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ABSTRACT 

Increasing irrigation efficiency on turfgrass could 

help reduce water consumption on large turf facilities. Two 

experiments were conducted using perennial ryegrass rLolium 

perenne (L.) Derby] to evaluate the potential of using 

remote sensing to estimate turf water status, predict daily 

evapotranspiration (ET), and estimate turf biomass. In the 

first experiment a crop water stress index, utilizing 

remotely sensed canopy temperature, were used to schedule 

irrigations on 6 of 10 drainage lysimeters. Three of the 

remaining lysimeters were irrigated based on meteorological 

estimates of ET calculated using a modified Penman 

equation. The results of this experiment were inconclusive 

due to inconsistent lysimeter drainage characteristics. The 

second experiment was conducted on a turf green with 

multiple heights to evaluate the potential for using canopy 

radiance to estimate turf biomass. These results showed 

that turf biomass could be estimated from a vegetative 

index (Red Ratio = Near Infrared/Red radiance) obtained 

through measurements of canopy radiance (r2 = 0.91). 



INTRODUCTION 

Water conservation has become an economic necessity in 

many parts of the southwestern United States. A limited 

water supply, coupled with existing agricultural demands 

and an expanding population base, have forced states to re

evaluate traditional water use practices. 

Due to anticipated water shortages and rising water 

costs, the golf course industry is under increasing 

pressure to minimize water use. Arizona alone has 

approximately 200 golf courses representing more than 

10,450 hectares of irrigated turf. These numbers are 

expected to triple by the year 2025 if golf course 

construction continues at the present rate. In order to 

maintain turfgrass in warm arid environments frequent 

irrigations are required throughout most of the year. At 

present golf courses in Arizona use an average of 1.5 

meters of water per hectare annually to maintain high 

quality turfgrass. It may be possible to reduce water use 

while maintaining healthy high quality turf by increasing 

irrigation efficiency above the present 70%. 

Golf course managers commonly irrigate turf during the 

evening hours. They typically estimate water requirements 

based on a combination of factors including experience, 

seasonal weather factors and soil conditions. In general 



they tend to over irrigate turf in order to ensure that 

turf quality and vigor are maintained. If adequate soil 

moisture were not available, especially during the hot dry 

summer months, a rapid decline in turf quality and 

functional utility could result. 

Excess water percolates out of the root zone and is no 

longer available for plant use when irrigation applications 

exceed the field capacity of the soil. Although a leaching 

fraction is required in order to periodically remove excess 

salts from the root zone, excess leachate represents an 

economic loss with respect to water wasted and the removal 

of costly turf amendments from the root zone. 

One possible technique for increasing irrigation 

efficiency is through more precise estimation of daily 

evaporative demands. This may be accomplished by 

establishing small weather stations equipped with 

meteorological instrumentation in the vicinity of golf 

courses. Variables such as air temperature, vapor pressure, 

solar radiation, and wind speed can then be measured 

periodically and an estimate of evapotranspiration (ET) 

obtained by using an energy balance equation such as the 

one presented by Penman (1948). Several companies which 

supply irrigation equipment to golf courses have developed 

computerized systems which utilize weather stations in 

estimating daily evapotranspiration. Some systems can then 



apply that amount of water through an automated irrigation 

system. The University of Arizona Meteorological Network 

(AZMET) operates weather stations throughout the southern 

half of the state which also provide turfgrass managers 

with an accurate estimate of daily ET. 

An alternative approach to reducing golf course water 

use may be achieved through accurate monitoring of soil 

moisture. However, estimates of soil moisture are difficult 

to make due to the size and spatial variability of golf 

courses. Soil moisture sensors tend to be site specific and 

therefore a large number of sensors would be required. 

Sensors must also be maintained and calibrated 

independently if the soils are non-uniform. 

The use of canopy temperatures to infer turf water 

status may be applicable for scheduling irrigations. As 

plant water potential declines in response to a depletion 

of soil moisture, gradual stomatal closure will ensue, 

resulting in reduced transpiration. Turf canopy 

temperatures will become warmer as less incident radiation 

is dissipated through the evaporative process. Turf canopy 

temperatures can be rapidly and accurately measured using 

portable infrared thermometers . Research with a variety of 

crops has shown that plant water status can be inferred 

using canopy temperatures when combined with measurements 

of air temperature, vapor pressure deficit, and net 
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radiation (Idso et al. 1977; Jackson et al., 1977). Jackson 

et al. (1981) developed a Crop Water Stress Index (CWSI) 

which estimates plant water status based on calculated 

minimum and maximum canopy temperatures which would be 

expected under specific conditions. Jalali-Farahani (1987) 

found that the CWSI calculated from measurements on 

beraiudagrass (Cvnondon dactvlon L.) were inversely related 

to soil moisture content. 

The energy balance CWSI method requires crop specific 

•values of aerodynamic and canopy resistance. Aerodynamic 

resistance can be empirically derived or calculated by 

measuring wind profiles above a canopy. Canopy resistance 

is a function of stomatal resistance and leaf area index 

(IAI) . If LAI was accurately measured, then a more 

realistic approximation of canopy resistance might be 

possible. 

Estimation of turf biomass and LAI generally requires 

destructive and time consuming sampling. Portable hand-held 

radiometers may offer scientists and turf managers a rapid 

and non-destructive alternative to physical sampling. 

Research has shown that spectral reflectance from plant 

canopies can be correlated with plant parameters such as 

photosynthetic biomass and leaf area (Tucker, 1977; Jackson 

et al. , 1980). The ability to estimate turfgrass LAI and 

biomass from spectral reflectance may help to refine the 



CWSI through more accurate determination of canopy 

resistance. 

The objectives of this research were to: 

(1) Evaluate a crop coefficient of 0.95, using AZMET 

reference ET, for perennial ryegrass turf irrigation. 

(2) Evaluate the potential for using the CWSI energy 

balance approach to schedule irrigations on perennial 

ryegrass. 

(3) Compare irrigation scheduling using the CWSI with a 

weather based evaporative demand model (Modified Penman 

Equation). 

(4) Evaluate the potential for using portable hand-held 

radiometers to estimate turfgrass biomass and leaf area. 



CHAPTER I 

REMOTE MEASUREMENT OF TURF WATER STRESS 



LITERATURE REVIEW 1.1 

Stomata serve as pores for the transfer of both carbon 

dioxide and water vapor between plants and the atmosphere. 

Light and plant water status are two of the principle 

factors that control stomatal opening (Turner, 1973). In 

the process of assimilating carbon dioxide for 

photosynthesis, the plant will lose water vapor to the 

atmosphere. The exchange of water from the plant to the 

atmosphere, termed transpiration, serves an important 

function in itself. It has been hypothesized that plants 

regulate transpiration in order to maintain optimum 

temperatures for metabolic activity (Hatfield, 1987). Plant 

stomata will close, in order to reduce transpirational 

losses, as water available to the plant becomes limiting. A 

corresponding increase in plant temperature will occur as 

less radiative heat is dissipated through the evaporative 

process. Conversely, a plant at full turgor will be able to 

maximize cooling through the transpirational process. 

There has been a great deal written as to whether or 

not plant temperatures can actually be cooler than air 

temperatures. Early researchers used mercury thermometers 

to measure leaf temperatures. Askensy (1875) measured both 

external and internal temperatures of a leaf on a well 

watered plant, by placing a thermometer in contact with the 
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leaf surface and inserting it into the leaf. Leaf 

temperatures of 4-5C above air temperature were recorded 

for thin leaves, and up to 20C above air temperature for 

thick leaves in full sunshine. Ehlers (1915) cited Ursprung 

(1901) as having obtained similar results by wrapping 

leaves around a thermometer. Askensy (1875) suggested that 

reradiation, air movement, and transpiration, all combined 

to determine leaf temperature. Stahl (1896) separately 

measured the temperatures of the green and white portions 

of a variegated leaf and found that the white portion of 

the leaves were cooler, indicating the importance of 

radiative cooling. 

The advent of thermocouples allowed for more precise 

and less obtrusive measurement of leaf temperatures. 

Thermocouples operate on the principle of the Seebeck 

effect (1821). When a circuit consisting of two dissimilar 

metals is formed, with the junctions at different 

temperatures, an electrical current will result. 

Thermocouples are generally constructed of copper and 

constantan wires. By maintaining one junction at a 

reference temperature (usually 0C), the temperature at the 

other junction can be estimated from the circuit voltage 

and a calibration factor. Ehlers (1915), utilizing 

thermocouples, found that the leaves of conifers were 2~10C 

warmer than air temperature. 
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In a greenhouse experiment, Clum (1926) inserted 

tnermocouples into the leaves of potted plants which had 

varying amounts of available soil moisture. He found that 

the leaves were always 5-10C above air temperature, and 

that there was no correlation between available moisture 

and leaf temperature. 

Very different results were obtained by Eaton and 

Belden (1929) on two varieties of cotton fGossvpium spp.) 

in Arizona. They measured leaf surface temperatures in 

order to determine why one variety out performed the other 

during exceptionally hot summers. They found that Pima' 

cotton (G. barbadensel, which performed better during warm 

years, was from 2-5C cooler than air temperature. 'Acala' 

cotton (G. hirsutum), which yielded better during cooler 

years, was from 0.2-2.5C cooler than air temperature. The 

results showed that plant temperatures could be cooler than 

air temperature and suggested that transpiration was a 

biological mechanism which helped cotton maximize growth 

under changing environmental conditions. In addition they 

also found younger leaves to be cooler than older leaves, 

and that the degree of solar exposure also influenced leaf 

temperatures. Curtis (1936) attributed their results both 

to long-wave radiative cooling, as a result of clear skies 

and low humidity, and experimental error. 

Wallace and Clum (1938) were next to suggest that leaf 
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temperatures could in fact be cooler than air temperatures. 

They suspended thermocouples in the canopies of 20 

different plant species. Plant temperatures below air 

temperature were repeatedly measured. Heliopsis was 7C 

below air temperature even though it was at wilting point. 

They attributed this to leaf orientation and emphasized the 

importance of incident solar radiation on leaf temperature. 

They estimated that there was a 6-9C cooling effect under 

sunny conditions as a result of transpiration. At that time 

it was concluded that radiative cooling was not an 

important factor in determining daytime leaf temperatures. 

Curtis (1938) questioned both their experimental method and 

their conclusions and suggested that they like Eaton and 

Beldon, 1929 had underestimated actual air temperatures 

resulting in unobtainable transpiration rates. 

Ansari and Loomis (1959) concluded from greenhouse 

experiments that leaves are primarily cooled by conduction 

to the air. They found that leaves would not be cooled 

below air temperature at radiation levels of 8.2 W m~2 or 

more. 

Through energy balance calculations, Gates (1964) 

concluded that transpiration was very important in the 

maintenance of leaf temperature. He stated that neither 

reradiation, or convective cooling, could adequately 

account for measured leaf temperatures. By employing the 
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Bowen ratio over a plant canopy, 

B = Sensible heat exchange = H 
Latent heat exchange LE 

he found that an increase in solar illumination was 

accompanied by an increase in transpiration, which in turn 

produced a relatively stable canopy temperature. He also 

concluded that sunlit leaves would tend to be warmer, and 

shaded leaves cooler, than the ambient air temperature. 

Wiegand and Namken (1966) concluded that plant 

turgidity and solar radiation affected leaf temperatures of 

cotton. They suggested that any attempt at interpreting 

leaf temperatures required knowledge of these two 

parameters. 

Idso and Baker (1967), using individual leaf 

temperatures and the Bowen Ratio technique, concluded that, 

for the crop as a whole, transpiration was the dominant 

mode of energy transfer. For individual leaves they 

concluded reradiation was the dominant mode of energy 

transfer. 

Clark and Hiler (1973) suggested making measurements 

directly related to plant water potential rather than soil 

moisture for irrigation scheduling. They compared plant 

water potential (pressure chamber technique), leaf 

diffusion resistance, and air-canopy temperature 

differences as a means of estimating plant water status. 



22 

They found a 2-3C difference between stressed and well-

watered peas, which were always cooler than air 

temperature. 

Ehrler (1973) investigated using air-canopy 

temperature differences to schedule irrigations on cotton. 

Using fine-wire thermocouples imbedded in cotton leaves he 

consistently measured leaf temperatures below air 

temperature on well-watered plants. He found that in order 

to relate air-canopy temperature differences to plant water 

status, other variables such as vapor pressure, solar 

radiation, plant species, and a reasonable average leaf 

temperature for the entire field, would have to be known. 

Acquiring a representative canopy temperature using 

thermocouple wires is a significant disadvantage to 

irrigation scheduling based on canopy temperature. 

Sandhu and Horton (1978) found the difference in leaf 

temperature between well-watered and stressed oat leaves to 

be 2.5-4C. They suggested the use of plant temperatures to 

identify environmental and pathogen-induced plant stress. 

Linacre (1967) first suggested that the leaf-air 

temperature might also be a function of air temperature. He 

further suggested that plants had an optimum temperature 

for growth. If the air temperature is below this, the 

plants will be warmer than air. If the air temperature is 

above the optimum, the plant will be cooler than air 



temperature. This was referred to by various authors as 

"equality temperature" or "crossover temperature". Blad and 

Rosenberg (1976) found the crossover temperature to be 

highly variable on alfalfa and corn under advective 

conditions. Idso et al. (1981) suggested that this optimum 

temperature for plant growth is not constant and is 

dependent on vapor pressure. Hatfield et al. (1987) showed 

that plant temperature may often be independent of soil 

water availability and dependent on the optimum metabolic 

temperature of the plant . They suggested that 

transpirational cooling is not needed until the temperature 

for optimum enzyme function is exceeded. 

Jackson (1982), in a thorough historical review of the 

literature, suggested that the controversy of whether plant 

temperatures can be cooler than air temperatures was not 

surprising. The leaves measured in early studies were often 

in the upper portions of the canopies and would tend to be 

warmer than air temperature (Gates, 1964). Measurements 

were often made in humid greenhouses (Curtis, 1936), or in 

humid areas of the country. Results most often showed leaf 

temperatures above air temperatures under these conditions. 

By comparison, measurements made in semi-arid areas (with 

low humidity) reported leaf temperatures below air 

temperature (Eaton and Beldon, 1929). Temperatures taken on 

individual potted plants in greenhouses, rather than plants 
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in a field environment, along with unstandardized 

techniques for measuring air temperature, contributed to 

the controversy. The introduction of infrared thermometers 

capable of measuring canopy temperatures, helped put the 

dispute to rest. It was shown that plant canopies could in 

fact be cooler than air temperatures by measuring an 

integrated canopy temperature rather than variable 

individual leaf temperatures. 

Most infrared thermometers, measure emitted thermal 

radiation from a surface in the range of 8 to 14 um. The 

measured energy is related to temperature by the Stefan-

Boltzmann blackbody law, 

R=eoT4 

where R is the emitted radiance from the surface (Wm*"2) , e 

is the emissivity of the surface, o is the Stefan-Boltzman 

constant (5.674 * 10~8 W m""2 K~4) , and T being the 

temperature of the surface (degrees K). 

Monteith and Szeicz (1962) were two of the first 

researchers to use infrared thermometry. They concluded 

that if the aerodynamic characteristics of a plant were 

known, then stomatal resistances could be estimated from 

the difference between the air and canopy temperature when 

using the energy balance approach first suggested by Penman 

and Schofield (1951). 

Tanner (1963) suggested the potential for using plant 



canopy temperatures to detect plant moisture stress. By the 

mid 1960's, portable infrared thermometers were being 

designed for field measurements. These instruments, such as 

the one used by Fuchs and Tanner (1966) , consisted of a 

lightweight sensor head attached to an electric console and 

an external power source. Accurate infrared temperatures 

could be obtained as long as the instrument was calibrated 

and the surface emissivity was known. They concluded that 

dense vegetation would have an emissivity of approximately 

0.97. Both this type of IR thermometer, and a later 

portable version used by Gates (1968), were very sensitive 

to changes in ambient air temperature. Since the early 

1970*s instruments have been manufactured which compensate 

for external temperature changes (e.g. Model 110, Everest 

Intersciences, Tustin, CA). Several companies have produced 

small, portable, hand-held, battery operated IR 

thermometers as a potential tool for scheduling 

irrigations. Jackson et al. (1980) recommended frequent 

checks through cross calibration with a black body to 

ensure reliable field measurements. 

Aston and Van Bavel (1972) attempted to correlate 

canopy temperature with soil water depletion using infrared 

thermometry. They found large diurnal variation in canopy 

temperature as a result of changing environmental factors 

(e.g. air temperature and radiation). They suggested using 
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temperature variations within the field, resulting from the 

differential drying of non-homogeneous soil as an indicator 

of plant water status. 

One of the first attempts to quantify plant stress 

through infrared thermometry was the Stress Degree Day 

(SDD) concept presented by Idso et al. (1977) and Jackson 

et al. (1977). Their model predicted final yield using the 

difference between the canopy and air temperature 

accumulated over an entire season. This model was somewhat 

analogous to the well established "Growing Degree Day1 

concept where the length of the growing season could be 

estimated as a function of daily temperature and solar 

radiation. Using the 'stress degree day model1, they 

predicted that the SDD value would increase with increasing 

plant water stress. A higher seasonal SDD accumulation 

would then suggest lower yields. They tested this model on 

wheat and found the results agreed with their hypothesis. 

Reginato et al. (1978) succesfully applied the SDD concept 

to alfalfa, concluding that the yield of forage crops as 

well as grain crops could be predicted using this 

technique. Walker and Hatfield (1979) used the SDD concept 

with beans and found an inverse relationship between SDD 

and final yield. They concluded that the SDD model 

illustrated the effect of moisture stress on eventual 

yield. 



Jackson et al. (1977) evaluated the potential for 

using the SDD to schedule irrigations on wheat by 

irrigating when the accumulated SDD values reached a pre

determined value. He found that SDD values accumulated over 

short periods were more susceptible to environmental 

changes than those accumulated over an entire growing 

season. In addition he found that over periods of greater 

than several days, solar radiation could be estimated from 

canopy temperatures accurately enough to yield reliable 

values of cumulative evapotranspiration. 

Idso et al. (1981) introduced the "crop v/ater stress 

index" (CWSI) in order to normalize daily variations in the 

SDD model caused by environmental variability. Temperature 

differentials (canopy-air) were linearly related to changes 

in the vapor pressure deficit (VPD), for plants transpiring 

at full potential. In this approach upper and lower 

baselines representing maximal and minimal transpiration at 

different VPD's were empirically derived. The ecpiation for 

the empirical approach was presented as, 

CWSI= (Tc-Ta)-r ao+aifeo-ean (1) 
al[(eo-eo')-(eo-ea)] 

where Tc = radiant canopy temperature (C), Ta = ambient air 

temperature (C) at a 1.5m height, eo = saturation vapor 

pressure (kPa), ea = actual vapor pressure (kPa) , eo' = 

saturation vapor pressure at Ta + ao, and ao, al = crop 
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specific coefficients for the intercept and slope of the 

"non-water stressed" baseline. 

Jackson et al. (1981) suggested an energy balance 

approach for quantifying plant water stress through the 

measurement of air and canopy differences. The basic energy 

balance for a crop canopy can be written as, 

Rn = G + H + \E 

where Rn is the net radiation (W m~2) , G is the heat flux 

from the soil surface (W m~2), H is the sensible heat flux 

(W m~2) into the air above the surface, and \E is the 

latent heat flux (W m~2) . Assuming soil heat flux to be 

inconsequential under full canopy conditions, Jackson 

(1981) derived the following equation based on the Penman-

Montieth equation (Montieth, 1973) for evapotranspiration 

from a canopy, 

CWSI = 1 - Potential ET = W1 + rc/ra) - v* (2) 
Actual ET + y(l + rc/ra) 

where y = the psychometric constant (Pa °C_1) , rc = canopy 

resistance to water loss (s m-1), ra = aerodynamic 

resistance (s m"1), y* = y(l + rc/ra) at potential 

evapotranspiration, and = (ea* - ea)/(Tc - Ta) , where 

ea* is saturation vapor pressure (kPa) and ea is the actual 

vapor pressure (kPa). For a detailed explanation and 

derivation of the equation see Jackson et al. (1981) or 

Jackson (1987). Both aerodynamic and canopy resistance 
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values are crop specific and must be independently 

determined. 

Geiser et al. (1982) used the air and canopy 

temperature differential, along with net radiation and 

humidity data to schedule irrigations on a corn crop. They 

irrigated when measured canopy temperatures exceeded 

estimated non-stressed canopy temperatures by a 

predetermined amount. This approach, known as the critical 

point method (CPM), helped produce yields that were similar 

to yields of corn irrigated by the use of both resistance 

blocks and a water balance method, with significantly less 

water use. 

Blad et al. (1981) used the variation in midday canopy 

temperatures to schedule irrigations. This method was 

termed the "canopy temperature variability" (CTV) approach 

and was originally suggested by Aston and Van Bavel (1972). 

They found the standard deviations of the canopy 

temperatures to vary from as little as 0.3C for well 

watered corn, to as much as 4.2C for water stressed plots. 

Gardner et al. (1981) suggested using the temperature 

difference between a well watered plot and a stressed plot 

as a relative measure of plant water status. Referred to as 

the "temperature stress day" (TSD), irrigations were 

initiated when the stress plot was a predetermined 

temperature above the well watered crop. Clawson and Blad 
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(1982) found that by using a well watered reference crop, 

environmental variables such as net radiation and vapor 

pressure were compensated for. 

Throssell et al. ( 1987) evaluated the potential for 

using plant canopy temperatures to schedule irrigations on 

Kentucky bluegrass. They evaluated the CPM, SOD, and the 

empirical CWSI methods of quantifying plant water stress. 

They found that each of these methods called for more 

irrigation events than the tensiometer controlled 

treatment. They concluded all three models required further 

refinement and evaluation. 

Jalali-Farahani ( 1987) evaluated both the empirical 

(Idso et al., 1981) and variations of the theoretical 

(Jackson . et al., 1981) CWSI methods for estimating water 

stress on bermudagrass. He found that the use of a 

theoretical based model, using the energy balance approach, 

offered a more accurate and applicable estimation of plant 

water status. The empirical approach was limited by 

reliance on the vapor pressure deficit as an indicator of 

environmental variability. He concluded that if the canopy 

and aerodynamic resistance values could be accurately 

estimated, then an energy balance approach to irrigation 

scheduling might be possible. 

Aerodynamic resistance values were previously 

estimated by measuring wind profiles above the surface or 



by the Log-Law approach (Monteith 1973). This approach 

assumes a linear relationship between windspeed and the 

logarithm of height under neutral conditions. Montieth 

(1973) suggested more complex expressions for aerodynamic 

resistance which, while still based on windspeed, accounted 

for stable and unstable conditions above the plant canopy. 

Stable conditions were assumed to be present when canopy 

temperature was below air temperature. The inverse was true 

when unstable conditions were present. 0'Toole and Hatfield 

(1983) found that aerodynamic resistance can change by a 

factor of 3 for a 7 fold change in windspeed. Jackson 

(1987) suggested that aerodynamic resistance values that 

are commonly used do not accurately describe transfer 

processes within a canopy. He suggested that windspeed only 

accounts for horizontal transfer from a canopy , while 

vertical air currents (due to density gradients) should 

also be an important consideration in estimating 

aerodynamic resistance. 

An alternative empirical approach to estimating 

aerodynamic resistance (ra) was suggested by Jackson et al. 

(1981). It was based on an equation presented by Monteith 

and Szeicz (1962) which related differences between canopy 

and air temperature to vapor pressure deficit, net 

radiation, and aerodynamic and canopy resistances. By 

allowing canopy resistance (rc) to increase without limit 



(theoretically complete stomatal closure), the rc value can 

be eliminated from the original equation. Assuming the soil 

heat flux (G) is zero, Jackson derived the following 

equation, 

Tc - Ta = ra*Rn/pCp 

where Tc is the canopy temperature (°C) , Ta is the air 

temperature (°C), ra is aerodynamic resistance (m s"1), Rn 

is net radiation (W m~2), p is the density of air (Kg m~3), 

and Cp is the heat capacity of the air (J Kg"1 °C"1) . By 

measuring all the parameters and solving for ra, an 

estimate of aerodynamic resistance can be made. 

Slack et al. (1986) estimated aerodynamic resistance 

values on bermudagrass (Cvnondon dactvlon L.) using both 

the log-law equation (Sczeiz et al., 1969) and empirically 

derived estimates. They found that the empirically derived 

estimates of aerodynamic resistance (used in the energy 

balance estimates to predict ET from canopy-air 

temperature) proved more accurate than equations generally 

used. Slack and Kopec (1988) empirically estimated the ra 

of mowed perennial ryegrass (Lolium perenne L.) to be 17.7 

m s"1. Monteith (1973) proposed that canopy resistance 

(rCp) could be estimated as 

rcp = rs/LAI 

where rs is the mean canopy stomatal resistance and LAI is 

the leaf area index. A relative estimate of rc can be 



obtained by estimating stomatal resistance and measuring 

leaf area. The measurement of stomatal resistance is 

difficult because of variation within the canopy and the 

difficulty encountered when trying to use a porometer on 

narrow leaved plants such as fine leafed grasses. Canopy 

resistance can be estimated by using the equation of 

Monteith and Sceicz (1962) which relates differences in 

canopy and air temperature to vapor pressure deficit, net 

radiation, and aerodynamic and canopy resistances. The 

equation can be solved for canopy resistance by calculating 

the empirical aerodynamic resistance and measuring the 

other parameters,. Hatfield (1985) showed that canopy 

resistance actually varied throughout the day and season, 

suggesting that a single estimate of canopy resistance may 

not be applicable. 

Plant stomata can be influenced by air temperature as 

well as water stress. Slack and Kopec (1988) found that 

above an air temperature of 20C the canopy resistance of 

well-watered perennial ryegrass remained relatively 

constant (43.5 s m""1) . As the air temperature dropped below 

20C, canopy resistance gradually increased until apparent 

stomatal closure at IOC. 

Hatfield (1987) had previously speculated that 

stomatal closure would occur when plant temperature dropped 

below the minimum temperature required for enzymatic 
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activity. He suggested that crop stress indices may be 

improved with knowledge of enzyme response at different 

temperatures. 

It appears that further research is needed to quantify 

aerodynamic resistance under unstable conditions. The 

enviromental effects on stomatal control must also be 

investigated. The inability to accurately measure these 

parameters limits the precision and applicability of using 

crop water stress indices for quantifying plant water 

stress. 



35 

MATERIALS AND METHODS 1.2 

All experiments were conducted at the University of 

Arizona Turfgrass Research Facility at 600 S. Roskruge 

Road, Tucson. The experimental area consisted of a 56 m2 

(9.2 x 6.1 m) portion of the facility which contained 10 

drainage lysimeters. 

Lysimeter Construction 

The lysimeters were constructed from 6.4 mm walled, 

flexible plastic barrels. Each barrel was cut in half 

width-wise providing two individual lysimeters. The 

lysimeters were placed in a trench so that the top of the 

lysimeters were at ground level. The trench was then back

filled around the lysimeters. Each lysimeter had an 

approximate volume of 0.137 m3 (57.2 cm dia x 53.3 cm 

depth). Perforated plastic tubes were enclosed in a 

permeable fiber bond sleeve and coiled in the bottom of 

each lysimeter. Each tube was connected to an external 

drainage line in order to carry percolated water to a 

common collection point. The lysimeters were filled with a 

fine graded sand (0.14 to 0.55 mm diameter) and packed to 

an average bulk density of 1.36 g cm"3. Access tubes (5.7 

cm dia) extending to a depth of 53 cm were installed in the 

center of each lysimeter to facilitate measurement of soil 
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moisture using neutron attenuation. The relative position 

and dimensions of the lysimeters are shown in Figure 1.1. 

The 10 drainage lysimeters and the surrounding area were 

sprigged with "Midiron' bermudagrass (Cvnodon dactvlon x 

transvaalensis L.) in June 1987. Irrigations and 

fertilizations were applied as needed for rapid 

establishment of healthy bermudagrass. The area was 

overseeded with 'Derby' perennial ryegrass (Lolium perenne 

L.) on 29 October 1987 at a rate of 107g m~2 after the 

bermudagrass had entered winter dormancy. 

Throughout this establishment period and the following 

experimental periods, the ryegrass was mowed every 3 to 4 

days at a height of approximately 5 cm and fertilized bi

weekly with 27-7-14 (N-P-K) at the rate of 48 g m"2. 

Supplemental iron was foliarly applied as iron chelate to 

maintain a dark green turf color. 

A 2 m turf border surrounding the lysimeters received 

the same cultural management as the lysimeters and helped 

reduce advective effects associated with the surrounding 

area. 

Weather Station 

An on-site weather station was used to collect 

environmental data necessary for calculating CWSI values. 

Wind speed and net and solar radiation values were 
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collected from the weather station which was located 

immediately north of the lysimeters (Figure 1.1). Windspeed 

was measured with an anemometer (model 014A, Met-One Inc., 

Grants Pass, OR) at a height of 2 m. Net radiation was 

measured using a Fritschen type net radiometer (Micromet 

Instruments, Bothel, WA) set at a height of approximately 

0.5 m over a homogeneous portion of the border area 

surrounding the lysimeters. Net radiation was not obtained 

over specific lysimeters because the lysimeter surface area 

was insufficient to prevent nearby non-turf surfaces (e.g. 

lysimeter borders and neutron access tubes) from affecting 

the net radiometer signal. Solar radiation was measured 

with a silicon cell pyranometer (model LI-200SZX, Li-Cor 

Inc., Lincoln, NE) set at 2.5 m above the turf. A Campbell 

Scientific Micrologger (model 21X, Logan, UT) was employed 

to monitor all weather station sensors. Readings were 

updated every minute and 5 minute averages were stored in 

micrologger memory for later retrieval. 

Canopy Temperatures 

Turfgrass canopy temperatures were measured using an 

infrared thermometer (IRT) (model 110, Everest 

Interscience, Tustin, CA) with an 8um-14um band pass filter 

and 3" field of view (FOV) optics. Canopy temperatures were 

taken between 13:00 and 13:30 hours daily and preceded any 
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necessary mowing events. The IRT was allowed to equilibrate 

with the ambient air temperature before measurements were 

taken. Cross calibration checks of the IRT and a portable 

black body calibration device (model 100, Everest 

Interscience, Tustin, CA) were made before and after canopy 

measurements. An initial calibration check was also 

conducted at the U.S. Water Conservation Laboratory in 

Phoenix, in order to ensure that the IRT was functioning 

properly (Appendix A) . Canopy temperatures were measured 

facing west, while standing just east of a given lysimeter. 

The IRT was held at 45° from horizontal one meter above the 

turfgrass canopy. A single temperature reading was taken in 

each quadrant of every lysimeter. The four readings were 

then averaged to obtain a representative canopy temperature 

for each lysimeter. 

Crop Water Stress Index 

The Crop Water Stress Index (CWSI) was calculated 

using the energy balance approach developed by Jackson et 

al. (1981) (Eq. [2]). Software supplied by the U.S. Water 

Conservation Laboratory was used to calculate CWSI values 

using concurrent measurements of canopy temperature, air 

temperature, vapor pressure, net radiation, and crop 

specific estimates of stomatal and aerodynamic resistance 

(Carney and Pinter, 1986). 
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Net radiation values used in the CWSI calculations 

were obtained by interrogating the weather station 

micrologger before and after canopy temperatures were 

collected. Vapor pressure and air temperature were 

determined from measurements of wet and dry bulb 

temperatures obtained from an aspirated psychrometer (model 

556, Belfort Instruments, Baltimore, MD) held approximately 

20 cm above the turfgrass canopy. These measurements were 

also taken immediately before and after canopy 

temperatures. 

Estimation of Soil Moisture Content 

Neutron attenuation measurements (model 503, Campbell 

Pacific Nuclear Corp., Pacheco, CA) were taken as a means 

of estimating soil volumetric water content of each 

lysimeter. Measurements at a single depth of 30 cm were 

assumed to be representative of the average volumetric 

water content over the entire soil profile. The procedures 

used to calibrate the neutron probe and the resulting 

calibration data can be found in Appendix B. Measurements 

were taken twice weekly throughout the experimental period. 

Estimation of Plant Water Use 

Plant water use (ET) was estimated using the water 

balance equation, 



41 

ET = I + P + 0 - D (3) 

where I is irrigation water applied, P is precipitation, 0 

is the change in volumetric soil water content, and D is 

drainage. Total water applied to each of the lysimeters 

through irrigations and rainfall were recorded along with 

the amount of water drained. Neutron attenuation provided 

an estimate of the change in soil moisture content. 



42 

EXPERIMENT 1 

The objective of this experiment was to evaluate the 

functionality of the 10 drainage lysimeters for estimating 

evapotranspiration (ET). Cummulative ET was estimated for 

each lysimeter between 09 January 1988 (Day 009) and 07 

April 1988 (Day 098) using the water balance equation (3). 

Water applications included regular irrigations and 

occasional rain events. Irrigation amounts were based on 

the estimated cummulative ET from the previous irrigation 

event minus any rainfall. Estimates of cumulative ET were 

obtained by multiplying reference ET values for the period 

by a crop coefficient of 0.95. Reference ET values were 

supplied by the Arizona Meteorological Network (AZMET) and 

based on a modified Penman equation. Irrigation water was 

applied using a calibrated watering can. Water was 

distributed evenly across aim2 area which included the 

lysimeter itself (0.26 m2). The application of water over a 

larger area helped ensure a more uniform distribution. The 

number of days which elapsed between irrigations normally 

varied from 3 to 5 depending on the amount of rainfall and 

evaporative demand. Rainfall on the experimental site was 

measured using a standard National Weather Service rain 

gauge. Drainage water was collected from each lysimeter and 

recorded throughout the experimental period. 
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Soil moisture content was measured on a volumeteric 

basis at the beginning and ending of the experimental 

period using neutron attenuation measurements. 

The lysimeters were evaluated, at the conclusion of 

the experiment, based on the variability in their 

respective ET estimates. 

EXPERIMENT II 

The objectives of this experiment were to evaluate a 

perennial ryegrass Kc of 0.95, based on AZMET reference ET, 

and to evaluate the potential for using the CWSI to 

schedule irrigations on perennial ryegrass. 

Once the ryegrass was well established (09 April 1988 

- Day 100) three irrigation treatments were replicated 

three times in a completely randomized design (Fig. 1.1). 

Four lysimeters continued to be irrigated on a regular 

schedule based on a Kc of 0.95 using AZMET reference ET 

values. The other 2 treatments (3 plots each) consisted of 

irrigations based on two levels of the CWSI (0.15 and 

0.25). Within each CWSI treatment, replications were 

irrigated independently based on their daily CWSI value. 

The AZMET treatments were irrigated every 3rd day, 

with the estimated cumulative ET of the preceding 3 days. 

The CWSI treatments were irrigated with a standard 
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irrigation of 1.8 cm, whenever the calculated CWSI value 

exceeded the respective treatment value. If the CWSI called 

for irrigations on two consecutive days on the same 

lysimeter, the high CWSI reading on the second day was 

attributed to a slow recovery from stress, and therefore no 

irrigation was given on second day. 

ET estimates were made using the same water balance 

equation (3) utilized in Experiment I. The experiment 

continued until 11 May 1988 (Day 134), when competition 

from bermudagrass became increasingly apparent. Weekly 

photographs of each lysimeter and regular visual estimates 

of turfgrass quality were made during the experiment. 

Lysimeters were assigned subjective visual estimates for 

both turfgrass color and quality using a scale of 1-9, 

where 9 = best, 6 = acceptable turf and 1 = dead turf. 
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RESULTS AND DISCUSSION 1.3 

Experiment I 

All lysimeters had the same irrigation regime from Day 

013 to Day 097, based on AZMET ET estimates (Table 1.1). 

Estimated cumulative ET for the 84-day experimental period, 

as calculated from the water balance equation, is presented 

in figure 1.2. The lysimeters showed a great deal of 

variability in their respective estimated cumulative ET 

values. This variability might be attributed to several 

factors. 

One possible cause of variability in cumulative water 

use estimates may have been differences in the amount of 

turf cover. During the experimental period the ryegrass was 

not yet fully established, which prevented the initiation 

of irrigation treatments (Experiment II). Variation in 

lysimeter turf cover would be expected to cause some 

variability (<30% based on the estimated variation in turf 

cover) , but would not be sufficient to explain a 300% 

difference between the lowest and highest cummulative water 

use estimates (Table 1.1). 

Lysimeter design and construction were probably the 

major cause of the variability in cumulative water use 

estimates observed in figure 1.2. Lysimeter drainage 

characteristics are a function of soil bulk density, soil 



TABLE 1.1: Turf grass water use from 13 January 1988 (Day 013) to 07 April 1988 (Day 
098). Rainfalls (3) were included as irrigation events. * - no estimated change in soil 
moisture content. 

LYSIMETER # TREATMENT IRRIGATIONS 

mn OF WATER 

LYSIMETER # TREATMENT IRRIGATIONS APPLIED DRAINED 
SOIL WATER 
EXTRACTED 

TOTAL 
HATER USE 

1 AZMET 27 350.3 114.8 * 235.5 

2 AZMET 27 350.3 214.8 * 135.5 

3 AZMET 27 350.3 255.0 0.1 95.2 

4 AZMET 27 350.3 140.2 0.2 209.9 

5 AZMET 27 350.3 184.0 -0.2 166.5 

6 AZMET 27 350.3 65.0 0.6 284.7 

7 AZMET 27 350.3 267.5 0.1 82.7 

8 AZMET 27 350.3 107.6 0.2 242.5 

9 AZMET 27 350.3 110.1 * 240.2 

10 AZMET 27 350.3 234.0 -0.1 116.4 
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Lysimeter 

Figure 1.2. Estimated perennial ryegrass water use between 
13 January 1988 (Day 013) and 06 April 1988 (Day 97) when 
irrigated using 95% of AZMET reference EX. 
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structure (preferential channels of flow within the soil), 

and the relative efficiency of the drainage system. The 

bulk densities of the lysimeters were found to be 

relatively similar, averaging 1.36 g cm"3 with a standard 

deviation of only 0.06 (Appendix C) . However, these bulk 

density measurements represent profile averages and do not 

indicate how uniform the bulk densities were throughout the 

soil profile. Bulk density may have varied significantly 

throughout the soil profile as a result of lysimeter 

filling and packing procedures. Narrow zones of high bulk 

density could greatly impede water flow and cause perching 

of applied water. Figure 1.3 shows the variability in 

lysimeter drainage which occured following an irrigation 

event of 12.8 mm on Day 061, followed by a rain of 4.9 mm 

on Day 062 (Appendix D) . While a total of only 17.7 mm was 

applied to each of the lysimeters over the two-day period, 

the drainage from several of the lysimeters measured on Day 

64 exceeded this application rate. The fact that more water 

drained out of some lysimeters than was applied strongly 

suggests the presence of perched water in the lysimeters. 

The application of 17.7 mm of water on Day 061 and Day 062 

likely created sufficient hydraulic pressure on the perched 

zone to force the perched water out of the profile, thus 

producing the high drainage values. 

When the drainage tubes of each lysimeter were 
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application = 17.7 mm). 
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plugged and the lysimeters were saturated and then allowed 

to drain (Appendix E) , the variation in drainage (Figure 

1.4) was not as large as that measured during the 

experimental period (Table 1.1). This lower variation 

likely resulted from the lysimeters being saturated prior 

to drainage. A state of near saturation would create a 

situation favoring uniform drainage because nearly all soil 

pores are filled with water. The similarity in the 

gravimetric and volumeteric water contents, determined 

after drainage had subsided (Appendix C) , adds further 

support to the idea that lysimeters drained more uniformly 

from a state of saturation. Frequent light irrigations, 

which were applied during the experimental period, failed 

to saturate the lysimeter soil profile and most likely 

created a situation favoring to the formation of perched 

water zones within the lysimeter. 

Inconsistent placement of the drainage tubes in the 

bottom of the lysimeters, or partial blockage could have 

also resulted in inconsistent drainage or perching of water 

in the bottom of the lysimeters. The variability in figure 

1.4 can be attributed to the amount of water retained in 

the soil profile of the lysimeters. The retention of water 

would be influenced by soil characteristics and the 

efficiency with which water was drained from the lysimeter. 

The rate at which water drained following saturation of the 
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Figure 1.4. Lysimeter drainage measured on 24 January 1988 (Day 
024), after the lysimeters had been saturated on 22 January 1988 
(Day 022) and allowed to drain for 48 hcurs. 



lysimeters was observed to vary considerably, again 

reflecting the non-uniformity of lysimeter drainage 

characteristics. 

Neutron attenuation measurements, taken at a single 

depth of 30 cm, may not have provided an accurate estimate 

of volumetric soil moisture. Water located in the lysimeter 

soil profile, but outside the probe's sphere of influence, 

would not have been detected. Lysimeter dimensions limited 

the depth at which neutron attenuation measurements could 

be taken. As a general rule, the neutron probe's sphere of 

influence is considered to be approximately 30 cm in 

diameter. This meant that the upper and lower 12 cm of the 

soil profile (53.4 cm total depth) were not included in the 

measurements. The upper 12 cm is were grasses have their 

highest root densities and soil moisture uptake. If soil 

moisture were not distributed uniformly throughout the soil 

profile, measurements at a single depth of 30 cm would not 

be representative of the entire profile. If water was 

perched in the bottom of a lysimeter at the onset of the 

experiment it could have gone undetected using neutron 

attenuation measurements. The eventual drainage or 

accumulation of undetected lysimeter water could 

dramatically decrease or increase water use estimates. For 

example if the bottom 10 cm of a lysimeter were completely 

saturated, it would be equivalent to 50 mm of stored water 



(assuming 50% pore space). The eventual drainage of this 

water during the experiment would consequently reduce final 

ET estimates by 50 mm. 

Experiment II 

Turfgrass water use was determined by applying the 

water balance equation (3) . There was a great deal of 

variability in the amount of water used by individual 

drainage lysimeters from Day 097 to Day 134 (Table 1.2). 

The amount of water applied to the lysimeters was 

determined by their respective irrigation treatments. The 

AZMET treatments all recieved a total of 246 mm, applied in 

16 seperate irrigations. The two CWSI treatments had 

totals of either 199 mm, 217 mm, or 235 mm applied, 

depending on the number of irrigations required. Estimates 

of soil moisture depletion during the experimental period, 

obtained through neutron probe measurements, ranged from 1 

to 6.6 mm. Figure 1.5 represents the water applied and used 

by each of the lysimeters. Lysimeter #7 was eliminated from 

the statistical analysis because it had been excavated and 

refilled in October of 1987 in order to examine the 

drainage system. 



TABLE 1.2: Turfgrass water use from 06 April 1988 (Day 097) to 13 May 1988 (Day 134). 
Rainfalls (4) were included as irrigation events. 

mm OF WATER 

LYSIMETER # TREATMENT IRRIGATIONS APPLIED DRAINED 
SOIL WATER 
EXTRACTED 

TOTAL * 
WATER USE 

1 AZMET 16 245.9 113.0 3.2 136.1 

2 CWSI .25 12 198.9 116.4 4.6 87.1 

3 AZMET 16 245.9 222.9 6.6 29.6 

4 CWSI .15 14 216.9 91.5 5.2 130.6 

5 CWSI .25 14 216.9 92.6 4.9 129.2 

6 CWSI .15 15 234.6 87.2 3.7 151.1 

7 AZMET 16 245.9 197.7 4.4 52.7 

8 AZMET 16 245.9 111.7 1.4 135.6 

9 CWSI .25 14 216.9 77.2 4.0 143.7 

10 CWSI .15 14 216.9 139.3 1.0 78.7 

* Total water used (ran) = ran 1120 Applied + ran of Soil Water Extracted - ran Water 
Drained. 
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fron 06 April 1988 (Day 097) to 13 May 1988 (Day 134). 
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Treatment Evaluation 

A summary of turfgrass water use on a treatment basis 

is presented in table 1.3. The large standard deviation 

values within treatment again highlight the inherent 

differences in the drainage characteristics of the 

lysimeters. The large variation in water use within 

treatments made it impossible to detect statistical 

differences between the treatments (Table 1.4). 

The large variation in turfgrass water use between 

lysimeters was expected based on the results of Experiment 

I. The lysimeters exhibited very similar drainage 

characteristics over the course of both experiments. When 

the cummulative water use estimates for both experimental 

periods were compared through regression analysis an r2 of 

0.87 was obtained (Y=13.41+1.56X; where Y = Lys. Water Use, 

Experiment I, and X = Lys. Water Use, Experiment II) . 

Because all lysimeters had the same treatment during 

Experiment I, those results were used to adjust lysimeter 

variability in Experiment II. The adjustment procedure can 

be found in Appendix F. The adjusted water use values 

determined for each lysimeter between Day 097 and Day 134 

(Experiment II), still resulted in no statistical 

differences between irrigation treatments (Table 1.5). 



TABLE 1.3: Summary of average turfgrass water use by treatment during 
Experiment II. 

mm OF WATER 

SOIL WATER TOTAL STD 
TREATMENT IRRIGATIONS APPLIED DRAINED EXTRACTED WATER USE DEV CV 

AZMET 16 245.9 149.2 3.7 100.4 61.3 61. 1 

CWSI .15 14.3 222.8 106.0 3.3 120.1 37.3 31. 1 

CWSI .25 13.3 210.9 95.4 4.5 120. 0 29.4 29. 4 

Table 1.4: Analysis of Variance for irrigation 
treatment and estimated cumulative turfgrass 
water use for Experiment II. 

Source DF Sum of Mean F Value Pr > F 
Squares Square 

Model 2 1244.1 622.1 0.327 0.819 

Error 6 11566.9 1927.8 

Total 8 12811.1 

Table 1.5: Analysis of Variance for irrigation 
treatment and the adjusted cumulative 
turfgrass water use estimates frcm Experiment II. 

Source DF Sum of Mean F Value Pr > F 
Squares Square 

Model 2 398.3 199.1 0.75 0.5107 

Error 6 1586.1 264.3 

Total 8 1984.4 

R2 = .097 C.V. = 47.37 Foot MSE = 53.8 
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Cummulative Water Use Estimates 

The cumulative water use estimates may not accurately 

reflect the actual amount of water used by the ryegrass 

over the experimental period. Empirical data suggests that 

a healthy stand of ryegrass could be expected to use 85-95% 

of reference ET as calculated by the Penman equation (Brown 

et al., 1988). Reference ET estimates, supplied by the 

AZMET Network and corrected for perennial ryegrass 

(Kc=0.95) , predicted that the turf would have required a 

total of 245.9 mm of water over the 36 days of the 

experiment. Lysimeter #6 which had the highest apparent 

water use (151.1 mm), used only 62% of the estimated crop 

requirement (Table 1.2). Lysimeter #3 had the lowest 

estimated water use (29.6 mm) , which represented only 12% 

of the predicted water requirement. The average lysimeter 

water use was only 40% of the AZMET derived ET values. 

Several factors could have contributed to artificially 

low estimates of turfgrass water use. One possibility is 

that a larger amount of water was applied to each of the 

lysimeters than was recorded. This would have resulted in 

excessive drainage values which would in turn reduce water 

use estimates. The irrigation technique used was evaluated 

for accuracy (Appendix G) . The results showed that 

irrigation applications were relatively accurate and that 

there was no runoff onto the lysimeters from the adjacent 
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turf area during lysimeter irrigations. The lysimeters were 

located in a slight depression with respect to the 

surrounding fetch area. The fetch area consisted of a 

native loam soil of much lower permeability than the 

lysimeter sand. Light frequent irrigations of this area 

minimized the possibility of runoff onto the lysimeters. A 

period of intense rainfall, however, such as that which 

occured on Day 107 (30.5 mm), could have resulted in 

surface water flowing onto the lysimeters from the fetch 

area. On Day 107, lysimeters #3, #7, and #8 all had 

drainage values (51.5, 59.7, and 41 mm, respectively) in 

excess of rainfall recieved on Day 107 (Appendix D) . The 

other lysimeters may have also recieved runoff water at 

that time, but did not immediately release it as drainage. 

The excessive drainage values recorded on Day 107 could 

also be attributed to the water previously perched in the 

soil profile. The rainfall could have provided sufficient 

hydraulic head to push perched water out of the soil 

profile. 

A second possible cause of erroneous water use values, 

can be attributed to an inability to estimate absolute 

changes in soil water content. Neutron attenuation 

measurements indicated that there was some soil moisture 

depletion over the course of the experiment (Table 1.2). 

The accuracy of these measurements may be questionable in 
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view of the low r2 value (0.66) obtained during the neutron 

probe calibration (Appendix B) . The low correlation 

coefficient probably resulted from trying to relate probe 

measurements at a single depth (30 cm) to the moisture 

content of entire soil profile (53.4 cm). Unequal 

distribution of water in the soil profile probably existed 

as a result of perched water tables. Therefore soil 

moisture depletion over the experimental period may have 

been underestimated. The depth at which water was perched 

in the soil profile would determine if the water would have 

been available for turf growth. The shallow rooting 

charateristics of perennial ryegrass (<20 cm) suggests that 

most of the water perched in the lower portion of the soil 

profile would have been unavailable for plant growth. 

Capillary rise would result in a portion of the perched 

water being transported upward in the soil profile, but is 

considered to be low in sand soils. The low water use 

estimates may also have been in part due to the low water 

holding capacity of the lysimeter sand. Water applied in 

excess of field capacity would either drain out of the 

lysimeter or accumulate in the lower portion of the soil 

profile. Because of the shallow rooting characteristics of 

perennial ryegrass, it is possible that only a fraction of 

the water applied was available to the turf. The frequency 

of irrigations may have resulted in the relative 
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maintenance of turf quality. The rate of turf growth was 

not measured during the experiment, but a non-uniformity in 

turf growth within and between lysimeters was observed. 

This implies that the water supply may have been inadequate 

for optimum turf growth. 

Evaluation of Turfgrass Quality 

Although the lysimeter water use estimates may have 

underestimated actual water use, there was a significant 

relationship between water used and the overall change in 

turfgrass quality ratings during the experiment. When a 

regression analysis is performed on the data, an r2 of 0.73 

was obtained. Figure 1.6 represents the turfgrass quality 

estimates that were made on Day 100 and Day 133. Lysimeter 

#3 which had the lowest estimated cumulative water use also 

had the largest decrease in turf quality. Lysimeter #6, the 

only lysimeter to increase in turf quality, had the highest 

estimated water use. This suggests that although the 

absolute estimates of lysimeter water use may be 

inaccurate, they may accurately reflect the relative water 

use of the lysimeters. There was no significant 

relationship between irrigation treatment and the change in 

turf quality during the experiment. 
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Figure 1.6. Turf quality ratings on 09 April 1988 (Day 100) and 
12 May 1988 (133). Ratings were based on a scale of 0 to 9, with 
9 representing the highest quality turf. 
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CWSI Values 

When the daily CWSI values of each lysimeter were 

averaged over the entire experimental period and regressed 

against estimated water usage, a correlation coefficient of 

only 0.36 was obtained. If the CWSI is an accurate 

indicator of plant water status, then it should also 

indirectly reflect plant water use. The low correlation 

obtained between the CWSI and estimated turfgrass water 

use, can be attributed to several problems encountered 

while trying to determine daily CWSI values. First, in the 

assessment of canopy temperatures, replicate temperature 

measurements of the same lysimeter often varied by several 

degrees. This was partially due to the narrow field of view 

(3°) of the infrared thermometer and the close proximity of 

the IRT and the turfgrass canopy. These factors resulted in 

a very small portion of the turf canopy being viewed at any 

one time (<12.6 cm2). Because the turf canopy consisted of 

shaded and sunlit leaves of various orientation, variation 

within individual measurements would increase as the area 

measured decreased. Conversely, the larger the portion of 

the canopy measured the more likely that a single 

measurement will be representative of the actual overall 

canopy temperature. Replicate temperature measurements were 

collected over each lysimeter to allow more accurate 

assessment of canopy temperature. When canopy temperatures 
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were occasionally measured on several ryegrass greens 

located in the vicinity of the lysimeters, multiple 

measurements varied by only tenths of a degree, even with 

erratic winds. This was probably due to the fact that they 

were taken at a more oblique angle, and therefore a much 

larger portion of the turf canopy was incorporated into the 

measurements. 

A second problem encountered with the CWSI technique 

was quantifying changes in net radiation, windspeed, air 

temperature, and vapor pressure over the course of the IRT 

measurements. Clouds and normal fluctuations in windspeed 

apparently caused rapid changes in canopy temperatures, 

although canopy temperature measurements were taken over a 

relatively short interval (<10 minutes). The CWSI for each 

lysimeter was calculated using the average of the net 

radiation and wet and dry bulb temperatures, measured 

immediately before and after canopy temperature. Using an 

average value implies that canopy temperature measurements 

were taken under similar conditions for each of the 

lysimeters, when in fact this was not always true. At 

times, canopy temperatures may have been in a constant 

state of fluctuation as a result of a rapidly changing 

environment. 

The calculation of the CWSI (energy balance approach) 

requires the input of crop specific aerodynamic (ra) and 
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canopy resistance (rCp) values. Although both these values 

can be difficult to quantify, ra can be approximated from 

empirical measurements over a senescent crop canopy 

(Jackson et al., 1981). Aerodynamic resistance can be 

calculated over a theoretically non-transpiring crop canopy 

(infinite rCp) by solving the equation, 

ra = ITc_ZL_Tal_ECp (4) 
(Rn - G) 

where ra is aerodynamic resistance (s m""1) , Tc is canopy 

temperature (°C) , Ta is air temperature (°C) , p is the 

density of air (kg m~3), Cp is the heat capacity of the air 

(J kg-1 "C"1) , Rn is net radiation (W m~2) , and G is soil 

heat flux (W m~2) . Soil heat flux is generally assumed to 

be zero and the equation is solved for ra by measuring the 

other variables in the equation. Assuming a soil heat flux 

of zero may be inaccurate, especially in the case of a 

turfgrass. Slack and Kopec (1988) used this approach and 

estimated the ra of perennial ryegrass to be 17.7 s m"1. 

Aerodynamic resistance may remain relatively constant 

for turfgrass canopies even with changing windspeeds. 

Although lysimeter temperatures appeared to be very 

sensitive to changes in windspeed, the adjacent ryegrass 

green temperatures were only slightly influenced by wind 

fluctuations. As previously mentioned this could have been 

due to the larger portion of the canopy measured, but it 
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also suggests that the ra of the green canopy remained 

constant. Recent research by Pinter (personal 

communication, 1989) has shown that windspeed accounted for 

less than 3% of the daily variation in the CWSI (empirical 

approach) measured on perennial ryegrass. 

Canopy resistance over a transpiring crop canopy can 

be calculated after equation 1 has been solved for a canopy 

with infinite rCp. Canopy resistance (s m"1) can be 

approximated by the equation, 

rcp = rs/LAI <5> 

where LAI is leaf area index and rs is stomatal resistance 

(s m""1) (Montieth, 1973) . If rCp and canopy LAI are known 

then the rs component of the equation can be estimated. 

Canopy leaf area can be either directly measured by 

sampling, estimated from prior knowledge, or possibly 

inferred from canopy reflectance (Chapter 2) . Stomatal 

resistance is dynamic and changes with plant water status 

and other environmental factors which induce stomatal 

closure. If rCp is calculated using an energy balance 

approach and assuming an ra value, then knowledge of canopy 

LAI would provide an estimate of rs (Eq. [5]). 

Estimates of ra and LAI will not only enhance the 

accuracy of the CWSI in predicting plant water stress, but 

rs may also be estimated using an energy balance approach. 

This may provide researchers with an alternative to the 
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sometimes problematic porometry measurements (Idso gt al.. 

1988) . 
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CONCLUSION 1.4 

Experiment I 

The lysimeters were evaluated on the basis of their ET 

estimates over the experimental period. The large variation 

in the ET estimates established that the lysimeters had 

very non-uniform drainage characteristics. 

Experiment II 

The experiment was unsuccessful in the determination 

of perennial ryegrass water requirements and in the 

evaluation of the CWSI as an irrigation scheduling 

technique, as a result of inconsistant lysimeter drainage 

characteristics. Because absolute turf water requirements 

were not established, the suggested AZMET Kc value for 

perennial ryegrass (0.95) could not be substantiated. There 

were no significant differences in turf water use between 

irrigation treatments due to the large variation within 

treatments. Lysimeter drainage characteristics evaluated in 

Experiment I were used in an unsuccessful attempt to adjust 

the data in Experiment II. 

These experiments illustrate some of the precautions 

which should be followed in future drainage lysimeter 

studies. It is important that the lysimeters have similar 

soil bulk densities in order to ensure uniform water 
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holding capacities. If irrigation scheduling techniques are 

to be evaluated and compared, then plants must have equal 

access to soil moisture. Soil bulk density should also be 

uniform within the lysimeter soil profile. Zones of high 

soil bulk density, resulting from compaction procedures, 

can result in perched water tables. By placing a known 

quantity of soil in each lysimeter and following identical 

filling and compacting procedures, soil bulk densities 

should closely approximate each other. 

Special attention should also be given to maximizing 

the efficiency of the drainage system. Drainage tubes in 

the bottom of the lysimeters should cover as much area as 

possible and be inclined towards the outlet to enhance 

drainage. Mechanical suction should be applied to the 

drainage system to ensure consistent drainage, especially 

if short term water use estimates are to be made. 

The surface of the lysimeters should be level with the 

surrounding fetch to prevent water from flowing onto the 

lysimeters during irrigation and rainfall. In addition air 

flow across a level area will be less turbulent than air 

flow across an undulating surface. Air flow patterns above 

a plant canopy directly influence evapotranspiration from 

that canopy. A level experimental area will allow 

aerodynamic resistance values to be more accurately 

estimated. 
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Lysimeters should be as large as possible if neutron 

probe and infrared thermometry measurements are to be made. 

Neutron probe measurements should be taken at multiple 

depths in order to accurately quantify soil moisture 

content and distribution. The deeper and wider the 

lysimeter, the less influence the lysimeter itself will 

have on neutron probe estimates of soil moisture content. 

The larger the surface area of the lysimeter, the larger 

the area which can be incorporated into a single IRT 

measurement. This will serve to reduce some of the 

variability in the canopy temperature measurements and 

result in more representative temperatures. 

If lysimeters are used to estimate long-term crop 

water use (monthly or seasonally) and have uniform drainage 

characteristics, estimates of soil moisture content through 

neutron attenuation may be unnecessary. If the lysimeters 

are initially at field capacity, and are brought back to 

field capacity at the end of the experiment, then the 

change in soil moisture content should be negligible. Crop 

water use could then be estimated as the difference between 

water applied and water drained. Eliminating access tubes 

would also allow more of the canopy to be incorporated into 

a single unobstructed IRT measurement. 

In addition to the difficulties encountered as a 

result of lysimeter performance, CWSI values may have been 



inaccurately calculated. The CWSI model (Eq. [2]) requires, 

in addition to other imputs, an estimate of canopy 

aerodynamic resistance. In Experiment II, an empirically 

derived ra of 17.7 s m"1 was assumed to be representative 

of a mowed perennial ryegrass canopy. This value may have 

been inaccurate as a result of several incorrect 

assumptions which were made when it was calculated. When 

estimating ra from a senescent canopy or green canopy, the 

assumption that soil heat flux is zero is probably invalid. 

The heat flux of a dry bare soil (or a soil covered with a 

dormant dry canopy) , will be more extreme than that of a 

soil covered by a healthy transpiring plant canopy. When 

empirically evaluating ra (Eq. [4]), it may be necessary to 

measure soil heat flux in order to accurately quantify 

energy absorbed or emitted by the soil. 

A senescent plant canopy is usually lighter in color 

and has a higher albedo than when it is in a vegetative 

state. The Rn measured over a senescent canopy would then 

be lower than if it were green and vegetative. Once again 

referring back to equation (4) , it is apparent that if Rn 

were underestimated then ra would be overestimated. 

Applying paint or dyes to a theoretically non-transpiring 

senescent plant canopy in order to approximate the albedo 

in the vegetative state may solve this problem. It may also 

serve as an additional barrier to water vapor transport, 
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helping to ensure that stomatal closure is absolute. 

Using infrared thermometry along with other 

meteorological measurements may be an effective technique 

for accurately and rapidly estimating turf water status. If 

aerodynamic resistance values can be determined, and if a 

near approximation of LAI can be obtained (Chapter 2) , then 

CWSI values should accurately reflect plant water status. 

The CWSI may have more immediate applicability on turf 

farms or recreational fields, rather than golf courses. 

Golf courses generally have rolling topography which 

results in a variety of microclimates, depending on aspect, 

slope, and wind direction. Turf farms on the other hand 

usually have large homogeneous expanses of relatively level 

turfgrass. 



CHAPTER II 

REMOTE MEASUREMENT OF TURF BIOMASS 
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LITERATURE REVIEW 2.1 

Estimates of turfgrass growth parameters are 

frequently used by researchers to evaluate new turf 

varieties, cultural practices, pesticides, and turfgrass 

amendments. Measurement of morphological parameters of 

turfgrass such as leaf area, biomass, and biomass 

accumulation with time, generally requires destructive and 

time consuming sampling. Multiple samples are often taken 

to minimize variation associated with sampling error. 

The measurement of spectral reflectance over a 

turfgrass canopy may provide scientists with a rapid and 

non-destructive technique for monitoring turf growth and 

development (Pearson et al., 1976; Richardson and Wiegand, 

1977; Tucker, 1979). 

Background 

The spectral reflectance of leaves can be readily 

determined in the laboratory using a spectrophotometer. 

Solar radiation incident on a leaf will either be absorbed, 

transmitted, or reflected. Healthy green leaves will 

generally absorb radiation in the visible portion of the 

spectrum (0.4-0.7um), and strongly reflect radiation in the 

near infrared (0.7-1.2um) portion of the spectrum (Gates et 

al., 1965; Colwell, 1974). 
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The reflectance characteristics of a single leaf may 

be significantly different from that of a canopy composed 

of many leaves. A canopy is a complex association of 

leaves, stems, shadows, and soil background. Interpreting 

reflectance data from a canopy requires an understanding of 

how plant canopies and solar radiation interact. 

Radiative transfer within a plant canopy is regulated 

by canopy architecture, plant density, solar azimuth, solar 

zenith, flux density, and individual leaf characteristics 

such as thickness, surface texture, color, and orientation. 

(Gausman et al., 1971) . One approach to understanding the 

interaction between a plant canopy and incident radiation, 

is through the application of mathematical models which 

attempt to describe the attenuation of light within a 

canopy. Because of the complex nature of plant canopies, 

early models assumed that canopies were lambertian and were 

comprised of leaves parallel to the soil surface (Allen and 

Richardson, 1968; Lillesaeter, 1982). A surface which is 

lambertian will scatter incident radiation equally in all 

directions. Monsi and Saeki (1953) used derivations of the 

Bouguer-Lambert Law in order to calculate theoretical 

changes in radiation as it passed through a known material. 

The calculations from this model approximated laboratory 

results using stacked leaves. The difficulty with this 

approach was that it only accounted for leaf transmittance, 
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while neglecting absorbance and reflectance. Previously the 

Kubelka and Monk theory (1931) had extended the Bougher-

Lambert Law into a two parameter model where both 

reflectance and transmittance were estimated (Allen and 

Richardson, 1968) . The leaves of the canopy were also 

assumed to lay in parallel horizontal planes and in this 

model canopy absorbance and transmittance were considered. 

Although these models approximate radiative transfer 

through leaves in controlled laboratory situations, they 

are of limited use in predicting radiative transfer in the 

field due to the complex nature of plant canopies. 

Suits (1972) suggested an approach, based on a model 

developed by Allen et al. (1970), where leaf orientation 

could be estimated by taking advantage of the non-

lambertian characteristics of plant canopies. He suggested 

that the biological components of a multi-layered 

vegetative canopy could be predicted by measuring canopy 

reflectance at different illumination angles. The 

lambertian characteristics of a plant canopy are primarily 

a function of individual leaf characteristics and canopy 

architecture. This approach, while theoretically sound, has 

limited applications as a result of the multiple 

measurements required and the diversity between and within 

plant canopies. 

Estimating canopy parameters from empirical 



relationships, determined under field conditions, may be a 

more appropriate and an alternative to mathematical 

modeling techniques (Pearson et al., 1976; Tucker et al. . 

1980). Reflectance measurements can be taken at different 

solar angles, solar intensities, view angles, and the 

relationships between canopy reflectance and biological 

parameters established (Suits, 1972; Kirchner et al.. 

1982). Empirically derived measurements can also be used to 

further refine theoretical radiative transfer models 

(Suits, 1972). 

Several extraneous factors must be considered when 

attempting to relate canopy reflectance measurements to the 

biological components of a plant canopy. The non-lambertian 

quality of plant canopies can complicate as well as enhance 

the interpretation of reflectance data (Suits, 1972). 

Research has shown that erectophile canopies have the 

greatest diurnal variation in reflectance and are less 

lambertian than planophile canopies (Tucker, 1976; Pinter 

et al., 1987a). In a field research situation, reflectance 

measurements can be taken daily when the sun is at a 

constant solar zenith, thereby minimizing the variability 

associated with non-lambertion canopy characteristics. 

Instrument view angle and canopy architecture would also 

have to remain relatively constant. If canopy reflectance 

were to be used for crop management, variations in canopy 
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reflectance as a result of crop characteristics, solar 

position, and sensor view angle, must be accommodated 

(Kimes et al., 1980; Kirchner et al., 1982; Pinter et al., 

1987a). 

Another factor of canopy spectral reflectance which 

requires attention is the asymptotic nature of canopy 

spectral reflectance (Tucker, 1976; Ripple, 1985). Most 

mathematical models assume plant canopies are infinite in 

nature, and therefore have infinite reflectance or 

absorbance. Infinite implies that spectral reflectance and 

absorbance will continually change with increasing canopy 

biomass. In reality, plant canopies reach a point of 

asymptotic reflectance where an increase in biomass no 

longer has an affect on spectral reflectance or radiance. 

Canopy reflectance in the red portion of the spectrum (0.6-

0.7 um) generally reaches asymptotic reflectance at a leaf 

area index of 2.0, while near infrared (0.7-0.8 um) 

asymptotic reflectance is reached at a leaf area index of 

approximately 8.0 (Allen and Richardson, 1968; Gausman et 

al., 1971; Tucker, 1977). These values were determined in 

the laboratory (by stacking leaves until additional leaves 

did not alter the reflectance) and in field experiments. 

Ripple (1985) measured the asymptotic reflectance 

characteristics of tall fescue and found the near infrared 

asymptote to be 1.7 times greater than the red asymptote. 
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The results were slightly different than those previously 

reported for shortgrass prairie canopies by Tucker (1977). 

Ripple attributed this to differences in instrumentation, 

study site, grass species, and canopy geometry. Asymptotic 

biomass levels reported by Ripple were 113 g m~2 in the 

visible portion of the spectrum and 325 g m~2 in the near 

infrared portion of the spectrum, compared to the 180 and 

360 g m~2 measured by Tucker. 

Vegetative Indices 

Biological components of a canopy are generally 

inferred from canopy reflectance through the application of 

vegetative indices. These indices are calculated from 

canopy spectral reflectance measured at different 

wavelengths or bandwidths. Vegetative indices may take the 

form of simple band ratios, normalized band differences, or 

linear combinations of bands (Jackson et al., 1980). 

Indices may be calculated from canopy reflectances, canopy 

radiance (W m""2) , or radiometric voltages (instrument 

output). Reflectances are calculated as the ratio of canopy 

radiance to solar irradiance over the same wavelength 

interval. Solar irradiance is usually estimated by 

measuring radiance over a surface of known reflectivity, 

such as a plate painted with barium sulfate. Canopy 

radiance and solar irradiance (W m~2) are determined by 
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multiplying radiometric voltages by instrument calibration 

factors for each bandwidth. Radiometric voltages alone are 

not widely used because results can be instrument specific 

and therefore non-transferable. 

In general, vegetative indices maximize the contrast 

between the spectral reflectance of soil and plants. While 

red radiation is strongly absorbed by plant chlorophyll to 

propel the photosynthetic process, it is very strongly 

reflected by most soils. Conversely, plants will tend to 

strongly reflect near infrared radiation, while soils tend 

to absorb strongly in this wavelength. A healthy green 

canopy may absorb up to 95% of the incident red radiation 

while reflecting or transmitting 97% of the incident near 

infrared (Sellers, 1985). The strong reflectance of near 

infrared radiation by photosynthetically active plant 

material is utilized in the application of infrared 

photography for vegetation mapping. 

Two basic vegetative indices are the 'Red Ratio1 and 

the 'Normalized Difference' (ND). The Red Ratio is simply 

the ratio of near infrared (NIR) canopy reflectance to red 

(red) reflectance. The Normalized Difference can be 

expressed as the ratio of (NIR - red) to (NIR + red) canopy 

reflectance. As canopy biomass increases NIR reflectance 

will also increase, while red reflectance will decrease. 

This will result in a gradually increasing index value. 



81 

The relationship between the ND and Red Ratio, and 

plant biomass or leaf area, will vary in response to 

differences in plant species, canopy architecture, and soil 

backgrounds (Huete et al., 1985; Choudhury, 1987). Soils of 

different texture, color, origin, and moisture contents 

will have different spectral reflectance qualities. Other 

indices such as the Perpendicular Vegetative Index (PVI), 

the Greenness Index, and the Brightness Index, require 

prior knowledge of soil reflectance characteristics (Kauth 

and Thomas, 1976; Richardson and Wiegand, 1977; Jackson, 

1983). These indices are used to extract plant reflectance 

from composite plant and soil reflectance for a more 

precise estimation of plant parameters. 

As canopy cover increases and gradually obscures the 

soil surface, the contribution of soil reflectance to 

canopy reflectance will diminish. Although the influence of 

soil on canopy reflectance also diminishes, calculated 

indices may not necessarily be more reliable due to the 

asymptotic nature of canopy spectral reflectance (Allen and 

Richardson, 1968; Tucker, 1977; Ripple, 1985). Research has 

shown that once an alfalfa canopy reaches complete cover, 

indices gradually become less sensitive to changes in plant 

biomass (Pinter et al., 1987b). 

Variable environmental conditions, such as wind and 

cloud cover, may affect the spectral reflectance of a 
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canopy and therefore the vegetative indices. Wind can 

significantly alter the architecture of a canopy by 

changing the orientation of leaves and opening the canopy 

so that the soil surface is visible. Clouds may also cause 

a great deal of variability in canopy spectral reflectance. 

Clouds can either curtail or enhance the radiative flux at 

the earth's surface. If clouds obscure the sun, light in 

different wavelengths may be disproportionately attenuated 

thus altering relative canopy reflectance. When clouds do 

not directly obstruct the sun, solar irradiance may be 

higher in some wavelengths than others as a result of 

increased diffuse radiation. Relationships between 

vegetative indices and plant parameters, established under 

clear skies, may then be invalid under cloudy conditions. 

Pinter et al. (1987b) reported that the Red Ratio 

calculated over an alfalfa canopy on both clear and cloudy 

days were in close agreement. The results suggested that 

both red and NIR radiation were equally attenuated by 

clouds, resulting in decreased overall canopy reflectance 

but the maintenance of a consistent ratio value. However, 

Pinter recently (personal communication, 1989) has 

suggested that this relationship may be invalid at solar 

elevations different from that used in the original 

analysis (33°). 

Changes in incident radiation can result from both 
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changing solar angles and atmospheric interference 

(clouds). Taking periodic measurements over a surface of 

known spectral character while collecting field 

measurements is a technique used by researchers to quantify 

atmospheric changes (Jackson et al., 1980). A plate painted 

with barium sulfate is one type of calibration source and 

is sometimes supplied with the radiometric instrument. A 

barium sulfate plate has a very white surface of high 

reflectivity and a relatively lambertian character. 

Other environmental factors which affect canopy 

reflectance, such as dew and frost, must also be kept in 

mind when inferring plant parameters from reflectance 

measurements (Pinter and Jackson, 1982). 

As a by-product of satellite technology, portable 

hand-held radiometers were developed to collect ground 

truth data. The radiometers come equipped with a variety of 

wavebands, some identical to those on satellites such as 

the Landsat series. In order to interpret reflectance data 

from satellites, it was important to have reflectance 

measurements at the earth's surface which could be directly 

related to soil and plant parameters. Reflectance measured 

in close proximity to the earth's surface, along with 

concurrent physical sampling, could then be used to 

interpret reflectances measured from space. Multiband hand

held radiometers have allowed researchers to develop 
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vegetative indices and determine bandwidths useful for 

space observation. 

Scientists have demonstrated that portable radiometers 

may themselves may be a useful tool for research and crop 

management (Pearson et al., 1976; Tucker et al., 1980; 

Pinter, 1983). In general the radiometers are lightweight, 

durable, and measure reflectance in multiple bandwidths. 

They can be hand held, installed on booms suspended over 

canopies, or mounted on planes allowing large areas to be 

surveyed. A typical and widely used portable radiometer is 

the Exotech multiband radiometer (model 110A, Exotech 

Instruments, Gaithersburg, MD). This four channel 

radiometer has interchangeable optics, permitting 

modification of both bandwidths and field of view. The 

instrument weighs only 2.2 kg and is battery powered for 

field use. 

Using vegetative indices, researchers have shown good 

correlation between estimated and actual measurements of 

biomass and leaf area (Tucker, 1977; Ripple, 1985; Pinter, 

1983). Pearson et al. (1976) demonstrated the relationship 

between spectral reflectance and biomass for shortgrass 

prairie. Tucker et al. (1980) related crop radiance to 

alfalfa agronomic values and found a significant 

relationship between dry biomass and plant cover and the 

Red and Normalized Difference indices. Ripple (1985) 
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compared reflectance measurements in 7 wavebands (Landsat 

Thematic Mapper Bandwidths), along with calculated 

vegetative indices, to tall fescue dry biomass, leaf area, 

plant height, and plant water content. The Normalized 

Difference and dry biomass were found to be correlated 

until an asymptotic biomass accumulation of 180 g m~2 was 

reached. Redelfs et al. (1987) measured reflectance over 7 

different row crops and found in each case that the 

'Greenness Index', calculated from canopy reflectance, was 

strongly correlated with leaf area. 

Turfgrass canopies are unique in that they commonly have a 

very erectophile and dense growth habit. In addition the 

canopy is typically very uniform and level (truncated leaf 

blades) as a result of frequent cuttings. These 

characteristic growth habits suggest that a well groomed 

turfgrass canopy may exhibit very non-lambertian 

reflectance (Tucker, 1976). Reflectances could then be 

expected to vary greatly with topography, solar location, 

and instrument view angles (Pinter et al., 1987a). Changes 

in canopy architecture as a result of frequent mowing 

(canopy disturbance) and base mowing heights may also make 

interpretation of reflectance data more difficult. 

Three of the unique advantages of inferring turfgrass 

parameters from canopy reflectance are the dense canopy 
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(which minimizes soil influence), random leaf orientation, 

and canopy stability under windy conditions. The dense 

growth habit eliminates many of the complexities associated 

with estimating biological components from canopies with 

incomplete cover and non-uniform growth (Jackson et al.. 

1979). The stability of turfgrass canopies under windy 

conditions minimizes variations in reflectance which would 

be expected with most agricultural crops. 

The potential for utilizing turfgrass spectral 

reflectance to estimate biological canopy components, 

appears promising in light of the success attained with 

other diverse crop canopies. The following experiment was 

conducted in order to evaluate the potential for using 

hand-held radiometers in the assessment of turf biomass and 

leaf area. 
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MATERIALS AND METHODS 2.2 

The purpose of this experiment was to determine if 

turfgrass biomass and leaf area could be accurately 

estimated from measurements of canopy radiance obtained 

using a hand-held multi-spectral radiometer. 

The experiment was conducted on a 12 by 20 meter area 

of 'Derby' perennial ryegrass (Lolium perenne L.), located 

at The University of Arizona, Rincon Vista Turfgrass 

Facility. The ryegrass was seeded on 29 October 1987 at a 

rate of 107g m""2 into a senescent perennial ryegrass mat, 

which had been planted the previous year (1986) . The plot 

was verticut and then seeded in two directions, and lightly 

top dressed with sand and organic mulch. 

Irrigations were applied as needed for the 

establishment and maintenance of healthy turfgrass. The 

area was fertilized bi-weekly with 27-7-14 (N-P-K) at the 

rate of 48 g m~2. Supplemental iron was foliar applied as 

iron chelate to maintain a dark green turf color. The soil 

consisted of a mixed sand, in accordance with 

specifications established by the United States Golf 

Association (USGA) for golf course greens. 

The experiment was conducted between 02 May 1988 (Day 

123) and 12 May 1988 (Day 133) . This period was selected 

because the ryegrass was well established, relatively 
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uniform, and clear skies were anticipated. An earlier 

attempt to conduct this experiment in late April was 

interrupted after several days due to cloudy weather. With 

the exception of that short period, all plots had identical 

mowing, irrigation, and fertilization regimes. 

On the first day of the experiment (Day 123) the turf 

area was cut to a height of 1.9 cm, which had been the 

standard cutting height over the previous several months. A 

cutting regime was then imposed over a 9-day period, which 

gradually differentiated the turf area with respect to 

canopy height. This technique allowed daily measurements of 

canopy radiance to be collected at a consistent solar 

elevation, over minimally disturbed turf canopies at 

different heights. 

The experimental design was a randomized complete 

block replicated four times. Six treatments were randomly 

assigned within each of the blocks. Plot orientation and 

treatment assignments are shown in figure 2.1. Treatments 

corresponded to the number of days after the initial 

cutting, when the plots were mowed again to a height of 1.9 

cm. For example, treatment #2 plots were cut after they had 

accumulated 2 full days of growth. Treatment #6 plots were 

cut after attaining 6 full days of growth. The cutting 

intervals of the 6 different treatments were; every day 

(TRTO), after 2 days (TRT2), after 4 days (TRT4), after 6 
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Plot 23 - Block 3 
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Plot 24 - Block 4 
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TRT 7 

Plot 15 - Block 3 
TRT 4 

Plot 16 - Block 4 
TRT 0 

Plot 13 - Block 3 
TRT 8 

Plot 14 - Block 4 
TRT 6 

Plot 11 - Block 1 
TRT 7 

Plot 12 - Block 2 
TRT 2 

Plot 9 - Block 1 
TRT 6 

Plot 10 - Block 2 
TRT 8 

Plot 7 - Block l 
TRT 2 

Plot 8 - Block 2 
TRT 4 

Plot 5 - Block 1 
TRT 0 

Plot 6 - Block 2 
TRT 6 

Plot 3 - Block 1 
TRT 4 

Plot 4 - Block 2 
TRT 7 

Plot 1 - Block 1 
TRT 8 

Plot 2 - Block 2 
TRT 0 

Border 

N 

S 

Figure 2.1. Plot treatment and orientation. Treatment 
designation refers to the number of days of growth between 
the first and second cuttings. 
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days (TRT6) , after 7 days (TRT7) , and after 8 days (TRT8) 

of growth (Table 2.1). Plot dimensions were approximately 

1.5 by 4.0 meters. Grass borders around the plots made them 

more accessible and facilitated mowing. 

Radiance values were collected using an Exotech 

Multiband Radiometer (model 110a, Exotech Incorporated, 

Gaithersburg, MD) equipped with filters, which allowed 

radiance to be measured in four of the Thematic Mapper 

bandwidths. These bandwidths correspond to the four 

bandwidths selected for vegetation discrimination on the 

later series of Landsat satellites. The four bandwidths 

measured were blue (0.45-0.52 um) , green (0.52-0.60 um) , 

red (0.63-0.69 um), and near-infrared (0.76-0.90 um) . Each 

lens had 15° field of view optics which represented a 

viewed ground surface area (footprint) approximately 30 cm 

in diameter. The electronic output from the radiometer was 

recorded through cable linkup on an Omnidata Polycorder 

(Version 5, Omnidata International Inc., Logan, UT) . 

Measurements were collected with the radiometer held at 

shoulder height and extended out away from the body, with 

the base of the radiometer (the lens face) kept parallel to 

the ryegrass surface. The procedure was to take 3 

individual radiance measurements over the southern half of 

the plots while walking slowly east. By restricting foot 

traffic to the north half of the plots, potential changes 
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Table 2.1. Days treatments were mewed (Day 123-132). The six 
treatment designations refer to the number of days of growth 
between the first (Day 123) and second mowings. 

CAUUDER 
DAY 

DAY OF 
YEAR 

MOWING SEQUENCE OF TREATMENTS 
CAUUDER 

DAY 
DAY OF 
YEAR TRT0 TKE2 TRT4 TRT6 TKT7 TKT8 

02 May 88 123 X X X X X X 

03 May 88 124 X 

04 May 88 125 X X 

05 May 88 126 X 

06 May 88 127 X X 

07 May 88 128 X 

08 May 88 129 X X 

09 May 88 130 X X 

10 May 88 131 X X X X X X 

11 May 88 132 0 0 0 0 0 0 

X - Plots mowed to 1.9 can 0 = Plots mewed to 0.95 can 
(Cutting height refers to mcwer bench setting.) 
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in canopy radiance as a result of changes in canopy 

architecture were avoided. Taking the measurements at a 

slow walk incorporated slightly more of the target area 

into the readings. Radiance measurements were taken daily 

(Day 123-133) about 2 hours after solar noon, when solar 

elevation was approximately 60°. Measurements were always 

taken in the same plot sequence (plot 1, plot 2, plot 

3,...., plot 24). With the exception of Day 131, two 

complete sets of measurements were taken daily at slightly 

different sun angles. On Day 131 (10 May 1988), diurnal 

measurements were collected and consisted of 11 complete 

sets of measurements taken over a 6-hour period. Radiance 

measurements collected over a large range of solar 

elevations were needed in order to evaluate the lambertian 

characteristics of the turfgrass canopy. 

When a set of radiance measurements were completed, 

the data were downloaded from the Polycorder, to a computer 

and stored on floppy disks. The data were then manipulated 

to obtain average radiance values in each band width for 

each individual plot. The values were then converted from 

millivolts (instrument output) to W m~2 using calibration 

factors supplied by the manufacturer. Only radiance values 

from the red (0.63 to 0.69 um) , and near infrared (0.76 to 

0.90 um) bands were used in the subsequent calculation of 

the 'Red Ratio' vegetative index. The Red Ratio was 
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calculated by dividing plot measurements of near infrared 

radiance by red radiance values. 

The plots were cut using a reel mower set at 1.9 cm. 

Clippings were collected from the treatment plots by making 

one mower pass the length of the plot, representing an area 

of approximately 2.65 m2 (44% of the total plot area). The 

clippings were then oven dried at 50C for three days and 

weighed (+ 1 g) to determine biomass removed by mowing. 

Prior to cutting, the border areas around the plots were 

cut to 1.3 cm in order to prevent any of the border grass 

from being accidently incorporated into the plot sample. 

When treatment plots required mowing, it was usually done 

after radiance measurements were collected. The exception 

to this were "treatment 01 (0 days of growth) plots which 

were mowed daily, prior to radiance measurements. By mowing 

plots after radiance measurements, temporary changes in 

canopy architecture as a result of mower disturbance, did 

not influence the measurements. 

Turfgrass heights were estimated daily using a ruler 

and making 4 measurements per plot. These were then 

averaged to obtain a single representative height. Total 

biomass was estimated by removing 3 circular plugs (17.4 

cm2) from the north half of each plot which was to be mowed 

on that day. The plug turf was trimmed off at the soil 

surface using scissors. The clippings were then oven dried 
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at 50c for three days and dry weights obtained (g m~2) . A 

strong relationship between biomass and leaf area was 

demonstrated using 10 randomly selected plugs of perennial 

ryegrass (r2=0.96). The data and procedure can be found in 

Appendix H. 

On 10 May 1988 (Day 131) all treatments were 

differentiated based on their days of consecutive growth. 

After radiance measurements, plant heights and biomass plug 

samples were collected. Each plot was then cut to 1.9 cm 

and clippings collected. The status of each treatment plot 

on Day 131, prior to cutting, is shown in figure 2.2. On 

Day 132, after radiance measurements had been taken, the 

plots were cut to 0.95 cm and clippings collected. The 

following day (Day 13 3) , a final set of radiance 

measurements were taken over all the plots (grass height at 

approximately 0.95 cm). 



3.03 an 

TOP 8 

ESTIMATED HEIGHT (AVERAGE OF 4 REPS) 

2.58 an 

TRT 2 

2.25 can 

TOP 4 

2.03 can 
1.90 an 

TOP 6 TOT 7 

1 1.65 an 

TOT 0 

8 DAYS 
(123) 

6 DAYS 
(125) 

4 DAYS 
(127) 
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(129) 

1 DAY 
(130) 

CXMJIAnVE DAYS OF GR0HIH 
(Day of last cutting) 

O DAYS 
(131) 

Figure 2.2. Status of all treatment plots on Day 131 (10 May 1988) when radiance 
measurements were collected. All plots were cut to 1.9 can (bench setting) on Day 123. 
Treatment number corresponds to the number of days until the plots were cut a 
second time. All height measurements were collected prior to mewing with the 
exception of 'TOP 0' plots which were cut before radiance measurements were taken. 
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RESULTS AND DISCUSSION 2.3 

Turf biomass accumulation over time was not 

successfully estimated from canopy radiance measurements. 

Figure 2.3 represents the calculated daily Red Ratio 

vegetative index (NIR/Red) measured over 4 plots which had 

8 consecutive days of growth by Day 131. Although there was 

an overall gradual increase in the vegetative index (V.I.) 

with time, there was considerable day to day fluctuation. 

There are several possible explanations for the large 

fluctuations in the daily measurements. One source of 

variation results from the non-lambertian characteristics 

of a turf canopy. Figures 2.4A-C represent diurnal 

measurements taken on 3 different plots (Day 131). At the 

time of the diurnal run, each of the. 3 plots represented 

different turf heights (determined by the number of days 

since the last cutting) . In each case there was a concave 

relationship between the calculated V.I. and time of day 

(solar elevation). At approximately 13:00 hours, or solar 

noon, the vegetative index reached a minimum value and then 

increased with decreasing solar elevation. When the sun was 

directly above the canopy there was greater light 

penetration into the canopy, resulting in partial 

illumination of the soil. This caused an overall decrease 

in canopy NIR radiance (relative to Red radiance), due to 
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Figure 2.4. Vegetative indices (NIR/Red) calculated from diurnal 
measurements of canopy radiance (Dayl31) over 3 plots which had 
accumulated different amounts of biomass. 



99 

the NIR absorptivity of the soil. The importance of taking 

daily canopy radiance measurements at a constant solar 

angle is obvious. Figure 2.5 shows the average daily 

vegetative index of the treatment plots which had 8 

consecutive days of growth. The average times of the daily 

radiance measurements are presented in figure 2.6. Although 

the correlation between the V.I. and time is not 

significant (r2=0.47), there seems to be some similarity 

between the figures. On Days 126 and 131, figure 2.5 shows 

a drop in the V.I., while figure 2.6 shows a corresponding 

earlier measurement time. This is the type of relationship 

which would be expected (increasing solar elevation = 

decreasing V.I.). The low correlation suggests that other 

factors, such as solar radiation, may contribute to the 

daily variability of the vegetative index. While the 

correlation between solar radiation (daily average from 

14:00 to 15:00) and V.I. is also low (r2=0.36), when 

combined with the time of day values they account for 65% 

of the daily variation in the calculated indices. 

If the moisture content of the soil surface varied on 

a daily basis it could have also influenced the vegetative 

index measurements. A soil which is wet tends to absorb 

more red radiation than if it were dry. Therefore the 

vegetative index (Red Ratio) measured over a canopy with a 

wet soil background would be higher than the vegetative 
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index measured over the same canopy with a dry soil 

background. Although the turfgrass was always dry when the 

measurements were collected, no observations regarding soil 

moisture content were recorded during the experimental 

period. More than likely soil moisture content did vary 

from day to day as a result inconsistant timing of morning 

irrigation applications. 

Another likely source of variation in the calculation 

of daily indices, was non-uniformity within the turf plots. 

Although the plots appeared relatively uniform, closer 

visual inspection confirmed that variability in turf 

density did exist. Because only three radiance measurements 

were collected over each plot, a relatively small portion 

of the entire plot (5%) was measured. It is unlikely the 

same exact spots would be sampled repeatedly and, 

therefore, fluctuations in the V.I. would accompany 

variations in plot biomass. If figure 2.4 is reexamined, 

the non-uniformity of plots becomes evident. While figure B 

shows a gradual decrease and increase in the V.I. with 

time, both figures A and C show a great deal of 

fluctuation. This suggests that the turf canopy of plot 20 

(B) was more homogeneous than the turf canopy of either 

plot 16 (A) or 22 (C). 

Before the turf was mowed on Day 131, 3 plug samples 

and a series of 4 turf height measurements were taken on 
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each plot. Estimates of plot biomass obtained from the 

plug samples, were not well correlated to height estimates, 

vegetative indices, or plot treatments. The variability in 

plug biomass within the plots and the lack of correlation 

with the other parameters measured again suggests that turf 

density was variable within the plots. 

When the V.I. measured on Day 131 was regressed 

against clipping dry weight (g m""2) , an r2 of only 0.37 was 

obtained. Likewise when the V.I. measured on day 132 was 

regressed against the clipping dry weight removed on that 

day, an r2 of 0.45 resulted. The poor correlation between 

the V.I. and clippings removed is partially a result of 

turf response to different mowing intervals. This 

relationship is illustrated in figure 2.7. The data in 

figure 2.7A shows the average V.I. for each treatment on 

Day 131 when the plots were at different heights. Figure 

2.7B shows the same treatments on Day 132, after all of the 

plots were cut to a uniform height of 1.9 cm. Even though 

the treatment plots were at the same height, there was 

still variability in the index values. Because total plot 

biomass values were not obtained during this period, the 

index values are assumed to represent turf biomass (the 

correlation between turf biomass and the V.I. will be 

discussed later). This variability in biomass would be 

expected as a result of the different treatment mowing 
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regimes. The number of days of growth attained by a plot 

would influence both canopy height and biomass accumulation 

throughout the canopy. A plot which was cut daily (0 days 

of growth) would not be able to generate the quantity of 

biomass on a daily basis which was equivalent to a plot 

with multiple days of growth. This is due to reduced leaf 

area and the constant stress imposed by mowing. The 

relative index values of the treatments on Day 133 (all 

plots cut to 0.95 cm) are presented in figure 2.7C. The 

more turf canopy removed, the more similar the treatment 

vegetative indices become. Therefore, in order to 

correlate vegetative indices with biomass removed, the 

proportion of the total biomass remaining must be known. On 

Day 131 the proportion of total biomass removed from each 

plot varied, depending on the mowing treatment. 

The possibility of accurately correlating vegetative 

indices with biomass removed was unsuccessful because plots 

varied with respect to biomass, even after they were cut to 

the same height (Day 131). Attempting to relate vegetative 

index values to biomass removed on a single day, 

incorrectly assumes that the amount of biomass remaining 

after mowing is uniform among all plots. 

Because verdure was not measured, total biomass could 

not be directly related to the vegetative index. An 

alternative approach was to relate biomass removed to the 
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change in the V.I. before and after cutting. One set of 

V.I. measurements was taken prior to cutting and another 

set collected the following day. This allowed the 

measurements to be taken at similar solar elevations. 

Figure 2.8 relates the change in the indices between Days 

131 and 132, to clippings removed on Day 131. Figure 2.9 

shows the same relationship for Days 132 and 133, with 

clippings removed Day 132. Figure 2.10 represents the 

change in the vegetative index from Day 131 to 133 and the 

cumulative clippings removed on Days 131 and 132 (r2=0.78). 

Figure 2.11 is a composite of the data presented in figures 

2.8, 2.9, and 2.i0 (r2=.91) . By presenting the combined 

data, the relationship between biomass and the vegetative 

index can be evaluated over a larger biomass range. Each 

of the data sets included in figure 2.11 are unique in that 

they represent measurements over three distinct periods of 

time. 

The vegetative index (NIR/Red) appears to be capable 

of reasonably estimating turf biomass. The actual 

correlation between the V.I. and biomass may actually be 

higher than is evident from the above data. As discussed 

earlier, a large amount of variation in the radiance 

measurements probably resulted from plot non-uniformity. 

When the data is analyzed using treatment averages, rather 

than individual plots, the correlation between the V.I. and 
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turf biomass significantly improves (Day 131-132, r2=0.97; 

Day 132-133, r2=0.90; Day 131-133, r2=.95). This may not be 

a valid method of minimizing plot variation, due to the 

variability within treatments, but it does suggest that the 

correlation between the V.I. and biomass may be higher than 

reported on an individual plot basis. Figure 2.12 

represents a composite of the treatment average data 

referred to above (r2=0.98). 

If changes in canopy biomass can be accurately 

estimated from the V.I., then estimates of total canopy 

biomass should be possible. Where the V.I. measurements 

collected on Day 131 are averaged for all plots (n=24) , a 

value of 13.34 is obtained. Using the previously 

established regression equation for V.I. and biomass 

(Figure 9; V.I.=.14(Biomass)-.13), an estimated biomass 

value of 95.5 g m~2 was calculated. In order to acquire an 

estimate of the actual biomass, all plug samples collected 

on Day 131 were averaged (n=72) , resulting in a biomass 

value of 198.98 g m"2. This suggests that the V.I. 

estimated biomass was less than 1/2 of the actual dry 

biomass estimate obtained from the plug samples. 

The discrepancy between measured and estimated dry 

biomass can be attributed to the composition of the plug 

samples. The V.I. responds primarily to photosynthetically 

active plant material. The relationship between clippings 
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removed and the change in the V.I. described earlier, was 

based on the removal of photosynthetically active top 

portion of leaf blades. The plug samples on the other hand, 

consisted of stems and leaf sheaths as well as leaves. Pike 

et al. (1979) found that for a grazed perennial ryegrass 

pasture (3 cm) , the ratio of leaf dry weight to stem dry 

weight was 0.89. Although this ratio would be expected to 

be different for forage versus turf-type ryegrasses, some 

similarities would be expected. This would be especially 

true for short grazed ryegrass and closely mowed 

recreational turf. If it is assumed that the 0.89 ratio is 

valid, then the estimated 198.98 g m-2 from the plug 

samples represents roughly 94.0 g m~2 of leaf biomass. This 

value compares favorably with the 95.54 g m~2 estimated 

from the regression equation, when the V.I. is 13.34. 

Biomass estimated from the V.I. should then be considered 

representative of only the photosynthetically active 

portions of a plant canopy. 

The biomass/leaf area calibration (Appendix H) assumed 

the entire plug samples consisted of leaves, while they 

were actually composed of the entire above ground portion 

of the plants. While ryegrass leaves may account for only 

half of the total dry biomass, they can represent 95% of 

the sample on an area basis (Gaborcik, 1986). If the plant 

samples had been separated into stems, sheaths, and leaves, 
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then leaf biomass and leaf area would probably remain 

closely correlated, but both the slope and intercept of the 

regression line would change. 
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CONCLUSION 2.4 

There was a significant relationship between the 

difference in the V.I. measured before and after cutting, 

and the amount of green turf biomass removed (Day 131-133; 

r2=0.91). The results were highly significant (r2=0.98) 

when the data were evaluated on the basis of treatment 

averages. 

This experiment was unsuccessful in accurately 

estimating small daily increases in turf biomass using 

measurements of canopy radiance. The small increments of 

growth (with respect to total biomass) combined with 

inconsistent timing of the radiance measurements (changing 

solar angles), non-uniformity of turf density within plots, 

and possibly fluctuating solar radiation (atmospheric 

interference), made interpretation of canopy radiances 

difficult. In addition, daily variability in the moisture 

content of the soil surface may have influenced canopy 

radiance. Variability in V.I. measurements as a result of 

solar elevation can be avoided by timing measurements to 

coincide with a specific solar elevation. Variation 

resulting from non-uniformity within the plots can be 

minimized by taking multiple measurements. The 3 

measurements taken per plot in this experiment did not 

adequately compensate for plot non-uniformity. Although 
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skies appeared clear throughout the measurement period, 

fluctuation in solar radiation (837 to 863 W m~2) probably 

resulted from light cirrus, atmospheric turbidity, and 

solar elevation. Low solar radiation values seemed to 

correspond with the high wind speeds, suggesting that wind 

blown particulates may be responsible for decreasing solar 

radiation. The influence of fluctuating solar radiation may 

be avoided by calculating the V.I. based on canopy 

reflectance measurements, rather than canopy radiance. This 

would require frequent measurements over a calibrated plate 

in order quantify solar radiation and calculate band 

reflectance. The effect of soil moisture content on 

radiance measurements can be minimized by maintaining 

consistant soil moisture contents or through the 

application of vegetative indices, which function 

independent of soil moisture content (Richardson and 

Wiegand, 1977). 

At total canopy biomass levels of greater than 200 g 

m-2 (height > 3.0 cm) the V.I. was still sensitive to 

changes in turf biomass. This corresponded to LAI of 

greater than 4.0. If the plots were allowed to continue 

growing, a point of asymptotic radiance would eventually be 

reached where changes in radiance would no longer accompany 

changes in biomass. The linear relationship between canopy 

radiance and biomass suggest that neither the red or near 
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infrared asymptotes were approached. 

The sensitivity of the V.I. to changes in green 

biomass shown in this experiment is greater than that 

reported in other studies of grass canopies. While Tucker 

(1977) , Ripple (1985) , and King et al. (1986) suggest that 

the red asymptote is reached at biomass levels of 180, 113, 

and 180 g m~2 respectively, biomass levels of more than 200 

g m""2 were measured in this experiment with no apparent 

loss of V.I. sensitivity (as a result of surpassing the red 

asymptote) . This is more than likely a result of the 

measurements being taken over a uniform turf canopy with 

erect leaf blades, allowing greater light penetration. 

Solar radiation and elevation was also higher during this 

experiment than in the previous studies, which would also 

tend to enhance the V.I. sensitivity. 

Irrigation scheduling techniques based on infrared 

thermometry, require estimates of both canopy and of both 

canopy and aerodynamic resistance (energy balance 

approach). Canopy resistance (rCp) can be expressed as, 

rcp = rs/LAI 

and therefore requires an estimate of both leaf area per 

unit surface area (LAI) and mean stomatal resistance (rs) 

(Monteith, 1973). Using estimates of LAI, derived through 

radiance measurements, to adjust rCp values may increase 

the accuracy and applicability of remotely sensed 
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irrigation scheduling. 

The results of this experiment suggests that portable 

radiometers, which measure canopy radiance in the red 

(0.63-0.69 um) and near infrared (0.76-0.90 um) portions of 

the electromagnetic spectrum may be a valuable tool in both 

turfgrass research and management. 
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APPENDIX A 

INFRARED THERMOMETER CALIBRATION 

Materials and Methods 

The calibration of the IRT ( Model 101, Everest 

Interscience, Tustin, CA) was checked on 11 February 1988, 

in a constant temperature calibration room at the U.S. 

Water Conservation Laboratory in Phoenix, Arizona. The IRT 

was kept at room temperature (27C) and the emissivity was 

set at 0.98. An enclosed black body device (Advanced 

Kinetics Inc.) was cooled to -10C and gradually warmed to 

70C. The temperature of the black body was controlled using 

a circulating bath (Model 2160, Forma Scientific) and a 

thermoelectric temperature controller (Advanced Kinetics). 

At 5C increments the black body temperature was measured 

with the IRT and both temperatures were recorded. When the 

temperatures were compared through regression analysis an 

r2 of 0.99 was obtained (IRT Temp=l.025(BB Temp)-0.39). 

Temperature differences between the black body and the IRT 

varied from 0.1 to 1.1C, depending on the black body 

temperature (Table Al). Differences were greater at the two 

temperature extremes. If plant canopy temperatures fell 

within a normally expected range of 20 to 35C, the relative 

accuracy of the IRT would be from 0.3 to 0.6C. This tends 

to substantiate with the 0.5C margin of error claimed by 
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the manufacturer. 

Results and Discussion 

The calibration showed that the IRT was functioning 

properly at a temperature of 27C, and therefore target 

temperatures could be accurately measured. An extensive 

calibration would require that the above procedure be 

repeated several times with the IRT maintained at different 

temperatures (different ambient room temperatures). This 

would be the usual calibration procedure, but due to time 

constraints a room temperature was selected which reflected 

normal afternoon temperatures in late spring (27C). 



Table Al. Temperature profile of the black body 
calibration device and the infrared thermometer. 

Temperatures (C) 

Black Body ,IRT Difference 

-10 -11.0 -1.0 
-5 -5.7 -0.7 
0 -0.3 -0.3 
5 4.5 -0.5 
10 9.9 -0.1 
15 15.2 0.2 
20 20.3 0.3 
25 25.4 0.4 
30 30.6 0.6 
35 35.6 0.6 
40 40.8 0.8 
45 45.9 0.9 
50 51.0 1.0 
55 56.0 1.0 
60 61.0 1.0 
65 66.1 1.1 
70 71.1 1.1 

r2= 0.999 
slope- 1.025 
intercept= -0.0394 
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APPENDIX B 

NEUTRON PROBE CALIBRATION 

Calibration No.l 

The first neutron probe calibration was performed 

between 06 and 12 December 1987, in order to estimate 

lysimeter volumetric water content from neutron probe count 

ratios. Three individual lysimeters were sampled for 

volumetric water content on three separate days. The 

results are presented in Table Bl. The lysimeters used were 

selected on the basis of their neutron count ratio, with 

the objective of obtaining samples over the widest possible 

range of soil moisture contents. Neutron probe counts were 

taken at a depth of 30 cm. Because the lysimeters were 

relatively shallow (54 cm), it was assumed that the 

volumetric water content of the entire lysimeter could be 

estimated from measurements at a single depth. The 

lysimeters were well irrigated on 05 December 1988, the day 

before the first soil samples were taken. Irrigations were 

then withheld for the next 7 days allowing the turf time to 

gradually deplete soil moisture. Soil samples were taken 

using an Oakfield probe with a 1.8 cm diameter. Samples 

were removed from three different sites within the 

lysimeter perimeter. The sites were equidistant from each 

other and midway between the plastic edge of the lysimeter 



and the neutron probe access tube. Soil samples of 

approximately 12.2 cm3 were collected at depths of 15, 30, 

and 45cm, at each site. The precise volume of the sample 

was not determined at the time the measurements were taken. 

Sample volumes were later calculated assuming a bulk 

density of 1.46 g cm-3 (average bulk density measured 

during the second calibration). Once the samples were 

removed, they were immediately sealed in plastic bags and 

wet weights obtained. Sample dry weights were acquired 

after oven drying the samples in soil cans at 105C for 24 

hours. 

Calibration No.2 

This calibration was performed between 26 July and 02 

August 1988 on lysimeter 5. The lysimeter was sampled on 5 

different occasions, with a single soil sample of 60.6 cm3 

removed from depths of 15, 30, and 45 cm on each occasion. 

Neutron probe counts were once again obtained at a depth of 

30 cm and assumed to represent the entire lysimeter volume. 

Samples were collected using a Madera Probe and immediately 

sealed in a soil can and weighed. Sample dry weights were 

obtained after they were dried for 24 hours at 105C. The 

results are presented in table B2. 
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Results 

The volumetric water content of the soil at 15, 30, 

and 45 cm, were averaged for each sampling event in order 

to relate the neutron probe count to the total volumetric 

water content of an individual lysimeter. The average of 

the sample volumetric water contents were assumed to be 

representative of the volumetric water content of the 

entire lysimeter. Both of the calibration events were 

analyzed individually using regression analysis. Using the 

data from the first calibration and assuming a bulk density 

of 1.46 g cm""3, the soil volumetric water content can be 

estimated using the equation, 

VWC = (0.121*Count Ratio) + 0.019 

with an r2 of .88. The correlation is probably elevated as 

a result of having only 3 points on the line and in 

relatively close proximity. It was necessary to conduct a 

second calibration in order to determine the relationship 

between probe counts and volumetric water content over a 

wider soil moisture range. The second calibration produced 

the following equation, 

VWC = (0.134*Count Ratio) + 0.029 

with an r2 of .66. Although the slopes of both 

calibrations are not significantly different, the 

intercepts vary by a factor of 1.5. The variability 

between the two calibration intercepts may be the result of 
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a change in bulk density. Prior to the second calibration, 

the lysimeters had been sodded to bermudagrass. Assuming 

that this was accompanied by increased soil compaction, and 

therefore increased bulk density, different intercepts 

would be expected. A possible change in bulk density could 

explain the similar slopes and dissimilar intercepts. The 

bulk density and intercept of the first calibration were 

probably overestimated, because the bulk density (1.46 g 

cm3) assumed for the first calibration was the average from 

the second calibration. 

The second calibration equation was used for the 

estimation of lysimeter volumetric water content. Although 

the correlation coefficient was lower than that of the 

first calibration, there were more data points over a wider 

soil moisture range. The similarity of both slopes suggest 

that they are equally valid. The inconsistency of the 

intercepts represents less than a 1% difference in the 

estimation of volumetric water content. This translates 

into a discrepancy of less than 1 mm of water, which would 

have had an insignificant effect on the experimental 

outcome. 
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Table Bl: First neutron probe CcLLibration (06 to 12 December 
1987). All volumetric water contents were calculated assuming a 
bulk density of 1.46 g an"3 (Bulk density determined during 
second calibration). 

VOLUMETRIC 
WATER CONTENT 

(g/cm3) 

DEPTH OF 
SAMPLE 

(LYS 3) 
06DEC87 

(L¥S 4) 
10DEC87 

(L¥S 6) 
12DEC87 

15cm .1056 .0934 .0758 

30an .1084 .1290 .0947 

45cm .1675 .1743 .1534 

*AVERAGE .1272 .1322 .1080 

•^PROBE COUNT .8504 .9531 .7550 

(r2 = .88 slope = .121 intercept = .019) 

Table B2: Second neutron probe calibration (26 July to 02 August 
1988). All samples were frcm collected front Lysiroeter 5. 

VOIUMEERIC 
WATER CONTENT 

(g/cm3) 

DEPTH OF 
SAMPLE 26JUL88 27JULB8 29JUL88 01AUG88 02ADG88 

15cm .0978 .0874 .0990 .0848 .0830 

30cm .1265 .1142 .1158 .1157 .1049 

45cm .2264 .1526 .1390 .1935 .1173 

•AVERAGE .1502 .1181 .1179 .1313 .1017 

+ER0BE COUNT .8876 .6868 .7272 .6380 .6072 

(r2 = .66 slcpe • .134 intercept = .029) 

* = Average volumetric water content vised in analysis. 
+ = Neutron probe measurements taken at 30 cm depth. 
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APPENDIX C 

LYSIMETER BULK DENSITY 

Materials and Methods 

On 19 January 1989 all lysimeters were irrigated until 

water flowed freely from each of their drainage tubes. They 

were then allowed drain for 24 hours, at which time they 

were assumed to have approached field capacity. On 20 

January two soil samples were removed from each lysimeter 

using a 2.54 cm diameter PVC pipe and collecting a 

continuous sample 50 cm deep (total sample volume = 253.3 

cm3) . The samples were immediately placed in soil cans and 

wet weights recorded. They were then oven dried at 105C for 

24 hours to obtain dry weights (21 January 1989). The 

results are shown in table CI. 

Results and Discussion 

The lysimeters had an average bulk density of 1.36 g 

cm-3 with a standard deviation of 0.06. Although fairly 

uniform, these measurements represent soil profile averages 

and therefore do not indicate how much variation in the 

bulk density existed within the profile. Narrow zones of 

compaction within the soil profile, which may have become 

established during the initial construction of the 

lysimeters, would have resulted in the formation of perched 
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water tables. These water tables would greatly affect the 

water holding capacity and drainage characteristics of the 

lysimeters. 

The uniformity in the gravimetric and volumetric water 

contents of the lysimeters (Table CI) can be attributed to 

the fact that prior to the collection of the soil samples 

the lysimeters were well irrigated. Drainage was therefore 

enhanced by an adequate head of water which would help 

diminish or eliminate perched water tables. From this data 

it can be assumed that if irrigations consistently 

approached or exceeded soil saturation, then the lysimeters 

would exhibit relatively uniform drainage. 
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Table CI: Data were collected between Day of Year 20 and 24 1989. 
Two sainples were removed from each lysimetar on Day 20. All 
lysimeters had been saturated (Day 019) and allowed to drain 
to field capacity (24 hours). 

GRAV VOL • BULK 
LYS REP WET DRY H20 H20 DENSITY 

# # WT(g) WT(g) (g/dry) AVG (g/cm3) AVG (g/cm3) AVG 
1 1 360.6 326.1 0.106 0 .111 0.136 0. 143 1.287 1. 286 

2 363.9 325.8 0.117 0.150 1.286 
2 1 364.8 326.7 0.117 0 .118 0.150 0. 155 1.289 1. 314 

2 379.7 339.1 0.120 0.160 1.338 
3 1 353 .8 321.9 0.099 0 .103 0.126 0. 135 1.270 1. 313 

2 380 343.5 0.106 0.144 1.356 
4 1 391.6 355.8 0.101 0 .100 0.141 0. 143 1.404 1. 428 

2 404.8 367.9 0.100 0.146 1.452 
5 1 351.8 318.9 0.103 0 . 104 0.130 0. 140 1.258 1. 340 

2 398.2 360.1 0.106 0.150 1.421 
6 1 400 360.4 0.110 0 .112 0.156 0. 160 1.422 1. 423 

2 402.2 360.9 0.114 0.163 1.424 
7 1 394.5 353.6 0.116 0 .116 0.161 0. 163 1.395 1. 405 

2 399.9 358.4 0.116 0.164 1.414 
8 1 387.9 347.2 0.117 0 .115 0.161 0. 157 1.370 1. 363 

2 382.6 343.8 0.113 0.153 1.357 
9 1 386.9 346.8 0.116 0 .113 0.158 0. 155 1.369 1. 373 

2 387.6 349 0.111 0.152 1.377 
10 1 399.2 358.7 0.113 0 .109 0.160 0. 155 1.416 1. 418 

2 398.3 360.1 0.106 0.151 1.421 

MEAN 
S D 

0.11 
0 . 0 0 6  

0.151 
0. 009 

1.36 
0.06 
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01. Neutron probe counts collected between 04 April 1988 (Day 
95) and 16 May 1988 (Day 137). Measurements collected at 30 cm 
depth. 

DAY OF STD 
YEAR COUNT LYS1 LYS2 LYS3 LYS4 LYS5 
95 18048 0.6722 0. ,6508 0.6833 0.8132 0.6155 
98 17918 0.702 0. ,7202 0.7248 0.8494 0.6738 
101 18086 0.7047 0. ,6397 0.7257 0.7694 0.5888 
103 17996 0.6678 0. ,6802 0.6731 0.8263 0.624 
108 18081 0.715 0. ,7303 0.7116 0.8011 0.6342 
110 18034 0.6897 0. ,6955 0.6579 0.7699 0.6083 
118 18190 0.6596 0. ,6944 0.6358 0.8249 0.6545 
121 18072 0.6525 0. ,6998 0.6916 0.87 0.6734 
124 18062 0.6592 0. 7428 0.7266 0.8595 0.656 
126 18008 0.7022 0. 6707 0.671 0.7898 0.5851 
129 18001 0.7131 0. 7008 0.704 0.834 0.6508 
132 17972 0.7139 0. ,7239 0.7167 0.8376 0.6807 
134 18096 0.6567 0. 6558 0.633 0.7759 0.6054 
135 17993 0.624 0. 5984 0.5982 0.7373 0.562 
137 17961 0.7215 0. ,7474 0.7226 0.8099 0.6653 

DAY OF STD 
YEAR COUNT LSY6 IYS7 LYS8 LYS9 ISY10 
95 18048 0.6772 0. 7135 0.664 0.6933 0.7922 
98 17918 0.7242 0. 7562 0.7044 0.73 0.8205 
101 18086 0.6447 0. 7389 0.7006 0.6482 0.7644 
103 17996 0.616 0. 7084 0.6685 0.6661 0.781 
108 18081 0.7118 0. 7635 0.6857 0.7359 0.8442 
110 18034 0.6714 0. 7237 0.6631 0.6847 0.8127 
118 18190 0.6837 0. 6993 0.6864 0.6894 0.8388 
121 18072 0.728 0. 7142 0.6995 0.682 83.47 
124 18062 0.6931 0. 7765 0.6919 0.7265 0.8322 
126 18008 0.6596 0. 7775 0.7327 0.6696 0.7924 
129 18001 0.6499 0. 7669 0.738 0.7112 0.8141 
132 17972 0.6459 0. 7495 0.7384 0.6842 0.7847 
134 18096 0.6716 0. 6949 0.6852 0.6744 0.8073 
135 17993 0.6486 0. 6578 0.645 0.6457 0.7818 
137 17961 0.6929 0. 6967 0.7388 0.7515 0.7929 
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D2 (a). Daily weather data and canopy temperatures for lysimeters 
1 to 5 (06 April 1988 (Day 97) - 13 May 1988 (Day 134)). 

DAY SOLAR NETRAD VPD WIND WIND AIR CANOPY TEMPERATURES (C) 
(DOY)(Wm-2) (Wm-2)(kPa) (m/s)DIR TEMP LYSl LYS2 LYS3 LYS4 LYS5 
97 629 398 3.64 4.4 SE 30.3 24.2 23.5 24.7 24.9 24.4 
98 760 576 2.65 1.7 N 28.3 34.2 34.2 33 .8 34.8 33.4 
99 760 578 3.21 3.4 W 29.7 30.4 29.1 28.6 29.2 29.6 
100 757 574 4.09 3.4 N 31.9 29.1 30.1 30.2 29.5 29.7 
101 735 540 3.31 4.4 E 28.6 28.2 30.3 29.2 31.6 29.9 
102 768 590 3.69 2.9 SE 30.8 34.8 38.6 35.1 35.7 39.1 
103 670 450 3.75 2.1 W 31.3 30.6 30.6 30.5 30.4 30 
104 460 211 2.94 2.3 W 27.5 24.1 23 .9 22.6 23 23.3 
105 736 542 1.89 0.9 SW 25.2 32.3 32.6 33.1 32.7 33 . 3 
106 373 143 1.61 4.3 S 22 19.5 18.8 18.1 18.2 17.8 
107 260 100 0.53 3 SW 15.7 22.9 20.3 20.7 21.2 21 
108 502 252 1.1 3.7 W 18 16.5 16.9 18 17 17 
109 602 363 0.43 1.4 SW 17.4 32.9 30.7 31.3 34.5 36.2 
110 876 573 2.09 1.7 W 26 32.7 33 .2 30 33 34 .1 
111 858 603 2.33 4.3 SE 26.5 29.2 28.3 29.4 26.8 26.3 
112 936 701 1.26 6 W 19.5 23.6 22.7 22.1 21.6 22.4 
113 965 633 1.35 3.2 W 20.5 28.2 29.2 29.2 28.9 29.3 
114 913 613 2.12 2 W 24 33.2 33.7 32.6 31.1 31.1 
115 930 653 1.49 3.2 W 20.7 27.6 26.1 27.2 26.9 31 
116 908 602 2.64 2.7 W 27.2 33 31.6 33 34.2 34.9 
117 941 601 3.06 1.6 W 29 34 .9 36.2 34.1 33 .8 35 
118 822 530 3.33 2.9 W 30.3 34.5 32.8 31.1 28.9 28.4 
119 133 78 1.28 4.3 W 21.4 17 .9 17 .7 17.4 17.6 17 . 2 
120 925 625 1.85 2.1 W 25.9 35.2 34.5 35.7 36.9 38.2 
121 888 607 2.84 4 W 28.8 29.3 28.3 29.5 27.3 27.9 
122 939 631 1.6 4.1 NW 20 29.4 25. 6 26.7 25.7 25.9 
123 912 613 1.92 2.2 NW 21.5 30.2 30.4 30.3 30.8 30.4 
124 938 593 3.31 1.3 NW 28.5 39.3 37.8 36.7 35.9 35.5 
125 928 615 3.56 5 SW 30.2 29.3 28.4 28.6 29.6 30.6 
126 931 623 3.26 6 W 29 28.1 27.8 26.2 26.5 28 
127 903 559 1.92 2.7 NW 22 29.1 29 26 27.8 31.4 
128 915 591 2.03 3.7 W 24.5 30.3 27.9 29.6 28.7 29.1 
129 952 585 1.87 2.1 NE 23.5 29.6 27.8 31.2 35.9 32.6 
130 931 609 2.77 2.8 NW 28.3 32.9 30.6 29.9 31 31.8 
131 931 581 3.42 3.4 W 30.5 33.1 33.4 30.1 32.2 33.6 
132 904 525 3.82 1.3 NW 33.7 41.7 41.5 41.4 39.7 39.8 
133 919 558 3.91 2.2 W 34.8 35.9 35.6 36.7 38 39.1 
134 949 613 4.28 2.1 W 35.8 39.7 36.8 36.5 40 40.8 

CANOPY TEMPERATURE AVERAGES 30.2 29.6 29.4 29.8 30.2 
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D2(b). Daily weather data and canopy temperatures for lysimeters 
6 to 10 (06 April 1988 (Day 97) - 13 May 1988 (Day 134). 

DAY SOLAR NETRAD VPD WIND WIND AIR CANOPY TEMPERATURES (C) 
(DOY)(Wm-2) (Wm-2)(kPa) (m/s)DIR TEMP LYS6 LYS7 LYS8 LYS9 LYS10 
97 629 398 3.64 4.4 SE 30.3 24.7 23.2 26.1 25.8 26.4 
98 760 576 2.65 1.7 N 28.3 35.9 33 .3 31.3 33.2 35.2 
99 760 578 3.21 3.4 W 29.7 28.4 28.9 28. 6 30.4 28 . 9 
100 757 574 4.09 3.4 N 31.9 26.8 27.2 26.9 27.3 28 . 4 
101 735 540 3.31 4.4 E 28.6 27.4 24.1 25 27.6 29. 3 
102 768 590 3.69 2.9 SE 30.8 36.3 29.6 32.7 36.2 33 
103 670 450 3 .75 2.1 W 31.3 28 29 30.1 28.6 28.2 
104 460 211 2.94 2.3 W 27.5 21.8 21.6 23 22.9 22.7 
105 736 542 1.89 0.9 sw 25.2 32.3 31.6 33.2 33.1 31 
106 373 143 1.61 4.3 s 22 18.1 17.9 18.1 18.1 18.6 
107 260 100 0.53 3 sw 15.7 20.2 21.1 21 21 22.1 
108 502 252 1.1 3.7 w 18 16.8 17.1 17.1 17.8 17 . 5 
109 602 363 0.43 1.4 sw 17.4 35.3 34.9 35.7 34.7 36 
110 876 573 2.09 1.7 w 26 32.7 '31.1 31.4 33.8 31.1 
111 858 603 2.33 4.3 SE 26.5 25.8 26.9 28.6 27.7 29 
112 936 701 1.26 6 w 19.5 22.7 22.8 23.2 22.9 21.9 
113 965 633 1.35 3.2 w 20.5 26.1 26.8 27.5 26 26.4 
114 913 613 2.12 2 w 24 29.8 31.5 28.9 29.8 29. 9 
115 930 653 1.49 3.2 w 20.7 30.2 29.2 31.2 29.2 27. 3 
116 908 602 2.64 2.7 w 27.2 34.4 31.7 30.3 29.9 29.8 
117 941 601 3.06 1.6 w 29 33.7 32 34.1 34 . 4 35.9 
118 822 530 3.33 2.9 w 30.3 26.4 24.9 27.1 26. 4 26 
119 133 78 1.28 4.3 w 21.4 17.2 17 17.3 17.3 17. 5 
120 925 625 1.85 2.1 w 25.9 35.1 31.8 32.3 34.3 34.7 
121 888 607 2.84 4 w 28.8 27.2 27 27.6 27.9 28 . 6 
122 939 631 1.6 4.1 NW 20 27.2 27.6 28.2 25.1 25. 3 
123 912 613 1.92 2.2 NW 21.5 29.8 27.4 27.5 28.3 28. 3 
124 938 593 3.31 1.3 NW 28.5 34.7 32.7 32.6 35.9 37.8 
125 928 615 3.56 5 SW 30.2 31.3 29.5 28.4 28.3 27 . 5 
126 931 623 3.26 6 W 29 26.6 25.2 26.4 26.7 29 
127 903 559 1.92 2.7 NW 22 29.8 26.9 28.4 32.3 32.6 
128 915 591 2.03 3.7 W 24.5 29.4 26.4 26.9 26.9 26.2 
129 952 585 1.87 2.1 NE 23.5 33.9 32.1 29.5 29.7 29.6 
130 931 609 2.77 2.8 NW 28.3 32 31.3 30.7 32.2 32.3 
131 931 581 3.42 3.4 W 30.5 31 30.2 30.5 30.3 31 
132 904 525 3.82 1.3 NW 33.7 38.3 38.1 38.2 38.1 37.9 
133 919 558 3.91 2.2 W 34.8 34.7 33.3 33.8 33.5 34.3 
134 949 613 4.28 2.1 W 35.8 36.8 38.7 37.3 36 39. 6 

CANOPY TEMPERATURE AVERAGES 29.2 28.2 28.6 28.9 29.1 
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D3. Daily CWSI values calculated for lysimeters 1-10 between Day 
97 and 134. 

DAY CWSI CWSI CWSI CWSI CWSI CWSI CWSI CWSI CWSI CWSI 
(DOY) LYS1 LYS2 LYS3 LYS4 LYS5 LYS6 LYS7 LYS8 LYS9 LYS10 
97 -0.04 -0.07 -0.01 0 -0.02 -0.01 -0.09 0.07 0. 05 0. 08 
98 0.33 0.33 0.31 0.37 0.29 0.42 0.29 0.18 0. 28 0. 39 
99 0.13 0.07 0. 04 0. 07 0.09 0.03 0.06 0.04 0. 13 0. 06 
100 0.06 0.11 0.11 0.08 0. 09 -0.04 -0.02 -0.03 -0. 01 0. 03 
101 0.12 0.22 0.17 0.29 0.2 0. 08 -0.08 -0.04 0. 09 0 . 17 
102 0.33 0.5 0.34 0.37 0.52 0.4 0.09 0.23 0. 39 0 . 24 
103 0.22 0.22 0.21 0.21 0.19 0.08 0.14 0.19 0. 11 0 . 09 
104 0.23 0.21 0.11 0.14 0.17 0.05 0.04 0 .14 0 . 13 0 . 12 
105 0.36 0.37 0.41 0.38 0.42 0.36 0.31 0.41 0. 41 0 . 28 
106 0.12 0.04 -0.05 -0.04 -0.08 -0.05 -0.07 -0.05 -0. 05 0 . 01 
107 2.11 1.39 1.5 1.64 1.58 1.36 1.61 1.58 1. 58 1. 58 
108 -0.18 -0.13 0 -0.12 -0.12 -0.14 -0.11 -0.11 -0. 02 -0. 06 
109 1.51 1.22 1.3 1.72 1.95 1.83 1.78 1.88 1. 75 1. 92 
110 0.32 0.35 0.16 0.34 0.4 0.32 0.23 0.25 0. 38 0. 23 
111 0.1 0.05 0.11 -0.03 -0.06 -0.08 -0.02 0.07 0. 02 0. 09 
112 -0.11 -0.17 -0.2 -0.23 -0.18 -0.17 -0.16 -0.14 -0. 15 -0. 21 
113 0.08 0.14 0.14 0.12 0.14 -0.03 0 0.04 -0. 04 -0. 02 
114 0.42 0.44 0.38 0.3 0.3 0.23 0.32 0.18 0. 23 0. 23 
115 0. 15 0.06 0.13 0.11 0.35 0.31 0.25 0.37 0. 25 0. 13 
116 0.3 0.23 0.3 0.36 0.4 0.37 0.24 0.16 0 . 14 0. 14 
117 0. 35 0.41 0.31 0.3 0.36 0.29 0.21 0.31 0. 33 0 .4 
118 0.24 0.16 0.31 0.18 0.15 0.04 -0.05 0. 08 0. 04 0. 01 
119 -0.02 -0.05 -0.1 -0.07 -0.14 -0.14 -0.17 -0.12 -0. 12 -0. 09 
120 0.39 0.35 0.41 0.48 0.56 0.38 0.19 0.22 0. 33 0. 36 
121 0.05 0 0.06 -0.05 -0.02 -0.05 -0.06 -0.03 -0. 02 0. 02 
122 0.34 0.11 0.17 0.11 0.12 0.2 0.23 0.26 0. 08 0. 09 
123 0.36 0.37 0.37 0.4 0.37 0.34 0.2 0.21 0. 25 0. 25 
124 0.61 0.54 0.49 0.45 0.43 0.39 0.3 0.29 0. 45 0. 54 
125 0.07 0.03 0.04 0.09 0.13 0.16 0. 08 0.03 0. 03 -0. 01 
126 0.03 0.02 -0.06 -0.04 0.03 -0.04 -0.1 -0.05 -0. 03 0. 07 
127 0.33 0.33 0.14 0.25 0.47 0.38 0.2 0.29 0. 53 0. 55 
128 0.24 0.1 0.2 0.15 0.17 0.19 0.01 0. 04 0. 04 0 
129 0.24 0.13 0.34 0.62 0.42 0.5 0.39 0.23 0. 25 0. 24 
130 0.25 0.13 0.1 0.15 0.19 0.2 0.17 0.14 0. 21 0. 22 
131 0.24 0.25 0.1 0.2 0.26 0.14 0.1 0.12 0. 11 0. 14 
132 0.57 0.56 0.56 0.48 0.48 0.41 0.4 0.4 0 .4 0. 39 
133 0.22 0.2 0.25 0.31 0.37 0.16 0.1 0.12 0 . 1 0. 14 
134 0.33 0.2 0.19 0.34 0.37 0.2 0.28 0.22 0. 17 0. 32 

AVG 0.3 0.248 0.246 0.274 0.299 0.239 0.192 0.215 0.232 0.241 
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D4 (a). Lysimeter irrigations and drainage between Day 013 and 098 
for lysimeters 1-5. Symbol * = Rainfcill event. 

DAY LYS1 LYS1 LYS2 LYS2 LYS3 LYS3 LYS4 LYS4 LYS5 LYS5 
IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN 

13 7.5 0 7.5 0 7.5 0 7.5 0 7.5 0 
14 0 0.9 0 1.1 0 1.9 0 0 0 1.9 

*18 9 0 9 0 9 0 9 0 9 0 
19 0 2.2 0 2.2 0 3.4 0 0.8 0 1.5 
20 0 1.3 0 1.5 0 0.9 0 0.6 0 2 . 4 
23 8.5 0 8.5 0 8.5 0 8.5 0 8.5 0 
25 0 1.5 0 2.4 0 3.7 0 1.9 0 5 
27 12 0 12 0 12 0 12 0 12 0 
29 0 0.2 0 4.7 0 11.2 0 1.5 0 4 . 1 
31 12.5 0 12 .5 0 12.5 0 12.5 0 12.5 0 

*32 4 . 2 0 4.2 0 4.2 0 4.2 0 4.2 0 
33 0 1.5 0 2.8 0 9.7 0 6.5 0 10. 1 

*35 11.1 0 11.1 0 11.1 0 11.1 0 11.1 0 
37 0 6.3 0 9.1 0 9.3 0 11.8 0 6 
40 14 0 14 0 14 0 14 0 14 0 
42 0 1.3 0 20 0 16 0 1.3 0 9.8 
44 14.3 0 14.3 0 14.3 0 14.3 0 14. 3 0 
46 0 0.4 0 6.7 0 9.3 0 0.93 0 7 . 8 
48 16.2 0 16.2 0 16.2 0 16.2 0 16.2 0 
50 0 0.4 0 9.7 0 17.4 0 1.5 0 7.7 
51 9.8 0 9.8 0 9.8 0 9.8 0 9.8 0 
53 0 2.2 0 7.5 0 5.2 0 3.7 0 5.6 
54 10.9 0 10.9 0 10.9 0 10.9 0 10.9 0 
56 0 2.8 0 5.9 0 10.8 0 7.1 0 6.5 
58 14 0 14 0 14 0 14 0 14 0 
60 0 5.9 0 16.6 0 14.9 0 9 0 16. 6 
SI 12.8 0 12.8 0 12.8 0 12.8 0 12.8 0 

*62 4.9 0 4.9 0 4.9 0 4.9 0 4.9 0 
64 0 12 0 24 .4 0 19.3 0 16.5 0 17 . 5 
66 9.7 0 9.7 0 9.7 0 9.7 0 9.7 0 
68 0 2.2 0 6 0 4.1 0 3.7 0 1.5 
70 19.1 0 19.1 0 19.1 0 19.1 0 19. 1 0 
72 0 8.2 0 14.9 0 17.9 0 7.5 0 10.8 
73 15 0 15 0 15 0 15 0 15 0 
75 0 7.8 0 10.1 0 6.7 0 7.5 0 7.8 
76 15.7 0 15.7 0 15.7 0 15.7 0 15.7 0 
78 0 7.7 0 12.7 0 11.6 0 8.7 0 7.5 
79 9.3 0 9.3 0 9.3 0 9.3 0 9.3 0 
81 6 0.2 6 0.7 6 0.3 6 0.7 6 1 
83 27.2 0 27.2 0 27.2 0 27.2 0 27.2 0 
85 0 9.9 0 2.6 0 18 0 7.5 0 2.1 
86 13 .5 0 13.5 0 13.5 0 13.5 0 13.5 0 
88 0 1.9 0 4.7 0 3.2 0 4.4 0 6.7 
89 22.2 0 22.2 0 22.2 0 22.2 0 22.2 0 
91 0 9.6 0 12.1 0 14.9 0 15.9 0 9 
92 19.8 0 19.8 0 19.8 0 19.8 0 19.8 0 
94 0 10.8 0 13.8 0 11.2 0 0.5 0 10.8 
95 17.6 0 17.6 0 17.6 0 17.6 0 17.6 0 
97 13.5 7.8 13.5 5.9 13.5 15.7 13.5 14.7 13.5 7.8 
98 0 4.9 0 6.7 0 7.5 0 0 0 8.6 

TOTAL 350.3 109.9 350.3 204.8 350.3 244.1 350.3 134.2 350.3 176.1 
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D4 (b). Lysimeter irrigations and drainage between Day 013 and 098 
1988 for lysimeters 6-10. Symbol * = Rainfall event. 

DAY LYS6 LYS6 LYS7 LYS7 LYS8 LYS8 LYS9 LYS9 LYS10 LYS10 
IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN 

13 7.5 0 7.5 0 7.5 0 7.5 0 7 . 5 0 
14 0 0.9 0 3.7 0 0.4 0 1.9 0 0.3 

*18 9 0 9 0 9 0 9 0 9 0 
19 0 0.9 0 5.5 0 0.2 0 3.7 0 3.7 
20 0 1.5 0 1.9 0 0.7 0 2.1 0 0.9 
23 8.5 0 8.5 0 8.5 0 8.5 0 8.5 0 
25 0 1.3 0 6 0 0.9 0 1.9 0 3.7 
27 12 0 12 0 12 0 12 0 12 0 
29 0 0.6 0 6.9 0 3.7 0 1.5 0 6.7 
31 12.5 0 12.5 0 12.5 0 12.5 0 12 . 5 0 

*32 4.2 0 4.2 0 4.2 0 4.2 0 4 . 2 0 
33 0 1.9 0 11.2 0 6 0 1.9 o- 9.7 

*35 11.1 0 11.1 0 11.1 0 11.1 0 11. 1 0 
37 0 3 0 12.9 0 6.2 0 2.8 0 13 . 8 
40 14 0 14 0 14 0 14 0 14 0 
42 0 3.4 0 12.3 0 1.1 0 2.8 0 6.5 
44 14.3 0 14.3 0 14.3 0 14.3 0 14.3 0 
46 0 0.2 0 13.1 0 1.9 0 2.6 0 13 .1 
48 16.2 0 16.2 0 16.2 0 16.2 0 16. 2 0 
50 0 0.4 0 12.7 0 2.4 0 2.1 0 8.4 
51 9.8 0 9.8 0 9.8 0 9.8 0 9.8 0 
53 0 0.4 0 7.5 0 4.1 0 2.2 0 7.5 
54 10.9 0 10.9 0 10.9 0 10.9 0 10. 9 0 
56 0 1.7 0 9 0 3.7 0 2.4 0 6.5 
58 14 0 14 0 14 0 14 0 14 0 
60 0 4.1 0 11.5 0 0.9 0 3.1 0 14 . 2 
61 12.8 0 12.8 0 12.8 0 12.8 0 12.8 0 

*62 4.9 0 4.9 0 4.9 0 4.9 0 4.9 0 
64 0 7.6 0 20.5 0 10.3 0 14.6 0 15.9 
66 9.7 0 9.7 0 9.7 0 9.7 0 9.7 0 
68 0 0.4 0 5.2 0 3.4 0 2.6 0 3.7 
70 19.1 0 19.1 0 19.1 0 19.1 0 19. 1 0 
72 0 0 0 13.1 0 7.5 0 8.6 0 14 .9 
73 15 0 15 0 15 0 15 0 15 0 
75 0 3.4 0 13.1 0 7.5 0 7.1 0 4.9 
76 15.7 0 15.7 0 15.7 0 15.7 0 15.7 0 
78 0 3.4 0 14.9 0 9.8 0 7.1 0 14 . 8 
79 9.3 0 9.3 0 9.3 0 9.3 0 9.3 0 
81 6 0.2 6 0.9 6 0.2 6 0.7 6 0.2 
83 27.2 • 0 27.2 0 27.2 0 27.2 0 27.2 0 
85 0 5.5 0 13.5 0 0.8 0 0.8 0 15 
86 13 .5 0 13.5 0 13.5 0 13.5 0 13.5 0 
88 0 0.4 0 8.6 0 4.1 0 1.8 0 7.3 
89 22.2 0 

rg « 
CM CM 

0 22.2 0 22.2 0 22.2 0 
91 0 5.6 0 18.9 0 11.9 0 7.6 0 11.2 
92 19.8 0 19.8 0 19.8 0 19.8 0 19.8 0 
94 0 4.5 0 13.8 0 7.5 0 10.1 0 15. 3 
95 17.6 0 17.6 0 17.6 0 17.6 0 17.6 0 
97 13.5 9 13.5 12.7 13.5 6.3 13.5 9.7 13 .5 17. 5 
98 0 1.9 0 7.5 0 2.2 0 3.7 0 7.8 

TOTAL 350.3 62.2 350.3 256.9 350.3 103.7 350.3 105.4 350.3 224 
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D5(a). Lysimeter irrigations and drainage between Day 097 and 138 
988 for lysimeters 1-5. Symbol * = Rainfall event. 

DAYOF LYS1 LYS1 LYS2 LYS2 LYS3 LYS3 LYS4 LYS4 LYS5 LYS5 
YEAR IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN 
97 13.5 0 13.5 0 13.5 0 13.5 0 13 . 5 0 
98 0 4.9 0 6.7 0 7.5 0 0 0 8.6 
100 19.8 0 0 0 19.8 0 0 0 0 0 
101 0 3 . 3 0 0 0 11.9 18 0 0 0 
102 0 0 18 0 0 0 0 0.1 18 0 
103 21.3 0.4 0 0.9 21.3 0.4 0 0.2 0 1.1 
104 0 5.2 0 0 0 22.4 0 0 0 0 

*105 6 0.4 6 0.1 6 0.4 6 0.1 6 0 
106 8.8 0 0 0 8.8 0 0 0 0 0 

*107 30.5 36.6 30.5 21.6 30.5 51.5 30.5 15.5 30.5 15.7 
*108 1.4 0 1.4 0 1.4 0 1.4 0 1.4 0 
109 0 3.7 0 0.7 0 7.8 0 0.2 0 7.5 
110 0 0 18 0 0 0 18 0 18 0 
111 11.8 0.1 0 18.3 11.8 0.1 0 6.3 0 0.8 

*112 3 0 3 0 3 0 3 0 3 0 
*113 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 
114 0 0 18 0 0 0 18 0 18 0 
115 22.3 0.1 0 10.8 22.3 0.2 0 13 .1 0 0.9 
116 0 8.8 18 0.2 0 25.8 18 0.4 18 3 . 1 
117 0 1.1 0 14.5 0 3.4 0 11.2 0 11. 6 
118 20.3 0.1 0 0.1 20.3 0.1 0 0.2 0 0.9 
119 0 10.8 0 0 0 14.2 0 0 0 0 
120 0 1.9 18 0 0 0.7 18 0 18 0 
121 0 0 0 9.3 0 0 0 3.7 0 3.7 
122 15.5 0 0 0 15.5 0 0 0 0 0 
123 2.2 0.4 18 0.3 2.2 8.4 18 0.4 18 0.6 
124 0 0.4 0 4.5 0 0.7 0 9.3 0 9 . 3 
125 22.5 0 0 0 22.5 0 0 0 0 0 
126 0 9.4 0 0.7 0 27.2 0 0.4 0 2.4 
127 0 0 18 0 0 0 18 0 18 0 
128 24.4 0.1 0 2.6 24.4 0.4 0 1.1 0 0.1 
129 0 10.1 0 0 0 23.9 18 0 18 0 
130 0 0 0 0 0 0 0 14.2 0 10. 6 
131 21.7 0 18 0 21.7 0 18 0 18 0 
132 0 10.3 0 19.6 0 5.2 0 9.7 0 10.6 
133 0 0 0 0 0 0 0 0 0 0 
134 0 0.1 0 0.3 0 0.9 0 0.4 0 0.9 
135 18 0 18 0 18 0 18 0 18 0 
136 18 1.9 18 3 18 9.3 18 3.7 18 4.9 
137 0 15.9 0 19.3 0 26.1 0 23.9 0 19.4 
138 0 0.1 0 0.2 0 2.6 0 1 0 0.7 

Total 281.5 126.1 234.9 133.7 281.5 251.1 252.9 115.1 252.9 113 .4 
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D5 (b). Lysimeter irrigations and drainage between Day 097 and 138 
1988 for lysimeters 6-10. Symbol * = Rainfall event. 

DAYOF LYS6 LYS6 LYS7 LYS7 LYS8 LYS8 LYS9 LYS9 LYS10 LYS10 
YEAR IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN IRRG DRAIN 
97 13.5 0 13.5 0 13.5 0 13.5 0 13.5 0 
98 0 1.9 0 7.5 0 2.2 0 3.7 0 7.8 
100 0 0 19.8 0 19.8 0 0 0 0 0 
101 0 0 0 11.2 0 1.7 0 0 18 0 
102 18 0 0 0 0 0 18 0 0 11.9 
103 0 0.7 21.3 0 21.3 0.6 0 0.9 0 0.1 
104 0 0 0 10.9 0 5.4 0 0 0 0 

*105 6 0.1 6 2.2 6 0.9 6 0.1 6 0.1 
106 0 0 8.8 0 8.8 0 0 0 0 0 

*107 30.5 7.9 30.5 59.7 30.5 41 30.5 9 30.5 15.5 
*108 1.4 0 1.4 0 1.4 0 1.4 0 1.4 0 
109 0 3.7 0 5.6 0 5.9 0 4.7 0 0.1 
110 18 0 0 0 0 0 18 0 18 0 
111 0 4.7 11.8 0.1 11.8 0.1 0 10.1 0 14.6 

*112 3 0 3 0 3 0 3 0 3 0 
*113 0.5 0 0.5 5.2 0.5 1.1 0.5 0 0.5 0 
114 18 0 0 0 0 0 0 0 18 0 
115 0 10.5 22.3 0.1 22.3 0.4 18 1.4 0 12 
116 18 0.2 0 18.7 0 3 0 7.7 0 0.1 
117 0 14.2 0 0.4 0 0.4 18 0.4 18 0 
118 0 0.1 20.3 0.1 20.3 0.1 0 9.3 0 7.3 
119 0 0 0 15.3 0 7.1 0 0 0 0 
120 18 0 0 0.7 0 0.7 18 0 18 0 
121 0 0.9 0 0 0 0 0 9.8 0 11.9 
122 17.7 0 15.5 0 15.5 0 0 0 0 0 
123 18 11 2.2 5.2 2.2 0.1 18 0.8 18 0.8 
124 0 18.7 0 0 0 1.9 0 0.1 0 17.5 
125 0 0 22.5 0 22.5 0 0 0 0 0 
126 0 0.4 0 22.8 0 6.6 0 0.2 0 0.5 
127 18 0 0 0 0 0 18 0 18 0 
128 0 0.1 24.4 1.1 24.4 0.1 0 0.1 0 6.3 
129 18 0 0 6.1 0 20.5 18 0 0 0 
130 0 5.2 0 0 0 0 0 9.5 18 0 
131 0 0 21.7 0 21.7 0 0 0 0 0 
132 18 1.3 0 15 0 6.3 18 0.9 18 18.2 
133 0 1.1 0 0 0 0 0 4.5 0 8.1 
134 0 0.7 0 0.6 0 0.6 0 0.6 0 0.4 
135 18 0 18 0 18 0 18 0 18 0 
136 18 7.1 18 3.7 18 1.9 18 0.8 18 14.2 
137 0 17.5 0 15 0 12.1 0 18.5 0 25.2 
138 0 0.3 0 0 0 0.1 0 0.6 0 0.1 

Total 270.6 108.3 281.5 207.2 281.5 120.8 252.9 93.7 252.9 172.7 
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D6. Turf quality and color ratings (1-9) between Day 100 and 133 
1988 for all 10 lysimeters. Highest rating possible = 9. 

PLOT (1) (2) (3) (4) (5) 
TRT AZ 0.25 AZ 0.15 0.25 
DAY COL QUAL COL QUAL COL QUAL COL QUAL COL QUAL 

100 6.5 7 7 7 8 8 6.5 7 6.5 6/5 
101 6.5 7.5 7 6.5 6.5 7.5 6.5 6.5 6 7 
102 7 6.5 6.7 5.7 6.5 7 7.1 6.8 5.5 5.2 
103 7 7 . 5 7.1 6 7 7.5 6.7 6.8 6.5 5.7 
105 6.7 7.5 7.4 6.9 6.1 7 6.7 7.2 6.2 6.5 
110 6.4 7.2 6.8 7.5 6 7 6.5 6.5 6.2 6.5 
116 6.5 6.5 7.5 7.2 7 7 7 7.5 7.5 6.2 
118 6.5 5.7 7.2 7 6.2 6.2 7 7 7.1 6.7 
124 5 4.7 6 6.6 6.1 6.5 5.8 6.4 6.5 6.2 
130 6.2 6.2 7 6.2 6.2 6 5.7 5.7 5.5 5.7 
133 6 6.5 5.2 5.2 5.5 5 6 5.7 5.6 5.2 

AVG 6.39 6. 62 6.81 6.53 6.46 6.79 6.5 6.65 6.28 6.13 

PLOT (6) (7) (8) (9) (10) 
TRT 0.15 AZ AZ 0.25 0.15 
DAY COL QUAL COL QUAL COL QUAL COL QUAL COL QUAL 

100 6 8 7 7 6.5 7 7.5 7 7.5 6.5 
101 6.5 6.4 6.5 7.5 7 7.5 6.5 6.5 6 6 
102 6.2 5.2 6.7 7 6 7 6.7 5.7 5.7 6.5 
103 6.5 6.4 6.7 7.5 6.5 7 6.7 6.5 6 6.1 
105 6.4 6.8 6.7 7.6 6.5 7.5 6.7 6.7 6 6.2 
110 6.4 6.5 6.5 7.2 6.5 7.2 7 6.2 6 6.1 
116 7.5 6.5 6.7 7.4 6.5 6.5 7.1 5.9 6.6 6 
118 6.2 7 6.1 6.9 6.8 6.1 6.9 6.5 6.5 6 
124 6.7 7.2 6.5 6.4 5.7 6 6.5 7 5.8 6.2 
130 6.2 6.7 5.7 6.4 6.2 5.9 6.7 5.2 6.8 5 
133 7 7.5 5.5 6 5.8 6.1 7.5 6.5 5.8 6 

AVG 6.51 6.75 6.42 6.99 6.36 6.71 6.89 6.34 6.25 6.05 
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APPENDIX E 

LYSIMETER WATER HOLDING CAPACITY 

Procedure 

On 22 January 1989 the drainage tubes of each 

lysimeter were plugged and the lysimeters were flooded 

until saturated. The drainage tubes were then unplugged and 

the lysimeters allowed to drain for 48 hours. The total 

drainage from each lysimeter was collected and recorded. 

The results are presented in table El. 

Conclusion 

The mean water holding of the lysimeters was 116.7 mm 

with a standard deviation of 13.9 (Table El). Drainage was 

measured in order to indirectly estimate total lysimeter 

pore space and evaluate individual drainage 

characteristics. The lysimeters drained much more uniformly 

in this study than they did during Lysimeter Experiment I, 

where they received equivalent irrigations over an 84 day 

period. The reason for this can be attributed to the 

saturated state of the lysimeters prior to drainage (Day 

022) . A saturated soil profile would have sufficient 

hydraulic pressure to force water out of the lysimeter. 

During Experiment I drainage was from primarily from 

unsaturated soils, resulting in perched water tables which 
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inhibited drainage efficiency and uniformity. 

The variation in lysimeter drainage which occurred in 

the study is probably due to differences in lysimeter 

drainage characteristics resulting from the placement or 

partial blockage of drainage tubes. Perched water or 

different water holding capacities could also influence the 

amount of water drained by affecting the amount of water 

retained. 

Table El. Total water holding capacity of all 
10 drainage lysimeters. Lysimeters saturated 

on Day 022 and drainage measured on Day 02489. 

Lysimeter 
# 

Total Water Holding Capacity 
(Liters) (mm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

27.7 
31.7 
32.7 
29.5 
32.7 
28.5 
35.0 
29.7 
29.2 
22.0 

108.3 
123.8 
127.7 
115.2 
127.7 
111.3 
136.7 
116.0 
114.1 
85.9 

AVG 
S.D. 

116.7 
13.9 
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APPENDIX F 

DATA ADJUSTMENT PROCEDURE 

Introduction 

During Experiment I .(Day 013 to Day 09788) all 10 

drainage lysimeters were irrigated uniformly, but estimates 

of turfgrass water use varied considerably between the 

lysimeters (Figure 1.2). This variability was attributed to 

differences in lysimeter drainage characteristics. Because 

the turf was established and time was limited, it was 

decided to begin Experiment II, using the results from 

Experiment I to adjust the results from Experiment II. It 

was hoped that lysimeter variation could be minimized in 

this way and treatment comparisons made. 

Procedure 

The adjustment technique used is presented step by 

step below: 

1). The water drained from each lysimeter during Experiment 

I was divided by the amount of water applied (350.3 mm) to 

obtain the percentage of water used by the turf or retained 

in the lysimeter. 

2) . A mean percentage value was then calculated based on 

the percentages determined above. 
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3). The difference between the individual percentage (#1) 

and the mean percentage (#2) was calculated for each 

lysimeter. 

4) . These values (#3) were then multiplied by the 

cumulative drainage values (mm) measured during Experiment 

II. 

5) . The numbers obtained above (#4) were then either added 

or subtracted (depending if the values were positive or 

negative) 

from the cumulative lysimeter drainage of Experiment II. 

This provided an adjusted drainage value based on the 

drainage characteristics of the lysimeters during 

Experiment I. 

6) . Water use estimates were then recalculated by 

subtracting the adjusted drainage values (#5) and estimated 

soil water depletion from the amount of water applied to 

each lysimeter. 



Table Fl. Data and procedure used to adjust Experiment II 
lysimeter water use estimates based on lysimeter water during 
Experiment II. 

EXPERIMENT I: DATA 
[C/B] [D-F] 

(mm) ADJUSTMENT 
LYS APPL DRN %DRN FACTOR 
[A] [B] [C] [D] [E] 

1 350.3 114.8 0.328 -0.156 
2 350.3 214.8 0.613 0.1299 
3 350.3 255 0.728 0.2446 
4 350.3 140.2 0.4 -0.083 
5 350.3 184 0.525 0.042 
6 350.3 65 0.186 -0.298 
7 350.3 267.5 0.764 0.2803 
8 350.3 107.6 0.307 -0.176 
9 350.3 110.1 0.314 -0.169 
10 350.3 234 0.668 0.1847 

[F] 
Mean 350.3 169.3 0.483 

EXPERIMENT II: DATA 
[H-(I+J)] [1+(IxE)][H-(L+J)] 

(mm) SOIL WATER ADJUSTED ADJUSTED 
s APPL DRN DEPL USE DRAINAGE WATER USE 
] [H] [I] [J] [K] [L] [M] 
1 245.9 113 3.2 136. 1 130.6 118.5 
2 198.9 116.4 4.6 87. 1 101.3 102.2 
3 245.9 222.9 6.6 29. 6 168.4 84.1 
4 216.9 91.5 5.2 130. 6 99.1 123 
5 216.9 92.6 4.9 129. 2 88.7 133.1 
6 234.6 87.2 3.7 151. 1 113.2 125.1 
7 245.9 197.7 4.4 52. 6 142.2 108.1 
8 245.9 111.7 1.4 135. 6 131.4 115.9 
9 216.9 77.2 4 143. 7 90.3 130.65 
10 216.9 139.2 1 78. 7 113.6 104.3 
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APPENDIX G 

IRRIGATION APPLICATION STUDY 

Introduction 

This study was conducted in order to determine the 

application accuracy of lysimeter irrigations. There was a 

possibility that irrigation amounts could have been 

underestimated as a result of irrigation water flowing onto 

the lysimeters from the partially sloped areas immediately 

surrounding each lysimeter. 

Materials and Methods 

Lysimeters 1 and 10 were chosen for the study because 

they had relatively high (136.1 mm; 16 irrigations) and low 

(78.7 mm; 14 irrigations) total water use values, 

respectively, during Lysimeter Experiment II (Day 097 to 

Day 134, 1988). The water holding capacities of the two 

lysimeters were first determined by plugging the drainage 

tubes and then flooding the lysimeters until saturated. The 

drainage tube plugs were then removed and the lysimeters 

were allowed to drain for 48 hours and the total amount of 

drainage recorded. This process was repeated 4 times in 

order to establish the average water holding capacity of 

each lysimeter and the corresponding standard deviation of 
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the measurements. The drainage data is shown in table Gl. 

The lysimeters were then plugged and flooded to 

saturation a fifth time (13 Jan 89) and quantity of water, 

approximately 1.25 times their respective standard 

deviation values (Table Gl) , was drained from each 

lysimeter. Draining a quantity of water in excess of the 

standard deviation values (Table Gl) insured that potential 

runoff during the subsequent irrigation could be 

accommodated by the lysimeters. 

A catchment was constructed which could be placed over 

the lysimeters to prevent irrigation water from falling 

directly onto the lysimeter surface, and to retain water 

for determination of irrigation application uniformity. The 

catchment was constructed from a circular piece of 3/8" 

thick plywood 57.2 cm in diameter (same diameter as 

lysimeters). A flexible 12 cm wide strip of sheet metal was 

attached to the perimeter of the plywood disk, forming a 

basin which could retain water. Latex caulk was used to 

insure a water tight seal between the plywood base and 

sheet metal sides of the catchment. Nails protruding from 

the underside of the catchment served as legs, suspending 

the catchment approximately 5 cm above the turf surface. 

The lysimeters were irrigated with either 36 mm (Lys 

1) or 18 mm (Lys 10) with the catchment was in place. An 

irrigation of 18 mm was standard for all CWSI plots during 
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Lysimeter Experiment II. The 36 mm application rate was 

selected in an attempt to induce possible runoff onto the 

lysimeter. Irrigations were made over aim2 area, 

delineated by a wooden frame, following the same technique 

used in Lysimeter Experiments I and II. The lysimeters were 

then permitted to drain for 2 days before the drainage was 

measured. The data from the study are shown in table G2. 

Conclusion 

Because the catchment prevented irrigation water from 

falling directly onto the lysimeters during irrigations on 

13 January, excessive drainage values would be expected 

only if water flowed onto the lysimeters from the 

surrounding areas. The results (Table G2) showed that the 

total drainage of both lysimeters on 15 January 89 was 

lower than the average drainage values shown in table Gl. 

These results suggest that water did not flow onto the 

lysimeters from adjacent areas during irrigations. It is 

therefore assumed that irrigation runoff onto the 

lysimeters did not affect turfgrass water use estimates 

during the experimental periods. 

By measuring the amount of water collected in the 

catchment during the irrigations, the uniformity of 

irrigation applications could be evaluated. The amount of 

water collected following each lysimeter irrigation is 



shown in table G2. The intended and actual amount of water 

applied to the lysimeters varied by 2 to 3%, which was 

considered well within acceptable limits. 
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Table Gl. Data obtained from the saturation 
and drainage of lysimeter #1 and #10 
between 07 January and 13 January 1989. 

Lysimeter Drainage Drainage (L) 
Flooded Measured LYS 1 LYS10 

05 Jan 07 Jan 25.8 22.1 

07 Jan 09 Jan 27.9 21.4 

09 Jan 11 Jan 26.7 23.1 

11 Jan 13 Jan 26.0 21.5 

AVG 26.6 21.5 

S.D. 0.95 0.78 

Table G2. Data from study to determine the application 
accuracy of lysimeter irrigations during Experiment I 
(Day 013 to 097) and II (Day 098 to 134). 

DAY LYS1 LYS2 

*Water Drained (L) 13 Jan 1.2 1.0 
(Appox 1.25XS.D.) 

Water Applied (L) 13 Jan 36.0 18.0 
(catchment in place) 

Drainage (L) 15 Jan 24.9 19.8 
(Lys area = .26 m2) 

Total Drainage:(15 Jan 89) 26.1 20.8 
+ (13 Jan 89) 

Water Collected (L) 9.1 4.8 
in Catchment (mm) 35.0 18.46 

Application Accuracy 97% 98% 

* = Lysimeters were saturated when water was drained. 
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APPENDIX H 

BIOMASS/LEAF AREA CALIBRATION 

Introduction 

This study was conducted on 10 May 1988, in order to 

establish whether ryegrass leaf area can be accurately 

estimated from turf biomass (dry weight). Acquiring leaf 

area estimates by measuring biomass, rather than using a 

leaf area meter, could be both time and labor efficient. 

Materials and Methods 

A total of 6 turf plug samples (17.4 cm2) were removed 

from experimental ryegrass plots, which had accumualted 

different days of growth. The grass of each individual plug 

was then clipped off at the soil surface, sealed in a 

plastic bag, and refrigerated to prevent desiccation. The 

entire above ground portion of the plug was included in the 

sample. 

That same day the samples were transported to a 

laboratory where leaf areas were determined using a Li-Cor 

leaf area meter (model LI-3100, Lincoln, NE) . Because the 

fine clippings tended to cling to the belts of the leaf 

area meter, each sample was spread between two sheets of 

clear plastic. The edges of the sheets were then sealed 

with clear tape. Each sample was then run through the meter 
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3 times and an average leaf area value calculated. In 

addition to the 6 plugs samples measured, 3 smaller samples 

were measured in order to obtain a larger range of leaf 

areas. The smaller samples were subsamples of a single plug 

of turf taken from the border area surrounding the plots. 

When leaf areas had been obtained for each of the samples, 

the clippings were placed in small paper bags and oven 

dried at 105C for 24 hours. 

Results and Discussion 

The sample dry weights and leaf areas were then 

compared through regression analysis (table CI) . An r2 

value of 0.98 was obtained, suggesting that turf grass leaf 

area can be accurately estimated through the measurement of 

turf dry biomass (Leaf Area= 172.8(Sample Dry Weight)-

1.04) . 



Table HI. Leaf area and dry weight 
determined from 7 turf plugs collected 
on May 10, 1988. 

Sample 
No. 

*Leaf 
Area(cm2) 

Dry 
Weight(g) LAI 

1 63.90 0.38 3.67 
2 61.49 0.38 3.53 
3 49.90 0.28 2.87 
4 30.54 0.22 1.76 
5 71.48 0.40 4.11 
6 54.28 0.31 3.12 
"7 14.35 0.08 0.83 
"8 20.76 0.12 1.19 
"9 16.13 0.10 0.93 

* Areas are the average of 3 measurements. 
Represent subsamples from single plug. 
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