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Improvement of FAO-56 method for olive orchards through
sequential assimilation of thermal infrared-based estimates of ET

S. Er-Raki®, A. Chehbouni®*, J. Hoedjes®, J. Ezzahar®, B. Duchemin®, F. Jacob ¢

2FSSM, Faculty of Sciences Semlalia, Cadi Ayyad University, Marrakech, Avenue Prince Moulay Abdellah, BP 2390, Marrakech 40000, Morocco
bCentre d’Etudes Spatiales de la Biosphére (CESBIO), 18 Avenue Edouard Belin, bpi 2801, 31401 Toulouse Cedex 9, France
IRD, Laboratoire d’études des Interactions Sols-Agrosystémes-Hydrosystémes,

The aim of this study is to use the FAO-56-based single crop coefficient approach to estimate
actual evapotranspiration (AET) of an olive (Olea europaea L.) orchard in the Mediterranean
semi arid region of Tensift-basin (central Morocco) during two consecutive growing seasons
(2003 and 2004). The results showed that using crop coefficients K. suggested by FAO-56
method yielded an AET overestimation by about 18% when compared against eddy covar-
iance measurements. Therefore, the determination of appropriate K. values is required to
accurately estimate crop water requirement of olive orchards in such water scarce area.

In this study, after applying the K. values derived over olive orchard in Spain by Pastor
and Orgaz [Pastor, M., Orgaz, F., 1994. Riego deficitario del olivar: los programas de recorte de
riego en olivar. Agricultura 746, 768-776 (in Spanish)], a better agreement was observed
between measured and simulated AET. The root mean square error (RMSE) was reduced by
about 28%, from 0.80 to 0.61 mm/day for 2003 and from 0.93 to 0.69 mm/day for 2004. The
used K. values of olives at three crop growth stages (initial, mid-season and maturity) were
0.65, 0.45, and 0.65, respectively, the mid-season stage value being considerably lower than
that suggested by the FAO-56.

Despite these improvements in the performance of AET simulations, some discrepancies
between measured and simulated AET remained, especially when water stress occurred.
These discrepancies were ascribed to the estimation of the stress coefficient K. To overcome
this problem, we assimilated into FAO-56 single source model estimates of AET derived from
a simple energy balance model along with thermal infrared observations. The latter were
collected with the ASTER sensor in 2003 and from ground-based measurements in 2004. The
results showed a clear improvement for FAO-56 performances after assimilation: for 2003
and 2004, the RMSE values between observations and simulations, respectively, dropped
down from 0.61 to 0.52 and from 0.69 to 0.46 (corresponding to relative reductions of 15 and
40%, respectively).

* Corresponding author. Tel.: +33 5 61 55 85 23; fax: +33 5 61 55 85 00.
E-mail address: ghani@cesbio.cnes.fr (A. Chehbouni).
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1. Introduction

Olive orchards are one of the mostimportant crops in the semi
arid Mediterranean regions, and cover about 8 Mha in the
world, of which 98% is located in the Mediterranean basin
(Testi et al., 2004). With its Mediterranean climate, Morocco
has good potential for olive production. Due to its high
adaptability to semi-arid climate, olives make up the main
component of the orchards in the Tensift Al Haouz basin
(Marrakech, central of Morocco). In this region, olive yield
depends on the water supply. The annual precipitation (about
240 mm/year) is not sufficient to fulfill crop water require-
ments under such climate. Irrigation is then necessary to
prevent water stress and to ensure profitable yields.

Recent studies have shown that irrigation consumes more
than 85% of the available water in arid and semi-arid regions
(Chehbouni et al., 2007a). Therefore, the first step toward
sound management of scarce water resources in these regions
requires accurately estimating the spatio-temporal variability
of water losses toward the atmosphere through evapotran-
spiration (ET). However, quantifying ET over large areas is not
straightforward, since ET depends on several agronomic,
biophysical, pedological as well as meteorological processes,
such as atmospheric demand, water status of the soil surface
and at the root zone.

The most common and practical approach used for
estimating crop evapotranspiration is the FAO-56 method
(Allen et al., 1998). This approach is often preferred due to its
simplicity and its applicability at operational basis. It requires
fewer inputs data, and provides acceptable ET estimates when
compared to data hungry physically based models (Evett et al.,
1995; Kite and Droogers, 2000; Eitzinger et al., 2002). Addi-
tionally FAO method can be used either with ground (e.g. Paco
et al.,, 2006) or to satellite measurements (e.g. Allen, 2000; Kite
and Droogers, 2000). In FAO-56 method, actual evapotran-
spiration (AET) is estimated using a reference evapotranspira-
tion ET, which represents the atmospheric demand, a crop
coefficient K. which accounts for crop type and phenology,
and a water stress coefficient K which explicit root zone and
soil water status (Allen et al.,, 1998). This basic one source
version, which includes a single crop coefficient, has been
extended to a two source version. The latter includes dual crop
coefficients: a transpiration-based basal crop coefficient Kq,
and an evaporation coefficient K, both adjusted for root zone
and soil water status by using, respectively, water stress
coefficient K and evaporation reduction coefficient K;.

When dealing with FAO-56 single crop coefficient, three
parameters are required: reference evapotranspiration ETo,
crop coefficient K. and water stress coefficient K;. ET, can be
estimated using the FAO-Penman-Monteith equation which is
recommended by the FAO as the standard method (Allen et al.,
1998). The estimation of crop coefficient K. has been heavily
investigated for different crops and under contrasted climate.
Some investigations focused on olive orchards within Med-
iterranean regions, especially in southern Spain (Beede and
Goldhamer, 1994; Pastor and Orgaz, 1994; Villalobos et al.,
2000; Michelakis et al., 1994; Orgaz and Fereres, 1997; Testi
etal., 2004). However, there is no simple way to calculate these
crop coefficients, as they integrate several factors related to
pedological, biophysical, physiological, and aerodynamic

processes, most of them depending on agricultural practices
(Katerji et al., 1991; Katerji and Rana, 2006; Testi et al., 2004).
Estimating water stress coefficient K, requires computing
daily water balance for soil and root zone. However, this water
balance includes several components which knowledge is not
straightforward. This is the case for rooting depth (which
directly influences root zone depletion), because of difficulties
in measurements, especially when considering deciduous
orchards with deep rooting systems (e.g. old olives, citrus,
etc.).

In this context, remote sensing appears as a promising tool
to overcome problems related to uncertainties on some
parameters and variables. The use of remote sensing data
along with FAO-56 has been mainly investigated by attempt-
ing to estimate crop coefficients K. from remotely sensed
spectral reflectance (e.g. Jackson et al., 1980; Bausch and Neale,
1987; Neale et al., 1989; Choudhury et al., 1994; Hunsaker et al.,
2003, 2005; Duchemin et al., 2006; Er-Raki et al., 2006, 2007).
Some of these studies derived K. or K., from vegetation indices
(VIs) such as normalized difference vegetation index (NDVI;
Rouse et al., 1974) or soil adjusted vegetation index (SAVI;
Huete, 1988), but they were restricted to estimating crop ET
under standards conditions (i.e. absence of water stress). Less
attention has been paid on determining water stress coeffi-
cient K, from remote sensing data, because of difficulties in
deriving the parameters used for calculating K. Indeed,
estimating soil and root zone moisture (or root zone depletion)
from remote sensing data remains very challenging, especially
for deciduous orchards characterized by deep rooting systems.
A potential solution is the use of surface temperature derived
from thermal infrared observations, since surface thermal and
water status are intimately linked (Moran, 1994). Therefore the
option of assimilating thermal infrared remote sensing data
into FAO-56 method, as done with others models such as SVAT
(Cayrol et al., 2000; Moulin et al., 2003; Verhoef and Bach, 2003;
Boegh et al., 2004; Pellenq and Boulet, 2004; Merlin et al., 2006)
seemed to be attractive.

This study aims at estimating AET over olive orchards in
the semi arid region of Tensift Al Haouz, by applying the FAO-
56 single crop coefficient approach. We first compare AET
derived from FAO-56 to that measured with an eddy
covariance device, by evaluating the necessity to reconsider
crop coefficient. Next, we investigate the potential of
assimilating AET estimates from thermal infrared data
(satellite or ground based), to improve the performance of
the FAO-56 approach. The main objectives of the study are:

1. Assessing the capability of the FAO-56 single crop coeffi-
cient approach, to provide accurate estimates AET over
olive orchards in a semi-arid region.

2. Investigating the potential of assimilating AET derived from
satellite thermal infrared observations, to improve the AET
simulation performances from the FAO-56 single crop
coefficient approach.

The paper is organized as follows. Section 2 describes the
study site, the data collection during the 2003 and 2004
growing seasons, an overview of the FAO-56 single approach,
and the assimilation procedure of thermal infrared observa-
tions into FAO-56 model. Section 3 reports and discusses the



obtained results. We first present the application of FAO-56
over the olive orchard during 2003 and 2004 growing seasons,
to estimate AET by using the standard K. values. We next
reconsider appropriate K. coefficients for the olive orchards in
such semi-arid region, by using coefficients proposed for
similar land use and climatic conditions. We finally present
the performances of FAO-56 when assimilating AET estimates
derived from thermal infrared observations. The latter are
obtained using advanced space borne thermal emission and
reflection radiometer (ASTER) satellite data in 2003, and
ground-based measurements in 2004. Finally, summary and
conclusion are provided.

2. Materials and methods
2.1.  Data description

2.1.1. Experimental site

The experiment was conducted within the Agdal olive (Olea
europaea L.) orchard, located southeastern of Marrakech city,
Morocco (31.601N, 7.974W). This area was characterized by a
semi arid Mediterranean climate, with low and irregular
rainfall (annual average of about 240 mm). The experimental
field included 240-year old olive trees, grown in an orchard of
about 275 ha. The density of olive trees was about 225 trees/ha.
The average height of the olive trees was about 6 m; the soil
surface was partly covered (15-20%) by natural grass (under
story), which mainly included short weeds during most of the
year. Leaf area index (LAI) of the trees was measured using a
LICOR 2000 plant canopy analyzer, and was equal to about
3m%m?® The orchard was periodically surface-irrigated
through level basin flood irrigation, with water supplies of
about 100 mm every each irrigation event (see Fig. 1). Each tree
was bordered by a small earthen levy that retained irrigation
water (Williams et al., 2004).

2.1.2. Meteorological data and reference evapotranspiration

Half-hourly measurements of classical climatic data were
collected over olive trees using a standard micro meteorolo-
gical weather station. Incoming solar radiation was measured
at a 3.2 m above the canopy with a BF2 Delta T radiometer, air
temperature and humidity were measured at 3.5 m height
with Vaisala HMP45C probes, and wind speed was measured at
a 9 m with A100R anemometers (R.M. Young Company, USA).
The four net radiation components (incoming and outgoing
shortwave and longwave) are measured with a Kipp and
Zonen CNR1 net radiometer set up between the trees at 8.5 m
height (2.5m above canopy). It was installed in order to
embrace same proportions of ground and canopy, and was
oriented such as shadowing effects were minimized through-
out the day. Radiative soil and vegetation temperatures were
measured using 2 Infra Red Thermometers (IRTS-P’s, Apogee),
with a 3:1 field of view, at heights of 1m and 84m,
respectively. Soil heat flux was measured at a 1cm depth
using soil heat flux plates (Hukseflux). Three locations were
selected such as measurements were spatially representative:
one below the tree (always shaded), one between the trees
(directly exposed to solar radiation) and one with an
intermediate position. Rainfall was measured with a FSS500
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Fig. 1 - Daily reference evapotranspiration ET, calculated
following the FAO-Penman-Monteith equation during
2003 (top) and 2004 (bottom) growing seasons. Rainfall and
irrigation events are shown in the same figures.

tipping bucket automatic rain gauge (Campbell Inc., USA). All
meteorological measurements were sampled at 1Hz, aver-
aged over 30 min and stored in a data logger (CR10, Campbell
Scientific, USA).

Daily averaged values of climatic data were calculated in
order to compute the daily reference evapotranspiration ET,
(mm/day), according to the following FAO-56 Penman-
Monteith parameterization scheme:

~ 0.408A(Ry — G) + 1900/ T + 273us(es — ea) )
- A+ y(1+0.34u,)

ETo

where R, is the net radiation at the crop surface (MJ/(m? day)),
G is the soil heat flux density (MJ/(m? day)), T is the air tem-
perature at 2 m height (°C), u, is the wind speed at 2 m height
(m/s), es is the saturation vapor pressure (kPa), e, is the actual
vapor pressure, A is the slope of the vapor pressure curve (kPa/
°C) and yis the psychrometric constant (kPa/°C). A logarithmic
wind speed profile (Eqg. (47) in FAO-56) was used to adjust wind
speed data from elevation measurements (9 m) to the stan-
dard height recommended by FAO-56 (2 m).

By considering daily averaged values, G was assumed to be
negligible following Allen et al. (1998), and e; was computed as:
es = €%(Tmax) + %(Tmin)/2, Where €°( ) is the saturation vapor
function and Tmax and Tmin are the daily maximum and
minimum air temperature, respectively. Standardized equa-
tions for computing all parameters in Eq. (1) are given in Allen
et al. (1998). Note that the measurements of meteorological
data were not taken over the grass, which is considered to be



the reference surface for computing ET, (Allen et al., 1998,
2005).

Fig. 1 shows the seasonal variations, within the olive
orchard during the 2003 and 2004 growing seasons, for the
reference evapotranspiration ET, calculated from Eq. (1). The
ET, temporal pattern is typically that of a semi-arid con-
tinental climate. It is characterized by a high climatic demand,
with an accumulated ET, value of about 1150 mm between
March and November (the growing season of olive trees). The
lowest ET, values occurred during rainy periods (winter), and
the highest ones occurred during sunny days (summer).
Precipitation temporal patterns over the growing season of
olive trees were characterized by low and irregular rainfall
events, with a total precipitation amount of about 280 mm
(Fig. 1). By considering a K. value proposed by the FAO-56 paper
for an olive orchard with a 60% ground cover, the simple
comparison of precipitation amount against yearly integrated
value of K. x ETo=786mm indicates the inevitability to
irrigate olives trees with a integrated water supply of at least
506 mm during the growing season.

2.1.3. Eddy-covariance measurements

An eddy-covariance (EC) system was installed over the olive
trees to provide continuous measurements of vertical fluxes of
heat (Hgc) and water vapor (L Hgc) at a 9.2 m height. The EC
system consisted of commercially available instrumentations:
a 3D sonic anemometer (CSAT3, Campbell Scientific Ltd.),
which measured the fluctuations of both temperature and
wind velocity components, and an open-path infrared gas
analyzer (Li7500, Licor Inc.), which measured concentration of
water vapor. Raw data were sampled at a rate of 20 Hz and
were recorded using CR23X data loggers (Campbell Scientific
Ltd.). The half-hourly values of fluxes were later calculated off-
line after performing coordinate rotation, correcting the sonic
temperature for the lateral velocity and the humidity effects,
making frequency integration, and including the mean
vertical velocity according to Webb et al. (1980), Schotanus
et al. (1983) and Wilczak et al. (2001).

The performance of flux measurements was assessed by
the energy balance closure. By neglecting the term of canopy
heat storage and the radiative energy used in photosynthesis
(Testi et al., 2004; Baldocchi et al., 2000), the energy balance
equation is given by R, — G = Hgc + LyEgc, Where Ry, is the net
radiation, G is the soil heat flux, and Hgc and LyEgc are,
respectively, sensible heat flux and latent heat flux measured
by eddy covariance system. The comparison between the daily
available energy from (R, — G) and from (Hgc + LyEgc), showed
an underestimation of the flux (Hgc + LyErc) by about 10%
during 2003 and 8% during 2004 (data not shown here). To
correct this non-closure of energy balance, we adopted the
approach suggested by Twine et al. (2000). This method
assumes the Bowen ratio (Hgc/LyEgc) can be measured
correctly, and the energy balance non-closure results from
errors in the eddy covariance measurements. Based on this
assumption, we recalculated sensible and latent heat fluxes by
forcing the energy balance closure using the measured
available energy (R, — G) and Bowen ratio.

The source area (Fetch) for the turbulent fluxes, which
corresponds to the contributing surface patches to scalar flux
measurements from the eddy covariance device, was calcu-

lated using the analytical footprint model proposed by Horst
and Weil (1992, 1994). Fetch was about 40 m in the north-
western direction (Hoedjes et al, 2007a). It might be
considered adequate as it contributed by 90% to the measured
surface convective fluxes. The analysis of the footprint model
showed the resolution of ASTER thermal imagery (90 m)
covers the source area dimensions for a typical eddy-
covariance set-up (Hoedjes, 2007; Hoedjes et al.,, 2007b).
Finally, the resulting dataset of sensible and latent heat fluxes
were available for the 2003 and 2004 growing seasons, with
missing data for few days due to power supply troubles.

2.2.  An overview of the FAO-56 single approach

In this section, only a brief summary of the FAO-56 model is
provided. The reader can refer to Allen et al. (1998) and Pereira
etal. (1999) for detailed descriptions. The FAO-56 approach has
been designed and extensively used to derive crop evapo-
transpiration and to schedule irrigation on an operational
basis. FAO-56 is based on the concepts of reference evapo-
transpiration ETy and crop coefficients K., which have been
introduced to separate the climatic demand from the plant
response under standard conditions (e.g. no water stress). For
actual estimates of crop evapotranspiration (AET), K. is
adjusted by the water stress coefficient Ky which explicits
hydric status:

AET = KK.ETo 2)

Additionally to K, two parameters are necessary to determine
(AET): K. and Ks. Deriving both are presented hereafter.

2.2.1. Calculation of K.

In the FAO-56 procedure, the K. curves are divided into four
growth stage periods: the initial (li,;), the development (lgev),
the midseason (ln;q) and the late season (Ijte). The initial and
midseason periods are characterized by horizontal line
segments, the development and late season periods are
characterized by rising and falling line segments, respectively.
Thus three critical K. values are required to generate the entire
K. curve, namely the K. during the initial period, Keini, the K
during the midseason, Kcmig, and the K. at the end of the
growth season, Kcena. In the Mediterranean regions such as in
Morocco, the olive season lasts from the 1st of March through
to the 25th of November, and the lengths of crop development
stages (lini, ldev, Imia and liate) are, respectively, 30, 90, 60 and 90
days (Allen et al., 1998). The remaining period (from December
to February) of the year was called “off season stage”.

As mentioned in Section 2.1.1, two different crops (olive
and under story) grew up together in the same field. A simple
formula was used to calculate the equivalent crop coefficient
(Allen et al., 1998):

Kefield = fc-olivesKC nge t (1 - fc-olives)KC cover (3)

where K¢ ngc and K. cover are crop coefficients for olive and under
story, respectively. fc.onves 1S the fraction cover of olive trees,
calculated as fc_ojives = (7D?N/40,000), where D (m) is the average
diameter of the canopy and N is the number of trees per hectare.
Fraction cover of olive trees was found to be equal to 0.60.



2.2.2. Derivation of K
The effect of soil water stress on crop AET is taken into account
by multiplying the crop coefficient by the water stress
coefficient K;. The latter is a dimensionless factor which
depends on available soil and root zone water, and which
ranges between 0 and 1.

K is equal to unity (no water stress) when readily available
water RAW is larger than the root zone depletion (D,). RAW is
expressed from the total available water in the root zone TAW
(mm) as

RAW = pTAW @)

where p is the fraction of TAW that vegetation can extract
from the root zone without suffering from water stress. TAW
is estimated as the difference between water content at field
capacity 0. and wilting point 6y, (Z; is the effective rooting
depth, m):

TAW = 1000 (6 — Owp)Zr ()

Water stress occurs when D; is larger than RAW. Then, K is
given by

TAW-D,  _ _TAW-D
Ks = mwraw = (1-p)TAW (6)
Water depletion D is calculated using a water budget within
the root zone. The simple daily water balance, expressed in
terms of root zone depletion at the end of day i is

Dyj =Dyjg — I — P; + AET; ?)

where D,; and D, ; 4 are the root zone depletion at the end of
day i and at the end of the previous day, i — 1, respectively
(mm), P; is the precipitation on day i (mm), [; is the irrigation
depth on day i (mm), AET; is the actual evapotranspiration at
day i (mm), calculated by Eq. (2).

In Eq. (7), the water loss by deep percolation was neglected.
In fact, Doorenbos and Pruitt (1977) and Allen et al. (1998)
reported depletion D, is positive and percolation is negligible if
root zone soil moisture is lower than soil moisture at field
capacity. This is the case in our study where soil moisture is
always lower than that at field capacity (0.32 m*/m?).

From the equations listed above, the required soil para-
meters are 6g, 6wp and Z; (Eq. (5)). For the considered soil type
(silt clay loam), Allen et al. (1998) indicated soil moisture at
field capacity 6;. ranges between 0.3 and 0.37 m?*/m?, and soil
moisture at wilting point 6,,, ranges between 0.17 and 0.24 m?/
m3. To estimate ¢ and Owp, Wosten (1997) and Wosten et al.
(1999) expressed pedotransfer functions from soil texture, by
using the model of Van Genutchen (1980). The values of g
obtained by the models of Wosten (1997) and Wosten et al.
(1999) were 0.32 and 0.27 m®*m?, respectively. The values of
fwp obtained by these two models were 0.19 and 0.14 m>3/m3,
respectively. A cross comparison showed the values of 6, and
6wp obtained by Wosten (1997) model are in accordance with
those reported by Allen et al. (1998) for silt clay loamy soil
(Table 19 in FAO-56). Based on these considerations, average
values of 0.32m%*m? for 6 and 0.19m%*m? for ¢, were
selected for our study. The rooting depth Z, of olive trees and

the depletion fraction p were set at 1.60m and 0.65,
respectively, following FAO-56 values (Table 22 in FAO-56).
RAW and TAW were calculated from Egs. (4) and (5), and were
equal to 135.2 and 208 mm, respectively.

In what follows, the FAO-56 single approach described
above was firstly applied to estimate AET of olive orchard with
recommended K. in the FAO-56 tables (case 1, see Section 3.1),
and after by using the coefficients proposed by Pastor and
Orgaz (1994) for olive orchards in Spain with similar climatic
conditions (case 2, see Section 3.2). The performance of FAO-56
AET simulations was finally improved by assimilating thermal
infrared observations into FAO-56 method. The data assim-
ilation procedure is described hereafter.

2.3.  Data assimilation procedure

As mentioned above, two parameters were necessary to
estimate (AET) by the FAO-56 single approach (Eq. (2)): K. and
K.. The values of K. could be calculated using Eqg. (3), as
explained in Section 2.2.1. The calculation of K from Eq. (6)
depended on Z,, p and D,. Z, and p were directly taken from
Table 22 in FAO-56. D, was derived from the root zone water
balance (Eq. (7)). Uncertainties on these three variables yielded
to error on K values. Correcting these errors could be
performed by using ground-based measurements of root zone
moisture. However, accurately obtaining root zone soil
moisture at different space-time scales is not really feasible
at operational basis. In this regard, as stated in the introduc-
tion, the use thermal infrared observations might provide a
workable solution for improving the monitoring of water
consumption on an operational basis. Consequently, K; was
corrected by assimilating AET derived from ASTER data during
2003 and ground-based measurements during 2004. AET
assimilation allowed updating D, (Eq. (7)), and therefore
controlling the temporal dynamic of the root zone water
budget (explained further in Section 3.3), from which the water
stress coefficient was derived. The assimilation procedure
used here was that proposed by Schuurmans et al. (2003):

2
o
AETyew = AETon + (28T,
OAET T OAster

> X (AETThermal - AETold) (8)

This simple sequential assimilation scheme is preferred due to
its simplicity and thus its applicability for operational pur-
poses. Contrary, other assimilation methods like variational
scheme requires more complicated mathematical calculus
(adjunct model, stochastic simulations, etc.).

The Eq. (8) can be rewritten as following:

AEThew = AETq)q +K x (AETThermal - AETold) (9)

where AET,4 and AET,.,, are AET estimated by the FAO-56
single approach before and after data assimilation, respec-
tively. AETthermar is that derived from thermal infrared obser-
vations (ASTER data or ground-based measurements). o%pr
and o2, are the variances of predicted errors on AET
estimates from FAO-56 model and thermal infrared observa-
tions, respectively (see the appendix for the calculation of ¢?).
The difference (AETthermal — AETo14) is called innovation that
reflects the discrepancy between uncorrected and observed



AET. K is the Kalman gain that minimizes the analyzed error
covariance and is equal to

0'2
K AET (10)
O'2 + (J'2
AET Thermal

This algorithm was applied to assimilate AET derived from
both ASTER data (2003) and ground-based observations (2004).
Six ASTER images were collected during 2002-2003 growing
season of olive orchards: one in 2002 (November 7), and 5 in
2003 (February 27, May 18, July 21, October 9 and October 16).
For consistency when assimilating ground-based measure-
ments, we performed a sensitivity analysis to identify the
most relevant time frequency to achieve accurate estimates
of AET through assimilation (see Section 3.3).

Thermal infrared-based AET was derived using the
surface energy balance model proposed by Lhomme et al.
(1994), which required micrometeorological measurements
(Section 2.1), net radiation, soil heat flux and surface
radiative temperature. Net radiation and soil heat flux were
derived from ASTER visible-near infrared-thermal infrared
data in 2003 (see the following next paragraph), and from
ground-based measurements in 2004. Surface radiative
temperature was derived from ASTER thermal infrared data
in 2003, and from ground-based measurements in 2004.
Further, the AET instantaneous estimates at satellite over-
pass were extrapolated to the daily scale using the approach
proposed by Hoedjes (2007), Hoedjes et al. (2007b). Both
Lhomme’s model and Hoedjes’s approach are presented
hereafter.

2.3.1. Estimating daily AET
Latent heat flux (LE) was derived as the residual term of the
energy balance equation:

LE=R,-G-H (11)

R, is net radiation calculated as a function of albedo (), sur-
face emissivity (¢) and radiometric temperature Ts, incoming
short wave (S') and long wave (L') radiation:

Rn=(1—a)S' +&(L! —oT?) (12)

where o is Stephan-Boltzmann’s constant. Deriving T, « and ¢
from ASTER data were performed using ASTER official pro-
ducts from EDC gateway server: AST_07 visible-near infrared
reflectance, AST 05 spectral thermal infrared emissivities,
and AST_08 radiometric temperature (see detailed description
in Hoedjes, 2007; Hoedjes et al., 2007b). Albedo was calculated
as a linear combination of visible and near infrared reflectance
following Jacob et al. (2002), and the emissivity was derived
from ASTER thermal infrared emissivities following Ogawa
et al. (2003).

Gis soil heat flux calculated as the function of R, according
to Santanello and Friedl (2003) model:

G
~Z_A
R cos

n

(13)

[271(17 + ;o, 800)]

where A and B are empirical coefficients equal to 0.31 and
74000 s, respectively.

H is sensible heat flux, calculated using the semi-empirical
model proposed by Lhomme et al. (1994):

(Ts — Ta) — c(ST} (14)

H:pcp{ Ta —Te

where C, is the specific heat of air at constant pressure
(kg *K™Y), pis the air density (kg m~3), T, is the air tempera-
ture at reference height (K), Ts is the surface temperature
derived from ASTER images in 2002-2003 season and from
ground measurements in 2004 and r, (s m™) is the aerody-
namic resistance to heat transfer between the canopy source
and the reference height. r, is calculated using the classical
equation which takes into account the stability correction
functions for wind and temperature (Brutsaert, 1982).
The equivalent resistance, 7. (s m %), is given by

TafTas
ro— Taffas 15
¢ Taf +Tas ( )

where r,s and rof are, respectively, the aerodynamic resistance
between the soil and the canopy source height (Shuttleworth
and Gurney, 1990), and the canopy bulk boundary layer resis-
tance (Choudhury and Monteith, 1988).

The term c5T (K), is given by

coT — ({ﬁ} - f> a(Ts — Tp)" (16)

where fis the cover fraction, a and m are empirical coefficients
equal to 0.25 and 2, respectively.

The method described above calculates instantaneous
evapotranspiration (LE) estimates only. Extrapolating LE into
daily estimates, which is the main interest for agricultural
water management, has been investigated by many studies
(e.g. Jackson et al., 1977, 1983; Sugita and Brutsaert, 1991;
Zhang and Lemeur, 1995; Gomez et al., 2005). Some of those
studies linked midday instantaneous surface air temperature
differences to daily total evapotranspiration. Others devel-
oped techniques based on similarity between the diurnal
course of evapotranspiration and that of solar radiation. A
third way is using evaporative fraction (EF) to convert the
instantaneous evapotranspiration obtained into daily value. In
the current study, LE instantaneous estimates were extra-
polated to daily value using the method developed by Hoedjes
(2007), Hoedjes et al. (2007b). The latter was based on the
parameterization of diurnal behavior of EF from atmospheric
parameters and soil moisture status (dry or wet). As reported
by Hoedjes (2007), Hoedjes et al. (2007b) and Chehbouni et al.
(2007b), an increase of EF is mainly due to an increase of
incoming solar radiation and a decrease of atmospheric
humidity. Therefore, EF could be adjusted with incoming
solar radiation (S') and relative humidity (RH):

!
EFgm = A — (B% + c%) (17)
where A, B and C are empirical coefficients equal to 1.2, 0.4 and
0.5, respectively. Those coefficients were derived by Hoedjes
(2007), Hoedjes et al. (2007b) over the same study site.



In order to account of the effect of soil moisture on EF,
Hoedjes (2007), Hoedjes et al. (2007b) adjusted EFg, by a

correction factor rir:

AcT _ [ EFgrit® for g0 <15
EFgm = { EFiI0 for A1130515 (18)

where ril®sets the parameterized EF at the local time of
thermal infrared observations (ASTER overpass at 1130 UTC
and ground-based data selection) to the actual EF at 1130 UTC:

1130

1’1130 _ EPObs
EF T EF1130
sim

(19)

The 1.5 value in Eq. (18) is the threshold value of Bowen ratio g
that gives satisfactory results for the estimation of EF. EFA is
the derived EF from thermal infrared observations (ASTER
data or ground-based measurements).

Daily actual evapotranspiration AET can then be calculated

by the following equation:

AET = EFAST(R, — G) (20)
The calculation of AET requires the diurnal course of Available
Energy AE = R, — G. Here again, the similar heuristic approach
developed by Hoedjes (2007), Hoedjes et al. (2007b) was applied

to derive the AE diurnal course. The daytime variation of AE
was formulated as

Rn -G t R*t
(R(n _ G)glbao = f(R*113°> (21)

where R is the net radiation calculated from Eq. (12). f is the
polynomial second-order function given by

“t “t sty 2
f<%> — <%> +ay <%> (22)
where ao, a;and a, are empirical coefficients given by Hoedjes
(2007), Hoedjes et al. (2007b) as —0.48495, 1.15120 and 0.34285,
respectively.

The performance of this model to estimate AET was heavily
discussed in Hoedjes (2007), Hoedjes et al. (2007b). They
reported that the use of the proposed model improves
significantly the simulated AET over the same site and using
the same data set. The Root Mean Square Error (RMSE)
between measured and simulated AET was 18 W m 2. Know-
ing the complexity of the site, this result can be considered as
very satisfactory. Additionally, this same approach has been
extended with success to heterogeneous surfaces (Chehbouni
et al., 2007b).

3. Results and discussions
3.1.  Estimating AET by the FAO-56 single approach
The temporal course of AET using the FAO-56-based single

crop coefficient approach over olive trees has been first
simulated considering standard K. values given in FAO-56
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Fig. 2 - Time course of observed (solid line) and simulated
(dotted line) actual evapotranspiration (AET) for 2003 (top)
and 2004 (bottom) growing seasons of olives orchard,
using the FAO-56 single crop coefficient approach along
with the crop coefficient suggested by Allen et al. (1998).

tables 12 (Allen et al., 1998). The simulation was performed
from 7 November 2002 to 25 November 2003 for the 2003
growing season, and from 1 March to 7 November for the 2004
growing season.

Fig. 2 shows the temporal courses of measured (from eddy
covariance system) and simulated (from single crop coefficient
approach) AET, for the 2003 (top) and 2004 (bottom) growing
seasons. The FAO-56 single crop coefficient approach gave
acceptable results over the two growing seasons. The
statistical results are presented in Table 1 (equations used
to calculate the statistical parameters are summarized in
Appendix A). The root mean square error (RMSE) between
measured and simulated AET values during 2003 and 2004
was, respectively, 0.80 and 0.93 mm/day. It could be seen the
model tended to overestimate AET by about 16% and 20%
during 2003 and 2004, respectively. The explanation of this
overestimation was twofold. First, the values of K. were not
appropriate. Second, water stress coefficient Ks was poorly
estimated using the very simplistic FAO-56 water balance
(Eg. (6)). This resulted in larger AET values as compared to
measurements, because of misrepresenting rooting depth
which directly influenced the plant ability for water uptake.

According to these results, it can be stated that it is possible
to use the FAO-56 single approach along with the standard K.



Table 1 - Statistical analysis of actual evapotranspiration (AET) simulated by the FAO-56 single crop coefficient approach
with three methods (K. suggested by Allen et al. (1998), Pastor and Orgaz (1994) and after the data assimilation) of olives

orchards during 2003 and 2004 growing season
Method

Statistical parameters

RMSE (mm/day) MBE (mm/day) E
2003 2004 2003 2004 2003 2004
Allen et al. (1998) 0.80 0.93 0.39 0.53 0.04 0.06
Pastor and Orgaz (1994) 0.61 0.69 0.15 0.22 0.44 0.48
After assimilation® 0.52 0.46 —-0.14 —-0.06 0.59 0.76

Note: RMSE, root mean square error (mm/day); MBE, mean bias error (mm/day); E, efficiency.
# The assimilation was made by the AET derived from ASTER thermal infrared during 2003, and from ground thermal infrared during 2004.

values suggested by Allen et al. (1998), to derive estimates of
water consumption of olive orchards in the Tensift Al Haouz
semi-arid region, with somehow acceptable accuracy. How-
ever, knowing the shortage, cost of dam water in the region, or
that of energy requirements for water extraction from
groundwater, any improvement would be very useful. There-
fore, a better estimation of K. and K was needed to accurately
estimate the crop water requirements of olive orchards and
thus to optimize the use of this scarce resource.

3.2.  Deriving appropriate crop coefficient K.

Several studies showed the coefficient is highly correlated with
ground cover for different crops (e.g. Heilman et al., 1982; Ritchie
and Johnson, 1990; de Medeiros et al., 2001; Williams and Ayars,
2005). In the case of olive orchards within Spain, Pastor and
Orgaz (1994) found K ini = 0.65, Kc mig = 0.45 and Kc eng = 0.65 for
a 60% ground cover olive orchard irrigated by flooding
technique. Villalobos et al. (2000) found annual K. values
around 0.62 and 0.55 for olive trees with 30 and 40% ground
cover, respectively. Recently, Testi et al. (2004) proposed a
simple linear relationship between olive ground cover and K..
They obtained K. values for olive young trees of about 0.15 for 5%
ground cover, and 0.3 for 25%. Based on these findings and since
the ground cover was about 60% for the olive orchard
considered in this study, K. values proposed by Pastor and
Orgaz (1994) were selected for the current study. For the off
season (low phenological activity) period (from December to
February), a 0.50 K. value was used, following Allen et al. (1998).

The comparison between measured and simulated AET
(Fig. 3) shows good agreement between both during 2003 (top)
and 2004 (bottom) seasons. The Efficiency (E) between
measured and simulated AET values for 2003 and 2004 were,
respectively, 0.44 and 0.48 when using the K. values suggested
by Pastor and Orgaz (1994); while they were 0.04 and 0.06 when
using those suggested by Allen et al. (1998). The additional
statistical results presented in Table 1 confirmed this clear
improvement. However, some discrepancies between mea-
sured and simulated AET still remained. Despite the adjust-
ment of K. value, the FAO-56 model overestimated eddy
covariance measurements during 2003, from 27 February to 16
March and from 7 July to 2 August. A similar behavior occurred
during 2004, from 30 July to 23 August. This could result from
an overestimation of water stress, since the latter was poorly
computed from a very simplistic water balance and/or a
misrepresentation of the soil stress factor. To overcome the

problem associated with the calculation of stress coefficient
K, we next assimilated thermal infrared-based AET (Eq. (8)) to
update the temporal course of root zone depletion. This
allowed controlling the root zone water budget, and then
correcting the resulting stress coefficient K.

3.3.  Assimilating thermal infrared observations into FAO-
56 model

Before applying the data assimilation procedure described
above during the entire 2003 and 2004 seasons, we first
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Fig. 3 - Time course of observed (solid line) and simulated
(dotted line) actual evapotranspiration (AET) for 2003 (top)
and 2004 (bottom) growing seasons of olives orchard,
using the FAO-56 single crop coefficient approach along
with the crop coefficient suggested by Pastor and Orgaz
(1994).
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Fig. 4 - Scatter plot between AET derived from thermal
infrared of ASTER (6 days) and that estimated by FAO
model before assimilation (Fig. 5 (top)) and after
assimilation (Fig. 5 (bottom)) during 2003 season.

compared for 2003 the AET estimates derived from ASTER (6
days) and those estimated by FAO-56 model without assim-
ilation (Fig. 4-top) and with assimilation (Fig. 4-bottom). As
shown by Fig. 4, there is a clear improvement in the estimation
of AET by FAO-56 with assimilation: RMSE values between AET
derived from ASTER and that estimated by FAO model dropped
down from 0.91 to 0.21 mm/day. After this comparison, we
assimilated the thermal infrared-based AET derived from
ASTER during 2003 and ground-based thermal data during
2004. This allowed updating the root zone depletion D,, and
thus controlling the temporal course of root zone water
budget, which lead to correcting the K values. Fig. 5 displays
the comparison between the estimated Ks by FAO-56 model
with and without assimilation during 2003 and 2004 growing
seasons. It can be seen that K ranged from 0 to 1 according to
Eq. (6). The K; value depended on soil water depletion, which
was linked to water supply (rainfall or irrigation). The water
stress coefficient was equal to 1 when root zone depletion was
lower than RAW, and it dropped below 1 otherwise. K was
supposed to be lower than 1 when the water supplies were
lacking (particularly between 18 June and 2 August during
2003, and between 9 July and 24 August during 2004) and for
large ET, values. However, no stress was observed during
these periods before assimilation (Fig. 5). This confirmed the

Fig. 5 - Comparison between the stress coefficient K
calculated by the FAO-56 model before assimilation (bold
solid line) and the updated one after assimilation (solid
line) during 2003 and 2004. Rainfall and irrigation events
are shown in the same figures. Vertical red bars indicate
the assimilation dates.

fact that some parameters (especially the rooting depth Z, and/
or the depletion fraction p) were not appropriate, leading to an
overestimation of Ks. Once thermal infrared-based AET was
assimilated, the updated values of K, (Fig. 5) correctly
responded to water supply (rainfall or irrigation). This can
be clearly seen from 7 July to 2 August during 2003, and from 22
July to 24 August during 2004 when K was below 1 while it was
equal to 1 before assimilation.

Fig. 6 (top) shows the temporal course of observed and
simulated AET during 2003 after assimilation. Along with
Table 1, it is shown assimilation improved the estimation of
AET by FAO model. The Efficiency (E) between measured and
simulated AET values for 2003 was about 0.59 with data
assimilation while it was 0.44 without data assimilation.
Despite this substantial improvement, some discrepancies
between measured and simulated AET occurred especially
after the third and fourth assimilation dates during 2003 (see
Fig. 6 (top)). This might result either from errors in the remote
sensing derived variables (e.g. albedo, emissivity, surface
temperature), or from the energy balance model, both yielding
errors in AET estimation (Hoedjes, 2007; Hoedjes et al., 2007b).

Regarding 2004 growing season, the assimilation was based
on AET derived from ground-based thermal infrared. Acquir-
ing high resolution clear sky satellite thermal infrared data



Table 2 - Statistics associated to sensitivity analysis for the assimilation data into FAO-56 model during 2004 for each
frequency (F): every week, every 2 weeks, every 4 weeks, every 8 weeks and every 12 weeks

Statistical parameters F=1 week F =2 weeks F =4 weeks F = 8 weeks F =12 weeks
RMSE 0.52 0.50 0.46 0.50 0.54
MBE 0.12 0.05 —0.06 0.04 0.09
E 0.71 0.72 0.76 0.73 0.69

once a month is more likely that once a week. Therefore, we
selected dates corresponding to a 4-week frequency for
assimilation. Fig. 6 (bottom) shows the temporal course of
observed and simulated AET during 2004 after data assimila-
tion. As shown in Table 1, the estimated AET by FAO model
was clearly improved after assimilation. The efficiency (E)
between measured and simulated AET values was about 0.76
with data assimilation while it was 0.48 without data
assimilation. The additional statistical results presented in
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Fig. 6 - Comparison between observed (solid line) and
simulated (dotted line) actual evapotranspiration (AET)
using the FAO-56 single crop coefficient approach for 2003
(top) and 2004 (bottom) growing seasons of olives orchard,
after data assimilation. The values of AET (lozenge)
derived from thermal infrared of ASTER during 2003 and
from thermal infrared of ground during 2004, and used for
the assimilation procedure are presented in the same
figures. Missing some data of the measurements of
surface temperature leads to the missing AET for
assimilation.

Table 1 confirm this clear improvement in the simulation of
AET after assimilation.

Since we were not limited in terms of availability for
ground-based thermal data, it was of interest investigating the
optimal number of assimilation dates to achieve accurate
estimates of AET. For this purpose, we considered five
possibilities of assimilation frequencies: every week, every 2
weeks, every 4 weeks, every 8 weeks and every 12 weeks. Some
of these possibilities corresponded to various satellite revisit
time frequencies (e.g. ASTER, MODIS, LANDSAT, etc.) and
others could be considered as an academic exercise.

The AET estimated by the FAO-56 single approach after
data assimilation for each frequency (F) was compared to field
observations. The evaluation was based on statistical analysis
which was applied for each frequency (F) (Table 2). According
to the statistics displayed in this table, it appeared at a first
glance the seasonal AET was well reproduced for the 4 week
frequency: the RMSE (0.46 mm) was much lower for this
frequency than for the other ones, especially for 1 and 2 weeks.
This is somewhat surprising since one may expect the higher
the assimilation frequency, the better the results are. How-
ever, a detailed examination showed the selected dates for
this 4-week frequency corresponded to the dates with the
largest differences between measured and FAO simulated
AET. It can also be seen in Table 2 that the performance of AET
after assimilation for the low frequency (e.g. 12 weeks) is much
lower which is somehow expected.

4, Conclusions

The main results of this study showed that using standard
crop coefficients suggested by FAO-56 paper, the FAO-56
model provides an acceptable estimate of AET of the olive
orchard in this semi-arid region. However, the model tended
to overestimate measured AET by about 18% when compared
to eddy covariance measurements. Therefore, the determi-
nation of the appropriate K. values was needed to estimate
more accurately the crop water requirement and consump-
tion for olive orchards under semi-arid conditions of
Morocco.

After using K. values devoted to Spanish olive orchards
(Pastor and Orgaz, 1994), a clear improvement was observed,
with a better correspondence between measured and simu-
lated AET. The root mean square error (RMSE) was reduced
from 0.80 to 0.61 mm/day for 2003 and from 0.93 to 0.69 mm/
day for 2004. The K. values of olive trees at three crop growth
stages (initial, mid-season and maturity) were 0.65, 0.45, and
0.65, respectively. These values were lower than those
suggested by the FAO-56, by about 15%.

Despite such improvement in the performances of FAO-56
AET simulations, some differences between measured and



estimated AET appear under stress conditions. This is due to
problems associated with uncertainties in some key hydric
parameters. In particular, the rooting depth which directly
influences the stress coefficient K remains a challenging topic
because of the difficulties in measurement, especially for
deciduous orchards (e.g. olives, citrus, etc.). To overcome this
limitation associated to the calculation of stress coefficient K,
we assimilated, into the FAO-56 soil water budget, daily AET
derived through the combination of thermal data (remotely
sensed and ground based), energy balance model and
extrapolations of instantaneous AET to daily values. The
results showed a clear improvement of FAO-56 performances
when constrained with thermal infrared-based AET. The
RMSE between measured and simulated AET values for 2003
and 2004 were, respectively, about 0.52 and 0.46 with data
assimilation while they were 0.61 and 0.69 without data
assimilation. Finally, it should be noted that the procedure
proposed here, ie. assimilating thermal infrared-based
observations into FAO-56 model, have been solely tested over
a single irrigated olive orchard. Testing this procedure with
other data set is needed before drawing any firm conclusions.
Nevertheless, it appears that combining remote sensed data in
both solar and thermal domains with the FAO-56 model
provides a promising avenue for better management of
irrigation water since the two sources of errors, i.e. K. and
K, values can be removed, at least partial, through this
combination.
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Appendix A. Statistical analysis

Four statistics were used for analyzing the data: (1) the
mean bias error (MBE), which indicates the average deviation
of the predicted values from the measured values; (2) the root
mean square error (RMSE), which measures the discrepancy of
predicted values around observed values; (3) the efficiency (E),
which judges the performances of simulation data; (4) the
variance (¢%) to predict the error on AET.

MBE = Ymod ~ Yobs

n

1
HZ(Yimod - yiobs)2

i=1

RMSE =

11

E=1-— Z%l ()Iimod — )jiobs);
Zi:l (Yiobs - YObS)

1 & _
2 nﬁ]_;(Yimod_Ymod)z

where y_ 4 and y,. are the averages of simulations and
observations, n is the number of available observations, yi mod
and y;i obs are daily values of modeled and observed variables,
respectively.
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