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Abstract. Actual evapotranspiration from typical Mediter- set up the upper boundary condition of SWAP. Actual evapo-
ranean crops has been assessed in a Sicilian study area tanspiration values obtained from the application of the soil
using surface energy balance (SEB) and soil-water balancevater balance model SWAP have been considered as the ref-
models. Both modelling approaches use remotely sensedrence to be used for energy balance models accuracy assess-
data to estimate evapotranspiration fluxes in a spatially disment.

tributed way. The first approach exploits visible (VIS), near-  Airborne hyperspectral data acquired during a NERC
infrared (NIR) and thermal (TIR) observations to solve the (Natural Environment Research Council, UK) campaign in
surface energy balance equation whereas the soil-water ba005 have been used. The results of this investigation seem
ance model uses only VIS-NIR data to detect the spatial varito prove a slightly better agreement between SWAP and
ability of crop parameters. Considering that the study area iSTSEB for some fields of the study area. Further investiga-
characterized by typical spatially sparse Mediterranean vegtions are programmed in order to confirm these indications.
etation, i.e. olive, citrus and vineyards, alternating bare soil
and canopy, we focused the attention on the main concep-
tual differences between one-source and two-sources energy
balance models. Two different models have been tested: the

widely used one-source SEBAL model, where soil and veg-gstimation of evapotranspiration in Sicilian tree crops is a
etation are considered as the sole source (mostly appropriycial emerging issue since these agricultural systems are
ate in the case of uniform vegetation coverage) and the tWomore and more converted from rainfed to irrigated condi-
sources TSEB model, where soil and vegetation componentgons with significant impacts on the management of the
of the surface energy balance are treated separately. Actugkarse water resources of the region. The choice of the most
evapotranspiration estimates by means of the two surface enyynropriate methodology for assessing water use in these
ergy balance models have been compared vs. the outputs @{stems is still an issue of debating, due to the complexity
the agro-hydrological SWAP model, which was applied in a of tree canopy and root system and for the high land frag-
spatially distributed way to simulate one-dimensional water nentation. During recent years, several procedures and mod-
flow in the soil-plant-atmosphere continuum. Remote sensys have been developed to simulate mass and energy ex-
ing data in the VIS and NIR spectral ranges have been usegdhange in the soil-plant-atmosphere (SPA) system (Feddes
to infer spatially distributed vegetation parameters needed tQy 5| ' 1978; Bastiaanssen et al., 2007). In particular, deter-
ministic models have been proposed for detailed simulation
of all the components of the water balance, including crop
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2002). These models have been developed for site-specifibalance results have been validated in three locations with
applications but they have seldom been applied to large arin-situ measurements.
eas, due to the complexity in the acquisition of input data, Of particular interest to this study is the use of air-
often characterised by spatial and temporal variability. Toborne high-resolution (3m x 3m) remote sensing data in the
overcome this problem, several techniques have been sug/IS/NIR and TIR regions providing detailed observations of
gested which involve the use of GIS (Liu, 2009) and remotespectral reflectance and radiometric temperature. The image
sensing to gather quantitative information on the temporalacquisition has been taken during a field campaign carried
and spatial distribution of various vegetation parameters, i.eout in 2005, where detailed data including soil and hydro-
albedo, crop coefficient, leaf area index (Choudhury et al.logical measurements have been collected. This field data
1994; D'Urso et al., 1999; Schultz and Engman, 2000). Theset has been used to implement the soil water balance model
feasibility of using remotely sensed crop parameters in com-SWAP (Van Dam et al., 1997) in a spatially distributed way.
bination of agro-hydrological models has been investigatedrhe output of SWAP has been validated by means of soil wa-
in recent studies (D’Urso, 2001; D’Urso and Minacapilli, ter content measurements. As such, the actual evapotranspi-
2006; Immerzeel et al., 2008; Crown et al, 2008; Minacapilli ration estimated by SWAP has been considered as the “refer-
et al., 2008) with the aim of enabling the spatially distributed ence” in the comparison between SEBAL and TSEB energy
evaluation of water balance components in the SPA system.balance models.

A further contribution offered by remote sensing tech-
niques has been the development of operational methods for
the direct estimation of actual evapotranspiration based o

the surface energy balance (SEB) approach, which exploit .
thermal infrared (TIR) observations of the earth’s surface ac-%EBAL’ TSEB and SWAP models use different approaches

quired from satellite and/or airbomne platforms (Norman etto calculate actual evapotranspiration. Key differences and

al., 1995: Chehbouni et al., 1997: Bastiaanssen et al., 1998£ecgliarities of the models are described in the following sub-
Sections.

b; Su, 2002).

In the recent years, several SEB schemes have been deve)-1 segal and TSEB models
oped (Schmugge et al., 2002) with varying degree of com-
plexity that essentially involve two types of schematization: A first application of the models in the same study area can be
the “one-source” approach, that, according to the *big leaf” found in Ciraolo et al. (2006) and in Minacapilli et al. (2007).
(Monteith, 1965) scheme, does not distinguish between soil\ detailed description of SEBAL and TSEB models can be
evaporation and canopy transpiration and the recently apfound in Norman et al. (1995), Bastiaanssen et al. (1998a, b),
plied “two-sources” approach which explicitly deals with the Kustas and Norman (1999), Bastiaanssen et al. (2005).
energy exchanges between the soil and vegetation and the
overlaying atmosphere. Both approaches are hardly applied.1.1 Models similarities
and compared under Mediterranean conditions since the tra-
ditional one-source approach is still the most widely applied.In both approaches, the evapotranspiration is derived in terms

The main object of our work is the comparison between©f instantaneous latent heat fluxET (Wm~2), and it is
two surface energy balance approaches, the one-source SEOMPputed as the residual of the surface energy balance equa-
BAL model (Bastiaanssen et al., 1998a, b) and the TSEBION:
two-sources model (l.\lorlmar} etal., 1995) to e;timate the ACET—R, — Go— H @
tual crop evapotraspiration in a spatially distributed way in
an area located in the South West of Sicily and characterwherer, (W m~2) is the total net radiationGo (Wm~2) is
ized by typical Mediterranean crops. The complexity of treethe soil heat flux, and/ (W m~2) is the sensible heat flux.
crop systems under study and the small dimension of plot©nceAET has been computed, the daily evapotranspiration
imposes severe limitations to the application of micromete-ET, (mm d1) is obtained by the time integration of instan-
orological techniques (eddy covariance or scintillometry in- taneous.ET by means of the evaporative fraction parameter,
struments) for the validation of energy balance models. ToA (Menenti and Choudhury, 1993):

Models description

overcome the above mentioned limitations, the actual crop ZET
evapotranspiration estimated by two different approacheshag = ——— (2)
been compared with the results of a dynamic soil water bal- Rn = Go

ance model, considered as the “reference” ones. This choicBeveral studies (Brutsaert and Sugita, 1992; Crago, 1996)
stems from a number of considerations for the present casedemonstrated that, within daytime hours, thé@— 1) values
study: 1) the soil water balance approach is the main metho@re almost constant in time, thus allowing the use\ads a

to evaluate crop water use in these conditions; 2) the soitemporal integration parameter. Other studies showedthat
water model has been applied with detailed knowledge ofcould varies in time due to advective conditions, suggesting
most relevant processes and parameters; 3) the soil watéhe use of hourly meteorological measurements to integrate

Hydrol. Earth Syst. Sci., 13, 1061674 2009 www.hydrol-earth-syst-sci.net/13/1061/2009/



M. Minacapilli et al.: Estimation of Mediterranean crops evapotranspiration 1063

(Allen et al., 2007a, b). For the study area advective condi- The major difference between SEBAL and SEBS con-
tions are unlikely, therefore we supposed the constangy. of cerns the computation of sensible heat flék, In the SE-
Following this hypothesis, the daily evapotranspirationg ET BAL model, following the bulk resistance or “one-source”
(mmd1), has been derived using the equation: approach for a natural surface, the basic equation for com-

R, o bined soil and canopy sensible heat flik, is given by:
n,

ET, = A €)

H— pcp(TOh —Ta)

wherex (MJKg™1) is the latent heat of vaporization and Ran
Ry 24 represents the averaged net daily radiation, that can
be derived by direct measurement or by using the classic
formulation proposed in FAO 56 paper (Allen et al., 1998).
In both models the estimation of total net radiatidt,,

can be obtained by computing the net available energy con
sidering the rate lost by surface reflection in the shortwav
(0.3/2.5um) and emitted in the longwave (6/100n):

®)

herep (Kgm~3) is the air density¢, is the specific heat

fair JKg 1K), Ty, (K) is the so-called “aerodynamic

surface temperature” (Kalma and Jupp, 1990), defined as the

air temperaturéwhich satisfies the bulk resistance formu-
[ation for sensible heat transport, HKustas et al., 2007);

eTa (K) is the air temperature at certain reference height, and
Ran (sm1) is the total resistance to heat transport across the

1 \od ol temperature differencd,—T,) that can be evaluated by the
Ry = (1 =) Ryua + €0 (8 o1a UTO) @) following equation (Brutsaert, 1982):
whereR;,4 (Wm~2) is the global incoming solar radiation, Zu—do 2r—do
a (=) is the surface albeday is the atmospheric emissiv- R — [In < 20.M ) B WM] ' [In( 20,0 ) B I/IH] ©)
ity (-), €0 is the surface emissivity ()5 (Wm=2K=%) is ah k2 - u

the Stefan-Boltzmann constafit, (K) is the air temperature,

. h is the displ hei
andTp (K) is the surface temperature. wheredo (m) is the displacement height s andzo ; are

two roughness parameters (m) that can be evaluated as func-
212 Models differences tiqns of thg canopy height (Shuttleworth an_d Wallace, 1985),
u is the wind speed (m$) measured at height, (m), k is

The main difference in the two SEB models is in the way the von Karman's constant<0.4),z7 is the height of the air
the remotely sensed radiometric temperature is used in thEemperature measuremesity (-) andWy (-) are two sta-
fluxes calculation. Whilst in the one-source approach theblllty correction functions for momentum and heat tranSfer,
surface temperature is uniquely derived from the radiometridespectively. A detailed description of the above mentioned
one, in the two-sources scheme there is a partitioning of soiParameters can be found in Brutsaert (1982).

and canopy temperature, depending on the fractional vege- Since the aerodynamic surface temperature is usually un-
tation cover and observation angle. As a consequence, thénown, the common approach used in various one-source
entire calculation of energy flux densities consider soil andschemes is to empirically relate the radiative surface temper-
canopy as separate components. Particularly, in the TSEBtUre,7;, to Top or directly to the termTon—75). In partic-
model the total net radiation is Sp]it between Canoﬁy’éo ular, the SEBAL model introduces a linear relationship be-
and soil Qen,s) components according the f0||owing equa- tweenT, andAT:(To n—1,) to be calibrated on the basis of

tions: the knowledge of two boundary conditions identified within
the image itself (“anchor” pixels). Hence, a dry non evapo-

Rys =Ry exp<—0.45LAI/\/ 2 C0i9z)> (5)  rating area is identified and a latent heat flux equal to zero is
considered H=R,—Gg). In a wet area, i.e. a water body or

Rpc= Ry — Ry (6)  afully evaporating surface, it is assumad0. In these an-

chor pixels theAT values derived by the inversion of Eqg. (8)
and theT, values observed from the TIR remote observation
are used to calibrate the coefficients a and b of the following
linear relationship:

whereR, is obtained using Eq. (4) arid is the solar zenith
angle.

The soil heat fluxGo (W m—2) can be expressed as a con-
stant fractionc, (~0.35) of the net radiation at the soil sur-
faceR, ;. AT =a + bT, (10)

In the SEBAL approachGg is calculated empirically as a
fraction of the net radiation using the following relationship: Successively, Eq. (10) is applied to all the image pixels in

order to computAT from the corresponding;,, and hence

Go = Rnﬂ (0.00301 + 0.0060:2> x (1 — 0.98NDVI2) (7) H by using Eq. (8). Details of the procedure above can be
o found in Bastiaanssen et al. (1998a, b).

where NDVI (Normalised Difference Vegetation Index))( Differently, the two-sources TSEB model considers the
is a simple radiometric index derived from red and near-contributions from the soil and the canopy separately and it
infrared bands (Crippen, 1990). uses a few additional parameters to solve for sensible heat
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H as the sum of the contribution of the salfy;, and of the  In Eq. (16)/4 (cm) is the soil water pressure head(cm)

canopy,H,, according to the following equations: is the vertical coordinate, assumed positive upwardd) is
time, C (cm™1) is the differential moisture capacitg ()
H=H;+ H 11 ' . . . L .
s+ He (11) (cmd™1) is the soil hydraulic conductivity function ans
H.— oc I. - T, (12) (d=Y) is the root water extraction rate. The numerical so-
<P TR lution of Eq. (16) requires the definition of initial, upper
and lower boundary conditions, as well as the knowledge
Ts - Ta . . . . .
Hy = pc) [—] (13) of the soil hydraulic properties, i.e. the soil water reten-
Ry + Ran tion curve,d(h), and the soil hydraulic conductivity func-

In Egs. (12) and (13Y, and 7, (K) are, respectively, the tion, K (k). These functions are usually expressed by using
canopy and soil aerodynamic temperatures &ads m1) the parametric relationships of Van Genuchten (1980) and
is the soil resistance to the heat transfer (Goudriaan, 1977Mualem (1976).

Norman et al., 1995; Kustas and Norman, 1999). In particu- The upper boundary condition is determined by poten-
lar, assuming that the observed radiometric temperafyre, tial evapotranspiration, irrigation and rainfall. The potential
is a combination of soil and canopy temperatures, the TSEBVapotranspiration rate ET(mmd-1), that is obtained by
model adds the following relationship (Becker and Li, 1990) the product of the crop coefficiel. () and the Penman-

to the set of Egs. (12) and (13): Monteith reference evapotranspiration rate,oEfmmd-1)
1/4 (Allen et al., 1998). In order to compute daily EValues,
I, = [fe T+ (1— fy) Tg4] (14)  weather data of solar radiation, vapour pressure, wind speed

and air temperature are required while the crop-spefific
coefficient can be obtained from the literature (Allen et al.,
5998). In field conditions where crops partly cover the soil,
e ET, is partitioned into the potential soil evaporatiénp
(mmd-1) and the potential crop transpiratidiy (mmd-1)
using the Leaf Area Index (LAI) as a function of crop devel-
opment stage (Goudriaan, 1977; Belmans et al., 1983):

where fp is the vegetation directional fractional cover
(Campbell and Normann, 1998). Besides the adjustment fo
the angular dependence of thermal observations, TSEB do
not require the linearity assumption introduced in SEBAL
through Eq. (11).

The set of Egs. (12), (13) and (14) includes four unknowns
variables {., Hy, T,, andTy). As a first approximation,
assuming that the vegetation is unstressed and transpiring &, = ET,exp(—K,.LAl) a7)
the potential rate, the TSEB model uses the Priestly-Taylor
equation (Priestly and Taylor, 1972) to estimate the latentlp = ETp—E)p
heat fluxAET, as:

(18)

wherekg, (-) is the extinction coefficient for global solar ra-
—a A R (15) diation (Campbell and Norman, 1998). Under wet soil con-
PA+y "¢ ditions, the actual soil evaporation E (mm' is governed

wherea, (-) is the Priestly-Taylor parameter, which is ini- by the atmospheric demands, and equg/s Under dry soil
tially set to 1.26 (“potential” condition) and progressively ad- conditions, £ is governed by the maximum soil water flux
justed, as explained below. In Eq. (1®)is the slope of the ~ Emax (Mmd™) in the topsoils, which can be quantified by
saturation vapour pressure-temperature curfe §Pa K1) Darcy’s equation. As Darcy’s equation can overestimate the
andy is the psychrometric constant. If the vegetation canopyactual soil evaporation flux (Van Dam, 2000), SWAP also
is undergoing water stress, Eq. (15) will lead to an overesti-computes the soil evaporation rate with empirical functions,
mation of AET,., which turns in a negative value @,. This ~ Eempand determines actual evaporation ratey taking the
problem is addressed by iteratively decreasipgn Eq. (15) ~ Minimum value ofE),, Emax and Eemp For this study, we

AET. = R, — H,

until a positiveE, is reached (Norman et al., 1995). used the empirical function of Black et al. (1969) to limit
the soil evaporation rate. The actual transpiration f@te
2.2 The agro-hydrological SWAP model (mmd-1) is governed by the root water extraction rate, that

in the case of uniform root distribution, can be computed by
SWAP (Soil-Water-Atmosphere-Plant) is a one-dimensionalthe following equation:
physically based model for water, heat and solute transport
in variably saturated soil, and includes modules to simulates(x) = a,, (h)
irrigation and crop growth (Kroes et al., 2000). SWAP simu- Iz
lates the vertical soil water flow and solute transport in closein which z, (cm) is the rooting depth ang,, (=) [0-1] is a
interaction with crop growth. Richards’ equation (Richards, reduction coefficient depending on soil water pressure head
1931), including root water extraction, is applied to computein the root zone that accounts for water deficit and oxygen

Tp

(19)

transient soil water flow: stress (Feddes et al., 1978).
ah d oh In this study, the application of SWAP has been carried
C(h)ﬁ 9z K(h) 9z 1) -5@ (16) out in a spatially distributed way, according to the procedure
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Fig. 1. Geographic location of the study arés with description of landuse and plots where the soil moisture measurements were ac-
quired(b).

suggested by D’Urso (2001). The study area has thereforéalance model SWAP, represented by Eq. (17). To take into
been discretized in individual one-dimensional units, with account the spatial variability of the soil hydraulic properties
homogenous soil and canopy parameters. Canopy paramstandard interpolation techniques (Journel and Huijbregts,
ters such as LA, albedaf and crop height/{.) have been  1978) were used to obtain maps of soil hydraulic parame-
determined by using remote sensing data to infer the spatiaers required by SWAP from point measurementg(@f and
distribution of the crop coefficienk, using the analytical K (h). A detailed description of the entire procedure can be
approach proposed by D’Urso et al. (1999, 2001). This ap<found in D’Urso (2001).

proach consists of a direct application of the teoretical

expression: 2.3 Study area and data collection
ET,
Ke= ETo (20) The study site considers an area of approximately 20 ha, lo-

cated in the south-western coast of Sicily (Fig. 1). The area is
dominated by olives, grapes and citrus. The soil can be clas-
sified as silty clay loam (USDA classification). During 2005,
daily meteorological data (incoming short-wave solar radia-
tion, air-temperature and humidity, wind speed and rainfall)
have been acquired with standard meteorological instrumen-
tations. A soil survey has been carried out to identify the
main soil hydraulic parameters, needed as input in SWAP.
Temporal variability of soil moisture contents in the differ-
K. = f(Ry, Ty, RH, uz, @, re, LAL, he) 1) ent plots (F'ig. 1) and at' Qiﬁerent depths was meg;ured using
a TDR device and a Diviner 2000 Sentek capacitive sensor.
whereR; is the incoming solar radiatioff, is the air temper-  The Diviner 2000 Sentek sensor (Sentek, 2000) consists of
ature, RH is the air relative humidity, is the wind velocity.  a probe inserted in an access tube allowing to measure soll
Thus, for a given set of climatic variables, using the abovemoisture content at different soil depths. In the grape test
mentioned approach, the spatial distributionkgfand, con-  plot the access tubes were installed at 10, 30 and 50 cm from
sequently, of potential evapotranspiration have been derivedhe point receiving the irrigation supply. In the olive and cit-
and this information have been used to define in each elerus plots, where irrigation water is supplied with a micro-
mentary unit the upper boundary condition of the soil watersprinkler system, a single access tube was installed at the

where E and ET, are computed by Penman-Monteith
equation (Allen et al., 1998) for grass reference {(Ednd
for the specified crop (EJ), assuming the minimum value
(non-stressed) for the canopy resistancés m1). As ETy
depends only on meteorological data the variabilitykofis
related to the variability of crop parametets ¢., LAl, i)
used for ET, calculation. In this wayK,. can be expressed
by:
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Fig. 2. Validation of correction procedures used to calibi@eVIS-NIR and(b) TIR ATM bands.

border of wetted zones. The measurements collected duringon data and Digital Elevation Model (DEM) of the acquired
the irrigation season have been used for validating SWAPzone. Calibrated reflectance and radiative temperature values
in selected locations. Canopy parameters and radiometrias derived from the above mentioned pre-processing phase
surface temperatures have been acquired during an airborree shown in Fig. 2a and b for different land cover types.

campaign supported by NERC (National Environment Re-
search Council, UK). 2.4.2 Canopy parameters detection

As described in the Sect. 2 both SEB and SWAP models re-

quire the knowledge of a set of land surface and canopy pa-

rameters that were retrieved by means of spectral reflectance
values acquired from the ATM VIS/NIR bands. Surface

The NERC airborne campaign has taken place on 16 Ma@lbedo has been computed as the we!ghted average over VIS
2005 at about noon (local time). The flight altitude of 1400 m @nd NIR reflectance bands of ATM (Liang, 2004). The LAl
and the optical characteristics of the ATM sensor (Airborne SPatial distribution has been detected using the following
Thematic Mapper) have produced images with a nominaS€mi-empirical relationship (Clevers, 1989):
spatial resolution (pixel size) o8 m. ATM has 8 spectral 1 WDVI

bands in the visible and near-infrared ranges (VIS/NIR), 2 inLAlI=——1n (1_W)

the short-wave infrared (SWIR) and 1 in the thermal infrared “ o
region (TIR). At the same time of the acquisition flight, a in which WDVI is a vegetation index derived from ATM
field survey was carried out by measuring spectral and vegered and near-infrared bands (Clevers, 1989), WD\4 the
tation parameters corresponding to predefined homogeneowsymptotic value of WDVI for LAl oo, anda™ is an ex-
objects. Spectral measurements on water, bare soil and grasiaction coefficient, denoting the increase of LAI for a unit
surfaces have been acquired by using an ASD (Analyticaincrease of WDVI, that has to be estimated from simultane-
Spectral Device, Inc., Boulder, CO) FieldSpect HH spectro-ous measurements of LAl and WDVI. In our case, the cali-
radiometer. These measurements have been used for the faration of Eqg. (22) was preliminarily carried out by in-situ
diometric correction of the VIS-NIR images of ATM by us- LAI measurements collected with the portable instrument
ing the empirical line method (Slater et al., 1996). The result-LAI2000 (Li-Cor, Lincoln, NE). A complete description of
ing surface reflectance values have been successively usedtioe leaf area index estimation conducted for the study area
calculate the surface albedo and the vegetation indices. Nears given in Minacapilli et al. (2005, 2008). Furthermore, as
surface temperature measurements by means of a hand-heddggested by other authors (Anderson et al., 2004) the crop
device have been made in selected locations simultaneousklyeight, ., has been calculated using a polynomial relation-
to the flight, in order to perform an empirical calibration of ship between LAl and..

the thermal images acquired by the ATM sensor. The geo- Having derivedy, LAl and k. crop parameters, the pixel
metric correction of the entire data set has been performetbased spatial distribution of crop coefficiemts was di-
using the NERC Azgcorr software (Azimuth System, 2003), rectly derived following the analytical approach proposed
that performs geocorrection of images using aircraft naviga-by D’Urso (2001). The map oK. derived for the day of

2.4 Aircraft remote sensing processing

2.4.1 Pre-processing data

(22)
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Kc 16/05/2005 (3m x 3m) Table 1. Soil characteristics and hydraulic parameters according to
W oo0-02 Van Genuchten (1980).
O 0.2 - 0.3 e
S gi i g: Layers depth K . 39S B 30, B n g
W o506 (cm) (emd™)  (M*m™) (M*m™) (=) (M)
o6 0.7 0-20 10 0.400 0.030  1.838 0.0104
Moo 0s 20-40 3 0.444 0.139 2128 0.0118
40-60 30 0.400 0.103  1.548 0.0159
Wos-09 60-180 0.24 0.410 0.119  1.487 0.0460
104 soil samples collected in the entire area. From the anal-
ysis of the spatial distribution of clay, silt and sand fractions,
0 625 125 250 375 500 (a) three experimental sites have been selected to determine the
Mok soil water retention curve and saturated hydraulic conduc-
Kc 16/05/2005 (15m x 15m) tivity by analyzing undisturbed soil samples from various
Woo-o0.2 S depths. The saturated hydraulic conductivity, (cmd1),
o203 : - has been determined by means of the constant head tech-
[103-0.45 nigue (Reynolds et al., 2002); soil water contéritas been
[]0.4-0.5 determined for each pressure head valueranging from
B o05-0.6 —5 to —15300 cm by means of a hanging water column ap-
B 0.6-0.7 paratus (Burke et al., 1986) and a pressure plate apparatus
Wo7-08 (Dane and Hopmans, 2002). The water retention function
Wos-09 of Van Genuchten (1980) has been fitted to the measured
6 — h values by using the RETC (RETention Curve) code
(Van Genuchten et al., 1991). The unsaturated hydraulic con-
ductivity function has been derived by using the Mualem-Van
Genuchten model (Van Genuchten, 1980). Due to the lim-
0 625 125 it & bt (b ited spa_tlal var|ab!I|ty of s_0|I prc_)per'ues, it h_as begn possml_e
Meters to consider an unique soil profile for the simulations of soil

water balance in the study area (Table 1).

The soil moisture measurements collected during 2005
Fig. 3. Spatial distribution of crop factok, derived fromthe ATM  showed that a soil layer with low permeability is located from
image of 16 May 2005(a) values at the spatial resolution of air- 1.2m to lower depths. Therefore, the simulations were car-
borne image (3 m3 m) and(b) aggregated using the grid reference ried out considering a zero flux at the bottom of the soil pro-
of 15 mx 15 m resolution used for the application of SWAP model file.
in a spatially distributed way. The upper boundary condition, in terms of potential evap-

otranspiration E} (mmd-1) was obtained multiplying the
reference evapotranspiration (§Tby the crop coefficients
the NERC airborne overflight (16 May 2005=135) is dis- (k). In particular, thekK. map values at the resolution of

played in Fig. 3a. 3mx3m (Fig. 3a) were spatially averaged using a regular
vector grid having a mesh size of 15¢th5 m (Fig. 3b) and
2.5 SWAP model parameterization used for the spatially distributed SWAP simulation.

Considering that citrus and olives are evergreen, the only
The minimum data-set required for the application of the ATM airborne surveys, acquired on 16 May 2005 has been
SWAP model includes four main information types: i) soil assumed enough to derive their crop coefficients values to be
hydraulic parameters, ii) lower boundary condition, definedused as input for the simulation period (15 April 2005-15
by the groundwater table level or the water flux to or from an May 2005). As regard as grape, a lumped value of the crop
existing aquifer, iii) upper boundary conditions, i.e. rainfall coefficient was derived from the literature (Allen et al., 1998)
and/or potential evapotranspiration, iv) soil moisture contentby assuming a linear variation during the period of simula-
or soil water pressure head profile for the initial condition. tion. Others crop parameters required by SWAP /g, z,
The soil hydraulic properties were deduced from laboratoryand the critical pressure head values defining the reduction
measurements performed on undisturbed soil cores collectefhctor«,, in Eq. (19), were taken from literature (Taylor and
in texturally homogenous soils units, defined on the basis ofAshcroft, 1972; Doorenbos and Kassam, 1979; Wesseling et
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3 Results and discussion

The following results focus on the crop evapotranspiration
estimation using both energy (SEBAL and TSEB) and soil-
water (SWAP) balance modelling approaches. In Sect. 3.1,
the validation of SWAP model at field scale is discussed. Af-
terwards the application of SWAP model has been carried
out in a distributed way to define the reference scenario to be
used for the comparisons. Finally, in Sect. 3.2 the compari-
son of spatially distributed crop evapotranspiration estimated
with the three different approaches is discussed, as well as
the evaluation of the differences in fluxes prediction between
SEBAL and TSEB.

3.1 Validation of SWAP at field scale and its spatially
distributed application

The validation of SWAP has been carried out in three dif-
ferent locations inside the experimental farm (Fig. 1), where
measurements of soil water content have been continuously
acquired during the simulation period.

Figure 4 show the daily average soil water content,
(cm®cm~3) in the root zone predicted by SWAP for the en-
tire simulation period. The daily values éfranged from
0.15 to 0.35 with lower values in summer: during this period
increases in soil moisture are due to the irrigation supplies.
In Fig. 4a—c the average water content measured in the same
soil profile are shown. As can be observed for the three crops
SWAP has been able to predict quite well the average soil wa-
ter contents. The good accuracy of model was confirmed by
the low RMSE (root mean square error) values varying in a
very small range (1.16—2.00%).

The presence of the low permeability layer at the bot-
tom of the soil profile implies that the water exchanges oc-

al., 1991) with some minor adaptations based on local obcur mainly through the upper boundary of the profile. The
servations. Crop parameters for the case study used for thgood agreement between the simulated SWAP soil moisture
simulations are summarized in Table 2.

Hydrol. Earth Syst. Sci., 13, 1061674 2009

values with the measured ones suggests that the simulated
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Table 2. Main crop parameters used for the simulations in the study area (standard deviation values are given in parentheses).

Parameters Vineyard Olive Citrus
Crop factorsK

K. at simulation starting date (15 Apr 2005) 0225 0.62 0.75

K. at simulation ending date (15 May 2005) 0.35 0.62 0.75
Critical pressure heads (cm)

ho (h below which optimum water uptake starts in the root zone) -25 -25 -25

hagy, (h below which optimum water uptake reduction starts in the root—750 —1500 —200
zone in case of high atmospheric demand)

hz; (h below which optimum water uptake reduction starts in the root-1500 —1500 —1000
zone in case of low atmospheric demand)

hg4 (wilting point, no water uptake at lower pressure heads) —10000 -16000 —-10000
Treshold level of high atmospheric demand (mTTJrlj 5 5 5
Treshold level of low atmospheric demand (mgl 2 2 2

kg (extinction coefficient) (=) 0.45 0.50 0.45
zr (soil depth where root density is maximum) (cm) 60-70 40-60 40-60

@from Allen et al. (1998)

Table 3. Crop averaged evapotranspiration components (m?’o th the day when the airborne overpassed (16 May 2005) obtained using
SWAP model; the coefficients of variation (%) are given in parentheses.

Output SWAP 16 May 2005/(=135)

Citrus (C1) Citrus (C2) Olive (O1) Olive (02) Vineyard (V1) Vineyard (V2)
Evaporation (mmad?) 0.30 (3.8) 0.29 (0.1) 0.32 (6.2) 0.31(5.8) 0.33(0.1) 0.34 (0.1)
Transpiration (mmd?) 292 (15.5) 1.43(41.8) 0.42(60.5) 0.39 (24..5) 0.26 (34.6) 0.29 (44.7)
Evapotranspiration (mmdl)  3.23(13.7) 1.72(34.2) 0.74(34.8) 0.70 (14.6) 0.59 (8.6) 0.61(21.2)

evapotranspiration values can be considered as a good apossible to recognize a slightly greater spatial variability in
proximation of the real ones. the SEB ET outputs, although minima and maxima values
On the basis of the above assumption we applied theare similar to those estimated by SWAP. Moreover all the
SWAP model to the entire study area using the spatially disthree models are able to capture the different behaviours of
tributed approach described in the Sect. 3.2 in order to proeach crop type. The performance of SEBAL and TSEB has
duce a spatial distribution of simulated daily evapotranspira-been evaluated by computing the mean ET difference maps
tion values at 16 May 2005 that is used as reference for th€on a 15 mx«15 m grid cell) between SWAP and SEBAL and
comparison between SEBAL and TSEB models (see Fig. 5)SWAP and TSEB. Maps presenting the spatial distribution of
A summary of the values obtained for each plot is givendifference values are shown in Fig. 6¢ and d: for both models
in Table 3. For citrus fields the evapotranspiration rangedifference values range from2.5 to 2.5 mm/d with a smaller
from 1.72to 3.23 mmd, whereas for the olive and vineyard mean value using TSEB0.14 mm/d) compared to SEBAL
fields the values resulted in the ranges 0.70 to 0.74mind (—0.55mm/d). The spatial distributions of difference allow
and 0.59 to 0.61 mmd, respectively. to identify where the largest discrepancies occur. In partic-
ular, ET values in the olive O1 field appear almost homo-
3.2 Estimating ET by SEB models and final comparison  geneous for SWAP and TSEB, whereas ET values estimated
. by SEBAL are lower in the western part of this field. This
The two surface energy balance models have been applielahayiour can be explained by the fact that in this area the
by using VIS/NIR and TIR data acquired during the NERC .4y s slightly sparser than in the eastern one. This affects
gzl;ntgilg?nogrgiyayazg%itz?nzﬁsgntS)eEdBZ]LSaiC;.Tzs'lE.BICViCt)I:The spatial distribution of the radiometric temperature that, as
SWAP refeF;ence valueps the SEB rr¥odels outputs have beeconsequence, 's slight higher. The SEBAL one-source ap- :
' Proach use these temperatures as canopy temperatures and it

spatially aggregated using the same 1616 m grid adopted o ntes a sensible heat flux higher than the real one.
in SWAP. The resulting ET maps are displayed in Fig. 6.

By comparing these maps with the SWAP one (Fig. 5) it is
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Another discrepancy can be observed in the citrus C2 fieldact, as can be observed, over sparsely vegetated surfaces
and in the two vineyard fields where both TSEB and SEBAL (0.5<LAI <2.5) SEBAL disagrees with SWAP more than
depict lower ET values compared to SWAP. This underesti-TSEB.

mation is mainly due to pixel dimension (303 m) that re- The analysis of the observed discrepancies suggests that
sulted too coarse to capture correctly the size of these plantgver sparsely vegetated surfaces, SEBAL produces lower ET
The citrus C2 field is a young citrus grove with very small compared to TSEB and SWAP. This disagreement can be
trees and, on May, vineyard is on the initial developmentqyantified by giving a closer look to the values of the dif-
stage and has a strong row architecture. In these conditiongrent terms of the energy balance, as shown in Fig. 8, where
the green part of canopy occupied only a small part of eachmaps and scatterplots of sensible heat fiinand soil heat
pixel producing temperature values near to bare soil ones. flyx G, are represented. In this figure it may be noticed that,
The above consideration on the effect of pixel size in thewhen compared to TSEB, SEBAL provides higher values for
detection of temperatures in the C2 field and in the two vine-H, which is not compensated by the opposite behaviour of
yard fields are not valid for the visible (VIS) and near infrared Gq. This effect, which has been already observed in other
bands (NIR) used in the SWAP model to compute the spatiakimilar studies (Savige et al., 2005; Ciraolo et al., 2006; Mi-
variability of K. by means of Eq. (21). The latter because nacapilli et al., 2007; Gao and Long, 2008), has been re-
the differences between soil and vegetation VIS/NIR signa-lated to an underestimation of the total resistance to the heat
tures are lower compared to their temperature differencestransport over sparsely vegetated surface, since SEBAL does
In other terms for these fields pixel size affects mainly tem-not take into account the soil-canopy interactions. Diversely,
perature rather thai . retrieved values. For these reasons the partitioning between soil and canopy in TSEB is able to
SWAP provided more accurate estimation of ET also usingprovide a more physically-based picture of the surface re-
the 15<15m grid size. sistances involved. As a result, being the available energy
The discrepancies in the estimation of ET between SE{R,—Go) quite similar between the two models, the greater
BAL and the SWAP can be also argued from the analysisvalues of sensible heat flux in SEBAL is mainly responsible
of frequency distribution of difference values between SEBfor the disagreement iRET shown in Fig. 9 where a pixel-
and SWAP modelled evapotranspiration rates (Fig. 7a—d). Irwise scatterplot of the daily ET values obtained with the two
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Fig. 7. Frequency distribution of difference values between SEBAL/TSEB and SWAP modelled evapotranspiration rates.

models is displayed. This plot evidences that SEBAL pro-ered approach was a water balance model of the soil-plant-
duces an underestimation of ET compared to TSEB of abouaitmosphere system able to computes the actual evapotranspi-
1mmd?l ration as a sum of actual soil evaporation and canopy transpi-
Finally, the Fig. 10 shows the comparison between fieldration (SWAP). The second approach is based on the resolu-
average evapotranspiration ET obtained with SWAP, SEBALtion of the surface energy balance (SEB) using two different
and TSEB models. From this final comparison ET valuesmodels: the two-sources TSEB model, where soil and vege-
lower than 50% respect to SWAP estimations have been obtation components of the surface energy balance are treated
tained by both SEB models for three cases over six (C2, Viseparately, and the widely used one-source SEBAL model,
and V2). In the other cases a slightly better agreement catvhere soil and vegetation are considered as a sole source. As
be recognized between SWAP and TSEB. These results dthe application of micrometeorological techniques (eddy co-
not allow to identify the most appropriate model. Therefore variance or scintillometry instruments) for the validation of
further investigations based on several remote sensing acquenergy balance models imposes intense efforts, the two dif-
sitions in different vegetation growth stages and in situ meaferent SEB models have been compared with the results of
surements have to be carried out. the soil water balance model that was considered as the ac-
tual “reference”. This choice was based on the fact that, for
the study area, the soil water model has been applied with de-
4 Conclusions tailed knowledge of most relevant processes and parameters
and validated with a large number of in-situ measurements.
The main aim of this study was the test of two different Results showed that both SEB models were able to de-
methodologies for the assessment of the spatial distributiorscribe the ET spatial patterns of the different crop types pro-
of ET by means of remote sensing data. The first considviding ET values in the same range. In three cases out of
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