) based on Tukey test. 
 
Table 2-10.  Initial and final ratings of turfgrass quality, based on scale of 1 to 9. 

 Initial Final 
T1 6 6 
T2 5 6 
T3 6 6 
T4 5 6 

 
Table 2-11.  Total percent nitrogen and carbon in the turfgrass tissue at the beginning of 

the experiment (before fertilizer applied) and at the end of the experiment. 
 Total % N  Total % C  

Treatment Initial Final Initial Final 
1-1 2.2 2.3 45.0 41.9 
1-2 2.0 1.8 44.2 42.5 
1-3 1.8 2.0 44.2 42.5 
1-4 2.0 2.0 44.8 42.4 
2-1 2.0 2.3 45.2 42.6 
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Table 2-11.  Continued. 
 Total % N  Total % C  

Treatment Initial Final Initial Final 
2-2 2.1 2.5 45.4 42.9 
2-3 2.1 2.0 45.1 42.1 
2-4 1.9 1.9 44.8 42.9 
3-1 2.0 2.5 44.9 42.8 
3-2 2.0 2.5 44.7 42.2 
3-3 2.1 2.1 45.5 42.7 
3-4 1.9 2.5 45.5 42.5 
4-1 1.3 2.1 45.0 42.6 
4-2 1.6 2.1 44.8 42.7 
4-3 1.6 1.6 44.7 44.7 

Average 1.9 2.2 44.9 42.7 
 
Table 2-12.  Total percent nitrogen and carbon in the soil at the beginning of the 

experiment (before fertilizer applied) and at the end of the experiment.  
 Total % N  Total % C 
Treatment Initial Final Initial Final 

1-1 0.21 0.23 6.12 5.73 
1-2 N/A 0.35 N/A 8.06 
1-3 0.27 0.16 7.62 3.88 
1-4 0.14 0.29 3.09 5.36 
2-1 0.35 0.26 6.22 5.80 
2-2 0.23 0.26 5.70 7.29 
2-3 0.21 0.19 6.36 4.95 
2-4 0.24 0.21 6.28 4.86 
3-1 0.27 0.35 5.67 8.01 
3-2 0.17 0.34 3.30 7.80 
3-3 0.18 0.28 3.72 6.22 
3-4 N/A 0.19 N/A 4.62 
4-1 0.20 0.15 4.66 3.51 
4-2 0.27 0.12 6.64 3.13 
4-3 0.16 0.32 3.65 6.07 
4-4 0.20 0.27 5.62 4.30 

 Average 0.20 0.25 4.67 5.60 
 

Table 2-13.  Water savings of three technology-based irrigation systems compared to 
time-based irrigation. 

 Water Savings (%)  
 Resultsa Similar 

Studies 
Reference 

Rain sensor 16-53 7-30 McCready et al. (2009) 
  13-24 Cardenas-Lailhacar et al. 

(2010) 
  14* Haley and Dukes (2012) 
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Table 2-13.  Continued. 
 Water Savings (%)  
 Resultsa Similar 

Studies 
Reference 

  19 Haley and Dukes (2007) 
  34 Cardenas-Lailhacar et al. 

(2008) 
    
Soil water sensor 60-83 11-53 McCready et al. (2009) 
  16-83 Cardenas-Lailhacar et al. 

(2010) 
  25 Pathan et al. (2007) 
  40 Horst and Peterson (1990) 
  42-95 Augustin and Snyder, (1984) 
  42-95 Snyder et al. (1984) 
  65 Haley and Dukes (2012) 
  69-92 Cardenas-Lailhacar et al. 

(2008) 
  73 Qualls et al. (2001) 
    
Evapotranspiration 
controller 69-83 25-63 McCready et al. (2009) 

  20-60 Davis et al. (2007) 
aRange of average savings for three different time-based application rates. 
*Not statistically significant. 
 

Table 2-14.  Comparison of leachate load results to the results of similar studies on 
turfgrass. 

 NH4-Na
 

kg ha-1 yr-1 
NO3-Na

 
kg ha-1 yr-1 

Other Studiesb 
kg N ha-1 yr-1 Reference 

Time-based 6.34c 2.96c 2.79 (0)d Morton et al. 
(1988)e 

  13.65 (97)  
  31.94 (244)  
  1.3-1.4 (0) Gold et al. (1990)f 

   4.1 (300) Erikson et al. 
(2001)g 

Rain sensor 16.2 0.61 .  
Soil water sensor 2.08 2.44 1.88 (0) Morton et al. 

(1988) 
   3.04 (97)  
   4.87 (244)  
Evapotranspiration 
controller 

5.09 0.53 .  

aFertilizer application rate equal to 249 kg ha-1 yr-1. The study period less than 1 year was converted from 
days to a fraction of year for comparison purposes. 
bOther studies may include other forms of N and also have variable irrigation and fertilization rates. 
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cThree different time-based irrigation rates over study period (2.5, 3.8, and 6.4 cm wk-1). 
dFertilizer application rate. 
eIrrigation = 3.75 cm wk-1. 
fIrrigation rate not given. 
gIrrigation = 2.0 cm wk-1. 
 

 
 

Figure 2-1.  Lysimeter for collecting leachate below root zone. 

 

 

Figure 2-2.  Time-based irrigation and percolation during wet season (2 October 2011 to 
5 November 2011), showing that leachate was collected only after heavy 
rainfall. 
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Figure 2-3.  Time-based irrigation and percolation during dry season after irrigation 
runtime was increased to apply 3.2 cm per event (22 January 2012 to 16 
February 2012), showing that leachate was collected after each irrigation 
event and even greater amounts of leachate following rainfall. 
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CHAPTER 3 
INTERACTIVE TOOL FOR SIMULATING IRRIGATION TECHNOLOGIES IN A 

VIRTUAL TURFGRASS SYSTEM 
 

Background 

Turfgrass is a substantial land cover in the United States (US) encompassing 

approximately 20 million ha with a value of US$40 billion which exceeds the combined 

value of corn and soybean (IA, 2005a). In fact, Milesi et al. (2005) calculated that 

turfgrass covers an area three times larger than any other irrigated crop. This is not 

surprising considering that 80% of households, or 85 million households, participate in 

outdoor lawn or garden activities (IA, 2011).  

Turfgrass growth occurs during warm months when rainfall may not meet plant 

requirements resulting in water stress. Since aesthetics and health are primary factors 

for many turfgrass owners, irrigation systems are often implemented to supplement 

plant water needs. The typical lawn consumes an additional 37,854 L (10,000 gal) of 

water beyond rainwater each year (USEPA, 2010). Irrigating turfgrass has evolved from 

manual hose-and-sprinkler systems to automated irrigation systems.  The downside of 

automation is that systems tend to over-water, resulting in decreased turf quality and 

potentially loss of applied nutrients (Trenholm and Unruh, 2005). Mayer et al. (1999) 

states that 47% more water is used by automated irrigation systems than non-

automated systems (or manual systems) for landscape irrigation due to a “set-and-

forget” mentality. Thus, it is not surprising that US outdoor water use can account for up 

to 70% of household water use during summer months, with a 32% annual usage 

average (IA, 2011).  
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According to Milesi et al. (2005), Florida ranks second (behind Texas) in the 48 

conterminous states in estimated turfgrass area, with 1.2 million ha of turfgrass. Over 

400,000 ha of home lawns in Florida are professionally managed (Trenholm and Unruh, 

2005). Many residential properties in Florida have automatic in-ground irrigation 

systems to maintain green lawns. However, automatic irrigation systems are particularly 

inefficient in Florida due to the wet and dry seasonal climate, the intensity of rainfall 

events, and the low water storage capacity of most Florida soils. This is supported by 

Milesi et al. (2005) who simulated the differences between two irrigation methods, (1) a 

set application of 2.54 cm of water per week and (2) irrigation based on potential 

evapotranspiration (ET) and rainfall. Their results indicated that the second method 

would result in greater water application in the West (up to an additional 72 cm/yr in the 

Southwest) and less in the Southeast (decreased by as much as 38 cm/yr in southern 

Florida) (Milesi et al., 2005). 

The inefficiency of automatic irrigation systems has led to the development of 

technologies that use rain sensors (RSs), soil water sensors (SWSs), and/or ET 

controllers to improve irrigation effectiveness. These irrigation technologies have been 

branded by the Irrigation Association (IA) as “Smart Controllers” (IA, 2007). Several 

studies have been conducted in Florida on the water savings associated with these 

Smart Controllers compared to conventional time-based irrigation scheduling (Davis et 

al., 2007; Haley and Dukes, 2007; Shedd et al., 2007; Cardenas-Laihalcar et al., 2008; 

Dukes et al., 2008; Dukes and Haley, 2009; McCready et al., 2009; Cardenas-Laihalcar 

et al., 2010; Cardenas-Laihalcar and Dukes, 2010; Davis and Dukes, 2010; McCready 

and Dukes, 2011).  The concept behind “Smart Controllers” is to irrigate based on the 
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soil water deficit, by either sensing soil water content or estimating ET, so that the soil 

water content (SWC) is restored to a certain percentage of field capacity (FC).  

Soil water sensors provide an indirect estimate of the SWC in situ. One common 

technology for regulating irrigation by estimating soil water content is time domain 

transmission (TDT). This technology measures the one-way (transmission) travel time 

of an electromagnetic pulse along a metal probe within a dielectric medium (i.e. soil, 

water, and air). The velocity is a function of soil permittivity, εa, which is then related to 

the soil water content by calibration. Calibration is used to determine the FC. Based on 

site FC, scheduled irrigation will be prevented if a certain percentage of FC exists or be 

applied until the set percentage of FC is reached (Muñoz-Carpena et al., 2005; Evett, 

2007). 

Evapotranspiration-based controllers schedule irrigation based on an estimation 

of ET and, typically, other site-specific factors (i.e., soil type, plant type, etc.). There are 

two general classifications of ET controllers: (1) soil water balance (SWB)-based and (2) 

non-SWB. The three basic ET controller types are (1) signal-based, (2) onsite weather 

measurement, and (3) historical ET-based (Dukes, 2009). For SWB-based controllers, 

the required amount of irrigation to be applied during scheduled times is calculated 

based on the amount of water necessary to replace water lost through ET from a water 

budget of irrigation and rainfall gains and ET losses (based on either real-time or 

historical weather data). Controller type (1) receives weather data from a local weather 

station (typically for a service fee) and uses an equation to calculate ET based on 

additional real-time weather factors (i.e. wind speed, relative humidity, etc.) (Dukes et 

al., 2009). Controller type (2) has a small on-site weather station and uses real-time 
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data (typically temperature and rainfall) and historic data to calculate ET (Dukes, 2009). 

Controller type (3) is pre-programmed with region-specific water use curves (which may 

be improved with additional on-site weather sensors) to predict irrigation requirements 

(non-SWB based) (Dukes, 2009). Depending on the manufacturer, there are a variety of 

other factors that can be entered or selected including ZIP code, soil type, sprinkler 

type, slope, plant type, shade factor, and plant maturity to evaluate the soil water budget 

(Table 3-1). 

 
Another component that is used to improve the efficiency of automatic irrigation 

is a RS. Rain sensors are external devices that can be added to an automatic irrigation 

timer to control irrigation application by preventing a scheduled irrigation event if a 

certain depth of rainfall has occurred, as detected by the device. There are various 

types of RSs including those based on water weight, electrical conductivity of water, or 

expansion disks which proportionally expand with absorption of water (Dukes and 

Haman, 2002a).  

The SWSs, ET controllers, and RSs are used to improve the estimation of 

irrigation needs based, in some regards, on the concept of a soil water balance (Allen et 

al., 1998): 

iDPicETiCRinetIiROPirDirD ++−−−−−= ,,)(1,,  (3-1) 
 
where Dr (mm) is depletion of water from root zone, i is the current day, i – 1 is the 

previous day, P (mm) is daily precipitation, RO (mm) is runoff, Inet (mm) is net irrigation 

depth, CR (mm) is capillary rise from the groundwater table, ETc (mm) is crop ET and 

DP (mm) is deep PERC (Allen et al., 1998). Depending on the technology used, 

different components of Eq 1. are considered. The SWS controls irrigation solely on a Dr 
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field measurement. The ET controller estimates Dr using input data and P and ET 

estimates to calculate I. Rain sensors use P to bypass I. Thus, there is potential to 

simulate how these technologies might work based on this relationship and user input. 

Currently there is no simple virtual simulation of this concept where Floridians 

can evaluate different irrigation technologies before investing in modifications of their 

irrigation system. The objectives were to (1) develop a simple model to simulate the soil 

water balance based on site-specific soil characteristics, irrigation schedule, real-time 

weather data, and irrigation device and (2) provide homeowners and landscape 

professionals with an interactive tool to evaluate and improve irrigation scheduling. 

Methods 

Model Development  

A simple, one-dimension soil water balance model was designed to simulate 

water movement in the root zone of turfgrass in a typical Florida lawn. We included 

processes of irrigation (I), rainfall (R), ET, runoff (Q), infiltration (F), and percolation 

(PERC). The model simulates a daily timestep with all variable units evaluated as depth 

(i.e., cm). The SWC was calculated based on water gains (i.e., R and I) and losses (i.e., 

ET, Q, PERC) to the initial SWC quantity in one soil layer (root zone) as follows: 

iPERCiQiaETiIiRSWCiSWC −−−++= ,0  (3-2) 
 
where i is the current day and ETa (cm) is actual ET. Actual ET was calculated with 

reference ET (ETo, cm) from the Florida Automated Weather Network (FAWN) and a 

crop coefficient (Kc) which is estimated with monthly variance for Florida (Equation 3-3, 

Table 3-2).  

oETcKaET *=  (3-3) 
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The initial SWC was assumed to be 75% of FC for the first day of simulation 

(Equation 3-4). The incoming water was determined based on real-time rainfall (R) from 

FAWN and irrigation (I). Soil water content was calculated based on the initial SWC, 

root depth (RD), field capacity (FC) and wilting point (WP) (Table 3-3), real-time weather 

data (R and ET) from FAWN, I (amount and technology), Q, and PERC. Irrigation depth 

was directly input into the model for each day.  

RDFCSWC **75.00 =  (3-4) 
 

The SWC was limited between the bounds of FC and WP so that SWC was 

assumed to equal FC if the value was greater than FC or assumed to equal WP if the 

value was less than WP. Field capacity and WP values vary with soil texture class 

(Table 3-3). The six soil texture classes shown in Table 3-3 were included in the model.  

 
Runoff (cm) was calculated by the SCS curve number (CN) method, as used in 

the CREAMS model (Knisel, 1980). This involved calculating intermediate variables 

including maximum storage capacity (Smx, cm) and the soil storage capacity (S, cm) 

(Equations 3-5 and 3-6). An input value of irrigated area (ha or acre) was used to 

determine the CN(II) for a particular lot size (Table 3-4). These CN(II) values were 

associated with a normal antecedent moisture condition (AMC) or AMC II. An empirical 

formula was used to convert CN(II) to CN(I) (Equation 3-6) to obtain Smx (Equation 3-5). 

Runoff (Equation 3-8) occurred if combined R and I were greater than 20% of S 

(Equation 3-7); otherwise Q does not occur. Infiltration was calculated as the remaining 

incoming water (R, I) minus Q (Equation 3-9). 
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4.252540
−=

ICNmxS  (3-5) 

where CNI is the CN for AMC I (dry).  

3)(0001177.02)(01379.0)(348.191.16 IICNIICNIICNICN +−+−=  (3-6) 

where CNII is the CN for AMC II (normal). 







 −

=
RDFC

mSWCRDFC
mxSS

*
*

 (3-7) 

where SWCm, modified SWC, was an intermediate calculation of SWC to ensure that 

SWC was greater than or equal to WP. 

( )
SiIiR

SiIiR
iQ

8.0

22.0
++
−+

=
 (3-8) 

iQiRiIiF −+=  (3-9) 

Percolation (cm) was calculated as the summation of SWC and infiltration (F) 

exceeding FC (Equation 3-10). If this summation was less than FC, then no PERC 

occurred. There was a verification step to ensure that if PERC occurred, SWC would 

equal FC at the beginning of the next day; if PERC does not occur, SWC was calculated 

as shown in Equation 3-11.  

)*( RDFCiSWCiFiPERC −+=  (3-10) 

aETiFSWCiSWC −+= 0  (3-11) 

User inputs or default values were required to simulate the soil water balance. 

Real-time rainfall (cm) and ET (cm) from the FAWN database were used based on user 

input ZIP code values.  The user also input RD (cm), soil type, irrigated area (ha), 

irrigation days, and irrigation depth (cm) per event. Additional inputs were required for 
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two of the simulated irrigation technologies including a rain sensor setting (if using the 

rain sensor) and a SWS threshold value (if using the SWS technology). 

Irrigation Technologies 

The four technologies simulated by the model: (1) time-based irrigation, (2) time-

based with RS, (3) time-based with SWS, and (4) ET controller. The primary difference 

in model simulation among the technologies was the irrigation application depth. This 

was simulated by requiring specific input parameters for each technology in addition to 

a scheduled irrigation depth (required for all options). The irrigation depth affects total 

incoming water. For all systems, real-time weather data and the calculations of SWC, Q, 

F, and PERC remained the same.  

For technology (1), the rain sensor setting was input as this is an adjustable 

feature. Rain sensor settings are used to set a threshold for bypassing irrigation where 

a greater setting theoretically corresponds to a greater depth of water needed to bypass 

irrigation. Thus, if rainfall is less than the rain sensor setting for a specific day, I would 

occur as scheduled on that day. For technology (2), the setting for the SWS was also an 

adjustable input. This setting is used as a threshold to apply irrigation until an 

acceptable level of soil water (certain percentage of FC) is reached or to bypass 

irrigation if the acceptable level of soil water already exists. If SWC was greater than the 

threshold setting, the only incoming water was R; otherwise incoming water was equal 

to the summation of R and I. For technology (3), there is no specific setting for the 

controller; irrigation depth was equal to the minimum of cumulative ET (ETC) or FC on 

allowed irrigation days. The ETC was determined from the nearest FAWN station using 

real-time weather data and a monthly Kc (Equation 3-12). For the incoming water 
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calculation, the minimum value of either I or FC was added to R to ensure that incoming 

water from I did not exceed FC. 

1−+−= iETCiRiaETiETC  (3-12) 

Model output 

The model output included daily and weekly water volume applied (I + R), water 

volume not used by the turfgrass (Q + PERC), depths of water leached and lost to 

runoff, and water stressed days. Volumes of water applied were determined using the 

irrigation depth applied and the irrigated area input. Water volumes not used by the 

landscape were calculated by adding PERC and Q depths and multiplying by the 

irrigated area input. Percent of water leached or runoff was calculated as 

100% ×
+

=
RI

PERCPERC  (3-13) 

100% ×
+

=
RI

QQ  (3-14) 

 Water stress was calculated using the management allowable depletion (MAD) 

concept. The MAD was considered to be 50% of the available water (AW).  Available 

water is the amount of water stored in the root zone that is available to the plant 

(Equation 3-15). According to Allen et al. (1998), a MAD value between 40% and 60% is 

typical for turfgrass irrigation. 

RDWPFCAW ×−= )(  (3-15) 

Thus, water stress occurred for a day if the SWC was less than MAD or 50% of AW.  

Assumptions 

Several assumptions were made for the model: the initial SWC was assumed to be 

75% of FC; monthly crop coefficients were assumed based on Romero and Dukes 
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(2011); the CN approach was used to estimate Q and F (Knisel, 1980); if PERC 

occurred, SWC was set equal to FC for the beginning of the next day; SWC was not 

allowed to go above FC or below the WP; R and ET were from the nearest FAWN 

station; water stress was based on a MAD value equal to 50% of AW; the SWS 

threshold was assumed to be 70% of FC; the ET controller was assumed to have an 

onsite R measuring device; and FAWN R and ET were used for simulating the ET 

controller values. 

Model Validation 

 Computational accuracy was tested using a Microsoft Excel model and a 

program written in Java to mathematically simulate the model. The Java program was 

used to create the graphical user interface (GUI), hosted by Google App Engine (Jie 

Fan, FAWN, personal communication, 7 March 2012). The GUI generated output in 

comma separated files so that equal input values in both Excel and the GUI could be 

compared for various scenarios. Simulation accuracy was completed using the 

measured data set from chapter 2. The measured water depths applied and water 

depths leached were compared to the simulated values of irrigation depths and PERC. 

Simulated Q values were not compared to measured values, as these values were not 

measured. For the ET controller, two methods of validation were used: (1) FAWN ETo 

and Kc values from Romero and Dukes (2011) as used for the other technologies and 

(2) ETo from the on-site ET controller and Kc values from IA (2008). The ET controller, 

similar to the model, monitors the soil water deficit based on rainfall and ET; however 

the ET controller and the model used different Kc values. By simulating soil water 

balance by these two methods, the influence of Kc values on model output was 

obtained. 
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Graphical User Interface (GUI) 

The “Interactive Irrigation Tool” GUI was developed to be simple and engaging 

for the user (i.e. property owner or irrigation professional). The following inputs were 

required by the user: unit system (English or metric), RD (input value or default was 30 

cm), soil type (select one of six types; default was sand), irrigated area (input value or 

default is 0.10 ha), irrigation system (select one of four choices; default was time-based 

scheduler), ZIP code, irrigation depth (for all technologies except ET controller). 

Irrigation depth was input by the user or based on a system runtime (min) and an 

irrigation system selection of microirrigation (1.27 cm/h), fixed head (3.8 cm/h), gear 

driven head (1.27 cm/h), or impact head (1.27 cm/h). The soil type was used to 

determine FC and WP. The ZIP code served two purposes. It linked the model to the 

closest FAWN station for real-time weather data and it was used to implement water 

restrictions for Miami-Dade County. Only Miami-Dade County water restrictions were 

implemented as an example case; current funding limited further state-wide 

implementation of restrictions in the model.  Because of the nature of Miami-Dade 

County restrictions, a house number was requested to determine watering days for 

these ZIP codes. Watering days vary by odd/even house numbers in Miami-Dade 

County with even numbered houses restricted to Sunday and Thursday and odd 

numbered houses restricted to Wednesday and Saturday (Miami-Dade County, 2012). 

For ZIP codes outside of Miami-Dade County, the user selected irrigation days.  

All inputs on the GUI were assigned default values except for ZIP code and 

street number (Table 3-5). A definition or description was provided for some of the 

required inputs that were not considered to be common knowledge. These were visible 

to the user by scrolling over question mark icons located adjacent to the required input. 
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The user was also given the option to subscribe to weekly updates on the virtual lawn 

via email. 

Results and Discussion 

Model Development 

The computational accuracy of the model was successfully simulated by 

generating equal output in Microsoft Excel and a Java written program. The model 

simulation showed that irrigation and PERC of time-based and time-based with a RS 

was consistently higher than SWS and ET controller-based irrigation. This finding was 

consistent with other reported measured data (Davis et al., 2007; Haley and Dukes, 

2007; Shedd et al., 2007; Cardenas-Laihalcar et al., 2008; Dukes et al., 2008; Dukes 

and Haley, 2009; McCready et al., 2009; Cardenas-Laihalcar et al., 2010; Cardenas-

Laihalcar and Dukes, 2010; Davis and Dukes, 2010; McCready and Dukes, 2011). The 

model output has been validated with measured data from chapter 2 (2 October 2011 to 

16 February 2012). When validating the model with the measured data from 20-week 

long field study (chapter 2), the soil type was sand with corresponding FC and WP 

values of 0.08 and 0.02, respectively. The RD was 15 cm, which is typical for southern 

Miami-Dade County. The corresponding monthly Kc was used for estimating ETa. Each 

plot was approximately 20.9 m2, which was used to select the appropriate CN and 

calculate Smx. Various irrigation depths were tested in the model, as the runtimes of the 

time-based and rain sensor treatments were changed during the study (i.e. 1.27 cm 

from 2 October 2011 to 16 December 2011, 1.91 cm from 17 December 2011 to 17 

January 2012, and 3.18 cm from 18 January to 16 February 2012 for time-based; 1.27 

cm from 2 October 2011 to 22 January 2012 and 1.91 cm from 23 January to 16 
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February 2012 for rain sensor). Figures 3-1 through 3-13 show the differences between 

observed data from the field study and the model-predicted values for various irrigation 

depths during the wet and dry seasons. From the daily predicted I and PERC values, 

weekly summations were also provided by the model output. The weekly summation 

values of I and PERC were compared to the weekly measured values during the same 

time span. Table 3-6 shows a summary of average absolute differences (Ψ) between 

measured (x) and predicted (y) values calculated for each of the four irrigation 

technologies during the wet and dry seasons of the entire field study period (2 October 

2011 through 16 February 2012).  

n

n

i
yx∑

=
−

= 1ψ
 (3-16) 

where n is the total number of values in either the wet or dry season. 

Predicted and measured R data, from FAWN, were equal for all irrigation 

technologies, except the ET Controller. The ET controller in the field study was 

equipped with a tipping bucket to measure rainfall. For each technology, results were 

presented as the range of percent absolute differences between predicted and 

measured values during the wet and dry seasons. Measured values of PERC differed 

greatly between the wet and dry seasons due to the differences in weather conditions, 

particularly rainfall intensity. Thus, there was a greater absolute percent difference 

between predicted and measured values during the dry season.  

The time-based irrigation results (Figures 3-1 to 3-4) showed that the model 

simulated I accurately and always predicted PERC to be greater than measured. 

Simulated PERC ranged from 0.37 cm to 1.50 cm (1.21 cm average) greater than the 
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measured values during the wet season (Figure 3-1). During the dry season, simulated 

PERC ranged from 0.69 cm to 3.45 cm (2.03 cm average) greater than measured 

values (Figure 3-2 to Figure 3-4). For all 20 weeks, PERC was predicted to occur; for 

seven out of the 20 weeks, PERC was measured as 0.0. Percolation was not measured 

during two weeks of the dry season, 18 through 31 December 2011, when PERC was 

predicted as 2.25 cm and 2.32 cm, respectively. 

The RS setting was set in the model to match the setting used in the field study. 

The initial setting in the field study was 12 mm (31 August 2011 through 8 November 

2011). The RS was replaced and set at 3 mm setting on 9 November 2011 and 

remained at that setting for the remainder of the study period). For the simulation of 

time-based irrigation with a SWS, a threshold value of 0.70 was used. 

For the RS based simulation, I was closely predicted (0.3 cm average absolute 

difference between predicted and measured values), considering both wet and dry 

seasons, different RS settings (1.2 cm from 2 October to 8 November 2011 and 0.30 cm 

from 9 November 2011 to 16 February 2012), and different scheduled irrigation depths 

(1.27 cm from 2 October 2011 to 22 January 2012 and 1.91 cm from 23 January to 16 

February 2012) (Figure 3-5 to Figure 3-7). During the wet season, I was usually 

predicted as measured, but was under predicted twice by 0.96 cm (Figure 3-5). For one 

week of the dry season, predicted I was 0.96 cm less than measured I and for another 

week I was not predicted, when I (1.67 cm) actually occurred. Similar to the time-based 

irrigation, PERC was predicted to occur during each of the 20 weeks; however, PERC 

was not measured during 12 of the 20 weeks. Predicted PERC was always greater than 
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measured values, ranging from 0.16 cm to 1.83 cm greater during the wet season and 

0.15 cm to 2.49 cm greater during the dry season (Figure 3-5 to Figure 3-7). 

For the SWS-based technology, I was predicted exactly by the model during the 

wet season and closely during the dry (0.1 cm average absolute difference between 

predicted and measured values). For three of the 15 dry season weeks, I predictions 

were less than measured values only twice (up to 0.91 cm), and never greater than 

measured values (Figure 3-9 to Figure 3-11). Predicted PERC during the wet season 

was equal to or greater than measured, up to 1.84 cm greater (Figure 3-8). During the 

dry season, predicted PERC was usually greater than and sometimes equal to 

measured values, ranging from 0.24 cm less than up to 1.60 cm greater than measured 

values (Figure 3-9 to Figure 3-11). The values were only equal during three weeks 

when both predicted and measured PERC were 0.0 cm.  

For the ET controller, two sets of predicted values were generated using two 

different sets of ET values: (1) FAWN ETo and Kc values from Romero and Dukes 

(2011) as used for the other technologies and (2) ETo from the on-site ET controller and 

Kc values from IA (2008). The second set of predicted values was closer than the first 

set to the measured values, particularly the predicted I values. During the wet season, 

the first set of predicted I values was usually higher than measured, up to 0.91 cm 

greater than (average absolute difference = 0.26 cm). During the dry season, the first 

set of predicted I values was usually lower than measured values, ranging from 0.56 cm 

below measured values to 0.19 cm greater than (average absolute difference = 0.25 

cm). The second set of predicted I values was closer to measured values, with average 

absolute differences of 0.13 cm and 0.18 cm, during wet and dry seasons, respectively. 
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Predicted PERC values improved for the second set of predictions only during the dry 

season; however during the wet season, the average absolute difference was greater 

for the second set of predictions (Table 3-6).  

For the ET controller-based irrigation, one explanation for the differences 

between measured and predicted values may be the way that ET was calculated by the 

ET controller in the field (Figure 3-14). The Rain Bird® ESP-SMT controller was 

equipped with a tipping bucket that measured both total amount and intensity of rainfall, 

or “effective” rainfall, and a temperature sensor to calculate ET; whereas the model 

uses the R and ET amounts from FAWN. Although ETo values were relatively close for 

FAWN and the ET controller, the model used a monthly Kc from Romero and Dukes 

(2011) to calculate ETa; whereas, the ET controller used default values which were Kc 

values from IA (2008). Additionally, the ET controller in the field uses an efficiency factor 

to adjust irrigation runtime, given that the actual application of water by an irrigation 

system will not equal the net irrigation requirement (IA, 2005b). To improve the 

accuracy of the model, which usually underestimated irrigation, an irrigation efficiency 

factor may be added. An efficiency factor of 60% is assumed in Dukes and Haman 

(2002b) to determine gross irrigation requirement. In the model, if the ETC was greater 

than FC, I was equal to FC; when, I should equal, at most, a percent of FC.  

Additionally, Kc values used in the model should be changed to values appropriate for 

the study area to mimic ET controller calculations. 

Among the four options, the time-based irrigation resulted in the highest overall 

absolute difference (1.62 cm) between predicted and measured PERC values; whereas, 

the first method of predicting PERC values for the ET controller resulted in the least 
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overall absolute difference (0.37 cm). This is likely due to the correlation between 

applied water (I and R) and PERC. For the ET-based irrigation, PERC was usually 

equal to 0, unless it rained. Since most measured data were during the dry season, both 

measured and predicted PERC for the ET-based irrigation usually equaled 0. There 

may have been more variation between measured and predicted values if there were 

more measured data during the wet season. During the dry season, time-based 

irrigation usually produced measurable PERC although these values were always lower 

than predicted; therefore, the overall absolute difference for the time-based was higher 

than the other technology-based irrigation options.  

For all technologies, model-predicted PERC was usually greater than measured 

data. This greater model estimation of PERC may be due to preferential flow outside of 

the catchment area of the lysimeters (as described in chapter 2) and the inflow rate 

limitations of the lysimeters; therefore, the true amount of PERC water was not captured 

in the field study. Future models and lysimeter designs should include ways to account 

for preferential flow in both dry and wet conditions. 

Another source of error in the model may have been the Q calculation. There is 

some evidence that the original SCS CN method overestimates Q (Jain et al., 2005; 

Carlesso et al. 2011; Xiao et al., 2011). Ponce and Hawkins (1996) attribute CN 

variability to spatial and temporal variability of R, measured data quality, antecedent R 

and soil moisture content variability. Jain et al. (2005) evaluated the effectiveness of the 

original CN method, along with version modified by Mishra and Singh (2002) and other 

variants. They concluded that the original CN method is better suited for high runoff 

producing agricultural watersheds, rather than pasture/rangeland and sandy soils. 
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Mishra and Singh (2002) modified the original CN method to more accurately account 

for antecedent soil moisture (M) (Equations 3-17 through 3-20). This modified version 

considered the 5-day antecedent rainfall, P5, and assumed the watershed to be dry for 

five days prior to the rain event. 

ISP
ISISPM

8.05

)2.05(
+

−
=  (3-17) 

where SI was the potential maximum retention for dry antecedent moisture conditions. 

Given that they propose SI = S + M, 
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which was used to modify the original equation. 
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which resulted in 
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Another method to calculate Q was developed by the Irrigation Association: 
 

IRPR
ASARt
−

=
60(max)

 (3-21) 
 
where Rt(max) is the maximum runtime allowable before Q occurs, ASA is allowable 

surface accumulation, PR is precipitation rate, IR is the soil intake rate (IA, 2008). 

Accumulated time in excess of Rt(max) is converted to water depth and considered as 

Q (IA, 2008). This method is not as reliable as the SCS CN method or its variations. 

When tested for a typical scenario, the Rt(max) was negative, given that IR was greater 

than PR. 
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For the Q methods proposed by Mishra and Singh (2002) and Michel et al. 

(2005), antecedent soil moisture conditions are considered; however, the initial soil 

moisture content was assumed as 75% of FC for this simple model. The Mishra and 

Singh (MS) method was tested using FAWN data and compared to the Q and PERC 

results from the original model (CREAMS version) and the original SCS CN method for 

time-based irrigation. Results showed that R is the greatest influencing factor on Q and 

PERC, over I and P5 for all three methods. For weeks with higher R, the CREAMS CN 

method yielded the lowest PERC and either the highest or second highest Q, after the 

MS method. When R was equal to 0, all methods yielded equal amounts of Q (0 cm) 

and PERC (higher with higher I). The CREAMS CN method usually yielded Q values 

higher than or equal to and PERC values less than or equal to the values of the other 

methods. Runoff contributes to total water losses from the soil (Q, PERC, ETa); 

however, PERC likely accounts for the majority of losses from turfgrass, given the high 

infiltration rates of sandy soils and low slopes of most land in Florida. This was 

demonstrated by all variations of the CN method, but particularly by the original SCS 

CN method which always yielded PERC values higher than Q. The variance among the 

Q and PERC values of the three different methods was relatively low. Therefore, the 

original SCS CN method (most simple method) is sufficient for this simple model, which 

is not concerned with high temporal resolution, but being used to attain weekly 

estimates of Q and PERC. 

The source of R data (Homestead FAWN weather station) was the same for the 

measured and predicted R values due to the close proximity of the field study site used 

for the model validation to the weather station (~0.20 km). However, for other users the 
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accuracy of R data may be another source of error due to the spatial variability of 

rainfall in Florida and the limited number of FAWN weather stations (36 stations across 

Florida). This value may be improved by obtaining rainfall data from other sources 

across Florida or allowing the input of user-obtained rainfall data from an onsite rainfall 

measuring device. 

Graphical User Interface 

The GUI was successfully launched online 1 March 2012. The tool can be found 

at http://fawn.ifas.ufl.edu/tools/interactive_irrigation_tool/. Because the tool was built on 

Google technology, an active Google account is required. The user was prompted for a 

Google username and password after selecting the link. Once signed in, the user was 

directed to the GUI. Figures 3-15 to 3-24 show screenshots of the various entries 

required in the GUI including units, soil characteristics, irrigation technology used, 

irrigation schedule, and irrigation amount (unless ET controller is selected). Weekly 

emails were sent to users selecting this option (Figure 3-25). The boxes with 

descriptions or definitions of certain terms appear only when the user scrolls over the 

question mark icon. Some entry boxes appeared depending on previous input values or 

technology selection. For all irrigation technologies options except ET controller, 

irrigation amount applied per event was entered as either a depth per event or based on 

the selection of irrigation system type (i.e. microirrigation [1.27 cm/h], fixed head [3.8 

cm/h], gear driven head [1.27 cm/h], or impact head [1.27 cm/h]) and a system runtime 

entered. If the “Time-based plus rain sensor” was selected, the RS setting was also 

required. If the “Time-based plus soil moisture sensor” was selected, the threshold 

value was also required.  
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After the user submitted all of the required values, an email was sent to the user 

with information including the amount (volume) and percentage by which the irrigation 

system overwatered and the number of days for which the turfgrass did not receive 

enough water (Figure 3-25). Based on these values, the lawn was ranked on a scale of 

one to five, one representing an efficient irrigation system and five inefficient. The scale 

also corresponded to a color of the virtual lawn (dark green [rating equal to one] to light 

brown [rating equal to five]). The email also displayed the distance between the user’s 

ZIP code and the FAWN station. 

Defaults 

All GUI inputs have default values except for ZIP code and house number. These 

were based upon literature values, typical Florida conditions and UF IFAS 

recommendations. The default unit system is English. The default root zone depth was 

30 cm, based on studies by Doss et al. (1960) who found 76% of the root zone of five 

warm season forage species (including bahiagrass and bermudagrasses) to be in the 

upper 30 cm of soil and Peacock and Dudeck (1985) who found 81% of the root mass 

of St. Augustinegrass to be in the upper 30 cm of soil. For time-based irrigation, the 

default irrigation depth is 1.27 cm, applied on Sunday and Thursday, based on Miami-

Dade County watering restrictions. For the RS, the default rainfall depth setting chosen 

was 1.27 cm. For the SWS, the default threshold setting is 70% of FC. Both of these 

default values are based on the UF IFAS recommendation to apply 1.27 to 1.91 cm (0.5 

to 0.75 in) of water or 50% to 75% of FC per irrigation event when soil is dry, given that 

Florida soils typically hold 2.54 cm (1 in) of water in the top 30 cm (12 in) of soil 

(Trenholm and Unruh, 2005). 
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Table 3-1.  Example input for ET Controller (Rain Bird, Tucson, AZ). 
Parameter Input 
ZIP code 33031 
Soil type Loamy sand 
Sprinkler type Rotary nozzle 
Slope 0-2% 
Plant type Grass lawn – warm season 
Shade factor Full sun 
Plant maturity Established 

 
Table 3-2.  Monthly crop coefficient (Kc) values for determining ETa (Romero and 

Dukes, 2011). 
Month Kc 

Jan 0.71 
Feb 0.79 
Mar 0.78 
Apr 0.86 
May 0.99 
Jun 0.86 
Jul 0.86 
Aug 0.90 
Sep 0.87 
Oct 0.86 
Nov 
Dec 

0.84 
0.71 

 
Table 3-3.  Field capacities and wilting points for various soil types (aRawls et al., 1982; 

bZotarelli et al., 2010). 

Soil type 
Porositya 
(m3/m3) 

Bulk 
Density* 
(g/cm3) 

FCb 
(cm/cm) 

WPb 
(cm/cm) 

Sand 0.44 1.48 0.08 0.02 
Sandy loam 0.45 1.45 0.16 0.06 
Loam 0.46 1.43 0.26 0.08 
Silt loam 0.50 1.32 0.31 0.10 
Clay loam 0.46 1.43 0.34 0.14 
Clay 0.48 1.37 0.37 0.16 

*Calculated using porosity values and equation: ρb = (1-n)*2.65, where 2.65 is 
normal particle density (g/cm3). 

 
Table 3-4.  CN(II) values used by the model (Chow et al., 1988). 

Lot size Lot size 
(acre) 

Curve numbers for hydrologic soil group 
(ha) A B C D 
0.05 or less 1/8 or less 77 85 90 92 

 



 

97 
 

Table 3-4.  Continued. 
Lot size Lot size 

(acre) 
Curve numbers for hydrologic soil group 

(ha) A B C D 
0.10 ¼ 61 75 83 87 
0.13 0.33 57 72 81 86 
0.20 ½ 54 70 80 85 
0.40 1 51 68 79 84 
0.80 2 46 65 77 82 
 

Table 3-5.  Default values for the GUI and model. 
Parameter description Value Reference 

Root depth 30 cm Doss et al., 1960; Peacock 
and Dudeck, 1985 

Soil type Sand Trenholm and Unruh, 2005 
Field capacity 0.08 cm/cm Trenholm and Unruh, 2005 
Wilting point 0.02 cm/cm Trenholm and Unruh, 2005 

Irrigated area 0.10 ha (0.25 
ac)  Chow et al., 1988 

Irrigation schedule Sun/Thur Miami-Dade County, 2012 
Irrigation application 1.27 cm/event Trenholm and Unruh, 2005 
Initial soil water 
content 75% of FC - 

Rain sensor setting 12 mm Trenholm and Unruh, 2005 
SWS threshold 70% FC Trenholm and Unruh, 2005 

 
Table 3-6.  Average absolute differences over irrigation events between measured and 

model predicted values of irrigation and percolation. 

Technology 

Average Absolute 
I 

Difference (cm) 

Average Absolute 
PERC 

Difference (cm) 
Wet 

Season 
Dry 

Season 
Wet 

Season 
Dry 

Season 
Time-based (TB) 0.0 0.0 1.21 2.03 
TB + RS 0.39 0.18 0.99 1.18 
TB + SWS 0.0 0.10 0.52 0.55 
ET controller1 0.26 0.25 0.60 0.14 
ET controller2 0.13 0.18 0.86 0.13 
Overall average 0.16 0.14 0.84 0.81 

1FAWN ETo and Kc values from Romero and Dukes (2011) 
2ETo from the on-site ET controller and Kc values from IA (2008) 
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Figure 3-1.  Average measured data versus model-predicted values for the time-based 
irrigation during the wet season (2 October through 5 November 2011) for 
application of approximately 1.27 cm per irrigation event. 

 

 
Figure 3-2.  Average measured data versus model-predicted values for the time-based 

irrigation during the dry season (6 November through 17 December 2011) for 
application of approximately 1.27 cm per irrigation event. 
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Figure 3-3.  Average measured data versus model-predicted values for the time-based 

irrigation during the dry season (18 December 2011 through 21 January 
2012) for application of approximately 1.91 cm per irrigation event (changed 
to 3.18 cm on 18 January). 

 
Figure 3-4.  Average measured data versus model-predicted values for the time-based 

irrigation during the dry season (21 January through 18 February 2012) for 
application of approximately 3.18 cm per irrigation event. 
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Figure 3-5.  Average measured data versus model-predicted values for the rain sensor-

based irrigation during the wet season (2 October through 5 November 2012) 
for scheduled application of approximately 1.27 cm per irrigation event and 
rain sensor setting of 12 mm.
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Figure 3-6.  Average measured data versus model-predicted values for the rain sensor-

based irrigation during the dry season (13 November 2011 through 21 
January 2012) for scheduled application of approximately 1.27 cm per 
irrigation event and rain sensor setting of 3 mm. 

 

 
Figure 3-7.  Average measured data versus model-predicted values for the rain sensor-

based irrigation during the dry season (22 January through 18 February 2012) 
for scheduled application of approximately 1.91 cm per irrigation event and 
setting of 3 mm. 
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Figure 3-8.  Average measured data versus model-predicted values for the soil water 

sensor-based irrigation during the wet season (2 October through 5 
November 2012) for scheduled application of approximately 1.27 cm per 
irrigation event and threshold setting of 0.70. 

 
Figure 3-9.  Average measured data versus model-predicted values for the soil water 

sensor-based irrigation during the dry season (6 November through 17 
December 2012) for scheduled application of approximately 1.27 cm per 
irrigation event and threshold setting of 0.70. 
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Figure 3-10.  Average measured data versus model-predicted values for the soil water 

sensor-based irrigation during the dry season (18 December 2011 through 21 
January 2012) for scheduled application of approximately 1.27 cm per 
irrigation event and threshold setting of 0.70. 

 
Figure 3-11.  Average measured data versus model-predicted values for the soil water 

sensor-based irrigation during the dry season (22 January through 18 
February 2012) for scheduled application of approximately 1.27 cm per 
irrigation event and threshold setting of 0.70. 
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Figure 3-12.  Average measured data versus two sets of model-predicted values for the 

ET controller-based irrigation during the wet season (2 October through 5 
November 2012). Predicted-1 was using FAWN ETo and Kc values from 
Romero and Dukes (2011) and Predicted-2 was using ETo from the on-site 
ET controller and Kc values from IA (2008). 
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Figure 3-13.  Average measured data versus two sets of model-predicted values for the 

ET controller-based irrigation during the dry season (6 November through 18 
February 2012). Predicted-1 was using FAWN ETo and Kc values from 
Romero and Dukes (2011) and Predicted-2 was using ETo from the on-site 
ET controller and Kc values from IA (2008). 
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Figure 3-14.  Comparison of ETa of the ET controller used in the field study and ETa as 
predicted by the model using FAWN data and crop coefficient from Romero 
and Dukes (2011). 

 
 

Figure 3-15.  Screenshot of rooting depth entry in metric units. 

 
 

Figure 3-16.  Screenshot of soil type selection and description. 
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Figure 3-17.  Screenshot of irrigated area entry (English units). 

 
 

Figure 3-18.  Screenshot of possible irrigation system selection and description of each 
technology. 

 

 
Figure 3-19.  Screenshot of selection of time-based irrigation system with a rain sensor 

with default rain sensor setting (metric units). 

 

 
Figure 3-20.  Screenshot of selection of time-based irrigation system with a soil water 

sensor with default threshold setting. 
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Figure 3-21.  Screenshot of automatically generated irrigation days, based on Miami-

Dade County zip code and street number. 

 
Figure 3-22.  Screenshot of irrigation day(s) selection for zip codes entered outside of 

Miami-Dade County. 

 

 
Figure 3-23.  Screenshot of first entry method for applied irrigation amount (metric 

units). 
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Figure 3-24.  Screenshot of second entry method for applied irrigation amount: selection 

of irrigation system type and runtime entry. 
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Figure 3-25.  Screenshot of weekly email report. 
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CHAPTER 4 
SUMMARY AND CONCLUSION 

 

The goal of this research was to (1) compare irrigation quantity applied and 

nitrogen (NO3-N and NH4-N) leached from three technology-based irrigation treatments 

(i.e. time-based with a rain sensor [RS], soil water sensor [SWS], or evapotranspiration 

[ET] controller) to a traditional time-based irrigation and (2) to develop a simple model 

that predicts water losses from residential turfgrass based on the irrigation technology 

used. The model led to the development of the Interactive Irrigation Tool on the Florida 

Automated Weather Network (FAWN) website which enables users to evaluate various 

irrigation schemes with respect to water stress and losses. 

Objective 1 

Sixteen turfgrass plots were fertilized with commercial slow-release nitrogen 

fertilizer and irrigated by either time-based or one of three irrigation systems: time-

based with a RS, time-based with a SWS, or ET controller over nearly a five month 

period (31 August 2011 to 16 February 2012). The time-based irrigation was always 

greater and significantly different (P<0.05) from each of the technology-based systems. 

Of the three technology-based irrigation systems, the ET-based irrigation resulted in the 

greatest amount of water savings (up to 83%), compared to time-based irrigation, 

applied at three different depths (1.3, 1.9, and 3.2 cm). The ET-based irrigation applied 

the least amount of water (17.3 cm) and leached the least (14.1 cm), while still 

maintaining acceptable turfgrass quality. Leachate quantity measured and leachate 

water quality was analyzed for NO3-N and NH4-N concentrations among the different 

treatments. Due to preferential flow, limited inflow rate of the lysimeters, and 

inconsistencies in design among the lysimeters, leachate volumes were lower than 
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expected (given the amount of water applied). The NO3-N and NH4-N concentrations 

and loads were very low compared to other studies, with an overall average among all 

treatments of 2.44E-02 kg NO3-N ha-1 and 5.39E-03 kg NH4-N ha-1 over the study 

period. 

Objective 2 

 The model successfully simulated irrigation and percolation on a daily time step 

for time-based irrigation and the three technology-based irrigation systems. Using the 

20-week field study data, the range of differences between measured and predicted 

values were calculated for all irrigation options. Considering all irrigation systems, 

differences were greater for percolation values, with absolute average differences 

ranging from 0.37 cm to 1.62 cm, compared to differences of 0.0 cm to 0.28 cm for 

irrigation. Irrigation was predicted exactly as measured for the time-based irrigation and 

closely for the other technologies. The SWS-based irrigation yielded the least difference 

between measured and predicted irrigation values, which suggests the model 

sufficiently mimicked soil water status and the soil water sensors operated as expected. 

The RS-based irrigation yielded the greatest difference between predicted and 

measured irrigation, which is expected as the model only considered the amount of 

rainfall on a day without any simulation of the actual RS dry out time. Thus, the RS 

system was not simulated as accurately as the other technologies. The ET-based 

irrigation resulted in the least difference between percolation values; whereas, the time-

based irrigation resulted in the greatest difference between percolation values. 

 Smart irrigation technologies provide more precise amounts of required irrigation 

compared to time-based irrigation which meet the plant water needs, without over- or 

under-watering, by considering weather and/or soil conditions including rainfall, ET, soil 
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water content, and field capacity. Results indicate that ET-based irrigation can save up 

to 70% compared to the applying the UF IFAS irrigation recommendation of 1 cm to 2 

cm per irrigation event, or up to 83% if irrigation is applied beyond the recommended 

amount at 3 cm. The SWS-based irrigation saved up to 62% compared to the UF IFAS 

recommended rates and 83% compared to the elevated rate. The rain sensor-based 

irrigation resulted in water savings of 16%-53% during the different application rates. 

Ways to reduce irrigation water applied is a major component of overall water 

conservation efforts, given that irrigation can account for up to 70% of outdoor water 

use during summer months (IA, 2011). Except for when irrigation was applied beyond 

the recommended rate, percolation was primarily driven by heavy rainfall rather than 

irrigation. Given that the NO3-N and NH4-N concentrations were well below the drinking 

water standard, nitrogen leaching was not a significant pathway of nitrogen loss from 

turfgrass in this study. Although there are minimal practices that can reduce leaching 

during the wet season, additional field data should be collected during this season using 

UF IFAS fertilizer recommendations and the technology-based irrigation systems in 

order to better understand the system and how to optimally manage turfgrass under 

these seasonal conditions. The model and interactive tool provide a means for property 

managers to test the various irrigation schemes before investing in modifications to their 

irrigation system. Additional versions of the model and interactive tool may include more 

input parameters, higher spatial resolution rainfall data, and more output information as 

a learning tool for students.
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APPENDIX A 
RESULTS OF MODELING VALIDATION 

 
Table A-1.  Measured values, predicted values, and differences for the time-based and rain sensor based irrigation  

       during the wet season. 
 
 

  
Time-Based Rain Sensor 

   
Measured Predicted Difference Measured Predicted Difference 

 
Week 

 
cm cm cm cm cm cm 

10/2/11 - 10/8/11 1 Irr 2.2 2.2 0.0 2.0 2.0 0.0 

 
 PERC 0.0 0.4 -0.4 0.0 0.2 0.2 

 
 Q - 0.0 - - 0.0 - 

10/9/11 - 10/15/11 2 Irr 2.2 2.2 0.0 2.0 1.0 -1.0 

 
 PERC 2.7 3.7 -1.0 2.6 3.1 0.5 

 
 Q - 12.4 - - 12.3 - 

10/16/11 - 10/22/11 3 Irr 2.1 2.1 0.0 1.0 0.0 -1.0 

 
 PERC 3.1 6.0 -2.9 3.2 5.1 1.8 

 
 Q - 5.9 - - 4.9 - 

10/23/11 - 10/29/11 4 Irr 2.1 2.1 0.0 2.9 2.9 0.0 

 
 PERC 0.0 0.3 -0.3 0.0 1.1 1.1 

 
 Q - 0.0 - - 0.0 - 

10/30/11 - 11/5/11 5 Irr 2.2 2.2 0.0 1.0 1.0 0.0 

 
 PERC 2.3 3.8 -1.5 1.8 3.2 1.4 

 
 Q - 0.6 - - 0.1 - 
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Table A-2.  Measured values, predicted values, and differences for the soil water sensor-based irrigation and   
        evapotranspiration-based irrigation during the wet season. 

   Soil Water Sensor Evapotranspiration Controller 
   Measured Predicted Difference Measured Predicted1 Predicted2 Difference1 Difference2 
 Week  cm cm cm cm cm cm cm cm 
10/2/11- 
10/8/11 

1 Irr 1.1 1.1 0.0 1.2 2.1 1.7 0.9 0.5 

  PERC 0.0 0.2 0.2 0.0 0.3 0.1 0.3 0.1 
  Q - 0.0 - - 0.0 0.0 - - 
10/9/11 - 
10/15/11 

2 Irr 1.0 1.0 0.0 0.7 0.8 0.6 0.1 -0.1 

  PERC 2.6 2.6 0.1 2.5 2.4 2.9 -0.1 0.4 
  Q - 12.3 - - 12.3 11.6 - - 
10/16/11- 
10/22/11 

3 Irr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

  PERC 3.2 5.1 1.8 3.3 5.1 6.2 1.8 2.9 
  Q - 4.9 - - 4.9 3.5 - - 
10/23/11- 
10/29/11 

4 Irr 0.0 0.0 0.0 1.3 1.5 1.4 0.3 0.1 

  PERC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
  Q - 0.0 - - 0.0 0.0 - - 
10/30/11- 
11/5/11 

5 Irr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

  PERC 2.0 2.5 0.5 1.6 2.5 2.6 0.9 0.9 
  Q - 0.1 - - 0.1 0.1 - - 

1FAWN ETo and Kc values from Romero and Dukes (2011) 
2ETo from the on-site ET controller and Kc values from IA (2008) 
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Table A-3.  Measured values, predicted values, and differences for the time-based and rain-sensor-based irrigation  
        during the dry season. 
 
 

  
Time-Based Rain Sensor 

   
Measured Predicted Difference Measured Predicted Difference 

 
Week 

 
cm cm cm cm cm cm 

11/6/11 - 11/12/11 
 

6 Irr 2.17 2.17 0.00 1.98 1.98 0.00 

  PERC 0 0.86 0.84 0 0.67 0.66 
  Q - 0.00 - - 0.00 - 
11/13/11 -11/19/11 7 Irr 2.11 2.11 0.00 1.92 0.96 -0.96 
  PERC 0 1.04 0.97 0 0.15 0.15 
  Q - 0.00 - - 0.00 - 
11/20/11 - 11/26/11 8 Irr 2.11 2.11 0.00 1.93 1.93 0.00 
  PERC 1.51 3.36 0.85 1.44 3.19 0.79 
  Q - 0.68 - - 0.68 - 
11/27/11 - 12/3/11 9 Irr 2.08 2.08 0.00 1.92 1.92 0.00 
  PERC 0 0.69 0.66 0 0.53 0.51 
  Q - 0.00 - - 0.00 - 
12/4/11 - 12/10/11 10 Irr 2.04 2.04 0.00 1.91 1.91 0.00 
  PERC 0 1.16 1.06 0 1.03 0.96 
  Q - 0.00 - - 0.00 - 
12/11/11 - 12/17/11 11 Irr 2.35 2.35 0.00 1.23 1.23 0.00 
  PERC 0 1.94 1.54 0 0.87 0.67 
  Q - 0.06 - - 0.01 - 
12/18/11-12/24/11 
 

12 Irr 3.37 3.37 0.00 2.11 2.11 0.00 

  PERC - 2.25 - - 1.01 - 
  Q - 0.02 - - 0.00 - 
12/25/11-12/31/11 13 Irr 3.47 3.47 0.00 2.18 2.18 0.00 
  PERC - 2.32 - - 1.05 - 



 

117 

Table A-3.  Continued. 
   Time-Based Rain Sensor 
   Measured Predicted Difference Measured Predicted Difference 
 Week  cm cm cm cm cm cm 
12/25/11-12/31/11 13 Q - 0.02 - - 0.00 - 
1/1/12-1/7/12 

 

14 Irr 3.48 3.48 0.00 2.20 2.20 0.00 
  PERC 0.47 2.45 1.37 0.00 1.26 1.08 
  Q - 0.10 - - 0.00 - 
1/8/12-1/14/12 15 Irr 3.47 3.47 0.00 2.19 2.19 0.00 
  PERC 0.07 2.42 1.82 0.00 1.17 1.05 
  Q - 0.03 - - 0.00 - 
1/15/12-1/21/12 
 

16 Irr 4.56 4.56 0.00 2.20 2.20 0.00 

  PERC 0.32 3.24 1.99 0.00 1.15 1.04 
  Q - 0.27 - - 0.00 - 
1/22/12-1/28/12 
 

17 Irr 5.67 5.67 0.00 2.75 2.75 0.00 

  PERC 1.52 4.26 1.52 0.00 1.56 1.33 
  Q - 0.21 - - 0.00 - 
1/29/12-2/4/12 
 

18 Irr 5.85 5.85 0.00 3.35 3.35 0.00 

  PERC 1.17 4.35 2.01 0.00 1.98 1.73 
  Q - 0.13 - - 0.00 - 
2/5/12-2/11/12 
 

19 Irr 5.69 5.69 0.00 1.67 0.00 -1.67 

  PERC 3.26 6.72 0.88 1.98 2.72 -0.14 
  Q - 2.31 - - 0.62 - 
2/12/12-2/18/12 
 

20 Irr 5.74 5.74 0.00 3.31 3.31 0.00 

  PERC 2.82 5.02 0.55 0.93 3.42 1.53 
  Q - 1.38 - - 0.55 - 
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Table A-4.  Measured values, predicted values, and differences for the soil water sensor-based irrigation and   
        evapotranspiration-based irrigation during the dry season. 
 
 

  
Soil Water Sensor Evapotranspiration Controller 

   
Measured Predicted Difference Measured Predicted1 Predicted2 Difference1 Difference2 

 
Week 

 
cm cm cm cm cm cm cm cm 

11/6/11 - 11/12/11 
 

6 Irr 2.2 2.20 0.00 1.31 1.01 0.85 -1.31 -0.46 

  PERC 0 0.89 0.87 0 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
11/13/11 -11/19/11 7 Irr 2.14 2.14 0.00 1.16 0.77 0.66 -0.38 -0.50 
  PERC 0 1.07 1.00 0 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
11/20/11 - 11/26/11 8 Irr 0 0.00 0.00 0.85 0.77 0.69 -0.08 -0.16 
  PERC 0.8 2.02 0.38 2.05 2.14 2.06 -0.75 -0.83 
  Q  - 0.68 - - 0.68 0.68 - - 
11/27/11 - 12/3/11 9 Irr 1.61 1.61 0.00 0.9 1.09 1.02 0.19 0.12 
  PERC 0 0.22 0.22 0 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
12/4/11 - 12/10/11 10 Irr 1.06 0.55 -0.51 0.79 0.58 0.61 -0.21 -0.18 
  PERC 0 0.12 0.12 0 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
12/11/11 - 12/17/11 11 Irr 0 0.00 0.00 0 0.00 0.00 0.00 0.00 
  PERC 0 0.00 0.00 0 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
12/18/11-12/24/11 
 

12 Irr 1.95 1.05 -0.91 1.35 0.79 0.90 -0.56 -0.45 

  PERC - 0.42 - - 0.00 0.00 - - 
  Q  - 0.00 - - 0.00 0.00 - - 
12/25/11-12/31/11 13 Irr 1.72 1.72 0.00 1.03 0.83 0.93 -0.20 -0.10 
  PERC - 0.59 - - 0.00 0.00 - - 
  Q  - 0.00 - - 0.00 0.00 - - 
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Table A-4.  Continued. 
   Soil Water Sensor Evapotranspiration Controller 
   Measured Predicted Difference Measured Predicted1 Predicted2 Difference1 Difference2 
 Week  cm cm cm cm cm cm cm cm 
1/1/12-1/7/12 

 

14 Irr 1.15 1.15 0.00 0.95 0.63 0.84 -0.32 -0.11 
  PERC 0.00 0.22 0.22 0.00 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
1/8/12-1/14/12 15 Irr 0.82 0.82 0.00 1.06 0.72 0.95 -0.34 -0.11 
  PERC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
1/15/12-1/21/12 
 

16 Irr 0.83 0.83 0.00 0.99 0.75 0.90 -0.24 -0.09 

  PERC 0.24 0.00 -0.24 0.00 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
1/22/12-1/28/12 
 

17 Irr 2.03 2.03 0.00 1.16 0.89 0.97 -0.27 -0.20 

  PERC 0.00 0.84 0.78 0.00 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
1/29/12-2/4/12 
 

18 Irr 1.17 1.17 0.00 1.14 1.07 1.08 -0.08 -0.07 

  PERC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  Q  - 0.00 - - 0.00 0.00 - - 
2/5/12-2/11/12 
 

19 Irr 0.86 0.86 0.00 0.64 0.15 0.22 -0.49 -0.42 

  PERC 1.33 2.93 0.46 2.06 2.82 2.85 -0.24 -0.20 
  Q  - 1.27 - - 1.27 1.12 - - 
2/12/12-2/18/12 
 

20 Irr 0.00 0.00 0.00 0.82 0.96 0.91 0.14 0.09 

  PERC 0.73 1.46 0.29 0.53 1.52 1.47 0.56 0.51 
  Q - 0.17 - - 0.17 0.16 - - 

1FAWN ETo and Kc values from Romero and Dukes (2011) 
2ETo from the on-site ET controller and Kc values from IA (2008) 
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APPENDIX B 
MODEL MANUAL 

 

FAWN Irrigation Tool Model Manual 
 
The concept behind this tool is to provide users with a virtual lawn environment where 
they can test different irrigation strategies. With minimal user input, the tool provides an 
assessment of potential water stressed days, water volumes applied, tips on improving 
irrigation, percent of nitrogen and water leached, and a visual graphic of the quality of 
the turf. The tool provides users with the ability to test smart technology and estimate 
the potential savings with their implementation. We believe this tool will be useful for 
home owners as well as irrigation contractors who are trying to optimize automated 
irrigation systems and save money. 
 
 
Conversions 
1 acre = 0.404685642 ha 
1 kg = 2.20462262 lbs 
1 square foot = 2.29568411 × 10-5 acre 
 
User inputs 
 
Irrigated turf area (area) [ac or ha] 
 
Technology used for irrigation 

• Rain sensor (RSS) 
o Setting provided by user; default is 1.27 cm 

• ET controller 
• Soil moisture sensor (aka soil water sensor) 

o User also can provide a threshold setting or a default of 0.7 will be used. 
• Time-based schedule (default) 

 
Zip code 
 
Irrigation schedule 

• Option 1: if zip code is in Miami-Dade County the street number will be requested 
(odd numbers irrigate on Wed & Sat and even numbers irrigate on Sun & Thurs; 
irrigation amount 1.27 cm); if zip code is not in Miami-Dade County a default will 
be offered for option 1 of irrigating Sun & Thur. 

• Option 2: input days per week, input irrigation amount as cm or in of water 
• Option 3: input days per week, input timer setting (how many minutes), select 

irrigation type from pictures (the model will then calculate the cm of water) 
 
Soil characteristics 
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• Rooting depth (RD) (cm or in) 
• Soil type (see Table B-1) 

 
Fertilization  

• Composition (N-P-K) 
• Amount applied (mass/area) 
• Date applied 
• User also has the option to select IFAS fertilizer recommendations 
 

 
Table B-1. Field capacities and wilting points for various soil types  

(aRawls et al., 1982; bZotarelli et al., 2010). 

Soil type 
Porositya 
(m3/m3) 

Bulk 
Density* 
(g/cm3) 

FCb 
(cm/cm) 

WPb 
(cm/cm) 

Hydrologic 
soil group 

Sand 0.44 1.48 0.08 0.02 A 
Sandy loam 0.45 1.45 0.16 0.06 A 
Loam 0.46 1.43 0.26 0.08 B 
Silt loam 0.50 1.32 0.31 0.10 B 
Clay loam 0.46 1.43 0.34 0.14 C 
Clay 0.48 1.37 0.37 0.16 D 

FC is field capacity; WP is wilting point. 
*Calculated using porosity values and equation: ρb = (1-n)*2.65, where 2.65 is normal 

particle density (g/cm3). 
 

 
Hydrology  
This section describes the hydrology module of the model. This component includes a 
simple water balance that is calculated on a daily time-step using Florida Automated 
Weather Network (FAWN) data and user inputs that describe the system. The model 
will initiate based on user or default inputs so that day 1 has an irrigation event. As an 
example, this means that if the user inputs irrigation to start on the next Wednesday, the 
model will not start until that day. 
 
Initial values and/or defaults 
 
The initial soil water content (SWC) [cm] is: 
 

RDFCSWCo **75.0=   (1) 
 
For the beginning of the first day, SWCi=SWCo. The first irrigation will occur during day 
one.  
 
 
Evapotranspiration 
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This section describes how evapotranspiration (ET) is calculated by the tool using crop 
coefficients and FAWN data. 
 
Crop coefficients (KC) for calculating actual evapotranspiration (ETa) for each month 
were derived from field experiments on turfgrass (Romero and Dukes, 2011; Table B-2). 
 
Table B-2. Crop coefficient values for determining ETa 
 Kc values 
Month Panhandle/North 

Florida* 
Central/Southwest  
Florida** 

South 
Florida*** 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

0.35 
0.35 
0.55 
0.80 
0.90 
0.75 
0.70 
0.70 
0.75 
0.70 
0.60 
0.45 

0.45 
0.45 
0.65 
0.80 
0.90 
0.75 
0.70 
0.70 
0.75 
0.70 
0.60 
0.45 

0.71 
0.79 
0.78 
0.86 
0.99 
0.86 
0.86 
0.90 
0.87 
0.86 
0.84 
0.71 

Reference Jia et al., 2009 Davis and Dukes, 2010 Jia et al., 2009 
*     Mobile, Tallahassee, Gainesville, and Jacksonville. 
**   Daytona, Orlando, and Tampa (including all locations in Southwest Florida). 
*** West Palm, Fort Myers, Miami, and Key West. 
 
ETa will be determined by using daily FAWN tabulated reference ET (ETo) and the crop 
coefficient (Kc) from Table 1 as: 
 

co KETETa *=  
  (2) 
 
Water balance calculation 
The SWC for each irrigation treatment is determined using the following processes. 
 

A. Time Based Irrigation 
 

Step 1: Determine incoming water for day 
Irrigation is determined from user inputs or default values. The default is that 
irrigation (I) occurs Sunday and Thursday, each event being 1.27 cm. Rainfall (R) is 
from FAWN. 
 

iii IRWB +=   (3) 
 
WB, R, I are all in ‘cm’ units. WB represents water inputs. 
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Step 2: Calculate runoff (Q) 
 
A modified version of SWC (i.e., SWCm) is used in the Q calculation due to double 
counting of ET otherwise.  
 
If SWCi-ETai > WP*RD, then SWCm =  SWCi-ETai  
Else SWCm = WP*RD 
 
The curve number (CN) method is used as described by Chow et al. (1988). Lot size 
is from user input. 
 

Table B-3. CN II values used by the model (Chow et al., 1988). 

Lot size 
(acres) 

Curve numbers II for hydrologic soil 
group 

A B C D 
1/8 or less 77 85 90 92 

¼ 61 75 83 87 
0.33 57 72 81 86 

½ 54 70 80 85 
1 51 68 79 84 
2 46 65 77 82 

 
 

4.252540
−=

ICNmxS
 (4) 

where CNI is the CN for AMC I (dry).  
 

3)(0001177.02)(01379.0)(348.191.16 IICNIICNIICNICN +−+−=  (5) 
where CNII is the CN for AMC II (normal). 
 







 −

=
RDFC

mSWCRDFC
mxSS

*
*

 (6)
 

 

where SWCm, modified SWC, was an intermediate calculation of SWC to ensure that 

SWC was greater than or equal to WP. 

( )
SiIiR

SiIiR
iQ

8.0

22.0
++
−+

=
 (7)

 

 
 



 

124 

 
where Smx [cm] is the maximum storage capacity of the soil and S [cm] is the 
storage capacity of the soil. The hydrologic soil groups correspond to different soil 
types as noted in Table 1. 
 
A check is performed for Q to determine the validity of the runoff equation used. 
Check for Q: 
 
If 0< 0.2*S and  0.2*S<WBi  
 

( )
SWB
SWB

Q
i

i
i 8.0

*2.0 2

+
−

=
  (8) 

Else 
 

0=iQ   (9) 
 
Step 3: Calculate infiltration (F) and percolation (PERC) 
In this step some assumptions are made. All percolation and infiltration volumes are 
assumed to occur on the day that rainfall occurs. 
 
If WBi-Qi > 0 
 

iii QWBF −=   (10) 
 
 Check if (Fi +SWCm) < (FC*RD) 
  
 PERCi = 0 
  
 Else  
 PERCi = Fi + SWCm – (FC*RD) 
  
Else 

0=iF  
PERCi = 0  (11) 
 
Step 4: Calculate SWC for i+1 
 
Check the SWC.  
If percolation is greater than 0, the SWC for i+1 is reset to field capacity or 
 
SWCi+1 = RD*FC  (12) 
 
If percolation (PERCi) < 0, then 
SWCi+1 = SWCi + Fi - ETai  (13) 
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B. Irrigation Technology Option 1: Rain Sensor 

A rainfall setting (RSS) of 1.27 cm was selected for the rain sensors as a default. 
The user has the option to input an alternative value.  
 
Step 1: Determine incoming water for day 
 
If Ri > RSSi 
  
 WBi = Ri  (14) 

  
Else  
  
 WBi = Ri + Ii  (15) 
 
Steps 2-4 same for time-based. 
 
C. Irrigation Technology Option 2: Soil Water Sensor 

Step 1: Determine incoming water for day 
 
Soil water sensors allow for threshold settings. The default setting for this model is 
0.7 of the field capacity. 
 
Threshold setting (TH) = 0.70 (or value entered by user). Step 1 only occurs on 
irrigation days. 
 
If SWCi > FC*RD*TH  
  
 Ii = 0  (16) 
 
Else 

  
 Ii = schedule  (17)   

 
This will depend on the schedule provided for the sensor as user input or a default 
will be 2 times a week for 1.27 cm. 
 
Steps 2-4 same as for time based. 

 
D. Irrigation Technology Option 3: ET Controller 

Step 1: Determine incoming water for day. 
 
Calculate cumulative ET (ETC) 
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If ETCi-1 + ETai – Ri < 0 
 
 ETCi = 0  (18) 
 
Else  
 
 ETCi = ETai – Ri+ ETCi-1  (19) 
 
Irrigation Check (IC) (on/off) 
 
If IC scheduled (yes or no) 
I = Min (ETCi or FC*RD) (20) 

 
ETCi = 0  (21) 

Else (no irrigation) 
I = 0 
ETCi = ETai – Ri+ ETCi-1  (22) 

 
Steps 2-4 same as for time-based. 

 
 
Model Assumptions 
 
Water balance assumptions 

• Crop coefficients were assumed based on Romero and Dukes (2009). 
• The Curve Number approach was used to estimate runoff (Q) and infiltration (F) (Chow et al. 

1988). 
• If percolation (PERC) occurred, SWC was set to field capacity (FC) for the beginning of the next 

day. 
• SWC was not allowed to go below the wilting point (WP). 
• Rainfall (R), evapotranspiration (ET), and temperature (T) are from the nearest FAWN station. 
• Water stress (WS) is based on the management allowable depletion (MAD) value of 50% and the 

available water (AW) 
• The rainfall sensor is assumed to be set at 1.27 cm. 
• The soil water sensor threshold is considered to be 70% of FC; i.e., if SWC is above 0.7*FC 

irrigation is bypassed. 
• ET controller is assumed to have an onsite rain sensor; FAWN ET was used in simulating the ET 

controller values. 
 
 
Table B-4. Default values used in the model. 
Parameter description Symbol Value Reference 
Field capacity FC 1 in/ft  
Lot size LotSize 1/8 ac Chow et al., 1988 
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Table B-4.  Continued. 
Parameter description Symbol Value Reference 

Root depth RD 30 cm Doss et al. 1960; Peacock and 
Dudeck 1985 

Irrigation schedule  Sun/Thur, 
1.27 cm 

Miami-Dade County restriction 

Soil moisture based threshold TH 0.7  
Rain sensor setting RSS 1.27 cm  
Initial soil water content SWCo 75% of 

FC 
- 

 
Table B-5. Symbols or abbreviations and definitions. 
Symbol Definition 
SWC Soil water content 
ETa Actual evapotranspiration 
ETr Reference evapotranspiration 
Kc  Crop coefficient 
WB Water balance 
R Rainfall 
I Irrigation 
S Storage capacity of the soil 
Smx Maximum possible retention of water during a storm 
SWCm Soil water content, modified for runoff and percolation 
Q Runoff 
F Infiltration 
PERC Percolation 
FC Field capacity 
WP Wilting point 
RD Rooting depth 
RSS Rain sensor setting 
TH Threshold setting for soil moisture sensor 
ETC Cumulative evapotranspiration 
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