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ABSTRACT

The concept of crop water stress index (CWSI) was

explored using empirical and theoretical models to evaluate

bermudagrass water status. The empirical methods were simp-

lifications of the crop energy balance equation. Measured

field data were employed to develop the empirical CWSI

parameters. Field data were collected from turf plots under

three levels of irrigation for the 1986 growing season in

Tucson, Arizona.

The simplest empirical model of Idso gave the high-

est variance in estimates of CWSI for all treatments with

the estimates being highly influenced by net radiation. An

improved empirical model was developed when net radiation

was included in the statistical analysis of the canopy

temperature minus air temperature limits. In general, the

most accurate estimates of CWSI were obtained by using the

energy balance equation with constant values of potential

canopy and aerodynamic resistances. Various methods were

used to evaluate these resistances.

Further research is needed to test the perfomance of

the theoretically-derived CWSI and to develop more general

methods of evaluating the resistances.

X X



CHAPTER 1

INTRODUCTION

Purpose and Scope 

Irrigation is essential for the growth of turfgrass

in the hot arid west. Irrigation is also the largest consu-

mer of water in this region where a great deal of attention

has been focused on water conservation. It has been esti-

mated that 30 to 50 percent of the urban wafer use is for

irrigation of outdoor vegetation (Linaweaver et al. 1967;

Danielson et al. 1979). The success of efficient use of

irrigation water relies on accurate estimates of evapotran-

spiration (ET). Although, the theory of the processes invo-

lved in the evaporation of water from soil and plant have

already been formulated, their practical applications have

been limited to research studies mainly due to the complexi-

ty of the variables involved. Empiricisms have been intro-

duced extensively in modeling theoretically-based functions

of assessing crop water stress and water use. Poorly deve-

loped empirical relationships could lead to over- or under-

watering which would ultimately reduce water use efficiency.

In Arizona, there are currently over 200 golf cours-

es with a combined area in turfgrasses of at least 22,000

hectares (Kneebone 1985). Significant hectarage of turf-

1
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grass also occupies parks, cemeteries, schools, industrial

and athletic grounds, and many other similar places. The

consumptive use requirement of turfgrass is high as compared

to many agricultural crops. For instance, bermudagrass in

the Tucson area has been estimated to require 1.1 hectare-

meter per hectare per year but the actual water applied has

been considerably greater than that (Tucson A.M.A. 1984).

Most turf irrigation is scheduled manually or with a

time clock controller based on the judgement of professional

and amateur turf managers. Such judgement techniques have

been shown to promote over-watering (O'Neil and Carrow,

1982; Youngner et al. 1981). Although, soil-water and pan

evaporation based irrigation practices have shown potential

water savings as compared to estimates of experienced turf

managers (Augustin and Snyder, 1984), it is rare to see

actual soil, plant or climatic measurements taken as a guide

to proper turf irrigation. The frequent interval and limit-

ed time allocated for turf irrigation also creates greater

challenges for turf practitioners. As more automated irri-

gation systems are being utilized on golf courses, the

opportunity for incorporating remotely sensed turf water

status into irrigation scheduling is increasing.

In general, irrigation scheduling techniques utilize

one or a combination of, soil, meteorological or plant para-

meters in assessing the soil-plant water status. Each tech-

nique has its own advantages and disadvantages. A direct
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measurement of some soil parameter such as soil moisture or

tension may provide a reliable measure of the local soil-

water status but it is neither representative of the entire

field nor an accurate plant-water-stress indicator. The soil

moisture monitoring method of irrigation scheduling is based

on real-time measurements which limits the ability to pre-

dict water needs in the near future.

Most of today's irrigation scheduling techniques are

based on empirically-derived models which allow the ratio of

actual to maximum ET to be evaluated as a function of plant

species and its stage of growth, or the soil water content.

Maximum ET has been evaluated indirectly using meteorologi-

cal data (ET models). While ET models range from highly

empirical to fully theoretical, some might well provide more

reliable estimates of average field losses than direct meas-

urement of some soil parameter, since they involve measure-

ment of air mass conditions, and with the typical variation

in wind direction and speed a rather large area of the field

may be sampled by a single strategically-located system

(Pruitt, 1986).

During daylight periods, healthy plants with a non-

limiting supply of water maintain open stomata for uptake of

carbon dioxide for the process of photosynthesis. Stoma

also serve as escape routes for water vapor and loss of

water becomes unavoidable depending on the existing vapor
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pressure gradient between the substomatal cavity and air.

As water evaporates, heat is given off by the plant, reduc-

ing its temperature. Once soil water reduces, the evapo-

rative cooling process is also reduced and plant temperature

rises. Research has shown that plant temperature is related

to plant water potential and available soil moisture. Thus,

evaluating plant temperature is a valid approach for moni-

toring plant water stress.

The development of non-contact infrared thermometers

was a major step in obtaining a rapid integrated plant

temperature of a field or selected areas within the field

which could be used as an input to a plant-temperature-based

irrigation scheduling technique. This approach does not

have the disadvantages of other plant parameters such as

leaf-water potential or stomatal conductance which are eith-

er specific to single plants or time consuming if a reliable

average is to be obtained.

During the past decade, there has been a search for

an effective and practical plant-water-need indicator that

utilizes plant temperature as the main input. Idso et al.

(1981) and Jackson et al. (1981) proposed the crop water

stress index (CWSI) concept which was intended to normalize

the canopy temperature minus air temperature difference,

Tc -Ta , for 
environmental variability. Jackson et al. (1981)

provided a theoretical basis for the CWSI using the crop

energy balance equation, and Idso et al. (1981) defined the
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CWSI based on the graphical interpretation of Tc-Ta versus

water vapor pressure deficit of the air. Although the

empirically-derived CWSI (Idso's approach) is an easy-to-use

approach (i.e, fewer required variables than the theoretical

approach of Jackson), there have been concerns over its

consistency, particularly when applied across climatically-

different growing seasons. On the other hand, the complexi-

ty of the theoretical approach has been rather unappealing

for practical use, especially since canopy and aerodynamic

resistances must be estimated. The theoretically-based CWSI

needs to be not only understood but also rationalized for

field use.

Objectives 

In order to develop a better understanding of the

accuracy and consistency of the CWSI estimates determined by

empirical and theoretical approaches, this study was ini-

tiated specifically to:

1. Develop empirical CWSI parameters for bermudagrass,

2. Evaluate possible means of determining theoretically-

based CWSI,

3. Examine the variability and sensitivity of the above

approaches to climatic and crop variables, and

4. Express the most promising approach of the above for

future use of turfgrass irrigation scheduling.



CHAPTER 2

REVIEW OF LITERATURE AND SIGNIFICANT RESEARCH

Evaporation and Irrigation 

In ancient times, evaporation was a philosophical

problem rather than a scientific problem. Aristotle, in the

forth century BC, recognized the importance of the sun and

wind in evaporation. He had a concept of latent heat. John

Dalton, the father of modern study of evaporation, theorized

that evaporation from a surface must be a consequence of the

combined influence of the wind, atmosphere moisture content

and characteristics of the surface (Rosenberg et al. 1968).

Irrigation is the application of water to replace

the total water evaporated from the crop vegetation and the

land surface (evapotranspiration). The term "evapotran-

spiration" or ET was defined by Thornthwaite (1948) as "the

combined evaporation from the soil surface and transpiration

from plants." The primary purpose of irrigation is to en-

sure that water is never a limiting factor in plant growth.

There is also much experimental evidence that plant growth

(biomass) is directly related to transpiration (de wit,

1958; Bierhuizen and Slatyer, 1965; Hanks, 1974).

6
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The science of irrigation scheduling involves two

fundamental questions of 1) when to irrigate and 2) how much

water to apply. Numerous irrigation scheduling methods have

been used to determine the timing and amount of irrigation.

The techniques mostly include soil moisture measurements,

plant measurements, evaporation pan measurements and ET

models (based on environmental measurements). Ideally, an

irrigation scheduling technique should use the plant itself

as the indicator of moisture stress and use the soil to

determine how much water to apply (Slack et al. 1983).

This can be accomplished most effectively by evaluating

plant water status based on the physics of evaporation and

the physiology of the plants.

In 1948, Howard Penman evaluated two theoretical

approaches to estimate evaporation from open water, bare

soil and grass. His classic work, based on the conservation

of energy and mass, has provided a solid foundation for sub-

sequent research. By combining the energy balance and mass

transfer theories, Penman developed a new expression to

quantify evaporation by eliminating the surface temperature

component of the energy balance equation. In his time, the

surface temperature was one of the parameters that was

measured with great difficulty. Although Penman evaluated

the aerodynamic properties of vegetation using an empirical-

ly-derived wind function, and thus deviated slightly from a
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fully theoretical approach, his formula has provided the

basis for many theoretical and experimental studies of natu-

ral evaporation (Monteith, 1985).

The concept of a resistance to vapor transfer at the

leaf surface was suggested by Penman and Schofield (1951).

They recognized that plants did not act passively, like

"wicks," and that there was a definite limiting diffusion

route for water vapor from internal leaf tissues to the free

atmosphere.

Following Penman's work, some researchers presented

various theoretically-based expressions similar to Penman's

for evaluating ET (Slatyer and McIlroy, 1961; Monteith,

1965; van Bavel, 1966; Priestly and Taylor, 1972). The

Penman equation was modified by Monteith (1965) using an

analogy similiar to the electrical resistance theory by

incorporating stomatal and aerodynamic resistances to vapor

and heat transport. The resulting Penman-Monteith equation

has been utilized to a great extent since recent advances in

infrared thermometry which have facilitated easy measurement

of non-contact plant surface temperature. [See Brutsaert

(1982) for a review of the history of evaporation].

Leaf Temperature 

Plants exchange energy with their surroundings by

conduction, convection, radiation, and transpiration. The

energy dissipating mechanisms in plant communities are tran-
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spiration, convection, and reradiation where their relative

dominance may differ for a single leaf or a crop as a whole.

As water evaporates from a wet leaf surface, the

temperature at a point on that surface tends to be at an

equilibrium value at which the loss of latent heat is balan-

ced by the net supply of heat (Monteith, 1981). This im-

plies that leaf temperature is an indication of the state at

which the energy loads are in equilibrium. As water evapo-

rates from leaf tissues, more water is extracted from the

soil, thus soil moisture is depleted and in turn the water

available for the evaporative cooling process is limited.

Consequently, if other energy transfer processes remain

constant, the leaf temperature will increase.

Climatic changes, such as type and percent of cloud

cover, wind, and air vapor pressure, induce variations in

the energy fluxes which will be reflected in the surface

temperature of the leaves. It should be noted that evapot-

ranspiration not only requires energy, water, and a vapor

gradient, it also needs a pathway for the diffusion of vapor

to the atmosphere. Stoma provide such routes with a varying

degree of control depending on complex interactions between

environmental, soil, and plant parameters.

During the nineteenth and the first half of the

twentieth century, leaf temperature measurements were mostly

obtained by a temperature sensor device which was attached
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to or inserted into the leaf. Since the early 1960's,

various laboratory and field non-contact infrared thermome-

ters have been developed for reliable surface temperature

measurements. This has facilitated the utilization of the

basic physical processes involved 'in evaporation for a

scientific understanding of the mechanisms controlling the

transpiration. (See Jackson (1982) for a review of the

history of leaf temperature measurements.]

A significant work was done by Gates (1964), who

discussed the relation between energy exchange and surface

temperature of bur oak leaves. Based on the energy budget

for a leaf, he concluded that the agreement between the

total energy absorbed by the leaf and the total energy

dissipated was very good. Wind was found not to affect

transpiration significantly and a large change in transpira-

tion rate was required to produce a shift in the energy

balance and in the resulting leaf temperature. He also

examined the balance of energy for bur oak canopy as com-

pared to a single leaf by utilizing Bowen's ratio (the ratio

of sensible heat exchange to latent heat exchange). Bowen's

ratio for single exposed leaves increased during morning

hours, ranging from 0.5 at 0827 to 6.0 at 1141. This was

attributed to the convective cooling process being the domi-

nant heat dissipating mechanism where leaf transpiration had

reached its upper limit determined by the stomatal resistan-

ce. The shaded leaves, deeper in the canopy, were below air



11

temperature with substantially lower values of Bowen's

ratio. Bowen's ratio values reported for crop canopies were

relatively much lower than those of single leaves. This

indicated that transpiration was the dominant heat-releasing

process in crop canopies. This was confirmed by Idso and

Baker (1967) who reported that reradiation and transpiration

are the major heat transfer processes in an individual leaf

and a crop canopy, respectively.

The influence of moisture stress, radiation, and air

temperature on cotton leaf temperature were studied by

Wiegand and Namken (1966). Using multiple linear regression

analysis, leaf temperature was found to be highly correlated

with solar radiation, relative turgidity, and air tempera-

ture at a given level of water stress. Similar statistical

results were found using cotton leaf temperature minus air

temperature difference, T f -Ta , instead of leaf temperature

alone. They indicated that leaf temperature and T f -Ta fluc-

tuations were three times larger in magnitude under the full

range of solar radiation encountered than were the fluctua-

tions in relative turgidity. It was concluded that varia-

tions in insolation must be carefully monitored under inter-

mittent cloud conditions to account for their influences on

plant leaf temperature.

A simple form of the energy balance equation for a

single leaf was thoroughly studied by Linacre (1972). He
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stated that leaf temperature measurements allowed inferences

about several leaf characteristics. Leaf temperatures were

measured under four conditions of leaves being exposed to

sun, vaseline coated (zero transpiration), wetted (zero

internal resistance), and normal shaded. Upon solving the

energy balance equation for the external resistance under

the above conditions, he concluded that the resulting exter-

nal resistances were roughly within a reasonable magnitude.

Aston and van Bavel (1972) explored the feasibility

of remotely detecting the increase in the visible and ther-

mal radiant heat loads upon plant leaves when the underlying

soil surface was drying. They observed a 2 to 3 oc increase

in leaf temperature as soil water depleted. This was attri-

buted to an increase in leaf transfer resistance (stomatal

closure) and the total radiant load upon the leaf.

Experimental work of Ehrler (1973) on cotton leaf

temperatures and their responses to soil water and meteoro-

logical changes addressed the possibility of utilizing the

T f -Ta as an irrigation scheduling tool. Ehrler (1973) obse-

rved changes in T f -Ta during a period of variable saturation

deficit. He found a linear relation between Tf-Ta of well-

watered cotton and the saturation deficit. Ehrler (1973)

concluded by listing the many precautions in using this

technique to schedule irrigations. The main constraint was

that of obtaining a representative leaf temperature value
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due to spatial variability of leaf temperature. Such measu-

rements also had to be taken under clear-sky conditions,

since radiation was assumed to be a constant in developing

the regression line of Tf -Ta on saturation deficit.

The variability of leaf temperature within a single

crop canopy and between neighboring plants greatly limits

its practical application to quantify water stress and water

use of vegetation. This limitation has been essentially

overcome by the use of plant canopy temperature.

Canopy Temperature, Plant Water Potentail and Yield Relations 

The dependence of the physiological and physical

processes on the surface temperature of the plant, and vise

versa, provides the basis for utilizing this temperature

parameter in understanding the relative role of the fundame-

ntal processes involved in evaporation from plant communi-

ties.

Canopy temperature represents an equilibrium value

at which the total loss of sensible and latent heat balances

the net input of heat (Monteith, 1981). A theoretical

discussion concerning the relation between the surface heat-

ing of vegetation and stomatal resistance was presented by

Monteith and Szeicz (1962). They were among the first to

utilize an infrared (IR) radiometer to measure plant temper-

atures. Tanner (1963) may have been the first to utilize

infrared thermometry to quantify the relationship between
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canopy temperature variations and water stress of different-

ly irrigated crops. A maximum temperature difference of 3 °C
was found between the canopies of irrigated and unirrigated

potatoes.

Fuchs and Tanner (1966) provided the theory of ra-

diometric surface temperature measurements based on the

Stefan-Boltzmann Law which expresses the proportionality

between the radiant energy flux density emitted by the

surface and the fourth power of its temperature.

During the past decade, rapid advances in infrared

thermometry have provided reliable hand-held infrared ther-

mometer models for field applications. This has facilitated

remotely sensed surface temperature measurements.

Plant water potential has long been considered as a

measure of plant water status. Attempts have been made to

correlate canopy temperature and plant water potential.

Although non-linear relationships have been proposed, no

unique relationship has been formed.

Ehrler et al. (1978a, 1978b) studied the variations

in wheat canopy temperature in response to plant water

potential. They observed changes in Tc-Ta caused by varying

the soil moisture level. Canopy temperature minus air tem-

perature difference was shown to be a non-linear function of

plant water potential with a considerable scatter. In wet

soil, Tc-Ta increased (less negative) during morning hours
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till near 1000 and then it gradually decreased (more nega-

tive) till about 1400. For dry soil, Tc -Ta increased rapid-

ly after sunrise, peaked near solar noon and decreased only

slightly by 1400. The variation in plant water potential

was from -0.1 to -1.6 MPa for well-watered wheat, and from

-2.1 to -4.3 MPa for stressed wheat. They concluded that

wheat canopy temperature specifically responded to changes

in plant water potential and monitoring plant water stress

based on canopy temperature was a reliable approach.

Heermann and Duke (1978) evaluated corn water stress

under limited irrigation. They reported no trend in the

measured plant water potential under different water treat-

ments where significant yield reduction occurred. A linear

relationship between canopy temperature and grain yield of

water-stressed corn was found. They observed that grain

yield did not begin to decline until the average growing

season temperature of the stressed corn exceeded the tempe-

rature of a well-watered corn plot by 1.5 °C.
Gardner et al. (1981a) studied plant water potential

and canopy temperature of sorghum under non-stressed and

stressed conditions. They found that responses between the

differences in plant water potential and canopy temperature

in the two treatments were not linear and concluded that

stomatal action may affect relationships between these two

plant parameters.
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Sharratt et al. (1983) showed that leaf water poten-

tial, canopy temperature, and ET, as water stress indica-

tors, varied significantly between stressed and non-stressed

alfalfa plots with maximum differences of 2 °C, 0.7 MPa, and
0.2 mm/h occurring at 1500.

A considerable amount of research has been conducted

on remotely detected crop water stress based on canopy

temperature and yield relations. Idso et al. (1977) and

Jackson et al. (1977) developed the stress-degree-day (SDD)

concept to assess water stress and yield of wheat. This

index involved the mid-day measurement of T c-Ta on a daily

basis throughout the growing season. Because they were

concerned with developing a technique to evaluate the ef-

fects of crop water stress with a minimum number of measure-

ments, they assumed that environmental variability would be

largely reflected in T c -Ta •

The final yield of wheat and red kidney beans were

shown to be an inverse function of the SDD by Idso et al.

(1977) and Walker and Hatfield (1979), respectively. In

developing the SDD concept, the wheat crop was considered to

be nonwater-stressed when Tc-Ta was negative. In contrast

to this, Gardner et al. (1981b) noted negative Tc -Ta values

for water-stressed corn much of the time. It was concluded

that the use of 
Tc-Ta 

values to indicate water stress may be

soil, crop and climate specific.
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Gardner and Blad (1980) reported a standard devia-

tion of mid-day canopy temperatures of about 0.3 °C in fully
irrigated plots of corn. In non-irrigated plots, the stan-

dard deviation was as great as 4.2 °C. They concluded that
plots which exhibited a standard deviation above 0.3 °C were
in need of irrigation.

The difference between the canopy temperature of a

well-watered plot and a stressed plot was evaluated by

Gardner et al. (1981b) and Blad et al. (1981). They deve-

loped the temperature-stress-day (TSD) index to estimate

grain yield and ET in corn and sorghum. This index compen-

sates for environmental variability by using an on site

reference plot, but maintaining such a well-managed plot may

limit its practical use.

Clawson and Blad (1982) scheduled irrigation on corn

based on canopy temperature variability (CTV) concept. They

defined "CTV" as being "the range (maximum minus minimum) of

all IRT sensed canopy temperatures within a plot during a

particular measurement period." They reported CTV values

less than 0.7 ° CC n a fully irrigated plot. Observations of
CTV were the basis for one type of irrigation scheduling

procedure with a criterion of CTV equal to 0.7 °C. This
treatment received less than half the water applied to a

well-watered plot with no significant reduction in yield.
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Slack et al. (1981) and Geiser et al. (1982) deve-

loped an irrigation scheduling model using Tc -Ta as the

dependent variable and net radiation, relative humidity and

available soil water as independent variables. Theirs is

one of the few models known that has been used for actual

irrigation scheduling based on Tc -Ta . The model was tested

on a corn crop during the 1980 growing season in central

Minnesota. Corn yield and seasonal water use was compared

with that of corn grown under irrigations scheduled by use

of electrical resistance blocks and a water balance (check-

book) method. They found that the yield of the treatment

irrigated with the canopy-temperature-based scheduling met-

hod was not significantly different from that of other

treatment methods, but the water balance and the electrical

resistance methods used 39% and 18% more water, respective-

ly, when compared to the canopy temperature-based method.

Slack et al. (1983) refined the above regression

method by replacing the available soil water with the soil

water potential, thus extending the applicability of the

method to a wide range of soils in the Midwest.

The above discussion reveals that canopy temperature

and plant water potential are indicators of plant water

stress, and both are related to yield. But the temporal and

spatial variability of plant water potential may limit its

practical utilization as a plant water stress indicator



while canopy temperature shows potential of being a sensi-

tive and easily obtainable indicator of plant stress. More

related research on the use of canopy temperature for crop

water stress assessment will be given in the following

chapter.

19



CHAPTER 3

THEORY OF CROP WATER STRESS

It is widely accepted that a disease-free crop with

fully developed root system and adequately supplied with

water will transpire at a potential rate for that crop.

However, the magnitude of this potential transpiration will

be dictated by the available energy for evaporation and the

crop (stomatal) control, if any. Although, there has long

been a controversy over the influence of stoma on transpira-

tion under non-limiting soil water conditions, there is much

experimental evidence that indicates stomatal responses of

well-watered plants to radiation, CO
2 
concentration, air

vapor pressure, soil properties, etc. (Penman and Schofield,

1951; Lee, 1967; van Bavel, 1968; Avissar et al. 1985).

As water evaporates from soil and plant surfaces,

available soil water declines and in turn the total evapora-

tion procedes at lower rates (actual). The ratio of actual

to potential evapotranspiration (ETa /ET P
) has universal

significance and has proven to be a reliable indicator of

crop yield and water stress (Stegman et al. 1976). This

ratio, termed "relative ET," departs from 1.0 as actual ET

drops below potential. Rasmussen and Hanks (1978) showed

that yield of wheat is a function of ETa/ET
p•
 This ratio

20
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could serve as a reliable qualitative measure of crop water

stress only if accurate estimates of ET are known. This

requires a thorough knowledge of physical and physiological

processes involved in evaporation from plants.

Energy Budget Theory

The net flux density of radiative energy at the

upper surface of a canopy, as the main source of energy, is

balanced by the net heat loss through latent heat, sensible

heat and soil heat. This is a simplified version of the

energy budget theory for a uniform canopy at the earth's

surface. This neglects the energy associated with photosyn-

thesis, respiration, and canopy heat storage, and it applies

to sufficiently uniform and large lands where edge effects

involving horizontal advection are relatively unimportant.

This simple form of the energy balance theory can be expres-

sed as

Rn = LE + H + G
	

(3.1)

where the energy fluxes on the right hand side are positive

when directed away from the plant. R n is the net radiative

flux density at the upper surface of the canopy, L is the

latent heat of vaporization, E is the flux of water vapor, H

is the sensible heat flux, and G is the soil heat flux or

the energy flux leaving the lower canopy layer (Monteith,

1965; Brutsaert, 1982).
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The terms on the right hand side of Eq. (3.1) are

all strong functions of surface temperature, while net ra-

diation is a weak function of surface temperature. The net

of all fluxes of radiant energy, Rn , can be written as

Rn = R (net shortwave) + R (net longwave)
	 (3.2)

where R (net shortwave) is the incident direct and diffuse

solar radiation minus the reflected portion determined by

the reflectivity, r, of the surface, and R	 is(net longwave) 

the difference of downward atmospheric minus upward surface

radiation. The surface-temperature-dependent component of

net radiation is the upward flux of longwave radiation (LW)

which can be expressed by the Stefan-Boltzmann Law

LWu =06	 (T )
4

crop	 c (3.3)

where E crop is the crop emissivity [approximately 0.98

(Gates and Tantrapron, 1952)], CT is the Stefan-Boltzmann

constant, and Tc is the canopy temperature.

Fick's Law of diffusion can be used to describe the

flux of an entity in a specified direction as the product of

a transport coefficient and a potential gradient in that

direction. In a crop microclimate, the vertical flux of an

entity at height Z per unit area of ground surface is of

concern. In integrated forms, the diffusive flux of sensib-

le and latent heat can be expressed as ratios of T c -Ta and
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e c-e a , respectively, divided by appropriate resistances.

When the atmosphere is close to neutral stability (having a

small vertical temperature gradient) turbulent transfer

coefficients for heat and water vapor may be assumed equal

(Monteith and Szeicz, 1962; Slatyer, 1967). The resistance

forms of H and LE can then be written as

H = jc p (T c-Ta )/r a 	(3.4)

and

	

LE =5cp (e
*
c -ea ) / [W ( ra +rc )]
	

(3.5)

where Pc is the volume heat capacity of air, Tc is thep

canopy temperature, Ta is the air temperature,	 is the

psychometric constant, ra is the aerodynamic or boundary

layer resistance, e
*
c is the saturation vapor 

pressure at

canopy temperature, e a is the air vapor pressure and rc is

the canopy resistance. [See Monteith (1973) for a detailed

discussion leading to Eqs. (3.4) and (3.5).] Equation (3.1)

can be solved for LE and Tc-Ta by combining 
Eqs. (3.1),

(3.4) and (3.5)

	LE = (Rn -G) -1cp (Tc -Ta )/ra 	(3.6)

and

T c-Ta = r a (R n-G)/fc p - (e c -e a )/[W(1+r
c/r a )]
	

(3.7)

Penman (1948), in eliminating the surface temperature

component of the energy balance equation, linearized the



T c -Ta = jcp (&+ (l+r c /ra ) p+x (i-Fr c /ra )

(r aR n ))((l+r c/r a )	 (e	 - e a )a .	 (3.10)
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slope of the saturation vapor pressure-temperature curve as

*	 *
= (e -e )/(T-T

c	 a	 c a
) (3.8)

where e 
a
 is the saturation vapor pressure at air tempera-

ture.	 Combining Eqs. (3.1), (3.4), (3.5) and (3.8), the

latent heat flux (LE) and Tc-Ta can also be expressed as

LE = [A(Rn -G) + y cp (e a - ea )/ra l / [+ ' (1+r c /ra 

and

Equation (3.9) is the well-known Penman-Monteith equation

for ET in terms of canopy and aerodynamic resistances

(Monteith, 1973, 1981; Thom and Oliver, 1977; Jackson,

1982). From Eqs. (3.7) and (3.10), it is clear that Tc-Ta

is a continuous function of environmental and crop variables.

The evapotranspiration rate, ET, or latent heat flux

density, LE, may be evaluated by utilizing either of Eqs.

(3.6) and (3.9). Canopy and aerodynamic resistances are the

only variables that cannot be readily directly measured.

While the aerodynamic resistance appears in both Eqs. (3.6)

and (3.9), with remotely sensed canopy temperature measure-

ments, the simple form of the energy balance equation (3.6)

can be evaluated more easily to obtain ET than the Penman-

Monteith equation (3.9), since the former does not require
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estimates of canopy resistance. Several researchers have

successfully used Eq. (3.6) to estimate ET (Brown, 1974;

Heilman and Kanemasu, 1976; Hatfield, 1983; Slack et al.

1986). From Eqs. (3.7) and (3.10), canopy resistance r c

could be evaluated only if reliable estimates of r a are

known. Several reseachers have discussed the possibilities

of evaluating r c and some have found relations expressing r c

as functions of soil, climatic, and/or crop factors.

Canopy and Aerodynamic Resistances 

In the early morning hours, leaf stomata open in

response to increasing light levels and water vapor escapes

from the sub-stomatal cavity. As the supply of water from

the soil becomes limited, the degree of stomatal opening

decreases which in turn lowers the transpiration rate.

Water vapor also escapes through the waxy cuticle layer

which has been estimated to impose a resistance of approxi-

mately 3000 sm	 (Norman, 1979). Although loss of water

through this layer has been assumed negligible, it may

become significant in arid regions at full stomatal closure

(night time).

Stoma on a single leaf can be regarded as parallel

resistors in an electrical circuit in which the current is

the diffusion of water vapor molecules and the voltage

differential is the vapor gradient between leaf cell walls

and atmosphere. A compound resistance of the leaf surface
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can be treated in series with the external resistance to

represent the total resistance to vapor transport. The

above discussion can also be applied to a crop canopy in

defining a parameter which would play the same role for the

vapor exchange process as does the stomatal resistance of a

single leaf (Monteith, 1985). This parameter is the canopy

resistance, r c .

For every element of foilage in a crop canopy,

fluxes of sensible and latent heat are limited by different

resistances, but originate from surfaces which have the same

temperature. Assuming that the aerodynamic resistance to

heat and vapor are the same, then a surface resistance for

the entire canopy can be defined as the difference between

the total resistance to vapor and heat transfer (Monteith,

1981). Note that this is only valid if the sources and

sinks of the two heat transfer forms are the same (Tanner,

1963; Monteith, 1973). Canopy resistance has also been

considered to be a valid description of the effective stoma-

tal resistance. Monteith (1985) interpreted the effective

stomatal resistance as an overall resistance of a set of

parallel resistors, each representing one layer in a canopy.

Monteith et al. (1965a) reported that r c of barley

was independent of wind speed and the aerodynamic component

of rc was negligible. This implies that r c of barely is

primarily a physiological resistance dependant on stomatal

influences.



27

Canopy resistance values determined under conditions

where evaporation from the soil surface is substantial could

be in error. Tanner (1963) attributed this error to the

evaporation from the soil surface that were regulated by

factors which behave quite differently from stomatal resis-

tance. Such errors have been reported negligible as leaf-

area-index (LAI) increases beyond 3 or 4 (Brown and Rosenberg,

1973). Canopy resistance has been estimated in various

ways. For instance, some investigators have averaged stoma-

tal resistances of all the leaves; some have selected cer-

tain leaves; others have established empirical relationships

relating r c to one or a combination of net radiation, vapor

pressure deficit, soil water, aerodynamic resistance, etc.

Szeicz and Long (1969) proposed a method of estimat-

ing r c based on crop parameters as

rc = rs / LAI eff
	 (3.11)

where r
s 

is an average stomatal resistance of leaf layers

and LAI eff is 
the effective leaf-area-index. They estimated

LAI eff of pine forest 
as one-half of the maximum LAI [based

on the assumption that only half the leaves participate in

transpiration even under moist soil (Monteith et al.

1965a)]. This assumption is more valid in tall vegetation in

which insufficient illumination may induce stomatal closure

of deeper leaves. Tear and Kanemasu (1972) showed that r s
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was not uniform in the canopies of sorghum and soybean and

high values of r s were detected in the lower levels of these

crops.

Canopy resistance at potential ET has been referred

to as potential canopy resistance, r cp . This is the lower

limit of canopy resistance under a given environmental con-

dition. Szeicz and Long (1969) reported r of alfalfacp

being in the order of 25 sm-1 . Monteith et al. (1965a)

found a minimum r
c value of 30 sm

-1 for barley at LAI of 6.

Hatfield (1985) utilized the energy balance equation in

evaluating canopy resistance of wheat. Under optimal avai-

lable soil water, he reported mid-day values of r c in the

unshaded plot being typically 20 to 25 sm -1 , and in the

shaded plot being 40 to 50 sm-1 . He also reported a linear

increase in the value of r
c 

as soil water decreased.

While the behavior of canopy resistance has not been

formulated effectively, more research is required for a

better understanding of the mechanisms controlling canopy

resistance and its responses at various soil, crop and

climatic conditions.

Based on the momentum theory, the aerodynamic resis-

tance may best be described as follows. Szeicz et al.

(1969) stated that "Above crops, in an acceptable wide range

of stability [ITil< 0.01 for Z - (d+z o ) = 150 cm], exchange

of water vapor, heat, and momentum are governed by atmosphe-

ric turbulence, and the profiles of temperature, vapor pres-
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sure, and wind are usually similar. When this condition is

satisfied, transfer coefficients for momentum can be used to

calculate fluxes of heat and water vapor." Note that R i is

the bulk Richardson number, Z is the reference height above

the surface, d is the zero plane displacement, and z o is the

surface roughness length. The flux of momentum invariant

with height is maintained between height Z and height d+z o

by the potential difference U (wind speed) against a resis-

tance. This is the aerodynamic resistance to momentum tran-

sfer and can be written as

[1n(Z-d)/z 0 ] 2
(3.12)r a = 	

K 2 U

where K is von Karman's constant (ce0.41), and U is the wind

speed at height Z.

Equation (3.12) is valid only in a neutral atmos-

phere.	 For small departures from neutral stability [e.g,

R. < 0.03 for Z-(d+z
o
) = 150 cm], the linear correction

based on the Richardson number are adequate, but at large

departures from neutrality, more complex corrections may be

needed. When z o is constant, r a becomes a function of 1/U

(see Eq. 3.12). Although z o may be constant for surfaces

with small (e.g, turfgrass) or rigid roughness elements,

Szeicz et al. (1969) showed that three crops (pine forest,

potato, and lucerne) became aerodynamically smoother (z o
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decreased) as wind speed increased, while the variation of d

with U was negligible. Their graphs of U versus z o showed a

significant decrease in z o as wind speed increased from 0.5

to 2 ms -1 . It was also shown that as U increased beyond 2

ms -1 , z
o remained relatively constant.

Monteith (1963) showed that stability may be accoun-

ted for by using the Richardson number. In conjunction with

equation (3.12), aerodynamic resistance corrected for stabi-

lity takes the relation

rac = ra	 1
	 ng(Z-d)(Tc -Ta )	

(3.13)

where r
ac 

is the stability corrected aerodynamic resistance,
1111n•n

g is the acceleration due to gravity, T is the absolute

average temperature of canopy and air and n is an empirical

constant.

Empirical relations describing r a as a function of

wind speed have also been developed mostly by solving the

crop energy balance equation for ra where the estimated

aerodynamic resistances were then regressed against wind

speed. Such relations might have been affected by the

prevailing climatic conditions at the time of measurements.

They are also crop-specific. Thus they may not apply when

either the crop or the climate is changed.
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Johns et al. (1981, 1983) determined the resistances

to evapotranspiration from a St. Augustine turfgrass in a

controlled environmental simulation chamber. They showed

that the resistance to sensible heat essentially equalled

the values obtained for resistance to latent heat flux

density (not including the stomatal resistance). Their

report gave a mean resistance to heat of 51 sm-1 for turf-

grass. It should be noted that the wind was set at an ave-

rage speed of 0.6 ms 	the chamber. It is more likely

that wind speed under field conditions will be higher than

0.6 ms -1 , and thus an aerodynamic resistance lower than 51

-1sm may be expected.

Wallace et al. (1984) evaluated the aerodynamic

resistance to vapor transfer for heather (mean height of

0.44 m) in Gt. Britain by three methods: 1) measuring ET

from lysimeters, 2) using eddy correlation measurements of U

and U * (friction velocity), and 3) using the Monteith (1973)

expression as a function of crop height. They obtained

significantly different values of r a from each method with

r
a 
approaching a rather constant value of about 25 sm

-1 as

wind speed increased beyond 2.5 ms -1 (method 1) and beyond 4

ms -1 (method 2).
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Theoretical Formulation of the Crop Water Stress Index 

The theoretical crop water stress index (CWSI), as

formulated originally by Jackson et al. (1981), is defined

as follows

CWSI = 1 - ETa /ETp	 .	 (3.14)

where ETa and ET are the actual and potential evapotran-

spiration, respectively, under a given environmental condi-

tion. Under limiting soil water conditions, total evapora-

tion reduces to a rate below potential due to partial or

complete stomatal closure and soil surface drying. These

induce a shift in the latent heat transfer which in turn

will be mostly balanced by an increase in canopy tempera-

ture. Since the energy terms (Rn , G, LE, H) given in Eq.

(3.1) are all functions of surface temperature, their magni-

tudes will not be identical at various degrees of water

stress.

By substituting the energy balance equation (3.6)

for ETa and ET in 
equation (3.14), the theoretical formula-

tion of CWSI would take the following form

CWSI =	 (3.15)

URnp -Rna )-(Gp -Ga ))/fcp + ((Tc -Ta ) /I
	- (Tc-Ta)p/rap]

- a - aa 
I

(R np-Gp )/Sc p - (Tc-Ta ) p/r ap

where R
np 

and R	 are net radiation fluxes, G and Ga arena P

soil heat fluxes, r ap 
and r aa are the aerodynamic resistan-
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ces, and (Tc-Ta )p and (Tc-Ta ) a are the canopy temperature

minus air temperature differences at potential and actual

evapotranspiration conditions, respectively. Equations

(3.14) and (3.15) indicate that the theoretical formulation

of the CWSI concept simply relates the actual state of

evaporation to the potential for a given atmospheric condi-

tion.

Net radiation is higher over a potentially transpi-

ring crop than the same crop under water stress, since the

canopy temperature in the former is lower than in the lat-

ter. This is caused by a reduction in the longwave upward

radiation flux from the canopy transpiring at the potential

rate. Assuming near end-limits of canopy water stress con-

ditions, i.e, (T c-Ta ) p = -7
oC, (Tc -T a ) u = 9

oC, with an air

temperature of 35 °C (actual data from this study), and if no

change of albedo or crop emissivity occurs, it can be shown

that the net radiation flux will be 105 Wm-2 higher over the

potentially transpiring grass than over the fully-stressed

grass. (The significance of this variation on the estimated

CWSI values will be discussed later in this section.) Irri-

gated crops are kept mostly at near nonwater-stressed condi-

tions where the relative change of net radiation (due to

surface temperature variation) becomes insignificant. Thus,

for practical purposes, one may assume R
na

= R
np •
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Soil heat flux also exhibits variations across a

differently irrigated crop due to different surface tempera-

tures. A negligible change in the soil heat flux may be

assumed, atleast at full canopy cover.

As soil water becomes limited, canopy temperature

approaches and may ultimately exceeds air temperature depen-

ding on the existing vapor pressure gradient. Positive

canopy minus air temperature differences enhance bouyancy

forces and thus aerodynamic resistance may decrease. Gene-

rally, free convective forces enhance air movement under

inversion (positive T c-Ta ) and damp air flow under lapse

(negative Tc -Ta ) conditions. The relative dominance of free

covective forces may become negligible at wind speeds great-

er than about 2.5 ms -1 , but it may become significant under

very calm conditions. If the differences between the actual

and potential canopy temperatures were small, then one may

assume that the changes in net radiation, soil heat and

aerodynamic resistance are insignificant (i.e, Rnp
=R

na
=R

n
,

r=r=r, and G =G =G ). From Eq. (3.15), a simplified
ap aa a P a

formulation of the CWSI can then be obtained as

CWSI = 
(T-T) - (T -Tc aa	 c a 	(3.16).  

r(R-G)/f p	 cc - (T -T
a n	 a)p

where R
n , G and r a are 

then determined based on the prevail-

ing weather conditions.
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As r c approaches infinity, from Eqs. (3.7) and

(3.10), Tc-Ta approaches a maximum or upper limit that will

be mainly a function of net radiation and aerodynamic resis-

tance, and independent of vapor pressure deficit. This upper

limit of canopy temperature minus air temperature difference,

(T c -Ta ) u, can be expressed as

(T
c
-T

a
)
u 

= r
au (Rnu -Gu )4cp
	 (3.17)

where rau is the aerodynamic resistance, Rnu is the net

radiation, and Gu is the soil heat flux, with all obtained

from a non-transpiring crop. If one neglects the difference

between R
np 

and Rnu (due to surface temperature variation),

then by combining Eqs. (3.15) and (3.16), the more common

version of CWSI will be obtained as

(Tc -Ta ) a - (Tc -T)
2CWSI =

(T-T) - (T -Tc au	 c a
)
p

(3.18)

Equations (3.16)-(3.18) show how the upper limit of

Tc -Ta 
appeared in the formulation of CWSI. It is notable

that Eqs. (3.16) and (3.18) are not exactly the same with

the denominator of Eq. (3.18) being smaller than the denomi-

nator of Eq. (3.16) because both rau and Rnu have smaller

magnitudes than ra and Rn under a given climatic condition.

A sensitivity analysis showed that the CWSI evaluat-

ed from either equations (3.16) or (3.18) were insensitive
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to the temperature induced changes in R n and ra . The analy-

sis showed that for the crop and climatic conditions of this

study net radiation showed a maximum temperature induced

difference of 18% across bermudagrass plots. This, by it-

self, would only cause a 3% error in the estimated CWSI. It

was also found that if rau and r a differed (due to enhancing

and damping effects of the vertical temperature gradients)

by as much as 50%, the resulting CWSI values from Eqs.

(3.16) and (3.18) differ by 10 percent. A 50% change in the

value of ra (due to atmospheric stability) is a rather rare

situation under most field conditions (except at very low

covers ,e.g, < 20 percent, (Hatfield 1986)] and may only

occur at wind speeds near zero with a very large temperature

gradient.

These analyses indicated that equations (3.16) and

(3.18) are highly compatable and the changes in net radia-

tion (due to canopy temperature differences) and the aerody-

namic resistance (due to atmospheric stability) cause very

small errors under the range of conditions encountered in

this research. It will be shown later that an additional

assumption of soil heat flux density to be equal to zero

(for turfgrass) can cause much greater errors than the

above.

Jackson et al. (1981) also formulated the resistance

form of the CWSI using the Penman-Monteith equation (3.9)

and formulated the ratio of ET/ET asa P
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)r(Cr - r cp )/rc	 a CWSI =	 (3.19)
A + Y(1 + rc /ra )

All the assumptions made in formulating Eq. (3.16)

hold for the derivation of Eq. (3.19) plus the approximation

of the slope of the saturation vapor pressure temperature

curver ti. Jackson evaluated	 at the mean of canopy and air

temperatures. This approximation was reported to cause an

absolute maximum error of 0.06 in the estimated value of

CWSI.

Equations (3.16), (3.18) and (3.19) indicate that

the CWSI is not only a canopy temperature based stress

indicator but also a canopy resistance based index. The

following section describes various empirical and theoreti-

cal methods used by other investigators for evaluating the

CWSI parameters and it expresses their views of this topic.

A Literature Review of the CWSI and Its Parameters 

The energy balance approach outlined previously

showed the possibility of quantifying the crop water stress.

From Eqs. (3.16) through (3.19), it is evident that the

components which determine how accurately CWSI can be deter-

mined are the T-Ta limits that are themselves direct fun-

ctions of R
n' 

G, VPD, r
c 

and r a . Canopy temperature has

been shown to reach a minimum value during the daylight

hours when water uptake by plant roots is not limited. This
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represents the potential canopy temperature and defines the

state of maximum transpiration for a given climate. Unless

an in-situ potentially transpiring plot exists, (Tc-Ta)p has

to be approximated in evaluating the CWSI. This can be

achieved by utilizing the theoretically-derived Eqs. (3.7)

and/or (3.10). Exact solutions to these equations can only

be obtained by using iterative procedures since saturation

vapor pressure at potential canopy temperature (e c ) and the

slope of the saturation vapor pressure-temperature curve (t)

are functions of the unknown potential canopy temperature.

In nature, environmental and crop factors are inter-

related and are hardly ever constant, which complicates the

evaluation of (Tc-Ta)p from Eqs. (3.7) and (3.10). Various

linear or curvilinear approximations have been suggested by

other investigators (Idso et al. 1981; Jackson et al. 1981;

O'Toole and Real 1986; Idso et al. 1986). These authors and

others have indicated that such linear or curvilinear rela-

tionships may have been influenced by climate, crop species,

soil properties, root density, and stage of crop growth.

Idso et al. (1981) introduced the CWSI based on the

empirical observations that over the greater portion of the

daylength period plots of potential foliage temperature

minus air temperature difference versus air vapor pressure

deficit (VPD) appeared to produce species-specific linear

relationships, irrespective of other environmental parame-
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ters, except cloud cover. They reported that cloud cover

did cause non-linearity presumably due to light-induced

stomatal closure. They referred to this linear relationship

as the "nonwater-stressed baseline," commonly called the

lower baseline or the lower limit of Tc-Ta . It was expressed

as

(T -T ) = a + b * VPDc a p .	 (3.20)

where a (intercept) and b (slope) are the linear regression

parameters of (Tc-T a )p on VPD data. Idso (1982) further

supported the linearity of the lower baseline by providing

highly correlated regression fits for 26 different crop

species. Significant shifts in the baselines were reported

for crops with multi-stages of growth (barley, wheat) and

for shaded crops versus unshaded. From their results, one

may conclude that utilizing lower baselines based on a few

days of collected data could result in erroneous estimates

of (Tc-Ta )p if used, e.g, during a different phenological

stage of crop growth.

Jackson's work (1981) was presented previously.

Based on the physical concept of the conservation of energy

at the earth's surface, it was shown that the nonwater-

stressed baseline was curvilinear when net radiation, and

potential canopy and aerodynamic resistances were held con-

stant and A was evaluated at (T c
+T

a
)/2• They also illus-

trated the importance of meteorological factors such as net
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radiation, VPD and crop factors such as canopy resistance

and the boundary layer or aerodynamic characteristics of the

crop microclimate in studying the T c-Ta behavior.

Although the empirical approach with VPD as the main

predictor of (Tc-T
a )p has been supported by some investiga-

tors (shown later in this chapter), the approach utilizing

basic physical principles is also strongly appealing, parti-

cularly, when questioning the consistency and the accuracy

of the empirically-derived expressions.

In the absence of transpiration, T c -Ta approaches a

maximum value. Idso et al. (1981) reported that due to the

positive (Tc-T
a )p (positive intercepts) at atmospheric satu-

ration (VPD = 0), there was still a vapor pressure gradient

between foliage and air, and thus a significant evaporative

demand existed. This vapor gradient, thus conceptually had

to be destroyed by allowing air to become supersaturated.

This was accomplished by extrapolating the lower baseline of

T c -Ta to a point of zero vapor pressure gradient. This

point defined the upper limit of Tc-Ta and was expressed as

(T -T ) = a + b * VPGc au
(3.21)

where VPG is the difference of the saturation vapor pres-

sures at air temperature (Ta ) and at air temperature plus a

(T
a + a), and a and b are the intercept and the slope of the

lower baseline of Tc -Ta . It should be remembered that

transpiration requires some degree of stomatal opening even
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at zero VPD, thus Idso's terminology indicates no stomatal

response to humidity.

Following the work of Idso and Jackson, several

investigators related CWSI to soil moisture, soil salinity,

plant water potential, leaf diffusion resistance, crop

yield, etc. A brief review of their works follows.

Idso et al. (1982) showed that two physiological

measurements (leaf diffusion resistance and net photosynthe-

sis) of cotton were highly correlated with the empirical

CWSI. Measured diurnal cotton leaf diffusion resistance,

transpiring at the potential rate, ranged between 35 sm-1

and 50 sm-1 with the higher values occurring near sunrise

and sunset. They showed that the leaf diffusion resistance

did increase as CWSI increased but not in a well-defined

fashion. The relation between net photosynthesis and CWSI

was found to be more defined.

The effects of weather variables on corn canopy

temperature were studied by Choudhury (1983). A near-linear

relationship between unstressed corn T c-Ta and VPD ( >= 5

KPa) was reported for measurements taken under clear-sky

conditions. He concluded that the lower baseline for corn

was a function of rooting density and as roots developed,

lower T -T values were obtained at a given VPD. It was
C a

stated that a normalization procedure to account for the

effect of variable rooting density on (T c -T a ) p seemed to be

desirable.
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Diaz et al. (1983) evaluated three Tc-Ta indices

(SDD, TSD, and CWSI) to estimate wheat ET and grain yield in

northern Utah. While no index was found to be clearly

superior to the others, based on minimal data requirements

and goodness of fit, the cumulative SDD was recommended as

the most suitable for use in wheat yield and water use

assessments in that region. They evaluated the CWSI based

on the theoretical expression given by Jackson et al. (1981)

-1with a constant r	 value of 5 sm	 for the entire season.cp

It was found that CWSI over-estimated the actual relative ET

deficit (measured using neutron scattering) at CWSI < 0.25.

This was attributed to possible temporary ET deficits occur-

ring in well-watered crops under high evaporative demand

conditions near mid-day hours when crop and meteorological

data were obtained for CWSI calculation.

O'Toole and Hatfield (1983) evaluated the effects of

wind speed on the CWSI and mainly on the upper limit of

Tc -Ta . Measured Tc-Ta values of 
severely water-stressed

sorghum, corn and beans were reported in the range of 2.5 to

8.5 °C. They reported a very poor agreement between the

measured and calculated Tc-Ta (using Idso's approach, 1981).

Further investigations (using simple linear regression ana-

lysis of (T c -T a ) u on Rn VPD and 
wind speed) revealed that

wind speed was the primary factor causing erroneous estima-

tion of the (Tc-Ta )u and hence CWSI. Net radiation and VPD
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were found not to have a signiiicant effect on (T c •Ta ) n .

However, data was collected only during clear days with R n

of 550 to 720 Wm-2 . A correction for wind was reported for

the upper limit of T c-Ta •

Walker and Hatfield (1983), based on the energy

balance equation and field data, showed that the T c-Ta of

red kidney beans was sensitive to VPD (0.16 oC/mb) and to

net radiation (0.5 0C/100 Wm-2 ). The problem of making

stress measurements under diurnally or seasonally changing

environmental conditions was investigated theoretically.

They showed graphically that it was possible to obtain

similar (Tc-Ta )p values at various VPD's due to the combined

effect of net radiation and canopy conductance.

Keener and Kircher (1983) examined various canopy

temperature based indices to evaluate stress of maize in a

more humid region in Missouri. Two years of data, an arid

year and a humid year, were obtained for comparison. The

evaluated indices were SOD, CWSI (empirical) and CWSI (theo-

retical). They assumed values of r =5 sm-1 and r=10 sm -1
cp	 a

from Jackson et al. (1981) for wheat. Their sensitivity

analysis showed that a 1 sm-1 change in r a and r	 resultscp

in a 1% change in the daily values of CWSI. This small

variation was considered convincing enough as for the values

of r
a and r . They concluded that all three methods workedcp

reasonably well in relation to yield when data from the dry

year were evaluated alone. In the humid year, the SDD index
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showed no relationship with yield, while the CWSI (empiri-

cal) showed a relationship, but different from that one

obtained during the dry year. The third index, CWSI (theo-

retical), showed essentially the same relationship for both

years, but the improved fits were not statistically signifi-

cant when compared to the empirical CWSI.

Choudhury and Idso (1984) showed that the linear

lower limit of T c-T for sunflower, developed theoretically a

using data from Phoenix and Baltimore, was in good agreement

with the linear regression developed by Idso (1982).

O'Toole et al. (1984) conducted a comparison of eight diffe-

rent methods for assessing crop water stress. The methods

compared were leaf water potential, stomatal resistance,

transpiration rate, net photosynthesis, canopy temperature,

T
c
-T

a , CWSI, and visual score. It was shown that all met-

hods, with the exception of net photosynthesis rate, were

equally sensitive to the water stress gradient. They con-

cluded that CWSI and leaf rolling score were useful techni-

ques, rapidly responsive, and non-destructive.

Werner (1984) developed a model based on the energy

balance equation to evaluate the crop water status of corn

and potato in the subhumid climate of Minnesota. It was

shown that the Tc-Ta of the above crops were highly sensi-

tive to net radiation and vapor pressure deficit. Upon

solving the theoretically-derived CWSI equation (as proposed
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by Jackson et al. 1981), he found CWSI values out of the

zero to one range defined for the index. This was attri-

buted to the uncertainties involved in the estimated aerody-

namic resistance values.

The CWSI was demonstrated by Howell et al. (1984) to

be a sensitive plant indicator of both matric (water

deficit) and soil osmotic (salinity) stress for cotton.

They reported that the unstressed baseline for cotton

appeared to be applicable to a large region in California

having similar climatic conditions. Nakayama and Bucks

(1984) found that available soil water and rubber yield of

Guayule plants had negative linear relationships with the

empirically-derived CWSI.

The effects of complete and partial ground cover on

CWSI was studied by Wanjura et al. (1984). With about 50%

ground cover, the slope of the nonwater-stressed baseline

reduced to half the slope determined for the complete cover.

Daily constant values of ra and r
	 were obtained by a trialcp

and error procedure that produced values of CWSI near zero.

They reported r	 values around 50 to 60 sm
-1 and r a valuescp

in the 10 to 15 sm
-1 range for cotton. The CWSI estimated

theoretically and empirically agreed more closely under a

complete canopy condition that under partial ground cover.

Hipps et al. (1985) showed theoretically that a

linear relationship between (Tc-Ta )p and VPD can only exist

if net radiation and turbulent transport characteristics
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were invariant. The scatter of (Tc-T
a )p 

versus VPD plot was

reported as quite large when a set of data collected from a

significantly variable environment was used. They proposed

a theoretically-based approach for normalizing the effects

of climatic variables on potential canopy temperature.

The validity of the previously found linear or cur-

vilinear lower baselines were examined by O'Toole and Real

(1986). Based on the energy balance considerations, they

showed that the lower limit of T c -Ta generated by holding

air vapor pressure (ea ) constant and varying air temperature

yielded concave lines facing upward, but were concave facing

downward when T a was held constant and e a varied. It was

concluded that the lower limit was best described as a

region which included all possible combinations of observed

e a and Ta at constant R n , r a and r . They evaluated thecp

resistances, r cp -and r a , by combining the energy balance

equation and the equation for the nonwater stressed base-

line. Their estimates of r a and r	 for nine crop speciescp

ranged from 5 and 14 sm
-1 for rice and 16 and 69 sm-1 for

fig tree, respectively. Four growth stages of a rice crop

showed increased r 	 associated with post senescence ofcp

panicles and leaves in the canopy.

Smith et al. (1986) used a set of data collected in

1982, 1983 and 1984 to examine alternative empirical and

theoretical models for predicting T e-T a of well irrigated
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wheat under variable climatic conditions. Their simplest

model (developed using the 1982 and 1983 data) which predic-

ted (Tc-Ta )p as a linear function of VPD (R
2 = 0.64) did a

very poor prediction when the independent set of values

(1984 data) were used by accounting for only 17% of the

variance in the observed (Tc-Ta )p. Not only is this proba-

bily the lowest correlation that has been reported up to

now, but this is also one of the few studies in which an

independent set of data has been utilized to test the empi-

rically-derived relationship between T c-Ta and VPD. When

net radiation was included in the regression analysis of

-1-cIe 74% and 47% of the variance were accounted for using the

dependent and the independent sets of data, respectively.

Using an energy balance approach, the fit further increased

to 65% (independent set of data) when Rn , VPD, ra and r cp

were the variables. They concluded that there was a close

positive relationship between the complexity of the methods

used and the accuracy of the (Tc-Ta )p predictions.

Under a wide range of VPD, Idso et al. (1986) ob-

tained curvilinear relationships between (Tc-Ta )p of water

hyacinth, corn and alfalfa and VPD both experimentally and

theoretically (energy balance approach). They reported that

the curvature was so slight that over the VPD range general-

ly observed in nature, it was difficult to distinguish from

a straight line. It was also shown that maximum T c -T a in

the absence of evaporation, was indeed a strong function of
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net radiation. They recommended the energy balance approach

for evaluating the CWSI rather than the previous empirical

methods.

In most of the reviewed literature related to the

empirical CWSI, values of either below zero or above one

have been reported. These have been mostly believed to be

due to the variability in the baselines themselves, particu-

larely the upper limit. While, some studies have supported

the empirically-derived limits of T c-Ta as functions of VPD

and air temperature alone, respectively, others have shown,

theoretically and experimentally, that the limits of Tc -Ta

under well-watered and fully water-stressed conditions are

also influenced by other climatic factors, e.g, net radia-

tion, wind speed. Although, some degree of empiricism is

certainly unavoidable (due to the lack of knowledge and

instrumentation) in evaluating the crop energy budget,

efforts should be oriented toward finding the "reasons"

rather than looking for the "relations."



CHAPTER 4

EXPERIMENTAL PROCEDURE

Data were collected for the 1986 growing season to

evaluate bermudagrass water stress using various empirical

and theoretical approaches. The research site was the Uni-

versity of Arizona Turfgrass Research Center, locally known

as "Rincon Vista," in Tucson, Arizona. Tucson has a semi-

arid climate with an annual precipitation of about 300

millimeter (mm), and class A pan evaporation of about 2500

mm. Tucson is located in southeastern Arizona at a longi-

tude of 110.9 degrees west, a latitude of 32.3 degrees north

and an altitude of 745 m.

Site Preparation and Soil Measurements 

During the summer of 1985, 10 lysimeter boxes, 1 * 1

meter and 60 cm deep, constructed of poly-vinyl-chloride,

and lined with a double layer of 6 mil polyethelene plastic

sheeting were buried to ground level. A 5 cm layer of

gravel was placed in the bottom of the lysimeters and a

perforated plastic drainage tube was installed in the gravel

layer to provide rapid drainage. The drainage tubes from

each lysimeter were connected to a calibrated flask (water

cooler bottles, capacity 18 liters), so drainage could be

quantified. The lysimeters were filled with fine sand with

49
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5% (by weight) Zeolite.

In January of 1986, four soil cores, 10 to 12 cm in

length, were collected from the center of each lysimeter

using steel conduits 65 cm long with an inside diameter of

51 mm. These samples were used to determine the soil dry

bulk density. An average soil bulk density of 1.55 grams

per cubic centimeter was determined. The steel conduits

were then placed in the center of each lysimeter to serve as

access tubes for neutron scattereing.

Soil moisture readings, measured during the data

collection periods, were taken at a depth of 30 cm from the

soil surface. This depth locates the geometric center of

each lysimeter and provides an accurate estimate of the

average soil moisture status of the lysimeter. A neutron

moisture sensor (CPN corporation-model 503) 1 was used for

soil moisture measurements. Although, this probe was calib-

rated with graviMetric samples taken from the lysimeters, it

was not available during the 1986 growing season, thus a

cross calibration was performed that allowed the use of a

second neutron probe (CPN, 503) without performing a second

gravimetric sampling. Calibration procedure and data are

presented in Appendix A.

1. Mention of trade names or companies is for
informational purposes and does not imply endorsment by the
author.
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The extractable water was estimated as the differen-

ce between the drain upper limit (the in-situ full soil

moisture content under a fully-established grass) and the

lower limit (soil moisture at which vegetation no longer

survives). The above definition of the extractable water

for plant growth was described by Ritchie (1981). In esti-

mating the upper limit of available soil water under a well-

established turfgrass, on July 16 [Julian Day (JD) 197 ],

sprinklers were used to irrigate the lysimeters for a few

hours. A significant amount of rain (storm) also occurred

on the previous day. These irrigations insured that soil

water was brought up to field saturation. A 24-hr time

elapsed before drainage completly ceased. Neutron moisture

readings were collected on July 17 at three depths (20, 30

and 40 cm from the surface) from each lysimeter. Due to the

uncertainties involved with the 20 and 40 cm depth readings,

only the 30 cm readings were selected to represent the soil

water status around grass roots. An average value of 0.067

m was obtained for the upper limit of the extractable water

to a soil depth of 0.55 m.

The lower limit of the extractable water for turf

was also estimated in-situ using soil moisture measurements

taken from severely water-stressed turf plots on July 28,

August 31, and September 1. An average value of 0.004 m was

found for the lower limit of the extractable water to a soil

depth of 0.55 m. The total extractable water was then
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determined to be 0.063 m per 0.55 m of soil. In this study,

the available extractable water was estimated using soil

water content data as described in Appendix B.

Grass Selection and Measurements 

The lysimeters were seeded with a selection of

bermudagrass (Cynodon dactylon, CV. Midiron) on May 15,

1986, and were irrigated with water equivalent to or greater

than the daily reference crop evapotranspiration (grass-

based) as calculated by the modified Penman equation

(Doorenbos and Pruitt, 1977) until a dense uniform vegeta-

tive cover was established. The bermudagrass was maintained

at a 3 to 4 centimeter height by periodic cutting on July 20

and 31 and on August 7, 13, 22 and 30. The lysimeters were

randomly divided into 3 treatments with each treatment being

replicated 3 times. The remaining lysimeter was retained as

a "control" and was utilized to establish well-watered and

severely water-stressed bermudagrass.

Treatments consisted of three different levels of

water application. One treatment, defined as well-watered,

was provided by applying water equal to the daily Penman

reference ET for grass assuming that the bermuda turfgrass

would transpire at or near potential rate equivalent to the

ET estimate obtained from the modified Penman equation. It

should be mentioned that the true state of the potential ET

is hardly achieved under field conditions, even if the soil
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water is non-limiting. For instance, root density and depth

may limit the rate of water uptake by the crop to meet the

evaporative demand, particularly under high radiation inten-

sities and low air vapor pressures. These conditions plus

oasis effects are normal in Tucson during the summer.

The second treatment was defined as moderately

stressed and received water equal to two-third (2/3) of the

daily Penman ET. The third treatment was considered to be

stressed and received water equal to one-half (1/2) of the

daily Penman ET. Figure 4.1 is a plan layout of the re-

search plot area.

Figure 4.2 gives the daily values of the Penman ET

for the 1986 growing season. The irrigation depths (total

water applied from July 8 to September 19) for the three

water treatment levels in this study are shown in Fig. 4.3.

Appendix C gives the modified Penman equation used in this

study and the daily measured climatological parameters re-

quired for its evaluation. Nutrient requirements of the

bermudagrass were met by periodic application of a modified

Hoagland nutrient solution. The bermudagrass was fully

established by July 10 (JD 191), 1986.

On a daily basis, the drainage from each lysimeter

was first recorded, the neutron measurements were then taken

and the lysimeters were irrigated (according to the previous

day Penman ET estimate) using a 7-liter garden sprinkler
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can. This method of water application was found to be very

effective, providing a uniform depth of water over the

lysimeters. During the early part of the season (from the

beginning of the growing season to August 14), the above

procedure was carried out in the late afternoon (1700 to

1900) and was changed to early morning hours (from August 14

to the end of the season). A rainout shelter, built with a

wooden frame and covered with a layer of 6 mil polyethelene

clear plastic sheeting, was placed over the lysimeters dur-

ing the rainy periods to provide a control of the quantity

of water applied in each soil moisture regime.

go
,

9

->x8
N

6

4
,,

\ 31

-

2A-- ____-----TEST PLOT

Fig. 4.1. Layout of the lysimeters and their irrigation
water treatments
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Infrared and Meteorological Measurements 

Canopy temperature minus air temperature difference

was measured using two infrared thermometers (IRT). The

thermometers used were both Everest Interscience, model 110

with a narrow field of view, 3 degree solid angle, and 8-14

microns pass-band.

Mid-day Tc -Ta measurements were taken at twelve

different locations on each lysimeter and the results were

averaged to provide a representative T c-Ta for each lysime-

ter. The IRT was normally positioned at an angle of 30 to

45 degrees from horizontal. Readings were taken with the

instrument held at a distance of approximately 50 cm above

the grass surface. The emissivity adjustment on the thermo-

meter was set at 0.98. Mid-day canopy temperature measure-

ments (recorded manually) were obtained between 1200 and

1400 (local standard time) on most days with clear- or

steady overcast-sky conditions during the season.

Diurnal Tc-Ta measurements, collected over various

treatments and the control lysimeter, were automatically

stored on a micrologger from approximately 0800 to 1800

(local standard time). Diurnal measurements were sensed by

IRT(s) mounted on tripod(s) at a distance of 1.5 m away from

the bermudagrass at a height of approximately 1 meter and at

an angle of about 30-45 degrees from horizontal. Single

rddiation shielding was used to reduce temperature loading

on the infrared thermometers.
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A weather station equipped with a Campbell

Scientific Inc. 21X micrologger was installed at the site.

Air dry-bulb temperature and relative humidity (using a

Campbell Scientific, Inc. temperature and humidity probe,

Model 207, set at 2 m above ground), solar radiation (using

a Li-Cor Inc. Model LI-200SZC pyranometer, set at 2.5 m

above ground), net radiation (using a Micromet Instruments

Fristchen type net radiameter, set at 20 cm directly above a

well-watered turf), and wind speed (using a Met-One Model

014A, set at 2 m above the ground) were measured on one

minute intervals and the 5 minute averages were stored on

the CSI-21X micrologger for the period from sunrise to

sunset.

The micrologger was programmed to activate its out-

put functions when solar radiation exceeded 5 watts per

square meter (approximate sunrise) and deactivate its func-

tions when solar radiation dropped below the above value

(approximate sunset). Field data were transfered into

spreadsheets and processed in appropriate forms for

analysis.



CHAPTER 5

ANALYSIS OF VARIOUS MODEL PARAMETERS

The 1986 meteorological and crop data, starting on

July 24 (JD 205) and ending on September 19 (JD 262), were

used to derive the required parameters for evaluating four

alternative CWSI models. The canopy temperature minus air

temperature (Tc -Ta ) forms (Eqs. 3.16 and 3.18) and the

resistance form (Eq. 3.19) of CWSI were selected for

analysis with the energy balance equations (3.7) and (3.10)

as the governing functions defining Tc -Ta in a given

climatic and crop condition.

Empirical Approach 

The CWSI parameters in the first two models were

simplifications of the energy balance equation (3.10) and

were derived empirically using linear regression analyses.

These parameters were Tc -Ta of fully transpiring and non-

transpiring bermuda turfgrass.

In evaluating the lower limit of Tc -Ta , a subset of

data was selected which included Tc-Ta measurements of

fully-developed and well-irrigated plots of bermudagrass and

their corresponding meteorological variables (Rn , U, Ta and

RH). In selecting the data, care was taken to ensure that,

first the canopy temperatures represented the potential

59
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transpiring conditions (plots were irrigated early in the

morning according to the previous day Penman ET estimate),

and second no measurements taken under abruptly changing

climate (moving scattered clouds or rain) were included.

Both diurnal and mid-day measurements were selected

for analysis. Average half-hr diurnal (JD's 215, 216, 217,

231, and 232) and average mid-day (JD's 210, 211, 212, 219,

237, 246, 247, 261, and 262) measurements of potential

canopy temperature minus air temperature, (Tc-Ta)p, and

climatic data (Appendix D, Table Dl) were then used to

develop the empirical lower limits of Tc -Ta . Note that each

mid-day T c -Ta included in the analysis was the average of 36

readings (12 readings from each replicate).

During the data collection period, meteorological

conditions varied significantly. For instance, net

radiation varied between 240 and 630 Wm
-2 , wind speed from

0.8 to 4.5 ms -1 , and relative humidity from 6 to 64 percent.

Air temperature did not vary greatly from day to day but did

increase by approximately 10 °C from early morning hours to

mid-afternoon ranging from 30 to 40 °C with an overall mean

of 37 oC.

The empirical models 1 and 2 described below differ

according to the number of independent variables used in

statistically determining the lower limit of Tc -Ta , and they

also differ with respect to the method used in obtaining the

upper limit of Tc -Ta •
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Model 1

As discussed earlier, the simplest approach to

evaluate CWSI parameters was originally proposed by Idso et

al. (1981), in which (Tc-T
a )p was described solely as a

function of VPD and the maximum (upper limit) Tc -Ta as a

function of air temperature (Eqs. 3.20 and 3.21). A single

variable linear regression analysis of (Tc-T
a )p on VPD data

(Appendix D, Table D1) yielded the following

(Tc -Ta ) = 2.91 - 1.241 * VPD	 (5.1)

Table 5.1 gives a summary of the regression

analysis. The coefficient of determination, R 2 , of the

lower baseline indicated that vapor pressure deficit

accounted for 76% of the variation of (Tc-Ta )p while other

environmental factors varied significantly. The correlation

between these two parameters is lower than thoes reported by

Idso (1982) who used data collected during a few days with

clear-sky conditions. Throssell et al. (1987) found a

negative slope of 2.2 ° C/KPa and an intercept of 7.7 ° C for

the lower baseline of Kentucky bluegrass turf grown in

Kansas. They reported a coefficient of determination of

0.67 for the regression with data collected under clear sky.
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Table 5.1 Summary of the simple linear regression of canopy
temperature minus air temperature difference of well-watered
bermudagrass versus air vapor pressure deficit.

Intercept	 2.91

Slope	 -1.241

Standard Error of the Slope	 0.0801

Standard Error of the Estimate	 0.93

Coefficient of Determination (R 2 )	 0.76

Degrees of Freedom	 76

The upper limit of canopy temperature minus air

temperature was determined by solving Eq. (3.21) using the

regression coefficients associated with the lower baseline

(Eq. 5.1). This yielded the following equation

(T
c
-Ta )

u 
= 2.91 - 1.241 * VPG
	

(5.2)

Note that, for a given air temperature, Eq. (5.2) yields a

positive T
c
-Ta .

Figure 5.1 presents a graphical representation of

the above nonwater-stressed and fully water-stressed

baselines. A visual observation of the data points revealed

that a concave line facing downward could have also fitted

the data. O'Toole and Real (1986) showed that the shape of

the lower baseline was concave facing downward when the

energy balance Eq. (3.10) was solved (constant R n , r a and
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r) by holding the air temperature constant while varingcp

the VPD. The observed curvature of Fig. 5.1 may have been

affected by the relatively constant air temperature

encountered during this study which had a mean of 37 °C and a
standard deviation of only 2.7 °C while relative humidity
ranged from 6 to 64 percent.

A comparison between the empirical fit (Eq. 5.1) and

the theoretical expression (Eq. 3.10) reveals that equation

(5.1) basically assumes constant values of R n , G,A,ra and

r . However, (T -T ) has been shown to be affected by netcp	 c a p

radiation (Walker and Hatfield, 1983; Werner, 1984; Hipps et

al. 1985; Smith et al. 1986), windspeed (O'Toole and

Hatfield, 1983), canopy resistance (Jackson, 1982) and stage

of crop growth (Idso, 1982). Bermudagrass has an

essentially a constant rate of growth, thus the effects of

potential canopy resistance and growth stage on (Tc-Ta ) p

were expected to be minimal. This model was further

expanded to account for the variations due to net radiation

as described below.

Model 2

On August 11 (JD 223), diurnal Tc -Ta were measured

on both a near well-watered and a fully water-stressed plots

of bermuda turf. Fig. 5.2 gives measured values of Tc -Ta as

a function of net radiation. From Fig. 5.2, the dependence

of Tc-T
a 

on Rn under both conditions is clear. This further
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encouraged analyzing the effects of net radiation on T c -Ta •

The selected set of data obtained from the well-

watered turf plots (Appendix D, Table D1) was analyzed

statistically using a multiple-linear regression technique

with Rn and VPD as the independent variables affecting the

dependent variable (Tc-T
a
)p. This resulted in

(Tc -Ta ) p = 0.57 + 0.007 * Rn - 1.403 * VPD
	

(5.3)

A summary of the regression analysis is given in

Table 5.2. A comparison between Tables 5.1 and 5.2

indicates that accounting for the effects of net radiation

did improve the fit to the data by explaining 90% of the

observed variance in (Tc-T
a )p as compared to 76% by the

single variable approximation (model 1). The regression

constant 0.57 °C (Eq. 5.3) may be regarded as the soil heat

component of the energy balance equation (3.10) being

directed upward from the soil surface (gain of heat by turf

canopy). Equation (5.3) indicates that T c-Ta of turfgrass

is sensitive to Rn (0.007 
o C/Wm-2 ) and to VPD (1.403

oC/KPa). Similar results have been reported for

agricultural crops (Walker and Hatfield, 1983; Smith et al.

1986).
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Table 5.2. Summary of the multiple linear regression
analysis of canopy temperature minus air temperature
difference of well-watered bermuda turf versus net radiation
and vapor pressure deficit.

Intercept	 0.57

Rn Coefficient	 0.007

VPD Coefficient	 -1.403

Standard Error of Rn Coeff.	 0.0006

Standard Error of VPD Coeff.	 0.0545

Standard Error of the Estimate	 0.6

Coefficient of Determination	 0.899

Degrees of Freedom	 75

It was previously discussed that as canopy

resistance approaches a maximum value, i.e, re--> infinity,

T c-Ta would then be only a function of the product of R n and

ra (see Eq. 3.17). Treating r a as a constant value would

allow the upper limit of T c -Ta to become a linear function

of net radiation. In order to statistically evaluate the

effects of R
n 

on (Tc -Ta ) u , on July 29 and August 11 (JD 210

and 223), diurnal Tc -Ta measurements were obtained on a

severely water-stressed plot of bermudagrass (Appendix D,

Table D2). Care was taken not to include any dried-out

bermuda leaves in the thermometer field of view to minimize

differences in grass reflectivity and emissivity.
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All net radiation measurements in this study were

obtained using a Fristchen type net radiometer installed 20

centimeters above a well-watered plot of bermudagrass (this

will be referred to as Rn(wet)). The measurements had to be

adjusted to represent net radiation values on the severely

water-stressed grass (this will be referred to as Rn (dry)).

It can be shown that Rn(wet) and Rn(dry) are related by the

following expression

Rn(dry) (T 4= Rn(wet) -	 crop	 - T 4 )cu	 cp (5.4)

where Tcu and T	 are the upper and lower limits of canopycp

temperatures, respectivily. In estimating Rn(dry) from Eq.

(5.4), T	 was estimated using the two variable regressioncp

equation (5.3). During the measurement period (JD's 210 and

223), VPD varied considerably (i.e, relative humidity ranged

from 8 to 43 percent) with (Tc-T
a )p estimates ranging from -

6.3 o C (at 8% RH) to 0.6 oC (at 43% RH).

Figure 5.3 gives the differences in the flux of net

radiation over well-watered and over fully water-stressed

turf on July 29 and August 11. A maximum difference of 90

Wm-2 occurred at 1315 (local standard time). A linear

regression analysis of Rn(dry) upon Rn(wet) yielded

Rn(dry) = 0.88 * R n(wet)
	 (5.5)

Table 5.3 gives the regression statistics.
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Figure 5.4 shows the linearity between Rn(dry) and

Rn(wet) . The slope of the best fit line indicates that net

radiation over the non-transpiring grass was generally 12

percent lower than over the well-watered grass.

The dependence of Tc -Ta of non-transpiring bermuda

grass (due to water stress) on net radiation was tested

statistically using a linear fit to the data shown in Fig.

5.5. This resulted in

(Tc -Ta ) u = - 2.54 + 0.019 * Rn(dry)	
(5.6)

The regression statistics is given in Table 5.4.

The strong correlation (R 2 = 0.875) implies that net

radiation was the major climatic variable affecting the T c -

Ta of non-transpiring bermudagrass.

The constant of the regression fit (Eq. 5.6) is an

approximation of the Gr a
/fc term of the energy balance

equation (3.10). While a positive intercept of 0.57 °C (gain

heat by grass) was obtained for the potentially transpiring

bermudagrass, the negative intercept of -2.54 °C, thus may

represent a loss of heat from the-non-transpiring grass.

The relative magnitude of these intercepts may be an

indication of a significant amount of soil heat flux under

no available water. Clothier et al. (1986), working with

alfalfa crop, reported no significant difference in the G/R n

ratio as soil surface dried-out.
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Figure 5.6 gives the developed empirical limits of

Tc -Ta in model 2 for a range of net radiation (200 to 600

Wm-2 ). Figure 5.6 clearly shows that the end-limits of T -Tc a

of bermudagrass were continuous functions of net radiation

with the upper limit showing a stronger dependence (0.019

OC/Wm-2 ) than the lower limit (0.007 OC/Wm-2 ). Hipps et al.

(1985) and Werner (1984) showed similar relations between

(T-T) and R
C au	 n

.

While, net radiation improved the fit to Tc -Ta data,

wind speed, as a third independent variable, added no

statistically significant explanation of the observed

variance.

Table 5.3 Summary of the simple linear regression analysis
of estimated net radiation over severely water-stressed
bermuda versus measured net radiation
bermuda.

over well-watered

Intercept 0

Slope 0.88

Standard Error of the Slope 0.0031

Standard Error of the Estimate 10.59

Coefficient of Determination	 (R 2 ) 0.992

Degrees of Freedom 44
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Table 5.4	 Summary of the simple linear regression analysis
of canopy temperature minus air temperature difference of
severely water-stressed bermudagrass on net radiation.

Intercept -2.54

Slope 0.019

Standard Error of the Slope 0.0011

Standard Error of the Estimate 0.852

Coefficient of Determination	 (R 2 ) 0.876

Degrees of Freedom 44

Theoretical Approach 

Evaluation of the Resistances

The major difficulties in evaluating the CWSI

parameters from energy balance considerations are the

unmeasurable canopy resistance at potential ET, ri andcp

aerodynamic resistance, r a . This has discouraged the

theoretical utilization of the CWSI concept for practical

crop water use assessment. As Monteith (1985) stated "The

so-called Penman-Monteith formula expressing evaporation as

a function of r 	r
a 

has been used mainly as a diagnostic

tool for estimating r s when LE is known, rather than as a

prognostic tool for estimating LE when r s is assumed." Note

that r s is the effective stomatal 
resistance. He concluded

that it would be more rational to assume a minimum value of

r of 50 sm-1 for arable crops with r
a 

being evaluated as a
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function of wind speed and surface roughness (more rational

as compared to assigning arbitrary minimum values of r s /ra

for specific climates as proposed by Thom and Oliver 1977).

In this study, various approaches were taken for

evaluating the resistances (r	 and r). The following fivecp	 a

sections describe the techniques used and their limitations.

Evaluation of the Resistances Based on Model 1. The

empirical relation (Eq. 5.1), developed in model 1, was a

linear single variable approximation of the energy balance

equation (3.10) with R n , G, r cp , r a , and A held as

constants. The linear relation between (Tc-Ta)p and VPD has

been combined with the energy balance equation (3.10) for

estimating mean values of r	 and r. This technique wascp	 a

practiced by Idso (1983, 1986), and 0,Toole and Real (1986).

In general, their conclusions indicated that the predicted

values of (Tc-Ta)p obtained by solving the energy balance

equation using the estimated r
a 

and rcp values agreed well

with the measured values of (T-T
c a ) p .

It can be shown that by equating the nonwater-

stressed baseline of canopy temperature minus air

temperature difference (Eq. 3.20) and the energy balance

equation (3.10), the regression parameters a and b take the

forms

ra (Rn -G)	 Y(14 r /r )
cp 

(5.7)a (intercept) =

:rcP	
+ v(1	 r cp/r a )
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and

1
b (slope)	 =	 (5.8)

A+ 10 + rcp/ra )

Evaluating the above expressions require that Rn , G,

r cp , r a , and	be held as constants. Thus, mean values of

these parameters should be used when solving Eqs. (5.7) and

(5.8). By rearranging the above equations, r a and r	 couldcp

be expressed as

ra = 
afc2 

(5.9)  
(Rn - G)(1 + bA )

and

= — r a *cp (5.10) 

Idso (1983), based on equations (5.9) and (5.10),

postulated that the potential canopy resistance was a linear

function of net radiation with y-intercept (R n=0) of zero.

Using the same argument, one may also postulate that r a is a

function of Rn 
(Eq. 5.9). Although, experimental evidence

of r	 being related to Rn exists, 
no direct relation

cp

between r
a 

and R
n 

is known to this author. Furthermore,

Idso's analysis ignores the limits imposed by the physiology

of the plant canopy system. It is also notable that both

Eqs. (5.9) and (5.10) were developed by assuming that the



Gra Y(1 + r /r )cp a a (intercept) = ,	 (5.11)
9c (A+)((1 + r cp/r a ))p
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variations of R n did not affect (Tc-Ta )p, and if so, then

r	 and ra as functions of R affecting the (Tc-Ta )p 
and

cp	 n

also being defined by Eqs. (5.9) and (5.10) are

contradicting ideas.

Seasonal mean values of Rn = 471 Wm-2 , A= 0.3209

KPa/ oC and f= 1.041 Kg/m3 were used to evaluate r
a 

and rcp

using the previously determined regression parameters of a =

2.91, and b = -1.241 (soil heat flux was neglected). This

yielded values of ra = 11 sm-1 and r	 = 73.3 sm-1 forcp

bermuda turfgrass.

Evaluation of the Resistances Based on Model 2. The

regression equation (5.3), developed in model 2, described

(Tc -Ta ) p as a linear function of Rn and VPD. By equating

Eqs. (3.10) and (5.3), the regression parameters a, b, and c

will take the following forms

r aV(1 + r c2/r a )
b (coeff. of R n ) -	 ,	 (5.12)

jcp [A+y(1 r c /rp a )]

and

1
c (coeff. of VPD) = —  	 •	 (5.13)

A +y(1 + r cp/ra )

Mean values of r a and r	 can be obtained bycp

rearranging the above equations, thus



    

bp2        

and

a 
(1 + cA) 

r	 = - ra *cp 

[1 + c ( A	 ) ]   

c`6

A mean value for soil heat flux may then be

evaluated by substituting Eqs. (5.14) and (5.15) into

equation (5.11). Using the pre-determined regression

parameters of a = 0.57, b = 0.007, and c = -1.403, mean

-1 -1	 -2values of r	 = 70.7 sm	 r = 13.3 sm	 and G = 81 Wmcp	 ' a

were found for potentially transpiring bermudagrass.

	The estimated r	 and r using the empirical lowercp	 a

limits of Tc-Ta [Eqs. (5.1) and (5.3)1 were basically

similar considering that their absolute values may be

questionable. The results were interesting in that they

explained how the ratio rcp/ra controls 
the (T -T ) versus

C a p

VPD relationship. From the energy balance equation (3.10),

the coefficient of the VPD term varies according to the

changes inS, cp and ra . While A and do not change
much, the ratio rcp/ra may be used to determine the 

slope of

(Tc -Ta ) p versus VPD curve without collecting massive amounts

of data. It should be noted that the VPD coefficients

obtained here in Eqs. (5.1) and (5.3) also showed a small

variation and were -1.241 and -1.403 °C/KPa, respectively.
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The predicted resistances were also in the range reported by

others (Hatfield et al. 1984; Idso et al. 1986; O'Toole and

Real, 1986).

Evaluation of the Aerodynamic Resistance Based on 

Model 2. The strong linear correlation between T c-Ta of a

non-transpiring crop and net radiation has been utilized by

others as a sound, theoretically-based tool for evaluating

the aerodynamic resistance. The objective is to insure that

transpiration has ceased with plants dissipating energy in

the form of sensible heat. This has been accomplished in

various ways, i.e, Linacre (1972) vaseline coated the leaves

(impermeable layer to vapor flow), Jackson et al. (1981) and

Idso et al. (1986) severely water stressed the crop. In all

case, T c -Ta measurements were then used for evaluating r a by

solving Eq. (3.17).

In model 2, it was found that the upper limit of

T c -Ta of bermudagrass varied linearly 
and strongly (R 2 =0.87)

as a function of net radiation with a slope of 0.019 
oC/Wm-2

and an intercept of -2.54 °C. By equating the energy balance

equation (3.17) and the upper limit of canopy temperature

minus air temperature (Eq. 5.6), the r a /lc p ratio would then

equal to 0.019 oC/Wm
-2 . From this, an aerodynamic

resistance value of 20 sm
-1 was calculated (using a constant

fc value).
P

In this study smaller values of aerodynamic

-1
resistances (11 and 13.3 sm) were obtained when the
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empirical lower limits of T c-Ta were combined with the

energy balance equation than when the upper limit of T c-Ta

was combined (ra of 20 sm
-1 ). Mean values of wind speed

during the data collection periods for development of the

lower and upper Tc-Ta limits were 2.1 ms
-1 and 2.7 ms -1 ,

respectively. Aerodynamic resistance has been generally

defined in the literature as an inverse function of wind

speed. Thus, r
a 

obtained at a lower wind speed (2.1 ms -1 )

should have been greater than the ra obtained at a greater

wind speed (2.7 ms -1 ). The effects of free convective

forces (if significant) should have also further decreased

ra under the water stressed condition (higher vertical temp-

erature gradient).

-1The estimated r	 (73.3 and 70.7 sm ) and r (11cp	 a

and 13.3 sm-1 ) values obtainéd from the linear fits of

-1(T c -Ta ) p were averaged to yield mean values of r	 = 72 smcp

and ra = 12 sm
-1 for further analysis.

The aerodynamic resistance values of 12 and 20 sm
-1

were tested for accuracy by solving the energy balance

equations (3.10) and (3.17) for (Tc-T a )p and (Tc-Ta )u 
with a

-1
constant r	 value of 72 sm	 using the meteorological datacp

given in Appendix D (Table D1) with A evaluated at air

temperature (soil heat flux was neglected).

The results indicated that the theoretically

predicted (Tc-Ta )p values using r a values of 12 and 20 sm
-1

were highly correlated with the measured values.
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Figures 5.7 and 5.8 give the measured versus

predicted values of (Tc-Ta )p when aerodynamic resistance

values of 12 and 20 sm-1 were used, respectively. The

theoretically-estimated (Tc-Ta )p values using ta of 20 sm
-1

linearly over-estimated (more negative) the measured values

by 0.4 °C with the slope of the fitted line being equal to

0.982 (see Fig. 5.8). When ta of 12 sm-1 was used, the

slope of the fitted line (1.214) deviated from the 1:1 line

at Tc-Ta values greater than -2
oC and less than -5 oC (see

Fig. 5.7). The differences in the predicted values of

(Tc-Ta ) p using r a values of 12 and 20 sm
-1 were found to be

insignificant in evaluating the CWSI in this study. These

results also indicate that small variations in the predicted

(Tc -Ta ) p occurred while aerodynamic resistance was changed

significantly, i.e, 40 percent. This further supports the

validity of assigning a constant r a value for predicting the

(Tc-Ta ) p of turfgrass.

The sensitivity of the Tc -Ta of non-transpiring turf

to the estimated aerodynamic resistances (12 and 20 sm
-1 )

was tested by solving the energy balance equation (3.17) for

(Tc-Ta ) u using 
net radiation flux values given in Appendix

D, Table D2. An aerodynamic resistance value of 20 sm
-1 

was

originally obtained from the measurements of Tc -Ta on

severely water-stressed turf, thus its predictive ability

was obvious. When the ta value of 12 sm
-1 

was used, the

predicted (Tc-Ta )u were found to be highly correlated
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(R 2 =0.874) with the measured values, but the agreement was

poor, with the slope of the fitted line (1.612) deviating

significantly from the 1:1 line, particularely as Tc -Ta

increased beyond 4 °C (see Fig. 5.9). For instance, the

predicted Tc-Ta values using r a of 12 sm
-1 hardly exceeded

5°C while the measured values were mostly in the 5 to 8 ° C

range.

In this study, the estimated aerodynamic resistance

value of 20 sm-1 gave consistently better predictions of

Tc -Ta of bermudagrass than r a of 12 sm
-1 , particularly for

the non-transpiring turf. Jackson et al. (1981) reported an

ta value of 10 sm
-1 for a severely water-stressed wheat

grown in Phoenix, Arizona. Tuifgrass is an aerodynamically

smoother surface than wheat or even most agricultural crops,

thus it is more likely that the mean value of ra for turf to

be significantly higher than tall agricultural crops.
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Evaluation of the Aerodynamic Resistance Based on 

the Momentum Theory. In evaluating the aerodynamic

resistance, r a , the so-called Monteith's Equation (3.13) was

selected for analysis. Due to the small height of the

bermudagrass (mean height of 3.2 cm), it was assumed that

the roughness length (z 0 ) was constant as wind speed varied.

A roughness length value of 0.7 cm for bermuda turf [cited

in Szeicz et al. (1969) from Tanner and Pelton (1960)), and

a zero plane displacement, d, value of 2 cm (from Monteith

1973, d = 0.63*H where H is the crop height) were obtained.

A value of 5 was selected for the empirical constant, n,

from Monteith (1973).

Equation (3.13) was solved for ra using measured

T
c
-Ta and meteorological data obtained under: 1) well-

watered turf (Appendix D, Table D1), and 2) severely water-

stressed turf (Appendix D, Table D2).

Figures 5.10 and 5.11 present the calculated

aerodynamic resistances versus wind speed for unstable and

stable atmospheric conditions, respectively. While, the

encountered range of wind speed in this study was

essentially the same under both water stress conditions, the

calculated r
a
's were significantly higher for well-watered

turf than for stressed turf at wind speeds less than 2 ms.

SuchSuch pronounced variations were presumably due to the damped

and enhanced convective currents at negative (well-watered)

and positive (severely stressed) Tc -Ta values, respectively.
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Before any further discussion about these findings,

it is necessary to point out that the utilization of the

energy balance equation for predicting T c-Ta , canopy

resistance and CWSI gave unrealistic values in all

categories when calculated aerodynamic resistances from Eq.

(3.13) were used. Thus, it can be concluded that Eq. (3.13)

with the values of z
o = 0.7 cm, d = 2.0 cm and n = 5 does

not work for turfgrass grown under climatic conditions

similar to the ones experimented in this research. It was

not the objective of this thesis to refine the parameters

used in Eq. (3.13). Furthermore, this author has been

unaware of any literature concerning the use of equation

(3.13) for evaluating r a under any very short vegetation

such as turf.

While equation (3.13) failed to yield reasonable

results, there are significant amounts of research

indicating its satisfactory perfomance mostly for taller and

thus aerodynamically rougher vegetations, e.g, barley,

wheat, potato, pine forest, lucerne (Monteith, 1962; Szeicz

et al. 1969; Hatfield et al. 1983; Smith et al. 1986).

Based on the limited findings of this research, it is

suggested further investigation of the performance of the

Monteith equation (3.13) before any final conclusion is

made. This author also hopes that this short discussion

will stimulate further studies of this topic.
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Based on the discussion presented above, an

aerodynamic resistance value of 20 sm-1 was selected for

bermuda turfgrass for evaluating the theoretically-based

CWSI parameters.

Evaluation of the Potential Canopy Resistance from 

rrnp ParamszttPni. A practical approach for determining

canopy resistance was proposed by Szeicz et al. (1969).

Using their method, the potential canopy resistance may be

estimated as the ratio of minimum stomatal resistance

r s(min) and the effective leaf-area-index (LAI eff).
 In this

study, the LAI sff was estimated as being equal to the

measured LAI for the bermudagrass because of little or no

illumination-induced stomatal closure due to its relatively

short height.

Two samples of bermudagrass were obtained from a

well-watered and a moderately stressed bermuda turfgrass.

The reason for sampling the moderately stressed plot was

that all plots under this irrigation treatment showed no

visual signs of stress and were consistently well-

established during the season. The measured LAI values were

2.8 (well-watered) and 3.6 (moderately-stressed) with an

average value of 3.2. Measurements of the stomatal

conductances were not possible on the bermudagrass which had

very short and narrow leaves (proper porometer was not

available). A minimum stomatal resistance of 200 sm
-1 was

assumed based on previous research that have indicated r s
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values in this range for many crops (Norman, 1979). A

potential canopy resistance of 62.5 sm-1 was thus calculated

for bermudagrass.

Within the limits of experimental errors, canopy

resistance determined from the r s/LAI ratio has shown to be

equivalent to the values obtained from the Penman-Monteith

equation (3.9) when LE was measured by some independent

method, e.g, lysimeter, Bowen Ratio (Monteith, 1985).

Although, the difference in the evaluated r	 values wascp

13%, the methods used for their determinations were

completely different, with the method using the r 5 /LAI ratio

being a much simpler and rapid approach.

The accuracy of the estimated r cp 's was tested by

solving the energy balance equation (3.10) for (T c-Ta ) p

using climatic data given in Appendix D (Table D1). The

-1aerodynamic resistance was kept constant (r a = 20 sm ),

thus to isolate the variations in the predicted (Tc-Ta)p due

to the differences in the r	 values. The findings werecp

separated into two energy balance-based CWSI models (3 and

4) and are discussed below.

Model 3

In this model, the energy balance equation (3.10)

was solved for predicting (Tc-Ta)p with R n , VPD and A

(evaluated at air temperature) as variables, r	 (72 sm
-1 )cp

and ra (20 sm
-1 ) as constants. Soil heat flux was assumed
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to be negligible.

Measured versus predicted (Tc-Ta)p values 
were shown

previously in Figure 5.8. As compared to the single

variable model 1, incorporation of the estimated resistances

in the energy balance equation gave further improvement to

the fit by accounting for 88% of the observed variance in

(Tc-Ta ) p• The agreement (slope) between the measured and

predicted (Tc-Ta)p was very good (0.982) with an intercept

of 0.4 o C.

The slope of the saturation vapor pressure-

temperature curve,,, was evaluated at air temperature.

When	 was evaluated at mean canopy and air temperatures, no

change in the fit was found (R 2
=0.89), but the slope of the

fitted line deviated slightly from the 1:1 line and was

reduced to 0.9. The predicted values of (Tc-Ta)p from the

complete energy balance equation were not significantly

sensitive to the small variations in P evaluated at air

temperature or at mean of canopy and air temperatures. The

predicted (Tc-Ta)p values 
differed slightly having a mean

difference of only 0.2 °C. The variations differences were

within the accuracy of the infrared thermometers used in

this study ( 0.5 °C).

Figure 5.12 shows the correlation (R
2 

= 0.999)

between predicted (Tc
-T

a
)
p 

values with 6 evaluated at air

temperature and at mean of canopy and air temperatures.
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Model 4

All models developed previously (models 1, 2 and

3) share a common limitation of requiring pre-determined

empirical relations describing the behavior of Tc -Ta under

minimum and maximum water stressed conditions. It was shown

that the energy balance approach (model 3) performed

satisfactory when values of r	 and r evaluated based oncp	 a

the empirically-derived functions of T c -Ta were used.

This model (4) used the energy balance equation

(3.10) for predicting (Tc-Ta)p with constant values of rcp

62.5 sm-1 and ra = 20 sm
-1 . This is also a three variable

(R
n , VPD, andA) model with r and r as constants. Modelcp	 a

4 was initiated to evaluate the sensitivity of the (T -T )c a p

and CWSI to variation in the r	 values. In this model (4),cp

the slope of the saturation vapor pressure-temperature curve

was evaluated at air temperature, and soil heat flux was

neglected.

Figure 5.13 gives measured versus predicted (Tc -Ta ) p

values. The predicted values were in good agreement (slope

= 0.964) with the measured values, but bias (intercept =

0.84 ° C) was present that caused a linear over-estimation

(more negative) of the (T 
C
 -T 

a ) p values. Although the

percentage of the observed variance in (T -T ) accountedc a p

for and the slope of the fitted line were identical to the

ones obtained in model 3, the intercept was increased from

°	 °0.32 C (model 3) to 0.84 C (model 4). This increase in
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the intercept is due to the difference in the r	 valuescp

used in models 3 and 4 since all other parameters were the

same in both models. (It will be shown later that these

small variations in the predicted (Tc-Ta ) p cause a maximum

of 5 percent variation in the calculated CWSI by models 3

and 4.)

As indicated above, the energy balance equation

utilized in this model used values of 11 evaluated at air

temperature. When LS was evaluated at mean of canopy and air

. temperatures, the same fit (R 2 ) was obtained between the

predicted and the observed values, but the slope of the

fitted line was reduced from 0.964 (when a was evaluated at

air temperature) to 0.877 (when AN was evaluated at mean of

canopy and air temperatures). Jackson et al (1981) reported

that when Tc-Ta is large (as for the case of well-watered

crops), evaluating 41 at mean of canopy and air temperatures

yields better predictions of Tc-Ta (using the energy balance

equation). In contrast to this, better predictions of Tc-Ta

were associated with A evaluated at air temperature.
Potential canopy temperature minus air temperature

differences predicted in this model (4) were basically the

same as thoes found in model 3. But, model 4 offers greater

applicability since pre-determined empirical fits of (Tc -Ta )
p

are not required for evaluating the r	 term.cp
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In this study, the theoretical models 3 and 4 used

equation (3.16) for quantifying the crop water stress index.
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CHAPTER 6

RESULTS AND DISCUSSIONS

Crop water Stress Index 

Mid-day T c-Ta measurements obtained during the

summer of 1986 were used to quantify the CWSI defined by the

four developed models. A total of 28 days of mid-day Tc-Ta

and meteorological measurements obtained from July 24

through September 19 (Julian days 205 to 262) were selected

for detailed analysis. Measurements were collected under a

wide range of atmospheric conditions. All plots received

water on a daily basis according to their irrigation

treatments.

Figure 6.1 gives the percent available extractable

water (%AEW) for the three irrigation treatments over time.

Daily available extractable water did not change significantly

in the well-watered (receiving full daily Penman-ET) plots,

gradually decreased by a total of 15% in the moderately

stressed (receiving 2/3 of daily Penman-ET) plots, but was

reduced greatly by 70% in the stressed plots (receiving 1/2

of daily Penman-ET).
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Drainage was monitored daily during this study.

While stressed and moderately stressed plots yielded no

drainage water, the well-watered plots drained on most days.

In this study, turf quality (based on observed

density and color) was considered acceptable for the well-

watered and the moderately stressed treatments with the

stressed plots showing signs of dry-spots by mid-season.

Canopy temperature minus air temperature differences of the

stressed replicates, although mostly negative during the

beginning of the season, gradually increased to positive

values in two replicates by September 1 (JD 244). The

remaining replicate was saved by applying slightly more

water than the 1/2 Penman ET for few days.

The well-watered and the moderately-stressed

treatments consistently had negative T c -T a values during the

season. Because of the well established bermudagrass in the

moderately-stressed (2/3 Penman ET) plots, it could be

concluded that the Modified Penman equation (as given in

Doorenbos and Pruitt, 1977) over-estimates the bermudagrass

water use by about 33 percent under the climatic conditions

similar to Tucson. It may also be concluded that no visual

changes in bermudagrass growth rate or quality was noted as

daily water application (Penman ET) was reduced by 33

percent. Feldhake et al. (1984) reported a small decrease

in turf (Merion Kentucky bluegrass and tall fescue) growth

as relative ET was reduced by 27 percent in Colorado.
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Table 6.1 summarizes the four CWSI models and their

parameters.	 Appendix E gives the measured mid-day Tc -Ta

(treatment mean), meteorological data and the calculated

values of CWSI in a tabular form.

Table 6.1	 Summary of the CWSI Models and Their Parameters.

CWSI
(Equation Used) Parameters

Model 1 (3.18) (Tc-Ta ) p ----> Eq. (5.1)

(Tc-Ta ) u ----> Eq. (5.2)

Model 2 (3.18) (Tc -Ta ) p ----> Eq. (5.3)

(Tc -Ta ) u ----> Eq. (5.6)

Model 3 (3.16) (T-T
a

)
p
 ----> Eq. (3.10)

G= 0

r	 = 72 sm -1cp

r a = 20 sm
-1

41.1 evaluated at air temperature

Model 4 (3.16) (Tc -Ta ) p ---> Eq. (3.10)

G= 0

r	 = 62.5 sm-1cp

ra = 20 sm 
-1

Aevaluated at air temperature
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Table 6.2 gives a summary of the seasonal averages

of measured Tc -Ta , climatic variables, crop water stress

index (evaluated according to the previously described

models 1 through 4), and the fraction of the available

extractable water. The trend of increasing Tc -Ta and CWSI

with decreasing available extractable water is clear.

Table 6.3 summarizes some statistical measures of

dispersion (standard deviation, variance, coefficient of

variation and relative range) associated with the daily CWSI

estimates and the coefficient of determination (R 2 ) of the

linear regressions of mid-day CWSI upon mid-day net

radiation. Note that the relative range was determined as

the seasonal maximum minus the minimum CWSI difference

divided by the seasonal mean. Table 6.3 clearly shows a

decrease in the variability of the estimated CWSI associated

with the theoretically-derived CWSI models 3 and 4. It

should be noted that an increase in the daily CWSI is

expected for the water stressed turf due to a gradual

decrease in soil water availability. In this study, strong

linear correlation between the empirical CWSI (model 1) and

net radiation were detected in this study. The findings are

discussed in more detail in the remainder of this chapter.
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TABLE 6.3 Summary of the seasonal averages of CWSI calculated by each model, their
statistical measures of dispersion and the coefficient of determination of the
linear regression analysis of CWSI on net radiation.

IRRIGATION
TREATMENT

WELL-WATERED

MEAN
STANDARD
DEVIATION VARIANCE

COEFF. OF
VARIATION

RELATIVE	 COEFF. OF
RANGE DETERMINATIN

MODEL 1 -0.02 0.28 7.9 1170 72 0.E8
MODEL 2 -0.1 0.3 9.1 305 17.3 0.27
MODEL 3 0.02 0.06 0.4 197 8 0.0E
MODEL 4 0.08 0.0E 0.4 7E 2.7 0.0'

MCDEPATELY
STPESSED

MODEL 1 0.16 0.26 6.8 160 7.5 0.76
MODEL 2 0.11 0.09 0.81 82 3 0.12
MODEL 3 0.15 0.08 0.6 53 1.9 0.008
MODEL 4 0.18 0.006 0.004 3 1.9 0.12

STRESSED
MODEL 1 0.5 0.43 18.4 86 2.4 0.32
MODEL 2 0.5 0.49 24.2 98 5.5 0.19
mODEL 3 0.22 C.1E 2.4 50 2.1 0.09
MODEL 4 0.36 0.15 2.2 42 2.1 0 . 0 71
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TABLE 6.3 Summary of the seasonal averages of CWSI calculated by each model, their
statistical measures of dispersion and the coefficient of determination of the
linear regression analyses of CWSI on net radiation.

IRRIGATION
TREATMENT

WELL-WATERED

MEAN
STANDARD

DEVIATION VARIANCE
COEFF. OF
VARIATION

RELATIVE	 COEFF. Or
RANGE DETERMINATIN

MODEL 1 -0.02 0.28 7.9 1170 73 0.68
MODEL 2 -0.1 0.2 9.1 305 17.3 0.27
MODEL 3 0.03 0.06 0.4 197 8 0.06
MODEL 4 0.08 0.06 0.4 76 2.7 0.07

MODERATELY
STRESSED

MODEL 1 0.16 0.26 6.8 160 7.5 0.76
MODEL 2 0.11 0.09 0.81 82 3 0.12
MODEL 3 0.15 0.08 0.6 53 1.9 0.008
MODEL 4 0.18 0.006 0.004 3 1.9 0.12

STRESSED
MODEL 1 0.5 0.43 18.4 86 2.4 0.23
MODEL 2 0.5 0.49 24.2 98 5.5 0.19
MODEL 3 0.23 0.16 2.4 50 2.1 0 .09
MODEL 4 0.26 0.15 2.2 42 2.1 0 . 09
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The seasonal trends of CWSI evaluated by each model

for the three irrigation levels are presented in Figs. 6.2

through 6.5 for comparison. The daily CWSI values

calculated using models 1 through 4 are given in Figures 6.6

through 6.17 for each irrigation level along with their

corresponding net radiations for the 1986 season. A glance

over these figures reveals that model 1 yielded by far the

most inconsistent and dispersed estimates of CWSI. The CWSI

values obtained using model I were highly correlated with

net radiation with coefficient of determination (R 2 ) of

0.697 (well-watered treatment), 0.764 (moderately-stressed

treatment) and 0.33 (stressed treatment). Note that any

correlation between CWSI and net radiation is undesirable.

In comparison with model 1, the addition of net

radiation in model 2 resulted in more consistent and less

dispersed estimates of CWSI. For instance, although both

models 1 and 2 yielded a few negative CWSI values for the

well-watered treatment with basically the same standard

deviations, the coefficient of variation and the relative

range was much greater in using model 1-parameters than

model 2 (see Table 6.3). If ignoring the failure of both

models (1 and 2) at very low net radiations, then

comparatively, the superior model was model 2 with its

consistent estimates of CWSI for all irrigation treatments.
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The inclusion of net radiation as an independent

variable in the empirically-derived model 2-parameters

[(T
c
-Ta )

p 
and (T -T ) ) significantly reduced the

C au

unexplained observed dependency of CWSI (model 1) due to net

radiation. Although small differences in daily crop water

stress, even under well-watered conditions, are expected due

to the natural variability in the water stress phenomena and

possible experimental errors, the large variations produced

by the use of model 1 greatly limit its practical application

for crop water stress assessment.

Evaluating the CWSI using models 3 and 4 based on a

sounder physical-basis significantly removed the daily

variations and greatly reduced the degree of dispersion

observed by the use of models 1 and 2. In the well-watered

treatment, model 3 and 4 did result in few negative CWSI

values, but their magnitudes were so close to zero that no

distinction could have been made. No other violations of

the defined limits of CWSI (zero to one) were found by the

use of models 3 and 4. Statistically, seasonal averages of

the CWSI evaluated by models 3 and 4 were the same (based on

the hypothesis testing of the mean CWSI estimates at a 0.05

level of significance).

While models 1 and 2 gave unrealistic estimates of

the CWSI at low net radiations, models 3 and 4 performed

satisfactorily under all radiation regimes encountered. It

should be noted that models 3 and 4 differ only in respect
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to the values of r	 used for predicting (T-Ta )
p
. In this

ccp

study, while different values of r	 (62.5 and 72 sm -1 )cp

caused small variations in the predicted potential Tc-Ta

(explained in chapter 5), a maximum 5 percent difference was

found in the calculated CWSI by models 3 and 4.

CWSI, Canopy Resistance and Available Water Relations 

Canopy resistance, r c , may be evaluated from the

energy balance equation (3.7) or (3.10). Jackson et al.

(1981) rearranged equation (3.10) to obtain the ratio r c/r a .

Solving Eq. (3.7) for r c would yield exact (mathematical)

solutions for r
c since no linearization of the slope of the

saturation vapor pressure-temperature curve is required. By

rearranging Eq. (3.7), canopy resistance takes the following

form

fc2 /y(e	 -e )C	a r c =	 r a
[(R n -C)- fc p (T c-Ta )/r a )

(6.1)

The canopy resistance ,r c , was evaluated for all

water treatments by solving the above equation with an r a

value of 20 sm-1 (soil heat flux was neglected). The

seasonal trend of bermudagrass canopy resistance under

different levels of irrigation is shown in Figure 6.18.

Seasonal mean values of r 	82, 104, and 186 sm-1

for the well-watered, moderately-stressed and stressed

treatments, respectively. Mid-day canopy resistance
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estimates of the well-watered turf were scattered around the

mean (82 sm
-1

) and were mostly slightly higher than the

previously determined r	 values of 62.5 and 72 sm
-1 . Thecp

canopy resistance of the well-watered and moderately

stressed turf were relatively constant during the season

with standard deviations of 14, and 16 sm-1 , respectively.

It is notable that seasonal mean values of rc and

CWSI for the water stressed turf would be rather misleading,

since the water stress level increased gradually in this

treatment up to JD 244 and then decreased (water was applied

to save the grass). This was the reason for the high

standard deviations found in this study, i.e, standard

deviations of 81 sm-1 for rc and 0.15 for CWSI found 
in

models 3 and 4.

It should be recognized that r c and Tc -Ta are

indirect measures of soil water availability to plant roots.

Canopy resistance of bermudagrass was found to be inversly

related to percent available extractable water (Fig. 6.19).

The negative values shown for percent AEW are the result of

the soil moisture readings to be less than the estimated lower

limit of the extractable water. A pattern is clear, canopy

resistance of bermudagrass increased gradually and linearly

as soil water depleted to about 30% available extractable

water at which it rapidly increased from 130 sm
-1 to 400 sm-1 .

Russel (1980) and Hatfield (1985) reported similar relations

between r
c 

(barely, pasture, and wheat) and soil water.



1
o o
O 	in
to	 Cs1

°LE;

D
o

D D

o

13

118

127

( — Lula) 3ONV.L.SIS314 AcIONVO



128

The CWSI estimates evaluated for the three

irrigation regimes (combined) are presented in Figures 6.20

through 6.23 as a function of canopy resistance. All four

models showed an increase in the CWSI as canopy resistance

increased. The scatter was the greatest between CWSI (model

1) and rc (Fig. 6.20). The CWSI values calculated using

models 2, 3 and 4 were highly correlated to canopy

resistance. The relationships appeared to be curvilinear

(visually) indicating that as rc increased, CWSI (model 2)

approached a value of unity, while CWSI (models 3 and 4)

approached a value of 0.7 (see Figs. 6.21-6.23).

In this experiment, the highest level of water

stress occurred in the stressed treatment (1/2 Penman ET) on

JD's 243 and 244 with Tc-Ta values of approximately 7.3
oC.

On these days, while CWSI (model 3 and 4) indicated that

theoretically, evapotranspiration was proceeding at a

reduced rate of about 30% (CWSI of 0.7), physiologically,

turf was at near maximum water stress with no available

extractable water. The low CWSI values obtained using

models 3 and 4 were most likely caused by over-estimating

the term [r a
(R n-G)/fc p

] in the denominator of Eq. (3.16)

when soil heat flux was assumed to be zero. It is notable

that the intercept (R n=0) of -2.54 °C (given in Eq. 5.6) is

an approximation of the soil heat component ( r 
a J
G/fc p ) of

the energy balance equation (3.10) when canopy resistance is

increased without bound to infinity. A mean soil heat flux
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value of 132 Wm
-2 

was obtained by solving this component

using an ra value of 20 sm
-1 . This was a significant amount

of heat flux which was not accounted for and thus resulted

in an under-estimate of the CWSI by about 17 percent.

Research has shown that instantaneous soil heat flux could

be a significant fraction of the net radiation at various

degrees of the vegetative growth (Clothier et al. 1986). In

contrast to the significance of the instantaneous soil heat

flux, Hatfield (1985) reported that even under 30-min

intervals, soil heat flux could be assumed to be zero.

Although not included in this thesis, during the second

phase of this research, soil heat was measured under a

ryegrass plot at 50-mm depth during the early months in

1987. Mid-day soil heat flux values of 70 to 130 Wm
-2 were

detected on most days. The results of the bermudagrass and

the findings in the ryegrass, may indicate the importance of

the short-term soil heat flux component of the energy

balance equation for turfgrasses of extremely low mowing

heights.
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The sensitivity of the theoretically-derived CWSI to

the variation in r	 values may be determined most easily bycp

solving the resistance form of the CWSI (Eq. 3.19). The

CWSI was evaluated using Eq. (3.19) with different r cp

values of 72 and 62.5 sm-1 and a constant ra value of 20 sm
-1 .

Figures 6.24 through 6.26 show the calculated mid-

day values of CWSI for the three water treatments using

different r	 values. These figures indicate that a maximumcp

difference of 5% in the calculated CWSI occurred as r	 wascp

varied by 13 percent. Obviously, from Eq. (3.19), the

higher CWSI values were associated with the lower r	 value
cp

of 62.5 sm-1 . These small variations in the CWSI values

indicate the insensitivity of the theoretically-derived CWSI

to a reasonable range of potential canopy resistance. This

also further supports the utility of model 4, in which r cp

was determined easily as the ratio of r and LAI.

In this study, a reasonably good correlation was

found between the CWS1 and the percent available extractable

water. Figures 6.27 through 6.30 give the CWSI evaluated by

the four models versus %AEW. The relationship between the

two factors was similar to the one found between the canopy

resistance and %AEW (see Fig. 6.19). That is to say, as

%AEW increased, canopy resistance and CWSI (all four models)

decreased. Interestingly, while the CWSI and %AEW were

evaluated independently, less scattered relationships were

obtained between the CWSI (evaluated by models 2, 3 and 4)
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and percent available extractable water than the one

obtained between model 1 estimates and %AEW. From Figures

6.27-6.30, it may be concluded that the CWSI of bermudagrass

increased gradually and linearly as available water

decreased to 30% at which the CWSI rapidly increased from

0.25 to near unity.



d

I	 I	 I	 I
"1- 	tr)	 Cl
d d d

•••••••

	—	 +

.-	 CO	 03	 1".•	 03	 in
d d d ci d

...4 ai
	O 	EL,
	r - 8	 0

a.,
0 ,	 ,4

O
1

ISM3

136



nnn•••

r.

4-t

137

ISMO



I	 I 1
tr3	 yl•	 tel

ci	 ci	 ci	 d	 ci	 d	 d

138

ISMO



ISM°

139

0	 .. i •
0	 a . et

al	'ri
D

I
1
1
ii,	 rt D	 0

0

D	 DO

0 WU	 0
a I]OYU

0

D

0

rP I

CIP
Do

B
-f3---0-0

0

El

,

oco

ELI G1 0
0	 U

7	 rt
cu cu

t4 1- 02 03	 .--	 C4 tn
ci ci ci 6	 I
Ill	 I

al	 fr,',	 I"'
03 10 Nt C4 o

ci ci ci



...-n

tri

o

D
	

,

0

ŒU 9
D 
a oci FT 6

D
13

0
D 0

1	 1	 r
I- (Ni Kt
ci o o

I	 i	 I

1

140

en
C

..-1
0	 •

- a	 1.1) 0
>.4

tn

1	 1	 1	 1	 1	 1	 1	 1	 I
.- OS CD Iss CD III 't MI N w- o

00 c; d d d d d ci

-EI-	 Eit-3	
0

Er

-
pc X W

CU 0
r0 144
C

•,-I	 ),..4

In 4-,
CD

- 8 b	 in ro

4-1 CU

CL)
>-I

ttl r-4
	II 	.C1-

).1 M

1 4-, U
CU 4-1

r13 n:1
o > 3 W- In <

-I-1
	8 	 cii x

0G)

-
	0.. 	

r..) cu
>4

,--i
.C1
III

c0 r--i_ 0	 N ..-I1--
M

(.0 >
ri:1

CP 4-$
• ,-i C C
rz4 w0

U1.11

W(1)
0.1 to

I S MO



0 COD 0

0 SI ED 0

D 0

rz. al 0
u

	 0	 w
7	 ca4

CO

ao	 Rr,
ci	 d	 ci o	 d	 d

o
d

141

ISMO



d d d
e4
o d

o
cet

I S

142

513 spa
aim

D

a

°
DO	 CO

0	 BD

DO m a

° D  
930

D

111



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS 

The concept of the CWSI was explored by evaluating

various empirical and theoretical approaches. A total of

four CWSI models were analyzed to assess the bermuda

turfgrass water use. This research expressed the limitations

and shortcomings of the empirically-derived CWSI and

supported the theoretical utilization of the energy balance

equation for predicting the CWSI parameters. The required

parameters that need to be modeled in using the empirical

CWSI (model 1 and 2) are the limits of Tc-Ta under non-

limiting and fully-limited water conditions. The sounder,

physically-based, models 3 and 4 require estimates of the

potential canopy and aerodynamic resistances.

In general, Tc -Ta of bermuda turfgrass responded

well to the changes in the irrigation water treatments. As

soil water decreased , T c -T a increased (less negative). In

this study, bermudagrass experienced mid-day T c -T a values in

_the range 0 to 9 °C when soil water was not available.
Daily CWSI values calculated using the empirical

model 1, as proposed by Idso et al. (1981), were found to be

highly dispersed and were inconsistent with the degree of

143
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water stress. The observed variations in model 1 estimates

of the bermudagrass CWSI were found to be related to

variation in net radiation. Statistical analysis showed

undesirable strong correlations between model 1 estimates of

CWSI and net radiation. In this study, it was found that:

1) the potential canopy temperature minus air temperature

difference of turfgrass cannot be predicted accurately

solely as a linear function of the air vapor pressure

deficit, and 2) the maximum grass temperature in the absense

of transpiration is a strong function of net radiation and

not simply a function of air temperature as proposed by Idso

et al. (1981). The empirical nature of model 1-parameters

and their dependency on net radiation caused over-estimates

of bermudagrass Tc -Ta at low levels of net radiation.

The experimental and theoretical results of this

study showed that the T c-T a of potentially transpiring and

non-transpiring turfgrass were continuous functions of net

radiation. The upper limit of Tc -Ta of bermuda turf showed

a stronger dependency on net radiation (0.019 OC/Wm
-2 ) than

the lower limit (0.007 
oC/Wm

-2 ). The inclusion of the net

radiation as an independent variable affecting Tc -Ta

significantly reduced the observed dependency of the model

1-estimates due to R. Comparatively, model 2 yielded more

consistent and less dispersed values of daily CWSI than

model 1.
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Evaluating the CWSI using the energy balance

equation (models 3 and 4), as proposed originally by Jackson

et al. (1981), removed the daily variations found previously

in the empirical models 1 and 2. By accounting for the

environmental and crop parameters, theoretical models 3 and

4 yielded the best estimates of bermuda turfgrass water

stress, both statistically and comparatively. While

unrealistic values of CWSI (much exceeding the defined

limits of zero and one) were found at low net radiations

when the empirical models 1 and 2 were used, the

theoretically-based models 3 and 4 performed satisfactorily

under all radiation regimes encountered in this study.

The major difficulties in evaluating the CWSI

parameters based on the energy balance theory have been the

indirect estimation of canopy and aerodynamic resistances.

In this study, three methods for evaluating the above

resistances were utilized (two semi-empirical and one crop-

based).

In the first two methods, the regression fits of

canopy temperature minus air temperature differences

(described in models 1 and 2) were equated to the crop

energy balance equation. This yielded mean values of r cp

72 sm-1 and ra 
= 12 sm

-1 . Further analyses of the energy

balance equation indicated that the above r	 and ra valuescp

closely predicted T c -T a of potentially transpiring bermuda



146

turf as compared to the measured values. The analyses also

showed that the predicted Tc -Ta of non-transpiring turf (due

to water stress) using the r a value of 12 sm
-1 agreed poorly

with the measured values.

An aerodynamic resistance value of 20 sm -1 was

obtained when the measured values of Tc-Ta of a severely

water-stressed turf was regressed on net radiation. The

predicted lower and upper Tc -Ta using the energy balance

equation with r	 of 72 sm-1 and r a of 20 sm
-1 were in good

cp

agreement with the measured values. Based on the above

findings, an aerodynamic resistance values of 20 sm
-1 was

selected for use in the theoretical studies of CWSI (models

3 and 4) of turfgrass.

The third approach for evaluating the rcp was based

on the crop parameters, in which r cp was determined as the

ratio of the mean minimum stomatal resistance and LAI (as

proposed by Szeicz et al. 1969). This method yielded a

potential canopy resistance value of 62.5 sm-1 . While the

evaluated r	 values of 72 and 62.5 sm -1 differed by an
cp

order of magnitude, the calculated CWSI using model 3 (r cp

72 sm-1 ) and model 4 (r	 = 62.5 sm
-1 ) differed by a maximumcp

of 5 percent. The small variations in the estimated CWSI

indicated the low sensitivity of the CWSI to a reasonable

range of the potential canopy resistance.

The daily canopy resistance of the bermuda turfgrass

was determined by solving the energy balance equation using
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measured T -T and meteorological data with a constant r ac a

value of 20 sm
-1 . It was found that the bermudagrass canopy

resistance increased gradually and linearly from 70 sm
-1 to

130 sm-1 as the percent available extractable water

decreased from 100 to near 30 percent. A sharp increase in

rc was found 
as percent available extractable water

decreased further below 30 percent. All four models showed

an increase in CWSI as r c increased during 
the season.

Plots of CWSI versus r c also showed that 
the scatter was the

greatest between the empirical estimates of model 1 and r c ,

while models 2, 3 and 4 gave less scattered curvilinear

relationships. The CWSI approached a value of unity (model

2) and a value of 0.7 (models 3 and 4) as canopy resistance

increased.

In this study, soil heat flux was assumed to be zero

(as in most studies) when the energy balance equation was

evaluated in models 3 and 4. This assumption was found to

be in error and caused a significant (17%) under-estimation

of the CWSI determined by models 3 and 4. It should be

remembered that the soil heat flux was naturally included in

the empirically-derived Tc -Ta in models 1 and 2. Mean soil

heat flux values of 80 Wm
-2 (well-watered turf) and 132 Wm

-2

(severely water-stressed turf) were obtained from the

regression fits of T c -Ta developed in model 2. It is

believed that the instantaneous (i.e, mid-day) soil heat



flux can be a significant component of the energy fluxes at

the turf microclimate and it should be included in the

theoretical evaluation of CWSI. While soil heat

measurements in golf courses or in agricultural fields are

not feasible, simple empirical methods (e.g, a function of

Rn ), may be used.

During the 1986 growing season, bermuda turfgrass

was maintained with an acceptable quality and color with

daily application of water equivalent to 2/3 of the FAO

Penman ET estimate. Thus, a critical value of CWSI for

bermudagrass may be set at 0.16 (average of models 3 and 9

CWSI estimates of moderately stressed turf). This value may

be used to indicate the onset of irrigation.

Recommendations 

The success of the Penman-Monteith equation or the

surface energy balance equation for evaluating the crop

water use relies on accurate estimates of the canopy and

aerodynamic resistances. Future research should be oriented

toward developing a more general and practical method for

determining these resistances. This task requires a close

cooperation of the soil, plant, water and atmospheric

scientists for better understanding the interacting

processes involved in the movement of soil water to the

plant roots, through the plant, and into the atmosphere.
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Generally, plants experience stress as soil water

becomes limiting, and this may be a valid approach for

evaluating the behavior of canopy resistance as the crop

ages. Further work is also required, not to complement the

potential of the energy budget theory-based assessment of

crop water use or the usefulness of the canopy temperature

as a water stress indicator, but to examine their

performances under field conditions, i.e, to actually

initiate irrigations according to some developed criterion

based on CWSI or canopy resistance.
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APPENDIX A

NEUTRON PROBE CALIBRATION

Soil samples were collected from 23 to 37 centimeter

depth in five lysimeters in January 1986. Count ratio

readings were taken simultaneously at a depth of 30

centimeter from the soil surface.

Count ratio is defined as the ratio of the standard

probe count to the soil moisture count. Volumetric moisture

contents of the samples were determined using the oven-

drying technique. Soil moisture contents and count ratio

readings were statistically analyzed using a linear

regression technique. This yielded the following

calibration equation for the original probe

VMC = - 5.66 + 24.91 * CR1 	 .	 (Al)

where VMC is the volumetric moisture content in percent

(cm/m) and CR1 is the count ratio. A coefficient of

determination of 0.985 was obtained for the regression.

Table Al presents the calibration data.

Cross Calibration

The neutron probe sensor used during the growing

season was cross-calibrated against the original probe

(described above) on July 23. This eliminated the need to
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destructively sample the soil which already had a uniform

vegetative cover. Count ratio readings, taken from all

lysimeters using both neutron probes, were linearly

regressed which resulted the following equation

CR1 = 0.0386 + 1.229 * CR2	 (A2)

where CR2 is the count ratio of the second probe. A

coefficient of determination of 0.8 was obtained for the

regression. By combining Eqs. (Al) and (A2), the volumetric

moisture content ( 9.0) can also be expressed as

VMC = - 4.7 + 30.61 * CR2	 (A3)

In this study, Eq. (A3) was used to estimate the soil

water content. Table A2 presents the cross-calibration

data.



Table Al. Neutron Probe Calibration Data.

Soil Bulk Density = 1.55 gm. per cubic cm.
Standard Count = 18066

Volumetric
Moisture

	

Lys imeter	 Content	 Count

	

NO.	 (%)	 Ratio

*
1	 7.3	 0.5093
2	 13.6	 0.7978
3	 9.03	 0.5979
6	 14.4	 0.8126
9	 15.9	 0.8429

* average of 3 samples.

Table A2. Cross-Calibration Data.

Standard Count (original probe) = 17860
Standard Count (second probe) = 8927

Lysimeter
NO.

Count	 Ratio
Original Probe

Count Ratio
Second Probe

1 0.8462 0.6355
2 1.002 0.7546
3 0.7723 0.6319
4 0.824 0.6695
5 0.7166 0.5612
6 0.842 0.6616
7 0.7118 0.5517
8 0.8907 0.6502
9 0.7374 0.5734
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APPENDIX B

AVAILABLE EXTRACTABLE SOIL WATER

In this study, soil moisture measurements (count

ratio readings), taken at 30 cm depth, were used to

determine the upper (maximum) and lower (minimum) limits of

the extractable water with lysimeters having a fully-

established and a nearly dead bermuda turfgrass,

respectively (see Chapter 4). The available extractable

water (AEW) was estimated as

AEW = (measured soil moisture - minimum EW) / TEW , (B1)

where TEW is the total extractable water defined as the

difference between the maximum and the minimum extractable

water, and EW is the extractable water. The maximum and

minimum extractable water were found to be 0.067 in and 0.004

m, respectively, to a soil depth of 0.55 m (Table Bi).
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Table Bi. Soil moisture measurements obtained from field
saturated lysimeters with fully-established
bermudagrass for the estimation of the maximum
extractable water.	 Data was collected on July 17,
1986.

Count Volumetric Maximum
Ratio Soil Extractable

Lysimeter (original Moisture Water
Number Probe) (%) (m/0.55 m)

1 0.6485 10.5 0.058

2 0.7577 13.2 0.073

3 0.695 11.7 0.064

4 0.7831 13.8 0.076

5 0.6711 11.1 0.061

6 0.6865 11.4 0.063

7 0.6914 11.6 0.064

8 0.8224 14.8 0.082

9 0.7406 12.8 0.070

10 0.6866 11.4 0.063

Average 0.7183 12.2 0.067
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APPENDIX C

PENMAN EQUATION

The modified Penman equation (as given in Doorenbos

and Pruitt 1977) was used in this study to estimate daily

reference ET. The form of the equation can be written as

Ir ET = C [ 	  * R +	 * f	 * (e	 - e a ))	 , (Cl)
o zi.or	 n	 ÷ ,15 	(u)	 a

where ETo is 
the grass-based reference evapotranspiration in

mm/day, C is an adjustment factor to compensate for the

effect of day and night weather conditions (C = 1 for the

climatic conditions in this study), Rn is the total net

radiation during the day-light hours in mm/day,li is the

slope of the saturation vapor pressure-temperature curve in

KPa/ o C, 15 is the psychrometric constant in KPa/ oC, f (u) is

the wind-related function, e a is 
the saturation vapor

pressure at air temperature in KPa, and ea is the air vapor

pressure in KPa.

In evaluating the Penman equation (Cl), daily mean

values [(maximum + minimum)/2) of air temperature (Ta in

degree C) and relative humidity (RH in percent) were used to

determine A, e *
a 

and ea 
using the following relations

Li = 2.0 * [ 0.00738 T a + 0.8072 1 7 - 0.00116	 (C2)
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e
*
a 

= 0.61078 * EXP [17.269*Ta /(Ta + 237.3)]
	

.	 (C3)

and
*

e
a 
=e	 * RH	 .	 (C4)

a

The psychrometric constant, /r, was computed from the

equation

/r = cp * pa 
/ (0.622 * L)	 ,	 (C5)

where c is the heat capacity of air (1005.7 J Kg
-loK -1 ), p aP

is the atmospheric pressure in KPa (Mean annual atmospheric

pressure at Tucson is 92.51 KPa), and L is latent heat of

-1vaporization in J Kg. From the ASAE Standards (1986), L

can be expressed as

L = 2502535.26 - 2385.764 * Ta	 .	 (C6)

The form of the wind function used in this study was

obtained from Doorenbos and Pruitt (1977) as

f (u) = 0.27 * (1+ U/100)
	 .	 (C7)

where U is the 24-hour wind run in Km/day. Table Cl gives

the calculated daily Penman ET for the 1986 growing season

of bermuda turfgrass along with the required climatological

parameters.



Table Cl. Daily climatological data and the calculated
Penman ET for the 1986 bermudagrass
growing season.

Mean 24-hr.
Air

Julian Temperature
Day	 (deg.	 C)

Mean 24-hr.
Relative
Humidity

Daylight
NET

Radiation
(mm/day)

Total
24-hour

Wind-Run
(km/day)

FAO
Penman

ET
(mm/day)

189 32.2 28.3 5.9 191 9.9
190 31.0 30.6 6.7 131 9.2
191 30.0 38.5 6.5 154 8.8
192 30.9 34.6 6.4 124 8.6
193 31.0 30.7 6.6 143 9.3
194 30.4 32.1 6.0 215 9.8
195 28.6 55.7 4.6 201 6.6
196 24.9 70.2 2.9 192 4.0
197 26.5 66.3 4.4 209 5.6
198 27.1 61.9 4.7 109 5.4
199 27.8 59.1 5.7 146 6.7
200 30.4 47.8 6.4 160 8.3
201 31.9 30.1 5.4 229 9.9
202 24.5 72.1 3.2 181 4.2
203 26.7 61.9 6.4 150 7.2
204 28.7 41.7 6.6 158 8.7
205 29.6 45.3 6.2 123 7.7
206 30.2 35.2 7.0 126 9.0
207 30.0 28.7 7.0 139 9.5
208 30.5 20.4 6.9 140 10.0
209 30.1 25.6 4.1 130 7.3
210 33.7 23.8 6.6 150 10.2
211 32.1 23.3 6.5 150 9.9
212 32.6 17.5 6.6 157 10.6
213 32.7 27.2 6.5 181 10.3
214 31.2 53.8 5.9 206 8.1
215 32.8 50.1 4.0 180 6.7
216 31.7 24.6 6.1 170 9.8
217 33.3 29.2 6.0 185 9.9
218 33.0 57.6 4.8 192 7.0
219 30.1 61.7 5.8 207 7.4
220 29.6 63.5 4.9 168 6.1
221 31.1 61.3 4.8 197 6.6
222 30.1 65.2 4.8 146 5.8
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	Mean 24-hr.	 Mean 24-hr.
	Air	 Relative
	Julian Temperature	 Humidity

Day	 (deg.	 C)	 (%)

Daylight
NET

Radiation
(mm/day)

Total
24-hour

Wind-Run
(km/day)

FAO
Penman

ET
(mm/day)

223 32.0 64.6 4.2 142 5.5
224 31.1 62.4 5.4 143 6.5
225 31.8 60.4 5.8 158 7.1
226 31.5 61.3 5.5 167 6.9
227 31.6 47.1 6.2 175 8.5
228 31.3 53.4 4.9 221 7.5
229 28.0 70.2 4.9 200 5.8
230 29.7 68.0 4.3 139 5.2
231 31.6 60.1 5.9 147 7.1
232 32.9 49.2 6.1 107 7.6
233 32.4 47.1 3.9 132 6.2
234 31.6 50.8 4.6 128 6.4
235 28.5 64.4 3.8 247 5.8
236 25.7 75.0 2.5 137 3.2
237 27.9 68.5 5.2 135 5.7
238 27.1 77.0 3.4 145 3.9
239 27.5 72.3 3.6 120 4.2
240 28.4 69.7 3.8 179 4.9
241 28.3 70.7 3.8 200 5.0
242 27.6 69.8 5.2 148 5.7
243 28.9 66.6 4.7 118 5.3
244 29.6 56.2 5.4 135 6.7
245 29.9 46.1 5.5 140 7.4
246 29.1 35.6 5.7 119 7.7
247 30.0 32.2 5.3 114 7.6
248 31.0 30.0 5.6 133 8.4
249 31.3 25.3 5.4 128 8.4
250 30.6 24.1 5.2 308 11.5
251 30.6 34.9 4.4 185 7.9
252 28.7 48.1 4.8 221 7.3
253 26.8 45.9 5.6 238 8.3
254 25.9 31.0 5.4 119 7.4
255 26.9 26.1 5.3 157 8.2
256 27.4 32.5 5.0 176 8.0
257 25.7 29.3 5.4 141 7.7
258 27.3 31.9 4.2 163 7.2
259 26.1 32.0 5.3 119 7.3
260 25.8 25.9 5.2 111 7.3
261 27.1 22.4 5.2 161 8.5
262 26.8 21.2 5.2 221 9.5



APPENDIX D

DATA FROM WELL-WATERED AND SEVERELY WATER-STRESSED
BERMUDAGRASS

Canopy temperature minus air temperature differences

of well-watered (Table Dl) and fully water-stressed (Table

D2) bermuda turfgrass and meteorological data obtained

during the summer of 1986 in Tucson, Arizona.
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Table Dl. Measured canopy-air tesperature difference of
well-watered bereudagrass and seteorological
data during the 1986 growing season.

lif 14* fftfff fff****************ff*******Ifff*****1 f *DM f If **I* f I* ff***fff f Iff If

CANOPY-
TIME	 AIR	 AIR	 RELATIVE	 WIND	 NET

	JULIAN	 OF	 TEMP. TEMPERATURE	 HUMIDITY	 SPEED RADIATION
	DAY	 DAY (deg. Cl	 (deg. Cl	 al	 (Vs)	 (U/sA2)

ilf*****lif*****************************HIIMM*****MM*********Mf*******
DIURNAL
DATA

215 1100 -1.2 30.1 44.2 1.54 250
1130 -0.7 32.5 36.8 1.23 392
1200 -2.5 34.5 29.2 0.83 351
1230 -2.8 35.0 25.9 1.10 346
1300 -2.1 36.2 21.4 1.13 494
1330 -2.8 36.3 21.5 1.56 412
1400 -3.9 36.6 20.4 1.56 341
1430 -3.7 37.7 17.5 1.48 480
1500 -3.7 38.8 14.8 1.76 487
1530 -4.9 38.8 13.5 1.95 442
1600 -4.8 40.0 11.7 1.62 383
1630 -5.2 40.1 11.1 1.39 325
1700 -7.5 39.7 10.7 1.68 266

216 1030 -1.8 36.1 24.8 1.50 467
1100 -2.4 37.0 22.0 1.52 516
1130 -2.1 37.6 20.9 1.58 554
1200 -2.9 38.1 20.1 1.82 580
1230 -2.1 38.5 19.6 1.80 596
1300 -4.3 39.1 19.2 2.00 596
1330 -3.7 39.6 19.2 1.94 592
1400 -3.3 40.3 18.5 1.86 590
1430 -6.0 39.4 18.5 2.07 386
1500 -4.6 40.4 17.7 1.99 549
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liftiffffffiRffffliffli********ffilft****************14,14f*Milliff*Mt********

CANOPY-
TIME	 AIR	 AIR	 RELATIVE	 WIND	 NET

	JULIAN	 OF	 TEMP. TEMPERATURE	 HUMIDITY	 SPEED RADIATION

	

DAY	 DAY (deg. C)	 (deg. C )	 (I)	(ils)	(WW2)

f*****IfffilffffiFf*****ff*M14*******Mtfliffffliffffffff*Mf****************ff*

DIURNAL
DATA

217 900 -1.6 31.0 41.3 2.90 274
930 -1.5 31.4 39.5 2.97 348
1000 -1.0 32.5 37.7 2.65 417
1030 -1.1 32.9 37.9 2.85 437
1100 -0.8 33.6 36.2 2.41 484
1130 -0.3 34.9 32.4 1.71 516
1200 -2.0 35.8 29.2 1.59 541
1230 -1.9 37.2 26.9 1.58 577
1300 -2.0 37.6 25.0 1.70 592
1330 -3.6 38.3 22.9 1.76 593
1400 -4.3 38.8 21.4 1.96 565
1430 -3.9 39.2 20.5 1.93 524
1500 -5.1 39.6 19.5 1.74 460
1530 -5.0 40.0 19.0 1.71 403

231 900 -0.6 30.5 63.5 1.46 265
930 -0.2 31.5 56.0 1.65 332
1000 0.5 33.6 50.5 1.18 380
1030 0.1 34.6 46.6 1.29 445
1100 -0.4 35.2 43.1 1.58 485
1130 -0.1 35.6 41.3 1.86 510
1200 -0.6 36.6 38.6 2.05 570
1230 -1.2 37.2 32.7 3.48 615
1300 -2.0 37.8 28.5 3.72 615
1330 -1.9 38.0 27.9 3.97 608
1400 -3.8 37.8 21.7 4.47 580
1430 -3.5 38.4 21.0 4.23 540
1500 -3.8 37.9 21.7 3.75 334
1530 -3.6 38.4 21.0 4.23 398
1600 -4.5 38.2 21.0 3.74 310
1630 -5.2 38.2 21.8 2.94 282
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ifffff CM ff#4144414**ff ffiffi*****ff If ff 'MUD ff ff fIfffflifffiRtf****fffff*Iff
CANOPY-

TIME	 AIR	 AIR	 RELATIVE	 WIND	 NET
	JULIAN	 OF	 TEMP. TEMPERATURE 	 HUMIDITY	 SPEED RADIATION

	

DAY	 DAY (deg. C)	 (deg. C)	 (I)	 (es)	 (WW2)

****************************11********MHH*******************1111***Miff***
DIURNAL
DATA

232 900 -1.8 32.0 49.0 1.40 266
930 -0.9 32.7 48.0 1.91 345
1000 -1.5 34.0 44.5 1.90 409
1030 -1.5 35.1 41.3 1.94 465
1100 -1.2 36.0 38.4 2.17 513
1130 -1.7 37.3 31.1 1.50 554
1200 -2.7 38.0 26.4 1.92 584
1230 -3.1 38.7 21.7 2.37 607
1300 -4.4 39.6 17.8 1.76 608
1330 -4.3 39.8 18.3 2.24 497
1400 -4.2 39.5 16.7 1.62 408
1430 -4.3 40.2 17.6 1.92 497
1500 -5.4 40.6 17.0 1.86 454
1530 -6.8 40.0 16.6 1.62 375
1600 -6.6 40.0 16.6 1.86 308
1630 -7.2 40.0 16.2 1.77 245

MID-DAY
DATA

210 -4.7 38.5 8.3 2.68 626
211 -6.1 40.3 7.1 2.80 508
212 -6.4 42.1 6.1 2.46 611
219 -2.8 37.1 30.1 2.50 572
227 -1.3 35.9 36.6 2.93 611
246 -2.6 36.3 17.3 2.30 573
247 -3.7 38.0 17.3 1.45 566
261 -4.3 36.7 9.5 3.18 549
262 -3.5 34.9 11.0 4.22 556

MI Hifff************************M********M*************************M*****
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Table D2. Measured canopy-air temperature difference
of severely water-stressed bermudagrass
and meteorological data during the 1986
growing season.

TIME	 AIR RELATIVE	 WIND	 NET
	JULIAN	 OF	 AT TEMPERATURE HUMIDITY 	 SPEED RADIATION

	

DAY	 DAY (deg. C)	 (deg. Cl	 (%)	 (es)	 (WW2)
f******fliff*****MM*Mffiff*******141.***ff***14Mitfliff*Mf**ftftiff

210 815
830
845
900
915
930
945

1000
1015
1030
1045
1100
1115
1130
1145
1200
1215
1230
1245
1300
1315
1330
1345
1400
1415
1430
1445
1500
1515
1530
1545
1600
1615
1630
1645

0.5
1.0
1.6
2.2
3.0
3.4
3.8
4.0
4.6
5.2
5.8
6.3
6.2
7.0
7.1
7.3
7.6
7.6
7.6
7.7
8.7
7.7
7.4
7.0
7.3
6.8
6.0
6.1
5.5
4.6
4.5
3.9
2.9
2.2
1.6

28 .4
28.8
29.5
30.3
31.5
32.6
33.5
34.2
34.5
34.6
35.5
36.0
36.8
37.2
37.5
37.9
38.3
38.7
38.7
39.0
39.3
39.1
39.3
39.4
39.5
39.7
39.7
39.6
39.7
39.7
39.6
39.6
39.3
39.4
39.1

26.2
23.9
21.8
20.4
17.5
14.6
12.8
12.4
11.7
11.2
10.6
10.0
9.3
8.9
8 .6
8.5
8 .4
8.3
8 .3
8.2
8 . 1
8.2
8.1
8.1
8.0
7.9
7.9
7.9
7.8
7.8
7.9
7.8
7.9
7.9
8 .0

1.35
1.43
1.71
1.76
1.52
1.21
1.19
1.35
1.52
1.97
1.83
1.98
1.83
2.11
2.32
2.22
2.20
2.60
3.02
2.95
3.05
3.46
3.54
3.87
3.75
3.95
4.33
3.82
3.94
4.39
4.20
3.73
4.1S
3.81
3.79

201
229
267
306
344
382
417
457
4131
505
534
550
572
586
602
613
623
626
626
625
621
625
621
611
596
576
552
523
497
465
435
399
365
328
294
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TIME	 AIR RELATIVE	 HIND	 NET
	JULIAN	 OF	 AT TEMPERATURE HUMIDITY 	 SPEED RADIATION

	

DAY	 DAY (deg. C)	 (deg. C)	 (%) 	(ils)	(W1iA2)
*****Mfffliffifffiffffilff***ffiffifff****MilffffiRfffffiffiiffifffffilifffff

223 1145
1200
1215
1230
1245
1300
1315
1330
1345
1400
1415

8.2
8.9
9.5
8.0
3.8
10.4
6.7
7.0
6.5
5.4
3.3

34.4
33.9
34.3
34.7
33.7
35.3
35.1
35.7
35.2
35.4
34.2

42.3
42.0
41.5
40.7
41.5
39.9
39.4
38.7
38.4
37.9
39.5

2.51
2.91
2.24
2.62
2.04
1.98
2.06
1.89
2.66
2.86
3.91

635
593
595
529
305
724
450
574
441
360
269

f******fiffiffff***Mff******fiff**************Mf*******Iffffff*Mffif



APPENDIX E

MID-DAY MEASUREMENTS

Measured canopy temperature minus air temperature

differences (treatment mean) and meteorological data, and

calculated CWSI for the 1986 bermuda turfgrass growing

season in Tucson, Arizona.
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Table El Mid-day canopy-air temperature difference (treatment mean)
of well-watered bermudagrass, the corresponding climatic
data and the calculated CMS' using the four developed models.

JULIAN
AIR

iv	 TEMP.
REL.
HUM.

WIND
SPEED

NET
RAD.

CWSI
MODEL

CWSI
MODEL

CWSI
MODEL

CWSI
MODEL

DAY (	 C) (	 C) (%) (ils) (W/e2) 1 2 3 4

205 -2.4 36.2 16.9 1.96 630 0.11 -0.04 0.01 0.06
206 -3.4 37.7 9.5 1.68 626 0.11 -0.01 0.03 0.07
209 -5.0 36.0 11.0 1.88 269 -0.17 0.00 0.11 0.16
210 -4.7 38.5 8.3 2.68 626 0.02 -0.08 -0.02 0.02
211 -6.1 40.3 7.1 2. 87 508 -0.04 -0.04 0.00 0.04
212 -6.4 42.1 6.1 2.46 611 0.03 -0.03 -0.02 0.02
213 -2.7 39.6 9.6 2.24 561 0.26 0.17 0.15 0.19
216 -2.6 39.3 19.3 2.04 591 0.19 0.07 0.08 0.12
218 -2.3 32.8 37.8 1.28 320 -0.29 -0.19 0.01 0.06
219 -2.8 37.2 30.2 2.47 582 -0.03 -0.14 -0.06 -0.01
220 -1.7 35.5 32.4 2.07 483 0.04 -0.02 0.04 0.09
227 -1.3 35.9 36.5 3.04 611 0.08 -0.11 -0.05 0.00
230 -1.4 32.2 46.8 1.44 297 -0.26 -0.13 0.05 0.10
231 -3.8 38.3 23.0 4.26 576 -0.04 -0.12 -0.05 0.00
232 -3.7 39.2 21.1 1.85 608 0.04 -0.07 -0.02 0.02
233 -6.2 38.5 20.7 1.21 126 -0.30 -0.02 0.10 0.14
239 -1.6 28.2 58.7 3.89 161 -0.89 -1.56 -0.02 0.04
240 -3.0 32.1 42.4 2.54 130 -0.56 -0.30 0.12 0.16
243 2.0 33.6 43. 8 2.31 629 0.57 0.16 0.11 0.15
244 0.4 35.9 34.8 1.94 627 0.37 0.10 0.09 0.13
246 -1.6 36.9 17.5 1.99 557 0.25 0.12 0.13 0.17
247 -2.9 38.2 16.7 1.68 570 0.14 0.04 0.06 0.11
252 -2.0 34.2 33.0 4.76 568 -0.07 -0.19 -0.09 -0.03
253 -1.0 31.7 28.0 4.47 469 0.06 -0.01 0.06 0.11
258 -5.0 34.7 23.2 2.90 249 -0.41 -0.26 -0.01 0.04
259 -2.2 34.1 11.6 2.79 540 0.12 0.02 0.07 0.12
261 -4.0 36.7 9.4 2.58 544 0.00 -0.05 0.02 0.06
262 -3.2 35.0 11.0 3.98 563 0.01 -0.07 0.01 0.06
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Table E2 Mid-day canopy-air tesperature difference (treatsent mean)
of moderately stressed bersudagrass, the corresponding clisatic
data and the calculated CWSI using the four developed models.

JULIAN
AIR

AT	 TEMP.
REL.
HUM.

WIND
SPEED

NET
RAD.

CWSI
MODEL

CWSI
MODEL

CWSI
MODEL

CWSI
MODEL

DAY (	 C) (	 C) (I) (ais) (W/mA2) 1 2 3 4

205 0.2 36.3 18.7 1.61 630 0.46 0.21 0.18 0.22
206 -1.4 37.6 9.3 1.78 624 0.35 0.17 0.19 0.21
209 -4.0 35.5 11.2 1.71 262 -0.08 0.11 0.16 0.23
210 -3.0 36.6 8.4 2.44 625 0.20 0.07 0.09 0.13
211 -4.7 40.1 7.1 2.65 548 0.10 0.05 0.05 0.10
212 -5.6 42.3 6.1 2.66 610 0.11 0.04 0.01 0.07
213 -2.0 39.5 9.6 2.42 556 0.33 0.23 0.22 0.24
216 -0.8 39.3 19.1 1.83 594 0.40 0.24 0.24 0.24
218 -0.9 32.8 38.5 1.39 326 -0.01 0.12 0.19 0.22
219 -1.5 36.9 30.1 3.06 546 0.14 0.02 0.07 0.11
220 0.2 35.7 31.9 1.82 478 0.35 0.26 0.28 0.27
227 -0.2 36.0 35.7 3.09 611 0.27 0.04 0.09 0.11
230 -0.3 32.6 46.4 1.40 366 0.01 0.06 0.15 0.17
231 -2.4 36.4 22.3 4.19 572 0.15 0.04 0.06 0.11
232 -2.9 39.4 20.6 1.67 607 0.15 0.03 0.04 0.09
233 -5.9 38.5 20.7 1.22 135 -0.26 0.03 0.05 0.16
239 -0.4 27.6 58.9 4.50 155 -0.53 0.09 0.26 0.29
240 -2.5 32.0 42.9 2.92 127 -0.46 -0.07 0.15 0.23
243 2.5 33.9 43.9 2.05 613 0.67 0.25 0.28 0.24
244 0.3 35.4 42.6 2.43 613 0.28 0.01 0.07 0.08
246 -1.2 36.9 17.5 1.99 557 0.29 0.16 0.19 0.20
247 -2.1 38 .2 16.4 1.82 572 0.23 0.12 0.13 0.16
252 0.2 33.9 33.2 4.65 530 0.30 0.13 0.18 0.18
253 -0.3 32.0 27.6 4.75 546 0.20 0.02 0.10 0.12
258 -3.5 34.4 23,1 3.87 236 -0.19 0.03 0.12 0.20
259 -0.5 34.5 11.5 2.16 535 0.36 0.22 0.26 0.26
261 -1.4 36.6 9.4 2.22 545 0.32 0.20 0.22 0.24
262 -1.9 35.7 10.5 3.74 520 0.21 0.13 0.17 0.20
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Table E3 Mid-day canopy-air temperature difference (treatment mean)
of stressed bereudagrass, the corresponding climatic data
and the calculated CWSI using the four developed models.

JULIAN
AIR

AT	 TEMP.
REL.
HUM.

WIND
SPEED

NET
RAD.

CWSI
MODEL

CWSI
MODEL

CWSI
MODEL

CWSI
MODEL

DAY (C) (	 C) (X) (sis) (WW2) 1 2 3 4

205 0.1 36.4 17.6 1.70 631 0.46 0.22 0.1 8 0.22
206 0.0 37.9 9.1 1.46 624 0.52 0.31 0.25 0.29
209 -3.4 35.4 19.3 2.14 265 0.00 0.20 0.24 0.28
210 -2.5 38.6 8.3 2.76 626 0.26 0.11 0.11 0.15
211 -4.0 40.1 7.1 2.65 545 0.16 0.11 0.10 0.14
212 -4.7 42.3 6.1 2.66 610 0.18 0.10 0.08 0.11
213 -1.8 39.5 9.6 2.42 556 0.35 0.25 0.21 0.24
216 0.0 39.3 11.1 1.83 594 0.53 0.36 0.28 0.32
218 -0.5 32.8 38.5 1.39 321 0.08 0.23 0.22 0.26
219 -0.3 36.9 30.1 3.06 546 0.32 0.17 0.15 0.19
220 0.6 35.7 31.9 1.82 478 0.42 0.32 0.25 0.29
227 1.2 36.0 35.7 3.09 611 0.51 0.21 0.16 0.20
230 0.3 32.6 46.4 1.40 307 0.15 0.36 0.28 0.31
231 -0.6 38.4 22.3 4.19 572 0.38 0.23 0.19 0.23
232 1.6 39.4 20.6 1.67 607 0.67 0.44 0.34 0.36
233 -3.0 38.5 20.7 1.22 131 0.09 0.53 0.43 0.45
239 0.9 27.6 58.9 4.50 155 -0.03 2.67 0.55 0.58
240 -0.3 32.0 42.9 2.92 122 0.03 1.09 0.57 0.59
243 7.3 33.9 43.9 2,05 613 1.67 0.94 0.61 0.63
244 7.0 35.4 42.8 2.43 613 1.55 0.91 0.60 0.62
246 2.6 37.1 17.2 2.20 548 0.79 0.58 0.44 0.47
247 2.6 38.3 15.9 1.81 572 0.80 0.57 0.44 0.46
252 4.9 33.5 33.8 4.44 526 1.16 0.80 0.54 0.57
253 3.8 32.1 27.3 4.99 538 0.97 0.62 0.44 0.47
258 -1.2 34.3 23.3 4.14 280 0.16 0.39 0.34 0.37
259 3.1 34.0 11.5 3.13 536 0.86 0.62 0.47 0.50
261 0.4 36.3 9.4 2.10 542 0.53 0.38 0.31 0.34
262 0.5 36.0 10.5 3.57 520 0.53 0.40 0.33 0.36
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