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Abstract

The concept of potential evaporation is defined on the basis of the following criteria: (i) it must establish an upper limit to the
evaporation process in a given environment (the term ‘environment’ including meteorological and surface conditions), and (ii)
this upper limit must be readily calculated from measured input data. It is shown that this upper limit is perfectly defined and
is given by the Penman equation, applied with the corresponding meteorological data (incoming radiation and air characteris-
tics measured at a reference height) and the appropriate surface characteristics (albedo, roughness length, soil heat flux). Since
each surface has its own potential evaporation, a function of its own surface characteristics, it is useful to define a reference
potential evaporation as a short green grass completely shading the ground.

Although the potential evaporation from a given surface is readily calculated from the Penman equation, its physical
significance or interpretation is not so straightforward, because it represents only an idealized situation, not a real one. Potential
evaporation is the evaporation from this surface, when saturated and extensive enough to obviate any effect of local advection,
under the same meteorological conditions. Due to the feedback effects of evaporation on air characteristics, it does not repre-
sent the ‘real’ evaporation (i.e. the evaporation which could be physically observed in the real world) from such an extensive
saturated surface in these given meteorological conditions (if this saturated surface were substituted for an unsaturated one pre-
viously existing). From a rigorous standpoint, this calculated potential evaporation is not physically observable. Nevertheless, an
approximate representation can be given by the evaporation from a limited saturated area, the dimension of which depends on
the height of measurement of the air characteristics used as input in the Penman equation. If they are taken at a height of 2 m
(the height of the meteorological observations), the dimension of the saturated surface in the direction of the wind ranges roughly

from 50 to 200 m for a short green grass completely shading the ground.

Introduction

It seems that the concept of ‘potential rate’ of evaporation
appeared for the first time in a paper by Thornthwaite
(1948) entitled ‘An approach towards a rational
classification of climate’, where it was associated with the
term ‘evapotranspiration’, which also appeared for the first
time (Brutsaert, 1982; Monteith, 1985; Granger, 1989).
Thornthwaite defines potential evapotranspiration as ‘the
amount of water which would transpire and evaporate if it
were available’, and he adds: ‘When water supply
increases, as in a desert irrigation project, evapotranspira-
tion rises to a maximum that depends only on the climate.
This may be called ‘potential evapotranspiration’, as dis-
tinct from actual evapotranspiration’. Since then, this con-
cept has been used widely by hydrologists and agricultural
meteorologists. However, a survey of the appropriate liter-
ature reveals that there have been several ways of defining
the potential rate of evaporation or evapotranspiration,

each one representing a different and distinct entity
(Granger, 1989).

For instance, Penman (1956, p. 20) defines the concept
of ‘potential transpiration’, (which, he writes, ‘is unneces-
sarily expanded to ‘potential evapotranspiration’), as ‘the
amount of water transpired in unit time by a short green
crop, completely shading the ground, of uniform height
and never short of water’. Some years later, to avoid con-
sidering oasis situations where strong advection from
upwind surfaces can enhance potential transpiration inde-
pendently of local meteorological factors, Penman (1963,
p. 42) added the term ‘extensive area’ to characterize the
size of the surface maintained at the potential rate, writing:
‘[potential transpiration or potential evapotranspiration] is
expected to be a measure of the transpiration rate from an
extensive short green cover completely shading the ground
and adequately supplied with water’. About two decades
later, Brutsaert (1982, p. 214) gives a similar definition:
‘Potential evapotranspiration is now generally understood
to refer to the maximum rate of evapotranspiration from a
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large area covered completely and uniformly by an actively
growing vegetation with adequate moisture at all times’,
whereas Morton (1983, p. 15) states: ‘The potential evapo-
transpiration, as estimated from a solution of the vapour
transfer and energy-balance equations, represents the evapo-
transpiration that would occur from a hypothetical moist
surface, with radiation absorption and vapour transfer char-
acteristics similar to those of the area, and so small that the
effects of the evapotranspiration on the overpassing air
would be negligible’.

With regard to the concept of ‘potential evaporation’,
WMO (1974) defines it as the ‘quantity of water vapor
which could be emitted by a surface of ‘pure’ water, per
unit surface area and unit time, under the existing atmos-
pheric conditions’ (cited by Granger (1989)), whereas
Perrier (1977, p. 9) defines the same concept as the evap-
oration from a stand when all its exchange surfaces are
saturated: ‘Pévaporation potentielle est naturellement
mesurable aprés une pluie, une irrigation par aspersion ou
en présence d’une forte rosée’. Brutsaert (1982, p. 214)
gives approximately the same definition: ‘Potential evapo-
ration refers to the evaporation from any large uniform
surface which is sufficiently moist or wet, so that the air
in contact with it is fully saturated. Such conditions pre-
vail usually only after the occurrence of precipitation and
dew’. More recently, Shuttleworth (1993, p. 42) defines
potential evaporation as ‘the quantity of water evaporated
per unit area, per unit time, from an idealized, extensive
Jfree water surface under existing atmospheric conditions’,
and Garratt (1994a, p. 125) states that ‘it is defined as the
maximum possible evaporation from a given surface for a
given environmental state’.

Through this short review, it can be seen there exists a
multitude of definitions concerning the concept of ‘poten-
tiality’ applied either to evapotranspiration or evaporation.
They differ substantially between themselves and can be
quite contradictory, depending, for instance on the type of
surface (free water, vegetation stand or any surface) or the
size of the surface (extensive or small). However, usually
(but not always), potential evaporation refers to the evap-
oration from free water, whereas potential evapotranspira-
tion refers to the evaporation from a short green crop
covering completely the ground and with adequate mois-
ture. The confusion generated by all these definitions has
been enhanced by the fact that leading evaporation scien-
tists have criticized the term ‘evapotranspiration’ and rec-~
ommended that it be abandoned in favour of the term
‘evaporation’. For instance, Penman (1963, p. 33) writes:
‘Many find it helpful to give a special name to the com-
bined effect [some of the water coming directly from the
soil and some coming indirectly from the soil through the
plant], referring to it as ‘evapotranspiration’. As it is used
frequently, it is presumably a useful term, but it is rather
ugly, and it hardly seems necessary, as there are few situ-
ations in which the use of ‘evaporation’ or ‘transpiration’
is not entirely adequate’. Monteith (1985, appendix) shares
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the same opinion: . the word [evapotranspiration] is
unnecessary. It is also inappropriate because its components
are not strictly congruous; the word ‘transpiration’ implies a
flux of vapour whereas the primary meaning of evaporation
is a change of phase from liquid to gas’. Shuttleworth (1993,
p. 41) seems to share also the same idea as he writes in the
same sense: ‘. . . evaporation is defined as the rate of liquid
water transformation to vapor from open water, bare soil, or
vegetation with soil beneath’, arguing that ‘the physics of
water vapor loss from open-water surfaces and from soils
and crops is essentially identical’. In the following develop-
ment, to limit the confusion, the term ‘evaporation’ will be
employed systematically in the general sense proposed by
Shuttleworth.

This brief ‘historical’ review shows that, in the field of
hydrology and related sciences, the term ‘potential’ is not
clearly understood when used to qualify evaporation, tran-
spiration or evapotranspiration. The intent of this paper is
to re-examine this concept of ‘potentiality’ in evaporation
by a systematic approach and to try to clarify it. A ratio-
nal definition of the potential rate of evaporation will be
proposed on the basis of a sound criterion, and its physi-
cal and experimental significance will be examined,
together with its relationship with actual evaporation.

Defining and formulating potential
evaporation

It is essential to be precise about the purpose of potential
evaporation before defining this concept. The point of
view, shared by many authors over the last four decades
(Garratt, 1994b), is that the main interest (and maybe only
interest) is to establish an wpper limit to the evaporation
process in a given environment, the term environment includ-
ing meteorological and surface conditions (evaporation
depending on surface characteristics as well as on weather
conditions). And for each set of meteorological and surface
conditions, this upper limit must be unique, readily calcu-
lated from measured input data and, if possible, physically
observable (i.e. measurable), because in the context of the
practice of hydrology, it is useless to define a parameter
which cannot be determined or measured easily. The
determination of the upper limit to the evaporation process
in a given environment needs a physical description of the
process in question.

It is generally accepted that the description of the evap-
oration process (£) of natural surfaces which is most
physically sound is given by the Penman-Monteith one-
dimensional single source equation (Monteith, 1965),
which reads as

s(R, —G)+pc,D, /1,

AE = 1
s+y(d+r/2)

where R, is the net radiation, G is the soil heat flux, D, is
the vapour pressure deficit of the air at a reference height



above the surface, \ is the latent heat of vaporization, p is
air density, ¢ is the specific heat of air at constant pres-
sure, <y is the psychrometric constant and s is the slope of
the saturated vapour pressure curve at the temperature of
the air 7;. The bulk aerodynamic is 7, resistance between
the surface and the reference height and # is the bulk sur-
face resistance to water vapour transfer. In conditions of
neutral atmospheric stability, 7, may be written as

_ In(z, / 2o)
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where zj is the roughness length, U, is the wind veloéity
at the reference height z, and % is the von Karman con-
stant (£ = 0.4). The net radiation R, is detailed as

R, =(1-a)R, +&R, - oT}) &)

where R; and R, are respectively the incoming solar and
atmospheric radiations, ais the surface albedo, ¢ is the sur-
face emissivity, 7; is the surface temperature and o is the
Stefan-Boltzmann constant. It is worthwhile pointing out
that Eqn. (1) can be applied only in local advection-free
conditions, when the surface fluxes are conservative on the
path between the surface and the reference height (where
climatic inputs are measured). It was derived initially for
a homogeneous canopy completely covering the ground,
but it can easily be extended to open water (by making
%= 0) or to bare soil (by reinterpreting the surface resis-
tance). However, it is not entirely suitable for sparse crops
partially covering the ground, for which a dual source
model is generally needed (Shuttleworth and Wallace,
1985).

In this formulation (Eqn. (1)), the control of evaporation
by the surface is exerted essentially through the surface
resistance 7. For given meteorological conditions (incom-
ing radiations, vapour pressure deficit, air temperature and
wind velocity), the lower the bulk surface resistance (z),
the higher the evaporation rate. The surface temperature
will also change with variations in surface resistance, but
it will affect evaporation in the same sense: the lower the
surface resistance, the lower the surface temperature,
which implies a greater net radiation and a lower soil heat
flux and, consequently, a greater evaporation. As a first
approximation in this analysis, the effect of surface tem-
perature on the stability correction of 7, will be neglected.
So, taking into account the general significance to be given
to the concept of potential evaporation, it is logical and
sound to define it from Eqn. (1) by setting % = 0, which
corresponds to the highest rate of evaporation, all other con-
ditions being equal. = 0 means that the vapour pressure
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of the air adjacent to the exchange surfaces (leaves, stems,
soil, etc . . .) is saturated, that is to say, the exchange sur-
faces are completely wet, as occurs after rainfall, dew
deposit, or overhead irrigation. This definition corre-
sponds to those proposed by Perrier (1977) and Brutsaert
(1982) (mentioned in the introduction). Then, the poten-
tial rate of evaporation is expressed and determined by a
Penman-type equation (Penman, 1948)

R —
KEP _ s(R, -G)+pc,D, /1, )
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This equation shows that potential evaporation is a func-
tion of three types of parameter: (i) climatic inputs, which
are incoming solar radiation (R), incoming atmospheric
radiation (R;), water vapour pressure deficit ([, ), air tem~
perature (7, , on which s depends) and wind velocity (U, ,
on which 7, depends); (ii) surface parameters, which are
albedo (a), emissivity (&), roughness length (29, on which
7, depends) and soil heat flux? (G); (iii) an equilibrium
term, the surface temperature, which adjusts itself to the
climatic conditions as a function of surface and sub-surface
(soil) characteristics. In a given meteorological environ-
ment, each type of surface has its own potential evapora-
tion determined by its own surface characterisics.

According to the criteria presented above, the potential
evaporation from a given surface in given meteorological
conditions is defined by Eqn. (4), which will be further
referred to as the Penman equation.? It represents the
evaporation rate from this surface (assumed to be exten-
sive enough to obviate any effect of local advection), when
completely wet and in the same meteorological environ-
ment. This physical representation is not in fact as evident
as it seems at first glance. As pointed out by Shuttleworth
(1993), this physical definition is purely conceptual and
represents only an idealized situation, which cannot be
encountered in the real world. This potential evaporation
does not represent the ‘real’ evaporation (i.e. the evapo-
ration which could be physically observed in the real world)
from such an extensive saturated surface in the given mete-
orological conditions (assuming this saturated surface was
substituted for an unsaturated one existing previously).
This point will be thoroughly examined further.

At this stage, a first question arises. Since the above for-
mulation shows there exist as many potential evaporations
as surface types, what type of surface must be chosen as a
reference to define the reference potential evaporation? It
is relatively easy to answer this question. The evaporation
from short green grass, completely shading the ground,
and never short of water, has been universally used as a
reference crop evaporation. Accordingly, it seems logical to

2 Soil heat flux is considered as a surface characteristic although it is not strictly one. But this assimilation can be legitimized by the fact that for
vegetation canopies covering the ground, it acts only as a corrective term to net radiation, and can be parameterized as a fraction of net radiation G =

oR, (with for instance o = 0.05 in the case of a short green grass).

3 The Penman equation differs from the Penman formulae. The former is a physical equation, mathematically derived from basic equations describ-
ing the surface energy balance and the transfers into the atmosphere. It has a very general significance and can be applied to numerous situations. The
latter are empirical formulae derived from the former. They are used in the practice of hydrology to calculate open water evaporation or potential evap-

oration from meteorological data.
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