
ABSTRACT 

ERICKSON JACQUELINE PAIGE. Water Requirements of Warm-season and Cool-season 

Turfgrasses in the Piedmont of North Carolina. (Under the direction of Dr. Garry Grabow, 

Dr. Grady Miller, Dr. Rodney Huffman). 

 

 

Turfgrass water use studies have been performed predominantly in arid and semi-arid 

climates.  The same holds true for development of turfgrass crop coefficients, and in many 

cases, coefficients developed in semi-arid regions have been adopted in subtropical humid 

regions such as the southeastern United States.  In an effort to better define regional turfgrass 

water use and turfgrass crop coefficients, a study was conducted in the Piedmont of North 

Carolina.   

Consumptive water use of a warm-season turfgrass (Zeon zoysiagrass – Zoysia 

matrella (L.) Merr) and a cool-season turfgrass (Confederate blend tall fescue – Festuca 

arundinacea Schreb) were determined using a water balance approach.  A daily water 

balance for days with no precipitation, no irrigation, and drier soil conditions (θv<θv,FC) 

yielded crop evapotranspiration (ETc) values ranging from 0.71 to 8.87 mm d
-1

.  In addition, 

a daily water balance for days with no precipitation, no irrigation, and wet soil conditions 

(θv>θv,FC) yielded ETc values ranging from 0.91 to 5.47 mm d
-1

.  A monthly water balance 

resulted in ETc values ranging from 30 to 188 mm mo
-1

.  The consumptive water use of turf 

plots with a well-watered irrigation management strategy and a moderately-stressed irrigation 

management strategy were compared.  The results indicated that consumptive water use of 

turf plots with a well-watered irrigation management strategy was greater than turf plots with 

a moderately stressed irrigation management strategy.  

 Crop coefficients were developed by calculating ratios of crop evapotranspiration 

(ETc), as estimated from water balances, and reference evapotranspiration (ET0) as estimated 



with either the FAO Penman-Monteith equation or measurements from an atmometer (Model 

E, ET Gage Company, Loveland, CO).  Daily crop coefficients derived with ETc computed 

from a daily soil water balance and ET0 calculated with the FAO Penman-Monteith equation 

ranged from 0.16 to 2.6 with daily crop coefficients having a 95% mean confidence interval 

of (0.62, 0.65).  Daily crop coefficients derived with ETc computed from a daily water 

balance and ET0 measured from an atmometer ranged from 0.23 to 3.9 with daily crop 

coefficients having a 95% mean confidence interval of (0.77, 0.96).   Monthly crop 

coefficients derived with ETc computed from a monthly water balance and ET0 calculated 

with the FAO Penman-Monteith equation ranged from 0.24 to 1.6 with a 95% mean 

confidence interval of (0.61, 0.68).  Monthly crop coefficients derived with ETc computed 

from the monthly water balance and ET0 measured with the atmometer ranged from 0.31 to 

1.0 with mean monthly crop coefficients having a 95% confidence interval of (0.81, 0.89).  

Crop coefficients for turf plots with a well-watered irrigation management strategy tended to 

be greater than crop coefficients for turf plots with a moderately stressed irrigation 

management strategy. 

Turf quality was assessed by quantifying greenness with the normalized difference 

vegetation index (NDVI).  The NDVI for warm-season turf in 2013 and 2014 ranged from 

0.477 to 0.731 with an average of 0.642 and standard deviation of 0.049.  The NDVI for 

cool-season turf in 2013 and 2014 ranged from 0.406 to 0.745 with a mean of 0.676 and a 

standard deviation of 0.035.  Turf plots with a well-watered irrigation management strategy 

had a greater NDVI than turf plots with a moderately stressed irrigation management 

strategy. 
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LIST OF ABBREVIATIONS AND ACRONYMS 

 

θv Volumetric soil water content  

 

θv,FC Volumetric soil water content at field capacity  

 

ASL Apparent sampling length 

 

DOY Day of the year  

 

ET Evapotranspiration 

 

ET0 Reference Evapotranspiration (clipped cool-season grass 

reference)  

 

ETc Crop evapotranspiration  

 

FAO Food and Agriculture Organization of the United Nations 

 

kc Crop coefficient 

 

Leff Effective Length 

 

MAD Management allowable depletion which is the fraction of plant 

available water allowed to be depleted before irrigation occurs 

again. 

 

MAD50 Management allowable depletion of 50% meaning that 50% of 

plant available water is allowed to be depleted before           

irrigation occurs again  

 

MAD75 Management allowable depletion of 75% meaning that 75% of 

plant available water is allowed to be depleted before           

irrigation occurs again 

 

MBR Micro-Bowen Ratio system 

 

NDVI Normalized Difference Vegetation Index 

 

ΔSW Change in soil water content with the final soil water content      

being subtracted from the initial soil water content. 
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CHAPTER 1: REVIEW OF LITERATURE 

 

Introduction 

 Accurate knowledge of turf water use is beneficial to those involved in the turf 

industry such as golf course superintendents, landscapers, public works departments, and 

policy makers. Knowledge of turfgrass water use can help in making better decisions 

regarding irrigation.  The goal of irrigation is to apply water in such a way that turf quality 

remains at an acceptable level while ensuring water is used efficiently.  Cities in the 

Piedmont of North Carolina are becoming more concerned with conserving water as the 

population is growing rapidly and the demand for potable water is increasing.  Forbes cited 

Raleigh, NC as the second fastest growing city in the United States for the year 2014 (Forbes, 

2014).  The Town of Cary, NC is also growing rapidly as it has experienced a population 

growth rate of 164% since 1970 and is expected to continue growing by 60% until 2030.  

Wiser use of potable water for irrigation will help these cities delay the costly process of 

expanding water and wastewater treatment infrastructure.  Cities/towns in the Piedmont of 

North Carolina have already begun to take measures to restrict water use for irrigation.  For 

example, the Town of Apex allowed Apex water customers to irrigate only three days a week 

during the summer of 2008.  In 2008, the Town of Cary had implemented a “buy back” 

program which subsidizes the switch from cool-season to warm-season turf.  The program 

operated under the logic that warm-season turf does not require as much irrigation thus 

putting less stress on the potable water used for irrigation.   

 Studies have been conducted to determine water use of warm-season and cool-season 

turf in various regions of the United States especially in semiarid/arid regions.   
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Evapotranspiration 

 Turfgrass consumptive water use is quantified by measuring evapotranspiration (ET).   

ET encompasses the two processes of evaporation and transpiration.  Evaporation occurs 

when there is enough energy, often solar radiation, to change water from the liquid state to 

the gaseous state.  The energy required to change a certain amount of liquid water to steam is 

referred to as the latent heat of vaporization (540 cal/gram of water is consumed at 100°C).  

Evaporation rates vary depending on latitude because solar radiation varies with latitude.  

Evaporation rates are dependent on the vapor pressure deficit which is the difference between 

saturated vapor pressure and the actual vapor pressure of the air.  Saturated vapor pressure is 

the maximum amount of moisture air can hold and actual vapor pressure is the amount of 

moisture present in the air.  Evaporation results in water loss from open water, the soil 

surface, and the surface of vegetation. 

 Transpiration is the evaporation of water from the plant through stomata.  It should be 

noted that this is different from water evaporating from the surface of leaves.  Transpiration 

accounts for over 90% of the total amount of water transported into plants, but only 1-3% of 

this water is used for metabolic processes that support plant growth (Beard, 1973; Hopkins, 

1999).   

 Separating the amount of water lost by evaporation and transpiration is difficult.  

Therefore, the two processes are combined into a single term called evapotranspiration.  The 

term consumptive use refers to the total amount of water a plant needs to function and grow 

and is often used interchangeably with evapotranspiration.   
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Soil Water Balance 

 There are numerous methods of estimating consumptive water use also known as crop 

evapotranspiration (ETc).  Some methods include using various instruments to perform an 

energy balance or measure the heat and vapor fluxes above a crop (Jia et al., 2009).  In 

addition, weighing lysimeters can be used as a direct way of measuring water use.  

Lysimeters are tanks filled with soil that provide a direct measurement of ETc by measuring 

the weight of the tank before and after a precipitation event.  Although they provide a direct 

measurement of ETc, lysimeters are expensive.  A less cost intensive method of determining 

turf water use is a soil water balance approach: 

 

                                                                  [1.1]    

where,                                         

                         

                

              

                 

           

 

 Carrow (1995) used a soil water balance to determine ETc in a study conducted in the 

Piedmont region of the southeastern United States.  Carrow (1995) examined the 

consumptive water use of warm-season and cool-season turfgrasses and found that the 

average ETc for cool-season turfgrasses was 3.57 to 3.69 mm d
-1

 and the average ETc for 

warm-season turfgrasses was 3.03 to 3.80 mm d
-1

.  Carrow (1995) also concluded that 



5 

 

different species of warm-season turfgrasses could not accurately be given a single crop 

coefficient as the water use differed significantly among them.  Similarly, cool-season 

turfgrasses could not accurately be assigned a single crop coefficient due to differences in 

water use.   

 Various water use studies have been performed to determine consumptive use for 

various species of turf.  The results of some of these studies are shown in Table 1.1.  The 

average water use determined in these studies ranged from 2.27 to 10 mm day
-1

 with warm-

season turfgrasses tending to use less water use than cool-season turfgrasses.  According to 

Peacock and Bruneau (2006), the average daily potential ET for turfgrass computed over a 

year with the Blaney Criddle Method in the central Piedmont of NC is 2.99 mm day
-1

 

(Peacock and Bruneau, 2006) which is lower than what would be expected during the 

irrigation season.  However, the Blaney-Criddle method tends to overestimate ET in humid 

climates. 

 Water use will also differ depending on the time of year.  According to Jia et al. 

(2009), turfgrass water use will be greatest in the months of April to September in central 

Florida.  This is consistent with patterns found in North Carolina by Peacock and Bruneau 

(2006) who determined that water use was greatest in the months of May to September.  

 In addition to the time of year and turf species, there are regional differences in the 

consumptive water use of turf.  Turfgrasses growing in humid regions will consume less 

water than turfgrasses growing in arid or semiarid regions.  Carrow (1995) found that 

observed turf consumptive water use was 40-60% lower in humid regions than semiarid/arid 

regions for the same genotype under nonlimited soil water. 
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 Mowing height also affects the rate of ET.  Feldhake et al. (1983) conducted a study 

in Fort Collins, CO, and found that grass mowed at a height of 5 cm had a 13% greater ET 

rate than grass mowed at 2 cm.  The increase in ET rate with increased mowing height is due 

to an increase in canopy surface roughness; therefore, the turf’s capacity for adsorbing 

advective heat, the transfer of heat in the horizontal plane in the downward direction 

(Rosenberg, 1974), is increased which in turn increases the amount of root growth.   Thus, 

the turf is able to access and use a greater amount of water from the soil (Kneeborne et al., 

1992).   

 

Soil Moisture Sensors 

 In order to complete a soil water balance, soil water must be accurately determined.  

Soil water data can be collected by direct measurements meaning that the gravimetric method 

is used to determine the weight of water and the weight of dry soil.  Indirect methods of 

determining soil water measure a parameter then relate it to soil water.  Although these 

methods do not directly measure soil water, they allow for more frequent measurements. 

Time domain reflectometry (TDR) has become a popular indirect method for 

determining soil water.  This technology uses transmission lines to estimate the dielectric 

permittivity from the travel time of an electromagnetic signal along a probe.  Apparent 

permittivity (Ka) for a TDR sensor is: 

 

                                                              
     

 
 
 

                                                    [1.2] 

where, 
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The apparent permittivity is then used to develop empirical equations to determine 

volumetric soil water content (Blonquist et al., 2005). 

 A less cost intensive type of soil water sensor is a time domain transmissometry soil 

moisture sensor (TDT).  TDT soil moisture sensors operate similarly to TDR sensors, but 

differ in that a TDT sensor measures a pulse that travels along the probe one way rather than 

two as a TDR sensor (Blonquist et al., 2005).  Therefore, apparent permittivity for a TDT soil 

water sensor is: 

 

                                                                  
  

 
 
 

                                                           [1.3] 

  

Blonquist et al. (2005) determined that TDT soil moisture sensors are advantageous 

to TDR soil moisture sensors because they are less expensive, have a greater sampling 

volume, and have a more uniform electromagnetic energy density distribution which means 

that a greater portion of the sampling volume will have equal weight.  In contrast, TDR 

sensors tend to give more weight near the middle of the rod.  Blonquist et al. (2005) 

determined that the major disadvantage of TDT sensors is the soil excavation necessary for 

installation.  However, Blonquist et al. (2005) concluded improvement in the rod geometry of 

the Acclima Digital TDT Sensor for ease of installation will most likely make the TDT soil 

water sensor equivalent in accuracy to TDR soil moisture sensors such as the Tektronix TDR 
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and Campbell Scientific TDR100 technology.  The accuracy of TDT soil moisture sensors 

was confirmed by Miralles-Crespo and van Iersel (2011) who determined that TDT soil 

moisture sensors provide accurate estimates of soil water when compared to gravimetrically 

determined soil water.   

TDT soil moisture sensors may also be used to automate irrigation when coupled with 

controllers with this ability.  This is accomplished with thresholds determined by the user 

that indicate when irrigation should occur based on the volumetric soil water content of the 

soil.   

 

Unsaturated Drainage 

 Unsaturated drainage is an important component of the soil water balance.  Water 

travels downward through the soil profile by gravity until capillary action causes the upward 

movement of water (Willardson et al., 1963).  Willardson et al. (1963) examined the 

separation of drainage and ET by measuring the depletion of soil water in covered plots and 

uncovered plots containing different soil types.  Depletion of soil water in plots covered with 

0.3 m (1 ft) of straw was due to drainage.  Curves were constructed that related soil water to 

time after irrigation and Willardson et al. (1963) found that drainage decreased exponentially. 

 

Energy Balance 

 Another method of determining consumptive water use is to implement an energy 

balance that isolates latent heat and converts latent heat to ET using the latent heat of 

vaporization for water (2.45 MJ kg
-1

) and density of water (1000 kg m
-3

).  The complete 

energy balance at the earth’s surface is shown below (Rosenberg, 1974): 
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                                                                                                    [1.4] 

where, 

                            ) 

                            ) 

                                ) 

                               ) 

                            ) 

                                          ) 

 

 Photosynthesis and miscellaneous heat exchanges contribute a negligible amount of 

energy to net radiation.  Therefore, the energy balance was calculated as: 

 

                                                                                [1.5] 

 

 The Bowen ratio calculates the difference in water vapor concentration and 

temperature at two heights for the purpose of computing a ratio that can be used to determine 

latent heat (Bowen, 1926).   It should be noted that G, H, and LE are fluxes away from the 

surface; therefore, they are positive.  Net radiation (Rn) has the opposite sign convention 

(Heitman et al., 2013).  Bowen (1926) defined the Bowen ratio as:   

 

                                                           
 

   
 

          

        
                                                     [1.6] 
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where, 

              

                                )   

                               ) 

                              

                                             

                                                             

                                                       

                                                     

                                                              

 

The Bowen ratio is used to determine latent heat flux (Bowen, 1926): 

 

                                                          
      

     
                                                                   [1.7] 

 

 

 When processing data to determine ET as determined by the Bowen ratio, data should 

be rejected from the final analysis if β is between -1.05 and -0.95.  This is because the 

denominator of Equation 1.6 approaches zero resulting in an unreasonably large LE.  Data 

from periods of time where precipitation occurred should also be rejected from the final 

analysis because the ET rate is assumed to be zero (Heitman et al., 2013). 
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Reference Evapotranspiration 

Reference ET is defined as “the rate of evapotranspiration from a hypothetical 

reference crop with an assumed crop height of 0.12 m (4.72 in.), a fixed surface resistance of 

70 sec m
-1 

(224 sec ft
-1

), and an albedo of 0.23, closely resembling the evapotranspiration 

from an extensive surface of green grass of uniform height, actively growing, well watered, 

and completely shading the ground” (Allen, 2003).  It is also assumed that the reference crop 

is fully transpiring, experiencing no water stress or disease, and completely covering the soil 

surface.  Examples of reference crops are alfalfa (ETref) and clipped cool-season grass (ET0).  

Reference ET differs with the reference crop eg. alfalfa or clipped cool-season grass.  In 

addition, reference ET varies with location, climate, and equation used to determine 

reference ET. 

The Penman-Monteith equation is the standard equation for calculating reference ET.  

According to the American Society of Civil Engineers (ASCE), alfalfa with a height of 0.5 m 

and clipped grass with a height of 0.12 m are the reference crops associated with this 

equation.  The ASCE Standardized Penman-Monteith equation for calculating hourly 

reference ET and daily reference ET is defined as: 

    

                                         
                           

                    
                                                    [1.8] 

where, 
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It should also be noted that G (the energy into/out of the ground) is often so small compared 

to Rn for daily intervals that it is often neglected  (ASCE-EWRI, 2005).       

The Penman-Monteith equation is the most widely accepted method of calculating 

reference ET; however, it requires many parameters which may not be easily obtained in 

some cases such as in areas where climate information is not available. A study conducted in 

the humid region of Iran by Tabari et al. (2011) compared 31 methods of determining 

reference ET.  The methods were temperature-based, radiation-based, pan-evaporation based 

methods, and mass transfer based methods.  These methods were compared to ET from 

lysimeters.  It was concluded that temperature and radiation based methods as well as pan-

based methods (such as a Class A pan) tend to overestimate reference ET.  The study also 

concluded that alternatives to the Penman-Monteith equation may be suitable for estimating 

reference ET depending on the geographic location (Tabari et al., 2011).   

 

Crop Coefficients 

Crop coefficients are ratios that relate turfgrass consumptive water use to ET0.  Cool-

season turfgrasses tend to have greater crop coefficients than warm-season turfgrasses. Allen 
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et. al (1998) found that crop coefficients for well-managed, nonstressed cool-season turf in 

subhumid regions range from 0.90 to 0.95 while crop coefficients for well-managed, 

nonstressed warm-season turfgrasses in subhumid regions range from 0.80 to 0.85.  Another 

study conducted in Griffin, GA by Carrow (1995) concluded that crop coefficients range 

from 0.79 to 0.82 for cool-season turfgrasses and 0.67 to 0.85 for warm-season turfgrasses.  

Carrow (1995) also determined that Meyer zoysiagrass had a wider range of crop coefficients 

(0.51 to 1.14) than other turf species.  Meyer and Gibeault (1987) determined that cool-

season turfgrasses have crop coefficients ranging from 0.60 to 1.04 and warm-season 

turfgrasses have crop coefficients ranging from 0.54 to 0.79 in California.   Jia et al. (2009) 

conducted an experiment in Florida on bahiagrass, a warm-season turf, using eddy 

correlation measurement methods and determined that crop coefficients for bahiagrass 

ranged from 0.35 to 0.90 depending on the time of year with months where bahiagrass was 

dormant having the lowest crop coefficients.  The greatest crop coefficients were due to 

conditions with greater incoming solar radiation (Jia et al., 2009).  Richie et al. (1997) 

conducted a study in California and recommended an annual crop coefficient of 0.6 for 

warm-season turfgrasses and an annual crop coefficient of 0.8 for cool-season turfgrasses for 

landscape irrigation in the arid southwest. 

Crop coefficients also vary with geographic location and time of the year.  For 

example, Carrow (1995) derived monthly crop coefficients for May to October in Griffin, 

GA and September had the greatest crop coefficient for all species.  In contrast, Jia et al. 

(2009) determined that April had the greatest monthly crop coefficient for bahiagrass grown 

in Florida.   
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In addition to geographic location and time of the year, crop coefficients vary with 

species.  For example, Carrow (1995) reported a crop coefficient of 0.74 in May for common 

bermudagrass and a crop coefficient of 0.89 for Raleigh St. Augustine in May.  Because both 

species are warm-season turf, it would be expected that the crop coefficients would have 

similar values.  However, this was not the case.  It is also expected that cool-season 

turfgrasses have greater crop coefficients than warm-season turfgrasses.  However, this has 

not always been the case.  For example, Meyer and Gibeault (1987) conducted an experiment 

in California and found that crop coefficients for the warm-season and cool-season 

turfgrasses are similar during cooler months, but crop coefficients for cool-season turfgrasses 

are much greater than warm-season crop coefficients during April to October.   

The method in which ET0 was calculated also impacts the value of the crop 

coefficient.  Table 1.2 shows the crop coefficients determined from various studies using the 

Penman, Penman Monteith, and the Pan methods of determining ET0.  Carrow (1995) 

determined that the Pan crop coefficients were lower than crop coefficients derived with ET0 

calculated with the Penman equation.  This is practical because ET0 as measured by the Pan 

method will be greater than ET0 as calculated by the Penman equation.  Meyer and Gibeault 

(1987) also concluded that crop coefficients were lower when the Pan method was used to 

calculate ET0. 

 

Turf Types and Characteristics 

 Turfgrasses are classified as either warm-season or cool-season.  The difference lies 

in the physiological processes involved with the turfgrasses (Lanier, 2013).  Cool-season 

turfgrasses are classified as C3 plants meaning that the product of their photosynthetic 
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process is a 3-carbon compound.  Cool-season turfgrasses are better adapted to cooler 

temperatures found in temperate climates.  Common species of cool-season turfgrasses 

include tall fescue, Kentucky bluegrass, perennial ryegrass, and bentgrass (Lanier, 2013). 

In contrast, warm-season turfgrasses are classified as C4 plants meaning that the 

product of their photosynthetic process is a 4-carbon compound.  Warm-season turfgrasses 

are better adapted to warmer temperatures found in humid, tropical, or subtropical climates.  

Common species of warm-season turfgrasses include zoysiagrass, bermudagrass, 

centipedegrass, and bahiagrass (Lanier, 2013). 

 The Piedmont of North Carolina lies in a transition zone where winters are cold 

enough to make the maintenance of warm-season turf difficult, but warm enough in the 

summer that the maintenance of cool-season turf is difficult.  Therefore, it is a challenge to 

grow either turf type well. 

 Evapotranspiration (ET) varies among turf species due to differences in shoot and 

root characteristics (Beard, 1973).  Turfgrasses with greater canopy resistance will have 

greater ET rates.  A greater canopy resistance can result from a greater shoot density, a 

greater number of leaves per area, and vertical leaf orientation (Kim and Beard, 1988).  A 

greater leaf area increases the rate of ET as there is a greater area in which transpiration can 

occur (Kim and Beard, 1988).  Turfgrasses with deeper root systems tend to consume more 

water because a deeper root system increases the turf’s ability to extract water from deeper 

areas in the soil profile when the soil surface is dry (Beard, 1973).   

 Turf’s response to drought also affects the amount of water it consumes.  A major 

component of drought resistance is the turf’s ability to develop a deep root system, but the 

full genetic expression of root growth potential can be stifled by chemical stresses such as 



16 

 

high soil temperature, acidic soils, low soil oxygen, and salt toxicities (Duncan and Shuman, 

1993).  High soil temperatures and acidic soils are common in the Piedmont of North 

Carolina.  Carrow (1995) conducted a study on the drought resistance of different turf types 

in Griffin, GA.  Turf was subjected to a dry down period of 2 to 10 days with results 

indicating that drought resistance of zoysiagrass and tall fescue differed by genotype.  Some 

tall fescue genotypes exhibited a greater drought resistance than some warm-season C4 

turfgrasses.     

   

Turf Quality Assessment 

Turf quality should be measured when conducting an experiment to derive crop 

coefficients because it can serves as a way to determine whether the turf is well-managed and 

free of environmental stresses which are “standard conditions” for measuring ETc.  In this 

way, a record of turf quality will aid in interpreting and analyzing data to draw conclusions.  

Turf quality may be visually measured on a scale of 1 to 9 with 1 representing the poorest 

turf quality and 9 representing the highest turf quality.  The rating is based on factors such as 

genetic color, density, percentage of living ground cover, texture, presence of diseases, and 

presence of other environmental stresses (Morris, 1992).  Methods of quantifying turf quality 

using multispectral information have been introduced to reduce the subjectivity associated 

with quantifying turf quality using a visual rating. 

For example, a study conducted in Raleigh, NC on Confederate blend tall fescue 

characterized turf quality using digital image analysis (DIA) and the standard visual rating.  

Digital images of a 32 cm by 24 cm area in the center of each plot were taken with a digital 

camera.  These images were processed to extract the RGB levels for every pixel and convert 
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them to HSB parameters.  A dark green color index (DGCI) was then determined for each 

pixel from the HSB parameters.  The mean DGCI value in the image corresponds to the 

“greenness” of the turf while the variance corresponds to the uniformity of the turf.  A 

greater variation in the DGCI indicates a lower turf quality (Ghali et al., 2012).   

Another way to quantify the quality of turf is the Normalized Difference Vegetation 

Index (NDVI).  NDVI is a ratio of reflectance in the red and near infrared (NIR) portions of 

the electromagnetic spectrum.  Bremer (2011) conducted a study in Kansas and determined 

there was a correlation in turf quality and NDVI measurements due to turf density and green 

cover affecting the reflectance of red wavelengths and turf density affecting the reflectance 

of NIR wavelengths. 

Fitz-Rodríguez  and Choi (2002) conducted a study in Arizona and assessed 

vegetation indices’ correlation with visual turf quality.  These indices included the NDVI, 

simple ratio vegetation index (RVI), difference vegetation index (DVI), photochemical 

reflectance index (PRI), and the normalized difference red edge index (NDRE).  All 

comparisons had correlations of at least 0.5502; however, the correlation between NDVI 

values and visual turf quality was the greatest while the correlation between the PRI values 

and visual turf quality was the lowest.     

                                    

Objectives 

 The objective of this research project was to determine estimates of consumptive 

water use of warm-season and cool-season turf for the purpose of deriving crop coefficients 

for use in the Piedmont of North Carolina.   The impacts of turf type and irrigation 

management strategy on consumptive water use of turf were also investigated.  Finally, this 
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research examined turf quality as measured by the NDVI and its relationship to turf 

consumptive water use. 
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Tables and Figures 

 
Table 1.1: Consumptive water use (ETc) values from literature 

Turf Species Warm/ 

Cool-

season 

Study Study Location Years Avg. ETc 

(mm d
-1

) 

Bermudagrass Warm Beard et al. (1992) College Station, 

TX 

1984-1986 4.2 – 5.2 

Zoysiagrass  Warm Green (1991) College Station, 

TX 

1985-1987 3.8 – 4.7 

St. Augustine Warm Atkins et al. (1991) College Station, 

TX 

1985-1987 4.5 – 5.1 

Tifway 

Bermudagrass 

Warm Carrow (1995) Griffin, GA 1989-1990 3.11 

Common 

Bermudagrass 

Warm Carrow (1995) Griffin, GA 1989-1990 3.03 

Meyer zoysiagrass Warm Carrow (1995) Griffin, GA 1989-1990 3.54 

Common 

Centipedegrass 

Warm Carrow (1995) Griffin, GA 1989-1990 3.8 

Raleigh St. 

Augustine 

Warm Carrow (1995) Griffin, GA 1989-1990 3.28 

Bahaiagrass Warm Jia et al. (2009) Central FL 2003-2006 2.27 

K-31 tall fescue Cool Carrow (1995) Griffin, GA 1989-1990 3.69 

Rebel II tall fescue Cool Carrow (1995) Griffin, GA 1989-1990 3.57 

Tall fescue Cool Carrow (1996) Griffin, GA 1989-1990 2.7-3.4 

Tall fescue Cool Bowman and Maculay 

(1991) 

Reno, NV Apr. – May 

1990 

7.1 – 10 

Kentucky bluegrass Cool Aronson et al. (1987) RI 1984-1985 3.67 

Red Fescue Cool Aronson et al. (1987) RI 1984-1985 3.48 

Hard Fescue Cool Aronson et al. (1987) RI 1984-1985 3.68 

Perrenial Ryegrass Cool Aronson et al. (1987) RI 1984-1985 3.09 

Tall fescue Cool Kopec et al. (1988) NE 16 days in 

July, Aug., 

and Sept. 

6.81 
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Table 1.2: Crop coefficients (kc) from literature 

Turf Species 

Warm/ 

Cool-

season 

Study 
Study 

Location 

 ET0 

method 
kc 

Period of 

Calculation 

Bahiagrass Warm Jia et al. (2009) Central FL Penman 0.3 - 0.9 Jan. - Dec. 

Bermudagrass Warm 
Brown et al. 

(2001) 

Tucson, 

AZ 

Penman 

Monteith 
0.73 - 0.85 June -Sept. 

Tifway 

Bermudagrass 
Warm Carrow (1995) 

Griffin, 

GA 
Penman 0.54 - 0.97 May - Oct. 

Tifway 

Bermudagrass 
Warm Carrow (1995) 

Griffin, 

GA 
Pan 0.53 - 0.81 May - Oct. 

Common 

Bermudagrass 
Warm Carrow (1995) 

Griffin, 

GA 
Penman 0.49 - 0.92 May - Oct. 

Common 

Bermudagrass 
Warm Carrow (1995) 

Griffin, 

GA 
Pan 0.49 - 1.00 May - Oct. 

Common 

Bermudagrass (golf 

course/highly 

managed) 

Warm 
Devitt, Morris, 

Boman (1992) 

Las Vegas, 

NV 

Penman 

Monteith 
0.3 - 0.6 Jan. - Dec. 

Common 

Bermudagrass 

(park/low 

managment) 

Warm 
Devitt, Morris, 

Boman (1992) 

Las Vegas, 

NV 

Penman 

Monteith 
0.4 - 0.9 Jan. - Dec. 

Bermudagrass  Warm 
Garrot and 

Mancino (1994) 

Tucson, 

AZ 
Penman 0.6  (avg) Mar. -Dec. 

Meyer zoysiagrass Warm Carrow (1995) 
Griffin, 

GA 
Penman 0.51 - 1.14 May - Oct. 

Meyer zoysiagrass Warm Carrow (1995) 
Griffin, 

GA 
Pan 0.51 - 0.94 May - Oct. 

Common 

Centipedegrass 
Warm Carrow (1995) 

Griffin, 

GA 
Penman 0.62 - 1.03 May - Oct. 

Common 

Centipedegrass 
Warm Carrow (1995) 

Griffin, 

GA 
Pan 0.62 - 1.24 May - Oct. 

Raleigh St. 

Augustine 
Warm Carrow (1995) 

Griffin, 

GA 
Penman 0.52 - 1.01 May - Oct. 

Raleigh St. 

Augustine 
Warm Carrow (1995) 

Griffin, 

GA 
Pan 0.53 - 0.89 May - Oct. 

Hybrid 

bermudagrass, 

zoysiagrass, 

seashore paspalum 

Warm 
Meyer and 

Gibeault (1987) 
CA 

modified 

Penman 
0.5 - 0.79 Jan. - Dec. 

Hybrid 

bermudagrass, 

zoysiagrass, 

seashore paspalum 

Warm 
Meyer and 

Gibeault (1987) 
CA Pan 0.4 - 0.63 Jan. - Dec. 

K-31 tall fescue Cool Carrow (1995) 
Griffin, 

GA 
Penman 0.63 - 1.14 May - Oct. 

K-31 tall fescue Cool Carrow (1995) 
Griffin, 

GA 
Pan 0.62 - 0.97 May - Oct. 
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Table 1.2 continued 
    

Rebel II tall fescue Cool Carrow (1995) 
Griffin, 

GA 
Penman 0.6 - 1.15 May - Oct. 

Rebel II tall fescue Cool Carrow (1995) 
Griffin, 

GA 
Pan 0.61 - 0.95 May - Oct. 

Kentucky 

bluegrass, perennial 

ryegrass, tall fescue 

Cool 
Meyer and 

Gibeault (1987) 
CA 

modified 

Penman 
0.6 - 1.04 Jan. - Dec. 

Kentucky 

bluegrass, perennial 

ryegrass, tall fescue 

Cool 
Meyer and 

Gibeault (1987) 
CA Pan 0.5 - 0.83 Jan. - Dec. 

Kentucky bluegrass 

(c.v. Baran) 
Cool 

Aronson et al. 

(1987) 
RI Penman 0.91 - 1.23 July - Sept. 

Kentucky bluegrass 

(c.v. Baran) 
Cool 

Aronson et al. 

(1987) 
RI Pan 0.76 - 1.51 July - Sept. 

Kentucky bluegrass 

(c.v. Edmundi) 
Cool 

Aronson et al. 

(1987) 
RI Penman 0.88 - 1.21 July - Sept. 

Kentucky bluegrass 

(c.v. Edmundi) 
Cool 

Aronson et al. 

(1987) 
RI Pan 0.72 - 1.43 July - Sept. 

Red Fescue Cool 
Aronson et al. 

(1987) 
RI Penman 0.87 - 1.18 July - Sept. 

Red Fescue Cool 
Aronson et al. 

(1987) 
RI Pan 0.78 - 1.42 July - Sept. 

Hard Fescue Cool 
Aronson et al. 

(1987) 
RI Penman 0.72 - 1.01 July - Sept. 

Hard Fescue Cool 
Aronson et al. 

(1987) 
RI Pan 0.68 - 1.26 July - Sept. 

Perennial ryegrass Cool 
Aronson et al. 

(1987) 
RI Penman 0.89 - 1.20 July - Sept. 

Perennial ryegrass Cool 
Aronson et al. 

(1987) 
RI Pan 0.72 - 1.47 July - Sept. 
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CHAPTER 2: WATER USE OF COOL-SEASON AND WARM-SEASON TURF IN 

THE PIEDMONT OF NORTH CAROLINA 

 

Introduction 

 Turfgrasses are classified as warm-season or cool-season depending on their climatic 

adaptation.  Cool-season turfgrasses grow well in cooler climates such as those in the 

northern United States.  In contrast, warm-season turfgrasses grow well in the warm arid and 

warm humid climates of the southern United States.  The Piedmont of North Carolina is in a 

transition zone where both types of turfgrasses survive, but do not thrive.  Knowledge of the 

consumptive water use of both types of turfgrasses is necessary to ensure that turfgrass 

irrigation results in acceptable turf quality while using water resources wisely.  Conserving 

water resources in the Piedmont of North Carolina is becoming increasingly important as the 

area’s population continues to grow rapidly and wise use of potable water for irrigation will 

help cities located in the Piedmont of North Carolina delay the costly process of expanding 

water and wastewater treatment infrastructure.   

 Studies have been conducted to determine the consumptive water use of warm-season 

and cool-season turf in various regions of the United States especially in semiarid/arid 

regions.  Carrow (1995) conducted a study in the southeastern part of the United States that 

examined evapotranspiration (ET) of warm-season and cool-season turf and found that the 

average daily consumptive water use of warm-season turf ranged from 3.03 to 3.80 mm d
-1

 

and the average consumptive water use of cool-season turf ranged from 3.57 to 3.69 mm d
-1

.  

Jia et al. (2009) found that the average consumptive water use of bahiagrass, a warm-season 

turf, from 2003 to 2006 was 2.27 mm d
-1

 in central Florida.   Greene et al. (1991) concluded 
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that the average daily water use of 11 genotypes of zoysiagrass during fall 1985, summer 

1986, and summer 1987 was 4.1 mm d
-1

 in Texas.  

The primary purpose of the research discussed in this chapter is to determine the 

consumptive water use of warm-season turf and cool-season turf for the purpose of 

computing crop coefficients with a secondary objective of analyzing the irrigation water 

applied in 2013 and 2014.  In addition, the impact of turf type and irrigation management 

strategy on turf consumptive water use and irrigation water applied will be explored.  The 

impact of irrigation management strategy was examined by assigning turf plots two different 

management allowable depletions (MAD) which is the fraction of plant available water 

allowed to be depleted before irrigation occurs.  The terms consumptive water use and ETc 

will be used interchangeably in this chapter. 

 

Materials and Methods 

Research Site and Instrumentation 

The turf plots used in this study were part of the North Carolina State University 

Turfgrass Field Laboratory located on Lake Wheeler Road in Raleigh, NC (35° 44’ 42.22” N, 

78° 40’ 47.46” W).  The site consisted of forty (4 m x 4 m) turf plots installed in fall 2006.  

Half of the plots were sodded to warm-season turf (Zoysia matrella (L.) Merr) and half were 

sodded to cool-season turf (Festuca arundinacea Schreb.).  Each turf plot was irrigated by 

four quarter-circle 3.7 m (12 ft) radius pop-up spray heads (Toro 570 3.7-m series with 23° 

trajectory, 0.5 gpm at 30 psi, the Toro Company, Bloomington, MN) located on the corners 

of each turf plot and was served by an independent solenoid valve.  Plot labels and sensor 

numbers used in this experiment are shown in Figure 2.1.  
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The irrigation system had two 1.5 in. (38-mm) class 200 polyvinyl chloride (PVC) 

submains with one serving the 20 warm-season turf plots and the other serving the 20 cool-

season turf plots.  The submains had a 38-mm pressure regulator that regulated the water 

pressure to approximately 210 kPa upstream of the solenoid valves serving each plot 

(Grabow et al., 2013).  

Water meters (Amco V100, Amco Water Metering Systems, Ocala, FL) recorded 

flow to four adjacent turf plots, e.g., plots C101-C401, C104-C404, (see Figure 2.2).  The 

water meters, which had a five gallon (18.9 L) resolution, were logged by a Campbell 

Scientific CR10X logger (Campbell Scientific, Inc., Logan, UT) at five minute intervals.  

Data from the water meters was used to determine the depth of irrigation applied to each plot.  

Turf plots were mowed semiweekly to a height of 76 mm (3 in.) for the Zeon 

zoysiagrass plots and to a height of 95 mm (3.75 in.) for the Confederate blend tall fescue 

plots.  Fertilizer and lime were applied as specified by general extension service guidance for 

warm-season and cool-season turf (Bruneau et al., 2008). 

Time domain transmissometry (TDT) soil moisture sensors (Digital TDT Soil 

Moisture Sensor, Acclima, Meridian, ID) were buried approximately 102 mm (4 in.) below 

grade in the center of 10 warm-season turf plots and 10 cool-season turf plots.  The soil 

moisture sensors were logged in 10 minute intervals with an Acclima CS3500 controller via a 

2-wire system.   

Irrigation was automated using an Acclima CS3500 “on demand” irrigation controller 

and feedback from the soil moisture sensors.  An Acclima CS3500 zone adapter was used to 

allow the standard solenoid valves associated with the plots containing soil moisture sensors 

to be addressable and controllable on the 2-wire system.   The allowable irrigation window 
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for the site started at 0:00 AM EST and spanned until 7:30 AM EST.  Each plot was allowed 

a 1.5 hour window to irrigate with 10 minute “system on” and “system off” cycles to 

minimize irrigation runoff; therefore, a maximum of 50 minutes of irrigation was allotted to 

each plot per night.  Up to four plots were allowed to irrigate simultaneously in both the cool-

season and warm-season plots with only one plot per water meter allowed to irrigate at once.  

The Acclima CS3500 was programmed with values of volumetric soil water content that 

initiated irrigation and terminated irrigation.  Volumetric soil water contents that initiated 

irrigation were determined based on each plot’s MAD.  The MAD50 turf plots had a MAD of 

50% and represented “well-watered” conditions while the MAD75 turf plots had a MAD of 

75% and represented “moderately stressed” conditions.   Volumetric soil water contents 

initiating irrigation were set to 0.75 times the volumetric soil water content at field capacity 

for MAD50 turf plots and 0.625 times the volumetric soil water content at field capacity for 

MAD75 turf plots.  These fractions were based on the assumption that each plot’s volumetric 

soil water content at the permanent wilting point was equal to 50% of the volumetric soil 

water content at field capacity.  Volumetric soil water contents terminating irrigation were set 

to two percentage points lower than the volumetric soil water content at field capacity which 

allowed rainfall to contribute to plant available water.  Field capacity was estimated for each 

turf plot containing a sensor by examining time-series plots of volumetric soil water content 

over periods of low ET after a soaking rain and determining the volumetric soil water content 

where the decrease in soil water content tapered off indicating drainage had ceased.  If the 

volumetric soil water content terminating irrigation was not attained during a turf plot’s 

allotted time to irrigate, the controller flagged its zone to resume irrigation the following 
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night.  The the volumetric soil water content at field capacity for each turf plot is listed in 

Table 2.1.  

Weather data was collected from a Watchdog Model 2900 weather station (Watchdog 

900ET, Spectrum Technologies, Plainfield, IL).  The Watchdog weather station collected 

observations of temperature, solar radiation, precipitation, wind speed, wind direction, wind 

gust, and dew point at 15 minute intervals.  This data was used to compute ET0 with the FAO 

Penman-Monteith equation.  The Watchdog weather station was also equipped with a tipping 

bucket rain gauge that measured precipitation with a 0.2 mm (0.01 in.) resolution. 

Data obtained from the North Carolina State Climate Office Lake Wheeler Road 

Field Lab station was used to compute ET0 during periods of time when the Watchdog 

Weather station did not function properly.  Data from this station was used due to its 

proximity to the research site (1.3 km away).   

Additional precipitation measurements were available from another tipping bucket 

rain gauge (#7857 Davis Instruments, Hayward, CA) logged by the Campbell-Scientific 

datalogger.  ET0 data was also collected from an atmometer (Model E, ET Gage Company, 

Loveland, CO) with a 0.2 mm (0.01 in.) resolution.  The atmometer was covered with a 

number 30 canvas cover to simulate cool-season grass ET0 and measurements were logged 

by the CR10X.  

Data collection occurred during the 2013 and 2014 irrigation seasons.  The 2013 

irrigation season spanned from 1 May 2013 to 20 September 2013 and the 2014 irrigation 

season spanned from 1 May 2014 to 20 October 2014.   
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Experimental Design 

 The objective of this research project was met by implementing an experimental 

design that examined the influence of turf type and irrigation management strategy on 

consumptive water use and irrigation water applied.  The two levels of turf type were warm-

season and cool-season and the two levels of irrigation management strategy were “well-

watered” and “moderately stressed”.  Irrigation management strategy was quantified with 

management allowable depletion (MAD).  The MAD50 turf plots had a MAD of 50% and 

represented “well-watered” conditions while the MAD75 turf plots had a MAD of 75% and 

represented “moderately stressed” conditions.   There were five replicates containing a sensor 

of the four turf type and MAD combinations. 

Each of the independently controlled plots containing a sensor was paired with a 

slaved plot without a sensor.  The master and slaved plots were of the same turf species and 

subjected to the same MAD.  The slaved plots were replicates for turf quality measurements.  

Figure 2.2 is a diagram of the experimental design labeled with each plot’s turf type and 

MAD.  

 

Effective Length 

 Volumetric soil water contents (θv) with units of m
3
 m

-3
 were converted to a depth in 

millimeters for use in a water balance by multiplying by an effective length (mm).  The 

effective length was either a computed apparent sampling length (ASL) which represented 

the response of the soil moisture sensors to rainfall or an assumed value of 150 mm 

representing the turf’s assumed effective root zone.   Bowman et al. (2002) studied the root 

density of six warm-season turfgrasses and found that 66-95% of root lengths were in the top 
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190 mm and 43-57% of root lengths were in the top 40 to 60 mm.  Bowman et al. (2002) also 

found that zoysiagrasses had an average of 76.6% of root lengths in the top 40 to 60 mm and 

93.8% of root lengths in the top 170 to 190 mm.  Similarly, Penn State University reported 

that cool-season grasses tend to have root lengths ranging from 51 to 152 mm (Penn State 

University Extension).  Therefore an effective length of 150 mm was assumed because it 

accounts for a significant portion of warm-season and cool-season turfgrasses’ root lengths.  

An inherent problem with assuming that the effective length is 150 mm is that this 

assumption implies that the sensor reading is consistent over 150 mm, most directly which is 

unlikely.  The use of the ASL as the effective length assumes that the vertical axis of the 

sampling volume about the sensor is of a length equal to the ASL.   

An ASL was calculated for each sensor used in this study.  This approach analyzed 

the response of Acclima TDT soil moisture sensors to rainfall depth.  The sensors’ response 

to rainfall was examined because it can be assumed that rainfall is more uniform over a small 

area than irrigation applied by spray heads; therefore, rainfall depths at sensor locations are 

more certain than irrigation depths.  

First, it was noted when sensors were replaced to ensure that the ASL for each sensor 

was calculated because the response to rainfall may differ by sensor even if two sensors were 

placed in the same turf plot.  Sensor replacement dates are listed in Table 2.2. 

The ASL for each sensor was calculated by first extracting days with rainfall as 

determined from data collected from the rain gauge logged by the CR10X, and no irrigation 

as determined from water meter data.  Next, days with rainfall less than or equal to 2.54 mm 

(0.01 in.) and rainfall greater than 24 mm (0.95 in.) were excluded from analysis.  Days with 

very little rainfall were excluded from analysis because water would not infiltrate to a depth 
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sufficient to generate a sensor response.  Days with rainfall greater than 24 mm were 

excluded from analysis because the sensor would cease to respond after a large amount of 

rainfall due to saturated soil conditions.   

Following data extraction, the beginning and end of each rainfall event was 

determined using five minute precipitation data from the CR10X.  The change in soil water 

content associated with each rainfall event was determined by subtracting the initial soil 

water content 10 minutes prior to the rainfall event from the soil water content two hours 

after rainfall ceased.  Using the soil water content two hours after the cessation of 

precipitation allowed for rain to infiltrate and percolate such that it would be sensed by the 

Acclima TDT soil water sensor. 

Change in volumetric soil water content was then plotted against rainfall depth for 

each sensor and a multiple linear regression model was developed that related rainfall depth 

and sensor to change in volumetric soil water content:  

 

                                                                     [2.1] 

where, 
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The “lm” command in R (R Core Team, 2014) which performs a linear regression analysis 

was used to develop parameter estimates for the regression model.  A simple linear equation 

can be formed for the relationship of sensor response to rainfall by adding β2 for each sensor 

to the β0 to generate the intercept and adding β3 for each sensor   precipitation term to β1 to 

generate the slope.  The ASL for each sensor was determined by calculating the inverse of 

the sum of β1 and β3 (slope) for each sensor.  The parameter estimates for this analysis are in 

Appendix A. 

 Next, a multiple linear regression model was developed in which the intercept was 

forced through the origin as no positive change in soil water content is expected in the 

absence of rainfall:   

 

                                                                       [2.2] 

 

 

The “lm” command in R was used to compute model parameters found in Appendix A.  The 

ASL for each sensor was determined by computing the inverse of the β3 values.   

 

 

 

Daily Water Balance Approach 

 Daily consumptive water use was determined using the soil water balance method: 

  

                                                               [2.3] 

where, 
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Different soil water balances were implemented for periods with volumetric soil water 

content less than the volumetric soil water content at field capacity and periods with 

volumetric soil water content greater than the volumetric soil water content at field capacity.   

Both soil water balances were computed for days without precipitation or irrigation; 

therefore, it was assumed that surface runoff was negligible.         

 Drainage was assumed to be negligible for soil water balances computed for days 

with volumetric soil water content less than the volumetric soil water content at field capacity 

as field capacity is the soil water content at which water has drained by gravity.  Thus, the 

soil water balance for periods with volumetric soil water content less than the volumetric soil 

water content at field capacity simplifies to:  

 

                                                                          [2.4] 

where, 

             

where, 
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The volumetric soil water content at 0:00 was chosen as the initial soil water because it is the 

first volumetric soil water content record of the day and the volumetric soil water content at 

23:50 was chosen as the final soil water because it is the last volumetric soil water content 

record of the day. 

The following ANOVA model was implemented for both ΔSW estimate types (Leff = 

150 mm or the ASL) with PROC MIXED in SAS (SAS, 2003) to examine how turf type and 

MAD related to daily ETc:    

 

                                    β
 
   β                   [2.5] 

where, 

                                                     

                         

                                                                 

β
 
                                                   

  β                                      
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It should be noted that day of the year was modeled as a random effect and that data was 

pooled over the 2013 and 2014 irrigation seasons.  The model residuals exhibited mild 

autocorrelation (AR(1) = 0.2406, p<0.0001 when Leff =150 mm, AR(1) = 0.5683, p<0.0001 

when Leff = ASL) which was addressed by modeling the residuals with a first-order 

autoregressive correlation structure using the “repeated” statement in PROC MIXED with 

turf plot as the subject.   

 

Drainage Curves 

Drainage must be accounted for when computing ETc estimates involving volumetric 

soil water contents greater than the volumetric soil water content at field capacity.  Therefore, 

drainage curves were developed following a methodology similar to Willardson et al. (1963) 

who determined drainage by covering a plot with 0.3 m (1 ft) of straw to prevent ET then 

fitting a regression line calculated as:   

 

 

                                                                            [2.6]        

where, 
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Drainage curves in this research project were developed for periods in 2014 with negligible 

ETc; therefore, regression curves modeled volumetric soil water content decreasing as a 

result of drainage after rainfall.   

 An assumption used in the development of drainage curves was drainage is a function 

of volumetric soil water content (Willardson et al., 1963).  This assumption may be violated 

if ET dries the surface enough to cause the downward soil water gradient to be reversed with 

an upward movement of water due to capillary forces (Willardson et al., 1963).  However, 

the drainage curves in this project modeled periods with high soil water, so the assumption 

that drainage is a function of volumetric soil water content is valid for this project.  

The first step in constructing drainage curves was determining periods of time with 

negligible ET.  Data from January, February, March, November, and December in 2014 were 

used in the analysis.  Next, 24-hour rainfall data logged by the CR10X was used to assign a 

“number of days since rainfall” to each day.  Volumetric soil water content was plotted 

against the number of days since rainfall.  The “lm” command in R was used to develop β1 

and β2 using the following relationship:   

 

 

                                                                   [2.7] 

where, 

                                         

                             

                                 

 

 Equation 2.7 was linearized to: 
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   [2.8] 

where, 

         

 

 Several sets of coefficients were developed for each turf plot resulting from best fit 

analysis for different periods.   

  

Soil Water Balance with Drainage 

 The drainage curves were then used to compute daily ETc estimates for periods with 

volumetric soil water content greater than the volumetric soil water content at field capacity.  

The final soil water balance for days with no precipitation, no irrigation, and volumetric soil 

water content greater than the volumetric soil water content at field capacity was:  

 

                                                                  [2.9] 

where, 

                                     

                  

where, 
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and 

   
          
            

  

where, 

                                                                          

 

 The drainage portion of the soil water balance was calculated by first determining the 

most appropriate drainage curve parameters for each day in the analysis.  Next, the selected 

drainage curve was used to determine “t” from Equation 2.8 that corresponded to the initial 

soil water of each day in the analysis by rearranging the equation to obtain “t” as a function 

of volumetric soil water content as: 

 

                                                                            
   

  
  

 [2.10] 

where, 

                                                                                        

                                                        

 

 The relationship in Equation 2.10 was then used to determine the change in 

volumetric soil water content due to drainage: 

 

                                                                  
    

   [2.11] 

where, 
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The following ANOVA model was implemented for both ΔSW estimate types (Leff= 

150 mm or the ASL) with PROC MIXED in SAS (SAS, 2003) to examine how turf type and 

MAD related to daily ETc computed for periods with volumetric soil water content greater 

than volumetric soil water content at field capacity: 

 

                                                                [2.12] 

where, 

                                                    

                         

                                                                 

                                                     

                                         

               

 

Bowen Ratio/Energy Balance Approach 

 Another method of estimating daily ETc used an energy balance approach with data 

from a Micro-Bowen Ratio (MBR) system installed on turf plot C203 containing soil 

moisture sensor 18.  The plot is a cool-season, MAD75 turf plot.  However, the intake unit 

was also moved inadvertently to plot C303, a cool-season, MAD50 turf plot, during unknown 

periods of time.  Installation occurred on 27 April 2014.  The MBR system measures 

atmospheric pressure and the differences in air temperature and water vapor concentration at 
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1 cm and 6 cm above the ground surface (Heitman et al., 2013).   These measurements are 

used to calculate the Bowen ratio (Bowen, 1926):               

 

                                                 
 

  
 

          

        
                                                              [2.13] 

where, 

              

                                )   

                               ) 

                              

                                             

                                                             

                                                       

                                                     

                                                              

 

The Bowen ratio, soil heat flux measurements, and net radiation measurements are 

used to calculate latent heat flux (LE): 

 

                                                     
      

     
                                                                  [2.14] 
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Half hour latent heat estimates computed using Equation 2.14 are averaged and 

multiplied by 48 to obtain an estimate of latent heat over the 24 hour period.  The latent heat 

estimates are converted from kW m
-2

 to ET in mm d
-1

: 

 

                                                    
           

   
                                        [2.15] 

where, 

                               

                                                           

                                   

 

Results were filtered by eliminating data with Bowen ratios between -1.05 and -0.95 

as the denominator of Equation 2.13 approached zero resulting in an unreasonably large 

latent heat (Heitman et al., 2013).   There may be variability in the results due to movement 

of the air intake unit among turf plots with different treatments.  Net radiation was measured 

using a net radiometer located on plot C203.  Two thermocouples (Type E) were installed at 

2 cm and 4 cm below grade to measure soil temperature for estimating the energy storage 

above soil heat flux plates buried 6 cm below grade on turf plot C203.  The soil heat flux (G) 

portion of Equation 2.14 was estimated by combining the estimates of energy storage above 

the soil heat flux plate and the measurements from the heat flux plate (Heitman et al., 2013).  

The difference in vapor pressure (Δe) and difference in air temperature (ΔT) in Equation 2.13 

were determined from samples taken from the two intake tubes in the air intake assembly.  

When the air intake assembly was placed on turf plot C303, vapor pressure and temperature 

differentials were measured from a different treatment, but the net radiation (Rn) and soil heat 
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flux (G) components of Equation 2.14 were still estimated for turf plot C303 rather than turf 

plot C203.  The net radiation (Rn) probably would not differ significantly between the two 

plots unless there was a drastic difference in color.  A paired t-test indicated that the average 

weekly NDVI for turf plot C203 did not differ from the average weekly NDVI for turf plot 

C303 (p=0.2501); therefore, it can be assumed that the two plots had the same Rn because 

there was not a measured difference in “greenness.”  The soil heat flux may also vary 

between turf plot C203 and turf plot C303 due to differing soil water contents as there are 

differences in soil structure among the turf plots at this research site.  Soil water content in 

turf plot C303 could not be estimated because it did not have a soil moisture sensor. 

Daily ET estimates from soil water balances for turf plot C303 could not be compared 

to daily ET estimates from the energy balance method because it did not have a soil moisture 

sensor.  Daily ET estimates from the energy balance method were compared to daily ET 

estimates from soil water balances for turf plot C203 by performing Pearson’s correlation test 

and a paired t-test.  Daily ET estimates from the energy balance method were also compared 

to ET0 as measured by the atmometer and ET0 calculated using the FAO Penman-Monteith 

equation with Pearson’s correlation and a paired t-test.   

 

Monthly Water Balance Approach 

 Consumptive water use was also calculated over longer periods of time.   Monthly 

ETc estimates were computed for each turf plot containing a sensor using a soil water balance 

calculated as: 

 

                                                                   [2.16]  
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where, 

                                    

                                          

                                       

                          

 where, 

                                                                          

                                                                        

         
             
               

  

                                                                  

 

Equation 2.16 accounts for effective precipitation which is the portion of rainfall that 

contributes to the consumptive water use of turfgrass.  Therefore, precipitation that 

contributes to runoff or drains through the soil profile is not effective.  The depth of effective 

precipitation was determined for each rainfall event.  The effective precipitation from all 

rainfall events in a given month was summed to determine monthly effective precipitation.   

Water meter data was used to compute the depth of irrigation applied per month per turf plot.  

Soil water data logged by the CS3500 Acclima Irrigation Manager was used to determine the 

change in soil water with the initial soil water occurring at 0:00 on the first day of the month 

and the final soil water occurring at 23:50 on the last day of the month.  Effective 

precipitation was calculated from rainfall data using soil water data to determine the depth of 

precipitation that could be added to the soil profile without exceeding field capacity:  
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     [2.17] 

where, 

                                  

                                                               

                           

                                                              

                                                     

                                                   

                                                                  

 

Monthly consumptive water use estimates were calculated for May, June, July, and 

August for 2013 and for May, June, July, August, and September for 2014. 

Some monthly consumptive water use estimates were eliminated from statistical 

analysis.  The estimates eliminated are tabulated in Appendix 3.  Reasons for elimination 

from statistical analysis included root zone disturbance due to sensor replacement, low 

monthly consumptive water use estimates due to high volumetric water content resulting 

from lateral water movement, and poor stands of turf.  Lateral drainage was discharged from 

the Zeon zoysiagrass plots to the Confederate blend tall fescue plots during wet periods 

because the Confederate blend tall fescue turf plots are three feet lower and adjacent to the 

Zeon zoysiagrass plots.  This was visually confirmed on the slope between the warm-season 
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and cool-season turf plots.  The presence of lateral drainage from the Zeon zoysiagrass plots 

to the Confederate blend tall fescue plots resulted in an increase in the Confederate blend tall 

fescue plots’ soil water content resulting in lower monthly ETc estimates for Confederate 

blend tall fescue plots.  In addition, it was assumed that monthly consumptive water use 

estimates less than 30 mm (average daily ETc of 1 mm d
-1

) were not representative of 

average conditions as the lowest ETc estimates found in the literature are between 2 mm d
-1

 

and 3 mm d
-1

.   However, ETc in humid climates tends to be lower than ETc in arid climates 

due to a lower vapor pressure deficit between the plant and the atmosphere (Romero and 

Dukes, 2009); therefore, a monthly ETc estimate of 30 mm was determined to be acceptable 

for this analysis.    

The following ANOVA model was implemented with PROC MIXED in SAS for 

both ΔSW estimate types (Leff=150 mm or the ASL) (SAS, 2003) to examine how turf type, 

MAD, and month related to monthly ETc:  

 

                                                       [2.18] 

where, 
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Seasonal Irrigation Applied 

Seasonal irrigation water applied was determined by summing the depths of irrigation 

applied to each plot in the 2013 and 2014 seasons.  Plots with excessive watering due to 

severed sprinkler heads not detected by the sensors (C202, C401, W102, and W405 in 2013) 

were eliminated from the final analysis.   

The following ANOVA model was implemented using PROC MIXED in SAS (SAS, 

2003) to assess how seasonal irrigation water applied related to turf type, MAD, and 

irrigation season:  

 

                                                             [2.19] 

where, 
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Weekly Irrigation Applied 

Weekly applied irrigation data was pooled over the 2013 and 2014 irrigation seasons 

then an ANOVA model was implemented using PROC MIXED in SAS (SAS, 2003) to 

analyze how weekly applied irrigation related to turf type, MAD, and the interaction of turf 

type and MAD: 

 

                                                   [2.20] 

where, 

                                                               

                                            

                                               

                                                                 

                                               

                                         

               

 

It should be noted that date (end of the week) was modeled as a random effect.  

 

Turf Quality Assessment 

As turf quality is important to turf managers, and is normally correlated with the 

amount of irrigation water applied, turf quality was assessed on a weekly basis throughout 

both study seasons.  Turf quality was assessed using the Normalized Difference Vegetation 
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Index (NDVI) which is the ratio of reflectance in the red and near infrared portion of the 

electromagnetic spectrum calculated as:   

 

                                                                  
       

       
 [2.21] 

where, 

                                             

                                                                 

                                                     

                    

 

NDVI ranges from -1 to 1 with negative values indicating deep water or clouds, values 

between 0.1 and 0.2 indicating barren land, values between 0.2 and 0.5 indicating sparse 

vegetation, and values above 0.5 indicating dense vegetation (USGS, 2015).  In this way, 

NDVI measures turf quality by quantifying “greenness” with a greater NDVI indicating a 

greater level of “greenness”.  NDVI cannot distinguish between turf and weeds (Bremer et 

al., 2011). 

 The reflectance in the red spectral band corresponding to R in Equation 2.21 is 

influenced by chlorophyll content which gives plants their green color (Knipling, 1970; 

Gausman, 1977).  In contrast, reflectance in the near infrared spectral band corresponding to 

NIR in Equation 2.21 is due to light scattering within leaf cells (Goodin and Henebry, 1998).   

Zeon zoysiagrass NDVI was not compared to Confederate blend tall fescue NDVI because 

NDVI may differ due to differences in turf species rather than turf quality.  For example, 

components of leaf cells differ between species of turf which impacts near infrared 
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reflectance (Gausman, 1977).  In addition, Zeon zoysiagrass tended to have a lighter color of 

green than the Confederate blend tall fescue which impacts reflectance in the red portion of 

the electromagnetic spectrum.   

NDVI data was collected on a weekly basis during 2013 and 2014 using a handheld 

FieldScout TCM 500 NDVI Turf Color Meter (FieldScout TCM 500 NDVI Turf Color 

Meter, Spectrum Industries, Plainfield, IL) with five measurements collected from every turf 

plot and averaged.  Four measurements were collected near the corners of each plot and one 

measurement was collected from the center of each plot.      

NDVI measurements collected during weeks in which the Zeon zoysiagrass was not 

fully “greened up” were excluded using soil temperature.  Soil temperature data from the 

Acclima TDT soil moisture sensors was used do indicate whether the Zeon zoysiagrass was 

fully out of dormancy.  Soil temperatures less than 18°C (65°F) indicated that the Zeon 

zoysiagrass was not fully out of dormancy or was entering dormancy.  Therefore, Zeon 

zoysiagrass NDVI measurements associated with soil temperatures less than 18°C (65°F) 

were excluded from analysis.     

 The following ANOVA model was implemented using PROC MIXED in SAS (SAS, 

2003) to examine how MAD and the presence of sensors were related to NDVI:   

 

                                                           [2.22] 

where, 
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Date (week) was modeled as a random effect.  A first-order autoregressive correlation 

structure was used to model the autocorrelated residuals using the “repeated” statement in 

PROC MIXED with turf plot as the subject. 

 Applied irrigation and turf quality as measured by NDVI were correlated using 

Pearson’s correlation test.  In addition, the variation in turf quality as measured by NDVI due 

to soil temperature measured by Acclima TDT soil moisture sensors (Digital TDT Soil water 

Sensor, Acclima, Meridian, ID) was determined using Pearson’s correlation test.   

 

Results and Discussion 

 The consumptive water use estimates derived in this study are discussed below.  ETc 

was determined with soil water balance and energy balance methods.  Soil water balances 

were calculated with both 150 mm and ASL as the effective length.   

 

Apparent Sampling Length   

 The full model results relating rainfall to sensor response are shown graphically in 

Figure 2.3 and numerically in Table 2.3.  Apparent sampling lengths (ASLs) ranged from 

111 mm to 1258 mm with a mean ASL of 281 mm.  A lower ASL indicates a greater 
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response to rainfall.  Model parameter estimates of the full model are shown in Appendix 1 

with associated standard errors.  The mean square error (MSE) of the full model was 0.00135 

m
3
m

-3
.  The coefficient of determination (R

2
) of the full model was 0.4446 and the adjusted 

coefficient of determination (adjusted R
2
) was 0.4023.   

 The zero-intercept model results are presented graphically in Figure 2.4 and 

numerically in Table 2.4.  ASLs ranged from 68 mm to 286 mm with a mean ASL of 189 

mm.  Model parameter estimates of the zero-intercept model are shown in Appendix 1 with 

associated standard errors.  The mean square error (MSE) of the zero-intercept model was 

0.001392 m
3
m

-3
.  The coefficient of determination (R

2
) value of the zero-intercept model was 

0.7999 and the adjusted coefficient of determination (R
2
) value of 0.7924.    

The ASLs computed with the zero-intercept model were used as effective lengths 

because the zero-intercept model had a greater coefficient of determination than the full 

model.  The zero-intercept model ASLs were closer to the expected rooting depth of turf (100 

to 190 mm) than the full model ASLs.  This is the expected rooting depth determined by 

Bowman et al. (2002) who studied the root density of six warm-season turfgrasses and found 

that 66-95% of root lengths were in the top 190 mm and 43-57% of root lengths were in the 

top 40 to 60 mm.  Similarly, Penn State University reported that cool-season grasses tend to 

have root lengths ranging from 51 to 152 mm (Penn State University Extension).  In addition, 

the zero-intercept model was used because it is expected that there would be no positive 

change in soil water content in the absence of rainfall.   
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Daily Consumptive Water Use 

 Daily consumptive water use calculated for periods with volumetric soil water 

content less than the volumetric soil water content at field capacity and the ASL as the 

effective length ranged from 0.71 to 8.87 mm d
-1

 with an average of 3.20 mm d
-1

, median of 

2.94 mm d
-1

, and standard deviation of 1.26 mm d
-1

.  Turf plot C103 associated with sensor 

13 yielded the lowest estimates of daily consumptive water use in this analysis due to its low 

ASL value of 68 mm indicating a greater response to rainfall.  The distribution of estimates is 

shown in Figure 2.5 while Figure 2.6 shows daily ETc estimates plotted against day of the 

year (DOY) for each turf plot.  The model indicated that daily consumptive water use 

estimated with ASL as the effective length differed by MAD (p=0.0038) and turf type 

(p<0.0001).  There was also an interaction effect between MAD and turf type (p=0.0152).  

The average daily consumptive water use was greater for warm-season turf plots and 

MAD75 turf plots.  This is counterintuitive as it would be expected that MAD50 turf plots 

would consume more water as they are not subject to moisture stress; however, the difference 

in daily ETc due to MAD may be attributed to a greater average ASL for MAD75 turf plots 

(206 mm) than the average ASL for MAD50 turf plots (170 mm).  Mean daily ETc estimates 

by turf type and MAD level are shown in Table 2.5. 

 Similarly, consumptive water use calculated for periods with volumetric soil water 

content less than the volumetric soil water content at field capacity and 150 mm as the 

effective length ranged from 1.50 to 7.56 mm d
-1

 with an average of 2.68 mm d
-1

, median of 

2.55 mm d
-1

, and a standard deviation of 0.934 mm d
-1

.  The distribution of daily ETc 

estimates is shown in Figure 2.7 and Figure 2.8 shows daily ETc plotted against DOY for 

each turf plot.  The model indicated that daily consumptive water use estimated with 150 mm 
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as the effective length did not differ by turf type (p=0.3457), but did vary by MAD 

(p<0.0417) with a greater average daily ETc for MAD50 turf plots.  There was also an 

interaction effect between turf type and MAD (p<0.0001).  Mean daily ETc estimates by turf 

type and MAD level are shown in Table 2.5. 

 It should be noted that there are obvious differences in the daily ETc estimates 

calculated for turf plots C101-C105 and daily ETc estimates computed for turf plots C201-

C205.  Figure 2.6 and Figure 2.8  illustrate that the ETc estimates for turf plots C101-C105 

tend to be lower than ETc estimates for turf plots C201- C205 due to the poor stands of 

Confederate blend tall fescue on turf plots C101- C105.  A paired t-test indicated that the turf 

quality as measured by NDVI for turf plots C101- C105 was lower than the turf quality as 

measured by NDVI for turf plots C201- C205 (p<0.0001). 

  

Drainage Curves 

 Drainage curves are shown in Figure 2.9 to Figure 2.16 with the parameters of all 

drainage curves used in soil water balances computed over periods with volumetric soil water 

content greater than the volumetric soil water content at field capacity shown in Appendix 2.  

Drainage curves were discarded from analysis if ET was present which was determined by 

examining drainage curves for “step” patterns where a steep decrease in soil water over time 

was followed by a flatter decrease in soil water over time.  This fluctuating slope was 

attributed to ET because these patterns were more prevalent in sensors associated with cool-

season turf plots.  However, the diurnal fluctuations could be due to temperature dependence 

on dielectric permittivity of soil water (Or and Wraith, 2000).  Drainage curves were not 

developed for turf plot C101 associated with sensor 11 during the beginning of 2014 as the 
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sensor was malfunctioning.  Data was also excluded from analysis if it did not reflect vertical 

drainage as expected possibly due to the presence of lateral drainage.     

There was more valid drainage curves constructed for Zeon zoysiagrass than 

Confederate blend tall fescue because Confederate blend tall fescue is dormant a smaller 

portion of the year.  In addition, some drainage curves for Confederate blend tall fescue did 

not reflect expected vertical drainage due to the contribution of lateral drainage from the 

Zeon zoysiagrass plots. 

 

Consumptive water use with drainage 

 Daily consumptive water use was also calculated for days with volumetric soil water 

content greater than the volumetric soil water content at field capacity and drainage was 

accounted for using drainage curves.  The daily ETc estimates calculated with this method 

were lower on average than estimates calculated for days with volumetric soil water content 

less than the volumetric soil water content at field capacity possibly due to waterlogging of 

the soil which occurs when there is saturation of soil around the roots (Anton et al., 2002).  

Soil saturation can result in oxygen deficiency of roots leading to stressed roots that might 

not use as much water.  There are differences in waterlogging tolerances among species of 

turfgrasses (Fry, 1991).   

   Daily consumptive water use estimates for days with volumetric soil water content 

greater than the volumetric soil water content at field capacity and computed with the ASL as 

the effective length ranged from 1.01 to 5.07 mm d
-1

 with an average of 2.25 mm d
-1

 and 

standard deviation of 0.908 mm d
-1

.  The distribution of daily ETc estimates is shown by in 

Figure 2.17 while Figure 2.18 shows daily ETc estimates plotted against DOY for each turf 
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plot.  The model indicated that daily ETc estimates did not differ by turf type (p=0.6534) or 

MAD (p=0.9125).  There was no interaction between MAD and turf type (p=0.6067).  Mean 

daily ETc estimates by turf type and MAD level are shown in Table 2.5. 

   Daily consumptive water use estimates for days with volumetric soil water content 

greater than the volumetric soil water content at field capacity and computed with 150 mm as 

the effective length ranged from 0.906 to 5.47 mm d
-1

 with an average of 1.90 mm d
-1

 and 

standard deviation of 0.833 mm d
-1

.  The distribution of daily ETc estimates is shown in 

Figure 2.19 while Figure 2.20 shows daily ETc estimates plotted against DOY for each turf 

plot.  The model indicated that these estimates did not differ by turf type (p=0.4218) or MAD 

(p=0.1303).  There was no interaction effect beween MAD and turf type (p=0.6212).  Mean 

daily ETc estimates by turf type and MAD level are shown in Table 2.5. 

 

 

Daily consumptive water use estimates computed from an energy balance 

 Daily ETc was estimated for plot C203 with sensor 18 from 13 June 2014 to 15 

September 2014 using the MBR system as seen in Figure 2.21.  Daily ETc estimates ranged 

from 0.28 to 6.12 mm d
-1

 with an average of 3.54 mm d
-1

, median of 3.73 mm d
-1

,
 
and 

standard deviation of 1.53 mm d
-1

.  Daily ETc estimates were lower for days with rainfall. 

 Pearson’s correlation test was used to examine the relationship between daily ETc 

estimates from daily soil water balances and daily ETc estimates from the energy balance 

method.  A scatter plot of daily ETc estimates from the energy balance versus daily ETc 

estimates from daily soil water balances is shown in Figure 2.22. There was a mild positive 

linear relationship between daily consumptive water use computed with the energy balance 

method and daily consumptive water use from daily soil water balances using the ASL as the 
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effective length (r=0.444, p=0.0385).  A paired t-test indicated there was not a significant 

difference in daily ETc computed with the energy balance method and daily ETc calculated 

with soil water balances using the ASL as the effective length (p=0.2846). 

According to Pearson’s correlation test, there was a mild positive linear relationship 

between daily consumptive water use computed with the energy balance method and daily 

consumptive water use estimates calculated with soil water balances using 150 mm as the 

effective length (r=0.443, p=0.0388).  A paired t-test indicated that daily consumptive water 

use calculated with soil water balances using 150 mm as the effective length were 

significantly lower than daily consumptive water use calculated with an energy balance 

method (p=0.01459). 

 Daily consumptive water use determined with the energy balance method was 

compared to ET0 computed with the FAO Penman-Monteith equation and ET0 measured with 

the ET gage atmometer.  Pearson’s correlation test indicated that daily ETc estimates from 

the energy balance method had a poor linear relationship with daily ET0 computed using the 

FAO Penman-Monteith equation (r=0.114, p=0.2890) and ET0 measured with the ET gage 

atmometer (r=0.129, p=0.2590).  A paired t-test indicated that ET0 as computed using the 

FAO Penman-Monteith equation was greater (p=0.0006) than consumptive water use 

estimated from the energy balance method.  Another paired t-test determined that ET0 as 

measured with the ET gage atmometer was not different (p=0.3961) from daily ETc estimates 

computed from the energy balance method. 
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Monthly Water Balance Results 

 The percentage of total rainfall that was effective in the 2013 and 2014 study periods 

is listed in Table 2.6.  The effective rainfall percentage during the 2013 irrigation season 

computed using the ASL as the effective length to compute change in soil water content 

ranged from 17- 53% with an average of 35%.  The effective rainfall percentage during the 

2013 irrigation season computed using 150 mm as the effective length to compute change in 

soil water content ranged from 17- 49% with an average 33%.  These percentages are similar 

to those computed by Dukes (2007) during a study that used a 30 year record (1961-1990) of 

weather data from Jacksonville, FL to simulate different irrigation schedules in which 

effective precipitation percentages ranged from 32- 48%.   

 The percentage of total rainfall calculated as effective was lower in the 2014 

irrigation season than the 2013 irrigation season with effective rainfall percentages ranging 

from 9- 56% with an average of 22% when the ASL was used as the effective length.  The 

effective rainfall percentages in 2014 computed with 150 mm as the effective length ranged 

from 8- 55% with an average 21%.  The notable differences in estimates of effective rainfall 

percentage for the two irrigation seasons may be due to differences in how rainfall was 

distributed.  There were many smaller rainfall events in 2013 that contributed to plant 

available water and did not result in as much drainage and surface runoff as the larger rainfall 

events in 2014.   

Monthly consumptive water use computed with the ASL as the effective length 

ranged from 30 to 187 mm mo
-1

 with an average of 83 mm mo
-1

.  The results are presented 

graphically in Figure 2.23.  The least square means of monthly consumptive water use 

calculated with the ASL as the effective length are listed by month in Table 2.7.  Monthly 



56 

 

consumptive water use estimates computed with the ASL as the effective length were greater 

for MAD50 turf plots than MAD75 turf plots (p=0.0001).  However, mean monthly 

consumptive water use did not vary significantly by turf type (p=0.2584).  There was an 

interaction effect between month and year (p<0.0001).  There was no interaction effect 

between turf type and MAD (p=0.6449).  Mean monthly consumptive water use calculated 

with the ASL as the effective length is listed by turf type and irrigation management strategy 

in Table 2.8.   

 Monthly consumptive water use calculated with 150 mm as the effective length 

ranged from 31 to 188 mm mo
-1

 with an average of 81 mm mo
-1

.  The results are shown 

graphically in Figure 2.24.  Monthly consumptive water use did not vary by turf type 

(p=0.5944).  However, monthly consumptive water use was greater for MAD50 turf plots 

than MAD75 turf plots (p<0.0001).  There was no interaction effect between turf type and 

MAD (p=0.6542).  Mean monthly consumptive water use computed with 150 mm as the 

effective length is listed in Table 2.8.  There was also an interaction effect between month 

and year (p<0.0001).  The mean monthly consumptive water is listed in Table 2.7.   

  

Seasonal Irrigation Water Applied 

 The model indicated that seasonal irrigation water applied did not differ by turf type 

(p=0.2934).  However, seasonal irrigation water applied to MAD50 turf plots was greater 

than seasonal irrigation water applied to MAD75 turf plots (p<0.001).  Mean seasonal 

irrigation water applied is listed by turf type and irrigation management strategy in Table 2.9.  

Seasonal irrigation water applied was greater for the 2014 irrigation season (p=0.001) which 

is logical because the 2014 irrigation season was a month longer.  There was no interaction 
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effect between turf type and MAD (p=0.5070).  There was no interaction effect among turf 

type, MAD, and irrigation season (p=0.0532).  Mean seasonal irrigation water applied is 

listed in Table 2.10. 

 

Weekly Irrigation Applied 

 The model indicated that weekly irrigation applied to MAD50 turf plots was greater 

than weekly irrigation applied to MAD75 turf plots (p<0.0001).  Weekly irrigation water 

applied did not differ significantly by turf type (p=0.3307).  There was also no interaction 

effect between turf type and MAD (p=0.8062).  Mean weekly irrigation applied is listed in 

Table 2.11. 

 

Turf Quality Assessment 

 The variation of turf quality over time for each turf plot is shown in Figure 2.25 and 

Figure 2.26.  NDVI was lowest at the beginning of the irrigation season and increased until 

about mid-June then decreased.   This trend was even more apparent when examining the 

warm-season turf plots’ NDVI due to Zeon zoysiagrass breaking dormancy at the beginning 

of the irrigation season and entering dormancy at the end of the irrigation season.   

 Turf quality as measured by NDVI for warm-season turf in 2013 and 2014 ranged 

from 0.477 to 0.731 with an average of 0.642 and a standard deviation of 0.049.  The model 

indicated that warm-season MAD50 turf plots had a significantly greater NDVI than warm-

season MAD75 turf plots (p<0.0001).  It was also determined that master plots containing a 

sensor and slaved plots without a sensor did not have different NDVI values (p=0.1569).  

Least square mean NDVI for warm-season turf is listed by MAD in Table 2.12. 
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 Turf quality as measured by NDVI for cool-season turf in 2013 and 2014 ranged from 

0.406 to 0.745 with a mean of 0.676 and a standard deviation of 0.035.  The model indicated 

that MAD50 turf plots had a greater NDVI than MAD75 turf plots (p=0.0410).  NDVI for 

cool-season turf was significantly greater for slaved turf plots without a sensor than mastered 

turf plots containing a sensor (p<0.0001).  This could be due to the master plots being located 

in areas of greater cut from site grading.  Least square mean NDVI for cool-season turf is 

listed by irrigation management strategy in Table 2.12. 

 Cool-season turf’s NDVI showed a weak negative correlation to weekly applied 

irrigation (r=-0.13, p=2x10
-4

).  In contrast, warm-season turf’s NDVI showed a weak positive 

correlation with weekly applied water (r=0.21, p<2.2x10
-16

).  The weak linear relationship 

between NDVI and weekly applied water is due to several weeks having no applied 

irrigation.  There were many turf plots that did not have irrigation applied for several weeks 

due to a greater volumetric water content than the volumetric soil water content programmed 

in the Acclima CS3500 “on demand” irrigation controller to initiate irrigation.  This may 

indicate that the irrigation controller should be programmed with greater volumetric soil 

water content to initiate irrigation.  

 Pearson’s correlation test indicated that the warm-season turf plots’ NDVI had a 

moderate positive linear correlation with soil temperature (r=0.440, p<0.0001).  In contrast, 

cool-season turf plots’ NDVI had a moderate negative linear correlation with soil 

temperature (r=-0.387, p<0.0001).  The difference in correlation is due to plant physiology.  

Warm-season turfgrasses grow best at soil temperatures between 27°C and 35°C (80 to 95°F). 

Therefore, it is expected Zeon zoysiagrass’s turf quality would increase with increasing soil 

temperature.  In contrast, cool-season turfgrasses grow best at soil temperatures between 
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18°C and 24°C (65°F and 75°F) (United States National Arboretum, 2006).  Therefore, it is 

expected Confederate blend tall fescue’s turf quality would decrease with increasing soil 

temperature during the irrigation season as soil temperatures were often greater than the 

optimal soil temperature for Confederate blend tall fescue (18 to 24°C). 

 

Summary and Recommendations 

 Overall, the consumptive water use values estimated in this research project were 

lower than values reported in literature.  However, this is expected as the Piedmont of North 

Carolina has a humid climate.  Carrow (1995) reported that ETc observed in the humid 

southeastern part of the United States tended to be 40- 60% lower than ET estimates reported 

for the same genotype in the arid and arid southwest under nonlimited soil water.  

An objective of this study was to determine how consumptive water use was related 

to turf type and irrigation management strategy as defined by MAD.  Monthly consumptive 

water use was greater for MAD50 turf plots than MAD75; however, monthly consumptive 

water use did not vary with turf type.  Daily consumptive water use for days with volumetric 

soil water content greater than the volumetric soil water content at field capacity did not 

differ with turf type or MAD.  In contrast, daily ETc estimates computed over days with 

volumetric soil water content less than the volumetric soil water content at field capacity and 

150 mm as the effective length were greater for MAD50 turf plots than MAD75 turf plots, 

but did not vary with turf type.  Daily consumptive water use estimates computed for days 

with volumetric soil water content less than the volumetric soil water content at field capacity 

and the ASL as the effective length tended to be greater for MAD75 turf plots than MAD50 

turf plots due to MAD75 turf plots having a greater ASL than MAD50 turf plots.  Weekly 
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irrigation water applied and seasonal irrigation water applied was greater for MAD50 turf 

plots than MAD75 turf plots.  Turf quality as measured by the NDVI was greater for MAD50 

turf plots than MAD75 turf plots. 
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Tables and Figures 

 

Table 2.1: Field capacities (θv,FC) of each plot, volumetric soil water contents that initiate irrigation (θv,in.), and 

volumetric soil water contents that terminate irrigation (θv,end) in (m
3
m

-3
)  

Sensor 1 2 3 4 5 6 7 8 9 10 

Plot W301 W302 W303 W304 W305 W401 W402 W403 W404 W405 

θv,FC (m
3
 m

-3
) 0.33 0.32 0.37 0.38 0.32 0.32 0.29 0.35 0.38 0.40 

θv,in (m
3
 m

-3
) 0.21 0.24 0.22 0.29 0.20 0.24 0.17 0.26 0.24 0.30 

θv,end (m
3
 m

-3
) 0.31 0.30 0.35 0.36 0.30 0.30 0.27 0.33 0.36 0.38 

 

Sensor 11 12 13 14 15 16 17 18 19 20 

Plot C101 C102 C103 C104 C105 C201 C202 C203 C204 C205 

θv,FC (m
3
 m

-3
) 0.43 0.32 0.32 0.34 0.28 0.26 0.32 0.33 0.32 0.32 

θv,in (m
3
 m

-3
) 0.32 0.20 0.24 0.21 0.21 0.16 0.24 0.21 0.24 0.20 

θv,end (m
3
 m

-3
) 0.41 0.30 0.30 0.32 0.26 0.24 0.30 0.31 0.30 0.30 

 

 
Table 2.2: Sensor replacement dates   

Sensor Number Plot Number Replacement Date 

1 W301 1 June 2014 

9 W404 8 July 2013 

11 C101 11 June 2014 

13 C103 10 April 2014 

20 C205 20 June 2013 

 

 
Table 2.3: Full model ASL results with sensor number, slopes of sensor response to rainfall (Δθv mm

-1
), 

intercept of sensor response to rainfall (Δθv), and apparent sampling length (ASL) (mm) 

Sensor 111 1 2 3 4 5 6 7 

Slope  1.89E-02 2.14E-02 1.12E-02 2.24E-02 -3.58E-02 1.79E-02 2.29E-02 2.06E-02 

Intercept 3.41E-03 3.55E-03 4.24E-03 4.20E-03 8.38E-03 3.35E-30 4.16E-03 2.11E-03 

ASL 294 282 236 238 119 299 240 474 

 
Sensor 8 91 9 10 11 12 13 133 

Slope  4.92E-03 1.24E-02 -1.12E-02 -6.08E-04 3.41E-02 2.56E-02 6.52E-02 2.24E-02 

Intercept 5.88E-03 3.54E-03 5.88E-03 5.34E-03 5.80E-03 5.97E-03 9.00E-03 5.12E-03 

ASL 170 282 170 187 172 168 111 195 

 
Sensor 14 15 16 17 18 19 20 21 

Slope  -3.64-03 2.02E-02 1.63E-02 2.12E-02 2.11E-02 2.07E-02 1.56E-02 3.24E-02 

Intercept 6.10E-03 4.07E-03 3.66E-03 3.73E-03 4.22E-03 2.86E-03 3.30E-03 7.95E-04 

ASL 164 246 274 268 237 350 303 1258 
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Table 2.4: Zero-intercept model ASL results with sensor number, slopes of sensor response to rainfall            

(Δθv mm
-1

), and apparent sampling lengths (ASL) (mm) 

Sensor 111 1 2 3 4 5 6 7 

Slope  4.75E-03 5.19E-03 5.02E-03 5.71E-03 5.63E-03 4.62E-03 5.69E-03 3.56E-03 

ASL 211 193 199 175 178 216 176 281 

 
Sensor 8 91 9 10 11 12 13 133 

Slope  6.23E-03 4.68E-03 5.07E-03 5.30E-03 8.08E-03 7.70E-03 1.47E-02 6.70E-03 

ASL 161 213 197 189 124 130 68 149 

 
Sensor 14 15 16 17 18 19 20 21 

Slope  5.85E-03 5.48E-03 4.85E-03 5.19E-03 5.70E-03 4.32E-03 4.38E-03 3.50E-03 

ASL 171 182 206 193 176 213 228 285 

 

 
Table 2.5: Mean (Avg.) daily consumptive water use estimates, ETc

a
 (mm d

-1
)  

Volumetric soil water content θv<θv,FC θv<θv,FC θv>θv,FC θv>θv,FC 

Effective Length (Leff) ASL 150 mm ASL 150 mm 

Avg. warm-season/MAD50 ETc 3.14 bc   2.61 bc   2.25 abc 2.07 ab 

Avg. cool-season/MAD50 ETc 2.96 bc  2.87 a  2.26 ab 2.12 a 

Avg. warm-season/MAD75 ETc 3.74 a    2.80 ab   2.32 a 1.74 abc 

Avg. cool-season/MAD75 ETc 3.02 bc  2.41 bc 2.15 abc 1.96 abc 

Avg. warm-season ETc 3.44 a 2.70 a 2.28 a 1.91 a 

Avg. cool-season ETc 2.99 b 2.64 a 2.20 a 2.04 a 

Avg. MAD50 ETc 3.05 b 2.74 a 2.25 a 2.10 a 

Avg. MAD75 ETc 3.38 a 2.60 b 2.23 a 1.85 a 
aLeast square mean values 

Note: Values with the same letter for MAD50 and MAD75 in a given column are not different ( =0.05). Values with the 

same letter for turf type (warm-season and cool-season) in a given column are not different ( =0.05).  Values with the same 

letters for the interaction of turf type and MAD in a given column are not different ( =0.05). 

ETc
a was computed using a daily soil water balance computed for days with no irrigation or precipitation using an effective 

length (Leff) to convert θv (m
3m-3) to a depth (mm).   

 

 

Table 2.6: Effective rainfall by turf plot.   

Plot Sensor Year 

Effective rainfall 

percentage 

(Leff=ASL) 

Effective rainfall 

percentage 

(Leff=150 mm) 

Turf 

Type 
MAD 

W301 1 2013 32% 29% Warm 75 

W301 1 2014 11% 10% Warm 75 

W302 2 2013 36% 32% Warm 50 

W302 2 2014 21% 19% Warm 50 

W303 3 2013 38% 35% Warm 75 

W303 3 2014 29% 27% Warm 75 

W304 4 2013 30% 29% Warm 50 

W304 4 2014 19% 17% Warm 50 

W305 5 2013 37% 32% Warm 75 

W305 5 2014 25% 22% Warm 75 

W401 6 2013 24% 23% Warm 50 

W401 6 2014 15% 15% Warm 50 

W402 7 2013 46% 39% Warm 75 

W402 7 2014 36% 30% Warm 75 

W403 8 2013 33% 32% Warm 50 
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W403 8 2014 15% 15% Warm 50 

W404 9 2013 43% 39% Warm 75 

W404 9 2014 36% 33% Warm 75 

W405 10 2013 53% 49% Warm 50 

W405 10 2014 25% 23% Warm 50 

C101 11 2013 32% 35% Cool 50 

C101 11 2014 17% 19% Cool 50 

C102 12 2013 38% 40% Cool 75 

C102 12 2014 25% 26% Cool 75 

C103 13 2013 17% 17% Cool 50 

C103 13 2014 56% 55% Cool 50 

C104 14 2013 45% 45% Cool 75 

C104 14 2014 23% 23% Cool 75 

C105 15 2013 27% 25% Cool 50 

C105 15 2014 14% 13% Cool 50 

C201 16 2013 38% 33% Cool 75 

C201 16 2014 14% 12% Cool 75 

C202 17 2013 22% 19% Cool 50 

C202 17 2014 9% 8% Cool 50 

C203 18 2013 34% 33% Cool 75 

C203 18 2014 24% 22% Cool 75 

C204 19 2013 37% 31% Cool 50 

C204 19 2014 12% 10% Cool 50 

C205 20 2013 48% 45% Cool 75 

C205 20 2014 18% 15% Cool 75 

 

            

 
Table 2.7: Mean (Avg.) monthly consumptive water use, ETc

a
 (mm mo

-1
) by year  

Leff ASL 150 mm 

Month Avg. ETc in 2013 Avg. ETc in 2014 Avg. ETc in 2013 Avg. ETc in 2014 

May 59 a 87 a 54 b 88 a 

June 61 b 124 a 57 b 122 a 

July 84 a 92 a 79 a 96 a 

August 93 a 66 a 90 a  61 a 

September n/a 60 n/a 64 
aLeast square mean values 

Note: Different letters in rows indicate significant differences with  =0.05. 

ETc
a was computed with a monthly soil water balance using an ASL to convert θv (m

3m-3) to a depth (mm). 
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Table 2.8: Mean (Avg.) monthly consumptive water use, (ETc
a
, mm mo

-1
), by turf type, MAD level, and Leff  

Effective Length (Leff) ASL 150 mm 

Avg. warm-season/MAD50 ETc 92 a 89 a 

Avg. cool-season/MAD50 ETc 91 ab 89 ab 

Avg. warm-season/MAD57 ETc 74 abc 71 ac 

Avg. cool-season/MAD75 ETc 67 c 66 c 

Avg. warm-season ETc 83 a 80 a 

Avg. cool-season ETc 78 a 77 a 

Avg. MAD50 ETc 90 a 89 a 

Avg. MAD75 ETc 74 b 69 b 
aLeast square mean values 

Note: Values with the same letter for MAD50 and MAD75 in a given column are not different ( =0.05). Values with the 

same letter for turf type in a given column are not different ( =0.05).  Values with the same letters for the interaction of turf 

type and MAD in a given column are not different ( =0.05). 

ETc was determined with a monthly soil water balance  

 

Table 2.8: Mean (Avg.) seasonal irrigation water applied
a
 (irr.) in the 2013 and 2014 irrigation seasons listed by 

turf type (warm-season and cool-season) and irrigation management strategy (MAD50 and MAD75). 

 MAD50 irr. (mm) MAD75 irr. (mm) Avg. irr. by turf type (mm) 

Avg. warm-season irr. (mm) 281 a 163 c  222 a 

Avg. cool-season irr. (mm) 273 ab 126 c 199 a 

Avg. MAD irr. (mm) 277 a 144 b  
aLeast square mean values 

Note: Seasonal irrigation water applied is abbreviated to irr.  Values with the same letter for avg. irr. by MAD are not  

different ( =0.05). Values with the same letter for avg. irr. by turf type are not different ( =0.05).  Values with the same 

letters for the interaction of turf type and MAD are not different ( =0.05). 
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Table 2.9: Seasonal irrigation water applied
a 
(irr.) to all turf plots in the 2013 and 2014 irrigation seasons 

Turf Type MAD Year Irr. (mm)  

Cool-season MAD50 2013 202 cd  

Cool-season MAD50 2014 343 a  

Cool-season MAD75 2013 137 cdef  

Cool-season MAD75 2014 116 cdefg  

Warm-season MAD50 2013 230 c  

Warm-season MAD50 2014 332 ab  

Warm-season MAD75 2013 128 cdefg  

Warm-season MAD75 2014 197 cde  
aLeast square mean values 

Note: Different letters in columns denote significant differences with  =0.05 

 

Table 2.10: Mean (Avg.) weekly irrigation water applied
a
 (irr.) to all turf plots in the 2013 and 2014 irrigation 

seasons 

 MAD50 irr. (mm) MAD75 irr. (mm) Avg. irr. by turf type (mm) 

Avg. warm-season irr. (mm) 11.00 a 6.10 c 8.55 a 

Avg. cool-season irr. (mm) 10.49 ab 5.25 c 7.87 a 

Avg. MAD ETc (mm) 10.74 a 5.67 b  
aLeast square mean values 
Note: Weekly irrigation water applied is abbreviated to irr.  Values with the same letter for avg. irr. by MAD are not 

different ( =0.05).  Values with the same letter for avg. irr. by turf type are not different ( =0.05).  Values with the same 

letters for the interaction of turf type and MAD are not different ( =0.05). 

 

 
Table 2.11: Mean (Avg.) NDVI

a
 measured weekly during the 2013 and 2014 irrigation seasons 

 MAD50 NDVI MAD75 NDVI Avg. NDVI by turf type 

Avg. warm-season NDVI 0.6454 a 0.6386 b 0.642 

Avg. cool-season NDVI 0.6784 a 0.6728 b 0.6756 
aLeast square mean values 

Note: Values with the same letter in a row are not different ( =0.05).   
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Figure 2.1: Plot labels and sensor numbers in parentheses 
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Figure 2.2: Layout of experimental design 
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Figure 2.3: Change in volumetric soil water content versus rainfall (mm) for all sensors used in this study with 

full model regression line. 
Note: The panel number is the sensor number.  Sensor 111 is a replacement sensor for sensor 1, and sensor 133 is a 

replacement sensor for sensor 13.  See Figure 2.1 for sensor location. 
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Figure 2.4: Change in volumetric soil water content versus rainfall (mm) for all sensors used in this study with 

zero-intercept model regression line. 
Note: The panel number is the sensor number.  Sensor 111 is a replacement sensor for sensor 1, and sensor 133 is a 

replacement sensor for sensor 13.  See Figure 2.1 for sensor location. 
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Figure 2.5: Boxplot of daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation 

seasons computed with a daily soil water balance applied over days with no precipitation, no irrigation, and 

θv<θv,FC using the ASL to convert θv (m
3
m

-3
)  to a depth (mm). 
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Figure 2.6: Daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation seasons 

plotted against DOY.  ETc was computed using a daily soil water balance applied over days with no 

precipitation, no irrigation, and θv<θv,FC using the ASL to convert θv (m
3
m

-3
)  to a depth (mm) 
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Figure 2.7: Boxplot of daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation 

seasons computed using a daily soil water balance applied over days with no precipitation, no irrigation, and 

θv<θv,FC, using 150 mm to convert θv (m
3
m

-3
)  to a depth (mm) 



74 

 

 

 
Figure 2.8: Daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation seasons 

plotted against DOY.  ETc was computed using a daily soil water balance applied over days with no 

precipitation, no irrigation, and θv<θv,FC using 150 mm to convert θv (m
3
m

-3
)  to a depth (mm) 
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Figure 2.9: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 38-41 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location. 
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Figure 2.10: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 47-50 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location. 



77 

 

 

Figure 2.11: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 53-62 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location. 
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Figure 2.12: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 68-70 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location. 
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Figure 2.13: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 72-75 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location.   
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Figure 2.14: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 322-327 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location.   
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Figure 2.15: Scatterplots for each turf plot showing θv (m
3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 322-327 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  See Figure 2.1 for sensor location.   
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Figure 2.16: Scatterplots for each turf plot showing θv (m

3
m

-3
) versus days since rainfall with a power linear 

regression line for DOY 344-349 in 2014.   
Note: The sensor number corresponding to each turf plot is shown above each plot.  Sensor 3 was not operating properly 

during this time period.  See Figure 2.1 for sensor location.   
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Figure 2.17: Boxplot of daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation 

seasons computed with a daily soil water balance applied over days with no precipitation, no irrigation, and 

θv>θv,FC using an ASL to convert θv (m
3
m

-3
)  to a depth (mm) 
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Figure 2.18: Daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation seasons 

plotted against DOY computed using a daily soil water balance applied over days with no precipitation, no 

irrigation, and θv>θv,FC using an ASL to convert θv (m
3
m

-3
)  to a depth (mm) 
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Figure 2.19: Boxplot of daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation 

seasons computed using a daily soil water balance applied over days with no precipitation, no irrigation, and 

θv>θv,FC using 150 mm to convert θv (m
3
m

-3
)  to a depth (mm) 
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Figure 2.20: Daily consumptive water use estimates, ETc (mm d

-1
), from the 2013 and 2014 irrigation seasons 

plotted against DOY computed using a daily soil water balance applied over days with no precipitation, no 

irrigation, and θ>θv,FC using 150 mm to convert θv (m
3
m

-3
)  to a depth (mm) 
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Figure 2.21: Daily consumptive water use, ETc (mm d
-1

), during 2014 for turf plot C203 computed using a daily 

energy balance using data from the Micro-Bowen Ratio system plotted against DOY. 

 



88 

 

 

 
Figure 2.22: Daily consumptive water use (ETc, mm d

-1
) estimates from a daily energy balance using data from 

the Micro-Bowen Ratio (MBR) system versus daily consumptive water use (ETc, mm d
-1

) estimates from a) a 

daily soil water balance computed over days with no precipitation or irrigation, and using an ASL to convert θv 

in (m
3
m

-3
) to a depth in (mm) and b) a daily soil water balance computed over days with no precipitation, no 

irrigation, and using 150 mm to convert θv in (m
3
m

-3
) to a depth in (mm) 
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Figure 2.23: Monthly consumptive water use estimates, ETc (mm mo

-1
), for the 2013 and 2014 irrigation 

seasons computed using a monthly soil water balance using the ASL to convert θv (m
3
m

-3
) to a depth (mm).   

Note: Some estimates are missing due to sensor replacements and faulty applied water data.  
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Figure 2.24: Monthly consumptive water use estimates, ETc, (mm mo

-1
), for the 2013 and 2014 irrigation season 

computed with a monthly soil water balance using 150 mm to convert θv (m
3
m

-3
) to a depth (mm).   

Note: Some estimates are missing due to sensor replacements and faulty applied water data.  
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Figure 2.25: NDVI versus DOY of each warm-season turf plot.  NDVI data was collected on a weekly basis 

during the 2013 and 2014 irrigation seasons.  
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Figure 2.26: NDVI versus DOY of each cool-season turf plot.  NDVI data was collected on a weekly basis 

during the 2013 and 2014 irrigation seasons.  
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CHAPTER 3: WARM-SEASON AND COOL-SEASON TURFGRASS CROP 

COEFFICIENTS IN THE PIEDMONT OF NORTH CAROLINA 

 

Introduction 

 The state of North Carolina has an extensive turfgrass industry with 812,245 ha of 

maintained turfgrass (Brown, 2000).   Turfgrass covers more land area in North Carolina than 

major agronomic crops such as soybeans (5.73 10
5
 ha), cotton (3.28 10

5
 ha), corn (3.12 10

5
 

ha), wheat (2.75 10
5
 ha), tobacco (8.09 10

4
 ha), and peanuts (4.65 10

4
 ha) (USDA NASS, 

2000).  North Carolina also ranks fifth in the United States for sod production (USDA NASS, 

2010).  As turf is a valuable economic resource in North Carolina, it is important turf 

irrigation occurs in such a way that turf quality remains of acceptable quality while using 

water resources wisely.  Evapotranspiration (ET) is used to construct irrigation schedules for 

turfgrasses and is defined as the loss of water due to evaporation from leaf and soil surfaces 

as well as transpiration from plants (ASCE-EWRI, 2005).  Crop coefficients are often used to 

determine ET for specific crops.  Crop coefficients account for differences in ETc and 

reference ET and are useful for those involved with the turf industry.   

 Reference ET is the evaporative demand of a reference crop such as alfalfa (ETref) or 

cool-season turf (ET0) while ETc is the amount of water a crop (or in this case turfgrass) uses 

to support its physiological functions.   Once crop coefficients are derived, only estimations 

of ET0 are necessary to estimate turf’s consumptive water use for the purpose of irrigation 

scheduling.  Crop coefficients vary with climate, region, turf type, method of ET0 

computation, and management strategy.  Several studies have been conducted throughout the 

United States to derive crop coefficients.  Carrow (1995) calculated monthly crop 

coefficients for May through October and found that tall fescue crop coefficients ranged from 
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0.60 to 1.15 and zoysiagrass crop coefficients ranged from 0.51 to 1.14 in Griffin, GA when 

using the original Penman equation to compute ET0.   Meyer and Gibeault (1987) derived 

monthly crop coefficients for January through December and found that cool-season turf crop 

coefficients ranged from 0.6 to 1.04 while warm-season turf crop coefficients ranged from 

0.50 to 0.79 in California when using the modified Penman equation to calculate ET0.  

Brown et al. (2001) computed monthly crop coefficients for June to September and found 

bermudagrass crop coefficients ranged from 0.73 to 0.89 in Tuscan, AZ when using the 

Penman-Monteith equation to calculate ET0.  Aronson et al. (1987) estimated monthly crop 

coefficients for July through September and determined that perennial ryegrass crop 

coefficients ranged from 0.89 to 1.20 in Rhode Island when using the Penman equation to 

compute ET0. 

 The purpose of the research discussed in this chapter is to derive crop coefficients for 

warm-season and cool-season turfgrasses growing in the Piedmont of North Carolina.  In 

addition, the impact of turf type and irrigation management strategy on crop coefficients will 

be investigated.  Irrigation management strategy was examined by assigning turf plots a 

management allowable depletion (MAD) which is the fraction of plant available water used 

before irrigation is applied.  It should be noted that the term crop coefficient and turf 

coefficient are used interchangeably.  The terms consumptive water use and ETc are also 

used interchangeably in this chapter.  
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Materials and Methods 

Research Site and Instrumentation 

The turf plots used in this study were part of the North Carolina State University 

Turfgrass Field Laboratory located on Lake Wheeler Road in Raleigh, NC (35° 44’ 42.22” N, 

78° 40’ 47.46” W).  The site consisted of forty (4 m x 4 m) turf plots installed in fall 2006.  

Half of the plots were sodded to warm-season turf (Zoysia matrella (L.) Merr) and half were 

sodded to cool-season turf (Festuca arundinacea Schreb.).  Each turf plot was irrigated by 

four quarter-circle 3.7 m (12 ft) radius pop-up spray heads (Toro 570 3.7-m series with 23° 

trajectory, 0.5 gpm at 30 psi, the Toro Company, Bloomington, MN) located on the corners 

of each turf plot and was served by an independent solenoid valve.  Plot labels and sensor 

numbers used in this experiment are shown in Figure 2.1.  

The irrigation system had two 1.5 in. (38-mm) class 200 polyvinyl chloride (PVC) 

submains with one serving the 20 warm-season turf plots and the other serving the 20 cool-

season turf plots.  The submains had a 38-mm pressure regulator that regulated the water 

pressure to approximately 210 kPa upstream of the solenoid valves serving each plot 

(Grabow et al., 2013).  

Water meters (Amco V100, Amco Water Metering Systems, Ocala, FL) recorded 

flow to four adjacent turf plots, e.g., plots C101-C401, C104-C404, (see Figure 2.2).  The 

water meters, which had a five gallon (18.9 L) resolution, were logged by a Campbell 

Scientific CR10X logger (Campbell Scientific, Inc., Logan, UT) at five minute intervals.  

Data from the water meters was used to determine the depth of irrigation applied to each plot.  

Turf plots were mowed semiweekly to a height of 76 mm (3 in.) for the Zeon 

zoysiagrass plots and to a height of 95 mm (3.75 in.) for the Confederate blend tall fescue 
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plots.  Fertilizer and lime were applied as specified by general extension service guidance for 

warm-season and cool-season turf (Bruneau et al., 2008). 

Time domain transmissometry (TDT) soil moisture sensors (Digital TDT Soil 

Moisture Sensor, Acclima, Meridian, ID) were buried approximately 102 mm (4 in.) below 

grade in the center of 10 warm-season turf plots and 10 cool-season turf plots.  The soil 

moisture sensors were logged in 10 minute intervals with an Acclima CS3500 controller via a 

2-wire system.   

Irrigation was automated using an Acclima CS3500 “on demand” irrigation controller 

and feedback from the soil moisture sensors.  An Acclima CS3500 zone adapter was used to 

allow the standard solenoid valves associated with the plots containing soil moisture sensors 

to be addressable and controllable on the 2-wire system.   The allowable irrigation window 

for the site started at 0:00 AM EST and spanned until 7:30 AM EST.  Each plot was allowed 

a 1.5 hour window to irrigate with 10 minute “system on” and “system off” cycles to 

minimize irrigation runoff; therefore, a maximum of 50 minutes of irrigation was allotted to 

each plot per night.  Up to four plots were allowed to irrigate simultaneously in both the cool-

season and warm-season plots with only one plot per water meter allowed to irrigate at once.  

The Acclima CS3500 was programmed with values of volumetric soil water content that 

initiated irrigation and terminated irrigation.  Volumetric soil water contents that initiated 

irrigation were determined based on each plot’s MAD.  The MAD50 turf plots had a MAD of 

50% and represented “well-watered” conditions while the MAD75 turf plots had a MAD of 

75% and represented “moderately stressed” conditions.  Volumetric water contents initiating 

irrigation were set to 0.75 times the volumetric soil water content at field capacity for 

MAD50 turf plots and 0.625 times the volumetric soil water content at field capacity for 
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MAD75 turf plots.  These fractions were based on the assumption that each plot’s volumetric 

soil water content at the permanent wilting point was equal to 50% of the volumetric soil 

water content at field capacity.  Volumetric soil water contents terminating irrigation were set 

to two percentage points lower than the volumetric soil water content at field capacity which 

allowed rainfall to contribute to plant available water.  Field capacity was estimated for each 

turf plot containing a sensor by examining time-series plots of volumetric soil water content 

over periods of low ET after a soaking rain and determining the volumetric soil water content 

where the decrease in soil water content tapered off indicating drainage had ceased.  If the 

volumetric soil water content terminating irrigation was not attained during a turf plot’s 

allotted time to irrigate, the controller flagged its zone to resume irrigation the following 

night.  The volumetric soil water content at field capacity for each turf plot is listed in Table 

2.1. 

Weather data was collected from a Watchdog Model 2900 weather station (Watchdog 

900ET, Spectrum Technologies, Plainfield, IL).  The Watchdog weather station collected 

observations of temperature, solar radiation, precipitation, wind speed, wind direction, wind 

gust, and dew point at 15 minute intervals.  This data was used to compute ET0 with the FAO 

Penman-Monteith equation.  The Watchdog weather station was also equipped with a tipping 

bucket rain gauge that measured precipitation with a 0.2 mm (0.01 in.) resolution. 

Data obtained from the North Carolina State Climate Office Lake Wheeler Road 

Field Lab station was used to compute ET0 during periods of time when the Watchdog 

Weather station did not function properly.  Data from this station was used due to its 

proximity to the research site (1.3 km away).   
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Additional precipitation measurements were available from another tipping bucket 

rain gauge (#7857 Davis Instruments, Hayward, CA) logged by the Campbell-Scientific 

datalogger.  ET0 data was also collected from an atmometer (Model E, ET Gage Company, 

Loveland, CO) with a 0.2 mm (0.01 in.) resolution.  The atmometer was covered with a 

number 30 canvas cover to simulate cool-season grass ET0 and measurements were logged 

by the CR10X.  

Data collection occurred during the 2013 and 2014 irrigation seasons.  The 2013 

irrigation season spanned from 1 May 2013 to 20 September 2013 and the 2014 irrigation 

season spanned from 1 May 2014 to 20 October 2014.   

 

Experimental Design 

 The objective of this research project was met by implementing an experimental 

design that examined the influence of turf type and irrigation management strategy on 

consumptive water use and crop coefficients.  The two turf types were warm-season and 

cool-season turf and the two levels of irrigation management strategy were “well-watered” 

and “moderately stressed”.  Irrigation management strategy was quantified with management 

allowable depletion (MAD).   The MAD50 turf plots had a MAD of 50% and represented 

“well-watered” conditions while the MAD75 turf plots had a MAD of 75% and represented 

“moderately stressed” conditions.   There were five replicates containing a sensor of the four 

turf type and MAD combinations. 

Each of the independently controlled plots containing a sensor was paired with a 

slaved plot without a sensor.  The master and slaved plots were of the same turf species and 

subjected to the same MAD.  The slaved plots were replicates for turf quality measurements.  
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Figure 2.2 is a diagram of the experimental design labeled with each plot’s turf type and 

MAD.  

 

Crop Coefficients 

 Crop coefficients are used to predict the consumptive water use of turfgrass using 

(Allen, 2003): 

 

                                                                           [3.1] 

where, 

                    

                                 

                                      

 

Crop coefficients were derived in this study for use with both ET0 and an atmometer 

reference.  ETc was estimated using soil water balances and an energy balance method.  Crop 

coefficients computed with different methods were compared. 

 

Penman-Monteith estimated ET0 

ET0 is defined as “the rate of evapotranspiration from a hypothetical reference crop 

with an assumed crop height of 0.12 m (4.72 in.), a fixed surface resistance of 70 sec m
-1 

(224 sec ft
-1

) [for daily ET0 computations], and an albedo of 0.23, closely resembling the 

evapotranspiration from an extensive surface of green grass of uniform height, actively 

growing, well watered, and completely shading the ground” (Allen, 2003).  For hourly 
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calculations, the hypothetical reference crop has a surface resistance of 50 s m
-1

 during the 

daytime and a surface resistance of 200 s m
-1

 during nighttime hours.  Daytime is defined as 

periods with net radiation (Rn) greater than 0 (ASCE-EWRI, 2005).   It is also assumed that 

the reference crop is fully transpiring, experiencing no water stress or disease, and 

completely cover the soil surface (Allen, 2003).  The reference crop used in this experiment 

is clipped cool-season grass (ET0).   

The Penman-Monteith equation is the standard equation for computing ET0.  The 

ASCE Standardized Penman-Monteith equation as seen in Equation 3.2 can be used to 

calculate hourly ET (mm h
-1

) and daily ET (mm d
-1

): 

 

                                         
                           

                    
                                                    [3.2] 

where, 

                                                           

                                                   

                                              

                                   

                                                   

                                                               

                                                               

                                                           

Cd  = constant that is a function of time step, bulk surface resistance, and aerodynamic      

resistance 
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It should be noted that the coefficient 0.408 has units of m
2 
mm MJ

-1
. 

The numerator coefficient (Cn) has a value of 900 for daily ET0 calculations and a 

value of 37 for hourly ET0 calculations when the reference crop is clipped cool-season 

turfgrass.  The numerator coefficient was derived based on aerodynamic roughness of a cool-

season grass.  The denominator coefficient (Cd) has a value of 0.34 for daily ET0 

computations, a value of 0.24 for hourly daytime ET0 computations, and a value of 0.96 for 

hourly nighttime ET0 calculations.  The denominator coefficient was derived based on bulk 

surface resistance and aerodynamic roughness of a cool-season grass.  Daytime is defined as 

periods with net radiation (Rn) greater than 0 (ASCE-EWRI, 2005). 

 The Penman-Monteith equation requires wind speeds be measured at two meters 

above the ground surface.  Measurements made at other heights are adjusted with (ASCE-

EWRI, 2005): 

 

                                                     
      

               
 [3.3] 

where, 

                                                      

                                                        

                                                          

 

Atmospheric pressure is determined using a simplified version of the Universal Gas 

Law for the purpose of calculating the psychrometric constant (Burman et al. 1987): 
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 [3.4] 

where, 

                             

                                                

 

The weather station’s elevation is 130 m (426 ft) above sea level.  Therefore, atmospheric 

pressure is 99.77 kPa at the Lake Wheeler research site. 

The psychrometric constant used in the Penman-Monteith equation (ASCE-EWRI, 

2005):   

 

                                                                       [3.5] 

 

The value of the psychrometric constant for the Lake Wheeler research site is 0.066 kPa °C-1
.  

This value is used in computing ET0 for hourly and daily time steps. 

 Daily computations of ET0 using the Penman-Monteith equation require that the 

temperature be calculated as (ASCE-EWRI, 2005): 

 

                                                                       [3.6] 

where, 
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 Temperature was used for determining the slope of the saturation vapor pressure-

temperature curve:   

 

                                          
                             

          
 [3.7] 

 

 Saturation vapor pressure was calculated using (Jensen et al. 1990): 

    

                                                  
        

         
  [3.8] 

where, 

                                                         

 

The average daily saturation vapor pressure was computed using: 

 

                                                                             [3.9] 

where, 

                                                                      

 

 Actual vapor pressure was computed by calculating the saturation vapor pressure 

function (equation 3.8) with dew point temperature calculated as:   

 

                                                                        [3.10] 
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where, 

                       

                               

                               

 

 Soil heat flux density is negligible over daily periods because it is small compared to 

daily net radiation (Rn); therefore, it is assigned a value of zero when calculating daily ET0 

using the Penman-Monteith equation.  However, soil heat flux density can be significant over 

hourly periods.  Because it is correlated with net radiation, soil heat flux density can be 

computed using Rn to calculate hourly ET0.  A positive value of soil heat flux density 

indicates warming of soil while a negative value of soil heat flux density indicates cooling of 

soil (ASCE-EWRI, 2005): 

 

                                                     
         
         

  [3.11] 

where, 

                                                

 

 Net radiation (Rn) was estimated as:   

 

                                                                   [3.12] 

where, 
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 Net outward longwave radiation is estimated using the following relationship 

determined by Brunt (1932, 1952):  

 

                                                                   
  [3.13] 

where, 

                                                      

                                             

                                 

 

The absolute temperature used to compute net longwave radiation in Equation 3.13 was 

computed by determining the sum of the minimum and maximum absolute temperature and 

dividing by two to obtain the mean absolute temperature for the daily period. 

 

Atmometer measured ET0 

 An atmometer (ET Gage Company, Loveland, CO) was used in this study to derive 

crop coefficients applicable to situations where an atmometer, rather than the Penman-

Monteith equation, is used to estimate ET0.  An atmometer consists of a porous ceramic cup 

attached via a water-filled tube to a cylindrical polyvinyl chloride (PVC) reservoir filled with 

distilled water.  Evaporation from the cylindrical reservoir occurs due to atmospheric 

demand.  The decrease in water level occurs due to suction from an inverted siphon (Trooien 
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and Alam, 2001).  The porous ceramic cup is covered with a green canvas cover to simulate 

turfgrass evapotranspiration by providing diffusion resistance and an albedo similar to a 

blade of turfgrass (Altenhofen, 1985).   

There were periods where the atmometer failed and the corresponding data was 

eliminated.  Failure occurred from 12 June 2014 to 17 June 2014 as indicated by impossibly 

large daily ET0 measurements ranging from 29.5 to 33.5 mm d
-1

.   

 

ET0 Method Comparison 

Studies have shown a high correlation of ET0 estimates from the Penman-Monteith 

equation and ET0 measurements from the atmometer.  A study conducted by Hess (1996) in 

the United Kingdom found that ET0 measurements from an atmometer covered with a green 

number 30 canvas cover were very similar to estimates from the Penman-Monteith equation 

(99%) with a strong positive linear relationship between atmometer ET0 measurements and 

estimates computed with the Penman-Monteith equation (R
2
=0.88).  Trooien and Alam 

(2001) conducted a study in western Kansas and found that ET0 measurements from an 

atmometer covered with a green number 30 canvas cover had a high correlation with ET0 

calculated with the Penman-Monteith equation (R
2
=0.81, SE=2.0 mm).  

 ET0 measured with the atmometer was compared to ET0 calculated with the Penman-

Monteith equation by performing a simple linear regression.  A paired t-test was also used to 

compare ET0 calculated with the Penman-Monteith equation and ET0 measured with the 

atmometer.  Data from 2013 and 2014 was pooled in this analysis.   
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Estimation of consumptive water use (ETc) with the soil water balance method 

 Soil water balances were used to determine ETc over daily and monthly periods.  

Daily soil water balances were derived using: 

 

                                                             [3.14] 

where, 

                    

                     

                

                      

                              

 

A daily soil water balance method was used to compute consumptive water use for 

days without irrigation or precipitation; therefore, surface runoff was negligible.  Drainage 

was assumed to be negligible for soil water balances applied over days with volumetric soil 

water content less than the volumetric soil water content at field capacity as field capacity is 

the soil water content at which water has drained by gravity.  Thus, the soil water balance for 

periods with volumetric soil water content greater than the volumetric soil water content at 

field capacity simplifies to:  

 

                                                                    [3.15] 

where, 

           , where 
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Volumetric soil water contents (θv) were converted to a depth with units of millimeters for 

use in a water balance by multiplying by an effective length.  The effective length was either 

a computed apparent sampling length (ASL) or an assumed value of 150 mm which reflects a 

depth containing a large percentage roots involved in water uptake.   Bowman et al. (2002) 

found that Zeon zoysiagrasses had an average of 76.6% of root lengths in the top 40 to 60 

mm and 93.8% of root lengths in the top 170 to 190 mm.  Similarly, cool-season grasses tend 

to have root lengths ranging from 51 mm to 152 mm with the most rapid root growth 

occurring when soil temperatures range from 10°C to 18°C (Penn State University 

Extension).  An effective length of 150 mm accounts for a significant portion of root lengths 

in the warm-season and cool-season turfgrasses.  An inherent problem with assuming that the 

effective length is 150 mm is that this assumption implies that the sensor reading is 

consistent over 150 mm, most directly which is unlikely.  The use of the ASL as the effective 

length assumes that the vertical axis of the sampling volume about the sensor is of a length 

equal to the ASL.  An ASL was calculated for each sensor used in this study.  This approach 

analyzed the response of Acclima TDT soil moisture sensors to known rainfall depths using 

linear regression.  Rainfall depths rather than average irrigation depths were used because the 
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irrigation depth directly over the sensor was less certain than on-site rainfall due to irrigation 

sprinkler non uniformity. 

 The final soil water balance for days with no precipitation, no irrigation, and 

volumetric soil water content greater than the volumetric soil water content at field capacity 

was:  

 

                                                                  [3.16] 

where, 

                                     

               )  

where, 

                                            

                                           

         
             
               

   

                                                                

and 

   
          
            

  

where, 

                                                                          

 

Drainage was computed using equations derived from drainage curves constructed for 

periods with negligible ET.  Drainage curves modeled volumetric soil water content as a 
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function of days since watering/precipitation.  The change in soil water was calculated in the 

same manner as soil water balances computed for volumetric soil water content less than the 

volumetric soil water content at field capacity. 

 In addition to a daily consumptive water use estimates, monthly ETc estimates were 

computed for each plot containing a sensor using a soil water balance calculated as: 

 

                                                                 [3.17]  

where, 

                                    

                                          

                                       

                    

where, 

                                                                          

                                                                        

         
             
               

  

                                                                  

 

Effective precipitation is the portion of rainfall that is stored in the root zone and therefore 

may contribute to the consumptive water use of turfgrass.  Therefore, precipitation that 

contributes to runoff or drains through the soil profile is not effective.  Effective precipitation 

was computed as: 
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     [3.18] 

where, 

                                  

                                                               

                           

                                                            

                                                     

                                                   

                                                                  

 

Statistical analysis of crop coefficients from soil water balances 

An ANOVA model was implemented for all combinations of ET0 estimation 

(calculated using the FAO Penman-Monteith equation or measured using an atmometer) and 

ΔSW measurement types (Leff=150 mm or the ASL) with PROC MIXED in SAS to examine 

how turf type, MAD, and month related to daily crop coefficients derived from daily soil 

water balances calculated over periods with volumetric soil water content less than the 

volumetric soil water content at field capacity.  The model residuals exhibited a mild 

autocorrelation that was addressed by modeling the residuals as a first-order autoregressive 

process using the “repeated” statement in PROC MIXED with turf plot as the subject (SAS, 

2003):   
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                                                                [3.19] 

where, 

                                                                       

                        

                                                                 

                                                     

                                               

                                        

                                                                   

                                            

                                            

 

It should be noted that day of the year was modeled as a random effect.  The autoregressive 

parameter estimates are shown in Table 3.1. 

Another ANOVA model was implemented for all combinations of ET0 estimation 

(calculated using the FAO Penman-Monteith equation or measured using an atmometer) and 

ΔSW measurement types (Leff=150 mm or the ASL) with PROC MIXED in SAS to examine 

how month, turf type, and MAD related to mean daily crop coefficients derived for periods 

of time with volumetric soil water content greater than the volumetric soil water content at 

field capacity (SAS, 2003).  The statistical model is: 
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                                                                     [3.20] 

where, 

                                                                    

                        

                                                                 

                                                     

                                               

                                         

               

 

Finally, an ANOVA model was implemented for all combinations of ET0 

measurement (calculated using the FAO Penman-Monteith equation or measured using an 

atmometer) and ΔSW measurement types (Leff=150 mm or the ASL) with PROC MIXED in 

SAS to examine how month, turf type, and MAD related to monthly crop coefficients derived 

from the monthly soil water balance (SAS, 2003): 

 

                                                                     [3.21] 

where, 
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 Crop coefficients derived with consumptive water use estimated from soil water 

balances were compared to commonly accepted crop coefficients using a one-sample t-test.  

The one-sample t-test was implemented using the “t.test” command in R (R Core Team, 

2014) and specifying the null hypothesis which was the average crop coefficient derived 

from a given method was not different from the commonly accepted value developed by 

Richie et al. (1997) in California.  The commonly accepted value for warm-season 

turfgrasses is 0.6 and the commonly accepted value for cool-season turfgrasses is 0.8 (Richie 

et al. 1997; Richard Snyder, personal communication).    

 

Bowen Ratio/Energy Balance 

 Another method of estimating daily ETc used an energy balance approach with data 

from a Micro-Bowen Ratio (MBR) system installed on turf plot C203 containing soil-

moisture sensor 18.  The plot is a cool-season, MAD75 turf plot.  However, the intake unit 

was also inadvertently moved to plot C303, a cool-season, MAD50 turf plot, during unknown 

periods of time.  Installation occurred on 27 April 2014.  The MBR system measures 

atmospheric pressure and the differences in air temperature and water vapor concentration at 

1 cm and 6 cm above the ground surface (Heitman et al., 2013).   These measurements are 

used to calculate the Bowen ratio (Bowen, 1926):  
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                                                       [3.22] 

where, 

              

                                )   

                               ) 

                              

                                             

                                                             

                                                       

                                                     

                                                              

 

The Bowen ratio, soil heat flux measurements, and net radiation measurements are 

used to calculate latent heat flux (ET): 

 

                                                         
      

     
                                                   [3.23] 

 

Half hour latent heat flux estimates computed using Equation 3.23 are averaged and 

multiplied by 48 to obtain an estimate of latent heat flux over the 24 hour period.  The latent 

heat flux estimates are converted from kW m
-2

 to ET in mm d
-1

 using Equation 3.24. 

 

                                                         
           

   
 [3.24] 
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where, 

                                

                                                           

                                  

 

 Crop coefficients were derived using ET0 estimates from both the FAO Penman-

Monteith equation and atmometer measurements.  Crop coefficients derived with daily 

consumptive water use estimates from the energy balance were compared to crop coefficients 

derived with daily ETc estimates from soil water balances for turf plot C203 using Pearson’s 

correlation test and a paired t-test.  In addition, scatter plots and regression equations were 

used to relate crop coefficients derived from the energy balance method to crop coefficients 

derived from soil water balances. 

There may be variability in crop coefficients derived from the energy balance method 

due to movement of the air intake unit among turf plots with different treatments.  Net 

radiation (Rn) was measured with a net radiometer located on turf plot C203.  Two 

thermocouples (Type E) installed at 2 cm and 4 cm below grade measured soil temperature 

for estimating the energy storage above soil heat flux plates buried 6 cm below grade on turf 

plot C203.  The soil heat flux (G) portion of Equation 3.23 was estimated by combining 

estimates of energy storage above the soil heat flux plate and measurements from the heat 

flux plate (Heitman et al., 2013).  The difference in vapor pressure (Δe) and difference in air 

temperature (ΔT) seen in Equation 3.22 were determined from samples taken from the two 

intake tubes in the air intake assembly.  When the air intake assembly was placed on turf plot 

C303 vapor pressure and temperature differentials were measured from a different treatment, 
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but the net radiation (Rn) and soil heat flux (G) components of Equation 3.23 were still 

estimated for turf plot C303 rather than turf plot C203.  The net radiation (Rn) would 

probably not differ significantly between the two plots unless there was a drastic difference 

in color.  A paired t-test indicated that the average weekly NDVI for turf plot C203 did not 

differ from the average weekly NDVI for turf plot C303 (p=0.2501); therefore, it can be 

assumed that the two plots had the same Rn because there was not a measured difference in 

“greenness.”  The soil heat flux may also vary between turf plot C203 and turf plot C303 due 

to differing soil water contents as there are differences in soil structure among the turf plots 

at this research site.   Crop coefficients from turf plot C303 could not be derived because it 

did not have a soil moisture sensor. 

 

Turf Quality Assessment 

As turf quality is important to turf managers, and is normally correlated with the 

amount of irrigation water applied, turf quality was assessed on a weekly basis throughout 

both study seasons. Measurements of turf quality were used to examine how crop coefficients 

changed with turf quality.  Turf quality was assessed using the Normalized Difference 

Vegetation Index (NDVI) which is the ratio of reflectance in the red and near infrared portion 

of the electromagnetic spectrum calculated as: 

 

                                                           
       

       
 [3.25] 

where, 
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NDVI ranges from -1 to 1 with negative values indicating deep water or clouds, values 

between 0.1 and 0.2 indicating barren land, values between 0.2 and 0.5 indicating sparse 

vegetation, and values above 0.5 indicating dense vegetation (USGS, 2015).  In this way, 

NDVI measures turf quality by quantifying “greenness” with a greater NDVI indicating a 

greater level of “greenness”.  NDVI cannot distinguish between turf and weeds (Bremer et 

al., 2011).   

 The reflectance in the red spectral band corresponding to R in Equation 3.25 is 

influenced by chlorophyll content which gives plants their green color (Knipling, 1970; 

Gausman, 1977).  In contrast, reflectance in the near infrared spectral band corresponding to 

NIR in Equation 3.25 is due to light scattering within leaf cells (Goodin and Henebry, 1998).   

The warm-season turf plots’ NDVI was not compared to the cool-season turf plots’ NDVI in 

this experiment because NDVI may differ due to differences in turf species rather than turf 

quality.  For example, components of leaf cells differ between turf species which impacts 

near infrared reflectance (Gausman, 1977).  In addition, Zeon zoysiagrass tended to have a 

lighter genetic color (green) than Confederate blend tall fescue which impacts reflectance in 

the red portion of the electromagnetic spectrum.   

NDVI data was collected on a weekly basis during 2013 and 2014 using a handheld 

FieldScout TCM 500 NDVI Turf Color Meter (FieldScout TCM 500 NDVI Turf Color 

Meter, Spectrum Industries, Plainfield, IL) with five measurements collected from every turf 
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plot and averaged.  Four measurements were collected near the corners of each plot and one 

measurement was collected from the center of each plot.      

Weekly NDVI measurements collected during weeks in which the Zeon zoysiagrass 

was not fully “greened up” were excluded using soil temperature.  Soil temperature data from 

the Acclima TDT soil moisture sensors (Digital TDT Soil water Sensor, Acclima, Meridian, 

ID) was used to indicate whether the Zeon zoysiagrass was fully out of dormancy.  Soil 

temperatures less than 18°C (65°F) indicated that the Zeon zoysiagrass was not fully out of 

dormancy or was entering dormancy.  Therefore, Zeon zoysiagrass NDVI measurements 

associated with soil temperatures less than 18°C (65°F) were excluded from analysis.     

 

 

Results and Discussion 

 

 The crop coefficients derived using different methods of determining ETc and ET0 are 

described below.  ETc was determined using a variety of soil water balances and an energy 

balance approach.  ET0 was estimated by calculations from the FAO Penman-Monteith 

equation and atmometer measurements.  

 

ET0 method comparison 

 Daily ET0 calculated using the FAO Penman-Monteith equation was compared to 

daily ET0 as measured by the ET gage atmometer suggested differences.  The mean ET0 as 

measured by the ET gage atmometer was 2.72 mm d
-1

 with a standard deviation of 1.30 mm 

d
-1

 while the mean ET0 as computed by the FAO Penman-Monteith equation was 3.86 mm d
-

1
 with a standard deviation of 1.44 mm d

-1
.  A paired t-test indicated that ET0 as calculated by 
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the FAO Penman-Monteith equation was greater than ET0 as measured by the ET gage 

atmometer (p<0.0001). 

ET0 as measured by the atmometer is plotted against ET0 calculated by the FAO 

Penman-Monteith equation in Figure 3.1.  A simple linear regression analysis resulted in a 

slope of 0.896 (p<0.0001) and intercept of 1.417 (p<0.0001).  The linear regression model 

had a R
2
 value of 0.654 and a standard error of 0.851 mm d

-1
.  These results indicate there is 

a strong linear relationship between ET0 computed with the FAO Penman-Monteith equation 

and ET0 as measured by the ET gage atmometer.  Trooien and Alam (2001) found that ET0 as 

measured by an atmometer with a number 30 canvas cover had a stronger linear relationship 

to ET0 calculated by the Penman-Monteith equation in western Kansas than in this study as 

indicated by a greater coefficient of determination (R
2
=0.81).  However, the linear regression 

analysis in this study had a lower standard error than Trooien and Alam (2001).  The 

difference in results may be due to this study correlating daily ET0 while Trooien and Alam 

(2001) correlated three day sums of ET0.  

   

Crop coefficients derived from a daily soil water balance (θv<θv,FC) 

 The daily crop coefficients discussed in this section were computed by determining 

daily consumptive water use for periods with volumetric soil water content less than the 

volumetric soil water content at field capacity.  Sets of daily crop coefficients based on 

combinations of ET0 estimation and sensor measurement depth were derived in this analysis 

where ET0 was either measured by the ET gage atmometer or computed using the FAO 

Penman-Monteith equation and the effective length used to convert volumetric soil water 

content to a depth in millimeters in computing daily ETc was either 150 mm or the ASL.  
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Daily crop coefficients derived with atmometer ET0 tended to be greater than daily crop 

coefficients derived with ET0 calculated with the FAO Penman-Monteith equation.  In 

addition, daily crop coefficients derived with ETc estimated with the ASL as the effective 

length tended to be greater than daily crop coefficients derived with ETc estimated with 150 

mm as the effective length.  This is because the average ASL (189 mm) was greater than 150 

mm.  The combinations of effective length and ET0 warrant greater discussion. 

Daily crop coefficients derived with 150 mm as the effective length and daily ET0 

calculated with the FAO Penman-Monteith equation ranged from 0.246 to 1.65 with a mean 

of 0.571 and a standard deviation of 0.202.  The mean daily crop coefficient for warm-season 

turf (0.57) was lower than the commonly accepted value of 0.6 (p<0.0001) and the mean 

daily crop coefficient for cool-season turf (0.58) was less than the commonly accepted value 

of 0.8 (p<0.0001).   Daily crop coefficients derived in this way for warm-season turf had a 

95% mean confidence interval of (0.549, 0.581) while daily crop coefficients for cool-season 

turf had a 95% mean confidence interval of (0.559, 0.599).  Mean daily crop coefficients did 

not vary by turf type (p=0.9893).  However, daily crop coefficients for MAD50 turf plots 

were greater than daily crop coefficients for MAD75 turf plots (p=0.0435).  Daily crop 

coefficients derived with 150 mm as the effective length and ET0 calculated with the FAO 

Penman-Monteith equation not differ with month (p=0.1690).  There was an interaction 

between turf type and MAD (p<0.0001).  The least square mean daily crop coefficients are 

listed by month in Table 3.2 and by turf type and MAD in Table 3.3.  Figure 3.2 illustrates 

the range of daily crop coefficients derived with 150 mm as the effective length and ET0 

calculated using the FAO Penman-Monteith equation. 
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 Similarly, daily crop coefficients derived with 150 mm as the effective length and 

daily ET0 measured by the atmometer ranged from 0.273 to 2.02 with a mean of 0.717 and a 

standard deviation of 0.249.  The average daily crop coefficient for warm-season turf (0.71) 

was greater than the commonly accepted value of 0.6 (p<0.0001) and the average daily crop 

coefficient for cool-season turf (0.72) was lower than the commonly accepted value of 0.8 

(p<0.0001).  The greatest daily crop coefficients were associated with days during which 

atmometer ET0 was low due to moisture evaporating from the canvas cover rather than the 

reservoir.  This was confirmed by examining rainfall data and determining these small values 

of atmometer ET0 occurred on days immediately following a rainfall event.  Daily crop 

coefficients derived in this way for warm-season turf had a 95% mean confidence interval of 

(0.693, 0.736) while daily crop coefficients for cool-season turf had a 95% mean confidence 

interval of (0.695, 0.744).  Daily crop coefficients did not vary with turf type (p=0.3024) or 

month (p=0.3890).  However, daily crop coefficients derived with daily atmometer ET0 and 

an effective length of 150 mm were greater for MAD50 turf plots than MAD75 turf plots 

(p=0.0151).  In addition, there was an interaction effect between turf type and MAD 

(p<0.0001).  Least square mean daily crop coefficients are listed by month in Table 3.2 and 

by turf type and MAD in Table 3.3.  Figure 3.3 illustrates the range of daily crop coefficients 

derived with 150 mm as the effective length and daily atmometer ET0. 

 Daily crop coefficients derived with the ASL as the effective length and daily ET0 

computed with the FAO Penman-Monteith equation ranged from 0.164 to 1.940 with a mean 

of 0.681 and a standard deviation of 0.272.   The average daily crop coefficient for warm-

season turf (0.58) was less than the commonly accepted value of 0.6 (p=0.01255) and the 

average daily crop coefficient for cool-season turf (0.56) was less than the commonly 
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accepted value of 0.8 (p<0.0001).  Daily crop coefficients for turf plot C103 tended to be the 

lowest because turf plot C103 had the smallest ASL (68 mm).  Daily crop coefficients 

derived in this way for warm-season turf had a 95% mean confidence interval of (0.560, 

0.595) while daily crop coefficients for cool-season turf had a 95% mean confidence interval 

of (0.546, 0.583).  The model indicated that daily crop coefficients derived with daily ET0 

calculated by the FAO Penman-Monteith equation and the ASL as the effective length did 

not differ by month (p=0.1526).  However, daily crop coefficients for warm-season turf were 

greater than daily crop coefficients for cool-season turf (p<0.0001).  These results may be 

attributed to warm-season turf plots having a greater average ASL (199 mm) than cool-

season turf plots (177 mm).  In addition, daily crop coefficients derived with daily ET0 

calculated using the FAO Penman-Monteith equation and the ASL as the effective length 

were greater for MAD75 turf plots than MAD50 turf plots (p=0.001).  This is 

counterintuitive as it would be expected that crop coefficients for MAD50 turf plots would be 

greater than crop coefficients for MAD75 turf plots because turf plots with MAD50 should 

be under less moisture stress.  However, this difference in daily crop coefficients due to 

MAD may be attributed to a greater average ASL for MAD75 turf plots (206 mm) than the 

average ASL for MAD50 turf plots (170 mm).  There was also an interaction effect between 

turf type and MAD (p=0.0147).   Least square mean daily crop coefficients are listed by 

month in Table 3.2 and by turf type and MAD in Table 3.3.  Figure 3.4 illustrates the range 

of daily crop coefficients derived with the ASL as the effective length and ET0 calculated 

using the FAO Penman-Monteith equation. 

 In addition, daily crop coefficients derived with the ASL as the effective length and 

atmometer ET0 ranged from 0.174 to 2.83 with an average of 0.855 and a standard deviation 
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of 0.344.  The average daily crop coefficient for warm-season turf (0.72) was greater than the 

commonly accepted value of 0.6 (p<0.0001) while the average daily crop coefficient for 

cool-season turf (0.71) was less than the commonly accepted value of 0.8 (t=-7.7429, 

p<0.0001).  The lowest daily crop coefficients were associated with turf plot C103 due to 

low ETc estimates that resulted from a small ASL (68 mm).  The greatest daily crop 

coefficients were associated with days where daily atmometer ET0 was small due to moisture 

evaporating from the canvas cover rather than the reservoir.  Daily crop coefficients derived 

in this way for warm-season turf had a 95% mean confidence interval of (0.702, 0.747) while 

daily crop coefficients for cool-season turf had a 95% mean confidence interval of (0.685, 

0.732).  The model indicated that daily crop coefficients derived with atmometer ET0 and 

with the ASL as the effective length did not differ by month (p=0.7933).  However, daily 

crop coefficients for warm-season turf were greater than daily crop coefficients for cool-

season turf (p<0.0001).  These results may be attributed to warm-season turf plots having a 

greater average ASL (199 mm) than cool-season turf plots (177 mm).  In addition, daily crop 

coefficients for MAD75 turf plots were greater than daily crop coefficients for MAD50 turf 

plots (p=0.0010).  This difference in daily crop coefficients due to MAD may be attributed to 

greater average ASL for MAD75 turf plots (206 mm) than for MAD50 turf plots (170 mm).  

There was also an interaction effect between turf type and MAD (p=0.0147).  The least 

square mean daily crop coefficients are listed by month in Table 3.2 and by turf type and 

MAD in Table 3.3.  Figure 3.5 illustrates the range of daily crop coefficients derived with the 

ASL as the effective length and daily atmometer ET0. 

 Figure 3.2 to Figure 3.5 illustrate that the Zeon zoysiagrass plots and the Confederate 

blend tall fescue plots had different water use patterns throughout the season.  The crop 
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coefficients for the Zeon zoysiagrass plots tended to increase during the irrigation season 

until August or September while the crop coefficients for the Confederate blend tall fescue 

plots were lowest in June and July.  This could be due to a decrease in the quality of the 

Confederate blend tall fescue due to stress from high soil temperatures.  This was verified 

with Pearson’s correlation test indicating a moderate negative linear relationship between the 

Confederate blend tall fescue’s turf quality as measured by NDVI and soil temperature (r=-

0.387, p<0.0001).   The decrease in Confederate blend tall fescue’s turf quality was also 

verified visually in Figure 3.16 which depicts that turf plots C102 and C104 are visibly 

stressed as seen by the brown color on 11 June 2014.   These turf plots are both MAD75 turf 

plots which illustrates why these turf plots may look more stressed than the surrounding 

MAD50 turf plots. 

 The results of crop coefficients derived from daily water balances computed for days 

with volumetric soil water content less the volumetric soild water content at field capacity 

indicate that September had the greatest crop coefficients.  This is consistent with results 

from a study conducted by Carrow (1995) in Griffin, GA.  Carrow (1995) derived monthly 

crop coefficients for May through October for warm-season and cool-season turfgrasses with 

September having the greatest crop coefficients for all turf species.   

 

Crop coefficients derived from a daily soil water balance (θv>θv,FC) 

 Another daily soil water balance was used to compute ETc for days with volumetric 

soil water content greater than the volumetric soil water content at field capacity by 

accounting for drainage using drainage curves.  Daily crop coefficients derived for days with 

volumetric soil water content greater than the volumetric soil water content at field capacity 
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tended to be smaller than crop coefficients computed for days with volumetric soil water 

contents less than the volumetric soil water content at field capacity.  This could be due to 

waterlogging of the soil which occurs when there is saturation of soil around the roots (Anton 

et al., 2002).  Soil saturation can result in oxygen deficiency of roots leading to stressed roots 

that might not use as much water.  There are differences in waterlogging tolerances among 

species of turfgrasses (Fry, 1991).  Sets of crop coefficients based on combinations of daily 

ET0 estimation and sensor measurement depth were derived in this analysis with ET0 either 

measured by the ET gage atmometer or computed using the FAO Penman-Monteith equation 

and the effective length used in computing daily ETc was either 150 mm or the ASL.  

Daily crop coefficients derived with 150 mm as the effective length and ET0 

calculated using the FAO Penman-Monteith equation ranged from 0.161 to 1.69 with an 

average of 0.458 and a standard deviation of 0.281.  The average daily crop coefficient for 

warm-season turf (0.45) was less than the commonly accepted value of 0.6 (p<0.0001) and 

the average daily crop coefficient for cool-season turf (0.47) was less than the commonly 

accepted value of 0.8 (p<0.0001).  Daily crop coefficients derived in this way for warm-

season turf had a 95% mean confidence interval of (0.387, 0.519) while daily crop 

coefficients for cool-season turf had a 95% mean confidence interval of (0.400, 0.532).  The 

model indicated that daily crop coefficients derived with 150 mm as the effective length and 

ET0 calculated using the FAO Penman-Monteith equation did not vary by turf type 

(p=0.8444) or month (p=0.7757).  There was no interaction effect between turf type and 

MAD (p=0.4247).  However, daily crop coefficients for MAD50 turf plots were greater than 

daily crop coefficients for MAD75 turf plots (p=0.0233).  Least square mean daily crop 

coefficients are listed by month in Table 3.4 and by turf type and MAD in Table 3.5.  Figure 
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3.6 illustrates the range of daily crop coefficients derived with 150 mm as the effective length 

and ET0 computed using the FAO Penman-Monteith equation. 

 Daily crop coefficients derived with 150 mm as the effective length and daily 

atmometer ET0 ranged from 0.233 to 3.39 with an average of 0.716 and a standard deviation 

of 0.543.  The average daily crop coefficient for warm-season turf (0.74) was greater than the 

commonly accepted value of 0.6 (p=0.03975) and the average daily crop coefficient for cool-

season turf (0.68) was less than the commonly accepted value of 0.8 (p=0.04964).  The 

greatest daily crop coefficient estimates occurred following days of rainfall where the 

measurements of daily atmometer ET0 were much lower than daily ET0 calculated using the 

FAO Penman-Monteith equation which can be attributed to water evaporating from the 

canvas cover rather than the reservoir.  Daily crop coefficients for warm-season turf had a 

95% mean confidence interval of (0.607, 0.871) while another daily crop coefficients for 

cool-season turf had a 95% mean confidence interval of (0.567, 0.800).  The model indicated 

that daily crop coefficients derived with atmometer ET0 and 150 mm as the effective length 

did not vary by month (p=0.8459) or turf type (p=0.5242).  There was no interaction effect 

between turf type and MAD (p=0.6402).  However, daily crop coefficients for MAD50 turf 

plots were greater than daily crop coefficients for MAD75 turf plots (p=0.0268).  Least 

square mean daily crop coefficients are listed in by month in Table 3.4 and by turf type and 

MAD in Table 3.5.  Figure 3.7 illustrates the range of daily crop coefficients derived with 

150 mm as the effective length and daily atmometer ET0.   

 Daily crop coefficients derived with the ASL as the effective length and daily ET0 

computed by the FAO Penman-Monteith equation ranged from 0.175 to 2.14 with a mean of 

0.539.  The average daily crop coefficient for warm-season turf (0.56) did not differ from the 
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commonly accepted value of 0.6 (p=0.3134) while the average daily crop coefficient for 

cool-season turf (0.51) was less than the commonly accepted value of 0.8 (p<0.0001).  Daily 

crop coefficients for warm-season turf had a 95% mean confidence interval of (0.486, 0.637) 

while daily crop coefficients for cool-season turf had a 95% mean confidence interval of 

(0.440, 0.575).  Daily crop coefficients derived with daily ET0 calculated with the FAO 

Penman-Monteith equation and the ASL as the effective length did not differ by month 

(p=0.8893), turf type (p=0.3355), or MAD (p=0.1908).  There was no interaction effect 

between turf type and MAD (p=0.8885).  Least square mean daily crop coefficients are listed 

in Table 3.4 and Table 3.5.  Figure 3.8 illustrates the range of daily crop coefficients derived 

with the ASL as the effective length and ET0 calculated using the FAO Penman-Monteith 

equation.   

 Daily crop coefficients derived with the ASL as the effective length and atmometer 

ET0 ranged from 0.250 to 4.27 with a mean of 0.847 and a standard deviation of 0.626.  The 

average daily crop coefficient derived in this way for warm-season turf (0.92) was greater 

than the commonly accepted value of 0.6 (p<0.0001) while the average daily crop coefficient 

for cool-season turf (0.74) did not differ from the commonly accepted value of 0.8 

(p=0.3563).  Daily crop coefficients for warm-season turf had a 95% mean confidence 

interval of (0.764, 1.074) while daily crop coefficients for cool-season turf had a 95% mean 

confidence interval of (0.621, 0.866).  Daily crop coefficients derived with daily atmometer 

ET0 and the ASL as the effective length did not vary by month (p=0.8140), turf type 

(p=0.2122), or MAD (p=0.1837).  There was no interaction effect between turf type and 

MAD (p=0.9562).  Least square mean daily crop coefficients are listed in Table 3.4 and 
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Table 3.5.  Figure 3.9 illustrates the range of daily crop coefficients derived with the ASL as 

the effective length and atmometer ET0.   

Crop coefficients from a monthly water balance 

 Monthly crop coefficients in this analysis were derived with ETc (mm mo
-1

) 

determined using a monthly soil water balance that considered the amount of effective 

precipitation as described by Equation 3.18.  Monthly ET0 (mm mo
-1

) is listed in Table 3.6.  

These values are similar to the long term ET0 values determined by Grabow et al. (2013) who 

conducted a study at the same location from 2007 to 2009.  Sets of crop coefficients based on 

combinations of ET0 estimation and sensor measurement depth were derived in this analysis 

with reference either measured by the ET gage atmometer or computed using the FAO 

Penman-Monteith equation and the effective length used in computing daily ETc was 150 

mm or the ASL.   

Monthly crop coefficients derived using the ASL as the effective length and the FAO 

Penman-Monteith equation to calculate monthly ET0 ranged from 0.237 to 1.586 with an 

average of 0.655.  The average monthly crop coefficient for warm-season turf (0.66) did not 

differ from the commonly accepted value of 0.6 (p=0.063) while the average monthly crop 

coefficient for cool-season turf (0.64) was less than the commonly accepted value of 0.8 

(p<0.0001).  Mean monthly crop coefficients derived in this way for warm-season turf had a 

95% confidence interval of (0.596, 0.732) while mean monthly crop coefficients for cool-

season turf had a 95% confidence interval of (0.579, 0.708).  The model indicated that 

monthly crop coefficients derived using the ASL as the effective length and the FAO 

Penman-Monteith equation to calculate ET0 differed by month (p<0.0001).   Monthly crop 

coefficients for MAD50 turf plots were greater than monthly crop coefficients for MAD75 
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turf plots (p=0.0003).   However, monthly crop coefficients did not vary by turf type 

(p=0.2874).  There was no interaction effect between of turf type and MAD (p=0.6992).  

Least square mean monthly crop coefficients are listed in Table 3.7 and Table 3.8.   

Crop coefficients derived using the ASL as the effective length and monthly 

atmometer ET0 ranged from 0.312 to 1.802 with an average of 0.867.  The average crop 

coefficient for warm-season turf (0.87) was greater than the commonly accepted value of 0.6 

(p<0.0001) while the average crop coefficient for cool-season turf (0.86) did not differ from 

the commonly accepted value of 0.8 (p=0.1353).  Mean monthly crop coefficients derived in 

this way for warm-season turf had a 95% confidence interval of (0.796, 0.943) while mean 

monthly crop coefficients for cool-season turf had a 95% confidence interval of (0.779, 

0.950).  Monthly crop coefficients derived using the ASL as the effective length and monthly 

atmometer ET0 did not differ by month (p=0.1180) or turf type (p=0.7594).  However, 

monthly crop coefficients for MAD50 turf plots were greater than monthly crop coefficients 

for MAD75 turf plots (p=0.0033).   There was an interaction effect between turf type and 

MAD (p=0.2958).  Least square mean monthly crop coefficients are listed by month in Table 

3.7 and by turf type and MAD in Table 3.8.   

Monthly crop coefficients derived using an effective length of 150 mm and the FAO 

Penman-Monteith equation to calculate monthly ET0 ranged from 0.236 to 1.583 with an 

average of 0.635.  The average monthly crop coefficient for warm-season turf (0.64) did not 

differ from the commonly accepted value of 0.6 (p=0.3117) while the average monthly crop 

coefficient for cool-season turf (0.64) was less than the commonly accepted value of 0.8 

(p<0.0001).  Mean monthly crop coefficients derived in this way for warm-season turf had a 

95% confidence interval of (0.566, 0.704) while mean monthly crop coefficients for cool-
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season turf had a 95% confidence interval of (0.569, 0.701).  The model indicated that 

monthly crop coefficients derived using an effective length of 150 mm and the FAO Penman-

Monteith equation to compute monthly ET0 differed by month (p<0.0001).   In addition, 

monthly crop coefficients for MAD50 turf plots were greater than monthly crop coefficients 

for MAD75 turf plots (p=0.0001).   However, these monthly crop coefficients did not vary by 

turf type (p=0.5757).  There was no interaction effect between turf type and MAD and 

(p=0.8232).  Least square mean monthly crop coefficients are listed by month in Table 3.7 

and by turf type and MAD in Table 3.8.     

Monthly crop coefficients derived using an effective length of 150 mm and monthly 

atmometer ET0 ranged from 0.311 to 1.799 with an average of 0.836.  The average monthly 

crop coefficient for warm-season turf (0.82) was greater than the commonly accepted value 

of 0.6 (p<0.0001) while the average monthly crop coefficient for cool-season turf (0.85) did 

not differ from the commonly accepted value of 0.8 (p=0.2391).  Mean monthly crop 

coefficients for warm-season turf had a 95% confidence interval of (0.750, 0.896) while 

mean monthly crop coefficients for cool-season turf had a 95% confidence interval of (0.764, 

0.940).  Monthly crop coefficients derived with an effective length of 150 mm and monthly 

atmometer ET0 differed by month (p=0.0364).   In addition, monthly crop coefficients were 

greater for MAD50 turf plots than MAD75 turf plots (p=0.0006).   However, monthly crop 

coefficients did not vary by turf type (p=0.7696).  There was no interaction effect between 

turf type and MAD (p=0.3997).  Least square mean monthly crop coefficients are listed in 

Table 3.7 by month and by turf type and MAD in Table 3.8.     
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Crop coefficients from the energy balance method 

 Daily crop coefficients were derived for turf plot C203 using the energy balance 

method to compute daily consumptive water use, ETc (mm d
-1

).  Daily ET0 (mm d
-1

), was 

calculated using the FAO Penman-Monteith equation and measured with the ET gage 

atmometer. 

The daily crop coefficients derived with daily ET0 computed using the FAO Penman-

Monteith equation ranged from 0.084 to 3.44 with an average of 0.97 and a 95% mean 

confidence interval of (0.817, 1.126).  The mean daily crop coefficient for cool-season turf 

(0.97) was greater than the commonly accepted value of 0.8 for cool-season turf 

(p=0.03033).  Pearson’s correlation test indicated that daily crop coefficients derived using 

the energy balance approach had a moderate linear relationship with daily crop coefficients 

derived from daily soil water balances using the ASL as the effective length (r=0.444, 

p=0.065) and a paired t-test indicated that daily crop coefficients derived from daily soil 

water balances using the ASL as the effective length were not different from daily crop 

coefficients derived from the energy balance approach (p=0.08378).   Similarly, daily crop 

coefficients derived with the energy balance approach had a moderate positive linear 

relationship with daily crop coefficients derived from daily soil water balances using 150 mm 

as the effective length (r=0.446, p=0.06355) and a paired t-test indicated that daily crop 

coefficients derived from the energy balance approach were greater than daily crop 

coefficients derived from daily soil water balances computed using 150 mm as the effective 

length (p=0.004678). 

Daily crop coefficients derived with ETc estimates calculated using the energy 

balance method and daily atmometer ET0 ranged from 0.051 to 4.03 with an average of 1.12 
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and standard deviation of 0.729.  The average daily crop coefficient (1.12) was greater than 

the commonly accepted value of 0.8 for cool-season turf (p<0.0001).  Daily crop coefficients 

had a 95% mean confidence interval of (0.980, 1.26).  Pearson’s correlation test indicated 

that daily crop coefficients derived with the energy balance method had a poor linear 

relationship with daily crop coefficients derived with daily soil water balances using the ASL 

as the effective length (r=0.077, p=0.7762) and a paired t-test indicated that daily crop 

coefficients derived from the energy balance approach were not different from daily crop 

coefficients derived from daily soil water balances using the ASL as the effective length 

(p=0.03138).   Similarly, daily crop coefficients derived from the energy balance approach 

had a poor positive linear relationship with daily crop coefficients derived with a daily soil 

water balance using 150 mm as the effective length (r=0.079, p=0.7726) and a paired t-test 

determined that daily crop coefficients derived from the energy balance approach were 

significantly greater than daily crop coefficients derived from daily soil water balances using 

150 mm as the effective length (p=0.00598). 

 

 

 

Summary, Conclusions, and Recommendations 

 Crop coefficients were derived using several methods in this chapter.  The results 

indicated that the crop coefficients were often different from the accepted values of 0.6 for 

warm-season turf and 0.8 for cool-season turf.  The results also indicated a large range of 

crop coefficients which is consistent with another study conducted in the humid southeast by 

Carrow (1995) that found crop coefficients for Meyer Zoysia ranged from 0.51 to 1.14 and 

crop coefficients for tall fescue ranged from 0.62 to 1.15.    
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Crop coefficients derived for MAD50 turf plots were significantly greater than crop 

coefficients derived for MAD75 turf plots.  This is because crop coefficients are lower for 

turfgrasses that exhibit a higher degree of moisture stress.  Garrot and Mancino (1994) 

conducted a study in Arizona and found that crop coefficients could be as low as 0.1 under 

severe moisture stress.   

It is commonly thought that cool-season turfgrasses will consume significantly 

greater water than warm-season turfgrasses.  Although the results of this experiment 

indicated that Zeon zoysiagrass and Confederate blend tall fescue did not have different crop 

coefficients, Zeon zoysiagrass did tend to have greater crop coefficients than Confederate 

blend tall fescue.  This contradicts the literature as it is commonly thought that cool-season 

turfgrasses tend to consume more water than warm-season turfgrasses.   

Based on the results of this research project, it is recommended that a crop coefficient 

of 0.6 be used in May and a crop coefficient of 0.7 be used for the duration of the season if 

ET0 is computed with the Penman-Monteith equation.  Crop coefficients should be greater if 

an atmometer is used with recommended values of 0.8 for May and a crop coefficient of 0.9 

for the duration of the season.  These crop coefficient recommendations are applicable to 

regions in the Piedmont of North Carolina with a humid subtropical climate. 



135 

 

Tables and Figures 

Table 3.1: First-order autoregression parameter estimates for daily kc  

Leff used in computing ETc ET0 method AR(1) p-value 

ASL Penman-Monteith 0.5023 <0.0001 

ASL Atmometer 0.5229 <0.0001 

150 mm Penman-Monteith 0.2380 <0.0001 

150 mm Atmometer 0.2232 <0.0001 
Note: kc derived from a daily soil water balance applied over days with no precipitation, no irrigation, and θv<θv,FC using an 

Leff to convert θv (m
3m-3) to a depth (mm).  ET0  (mm d-1), was computed with the FAO Penman-Monteith equation or 

measured with an atmometer with a number 30 canvas cover 

 

Table 3.2: Mean daily crop coefficients
a
 (kc) for periods without drainage by month during the 2013 and 2014 

irrigation seasons.  

Reference ET (ET0)  Atmometer Penman-

Monteith 

Atmometer Penman-

Monteith 

Effective Length (Leff) 150 mm 150 mm ASL ASL 

May 0.729 ab 0.575 ab 0.879 ab 0.693 ab 

June 0.700 abcd 0.536 abcd 0.850 abcd 0.646 abcd 

July  0.706 abc 0.558 abc 0.851 abcd 0.665 abcd 

August  0.700 abcd 0.550 abcd 0.854 abc 0.668 abc 

September  0.770 a 0.634 a  0.917 a  0.753 a  
aLeast square mean values 

Note: Values with the same letter in a column are not different (α=0.05).  

Mean daily kc was determined using a daily soil water balance applied over days with no precipitation, no irrigation, and 

θv<θv,FC using an Leff to convert θv (m
3m-3) to a depth (mm).  ET0 (mm d-1), was computed using the FAO Penman-Monteith 

equation or measured with an atmometer with a number 30 canvas cover 
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Table 3.3: Mean (Avg.) daily crop coefficients
a
 (kc) by turf type and MAD for periods without drainage during 

the 2013 and 2014 irrigation seasons. 

Reference ET (ET0) Atmometer Penman-

Monteith 

Atmometer Penman-

Monteith 

Effective Length (Leff) 150 mm 150 mm ASL ASL 

Avg. warm-season/MAD50  0.703 bc    0.550 bc 0.854 b 0.666 b 

Avg. warm-season/MAD75  0.756 ab  0.591 ab 1.01 a 0.790 a 

Avg. cool-season/MAD50  0.780 a 0.618 a  0.801 bc 0.633 bc 

Avg. cool-season/MAD75  0.645 c    0.523 c 0.813 bc 0.652 bc 

Avg. warm-season kc 0.730 a 0.571 a 0.933 a 0.728 a 

Avg. cool-season  0.713 a 0.571 a 0.807 b 0.642 b 

Avg. MAD50  0.741 a 0.584 a 0.828 b 0.649 b 

Avg. MAD75  0.701 b 0.557 b 0.912 a 0.721 a 
aLeast square mean values 

Note: Values with the same letter for MAD50 and MAD75 in a given column are not different (α=0.05). Values with the 

same letter for turf type (warm-season and cool-season) in a given column are not different (α=0.05).  Values with the same 

letters for the interaction of turf type and MAD in a given column are not different (α=0.05). 

Consumptive water use, ETc (mm d-1), was determined using a daily soil water balance applied over days with no 

precipitation, no irrigation, and θv<θv,FC using an Leff  to convert θv (m
3m-3) to a depth (mm).  ET0 (mm d-1), was computed 

using the FAO Penman-Monteith equation or measured with an atmometer with a number 30 canvas cover. 

 

Table 3.4: Mean (Avg.) daily crop coefficients
a
 (kc) from the 2013 and 2014 irrigation seasons. 

Reference ET (ET0) Penman-

Monteith 

Atmometer Penman-

Monteith 

Atmometer 

Effective Length (Leff) 150 mm 150 mm ASL ASL 

May  0.531 a 0.826 a 0.594 a 0.921 ab 

June  0.430 abcd 0.797 ab 0.516 abcd 0.964 a 

July  0.462 abc 0.685 abcd 0.523 abcd 0.773 abcd 

August  0.499 ab 0.789 abc 0.562 ab 0.891 abc 

September  0.461 abcd 0.694 abcd 0.526 abc 0.793 abcd 
aLeast square mean values 

Note: Values with the same letter in a column are not different (α=0.05).  

Consumptive water use, ETc (mm d-1), was determined using a daily soil water balance applied over days with no 

precipitation, no irrigation, and θv>θv,FC using an effective length Leff to convert θv (m
3m-3) to a depth (mm).  ET0 (mm d-1), 

was computed using the FAO Penman-Monteith equation or measured with an atmometer with a number 30 canvas cover. 
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Table 3.5: Mean (Avg.) daily crop coefficients
a
 (kc) by turf type and MAD level for the 2013 and 2014 

irrigation seasons. 

Reference ET (ET0) Penman-

Monteith 

Atmometer Penman-

Monteith 

Atmometer 

Effective Length (Leff) 150 mm 150 mm ASL ASL 

Avg. warm-season/MAD50  0.567 a 0.938 a 0.620 a 1.03 a 

Avg. warm-season/MAD75  0.396 abc 0.647 abc 0.529 abc 0.867 abc 

Avg. cool-season/MAD50  0.512 ab 0.819 ab 0.551 ab 0.877 ab 

Avg. cool-season/MAD75  0.430 abc 0.629 abc 0.477 abc 0.704 abc 

Avg. warm-season  0.482 a 0.792 a 0.574 a 0.946 a 

Avg. cool-season  0.477 a 0.724 b 0.514 a 0.790 a 

Avg. MAD50  0.540 a 0.878 a 0.585 a 0.951 a 

Avg. MAD75 0.413 b 0.638 b 0.503 a 0.785 a 
aLeast square mean values 

Note: Values with the same letter for MAD50 and MAD75 in a given column are not different (α=0.05). Values with the 

same letter for turf type (warm-season and cool-season) in a given column are not different (α=0.05).  Values with the same 

letters for the interaction of turf type and MAD in a given column are not different (α=0.05). 

Consumptive water use, ETc (mm d-1), was determined using a daily soil water balance applied over days with no 

precipitation, no irrigation, and θv>θv,FC using an Leff to convert θv (m
3m-3) to a depth (mm).  ET0 (mm d-1), was computed 

using the FAO Penman-Monteith equation or measured with an atmometer with a number 30 canvas cover 

 

Table 3.6: Monthly ET0 (mm mo
-1

) for each month in the 2013 and 2014 irrigation seasons. 

  Atmometer Penman-Monteith 

Month Year ET0,(mm mo
-1

) ET0, (mm mo
-1

) 

May 2013 80.3 126 

May  2014 105.7 138.9 

June 2013 76.5 140.2 

June 2014 N/A 118.1 

July  2013 90.4 134.7 

July  2014 106.2 146.8 

August 2013 98 122.9 

August 2014 87.4 122.2 

September 2014 64.5 95.8 
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Table 3.7: Mean (Avg.) monthly crop coefficients
a
 (kc) for each month in the 2013 and 2014 irrigation seasons. 

Reference ET (ET0) 

Effective Length 

(Leff) 

Penman-

Monteith 

Atmometer Penman-

Monteith 

Atmometer 

150 mm 150 mm ASL ASL 

May  0.518 d 0.744 abcd 0.543 d 0.801 abcd 

June  0.741 a 0.755 abcd 0.762 a 0.805 abcd 

July  0.610 abc 0.874 ab 0.626 abc 0.900 ab 

August  0.648 ab 0.842 abc 0.676 ab 0.880 abc 

September  0.635 abc 1.031 a 0.646 abc 1.051 a 
aLeast square mean values 

Note: Different letters in a column indicate significant differences with   = 0.05  

Consumptive water use, ETc (mm mo-1), was determined from monthly soil water balances using an Leff to convert θv (m
3m-

3) to a depth (mm).  ET0 (mm mo-1), was determined by summing daily ET0 (mm d-1), calculated using the FAO Penman-

Monteith equation or by summing daily ET0 (mm d-1), measured using an atmometer with a number 30 cover. 

 

 
Table 3.8: Mean (Avg.) monthly crop coefficients

a
 (kc) by turf type and MAD level for the 2013 and 2014 

irrigation seasons. 

Reference ET (ET0) Penman-

Monteith 

Atmometer Penman-

Monteith 

Atmometer 

Effective Length (Leff) 150 mm 150 mm ASL ASL 

Avg. warm-season/MAD50 kc 0.696ab 0.899 ab 0.720 ab 0.934 ab 

Avg. warm-season/MAD75 kc 0.563bc 0.742 ac  0.588 abc 0.816 abc 

Avg. cool-season/MAD50 kc 0.718a 0.958 a 0.728 a   0.973 a 

Avg. cool-season/MAD75 kc 0.532c 0.716 ac 0.540 c 0.748 ac 

Avg. warm-season kc 0.630 a 0.820 a 0.654 a 0.875 a 

Avg. cool-season kc 0.625 a 0.837 a 0.634 a 0.860 b 

Avg. MAD50 kc 0.707 a 0.929 a 0.724 a 0.954 a 

Avg. MAD75 kc 0.548 b 0.729 b 0.564 b 0.782 b 
aLeast square mean values 

Note: Values with the same letter for MAD50 and MAD75 in a given column are not different (α=0.05). Values with the 

same letter for turf type (warm-season and cool-season) in a given column are not different (α=0.05).  Values with the same 

letters for the interaction of turf type and MAD in a given column are not different (α=0.05). 

Consumptive water use, ETc (mm mo-1), was determined from monthly soil water balances using an Leff to convert θv (m
3m-

3) to a depth (mm).  ET0 (mm mo-1), was determined by summing daily ET0 (mm d-1), calculated using the FAO Penman-

Monteith equation or by summing daily ET0 (mm d-1), measured using an atmometer with a number 30 cover. 

 

 

 

 

 

 

 



139 

 

 

 

 

 
Figure 3.1: ET0 (mm d

-1
) computed with the FAO Penman-Monteith equation versus ET0 (mm d

-1
), measured 

with an atmometer with a number 30 canvas cover.   
Note: Values much greater than the regression line occurred on days with rainfall or the day following a rainfall event as the 

atmometer yields lower ET0 estimates due to evaporation occurring from the wet canvas cover. 
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Figure 3.2: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv<θv,FC, and 

Leff =150 mm.  ET0 (mm d
-1

) was calculated using the FAO Penman-Monteith equation.   
Note: If the notches overlap, the medians are not different (Chambers et al. 1983). 
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Figure 3.3: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv<θv,FC, and  

Leff =150 mm.  ET0 (mm d
-1

) was measured using an atmometer.   
Note: If the notches overlap, the medians are not different (Chambers et al. 1983). 
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Figure 3.4: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv<θv,FC, and 

Leff =ASL. ET0 (mm d
-1

) was calculated using the FAO Penman-Monteith equation.   
Note: If the notches overlap, the medians are not different (Chambers et al. 1983). 
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Figure 3.5: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

), 

determined from a daily soil water balance computed applied over days with no irrigation, no precipitation, 

θv<θv,FC, and Leff =ASL. ET0 (mm d
-1

), was measured using an atmometer.  
Note: If the notches overlap, the medians are not different (Chambers et al. 1983). 
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Figure 3.6: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv>θv,FC, and 

Leff =150 mm.  ET0 (mm d
-1

), was calculated using the FAO Penman-Monteith equation.  
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Figure 3.7: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv>θv,FC, and 

Leff =150 mm.   
Note: ET0 (mm d-1), was measured using an atmometer with a number 30 canvas cover.  
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Figure 3.8: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv>θv,FC, and 

Leff =ASL.  
Note: ET0 (mm d-1), was calculated using the FAO Penman-Monteith equation.  
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Figure 3.9: Daily kc by turf type and month for the 2013 and 2014 irrigation seasons with ETc (mm d
-1

) 

determined from a daily soil water balance applied over days with no irrigation, no precipitation, θv>θv,FC, and 

Leff =ASL.  
Note: ET0 (mm d-1), was measured using an atmometer with a number 30 canvas cover. 
 



148 

 

 

 

Figure 3.10: Monthly kc by turf type and month for the 2013 and 2014 irrigation seasons derived with ETc (mm 

mo
-1

) determined from a monthly soil water balance where Leff=ASL.   
Note: ET0 (mm mo-1), was determined by summing daily ET0 (mm d-1), calculated using the FAO Penman-Monteith 

equation. 
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Figure 3.11: Monthly kc by turf type and month for the 2013 and 2014 irrigation seasons derived with ETc (mm 

mo
-1

) determined from a monthly soil water balance where Leff=ASL.   
Note: ET0 (mm mo-1), was determined by summing daily ET0 (mm d-1), measured using an atmometer covered with a 

number 30 cover. 
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Figure 3.12: Monthly kc by turf type and month for the 2013 and 2014 irrigation seasons derived with ETc (mm 

mo
-1

) determined from a monthly soil water balance where Leff=150 mm.   
Note: ET0 (mm mo-1), was determined by summing daily ET0 (mm d-1), calculated using the FAO Penman-Monteith 

equation. 
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Figure 3.13: Monthly kc by turf type and month for the 2013 and 2014 irrigation seasons derived with ETc (mm 

mo
-1

) determined from a monthly soil water balance where Leff=150 mm.   

Note: ET0 (mm mo
-1

), was determined by summing daily ET0 (mm d
-1

), measured using an atmometer covered 

with a number 30 cover. 
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Figure 3.14: Daily kc for 12 June 2014 to 8 October 2014 using an energy balance to compute ETc (mm d

-1
) for 

a cool-season turf plot assigned a moderately stressed irrigation management strategy.   
Note: ET0 (mm d-1), was calculated using the FAO Penman-Monteith equation or measured using an atmometer. 
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Figure 3.15: Daily kc derived with ETc computed using daily soil water balances versus daily kc derived with 

ETc computed using the energy balance approach for: a) daily kc determined with daily ET0 calculated using the 

FAO Penman-Monteith equation and daily ETc determined using the ASL to convert θv to a depth, b) daily kc 

determined with daily ET0 calculated using the FAO Penman-Monteith equation and daily ETc determined 

using 150 mm to to convert θv to a depth, c) daily kc determined with daily atmometer ET0 and daily ETc 

determined using the ASL to convert θv to a depth, and d) daily kc determined with daily atmometer ET0 and 

daily ETc determined using 150 mm to to convert θv to a depth 
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Figure 3.16: Confederate blend tall fescue turf plots on 11 June 2014.   
Note: Brown plots are turf plots C102 and C104 which are MAD75 turf plots. 
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Appendix A: Apparent sampling length parameters 
 

FULL MODEL PARAMETERS 

  Δθv Pptmm
-1

 Std. Error t value Pr(>|t|) 

(Intercept)  2.14E-02 1.65E-02 1.298 0.1949 

Ppt_mm 3.55E-03 1.43E-03 2.476 0.0135 * 

as.factor(sensor)2 -1.02E-02 2.03E-02 -0.501 0.6167 

as.factor(sensor)3 9.66E-04 2.34E-02 0.041 0.9671 

as.factor(sensor)4 -5.72E-02 2.68E-02 -2.139 0.0328* 

as.factor(sensor)5 -3.53E-03 2.10E-02 -0.168 0.8667 

as.factor(sensor)6 1.49E-03 2.34E-02 0.064 0.9492 

as.factor(sensor)7 -7.49E-04 2.08E-02 -0.036 0.9713 

as.factor(sensor)8 -1.65E-02 2.20E-02 -0.749 0.4543 

as.factor(sensor)9 -3.26E-02 2.40E-02 -1.358 0.175 

as.factor(sensor)10 -2.20E-02 2.33E-02 -0.944 0.3454 

as.factor(sensor)11 1.28E-02 2.65E-02 0.482 0.6299 

as.factor(sensor)12 4.23E-03 2.24E-02 0.189 0.8505 

as.factor(sensor)13 4.38E-02 2.53E-02 1.736 0.083 

as.factor(sensor)14 -2.50E-02 2.31E-02 -1.084 0.2789 

as.factor(sensor)15 -1.17E-03 2.15E-02 -0.054 0.9569 

as.factor(sensor)16 -5.11E-03 2.04E-02 -0.25 0.8024 

as.factor(sensor)17 -1.97E-04 2.42E-02 -0.008 0.9935 

as.factor(sensor)18 -3.03E-04 2.27E-02 -0.013 0.9894 

as.factor(sensor)19 -6.47E-04 2.41E-02 -0.027 0.9786 

as.factor(sensor)20 -5.83E-03 2.16E-02 -0.27 0.7873 

as.factor(sensor)21 1.10E-02 4.61E-02 0.238 0.8118 

as.factor(sensor)91 -8.95E-03 4.42E-02 -0.202 0.8398 

as.factor(sensor)111 -2.46E-03 2.84E-02 -0.087 0.9311 

as.factor(sensor)133 1.05E-03 3.01E-02 0.035 0.9722 

Ppt_mm:as.factor(sensor)2 6.91E-04 1.71E-03 0.404 0.6861 

Ppt_mm:as.factor(sensor)3 6.51E-04 1.89E-03 0.344 0.7311 

Ppt_mm:as.factor(sensor)4 4.83E-03 2.26E-03 2.143 0.0325* 

Ppt_mm:as.factor(sensor)5 -2.01E-04 1.76E-03 -0.114 0.9091 

Ppt_mm:as.factor(sensor)6 6.14E-04 1.87E-03 0.329 0.7423 

Ppt_mm:as.factor(sensor)7 -1.44E-03 1.75E-03 -0.823 0.411 

Ppt_mm:as.factor(sensor)8 2.33E-03 1.84E-03 1.264 0.2068 

Ppt_mm:as.factor(sensor)9 2.34E-03 2.00E-03 1.166 0.244 

Ppt_mm:as.factor(sensor)10 1.80E-03 2.00E-03 0.899 0.369 

Ppt_mm:as.factor(sensor)11 2.25E-03 2.09E-03 1.077 0.282 

Ppt_mm:as.factor(sensor)12 2.42E-03 1.83E-03 1.326 0.1855 

Ppt_mm:as.factor(sensor)13 5.45E-03 2.36E-03 2.315 0.0209* 

Ppt_mm:as.factor(sensor)14 2.55E-03 1.87E-03 1.366 0.1725 



163 

 

FULL MODEL PARAMETERS continued 

Ppt_mm:as.factor(sensor)15 5.21E-04 1.79E-03 0.291 0.7714 

Ppt_mm:as.factor(sensor)16 1.10E-04 1.74E-03 0.063 0.95 

Ppt_mm:as.factor(sensor)17 1.87E-04 1.95E-03 0.096 0.9237 

Ppt_mm:as.factor(sensor)18 6.74E-04 1.87E-03 0.361 0.7182 

Ppt_mm:as.factor(sensor)19 -6.91E-04 1.98E-03 -0.348 0.7279 

Ppt_mm:as.factor(sensor)20 -2.49E-04 1.80E-03 -0.138 0.89 

Ppt_mm:as.factor(sensor)21 -2.75E-03 4.06E-03 -0.677 0.4984 

Ppt_mm:as.factor(sensor)91 -4.04E-06 4.25E-03 -0.001 0.9992 

Ppt_mm:as.factor(sensor)111 -1.41E-04 2.27E-03 -0.062 0.9507 

Ppt_mm:as.factor(sensor)133 1.57E-03 2.40E-03 0.656 0.5118 
Note: * indicates the p-value is less than the set alpha error of 0.05.  The (Intercept) value corresponds to β0, the 

as.factor(sensor) values corresponds to β2, and Ppt_mm:as.factor(sensor) values correspond to β3 in the following model: 

                                              
 

 

ZERO-INTERCEPT MODEL PARAMETERS 

  Δθv Pptmm
-1

 Std. Error t value Pr(>|t|)   

Ppt_mm:as.factor(sensor)1 0.0051921 0.0006758 7.683 5.84E-14 *** 

Ppt_mm:as.factor(sensor)2 0.005025 0.0004279 11.744 < 2e-16 *** 

Ppt_mm:as.factor(sensor)3 0.0057064 0.0005237 10.897 < 2e-16 *** 

Ppt_mm:as.factor(sensor)4 0.0056304 0.000658 8.557 < 2e-16 *** 

Ppt_mm:as.factor(sensor)5 0.0046203 0.0004435 10.418 < 2e-16 *** 

Ppt_mm:as.factor(sensor)6 0.0056863 0.0004614 12.324 < 2e-16 *** 

Ppt_mm:as.factor(sensor)7 0.0035624 0.0004455 7.996 5.99E-15 *** 

Ppt_mm:as.factor(sensor)8 0.0062294 0.0005097 12.222 < 2e-16 *** 

Ppt_mm:as.factor(sensor)9 0.0050723 0.0006132 8.271 7.65E-16 *** 

Ppt_mm:as.factor(sensor)10 0.0052954 0.0005858 9.04 < 2e-16 *** 

Ppt_mm:as.factor(sensor)11 0.0080817 0.0006476 12.48 < 2e-16 *** 

Ppt_mm:as.factor(sensor)12 0.0076986 0.0004921 15.643 < 2e-16 *** 

Ppt_mm:as.factor(sensor)13 0.014684 0.00086 17.074 < 2e-16 *** 

Ppt_mm:as.factor(sensor)14 0.0058542 0.0005227 11.2 < 2e-16 *** 

Ppt_mm:as.factor(sensor)15 0.0054817 0.0004764 11.505 < 2e-16 *** 

Ppt_mm:as.factor(sensor)16 0.0048451 0.0004767 10.164 < 2e-16 *** 

Ppt_mm:as.factor(sensor)17 0.0051851 0.000562 9.226 < 2e-16 *** 

Ppt_mm:as.factor(sensor)18 0.0056979 0.0004897 11.636 < 2e-16 *** 

Ppt_mm:as.factor(sensor)19 0.0043215 0.0005949 7.264 1.09E-12 *** 

Ppt_mm:as.factor(sensor)20 0.0043817 0.0005093 8.604 < 2e-16 *** 

Ppt_mm:as.factor(sensor)21 0.0035026 0.0012469 2.809 0.005119 ** 

Ppt_mm:as.factor(sensor)91 0.0046847 0.0013749 3.407 0.000697 *** 

Ppt_mm:as.factor(sensor)111 0.0047451 0.0006706 7.076 3.89E-12 *** 

Ppt_mm:as.factor(sensor)133 0.0067043 0.0007341 9.132 < 2e-16 *** 
Note: * indicates the p-value is less than the set alpha error of 0.05.  Ppt_mm:as.factor(sensor) values correspond to β3 in the 

following model. 
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Appendix B: Drainage curve coefficients 

      

 

          

DRAINAGE CURVES WITH THE MODEL OF SM = a (time after watering)
b
 

Turf Plot a b min SM 

(m
3
m

-3
) 

max SM 

(m
3
m

-3
) 

beg 

DOY 

end 

DOY 
R

2
 adj R

2
 

W301 0.449 -0.097 0.36 0.42 53 62 0.933 0.933 

W301 0.435 -0.105 0.38 0.42 72 75 0.932 0.932 

W301 0.402 -0.054 0.36 0.40 332 338 0.986 0.986 

W301 0.443 -0.074 0.40 0.42 68 70 0.893 0.892 

W301 0.449 -0.085 0.39 0.42 38 41 0.954 0.954 

W301 0.375 -0.034 0.35 0.38 322 327 0.977 0.977 

W301 0.431 -0.094 0.37 0.46 344 349 0.873 0.873 

W302 0.395 -0.091 0.33 0.44 53 62 0.786 0.786 

W302 0.382 -0.104 0.34 0.44 72 75 0.753 0.753 

W302 0.353 -0.042 0.33 0.40 332 338 0.875 0.875 

W302 0.424 -0.148 0.35 0.40 68 70 0.950 0.950 

W302 0.370 -0.057 0.34 0.36 38 41 0.985 0.985 

W302 0.415 -0.163 0.34 0.42 47 50 0.926 0.926 

W302 0.307 -0.009 0.30 0.31 322 327 0.513 0.513 

W302 0.369 -0.077 0.33 0.44 344 349 0.783 0.782 

W303 0.452 -0.099 0.36 0.44 53 62 0.953 0.953 

W303 0.435 -0.108 0.38 0.43 72 75 0.936 0.936 

W303 0.437 -0.080 0.38 0.43 332 338 0.987 0.987 

W303 0.481 -0.157 0.39 0.43 68 70 0.966 0.966 

W303 0.428 -0.084 0.38 0.41 38 41 0.957 0.957 

W303 0.469 -0.136 0.39 0.45 47 50 0.884 0.884 

W303 0.391 -0.034 0.37 0.40 322 327 0.986 0.986 

W304 0.466 -0.085 0.39 0.46 53 62 0.915 0.915 

W304 0.461 -0.110 0.40 0.47 72 75 0.874 0.873 

W304 0.447 -0.075 0.40 0.46 332 338 0.943 0.942 

W304 0.537 -0.194 0.41 0.46 68 70 0.959 0.958 

W304 0.458 -0.088 0.40 0.44 38 41 0.955 0.955 

W304 0.500 -0.154 0.41 0.48 47 50 0.893 0.893 

W304 0.404 -0.024 0.39 0.41 322 327 0.926 0.926 

W304 0.467 -0.099 0.40 0.47 344 349 0.907 0.907 

W305 0.384 -0.048 0.34 0.39 53 62 0.989 0.989 

W305 0.376 -0.044 0.35 0.38 72 75 0.995 0.995 

W305 0.377 -0.024 0.36 0.38 332 338 0.966 0.966 

W305 0.389 -0.053 0.36 0.38 68 70 0.994 0.994 

W305 0.370 -0.029 0.35 0.36 38 41 0.985 0.985 

W305 0.382 -0.046 0.36 0.39 47 50 0.973 0.973 
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DRAINAGE CURVES WITH THE MODEL OF SM = a (time after watering)
b 
continued 

 

W305 0.370 -0.028 0.35 0.37 322 327 0.987 0.987 

W305 0.385 -0.032 0.36 0.39 344 349 0.978 0.978 

W401 0.377 -0.062 0.33 0.48 53 62 0.805 0.805 

W401 0.373 -0.077 0.34 0.40 72 75 0.880 0.879 

W401 0.362 -0.032 0.34 0.43 332 338 0.714 0.714 

W401 0.383 -0.070 0.35 0.37 68 70 0.930 0.929 

W401 0.363 -0.040 0.34 0.35 38 41 0.948 0.948 

W401 0.399 -0.125 0.34 0.48 47 50 0.758 0.758 

W401 0.376 -0.058 0.34 0.39 344 349 0.973 0.973 

W402 0.333 -0.073 0.28 0.35 53 62 0.984 0.984 

W402 0.326 -0.059 0.30 0.33 72 75 0.998 0.998 

W402 0.324 -0.038 0.30 0.32 332 338 0.963 0.963 

W402 0.335 -0.064 0.31 0.32 68 70 0.995 0.995 

W402 0.305 -0.033 0.29 0.30 38 41 0.988 0.988 

W402 0.337 -0.087 0.30 0.35 47 50 0.968 0.967 

W402 0.290 -0.017 0.28 0.29 322 327 0.942 0.942 

W402 0.336 -0.054 0.31 0.34 344 349 0.997 0.997 

W403 0.438 -0.081 0.37 0.45 53 62 0.920 0.920 

W403 0.429 -0.099 0.38 0.46 72 75 0.909 0.909 

W403 0.411 -0.059 0.37 0.42 332 338 0.975 0.975 

W403 0.411 -0.052 0.38 0.40 38 41 0.977 0.977 

W403 0.473 -0.161 0.39 0.47 47 50 0.967 0.967 

W403 0.380 -0.031 0.36 0.38 322 327 0.991 0.991 

W403 0.447 -0.111 0.38 0.48 344 349 0.891 0.890 

W404 0.409 -0.050 0.37 0.42 53 62 0.984 0.984 

W404 0.403 -0.044 0.38 0.40 72 75 0.990 0.990 

W404 0.384 -0.031 0.36 0.38 332 338 0.976 0.976 

W404 0.414 -0.049 0.39 0.40 68 70 0.973 0.973 

W404 0.394 -0.031 0.37 0.39 38 41 0.988 0.988 

W404 0.408 -0.053 0.38 0.42 47 50 0.927 0.927 

W404 0.375 -0.038 0.35 0.37 322 327 0.989 0.989 

W404 0.396 -0.041 0.37 0.40 344 349 0.993 0.993 

W405 0.439 -0.047 0.40 0.44 53 62 0.954 0.954 

W405 0.433 -0.053 0.40 0.44 72 75 0.926 0.926 

W405 0.419 -0.029 0.40 0.42 332 338 0.970 0.970 

W405 0.463 -0.093 0.41 0.44 68 70 0.975 0.975 

W405 0.424 -0.031 0.40 0.42 38 41 0.957 0.957 

W405 0.451 -0.075 0.41 0.46 47 50 0.972 0.972 

W405 0.434 -0.045 0.40 0.45 344 349 0.932 0.932 

C101 0.462 -0.103 0.38 0.46 332 338 0.947 0.947 
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DRAINAGE CURVES WITH THE MODEL OF SM = a (time after watering)
b 
continued 

 

C101 0.493 -0.146 0.38 0.49 322 327 0.908 0.907 

C102 0.470 -0.218 0.36 0.48 72 75 0.928 0.928 

C102 0.466 -0.138 0.37 0.47 332 338 0.923 0.923 

C102 0.481 -0.185 0.36 0.44 38 41 0.974 0.974 

C102 0.533 -0.234 0.38 0.49 47 50 0.870 0.870 

C102 0.498 -0.182 0.37 0.50 322 327 0.869 0.869 

C102 0.503 -0.162 0.38 0.49 344 349 0.962 0.962 

C103 0.468 -0.172 0.38 0.51 72 75 0.846 0.845 

C103 0.396 -0.043 0.37 0.42 332 338 0.865 0.865 

C103 0.456 -0.105 0.39 0.43 38 41 0.972 0.972 

C103 0.424 -0.100 0.36 0.54 322 327 0.443 0.442 

C103 0.451 -0.120 0.37 0.55 344 349 0.563 0.562 

C104 0.439 -0.056 0.33 0.47 332 338 0.803 0.803 

C104 0.547 -0.259 0.40 0.53 47 50 0.898 0.898 

C105 0.364 -0.097 0.31 0.39 332 338 0.935 0.935 

C105 0.372 -0.115 0.31 0.38 322 327 0.917 0.917 

C105 0.379 -0.106 0.32 0.37 344 349 0.982 0.982 

C201 0.326 -0.076 0.29 0.33 332 338 0.990 0.990 

C201 0.336 -0.068 0.30 0.32 38 41 0.984 0.984 

C201 0.325 -0.079 0.28 0.34 322 327 0.966 0.965 

C201 0.322 -0.062 0.29 0.33 344 349 0.996 0.996 

C202 0.420 -0.056 0.38 0.41 322 327 0.979 0.979 

C203 0.411 -0.076 0.35 0.41 332 338 0.971 0.971 

C203 0.406 -0.073 0.35 0.41 322 327 0.959 0.959 

C203 0.413 -0.074 0.36 0.41 344 349 0.952 0.952 

C204 0.457 -0.099 0.40 0.45 47 50 0.993 0.993 

C205 0.383 -0.039 0.36 0.38 332 338 0.989 0.989 

C205 0.383 -0.042 0.36 0.39 322 327 0.990 0.990 

C205 0.391 -0.045 0.36 0.39 344 349 0.998 0.998 
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Appendix C: Data eliminated from the monthly water balance statistical analysis 

 
Plot Month/Year ETc, Leff=ASL ETc, Leff=150 mm Rationale for excluding value 

C104 05/2013 249 mm mo
-1

 247 mm mo
-1

 Broken sprinkler resulting in faulty applied water 

data 

C102 09/2014 1.1 mm mo
-1

 0.44 mm mo
-1

 This is an impossibly low estimate of monthly   

This may be due to a low effective precipitation 

value as θv> θv,FC most of the month.  This may be 

due to lateral water movement from the zoysia 

plots as there is often visual evidence of seepage.  

In addition, this low value could be due to a poor 

stand of Confederate blend tall fescue as 

evidenced by the decrease in NDVI evident in 

Figure 2.25. 

C104 09/2014 6.5 mm mo
-1

 6.3 mm mo
-1

 This is an impossibly low estimate of monthly   

This low estimate may be due to this turf plot 

being a poor stand of Confederate blend tall fescue 

as indicated by the decrease in NDVI seen in 

Figure 2.25.  In addition, the effective precipitation 

is low due to θv> θv,FC for most of the month.  This 

may be due to lateral water movement from the 

zoysia plots.  

C201 09/2014 19.0 mm mo
-1

 18.7 mm mo
-1

 This is an impossibly low estimate of monthly   

This estimate may be low due to this turf plot 

draining quickly.  In addition, this turf plot’s soil 

temperature was greater than the ideal soil 

temperature for cool-season turfgrass.  Its soil 

temperature was greater than some of the other turf 

plots due to its proximity to the road.  Therefore, 

the turf plot might not have been using as much 

water because it was struggling physiologically 

due to a greater temperature.  This is evident by 

the decrease NDVI in late September.    

C202 09/2014 N/A 28.8 mm mo
-1

 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

C204 09/2014 -9.6 mm mo
-1

 -4.5 mm mo
-1

 Negative ETc estimate.  This is due to a negative 

change in soil water from rainfall on 30 September 

2014 and 29 September 2014 causing θv to be 

greater at the end of September 2014 than at the 

beginning of September 2014.  In addition, the 

effective precipitation is low due to θv> θv,FC for 

most of the month.   

C205 09/2014 10.9 mm mo
-1

 9.0 mm mo
-1

 This is an impossibly small value of monthly   The 

value is low due to negative change in soil water 

from rainfall on 30 September 2014 and 29 

September 2014 causing θv to be greater at the end 

of September 2014 than at the beginning of 

September 2014.  In addition, the effective 

precipitation is low due to θv> θv,FC for most of the 

month.   

W305 09/2014 18.8 mm mo
-1

 14.6 mm mo
-1

 This is an impossibly small value of monthly ETc 

due to a negative change in soil water from rainfall 

on 30 September 2014 causing θv at the end of 

September 2014 than at beginning of the month. 
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Data eliminated from the monthly water balance statistical analysis continued 
 

C205 06/2013 145 mm mo
-1

 130 mm mo
-1

 Root zone disturbance due to sensor replacement 

C202 06/2013 27.9 mm mo
-1

 27.8 mm mo
-1

 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

W404 07/2013 135mm mo
-1

 121 mm mo
-1

 Root zone disturbance due to sensor replacement 

W305 05/2014 N/A 25.4 mm mo
-1

 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

W402 05/2014 29.4 mm mo
-1

 15.2 mm mo
-1

 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

C103 05/2014 230 mm mo-1 230 mm mo-1 This value is impossibly high due to a high amount 

of irrigation.  The irrigation was not faulty, but 

may not have contributed to the soil water needs of 

the plant due to drainage.   

C205 05/2014 N/A 21.9 mm mo
-1

 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

C101 06/2014 141 mm mo
-1

 141 mm mo
-1

 Root zone disturbance due to sensor replacement 

W301 06/2014 82 mm mo
-1

 82 mm mo
-1

 Root zone disturbance due to sensor replacement 

C102 08/2014 18.6 mm mo
-1

 16.3 mm mo
-1

 This is an impossibly small estimate of monthly   

This value may be low due to a poor stand of 

Confederate blend tall fescue which is evident by a 

decrease in NDVI as shown in Figure 2.25. There 

may also be lateral water movement from the 

zoysia plots. 

C104 08/2014 17.9 mm mo
-1

 15.8 mm mo
-1

 This is an impossibly small estimate of monthly   

This value may be low due to a poor stand of 

Confederate blend tall fescue which is evident by a 

decrease in NDVI as shown in Figure 2.25.  There 

may also be lateral water movement from the 

zoysia plots. 

C201 08/2014 26.9 mm mo
-1

 20.0 mm mo
-1

 This is an impossibly small estimate of monthly   

Turf plot C201 drains quickly which may explain 

why ETc is low.  In addition, the soil temperature 

might be greater than the ideal soil temperature for 

cool-season turfgrass due to its proximity to the 

road. 

C203 08/2014 28.6 mm mo
-1

 24.4 mm mo
-1

 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

C204 08/2014 19.2 mm mo
-1

 12.5 mm mo
-1

 This is an impossibly small estimate of monthly 

ETc due to no effective precipitation which may be 

because volumetric water content was greater than 

field capacity during the whole month. 

W305 08/2014 N/A 22.7 mm mo-1 This monthly ETc estimate was lower than the 

assumed minimum value of 30 mm mo
-1

. 

 


