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In this paper a model for estimating actual evapotranspiration (ET) is tested at two experimental sites in Europe 
(southern Italy and southern France), using data for soybean crops temporarily stressed, grown under a typical Mediterranean 
climate. The present ET model is based on the Penman-Monteith approach, but uses a canopy rv value that takes account 
of both stomatal resistance and canopy architecture. In this model, rv appears only as TV/r,, where ra is aerodynamic 
resistance. rv/ra is set to a fraction of the ratio r */ra (with r * called the critical resistance, similar to the isothermal 
resistance). The function rv/ra =fir */ra) depends on crop water status as specified by the predawn leaf water potential. 
The model gives very good results for both sites on hourly, daily and seasonal time scales. 0 1997 Elsevier Science B.V. 
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1. Introduction 1988; Saxton and Cordery, 1988). In these studies, 

Evapotranspiration (ET) estimates 
for many applications in agricultural 

are required crops grown under non-limiting soil water conditions 

and environ- were considered. In semi-arid and arid regions and, 

mental management, from hydrological applications in particular, in the Mediterranean area, water re- 

to crop models and irrigation scheduling. In the last sources are always limited. Supplying good quality 

few decades attention has focused on theoretical and irrigation water has become a major problem, since 

applied analysis of this biophysical phenomenon and the annual rainfall cannot meet the potential ET 

most of the scientific papers on the subject are demand (see, among others, Biswas, 1994; Hamdy, 

devoted to the evaluation of ET models that use 1994). Hence, good management of irrigation water 

readily available data (for example, Kanemasu et al., in these regions must evaluate as precisely as possi- 

1976; Jamieson, 1982; Hatfield, 1988; Heermann, ble the ET losses. This evaluation is useful in order 
to analyse the impact of water stress on the produc- 
tion and define the optimum restoration of the soil 

* Corresponding author. water conditions. 
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Jensen et al. (1990) reviewed single level models 
for estimating ET and recommended the Penman- 
Monteith model (Monteith, 1965) as presented by 
Allen et al. (1989) as the preferred method for 
predicting reference ET (ET from grass maintained 
under optimum soil moisture and nutritional condi- 
tions) on a daily basis. 

Several authors have applied the Penman- 
Monteith to field crops: for example, Perrier et al. 
(1980) tested the model on alfalfa, Steiner et al. 
(1991) evaluated it for grain sorghum, Howell et al. 
(1994) for winter wheat, sorghum and corn. In all 
these papers the canopy resistance, rC, was taken as 
a fixed value over the growing season, derived from 
stomatal resistance measurements (as indicated by 
Allen et al., 1989) or estimated by models applicable 
to well watered crops (for example, Idso, 1983). 

Many authors have studied canopy or stomata1 
resistance as a function of environmental and plant 
factors. A comprehensive review can be found, 
among others, in Jarvis et al. (19811, Turner (1991) 
and El Moujabber (1995). 

A milestone in the modeling of canopy resistance 
is the work of Jarvis (19761, in which rC is taken as 
function of environmental variables and crop water 
status which is related to the availability of soil 
moisture. This last rC formulation is comparable 
with the model described by Katerji and Perrier 
(1983) for alfalfa, in which they suggest taking rC as 
function of crop water status, fixed for a given 
climatological situation. Such a model was adapted 
by Rana et al. (1997) to crops experiencing water 
stress. In this paper, the plant factor that takes crop 
water status into account is the predawn leaf water 
potential, @, instead of the ‘Jarvis’ soil water avail- 
ability. 9, measured at predawn, expresses the crop 
water status when the plant is in equilibrium with the 
soil and is thus only a characteristic of the species 
and not of the soil type (Kate@ and Hallaire, 1984; 
Tardieu et al., 1990; Itier et al., 1992). 

Previously (Rana et al., 1997), the model pre- 
sented here was tested successfully on grain sorghum 
and sunflower grown in a Mediterranean region, 
where the soil is submitted alternately to humid and 
dry conditions. In this paper, we propose to general- 
ize the model to make it applicable to different sites. 

To meet this target we calibrated the model on 
soybean and tested it in southern Italy. The model 

was then used on soybean grown in southern France, 
without further calibration. The results are presented 
for various time scales (hourly, daily and seasonal). 

2. Model description 

2.1. For hourly scale 

The combination Penman-Monteith model repre- 
sents a basic general description of the evaporative 
process from a vegetative surface. This process is 
supposed to be stationary, i.e. applicable on a tempo 
ml scale from a few minutes to 1 h. It can be written: 

hE= A(&--G) + [ pc,(e* -e)]/ra 
A + ~(1 + rJr,) (1) 

where E is crop evapotranspiration (kg mm2 s- ’ or 
mm s-’ ), A is the slope of the saturated vapour 
pressure curve (Pa K-l), R, is the net radiation (MJ 
rnp2 s-l), G is the soil heat flux (MJ mm2 s-l), p 
is air density (kg mm3), cp is the specific heat of 
moist air (MJ kg-’ K-l), e * is the saturated vapour 
pressure of the air (Pa), e is the actual vapour 
pressure of the air (Pa), y is the psychometric 
constant (Pa K- ’ ), ra is the aerodynamic resistance 
(s m-l), rC is the canopy resistance (s m- ’ ) and A 
is the latent heat of vaporisation of water (MJ kg-’ 1. 
r, is the resistance to the turbulent transfer of vapour 
between the source and the reference level. The 
source of vapour is at height z = (d + zom 1, the latter 
is taken to be the effective crop surface (i.e. Mon- 
teith, 1963), where d (m) is the zero plane displace- 
ment and za,,, (m) is the roughness length for mo- 
mentum. rC is the integrated stomatal resistance for 
the canopy considered as a ‘big leaf’, taken as the 
parallel sum of the stomatal resistances. 

Following the approach described by Perrier 
(197&b), the canopy is considered a porous medium; 
therefore, the mechanism of vapour transport from 
the crop level is influenced by both the architecture 
of the canopy and the stomatal regulation of the 
leaves. Thus, canopy resistance can be defined as 

r, = r, + rO (2) 

where r, depends only on the mean stomatal regula- 
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tion of leaves and r,, depends on the canopy struc- 
ture; the latter resistance can be calculated, for a 
given crop, using ET measures for a well watered 
canopy (Perrier, 1975a). 

In this case the energy conservation boundary 
condition is applied to the top of the canopy, so that 
aerodynamic resistance is experienced between this 
plane (level h, (ml, height of the crop) and the 
reference level; this aerodynamic resistance is de- 
fined, under neutral stability conditions, by the rela- 
tionship 

ra = 
ln( Z)ln( ;GJ 

k*u( z) 
(3) 

where z (m) is the reference level where the wind 
speed U(Z) (m s-t ) has been measured and zom (m) 
is taken equal to 0.123 h, (Brutsaert, 1982). 

The Penman-Monteith formula contains two 
terms: (i) the radiative and (ii) the aerodynamic term. 
To clearly separate these two terms, Eq. (11, taking 
into account Eq. (2), can be written in the following 
form: 

, -c Pc,(e* -4 

hE= 
* ’ A(&-G)r, y r, (4) 

1+-- 
A+rr, 

From the above relation it can be argued that 
there are only two cases in which ET is equal to the 
radiation term (i.e. independent of the aerodynamic 
term): (i) when ra > 0, that is, if the surface is very 
smooth and/or the wind speed is very low; (ii) when 
rv takes the particular value (Monteith, 1965): 

A+r w,(e* -e) 
r =dy(R,-G)=r 

t 
” 

This last parameter, in s m-l, is linked to the 
isothermal resistance introduced for the first time by 
Monteith (1965). It has also been called the ‘critical 
resistance’ (Daudet and Perrier, 1968) because it 
represents a threshold between one situation, when 
rv < r * , in which AE increases with wind speed and 
another situation, when rv > r * , in which hE de- 
creases with wind speed. 

If we substitute Eq. (5) into Pq. (41, the 
Penman-Monte& formula can be written in the 
more legible form: 

AE= &W-G) 
1 + [r/V+ r)l(r*/r,> 

1+ hw+ r)lWrJ 
(6) 

The second fraction is a dimensionless quantity 
which provides a weighting on the equilibrium evap- 
oration (McNaughton, 1976) and can be seen as a 
crop-climatological coefficient (Katetji and Pet-tier, 
1983; Kate@ et al., 1987); it modulates part of the 
available energy transformed by the soil-canopy- 
atmosphere system during evapotranspiration. 

Eq. (6) relates rv, r * and ra. Perrier et al. (1980) 
showed experimentally that rv/ra was a function of 
r ‘/ra and this relationship depends on phenological 
stage and soil water status. In sorghum and sun- 
flower crops, rv/ra increases, for a given value of 
r * /ra, as a function of plant water status (Rana et 
al., 1997). Moreover, from a mathematical point of 
view, a linear link between rv/ra and r */ra can be 
argued from a dimensional analysis on the basis of 
the Buckingham theorem (i.e. Kreith, 1973). There- 
fore, Katetji and Perrier (1983) proposed the follow- 
ing linear relation 

r-,/r, = u( r */r,) + b (7) 
with a and b as empirical coefftcients. These coeff- 
cients were determined for several crops (see Table 
1). In this paper, we demonstrate that in the relation 
given by Eq. (71, a and b depend on the crop water 
status as expressed by the predawn leaf water poten- 
tial (?#‘I. In this manner, the dependence of rv on 
soil moisture (and its dependence on soil type) is 

Table 1 
Coefficients a and b for several crops 

Crop a b Ref. 

Grass (tropical 0.18 0 ’ Gosse, 1976 
climate) 

Grass (Mediterranean 0.16 0 Rana et al., 1994 
climate) 
Alfalfa 0.24 0.43 Kate@ and Perrier, 1983 
Sorghum 0.94 1.1 Raua et al., 1997 
Sunflower 0.53 1.2 Rana et al., 1997 
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avoided, making Eq. (7) more general than the rc under different levels of water stress in a Mediter- 
function of water stress as suggested by Jarvis (1976). ranean region. 

When Eq. (71, with experimentally determined 
values of a and b, is substituted into Eq. (6) the 
Penman-Monteith model contains only standard cli- 
matological parameters. 3. Sites description and field measurements 

2.2. For daily scale 3.1. Experimental conditions 

Theoretically, the daily estimation of ET by com- 
bination models based on daily mean values will not 
be correct according to the hypothesis of stationarity, 
unless the daily value is calculated as a sum of 
hourly data. Nevertheless, having a daily expression 
of the Penman-Monteith model can be very useful 
for practical purposes. In this case, daily evapotran- 
spiration (Ed; mm day- ’ ) can be written, following 
our model, as: 

The study was carried out at two European sites. 
The first, southern Italy (SI) (Rutigliano-Bari, 
41”01’N, 14”E, altitude 122 m a.s.l), is characterized 
by a typical Mediterranean semi-arid climate. The 
soil is shallow (0.6 ml clay (43%), well drained due 
to a fissured rocky subsoil, with 96 mm total avail- 
able soil water. Soybean (Glycine max cv. ‘Hodg- 
son’) was sown on 14 May 1989 (DOY 134). At the 
second site, southern France (SF) (Avignon, 43”54’N, 
4”48’E, altitude 10 m a.s.l.1, soybean (Glycine MM 
cv. ‘Labrador’) was planted on 2 July 1990 (DOY 
183) and grown on an homogeneous silty clay loam, 
deep (2 m) soil. The measurements were made when 
the crop completely covered the soil: 79 days after 
sowing in SI and 10 days after planting in SF. At 
both sites, measurements began when LAI was about 
2. 

Ed = Cd &(R,-G), 

where (R, - G), is the daily integral of the available 
energy and C, can be considered as a sort of ‘crop- 
climatological coefficient’ and can be calculated as: 

c 

d 
= 1+ MA+ r>l(~*/cJd 

1 + b/(A+ ?‘>l(rvb-a)d 
with (r */rajd and (rv/rajd the daily averages of 
these ratios. Cd depends on the growth stage: Cd 
values have been found to range from 0.92 to 1.38 
for wheat (Perrier et al., 19801, 1.14-1.37 for rice 
and 0.69- 1.1 for peanuts (Peterschmitt and Penier, 
1991). A linear relation has been found experimen- 
tally between Cd and (Y */ra) for reference crops 
such as alfalfa (Katerji and Penier, 1983) and grass 
(Rana et al., 19941, such that: 

Cd=a(r*/rJd+b (10) 

For crops under water stress, Cd is related to the 
predawn leaf water potential as: 

C,=a.!P+b (11) 

In this case, the coefficient a has the same units as 
p- ’ (here MPa- ’ >. Rana et al. (1997) found the 
coefficients a and b for sunflower and grain sorghum 

For SI the experimental field was maintained with 
good soil moisture conditions until canopy closure, 
when it was divided into two plots: one (about 5000 
m*) well watered and the other (about 10000 m*, 
where the measurements took place) submitted to 
three successive cycles of soil drying and rewetting 
(through rainfall or irrigation). 

For SF, during the first month of the growing 
season the crop was irrigated and, once the leaf area 
index reached a value of 2, water supplies depended 
only on rainfall. 

3.2. ET reference measurements 

For the SI site, actual ET calculated by the model 
was compared with ET measured by the energy 
balance/Bowen ratio (mmasured). For the SF site, 
ETmasured was determined by the energy balance 
above the canopy, using the eddy correlation method 
to estimate the sensible heat flux and the calorimetric 
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method to estimate the heat flux through the soil 
surface. Net radiation was measured directly. 

3.3. Measurements 

3.3.1. SI site 
Net radiation was determined using two 

Fritschen-type net radiometers (model Q * 6; Radia- 
tion Energy Balance System, Seattle, WA, USA) 
placed 1.2 m above the crop. Air humidity was 
determined from wet and dry bulb air temperatures, 
which were measured using aspirated, sheltered, plat- 
inum resistance (PTI 00) sensors, 1.5 m above the 
canopy for the model inputs and 0.2 and 1.2 m for 
the Bowen ratio measurements. The Bowen ratio 
psychrometers were exchanged automatically every 
6 min with 3 min interval of stabilization, so that the 
humidity gradient was the mean of 15 min for each 
sensor. The final gradient was the hourly average of 
4 (measurements each hour) X 2 (sensors) = 8 means 
of 15 min. Wind speed was measured using a cup 
anemometer (model AlOO, Vector Instruments, 
Clwyd, UK) mounted 1.5 m above the canopy. Soil 
heat flux was measured by three heat flux plates 
(Campbell Scientific, Logan, UT, USA) at 5 mm and 
corrected using the calorimetric method with four 
thermocouples in the soil. All transducers were mea- 
sured every 10 s by a Campbell Scientific CR7X 
data logger, signals were averaged for 15 min, and 
four 15-min means were cornposited into l-h means. 
All sensors were placed 150 m from the edge of the 
plot in the predominant wind direction, which is 
usually constant at the site during summer. 

Crop water status was evaluated from the leaf 
water potential (Katerji and Hallaire, 1984; Tardieu 
et al., 19901, measured, by sampling ten young fully 
developed trifoliate leaves, immediately after cutting, 
and just before dawn, using a pressure chamber 
(Scholander et al., 1965). 

3.3.2. SF site 
Evapotranspiration was measured as the residual 

in the energy balance (R, = A E + G + H). Net radi- 
ation was measured directly by a net-radiometer 
(model Q * 6) and soil heat flux was estimated by the 
calorimetric method using four thermocouples in the 
soil. Sensible heat flux was measured with the eddy 
correlation method using a sonic anemometer and 

Table 2 
Water stress classes for soybean 

Class P interval 
(iMPa) 

No stress 
Weak stress 
Strong stress 
Senescence + water stress 

yr > -0.5 
-0.5>PZ-1 
-12!P 
- 12 Q + senescence 

fine thermocouple (CA27, Campbell Scientific) 
placed 0.5 m above the canopy; the data were ac- 
quired at 8 Hz and averaged every 15 min. Further 

0.0 1 a)Southem Italy & Irrigation 

-1.2 7 

-1.6 4 

-2.0 + 

F ,b 

Q-JUI 16-Jul 23-Jul 3o-Jul 6-M 13-Aug 

“’ _i b) Southern France 

I 
v _ 

b -0.8 

-1.2 

-1.6 i_i-~rr7mrrrF-rr?-m71 

29-Jul 12-M 26-Aug SSeP 

Fig. 1. Variations in predawn leaf water potential tY during the 
growth season of soybean for sites in (a) southern Italy (SI) and 
(b) southern France (SF). 
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details of the energy balance and micrometeorologi- 
cal parameter measurements are described in Olioso 
(1992). The Ik* measurements were taken on the 
uppermost expanded leaves (five replicates) using a 
pressure chamber. 

3.4. Test method 

Several ‘stress levels’ of soybean were chosen, so 
that q was divided into stress classes as shown in 
Table 2, according to Mastrorilli et al. (1993). Dur- 
ing the last part of the growing season, stress occurs 
due to the senescence stage of the crop growth as 
well as the soil water conditions: thus, it can be 
termed ‘senescence + water’ stress. When a plant 
becomes senescent, large molecules are hydrolyzed, 
contributing to a decrease of q by osmotic pressure. 
When this occurs, the equilibrium between soil and 
plant at predawn no longer exists. 

To validate the model on an hourly scale, for the 
different stress classes, the coefficients a and b in 
Eq. (7) were experimentally calculated for the SI site 
only, using data from certain days (two or three for 
each stress class). In this case, TV/r, was considered 
the unknown in Eq. (6) with AE measured by the 
Bowen ratio method. The ratio r */r, was derived 
from climatological data. The model was calibrated 

for every stress class and the derived relationships 
for each stress class substituted rv/ra in Eq. (6). 
Hourly validation of the model was done with data 
not used for the calibration. 

On a daily scale, a relationship between C, and F 
was found for certain days during the entire crop 
growing season using data from the SI site only. The 
model was validated by replacing C, in Eq. (8) for 
each site with days not used in the calibration. 

4. Results and discussion 

4.1. Stress cycles 

In Fig. 1 the seasonal course of soybean daily 9 
is shown for both sites. For SI (Fig. l(a)), three well 
defined stress cycles are shown, with minima of 
- 1.29, - 1.47, and - 1.98 MPa. In SF (Fig. l(b)), 
the climate was slightly different and the crop expe- 
rienced only one long stress cycle. A slow decrease 
of !? is noticeable up to a minimum of about - 1.3 
MPa. For the SF site, conditions of strong stress, as 
defined in Table 2, were never attained, because the 
most severe stress, present in the last part of the 
growing season, was an example of senescence + 
water stress. 

20 

?? water+senescence ($/r~=o.91 (rvra)+0.77 r2=0.88 

I 

16 -4 
0 strong (r”/rd=o.33(r/r,)+4.02 r2=0.31 

T . 
!_ weak (rv/ra)=0.24*(r’/ra)+3.80 R-0.32 

1 
+ no stress @,&)=0.53*(rV;)+O.42 r2=0.69 

12 + 
*a ,/ . 
LI - 

a- 
j 

I I 
0 4 8 12 16 20 

r’s 

Fig. 2. Relation between (rV/ra) and (r * /ra) on a hourly basis for several water stress classes. 
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4.2. Hourly scale 

In Fig. 2 the experimental relationships between The comparison between calculated and measured 
(rC/ra) and (r * /ra) for each stress class are shown, hE is shown in Figs. 3 and 4 for SI and SF, 
using data from the SI site only. The dates used for respectively. The correlation is very good when soy- 
this calibration were 20, 21 and 22 July for no stress, bean has a plentiful supply of soil moisture, when 
14 and 19 July for weak stress, 18 and 26 July for the stomata are almost completely open. It is also 
strong stress, 4, 5 and 6 August for senescence + satisfactory when the crop is under senescence + 
water stress. Although the correlations between the water stress, when many leaves are becoming yellow 
above parameters are well established for every stress and the stomata are almost completely closed. In the 
class, some points in the graph could belong to two statistical comparison between measured and calcu- 
adjacent classes. The slope of each relation increases lated ET the t-test indicated that, in all cases, the 
with the increase in the level of stress, as the stom- intercept is significantly not different from zero at 

atal resistance increases with the depletion in soil 
water. 

0.6 - 
a) y=l.o05X IF112 f2=0.070 atd=o.o17 

0.6 - 

0.0 I II I I II I 
0.0 02 0.4 0.6 0.6 

ETmeasund (mmh) 

0.9 

1 c) y-1.993x n=72 rzIO.944 stdpO.029 

0.6 7 

b) y=o.967x IF41 

+ 
+ 

t-2=0.054 std=O.Oat ,' 

J 
+ ++ 

$ ++4 + $ 

+ 
++ + 1 ++ 

4-k 
/+ 

+ ++ P 

0.2 0.4 
ETmusumd(mm/h) 

0.6 

0.6 

d) y=O.S96x n=loO R=O.952 std=O.O22 

/ 

0.0 0.4 
A2-mdo 

0.6 0.0 
6t2-md,0A) 

OS 

Fig. 3. HOI@ COIII@SO~ between calculated and measured evapotmnspimtion (ET) for the site in southern Italy: (a) no stress; (b) weak 
stress; (c) strong stress; (d) senescence + water stress (STD. standard deviation). 
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a) ~=I.056 x n=l59 R=0.964 std=O.Oll 

b)y=l.OOOx n=llO 12=0.972 std=O.O16 

0.0 0.2 OA 0.8 0.6 
fl-mm 

Fig. 4. Hourly comparison between calculated and measured 
evapotranspiration (ET) for the site in southern France: (a) no 
stress; (b) weak stress (STD, standard deviation). 

the 95% significance level. The analysis was done 
forcing the linear regression model through zero. In 
these cases, r* is very high (0.970 and 0.984 for no 
stress in SI and SF, respectively and 0.952 for 
senescence + water stress in SI). In the other circum- 
stances the model also works well, with r* equal to 
0.964 and 0.962 for weak stress in SI and SF, 
respectively, and 0.944 for strong stress in SI. In the 
last two cases, the points are a little more spread out 
than in the other cases, due, as above, to the range of 
the stress class interval. 

Hourly data for senescence + water stress were 
not available for the SF site. 

1.2 1 
i Cd=-0.0644Y + 1.41 R=0.851 ~td=O.123 

* \_ 
‘\ 

1.0 1 \\,\,y, 
\\\ ._ ‘\? 

3 
\\ 
‘\\, 

0.8 i ‘\ 
\ \ 

‘\ 
‘\ \\ 

1~ 
0.6 --- 0 “\\ 

\’ 0 
~~ -T--1-7- , r 

0.4 0.8 1.2 
Y NW 

Fig. 5. Relationship between the crop coefficient C, and predawn 
leaf water potential P for the site in southern Italy. 

4.3. Daily scale 

To calibrate the relationship between C, and !P 
(Fig. 5) we used data from the SI site only, using 
data for 15, 24, 26, 28, and 30 July to cover the 
range of P in different crop water situations. 

A comparison between measured and calculated 
ET is shown in Figs. 6 and 7 for SI and SF, 
respectively. Here, the seasonal course of ET 

__ Meesured v6lues 

Calculated value6 

*/ ?? Calibration days 

Southern Italy 

0 /l/II ‘r ,I#, lli/l,‘l~~~r~-~T-il_ml 

8Jul 15&l 22Jul 29Jul 6Aug l2Aug 

Fig. 6. Comparison between daily calculated and measured evapo- 
transpiration (ET) for the site in southern Italy. 
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-.--~ Measured values 

Calculatad values 
\I 

Southern France 

3OJul 9dug 19-Aug 2Bdug 8-sep lssep 

Fig. 7. Comparison between daily calculated and measured evapo- 
transpiration (ET) for the site in southern France. 

demonstrates that ET ranged between very low val- 
ues before irrigation and high values afterwards. 
Daily ET values are presented in time. The linear 
regression statistical analysis between the model and 
measured ET gives,: a = 0.979, b = 0.01, r2 = 
0.869, RMSE = 0.769 (25% of ET daily average) 
for SI and a = 0.944, b = 0.012, r* = 0.811, RMSE 
= 0.521 (14% of ET daily average) for SF. 

Seasonal model performance was evaluated by 
comparing cumulated ET (as a sum of the daily 
values in mm) for the model and Bowen ratio method, 
for SI the model overestimates by about 1% (81 mm 
and 80 mm for the model and the reference, respec- 
tively), for SF the model underestimates by about 
5% (152 mm and 160 mm for the model and the 
reference, respectively). The estimation error is of 
the same order of measurement errors, i.e. classically 
f 10% (i.e. Rosenberg et al., 1983). 

5. Conclusions 

The evapotranspiration model presented here is 
based on the Penman-Monteith formula, with the 
introduction of a new concept for canopy resistance. 
Canopy resistance is estimated daily from climato- 
logical data and plant water status, so that it is a 
variable parameter, assuming a specific value at each 
moment and, consequently, for each day. 

This method is applicable to field crops com- 
pletely covering the soil, both in well watered and 
stress conditions. It has been tested at two different 
sites in the Mediterranean region, the first with a 
semi-arid climate and the second with a semi-humid 
climate. On a hourly scale, it seems to work well in 
various soil water situations: when the crop is well 
watered, weak, strong and senescence + water 
stressed, the last situation occurring during the final 
stage of the growing season. 

The performance of the model could be improved 
by the use of more than four water stress classes; in 
this case each interval would be smaller but the 
model loses practical applicability. 

On a daily scale hourly overestimations are coun- 
terbalanced by underestimations so the model works 
very well throughout the entire crop growing season 
at the two sites in all soil water conditions. 

These results confirm that this method does not 
need a local calibration, like other Penman and 
Penman-Monteith based models, but only a ‘per 
crop’ calibration. If the coefficient C,, a function of 
the crop water condition specified by the predawn 
value of ?@ is known, the model would be valid at 
another site. It must be emphasised that in the pre- 
sent study, model calibration for soybean was carried 
out at the SI site and model validation was made at 
both SI and SF sites. 

Nevertheless, application of the model does entail 
certain difficulties. Further developments are neces- 
sary to make it more applicable, in particular using 
estimates of soil water balance instead of measure- 
ments of !JJ. Predawn leaf water potential, despite its 
independence of soil characteristics, is difficult to 
measure daily, hence relationships between soil wa- 
ter content and p will be required to generalize the 
applicability of the model. 
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