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ABSTRACT

The present work aims to develop a simple approach relating normalized daily sap flow (liters per unit of
leaf area) and daily reference evapotranspiration (ETo) (mm/day). Two methods (FAO-Penman-Monteith
(FAO-PM) and Hargreaves-Samani (HARG)) of the calculation of ET, were tested in order to examine their
impact on the established relationships. The data sets used for developing this approach are taken over
well irrigated orchards from three experimental sites (olive trees, cv. “Olea europaea L.”, olive trees, cv.
“Arbequino” and citrus trees cv. “Clementine Afourar”) conducted in the Tensift region around Marrakech
(center of Morocco) and one experimental site (pecan orchard, cv. “Carya illinoinensis, Wangenh. K. Koch”)
conducted in the Yaqui Valley, northwest of Mexico).

The results showed that the normalized daily sap flow was linearly correlated with ETp (mm per day)
calculated by FAO-PM method. The coefficient of determination (R?) and the slope of this linear regres-
sion varied between 0.71 and 0.97 and between 0.30 and 0.35, respectively, depending on the type of
orchards. For HARG method, the relationship between both terms is also linear but with more discrep-
ancy (R?=0.7). This was somehow expected since this method is known to underestimate ET, values in
the semi-arid areas. Afterward, the validation of the developed linear relationship was performed over
an olive orchard (“Olea europaea L.”) where the measurements of sap flow were available for another
cropping season (2004). The scatter plot between the normalized measured and estimated sap flow
based on FAO-PM method reveals a very good agreement (slope=1, and RMSE=0.14L/m? leaf area).
However, for the estimation of normalized sap flow based on HARG method, the correlation is rela-
tively more scattered (slope =0.95, and RMSE=0.35 L/m? leaf area). A further validation was performed
using the measurements of evapotranspiration (ET) by eddy correlation system and the results showed
that the correlation between normalized measured ET and estimated normalized sap flow is best when
using FAO-PM method (RMSE =0.33 L/m? leaf area) for estimating ET, than when using HARG method
(RMSE=0.51L/m? leaf area).

Finally, the performance of the developed approach was compared to the traditional dual crop coef-
ficient scheme for estimating plant transpiration. Cross-comparison of these two approaches with the
measurements data gave satisfactory results with an average value of RMSE equal to about 0.37 mm/day
for both approaches.

© 2017 Elsevier B.V. All rights reserved.
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constitutes a very important part of irrigation system planning
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and designing. Good irrigation management requires an accu-
rate quantification of plant water consumption equivalent to the
transpiration. The most accurate method for determining plant
transpiration (T) directly is the measurements of sap flow (Kool
et al., 2014). Several techniques have been developed to measure
sap flow, and can be classified principally into three general groups:
heat pulse (Burgess et al., 2001), heat balance (Sakuratani, 1981),
and thermal dissipation techniques (Granier, 1987). A literature
review with advantages and challenges of these techniques can be
found in detail in Allen et al. (2011) and Er-Raki et al. (2013). The
most challenge of these techniques is the scaling-up of the mea-
surements from the stem and/or branch to the tree and after to the
orchard level transpiration (Jones, 2004). The scaling-up procedure
with its experimental protocol depends mainly on the characteris-
tics of the stand (Smith and Allen, 1996; Orenetal., 1999; Ranaetal.,
2005; Er-Raki et al., 2010a). Among these procedures, the relation-
ship between sap flow measurements and different morphological
parameters of the crop such as leaf area index (LAI), stem diam-
eter and surface area is extensively used (Smith and Allen, 1996;
Valancogne, 1996; Rana et al., 2005; Er-Raki et al., 2009). How-
ever, these methods are not accurate enough, expensive, difficult,
destructive and very time-consuming (Steppe et al., 2010; Allen
etal, 2011; Kool et al., 2014).

Sap flow rates are largely controlled by physiology and anatomy
of the species (Smith and Allen, 1996). Also, transpiration is
influenced by climate conditions such as humidity, solar radia-
tion, saturation vapor pressure deficit (Oren et al., 1999; Pataki
et al., 2000) and therefore reference evapotranspiration (ETg) (Er-
Raki et al., 2009), that integrates all meteorological factors. Thus,
changes in sap flow can occur without changes in stomatal aper-
ture. Sap flow rates can vary between trees due to the difference
in tree size and LAI, but a similar sensitivity to environmental con-
ditions and to water status can occur (Eastham and Gray, 1998).
Several works (e.g. Fernandez et al., 2001; Nicolas et al., 2005;
Pereira et al., 2006; Er-Raki et al., 2009) found that sap flow mea-
surements in each tree, was linearly related to ETj. It also has been
shown that under the same ET, conditions, the sap flow of irri-
gated trees is a positive function of the total LAl (Hatton et al., 1998;
Pereira et al., 2006). To eliminate the effect of canopy size on the
sap flow rates, it is clear to divide by LAl and then sap flow is solely
controlled by climate demand (ETp). In this context, Pereira et al.
(2006) have obtained a linear relationship between normalized sap
flow (liters per unit leaf area) and ETy (mm) for many irrigated trees
(apple, olives, grapevines, kiwifruit and an isolated walnut). The
slope of this relationship is about 0.349, which corresponds to the
inverse of the hypothetical leaf area of the reference grass surface,
i.e., 2.88-1=0.347. This can indicate that the normalized sap flow
based on LAI is very similar notwithstanding of the plant canopy
size, and equal to the normalized ETy (per unit of grass leaf area).

In the work of Pereira et al. (2006), ETy is calculated by using the
FAO Penman-Monteith (FAO-PM) equation in order to develop this
simple approach for estimating daily plant transpiration without
any site specific calibration. However, the use of the FAO-PM equa-
tion requires the measurement of several climatic variables such as
air temperature, relative humidity, solar radiation and wind speed
(Allen etal., 1998, 2006). Unfortunately, there are a limited number
of sites over the world (especially for developing countries) where
complete meteorological stations are installed for routine measure-
ments of these climatic variables. This lack of meteorological data
leads to the development of simpler approaches to estimate ETy
that require only air temperature which is the most available vari-
able. Allen et al. (1998) proposed the use of the Hargreaves-Samani
(HARG) equation (Hargreaves and Samani, 1985) as an alternative
to estimate ETj. In this regard, several studies have shown that this
equation may provide reasonable estimates of ETy (Jensen et al.,

1990; Hargreaves, 1994; Droogers and Allen, 2002; Dinpashoh,
2006; Er-Raki et al., 2010Db).

In this context, the present study aims to estimate the daily plant
transpiration of several orchards by using a simple approach which
does not require a large number of input parameters that are not
readily available. The proposed approach is based on the relation-
ship between transpiration and ET,. Herein, two methods are used
to estimate ETy: FAO-PM and HARG methods. As far as we know
HARG method has never been tested before for this kind of study.
Then, the performance of this proposed approach was compared
to the traditional dual crop coefficient scheme for estimating plant
transpiration. The advantage of this simple approach is to eliminate
the effect of canopy size on the sap flow rates, and to make it only
dependent on climate conditions without using a crop coefficient.

2. Materials and methods
2.1. Sites description and measurements

The data used for this research are taken from three experimen-
tal site operated in the Tensift region around Marrakech (centre
of Morocco) and one experimental site in the Yaqui Valley (north-
west of Mexico). The Tensift region is characterized by a semi-arid
Mediterranean climate, i.e. the atmosphere is very dry, with an
average relative humidity of 56%. The evaporative demand is very
high [around 1600 mm/yr according to reference evapotranspira-
tion estimates (Allen et al., 1998)], greatly exceeding the annual
rainfall ranging from 190 to 250 mm year. Most of the precipitation
falls during winter and spring, from the beginning of November
until the end of April. Major irrigated vegetation types in the region
include wheat, olive and orange. The irrigation uses either ground
water or the water stored in the dams.

For the Yaqui Valley site, it is located in the Costa de Hermosillo
which is the lower part of Sonora river watershed in northwest
Mexico. This is mainly a flat agricultural area of 169,593 ha, where
the annual and perennial crops occupy around 53,000 ha every year,
irrigated using water from some 500 deep wells. The climate of the
region is arid with an annual rainfall of around 200 mm. The rainy
season is from July to September (with about 70% of the annual
rainfall) and there is a very dry season with almost no rainfall from
March to June. The mean daily temperature ranges from about 17 °C
inJanuary to 31 °C in summer (July-August), with sporadic frosts in
the winter and temperatures that are frequently above 40 °C from
the end of spring into summer.

Two data sets are from an experiment carried out during 2003
and 2004, in the Agdal olive (Olea europaea L.) orchard located in the
Tensift region (31.601 N, 7.974 W). The experimental field is almost
flat, planted with 240-year old olive trees, grown in an orchard of
about 275 ha. The density of olive trees was about 225 trees per
hectare, which corresponds to an area of about 45 m? occupied by
each tree. Leaf Area Index (LAI) of the trees, where the sap flow
measurements were taken, was measured using a LICOR 2000 plant
canopy analyser, and was equal to about 2.5 m?/m?. The orchard
was periodically surface-irrigated through level basin flood irriga-
tion. Each tree is bordered by a small earthen levy that retains the
irrigation water. Heat-pulse sap flow sensors (Heat Ratio Method,
HRM, Burgess et al., 2001) were used to measure xylem sap flux
on eight olive trees. In addition to sap flow measurements, total
evapotranspiration (ET) was measured by eddy covariance system
installed over the canopy. More details about the site descrip-
tion, the sap flow and eddy covariance measurements are given
in Williams et al. (2004) and Er-Raki et al. (2008, 2009, 2010a).

One data set came from the study carried out during 2010, in
the citrus orchard (Afourar variety) which was planted in July 2000.
It is located approximately 30 km southwest of Marrakech city,
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Morocco (31°50" 27”N, 008°25’ 02”"W). The trees were planted in a
regular square pattern (4 x 6 m), which is about 35% of cover frac-
tion. The crop was maintained in well watered conditions, by drip
irrigation, supplied every day. Sap flow measurements were taken
by using the heat balance method (Baker and van Bavel, 1987).
Equipments and methods were supplied by Dynamax (Huston, TX,
USA). It involves wrapping a heating wire around an entire branch
segment. The measurements have been taken in the branches with
different diameters. The branches, where the sensors have been
installed, were selected after a frequency analysis. This analysis was
based on the measurements of the diameters, at the same level, of
all branches of random Clementine trees. The installation of the
sap flow gauges sensors SGA19, SGA25, SGA35 and SGA50 is based
on the diameter size. During the experimental period, a total of 15
branches of the tree with an estimated LAI of 2.3m2/m? are used
and randomly gauged. A detailed description of the experiment
protocol is given in Er-Raki et al. (2012).

Another data set is from 24 ha experiment conducted during
2006 within an orchard planted with 3 years old olive trees, cv.
“Arbequino”, in R3 site located about 40 km east of Marrakesh. The
plant density of olive trees was 1.5 m x 5m, which means to about
20% of cover fraction. The crop was maintained in well watered con-
ditions, by drip irrigation, supplied every day (Er-Raki et al., 2009).
Fertilization, pest and weed control were performed. The measure-
ments of sap flow have been taken in the principal stem of four
trees by using the heat balance method (SGA50 gauge sensors). LAl
was measured by using an hemispherical canopy photo equipped
with a fisheye lens with a field-of-view of 183° (Nikon Coolpix 950°
with a FC-E8 fish-eye lens converter) and it was estimated at about
1.6m?/m2.

The last data sets came from an experiment conducted during
2006 in a 50 ha of pecan orchard (Carya illinoinensis (Wangenh.) K.
Koch, cvs, located in the Costa de Hermosillo (northwest Mexico).
More details about the site description can be found in Rodriguez
et al. (2010). In this site, the measurements of sap flow were also
based on the heat balance method. Three gauges sensors (1 SGA
150, 2 SGA100) are randomly installed in three principal stem of
trees with an estimated LAI of 2.2 m2/m?2 by LAI instrument (Cep-
tometer, Acuppar, USA) during the experiment. More details about
the site description and the different measurements are given in
Rodriguez et al. (2010).

It should be noted that all sap flow sensors in each study
site were installed within the potential flux source area of the
eddy covariance measurements for accurate comparison between
normalized daily sap flow and the normalized measured evapo-
transpiration.

Additionally to the measurements cited above and in order to
calculate ETj, climatic data were recorded very close to the sites
of interest using towers equipped with classical automatic sen-
sors: incoming solar radiation, air temperature and humidity, wind
speed and rainfall.

2.2. Reference evapotranspiration and plant transpiration
computations

In this study, reference evapotranspiration (ETg) was estimated
by two methods differing with the number of required meteo-
rological parameters. The first one is the FAO-Penman Monteith
(FAO-PM) which is recommended by the Food and Agriculture
Organization (FAO) as a universal and standard method (Allen et al.,
1998, 2006) to estimate ETy. This method uses several climatic
data such as: air temperature and relative humidity, solar radi-
ation and wind speed (Eq. (1)). The second method is the HARG

equation (Hargreaves and Samani, 1985) which only requires air
temperature (Eq. (2)). These two methods are expressed as follows:

0.408A (Ry — G) + y 125 s (es — €q)

ETy_FAOPM = A+y(1+0.34uy)

(1)

ETg-HARG = 0.408 x a (Tyq + 17.8)(Tmax — Tmin)>>Ra (2)

Where ETj is expressed in [mm/day]; Rs is the solar radiation
[M]/m2/day]; R, and R, are net radiation and extraterrestrial radi-
ation respectively [M]/m2/day] computed as described by Allen
et al. (1998); G is the soil heat flux density [M]J/m? /day], which
is assumed to be O at daily time step; Ty is the air temperature at
2m height [°C]; u, is the wind speed at 2 m height [m/s]; es and e,
are the saturation and actual vapor pressure [kPa] respectively; A
is the slope of the vapor pressure curve at air temperature [kPa/°C]
andy is the psychrometric constant [kPa/°C]. es is computed as:
es = M where e9 ()is the saturation vapor function and
Tmax and Tyypare the daily maximum and minimum air tempera-
ture respectively. The value 0.408 corresponds to the conversion
factor from [M]/m?2/day] to mm/day. The parameter a that appears
in Eq. (2) is an empirical constant and is equal to 0.0023 according
to Hargreaves and Samani, (1985).

For plant transpiration computation, two approaches were used.
The first one is the simple approach, proposed here, and based on
the product of normalized sap flow and LAI (Eq. (3)). The second
approach is the FAO-56 dual approach (Eq. (4)).

Trer, /2.88 = normalizaed sap flow LAl 3)
Treao-56-dual = Kep * Ks + ETo (4)

Where K, is the average value of the basal crop coefficient of each
tree orchard during the experiment (Er-Raki et al., 2010a, 2012;
Rodriguez et al.,, 2010) and K; is the water stress coefficient cal-
culated following the FAO-56 procedure (Eq. 84 in FAO-56, Allen
et al., 1998). As both approaches have been tested over irrigated
crops maintained in well watered conditions, no water stress has
been occurred and Ks seems equal to 1.

2.3. Computation steps

The data sets described above were used for developing a sim-
ple approach relating normalized daily sap flow (liters per unit of
leaf area) and daily reference evapotranspiration (ETO) (mm/day)
calculated by two methods: FAO-PM and HARG. The slope of this
relationship has been compared to the inverse of the hypotheti-
cal leaf area of the reference grass surface, i.e., 2.88-1=0.347. The
developed simple approach was then validated by using indepen-
dent sap flow measurements and eddy covariance system over
olives orchards (2004). For further assessment of this approach,
it was compared to the traditional dual crop coefficient scheme
for estimating daily plant transpiration of crops maintained in well
watered conditions. The different key steps in the estimations of
ETp, normalized sap flow and actual transpiration by FAO-56 dual
approach has been provided in the Flow-chart of Fig. 1.

3. Results and discussion

3.1. Assessment of the relationship between single tree
transpiration and reference evapotranspiration

Table 1 summarizes the statistical parameters of the obtained
linear relationship between the normalized daily sap flow against
daily ETy (mm/day) calculated by FAO-PM method over four irri-
gated orchards (olives- Olea europaea L., Olives- Arbequino, citrus
and pecan) maintained in well watered conditions. This figure
showed that there is a perfect linear relationship between both
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FAO-PM & HARG

Climatic data Sap flow data Leaf Area Index
(mm/day) LAl (m?/m?)
, v
ETo (mm/day): Normalized Sap flow v

(L/m? leaf area day)

l

Regression model

Normalized Sap flow versus ETo

¥
Slope of this regression
is 0.346

Basal crop coefficient

The inverse of the hypothetical
leaf area of the reference grass
surface, i.e., 2.881 = 0.347

(Kcb) of each crop

I
Water stress
coefficient (Ks)

Comparison between Normalized Sap flow and
Normalized ETo (ETo/2.88)

calculated following

}

the FAO-56 procedure
(Eg. 84 in FAO-56,

Validation of the proposed model with other sap
flow data measurements and Eddy covariance

Allen et al., (1998)

!

Comparison between two approaches of
transpiration (Tr) calculations:

Tr evo/2.88 = normalized Sap flow*LAI

A

Tr_Fao-s6-dual = Kcb*Ks*ETO

Fig. 1. Flow-chart of the proposed methodology including the different key steps in the estimations of ETO (FAO-PM & HARG), normalized sap flow and FAO-56 dual approach

for estimation of actual transpiration.

Table 1

Summary of the statistical relationships (Y=a X+ b) between normalized daily sap
flow (liters per leaf area unit) and the reference evapotranspiration (ETy, mm/day)
calculated by the FAO-PM-equation for different irrigated orchards.

Crop n a b R2

Olives-2003 20 0.347 -0.410 0.861
Citrus-2010 33 0.302 -0.214 0.965
Olives-2006 30 0.296 0.16 0.926
Pecan-2006 19 0.351 -0.188 0.710

n: number of observations; a: the slope; b: the Y-intercept; R?: The coefficient of
determination.

terms. The coefficient of determination (R?) and the slope varied
between 0.71 and 0.97, and between 0.30 and 0.35, respectively. In
order to get an overall relationship between the normalized daily
sap flow (per unit of leaf area) and daily ETy (mm/day), we used
all data (102 days) coming from four independent experiments
orchards with different canopy sizes (olives, citrus and pecan)
(Fig. 2). This figure revealed practically a good linear relationship
between normalized daily sap flow and daily ETy. The coefficient
of determination is near to 1 (R2=0.81), the slope is equal to 0.346
and the y-intercept (-0.27) of the regression equation did not equal
to zero. The obtained slope value is in agreement with other studies
(Cohen, 1991; Pereira et al., 2006) as they found the value 0.3 and
0.34, respectively. Cohen (1991) reported that the transpiration of
citrus measured by sap flow was proportional to ETy, and that the
ratio between the two terms was approximately 0.3 when the soil
water availability was not limiting. Pereira et al. (2006) found a
similar linear relationship with a slope of 0.34, between normal-
ized daily sap flow and daily ETp, for many irrigated trees (apple,

2,5
A

_ y = 0,346x - 0,277 s Asa
g 5 R2=0,81 a3
el A
© n=102
g
©
w15
2
E
S 1
E R it
=
20,5
©
wv

0

0 2 4 6 8 10

ETo(mm/day)

Fig. 2. General relationship for all irrigated orchards between normalized daily sap
flow (per unit leaf area) and reference evapotranspiration (ETp) calculated by the
FAO-PM-equation.

olives, grapevines, kiwifruit and an isolated walnut). In our case,
forcing the regression (between the normalized daily sap flow and
daily ET() passing through the origin resulted a slope equal to 0.3
and R? =0.80 (Fig. 2). This empirical relationship indicates that the
daily normalized sap flow corresponds to about 30% of ETy which
confirms the finding by Cohen (1991).

As the FAO Penman-Monteith equation needs several climatic
variables which are not always available, another common meth-
ods requiring few climatic variables such as Makkink (Mak),
Priestley-Taylor (PT) (radiation-based) and Hargreaves-Samani
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Fig. 3. Same as Fig. 2 but for reference evapotranspiration (ETy) calculated by the
Hargreaves-Samani (HARG) equation.

(HARG) (temperature-based) can be used for estimating ETg. It
should be noted that the performance of these three empirical
methods were assessed over two semi-arid regions (the Tensift
region in Morocco and the Yaqui Valley in Mexico) and the results
showed that HARG estimates correctly ETy in comparison to the
MAK and PT methods (Er-Raki et al., 2010b). Consequently, HRG
method is used as an alternative approach to predict plant water
use in the current study. Fig. 3 showed the relationship between
the normalized daily sap flow and daily ETy calculated by HARG
method by using all data collected over four independent experi-
ments (olives, citrus and pecan). According to this figure, it is clear
that there is a linear relationship between both terms with a slope
equal to 0.28 and R2 = 0.7 by forcing the regression passing through
the origin. The value of the slope is the same to that founded by
Cohen (1991) for irrigated grapefruit tree but slightly lower than
founded by Pereira et al. (2006) for many irrigated trees (apple,
olives, grapevines, kiwifruit and an isolated walnut). This underes-
timation is due to the underestimation of ETy by HARG method as
shown before by Er-Raki et al. (2010b).

Normalizing the ETy calculated by two different methods (FAO-
PM and HARG), based on the grass leaf area index (2.88 m2 m~2)
given by Allen et al. (1998), and plotting this term against normal-
ized sap flow (Fig. 4) showed a best correlation between both terms.
The coefficients of determination (R?) and the slope are acceptable.
They are slightly closer to 1 for FAO-PM than for HARG method.
Some underestimation of the sap flow rates (15% with FAO-PM and
22% with HARG methods) can be observed. This is certainly due
to the slope of the relationships between normalized sap flow and
ETo presented above. In fact, the estimated slopes are 0.3 and 0.28
for the FAO-PM and HARG methods respectively. These values are
lower than the inverse of the hypothetical leaf area of the refer-
ence grass surface, i.e., 2.88~1=0.347. This difference can be also
explained by limiting soil water conditions Another factor that may
partly explain the underestimation of the sap flow rates by HARG
method is the underestimates of ETy as reported by many works
(e.g. Martinez-Cob and Tejero-Juste, 2004; Berengena and Gavilan,
2005; Er-Raki et al., 2010b).

3.2. Validation of the relationship between normalized tree
transpiration and reference evapotranspiration

The performance of the obtained relationship, between the nor-
malized daily sap flow and daily ETy, was performed using another
sap flow data set collected over olives trees (Agdal orchards,
Morocco) during the 2004 cropping season. Fig. 5 illustrates
the comparison between the estimated and measured normal-
ized sap flow for two (FAO-PM and HARG) methods. The scatter

3
151
% 2,5 y =0,85x
3 R2=0,81 A
8 n=102 Lo AA A
5 2 A 4 a
% A Akl g
= ad
~ 1,5 AR,
£ in
A
= A*u“'
2 1 A A
K] 2 A
a A LA
& 0,5 i
0
0 0,5 1 1,5 2 2,5 3
ETy/2.88(L/m? leaf area day)
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k- A 24 7,
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NE 1,5 'y vy A‘A A
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S ahaald
B S
30,5
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ET,/2.88(L/m? leaf area day)

Fig.4. Measured normalized daily sap flow (per unit leaf area) of different irrigated
orchards versus normalized ETO (per leaf area of grass) calculated by the FAO-PM-
equation (above) and Hargreaves-Samani (HARG) equation (below).

plot reveals a very good agreement (slope=1, with R2=0.83 and
RMSE =0.14 L/m? leaf area) between estimated and measured nor-
malized sap flow rates based on the FAO-PM method with a linear
regression which not differ from the perfect fit line (1:1). How-
ever, for the estimating of sap flow based on HARG method, the
correlation is more scattered with some underestimation (5%)
(Fig. 5-below). Some of this scatter is expected by regarding Figs. 2
(R2=0.8) and 3 (R2=0.7). Therefore, it can be concluded that the
obtained scatter in Fig. 3 is translated into a scatter in Fig. 4 (below).
As already stated above, such discrepancies are certainly due to the
underestimation of ETy by HARG method.

In order to go further in the evaluation of the established rela-
tionship between normalized daily sap flow and daily ETy, the
estimated daily normalized sap flow (L/m? leaf area) is also com-
pared to the daily normalized evapotranspiration (L/m?2 leaf area)
measured by eddy correlation system over olives trees (Agdal
orchards, Morocco) during the 2004 cropping season (Fig. 6). It is
clear from this figure that the correlation is best for FAO-PM method
than for HARG method. The values of RMSE (0.33 and 0.51 L/m? leaf
area) are acceptable, given the average daily value of ET (1.48 L/m?
leafarea). Overall, the normalized sap flow calculated based on both
methods (FAO-PM and HARG) of ETy underestimates the measured
evapotranspiration (ET) by about 10 and 15%, respectively. This is
expected because the ET measured by eddy correlation system is
an integrated measure of soil evaporation and the transpiration
from numerous plants at different levels within the canopy over
the contributing area described by the footprint of eddy correlation,
whereas the transpiration measurements by sap flow describe only
the transpiration.
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Fig. 5. Validation of the obtained relationship between estimated and measured
daily sap flow for the FAO-PM (above) and HARG (below) equations using indepen-
dent sap flow measurements over olives orchards (2004).

3.3. Comparison of the relationship between single tree
transpiration and reference evapotranspiration versus a dual
approach of FAO-56 for estimating plant transpiration

As both approaches (FAO-56 dual and the developed relation-
ship between normalized sap flow and ETy) are based on ETy
calculated by FAO-PM method, but with different required inputs
(see equations 3 and 4), their performance were compared for
estimating plant transpiration (Tr). Fig. 7 showed the cross com-
parison of these two approaches with the measured data. This
figure showed that both approaches correctly simulate Tr for the
validation field of olive trees orchards during the 2004 cropping
season (Fig. 7-above). The coefficient of determination (R?) and the
slope are close to 1. The Root Mean Square Error (RMSE) between
measured and simulated Tr values by the FAO-56 dual and the
normalized sap flow were about 0.47 mm/day and 0.31 mm/day,
respectively. The accurate estimation of Tr using the normalized
sap flow is expected because “the established relationship between
normalized sap flow and ETy was based on the measured tran-
spiration”. After the daily transpiration (mmy/day) is equal to the
estimated normalized sap flow (L/m?2 leaf area) times leaf area
index, and the same statistical relationships haves been found
(slope=1, with R2=0.83 and RMSE=0.14L/m? leaf area times
LAI=0.31 mm/day) (see section 3.2). For the dual approach of FAO-
56, the good estimation of Tr is also expected because this approach
was already calibrated for partitioning evapotranspiration into
plant transpiration and soil evaporation over the same validation
site (olives orchards) and it has been shown that this approach also
simulates correctly plant transpiration when using the local basal
crop coefficient (Er-Raki et al., 2010a). However, a slight underes-
timation (about 14%) of measured Tr by this approach was noted
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Fig. 6. Comparison between the estimated daily normalized sap flow (L/m? leaf
area) and the daily normalized evapotranspiration (L/m? leaf area) measured by
eddy correlation system. Figure above and below are referred to FAO-PM and HARG
methods respectively.

which is possibly due to water stress, since the latter was poorly
computed from a very simplistic FAO-56 water balance and/or a
misrepresentation of the rooting depth which directly influenced
the calculation of water stress. The effect of water stress in esti-
mating plant transpiration is clearly recorded for another data set
of the same field (olives 2003) (see Fig. 7-below). The compari-
son of the relationship between single tree transpiration and ET,
versus a dual approach of FAO-56 for estimating plant transpiration
was also assessed by using the data used for the calibration (olives-
2003, olives-2006, citrus-2010 and pecan-2006) (Fig. 7-below). As
for validation field, both approaches appropriately simulate Tr for
calibration fields. The coefficient of determination (R?) and the
slope are close to 1. The Root Mean Square Error (RMSE) between
simulated and measured Tr values were about 0.26 mm/day and
0.43 mm/day for the FAO-56 dual and the normalized sap flow
method, respectively. According to these statistical parameters val-
ues, it appeared at a first glance that the plant transpiration was
better reproduced by the FAO-56 dual approach than by the other
approach. This is somehow expected since all crops (olives-2006,
citrus-2010 and pecan-2006) were maintained in well watered
conditions by drip irrigation, and there was no effect of water stress
in calculating plant transpiration except for the olive orchards
(olives 2003) irrigated by flooding system which was character-
ized by an inadequate distribution of irrigation water and induced
water stress conditions (Er-Raki et al., 2010a).

Despite a good performance of both approaches in estimating
plant transpiration (Tr), some discrepancies between simulated
and measured Tr appear, especially for high values of Tr and
when ETj is constant. Under this condition, the measured Tr still
increased but the estimated Tr by both approaches was constant
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Fig 7. Comparison between the FAO-56 dual approach and ET0/2.88 method (equation in Fig. 2) for estimating actual plant transpiration of olives tree using the data collected

during 2004 (figure above) and for other data (figure below).

which results in an underestimation of the observed data. This
behavior can be interpreted as the consequence of the tree water
storage mainly in the stem (Katerji et al., 1986; Er-Raki et al., 2012).
The same observations have been reported by Cohen (1991) when
studying the ratio between the citrus transpiration and ETy and it
has been found that this ratio was not affected by variation in cli-
matic conditions (ETg) but it is sensitive to variations in the amount
of soil water available for the tree. Another factor that may partially
explain the difference between simulated and measured Tr values
is the nighttime transpiration (sunset to sunrise) due to incom-
plete stomata closure. This is corroborated by several studies (e.g.
Judd et al., 1986; Green et al., 1989; Pereira et al., 2006) when they
measured the sap flow of several tree orchards and they found a
large nighttime transpiration which represents about 26% of daily
transpiration.

According to the obtained results, the established relationship
between normalized daily sap flow (per unit of leaf area) and
daily ETg (mm per day) provides a simple yet robust alterna-
tive to the traditional FAO-56 dual crop coefficient approach for
estimating daily transpiration. The advantage of this alternative
approach is that it requires only one crop parameter (tree leaf area)
which is easy to obtain by field observations (Coppin et al., 2004;
Khabba et al., 2009) or by using remote sensing data over large
areas.

4. Conclusions

The main objective of this study was to develop a simple
approach relating normalized daily sap flow (per unit of leaf area)
and daily ETg (mm/day) calculated by two methods: FAO-Penman-
Monteith (FAO-PM) and Hargreaves-Samani (HARG). For that, a
dataset of about 150days of sap flow measurements has been
used. Data was from four independent experiments with olives
(cv. “Olea europaea L.” and cv. “Arbequino”) and citrus (cv. “Clemen-
tine Afourar”) conducted in the Tensift region around Marrakesh
(Morocco), and one experiment with pecan orchard (cv. “Carya
illinoinensis, Wangenh. K. Koch”) conducted in the Yaqui Valley
(northwest of Mexico). The simple approach showed that the nor-
malized daily sap flow (per unit of leaf area) was linearly correlated
with ETg (mm per day) calculated by FAO-PM (R2=0.81) and by
HARG method (R? =0.72). The slope of the linear relationship varied
between 0.30 and 0.35, depending on the type of tree orchards.

Then, the obtained relationship was then validated by using
the sap flow data collected over an olive orchard (“Olea europaea
L.") for another cropping season (2004). The scatter plot between
the normalized estimated and measured sap flow reveals a very
good agreement for FAO-PM method (slope =1, with RZ=0.83 and
RMSE=0.14L/m? leaf area). However, for the estimation of nor-
malized sap flow based on HARG method, the correlation is more
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scattered with some underestimation (5%). Next, a further valida-
tion was performed using the measurements of evapotranspiration
(ET) by eddy correlation system and the results showed that the cor-
relation between estimated normalized sap flow and normalized
measured ET is best when using FAO-PM method (RMSE =0.33 L/m?
leaf area) for estimating ETy than when using HARG method
(RMSE=0.51L/m? leaf area).

After that, the simple approach developed here was compared
to the traditional dual crop coefficient scheme for estimating daily
plant transpiration. Cross comparison of these two approaches with
the measurements data gave satisfactory results with an average
value of RMSE equal to about 0.37 mm/day for both approaches.

Finally, the approach presented here is as a robust and simple
alternative to estimate plant transpiration. It presents important
advantages such as: 1) elimination of the canopy size effect on the
sap flow rates; 2) requires only one crop parameter (tree leaf area)
which is easy to obtain, and 3) requires only ETy as an atmospheric
demand of evapotranspiration. This leads to an estimation of crop
water requirements without using crop coefficients which are spe-
cific to environmental conditions, crop variety and stage of plant
development.

Finally, it should be noted that the approach proposed here, has
been solely tested over irrigated crops maintained in well watered
conditions. Testing this approach under limiting soil water condi-
tions is needed. This can be achieved by integrating, a stress index
which is easy to derive from thermal remote sensing data, in the
proposed approach.
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