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Abstract

Four different conceptualisations of upper limit evaporation from vegetated surfaces and the concepts crop and pan coefficient are defined.
It is shown that evaporation from a vegetated surface must be considered in terms of two components: soil evaporation and canopy
transpiration. The crop coefficient also consists of two corresponding coefficients which must be separately determined. It is theoretically
proved that pan and crop coefficients vary with change in climate. To regularise upper limit evaporation from natural vegetation, the con-
cept atmospheric evaporative demand, AED, is defined. Methods of, precautions necessary and approximations used when determining

AED are outlined.

Introduction

Atmospheric conditions create a demand for water from soil and
vegetative surfaces. This demand, modified by existing surface
conditions, finally determines the actual rate of water vapour ex-
change between the given surface and the atmosphere. This, in
turn, represents the water used by the crop.

When plant roots have an adequate supply of water, there
exists an upper limit to the rate of water vapour exchange be-
tween atmosphere and vegetation. This upper limit is determin-
ed primarily by atmospheric conditions and is a significant and
useful entity which desetves precise definition.

Crop growth is a dynamic process. Crop architecture,
percentage of the soil surface covered by vegetation and the water
status of the soil surface change continually. For practical schedul-
ing of irrigation and theotetical modelling of vegetation
hydrology, crop growth and crop development, it is important
that the upper limit of the rate of water loss required from a
natural vegetative surface be known, or calculable, at all times
throughout the growing season. As will be shown, no clear con-
ceptualisation of this entity, applicable at all times, for all condi-
tions, exists at present.

An improved, generally applicable and fundamental defini-
tion of the upper limit to the rate of evaporation created by the
atmospheric driving forces is required. The relevant driving forces
ate radiation, wind and atmosphetic temperature and humidity.
This definition is the objective of the work reported here. The en-
tity defined will be called atmospheric evaporative demand. Its
determination for practical and modelling purposes will be

described.

A new terminology

While streamlining the concepts involved, it was felt that
something can be done to improve the terminology employed.
Hence a new system will be developed. The proposals contained
therein stem from the excellent suggestions of Monteith (1985).

Evaporation from a vegetated sutface is the sum of evapora-
tion from water, soil, leaf cuticle and sub-stomatal cavity surfaces.
Monteith (1985) named this process total evaporation. It is true
that purely a single exchange process, namely evaporation, is in-
volved. Matters are therefore simplified if the term evaporation is
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employed. Evaporation is defined in the Glossary of Mezeorology
(Huschke, 1959) as the physical process by which a liquid ot solid
is transferred to the gaseous state, This definition includes what is
commonly referred to as vaporisation, which takes place due to
molecular escape without a change in temperature.

For this study and hopefully other agrometeorological in-
vestigations a definition of evaporation will be collated from the
definition of Huschke (1959) and the description of the
evaporative process made by Monteith (1981) - here quoted in
inverted commas. Thus, evaporation is defined as the physical
process by which liquid or solid is transferred to the gaseous phase
‘‘at the interface between a wet surface and the atmosphere such
that the temperature at each point on the sutface tends to an
equilibrium value at which the local loss of latent heat is balanced
by the net supply of heat by processes such as radiation, convec-
tion and conduction.’’

Latent heat of vaporisation refers to the energy requited to
be added to liquid (or solid) water to compensate kinetic energy
lost when molecules escape through the surface i.e. the energy re-
quired to maintain constant water temperature. The coefficient
of latent heat of vaporisation is thus temperature dependent. It is
not strictly applicable to the definition of evaporation adopted
here. We will use the value A = 2,45 MJ kg ~! which corresponds
to 20°C. This approximates values for temperatures between 0°C
and 40°C to within 2%

Monteith (1985) suggested that, when describing the water
vapour exchange from natural surfaces, the multi-lettered
evapotranspiration, be replaced simply by zota/ evaporation. For
convenience, plant evaporation will be defined as the evaporation
of water which takes place, from vegetation, through stoma, from
cell walls in sub-stomatal cavities and through cuticle.

Then, symbolically, the entire evaporation process from a
vegetated surface may be described by

E=E,+E, (1)

whete:

E is the total evaporation rate from a natural surface;

E, is the plant evaporation rate; and

E; is the soil surface evaporation rate.

Thus subscripts *‘v’’
tively.

In the ensuing discussion this terminology with appropriate
subscripts will be used. It is stressed that for natural vegetated
surfaces, the terms evapotranspiration and total evaporation are
totally synonymous.

and ‘‘s”’ denote vegetation and soil respec-
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Present day concepts
Total evaporation

Total evaporation, E, or the old ‘‘evapotranspiration’’, is desctib-
ed by Rosenberg ¢# 4/. (1983) as the total process of water transfer
into the atmosphere from vegetated land surfaces.

Potential total evaporation

Penman (1963) provided evidence to support his hypothesis that
vegetation with its roots in soil with water content at field capaci-
ty and with leaves forming a complete canopy transpires at a max-
imum, or potential, rate determined primarily by weather. This
led to definition, by Rosenberg ez a/. (1983), of potential total
evaporation, B, as the evaporation from an extended surface of
crop cover which fully shades the ground, exerts negligible
resistance to the flow of water and for which the soil surrounding
the roots is maintained at field capacity.

Reference total evaporation

Penman (1963) probably believed that the upper limit of at-
mosphetic evaporative demand might well consistently be related
to the evaporation rate from some standard or reference sutface
such as open water or short vegetation and hence his preoccupa-
tion with both. This belief led to coining of the term reference
total evaporation, E,, by Dootenbos and Pruitt (1977). This con-
cept they defined as the rate of total evaporation of an extended
surface of an 80 mm to 150 mm tall grass cover of uniform height
actively growing, completely shading the ground and not defi-
cient in water or nutrients.

Maximal total evaporation

The concepts reference and potential total evaporation, however,
do not apply to all cases found in nature. The natural dynamic
changes in crop cover and soil surface water content throughout
the growing season result in perplexities particularly relevant for
irrigation managers. In an attempt to circumvent these problems,
Bouchet and Robelin (1969) introduced the concept of a *‘special
case’’ of actual total evaporation. This they called maxinzum total
evaporation, E . In so doing, Bouchet and Robelin (1969), and
later Wright (1981), recognised that atmospheric evaporative de-
mand has inhetently to be sutface (i.e. crop) specific. Their con-
cept, however, applies only to the crop plus saturated soil surface
situation.

Maximum total evaporation, E o, is hete defined as the rate
of evaporation from an incomplete actively growing vegetative
cover under which the root zone soil water content corresponds to
field capacity ot greater and the soil sutface is saturated.

For a given crop growth stage, this entity is deemed by
Rosenberg ez 4/. (1983) to be governed entirely by atmospheric
driving forces.

Doorenbos and Kassam (1979) have defined E, as the tate
of maximum total evaporation of an actively growing crop, in
large fields under optimum agronomic and irrigation manage-
ment. Because it makes direct reference to soil surface water con-
tent, the former definition is preferable. Also, optimum
agronomic and itrigation management are ill-defined by the se-
cond definition.
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Basal plant evaporation

The definition of basa/ plant evaporation, E ., implied from the
wotk of Wright (1981), is the rate of water loss from an in-
complete, or complete (Eyr, = E, = E ), vegetation cover with its
toots growing in soil not deficient in nutrients and water content
at field capacity, but for which the soil surface is dry so that com-
paratively insignificant soil evaporation occuts,

Here it is again evident that this definition covers specific
cases not generally applicable in all sets of conditions.

From this definition it is apparent that basal evaporation is
equivalent to maximal evaporation from only the vegetative com.-
ponent of a natural surface. Hence the symbol E , is used.

The pan coefficient concept

Many workers have attempted to estimate reference total evapora-
tion, E,, using the American Class A pan. For this, the so-called
pan coefficient is requited. Dootenbos and Kassam (1979) defin-
ed the pan coefficient, k ,,, as:

Kpan = EofE o @

where E,, is the rate of evaporation from the Class A pan.
The crop coefficient concept

An evaporation coefficient has also been used to relate maximum
total evaporation to reference total evaporation. Doorenbos and
Kassam (1979) proposed defining the crop coefficient, k , as:

kn =En/E, (32)
Here, expetimentally determined crop evaporation coefficients,
km, can be used to relate maximum evaporation, E ;, to reference
evaporation, E,. Unfortunately, managers erroneously apply this
coefficient for scheduling irrigation irrespective of soil surface
wetness condition.

To citcumvent the problems of partial vegetative cover and
wet, dry or partially dty soil surfaces; Wright (1981) defined asa/
crop coefficients, km, pertaining specifically to dry soil surface
conditions. Thus:

(3b)

He further developed formulae whereby crop coefficients in-
termediate between k,, and k., can be calculated.

Dootenbos and Kassam (1979) offer three methods of
calculating E, from reliable meteorological data obtained in 2
reptesentative agricultural environment. The methods concerned
ate the Penman combination, the radiation and the pan evapora-
tion methods. All three methods require adjustments for prevail-
ing climate, as will be shown later.

Upper limits to evaporation rate
Complete vegetative cover

The Penman equation is possibly the most significant scientific
advance in environmental science this century. Penman (1948)
perfected a combination equation consisting of an enetgy budget
and an aerodynamic component. Estimating the upper limit of
evaporative demand from natural surfaces, supplied with ade-



quate water and having a complete vegetative cover is possible
with this equation. It operates using weekly, or longer, mean
values of meteorological data.

For convenience, the form of the Penman equation as ap-
plied by Doorenbos and Kassam (1979) who used it to determine
reference evaporation, E,, will be quoted here. The following
symbol definition applies:

E, = daily reference total evaporation (mm)

Qo extra-terrestrial daily total solar radiant density (where

1 M] m?=0,41 mm)

u = daily windrun at 2 m height (km)

n/N = ratio of actual to maximum possible sunshine duration

= adjustment factor for ratio of day to night wind, mean

maximum atmospheric vapour pressure (P,) and incom-

ing daily total solar radiant density (mm)

slope of the saturation vapour pressure/mean daily

temperature curve (P,K™") = de,/ dT

psychrometric constant (P, K ')

Al{A +8)=0,58; 0,71 and 0,77 at temperatures of

10°C, 20°C and 26°C respectively at 1 000 m above sea

level

= atmospheric temperatute (°C)

= atmospheric vapour pressute (P,). Subscript ‘‘s’” denotes
saturated conditions.

[+ 4
)]

The Penman equation is:

E=E,=c[WRy+ (1-W) f(u) (e,(T) - ¢)] 4)

where:

Ra=0,75[(0,25 + 0,50 n/N)Q,]
- [0T*(0,34 - 0,44/7€)(0,1 + 0,9 n/N)]

o is the Stefan-Boltzmann constant (2x10™ mm d ! K %)
and
f(u) = 0,27(1 + u/100)

Values of Q,, N, W and c¢ are available from tables in Doorenbos
and Kassam (1979) who maintain that cotrect implementation of
this equation will probably limit errors in estimated E, to be-
tween 10% and 20% of measured values. Poorest estimates are
usually obtained under low evaporative conditions.

Monteith (1965) modified Penman’s original theory to ac-
count for the effects of the vegetation. This he accomplished by
introducing terms for surface resistance (the reciprocal of conduc-
tance)to gaseous water exchange although Covey (1959) may have
been the first 1o evaluate surface resistances for vegetation. The
new equation operates best with hourly values of the weather
variables. This modified form has become known as the Penman-
Monteith equation.

When considering complete vegetative cover for which root
zone water content is at field capacity, it is permissible to assume
that gaseous water exchange to the atmosphere proceeds virtually
entirely by means of plant evaporation, i.e. the term E, in Eq. (1)
is negligibly small. Thus, for this case:

E=E,=Eum=En

Given the coefficient of specific latent heat of vaporisation,
4 (2,45 MJ] kg™ at 20°C); the slope of the saturated vapour

pressure vs. temperature cutve (at ambient temperature, T), A;
soil heat flux density, G; the psychrometric constant, and densi-
ty, p, and specific heat of air, C,; the Penman-Monteith equa-
tion reduces to: '

AE=AE, = [AR.~ G) + pCple(T)-€)2,]/

[A+8(1+2,/2,)] (5)
where @,, the atmospheric conductance to gaseous exchange, is a
function of windspeed, u, and crop height, h (Van Zyl and De
TJager (1987a)):

2, =f(uh) (6)

According to Eq. (5) the atmospheric determinants of evaporative
demand upon a complete vegetative cover are net irradiance, Q,,,
soil heat flux density, G, daily windrun, u, air temperature T,
and water vapour pressure deficit (e 4(T) - €). The major physical
characteristics of vegetation which modify these atmospheric driv-
ing forces are the conductance of the entire vegetative surface to
gaseous water diffusion, @, vegetation height, h, and the slope
of the surface. The latter two influence &, atmospheric conduc-
tance to gaseous exchange. The vegetative surface conductance,
@, seems (Russell, 1980 and Van Zyl and De Jager, 1987a) to
maintain a constant value for wet soil. From these facts we may
conclude that the upper limit to the demand for water (vapour)
from a natural surface is overwhelmingly determined by the at-
mospheric elements. But it is also, albeit to a small extent, in-
herently dependent upon the nature and height of the vegeta-
tion. Failure to account for the latter two could cause problems.
Thus, it is not possible to characterise atmospheric
evaporative demand completely, even on well-watered complete
vegetative cover, in terms of exclusively atmospheric variables.
The next best thing would be to do so for a standard vegetated
surface. This resulted in conceptualisation of reference evapora-
tion which applies to a standard vegetarion type and its height.
The upper limit evaporation rate from a reference surface
finds application in:
® climatological compatisons between regions; and
® providing a basis from which evaporation rates from natural
surfaces may be estimated for surfaces with both full and in-
complete cover.

It is therefore evident that whereas reference evaporation varies
only with atmospheric conditions, potential evaporation from a
full cover vegetated surface varies to a certain extent with vegeta-
tion type and crop height.

Open water sutface

The use of a free water surface to provide estimates of the upper
limit to evaporation rate has been attempted. Initially,
Rosenberg ez a/. (1983) believed that potential total evaporation
cannot exceed free water evaporation under the same weather
conditions. Rosenberg and Powers (1970), however, illustrated
that in a dry climate daily evaporation from Class A evaporation
pans, with either land or lake exposures, was smaller than the
evaporation rate measured lysimetrically in irrigated lucerne.
Rosenbetg e a/. (1983) concluded from this, as well as from other
evidence, that so-called free water evaporation need not always
indicate the maximum evaporation rate in sub-humid and arid
regions as it apparently does in humid regions. Loose reference to
evaporation from pans as free water evaporation can be
misleading. The former should not be confused with evaporation
from an extended water surface, which could well be used as a
form of reference evaporation.
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Incomplete vegetative cover

For a natural surface, the degree of vegetative cover affects the

energy budget and hence rate or evaporation from that sutface.
The physical laws governing the evaporation process ate con-

tained in the surface energy budget desctibed by Eq. (7) and (8).

Now, apart from the atmospheric influences, the following sur-

face aspects become important:

® surface temperature which determines the saturated water
vapour pressure density at the surface and, in part, the net
irradiancy (Monteith, 1981);

@ sub-surface temperature and soil physical composition which
regulare the soil heat flux density;

@ the degree of vegetative cover which determines the relative
proportions of plant and soil evaporation; and

@ soil sutface water content which regulates the soil evapora-
tion rate which, in turn, could influence the vapour pressure
immediately above the surface.

For both practical (irrigation scheduling) and theoretical
(hydrological and crop growth modelling) purposes, it would pro-
ve most convenient if it were true that a given set of atmospheric
conditions exerted an identical demand for water upon all natural
surfaces. From the foregoing, however, it is evident that it would
be illogical to expect this.

The immediate need to approximate the maximum demand
by the atmosphere for water from natural surfaces, however, led
to the conceptualisation of terms such as maximum total evapora-
tion (Bouchet and Robelin, 1969) and basal evaporation (Wright,
1981). E ., and E, represent the upper limit of the rate of water
Joss from an incomplete canopy cover with a wet soil surface and
from incomplete cover over a dry soil surface respectively. Neither
explicitly accounts for incomplete vegetative cover over partially
dry soil surfaces. Application of either E ot E, throughout an
entire growing season, however, is incorrect. This is so, because
each has to be adjusted to account for the partially wet soil surface
condition experienced during the many drying cycles which oc-
cur.

The crop and pan coefficient concepts

Crop and pan coefficients have evolved as an expedient, but ap-
proximate method for estimating the atmosphere’s demand for
water. The crop and pan coefficient concepts may be tested by
analysing the encrgy budgets of evaporating surfaces.

Consider a given surface. The energy balance is described

by:
Q.+ +G+C=0 (7)

where:

Q. = net irradiance

E = evaporation rate

A = coefficient of specific latent heat of vaporisation

G = soil heat flux density

C = sensible heat flux density to the atmosphere.

Eq. (7) may be written:
iE=-Q,-G-C (8)

Using the subsctipt , to denote conditions approptiate to a
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reference surface, this becomes:

Eo = _Qno - Go - Co (9)
[n the past, a general crop coefficient, k, intended to cover all
degrees of soil surface wetness, has been defined using:
k.E, (10)
Here E represents total evaporation rate from the natural surface
in question, itrespective of soil surface wetness condition.
Because of the surface wetness problem outlined above, it is

difficult to determine accurately, and even more difficult to ap-
ply, the k_ of Eq. (10). Instead, two alternative types of crop coef-
ficient have evolved: The basal crop coefficient of Wright (1981),

Kym = Em/Eo (11)
and what is actually 2 ““maximum’’ crop coefficient of Doorenbos
and Kassam (1979):

Km = Em/Eo (12)
On the other hand, the pan coefficient can be determined ex-
perimentally using:

Kpan = Epan/ Eo (13)

Climate dependence of k — values

It will be shown that all evaporation coefficients (k-values) are in-
fluenced by the prevailing climate. Let k represent any type of
evaporation coefficient, ie. any crop of pan coefficient.
Substituting Eq. (8) and Eq. (9) in Eq. (10) for a specific site,
then over a given period, k will be given by:
k=(-Qu-G-C)/(-Qu-Go-

Co) (14)

At a second site denoted by ’ a different k would perrain, thus:

K=(-Qu -G -C)/(-Qu' -G -Co) (15
The application of coefficient theory to divese sites is thus based
upon the assumption that
k=k (16)
The only way that the assumption expressed by Eq. (16) could be
true would be for the ratio on the right hand sides of Eq. (14) and
Eq. (15) to be equal. The individual terms on the right-hand side
of these equations are never equal. It is thus impossible for the 4
priors assamption, i.e. Eq. (16), ever strictly to be valid. This is so
because Eq. (7) is an implicit equation. Monteith (1981) showed
that a small change in any one driving force will directly influence
the other terms in a manner dictated by, to a large extent, the
conditions prevailing in the top layer of the soil and by the type
of vegetation.
It might be argued that the soil heat flux terms are so small
that they have negligible effect. But to expect the Q, and C
terms to vary compensatotily from hot to cold, damp to dry, or
sunny to cloudy climates is illogical. In any event, the contrary
can only be proved by future research.
For certain practical applications to crop situations, where



reasonably large inaccuracies can perhaps be accommodated, the
statement k. = k.’ has been tolerated.

In summary then, the crop coefficient concept tepresents, at
best, but a poor approximative method containing inherent er-
rors. Doorenbos and Kassam (1979) state that the magnitude of
such errors varies between 10% and 20%. For example, Meyer
and Green (1981) reported mean k. values of 1,29 and 1,11 for
1978 and 1979 respectively for the identical site, wheat growth
stage and cultivation practices. They explained this 16% dif-
ference as being due to the advection and a lower plant popula-
tion. The former supports the argument that crop coefficients are
climate dependent. The latter, however, should not have been a
significant factor at the high planting densities they used.
Measured daily deviations from the mean k. can exceed 40%
(Meyer ez /. 1979). Van Zyl ez a/. (1981) found daily vasiations of
up t0 80% in k., calculated from measured pan evaporation and
wheat crop evaporation computed using the Penman-Monteith
equation.

Wright (1981) stated that the errors incurred when applying
the crop evaporation coefficient concept are due to lack of atten-
tion to derail in the methods used when deriving k.. He
stipulated that the same method of estimating E, should be used
as had been used to determine k. originally, and that the time
scale should be similar. Careful adherence to the mentioned pro-
cedures and precautions could pechaps limit errors to a level ac-
ceptable for practical purposes, say 10% (Wright, 1981).

Although they found high correlation coefficients between
E, and E,, at a given site, Pruitt and Doorenbos (1977) con-
clusively demonstrated that k,, varied by 143% with changing
climate and pan exposure. Hence estimates of potential evapora-
tion from short vegetation with injudicious choice of k,, would
reflect discrepancies of this magnitude. It is conceivable that even
larger inaccuracies will occur when pan values are incorrectly ap-
plied to obtain estimates of E, for tall crops.

The drying soil surface problem

The problem of a partially wet surface was addressed amongst
others by Bouchet and Robelin (1969); De Jager ez 4/. (1981) and
Wright (1981). Model solutions by the first authors involved E
maximum, and in the latter two papets E,, the basal evapora-
tion. To be viable, evaporation coefficient theory must adequate-
ly account for soil wetness situations occurring between these two
special cases (De Jager ez @/., 1981 and Wright, 1981). Burgers
(1982) and Doorenbos and Kassam (1979) tried to solve the pro-
blem by approximating the average soil surface wetness.

It is therefore evident that crop coefficients require to be
modified in such manner as to accommodate the partially wet
surface situation.

This is achieved starting from Eq. (1), viz.:

E=E,+E, 1)
Applying evaporation coefficient theoty to the individual terms
on the right hand side, we may write:

E, = k.E, 17

and

(18)

where k, and k; are evaporation coefficients defined as the frac-
tions of reference evaporation supplied by plant evaporation and
soil evaporation respectively.

The individual evaporation coefficients may be expressed in
terms of the normalised crop factors Fy, Fy and F, of De Jager e#
al. (1981) and incorporating the concepts k. and k,,, which are
defined as:

kvm = Evm/Eo
ksm = Esm/Eo

(19)
(20)

Here, E,, and E ¢, represent upper limit plant and upper limit
soil evaporation rates respectively for the current growth stage.
Now, by definition:

(21)

l'{v = kvm Fl Fh
ko =k (22)

sm Fg(l - Fl)

For these equations the following boundary conditions apply:

0<FL1 0LF<1  0<F, L1
and 0< k. < ko
0< kL kyy

The physiological factor, Fy, reflects the limitation on plant
evaporation due to plant water stress. It represents the ratio of ac-
tual to possible plant evaporation rate for the natural vegetative
surface. De Jager ¢# &/. (1981) expressed Fy, as the ratio of actual
conductance of the vegetation surface to water vapour diffusion,
@, to its maximum value, @ . F) is a normalised factor reflec-
ting the degree of foliage cover. It is a function of leaf area index,
L. Furthermore, F, is the fraction of E ., permitted by soil surface
wetness status.

Several expressions for F) and F, appear in the literature
(Monteith, 1981; Wright, 1981; De Jager ez 4/., 1981; Hanks and
Hill, 1980).

Substituting Eq. (17) and Eq. (18) into Eq. (1) yields:

E = [k, + kJJE, (23)
When Eq. (23) is compared with Eq. (10) it follows that:

ke = ko + kg (24)
which, on substitution of Eq. (21) and (22), produces:

ke=kun FiFr+ ki F(1-F)) (25)
When maximum total evaporation is under consideration:

Fh=F,=1
and thus Eq. (12) becomes:

Eqn = [kvm Fi + kim(1 - F))]E, (26)

For the basal evaporation case, Fy, = 1 and F, = 0, and Eq. (11)
becomes

Eym = kyn F| E, (27)
It is therefore evident that a completely general evaporation coef-

ficient concept can be described only by using two defining equa-
tions, viz.:
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E=k.E, (10)
and either:

k. =k, + ks (24)
or:

k. =k FiFu + kem Fg(l—Fl) (25)

Maximum values of k, and k; exist. These, denoted kym and km
respectively, depend upon crop architecture and soil character.
They ate detemined empirically. .

For the special case where the root zone is at field capacity;
upper limit plant evaporation rate is maintained (i.e. Fy, = 1) ir-
respective of soil evaporation rate. This situation will soon be
defined as atmospheric evaporative demand (AED). Then:

k.=ken Fi+ kim Fg(l -F) (28)
Here, the value of k. will vary between a minimum when F; =0
and k. takes its prevailing value and 2 maximum value given by
Eq. (25) with Fy = 1 and kv = kum i.e. maximum total evapora-
tion E, (see Eq. (26)). Thus:

kvm F1<_kc<,kvm Fi+km (1-Fp) (29)
For pan evaporation F, = 1 and Fy = 0 and k. = k, = kpan. Here,
K pan is an empirical parameter varying with climate and pan ex-
posure.

It is thus evident that the major problems encountered with
use of the crop coefficient concept stem from failure to account
for variation in k. due to the variation in k as the soil surface
dries. In a later section, suggestions on how to overcome this pro-
blem in practice will be offered.

For the present, suffice it to report that experimental rela-
tionships have been determined for this putpose, viz.:
ko = f(crop growth stage, i.e. time) - this is a poor
approximation (Doorenbos and Pruitt, 1979); or
f(leaf area index) — for kym assumed unity (Ritchie
(1972) and De Jager e# 4/. (1987)); and
f(time since latest wetting event) — (Hanks and Hill,
1980 and De Jager e &/., 1981) (for both k., was
assumed unity), or Wright (1981), Monteith (1981);
or
f(water deficit below field capacity in the top soil
layer) — for kym assumed unity (De Jager etal., 1987).

ks =

It is emphasised that it is imperative to make use of functions
such as these for k, and k, when evaluating k.. Little information
regarding kp and kx is available in the literature.

The concept atmospheric evaporative demand

In summary therefore it may be stated that at least four concep-
tualisations of the upper limit to the evaporation rate from
natural surfaces are in use at present, viz. Eo, By, En and Em.
Each of these relates to only a special case of the upper limit of
water loss rate from a natural surface.

Furthermore, in strict scientific terms, the basic assumption
upon which crop and pan coefficient concepts ate based, is in-
valid. Their practical application too, is fraught with restrictive
precautions and procedural requirements.

Shortcomings in the conceptualisation of both upper limit
evaporation rate and evaporation coefficient lead to confusion,
errors and anomalies. Many of these problems could be removed
by a new definition and conceptualisation of this upper limit.
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The term atmospheric evaporative demand has been used in
numetous scientific articles. Yet, nowhere has it been adequately
defined. Because of its overpowering influence on microclimate,
and particularly water use by crops, the concept most certainly
deserves rigid formulation. From the previous discussion too, it
has become apparent that 2 general definition, applicable at all
times when roots provide adequate water for unhindered plant
evaporation, is required.

It is evident from Eq. (5) that atmospheric evaporative de-
mand is primarily the resultant of atmospheric driving forces ac-
ting upon a natural surface. The major emphasis in its name
therefore deserves to be the atmosphere. As explained, however,
it must also be defined in terms of the surface with which the at-
mospheric elements interact.

To meet all these requitements, it is proposed here that the
upper limit of the atmospheric demand for water from a natural
surface be named atmospheric evaporative demand, AED, and,
that it be defined as the water vapour transfer to the atmosphere
required to sustain the energy balance of a given vegetative suf-
face (ctop), in its present growth stage, when the water status of
its root zone permits unhindered plant evaporation and the water
status of the top 150 mm of soil equals its current value.

Mathematically this definition entails replacing E with AED
in Eq. (10) and using Eq. (28) to evaluate k..

It is important to note that this definition:

(i) acknowledges the dominant influence of the atmospheric
conditions; but
(ii) also basically accounts for crop type, crop growth stage and
soil surface water content.
The mayor differences between this definition of AED and the
present day definitions E, E;, Ex and Ev, ate the appearance of
“sustain the energy balance of a given vegetative surface in its
present growth stage’’ and “‘water status of the top 150 mm of
soil equals its current value’’ . These ensure the temporal and crop
specificity required under (ii). Their inclusion means, however,
that this definition of AED is completely general and applicable
in all possible situations. It furthermore covers all the special cases
epitomised by Eo, En, Epand Eyp. Its main advantage lies in its
precise quantification of the true water requirement of irtigated
crops in given climates.

Hopefully, this definition of AED and the streamlined,
scientifically rigorous proposed terminology will simplify
understanding the processes, regulatise the reporting of results
and facilitate the exchange of ideas on evaporation from natural
surfaces.

Determination of AED

For practical irrigation scheduling and hydrological and crop

growth modelling AED has special significance. It represents true

watet consumption by a cropped surface which has not experienc-
ed yield losses due to water deficiency.

The problem arises of how to evaluate AED accurately. In
practice, two methods of determining AED pertain, viz.:

e Direct measurement of AED using a lysimeter. This has
been the subject of many studies (Psuitt and Angus, 1960;
King ez 4., 1956; Ritchie and Burnett, 1968; Pruitt and
Lourence, 1985 and Rosenberg e# /., 1983) The technique is
well perfected, but extremely expensive. No further discus-
sion thereof is warranted here.

e Estimation, or calculation, of the special case of AED called
E, and multiplication thereof by an appropriate crop coeffi-
cient. Thus:



AED = k_E, (30)
The latter method will now be discussed.
Estimating E,

De Jager (1984) suggested that the Penman-Monteith equation
(Eq. 5) provides the best method of determining both E,, poten-
tial evaporation and E,,, reference evaporation. Crop surface con-
ductance (usually an estimate) is, however, included in this equa-
tion. Allen and Asce (1986), Van Zyl and De Jager (1987a) and
De Jager e a/. (1987) have demonstrated the accuracy of using
this equation with houtly mean values of relevant weather
variables. The latter experiments were conducted on wheat with
3<LAI<8. A surface conductance equal to 0,03 ms™! was
assumed and in some cases crop height was varied according to
age. Allen and Asce (1986) also obtained accurate daily estimates
of reference total evaporation, E,, using Eq. (5). They found that
values of &, vatying between 0,013 m s™! and 0,03 m s ! provid-
ed the most accurate results. In both USA and South Africa,
weather station observations also produced reliable estimates of
E..

Van Zyl and De Jager (1987b) demonstrated the accuracy of
using the Pich? evaporimeter to estimate the aerodynamic com-
ponent in the combination equation Eq. (5). Houtly and daily
estimates of E ; from wheat accurate to 0,07 mm h~'and 0,7 mm
d ™! respectively were obtained. Hence this method could also be
successfully employed to determine E,,.

It warrants emphasising that both these methods are ab-
solutely fundamental and not subject to the errors due to em-
pirical approximations found in the Penman method.

The objective of Penman (1948) was to develop a theoretical
equation with which routine daily meteorological data could be
used to estimate weekly, ot longer, open water evaporation. Of
necessity, this equation contains certain empirical relationships
which make it climate and site specific.

Doorenbos and Pruitt (1977) and Doorenbos and Kassam
(1979) describe empirical adjustments to the Penman equation
which correct it for climatic differences. The Penman estimate
was multiplied by the factor ‘c’ which adjusts it for the ratio of
day to night-time wind, relative humidity, solar radiation and
wind speed. Application of the Penman equation in different
climates without these corrections is dangerous. Pruitt and
Doorenbos (1977) showed that interactions between the input
variables and climate can produce 20% underpredictions and
overpredictions exceeding 300% in Penman estimates of
reference evaporation. For example, an errot of 470% would
result if the value of ¢ = 0,27 which is relevant to a climate with
mean daily wind speed of 9 m s~'; a ratio of day to night wind of
1,0; radiation equivalent to 3 mm d~!; mean daily temperature
of 20°C and mean maximum vapour pressure of 0,7 kPa were us-
ed in a climate whete the corresponding values of these vatiables
are 6 ms™'; 4,0; 12 mm d~!, 20°C and 2,1 kPa respectively.

Application of the factor ‘¢’ effectively compensates for
changes in the magnitude of the various empirical constants
employed in the Penman equation when used in differing
climates. Essentially, these adjustments compensate for the
altered mean energy balance under the different climates.

For a given site, Pruitt and Doorenbos (1977) report high
correlation between reference and pan evaporation. However,
evaporation pans can only reliably be employed with knowledge
of daily windrun, relative humidity and fetch (Doorenbos and
Kassam, 1979).

Climatic variables are seldom recorded together with A pan

readings. The pan factor, ky., is highly sensitive to these
variables which can cause up to 143% variation in kpan (0,35 to
0,85). This range could be limited to0 0,45 to 0,8 by ensuring say a
short grass fetch of at least 10 m in all ditections. Failure to docu-
ment pan exposure at the time of observation will require a sub-
jective choice of k., when these measurements are applied at a
future date. Hence, use of Eq. (2) under such circumstances can-
not be recommended at this stage. Application of pan factors
without the cotrections suggested by Doorenbos and Kassam
(1979) would result in large errors. Furthermore, since relative
humidity and windrun are required in any event to correct the
pan estimates, the fundamentally sound Penman-Monteith, or
even Penman, equation might just as well be used. When work at
present being undertaken in the Department of
Agrometeorology UOFS has been completed, it should be possi-
ble to reach some conclusion as to whether, and how, to utilise
pan evaporation. At this stage the Piché evaporimeter method
seems as simple and convenient to apply and its accuracy has been
proved (Van Zyl and De Jaget, 1987b).

Determining the ctop coefficients

The use of crop coefficients to estimate AED is based upon the
assumption that evaporation coefficients are independent of
climatic conditions. This is an incorrect assumption. Determining
crop coefficients in different climate conditions will change values
of terms in either, or both, numerator and denominator of Eq. 14
(Eq. 15). Climatic independence ptesupposes such change in one
will be exactly compensated for by change in the other terms
thereby ensuting that k = k’ in the new climate situation. This
will occur on only the rarest occasions.

From Eq. (10) and Eq. (28) atmosphetic evaporative de-
mand may be calculated using

AED =k E, (30)

The value of k. adopted must pertain to the current crop growth
stage and soil surface wetness. The values of ky,, kvm, Fi and F,
used in Eq. (28) must be determined for the relevant crop and
cultivation practices. For example, this was achieved by De Jager
et al. (1987), for irrigated wheat with the expressions:

F, = EXP[0,03(V,, - V)] (31)
F, = 0,186 LAI, 0<F<1 (32)

whete V, and V denote volumetric water content (mm m~!) in
the top 150 mm of soil at field capacity and the current value
respectively,

Eq. (30), Eq. (31) and Eq. (32) are subject to the same
ctiticisms of evaporation coefficients mentioned eatlier regarding
sensitivity to changed climate. Application of the coefficient con-
cept in the manner here suggested will, however, minimise er-
fofs.

When determining the coefficients k, and k,, the precau-
tions suggested by Wright (1981) should always be adhered to,
viz.:
® the same method of estimating E,, as had been used to deter-

mine k, ot k; originally must be used when applying the

coefficients in practice;

® where possible, the coefficients should be experimentally
determined for the climates in which they are to be applied;
and

® the determinations should be carried out using daily, or
shorter, measurements.
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The relationship between the various crop coefficients and
climate deserves to be researched. Quantification of the
dependence of evaporation coefficients upon say net irradiance,
soil temperature profile, soil heat flux density and atmospheric
vapour pressure and temperature will minimise errots incurred
when applying crop coefficient theory. This is particularly true of
the tesponse of the ratio E, / E, to change in climate. There is no
evidence supporting the present contention that this ratio is in-
dependent of climate.

Summary

Four different definitions of upper limit of evaporation rate from
vegetation in use at present wete described and analysed. Their
fundamental differences were outlined. It was furthermore
shown that the basic tenet of evaporation coefficient theoty is in-
valid.

A new definition of upper limit evaporation is proposed.
This new concept is termed atmospheric evaporative demand. It
applies to any cultivation practice, crop and growth stage. It is
therefore completely general in contrast with present definitions
which apply only to special cases of upper limit evaporation. It ac-
cords atmospheric influences their rightful emphasis and
minimises the errors inherent in the evaporation coefficient con-
cept.

It was shown that it is incorrect to utilise a single crop coeffi-
cient. Two coefficients are required, viz. k, reflecting soil surface
drying and k., accounting for the degree of vegetative cover and

the tatio of maximum plant evaporation from the ctop in ques- -

tion to reference evaporation,

Directions on how to apply these new concepts correctly and
what precautions ate necessaty when determining evaporation
coefficients were given.

Indications of avenues of interesting future research were
outlined.
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