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ABSTRACT

Since the observation of evapotranspiration over a long period is difficult, several estimation
formulae and concepts for evapotranspiration have been proposed. Indiscriminate applications of
these concepts and formulae lead to confusion concerning definitions and their use. Intensive
micrometeorological observation data and long term evapotranspiration data were collected and
analyzed.

Firstly, potential evapotranspiration, equilibrium evaporation, and potential evaporation were
taken as the representative concepts of evapotranspiration. The conditions to which they can be
applied were investigated, based on the evapotranspiration data obtained over a field of actively
growing pasture with no soil water shortage. The potential evapotranspiration, .defined by a
vapor-saturated surface condition, can be applied only when the vegetation canopy behaves as a
completely wetted surface during dew evaporation, or when the over-passing air is humid. Other-
wise, the potential evapotranspiration by this definition becomes greater than the potential evapo-
transpiration from actively growing pasture under an ample soil water condition. The potential
evapotranspiration, defined by a vaporsaturated surface condition, and that defined by a well-
watered soil condition cannot be considered to have the same meaning.

Hourly evapotranspiration from pasture is found to fall in a range of 1.0 to 1.26 times as
large as the equilibrium evaporation, and on the average, the former is 1.16 times as large as the
latter. The potential evaporation, which is defined as 1.26 times as large as the equilibrium evapo-
ration, can be applied only to the pasture canopy which is in a completely wetted condition
caused by dewfall. The upper and the lower limits of evapotranspiration from actively growing
pasture, without soil water shortage, are found to be expressed by the potential evaporation and
by the equilibrium evaporation, respectively.

Secondly, a simple equilibrium evaporation model was developed and tested using evapo-
transpiration data measured by a weighing lysimeter. In summer, the daily evapotranspiration
from pasture can be estimated by the equilibrium evaporation model, with the proportional
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constant equal to 1.14. The distinctive seasonal trend, which may reflect the activity of pasture, is
found in the relationship between the daytime evapotranspiration and the daytime equilibrium

evaporation. The equilibrium evaporation model is shown to estimate the annual evapotranspi-
ration within 10% accuracy if the appropriate values of the proportional constant are used in the
model.

Thirdly, the Thornthwaite and the Penman methods for potential evapotranspiration were
tested, using the actual evapotranspiration data measured by a weighing lysimeter. The Thornth-
waite method is shown to overestimate summer evapotranspiration and underestimate winter
evapotranspiration. Also the method overestimates annual evapotranspiration by about 30%. On
the other hand, the potential evapotranspiration by the Penman method agrees well with the
actual evapotranspiration in summer and autumn, but the former is greater than the latter in
winter and spring. The annual evapotranspiration estimated by the Penman method exceeds the
actual evapotranspiration by around 20%. Annual growing cycle of vegetation and climatic
conditions play important roles in the determination of evapotranspiration.
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CHAPTER 1

INTRODUCTION

Evaporation is the physical process by which a substance is converted from a liquid or solid
phase into a vapor state. In the case of a solid substance, the process is referred to as sublimation.
The process of vaporization of water that has passed through the stomata of vegetation is called
transpiration. Over a large land area such as a basin, tfanspiration from plants and direct evapo-
ration from soil, water surface, and intercepted water on plant leaves occur simultaneously, so that
it is difficult to separate them in computation. Therefore, the term evapotranspiration is used to
describe the combined processes of water transfer from land surface into the atmosphere.

These distinctions are all useful at times. Recently, however, the term evaporation has often
been used to describe all processes of vaporization unless specified otherwise.

In natural environments, evaporation of water is one of the main components of the hydrolo-
gical cycle. Water entering into the evaporation phase of the hydrological cycle becomes unavaila-
ble for further use by plants and human activities. Therefore, accurate knowledge of its consump-
tive use through evaporation is indispensable for the planning and management of water resources.

In addition, evaporation is a connecting link between the water budget and the energy budget.
Probably the most important physical effect of evaporation is the cooling that occurs at an evapo-
rating surface. This prohibits an extreme temperature rise. Evaporation as latent heat flux pro-
vides one of the mechanisms of dissipation of heat received at the earth’s surface and it plays a
crucial role in governing weather and climate.

1-1 Review of recent studies
Potential evapotranspiration

Direct measurement of evapotranspiration over long time periods is difficult because of the
lack of routinely usable instruments. As a result, many estimation methods for evapotranspiration
have been developed and several concepts of evapotranspiration have been proposed. Of these
concepts of evapotranspiration, the earliest one is the “potential evapotranspiration” proposed by
Thornthwaite in 1944 (Thomthwaite and Mather, 1955). At first, Thornthwaite (1948) consider-
ed that when water supply to vegetation increases, evapotranspiration rises to a maximum that
depends only on climate. He defined this evapotranspiration as “potential evapotranspiration”.
Later Thornthwaite and Mather (1955) defined “potential evapotranspiration” as the amount of
water which will be lost from a surface completely covered with vegetation if there is sufficient
water in the soil at all times for use by vegetation. In his study on the classification of climate,
Thornthwaite (1948) proposed an empirical formula for potential evapotranspiration, based on
catchment area data and controlled experiments. Since the Thornthwaite formula for potential
evapotranspiration is very simple, that is, only air temperature and day-length factor are necessary
as climatic data, it has been discussed in detail on a number of occasions. Under conditions where
air temperature and net radiation availability are closely related, the Thornthwaite formula works
quite effectively; on other conditions it is more or less unsatisfactory (e.g., Sellers, 1964; Kayane
and Kobayashi, 1973).



Another semi-empirical approach for the estimation of “‘potential evapotranspiration’ was
developed by Penman (1948). Analyzing evapotranspiration data measured by water-filled and
turf-planted cylinders (120 cm in depth and 75 cm in diameter), Penman (1948) obtained an
evaporation rate from turf with adequate water supply as a fraction of that from open water. The
fraction for turf showed a seasonal change attributed to the annual cycle of length of daylight.
Penman tried to link the evaporation rate to the available energy at a surface, and to the effective
ventilation of a surface by air moving over it. Then, he proposed the so-called “combination
equation”, in which both energy balance and aerodynamic terms appear in a single relationship.

Penman (1950) used the term “potential transpiration™ describing evapotranspiration that
would take place from an area if it were covered by green vegetation with no shortage of water.
Penman (1963) stated as follows: the terms “consumptive use’” by Blaney and Criddle (Blaney,
1954), “potential evapotranspiration” by Thornthwaite (1948), and “potential transpiration™ by
Penman (1950) have, implicitly or explicitly, a common concept, namely that when a full crop
cover is kept plentifully supplied with water, the rate at which the water is transpired is dictated
primarily by the weather, with plant and soil factors playing only secondary roles. Hence, the
term ‘“‘potential evapotranspiration” is most commonly used nowadays.

The Penman method for potential evapotranspiration requires two steps. The first step is the
determination of a hypothetical open water evaporation E,

_ é-Rno*+ YE,
== .

(1-1)

o}

where R,,, * is the net radiation at a hypothetical open water expressed in evaporation equivalence,
£, the expression for the drying power of the air, A the slope of the saturation vapor pressure
curve, and vy the psychrometric constant. At first, Penman (1948) proposed the following form
of B,

Ey=(eg* — ) f@) (1-2)

where e, * is the saturation vapor pressure at air temperature (mb), e, the vapor pressure of the air
(mb), and flu) the wind function of the form
Aw)=0.26 (1 +0.54u) (1-3)

where u is the wind speed measured at a height of 2 m (m/s). Later, using results from the Lake
Hefner studies, Penman (1956) modified the wind function f{u) to

f(@)=0.26 (0.5 + 0.54u) (14)

Although Penman later felt that Eq. (1-3) was preferable over Eq. (14), Eq. (14) is still widely
used in hydrological practice (Brutsaert and Stricker, 1979).

The second step is a conversion of E, to potential evapotranspiration (ET) by a factor f= Ep/
E, based on experiments. Values of f obtained in southern England are shown in Table 1-1.



Table 1-1 Reduction factor (f) in the Penman method
for potential cvapotranspiration.

f
Mid-winter 06
(November ~ February)
Spring and autumn 07
{March ~ April, September ~ October) '
Mid-summer 0.8
(May ~ August)
Whole year 0.75

To account for differences between hypothetical open water evaporation and evapotranspi-
ration from a vegetated surface, Penman (1949) introduced an empirical ‘root constant’ to be
specified for each vegetation type. Penman and Schofield (1951) considered the reasons for the
differences as (1) the higher albedo of vegetation, (2) closure of stomata at night, and (3) diffusion
impedance of stomata. They tried to evaluate these effects by introducing new parameters, that is,
stomatal factor (S) and day-length factor (D)., According to Penman (1963), Penman developed
the following equation in 1952

A A )
ET=(—’Y—R,,T*+EQ)/(T+ 5 (1-5)

where Rpp* is the net radiation over vegetation expressed in evaporation equivalence. Businger
(1956) derived the wind function which accounts for the surface roughness and the atmospheric
stability, and indicated that when a wind function with a rational basis is used, there is no need
for the empirical factor f or the additional terms S and D in Eq. (1-5). Tanner and Pelton (1960)
used a wind function suggested by Businger (1956), based on the aerodynamic roughness of
lucerne, to obtain good estimates of evapotranspiration from irrigated lucerne. Van Bavel (1966)
re-emphasized the need to ireat crops as aerodynamically rough surfaces and developed a com-
bination method for estimating potential evapotranspiration, with a theoretically based wind
function. Van Bavel tested the method against lysimetrically measured evaporation from open
water, wet soil, and well-watered alfalfa to obtain good agreement between calculated and measured
values for 24-hr totals as well as for hourly basis. Van Bavel stated that his combination equation
yielded good results in spite of large amounts of advection that occurred over alfalfa. Davies and
McCaughey (1968) also showed that the Penman equation can be applied to the estimation of
hourly or daily evapotranspiration, with measured net radiation over vegetation and appropriate
turbulent transfer expressions.

Penman (1963) stated that the direct estimation of potential evapotranspiration can be made
by Eq. (1-5) with 8D = 1. As the basis for the above opinion by Penman, Rijtema (1965) demon-
strated that both the magnitude of f and its seasonal behaviour are consistent with the difference
in albedo between an open water surface and ground covered with short vegetation. A method




using net radiation over vegetation, instead of that over open water, has also been widely used for
the calculation of potential evapotranspiration.

Soil water content and evapotranspiration

A close relationship between the amount of evapotranspiration and plant growth has been
pointed out. For example, Tanner and Pelton (1960) stated that maximum yield of many crops
occurs under non-limiting soil water conditions. Davies and McCaughey (1968) demonstrated a
simple relationship between dry matter productivity of crop and cumulative evapotranspiration.
The term “potential evapotranspiration”, therefore, has been widely used for crop irrigation
planning and control. Many studies have been done to determine the relationship between evapo-
transpiration and soil water content. These studies used the evaporation ratio, the ratio of actual
evapotranspiration to potential evapotranspiration, as the basis for the analyses.

Several different opinions have been presented concerning the relationship between the
evaporation ratio and soil water content. These opinions are that evapotranspiration is not limited
by soil water content until either a permanent wilting point (Veihmeyer and Hendrickson, 1955a,
1955b; Veihmeyer, 1972), field capacity (Thornthwaite and Mather, 1955), or some water content
between permanent wilting point and field capacity (Budyko, 1956; Holmes and Robertson, 1959;
Marlatt et al,, 1961; van Bavel, 1967; Priestley and Taylor, 1972; Ritchie et al., 1972; Ritchie,
1973) is reached. Decreasing patterns of the evaporation ratio with decreasing soil water content
can be divided into two groups, that is, linearly and non-linearly decreasing patterns (Holmes and
Robertson, 1959; Kayane, 1967, Slatyer, 1967; Rutter, 1975).

Denmead and Shaw (1962) first showed that the evaporation ratio depends on the value of
potential evapotranspiration, as well as soil water content. They found that evapotranspiration is
maintained at the potential rate even in dry soil if the potential evapotranspiration is low enough.
In contrast with this, it may be less than the potential rate, even in wet soil, if the potential rate is
high enough. Shepherd (1972) and McNaughton and Black (1973) found stomatal control of
evapotranspiration even in wet soil. On the other hand, Ritchie (1973) found that the magnitude
of potential evapotranspiration over corn does not influence the evaporation ratio.

It has been proved from many studies that species, canopy structure, growing stage, root
development, and soil type cause different responses of the evaporation ratio to the soil water
content. Therefore, it can be considered that different species growing on different soils in differ-
ent climates would limit evapotranspiration at different values of soil water content.

Pnysiological control of evapotranspiration

As advances in knowledge of physiological feature of vegetation occurred, the physiological
parameters came to be included in the equation of evapotranspiration. By an analogy to Ohm’s
law in electricity, Monteith (1963) introduced stomatal resistance (rg) and aerodynamic resistance
(r4) for the water flow from leaf stomatal cavities to the atmosphere. By considering stomatal
resistance of all leaves acting in parallel, Monteith (1965) derived the combination formula :

- AR, - G) + pep (eg* —ey) [y (1-6}
A+yL+re/r)

AE

_14' pu—



where A is the latent heat for vaporization, £ the evapotranspiration, R,, the net radiation, G the
soil heat flux, p the density of air, cp the specific heat of air at constant pressure, e;* the satu-
ration vapor pressure at air temperature, e, the vapor pressure of air, and r; the canopy resistance.
The potential evapotranspiration from freely transpiring vegetation can be obtained with r, =0
(Thom, 1975).

Equation (1-6) has important significance in the understanding of the interactions of the soil-
plant-atmosphere system. The term “surface resistance’ is often used as a synonym for “canopy
resistance’” in many occasions, but surface resistance has a more general meaning as the parameter
which represents the surface control on evapotranspiration.

The important control of canopy resistance on evapotranspiration has been pointed out (e.g.,
Monteith et al., 1965; Thom, 1972; Bailey and Davies, 1981). Canopy resistance has been shown
to be largely of a physiological origin and vary substantially within a plant (Szeicz and Long, 1969;
Szeicz et al., 1969; Black et al., 1970; Szeicz et al., 1973; Sinclair et al., 1976; Tan and Black,
1976). Szeicz et al. (1973), Brady et al. (1975), Tan and Black (1976), Federer (1979), and Bailey
and Davies (1981) related canopy resistance to environmental factors, Thom and Oliver (1977)
re-analyzed the ventilation term in the Penman equation (Eq. 1-1) and proposed a modified
equation for regional evaporation by adding the surface resistance.

Through the accumulation of field data, the nature of canopy resistance has been found to
differ not only between different species, but also between different genetic strains of the same
species (Shimshi and Ephrat, 1975; Jones, 1976) and the stage of crop development (Nkemdirim,
1976). The canopy resistance plays an important role in explaining the relationship between the
evaporation ratio and soil water content. The response of canopy resistance to environments,
however, has not been fully understood, especially for a long period such as a month or a year.

New concepts on evapotranspiration

As the detailed understanding of the evapotranspiration mechanism has progressed, some
complicated models, which treat the water transfer in the soil-plant-atmosphere system as a
catenary process, have been proposed (Goldstein et al., 1974; Swift et al., 1975; Deardorff, 1978;
Federer, 1979). With an increase in model complexity, the dala requirements to drive the equations
often make the model useless for field applications. Consequently, there are continual efforts to
make empirical substitutes to satisfy local conditions and to develop more simple, physically based
models.

The concept and model of the “equilibrium evaporation” by Slatyer and Mcllroy (1961) is
one example. They proposed another type of combination equation for evapotranspiration, that
is,

)\E‘= K% (Ry — G)+ peph(Dy — Do) (1-7)
where 4 is the turbulent transfer coefficient and D, and D, the wet-bulb depressions, in overlying
air and at the evaporating surface, réspectively. Slatyer and Mcllroy (1961) considered that over a
very large homogeneous and moist surface, under well established steady state condition, an air
mass passing over the evaporating surface adjusts its temperature and humidity profiles to a new
surface, resulting in the air becoming saturated. They named the evapotranspiration in this case




“equilibrium evaporation”, which can be expressed by setting Dy = D, in Eq. (1-7). Hence, equi-
librium evaporation (Eeq) is given by

A ,
7\Eeq= At~y Y (Rp - G) (1-8)

The equilibrium evaporation is considered to occur in two very different environments: (1) in a
very dry environment when D, = D, ¥ 0 and (2) in a very humid environment when D; =Dy = 0.
Monteith (1965) noticed these two possibilities. Tanner and Fuchs (1968) stated that Eq. (1-8)
represents evapotranspiration into a moist air. Slatyer and Mcllroy (1961) and Denmead and
Mecllroy (1970) concluded that Eq. (1-8) represents the lower limit of the potential evapotranspi-
ration,

Priestley (1959) also developed the same equation as Eq. (1-8) in a different way. Priestley
(1959) assumed that, when the air over a moist surface is vapor saturated, and the ranges of
variations of temperature and saturated vapor pressure are not too large, saturated vapor pressure
is linearized, so that Bowen’s ratio (§8) in the form of

Y o
g= " (1-9)
is obtained. Equations (1-8) and (1-9) represent the same phenomena.

Although Eq.(1-8) was anticipated Lo have limited applications, Denmead and Mcllroy
(1970), Davies (1972), and Wilson and Rouse (1972) have shown that the equilibrium evaporation
gives a satisfactory approximation to the evapotranspiration from fairly dry surfaces.

Another simple formula was proposed by Priestley and Taylor (1972). They took the equi-
librium evaporation as the basis for the estimation of ‘‘potential evaporation”, the evapotranspi-
ration from a horizontally uniform saturated surface with a minimal advection. They proposed
the following equation for potential evaporation (¥ p) :

AEp = —Af—y (Ry — G) = aNEeq (1-10)
where @« is a constant. Analyzing evapotranspiration data obtained over several open water and
saturated land surfaces, they found an overall mean of o= 1.26. As the method proposed by
Priestley and Taylor (1972) is physically sound and very simple, many applications have been
made over a variety of surfaces.

Table 1-2 summarized the results of these applications. Although ¢ = 1.26 has been reported
universally for open water surfaces (Stewart and Rouse, 1976, 1977; de Bruin and Keijman, 1979),
a = 1.26 has not necessarily been obtained over bare soil or vegetated surfaces with unlimited soil
water supply. For example, Barton (1979) for bare soil surface, McNaughton and Black (1973),
Stewart and Thom (1973), Black (1979), and Spittlehouse and Black (1981) for forested surfaces,
and Rouse and Stewart (1972), Yap and Oke (1974), and McNaughton et al. (1979) for cropped
surfaces reported values of & less than 1.26. On the other hand, values of a larger than 1.26 have
been obtained by Jury and Tanner (1975) and Kanemasu et al. (1976). They considered that such
large values of « resulied from advective conditions. Davies and Allen (1973), Williams et al.



Table 1-2 Parameter( « )in Priestley and Taylor potential evaporation.

surface type

bare soil
plowed bare soil

clay loam soil
burnt area

open water
Indian Ocean

Indian Ocean
Atlantic Ocean
Lake Eucumbene
Perch Lake
Perch Lake

shallow lake
Lake Flevo

forest

Douglas fir
Douglas fir
Douglas fir
pine trees

crop
grass

grass
grass

grass

ryegrass
wheatgrass
pasture

sedge meadow
sedge meadow
alfalfa

snap bean

soybean
potato

winter wheat

oat

sorghum

radish

tundra vegetation

(lichen. mosses, and

stunted shrubs)

pasture, paspalum, and

lucerne
variety of crops

place

Gurley, N.S.W., Australia

Phoenix, Ariz., U.S.A.
Deniliguin, N.S.W., Australia

N.S.W., Australia
Ont., Canada
Ont., Canada

Ont., Canada
Netherlands

Vancouver, B.C., Canada
Vancouver, B.C., Canada
Vancouver, B.C., Canada
Thetford, Norfolk, England

Hay, N.S.W., Australia

Ladner, B.C., Canada
Tronto, Ont., Canada
Asa-NLH, Norway
Simcoe, Ont., Canada
Kamloops, B.C., Canada
Aspendale, Vic., Australia
Pen Is., Ont., Canada
Thor Lake, Sask., Canada
Hancock, Wis., U.S.A.
Madison, Wis., U.S.A.

Manhattan, Kan., U.S.A.
Hancock, Wis., U.S.A.

Great Plains, U.S.A.

Palmerston North, New Zealand
Manhattan, Kan., U.S.A.

Chiba, Japan

Hudson Bay lowland, Ont, Canada

Palmerston North, New Zealand
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reference

Dyer and Hicks (1970)

cited in Priestley and Taylor (1972)
Jackson et al. (1976)

Barton (1979)

Paulson (1967)

cited in Priestley and Taylor (1972)
Deacon and Stevenson (1968)

cited in Priestley and Taylor (1972)
Hoeber (1970)

cited in Priestley and Taylor (1972)
Webb (1960)

cited in Priestley and Taylor (1972)
Fergusonand den Hartog (1975)
cited in Stewart and Rouse (1977)
Barry and Robertson (1975)

cited in Stewart and Rouse (1977)
Stewart and Rouse (1976, 1977)
de Bruin and Keijman (1979)

McNaughton and Black (1973)
Black (1979)

Spittlehouse and Black (1981)
Stewart and Thom (1973)
cited in Black (1979)

Clarke et al. (1971)

cited in Priestley and Taylor (1972)
Yap and Oke (1974)

Mukammal and Neumann (1977)
Hansen and Hegg (1981)

Davies and Allen (1973)

Williams et al. (1978)

Priestley and Taylor (1972)
Stewart and Rouse (1977)

Stewart and Rouse (1977)

Jury and Tanner (1975)

Black et al. (1968)

cited in Priestley and Taylor (1972)
Kanemasu ct al. (1976)

Jury and Tanner (1975)

Heilman et al. (1977)
McNaughton et al. (1979)
Kanemasu et al. (1976)
Nakayama and Nakamura (1982)
Rouse and Stewart (1972)

McNaughton et al. (1979)

Tanner and Jury (1976)




(1978), and Barton (1979) related « to soil water conditions, but their equalions for this relation-
ship are not sufficient for general use, and further studies are needed. Potential evaporation has
been used in the evaporation models (e.g., Heilman et al., 1977; Brutsaert and Stricker, 1979).

The fact that, even over completely wetted surfaces like open water, the value of & is not
equal to unity, but to 1.26, shows that advection-free conditions, in the sense of Slatyer and
Mecllroy (1961), do not occur. Brutsaert (1982) reasoned that this is due to the fact that the
atmospheric boundary layer is never a truly homogeneous boundary layer, but that it is continual-
ly responds to large scale weather patterns, involving condensation and unsteady three-dimensional
motion, McNaughton (1976) developed an analylical model to examine effects of changes in
surface resistance or available energy on the local evaporation. He suggested that & > 1 represents
mesoscale advective enhancement of evapotranspiration and that o<1 represents advective
suppression or strong surface control of evapotranspiration.

The Priestley and Taylor model for potential evaporation has been applied indiscriminately.
As a result, the values of & have been found to vary widely even under wet soil conditions. There-
fore, it is necessary to clarify the conditions to which “potential evaporation” by Priestley and
Taylor can be applied.

Confusion of the interpretation of potential evapotranspiration

Through the advance in the theory and the accumulation of field data on evapolranspiration,
there appears to be confusion both as to the interpretation of several concepts on evapotranspi-
ration and of the application of evaporation formulae. In the earlier definition of “potential
evapotranspiration” by Thornthwaite or “potential transpiration” by Penman, full-cover cropped
surfaces with no shortage of water were treated as a necessary condition for the potential rate.
Although Penman (1956) restricted the vegetation condition for potential evapotranspiration to a
fresh green crop of fairly uniform height, the vegetation condition has not been well specified.
While the ambiguous features inherent in the definition of potential evapotranspiration have been
discussed (Chang, 1965; Rosenberg, 1974), many applications have been done without considering
the ambiguous features in detail. As a result, there is no unanimity about the surface conditions
or the calculation procedures for potential evapotranspiration, One researcher refers potential
evapotranspiration to the actual vegetation of interest, whereas others consider potential evapo-
transpiration from a hypothetical reference crop (which is mostly a short green grass). These
different treatments result from an ambiguity concerning crop type. The obscurity about the soil
water condition has caused two types of definitions of potential evapotranspiration; one is the
externally wetted surface condition corresponding to ro =0 in Eq. (1-6), and the other is the
well-watered soil condition corresponding to r, = rep (the minimum canopy resistance under an
ample soil water condition). For a cropped surface, rp is large and the difference between the
ahove definitions is considered so small that the above two types of definitions have been used
alternatively. In contrast to this, for a forest, ra is small and the difference between the above
definitions is considered to be large (Federer, 1975). :

Federer (1975) proposed that the term ‘“‘potential evapotranspiration” should be used in the
meaning of externally wetted condition and that the term “unstressed evapotranspiration” should
be used in the meaning of the nonlimiting soil water condition. De Bruin (1981) proposed the
use of the term “crop water requirement” and “reference crop evapofranspiration” to eliminate
confusion, He stated as follows: “crop water requirement” is defined as the amount of water



needed to meet the water loss through evapotranspiration of a disease-free crop, growing in a
large field under non-restricting soil conditions including soil water and fertility and achieving
full production potential under a given environment; on the other hand, “reference crop evapo-
transpiration™ is defined as the rate of evapotranspiration from an extensive surface 8 to 15-cm
tall, green grass cover of uniform height, actively growing, completely shading the ground without
shortage of soil water. Brutsaert (1982) also pointed out the ambiguities in the term ‘‘potential
evapotranspiration” and considered the term “potential evaporation™ as probably preferable. He
defined ‘‘potential evaporation™ as the evaporation from any large uniform surface which is
sufficiently moist or wet so that the air in contact with it is fully saturated. He stated that such
conditions prevail usually only after the occurrence of precipitation or dew.

The above proposals have not been fully verified by field observations. From the above
discussion, the main points in the ambiguities are the treatment of the surface wetness and the
surface roughness. Therefore, it is necessary to clarify the conditions to which concepts on
evapotranspiration can be applied.

1-2 Objectives of the study

Details in the evapotranspiration process have been determined progressively by recent studies
and several evaporation equations have been proposed. There appears, however, confusion in the
definition and the usage of concepts on evapotranspiration. Since little attention has been paid to
the evaporation process in wet regions, especially in Japan, there remain some unsolved problems
in water balance studies (e.g., Kayane and Takeuchi, 1971).

Three objectives are set in this study.

The first objective is to investigate the conditions to which concepts on evapotranspiration
can be applied. Potential evapotranspiration, equilibrium evaporation, and potential evaporation
are taken as representative concepts.

The second objective is to make clear the effects of wetness of the evaporating surface on
evapotranspiration.

The third objective is to investigate the validities of the several evaporation equations most
commonly used for hydrological purposes in Japan.

1-3 Procedures used

To investigate applicable conditions of several concepts on evapotranspiration, a direct
measurement of evapotranspiration is necessary. For this purpose, a micrometeorological obser-
vation system was designed to oblain basic data. Evapotranspiration data obtained by a large
weighing lysimeter were also used. These observation and data acquisition methods are discussed
in Chapter 2.

In Chapter 3, the applicable conditions of concepts on evapotranspiration are discussed on the
basis of hourly evapotranspiration data. A similar analysis, based on daily evapotranspiration data
is made in Chapter 4. Also, a simple evaporation model, based on the equilibrium evaporation, is
presented and tested in this Chapter.

Seasonal patterns of evapotranspiration have been obtained directly by a weighing lysimeter.
The investigation of applicabilities of the equilibrium evaporation model and some estimation
formulae for evapotranspiration is made in Chapter 5.




CHAPTER 2

METHODS

2-1 Experimental site

The study was conducted at the heat balance and water balance experimental field of Environ-
mental Research Center (ERC), the University of Tsukuba, Ibaraki Pref., Japan (36°05" N, 140°06'
E). The University of Tsukuba is located in the core of the Tsukuba Science City about 60 km
northeast of Tokyo (Fig. 2-1).
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Fig. 2-1 Location map of the experimental site.

The experimental field is a circular plot with a radius of 80 m and has a 30-m high meteoro-
logical observation tower at its center. The vegetation of the field consists of mixed pasture (Poa
pratesis L., Eragrostis curvula Nees, etc.). The pasture approaches maturity in summer and mowing
is done in early winter.

The surroundings of the field are not homogeneous, being interrupted by some buildings and
pine trees (Fig. 2-2). To the north of the field, there exists a large and long building which contains
a large scale experimental flume, 188-m long and 9.5-m high. Pine trees with a height of about
10 m exist to the northwest and the southeast of the field.
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Fig. 2-2 Experimental site and its surroundings.
A : Building
B : Experimental field
C : Pine trees

2-2 Instrumentation

All the measurements were made near the center of the experimental field to ensure enough
fetch for the development of a surface boundary layer. Figure 2-3 shows the locations of the
instruments in the field. In summer, the prevailing wind direction is between southeast and
southwest. Therefore, data are collected with fetch between 60 and 90 m. In winter, however,
the dominant wind direction changes to northeast and northwest, so that fetch becomes less than
60 m.

In ERC, long-term basic data for heat balance and water balance are routinely measured, but
these data are insufficient for a detailed study of evapotranspiration. Therefore, some other
instruments were installed for the research, Figure 2-4 shows the instrumentation in the study.

Net radiation was measured with a Funk type shielded net radiometer (Eko Instruments
Trading Co., Ltd., Type CN-11) mounted 1.5 m above the ground surface.

Soil heat flux was measured with a soil heat flux plate (Eko Instruments Trading Co., Ltd.,
Type CN-9) buried at a depth of 2 cm below the surface.

Solar radiation was measured with the upper part of a solari-albedo meter (Eko Instruments
Trading Co., Ltd., Type MR-21) mounted 1.5 m above the surface.

Reflected solar radiation was measured with the lower part of the solari-albedo meter as
described above,
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Fig. 2-3 Location map of the instruments in the experimental field.

A : Anemometers and ventilated psychrometers

B : Tensiometers

C : Albedometer, net radiometer, soil heat flux plate,
and thermometers for soil temperature

D : Weighing lysimeter

E : Ventilated thermometer

F : Net radiometer

4

Anemometer

Ventilated
Psychrometer
HE—1

Net H?d iometar Albedometer

€

g |
Observation
| == Well Neutron
f Moisturemater
He=—m
HE= r
Heat Flux Y
Plate

Thermistor
Thermometer

Tensiometer B

Fig. 24 Schematic diagram of the observation system.



Vertical profiles of air temperature and vapor pressure were determined from measurements at
heights of 0.1, 0.2, 0.4, 0.8, and 1.6 m above the surface by using ventilated psychrometers.
Several psychrometers are necessary for the determination of the vertical profiles of temperature
and humidity. Since budgetary and size limitations prohibited the use of commercial instruments,

ventilated psychrometers, which met the essential demands for profile determination, were designed
and constructed.
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Fig. 2-5 Schematic diagram of the ventilated psychrometer
(side view).  (unit: mm)
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Fig. 26 Schematic diagram of the ventilated psychrometer
(plan view). (unit: mm)




An outline of the psychrometer is shown in Figs. 2-5 and 2-6. To reduce radiation effects,
outer and inner shields were used and the outer shield was painted white. As shown in Figs. 2-5
and 2-6, the outer shield was made of a 22.3-cm long polyvinyl chloride (PVC) pipe (3.3 cm O.D.
and 2.5 cm 1.D.) supported by a PVC tee. The inner shield was made of an acrylic pipe (1.5 cm
O.D. and 1.1 em 1.D.), which was supported by a short polyacetal (PA) rod attached to the outer
shield. The shields for dry- and wet-bulbs were identical except that a wet-bulb shield had a water
supply pipe and a water tank holding apparatus. Water was conveyed to a wet-bulb sensor from
the water tank through a wick. PA rods connecting inner and outer shields had 8 small holes
(0.35 c¢m in diameter) which allowed air to pass through,

Temperature sensors were made by inserting copper-constantan thermocouple into a grass
tube (5 ¢m in length, 0.5 cm 0.D., and 0.3 cm L.D.) filled with liquid paraffin. A sensor assembly
was made by attaching a sensor to an acrylic pipe (160 ¢m in length) with a PA connector. A set
of psychrometer was constructed by connecting dry-bulb and wet-bulb parts with PVC tees
(Fig. 2-6). '

Five units of psychrometers were mounted on a single PVC pipe. Aspiration was made simul-
taneously for five psychrometers by a blower connected with a flexible tube, The aspiration

Fig. 2-7 Ventilated psychrometer system in the field.
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ability of the blower provided a 500 cm/s aspiration rate. Figure 2-7 shows the ventilated psy chro-
meter system.

Wind speed profile was obtained with the use of three-cup anemometers (Makino Applied
Instruments, Inc., Type AC750P). Measuring heights were 0.4, 0.8, 1.2, 1.6, and 2.0 m above the
ground,

Soil temperature profile was obtained with thermistor thermometers (Takara Thermistor
Instruments Co., Ltd., Type THR A03) buried at 2, 5, 10, 20, 30, and 50 cm depths.

Soil water potentials were measured with tensiometers at 5, 20, 40, 60, 80, 100, and 140 cm
depths. Readings of soil water pressure heads were made with U-tube mercury manometers.

Groundwater level was measured manually in an observation well dug to 2 m below the
surface,

Soil moisture content profile was obtained by a neutron method. A thin-wall aluminum
access tube, 4.9 cm 0.D. and 200-cm long, was installed vertically. The equipment used to measure

soil moisture content included a moisture probe with a S0 uCi 252'Cf source (Type SX-8n), a
paraffin filled standard box, a line-operated portable scaler (Type CX-1A), and an AC adapter
(Type AX-1). The equipment was provided by Nippon Earthwork & Electro Technic Lab. Measure-
ments of soil moisture content were made once a day from 10 cm below the soil surface to a
groundwater table position at 10 ¢cm increments.

Actual evapotranspiration was routinely measured by a large weighing lysimeter (Shimazu
Seisakusho Ltd.). The soil containers consist of two cylindrical vessels. The outer container is
made of stainless steel with a radius of 1 m and a length of 2 m. A 5-mm thick circular stainless
steel drainage board with about 400 small holes (radius of 20 mm) is set at 18 cm from the bottom
of the container. The inner container is made of iron, 0.9 m in radius, 1.8-m long and 9-mm thick,
Undisturbed Kanto loam soil was packed in the inner container by putting it into the ground. The
packed soil is the same as field soil. An iron filter padded with grass wool was attached to the
bottom of the inner container. Then the inner container was set inside the outer one. Disturbed
Kanto loam soil was packed in the gap between the inner and outer containers. These containers
were rested on the platform of the balance (2.2 x 2.3 m) in the basement (Fig. 2-8).

Drainage from the soil column is caused by the force of gravity and drained water is pooled in
a reserve tank. If drained water reaches a given depth, the level switch in the reserve tank operates

to open the pinch bulb and water is drained quickly into a water tank (Fig. 2-9). The water level
in the lysimeter can be controlled in the range of 1.5 to 1.7 m from the soil surface. It has been
fixed to 1.7 m for 4 years.

The mechanical weighing system is shown in Fig, 2-10. First, the weight of the container is
balanced by counterweights (e). The change in weight of the container is measured by the auto-
matical electromagnetic balance system using a feedback mechanism, which consists of photo-
electrical elements and feedback coils. The change of weight is transmitted to the balance beam
(d) and causes a downward or upward displacement. The displacement is detected by photo-
electrical elements (f) which receive a light beam from the lump (h), through a slit (g), so that the
electrical current equivalent to the degree of displacement is supplied to the feedback coils (j) after
amplification (k). As a result, an electromagnetic force occurring in the magnet (i) operates to put
the balance beam back to equilibrium position, The magnitude of the electric current supplied to
maintain the equilibrium position is proportional to the change of weight.
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Fig. 2-10 Measuring system of a weighing lysimeter.

The maximum weighing capacity of this system is 1500 kg and the weighing range is 0 to 250
kg. Total weight of the lysimeter is about 9000 kg and the weighing sensitivity is 500 g, which is
equivalent to 0.16 mm of water.

2-3 Data collection

Intensive observations were conducted from July 20 to August 31, 1980. From September 1,
1980 until April 17, 1981, net radiation, solar radiation, reflected short-wave radiation, soil heat
flux, air temperature, and actual evapolranspiration were measured, In the latter case, air tempera-
ture was obtained by the ventilated resistance thermometer at a height of 1.6 m,

Figure 2-11 shows a block diagram for the data collection system. Instantaneous and 1-hr
total va}lues of net radiation, solar radiation, and reflected short-wave radiation were recorded by a
potentiometric dotted-line recorder. One hour total values were obtained electrically by means of
analog integrators (Eko Instruments Trading Co., Ltd., Type MP-20). Instantaneous values of soil
heat flux were recorded by the same dotted-line recorder as described above. A 1-hr total value
was obtained by measuring the area on a recording chart with an automatic area meter (Hayashi
Denko Co., Ltd., Type AAM-7).

Dry-bulb and wet-bulb temperatures were logged and printed out every 10 min. by using a
data logger (Yokogawa Electric Works, Ltd., Type 3874-41). One hour average values of dry-bulb
and wet-bulb temperatures were calculated from each 10 min. data from which 1-hr averages of
vapor pressure were oblained through use of a psychrometric equation.

Soil temperatures were recorded by a dotted-line recorder after linearization of the thermistor
oulputs.
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One hour average wind speeds were obtained by counting the number of pulses from cup
anemometers recorded on a chart. A rotation of cup was produced at every 1.2 m wind run and
an electrical pulse was generated at each rotation. The original pulses were decreased in number
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Fig. 2-11 Block diagram for the data acquisition and computation.

to 1/50, using a counter box and deducted signals were recorded on a chart.

Soil water potentials were measured several times a day by reading the values of mercury

manometers.

Soil moisture content profile and groundwater level were measured once a day.



CHAPTER 3

ANALYSIS OF HOURLY EVAPOTRANSPIRATION

A direct measurement of evapotranspiration is very difficult and many estimation methods
and models have been developed. Several concepts on evapotranspiration also have been proposed.
The field tests of these estimation methods have been extensively done in arid and semi-arid
regioﬁs, but are very scarce in humid regions, especially in Japan.

In this Chapter, potential evapotranspiration, equilibrium evaporation, and potential evapo-
ration are chosen as representative concepts of evapotranspiration. The conditions to which they
can be applied are discussed.

3-1 Determination of actual evapotranspiration

Field observations were carried out from July 20 to August 31, 1980. At the time of obser-
vation, the field crop had attained maturity and its height was about 40 cm.

For a short time period such as 1-hr, the use of a weighing lysimeter for the determination of
actual evapotranspiration is very difficult, because of the measurement errors caused mainly by
wind. Therefore, an energy budget with Bowen’s ratio (EBBR) method was used for the determi-
nation of latent heat flux. The energy balance equation at the surface can be written as

R,-G=AE+H (3-1)

where R, is the net radiation, G the soil heat flux, A the latent heat for vaporization, E the evapo-
transpiration rate, AE the latent heat flux, and H the sensible heat flux. The quantity of the left
hand side in Eq. (3-1), i.e., (R,—G), is called as the available energy.

The transfer equations for the sensible heat and latent heat fluxes are expressed as

H= —pcpxﬂg (3-2)
o _Ppy O (3-3)
AE 5 Kg 3,

where p is the density of the air, ¢p the specific heat of the air at constant pressure, y the psychro-
metric constant, Ky the turbulent diffusivity for heat, Kg the turbulent diffusivity for water
vapor, T the air temperature, e the vapor pressure, and z the height.

The ratio of these two flux terms is called Bowen’s ratio () and defined as

g . 2KndT/0z (34)
AE  KEgOe/0z

In this equation, the differential forms are expressed by the difference forms and Ky is set equal
to Kg, then Eq. (34) is reduced to




f =i S T (3-5)
Goriseit
where subscripts, 1 and 2, refer to lower and higher levels of temperature and vapor pressure
measurements, respectively. By combining Egs. (3-1) and (3-5),

o (3-6)
AE Y Ry- @)

is obtained,

As mentioned, temperature and vapor pressure were measured at three levels above the crop
surface, namely 0.8, 1.2, and 1.6 m. The combinations of 1.2 with 1.6 m and 0.8 with 1.6 m were
used to calculate Bowen’s ratio and these values were referred to as BW1 and BW2, respectively,

However, it sometimes became difficult to obtain the latent heat flux by the EBBR method,
If there is only a small gradient of either temperature or vapor pressure at either sunrise or sunset,
an accurate measurement can not be obtained. Also, on occasion there may be a drying of the
wel-bulb. Therefore, the following energy budget with wind and scalar profile (EBWSP) method
was used, when the EBBR method could not be applied. Since the temperature profile could be
obtained more accurately than the vapor pressure profile, temperature was used as a scalar in the
EBWSP method,

In the surface boundary layer, the wind profile under neutral conditions is expressed as

W R (3-7)
k zg

where u is the wind speed, uy the friction velocity, k the Karman’s constant, d the zero-plane
displacement height, and z4 the roughness length. The aerodynamic resistance for the transfer of
momentum from height z, to z; is expressed as

Plug — uy) (3-8)

rM{(z,2,)= -

where 7y is the aerodynamic resistance for the transfer of momentum, 7 the shearing stress and
subscripts 1 and 2 refer to height, The shearing stress is defined as

T= puy’ (3-9)
From Egs. (3-7), (3-8), and (3-9), 1y (24, 24) is also expressed by
J b [1n{G —-dy iz - )13 3-10
M2y, 22) = o2 o 2 ( )
The representation of sensible heat flux by resistance form can be written as
gwgh oabamnla (3-11)
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where 7y is the aerodynamic resistance for the transfer of heat. By the assumption ryy = ry, Egs.
(3-10) and (3-11) produce the following equation for the sensible heat flux:

(Ty —T3) (ua — uy) (3-12)

H = peyk?
Pt Tn e, D /G, —d) 12

In the EBWSP method, first the sensible heat flux is calculated by Eq. (3-12), and then the latent
heat flux is obtained as a residual of the heat balance equation (Eq. 3-1).

The value of zero-plane displacement height in Eq. (3-12) was calculated by a procedure
proposed by Robinson (1962). As a result, averages of 21.4 cm and 6.6 cm were obtained for the
zero-plane displacement height and the roughness length, respectively. It has been reported that
the zero-plane displacement height and the roughness length depend not only on the crop height,
but also on the wind speed and friction velocity (Tani, 1960; Udagawa, 1966; Maki, 1969, 1975,
1976; Kotoda, 1979; Hayashi, 1979; Kotoda and Hayashi, 1980). However, the average value of
zero-plane displacement height was used to calculate the sensible heat flux in Eq. (3-12).

Since the observations were carried out near the ground, i.e., below a height of 2 m, the
influence of atmospheric stability on the transfer of fluxes was ignored.

In the analysis, the calculated 6-hr totals of latent heat fluxes by the EBBR and the EBWSP
methods were compared with those measured by a weighing lysimeter. Erroneous cases were
omitted from the analysis.
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Figure 3-1 shows the relationship between the calculated and the measured latent heat fluxes.

Generally, the discrepancy between them is as large as 10% and systematic errors are not detect-
able.

3-2 Relationship between actual evapotranspiration and potential evapotranspiration

As mentioned in Chapler 1, there are two definitions of potential evapotranspiration. One is
based on a vapor-saturated condition of an evaporating surface and the other is based on a well-
watered soil condition. Analyses were done to make clear the following: whether or not these two
definitions of potential evapotranspiration can be used interchangeably; and if not, to what
conditions they can be applied.
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Fig. 3-2 Changes in soil water pressure head at different depths.



Figure 3-2 shows the variations of soil water pressure head profile. From July 30 to August 4,
it was cloudy and occasionally rained. The evapotranspiration rate was low. Accordingly, there
appeared little change in the soil water pressure head and the matric suction was small. The
weather became clear from August 5 and hence the soil water pressure head began to decrease. The
large changes in soil water pressure head occurred in the upper part of the soil profile, particularly
above the 40-cm depth line from the surface. After reaching its driest condition on August 16, the
soil was rewetted by rain on August 17, 18, and 20. On August 21, the soil water pressure head
profile showed the same features as shown on July 31.

The smallest value of soil water pressure head at 5-cm depth was detected on August 16, at
-574 ¢cm H, 0, equivalent to pF 2.8, which was near the critical pF value at which the soil water
controlling stage of evapotranspiration begins (Kaneki and Tomita, 1975). However, pF values at
the 5-cm depth were less than 2.8 on other days. Consequently, it can be considered that evapo-
transpiration proceeded in the absence of soil water shortage and that actual evapotranspiration
was equivalent to the potential evapotranspiration in accordance with the definition, based on a
well-watered soil condition.
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Fig. 3-3 Changes in soil water content profiles.

Figure 3-3 shows profiles of soil moisture content. Data after August 10 could not be obtained
due to a breakdown in the soil moisture meter. It is shown in Fig. 3-3 that volumetric soil moisture
content at the 10-cm depth was about 55% with slight fluctuation.

There are several formulae which are used to estimate evapotranspiration from an evaporating
surface in a vapor-saturated condition. The most commonly used method is based on the Penman-
Monteith equation with r, = 0. In this study, the following formula is used as representative:




A pe eq* — e,
ANE = —— o e e (3-13)
A+'y(R” G)+A+'y o

where PE is the potential evapotranspiration as defined by a vapor-saturated surface condition, The
first term on the right-hand side of Eq. (3-13) is called the radiation term, which is equivalent to
the equilibrium evaporation as proposed by Slatyer and Mcllroy (1961), and the second term is
the ventilation term. Van Bavel (1966) developed the following formula by excluding an empirical
feature in Penman’s ventilation term:

el s G L Y e (3-14)
Aty A A+y p [In{ z-d)/zy} ]2

PE

where € is the ratio of mole weights of water vapor to air (=0.622) and p the atmospheric pressure.
This equation is slightly different from Eq. (3-13) but becomes equal after transformation,

As mentioned previously, the potential evapotranspiration as defined by an ample soil water
condition is considered to be the same as the actual evapotranspiration in this study. Therefore,
hereafter it is designated by £.

Examples of the diumnal variations-of PE and E are shown in Fig. 3-4, in which (a) to (f) desig-
nate fine days and (g) and (h) cloudy days. It is noticeable on fine days that close agreement be-
tween PE and E is obtained in the morning, except on August 6. In addition, this agreement lasts
until around noon in some cases. However, after this accordance, PE' takes upon larger value than
F and the discrepancies between them become large in the afternoon. The duration in which PE
equals E differs from day to day, The condition of PE = E' last until 1100h, 1200h, and 1000h on
July 22, July 23, and August 12, respectively. These were long duration cases. On the other hand,
PE = F last only until 0600h and 0700h on July 24 and August 9, respectively.

Table 3-1 shows the amount of dewfall during nighttime and the time when dew disappeared.
The amount of dewfall was calculated by summing up the negative E values obtained by the
EBWSP method. In this procedure, nighttime negative F values were considered as dewfall. The
time at which dew disappeared was obtained as follows: first, in the cases where nighttime dewfall
was detected, positive £ values in the early morning were considered to occur due to all AE being
generated by the evaporation of dew, i.e., transpiration from vegetation and evaporation from soil
surface were assumed to be negligible. Secondly, hourly E values were accumulated until ZE be-
came larger than the amount of dewfall. The time when the accumulated £ became larger than
the amount of dewfall was considered to be the time when dew disappeared. There are two kinds
of processes in dew formation, i.e., condensation (the turbulent transfer of water vapor from the
atmosphere to leaves) and distillation (the turbulent transfer of water vapor from soil to leaves)
(Monteith, 1957). However, in this study, a distinction between these processes was not made,

The amount of dewfall ranges from 0 to 0.38 mm/night. The maximum dewfall, observed on
August 12, is consistent with other observation results (e.g., Lloyd, 1961; Baier, 1966; Hunger-
ford, 1967; Burrage, 1972; Monteith, 1973). It is shown in Table 3-2 that the duration of dew
evaporation coincides with the duration during which PE = F is established in days when the
relation PE = F holds for a short time (July 24 and August 9). It is also clear that the relation
PFE = F remains valid after the completion of dew evaporation in days when the relation PE = F
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Table 3-1 Amount of dewfall and the time when dew disappeared.

amount of dew diminishing
date dewfall time
(mm/night) (hr)
July 22 0.12 0800
July 23 0.15 0800
July 24 0.18 0600
August 6 0.00 -
August 9 0.10 0700
August 12 0.38 0900

occurs for a long period (July 22, July 23, and August 12) and that the relation PE > E proceeds
throughout the daytime when there is no dewfall (August 6).

Figure 3-5 shows the diurnal variations of potential evapotranspiration (PE) in a vapor-saturat-
ed surface condition, available energy in terms of evaporation equivalence (R, —G*), radiation
term of PE (Eeq), and ventilation term of PE (E4). It can be seen from Fig. 3-5 that the ventilation
term in PE is relatively small compared to the radiation term in PE during evaporation of dew.
This is also true in the case of the relation PE = E lasting for a longer period. By contrast, it
can be seen thal the ratio of the ventilation term to the radiation term is larger during the period
of PE > E than during the period of PE £ E and that PE becomes larger than R,—G*, with E;'/
Eeq nearly equal to 3.5 in some extreme cases (e.g., 1700h on July 24 and 1700h on August 6).
The time when the condition of PE >R, —~G* was first established was 1300h on July 22 and 23,
0700h on July 24, 0800h on August 9, and 1200h on August 12.

Figure 3-6 shows the diurnal variations of heat balance components, vapor pressure deficit,
and wind speed. Vapor pressure deficit and wind speed were measured at a height of 1.6 m. Itis
clear from Fig. 3-6 that vapor pressure deficit and wind speed are relatively low in the morning,
but become larger in the afternoon. The larger values of vapor pressure deficit and wind speed in
the afternoon cause Ea' to become larger than Eeq, resulting in the condition PE > E. When PE
takes upon a value close to R,—G*, with an increase in E,', the condition PE=FE no longer
exists and PE becomes larger than E. A further increase in Ea' makes PE greater than R, —G*.
This means that more energy than R, —G* should be used as latent heat. However, sensible heat
flux (H) takes a positive value even when PE is larger than E (see Fig. 3-6), so that the situation
PE >R, —G* shows a contradiction to the energy balance. The critical value of Ea'/Eeq for the
transition from the condition PE < E to PE > E proves to be approximately 0.33, i.e., if Ea'/Eeq
£ 0.33, the condition PE = F is established and if Ea'/Eeq > 0.33, PE > E is established.

A summary of the above discussion is shown in Table 3-2. It is seen in Table 3-2 that the time
lag between the terminations of dew evaporation and of the condition PE = E is a few hours, with
a maximum of 4 hours. During the evaporation of dew, the evaporating surface behaves as a com-
pletely wet surface with r; = 0, Therefore, the evapotranspiration can be considered to be the
same as the potential evapotranspiration when using the definition of a vapor-saturated surface
condition. On the other hand, after the end of dew evaporation, water transfer through the
stomata of vegetation leaves is prevalent and evapotranspiration no longer proceeds at a potential
rate in a vapor-saturated surface condition. Therefore, evapotranspiration in this case occurs as a
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Table 3-2 The time when dew disappeared, when the relation
PE < E terminated, and when the relation
PE > Ry—G* began.

dew diminishing relation of PE = £ relation of PE>Ry—G*

date time terminating time beginning time
(hr) (hr) (hr)
Tuly 22 Q800 1100 1300
July 23 0800 1200 1300
July 24 0600 0600 0700
August 9 0700 0700 0800
August 12 0900 1000 1200

rate of the potential evapotranspiration in an ample soil water condition,

In contrast to that of fine days, PE is nearly equal to £ all day long on cloudy and humid days
(August 29 and August 30 in Fig. 34). The reason of this fact is that a low vapor pressure deficit
makes the ventilation term (E a') in Eq. (3-13) very small and consequently PE is put under control
of the radiation term (Egq) only (see Fig, 3-6). In such a case, PE= F = E,q proves to be true
(see Fig, 3-5). In this case, § = /A can be deduced from Eqgs. (3-6) and (3-13) and Bowen’s ratio
becomes a function of temperature only,

As stated before, there have been two types of definitions of potential evapotranspiration and
confusion occurs in the application and the use of the idea of potential evapotranspiration. The
following becomes clear from the analysis of evapotranspiration from actively growing pasture

with no shortage of water in the root zone: the potential evapotranspiration as defined by a vapor-
saturated surface condition is applicable only to the completely wet condition of an evaporating
surface and to a vapor-saturated surface boundary layer. The former condition is established in
the case where the leaf surface is completely wetted by dewfall or intercepted rainfall. However,
such a condition does not last for a long period of time, because of the small interception capacity
of pasture canopy.

Excluding the case mentioned above, the difference between the potential evapotranspiration
as defined by a vaporsaturated surface condition and that defined by an ample soil water con-
dition is found to be large. Sometimes the former becomes nearly twice as large as the latter.
Federer (1975) stated that for a grass surface as initially postulated by Penman, the difference be-
tween values for the two kinds of definitions of potential evapotranspiration is small. This is
because of a large r, as compared to r;. However, in the case of a forest, the difference becomes
large as a result of a small r,. The results obtained in this analysis show that even for a grass such
as pasture, the difference between the two kinds of definitions of potential evapotranspiration
cannot be considered small and that there are distinctively different conditions as to which the
definitions can be applied.

3-3 Relationship between actual evapotranspiration and equilibrium evaporation

The concept and equation of equilibrium evaporation (Eeq) first proposed by Slatyer and
Mcllroy (1961) has been adapted widely because of its simple form. Later, Priestley and Taylor



(1972) took equilibrium evaporation as the basis for an empirical relationship for potential evapo-
ration over a horizontally uniform saturated surface under conditions of minimal advection. They
analyzed data obtained over ocean and saturated land surfaces to find the following equation for
potential evaporation (Ep):

NEp = @ Z%(R,;—G)=a)\Eeq (3-15)
where « is a parameter. They concluded that for a large saturated land surface and what they
termed an ‘advection-free’ water surfaces the best estimate of AE, was obtained with a = 1.26.
The method proposed by Priestley and Taylor (1972) has been applied to a variety of surfaces
owing to its simple and reasonable form. As described in Chapter 1, « = 1.26 was obtained for
evaporation over open water surfaces. It has been reported, however, that the value of a is not
necessarily equal to 1.26 over bare soil or vegetated surfaces and that it varies depending upon
surface properties. For example, Barton (1979) for bare soil, McNaughton and Black (1973),
Stewart and Thom (1973), Black (1979), and Spittlehouse and Black (1981) for forests, and
Rouse and Stewart (1972), Yap and Oke (1974), and McNaughton et al. (1979) for crops have
determined the value of & to be less than 1.26 from observations under ample soil water conditions.

Analyses were made to determine the value of a for pasture. As described in Section 3-2, soil
water did not limit the evapotranspiration during the observation. Figure 3-7 shows the hourly
variations of « as obtained from hourly values of actual evapotranspiration and equilibrium evapo-
ration. Although the hourly variations of o differ from day to day, it can be seen as a general
pattern that o takes maxima early in the morning and late in the afternoon, and that a minimum
occurs near midday with few exceptions (e.g., August 12, 13, and 29). Except for these days,
« values are between 0.95 and 1.4. The diurnal variations of & were mentioned for a grass by
Yap and Oke (1974) and for a lake by de Bruin and Keijman (1979). Yap and Oke (1974) noticed
from observations over an extensive grass surface at Ladner, British Columbia that o showed a
midday minimum, followed by an increasingly sharp rise in mid-to-late afternoon. They explained
the reason for this diurnal pattern of «, saying that sensible heat flux dropped off more rapidly
than latent heat flux in the afternoon, and that latent heat flux commonly peaked 1~2 hr later
than sensible heat flux, De Bruin and Keijman (1979) also found similar diurnal variations of a,
with a minimum early in the day and a maximum late in the afternoon. Their observations were
made over a large, shallow lake in the Netherlands. They concluded that diurnal variations of
a were caused by the different diurnal variation patterns of air temperature and surface water
temperature.

It is worth noting that the diurnal pattern of « obtained in this analysis differs from the
previous observational results described earlier. That is, large a values occur not only in the after-
noon but also early in the morning. In addition, the value of a early in the morning is larger than
that in the late afternoon. The large « value observed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>