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Abstract

The main goal of this work was to evaluate the potential of the Shuttleworth—Wallace (SW) model for mapping actual crop
evapotranspiration (ET) over complex surface located in the foothill of the Atlas Mountain (Morocco). This model needs
many input variables to compute soil (r;) and vegetation (r}) resistances, which are often difficult to estimate at large scale
particularly soil moisture. In this study, a new approach to spatialize r{ and r} based on two thermal-based proxy variables
was proposed. Land Surface Temperature (LST) and Normalized Difference Vegetation Index (NDVI) derived from Landsat
data were combined with the endmember temperatures for soil (7's,,;, and T's,,,) and vegetation (Tv,,;, and Tv,,.), which
were simulated by a surface energy balance model, to compute the soil (7's) and the vegetation (7'v) temperatures. Based on
these temperatures, two thermal proxies (Sl for soil and SI for vegetation) were calculated and related to r$ and r), with
an empirical exponential relationship [with a correlation coefficient (R) of about 0.6 and 0.5 for soil and vegetation, respec-
tively]. The proposed approach was initially evaluated at a local scale, by comparing the results to observations by an eddy
covariance system installed over an area planted with olive trees intercropped with wheat. In a second step, the new approach
was applied over a large area which contains a mixed vegetation (tall and short) crossed by a river to derive r{ and r{, and
thereafter to estimate ET. A Large aperture scintillometer (LAS) installed over a line transect of 1.4 km and spanning the
total area was used to validate the obtained ET. The comparison confirmed the ability of the proposed approach to provide
satisfactory ET maps with an RMSE, bias and R” equal to 0.08 mm/h, 0.06 mm/h and 0.80, respectively.

max

Introduction

The fast-growing population and economy in recent decades
are accompanied by an increase in agricultural production.
Agricultural and irrigation techniques have been widely
developed, but the deterioration and depletion of water
D< Salah Er-Raki resources remain a problem that threatens the future of food

s.crraki @ugTIRG >*FR@gmail.com security, especially in arid and semi-arid zones (Plattner
et al. 2009; Gohar et al. 2019). Rational management of
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to the field water loss through evapotranspiration (Allen
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et al. 2011). The process of evapotranspiration is difficult
to determine because of various challenges, including the
vegetation complexity, plant diversity, lack of available data
and because the in-situ direct measurement of ET is difficult
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in complex surfaces like our study site. Then an accurate
assessment of evapotranspiration (ET) is crucially needed at
the basin scale for studying the hydrological processes and
water balance especially from upstream to downstream and
it is required for a good integrated water management. There
is thus an imperative need to develop reliable computation
method with a limited number of input parameters especially
over complex surfaces.

Several methods have been used to measure ET and its
components [plant transpiration (T) and soil evaporation
(E)], which are different in complexity and/or in accuracy.
The principles of these methods are various; they can be
hydrological, physiological or micrometeorological. Based
on the hydrological balance, the lysimeter provides direct
evaporation or evapotranspiration measurements at a local
scale and over homogeneous canopy (Allen et al. 2011;
Séanchez et al. 2019). To assess the plant transpiration, the
physiological approach has been used based on introducing
a source of low-grade heat into the stem or the trunk of a
plant. This approach known as the sap flow method, can be
used in homogeneous crops but it requires an up-scaling
procedures to extrapolate measurements from individual
plants to the stand level transpiration (Green et al. 2003;
Steppe et al. 2010; Er-Raki et al. 2010a; Rafi et al. 2019).
Currently, around the world the micrometeorological tech-
niques such as eddy covariance are widely used to measure
ET over a scale of a few hectares, depending on the height
of the measurements (Ezzahar et al. 2007; Allen et al. 2011;
Fang et al. 2020). By contrast, the scintillometer technique
that was recently developed allows for measurements of sen-
sible (optical LAS) and latent (microwave LAS) heat fluxes
over transects up to 10 km (Ezzahar and Chehbouni 2009;
Ezzahar et al. 2009b, a; Zieliniski et al. 2013, 2017; Yee et al.
2015). In addition, scintillometers are easy to install, to mon-
itor and can provide measurements of the surface fluxes over
complex surfaces which makes them suitable for validating
remote sensing-based methods (Duchemin et al. 2008; Tang
and Li 2015; Huang et al. 2016; Ait Hssaine et al. 2018;
Saadi et al. 2018). The LAS applies the Monin—Obukhov
Similarity Theory (MOST) to estimate the sensible heat flux.
However, the applicability of MOST is limited when condi-
tions are not favorable, which can happen for a number of
reasons. Atmospheric conditions, instrumental setup, data
processing and evaluation criteria (particularly choice of
similarity function and variable of interest) can all affect
the MOST applicability (Ward 2017).

With regard to modelling aspect, there are different types
of models to estimate surface fluxes. They range from com-
plex physically based, conceptual, to empirical ones. There
are some models characterised by a simplified relation
using thermal infrared and micrometeorological data (Jack-
son et al. 1977; Seguin and Itier 1983). Others are based
on residual methods of the energy budget (Surface Energy
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Balance Algorithm for Land (Bastiaanssen et al. 1998), Sur-
face Energy Balance System (Su 2002), two-source energy
balance (Norman et al. 1995), Mapping Evapotranspiration
at a high-Resolution with Internalized Calibration (Allen
et al. 2007)). A third one, more complex, characterizes the
energy and water transfers in all the continuum soil-vege-
tation-atmosphere (Interaction Soil Biosphere Atmosphere
(Noilhan and Mahfouf 1996; Aouade et al. 2020), Simple
Soil-Plant-Atmosphere Transfer (Braud et al. 1995), Soil
Plant Atmosphere and Remote Sensing Evapotranspiration
(Boulet et al. 2015) and the Interactive Canopy Radiation
Exchange (Gentine et al. 2007)). Compared to those based
only on the energy budget, this category of models needs
more input data which is often not available at large scale.
Finally, some other approaches use a crop coefficient to pro-
vide actual ET from reference or potential one (Allen et al.
2005; Neale et al. 2005). These models can be extended to
large areas when they are combined with remote sensing
data (Duchemin et al. 2008; Er-Raki et al. 2010b; Diarra
et al. 2017). Satellite products such as land surface tempera-
ture (LST), emissivity, albedo and vegetation indexes have
been improving in their spatiotemporal resolution during
the recent years, especially with the launch of Landsat 7
and 8 and Sentinel 2 satellites. Consequently, mapping and
assessing ET over heterogeneous and large areas became a
promising challenge which has been largely investigated in
recent years (Albergel 2010; Singh et al. 2014; Semmens
et al. 2016; Tan et al. 2019).

The two components of the ET are influenced differently
by many factors which mean that the contribution of each
one (E and T) to the total ecosystem ET is highly variable in
time and space (Aouade et al. 2016). Consequently, estimat-
ing accurate ET over vegetation canopy using two-source
models is necessary since this type of model computes each
component distinctly. In this context, Shuttleworth and Wal-
lace developed in Shuttleworth and Wallace 1985 a two-
source model taking into account the interaction flux from
vegetation and soil separately. It is characterized by a rigor-
ous physically based framework which provides accurate ET
estimation values especially for row crops (Ortega-Farias
et al. 2007; Zhang et al. 2008). However, Shuttleworth—Wal-
lace (SW) model is significantly sensitive to errors in the
values of soil and vegetation resistances (Zhu et al. 2014).
These resistances can be parameterized using measurements
of E, T and ET (Samanta et al. 2007; Villagarcia et al. 2010;
Zhu et al. 2014). Many authors have used empirical equa-
tions to compute these resistances based on surface and root-
zone soil water content (Ramirez et al. 2007; Were et al.
2007). However, the soil water content is difficult to obtain
at a large scale. Several methods were developed to estimate
this variable but they are complex and need the knowledge
of many physical soil parameters (Guswa et al. 2002; Ver-
hoef et al. 2006; Merlin et al. 2016). For this reason and to
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estimate spatial values of ET using the SW model, a param-
eterization of the soil and vegetation resistances using a ther-
mal-based proxy derived from Landsat was proposed in this
paper. The stress indexes presented by this proxy reflect the
hydric state of both soil and vegetation since the temperature
variation of the soil or the vegetation can be attributed to
change in the water content between dry and wet conditions.
In this context, good results have been obtained by relating
thermal-based proxy of vegetation water stress to canopy
resistance (Amazirh et al. 2017) and to stress coefficient in
FAO-56 (Olivera-Guerra et al. 2018, 2020). The novelty of
the proposed approach is the link of both vegetation and
soil resistances to the stress indexes which can provide an
accurate estimation of spatial ET.

This paper is organized as follows: first, an overview of
the study area, the experimental design and the proposed
approach is presented. After, a description of the obtained
results at a local scale is provided. Then, an illustration of
the spatial results with a discussion about the potential of
the developed approach to assessing the evapotranspiration
over a heterogeneous semi-arid region is presented. Finally,
a summary and conclusions are provided.

Materials and methods
Study area and data description
Study area description

An experiment was conducted over the piedmont of the
Atlas mountain in the center of Morocco (Tahanaout city,
Fig. 1). This area is characterized by a semi-arid climate
with a low annual rainfall amount especially for 2017 where
an annual cumulative value of about 157 mm compared to
the cumulative value during last two decades (302 mm).
The land use mapping of the experimental area is also pre-
sented in Fig. la. According to this figure, one can remark
clearly that the area is heterogeneous and composed of small
fields planted by olive trees with a height ranging from 3 to
12 m which were measured using the 45° Triangle method
(Fig. 1b). Note that some farmers mix the olive trees with
herbaceous crops such as wheat, alfalfa and/or corn. In the
same area apricot, plum, orange and peach trees are also
cultivated. The bare soil is mainly present on the sides of
Rherhaya river and on the North-West part of the study area.
Additionally, the heterogeneity of the site is amplified by the
difference in the height between different trees and herba-
ceous crops. All fields are irrigated using the flooding tech-
nique. In general, the irrigation water comes from mountain
(rainfall or melting snow) and is diverted to the study area
through traditional networks (Bouimouass et al. 2020).

(a) 1m0 -1.955 7959 7353 1947
i i i H i

|| Marrsiech-Tensin-Emaouz | N

367 nan 31378

3363

%0

(b)

High contribution

Transmitter

Low contribution

Fig. 1 Locations of the Eddy Covariance (EC) station, the scintillom-
eter (transmitter and receiver) superimposed on the land use map (a),
vegetation height map (b) and Landsat image with their footprint (c)

Meteorological data, eddy covariance and scintillometer
measurements

A set of instruments was deployed over the EC tower in the
study site for measuring meteorological data, turbulent
fluxes, soil moisture and surface temperature. Air tempera-
ture and humidity were measured with a Vaisala (HMP155,
Campbell scientific) at a height of about 15.6 m. The four
components of the net radiation were measured using a
CNR4 radiometer (Campbell scientific) at a height of about
16.7 m. The soil heat flux was averaged using the measure-
ment of two heat flux plates at 5 cm depths (HPFO1, Hukse-
flux) in two locations: one below the tree (always shaded)
and the other between the trees (directly exposed to solar
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radiation). Soil moisture was measured at different depths (5
and 15 cm) using CS655 water content reflectometers
(Campbell Scientific). Radiometric brightness temperature
was measured over the soil and the vegetation separately
using an Infra-Red radiometer (IRTS-P’s, Apogee) and then
converted to land surface temperature (LST) using surface
emissivity. One of the radiometers was positioned at height
of about 11.7 m directed vertically towards the ground and
the other one was positioned at height of about 6.5 m
directed towards the vegetation with a view angle of about
60 degrees. An eddy covariance (EC) system was installed
on 17.5 m height tower to measure the latent and sensible
heat fluxes. It is composed of a three-dimensional sonic
anemometer (CSAT3, Campbell Scientific Ltd.) and a Kryp-
ton hygrometer (KH20, Campbell Scientific Ltd.). Raw data
were sampled at a rate of 20 Hz and processed using the
ECpack software to compute turbulent fluxes. The compari-
son between available energy (Rn — G) and the sum of the
sensible (H) and latent (LE) heat fluxes shows a non-closure
of the energy balance which is expected given the high com-
plexity of the surface. The turbulent flux values used in this
work were corrected using the approach proposed by (Twine
et al. 2000) which is based on the hypothesis that the ratio
H/LE is accurately measured than H and LE separately.
Then, corrected turbulent fluxes were derived as
LE = %(Rn —G)and H = %, with f computed from
the 30-min observed H and LE. Additionally, a Large Aper-
ture Scintillometer (LAS) was set up over a 1464 m transect
spanning a representative area of the total site across the
river between 10 and 50 m above the ground, with an effec-
tive height of & 26 m. It consists of a transmitter installed at
a height of 10.5 m and a receiver mounted at the height of
10 m (Fig. 1). Measurements were sampled at 1 Hz, aver-
aged, and then stored at 30 min intervals on CR10X datalog-
gers. In this study, a footprint model proposed by Horst and
Weil (1992, 1994) was applied to average the remote sensing
data over the source areas where the turbulent fluxes were
emanated (see Appendix 1).

Remote sensing data

In this study, 17 satellite images were collected from Land-
sat 7 and 8. Combining the two satellites, a repeatability
of eight days was reached. The resolution of the acquired
images ranges from 30 to 100 m, depending on the spectral
bands. The satellites products were downloaded from the
USGS website (https://earthexplorer.com/). Nevertheless,
the radiation measured by Landsat 7/8 has to be corrected
from the atmosphere. To overcome this issue and derive
actual land surface temperature (LST), the images were cor-

rected following the steps described in Tardy et al. (2016).

258

The corrections associated with the radiation emitted by the
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atmosphere and to the atmospheric attenuation were based
on the vertical atmospheric conditions (pressure, tempera-
ture, water vapor and ozone) of the ERA-Interim dataset.
The atmospheric correction parameters were finally com-
puted using the commercial RTM software MODTRAN.
The surface emissivity was determined based on the veg-
etation index (NDVI) according to Wittich (1997).

Evapotranspiration modelling
Shuttleworth-Wallace model

Shuttleworth and Wallace developed a parameterization of
the canopy evapotranspiration in 1985. This model considers
two sources of water transfer from the surface to the atmos-
phere, from the soil by the evaporation process and from the
vegetation through transpiration. For each source, the model
takes into account both aerodynamic and surface resistances
and assumes that the two sources will interact at the effective
canopy’s height considering another aecrodynamic resistance
between this height and the reference height source. The
model is represented as follows:

ET =E+T = CPM, + C,PM, 1)

where E is the soil evaporation, T is the vegetation transpira-
tion, PM, and PM, are terms similar to the Penman—Mon-
teith combination equation.

They are expressed by the two following equations:

_ M+ [(pGD-Ar(A-A))/(r +13)]

PM., =
* A+y[l+r§/(ra+r;)] @

_ M+ [(pGD - AR (A-A))/(r+1))]

PM
A+y[1 +r:/(ra+r;’)]

v

3

where A and A, are the available energy above canopy and
the soil surfaces (W/m?), respectively. A is the slope of satu-
ration vapour pressure curve (kPa/K), p is the air density (kg/
m?), C, is the specific heat of dry air at constant pressure (J/
kg/K), D is the water vapor deficit (kPa), y is the psychro-
metric constant (Pa/K).

The coefficients C, and C,, are given as follows:

_ ]

"7 1+ [RR/R, (R, +R,)] S
_ ]

T UFRRJR (R, + R,)] ©

where R, R,, R, are formulated as:
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=(A+pr,+rr (6)
=A@+ +yr] (7
R,=(A+7)r, ®)
where 1, r,, and r} are the aerodynamic resistance of the

canopy, the aerodynamlc resistance between the reference
height and the effective height and from the effective height
to the soil surface (s/m), respectively. Additionally, soil
evaporation and plant transpiration are controlled by the
soil surface resistance (%) and the canopy resistance (r),
respectively. Both resistances are expressed as follow:

S S

25( %) s
s smin( . <9_s>_ . ) 9

r.=r

R ’'STmin
ST LAIIE, F(X) (10)
F(S) = ( S ) 1100 + a,
77\ 1100 S+a an
T =T (To — T)Tu—a2)/(a=T)
= WO 2D (12)
(a2 _ TL) (TH _ aZ) H—a2)/(ax =T,
1,0 > 6g
9 Oy
F3(9): 9 Oy 9W<0<0F (13)
0,0 <0y
where r} . is the minimum soil surface resistance (taken as

100 s/m (Zhang et al. 2008)) and r¢p.i,, 1s the minimal stomatal
resistance of individual leaves under optimal conditions (taken
as 146 s/m (Zhang et al. 2008)). 6, is the water content of the
upper soil surface layer (cm*/cm?). LAI is the leaf area index,
and F;(X;)is the stress function of the incoming photosyntheti-
cally active radiation flux (S), the air temperature (T) and the
actual soil moisture content in the root-zone (). Ty; and T},
are the upper and lower temperature limits outside of which
transpiration is assumed to stop (°C) and are set at values of
40 and 0 °C (Harris et al. 2004). 8y, is the soil moisture con-
tent at wilting point (cm*/cm?®), 6. is the soil water content at
field capacity (cm*/cm®). The empirical coefficients a, and a,
were derived by optimization and were set to 57.67 and 25.78
(Zhang et al. 2008), respectively.

The available energies above canopy and above the soil
surface are defined by the following expressions: where G is
the soil heat flux (W/m?) and Rn is the net radiation (W/m?).

A=Rn-G (14)

A,=Rn, -G (15)

Rn is the net radiation fluxes into the soil surface (W/m?)
which is parametrized as follows: where C is the extinction
coefficient of light attenuation, that equal to 0.68 for the fully
grown plant (Sene 1994). Moreover, resistance parameteri-
zations are detailed in Zhang et al. (2008).

Rns — Rne—CX LAI (16)

Leaf area index (LAI) is derived from Landsat NDVI fol-
lowing Wang et al. (2008):

0, NDVI < 0.2
LAl = 1 + NDVI

an
NDVI—=,

, NDVI > 0.2

Energy balance model and hourglass method

Soil energy balance model: The soil energy balance model
was implemented to compute the endmembers temperature
(TS min> TSmax> TVimin and Tv,. ) further used in the Hourglass
method. The extremes soil temperature T's;,, and T's,,,, were
simulated by forcing the surface resistances to 0 and oo,
respectively (Stefan et al. 2015; Merlin et al. 2016; Amazirh
etal. 2017, 2018). The model was initialized by the observed
air temperature and soil temperature is sought by minimiz-
ing the following cost function F: where H and LE are the
sensible and latent heat fluxes, respectively.

max? max

max

= (Rn— G — H — LE)? (18)

The Tv,,;, was set to the air temperature measured over
the studied areas (Carlson et al. 1995; Bastiaanssen et al.
1998; Roerink et al. 2000; Merlin 2013; Stefan et al. 2015).
For Tv,,,, it was defined according to the assumptions
described in Stefan et al. (2015), which considered the dif-
ferences between the extreme soil temperatures is the same
that between the extreme vegetation temperatures.

Hourglass method: Based on the strong relationship
between the variation of the cover fraction ( fc) and the sur-
face temperature (LST), Moran et al. (1994) determined a
polygon with four zones where each one is characterized
by a range of values of fc and LST. Merlin et al. (2012)
defined and separated four zones: transpiration- and evap-
oration-controlled, stressed and unstressed mixed surface.
The endmembers obtained with the soil energy balance were
used in the Hourglass method to determine the four zones.
Hereafter, the partitioning of LST into its soil and vegetation
components is based on the LST and fc within the polygon
to determine one of the temperature components 7, or T
(see Appendix 2).

Soil and vegetation temperature estimations: A time series
of vegetation and soil temperatures (7, and T) and their
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corresponding endmembers (7'S ., 7S ;0> T Vinin and v, )
from day of the year 45-60 (2017) are shown in Fig. 2. In this
section, LST used in Eq. 32 was inverted from the longwave
radiation emitted by the surface and measured using CNR4
as follow:

1/4
LST = <ﬂ>

EO

19)

where LW is the longwave radiation emitted by the surface,
€ is the surface emissivity and o is the Stefan-Boltzmann
constant. This period was chosen to illustrate the variation
of the different temperatures since it coincides with the
development stage of the wheat that presents a mixture of
soil and vegetation. The two temperatures T, and T, ranged
between their minimum and maximum values supporting
the good performances of the Hourglass method. To vali-
date the two components 7, and 7T of the partition of the

LST, both were compared against soil and vegetation tem-
perature observations (Fig. 3). T, is well reproduced with
an RMSE and R? equal to 1.6 K and 0.94, respectively. By
contrast, the simulated 7 is not as good with an RMSE and
R? of about 3 K and 0.76, respectively. It is clearly seen that
both temperatures 7, and T,, are overestimated, with a bias
equal to —1.4 K and —1 K for 7 and T, respectively. This
scattering can be justified by numerous factors. As T, was
computed first for most of the time while T, was deducted
from Eq. 32. Meaning that T, accumulated errors of both T,
and LST. Likewise, the discrepancy can be related to the
estimation of fc from Landsat NDVI, as the Landsat pixel
size is larger than the surface of view of the IRT-Apogee.
This will obviously lead to some errors in the partition of
temperature between soil and vegetation. Another reason
that can probably explain the discrepancy is the location
of the measurements. As reported by Olivera-Guerra et al.
(2018) the youngest leaves of the plant are expected to be

Fig.2 Variation of soil (a) and
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colder than the adult and senescing leaves, whose tempera-
ture has not been measured. Otherwise, by comparing both
simulated T, and T, temperatures in terms of magnitude it
can notice that T, is superior to T,. T, never exceeds 294 K
although T, reaches 300 K. This can be explained by the
plotting period of T, and T, that coincides with the develop-
ment stage of wheat planted under olive trees and thus there
was no bare soil surface. As well as, T, can be lower than
T, during rainfall or irrigation events. Overall, these results
are in agreement with the values reported in the literature
(Stefan et al. 2015; Olivera-Guerra et al. 2018). Soil and
vegetation temperatures and their endmembers are used to
calculate the two stress indexes related to the soil (SI) and
to the vegetation (SI, ), and finally to estimate spatial ET by
the SW model.

Spatialization of the SW model

ET derived by the SW model showed a good consistency at
the local scale (Zhang et al. 2008; Zhu et al. 2013, 2014).
However, to our knowledge, no study tried to spatialize the
SW model since many variables are required especially, for
the soil and the vegetation resistances (r{ and r}) computa-
tion. As mentioned above, this work aims to retrieve the
resistances using accurate values of transpiration and evapo-
ration and to suggest a relationship between the retrieved
resistances and the stress indexes based on the measured
LST. In fact, retrieving these resistances from measure-
ments based on the equations of the SW model is very
difficult mathematically. To overcome this issue, the Shut-
tleworth—Wallace model has been used to retrieve the two

Fig.4 Flowchart of the pro-
posed approach

Soil moisture
(in situ measurement)

resistances values based on a very small threshold conver-
gence (less than 2 W/m?) defined as the absolute value of the
difference between simulated (ETgy) and measured (ETgc)
evapotranspiration. This threshold is chosen based on the
reliability of the simulated values and on their number to get
enough points to develop the relationship between the indi-
ces and the resistances. Hereafter, an empirical exponential
relationship was developed between the retrieved resistances
and the soil and the vegetation stress indexes (SI, SI,).
These latter were computed using the endmember tempera-
tures deducted from the soil energy balance model and the
vegetation and the soil temperature calculated using Hour-
glass method as follow:

I = Ts — Tsp,
e Tsmax_TSmin 0)

ERASEAST
YTy Tv @h

max £ Vmin

An overview of the methodology is summarized in Fig. 4.

Results
In situ evaluation of the SW model

Figure 5 presents a comparison between the half-hourly ET
measured by eddy covariance system (average of 0.26 mm/h)
and simulated (average of 0.30 mm/h) by the original SW
model based on the soil moisture data to compute soil and

¥ = f(Slss)
ry = f(Sls,)

|
4{ NDVI }7 ‘ LST ‘ Meteorological data |
(in situ measurement)
Model SW ‘ Soil Energy Balance Model
|ETsy — ETgc| < 2 W/m?

TSmax TSmin

Tvmax Tvmin
,rsli

retrieval
Hourglass
Slgg, Sl 1 Ts,Tv
I Spatialization of ET |~
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Fig.5 Half-hourly comparison between evapotranspiration predicted
by the Shuttleworth—Wallace model (ETgy) and measured by the
Eddy covariance system (ETgc) during 2017

vegetation resistances, during the 2017 growing season. This
figure shows that the linear regression between simulated
and in situ ET is very encouraging with a slope and an inter-
cept of about 0.94 and 0.08 mm/h, respectively. According
to the statistical analysis depicted in this figure, the model
simulations are acceptable with a relative RMSE, bias and
R? of about 0.38, —0.1 mm/h and 0.65, respectively. The
obtained results indicate that the model is able to predict
ET over surface with a high degree of canopy cover hetero-
geneity. The scatter of modeled ET is mainly due to canopy
uniformity over the surface. Moreover, the experimental plot
is irrigated differently during the season. In fact, the farmer
irrigates the entire surface when the wheat was cultivated
under the olive trees. By contrast, when there is no wheat,
the irrigations were limited to the tree rows. This can create
a large heterogeneity over the EC footprint. Additionally,
this heterogeneity can affect the soil and vegetation resist-
ances which were estimated using data acquired near the EC
tower. Another major issue that can explain the differences
between measured and simulated ET is the non-closure of
the energy balance at the EC system level. The compari-
son between the available energy and the turbulent fluxes
shows that the sum of the turbulent fluxes only reaches 60%
of the available energy. This non-closure is similar to what
has been observed in previous studies (Mauder et al. 2006;
Liu et al. 2011) and can be considered acceptable due to
the complexity of the study site. In fact, the EC measure-
ments were corrected using Bowen ratio method (Twine
et al. 2000). However, the correction was not ideal due to
the storage and the photosynthesis terms which were not
taken into consideration. Additionally, the footprint devices
of the EC system, the CNR4 radiometer and the soil flux

@ Springer

plaques were quite different. Furthermore, the soil heat flux
was measured using a heat flux plate, which does not take
into consideration the heat storage in the soil layer above
it. This error related to the G measurements can affect the
Bowen correction of the EC measurements and consequently
the comparison between simulated and measured ET.

As reported by Zhang et al. (2009), when the soil was
partially wetted the SW model tends to overestimate ET
by 25.2% over a vineyard. Likewise, Zhang et al. (2008)
found that this model overestimates the ET over a vineyard
in an arid desert region with a mean absolute error (MAE)
of about 0.057 mm/h. On the contrary, some studies showed
that the SW model underestimated half-hourly ET. Zhu et al.
(2014) indicated that the SW model tended to underestimate
the half-hourly ET with a RMSE value of 0.12 mm/h and a
maximum nearly equal to 0.88 mm/h over the spring maize
in the arid desert oasis. Also, Ortega-Farias et al. (2010)
reported that the SW model underestimated on half-hourly
time intervals compared to the EC-measured ET over a
drip-irrigated Merlot vineyard in a Mediterranean semi-
arid region during the growing season in 2006/2007 with a
RMSE equal to 0.046 mm/h and a maximum nearly equal
to 0.59 mm/h. Therefore, the performance of the SW model
seemed to be variable for different crops and places. Further-
more, several parameters used in the model are set to con-
stant values throughout the study period without considering
the seasonal changes. This may impact the quality of the ET
predictions, in particular for the physiology-related param-
eters. In addition, Hu et al. (2009) and Zhu et al. (2013)
reported that for long-term simulations of ET, a systematic
overestimation or underestimation may occur when constant
parameters are used during different vegetation and environ-
mental conditions. The simulated values chosen to retrieve
the soil and vegetation resistances were selected based on
the good simulation of ET by the SW model when the gap
between simulated and measured ET is less than 2 W/m?.

Local evaluation of the proposed approach

Figure 6 displays the relationship between the retrieved
resistances (r{ andr}) and the stress indexes (Sl andSI,),
respectively. The values have been chosen between 12 and
15 h which correspond to the maximum of radiation. The
resistance variation ranges (0-3000 s/m for r} and 0-250 s/m
for r?) presented in Fig. 6 are in good agreement with those
obtained in the literature (Ortega-Farias et al. 2010; Zhu
et al. 2014; Zhao et al. 2015). In addition, the obtained trend
is similar to that found by Ortega-Farias et al. (2010), Bren-
ner and Incoll (1997) and Zhao et al. (2015) between the
soil resistance and the soil humidity which is replaced in
this work by the stress indexes. Note, that the stress indexes
represent dry conditions when they tend towards 1 and wet
conditions when they are close to 0. Figure 6a presents some

| Journal : Large 271 Article No : 701 Pages : 17

MS Code : 701

Dispatch : 30-9-2020

510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

546

547
548
549
550
551
552
553
554
555
556
557
558
559
560



Author Proof

561
562
563
564
565
566
567
568
569
570
571
572

573
574

575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597

Irrigation Science

300
® data (b) ® data
—fitted curve ] 250 —fitted curve -
[ ]
* 200 oo

150 R

100

50

Fig.6 Relationships between 3500
the soil (a) and vegetation (a)
(b) resistances (r{andry) and 3000 f
two stress indexes (SIg, SI,)
derived from Eqgs. 22, 23 for 2500
the values between 12 and 15 h. —~
The best fit was also presented % 2000
(solid line) o » 1500 F
1000 f
500
0
0.2

soil resistance corresponding to the same stress index value
(SI, = 0.5). These (LST, fc) points were situated in the
transpiration-control zone (see Appendix 2). In this zone T
was calculated as the average of their endmembers (Eq. 27).
The stress index was calculated as the ratio of the differ-
ence between T and T's;, and the difference between T's,,
andT's,;,. Consequently, the stress index will be continu-
ally equal to 0.5 in this zone. This problem was not seen
in Fig. 6b for the vegetation resistance since there are few
(LST, fc) points located in the evaporative control zone. The
figure shows the best fits obtained between the soil and the
canopy resistances and the stress indexes which are given by:

rf =ae’ S, R=0,6 (22)

P = ce@xSL) R =0,5 (23)

Where the calibration parameters a, ¢, b and d are equal
to 160.25 and 36.02 s/m, 2.62 and 1.30, respectively. Note
that the values of these parameters are expected to depend
on the canopy, on the local meteorological conditions and
on the soil types. Exponential fitting was chosen after test-
ing numerous fitting types given its good representativity of
the points scatter.

For the validation of the proposed approach based on
optical (NDVI) and thermal (LST) data to compute soil and
vegetation resistances in SW model, a comparison between
the predicted (average of 0.37 mm/h) and measured (aver-
age of 0.34 mm/h) ET at the station scale was illustrated in
Fig. 7. The obtained linear regression between simulated
and in situ ET is very encouraging with a slope and an inter-
cept of about 0.8 and 0.1 mm/h, respectively. The results
are acceptable with a relative RMSE, bias and a R? of about
0.29, —0.03 mm/h and 0.48, respectively. The discrepan-
cies in the estimation of ET can be related to the error in
the LST estimations and in its partitioning. The statistical
performances obtained were in concordance with other

RMSE=0.1 mm/h
I bias=-0.03 mm/h
[ v=0.80X+0.10

e o
2} o

ET-modified SW (mm/h)
o
»

0 02 04 06 08 1 12
ET-EC (mm/h)

Fig. 7 Half-hourly comparison between estimated ET using the pro-
posed approach and measured one by the Eddy covariance system
from January to June 2017

studies that used the thermal proxy based on LST such as (i)
FAO-2Kc model used by Olivera-Guerra et al. (2018), who
found a RMSE of 0.08 mm/h and R? of 0.75 over a wheat
plot using daily average values, (ii) Penman—Monteith equa-
tion used by Amazirh et al. (2017) who found a RMSE of
about 0.12 mm/h and a R? of 0.53 over a wheat plot, and (iii)
TSEB model where Diarra et al. (2017) obtained a RMSE
of 0.10 mm/h and a R* of 0.67 over a sugar beet field and a
RMSE of 0.11 mm/h and R? of 0.42 over a wheat field.

Spatial evaluation of the proposed approach
Stress indexes and resistances spatialization
The SW model has been used to spatialize the evapotranspi-

ration over the piedmont zone. The inputs used in the calcu-
lation of the soil and vegetation resistances are difficult to be
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spatialized given the need for soil moisture (SM) maps with
high spatial resolution. Indeed, global soil moisture prod-
ucts are generally derived from passive microwave radiom-
eters with a spatial resolution exceeding 10 km, largely too
coarse for hydrological applications or from the active one
which can provide soil moisture products with high spatial
resolution but using complexed method. By contrast, opti-
cal and thermal remote sensing data are available with high
spatial resolution. Consequently, to overcome this issue the
Landsat data have been used instead of the SM to calculate
the soil and vegetation resistances using the new proposed
approach. Figure 8 presents the spatial variation of the two
stress indexes (SI and SI,) at two dates in winter (2017-01-
16) and summer (2017-06-09) periods. The stress indexes
range between 0 (no stress) and 1 (severe stress) depending
on the hydric state of the surface. For both dates, the two
indexes exhibited as expected values close to 1 at the river
level since there were no growing plants. By contrast, the
areas covered by vegetation are characterized by values of
SI lower than 1. Both stress indexes achieved high values
in summer (date 2017-06-09) exceeding 0.6 which can be
justified by the absence of water supply. This is compat-
ible with the available water since the irrigation system is
based on surface water that occurs as a result of melting
snow. Figure 9 represents the corresponding soil and vegeta-
tion resistances, computed from two stress indexes through

(a) Slss

2017-01-16 2017-06-09
(1] 0.2 04 0.6 08 1
EE——_
(b) si
sV

2017-01-16 2017-06-09
0 02 04 06 08 1
EE——

Fig.8 Maps of the soil (SI) and vegetation (SI,) stress index over
the study area for two contrasted dates (2017-01-16) and (2017-06-
09)
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Fig.9 Maps of the soil () and vegetation (r}) resistance over the
study area for two dates (2017-01-16) and (2017-06-09)

two relationships proposed above (Eqgs. 22, 23). Vegetation
resistance is obviously very high along the river bed since
the LAI tends to zero and leads to negligible transpiration.
Soil resistance reflects the temporal and spatial variation of
the surface soil moisture on the study area. High soil resist-
ance values lead to a sharp decrease in evaporation which
is produced by the increase in solar radiation reaching the
surface and the low irrigation supply.

Evapotranspiration mapping

Figure 10 displays the spatial and temporal distributions
of ET from winter to summer of 2017. For that, 17 Land-
sat images have been used but only 9 images acquired by
Landsat-7 are plotted for illustrating purpose. The spatial
distribution of ET is tightly linked to the spatial variation of
the fraction cover (Fig. 11), with low values along the river
bed which represents a bare soil surface and higher overall
the study site which contains a diversity of croplands and
arboriculture especially olive trees. The use of an averaged
fc value integrating different heterogeneous crops which are
located within one Landsat pixel can generate some uncer-
tainties in the ET estimates. Indeed, the transpiration for
each type of crops is different and depends on its response to
the stress conditions due to the difference of LAI and rooting
depth. In practice, values of LAI should be calculated for
each crop within one Landsat pixel and afterwards a specific
formula should be used for deriving the correspondent fc of
each LAI value. However, this solution cannot be applied in
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Fig. 10 Evapotranspiration
(mm/h) maps over the study

0 02

04 06

0.8 (mm/h)

area for the dates of the Land-
sat-7 overpass. The footprint
of LAS and EC for the time of
the satellite overpass is also

represented 2017-01-16,

2017-03-05

2017-02-01 2017-02-17

2017-04-06 2017-04-22

2017-05-08 2017-06-09 2017-07-11
Fig. 11 Fraction cover maps 0 0.5 1
over the study area for the dates I
that coincide with the overpass
of Landsat-7
2017-01-16, 2017-02-01 20170217

2017-04-08
2017-06-09

2017-04-22

2017-07-11

this study due to the complexity of the site. Therefore, it can
be concluded that although great progress has been made
in the development of the satellites particularly in terms of
spatial resolution, the heterogeneity of our site is one of the
major challenges that must be overcome to use the satellite
data to assess evapotranspiration in that orchards. Another
issue that can generate some uncertainties in the ET esti-
mates over our site was the difficulties of measuring 7,,. In
fact, measured 7, used in this study was a value attributed
to the whole vegetation which means that the same resist-
ance value was attributed to the different crops. In practice,
it is difficult to have an adequate place to install the Infra-
Red radiometer sensor for providing measurements that can
be representative of the whole vegetation in such complex
area. To avoid this problem, we need to install an Infra-Red

radiometer over each crop which is not feasible as explained
for fc issue. Otherwise, the estimated T, using the energy
balance model and the hourglass method represents the
whole vegetation, meaning that no separation between crops
was considered. Consequently, to improve the transpiration
estimates using the proposed model, as mentioned before, a
high spatial resolution of satellite data is required over such
complexity to distinguish between different types of crops.
Figure 10 shows also a significant seasonal variation of ET
values ranging from less than 200 to up to 520 W/m?2. This
variation is mainly related to the available energy and the
fraction cover which increase progressively in time from
winter to early summer when wheat is harvested (Figs. 11,
12). However, in the fifth day of March, ET values were low
even while the available energy was significant (an average
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Fig. 12 Available energy (W/
m?) maps over the study area for
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the dates that coincide with the
overpass of Landsat-7
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2017-04-06 2017-04-22
2017-06-09 2017-07-11

of about 420 W/m?) and the fraction cover was high (an
average of about 0.65). This is attributed to the atmospheric
saturation, as the air temperature was low (about 14 °C)
and the air humidity was high (71.45%). This drastically
decreased the amount of the evaporative demand.

The footprints of the scintillometer and EC were also
presented in Fig. 10 to show the variation of the source area
of the LAS and EC measurements. The footprint was used
to weight the ET values from the maps at the time of the
satellites overpass. The modeled ET values were validated
by comparing them to the measurements (over the LAS and
EC footprints). Figure 13 shows good consistency between
the simulated ET values, using SW model driven by Landsat
7 and 8 and observed one. The statistical analysis between
the model and the LAS measurements showed better agree-
ment than those obtained between the model and the EC
measurements with an RMSE and R? of about 0.08 mm/h
and 0.80, respectively, for the LAS and 0.1 mm/h and 0.47,

respectively, for the EC. This can be justified by the accu-
racy of the relation between the resistances and the stress
indexes which could be stronger over other plots than the
plot where the calibration was done. Otherwise, the com-
parison with EC and LAS measurements show an underesti-
mation with a slope of about 0.84 and 0.88 for LAS and EC,
respectively. This underestimation of the ET by the model
is probably justified by the error on the satellites LST. The
processing of this data as mentioned in Sect. (Remote sens-
ing data) can cause a surface temperature overestimation.
This will generate an overestimation of the resistances and
consequently, the ET will be underestimated. Additionally,
in our model, for an NDVI less than 0.2 the LAI is set to
0 while, some sparse vegetation can grow along the river
which is not enough to exceed the NDVI threshold. This
can provide low estimated ET. The results obtained are rel-
evant compared to other studies that used the scintillometry
method to evaluate the performance of the different model

Fig. 13 Comparison of esti- 1 1 v
mated evapotranspiration from — RMSE=0.10 mm/h @) - RMSE=0,08 mm/h (b)
the modified SW model driven < bias=0.02 mm/h < bias=0.06 mm/h
by Landsat-7 and Landsat-8 £0.38 Y50.88*X £0.38 Y50.84*X
R2=0.47 R?=0.80
and measured by the eddy é : g :
covariance system (a) and the
scintillometer (b) % 0.6 % 0.6
3 . 3 *
Q@ A . 2 °
=04 Ao =04 A0 A®
£ * £
T A T &
0.2 L/ . 1 0.2 b 1
E ¢ 4 ® | andsat7 E ® | andsat7
A | andsat 8 A | andsat 8
0 * 0 *
0 0.5 1 0 0.5 1

ET-EC (mm/h)
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in estimating ET. Ait Hssaine et al. (2018) have found an
RMSE and R? of about 0.11 mm/h and 0.52, respectively,
between scintillometer measurement and ET estimated using
the Two-source Energy Balance model (TSEB) over an het-
erogeneous area covered by Millet (58%), Fallow savannah
(23%) and Degraded shrubs (19%) in the region of Niamey
city, Niger. In the same vein, Saadi et al. (2018) have used
an extra-large scintillometer to validate ET values estimated
using Soil Plant Atmosphere and Remote Sensing Evapo-
transpiration (SPARSE) model over a landscape dominated
by agriculture products (cereals, olive groves, fruit trees,
market gardening). They found a RMSE and R?* of about
0.06 mm/h and 0.55, respectively.

The proposed approach has some limitations compared
to traditional models such as SEBAL or METRIC. In fact,
these models don’t need an accurate surface temperature
which demands complicated treatments and corrections
(Allen et al. 2007; Gonzalez-Dugo et al. 2009) or air tem-
perature measurements. In contrary, our approach requires
accurate values of surface temperature to correctly esti-
mate the different resistances. Otherwise, Choi et al. (2009)
reported that METRIC forces the predicted flux distributions
to scale between wet and dry hydrologic conditions, which
may not necessarily be present in every image. In contrast,
the proposed approach does not make this assumption and
depend only on moisture variability represented by the stress
indexes in the model. In addition, the proposed approach
is a two-source model which allows to the ET partitioning
into soil evaporation (E) and plant transpiration (T). This is
an important advantage that provides precise information
about the real amount of water needs by crops. However, in
this study, the partition of the soil evaporation and the tran-
spiration was not evaluated given the unavailability of the
measurement devices of separate E/T in the study area. The
proposed approach was calibrated over olive tree with an
understory of annual crops. The established relation between
the stress indexes and the resistances (Eqs. 22, 23) over this
type of cover may need to be adapted over other vegetation
types which their sensitivity to the stress conditions is differ-
ent. Otherwise, although the study site presents a high het-
erogeneity of vegetation type, the proposed approach shows
good consistency when the simulation values were compared
to the LAS measurements. Overall, this modification of the
SW model is needed to be tested with other data set and over
other meteorological conditions to evaluate its robustness
and improve the relation found between the resistances and
the thermal stress indexes.

The proposed approach has a great potential for esti-
mating ET over complex surface. This provides a precise
information about the real amount of crops water needs
for improving large scale sustainable irrigation strategy. In
addition, the use of thermal/optical remote sensing data has
proven to be remarkably accurate and robust for estimating

the ET over complex and heterogeneous area. However, test-
ing this approach with other data set and over other meteoro-
logical conditions to evaluate its robustness and improve the
relation found between the resistances and the thermal stress
indexes is necessary. Likewise applying other constraint on
soil evaporation and plant transpiration as the soil moisture
derived from the microwave data will be of great importance
to improve the soil and vegetation resistances estimates.

Conclusion

Accurate and consistent estimation of evapotranspiration is
essential in determining the crop water requirement. The aim
of this work was to map the ET over a heterogeneous surface
in the piedmont of Atlas mountain using the SW model.

The spatialization of this model requires knowledge of the
spatial variation of certain inputs such as the soil moisture
which is not easy to be obtained with high spatial resolution
taking into account the heterogeneity of the site. The idea
that has been proposed is to use the thermal and optical
data provided from Landsat 7 and 8 instead to soil moisture
which is difficult to obtain. Soil and vegetation resistances
(r:, rSV) were linked to the stress indexes which are computed
from a normalization of vegetation and soil temperature by
their endmembers. The vegetation and soil temperatures are
derived using the Hourglass method forced by vegetation
fraction and meteorological data. The endmembers of the
two surface temperature components are simulated using a
surface energy balance model. The following conclusions
were drawn from the results of the study:

First, SW model was tested locally and acceptable results
were obtained in estimating ET with a relative RMSE and
bias are equal to 0.38 and —0.1 mm/h, respectively.

Second, the resistances values were inverted from the SW
model and used to found the empirical relations based on
the stress indexes. The method was validated at local scale
by comparing the results with EC system and the statistical
performance were encouraging with a relative RMSE and
bias equal to 0.29 and —0.03 mm/h, respectively.

Finally, the proposed approach was spatialized using
Landsat 7 and 8 data and confirmed its accuracy by compari-
son to the LAS and EC measurements. The RMSE, bias and
R? are equal to 0.08 mm/h, 0.06 mm/h and 0.80, respectively,
compared to the LAS and equal to 0.1 mm/h, 0.02 mm/h and
0.47, respectively, compared to the EC.

This approach proves the utility of thermal and optical
remote sensing for estimating accurate ET at a regional
scale. This will be even better if these data were provided
with a high revisit time keeping the same spatial resolu-
tion. Such improvement is possible with the advent of the
TRISHNA mission as reported by Lagouarde and Bhat-
tacharya (2018). In addition to optical and thermal data
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Fig. 14 Tllustration of a polygon 300
defined in the land surface
temperature-fractional vegeta- L
tion cover space contains four Ts-max
distinct zones (Evaporation— 206 Stressed mixed
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292
w
i |
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other relevant remote sensing product could be used to
feed the proposed approach. In particular, the microwave
data, which are strongly related to the soil hydric status,
can provide a promising issue to improve irrigation man-
agement. Finally, it should be noted that the procedure
proposed here has been solely tested during one growing
season. Further tests of this procedure with other data sets
and over other surface conditions are needed.
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Appendix 1

The LAS measurement is the average of an entire area
where each part of it contributes with a percentage
depends on its position, weight and wind speed. To obtain
this contribution several analytical and Lagrangian models
of footprint have been developed (Schuepp et al. 1990;
Horst and Weil 1992; Rannik et al. 2000). In this work,
we used the model of Horst and Weil (1992) that relates
the flux measured at z,, to the surface distribution of the
flux: where f is the footprint function relates the flux meas-
ured at z,,, F(x,,z,) to the spatial distribution of surface

Fraction cover

X

Pz =] [ R V-ry -y, )evey

: (24)

As already mentioned, each point is weighted according

to the spatial weighting function of the LAS (Meijninger

2003): Where F| g (x, ¥, ZLAS) is the LAS footprint, and

F (x, v, ZLAS) is the flux footprint for a point located at d

distance from the transmitter. G(d) is the scintillometer path-
weighting function for the position located at d distance.

N
Fias (%3, Z14s) = ZF(x,y, Zias)G()

i=1

(25)

Appendix 2

The partitioning of LST into its soil and vegetation compo-
nents is based on the LST and fc within the polygon (Fig.
14) to determine one of the temperature components 7, or
T, as follow:

For a given data point located in the evaporation-con-

trolled zone, T, computed as:
T = TVmax + Tvmin

: . (26)

For a given data point located in the transpiration-con-
trolled zone, T, computed as:

. Tsmax + Tsmin
fluxes, F(x,y,z = 0)=Fy(x,y). x and y are the downwind T, = S — 27
and crosswind distances (m) from the point where the
measurements are taken, respectively.
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For a given data point located in the stressed mixed sur-
face zone, T, computed as:

o LST =Ty,

fC + Tsmax (28)
TV + T
T, = —m (29)

For a given data point located in the unstressed mixed
zone, T, computed as:

LST - Ts_.

T = T Ty, (30)
T +T

T, = &)

Then, the other component T, or T was derived based on
a linear decomposition of the LST in its vegetation and soil
components as follows:

LST = ((1 —fOT* + fe4)/* (32)

In what follows, fc is derived from Landsat NDVI using
the following equation:

fo=1—¢ 03xLAL (33)
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