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ABSTRACT

Meteorological and environmental (i.e. soil water

content) data measured from semiarid watersheds (Lucky Hills

and Kendall) during the summer rainy and winter periods were

used to study the interrelationships between variables, and to

evaluate the effects of variables on the daily estimation of

actual evapotranspiration (AET). The relationship between

AET and potential evapotranspiration (PET) as a function of an

environmental factor was the major consideration of this

research.

The relationship between AET and PET as a function of

soil water content as suggested by Thornthwaite-Mather, Morton

and Priestley-Taylor was studied to determine its

applicability to the study area. Furthermore, multiple linear

regression (MLR) analysis was employed to evaluate the order

of importance of the meteorological and soil water factors

involved. Finally, the information gained was used for MLR

model development.

The results of MLR analysis showed that the combined

effects of available energy, soil water content and wind speed

were responsible for 77 96 of the observed variations in

AET at Lucky Hills watershed and 70 %- at Kendall watershed

during the summer rainy period. The analyses also indicated

that the combined effects of available energy, vapor pressure
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deficit and wind speed were responsible for 70 96- of the

observed variations in AET at Lucky Hills watershed and 72 96-

at Kendall watershed during the winter period. However, the

test results of three different approaches, using the

relationships between AET and PET as a function of soil water

content indicated some inadequacy.

The low correlation between PET, AET, and soil moisture

conditions raised some doubt concerning the validity of

methods developed elsewhere, and indicated the effects of

energy availability on the relationship between PET, AET, and

soil water content regardless of the soil water condition. In

contrast, agreement between observed AET and estimated AET

from MLR models during the summer rainy and winter periods

at both watersheds indicated that MLR models can give

reasonable estimates of AET, at least under the climatic

conditions in which the formulae were developed.
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CHAPTER I

INTRODUCTION

Problem Statement

Arid and semiarid regions of the southwestern United

States are characterized by sporadic precipitation, a limited

water supply, and high rates of incident solar energy.

Rainfall reaching the biosphere in these areas cannot be

predicted and is not subject to man's influence. However, the

movement, storage, and disposition of this moisture can be

ameliorated by man. The flux of water between the earth and

the atmosphere, the movement of water vapor with air currents,

the return of water to the earth, and water movement over

and through the soil makes up the hydrologic cycle.

The hydrologic cycle is studied primarily in terms of

water fluxes and the principle of "conservation of mass" and

is expressed as a water balance. Evapotranspiration (ET) which

includes evaporation of precipitation from plant surface and

evaporation of moisture from the soil surface and from plants

through transpiration is an important factor in the water

balance of arid regions. More than 95 % of the precipitation

falling on Arizona is lost to evaporation (Harshbarger et al.,

1966). While it is not easy to ameliorate evaporation,

improved methods for its prediction will enhance our ability



19

to manage our water resources.

The hydrologic cycle can also be evaluated with respect

to the surface energy balance, as thermal energy from solar

radiation is absorbed and transformed into either sensible or

latent heat. Improved knowledge of the surface energy exchange

is paramount for understanding the water balance.

In arid regions, which occupy one-third of the world's

land surface, available water is very limited. Therefore,

actual evapotranspiration (AET) is low in these regions.

However, as a consequence of the warm and dry climates,

potential evapotranspiration (PET) that would occur if

moisture supply is not limited, is extremely high, and

available water will evaporate rapidly. If there is abundant

moisture in the soil, the two rates are assumed to be equal

(AET/PET	 1) . If the soil water content decreases to a

certain level for that soil, AET declines, and the ratio of

AET/PET declines with decreasing soil water content (AET/PET

< 1).

This study will examine the applicability of various

AET/PET relationships to the problem of estimating actual

evapotranspiration. The relationship between AET and PET as a

function of environmental factors is the major consideration

of this research. The development of suitable means for

estimating AET in Walnut Gulch watershed will lead us to

better management decisions related to water use. This study
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seeks to find a method for estimating evapotranspiration on a

watershed scale.

Objectives

The purpose of this study is to clarify the

interrelationship between meteorological variables in semiarid

environments with limited water supply, and to evaluate the

effects of meteorological and environmental variables on

actual evapotranspiration. Therefore, an appropriate method to

predict actual evapotranspiration can be obtained as a

function of environmental variables at the scale of small

watersheds.

The specific objectives are to:

1. Determine the interrelationship of meteorological and

environmental variables between two different

watersheds (Lucky Hills and Kendall), and between two

different seasons (summer rainy and winter).

2. Determine the relative contributions of meteorological

and environmental variables on AET estimation during the

summer rainy and winter periods at each watershed.

3. Test several well-known ET models with daily data to

find the realistic meaning of the concept and the

possibility of application of the concept in semiarid

conditions, and to determine the appropriate method to

predict actual evapotranspiration as a function of
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environmental variables at the scale of small

watersheds.

Importance of the Research

The research seeks to clarify the interrelationship

between meteorological variables in semiarid environments with

limited water supply. Considering the water balance and the

energy balance together should give a better understanding of

hydrologic systems in semi-arid regions.

Many investigators (Kincaid 1964, Osborn and Lane

1969, Lane and Stone 1983, Faures 1990) have studied

hydrologic systems using a water balance approach in arid

watershed areas. Lane et al. (1984) studied water balance

calculations for a unit area watershed in the northern Mojave

desert. They used computed evapotranspiration rates to

estimate water use by perennial vegetation.

However, the effects of meteorological variables and

environmental conditions on daily actual evapotranspiration

are not yet known in Walnut Gulch watershed. Therefore, the

results of this study should provide us with a better basis

for understanding the hydrologic regime of arid environments.



22

CHAPTER II

A REVIEW OF THE BACKGROUND OF STUDY

To understand the hydrologic system in watersheds, it is

important to adequately predict actual evapotranspiration

(AET) at a watershed scale. Under natural precipitation and

runoff regimes and various environmental conditions, actual

evapotranspiration is often less than potential

evapotranspiration (PET). Many attempts have been made to find

the realistic relationship between AET and PET. Most of

attempts have been based on the relationships and interactions

with other hydrologic variables (precipitation, runoff and

water storage) and environmental conditions (i.e. soil and

vegetation).

This chapter reviews fundamental concepts of

evapotranspiration and previous studies on AET estimation. The

major topics for this chapter are energy balance concepts,

potential evapotranspiration concepts and the complementary

relationship between AET and PET.

Energy Balance Concepts

The net radiation (Q ) is the driving factor for energy

exchange because for most systems it represents the limit to

the available energy source and sink (Oak, 1987). The net
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radiation is represented as the sum of the individual

shortwave and longwave streams. Therefore,

Q n = K4, - Kt + L4, - Lt	 (2-1)

where Qn is the net radiation (W/m2 ) ; K4, is the total short

wave radiation received at the surface (W/m2 ) ; Kt is the

short-wave radiation reflected from the surface (W/m2 ) ; L4, is

the incoming long-wave radiation emitted by the atmosphere

(W/m2); and Lt is the outgoing long-wave radiation from the

surface (W/m2). At night solar radiation is zero.

From total shortwave and longwave radiation from the

atmosphere (K4, and IA), only a part of the incoming radiation

is used for evaporation. Some is reflected back into the

atmosphere (Kt). Some is returned as longwave radiation from

the soil or water surface (Lt); some heats the overlying air;

and some heats the soil or water body. A negligible part is

used in plant growth. Therefore, it can be seen that any

surface radiative imbalance is accounted for by a combination

of convective exchange to or from the atmosphere, either as

sensible (QO or latent heat (QLE ) ,• —LE• / and conduction to or from

the underlying soil (Qd. Thus the surface energy balance is

= - QLE	 Qh	 Qg	 (2-2)

Therefore,	 QLE =	 Qn	 Qh	 Qg
	 (2- 3)
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The sign convention employed in equation (2-2) is that non-

radiative fluxes directed away from a surface are negative.

Thus, the terms on the right-hand side of equation (2-2) are

negative when they represent losses of heat from the surface,

and positive when they are gains. On the left-hand side, Qn is

positive as a gain and negative when a loss. All fluxes have

units of watts per square meter (W/m2). Qn is net radiation,

QLE is energy used for evaporation, Qh is energy used to heat

the air, and Qg is the ground heat flux. To convert from the

climatological units (W/m2) to hydrologic units (mm/day), Eq.

(2-2) should be divided by p wL (MJ/m3). Therefore,

QLE	 Qh	 Qg) /pwl, = 0	 (2-4)

In this case, 1 W /m2 is equivalent to 1 J/m 2 -s. L is latent

heat of vaporization (MJ/kg), and p, is the density of water

(kg/m3 ). Therefore,

Rn + ET + H + G = 0	 (2-5)

where Rn is the net radiation (mm/day); ET is the

evapotranspiration (mm/day); H is the sensible heat flux

(mm/day); and G is the ground heat flux (mm/day).

Net Exchange of Radiation

Net radiation (Q ) is measured by a net pyrradiometer.

The net pyrradiometer is a blackened plate across which there
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is a thermopile with one set of junctions in contact with the

upper face and the other set attached to the lower face. With

the plate aligned parallel to the surface the thermopile

output is related to the temperature difference across the

plate, and this is proportional to the difference across the

plate, and this is proportional to the difference between the

total incoming (K4, + L4, and outgoing (Kt + Lt) radiation

fluxes at all wavelengths (Oak, 1987).

Ripley and Redmann (1976) studied the diurnal variation

of K, Kt, IA and Lt at Matador, Saskatchewan (50°N) over 0.2

m stand of native grass for July 30, 1971. The study site

represented the ideal site which was characterized as

horizontal, homogeneous, extensive and moist grass land with

limited cloudiness. Based on Ripley and Redmann's report

(1976), diurnal variation of K4, , Kt, IA and Lt were 27.3, 4.5,

27.5 and 36.8 MJ/m 2 •day respectively.

The radiation and energy balance for 1980 over a 29-year-

old hinoki cedar (Chamaecyparis obtusa) stand were measured

(Hattori, 1987) in Japan. The total shortwave radiation

received by the stand was partitioned as 10.7 9s- reflected

radiation, 58.4 96 net radiation, and minus 30.9 96 as effective

longwave radiation on an annual basis.

Rate of Heat Storage

Energy used to heat the ground is measured from soil heat
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flux plates. The plate consists of material of known thermal

conductivity, and the temperature difference across its upper

and lower faces is measured by a thermopile (Hillel. 1982). To

avoid radiative and convective errors the plate must be buried

at least 10 mm below the surface. Depending on the nature of

the soil and the presence of plant roots it may be necessary

to install the plate at 50 mm or even 100 mm below the

surface. The deeper it is inserted, the less it represents the

surface heat flux (Oak, 1987).

The difference between the surface value of Qg (Qg.) and

that at the depth of z of the plate (Qgz) is due to change of

heat storage (Qp) in the layer Az (m). The storage term can

be evaluated using observations of the heating or cooling

rates across the layer Az using simple thermometry. The

approximate value of the soil heat capacity can be obtained

using simple soil analysis. Therefore, as given by Oak (1987),

Qgs = Qgo	 Qgz = Cs (T5/ t) Az	 (2-6)

where Al's is the actual mean temperature change of soil (K);

and At is the time period (s). Cs is the volumetric heat

capacity of the soil, defined as the change in heat content of

a unit bulk volume of soil per unit change in temperature

(DU/1-0.K). C s depends on the composition of the soil's solid

phase (the mineral and organic constituents present), bulk
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density, and the soil's wetness. However, the density of air

is only about 1/1000 that of water, its contribution to the

specific heat of the composite soil can generally be

neglected (Hillel, 1982). Therefore, C s can be obtained from

the equation (de Vries, 1963):

=	 - Cm + fo 	+ fCw 	(2-7)

where fm is the volume fraction of mineral in soil (%); f 0 is

the volume fraction of organic matter in soil (% ); f, is the

volume fraction of water in soil (%); Cm is the volumetric

heat capacity of minerals (MJ/m3 .K); C. is the volumetric heat

capacity of organic matter (MJ/70-K); and C, is the volumetric

heat capacity of water (MJ/m 3 •K).

Turbulent Fluxes of Sensible and Latent Heat

The common methods to estimate sensible heat flux (Q0

and latent heat flux (QLE) are the Bowen ratio-energy balance

(BREB) method or eddy correlation method. The BREB method

seeks to infer the flux on the basis of average profiles of

atmospheric properties and the degree of turbulent activity.

The eddy correlation (EC) method seeks to measure the flux

directly by sensing the properties of eddies as they pass

through a measurement level on an instantaneous basis.

Bowen Ratio Energy Balance Method. This method is based

on assumptions that there are no marked shifts in the
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radiation or wind, and no vertical divergence or convergence

during measurement period (Oak, 1987). If the site is

aerodynamically very rough so that the exchange of sensible

and latent heat between the surface and the atmosphere is

rapid, ànd the gradients of temperature and humidity are very

small, then BREB technique is technologically difficult to use

(McNell and Shuttleworth, 1975). By assuming the steady state

and constancy (no vertical divergence or convergence) of

fluxes with height at the lower boundary layer, and from the

fact that the diffusion coefficient of heat and water vapor

are similar for all stability regimes, the following ratio was

suggested, and is called Bowen's ratio (S) (Bowen, 1926):

g - Qh/QLE
	

( 2 -8 )

If the S is greater than unity, Qh is greater than 0-LE /

and the heat input to the atmosphere is mainly in the sensible

form, thus climate is likely to be relatively warm. On the

other hand if 13 is less than unity, QLE is larger than QH, and

the heat input to the atmosphere is mainly in the latent form

(Oak, 1987). Thus, it will contribute to increase humidity.

Therefore, sensible heat flux can be represented as

or,

Qh = g • QLE

QLE = Qh/ g
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From Eqs. (2-2) and (2 - 8),

Q. + QLE + S . QLE + Qg = O

Therefore,	 QLE = (Qn + Qg) / (1 + g)

where S is the dimensionless Bowen ratio (Bowen, 1926) which

can be obtained from temperature and humidity differences over

the same height interval. Therefore, g = y,[(Ta - Ta )/(e 0 - e0]

where y, is psychometric constant above mean sea level (z,

meters) (mb/°C) ; T a is the temperature of the air ( °C); Ta is

the temperature at the surface or any temperature below the Ta

measurement ( °C); e a is the actual vapor pressure in the air

(mb); and e a is the saturation vapor pressure at the surface

or any saturation vapor pressure below the e a measurement

(mb).

The best success comes with use of reversing wet bulb and

dry bulb system that eliminates bias in the temperature and

humidity differences (McNell and Shuttleworth, 1975). The BREB

method has often been used with a typical accuracy of

approximately 10 96 (Sinclair et al., 1975). Recently, there

have been several presentations of new, or refined, designs of

Bowen ratio instrumentation (Bingham et al., 1987; Gay, 1988;

Fritschen and Simpson, 1989; Held et al., 1990).
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Eddy Correlation (EC) Method. This method can be used to

measure QLE and Qh directly by correlating fluctuations of

vertical wind speed with fluctuations of temperature and vapor

density, respectively (Swinbank, 1951). Recent availability of

reasonably priced commercial instrumentation (Tanner et al.,

1985; Shuttleworth et al., 1988) has increased the potential

use of this method.

Sensible heat flux (QO taken as negative when

transported vertically away from the surface, is calculated

from air temperature (Ta), and vertical wind speed (w).

Therefore, as presented by Oak (1987),

Qh = — Pa . Cp . W1 . Ta ' (2 -1 3)

Latent heat flux (QLE) taken as negative when transported

vertically away from the surface, is calculated from density

of water vapor (p,), and vertical wind speed (w). Therefore,

QLE = -
	

(2-14)

where p a is air density (kg/m3 ); c p is specific heat of air

(J/kg-K); p, is water vapor density (kg/m 3 ) ; w is the vertical

wind speed (m/s); Ta is the air temperature (K); and primes

denote instantaneous deviations from means; and overbars

denote the time average of the instantaneous covariances of w

and Ta (m-K/s).
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Typical w sensors for eddy fluctuation instruments

include hot-wire anemometers, differential pressure devices

and acoustic anemometers. At heights greater than about 6 m

the vertical propeller anemometer is adequate. The propeller

system is an attractive alternative to other anemometers

commonly used in eddy correlation systems because it is

lighter, requires no power source, is less expensive, and

requires less attention during periods of potential inclement

weather. The propeller does not sense the fastest of the

turbulent eddies that may transport sensible energy; but this

problem is minimized if the sensor is placed 6 m above the

ground where the eddies are larger and slower (Blanford and

Gay, 1992). Ta is measured by fine-wire resistance or

thermocouple elements, or by acoustic thermometers and p, is

measured by infra-red hygrometer.

The eddy correlation has the great advantage of being

based on an essentially simple theory; it measured fluxes

directly and requires no additional specifications of the

nature of the surface (such as roughness) or of the atmosphere

(such as stability) (Oak, 1987).

Hipps and Swiatek (1992) measured local and regional

scale fluxes of sensible and latent heat in a semi-arid

ecosystem, and they verified the measured sensible and latent

heat flux by comparing it with the difference of net radiation
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and soil heat flux. McNell and Shuttleworth (1975) compared

three different method for sensible heat flux measurements

over a period of two months (July and August) at Thetford

Forest, Norfolk, England.

Potential Evapotranspiration Concepts

The potential evapotranspiration (PET) concept, which is

widely accepted, appears to have been first proposed by

Thornthwaite (1944, 1948). Thornthwaite suggested evaporation

rates are largely controlled by weather when water is freely

available. In this situation, vegetation and soil factors play

only a minor role. By specifying such stringent conditions,

Thornthwaite eliminated soil and vegetation parameters from

his analysis.

The currently accepted definition of PET is that PET is

"the rate of evaporation from an extended surface of a short

green crop actively growing, completely shading the ground, of

uniform height, and not short of water". The variability of

the plant component in the evaporation process is standardized

by the requirement that the soil be plentifully supplied with

water. In arid zones, these conditions are met in riparian

plant communities, and in some natural communities for a

period after a precipitation event (Gay, 1981).
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The Penman PET Model

The form of Penman's potential ET equation has been most

extensively applied in hydrometeorology. In 1948 Howard L.

Penman gave physically sound treatment to the difficult

problem of estimating evaporation from natural surfaces. The

equation which he developed links evaporation rate to the net

flux of radiant energy at the surface and to the effective

ventilation of the surface by air in motion over it (Thom and

Oliver, 1977).

Derivation of Penman Model. Penman (1948) derived the

"combination" equation by combining the energy-budget and

mass-transfer approaches to evaporation. He approximated the

energy balance of small sunken pans of water, ignoring heat-

storage changes and conduction of heat through the walls as

follows:

Rn = ET. + H	 (2-15)

where Rn is the net radiation (mm/day); ET0 is the latent heat

flux (mm/day) from an open water surface; and H is the

sensible heat flux (mm/day).

From the Bowen ratio concept (Eq. 2-8), he obtained

ET. = R/ (l + g)

= R0/{1 + y[ (T0 - Ta )/ (e 0 - e a )] }	 (2-16)
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By considering the linearization of the temperature versus

saturation vapor concentration curve as shown in Figure 1,

A = (e. - e sa)/(T. - TO	 (2-17)

From this equation, it is obvious that A increases with

increasing air temperature. From Eqs. (2-16) and (2-17),

ET. = Rn/ {1 + y, [ (e. - e„) /A (e o - e a ) ] 1	 (2-18)

where A approximates the slope of vapor pressure deficit (e. -

e sa ) with respect to temperature difference (T. - TO (mb/°C);

and e sa is the saturation vapor pressure at air temperature Ta

at 2-m height (mb).

The mass-transfer equation for ET. estimation (Turner,

1966; Mayboom, 1967; Harbeck et al., 1970; and others) is

ET. = c (a + b•u 2 ) (e. - e a )	 (2-19)

Penman (1948) assumed that the measurement of T. can be

approximated by Ta at 2 m height, and thus eliminate the

measurement of saturation vapor pressure at the surface. The

mass-transfer equation becomes

Ea = c(a + b.u 2 ) (e. - e a )	 (2-20)

and from Eqs. (2-19) and (2 - 20),

Ea/ET. = (e. - e a)/(e. - e0	 (2-21)
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Figure 1. Saturation vapor pressure vs. temperature diagram
showing Penman's transformation.
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From Eqs. (2-18) and (2-21), Penman (1948) defined the

equation as follows:

ET0 = (A/A + yz ) (Rn + G) + (y z/A + "Yz)Ea	 (2-22)

where ET. (mm/day) is open water evaporation; (A/A+1,,) is

dimensionless weighting factor that accounts for effects of

temperature and pressure; and E a is a drying power term

(mm/day). Penman's original wind function f(u) from an open

water surface was 0.35(1+0.0098u2). In this case, u2 is wind

speed at 2-m height (miles/day). It is more conveniently

expressed now as [=c(a + b-u2), m/s•mb] where a (m/s-mb) and

b (/mb) are empirical coefficients; u2 is wind speed at 2-m

height (m/s); and c is unit conversion coefficient

(=1/86,400,000).

The Penman Wind Function. Many studies have been

conducted to define the wind function in the Penman ET

equation (Eq. 2-22). Businger (1956), Penman and Long (1960),

Monteith (1964), and Van Bavel (1966) suggested applying the

combination equation with a more theoretical momentum/vapor

diffusivity wind function. Their suggestion is based on the

idea that the wind field in the boundary layer is largely

controlled by the frictional drag imposed on the flow by the

underlying rigid surface. The drag retards motion close to the

ground and gives rise to a sharp decrease of mean horizontal
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wind speed as the surface is approached. Therefore, the actual

form of the wind variation with height (z) under neutral

stability is accurately described by a logarithmic decay curve

of height (ln z).

Doorenbos and Pruitt (1975) suggested using the Penman

PET equation with coefficients a and b in the drying power

term E a , set equal to 1.0 (m/s.mb) and 0.864 (/mb),

respectively for wind in m/s at a 2-m height. Wright and

Jensen (1972) improved estimates using the Penman equation in

Idaho by using values of 0.75 (m/s - mb) and 0.993 (/mb), for a

and b respectively. Wright (1982) improved the accuracy of the

Penman estimate at Kimberly, Idaho, by varying the values of

the a and b according to time of the year. He developed the

time dependent functional relationships to permit varying wind

function to account for the seasonal changes in sensible heat

advection.

Application of Penman Model. There have been many

modifications of the Penman equation to better represent

specific local conditions a data sets. Richard (1987) reviewed

ten forms of the Penman equation (1948 Penman, 1963 Penman,

Kohler-Nordensen-Fox, 1972 Kimberly Penman, 1982 Kimberly

Penman, FAO Penman, FAO Corrected Penman, Thom-Oliver

Resistance (1977), Penman-Monteith Resistance and Priestley-

Taylor) and compared them with lysimeter estimates at three
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locations (Kimberly, Idaho; Coshocton, Ohio; and Davis,

California). These study sites are representative of an arid,

irrigated region; a humid, naturally rain-fed region; and a

Mediterranean climate, respectively. Richard concluded that

the Penman-Monteith, Thom-Oliver, 1982 Kimberly Penman, FAO

Corrected Penman, Kohler-Nordensen-Fox, and 1963 Penman

methods all provide good estimates of daily ET from a

reference grass crop over growing seasons at all three

locations.

The Penman-Monteith Model. A fundamental extension of

Penman's model was developed by Monteith (1964). He used a

single surface "resistance" and an "aerodynamic resistance" to

characterize the physiological and meteorological control of

water loss from a plant community. Thus, he modified penman's

equation to obtain (in energy flux density units)

QLE

	 A (Q„ + Qg ) + p a -c p (e sa — e a ) /ra 	
(2-23)

A + -y (1 + rc/ra )

where QLE is the latent heat flux (W/m2); ra is the aerodynamic

resistance (s/m); r, is the canopy resistance (s/m); and the

other symbols have already been defined.

However, the difficulty in using the Penman-Monteith

model is the evaluation of surface resistance. For vegetation

it is possible to measure the average stomatal resistance of
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a canopy using a porometer but it is a laborious procedure.

The modified equation allows calculation of actual

evapotranspiration but requires detailed knowledge about the

resistances to heat and water flow at the evaporating surface,

making its use impractical without intensive meteorological

and surface measurements.

The Priestley-Taylor PET Model

Priestley and Taylor (1972) suggested a simplification

of the Penman equation to reduce the data requirements. They

presented the following equation:

AET = u.W(Rn + G)	 (2-24)

where AET is the actual ET (mm/day); W is the dimensionless

weighing factor (A/A + yz); Rn is net radiation (mm/day); G is

ground heat flux including ground heat storage above sensor

(mm/day); u is an empirical coefficient; and W(Rn + G) is the

same as the energy term of Penman ET equation which is ideally

the evaporation for a wet surface with no advection.

The key parameter in this model is u; Priestley and

Taylor proposed u = 1.26 for freely evaporating surfaces. This

"fixes" for their model the aerodynamic component in Penman's

equation at 0.26 of the energy term. They allowed the

coefficient of u to vary for drying conditions. The

relationship between u and surface moisture is a function of
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the drying character of the soil and whether the surface is

bare or vegetation-covered, and there was no appreciable

dependence of a on wind speed (Barton, 1979). Furthermore, the

coefficient of a can be related to any process that limits

evapotranspiration (e.g. soil hydraulic resistance,

aerodynamic resistance, stomatal resistance) (Flint and

Childs, 1991).

Owe and Griend (1990) developed a simple daily actual ET

model using a modified Priestley-Taylor ET concept (Eq. 2-

24). They showed that the relationship between a and the

surface moisture is a result of the drying character of the

soil, and very much a function of whether the surface is bare

or vegetation-covered. Flint and Childs (1991) used the

Priestley-Taylor equation to allow calculations of

evapotranspiration under conditions where soil water supply

limits evapotranspiration. They allowed the Priestley-

Taylor coefficient, a, to incorporate an exponential decrease

in evapotranspiration as soil water content decreases.

However, Cargo and Brutsaert (1992) could not find a clear

relationship between a and soil water content in northeastern

Kansas.

Priestley and Taylor have shown that only the energy term

of Penman PET can be used to calculate potential

evapotranspiration for wet surfaces by incorporating a

constant proportionality factor a, and a has the value 1.26 +
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0.2 for freely evaporating surface (Priestley and Taylor,

1972; Jury and Tanner, 1975; Stewart and Rouse, 1977).

McNaughton (1976) has suggested that a > 1 represents

mesoscale advective enhancement of evapotranspiration and a <

1 represents advective suppression or strong surface control

through the stomatal resistance of the leaves. In the case of

coniferous forests with no intercepted water, values of a are

generally between 0.6 and 1.1 though values greater than this

have been reported (McNaughton and Black, 1973; Shuttleworth

and Calder, 1979; Spittlehouse and Black, 1981). Davies and

Allen (1973) assumed that for wet days AET—PET and found a

mean value of a = 1.27 + 0.02.

Shuttleworth (1988) found that the Priestley-Taylor

equation gives annual average ET at an Amazon forest site

within 5-10 percent of that observed, but is less accurate for

individual months and days, e.g. giving an overestimate of 20-

30 percent on fine days and an underestimate of 20-70 percent

on wet days.

An inherent disadvantage of the Priestley-Taylor

equation is lack of an aerodynamic resistance component,

causing PET to be negative when (Rn + G) becomes negative.

Without some adjustment, this method will often underestimate

ET if significant moisture loss occurs during nighttime hours.
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The Complementary Relationship

Morton (1965) developed the Complementary Relationship

Areal Evapotranspiration (CRAE) model, based on the concept of

a complementary relationship between actual and potential

evapotranspiration proposed by Bouchet (1963). Originally,

Bouchet considered a large uniform surface of regional size,

involving characteristic scale lengths of the order of 1 to 10

km. Bouchet's underlying concept is that PET as observed in

the field is a response to the state of the atmosphere which

is adjusted to the regional surface, rather than to a moist,

freely transpiring surface. As the regional surface dries, AET

decreases, the regional air measured at the climatological

station becomes dry and warm, and PET increases as a response.

Therefore, Bouchet proposed the relationship

AET + PET .s C	 (2-25)

where the constant "C" is specified as a function of the

energy available to the system.

Using an identical experimental design but an independent

derivation, Morton (1965) attempted to define the constant

more precisely. He concluded that

AET + PET = C	 (2-26)

where

C = PET'= 2PET"	 (2-27)
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Therefore, Morton proposed the following relationship:

AET + PET = 2PET"	 (2-28)

where PET' is the value of PET for a dry region; and PET"

denotes the initial value of PET for a saturated region. This

relationship is also described in Figure 2. Morton used the

Priestley-Taylor equation (1972) to define the initial

saturation condition (PET") which defines the point where

AET = PET (i.e., PET") in the symmetrical model. Between the

extremes, the balance between AET and PET is assumed to be

linear and complementary. This relationship provides a basis

for estimating AET from PET (Figure 2). Therefore, CRAE model

is defined as

AET = 2[1.26W(Rn + G)] - PET	 (2-29)

where AET is the actual ET (mm/day); W is the dimensionless

weighing factor (A/A + 1,,) ; Rn is net radiation (mm/day); G is

ground heat flux including heat storage above sensor (mm/day);

and PET is the potential ET from Penman (mm/day).

Morton (1965) felt that complementary relationship (Eq.

2-29) has great practical advantages because it provides the

basis for a model that permits actual evapotranspiration to be

estimated from routine estimates of potential ET, derived from

temperature, humidity, wind and solar radiation. Morton (1968,
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Figure 2. Complementary relationship between actual and
potential evapotranspiration (after Morton, 1983).
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1969, 1970 and 1975) supported this hypothesis with analysis

of five-year means of water balance data for 118 drainage

basins in the United States, Canada and Ireland.

Lemeur and Zhang (1990) applied Morton's symmetrical

model on an arid river basin in Xinjiang, China. To evaluate

the model, they estimated AET using the annual water balance

approach. They concluded the complementary relationship

between actual and potential evapotranspiration, as postulated

by Bouchet's hypothesis, is valid for annual values in an arid

region.

Doyle (1990) compared the Penman approach with

Morton's complementary relationship model using monthly water

balance data from the Shannon catchment. He concluded that

Morton's model is an improvement over Penman's for the

purposes of water balance modeling because prediction of AET

does not depend as much on the soil moisture model component.

In this chapter, variety of basic background of energy

balance concept, actual and potential evapotranspiration

concept have been reviewed. For energy balance estimation,

sensible heat flux measurements are essential and more

difficult than any other flux measurements. Two common

approaches for sensible heat flux measurement such as BREB

method and EC method has been described. For this study, EC

method was used for sensible heat flux measurement. The

justification of the EC method for sensible heat flux



46

measurement was also performed by Blanford and Stannard (1991)

and Blanford and Gay (1992), and will be described in more

detail in later chapters.

Current approaches to estimate AET was also described in

this review chapter. Most approaches are based on the

relationship between PET, AET and environmental condition

(i.e. soil water content). The consideration of relationship

between AET and PET as a function of environmental factor such

as soil water content is the major thrust of this research.

The study results are described in chapter V. This review has

a great deal of usefulness in applying the concept for

achieving the purpose of this study. The more detailed formula

and theory needed for this study have been examined and

described in following chapters.
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CHAPTER III

THE EXPERIMENTAL SITE

The experimental watersheds located in the southwest of

the United States were selected to clarify interrelationships

between meteorological variables and semiarid environments

with limited water supply. The characteristics of selected

experimental watershed represent the typical semiarid land,

which is located in the Sonoran desert, just north of the

Chihuahuan desert.

The Walnut Gulch Experimental Watersheds

The Walnut Gulch Experimental Watershed was selected as

a research facility by the United States Department of

Agriculture (USDA) in the mid-1950's. Prior appropriation

water laws had created conflicts between upstream conservation

programs and downstream water users. Technology to quantify

the influence of upland conservation on downstream water

supply was not available. Thus, scientists and engineers in

USDA selected Walnut Gulch for a demonstration/research area

which could be used to monitor and develop technology to

address the problem. In 1959, facilities needed for soil and

water research in the USDA were identified in a United States

Senate Document (U.S. Senate Committee 1959). The Southwest

Watershed Research Center in Tucson, Arizona, USA, was created
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in 1961 to administer and conduct research on the Walnut Gulch

watershed.

The study area is located on the Walnut Gulch

Experimental Watershed (31° 43'N, 110 0 41'W) operated by the

USDA-Agricultural Research Service (ARS). The watershed is in

the southwestern United States, about 120 km southeast of

Tucson, Arizona (Figure 3). There are 98 raingages and 11

runoff-measuring stations on the watershed. The raingage and

runoff measuring system was completed in 1966. The Walnut

Gulch watershed encompasses the 150 km2 . The Lucky Hills and

Kendall subwatersheds of Walnut Gulch were used in the

experimental portion of this study.

Physiographic Characteristics

The topography consists of gently rolling hills

incised by rather steep drainage channels, which are more

pronounced at the eastern end of the watershed (Renard, 1970).

The lowest gaging station, at the west end of the watershed,

is about 1300 m above mean sea level (MSL), while the

elevation of the upper end of the basin, about 20 km east, is

about 1800 m MSL.

Soils of the Walnut Gulch watershed are strongly

influenced by the parent materials from which they were formed

and by the past and present climatic regime of the
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area. In general, most of the soils are gravelly or stony at

the surface, changing to coarser texture with depth, and

usually have a lithic contact at shallow depth (USDA, ARS, and

SOS, 1970 and 1974). The soils range from clay and silts to

well-cemented boulder conglomerates. Nearly 60 percent of the

Walnut Gulch watershed now supports desert shrubs, with

varying amounts of the original grass species found in the

shrub-dominated areas (Brown, 1982).

Climatic Characteristics

Two distinct precipitation periods are considered in this

study, the summer rainy period and the winter period. In the

study area, the summer rainy period typically extends from

late June through much of September, and the winter period

from December through March.

In Arizona and on Walnut Gulch, thunderstorms of limited

areal extent, short duration, and extreme spatial variability

dominate rainfall-runoff events in the summer rainy period

(Osborn, 1982). Winter precipitation generally results from

low intensity frontal storms of long duration and large areal

coverage (Sellers, 1960). In this region, annual precipitation

is 250-500 mm, with two-thirds of it falling during a summer

rainy period (Renard et al., 1993).

The average monthly precipitation (368 mm average annual

precipitation) based on 60 years of record for nearby
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Tombstone, Arizona, is shown in Table 1. Walnut Gulch monthly

precipitation can be divided into approximately three

different periods: dry period (April through June); summer

rainy period (July through September); winter period (October

through March).

Rainfall during the summer rainy period is the most

dependable source of watershed soil moisture, although

individual rainfall events are very localized. Because of the

dry period that precedes the summer rains, soil water content

becomes completely depleted and negligible by the end of May,

with no runoff. Figures 4 and 5 show average precipitation at

the Walnut Gulch during the summer rainy period and the winter

period, respectively, for 10 years from 1955 to 1965 based on

data from 30 recording rain gages (Osborn and Hickok, 1968).

The temperature at Walnut Gulch is largely dominated by

the incidence of incoming solar radiation and the occurrence

of rainfall events. Mean monthly temperature ranges from 8 to

27°C. Relative humidity is low throughout the year, being

lowest in April through June and highest in August and

September. However, high relative humidity is common during

December and January due to frontal rain events. Walnut Gulch

is dominated by winds from the southern Gulf of Mexico in the

winter period, and by winds from the Gulf of California during

the summer (Tiscareno-Lopez, 1994). The mean monthly wind
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Table 1. Average monthly precipitation (368 mm average annual
precipitation) from 60 years of record at Tombstone,
Arizona.

Jan	 Feb	 Mar	 Apr	 May	 Jun	 Jul

25.7
	

18.4	 16.5
	

7.4	 3.6
	

11.0	 95.7

Aug	 Sep	 Oct	 Nov	 Dec

9.2
	

36.8	 18.4
	

16.5	 25.7
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speed ranges from 3.0 to 4.4 m/sec.

Annual Water Balance

The Walnut Gulch watershed water balance, although

variable from year to year as well as across the area, is

obviously controlled by precipitation. Almost all runoff from

lower elevation rangelands in the southwest occurs during the

summer rainy season, when intense rainfall can exceed

infiltration capacity, and runoff from intense thunderstorms

can cause severe flash flooding. However, antecedent soil

moisture and evaporation are other important factors in the

amount of runoff at the watershed scale (Hino et al., 1988).

The average monthly runoff from 18 years of record and the

approximate average annual water balance at Walnut Gulch

watershed are shown in Tables 2 and 3.

Given the average 305 mm per year input precipitation,

approximately 254 mm per year is detained on the surface for

subsequent infiltration (Renard et al., 1993). Essentially all

of the infiltrated moisture is either evaporated or

transpirated by vegetation back to the atmosphere. On-site

runoff (rainfall excess) on the Walnut Gulch watershed may

average about 51 mm per year, but the net surface outflow from

the entire basin is only 10 to 15 percent of the rainfall

excess, or about 6 mm per year. This loss (45 mm per year) as

runoff moves through the channel system is the transmission
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Table 2. Average monthly runoff (6 mm average annual runoff)
from 18 year of record at Walnut Gulch watershed.

Jan	 Feb	 Mar	 Apr	 May	 Jun	 Jul

0	 0	 0	 0	 0	 0.12	 1.8

Aug	 Sep	 Oct	 Nov	 Dec

3.5	 0.6	 0	 0	 0

Table 3. The approximate average annual water balance at
Walnut Gulch watershed (Renard et al., 1993).

Precipitation	 ET	 Recharge	 Runoff
(mm/year)	 (mm/year)	 (mm/year)	 (mm/year)

305	 254	 45	 6
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loss for the 150 sq-km area. The 45 mm of transmission losses

result in some ground water recharge and some evaporation and

transpiration from vegetation along the stream channels.

Infiltration through the dry stream bed (transmission loss) is

one of the most important factors in the water balance at

semiarid rangelands such as Walnut Gulch (Renard et al.,

1993).

Lucky Hills and Kendall Subwatersheds

For this study, the two subwatersheds were investigated

at Walnut Gulch. Lucky Hills has an area of 8.09 ha nestled in

the western portion of the Walnut Gulch watershed, having

smoother topography (Figure 6). The dominant vegetation type

is shrub. Raingages 83 and 384 are located on or near the

Lucky Hills watershed, separated by 154 meter (Osborn and

Lane, 1972).

The Kendall subwatershed has an area of 0.48 km2 (48.56

ha) nestled in the eastern portion of the Walnut Gulch

watershed, (Figure 7). It is typical of southwestern rangeland

where cattle graze on gentle hillslopes dominated by grasses.

Raingages 60, 61, 560 and 82 are located on or near the

Kendall watershed, and the distance between gages is 640-914

meters (Osborn and Lane, 1972). Their work indicated that

three gages carefully located with regard to elevation would
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show the variation in mean annual and seasonal rainfall, given

a sufficiently long record.

Runoff was measured at the outlets of the Lucky Hills and

Kendall subwatersheds by a calibrated Smith supercritical

flume (Smith et al., 1981). In general, runoff is more

variable than precipitation, and stream channels are dry, with

runoff occurring on only a few afternoons and evenings during

the summer rainy period. Flow durations are from minutes to

hours, rather than days. The dominant factor in runoff

variability on such small watersheds such as Lucky Hills and

Kendall is rainfall variability. The Lucky Hills and Kendall

subwatersheds are more affected by rainfall variability than

is the larger Walnut Gulch watershed, because runoff per unit

area decreases with increasing watershed size. If only the

Lucky Hills or Kendall watersheds are considered, channel

losses are less significant because of the steep slopes and

small drainage area of these two subwatersheds.

Basic meteorological, radiation, energy flux and soil

data used for the summer portion of this study were collected

by participants in the MONSOON 90 study at the Lucky-Hill and

Kendall watersheds (Kustus et al., 1991). The locations of

recording raingage, climate station and flume for runoff

measurement at Lucky Hills and Kendall watersheds are

indicated in Figures 6 and 7.
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Soil Hydrologic Characteristics

Since the vegetation in semiarid rangelands is fairly

sparse compared to humid regions, the soil plays a major role

in the radiative and hydrologic balance (Kustus et al.. 1991).

In terms of the hydrologic cycle, the condition of the soil

surface influences the magnitude of the runoff component. This

is especially evident in semiarid and arid rangelands, where

infiltration may be one of the most important factors in

determining the amount of runoff (Keppel and Renard, 1962).

Antecedent soil moisture is certainly an important factor in

the amount of runoff at the watershed scale in this

area (Hino et. al, 1988; Loague and Freeze, 1985).

Basic soil data used in this study were also collected

(Kustus et al., 1991) during the MONSOON 90 study at the Lucky

Hills and Kendall subwatersheds. Data in Table 4 describe

soils at Lucky Hills and Kendall watersheds. It is interesting

that field capacity and wilting point at top 5 cm depth at

both sites are the same.

Table 5 shows the soil textures and approximate soil

water content in each layer and at rooting depth for the Lucky

Hills watershed. The soil type in the upper 25 mm layer is

very gravelly sandy loam with a few very fine roots. Between

25 and 600 mm depth, the soil type is gravelly sandy loam with

very fine and fine roots. The root system is not considered

significant below 600 mm.
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Table 4. Textural characteristics of the top 5 cm of soil at
Lucky Hills and Kendall watersheds (Schmugge et al.,
1994, and Weltz et al., 1994).

Soil	 Soil
Site Bulk	 Rock	 Sand	 Silt	 Clay

Density	 Fraction	 W	 (50	 (%)
(0-5 cm)	 (0-5 cm)

1.64	 0.28	 66	 24	 10

1.61	 0.37	 69	 20	 11

(1) Lucky Hills
(2) Kendall

Table 4. Continued

Surface Cover, 96
Site

Rock Litter Basal	 Soil	 OM
	

vmpwp
	

VM fc

(1) 46	 7	 2	 45	 1.32	 6	 17

(2) 54	 15	 11	 19	 1.67	 6	 17

OM : organic matter
Wpm,: 15-Bar soil moisture ( 5 ) from 0 to 5 cm depth from

surface
VMft : 1/3-Bar soil moisture (%) from 0 to 5 cm depth from

surface



Table 5. Soil texture and available water capacity, Lucky
Hills watershed.

classified
layer	 Da	 EDa.	 soil type	 SMpwp	 SMft	 AWC

very gravelly
1	 25	 25	 sandy loam	 1.3	 3.8	 2.5

gravelly
2	 177	 203	 sandy loam	 0.6	 30.0	 14.6

gravelly
3	 396	 600	 sandy loam	 24.0	 67.0	 43.0

rooting	 600
	

35.9 100.8	 64.9
depth

Da,: thickness of soil layer (mm)
ElDsL : cumulative depth of soil layer (mm)
SMp„„p : soil moisture content at permanent wilting point (mm)
SMft : soil moisture content at field capacity (mm)
AWC: available water capacity (SMft-SMpwp , mm)

63
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Table 6 shows the soil textures and approximate soil

water content in each layer and at rooting depth for the

Kendall watershed. The soil type in the upper 50-mm layer is

very gravelly sandy loam with a few fine roots. Between 50 and

178 mm depth, the soil type is clay loam with very fine and

fine roots. The soil type between 179 and 381 mm is clay with

very fine and fine roots. The soil type between 382 and 457 mm

depth is gravelly clay loam with common very fine and fine

roots and a few medium roots. Between 457 and 600 mm depth is

gravelly sandy loam with few very fine and fine roots. The

root system is not considered significant below 600 mm.

To obtain approximate values of soil water content at

field capacity and permanent wilting point, soil textural

information for each soil layer, and water-holding

characteristics of different soils were used (Yearbook of

Agriculture, 1955). The 600 mm rooting depth is the same at

both sites, but the water holding capacities differ. Available

soil water content at Lucky Hills is about 65 mm (35 mm at

wilting point and about 100 mm at field capacity). Available

soil water content at Kendall is about 82 mm, (76 mm at

wilting point and about 158 mm at field capacity.

Meteorological Measurements

Meteorological data used for this study were measured

during the 1990 summer rainy period at Lucky Hills and Kendall
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Table 6. Soil texture and available water capacity, Kendall
watershed.

layer Da EDa

1 50.8 50.8

2 127.0 177.8

3 203.2 381.0

4 76.2 457.2

5 142.8 600.0

rooting
depth

600.0

SM SYlf, AWC

2.5 7.6 5.1

17.7 38.1 20.4

36.5 65.0 28.5

11.4 23.6 12.2

8.5 24.2 15.7

76.6 158.5 81.9

classified
soil type

very gravelly
sandy loam

clay loam

clay

gravelly
clay loam

gravelly
sandy loam

Da : thickness of soil layer (mm)
EDa : cumulative depth of soil layer (mm)
SMI,‘„p : soil moisture content at permanent wilting point (mm)
SMk : soil moisture content at field capacity (mm)
AWC: available water capacity (S1n41,-SYlp„,p , mm)
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watersheds (DOY 90202-90275). Winter were obtained at Lucky

Hills and Kendall watersheds during DOY 91345-92077.

The meteorological data include incoming solar radiation,

air temperature, wind speed, relative humidity and soil

temperature. The data were collected by the ARS with automatic

recording weather stations (Campbell Scientific, INC, Logan,

UT) and made available for this analysis. All data were

averaged into 1-hr periods.

Incoming solar radiation (W/m2 ) was measured with a LiCor

silicon pyranometer model LI-200SZ at about 3.5 m height. Air

temperature (°C) was measured at heights of 2.0 m above

the soil surface at Lucky Hills and Kendall, using a

unshielded, unaspirated, 76 gm diameter chromel-constantan

thermocouple. Relative humidity (%) was measured with a

capacitive sensor in a Gill radiation shield. Mean horizontal

wind speed (m/sec) was measured with a cup anemometer at 2 m

height above ground. Soil temperatures (°c) were measured
continuously at both sites, using copper-constantan

thermocouple at depths of 2.5 cm (3 replications), 5 cm (2

reps) and 15 cm.

Overview of Meteorological Data

The daily variation of incoming solar radiation, relative

humidity and air temperature for the summer rainy and winter

period at Lucky Hills and Kendall watersheds are shown as time



67

series in Figures 8 and 9. The trend of the three variables

shows some similarity between watersheds. When relative

humidity is low, temperature and incoming solar radiation are

high. Temperature and incoming solar radiation show increasing

trend from December to March at both watersheds. It is obvious

that relative humidity was decreasing from December to March,

probably because of decreasing rainfall events.

Meteorological Similarities between the Subwatersheds

Tables 7 and 8, and Figures 10 and 11 show the

statistics and scattergram of hourly incoming solar radiation

(K), relative humidity (RH), air temperature (T a.) and wind

speed (u) between Lucky Hills and Kendall watersheds during

the (a) summer rainy period (1990) and (b) winter period

(1991-1992). The plots indicate that most meteorological

variables are highly correlated between the two watersheds

during both the summer rainy period and the winter period,

indicating that there is not much difference between

watersheds in these meteorological variables regardless of

season. Wind speed showed the lowest correlation of all the

variables.

These results are understandable because K, Ta and RH

are interrelated, and K4, is not related with geographical and

environmental conditions such as soil water and vegetation.
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Table 7. Relations between hourly meteorological variables at
Lucky Hills and Kendall during the summer rainy
period (1990).

Regression Equations r r2 SEE

1) K ,D ic = 8.661 +	 0.930K4, L 0.969 0.938 79.958

2) RHK = 7.556 + 0.900RHL 0.963 0.928 5.402

3) T 0.858 + 	0.924T 0.965 0.794

4) u2K = 0.720 +	 1.015u2L 0.832 0.693 0.970

K,D L : incoming solar radiation at Lucky Hills watershed (W/m2 )
RHL : relative humidity at Lucky Hills watershed ( 9z,- )
Tat,: air temperature at Lucky Hills watershed (°c)
u2L : wind speed at 2-m height at Lucky Hills watershed (m/s)
KND K : incoming solar radiation at Kendall watershed (W/m2 )
RHK : relative humidity at Kendall watershed ( 96- )
TaK : air temperature at Kendall watershed (°c)
u2K : wind speed at 2-m height at Kendall watershed (m/s)
r : simple correlation coefficient
r2 : coefficient of simple determination
SEE : standard error of estimate of the regression
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Table 8. Relations between hourly meteorological variables at
Lucky Hills and Kendall during the winter period
(1991-1992).

Regression Equations r r2 SEE

1) 1(4, K = 0.900 +	 0.9201(4, 1, 0.988 0.976 35.894

2) RHK = 2.974 + 0.941RHL 0.941 0.886 8.529

3) Talc = 0.114 +	 0.943T 0.978 0.957 1.083

4) u2K = 0.808 +	 0.964u2L 0.801 0.642 1.102

K,I, L : incoming solar radiation at Lucky Hills watershed (W/m2 )
RHL : relative humidity at Lucky Hills watershed ( 545)
TaL : air temperature at Lucky Hills watershed ( °C)
um : wind speed at 2-m height at Lucky Hills watershed (m/s)
1(4, K: incoming solar radiation at Kendall watershed (W/m2 )
RHK : relative humidity at Kendall watershed ( 9,5)
TaK : air temperature at Kendall watershed (°c)
u2K : wind speed at 2-m height at Kendall watershed (m/s)
r : simple correlation coefficient
r2 : coefficient of simple determination
SEE : standard error of estimate of the regression
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However, Ta and RH are influenced by local conditions. For

example, as soil water content increases, air tends to remain

cooler and more moist.

On the other hand, wind is influenced by the geographical

characteristics and local weather patterns. Wind speed near

the ground may be affected by terrain roughness and different

vegetation conditions (i.e. vegetation density and height).

However, the vegetation density is relatively sparse and

vegetation height is short in these watersheds. Most

meteorological variables showed excellent correlation between

Lucky Hills and Kendall watersheds during summer rainy period

and winter period. Based on the results, the measured

meteorological variables K ,D, RH and Ta can be used to obtain

approximate values for another watershed.
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CHAPTER IV

SURFACE FLUXES

This chapter describes the flux data (Qh , Qh , Qg and 0LE )-,

measured during the summer rainy period (1990) and winter

period (1991-1992) at Lucky Hills and Kendall watersheds

QLE is essential for developing the model for actual ET.

The flux data were obtained by participants in the

Monsoon 90 experiment (Kustus et al., 1991), and made

available by the Agricultural Research Service (ARS) for

the evaluations undertaken in this dissertation. Using the

measured flux data, I estimated actual ET, potential ET and

soil water balance.

Flux data were measured during the summer rainy period

from DOY 90198 through DOY 90227 at Lucky Hills watershed, and

from DOY 90202 through DOY 90223 at Kendall watershed. During

the winter period, flux data were measured from DOY 92015

through DOY 92070 at Lucky Hills watershed, and from DOY 91347

through DOY 92070 at Kendall watershed.

Flux Measurements

The latent heat flux can be measured directly using a

variety of methods. However, it has been recognized that it is

more reliable for long term measurements to estimate latent
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heat flux from other more-easily measured fluxes 
( Q11/ Qh and

Qg ), based on energy balance approach (QLE = Q, - Qh - Qd . The

measurements of three basic fluxes (Q" Qh and Qd are

described below. All fluxes are averaged over 1-hour periods

in units of watts per square meter (W/m2 ).

Net Radiation

Net radiation was measured directly with REBS Q*6 net

radiometers at 2.5 m above ground level. The net radiation

(Q" W/m2) is the driving factor for energy exchange because

in most systems it represents the net energy available from

sources and sinks.

Soil Heat

Soil heat flux (Qg , W/m2 ) is the combination of heat flux

(Q0 , W/m2) at soil heat flux plate (5 cm depth) and thermal

energy stored in the soil layer above the sensor (Qgs , W/m2 ).

Therefore, soil heat flux is Qg = Q0 + Qgs . At 5 cm depth, Q0

was measured directly with soil heat flux plates at 3 sites in

each watershed. The mean Qgh was calculated from the measured

values. The hourly energy used for ground heat storage above

the sensors (Qgs ) was estimated from the change in mean

temperature of the 0-5 cm soil layer. The mean temperature of

this layer was determined by averaging soil temperatures

obtained at the 2.5 cm and 5 cm depths. The averaged ground
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temperature was used to obtain Qg, (= 0.01AT,-C s -Az/At) where C,

is the volumetric heat capacity of soil [= 1.5 (MJ/1 -0-K)]; AT,

is the soil temperature difference between T 5 and T5 1_ 1 ; T5 1 is

the average soil temperature at time i (hr); T,i4 is the

average soil temperature at time i-1 (hr); 0.01 is unit

conversion coefficient (m/cm); At is the one hour time

interval (= 3600 s); and Az is the thickness of soil layer (=

5 cm).

Sensible Heat

Sensible heat flux (Q, W/m2 ) was estimated by eddy

correlation (EC) during rainy periods in summer (1990) and in

winter (1991-1992). The EC values of Qh were calculated from

air temperature, T, and vertical wind speed, w, both measured

at 9 m above ground level and both sampled at 4 Hz over

periods of 20 min. The flux was calculated as Qh =- p a -cp .W-Ta:

where p a is air density (kg/m 3 ), cp is specific heat of air

(J/kg.K), primes denote deviations from period means, and

overbars denote period means (Businger et al., 1967). The Qh

measurement is based upon the mean covariance of temperature

and vertical wind speed [cov(w.Ta)] over the measurement

period.

A sensitive, propeller anemometer and a fast response

thermocouple were used to measure the desired vertical

velocities w and air temperature Ta . The one-propeller eddy
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correlation (OPEC, Blanford and Gay, 1992) system is an

attractive alternative to the sonic anemometer eddy

correlation system (SEC) commonly used in EC systems because

it is lighter, requires no power source, is inexpensive,

and requires less attention during unfavorable weather.

The inertial effects of the propeller are minimized by

placing the sensor 9 m above the ground where the eddies are

larger and generally slower. Blanford and Gay (1992) derived

the stability corrections for the OPEC sensible heat, based

upon theoretical and experimental grounds. The OPEC sensible

heat flux was corrected by multiplicative factors of 1.4 and

1.1 for stable (night time) and unstable (day time) periods,

respectively.

Table 9 (Blanford and Gay, 1992) summarizes the

comparisons for stable and unstable conditions at both sites

as ratios of total sensible heat flux sensed by the OPEC

system (uncorrected) to the total sensed by the SEC system,

compared with the ratio predicted by the frequency response

correction scheme. The results indicate that in all cases the

predicted ratio is greater than the measured flux ratio. Thus

the correction scheme reduces the bias towards underestimation

of the OPEC system.

For the verification of accuracy of the OPEC system,

Blanford and Stannard (1991) compared the OPEC with SEC (a

sonic eddy correlation system) at Walnut Gulch experimental
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Table 9. Predicted and measured ratios of HopEc /HsEc at Walnut
Gulch experimental watershed (Blanford and Gay,
1992).

Measured	 Measured	 Predicted
Conditions	 HOPEC /HSEC	 HOPEC/HSEC	 HOPECMSEC

at rain	 at Lucky
gauge 40	 Hills

Stable	 0.68	 0.50	 0.74

Unstable	 0.89	 0.89	 0.91
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watershed during July 1990. In order to maintain a continuing

evaluation of the performance of the Gill systems, two sites

(rain gauge 40 and Lucky Hills) in Walnut Gulch watershed were

visited by a more accurate roving system. The roving system

measured latent and sensible energy directly by correlating

vertical wind speed measured by a one-dimensional sonic

anemometer with, respectively, a krypton hygrometer and a 12.5

J  fast-response thermocouple. The EC sensors were placed

farther above the ground (above 9 m). The test results show

that the r2 between the sensible heat measured by the roving

and Gill EC systems were 0.97 and 0.95 at rain gauge 40 site

and at Lucky Hills site, respectively.

Figure 12 shows the result of their comparison at rain

gauge 40 site. The graph shows sensible heat flux (W/m2) time

series of corrected OPEC at 9 m and SEC at 2 m over rolling

landscape with 32 96 vegetation cover. There is excellent

agreement between one hour averages of 20-minute mean

estimates of sensible heat from the SEC and frequency

corrected OPEC systems.

Latent Heat

Latent heat flux (QLE, W/m2) was not measured directly in

this study but was computed as the residual term in the

surface energy balance. Daily ET was obtained by summing the

hourly ET for each day. Actual evapotranspiration (ET)
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Figure 12. Comparison of OPEC with SEC sensible heat fluxes at
Walnut Gulch (Blanford and Stannard, 1991).
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differs from latent energy (QLE) only in units. ET is the

"depth equivalent" of evaporated water (in mm per period)

while QLE is in W/m2 .

Overview of Flux Measurements

Based on the energy balance concept, surface radiative

imbalance is accounted for by convective exchange ( Qh / QLE) to

or from the atmosphere, and conduction into or out of the

underlying soil (Qd. The radiative surplus and deficit is

mainly governed by the nature of the surface condition.

To study the effects of surface condition (soil water

content) on estimates of AET, hourly values of the surface

fluxes Q, QLE/ Qh / Qgh / and Qgs for wet and dry days during

summer rainy and winter periods at Lucky Hills watershed were

plotted and examined. Figures 13 and 14 show the diurnal

variation of Qn / QLE / Qh / Qgh / and Qgs .

The variation of Qn was not sensitive to a change in soil

water content, and there was very similar variation of hourly

net radiation for both wet and dry days. Similar results

were also reported by Granger (1989) and Morton (1968). This

results may indicate that both the albedo and emissivity

properties of the surface are not sensitive to changing soil

moisture availability.

However , QLE/ Qh , Qgh and Qhs were sensitive to variations

in soil water content, with the QLE term being most sensitive.
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Figure 13. Energy balance diagrams during summer (1990) at
Lucky Hills: (a) wet day and (b) dry day.
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Figure 14. Energy balance diagrams during winter (1991-1992)
at Lucky Hills: (a) wet day and (b) dry day.
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As the soil surface is wet, QLE increased; but Qh , Qgh and

Qgs decreased. There was an especially strong relationship

between QLE and Qh . If the surface was wet, the majority of the

energy being convected into the atmosphere was in the latent

heat form. However, if the surface is dry, the majority of the

energy being convected into the atmosphere is in the sensible

form. Qgh and Qgs during dry days also showed higher values

than those during wet days.

The Dependence of Net Radiation upon Solar Radiation

Net radiation (Q„, MJ/m2 .d) over natural surface is

related to incoming solar radiation (K4, MJ/m 2 •d). If this

relationship could be adequately defined, Qh could be

predicted from the more generally available measurements of K4,

(Gay, 1971). This provides a means for estimating missing Qh

values when more routinely measured K4 data are available. The

estimation of Qh from K4, was studied by Lafleur et al. (1987).

The physical relationship between K and Qh can be

explained from the equation: Qh =	 - Kt + L4 - Lt. Among

these variables, K4 has the most significant effect on Q. The

Kt is not significant during the day time. Even though IA and

Lt are each significant during the day time, (IA - Lt) remains

small and constant when compared to the size of K. During the

night time, K4 and Kt are zero, and Qh is relatively small.
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For this reason, Q n could be predicted from the more generally

available measurements of K.

Using data collected during this study over semiarid

watersheds, regression equations that relate net radiation

(Q ) to incoming solar radiation (K) are shown in Figure 15

and 16, and summarized in Table 10, along with statistical

evaluation. The standard error of estimates between Qn and K4,

is approximately 1 mm during the summer rainy period and

winter period at Lucky Hills and Kendall watersheds. The

summer r2 is higher than that of the winter period, being

approximately 0.9 and 0.67 respectively.

The results of simple regressions indicate that incoming

solar radiation can replace net radiation during the summer

rainy periods at both watersheds. However, the relationship

between Qn and K4 was weaker during the winter period when K4,

was smaller.

Potential Evapotranspiration

For this study, the Penman equation (1948, 1963) was used

to represent the potential evapotranspiration (PET). The

calculated PET was examined for the applicability of various

AET/PET relationships for estimating AET. The relationship

between AET and PET as a function of environmental factors is

the major consideration of this research.
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Table 10. The regression relations between net and solar
radiation at Lucky Hills and Kendall during the
summer rainy period (1990) and winter period (1991-
1992).

watershed
(period) Model Equations	 r2 SEE

Lucky Hills
(summer)

Qn = 0.98 +	 0.46K4,	 0.88 1.11 30

Kendall
(summer)

Qn = -	 0.46 +	 0.54K4, 	0.92 0.89 21

Lucky Hills
(winter)

Qn = 0.13 +	 0.361(4, 	0.72 1.06 56

Kendall
(winter)

Qn = 0.18 +	 0.32K4, 	0.62 1.17 89

r2 :	 coefficient of simple determination
SEE : standard error of estimate of the regression (MJ/e-day)
n : sample size
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90

The Penman Model

The Penman PET (mm/day) equation can be written (after

Doorenbos and Pruitt, 1975) as

PET = W(R. + G) + (1 - W)E a 	(4-1)

where W = (A/A + TO is the dimensionless weighting factor

defined by Doorenbos and Pruitt; A is the slope gradient of

saturation vapor pressure curve (mb/°C) ; T z (= 0.55 mb/°C) is

the psychometric constant above mean sea level (z, m) (mb/°C)

and can be further represented as T.(P/PO = 0.66[(288 -

0.0065z)/288] 5156 ; y. is psychometric constant at sea level

(0.66 mb/°C); P/P0 is the ratio of actual atmospheric pressure

to that at sea level (P. = 1013.25 nib); E a is drying power

term, mm/day, of the form: Ea = cf(u) (e sa - e0 where f(u) is

wind function (= 0.263 + 0.141u2); c is the unit conversion

coefficient (1/86,400,000); and u2 is wind speed at 2-m height

(m/s).

Saturation vapor pressure (e sa) at air temperature Ta at

2-m height was obtained from the equation of Murray (1967)

B-Ta

e sa 	A-exp( 
	

(4-2)
C + Ta

When air temperature (Ta ) is greater than 0 °C, A, B and C are

6.1078 (mb), 17.269 (PC), 237.3 (T) respectively. When air
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temperature is less than 0 °C, A, B and C become 6.1078 (mb),

21.8746 (/°C) and 265.5 (°c), respectively. The actual vapor

pressure of the air (e0 was calculated as e a = (e sa -RH)/100,

where RH was relative humidity ( 96) measured at 2 m height.

Therefore, the vapor pressure deficit was (e. - e0.

The slope of the saturation vapor pressure curve (A) with

respect to temperature is obtained by differentiating Eq.

(4-1) to obtain

BC	 B-Ta
A - [ 	  ] [A exp( 	 )]

(C + TO 2 	C + Ta

(4-3)

Sensitivity of Model

Relative sensitivity of the Penman PET model was examined

to compare the importance of a four meteorological variables

(Q, u2 , Ta and RH) on Penman PET estimation. Using mean values

of four meteorological factors for the summer rainy period and

winter period at each watershed, values of the sensitivity

functions of the Penman PET procedures were computed and used

to derive values of relative sensitivity. Rates of ET from

surfaces vary, depending in part on meteorological conditions.

The sensitivity of the meteorological factors used in the

estimation of PET rates provides a means of quantitatively

examining the relative influence of changes in the level of

the meteorological factors on computed evapotranspiration
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rates.

The relative sensitivity function (McCuen, 1974) is

defined by

Rs = (OPET/PET)/(OMV/MV)

= (OPET/OMV)-(MV/PET)	 (4-4)

where Rs is the relative sensitivity; OPET (ram/day) is the

change in PET according to OMV; OMV is the amount of change in

the meteorological variable; and MV is the value of

meteorological variable before change.

The results of the sensitivity tests in the summer rainy

period are summarized in Table 11. During the summer at Lucky

Hills watershed, the Penman equation was the most sensitive to

change in Q. and Tv and least sensitive to wind. During the

summer at Kendall watershed, the Penman equation was the most

sensitive to Tv and least sensitive to u2 . Thus, variations in

PET rates during summer rainy period at both watersheds

appears to be controlled by Q. and Ta .

Results from the winter period are summarized in Table

12. RH was the most sensitive at both watersheds. Wind was the

least sensitive at Lucky Hills, and Q. was the least sensitive

at Kendall. Most variables during the winter period were not

very sensitive, compared with those during the summer rainy

period. Especially, Q. and Ta during winter period were less



Table 11. Relative sensitivity estimates during the summer
rainy period (1990).

watershed
	

Qn
	 u2	 RH	 Ta

Lucky Hills 0.83 0.11 -	 0.43 0.83

Kendall 0.67 0.23 -	 0.43 0.85

Qn : net radiation (MJ/m2 •day)
u2 : wind speed (m/s)
RH : relative humidity ( 96)
Ta : air temperature (°c)
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Table 12. Relative sensitivity estimates during the winter
period (1991-1992).

watershed Qn u2 RH

Lucky Hills 0.44 0.34 -	 0.56 0.54

Kendall 0.37 3.95 -	 0.64 0.56

net radiation (MJ/m2 •day)
u2 : wind speed (m/s)
RH : relative humidity ( 96)
T, : air temperature (°c)
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sensitive than those during summer rainy period, probably

because of low net radiation and temperature during the winter

period. Thus, variations in PET rates during the winter period

at both watersheds appears to be controlled by Ta and RH.

Wind is the least sensitive factor in the two watersheds

regardless of season. There was no big difference in

sensitivity of u2 between seasons. This is understandable

because there is no seasonal effect of u2 on PET. However, u2

is influenced by the geographical characteristics and local

weather pattern. Therefore, it is expected that there is some

sensitivity difference on PET between watersheds. Linseley, et

al. (1958), reported that on a long term basis a change of ten

percent in wind speed results in a change in evaporation of

one to three percent. Such changes would correspond to

relative sensitivity values of 0.1 and 0.3.

The sensitivity of RH on PET during summer period is much

greater than that during winter period, probably because of

high rainfall rate and high temperature during summer rainy

period. RH is directly related with water vapor in the air and

air temperature.

McCuen (1974) reported that variation in temperature

produces the greatest variation in evaporation rates in arid

climates (from May to October), such as that of El Paso. In

his study, the relative sensitivity of relativity humidity,
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wind, radiation and temperature was - 0.35, 0.41, 0.51 and

1.24 respectively.

Flux Differences between the Subwatersheds

Hourly flux data were examined to find the effects of

topographic, environmental (soil and vegetation) and

hydrologic conditions on flux measurements between Lucky Hills

and Kendall watersheds. Furthermore, seasonal effects were

examined by considering the two different seasons (summer

rainy and winter periods). For evaluation purposes, each flux

data between watersheds was plotted, and statistical tests

were performed.

During the summer rainy period, the fluxes and PET at two

watersheds are well correlated. However, the correlation of

latent heat flux between Lucky Hills and Kendall watersheds is

relatively lower than that of other flux variables (Table 13,

Figure 17 and Figure 19a).

Most of the fluxes showed high correlations between

watersheds during the winter period (Table 14, Figure 18 and

Figure 19b). However, the results showed higher correlation of

latent heat flux during the winter period than that of latent

heat flux during summer rainy period. The plots indicate that

most flux variables are highly correlated between the two

watersheds during both the summer rainy period and the winter

period, indicating that seasonal effects is not considered on



Table 13. Relations between hourly flux variables at Lucky
Hills and Kendall during the summer rainy period
(1990).

Model Equations r r2 SEE

1) Q flic 	= 2.338 +	 1•010Q„L 0.968 0.936 56.795

2) Q0K = 1.843 + 0.783Q0 0.963 0.927 13.510

3) Qw = 7.475 +	 1•021Qn, 0.906 0.821 28.388

4) QLEK = 28.515 +	 0.6440-LEL 0.697 0.485 57.731

5) PETK = 9.077 + 0.979PETL 0.953 0.908 44.416

QnL : net radiation at Lucky Hills watershed (W/m2 )
(Del,: ground heat flux at Lucky Hills watershed (W/m2 )
Q 1,1_,: sensible heat flux at Lucky Hills watershed (W/m2 )
QLEL: actual ET at Lucky Hills watershed (W/m 2 )
PETL : potential ET at Lucky Hills watershed (W/m2 )
Q ia: net radiation at Kendall watershed (W/m2 )
Q0K : ground heat flux at Kendall watershed (W/m2 )
Qw : sensible heat flux at Kendall watershed (W/m2 )
QLEK: actual ET at Kendall watershed (W/m2 )
PETK : potential ET at Kendall watershed (W/m2 )
r : simple correlation coefficient
r2 : coefficient of simple determination
SEE : standard error of estimate of the regression (W/m2 )
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Table 14. Relations between hourly flux variables at Lucky
Hills and Kendall during the winter period (1991-
1992).

Model Equations	 r	 r2	 SEE

1) Q r,K = - 7.618 + 0•940Q,1

2) Qoa =
	

2.855 + 0.742(44_

3) Qtx = - 0.933 + 0•762QhL

4) QLEK =	 1.119 + 0.9060-LEL

5) PETK = 0.900 + 0.920PET L

0.984

0.969

0.905

0.768

0.988

	

0.968	 28.612

	

0.939	 9.437

	

0.818	 24.461

	

0.589	 42.540

	

0.976	 35.894

Q: net radiation at Lucky Hills watershed (W/m2 )
(2011..: ground heat flux at Lucky Hills watershed (W/m2 )
Q I,L : sensible heat flux at Lucky Hills watershed (W/m2 )
QLEL: actual ET at Lucky Hills watershed (W/m2 )
PETL : potential ET at Lucky Hills watershed (W/m2 )
Q,IK : net radiation at Kendall watershed (W/m2 )
Qex : ground heat flux at Kendall watershed (W/m2 )
QhK: sensible heat flux at Kendall watershed (W/m2 )
Qux : actual ET at Kendall watershed (W/m2 )
PETK : potential ET at Kendall watershed (W/m2 )
r : simple correlation coefficient
r2 : coefficient of simple determination
SEE : standard error of estimate of the regression (W/m2)
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period (1990) and (h) winter period (1991-1992).



102

flux measurements.

The results indicate that there is a limited effect of

surface emittance and albedo on Q n measurement. Considering

the fact that surface emittance and albedo are directly

related with environmental conditions (soil, vegetation and

precipitation rate, etc.), the overall effects of different

environments on net radiation are thought to be small. Granger

(1989) also reported that surface emittance and albedo change

through a poorly defined dependence on surface temperature as

moisture availability decreases.

The topographical effects are important on flux

measurements, especially for sensible heat flux. The

measurement of sensible heat flux is most reliably

accomplished where the surface is level, flat and homogeneous.

Additionally, the sensors should be placed far enough from the

edge of the homogeneous area and from upstream obstacles so

that there is no horizontal flux divergence. That is, so that

the entire source area of the measured flux lies within the

region of homogeneity (Blanford and Stannard, 1991). The area

around Lucky Hills has more level and smoother topography than

that of Kendall. However, there was high correlation of

sensible heat flux measurements between watersheds during both

periods, indicating that topographic difference between two

watersheds does not significantly affect on sensible heat flux
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measurements, regardless of season.

However, ground heat flux indicates that Lucky Hills has

a higher average value than Kendall watershed, (Figures 17b

and 18b). This is probably due to different vegetation

conditions at these two watersheds. The dense grass cover at

the Kendall watershed may reduce the fluctuation of heat

penetration through the soil profile.

Soil Water Balance

The soil water balance at the watershed scale is an

account of all quantities of water added to, subtracted from,

and stored within the watershed during a given period of time.

The various soil-water processes (precipitation, infiltration,

runoff and evapotranspiration) are in fact strongly dependent,

as they occur sequentially or simultaneously.

The soil water balance is intimately connected with the

energy balance, since it involves processes that require

energy. The content of water in the soil affects the way the

energy flux reaching the field is partitioned and utilized.

Likewise, the energy flux affects the state and movement of

water. A physical description of the soil-plant-atmosphere

system in a watershed must be based on an understanding of

both balances together. In particular, the evapotranspiration

process, which is often the principal consumer of both water

and energy in a watershed, depends, in a combined way, on the
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simultaneous supply of water and energy.

Soil Water Measurements

The data on the vertical distribution of soil moisture

was collected by the ARS using the time domain ref lectometry

(TDR) method at Lucky Hills and Kendall watersheds. They made

the data available for my analysis. Continuous daily

measurements were made from July 17 through August 16, 1990,

while the measurements were made about biweekly during the

winter rainy period (1991-1992).

The TDR sensors were positioned at 6 different depths

about from 0 to 60 cm, which represents the total rooting

depth of each watershed (Goodrich et al., 1994). I estimated

total water content 60 cm depth from the TDR volumetric soil

water content by summing the TDR estimates for each layer in

the profile.

The TDR measurements at Lucky Hills were made between and

underneath brush (three replications each), and at six

locations adjacent to recording raingages in the Lucky Hills

watershed which were an average of about 130 m apart. The TDR

measurements at Kendall were made on north- and south-facing

slopes midway between the stream channel and ridge, and in

grazed and ungrazed areas (three replications each) (Goodrich

et al., 1994). The TDR measurements from ungrazed areas at

Kendall were used to estimate conditions of similar areas in
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the vicinity of the measurement sites. The average of the TDR

replications in each watershed was used to represent the soil

water content.

Water Balance Estimates

The daily soil water content was estimated from the water

balance and energy balance approaches at Lucky Hills and

Kendall watersheds during the summer rainy period. The TDR

measurements of soil water on DOY 90198 and DOY 90207 defined

the initial soil water content for Lucky Hills and Kendall

watersheds, respectively. For the winter period, the TDR

measurements of soil water on DOY 92021 and DOY 91346 were

considered to represent the initial soil water content for

Lucky Hills and Kendall watersheds, respectively.

There were significant effects of precipitation and

runoff patterns on soil water content estimation during each

period on each watershed. The rainfall pattern during the

summer rainy period at Lucky Hills and Kendall watersheds is

airmass thunderstorms characterized by extreme spatial

variability with short duration and limited areal extent.

However, during the winter period, precipitation results from

frontal storms characterized by long duration, low intensity,

and large area coverage. There was no runoff during the winter

period. However, runoff was significant for a short time

during the summer rainy period, and was almost proportional to
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rainfall intensity and duration.

On a watershed scale, the hydrologic response

characteristics of an entire watershed is also largely

determined by the rate of evapotranspiration, which together

with precipitation, governs the amount of runoff and

infiltration. However, infiltration is not easily determined.

Therefore, for practical purposes, it is better to consider

the net change in soil moisture content instead. The water

balance is then given by:

ASM = AP - AET - ARO	 (4-5)

where AP is the net daily precipitation (mm/day); AET is the

net daily evapotranspiration (mm/day); A RO is the net daily

runoff (mm/day); and ASM is the net change in soil moisture

content (mm/day). Therefore, soil moisture content is the

residual of precipitation minus evapotranspiration and runoff.

This is a reasonable approach, because the soil water

condition at the watershed scale is not sufficiently

homogeneous to be obtained by measurement at the one site.

Eq. (4-2) shows how the water storage in the watershed is

dependent upon the water input which is usually mainly P,and

the water output via ET and RO. However, the daily processes

of AP, AET and ARO are fundamentally different in nature. AP

usually occurs in discrete, short-period bursts, whereas

evaporation is a continuous and variable function. Thus, for
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example, during periods with no precipitation water input is

zero but the soil moisture is being almost continually

depleted by evapotranspiration. In this circumstance Eq. (4-

2) can effectively be reduced to:

ASM = - AET 	(4 - 6)

Therefore, unlike the annual situation where net water storage

is not important, on the short time-scale ASM is very

important.

The water balance estimates of soil water were compared

with measured soil water content using TDR during the study

periods. The estimated and measured soil water content showed

good agreement during the summer rainy period at both Lucky

Hills and Kendall watersheds and during the winter period at

Lucky Hills watershed. However, there was some disagreement

during the winter period at Kendall watershed. Considering the

fact that Lucky Hills and Kendall watersheds used the same

flux, precipitation and runoff measurement systems during the

both periods, there may be an over-estimation of TDR at

Kendall watershed during the winter period.

The study results (Figures 20 through 23) show that the

daily soil water content is closely related to the weather

conditions in these watersheds. High available energy creates

the high evapotranspiration rate if precipitation provides

available soil water. However, low available energy may not
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provide the high evaporation rate even though there is enough

soil water.
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CHAPTER V

ANALYSIS AND RESULTS

The meteorological and environmental data are applied to

evaluate the effects of meteorological and environmental

variables on evapotranspiration, and finally to find the

appropriate approach for the estimation of actual

evapotranspiration during the summer rainy period and winter

period at Lucky Hills and Kendall watersheds.

Rejection of Current Approaches

Several well-known ET models were examined with daily

data during the summer rainy period to find the practical

basis of the models, and to assess possibilities for

application of the concepts in the study area. The following

approaches were examined: (1) the complementary relationship;

(2) Thornthwaite's AET/PET vs. soil moisture relationship; and

(3) the Priestley-Taylor model. The tests utilized the flux

measurements available at Walnut Gulch, and confirmed that

these three models could not yield satisfactory estimates of

AET.

Morton's Complementary Relationship

Morton's complementary relationship (Morton, 1965) has

been described in Chapter II of this dissertation. The basis
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for his model is given in equations (2-28) and (2-29), and

Figure 2. Morton's complementary relationship was defined as

AET + PET = 2PET" where AET is the actual evapotranspiration,

2PET" is the value of PET for a dry region, and PET" denotes

the initial value of PET for a saturated region.

Morton (1965) felt that complementary relationship had

great practical advantages because it estimates actual

evapotranspiration from potential ET, which is derived from

routine measurements of temperature, humidity, wind and solar

radiation. Morton (1968, 1969, 1970 and 1975) supported this

hypothesis with analysis of five-year means of water balance

data for 118 drainage basins in the United States, Canada and

Ireland.

Morton's complementary approach for the estimation of AET

requires well-defined linear relationships between PET and

soil moisture content (SM), and AET and SM. The dependence

was tested at Walnut Gulch Experimental Watershed, using

PET estimates, and AET and SM measurements. These data include

all days during the summer rainy period at Lucky Hills and

Kendall watershed. Furthermore, to consider the effects of

rainy days on the dependence of SM and AET or PET, the

analysis was repeated using only non-rainy days (ppt < 2

mm/day).

The relationships for PET or AET vs. SM are shown in

Figure 24 during the summer rainy period at Lucky Hills and
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Kendall watersheds. Results of statistical analyses are

summarized in Tables (15 and 16). The plotted data in Figure

24 suggest linear relationships, but the regression results

indicate that the relationship between SM and PET or AET was

not well defined. Especially, there was a very weak

correlation explaining only a few percent of the variance

between PET and SM. Restricting the statistical analysis to

non-rainy days (ppt < 2 mm/day) did not improve the fit.

The scatter plots and the regression analyses reveal that

Morton's complementary relationships do not hold at this site

on a daily basis. His model requires that PET (or AET) be

related to soil moisture. The test results lead me to conclude

that other meteorological factors such as incoming solar

radiation, available energy, or perhaps wind, affect PET or

AET regardless of the level of soil moisture. This conclusion

is based on the fact that PET or AET are affected by the

energy availability as well as by soil water condition. The

failure of Morton's model at Walnut Gulch confirms its

shortcomings, at least for application on a daily or short-

period basis.

AET/PET Vs. Soil Water Content Relationship

A common method of computing AET begins with the

calculation of PET from meteorological data. AET is then

determined from PET, using relationships between AET, PET and
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Table 15. The relationship of PET vs. SM and AET vs. SM at
Lucky Hills watershed during the summer rainy
period.

Regression Equations	 r2
	

SEE

1) PET = - 0.015(SM) + 6.577
	

2	 1.36

2) AET =	 0.032(SM) + 0.980
	

25	 0.72

3) PET = - 0.017(SM) + 6.881
	

3	 1.37

4) AET =	 0.031(SM) + 1.143
	

22	 0.74

1) The relationship between PET and SM with all data
2) The relationship between AET and SM with all data
3) The relationship between PET and SM on non-rainy days

(ppt < 2 mm/day)
4) The relationship between AET and SM on non-rainy days

(ppt < 2 mm/day)
r2 : coefficient of simple determination (.9(;)
SEE : standard error of estimate of the regression (mm/day)
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Table 16. The relationship of PET vs. SM and AET vs. SM at
Kendall watershed during the summer rainy period.

Regression Equations 	 r2	 SEE

1) PET = - 0.049(SM) + 10.185	 10	 1.28

2) AET =	 0.031(SM) + 0.552
	

18	 0.57

3) PET = - 0.041(SM) + 9.470	 6	 1.44

4) AET =	 0.027(SM) + 0.747
	

13	 0.59

1) The relationship between PET and SM with all data
2) The relationship between AET and SM with all data
3) The relationship between PET and SM on non-rainy days

(ppt < 2 mm/day)
4) The relationship between AET and SM on non-rainy days

(ppt < 2 mm/day)
r2 : coefficient of simple determination ( 96)
SEE : standard error of estimate of the regression (mm/day)
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the soil moisture content (SM). However, these relationships

differ from those proposed by Morton (1965). The most common

form of the relationships takes the ratio AET/PET (= k) and SM

as the basis for estimating actual ET. This approach has

received a lot of attention (e.g., Thornthwaite and Mather,

1955; Denmead and Shaw, 1962; Gardner and Ehlig, 1963; Van

Bavel, 1967; Ritche et al., 1972; Davies and Allen, 1973).

Several linear and non-linear relationships have been

proposed for the dependence of k on SM, as illustrated in

Figure 25. Note that soil moisture in Figure 25 is generalized

as the ratio of "available soil moisture to the available soil

moisture capacity", or AW/AWC. Figure 25 illustrates the

general results of three different research groups.

Thornthwaite and Mather (1955) base their model upon a linear

relationship between k and SM, and reported that the ratio of

k declined linearly with decreasing SM. Baler  (1968) was one

of many to test Thornthwaite's linear approach to estimate

soil water content and concluded that it gave a reasonable

estimates on a daily basis from standard climatological data.

In contrast, Veihmeyer (1964) concluded that AET proceeded at

the potential rate (k=1) until soil moisture was depleted to

the permanent wilting point; plants then wilted and AET rates

fell sharply to zero. On the other hand, Pierce (1958)

reported that there is a non-linear relationship, with k

decreasing more rapidly as the soil drys. It eventually become



120

Ratio of available soil moisture to available water capacity

Figure 25. Relation of AET/PET against the ratio of available
soil moisture to available water capacity (Dunne
and Leopold, 1978).



121

apparent that Thornthwaite's, Veihmeyer's and Pierce's

relationships are appropriate for fine textured, coarse

textured, and loamy soils, respectively (Dunne and Leopold,

1978).

In absolute terms, rather than relative AW/AWC as in Fig.

25, Holmes (1961) reported that soil texture affects the

relationship between k and SM. The surface of sand samples

dried quickly and AET fell below PET early in the drying

cycle. However, for heavier, finer textured soils, the soil

surface remained moist for a longer period and AET PET over

a larger part of the available moisture range. Others have

reported similar effects associated with the rate of

evaporation (Denmead and Shaw, 1962; Eagleman, 1971;

Kristensen and Jensen, 1975).

The k vs. SM relationship for estimation of AET was

tested at Walnut Gulch Experimental Watershed, using Penman

PET and measured AET and SM. It is clear in the scatter plot

(Figure 26) that only Thornthwaite's linear relationship is

appropriate for the Walnut Gulch data. The linear regression

model has only limited predictive value, however, as it

explains only about one-third of the variance (Table 17) and

the SEE is relatively large. The analysis was repeated using

only non-rainy days (ppt < 2mm/day), but this did not improve

the fit of the linear model. Further, no improvement was found

if absolute values of SM in Figure 26 were converted to the
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Table 17. The relationship between k vs. SM at Lucky Hills and
Kendall watersheds during the summer rainy period.

Regression Equations 	 r2	 SEE

1) k = 0.008(SM) + 0.058 	 28	 0.17

2) k = 0.010(SM) - 0.337	 36	 0.12

3) k = 0.008(SM) + 0.059	 29	 0.15

4) k = 0.009(SM) - 0.202	 28	 0.11

1) with all data at Lucky Hills watershed
2) with all data at Kendall watershed
3) on non-rainy days (ppt < 2 mm/day) at Lucky Hills watershed
4) on non-rainy days (ppt < 2 mm/day) at Kendall watershed
r2 : coefficient of simple determination ( 961
SEE : standard error of estimate of the regression (mm/day)
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Figure 26. Plot of relationship between daily AET/PET as a
function of SM during the summer rainy period
(1990) at (a) Lucky Hills and (b) Kendall
watersheds.
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ratio (AW/AWC).

The poorly defined relationships displayed in Figure 26

invalidate the AET/PET vs. SM method at Walnut Gulch. I

conclude that the Thornthwaite approach [k = f(SM)] is not

applicable to Walnut Gulch.

The Priestley-Taylor Approaches

The Priestley-Taylor model (1972), described in Chapter

II of this dissertation, is defined as AET = a-14(Rn + G) where

AET is the actual ET (mm/day); W is the dimensionless

weighting factor; Rn is net radiation (mm/day); G is ground

heat flux (mm/day); and ce = [daily AET/W(R n + G)] is a model

coefficient.

Priestley and Taylor determined that a = 1.26 for

saturated areas, and ce < 1.26 for drying conditions. The

relationship between a and surface moisture is a function of

the drying character of the soil and whether the surface is

bare or vegetation-covered. Furthermore, the coefficient ce

is related to processes that limit ET (e.g. soil hydraulic

resistance, aerodynamic resistance, stomatal resistance).

Empirical modifications have been proposed for the a term

so that the Priestley-Taylor equation can predict AET. Often,

a has been defined as a function of soil water content

[a = f(SM)] (Davies and Allen, 1973; Mukammal and Neumann,

1977; Barton, 1979).
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The relationship is examined at Walnut Gulch in Figure

27 and Table 18. The coefficient a is plotted as a function of

SM in Figure 27 for all days in the summer rainy period at

Lucky Hills and Kendall. The regression analysis reveals that

the linear model explains only about one-tenth of the variance

(Table 18) and the SEE is relatively large. Furthermore, the

offset term is assumed to be 0.5, implying that the ratio a =

AET/W(R n+G) is large even when SM=0. These analyses were

repeated using only non-rainy days (ppt < 2mm/day), but this

did not improve the fit of the linear model. Table 18 does

show similar slopes for Lucky Hills and Kendall, suggesting

similar trends between a and SM at both watersheds. It is

quite clear that the Priestley-Taylor approach [a = f(SM)] is

not successful at Walnut Gulch.

Identification of Alternative Model

Multiple linear regression analysis is often used for

modeling relationships between a dependent variable and more

than one independent variable. When a linear relationship

exists between variables, a relatively simple predictive model

can be created. I propose that a simple, easily understood,

multiple linear regression (MLR) model is a desirable goal for

predicting AET at the Walnut Gulch Experimental Watersheds.

Therefore, I will examine possibilities that a MLR model can



126

Table 18. The relationship between a vs. SM at Lucky Hills and
Kendall watershed during the summer rainy period.

Regression Equations	 r2	 SEE

1) a = 0.005(SM) + 0.582	 14	 0.16

2) a = 0.005(SM) + 0.419 	 9	 0.15

3) a = 0.005(SM) + 0.573	 15	 0.16

4) a = 0.005(SM) + 0.450 	 6	 0.16

1) with all data at Lucky Hills watershed
2) with all data at Kendall watershed
3) on non-rainy days (ppt < 2 mm/day) at Lucky Hills watershed
4) on non-rainy days (ppt < 2 ram/day) at Kendall watershed
r2 : coefficient of simple determination ( 96)
SEE : standard error of estimate of the regression (mm/day)
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be developed to predict AET as a function of meteorological

and environmental variables at the scale of small watersheds.

Multiple Linear Regression Model

The multiple linear regression model assumes that for

each set of values for k independent variables (X 1 , X2 ,

X0 there is a distribution of Y values such that the mean of

the distribution is on the surface represented by the equation

(Berry and Feldman, 1985)

Y = A + 3 1 • X 1 + B2 • X2 + . • + B k • Xk
	 (5-1)

where the coefficients A, B B2,..., B ic represent population

parameters. 13, is called a partial slope coefficient which is

the slope of the relationship between the independent variable

X, and the dependent variable Y holding all other independent

variables constant. B, represents the change in Y associated

with one unit increase in X, when all other independent

variables in the model are held constant. A is the intercept,

and represents geometrically the value of Y where the

regression surface crosses the Y axis, or substantively, the

value of Y when the independent variables equal zero (Berry

and Feldman, 1985).

For this study, dependent variables Y is AET (mm/day),

and independent variables X, are the respective meteorological

or environmental factors. Multi-correlation between
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independent variables X 1 must be low for satisfactory results.

There are two significant effects of multicollinearity. First,

when independent variables are correlated, the regression

coefficient of any independent variable depends on which

other independent variables are included in the model and

which ones are omitted. Thus, a regression coefficient does

not reflect any inherent effects of the particular independent

variable on the dependent variable but only a marginal or

partial effect, given whatever other correlated independent

variables are included in the model. Second, when independent

variables are correlated, there is no unique sum of squares

which can be ascribed to an independent variables as

reflecting its effect in reducing the total variation in Y.

The reduction in the total variation ascribed to an

independent variable must be viewed in the context of the

other independent variables included in the model, whenever

the independent variables are correlated (Neter et al., 1985).

Identifying Useful Variables for MLR Analysis of AET

To identify the useful variables for MLR analysis of AET,

there are two major factors which should be considered on the

rate of AET from watersheds. These are: (a) soil moisture

content, and (b) amount of energy available to convert liquid

water to water vapor. Vegetation in semiarid rangeland such as

the Walnut Gulch watershed is fairly sparse compared to humid
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regions, so the soil plays a major role in the radiative and

hydrologic balance (Kustas et al., 1991).

The available energy (Q n+Qg ) affects ET and soil water

content. High available energy creates a high ET rate if there

is available soil water. Conversely, low available energy

limits the evaporation rate even though there may be available

soil water. It is widely recognized that soil moisture suction

increases as soil moisture decreases. Therefore, dry surface

soils evaporate less, and the surface air becomes drier.

Layers of still air which form immediately above an

evaporating surface offer resistance to the diffusion of water

molecules into the atmosphere. Wind (u) decreases the

resistance by carrying water vapor away from the surface of

the still layer, and therefore increases the vapor pressure

deficit from the evaporating surface. Wind also transports

sensible energy horizontally as air that is heated over dry

areas moves to cooler, evaporating surfaces.

The meteorological variables that interact to produce

a vapor pressure deficit are air humidity and air temperature

(Ta). As air temperatures increase, vapor pressure deficit

increases. As air humidity increases, vapor pressure deficit

decreases. Thus, the vapor pressure deficit (VPD) tends to

decrease with high soil water content, and increase as soil

dries.
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Variables suitable for a MLR prediction model therefore

appear to be those that index the available energy term

(Q„-I-Qg) and those associated with the aerodynamic or mass

transfer term (VPD, T, and/or u). These variables are major

components of Penman PET. Since PET is only a "potential" for

evaporation, an additional index is needed to link the supply

of moisture to the actual evaporation rate (perhaps SM).

The effects of soil water content and meteorological

conditions on AET estimation have also been found elsewhere to

be important in the evaporation process. Plants with equal

available moisture have more moisture stress on days with

larger evaporability (Qn+Qg , VPD and u) (Denmead and Shaw,

1962). The explanation of this lies in the fact that when

evaporation demand is low, moisture is able to move to the

evapotranspiring surface in accordance with the atmospheric

demand. But when evaporation demand is large, transport of

moisture to the evaporating surface can lag behind the demand,

and the actual loss of moisture by evapotranspiration can fall

much below the potential ET rate. Based on Kristensen and

Jensen (1975), the influence of soil dryness is reduced as

evaporability (Q.+Qg , VPD and u) is decreased. On the other

hand, the influence of soil dryness is increased as

evaporability (Qn+Qg , VPD and u) is increased.
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Multiple Linear Regression Model Derivation

Multiple linear regression analysis was employed to

evaluate the order of importance of the meteorological and

soil water factors involved and finally to develop equations

for the calculation of AET. Multiple linear regression of

evaporation on the relevant meteorological and environmental

factors have been attempted in the past (Holmes and Robertson,

1958; Wilcox, 1963; Burchinal, 1976; Ahmed, 1986; and Pook et

al., 1991), and different conclusions have been drawn,

depending on the meteorological and environmental parameters

measured, and the climatic region in which the measurements

were made.

Holmes and Robertson (1957) measured evaporation during

the summer of 1954 (May 1 to September 30) using evaporimeters

in Canada. They reported that evaporation correlated with

mean daily meteorological factors (temperature, wind speed,

solar energy and vapor pressure deficit). The results showed

that solar energy has the highest correlation and wind speed

has the lowest correlation with measured evaporation. Based on

AET determined from a lysimeter and measured temperature,

radiation, wind and dew-point in Idaho, Wilcox (1963)

concluded that temperature gave the highest correlations

overall with AET, but on a 2-hour basis radiation was the

best. Pook et al. (1991) measured water balances in pine and



133

eucalyptus canopies. They found a consistent pattern in

interception losses from the two canopy types that was related

to rainfall intensity.

These past attempts have been hindered by using AET

measured using experimental methods like lysimeters, which are

inaccurate and limited in space, to apply to entire

watersheds. The analysis appears more suitable in this study

because AET is derived from physically-based flux measurements

of higher accuracy. Furthermore, MLR analysis using measured

flux data at a watershed scale is unique.

Modeling attempts in this study were based on multiple

linear regression techniques of the Statistical Package for

Social Sciences (SPSS) computer program (Nie et al., 1975). To

find the parameters for multiple linear regression models,

SPSS uses the method of "least squares", and minimizes the

objective function to find the optimum parameter values. In

this study the objective function to be minimized is the sum

of differences between daily observed AET (AET.) and estimated

AET (AET.) [. E(AET. - AET.) 2] for each period (summer rainy and

winter) at each watershed (Lucky Hills and Kendall).

Model Variable Derivation

In order to determine the relative importance of the

various components of weather affecting water losses, simple

linear regression analyses were performed for the actual ET



134

(AET, mm/day) on net radiation (Q, MJ/m2 -d), available energy

(Q n+Qg , MJ/m2 .d), air temperature (T, °C), vapor pressure

deficit (VPD, mb), wind speed (u, m/s), and soil water content

(SM, mm) [Tables 19 through 22]. These independent variables

are known to directly affect AET.

If only dependent variable Y and one independent variable

X 1 are considered (Y - A + 13 1 .X 1 ), the model is said to be

simple, linear in parameters, and linear in the independent

variable. It is "simple" in that there is only one independent

variable, "linear in the parameters" because no parameter

appears as an exponent or is multiplied or divided by another

parameter, and "linear in the independent variable" because

this variable appears only in the first power (Neter et al.,

1985).

To obtain the explanatory (independent) variables of MLR

models of AET which provide high R2 and physical basis, MLR

analysis between the dependent variable (AET) and selected

explanatory variables (Q, Q.+Qg , T, u, VPD and SM) was

performed at Lucky Hills and Kendall during the summer rainy

and winter periods. During the summer rainy period, the

explanatory variables are Qn+Qg , SM and u at Lucky Hills and

Kendall watersheds. Therefore, the variables suitable for MLR

prediction models during the summer rainy period appear to be

those that index the available energy term in Qn+Qg and mass
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transfer function in wind (u), combining the soil water

content (SM) as passive control factor of evaporation.

During the winter period, the explanatory variables are

Qn+Qg , VPD and u at Lucky Hills and Kendall watersheds. The

soil water content during the winter period was not included

because of relatively low available energy to evaporate soil

water.

The wind (u) shows relatively low correlation with AET

during the summer rainy and winter periods, however it was

included in MLR models because of physical meaning of itself

in the evaporation process. The wind carries water vapor away

from the surface of the still layer therefore, increasing the

vapor pressure deficit from the evaporating surface.

Furthermore, the product u.VPD was tested as an

explanatory variable instead of separate u and VPD variables

during the winter period. The R2 of the MLR model containing

the product variable were 0.52 and 0.62 at Lucky Hills and

Kendall respectively. These values are much lower than those

of the MLR model in which u and VPD are used separately (R2 =

0.70 for Lucky Hills and R2 = 0.72 for Kendall). Therefore,

variables suitable for a MLR prediction model during the

winter period appear to be those that index the available

energy term in Qn +Qg and those associated with the aerodynamic

term in VPD and u. These variables are major components of
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Penman PET.

The Qn could not be included as an explanatory

(independent) variable in the MLR models even though it shows

high correlation with AET. It was excluded from the model

because of high correlation between Q„+Qg and Qn at both

watersheds during both seasons. Multicollinearity between

other explanatory variables in the MLR models were low, and

was judged to be insignificant (Tables 19 through 22).

Multiple Linear Regression Models

Once the form of the MLR models was established, three

sets of equations were developed. The first set was fitted

with all days of data (the "all-day" model), the second set

was fitted with non-rainy days (the "no-rain" model), and the

third was fitted with even days only (the "even-day" model).

Available energy was the most important explanatory

variable for both periods and at both watersheds. Soil water

content was the second-most important variable for estimating

actual ET (AET) at Lucky Hills [Table 23(a)] and Kendall

[Table 23(d)] during the summer rainy period. During the

winter period, however, vapor pressure deficit proved to be

the second-most important variable for estimating AET at Lucky

Hills [Table 24(a)] and Kendall [Table 24(d)].

Fitting the all-day MLR model revealed that the combined

effects of available energy, soil water content and wind speed
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Table 19. Correlation coefficients between variables during
the summer rainy period (1990)	 at Lucky Hills
watershed.

(1)	 (2)	 (3) (4) (5) (6) (7)

(1) 1.00	 0.94	 0.70 -0.19 0.63 0.56 0.17

(2) 1.00	 0.57 -0.12 0.79 0.42 0.25

(3) 1.00 -0.19 0.24 0.89 -0.02

(4) 1.00 -0.03 0.03 -0.43

(5) 1.00 0.03 0.50

(6) 1.00 -0.31

(7) 1.00

(1) net radiation (Q )
(2) available energy	 (Qn+Qg)
(3) air temperature	(Ta )
(4) wind speed	 (u)
(5) actual evapotranspiration (AET)
(6) vapor pressure deficit (VPD)
(7) soil water content	 (SM)
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Table 20. Correlation coefficients between variables during
the summer rainy period (1990) at Kendall watershed.

(1)	 (2)	 (3) (4) (5) (6) (7)

(1) 1.00	 0.92	 0.45 0.07 0.58 0.42 -0.03

(2) 1.00	 0.21 0.10 0.76 0.21 0.15

(3) 1.00 -0.01 -0.18 0.93 -0.45

(4) 1.00 0.17 0.08 -0.18

(5) 1.00 -0.20 0.42

(6) 1.00 -0.62

(7) 1.00

(1) net radiation	 (Q )

(2) available energy (Q„-FQg )
(3) air temperature	(Ta )
(4) wind speed (u)
(5) actual evapotranspiration (AET)
(6) vapor pressure deficit (VPD)
(7) soil water content	 (SM)
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Table 21. Correlation coefficients between variables during
the winter period (1992)	 at Lucky Hills watershed.

(1)	 (2)	 (3) (4) (5) (6) (7)

(1) 1.00	 0.95	 0.25 0.06 0.45 0.35 -0.43

(2) 1.00	 0.10 0.15 0.61 0.19 -0.35

(3) 1.00 -0.05 -0.22 0.71 -0.54

(4) 1.00 0.16 0.14 -0.06

(5) 1.00 -0.43 0.18

(6) 1.00 -0.68

(7) 1.00

(1) net radiation	 (Q )
(2) available energy (Q„+Qg )
(3) air temperature	(Ta )
(4) wind speed	 (u)
(5) actual evapotranspiration (AET)
(6) vapor pressure deficit (VPD)
(7) soil water content	 (SM)
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Table 22. Correlation coefficients between variables during
the winter period (1991-1992) at Kendall watershed.

(1)	 (2)	 (3) (4) (5) (6) (7)

(1) 1.00	 0.93	 0.37 -0.01 0.49 0.42 0.31

(2) 1.00	 0.15 0.11 0.67 0.25 0.31

(3) 1.00 -0.11 -0.16 0.74 -0.01

(4) 1.00 0.16 0.02 -0.00

(5) 1.00 -0.32 0.18

(6) 1.00 0.04

(7) 1.00

(1) net radiation	 (Q )
(2) available energy	 (Q„-1-Qg )
(3) air temperature	(Ta )
(4) wind speed (u)
(5) actual evapotranspiration (AET)
(6) vapor pressure deficit (VPD)
(7) soil water content	 (SM)



141

Table 23. MLR models for predicting AET at Walnut Gulch. The
models are for the summer rainy period (1990).

Regression Equations	 R2	 SEE	 F ce,i

a) AET = -2 .46+0 . 26 (Qn+Qg ) +0 . 03SM+0 . 33u	 0.77	 0.41 29.09

	

[3.72]	 (4.64)

b) AET = -2 . 07+0 . 27 (Q,,+Qg ) +0 . 02SM+0 . 24u	 0.77	 0.42 20.74

	

[3.68]	 (5.01)

c) AET = -2 . 03+0 . 25 (Qn+Qg ) +0 . 03SM+0 . 27u	 0.56	 0.50	 4.61
[3.95] {3.59 }

d) AET = -1 .46+0 . 20 (Qn+Qg ) +0 . 02SM+0 . 10u	 0.70	 0.37 13.15

	

[3.34]	 (5.18)

e) AET = -1. 36+0 . 18 (Qn+Qg ) +0 . 02SM+0 . llu	 0.71	 0.37	 9.86

	

[3.20]	 (5.95)

f) AET = -1 . 33+0 . 19 (Q,,A-Qg ) +0 . 02SM+0 . 08u	 0.76	 0.40	 8.39

	

[3.38]	 (7.59)

a) : with all data at Lucky Hills (n=30)
b) : on little or non-rainy days at Lucky Hills (n=23)
c) : on even days at Lucky Hills (n=15)
d) : with all data at Kendall (n=21)
e) : on little or non-rainy days at Kendall (n=16)
f) : on even days at Kendall (n=12)
n : sample size
R2 : coefficient of multiple determination
SEE : standard error of estimate of the regression (mm/day)
F 	calculated F value
( ) : critical F value at 1 96 level of significance
{ } : critical F value at 5 95 level of significance
[ ] : mean of daily AET (mm/day)
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Table 24. MLR models for predicting AET at Walnut Gulch. The
models are for the winter period (1991-1992).

Regression Equations 	 R2 SEE Fa,,,i

a) AET =	 0 . 36+0 . 19 (Qn+Qg ) -0 . 09VPD+0 . 07u	 0.70 0.27 40.07
[1.08] (4.20)

h) AET =	 0 . 31+0 . 21 (Qn 1-4g ) -0 . 08VPD+0 . 03u	 0.72 0.26 37.20
[1.06] (4.29)

c) AET =	 0 .23+0 . 20 (Qn+Qg ) -0 . 09VPD+0 . 12u	 0.60 0.34 11.83
[1.12] (4.72)

d) AET =	 0 .28+0 .24 (Q,,A-Qg ) -0 . 08VPD+0 . 04u	 0.72 0.28 71.66
[1.01] (4.00)

e) AET =	 0 .29+0 .25 (Q,,+Qg ) -0 . 08VPD+0 . Olu	 0.81 0.23 104.98
[0.99] (4.05)

f) AET =	 0 . 16+0 . 24 (Q n+Qg ) -0 . 08VPD+0 . 07u	 0.70 0.29 30.98
[1.13] (4.31)

a) : with all data at Lucky Hills	 (n=56)
b)
c)
d)

: on little or non-rainy days at Lucky Hills
: on even days at Lucky Hills	 (n=28)
: with all data at Kendall	 (n=89)

(n=49)

e)
f)
n

: on little or non-rainy days at Kendall	 (n=75)
: on even days at Kendall	 (n=44)
:	 sample size

R2 : coefficient of multiple determination
SEE : standard error of estimate of the regression (mm/day)

calculated F value
( ) : critical F value at 1 % level of significance
f i : mean of daily AET (mm/day)
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accounted for 78 and 70 96 of the observed variations in AET

during the summer rainy period at Lucky Hills watershed and

Kendall watershed. The analyses also indicated that the

combined effects of available energy, vapor pressure deficit

and wind speed accounted for 70 and 72 96- of the observed

variations in AET during winter period at Lucky Hills

watershed and Kendall watershed respectively. Therefore, MLR

models of AET for the summer rainy period could be generally

represented as:

AET = A + B(Qn+Qg ) + C(SM) + D(u)	 (5-2)

and during the winter period as:

AET = A + B(Qn+Qg ) + C(VPD) + D(u)	 (5-3)

where A is the intercept; and B, C, and D are partial slope

coefficients.

Standard error of estimate of regression (SEE) calculated

for the all-day MLR models were judged to be small, ranging

from 10 96 of the mean AET in summer to 25 96 of the mean AET in

winter. SEE during the summer rainy period was 0.41 mm/day

with a mean AET of 3.72 mm/day at Lucky Hills (SEE = 11 %- of

mean AET) , and 0.37 mm/day with a mean AET of 3.34 mm/day at

Kendall (SEE = 11 96- of mean AET). SEE during the winter period

was 0.27 mm/day with a mean AET of 1.08 mm/day at Lucky Hills



144

(SEE = 25 % of mean AET), and 0.28 mm/day with a mean AET of

1.01 mm/day at Kendall (SEE = 27 95 of mean AET).

Using the F statistic, I tested the null hypothesis of no

relationship between AET and predictor variables. To do so, I

used the F distribution to determine the critical value

associated with the one percent level of significance. Since

calculated F for summer rainy and winter periods at Lucky

Hills and Kendall watersheds were greater than the critical

values at the one percent level of significance, the null

hypothesis of no relationship between AET and predictor

variables could be rejected. The multiple correlation

coefficients of MLR models during the summer rainy period and

winter period at both watersheds indicate that MLR models can

give reasonable estimates of AET, under the climatic

conditions in which the formula was developed.

The range of independent variables of MLR models is also

presented in Table 25. Each independent variable shows a

similar range between watersheds. The range of wind values

does not show the areal and seasonal differences. The range of

available energy values shows some seasonal difference. The

available energy is less influenced by geographical and

environmental conditions such as soil water and vegetation.

However, it is more influenced by seasonal difference of solar

energy intensity.
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Table 25. The range of independent variables in MLR models at
Walnut Gulch. The models are for the summer rainy
period (1990) and winter period (1991-1992) at Lucky
Hills and Kendall watersheds.

Independent
	

Maximum	 Minimum	 n
variables	 value	 value

Qn+Qg (MJ/m2 -d)	 15.49	 6.74

(1)	 SM	 (mm)	 108.49	 61.08	 30

u (m/s)	 4.09	 1.49

Qn +Qg (MJ/m2 -d)	 13.93	 5.85

(2)	 SM	 (mm)	 104.40	 76.21	 21

u (m/s)	 5.62	 1.42

Q„+Qg (MJ/m2 •d)	 10.65	 2.01

(3)	 VPD	 (mb)	 13.65	 1.71	 56

u (m/s)	 4.96	 1.38

Qn+Qg (MJ/m2 •d)	 9.26	 1.04

(4)	 VPD	 (mb)	 13.26	 0.74	 89

u (m/s)	 6.74	 1.24

1) : summer rainy period at Lucky Hills watershed
2) : summer rainy period at Kendall watershed
3) : winter period at Lucky Hills watershed
4) : winter period at Kendall watershed
n : sample size



146

Rainfall Effects on Model Derivation

To obtain accurate relationships between AET and

meteorological and soil water variables, the rainfall effects

on AET should be clearly defined. The rainfall periods are not

exactly coincident with other weather variables, because of

different time length and characteristics within the

watershed. For example, a short, intense thunder storm will

have a different effect than will a long, gentle rain even if

the total precipitation is the same in both storms. Therefore,

the effects of rainfall on MLR models of AET are examined by

repeating the MLR analysis with data restricted to only those

days with little or no rain (precipitation < 2 ram/day) [Tables

23(b), 23(e), 24(b) and 24(e)].

Statistical comparisons were made between MLR models of

AET derived from non-rainy days and those derived from all

days to identify possible rainfall effects on MLR models of

AET (Figures 28 and 29; and Table 26). The outputs of the two

classes of models (all days, non-rainy days) were analyzed by

linear regression. The results showed that the two MLR models

of AET were essentially identical, with R 2 valuesapproaching

100 9.5 for both of AET during the summer rainy and winter

periods. The standard error of estimate was also very small

(Figures 28 and 29; and Table 26). Using the F statistic, I

tested the null hypothesis of no relationship between MLR
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models derived from all days, and those based upon the non-

rainy data set. The results rejected the null hypothesis of no

relationship between MLR model of AET using all days and MLR

model of AET using non-rainy days at the one percent level of

significance.

The scatter plots (Figures 28 and 29) and the regression

analyses (Table 26) reveal that different time length and

characteristics of rainfall within the watershed do not

affect the relationships between AET and meteorological

variables. Performance of MLR models derived from non-rainy

days [summarized in Tables 23(b), 23(e), 24(b) and 24(e)]

indicate little or no improvement of MLR models based on all

days.

Evaluation of Chosen MLR Models

The ability of the model to simulate the actual ET was

tested by comparing observed and estimated AET. An "even-days"

model was fitted using even-number days [Tables 23(c), 23(f),

24(c) and 24(f)] and tested with numerical and graphical

approaches for both the summer rainy and winter periods at

Lucky Hills and Kendall watersheds, using odd-number days.

The even-day MLR model was fitted with results similar to

those found in fitting the all-day model. The even-day model

showed that the combined effects of available energy, soil

water content and wind speed accounted for 56 and 76 96- of the
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Figure 28. Relations of MLR models of AET between all days and
non-rainy days at (a) Lucky Hills and (h) Kendall
during the summer rainy period (1990).
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Figure 29. Relations of MLR models of AET between all days and
non-rainy days at (a) Lucky Hills and (h) Kendall
during the winter period (1991-1992).
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Table 26. Relations of MLR models of AET between all days and
non-rainy days at Lucky Hills and Kendall during the
summer rainy (1990) and winter periods (1991-1992).

Regression Equations r2 SEE MAET 1 MAET2 F	 ncf,7

a) AET 1 = 0.007+1.075AET 2 0.99 0.02 3.60 3.62 7847 23
(8.0)

b) AET 1 = - 0.030+1.002AET2 0.99 0.05 3.42 3.17 3480 16
(8.8)

c) AET 1 = 0.054+0.960AET2 0.99 0.03 1.06 1.05 5271 49
(7.2)

d) AET, = 0.213+0.973AET 2 0.96 0.09 1.16 0.98 2091 75
(7.0)

a) : Lucky Hills (summer rainy period)
b) : Kendall (summer rainy period)
c) : Lucky Hills (winter period)
d) : Kendall (winter period)
AET I : AET of MLR models with all data (mm/day)
AET2 : AET of MLR models on non-rainy days (mm/day)
mAET 1 : mean of AET 1 (mm/day)
MAET2 : mean of AET2 (mm/day)
n : sample size
r2 : coefficient of simple determination
SEE : standard error of estimate of the regression (mm/day)
F 	 calculated F value
(' ) : critical F value at 1 95 level of significance
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observed variations in AET during summer rainy period at Lucky

Hills [Table 23(c)] and Kendall [Table 23(f)] respectively.

The effects of available energy, vapor pressure deficit and

wind speed in the even-day model were responsible for 60 and

70 '36 of the observed variations in AET during winter period at

Lucky Hills [Table 24(c)] and Kendall [Table 24(f)]

respectively.

The standard error of estimate of regression (SEE) for

the even-day model was close to that of the all-day model, at

least 12 96 of mean AET in summer, and 25-30 96 during the

winter. SEE during the summer rainy period was 0.50 mm/day

with a mean AET of 3.95 mm/day at Lucky Hills (SEE = 12 96- of

mean AET), and 0.40 mm/day with a mean AET of 3.38 mm/day at

Kendall (SEE = 11 % of mean AET). SEE during the winter

period was 0.30 mm/day with a mean AFT of 1.12 mm/day at Lucky

Hills (SEE = 34 % of mean AET), and 0.29 mm/day with a mean

AET of 1.13 mm/day at Kendall (SEE = 26 96 of mean AET).

The test results of F statistics at Lucky Hills during

the summer rainy period were satisfied at the 5 96 level of

significance (F5% = 3.59). However, the other sites showed

even more satisfying results at the 1 %. level (F 1% = 7.59

during the summer rainy at Kendall; F1% = 4.72 during the

winter period at Lucky Hills; and F 1% = 4.31 during the winter

period at Kendall).
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Numerical Evaluation

For the numerical tests of model performance, standard

error of estimate (SEE') and coefficient of efficiency (CE)

were applied to the odd-day data.

Standard Error of Estimate. The standard error of

estimate (SEE') proposed by Jewell et al. (1978) is an

estimate of the mean deviation of the regression from observed

data. The square of the standard error of estimate is an

unbiased estimate of the true variance of regression with (n-

2)° freedom (Steel and Torrie, 1960; and Green and Stephenson,

1986). The standard error of estimate is dimensional, although

the effect of record length, or number of ordinates, has been

removed. The equation used for SEE' is

SEE' - [

E (AET.-AET,) 2
,=1

0.5 (5 - 4)  
n - 2

where SEE' is the standard error of estimate; AET, is the

observed daily- AET (mm/day); AET, is the estimated daily AET

(mm/day); (AET. - AETd 2 is the residual variation or

unexpected variation; i is day; and n is the sample size

(days).,

Richard (1987) used SEE' to compare the results of

several evapotranspiration equations. He concluded that the
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modified Penman methods all provide good estimates of daily

reference ET over growing seasons at all three locations

(Kimberly, Coshocton and Davis). The approximate standard

error of the estimate (SEE') was about 0.88 mm/day.

During the summer rainy period, SEE' was 0.37 mm/day

with a mean AET. of 3.49 mm/day at Lucky Hills (SEE' = 10 % of

mean AET.), and 0.37 mm/day with a mean AET. of 3.30 mm/day at

Kendall (SEE' = 11 % of mean AET.). During the winter, SEE'

was 0.21 mm/day with a mean AET. of 1.03 mm/day at Lucky Hills

(SEE' = 20 96- of mean AET.), and 0.29 mm/day with a mean AET. of

1.00 mm/day at Kendall (SEE' = 29 % of mean AET.). SEE' during

summer rainy period is higher than during the winter period

because AET 0 is higher during the summer rainy period.

Coefficient of Efficiency. The coefficient of efficiency

(CE) proposed by Nash & Sutcliffe (1970) has been examined for

model testing. The coefficient of efficiency has gained wide

acceptance and seems a reasonable choice for a dimensionless

measure for general studies (Green and Stephenson, 1986). An

appealing aspect of this coefficient lies in its simplicity,

as its value increases toward unity as the fit of the

estimated AET progressively improves. The equation used for

the coefficient of efficiency (CE) is
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E (AET0 -A-fT0) - E (AET„-AET,) 2
1=1	 1=1

CE =  	 (5-5)

E (AETo - F:ET,) 2

where CE is the coefficient of efficiency; AET„ is the

observed AET (mm/day); AT„ is the mean of observed AET

(mm/day); AET, is the estimated AET (mm/day); (AET0 -AET0 ) 2 is

the initial variation; (AET,-AET,) 2 is the residual variation

or unexpected variation; i is the day; and n is the sample

size (days).

Hughes (1983) made exclusive use of this coefficient for

single event model calibration. This particular criterion has

been criticized by Garrick et al. (1978) on the grounds that

it is insensitive. Since the coefficient of efficiency

involves the squares of residuals, this statistic will be

biased by more extreme variations.

The coefficient of efficiency during summer rainy period

at Lucky Hills watershed showed the highest CE value (=0.84).

On the other hand, CE for Kendall watershed during the summer

period was the lowest (=0.50). There were very similar CE

values at Lucky Hills (=0.79) and Kendall (.0.72) during the

winter period.

Tables 27 and 28 show the quantitative measures of MLR

models at Lucky Hills and Kendall watershed during the summer
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Table 27. Quantitative measures of MLR model performance for
the summer rainy period (1990) at Lucky Hills and
Kendall watersheds.

watershed
	

M	 CE	 SEE'	 n

AET,	 3.49

Lucky Hills 0.84	 0.37	 15 

AET,	 3.59

Kendall

AET,	 3.30

AET,	 3.45 

0.50	 0.37	 10 

AET, : observed AET (mm/day)
AET, : estimated AET (mm/day)
M : mean (mm/day)
CE : coefficient of efficiency
SEE' : standard error of estimate (mm/day)
n : sample size
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Table 28. Quantitative measures of MLR model performance for
the winter period (1991-1992) at Lucky Hills and
Kendall watersheds.

watershed
	

M	 CE	 SEE'	 n

AET,	 1.03

Lucky Hills	 0.79
	

0.21	 28

AET,	 1.07

Kendall

AET,

AET,

1.00

0.72 0.29	 45

1. 0 0

AET, : observed AET (mm/day)
AET, : estimated AET (mm/day)
M : mean (mm/day)
CE : coefficient of efficiency
SEE' : standard error of estimate (mm/day)
n : sample size
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rainy period and winter period respectively. The results

indicate that Lucky Hills and Kendall watersheds in each

period gave reasonable results.

Graphical Evaluation

A visual comparison of estimated and observed AET

scattergrams provides a quick and often comprehensive means of

assessing the accuracy of model output. A graphical plot

provides a "feel" for the model capabilities and can possibly

mean as much, if not more, than the results of a numerical

analysis of differences between estimated and observed values

since it imparts more practical information than a

statistical function (Green and Stephenson, 1986). Since data-

display graphics can be extremely helpful in identifying the

pattern of the differences between observed and estimated AET

as well as extreme cases, the graphics should always accompany

the quantitative indices.

In this study, scattergrams and time series plots are

used to test the even-day MLR models using odd-number days.

The model equations have been fitted using even-number days.

Scattergrams, in particular, can well represent the

relationships between observed and estimated AET (Willmott,

1982).

Figures 30 and 31 show the scattergrams of observed AET

vs. estimated AET at Lucky Hills and Kendall watersheds during
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Figure 30. Scattergram of observed AET vs. estimated AET
during the summer rainy period (1990) at (a) Lucky
Hills and (b) Kendall watersheds.
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Figure 31. Scattergram of observed AET vs. estimated AET
during the winter period (1991-1992) at (a) Lucky
Hills and (b) Kendall watersheds.
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the summer rainy and winter periods. The range of scattergram

at Kendall is smaller than that of Lucky Hills, probably

because of less data at Kendall watershed. Figures 32 and 33

show the time series plots of observed AET and estimated AET

at Lucky Hills and Kendall watersheds during the summer rainy

and winter periods. The results of scattergrams and time

series plots show that there are reasonably similar covariance

patterns between observed AET and estimated AET.

Significance of Differences between the Two Watersheds

The derived MLR models during the summer rainy and winter

periods are examined for the significance of differences

between the two watersheds (Lucky Hills and Kendall). The

purpose of examination is to obtain information as to the

nature of the differences if any, between the two watersheds.

If the test results show that there are no significant

differences between two MLR models, then the data sets can be

pooled, and one reduced MLR model can be obtained at Walnut

Gulch watershed for each season (summer and winter).

The test statistic used for this study (Neter et al.,

1974) is:

SSE(R) - SSE(F)	 SSE(F)
F * -  	 (5-6)

df R - df F 	dfF
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(a)  

observed AET

estimated AET 

(b)

Figure 32. Time series plots of observed and estimated AET on
odd days during the summer rainy period (1990) at
(a) Lucky Hills and (b) Kendall watersheds.
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Figure 33. Time series plots of observed and estimated AET on
odd days during the winter period (1991-1992) at
(a) Lucky Hills and (b) Kendall watersheds.
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where SSE(R) is the error sum of squares for the reduced

model; SSE(F) is the error sum of squares for the full model;

df R is the degree of freedom associated with the reduced model

error sum of squares; and df F is the degree of freedom

associated with the full model error sum of squares.

If F * is less than or equal to F(1-u; dfR-df F , dfF), then

two MLR models (Lucky Hills and Kendall) are the same. If F *

is greater than F(1-u; df R-dfF , dfF), then two MLR models

(Lucky Hills and Kendall) are not the same. u is the level of

significance. For this study, dfR is n 1 -f-n2 -4, df F is n 1+n2-8, and

n l and n2 are number of sample size at each watershed during

each period.

Summer Period

The statistical test results (Table 29) during the summer

period show that the linear regression functions for the two

MLR models at Lucky Hills and Kendall are significantly

different (F *=73.89 > F=2.61). The most probable reason is

that there are different vegetation conditions between these

two watersheds. The dominant vegetation type is shrub at Lucky

Hills and grass at Kendall. Therefore, two MLR models at Lucky

Hills and Kendall during the summer period can not be reduced

into one MLR model applicable to both sites.
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Table 29. Significance of differences of MLR lines between the
two watersheds (Lucky Hills and Kendall) during
the summer rainy (1990)	 and winter periods	 (1991-
1992).

period SSE, SSE2 SSE(F) SSE(R) F* F n

summer
period 4.54 2.33 6.87 11.57 73.89 2.61 51

winter
period 3.90 7.13 11.03 11.51 1.49 2.41 145

SSE I : error sum of squares for the regression for Lucky Hills
(ram/day)

SSE2 : error sum of squares for the regression for Kendall
(mm/day)

SSE(F) : error sum of squares for the full model (=SSE 1 FSSE2 ,
mm/day)

SSE(R) : error sum of squares for the reduced model (mm/day)
F * : test statistic
F: critical F value at 5 % level of significance
n: sample size
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Winter Period

The statistical test results (Table 29) during the winter

period show that the linear regression functions for the two

MLR models at Lucky Hills and Kendall are not significantly

different (F *=1.49 < F=2.41). Therefore, the data sets for the

two MLR models at Lucky Hills and Kendall during the winter

period can be pooled to obtain one "reduced" MLR model for

Walnut Gulch watershed. Table 30 summarizes the reduced MLR

model for winter period at Lucky Hills and Kendall, based on

all days of data at both sites. The reduced MLR model (Table

30) reveals that the combined effects of available energy,

vapor pressure deficit and wind speed for 70 % of the observed

variations in AET during the winter period at Walnut Gulch

watershed. SEE for the reduced model (winter) was 0.29

compared to mean AET of 1.04 mm/day. The statistical evidence

of goodness of fit and the fitted coefficients are similar to

those reported earlier for the winter MLR models at each

subwatershed (Table 24, Eqs. a and d). Figure 34 shows the

graphical comparisons of observed AET and AET estimated from

the reduced model during the winter period (145 daily

samples). The results in Figure 34 are similar to those

presented earlier in Figure 31 for the separate MLR equations

(winter) at Lucky Hills and Kendall.
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Table 30. The reduced MLR model for predicting winter AET at
Walnut Gulch. The model is fitted for the winter
period (1991-1992) using all days of data from both
Lucky Hills and Kendall watersheds.

Regression Equations	 R2	 SEE	 Fay

AET = 0 . 31+0 . 21 (Q n+Qg) -0 . 09VPD+0 . 06u 0.70 	 0.29 109.32
[1.04]	 (3.86)

R2 : coefficient of multiple determination
SEE : standard error of estimate of the regression (mm/day)
Fal, .- calculated F value, 

( ) : critical F value at 1 % level of significance
[ ] : mean of daily AET (mm/day)
sample size (= 145)



Figure 34. Scattergram of observed AET vs. estimated AET from
the reduced model (winter, 1991-1992) at Walnut
Gulch watershed.
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CHAPTER VI

CONCLUSIONS

The selected experimental watersheds (Lucky Hills and

Kendall) located in the southwest of the United States

represent the typical semiarid land. Continuous flux and

meteorological data were measured during the summer rainy

period and winter period at both watersheds, and the measured

data are used to estimate daily soil water balance and energy

balance. The measurements include all components of the water

balance (precipitation, runoff, and change in soil moisture),

and energy balance components (net radiation, soil heat flux,

sensible heat flux, and residual latent heat flux). The water

balances and the energy were in quite good agreement. The

daily estimation of soil water balance and energy balance are

unique and essential for the development and testing of the

evapotranspiration model in this study.

The study results indicate that most meteorological

variables are highly correlated between the two watersheds

(Lucky Hills and Kendall) during the summer rainy period and

the winter period. This confirms that the watersheds differ

little with respect to meteorological variables regardless of

season.

I examined three well-known, semi-empirical approaches

for estimating AET. Morton's (1965) complementary relationship
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was the first. My analysis of complementary relationship

suggests the needed linear relationships between soil moisture

and PET or AET could possibly exist, but the regression

results indicate that the relationships were poorly defined.

Especially, there was a very weak correlation explaining only

a few percent of the variance between PET and soil moisture

(SM). The scatter plots and the regression analyses reveal

that Morton's complementary relationships do not hold at this

site on a daily basis. The test results lead me to conclude

that other meteorological factors such as incoming solar

radiation, available energy, or perhaps wind, affect PET

and/or AET in the complementary relation, regardless of the

soil water condition. This conclusion is based on PET or AET

being affected by the energy availability as well as by soil

water condition. The failure of Morton's model at Walnut Gulch

confirms its shortcomings for application on a daily or short-

period basis there.

The second method examined is due to Thornthwaite (1955).

I found that Thornthwaite's linear relationship of AET/PET

= f(SM) is inappropriate for the Walnut Gulch data. The linear

regression model has only limited predictive value, as it

explains about one-third of the variance and the SEE is

relatively large. Further, no improvement was found if

absolute values of soil moisture were converted to ratios of

available water over available water capacity (AW/AWC). The
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poorly defined relationships lead me to conclude that the

Thornthwaite approach [AET/PET = k = f(SM)] is not successful

at Walnut Gulch.

The third method is that of Priestley and Taylor (1972).

Regression analysis of Priestley-Taylor's a and soil water

content reveals that a explains only about one-tenth of the

variance in SM, and the SEE is relatively large. Furthermore,

the offset term was about 0.5 in these comparisons, implying

that the ratio a = AET/W(R n + G) is large even when SM = 0. It

is quite clear that the Priestley-Taylor approach [a = f(SM)]

is not successful at Walnut Gulch.

The failure of the existing models at Walnut Gulch led me

to develop site-specific model containing physically justified

variables that were fitted by multiple linear regression

(MLR). The MLR analysis showed that the combined effects of

available energy, soil water content and wind speed accounted

for 77 96 of the observed variations in AET at Lucky Hills

watershed and 70 % at Kendall watershed during the summer

rainy period. During the winter rainy period, combined effects

of available energy, vapor pressure deficit and wind speed

were responsible for 70 96 of the observed variations in AET at

Lucky Hills watershed and 72 96 of the variation at Kendall.

Statistical evaluation of the Lucky Hills and Kendall

models reveals that they differ significantly during the
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summer rainy period. This is thought to result from different

vegetation conditions between the two watersheds. On the other

hand, the statistical test indicates that there was similarity

between two MLR models (Lucky Hills and Kendall) during the

winter period. Therefore, data from Lucky Hills and Kendall

watersheds were pooled during the winter period, and a single,

"reduced" MLR model was fitted to the combined data. The

reduced MLR model was similar to the two individual models; it

revealed that the combined effects of available energy, vapor

pressure deficit and wind speed accounted for 70 % of the

observed variations of AET in the pooled data during the

winter period at Walnut Gulch watershed.

Correlation coefficients between observed AET and

estimated AET from MLR models during the summer rainy and

winter periods at both watersheds indicate that physically-

based MLR models can give reasonable estimates of AET. It is

of course necessary that the models be calibrated by

measurements at the sites and climatic conditions in which

applications are to be made.
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empirical coefficient in Penman wind function
(m/s•mb)
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a

A
coefficient of saturation vapor pressure equation
from Murray's approximation (mb)

actual evapotranspiration (mm/day)

AET of MLR models based on all days (mm/day)

AET of MLR models based on non-rainy days (mm/day)

estimated actual evapotranspiration (mm/day)

observed actual evapotranspiration (mm/day)

mean of observed actual evapotranspiration (mm/day)

available water capacity (mm)

empirical coefficient in Penman wind function
(m/s.mb)

coefficient of saturation vapor pressure equation
from Murray's approximation (°c)

Bowen ratio energy balance

AET

AETI

AE T2

AET,

AET,

AET,

AWC

b

B

BREB

C
	 coefficient in Penman wind function
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C
coefficient of saturation vapor pressure equation
from Murray's approximation (°c)

CE
	  coefficient of efficiency

C.
	  volumetric heat capacity of mineral (MJ/m3 -K)

Co

	  volumetric heat capacity of organic matter (MJ/m3 •K)

c P
	 specific heat of air (J/kg.K)

Cs
	 volumetric heat capacity of the soil (MJ/m3 •K)

C,
	 volumetric heat capacity of water (MJ/m3 .K)

dfR
	 degree of freedom associated with the reduced model

error sum of squares

dfF

	 degree of freedom associated with the full model
error sum of squares.

DsL

	 thickness of soil layer (mm)

e a

	  actual vapor pressure in the air (mb).

E.
	  drying power of Penman PET (mm/day)

ea

saturation vapor pressure at the surface (mb)

saturation vapor pressure at 2-m height (mb)

EC
	  eddy correlation

esa
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ESS

ET

ET,

exp

fm

fo

fw

G

H

K4,

Kt

KiK

K41,
	 incoming solar radiation at Lucky Hills watershed

(W/1112 )

error sum of squares

evapotranspiration (mm/day)

open water evaporation (mm/day)

	 exponential (exp x = ex, where e = 2.7183...)

	 volume fraction of mineral in soil ( 95)

 volume fraction of organic matter in soil ( 95)

	 volume fraction of water in soil ( 95)

	 calculated value of F test

	 test statistic

	 ground heat flux (mm/day)

	 sensible heat flux (mm/day)

	 AET/PET ratio

	 incoming solar radiation from atmosphere (W/m2 )

	 outgoing solar radiation from surface (W/m2 )

	 incoming solar radiation at Kendall watershed (W/m2)
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latent heat of vaporization (NJ/kg)

incoming long wave radiation from atmosphere (W/m2 )

outgoing longwave radiation from surface (W/m2 )

mean (mm/day)

mean of AET, (mm/day)

mean of AET2 (mm/day)

multiple linear regression

mean sea level (m)

meteorological variable

number of sample

organic matter

one-propeller eddy correlation

daily precipitation (mm/day)

Penman potential evapotranspiration (mm/day)

L4

Lt

MAET1

MAET2

MLR

MSL

MV

OM

OPEC

PET

PET'
	  value of PET for a dry region defined by Morton

(mm/day)
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PET"
potential evapotranspiration at initial saturation
condition defined by Morton (mm/day)

potential ET at Kendall watershed (W/m2 )

potential ET at Lucky Hills watershed (W/m 2 )

precipitation (mm/day)

atmospheric pressure at sea level (mb)

atmospheric pressure at elevation z from sea level
(mb)

soil heat flux (= Q0+Qgs , W/m2 )

energy used to heat the ground (W/m2 )

energy used to heat the ground at Kendall watershed
m2(W/)

QghL
energy used to heat the ground at Lucky Hills
watershed (W/m2 )

energy used to heat the ground surface (W/m2 )

Qgs

energy used to heat above the sensor (W/m2 )

energy used to heat the ground at z cm depth from
surface (W/m2 )

Qh
	 sensible heat flux (W/m2)

PETK

PETL

ppt

P.

Pz

Qg

Qgh

QghK

Qgo

Qgz



sensible heat flux at Kendall watershed (W/m2 )

sensible heat flux at Lucky Hills watershed (W/m2 )

latent heat flux (W/m2 )

latent energy at Lucky Hills watershed (W/m2 )

latent energy at Lucky Hills watershed (W/m2 )

net radiation (W/m 2 )

net radiation at Kendall watershed (W/m 2 )

net radiation at Lucky Hills watershed (W/m2 )

available energy (W/m 2 )

simple correlation coefficient
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QhK

QhL

QLE

QLEK

QLEL

Qn

QnK

QnL

Qn + Qg

r

R
	 multiple correlation coefficient

r2

coefficient of simple determination

R2

coefficient of multiple determination

RH
relative humidity ( 95)

11,
net radiation (mm/day)

RO
daily runoff (mm/day)
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relative sensitivity

SEC
sonic anemometer eddy correlation

SEE
standard error of estimate of the regression
(mm/day)

SEE'
standard error of estimate (mm/day)

SM
soil moisture content (mm)

SMr,
soil moisture content (mm) at field capacity

SM109,
soil moisture content (mm) at permanent wilting
point

SSE 1

error sum of squares for the regression for Lucky
Hills (mm/day)

SSE2

error sum of squares for the regression for Kendall
(mm/day)

55E (F)
error sum of squares for the full model (=SSE 1 FSSE2 ,
mm/day)

SSE (R)
error sum of squares for the reduced model (mm/day)

7',
air temperature (K or °C)

TaK	
air temperature at Kendall watershed (°c)

TaL
	 air temperature at Lucky Hills watershed (°c)
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surface temperature ( °C)

soil temperature ( °C)

regression sum of squares

wind speed at 2-m height (m/s)

wind speed at Kendall watershed (m/s)

wind speed at Lucky Hills watershed (m/s)

1/3-Bar soil moisture ( 9 ) from 0 to 5 cm depth from
surface

15-Bar soil moisture (%) from 0 to 5 cm depth from
surface

T.

Ts

TSS

U2

UK

UL

VMft

VMPwP

w (Qn+Qd

X i

Y

a
	  Priestley-Taylor coefficient or level of significance

w

W

dependent variable of multiple regression equation

vapor pressure deficit

vertical wind speed (m/s)

dimensionless weighting factor (= A/A+T z )

energy term of Penman PET (W/m2 )

independent variables of multiple regression
equation
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Z
Bowen ratio

To
psychometric constant at sea level (rnb/°C)

Tz
psychometric constant above mean sea level (z)
(rtib/T)

A
	 slope of the temperature vs. saturation vapor

pressure curve (mb/°C)

AET
net change of daily evapotranspiration (mm/day)

net change of daily precipitation (mm/day)

net change of daily runoff (mm/day)

net change of soil moisture content (mm/day)

time period

soil temperature difference between time interval

actual mean temperature change of soil (K)

air density (kg/m3 )

water vapor density (kg/m3 )

water density (kg/m3 )

a
	 critical region of size

AP

ARO

ASM

At

AT,

AT,

Pa

13,

Pw



Epsi,  
cumulative depth of soil layer (mm)

degrees of freedom

change in meteorological variable

change in PET according to amv (mm/day)
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r   

amv

aPET            
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