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Abstract During the last two decades, the scientific community developed
detailed mathematical models for simulating land surface energy fluxes and
crop evapotranspiration rates by means of an energy balance approach. These
models can be applied in large areas and with a spatial distributed approach
using surface brightness temperature and some ancillary data retrieved from
satellite/airborne remote sensed imagery. In this paper a district scale
application, in combination with multispectral satellite and airborne data has
been carried out to test the potential of two different energy balance models to
estimate evapotranspiration fluxes from a set of typical Mediterranean crops
(wine, olive, citrus). The impact of different spatial resolutions on model-
derived fluxes has been investigated in order to understand the roles and the
main conceptual differences between the two models which use a “single-
layer” (SEBAL) and a “two-layer”(TSEB) schematization, respectively. The
critical spatial resolution of remote sensed data has been also investigated.
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INTRODUCTION

A correct estimation of temporal and spatial distribution of evapotranspiration (£7) is
an essential step for water management and crop water requirements, in particular in
Mediterranean areas where water scarcity and semiarid climate often cause fragility
and severe damage in the agro-ecosystems. The determination of E£7 is not simple, due
to the heterogeneity and complexity of hydrological processes. Following these needs,
recently, the scientific community developed detailed mathematical models for
simulating land surface fluxes by means of an integrated use of ancillary data and
remote sensing observations to gather quantitative information on the temporal and
spatial distributions of many surface soil and canopy parameters (Menenti, 2000).
Many algorithms to estimate surface energy fluxes and evapotranspiration based on
remote sensed imagery have been proposed. Some reviews can be found in Kustas &
Norman (1996), Chehbouni et al. (1997), Bastiaanssen (1998) and Schmugge et al.
(2002).

A common way to estimate ET is to rearrange the energy balance equation for the
land surface, solving for the latent heat flux, AET (W m'z), as a residual term:

Copyright © 2007 IAHS Press



208 Mario Minacapilli et al.

MET =R, —G,—H (1)

where R, (W m™) is the net incident radiation, Gy (W m™) is the soil heat flux, and H
(W m™) is the sensible heat flux, the heat exchange between surface and atmosphere
because of the temperature gradient. Typically, with reliable estimates of solar
radiation, differences between remote sensing estimates and observed R, — Gy are
within 10%. The largest uncertainty in estimating AET comes from computing H.
Following a classical approach of micrometeorology (Brutsaert, 1982) the sensible
heat flux H of the atmospheric boundary layer close to the surface (where energy
exchange occurs because the potential temperature gradient) can be expressed by the:

H:pcpAT:pcp(T;zh_TA) (2)
R R

where p (Kg m™) is the air density, ¢y 1s the specific heat of air (J Kg' K™), T, is the
so-called “aerodynamic surface temperature”, 74 is the air temperature at some refer-
ence height above the canopy, and R is the total resistance to heat transfer between the
nominal source height corresponding to 7, and to the reference height. If radiometric
temperature, 7}, is used as aerodynamic surface temperature, then an additional resis-
tance, called “excess resistance”, has to be computed in order to take into account the
non equivalence of 7,, and 7,. To this aim, various approaches have been proposed
over the years to solve this problem (Norman ef al., 1995; Bastiaanssen et al., 1998a,b).

For a homogeneous land cover a “single source” approach can be applied. In this
way an empirical adjustment of R is performed, assuming a linear relationship between
T, and AT = (T,, — T4) to be calibrated on the basis of the knowledge of two boundary
conditions (a dry non evaporating land unit and a fully wet surface). This approach
treats the unique soil-canopy layer as semi-transparent for the radiation input. It works
well only under limited surface conditions, but not in the cases where radiometric
temperature depends on the vegetation/soil interactions within the unit area.

On the other hand a “fwo sources”, consisting of vegetation and soil layers, takes
into account this heterogeneity and can explicitly accommodate the major factors that
influence radiometric and aerodynamic temperatures. This approach uses two sets of
soil and canopy aerodynamic resistance, connected in series or parallel to take into
account the interaction between vegetation and soil energy fluxes components.

In this paper the SEBAL single source model (Bastiaanssen et al., 1998a,b) and
the TSEB two source model (Norman et al., 1995) have been applied to simulate the
surface energy fluxes in an agricultural area located in Sicily: this study area is
characterized by typical crops-field, whose dimensions usually require a high spatial
resolution data set. In order to assess the pixel-size influence we used both satellite and
airborne imagery data sets. The comparison between airborne and satellite application
allowed the identification of the critical spatial resolution to correctly simulate the
energy fluxes in the study area.

MODEL DESCRIPTION

A detailed description of SEBAL and TSEB models can be found in Norman et al.
(1995); Bastiaanssen et al. (1998a,b); Kustas & Norman (1999a,b). A first application
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of the models in the same study area can be found in Ciraolo et al. (2006). Here we
only describe the main differences of the models, with particular attention on the
sensible heat flux, H, computation.

In both models the total net radiation estimation R,, can be performed, computing
the net available energy by taking into account the rate lost by surface reflection in the
shortwave (0.3 / 2.5 um) and emitted in the longwave (6/100 pum):

Rn = (1 _O')std + 80(%;'(;7:14 _GTO4) (3)

where R, 1s the global incoming solar radiation in the short wave, a is the surface
albedo, ¢’ is the atmospheric emissivity, & is the surface emissivity (=), o (W m>K™)
is the Stefan-Boltzmann constant, 7, (K) is the air temperature, while 7 (K) is the land
surface temperature derivable from thermal remote sensing data.

Moreover, the TSEB model splits the net radiation R, between the canopy (R, c)
and soil (R, s) 1s explicitly computed as a function of Leaf Area Index, LAI:

R, = R, expl-045L41/\[2c0s(0.)) ()
Rn,C = Rn - Rn,S (5)

where R, is computed using again equation (3) and €. is the solar zenith angle.

The soil heat flux, Go (W m™), is computed using the empirical approach: in
SEBAL the G is expressed as a semi-empirical fraction of R,, taking into considera-
tion the albedo a, the NDVI vegetation index, and the surface temperature 7j:

G, = R, 72(0.003a + 0.0060> )x (1 - 0.98NDVI*) (6)
(24

Differently in the TSEB, the soil heat flux Gy is expressed as a fraction ¢, (= 0.35)
of the net radiation at the soil surface R, s.

The estimation of sensible heat flux H solving equation (2) requires the computa-
tion of the aerodynamic resistance, R, which in SEBAL on the basis of the single layer
approach is given by:

b

K u

R=

where k (-) is the von Karman’s number, u (m s) is the wind speed at height z, ¥y (-)
and %y (-) are two stability correction functions for momentum and heat transfer,
respectively, and Lo is the Monin-Obhukov length (-). Both correction functions ¥,
¥\, and Monin-Obhukov length Ly depends on H and then on R. For this reason the
solution of equations (2) and (7) is calculated by means of an iterative method.
Furthermore, as stressed in the previous paragraph, in SEBAL the empirical
adjustment of the resistance term due to the use of radiometric temperature instead of
the surface temperature, is taken into account, assuming a linear relationship between
T, and AT = (T,, — T4) to be calibrated on the basis of the knowledge of two boundary
conditions (a dry non evaporating land unit and a fully wet surface).

Differently the TSEB scheme considers the contributions from the soil and the
canopy separately and uses a few additional parameters to solve for sensible heat. In
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particular the sensible heat flux, H, is expressed as the sum of the contribution of the
soil, Hs, and of the canopy, H., according to the assumption of parallel resistance
network arrangement. This allows rearranging the resistance term in equation (2) by
using the following expression:

Tr -T 4 (8)
T.-T,],[Ts-T,
R R+ R
where T¢ is the canopy temperature, 75 is the soil temperature and Ry is the soil
resistance to the heat transfer.

An estimate of vegetation directional fractional cover fy is used to estimate 7¢ and
Ts form T, using the following equation:

Zz[feTg+(1_fe)TS4]l/4 )

while Ry is computed from a relatively simple formulation predicting wind speed near
the soil surface (Goudriaan, 1977; Norman et al., 1995; Kustas & Norman 1999a,b).

With the additional use of the Priestley-Taylor formulation (Priestley & Taylor,
1972) for estimating canopy transpiration and consequently 7¢, then the closure of the
set of available equations (equations (8) and (9)) is achieved. Since the Priestly-Taylor
formulation is appropriate for well-watered grass surfaces in the TSEB model the use
of a greenness factor, f,, to account the specific crop conditions, has been proposed. If
no information is available on f, the authors suggest it should be set to unity (Norman
et al., 1995).

For both models, once the R,, Gy and H spatial distributions are obtained, the
instantaneous AET (W m™) spatial distribution is computed using equation (1). The
daily integration of AET and the computation of the ET; (mm d), can be performed
using the evaporative fraction parameter, A (Menenti & Choudhury, 1993):

AET (10)
Rn _GO

R=

A =

Several studies (Brutsaert & Sugita, 1992; Crago, 1996) demonstrate that, within
daytime hours, the A (0—1) values are almost constant in time. This fact suggests using
the A parameter as a temporal integration parameter. Following this consideration, the
ET, spatial distribution can be derived using the:

R
ET, =A% (11)
A
where A (MJ Kg™) is the latent heat of vaporization and R, 4 represents the averaged

net daily radiation that can be derived by direct measurement or classical formulation
proposed by FAO publications (Allen et al., 1998).

Case study and DATA DESCRIPTION

The above mentioned approaches were applied in a test area covering approximately
255 ha within the irrigation district “Basso Belice” (Fig. 1), located in the western
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Fig. 1 (a) Geographic location of the study area and (b) subset test area from airborne
data-set (surface temperatures derived from ATM sensor).

coast of Sicily, in which land use is predominantly for arboreal crops (mainly olives,
grapes and citrus fruits). The study area is mainly characterized by a typically
Mediterranean climate: during 2005 the total annual rainfall was about 700 mm, with
an annual reference evapotranspiration of about 1100 mm. The soils are mainly
alluvial deposits characterized by loam and sandy loam textures.

Two different imagery data sets were acquired during spring and summer 2005:
one airborne NERC (Natural Environmental Research Council) data set, acquired in
May, including an ATM (Airborne Thematic Mapper) image and a CASI-2 (Compact
Airborne Spectrographic Imager) image, both characterized by high spectral and
spatial resolution (3 m) and an ASTER satellite image, acquired in August, character-
ized by a 15-m spatial resolution in three visible-near infrared bands and 90-m resolu-
tion in five thermal infrared bands.

Inside the study area a smaller subset (Fig. 1(b)) has been used as ground
observation site, where standard agro-meteorological data, scintillometer (Scintec
SL.S20 model) based flux components and spectroradiometer measurements have been
collected during aircraft and satellite overpasses.

Remote sensing data pre-processing

The NERC airborne overflight was performed on 16 May 2005 at about noon (local
time). The study area was acquired from a distance of 1400 m in three flight tracks.
The nominal spatial resolution is 2.5 m.

From the radiometric point of view the ATM sensor records the incoming
radiation in 11 spectral bands ranging from visible and near-infrared (VIS/NIR, bands
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1-8), short-wave infrared (SWIR, band 9 and 10) to the thermal infrared (TIR, band
11). The CASI-2 sensor has been setup to record the spectral radiance in visible and
near-infrared bands using a multispectral acquisition that uses 12 bands precisely
placed narrow wavelengths to measure specific vegetation phenomena.

At the same time of the image acquisition a field survey was carried out by
measuring spectral and vegetation parameters in correspondence of predefined targets:
in order to perform the radiometric correction of the images, several spectral measure-
ments have been also acquired on homogeneous targets (asphalt, sand, bare soil,
vegetation) by using an ASDI FieldSpect HH spectroradiometer. For the scope of the
present study we used all the bands acquired by the CASI-2 sensor and the thermal
infrared band of ATM sensor to map the surface temperature. An empirical line
method (Slater et al., 1996) was applied to calibrate CASI-2 bands in reflectance and to
correct the atmospheric influence: albedo and vegetation index distributions were
calculated using these corrected bands.

The temperatures recorded by the ATM thermal band were compared with the
ground temperatures measured at several points at the same time of the acquisition and
an empirical adjustment has been applied. Figure 2(a) and (b) shows the accuracy
obtained from the abovementioned corrections in both CASI-2 VIS/NIR spectral range
and ATM thermal band.

The geometric correction of the entire data set has been performed using the
NERC Azgcorr software that performs geocorrection of ATM and CASI-2 data using
aircraft navigation data and Digital Elevation Model (DEM) of the acquired zone.

The ASTER image of the study area was recorded on 16 August 2005 at about
11:00 h (local time). The image data has been geometrically and radiometrically
calibrated (Epema, 1990) and atmospherically corrected (Chavez, 1988). As regards
the thermal bands, the atmospherically corrected radiometric temperature has been
retrieved using field temperature measurements acquired at the same moment of the
satellite overpass.
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Fig. 2 Validation of correction procedures used to calibrate VIS-NIR CASI2 and
ATM thermal bands.
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RESULTS

SEBAL and TSEB models have been applied using the two sets of data retrieved from
the remotely sensed airborne and satellite images described in the previous paragraphs
as input. The outputs of the models have been analysed and compared either in terms
of spatial distribution, or in terms of pixel-by-pixel scatterplots.

The pixel size effect has been analysed not only by the comparison of the results of
simulations using the NERC and ASTER data set, but also degrading the resolution of
the NERC airborne imagery (3 x 3 m) to the resolution of the ASTER satellite image
(90 x 90 m).

SEBAL vs TSEB: NERC data

Figure 3(a),(b) show the daily evapotranspiration (E7y) spatial distribution obtained by
applying the SEBAL and TSEB models on the airborne data. The comparison of the
two spatial distributions doesn’t display a significant difference, showing similar
patterns of evapotranspiration values.

Scatterplots reported in Fig. 4(a)—(c) show the comparison of each flux as simula-
ted by the two models: some difference can be found in this graphs. The ET, assess-
ment, as evidenced in the spatial distribution analysis, are very similar (Fig. 4(c)), but
this is due to a compensation effect in the Gy and H estimations.

In fact, the Gy distribution obtained by the SEBAL model are overestimated
compared to the TSEB ones (Fig. 4(a)): in particular differences of 20-30 W m™ can
be found in zones characterized by low LAl values (0 < LAI <1).

Moreover the Gy values calculated by SEBAL show a low variability around the
value of about near 110 W m™, while TSEB estimations vary within the 80—140 W m™
range. This overestimation is compensated for by the under-estimation of the sensible
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Fig. 3 Daily ET maps obtained from NERC airborne imagery using (a) SEBAL and
(b) TSEB models.
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Fig. 4 Scatterplots of SEBAL vs TSEB modelled fluxes and evapotranspiration
outputs derived using NERC data set.

heat H values calculated by SEBAL compared with the TSEBS ones (Fig. 4(b)). The
abovementioned underestimation, already reported in the literature (Ciraolo et al.,
2006), has been found in each vegetation class, with a range of variability between 20
and 60 W m™.

The overestimation of instantaneous sensible fluxes, H, which also results in
similar studies (Savige et al., 2005; Ciraolo et al., 2006), can be related to an
underestimation of the aerodynamic resistance to the heat transport, since SEBAL does
not take into account the soil-canopy interactions.

The abovementioned behaviour has been partially confirmed by the ground truth
data collected during the airborne overpass: energy fluxes were acquired using a
scintillometer (Scintec SLS20 model) and other micrometeorology sensors located
over an alfalfa field (0.5 ha in area) well defined in the high resolution images. Table 1
shows the comparison between measured and modelled values. R, estimates are within
12 W m™ from measured values, while the most significant differences were observed
in Gy and H simulated values. In these cases, both SEBAL and TSEB estimations
exceed the measurements, causing an underprediction of E7y. However, the observed
differences can be considered acceptable for TSEB estimations, causing an



Evaluating actual evapotranspiration by means of multi-platform remote sensing data 215

Table 1 Comparison between scintillometer based measurements and model flux estimates. In
parentheses are reported the standard deviation of measured and modelled values.

Average flux Measured SEBAL TSEB
R, (Wm?) 431 (33) 419 (17)
R,, (Wm?) 184 (36)
R,. (Wm? 235(32)
H (Wm? 83 (16) 146 (28) 105 (13)
H,  (Wm?) 43 (9)
H. (Wm? 61 (8)
G (Wm? 49 (6) 58.7 (10) 65 (13)
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Fig. 5 Scatterplots of 3-m vs 90-m model outputs obtained using SEBAL.

underestimate of AET of about 33 W m'z, while in SEBAL this underestimate is about
74 W m™, producing an underestimation of ET; of about 1 mm d™".

Figures 5(a)—(d) and 6(a)-(d) show the pixel size effect on the energy fluxes
resulting from the SEBAL and TSEB models. In this first analysis, the airborne data
images were degraded in order to obtain a 90-m resolution similar to the ASTER
thermal bands. In this case the SEBAL model overestimates H, compared to the value
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obtained by using the higher pixel size resolution. This overestimation affects the ET,
values, which are underestimated by about 1 mm d™'. The same effect has been not
found when applying the TSEB model. It seems that TSEB is weakly affected by the
pixel size degradation as shown in Fig. 6(a)—(d).

SEBAL vs TSEB: ASTER data

The effect of the pixel degradation has also been analysed by applying the SEBAL and
TSEB models to ASTER data, with similar results as observed with the NERC
degraded data set. Also in this case the tendency to underestimate the daily ET using
SEBAL is confirmed comparing the two maps in Fig. 7(a),(b) and Fig. 8(a—c). The ET,
underestimates are mainly due to an overestimate of the sensible heat fluxes. These
underestimates range between 50 and 90 W m™.

The Gy values analysis confirms as observed for the NERC data analysis: the
SEBAL model estimates an almost constant value for G, (about 90 W m'z) while the
TSEB G estimations range between 70 and 120 W m>.

120 1 : 250
Soil heat flux Gy ; ; | Sensible heat flux H
o b I Y # | |
A . L ————-
! ' L / A !
o0 Lo L g
£ 100 | o E S5 5 |
5 om0 ?mﬂ o 150 SR e
B 90 [apaid 43R0 0 85 o) i i ‘
= o Caats ot o =i
L0 ot @4a%e 0 o8| 7 | |
%0 a0 " O 00<LAT<10 100 ooy e | © 00<LAI<10
! i 4 10<LAI30 i | s Lo<LaI<3o
(a) ? —11 (b) |
70 ' ‘ : 50 ' ' :
70 80 90 100 110 120 50 100 150 200 250
TSEE [Wm?| TSEE [Wmn?|
6 H
Daily Evapotranspiration ET, | '
© 00<LAI<10 ' '
3 4 10<LAI<3.0
"z —11
E
4 A
=
o
[}
g
3 S
rFy
(c)
2 1 1 s 1
2 3 4 5 6

TSEB [mmd}]

Fig. 8 Scatterplots of SEBAL vs TSEB modelled fluxes and evapotranspiration
outputs derived using ASTER data set.
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DISCUSSION AND CONCLUSIONS

The purpose of this work has been the comparison of two different energy balance
models in the actual evapotranspiration estimation in a Mediterranean region. We
focused the attention to the main conceptual differences between “single-layer” and
“two-layer” approaches by the application of the well known SEBAL (Bastiaanssen et
al., 1998a,b) and TSEB (Norman et al., 1995) models. The comparison has been
carried out using airborne multispectral imagery and a satellite ASTER image in order
to investigate the pixel size effect on fluxes computation.

As a general conclusion we can confirm that the SEBAL model suffers a general
overestimation of sensible heat fluxes H caused by the underestimation of the
aerodynamic resistance to the heat transport which does not take into account the soil-
canopy interaction.

For the aims of this study, focused to the evaluation of ET, this effect is
compensated for by an overestimation of soil heat flux, especially for the high spatial
resolution airborne images. This behaviour produces similar E7,; estimations compared
to the TSEB ones.

The pixel size dimension is crucial for these applications, especially in
Mediterranean semiarid regions where agriculture fields are typically of the order of
hectares. From this point of view, the case study showed that the spatial resolution of
the ASTER thermal band can be considered as an upper limit to correctly identify the
spatial distribution of ET,;. However, applying the single layer model, the ASTER
resolution seems to not be appropriate because the homogeneous land cover hypothesis
is not respected. On the contrary the TSEB dual sources approach also gives reliable
results in this case, because this model takes into account the soil-canopy interactions
within the pixel.

To overtake this problem, an application of the disaggregation methods useful to
obtain a better resolution synthetic thermal band using NDVI distribution, often
available at finer pixel resolution, will be performed in the near future to improve E7,
estimations using coarser resolution (Kustas et al., 2003).
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