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KEYWORDS Summary The increasing interest of hydrological, climatic and meteorological models in
Evapotranspiration; the different components of the surface energy balance has encouraged the development
Sensible heat flux; of operational methods for estimating surface energy fluxes at a regional scale. In this
Net radiation; paper, a sequence of three high-resolution satellite-based surface energy fluxes images
STSEB; are analyzed over an extensive area with a large variety of land uses. Two images from
Landsat Landsat 7-ETM+ (1999, 2002) and one from Landsat 5-TM (2004) are collected covering

the whole Basilicata region (Southern Italy). A Simplified version of a Two-Source Energy
Balance (STSEB) model is used to retrieve the surface sensible heat flux. A balance
between the long-wave and short-wave radiation is applied to extract the net radiation
flux. The evapotranspiration (LE) is obtained as a residual term of the energy balance
equation. The different croplands are characterized from the CORINE Land Cover maps,
and the required meteorological variables are obtained by interpolating the data of a net-
work of agro-meteorological stations distributed within the region. Atmospheric profiles
from radiosoundings are used in the radiative transfer model MODTRAN 4.0 to correct
the satellite data. Maps of the different fluxes are produced. Daily LE results are com-
pared with some ground measurements, and an analysis is made taking the land use clas-
sification as a basis. An accuracy close to 1 mmday~' is obtained. This value is in
agreement with the typical uncertainties reported in the literature.
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Introduction

The physical characterization of the hydrological processes
plays a very important role in the framework of the activi-
ties for the management of the hydrological resources. Par-
ticularly, the soil-vegetation—atmosphere energy
exchanges are the basis of an appropriate hydrological bal-
ance, and thus, of an appropriate planning of the hydrolog-
ical resources.

The fusion of physical models for estimating the hydro-
logical balance, and particularly the evapotranspiration
(LE), with technological advances for the characterization
of hydrological, hydro-geological, and atmospheric issues,
is of great utility. Although there are several surface-based
methods that can accurately measure surface heat fluxes at
point locations, it is not feasible to use a network of these
systems to create spatially distributed flux maps because
of the high variability of real landscapes. As stated by Scott
et al. (2000), micrometeorological approaches can only
realistically provide measurements representative of a par-
ticular type of vegetation cover when there is a reasonably
extensive, uniform area of that vegetation immediately up-
wind of the instruments. The use of remote sensing tech-
niques supplies the frequent lack of ground-measured
variables and parameters required to apply the local models
at a regional scale. Modelling evapotranspiration is very sen-
sitive to the surface features and conditions. For this rea-
son, a regional model must account for the surface
variability. In this context, satellite remote sensing has be-
come a basic tool since it allows us the regular monitoring of
extensive areas. Different surface variables and parameters
can be extracted from the combination of the multi-spec-
tral information contained in a satellite image. The surface
can be characterized with a detail depending on the spatial
resolution of the sensor used.

Inoue and Moran (1997) proposed a simple method to
estimate daily values of actual canopy transpiration. The
method utilizes instantaneous differences of canopy and
air temperature around mid-day as a major input. Results
were found to be well correlated to those measured by
steam-flow heat balance method in soybean canopies.
Anderson et al. (1997) presented an operational two-source
(soil + vegetation) model for evaluating the surface energy
balance given measurements of the time rate of change in
radiometric surface temperature during morning hours.
Using this model, the need for ancillary measurements of
near-surface air temperature is eliminated. The perfor-
mance of this model was evaluated in comparison with data
collected during the first International Satellite Land Sur-
face Climatology Project field experiment, in Kansas, and
the Monsoon’90 experiment, conducted in southern Ari-
zona. Comparisons yielded uncertainties comparable to
measurement errors typical of standard micrometeorologi-
cal methods for flux estimation. Chehbouni et al. (2001)
used dual angle observations of radiative surface tempera-
ture in conjunction with a two-layer model to derive sensi-
ble heat flux over the Semi Arid Land Surface Atmosphere
program (SALSA) in Mexico. The average error was about
23%. Moran et al. (1994) introduced a water deficit index
for evaluating evapotranspiration rates of both full cover
and partially vegetated sites. This index can be computed
using remotely sensed measurements of surface tempera-

ture and reflectance with limited on-site meteorological
data. Comparison with simulations of a two-source energy
balance model showed accurate estimates of field evapo-
transpiration rates. French et al. (2005) used data from AS-
TER collected over an experimental site in central lowa, in
the framework of the Soil moisture Atmosphere Coupling
Experiment (SMACEX), to retrieve surface energy fluxes.
Two different approaches, designed to account for the spa-
tial variability, were considered: the Two-Source Energy
Balance model (TSEB) and the Surface Energy Balance Algo-
rithm for Land model (SEBAL). Comparison of the results
with eddy-covariance measurements showed better agree-
ment using the TSEB model with average deviations lower
than 20 W m~2. These results were also supported by Li
et al. (2005). These authors compared local model output
using two different versions of the TSEB (series and parallel)
with tower-based flux observations. Root mean square dif-
ferences ranged from 20—50 W m~2. In this case, land sur-
face temperatures were derived from high-resolution
Landsat Thematic Mapper (TM) and Enhanced Thematic
Mapper (ETM+) scenes and aircraft imagery. Su et al.
(2005) used also SMACEX data to evaluate the Surface En-
ergy Balance System (SEBS) model using both high-quality
local scale data and high-resolution remote sensing data
from the Landsat ETM+.

Several authors such as Moran et al. (1997), Kustas
et al. (2004) or McCabe and Wood (2006) have studied
the effect of the satellite spatial resolution on the surface
energy fluxes retrieval. Moran et al. (1997) compared re-
motely sensed variables and energy balance components
calculated in two ways: first, calculated at the pixel reso-
lution and averaged to the coarser resolution; and second,
calculated directly at the coarse resolution by aggregating
the fine-resolution data to the coarse scale. These authors
concluded that knowledge of the surface heterogeneity is
essential for minimizing error in aggregation of surface
fluxes. Kustas et al. (2004) examined the effect of sensor
resolution on model output using Landsat data collected
during SMACEX. The pixel resolution of the remote sensing
inputs were varied from 60 m to 120 m, 240m, and 960 m.
Comparison of the results with tower and aircraft-based
flux measurements indicated that when the input resolu-
tion is lower than the length scale defining agricultural
field boundaries across the landscape, variation in fluxes
between different crop fields is not feasible. These results
were also supported by McCabe and Wood (2006). These
authors used data from Landsat ETM+, ASTER, and MODIS
to independently estimate evapotranspiration during SMA-
CEX. They observed a high degree of consistency between
the retrievals from Landsat ETM+ and ASTER, as well as
the utility of MODIS for regional scale evapotranspiration
estimation.

Despite the wide variety of remote sensing-based works
and proposed models on evapotranspiration retrieval, there
is not a generalized agreement about the most appropriate
model depending on the application area. In this paper, we
present a methodology focused on the daily evapotranspira-
tion retrieval (LEy) from high-resolution satellite data. The
bases of this method are the energy balance equation and
a Simplified Two-Source Energy Balance (STSEB) model pro-
posed by Sanchez et al. (2007a) for estimating instanta-
neous surface fluxes. This model was validated over a
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variety of surface conditions with good results. An exhaus-
tive analysis of sensitivity to typical uncertainties (assumed
for a regional variability) in the required inputs was per-
formed by these authors.

The proposed method was applied to the Basilicata re-
gion, in the South of Italy. This is a challenging region since
it covers an extensive area with a large variety of land uses.
The different surface features were characterized from the
CORINE Land Cover land use maps (APAT, 2005), and the re-
quired meteorological variables were obtained by interpo-
lating the data of about forty agro-meteorological stations
distributed within the region. Atmospheric profiles from
radiosoundings were used in the radiative transfer model
MODTRAN 4.0 (Berk et al., 1999) to correct the satellite
data. Three satellite images were selected for this work,
two from the Landsat 7-ETM+ (September 26th 1999 and
June 14th 2002), and one from the Landsat 5-TM (May
26th 2004).

The goal of this study is the inclusion of a new approach
to estimate the sensible heat flux, part of the STSEB model,
in the traditional relationship of Seguin and Itier (1983). The
result of this combination is a new methodology to retrieve
daily evapotranspiration at a regional scale from remote
sensing and meteorological data. In this paper, we focus
on the application of this methodology to Landsat imagery
but it could be extended to other high-resolution sensors.

This paper is organized as follows. The section ‘‘Method-
ology’’ provides the framework of the method and a sum-
mary of the STSEB model, as well as details of the
retrieval of the model inputs. The study region and data
used in this study are described in the section ‘‘Study site
and measurements’’. In the section ‘‘Results and discus-
sion’’, the results of LE, are discussed and compared with
ground measurements. Finally, conclusions are given in
the section ‘‘Conclusions’’.

Methodology

The governing equation is the Energy Balance Equation (EBE)
of the land surface, which models a system formed by veg-
etation, surrounding soil, and atmosphere:

R,=G+H+LE (M

where R, is the net radiation flux (W m~2), G is the soil heat
flux (Wm™2), H is the sensible heat flux (W m~2) and LE is
the latent heat flux in the atmosphere boundary layer
(W m~2). According to Seguin and Itier (1983)

Hy _H,

Rnd Rni (2)
where the subscripts i and d refer to instantaneous and daily
fluxes, respectively.

On diurnal timescales, G can constitute an important
contribution to the EBE (Choudhury et al., 1987; Santanello
and Friedl, 2003). However, at a daily scale G can be ne-
glected in Eq. (1) (Seguin and lItier, 1983; Lagouarde and
McAneney, 1992; Sanchez et al., 2007b), and LE can be ob-
tained from Egs. (1) and (2) as

Rnd

LE4 = R (Rni — Hi) (3)

Using Eq. (3), LE; can be obtained from the instantaneous
values of R, and H at a particular time of day, and the rel-
ative net radiation contribution at that time when global
radiative exchange is integrated, R,4/Rni.

The net radiation is estimated by establishing a balance
between the long-wave and the short-wave radiation

R, = (1 —2)S+éelgy — eaT?, (4)

where S is the solar global radiation (Wm™2), T4 is the
radiometric land surface temperature, « is the surface albe-
do, ¢ is the surface effective emissivity, and ¢ is the Stefan—
Boltzmann constant. Ly, is the incident long-wave radiation
(Wm™2).

In the STSEB approach proposed in Sanchez et al.
(2007a), the ground surface is divided in two components,
canopy and soil surrounding. According to this configura-
tion, the total sensible heat flux is obtained by the addition
between the soil and canopy contributions, H; and H,
respectively:

H=PH.+ (1—P,)H, (5)
In this equation, Hs and H. are expressed as
T.—T
He = pCp— == (62)
a
T,-Ta,
H, =
e (6b)

where pC,, is the volumetric heat capacity of air (J K 'm™3),
T, is the air temperature at a reference height (K), T. and T
are the canopy and soil radiometric temperatures, respec-
tively, r is the aerodynamic resistance to heat transfer be-
tween the canopy and the reference height (s m™"), r@ is the
aerodynamic resistance to heat transfer between the point
Zo+d (zo: roughness length, d: displacement height) and the
reference height (sm™"), r$ is the aerodynamic resistance
to heat flow in the boundary layer immediately above the
soil surface (sm~"). A summary of the expressions to esti-
mate these resistances, and more details about the STSEB
model can be seen in Sanchez et al. (2007a). A scheme of
the methodology proposed in this paper is shown in Fig. 1.

Surface temperature and emissivity

Landsat-TM and ETM+ sensors possess a unique thermal band
with a spectral range of 10.4—12.5 um, and an effective
wavelength of 11.457 um. This limitation does not allow
to apply split-window methods neither Temperature/Emis-
sivity Separation (TES) methods. Therefore, a single-chan-
nel method, based on the radiative transfer equation, was
used. The remotely measured channel radiance, R;, consist
of two main contributions: (1) the radiance at surface level,
which is attenuated by the absorption of the atmosphere
between the surface and the instrument, characterized by
the atmospheric transmittance, t;, and (2) the upwelling
sky radiance emitted by the atmosphere in the viewing

direction, L[, (0), so that R;, in agreement with the radia-
tive transfer equation, is stated as
Ri = [‘C‘iBi(Trad) + [1 - ‘qf]L?atm hem]ri + Lrﬂatm (7)

where B;(T,aq) is Planck’s function for a temperature T,.q,
¢ is the surface emissivity and L},.n.n i the hemi-

spheric downwelling sky irradiance divided by = (Lambertian
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reflection assumed). Radiosounding data were introduced
into the MODTRAN 4.0 code (Berk et al., 1999) to get esti-
mates of t;,L!, . (0) and L/, ;.- Although Eq. (7) depends
on the observation angle (0), the nadir view provides good
results for Landsat-TM and ETM+. A simple and operational
equation proposed by Valor and Caselles (2005) was used
to estimate the surface emissivity from the knowledge of
the vegetation cover, P,, and the emissivities of the soil
and canopy components, ¢ and &, respectively.

e = &Py +&s(1— P)(1—1.74P,) + 1.7372P,(1 — P,) (8)

Eq. (8) includes the effect of the geometrical distribution of
the vegetated surface and also the internal reflections. Typ-
ical emissivity values can be assumed for ¢. and &s.

Vegetation cover

Bands 3 (0.63—0.69 um) and 4 (0.76—0.90 um) of TM and

ETM+ were used to estimate NDVI. Previously, visible and

near-infrared bands were corrected of atmospheric effects

using the radiosounding data and the MODTRAN 4.0 code.

For this purpose, the at-surface channel reflectivity, p;, is

calculated with the following equation:
n(Ry — LI, )d*

— iatm
Pi

B Ti(ESUNi COS(OC)‘L’(OC) + L}Latm hem)

where 7(o) is the atmospheric transmissivity between the
sun and the surface, « is the zenithal solar angle, ESUN; is
the spectral solar irradiance on the top of the atmosphere,
and d is the Earth—Sun distance.

Vegetation cover was obtained through the expression
(Valor and Caselles, 1996):

9)

()
) k(- 10

Scheme of the methodology proposed to retrieve actual daily evapotranspiration at a regional scale.

where the coefficient K is obtained by

RNle - RREDV
: Ruir, — Reep, ()
where Ryr is the near-infrared reflectivity, and Rggp is the
red visible reflectivity. The subscript v and s correspond
to completely vegetated and unvegetated areas, respec-
tively, selected by looking at the spectral contrast among
bands 3—5. These selected areas were also used to estimate
T. and T, required in Egs. (6a) and (6b), respectively, from
the land surface temperature maps generated.

Albedo

Some authors such as Dubayah (1992), Duguay (1992), etc.
divided the spectral region from 0.3 to 3.0 um into 10 spec-
tral bands to estimate surface albedo. Each band has a dif-
ferent integrating weight according to the typical
vegetation spectral reflectance pattern. In this paper, the
surface albedo is integrated by using the equation (Duba-
yah, 1992):

2 =0.221p, + 0.162p, + 0.102p; + 0.354p, + 0.059p5

+ 0.0195p, (12)
where p; is the corrected reflectivity for the i band of TM or
ETM+. The average error of the calculated surface net radi-
ation, using Eq. (12) for estimating the albedo, is around 2%
when comparing to field measurements (Dubayah, 1992).

Meteorological variables

Ancillary meteorological data are required to complete the
set of variables and parameters involved in the previously
shown scheme of equations. Air temperature, T,, is neces-
sary in Egs. (6a) and (6b) to estimate the exchange of sen-
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sible heat flux between the surface and the atmospheric
boundary layer. Wind speed, u (ms™"), is required in the
expressions to calculate the aerodynamic and soil resis-
tances taking part in the STSEB model (Sanchez et al.,
2007a). The global solar radiation, S, and the incident
long-wave radiation, Ly, are necessary in the net radiation
balance (Eq. (4)). Since all these variables, except Ly, are
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continuously registered in typical agro-meteorological sta-
tions, regional maps can be created by interpolating the
data registered in a network of stations distributed within
the study area. Regarding L, due to its known spatial
homogeneity across a relative extensive area (Humes et al.,
2002), a single value of this variable can be used for each
image, and it can be obtained from launched radiosoundings.
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(a) Location of the Basilicata region (in red colour) and the CarboEurope flux towers (black dots) within Italy, (b) Digital

elevation model of the Basilicata region. The white dots indicate the exact location of the agro-meteorological stations used and (c)
Land use map of the Basilicata region (CORINE Land Cover 2000 project).
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In this paper, a geostatistical technique (kriging) was used
to interpolate the data of a regional network of agro-mete-
orological stations, and elaborate wind speed and global so-
lar radiation maps. Sanchez et al. (2007a) showed that
particular care must be taken with the air temperature
when the STSEB model is applied since an uncertainty in
T, can lead to a significant error in the evapotranspiration
retrieval. For this reason a Digital Elevation Model (DEM)
was considered and the relationship between the air tem-
perature and the altitude above sea level was established
in order to obtain more reliable maps of this meteorological
variable.

Study site and measurements
The Basilicata region

Placed in the South of Italy, Basilicata is a 9992 km? region
(Fig. 2a), divided in two provinces: Potenza and Matera. It is
a prevalently mountainous region. In fact, mountains take
up the 47% of the territory (areas above 700 m a.s.l.), hills
take up the 45% (areas between 201 and 700 m a.s.l.) and
plains just the 8% (areas below 200 m a.s.l.). The western
mountainous part of the region can be distinguished from
the coastal and the hilly central ones, which extends as
far as the arid Murgia of Matera. Fig. 2b shows the DEM, ob-
tained from MODIS, used in this work.

The wide variety of land uses in this region makes it appro-
priate for an analysis of the method performance in evapo-
transpiration retrieval under different surface conditions. A
land use map from the CORINE Land Cover project (Fig. 2c)
was used to characterize the surface with nominal values
of canopy height for each land use. Analysing the peculiari-
ties of the vegetation, strongly influenced by climatic condi-
tions of the zone, the region can be considered divided in two
parts. The Western part, along the strip of the Apenine, is
characterized by highly vegetated soils, with many woods
and fields under cultivation of vines and olive. The Eastern
part of the region, instead, is characterized by bare and arid
soils, with poor vegetation, except some irrigated zones with
cultivations of oranges, peaches, strawberries, etc.

Ground measurements

A network of 38 agro-meteorological stations distributed
within the region (Fig. 2b) and managed by ALSIA (Agenzia
Lucana di Sviluppo ed Innovazione in Agricoltura — Agricul-
ture Development and Innovation Agency of Lucania) are
equipped with instruments for automatic and continuous
measurements of various meteorological parameters, such
as air temperature, relative humidity, global solar radia-
tion, soil temperature, speed and direction of wind, precip-
itation and potential evapotranspiration. Air temperature is
measured by PT100 thermo-resistances with a precision of
+0.1 °C. Solar radiation is measured through pyranometers
working in the range 0.3—2.5 um with an accuracy of +2%.
The instruments used for the survey of the horizontal com-
ponent of the wind speed are classic cup-anemometers,
with an accuracy of +0.5ms™".

Finally, two weighing lysimeters placed at two different
cropland sites, Lavello (41°6’6”N, 15°50'55"E) and Policoro

(40°10’15”"N, 16°38'53"E), registered actual LEy values.
These weighing lysimeters consist of a filled in cultivation
tank, with an area of 2 m x2 m and a depth of 1.30 m, iso-
lated from any external structure. Water consumptions and
daily evapotranspiration are obtained directly by the differ-
ence in weight between two subsequent readings. The res-
olution of this system is about 0.06 mm. Experimental
Demonstrative Farm of Gaudiano — Lavello (PZ) provided
us with in situ lysimeter data, collected by the University
of Basilicata, corresponding to: September 26th 1999 and
June 14th 2002, on an aubergine and tomato growing,
respectively. Evapotranspiration data corresponding to Sep-
tember 26th 1999, on a radish growing, and June 14th 2002,
on a tomato growing, were provided by the Food Production
Science Institute of Bari, which is responsible for collecting
data coming from Experimental Farm ‘‘E. Pantanelli’’ of
Policoro (MT).

The Landsat images

Three cloud-free Landsat images were selected for this
work, one corresponding to the TM sensor, on-board Landsat
5, (hereafter referred to as L5-TM) (May 26th 2004), and two
corresponding to the ETM+ sensor, on-board Landsat 7
(hereafter referred to as L7-ETM+) (September 26th 1999
and June 14th 2002). The high spatial resolution of these
sensors (30-m in visible and near-infrared bands, and 60-m
for L7-ETM+ or 120-m for L5-TM in the thermal band) allows
a detailed monitoring of the surface features, required in
the methodology described, for the whole Basilicata region.

Results and discussion

In this section, we present the application of the methodol-
ogy given in the section ‘‘Methodology’’ for retrieving LE4
from Landsat imagery. At the end of the section, results will
be compared with some in situ measurements.
Atmospheric profiles, from radiosoundings launched in a
nearby area were processed for each date using the MOD-
TRAN 4.0 code. As explained in the Section ‘‘Vegetation
cover’’, visible and near-infrared bands were corrected,
and a NDVI map was elaborated from each Landsat image.
A careful searching process was carried out, based on the
contrast shown in bands 3 and 4, and on the obtained NDVI,
so as to identify completely vegetated and completely bare
pixels. Several samples of each class were selected distrib-
uted around the whole region in order to account for the
spatial variability within the area. Average values of these
samples were used for the soil and canopy parameters in
Egs. (10) and (11) (see Table 1). Fig. 3a—c shows the vege-
tation cover maps obtained from the three images. Note
that the image corresponding to June 2002 shows the high-
est P, values overall. Also, the highest P, values are easily
identified with forested areas looking at Fig. 2c. As ex-
plained in the section ‘‘Surface temperature and emissiv-
ity’’, emissivity maps were obtained by applying Eq. (8)
assuming nominal values of & =0.985 and ¢ = 0.960. Table
1 summarizes the atmospheric parameters obtained from
radiosounding data for each date, required in the radiative
transfer equation. Fig. 3d—f shows the produced maps of
land surface temperature. Some authors such as Sobrino
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Table 1 Atmospheric parameters estimated from radiosounding data and the MODTRAN 4.0 code, and soil and canopy

parameters used in Egs. (10) and (11)

Image T D L e hem g, Rur,  Rwr,  Rren, Rrep,  NDVI,  NDVIg
Wm=2Srum)  (Wm=2Sr pm) (Wm™?)

L7-ETM+ (09/26/1999) 0.735 2.088 3.142 337 0.521 0.319 0.059 0.309 0.794 0.020

L7-ETM+ (06/14/2002) 0.811  1.433 2.198 332 0.689 0.397 0.010 0.227 0.980 0.274

L5-TM (05/26/2004) 0.813 1.325 2.019 312 0.570 0.190 0.043 0.103 0.861 0.307

15 21 27

(()C)

33 39 45

Figure 3 Vegetation cover, P,, maps obtained by applying Egs. (10) and (11) to the NDVI map; (a) 09/26/1999, (b) 06/14/2002, (c)
05/26/2004, and Land surface temperature, T,,q (°C), maps obtained by applying Eq. (7); (d) 09/26/1999, (e) 06/14/2002, and (f)

05/26/2004.

et al. (2004) and Li et al. (2005) have shown the validity of
the Land Surface Temperature (LST) obtained from Landsat
5-TM and Landsat 7-ETM+, respectively, using the radiative
transfer equation, with errors lower than 1 °C. This uncer-
tainty is acceptable for the accuracy in LE of the STSEB
model as shown in Sanchez et al. (2007a), where the sensi-
tivity of the model was studied assuming uncertainties of
1°C and 2°C for the canopy and soil temperatures,
respectively.

A list of the agro-meteorological stations used in this
work is shown in Table 2 (see also Fig. 2b). The air temper-
ature maps were obtained by extrapolating the relationship

deduced between the stations T, and altitude above sea le-
vel data to the whole region from the DEM information. Root
Mean Square Difference (RMSD) values close to 1°C were
obtained in all cases. This is also the uncertainty assumed
by Sanchez et al. (2007a) for studying the sensitivity of
the STSEB model to the T, input. A kriging interpolation
was used to elaborate wind speed and global solar radiation
maps as stated in the section ‘‘Meteorological variables’’.
The integrated surface albedo was estimated using Eq.
(12). Previous emissivity results using Eq. (8) were also used
in Eq. (4) since some authors such as Ogawa et al. (2002)
showed that emissivity in the range 8—14 um is well-repre-
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Table 2 List of the agro-meteorological stations distrib-
uted around the Basilicata region

No. Station Altitude a.s.l. (m) Lat N Lon E

1 GE1 320 40°47'57"  16°05'39”
2 MO6 92 40°15'07"  16°34'00”
3 LAU 938 40°27'03”  15°58'07”
4 BG1 595 40°20'58”  15°49'43"
5 ACE 420 40°49'32"”  15°57'36"
6 ME3 68 40°26'02"  16°45'40"
7 GR1 190 40°35'49”  16°14'11”
8 GRU 520 40°36'20"  16°22'37”
9 GRD 191 40°38'24"  16°22'38"
10  MO4 154 40°16'52"  16°36'53"
11 SMF 450 40°27'59" 16°22'47"
12 FER 314 40°30'25" 16°27'34"
13 CRP 51 40°21'48"  16°32'08”
14  SGL 455 40°06'37"  16°23'16"
15 CMP 824 40°34'08" 16°04'17"
16 NS3 152 40°08'52"  16°35'21”
17 Pl1 192 40°21'52" 16°37'13"
18 PI3 52 40°24'52"  16°34'47"
19 PO1 117 40°13'33”  16°37'32"
20 MTP 262 40°41'41"  16°31'06”
21 PO3 6 40°11'00”  16°41'17"
22 NEM 500 40°04/30”  15°47'48"
23 BRM 820 40°38'20”  15°58'25"
24 STI 240 40°23'42"  16°20'03"
25 MTS 45 40°31'23"  16°41'50"
26 VIG 616 39°5915”  16°03'45"
27 CSR 1010 40°09'37"  15°59'25"
28 ROT 640 39°57'14"  16°02'14"
29  SAR 662 40°14'56"  15°53'22"
30 SMI 450 40°44'52"  16°19'53"
31 LAV 180 41°06'06’  15°50'55”
32 ALl 190 40°18'28" 16°26'48"
33 MTQ 200 40°37'22"  16°35'05”
34  SAT 700 40°33/34”  15°38'34"
35 SEN 270 40°09'36” 16°18'27"
36 ROS 635 39°5714"  16°02'24"
37 PAN 24 40°23'28"  16°47'25"
38 VEN 415 40°57'21”  15°49'38"

Their location on the map can be observed in Fig. 2b.

sentative of the total emissivity value. Table 1 includes the
values of Ly, used in the long-wave radiation balance. Final-
ly, Fig. 4a—c shows the net radiation maps. Comparing Figs.
4 and 3, it can be seen that the highest R,; values are ob-
tained for the most vegetated areas, and the lowest for
the bare areas. After estimating the values of T, and T;
according to the aforesaid procedure, maps of sensible heat
flux were produced (Fig. 4d—f). At the Landsat overpass
times, T,.q is typically higher than T, for most landscapes
(positive H) (Moran et al., 1997). It is possible that under
some particular surface conditions T, is slightly higher than
Trad, Yielding slightly negative values of H. However, the
produced maps of air temperature and wind speed, inputs
in the retrieval of the sensible heat flux, may contain spatial
uncertainties that might lead to excessive and unrealistic
negative values of H. For this reason, regions showing

H < —50 W m~2 have been masked out and not considered
in the current analysis. R,q/R,; values in Eq. (3) were calcu-
lated for each date from the ground-collected data. Since
the ratio R,q/R,; has been shown to vary with the time,
date, or the site latitude, but not with the vegetation type
(Sobrino et al., 2005; Sanchez et al., 2007b), a constant va-
lue was used for each image: 0.365, 0.378, and 0.351 for the
images L7_99, L7_02, and L5_04, respectively. Finally,
Fig. 4g—i shows the produced LE4; maps (mmday ). As a
consequence of the aforementioned uncertainties in the
meteorological variables, some unrealistic negative values
of daily evapotranspiration were obtained, provoked by
excessive and unrealistic high values of H. Those correspond
to areas above approximately 1500 m altitude, according to
the DEM. This portion of pixels has been also masked out in
Fig. 4d—i. Overall, it can be seen that the highest LE, values
were obtained for the most vegetated areas, while the low-
est for the bare areas. However, there is also a small portion
of pixels with high P, values and low LE, values. Those cor-
respond to high elevation areas with cooler T,, resulting in
high values of H. For a quantitative analysis of the regional
LE,4 results, average values of all pixels within each land use
have been calculated. Table 3 shows a list of these results
for the main land uses. Coniferous and broad-leaf forests,
together with fruit trees and agriculture areas, show gener-
ally the highest values. Meanwhile, sparsely vegetated
areas, arable lands, or pastures show the lowest LE, values.
Overall, daily evapotranspiration values in May 2004 are the
highest, and those in September 1999 are the lowest. The
mean LE, values for the whole region result 4.5, 4.0, and
3.1mmday' for May 2004, June 2002, and September
1999, respectively.

Histograms of LE4 results were elaborated for three of
the most dominant land uses within the Basilicata region
(Fig. 5a—c). Fig. 5a shows the histogram corresponding to
arable lands. Mean values with their standard deviations re-
sult in 2.4+1.0mmday”', 3.6+1.4mmday”', and
4.6 + 1.0mm day~', for September 1999, June 2002, and
May 2004, respectively. Note that the maximum values of
the distributions are clearly separated, and that the stan-
dard deviation for June 2002 is greater than for the other
dates. Fig. 5b shows the histrogram corresponding to
broad-leaf forest. Now, the mean values are 4.2+
1.3mmday ', 4.8+ 1.8 mmday ', and 4.5+ 1.6 mm day ',
for September 1999, June 2002, and May 2004, respectively.
This time mean values are close and the standard deviation
for June 2002 is again the greatest one. Finally, the histo-
gram corresponding to natural grasslands is shown in
Fig. 5c. The mean values result in 3.4+ 1.0 mmday~’,
4.2 +1.3mmday ", and 4.8 + 1.0 mm day ', for September
1999, June 2002, and May 2004, respectively. Once again,
the greatest standard deviation is obtained for June 2002.
This is the expected behaviour attending to the phenologi-
cal stage of the vegetation if we make the assumption that
environmental conditions for the three years are compara-
ble. Typically, crops planted in the arable lands tend to suf-
fer significant changes in their phenological stage from May
(end of the spring) to September (beginning of the autumn).
However, forested areas remain almost unchanged. Natural
grasslands are in an intermediate situation. This explains
the differences observed between the mean values of LE,
for different dates, but the greater value of standard devi-
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0 1.6 3.2 4.8 6.4 8
(mm day™)

Figure 4 Instantaneous net radiation flux, R,; (W m~2), maps obtained through Eq. (4); (a) 09/26/1999, (b) 06/14/2002, (c) 05/26/
2004, Instantaneous sensible heat flux, H; (W m~2), maps obtained through Egs. (5), (6a) and (6b); (d) 09/26/1999, (e) 06/14/2002,
(f) 05/26/2004, and Actual daily evapotranspiration, LE; (mm day '), maps obtained by applying Eq. (3); (g) 09/26/1999, (h) 06/14/

2002, and (i) 05/26/2004.
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Table 3 Average values of LE; (mm day~") for the main

land uses
Land use L7-ETM+ L7-ETM+ L5-TM
(09/26/1999) (06/14/2002) (05/26/2004)
Pastures 2.9 3.3 4.1
Natural 3.4 4.2 4.8
grassland
Fruit trees 3.8 4.5 4.3
Olives 3.3 4.0 4.1
Vineyards 3.4 4.4 4.4
Moors and 3.3 3.9 4.1
heathland
Sparsely 2.8 2.7 3.7
vegetated
areas
Arable lands 2.4 3.6 4.6
Land princ. 3.6 4.4 4.8
ocup. by
agriculture
Annual crops 3.3 4.1 4.5
Complex 3.4 4.0 4.3
cultivation
patterns
Coniferous 4.3 4.8 5.2
forests
Broad-leaf 4.2 4.8 4.5
forests
Mixed forests 3.7 4.1 3.8
Whole region 3.1 4.0 4.5

Frequency

Frequency

Figure 5
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3 4 5
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ation for June 2002 is still unexplained. With this aim, an
additional plot showing the histogram of the wind speed val-
ues for the whole area was produced (Fig. 5d). The mean
values result in 2.0:0.6ms™ ', 2.3x1.1ms ', and
1.6 +0.3ms™ ' for September 1999, June 2002, and May
2004, respectively. An important variability of the wind
speed around the whole region is observed for June 2002,
against a relative homogeneity for September 1999 and
May 2004. These results explain the wider distribution,
and consequently, higher standard deviation value of the
LE, histograms corresponding to June 2002 for the three
vegetation types analyzed. Similar discussions could be
established for other land uses included in Table 4.

Note the low variability in LE; results of the different
land uses for the L5-TM image compared with the other
two L7-ETM+ cases. The 120-m spatial resolution in the

Table 4 Comparison between lysimeter measurements of
LE, (mm day~") and results extracted from Fig. 4g—i, for the
particular locations of the instruments

Date Lysimeter Measured Estimated Difference
September  Lavello — 3.01 —

26th 1999 Policoro  1.93 2.13 0.20
June 14th Lavello 2.17 3.22 1.05

2002 Policoro  2.87 3.01 0.14

Lavello datum for September 26th 1999 was not reliable, and no
lysimeter data were available for May 26th 2004.
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Histograms to illustrate the variability of LE, (mm day ") for the three dates and the following land uses: (a) Arable land,

(b) Broad-Level forest, (c) Natural grassland. (d) Histogram to illustrate the variability of u (m s~") for the three dates and the whole
Basilicata region.
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thermal band of TM, compared with the 60-m of ETM+, can
be significant for this fact.

To assess the performance of the described methodol-
ogy, LE, results were compared with some punctual lysime-
ter measurements. Table 4 shows the comparison between
these measurements and the results obtained in Fig. 4 for
the particular location of the two lysimeters. A RMSD value
of 0.7 mm day " was obtained, with a maximum difference
of 1.05 mm day~". To reinforce this assessment at a wider
scale, data from the CarboEurope project dataset have been
used. This is an international project which main objective
is the study of the carbon dioxide exchanges between the
surface and the atmosphere. For this aim, a network of tow-
ers, equipped with the instruments required for the direct
measurement of the surface fluxes, has been distributed
around Europe (see Table 5 and Fig. 2a). Ground-measured
LE, values from these towers were used to test the average
values obtained using the land use classification over the
Basilicata region. A RMSD value of +1.0mmday ' is ob-
tained with an overestimation of 0.5mmday'. Even
though a more complete network of LE; ground-measured
values, spatially distributed around the study region and
representative of the different land uses, would be desir-
able for a robust validation, the results obtained give some
confidence on the proposed methodology to evaluate daily
evapotranspiration at a regional scale.

Nagler et al. (2005) proposed a multivariate regression
equation for predicting LE, from EVI (Enhanced Vegetation
Index) and T,. Comparison with LE, values measured by
eddy-covariance method (Cleverly et al., 2002), over cot-
tonwood and saltcedar along the Middle Rio Grande rive cor-
ridor in New Mexico, showed estimation errors of about
1.1 mmday~'. Gomez et al. (2005) assessed the potential

of the S-SEBI (Simplified Surface Energy Balance Index)
method for estimating daily evapotranspiration. The meth-
od was implemented using data collected with two airborne
sensors over the Alpilles ReSeDA (Remote Sensing Data
Assimilation) experimental area. The validation showed an
estimation error of 1 mmday~'. A similar accuracy of
1 mm day~" was obtained by Sobrino et al. (2005) when
applying the S-SEBI model over the Barrax test site in Spain,
in the framework of DAISEX (Digital Airborne Imaging Spec-
trometer Experiment) campaign. Ground values of LE; were
measured with two lysimeters placed on festuca and barley.
Recently, Nagler et al. (2007) showed that cottonwood LE,
can be monitored by remote sensing methods calibrated
with ground measurements with an accuracy or uncertainty
of 20—30% in riparian corridors of western US rivers. Valida-
tion was established by comparison with sap flow
measurements.

Note that the main aim of the present work is to show a
feasible and, at the same time simple methodology, that al-
lows us to retrieve LE, at a regional scale assembling remote
sensing and ground-measured data. More complicated tech-
niques, involving a greater number of variables and param-
eters, and/or more tedious computation processes could
have been introduced. However, the operationality of the
method would have been significantly reduced. Further
work will deal with the study of the effect of possible
improvements to the described methodology on the final
LE, results. For example:

e More sophisticated methods that incorporate geographi-
cal information, such as co-kriging and elevation-detr-
ended kriging techniques can be applied to elaborate
maps of the meteorological variables required. Also, a

Table 5 Comparison between ground-measured values of LE; (mm day~') (eddy-correlation or Bowen ratio systems) in the
CarboEurope Italian sites and results obtained for similar land uses over the Basilicata region

Site/date Land cover Lat./Long. LE, measured LE4 estimated Difference
Collelongo Mixed forest 41°50'58"N 2.0 3.7 1.7
09/26/1999 13°35'17"E
San Rossore Coniferous forest 43°43'47"N 4.7 4.8 0.1
06/14/2002 10°17'13"E
Roccaresp. 1 Broad-leaf forest 42°24'29"N 4.4 4.8 0.4
06/14/2002 11°55'48"E
Roccaresp. 2 Broad-leaf forest 42°23'25"N 4.2 4.8 0.6
06/14/2002 11°5515"E
Castelpolziano Natural grassland 41°42'19"N 2.8 4.2 1.4
06/14/2002 12°22'34"E
Nonantola Cropland 44°41'23"N 5.4 4.4 -1.0
06/14/2002 11°5'19"E
Lavarone Coniferous forest 45°57'19"N 3.4 5.2 1.8
05/26/2004 11°16'52"E
Parco Ticino Broad-level forest 45°12'3"N 5.0 4.5 -0.5
05/26/2004 9°3'40"E
Monte Bond. Mixed forest 46°1'47"N 3.9 3.8 -0.1
05/26/2004 11°4'59"E
Bias 0.5
o +1.0
RMSD +1.0

Locations of the flux towers, as well as information about the vegetation type over which they are located, are also included.
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digital elevation model with a higher spatial resolution
can be introduced to reduce errors in the interpolation
of the air temperature.

Recent works have dealt with the effects of subpixel het-
erogeneity on the fluxes estimation, and a disaggregation
procedure has been proposed for estimating subpixel
variations in radiometric surface temperature (Kustas
et al., 2003). This technique can be applied to Landsat
images and derive T.,4 at the NDVI pixel resolution
(30 m). Particular interest has the application of this pro-
cedure to L5-TM images because of the low contrast
shown in the LE, results.

Specific values of soil and canopy emissivities could be
assigned to the different land use classes. In this way,
emissivity values more representative of the real local
vegetation and conditions could be used in the emissivity
correction of the radiometric temperature. Also, unique
values of T. and T have been used for the whole region in
the sensible heat fluxes retrieval. An estimation of these
values for the different land uses could account for pos-
sible differences.

Conclusions

In this work, a new methodology to estimate actual daily
evapotranspiration at a regional scale, assembling remote
sensing techniques and ground-measured data, is pre-
sented. The traditional relation of Seguin and Itier (1983)
is combined with both a balance between the long-wave
and the short-wave radiation, to infer the net radiation,
and the recently proposed STSEB model, to estimate the
sensible heat flux, with the aim of retrieving LE, values from
single information at a particular day time. The method is
applied to the Basilicata region, in the South of Italy. Even
though the methodology proposed could be expanded to
other satellite sensors, this work is focused on Landsat
imagery. Three images acquired in different dates are used
in this work, two from Landsat 7-ETM+, and one from Land-
sat 5-TM. The CORINE Land Cover map and a complete net-
work of agro-meteorological stations provide the set of
ground variables and parameters required to apply the
methodology. Maps of the different surface fluxes are built
up. An analysis of the LE, results is made taking the land use
classification as a basis, and differences between the differ-
ent types of vegetation and dates are stated. Overall, the
highest LE4 values correspond to the most vegetated areas.
The performance of the method at both local and regional
scale is assessed by comparing the results with some ground
measurements. An estimation error close to 1 mm day ' is
finally obtained, in good agreement with other accuracy re-
sults shown in the recent literature.
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