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Abstract The study at first recalls the concept of “potential evapotranspiration”
(PET), originally considered equal to the evaporation climatic demand; then, it
reminds the steps of its progressive evolution toward the concept of “reference
crop evapotranspiration” (ET0) determined on irrigated grass. A physical analysis
conducted on the evaporation process is subsequently reported to help clarifying
the links between ET0 and evaporation climatic demand. This analysis clearly
demonstrates that the equivalence of ET0 to evaporation climatic demand is not
correct, although still common assumption in recent scientific literature, particularly
in hydrology. The study also identifies two processes acting in opposite directions in
the dynamics of ET0: (1) the climatic variables determining the evaporation demand,
and (2) the canopy resistance which slows down the response of irrigated grass to
such demand. The analysis of the respective impact of these two processes on ET0

dynamics shows that the available energy is the dominant process. This variable takes
into account the 60–70% of the variation of ET0, both at hourly and daily scales,
while canopy resistance only explains 10–20% of ET0 variation of irrigated grass. The
study regards different climatic situations. Possible effects on practical applications
were also discussed in the conclusions, together with comments on the correct canopy
resistance modelling.
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1 Introduction

The concept of “potential evapotranspiration” originated in the framework of studies
performed by hydrologists, geographers, climatologists and botanists trying to define
“aridity” at regional through continental to global scale (see the review by Guyot
1998). The aim was to establish criteria or indices to compare and/or classify time
series of climatic variables. Historically, the first climatic indices of aridity combined
different types of climatic variables: precipitation and air temperature (De Martonne
1926; Bagnouls and Gaussen 1953; Peguy 1961), precipitation and the difference
between maximum and minimum temperatures (Emberger 1930), or precipitation
and air vapour pressure deficit (index found by de Meyer in 1926, see the review
by Guyot 1998). These indices provided synthetic descriptive variables by combining
measured climatic data at large temporal scale (in general yearly means).

A fundamental improvement in the development of the concept of aridity can
be ascribed to botanist and climatologist Thornthwaite (1948) who introduced crop
water requirements in the calculation of the drought index, through the notions
of potential (PET) and actual (AET) evapotranspiration measured at a yearly
scale. PET corresponds to a loss of water by a canopy if soil never limits evap-
otranspiration (Thornthwaite and Wilm 1944). The term “potential” is equivalent
to maximum possible level under given climatic conditions. In other words, the
potential evapotranspiration is considered as equivalent to the evaporative demand
of the atmosphere under given climatic conditions. When soil water depletes, the
evapotranspiration will decrease: evapotranspiration also reduces from “potential”
to “actual” (AET).

The concept of PET greatly enhanced our knowledge on evaporation in nature
particularly by linking this variable to the characteristics of climate for the first
time. When a clear definition of PET was given in an international meeting held
in Wageningen, The Netherland (Anon 1956) and it was defined as the rate of
water vapour loss from a short grass canopy under the following conditions: grown
in a large surface, during an active growth stage, completely covering the soil,
of homogeneous height, in optimal water and nutritional status. Thus, this ideal
crop was rapidly established as the most suitable crop for the comparison and/or
the calibration of PET values (Penman 1948; Makking 1957; Stanhill 1961; Turc
1961; Damagnez et al. 1962; McIlroy and Angus 1964; Pruitt 1964; Van Bavel 1966;
Sarraf 1973; Riou 1975), with technological advances of weighing lysimeters enabling
measurements of PET in larger surfaces and for shorter time scales (see the review
by Aboukhaled et al. 1982).

In climatology, and above all in hydrology, the use of the concept of PET has
been very useful. The comparison between the values of PET and precipitation (P),
expressed in the same units, allows quantification of climatic water deficit and to
analyse the aridity of a given environment in more details (Donohue et al. 2007).
During a specific year, it is possible to distinguish a humid period (when P > PET)
which corresponds to a storage of water in the soil, and a dry period (when PET >

P) which corresponds to a climatic deficit (Guyot 1998). The cumulated value of the
P-PET difference enables hydrologists to evaluate water balance at different space
and time scales (plot, watershed, catchment, region) and to define the water reservoir
available in a given area for different water uses (Margat 1992).
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The use of PET in agronomy to determine crop water requirements has caused
some criticism to this concept, as Blaney and Criddle (1950) noticed that, for most
crops, AET > PET during the active growth stage. For more details see the review
by Doorenbos and Pruitt (1976). This (i.e., AET > PET) contradicts the meaning
of the word “potential” supposing to translate the maximal possible evaporation, i.e.
the evaporative atmospheric demand. Thus, crop water requirements specialists sug-
gested abandoning the concept of “potential evapotranspiration, PET” to replace it
with the concept of “reference crop evapotranspiration ET0” (Doorenbos and Pruitt
1976; Perrier 1984) while preserving almost the same definition first provided by
Anon (1956). However, new specifications concerning the height of grass (between
8 and 15 cm) were introduced following studies by Doorenbos and Pruitt (1976) as
well as suggestions on the precautions to follow to avoid the effects of advection on
the measurement (Perrier 1984). Note that this concept is more generic than Allen’s
et al. (1998) FAO-56 reference crop evapotranspiration which in this paper always
explicitly has the symbol “FAO-56 ET0”.

The concept of reference crop evapotranspiration was definitively adopted by
the scientific community following the recommendations issued by the International
Irrigation and Drainage Commission, during the conference held in Paris in 1984,
because of inconsistent use and definition of PET (Perrier 1984). Nowadays, this
concept is practically disappeared from international literature, except in hydrology
where it is considered as a robust input parameter (Douglas et al. 2009) to model at
catchment scale. Recent papers (Lu et al. 2005; Oudin et al. 2005; Weiss and Menzel
2008; Verstraeten et al. 2008; Douglas et al. 2009; Trajkovic and Kolakovic 2009;
Hazrat Ali and Yeang Shui 2009; Donohoue et al. 2010) still continue to debate and
analyse differences among methods adopted in the calculation of PET.

Despite the changes in nomenclature, doubts still persist regarding both concepts
of PET and reference crop evapotranspiration ET0. These doubts may be formulated
through three groups of questions:

1. (1) How to define the evaporation climatic demand or PET? (2) What is the link
between this and the ET0?

2. (3) What are the climatic and biological variables governing ET0? (4) And what
is the relative weight of each?

3. (5) Do these relative weights change in function of the climate type? (6) In which
range? (7) And what are the consequences on the determination or modelling of
the ET0?

We have structured this study in order to answer to the ensemble of the above
seven questions and to give some conclusions about the correct use of the different
definition of “evapotranspiration”.

Our theoretical knowledge on evapotranspiration has certainly improved over the
last years and, since measurement techniques, mainly micrometeorological practices,
nowadays allow the determination of reference crop evapotranspiration with high
accuracy (see the review by Katerji and Rana 2008), it is now also possible to add
useful elements in the definition of these concepts by trying to answer the above
questions.
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2 Analysis of Reference Evapotranspiration

2.1 Meaning and Identification of the Process

The theoretical works developed chronologically by Penman (1948, 1956), Monteith
(1963, 1965), Thom (1972, 1975), Perrier (1975) first allowed the identification of
the physical laws and afterword the biological variables acting in the process of the
evapotranspiration. Since the analysis of the evapotranspiration concept in the first
decades of the last century was based on an intuitive understanding, all these papers
permitted the comprehension of the phenomenon on analytical base. The Table 1
summarizes these main concepts as well as their chronological evolution following
the different authors.

To separate the climatic variables from the crop ones (e.g., architecture, the prop-
erties of the evaporative surface, the resistances to the diffusion of water vapour)
Perrier (1975) proposed a scheme (see Fig. 1) allowing three types of evaporative
surfaces to be distinguished:

1. Potential evaporation PE∗: i.e., evaporation from a surface saturated in water
(free water at the surface, or 100% of humidity on the crop) with the aim of
preventing loss of water, either due to biological control (stomatal closure) or
to control exerted by the vegetation structure (architecture). This variable is
only theoretical, except in the very improbable case in which the plant leaves
represent a very thin layer at the top of the stem (Fig. 1). This definition includes
large surfaces of water (such as lakes, seas, oceans), or saturated soils. PE∗ values
can be calculated using the Penman equation (Penman 1948):

PE∗ = 1
λ

ΔA + ρcp D/ra

Δ + γ
(1)

where λ is the latent heat of vaporisation for water (2.46 MJ kg−1), Δ is the
slope of the saturation vapour pressure function vs. temperature (Pa ◦C−1), γ

is the psychrometric constant (Pa ◦C−1), ρ is the density of the air (kg m−3),
cp is the specific heat at constant pressure (J kg−1 ◦C−1), A is the available
energy (W m−2) calculated as difference between net radiation and soil heat flux
and ra is the aerodynamic resistance (s m−1). The aerodynamic resistance ra is
the only resistance term in PE∗. It translates the obstacles encountered by the
water vapour between the evaporative surface and the reference height z. This
resistance, dependent on the surface roughness (z0) and crop height (hc), can be
obtained by the following relationship (Perrier 1975):

ra = ln z−d
z0

ln z−d
hc−d

k2u (z)
(2)

Where d is the zero plane displacement height (m), k the von Kármán constant
and u is the wind speed (m s−1). In the particular case of grass, its surface
characteristics (height, roughness) have very low impact on the calculation of
ra (Perrier 1975; Rana and Katerji 1998). In fact, in a very large range of wind
speed measured at the height z, the heat exchange coefficient of air (h, in ms−1,

the inverse of the resistance ra) calculated on a grass crop and on a bare soil are
very close (Fig. 2).
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Fig. 1 Schematic
representation of the
resistances appeared in the
potential evaporation PE*,
crop potential evaporation PE
and crop evapotranspiration
ET (after Perrier 1975; see
Table 1 for detailed
definitions); ra is the
aerodynamic resistance, r0 the
crop structure resistance and rs
the crop stomatal resistance

The concept of potential evaporation PE∗ allows the determination of the
evaporation demand of the atmosphere for all evaporative surfaces, including
crop surfaces when all the hypothesis are met (see Fig. 1). However, crop surfaces
have different physical characteristics influencing the evaporation PE∗: the
factor regulating solar radiation reflectivity (albedo) and the canopy architecture
influencing the available energy Rn-G (Rn is the net radiation and G is the soil
heat flux), even if these factors have secondary importance. Crop height and
roughness take part to the calculation of ra. For the same wind speed u, at a
reference level, the taller the crop, the higher the aerodynamic resistance (see
Eq. 2). Therefore, for the same climatic conditions (same Rn-G, D and u) the
taller the crop, the higher the values of PE* (Table 2).

2. Potential crop evaporation PE: i.e., evaporation of a crop having all evaporative
surfaces (leaves, stems, soil) saturated or covered in water. Thus, no biological
control is exerted for the water losses (the crop stomatal resistance, rs, is zero).
Yet, the crop itself shows resistance to water vapour transfer, r0, due to its
structure (Perrier 1975). Therefore, if ra is the same, it is:

PE∗ ≥ PE

where:

PE = PE∗

1 + γ

γ + �

r0

ra

(3)

Fig. 2 Evolution of the
exchange coefficient h (the
inverse of the aerodynamic
resistance ra) for heat and
mass in function of the wind
speed measured at 2 m above
the surface, for reference crop
evapotranspiration ET0
(irrigated grass) and bare soil
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Table 2 Mean values of potential evaporation PE* in W m−2 for different type of crop of different
heights (after Perrier 1975)

Maize 2.2 m Maize 0.6 m Bean Grass

PE*(W m−2) 800 550 500 450

Thus, this variable corresponds to a theoretical concept, although it can only be
found in nature during a relatively short period (evaporation of free water from
leaves) just after a rain, a strong dew or an irrigation by aspersion. Therefore
only under these particular conditions it is possible to determine the resistance
r0. Table 3 shows the values of r0 for different crop surfaces. It must be noted
that the more important the vertical structure of the crop, the higher the values
of r0. Nevertheless, there is a particular case where PE∗ ∼ PE: it’s the case of a
grass saturated at the surface, because the resistance r0 for this canopy can be
considered as negligible (see Table 3).

3. Crop evapotranspiration ET: i.e., when no saturation can be found on all the
evaporative surfaces. Since crop canopy resistance is rc = rs + r0 with rs crop
stomatal resistance. The crop canopy resistance rc varies between a minimum
value observed in a well watered crop and the maximal value observed in a
completely dry crop. Thus:

PE∗ ≥ PE ≥ ET

Crop evapotranspiration can be written as follows:

ET = PE∗

1 + γ

γ + �

rc

ra

(4)

By applying the above analysis to a well-watered grass we can then clarify the
links between the climatic demand PE∗, calculated for a grass surface, and ET0

measured in a well-watered grass. Actually, this last variable corresponds to ET
for grass, which is different from its PE∗ (since r0 is null) mainly because the
stomatal resistance of the irrigated grass is minimal but not equal to zero.

The equivalence of ET0 to the climatic demand of the atmosphere is a hypothesis
usually accepted in scientific literature, also in very recent works (Guyot 1998;

Table 3 Mean values of the structural resistance r0 for some crops of different height and in different
climatic conditions (after Perrier 1975 and Katerji 1977)

Crop Height (m) Climatic conditions r0 (s m−1)

Grass 0.1 Normal 0–5
Bean 0.4 Normal 5–10
Maize 0.6 Normal 10–15
Maize 2.2 Normal 20–30
Wheat 0.2 Weak demand 0
Wheat 0.4 Weak demand 6
Wheat 0.6 Weak demand 10
Wheat 0.2 Normal 5
Wheat 0.4 Normal 10
Wheat 0.6 Normal 20
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De Parcevaux and Huber 2007; Douglas et al. 2009; Zhang et al. 2010). Actually,
this equivalence is the same as to admit to the following equality:

PE∗ = PE = ET0 (5)

This hypothesis can only be verified if the crop resistance for the well-watered grass rc

is negligible with respect to the aerodynamic resistance ra (see Eq. 4). This hypothesis
has long been explicitly accepted by the scientific community, following publications
by Thornthwaite and Penman. Indeed, these authors considered grass as a wick with
roots plunged in the water reservoir of the soil and leaves subject to solar radiation
and wind. The role of grass in this system is only passive and it consists in making the
water in the soil available to the atmosphere without any opposition.

Nowadays, the use of microclimatic techniques in ET0 accurate measuring and rc

calculation by inversion of Eq. 4, allows for accurate estimations of canopy resistance
at hourly and daily scales. The values found for rc on irrigated grass ranged between
30 and 70 s m−1 (Allen et al. 1989; Smith et al. 1991; Ventura et al. 1999; Lecina et al.
2003; Wright et al. 2002; Katerji and Rana 2006). When grass evapotranspiration is
positive during the day (between 5:00 am and 6:00 pm), the values of rc and ra are
close, as shown in Fig. 3. Therefore, the hypothesis that rc is negligible with respect
to ra is incorrect.

Here we have ended the discussion about the three of the fundamental forms of
evaporation as defined by Perrier (1975) and we can make some observations about
the recent use of reference crop evapotranspiration and the evaluation of the canopy
resistance.

The main consequences resulting from the above analysis can be summarized as
follows:

1. The concept of potential evapotranspiration or climatic evaporative demand
PET is not an universal concept representing a given climate. Actually, it
depends on the characteristics (albedo, vegetation height,. . . ) and on the type of
the evaporative surface (bare soil, vegetative surface, water surface, forest,. . . ).

2. The ET0 must not be systematically equated to the climatic demand PE∗ calcu-
lated for the grass surface. In practice, this hypothesis can be close to reality for

Fig. 3 Hourly path of
reference crop
evapotranspiration by
weighing lysimeter (ET0), the
grass canopy (rc) and the
aerodynamic (ra) resistances
during a sunny day (30 August
1990) at Rutigliano (South
Italy)
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a grass surface just after a rain or irrigation, while, it can be very far from reality
if the space is covered in forests.

3. Two processes may affect the dynamics of ET0 in opposite ways: A) the climatic
parameters (A, D and ra) determining PE∗ and making the evaporative demand;
B) the canopy resistance rc which adapts its response to this demand.

At this point the respective impact of climatic (A, D, ra,) and biological (rc) variables
on ET0 should be determined.

2.2 Relative Impact of the Different Processes Taking Part
to the Evapotranspiration Process: The Case of ET0

In general, the analysis of the relative impact of climatic (A, D, ra) and biological
(rc) variables on function ET aims at establishing what variable(s) cause(s) the most
relevant variation of ET in the different situations.

The analysis here presents results from Rana and Katerji (1998), who obtained,
within the Mediterranean region, hourly experimental data, from three irrigated
crops having different height: grass (0.1 m), grain sorghum (1 m) and sweet sorghum
(3 m). In the next we focused the attention on the ET0.

Following McCuen (1974) and Beven (1979), Rana and Katerji (1998) calculated
the non-dimensional relative sensitivity coefficients:

Si = ∂ (ET)

∂pi

pi

ET
(6)

for i = 1, 2, 3, 4, they represent that fraction of the change in each variable pi (p1 = A,
p2 = D, p3 = ra, p4 = rc) that is transmitted to change ET. A similar approach has
been recently presented by Donohoue et al. (2010) for analysing the dynamics of the
evaporative demand.

The main results of this study can be summarized as follows:

1. Under irrigated crop conditions ET showed to be very sensitive to any variations
in the value of A in the case of grass. For, this variable (see Fig. 4) explained 60–
70% of ET hourly variations; in fact the sensitivity coefficient for this variable
S(A) is always close to 0.6–0.7 for the grass. Furthermore, the variations in
the value of D explained 50% of the ET hourly variations in the case of grain
sorghum and 60–70% in the case of sweet sorghum (sensitivity coefficient S(D)

around 0.5 and 0.6–0.7 for grain and sweet sorghums respectively). Finally, ET
proved less sensitive to ra variations in all three crops studied, S(ra) being close
to 0 for all cases.

2. The sensitivity coefficient for resistance S(rc) explained 10–20% of the ET
variations in the case of grass against 40–50% in the case of both grain and sweet
sorghums.

Following the above analysis it can be argued that for irrigated grass:

A. The available energy A is the main force in the dynamics of ET0.
B. If compared with the crops having greater heights, the biological resistance (rc)

is less central of ET0 dynamics than the climatic variables. So, the choice of
irrigated grass as reference is fully justified.
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Fig. 4 Sensitivity coefficients for the hourly AET (Si = [
∂ (AET) /AET

]
/
[
∂i/ i

]
) for: a available

energy A, b vapour pressure deficit D, c aerodynamic resistance ra, d canopy resistance rc, found
in grass, grain sorghum and sweet sorghum crops cultivated in well-watered conditions (open circle
grass; plus sign grain sorghum; close circle sweet sorghum). (After Rana and Katerji 1998)

2.3 Validation

The analysis above identified two processes in ET0: the climatic demand PE∗
and the canopy resistance. Among the climatic variables included in PE∗, in the
determination of ET0 the main role is played by the available energy, while the role
of the canopy resistance is much less important.

In the context of the present work, at this point, we analyse these conclusions start-
ing from measurements of ET0 carried out under different climates and summarize
the consequences on the measurements or on the estimation of ET0, from a practical
point of view.

2.3.1 The Role of Available Energy A

According to the analysis presented in the Section 2.1, ET0 for the reference grass
can be written as:

ET0 = PE∗

1 + γ

γ + Δ

rc

ra

(7)

by differentiating the previous expression with respect to the aerodynamic resistance
ra, in order to evaluate the way ET0 varies with the wind speed, it is possible to
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highlight a particular value of rc, called “critical resistance” for which the value of
ET is independent on ra (Daudet and Perrier 1968), i.e:

∂ ET0

∂ra
= 1

λ

Δγ Arc − ρcp D (Δ + γ )
[
ra (Δ + γ ) + rcγ

]2 (8)

this expression is null for the following value of rc:

∂ ET0

∂ra
= 0 ⇒ rc = Δ + γ

Δγ
ρcp

D
A

= r∗ (9)

Thus, the expression (7) can be written as follows:

ET0 = 1
λ

Δ

Δ + γ
A

1 + γ

γ + Δ

r∗

ra

1 + γ

γ + Δ

rc

ra

(10)

By putting C = 1+ γ

γ+Δ
r∗
ra

1+ γ

γ+Δ
rc
ra

, the expression for ET0 becomes

ET0 = 1
λ

C
Δ

Δ + γ
A (11)

The coefficient C was considered as a real crop coefficient by Katerji and Perrier
(1983). Equation 11 allows the estimation of ET0 from few weather variables, centred
around the available energy.

The approach above described, which relates ET0 to A through a coefficient, was
followed for 40 years in the last century by many authors for the determination of
PET:

It is the case of Makking (1957) who proposed the following relation:

PET = 1
λ

C1 Rn (12)

Also Priestley and Taylor (1972) suggested an expression of PET adapted to large
well-watered surfaces, including vegetated surfaces and large water bodies (lakes and
oceans) i.e.:

PET = 1
λ

C2
Δ

Δ + γ
Rn (13)

where C2 varies between 1.08 ± 0.01 and 1.34 ± 0.05 with average of 1.26 according
to these authors.

Therefore, the Eqs. 12 and 13 are empirical formulations belonging to the same
family of expressions which underlines the role of A in ET0 as a driver, fully
in accordance with our conclusions in Section 2.2. On the other hands, several
authors illustrated the influence of aerodynamic terms on the evaporative process,
as determined from open water (Roderick et al. 2007, 2009; Johnson and Sharma
2010).
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To find the relations among coefficients C, C1 and C2, a simple consideration is
needed:

1. For well-watered wheat, the value of the G at hourly scale is around 5% of Rn

(Gosse 1976). At daily scale, the balance of G is close to zero. Thus, C and C2
can be considered as very close at this time scale.

2. Δ/(Δ + γ ) varies from 0.55 at 10◦C to 0.74 at 25◦C. Which means that
Δ/(Δ + γ ) ≈ 0.65.

Fig. 5 Relationships between
a daily and b hourly values of
the term (Δ/(Δ + γ )) A
and reference crop
evapotranspiration measured
by weighing lysimeter (ET0;
Rutigliano, Bari region, after
Katerji et al. 1990)



Reference Crop Evapotranspiration 1593

At this point in this study we analysed the effects of different climate regimes on
coefficients C and C1 under different climate conditions (Mediterranean climates
characterised by a dry season, humid and equatorial climates).

Figure 5 shows one of the relations observed, that between Δ/(Δ + γ )A and ET0

measured at Rutigliano, a site in the Mediterranean region, at hourly and daily scales.
From this figure, it can be argued that the relation between these two variables is
linear, mainly at daily scale. In Table 4 the values of coefficient C obtained at daily
scale from the same site in Southern Italy are compared with the following variables:

3. The values of coefficients C1 and C2 observed at another site in the
Mediterranean region (Caesarea, Israel) and at a non-Mediterranean site subject
to a Mediterranean-type climate (California, USA);

4. The values of coefficient C2 observed at a site in Northern Europe subject to
humid climate (the area of Paris, France);

5. The values of coefficients C1 and C2 observed in the tropical humid regions of
Ivory Coast, Central Africa and Brazil.

By looking at the values of coefficients C and C1 in Table 4 it is clear that these values
showed a strong stability going from semi-arid to humid climates. On the other hand,
we already observed by discussing the sensitivity analysis of the ET calculation, that
the A was the main driving force of ET0 at all the sites observed. Its impact estimated
from coefficients C or C1 was strongly stable despite the difference in climates.
Finally, it can be underlined that the values of coefficient C (∼0.75) experimentally
calculated at daily scale were in full accordance with the relative impact attributed to
the available energy (60–70%) in the hourly ET0 following the analysis reported in
Section 2.2.

The data shown in the Table 4 were obtained according to the definition of ET0

(see Table 1), without advective transport of energy. When important advective
fluxes occur, Katerji and Perrier (1983) demonstrated that the coefficients C and
C1 can increase up to 100% of their original value. Advection widely occurs, above
all when the land use is not uniform and in irrigated areas as in the Mediterranean
region. So studies (Flint and Childs 1991; Castelvì et al. 2001; Pereira 2004) were
developed to take into account it in the crop water loss determined using a Priestley-
Taylor approach.

2.3.2 The Role of Canopy Resistance rc

Since the early 1990’s a large range of literature has been devoted to the experi-
mental determination of the canopy resistance of reference grass, rc, following its

Table 4 Values of the coefficients C, C1 and C2 observed on the irrigated grass for different sites
characterised by different climate

Site (country) C C1 C2 Time scale Authors

Rutigliano (Bari, south Italy) 0.88 1.2 Daily Katerji et al. (1990)
Versailles (Paris region, France) 1.27 Daily Grebet (1982)
Davis (California, USA) 1.27 Daily Pereira (2005)
Caesarea (Israel) 0.76 Monthly Rosenberg et al. (1983)
Piraciaba (Brazil) 1.2 Daily Pereira (2005)
Bangui-Brazzaville (Central Africa) 0.77 Daily Riou (1975)
Adiopodaumé (Ivory Coast) 0.77 Daily Gosse (1976)
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introduction in Eq. 4 for the estimation of ET0. Theoretically, from a physical point
of view, this equation is valid under permanent regime, i.e. only at hourly scale.
Several adaptations of this equation for the estimation of ET0 at daily scale have
been discussed and adopted by many authors (Penman 1956, 1963; Allen et al. 1989,
1998; Rana et al. 1994; Katerji and Rana 2006).

The first works (Allen et al. 1989) adopted a simple solution, previously proposed
by Monteith et al. (1965) for barley crop, to characterise the resistance rc of a
well-irrigated grass. It was supposed to be constant during the day, related to leaf
area, and equal to 70 s m−1 for grass having 0.12 m in height. Furthermore, this
resistance was supposed not to be sensitive to the environment and to maintain the
same value under different climates. These hypotheses, of course, made the practical
determination of ET0 easier and therefore they were later maintained in the formula
for the calculation of FAO-56 ET0 proposed by FAO bulletin no. 56 (Allen et al.
1998). The latter is a handbook providing advice for practical calculation of crop
water requirements.

Steduto et al. (1996) compared the values of FAO-56 ET0 calculated according
and those measured by weighing lysimeters at 6 sites within the Mediterranean
region: in Italy, Tunisia, Morocco, Spain and Turkey. The results of this test (see
Fig. 6) showed that the FAO-56 ET0 formula underestimated the measured ET0 of

Fig. 6 Comparison between
the values of ET0 estimated by
the FAO Penman-Monteith
ET0 (i.e. the FAO-56 ET0)
and crop reference ET0
measured by lysimeter at six
locations in the Mediterranean
region. SEE indicates the
standard error of estimate ET0
(after Steduto et al. 1996)
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about 2 to 18% at all sites except in Morocco, where it tended to overestimate the
measured values. However, it must be underlined that the number of days considered
for the test in Morocco was lower than that considered for the other countries, and
that in Morocco the values of ET0 were lower than 6 mm d−1, against 8–9 mm d−1

recorded at the other sites. On the other hand, there is also a tendency to clearly
underestimate ET0 when its values are greater than 4–5 mm d−1 (Steduto et al. 1996).

The difference found between the measured and calculated values in the previous
test was due to the not realistic hypotheses assumed by Allen et al. (1989), as follows:

1. The first concerns the stability of the canopy resistance rc during the day. In
fact, many studies clearly show that this resistance is not constant during the
day; it varies in function of radiation, vapour pressure deficit and the interval
between two successive irrigations (see the review by Rana et al. 1994). Models
to calculate ET0, taking into account the daily variation of rc, have been proposed
by several authors (Rana et al. 1994; Todorovic 1999; Lecina et al. 2003). They
generally provided a better estimation of ET0.

2. The second concerns the insensitivity of rc to the environment. The mean
daily values of rc experimentally found at different sites varied between 30 and
70 s m−1 (Smith et al. 1991; Wright et al. 2002; Ventura et al. 1999; Lecina et al.
2003; Katerji and Rana 2006). Figure 7 shows an example of rc determined as
daily mean at the site of Rutigliano (Bari, Southern Italy). The values locally
found (50 s m−1) were 40% lower than that (70 s m−1) adopted by Allen et al.
(1989). The overestimation of the rc values in the FAO-56 ET0, with respect to
the locally calibrated site values explains the underestimation of ET0 observed
at this site through this formula (see Fig. 6).

Katerji and Rana (2006) analysed the errors in the ET0 calculation only due to the
determination of rc at the Mediterranean site of Rutigliano. The authors noticed that:

1. When the hypothesis of hourly variable rc is considered valid, the slope of the
linear regression between simulated and measured values is close to 1 (Fig. 8a).

2. When the hypothesis of daily constant rc locally calibrated is considered valid
(rc = 50 s m−1) the slope decreases from 1 to 0.85 (Fig. 8b).

Fig. 7 Hourly evolution of the
canopy resistance measured
before and after irrigation
(20 mm) in a reference crop
evapotranspiration in
Rutigliano (south Italy),
together with the canopy
resistance considered constant
at 50 s/m (after Katerji and
Rana 2006)
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Fig. 8 Comparison between
reference crop
evapotranspiration ET0
measured by lysimeter in a
southern Italian site
(Rutigliano, Bari) and ET0
modelled by three different
approaches: a with rc
calculated as function of
climatic variables, b with a
constant rc of 50 s m−1, c with
the FAO-56 ET0 formulation
and rc constant at 70 s m−1;
(after Katerji and Rana 2006)

3. Finally, when the FAO-56 ET0 hypothesis is considered valid (rc = 70 s m−1), the
ET0 is strongly underestimated and the slope decreases from 1 to 0.78 (Fig. 8c).

Therefore, the different ways to determine rc have important consequences on
estimated ET0 values. However, it is possible to notice that a 40% overestimation
on daily mean values of rc (70 s m−1 instead of 50 s m−1) corresponds to an
underestimation of about 12% of ET0. Thus, the error on the determination of rc

is not proportional to the error on the determination of ET0, because of the small
impact of the variable rc on calculated ET0, already underlined in Section 2.2. So, an
acceptable estimation of ET0, close to ±10%, can not be interpreted as an evidence
of an appropriate estimation of rc of the grass.
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On the contrary, for tall crops (height > 1 m) the error in the determination of rc

has a large influence (40–50%) on the accuracy of the determination of ET values
(see the review by Katerji and Rana 2006). For such crops an acceptable estimation
of ET needs a preliminary accurate evaluation of rc.

3 Conclusions

The concept of potential evapotranspiration PET introduced by Thornthwaite, and
adopted by the scientific community over the last six decades, aimed at defining the
maximum evaporation demand for a given climate. This concept has been proven
to be inappropriate because the evaporation climatic demand is not only linked
to the climate, but also to the kind of evaporative surface (e.g., bare soil, water
surface, crop), and particularly to the physical characteristics of these surfaces,
influencing the evaporation (e.g., albedo, surface roughness length, crop height,
stomatal regulation). Nevertheless, the concept of reference grass evapotranspiration
is interesting as the values of evapotranspiration measured under different climates
or in order to estimate crop water requirements.

The analysis of the physical and biological mechanisms intervening in the de-
termination of reference grass ET0 clearly underlines that this last has not been
equated to the climatic demand PE∗ calculated for the grass surface, in contrast with
a hypothesis still very wide spread in scientific literature. Actually, two processes act
in opposite directions in the dynamics of ET0: on one side, the evaporation demand
PE∗ and, on the other side, the canopy resistance rc which reduces the response to
this demand. However, it was demonstrated that the impact of the variable rc on ET0,
although not negligible, is less important than the climatic variables determining PE∗.
The available energy plays a major role among these variables.

The well-demonstrated previous conclusions were analysed and discussed in the
framework of studies on ET0 modelling. Firstly, the available energy seemed to be
the main climatic engine of ET0. Then, the relationship linking these two variables
(A and ET0) seemed to be very stable both under Mediterranean and equatorial
humid climates.

Furthermore, the different hypotheses found in the existing literature to deter-
mine the value of rc of irrigated grass were tested under Mediterranean climate.
The accuracy of the estimated ET0 values varied according to the approach used to
determine rc (constant, variable, locally calibrated). Nevertheless, the impact of the
differently determined rc had very less importance on grass than on crops typically
higher than 1 m.

As to ET0 modelling, research efforts over the last decades have mainly been
focused on determining and modelling rc. Contrarily, the present study illustrates
the need to correctly determine available energy, whose accuracy is essential, given
its greater importance on the determination of ET0. In scientific literature, formulas
linking ET0 to the available energy (e.g. Makking and Prestley-Taylor formulas), us-
ing simple climatic variables, have been proposed. In fact, in situations characterised
by lack of climatic data needed for the calculation of ET0, these formulas may be a
suitable and very useful method for its determination. Recently Douglas et al. (2009)
come to the same conclusions.
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