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agriculture and flood forecasting purposes and are
now a valid tool for engineering and agricultural
practice, filling the gap in research investigation
(Noilhan and Planton 1989, Famiglietti and Wood

1 INTRODUCTION

Distributed hydrological models allow estimation of 
energy and water fluxes at various scales (local, 
basin, global) for water resources management,



1994, Bastiaanssen et al. 1998, Montaldo and
Albertson 2001, Su 2002, Caparrini et al. 2004,
Corbari et al. 2011). However, how to define the
reliability of the implemented algorithms and their
numerical validation is still an open problem due to
the difficulties mainly related to the definition of
variables that are representative of each single pro-
cess and whether the measurements themselves are
reliable (Beven and Binley 1992, Refsgaard and
Knudsen 1996, Refsgaard 1997, Ciarapica and
Todini 2002, Brath et al. 2004, Lohmann et al.
2004, Rabuffetti et al. 2008). Calibration and valida-
tion of distributed models at the basin scale generally
refer to external variables, which are integrated catch-
ment model outputs, and usually depend on compar-
ison of simulated and observed discharges at
available river cross-sections, which are usually
very few. However, distributed models allow an
internal validation due to their intrinsic structure
(Dooge 1986, Fawcett et al. 1995), and so the
model internal processes and variables can be con-
trolled in each cell of the domain, e.g. soil moisture
(SM), land surface temperature (LST) and evapotran-
spiration fluxes (ET). Hence, there is the opportunity
to increase the flux control points so that mass bal-
ance accuracy can be improved. At the local scale,
evapotranspiration is easily measurable with eddy
covariance stations and it can be used for internal
control of distributed models (Wilson et al. 2002),
whereas, at basin or global scales, the monitoring of
energy fluxes or soil moisture is more complicated
due to the lower footprint representativeness of
ground data (Ferguson et al. 2010).

Satellite data, which are intrinsically spatial in
nature, can be used for the internal calibration/
validation of distributed hydrological models if
they are based on energy and water balance equa-
tions. Satellite images are important tools for use in
conjunction with distributed models, although their
reliability should be analysed. In recent years, a
large number of satellites have been launched for
the direct retrieval of soil moisture from passive to
active microwave sensors such as AMSR-E,
ASCAT or SMOS (Kerr et al. 2001, Naeimi et al.
2009, Wagner et al. 2008). However, some pro-
blems remain if these images are to be used in
conjunction with hydrological models for opera-
tional water management applications. One of the
main aspects is linked to the spatial resolution of
the available products, which ranges between 25
and 50 km and is too coarse for model output
comparison.

Land surface temperature (LST) satellite infor-
mation seems to solve many limitations and difficul-
ties of the technology based on microwave satellite
images, although some uncertainties should be
addressed, particularly over heterogeneous areas:
their spatial resolution, scan angle of view of the
sensor and surface emissivity (Sobrino et al. 1994,
Jacob et al. 2004, Kustas et al. 2004, Sòria and
Sobrino 2007). Recently some satellites have been
launched with on-board sensors in the thermal infra-
red range, such as AATSR, MODIS and SEVIRI,
with a low spatial resolution (1–5 km) but high
temporal resolution (15 min to 12 h).

The LST is a critical model state variable and
remotely-sensed LST can be effectively used, in
combination with energy and mass balance modell-
ing, to monitor latent and sensible heat fluxes.
Indeed, through this system of equations, a link
between LST, SM and latent and sensible heat
fluxes is generated. The research community has
widely used LST images from different sensors as
input to energy and water balance models for eva-
potranspiration estimates (Kalma et al. 2008). Two
main types of energy water balance models have
been set-up: (a) models that compute evapotran-
spiration as the residual term of the energy balance
equation using LST as input data, e.g. the SEBAL
(Bastiaanssen et al. 1998), SEBS (Su 2002), TSEB
(Norman et al. 1995) and S-SEBI (Roerink et al.
2000), and (b) models that solve the water and
energy balances for LST, e.g. VIC (Liang et al.
1994) and TOPLATS (Famiglietti and Wood 1994).
However, little effort has been made to understand
whether LST detected by remote sensing can be a
representative proxy of water balance processes at
the surface, such that LST can be used to calibrate
and validate hydrological models.

Given this context, the purpose of this work is to
evaluate the use of LST retrieved from remote sen-
sing data at different spatial and temporal resolutions
for the internal validation of a distributed hydrologi-
cal model to control its mass balance accuracy as a
complementary method to traditional calibration/vali-
dation with streamflow measurements. To achieve
this objective, an intercomparison across scales
between modelled and observed land surface tem-
peratures is performed to understand if these two
are comparable. The analysis at the local scale is a
support for the analyses at bigger scales so as to
understand the individual hydrological processes
and the behaviour of LST in different conditions,
such as during night-time and daytime, or over bare



soil or vegetation. These analyses are a first step
towards the possible use of LST for the calibration
of hydrological model parameters (soil and vegeta-
tion parameters) or for data assimilation.

The proposed approach contributes to the
research direction highlighted 30 years ago by
Jim Dooge (Dooge 1986), who encouraged the
scientific modelling community to analyse the
behaviour of the model internal state variables
(e.g. soil moisture and its proxy) in addition to
the traditional external fluxes (e.g. discharge) to
obtain better understanding of hydrological pro-
cesses and model analysis.

The distributed hydrological model, Flash-flood
Event-based Spatially-distributed rainfall–runoff
Transformation – Energy Water Balance model
(FEST-EWB) (Mancini 1990, Corbari et al. 2011),
is used. Several case studies have been carried out on
areas ranging from agricultural district areas to river
basins using data from operational satellite sensors
and specific airborne flights. The case studies include
a maize field in Landriano (Italy), the agricultural
district of Barrax (Spain) and the Upper Po River
basin (Italy).

2 THE ENERGY WATER BALANCE
ALGORITHM IN THE FEST-EWB MODEL

The FEST-EWB model is a distributed hydrological
energy water balance model that computes all the
main processes of the hydrological cycle in each
cell of the domain and runs in continuous time.
Detailed descriptions and updates of FEST-EWB are
available: Mancini (1990), Rabuffetti et al. (2008),
Corbari et al. (2009, 2010, 2011) and Ravazzani
et al. (2011).

Inputs to the model are: meteorological data (i.e.
air temperature, incoming shortwave radiation, wind
velocity, precipitation, air humidity), distributed
maps of soil parameters (i.e. the digital elevation
model, saturated hydraulic conductivity, field capa-
city, wilting point and soil depth) and vegetation
parameters (i.e. leaf area index and vegetation
height).

The energy budget of the soil–vegetation–low
atmosphere system is solved by looking for the
representative equilibrium temperature (RET),
defined as the land surface temperature that closes
the energy balance equation for any pixel of the
basin surface. The model solves the system
between energy and mass balances at the ground
surface:

d SM

dt
¼ P � R� PE� ET

dz
ð1Þ

Rn � G� H � LE ¼ dS

dt
ð2Þ

8><
>:

where SM (-) is the volumetric soil water content of the
layer, P (mm s-1) is the precipitation rate, R (mm s-1) is
the runoff flux, PE (mm s-1) is the drainage flux,
ET (mm s-1) is evapotranspiration, dz (mm s-1) is the
soil depth, Rn (Wm-2) is the net radiation, G (W m-2) is
the soil heat flux, H (W m-2) is the sensible heat flux,
LE (W m-2) is the latent heat flux and dS/dt encloses
the energy storage terms, such as the photosynthesis
flux and the crop and air enthalpy changes.

These equations are solved explicitly with
respect to RET, which includes the thermodynamic
heterogeneity of the pixel surface and the link with
the aerodynamic resistance in the turbulent fluxes
estimate. In theory, the computed RET should thus
be congruent with radiometric measurements from
remote sensing (Norman and Becker 1995), so allow-
ing comparison between them. In particular, ET is
linked to the latent heat flux through the latent heat of
vaporization (λ) and the water density (ρw):

LE ¼ λρwET (3)

The latent heat flux is then computed as:

LE ¼ ρacp
γ

e� � eað Þ f v
ðra þ rcÞ þ

1� f v
ðrabs þ rsÞ

� �

(4)

where ρa is the air density, γ is the psychrometric
constant (Pa °C-1), fv is the vegetation fraction and cp
is specific heat of humid air (MJ kg-1 K-1). The
saturation vapour pressure (e*) is computed as func-
tion of the RET (Brutsaert 2005) and the vapour
pressure (ea) as a function of air temperature. The
canopy resistance (rc) is expressed following Jarvis
(1976), while the soil resistance (rs) according to Sun
1982. The aerodynamic resistance (ra for vegetation
and rabs for bare soil) is computed using the Thom
model (Thom 1975).

3 STUDY SITES

Model validation at the local/field scale is performed
for a maize field in Landriano (Italy), the agricultural
district is in the Barrax area in Spain, while for



basin-scale analysis, the Upper Po River basin (Italy)
is considered (Fig. 1).

3.1 Field scale

Landriano eddy covariance station (45.19N, 9.15E) is
located on the Po River plain (Italy) and operated by the
Politecnico of Milano and University of Milano. The
site is an experimental field of maize of 0.01 km2

surrounded by other maize fields. The data used in
this work were measured from 13 March to 11
October 2006. Maize was planted on 1 June and har-
vested on 11 October at a height of 224 cm. The station
is equipped with different sensors to measure the prin-
cipal mass and energy fluxes, such as net radiation,
evapotranspiration and soil moisture at different depths
(Corbari et al. 2012). In particular, ground land-surface
temperature, used for model validation, was measured
by the CNR1with a Kipp and Zonen radiometer located
at 5 m height. Data were stored every 30 minutes. Land
surface temperature was also retrieved fromMODIS on
board the operational satellites Terra and Aqua, at a
spatial resolution of 1 km in the thermal infrared
bands (Barnes et al. 1998). This comparison was
made at 1-km spatial resolution because the maize
field is quite homogeneous and is surrounded by other
maize fields.

A total of 104 daily and nocturnal images
of MODIS11 LST products (MYD11A1 and
MOD11A1 (https://lpdaac.usgs.gov/)) were selected
for the whole simulation period. The dataset of mod-
elled RET was created using only the values simu-
lated during the MODIS satellite overpass. A similar
dataset was obtained for observed LST from the
ground radiometer located in the field.

Soil moisture was measured by CS616 Campbell
Scientific probes at different depths, from 10 cm to
65 cm. The FEST-EWB model was run at a temporal

resolution of 30 min and at point scale. The soil
depth was set equal to 60 cm, which corresponds to
the maximum measured root length.

3.2 Agricultural district

The agricultural district of Barrax (39.3N, 2.6W),
near Albacete in Spain, is an extremely heteroge-
neous area characterized by a patchwork of irrigated
and non-irrigated fields of different shapes and sizes
that are cultivated with winter cereals, corn, barley/
sunflower, onions and other vegetables, or are fallow.
The weather is very dry and hot during summer. This
area was selected as a test site for a field campaign
during June–July 2005 in the framework of the inter-
national SENtinel-2 and FLuorescence EXperiment
(SEN2FLEX) project funded by the European Space
Agency (University of Valencia 2005; www.uv.es/
leo/sen2flex/). During the field campaign, 12 daytime
and night-time overpasses were performed by an
aeroplane with the Airborne Hyperspectral Scanner
(AHS) on board. Land surface temperature images
were obtained at a spatial resolution of 10 m with the
Temperature and Emissivity Separation (TES)
method (Gillespie et al. 1998), as reported in detail
in Sobrino et al. (2008). FEST-EWB was run at a
spatial resolution of 10 m and a temporal resolution
of 10 min due to computing limitations.

The AHS images were then resampled to the
10 m spatial resolution of FEST-EWB so as to be
directly comparable.

3.3 Basin scale

The test area is the Upper Po River basin above the
confluence of the Po and Ticino rivers at the Ponte
della Becca cross-section in northern Italy, with a total
area of about 38 000 km2. This basin drains an alpine

Landriano (0.01 Km2)
Upper Po river

basin (38000 Km2)Barrax (12 Km2)

100m 500m 50 km

Fig. 1 The validation sites: Landriano (Italy; 0.01 km2) and Barrax (Spain; 12 km2) (from Google Images) and the Upper
Po River basin (Italy; about 38 000 km2) from a MODIS RGB image.

https://lpdaac.usgs.gov/
http://www.uv.es/leo/sen2flex/
http://www.uv.es/leo/sen2flex/


region with mountains covering 37% of its territory,
and includes 2300 km2 of rice paddies (6% of total
area) in the flat plain, which are completely submerged
by irrigation between May and October.

Meteorological data for 1 January 2000 to 31
December 2003 at an hourly or sub-hourly time step,
were collected by the monitoring systems of Arpa
Piemonte, Lombardia and Valle d’Aosta and of
Switzerland (Rabuffetti et al. 2008). In total, 455 air
temperature stations are available, 169 record relative
air humidity and 80 record incident short-wave solar
radiation. Observed ground data were interpolated
every hour to a regular grid using the inverse distance
weighting method. For air temperature interpolation,
a correction that takes into account the reduction of
temperature with altitude with a constant lapse rate of
–0.0065°C m-1 was used, while, for the incoming
shortwave radiation, the effect of complex topogra-
phy was taken into account (Corbari et al. 2011).

Satellite images of land surface temperature are
acquired from MODIS sensor (MYD11A1 and
MOD11A1) products. For the four years of simulation,
2000–2003, 130 daytime and night-time images having
cloud cover <20% over the entire area were selected,.

FEST-EWB was run at the satellite data spatial
resolution of 1 km and with a temporal resolution of
1 hour.

4 COMPARISON BETWEEN REMOTE
SENSING LST AND MODELLED RET

The FEST-EWB model is now validated at different
spatial and temporal scales by comparing simulated
RET and observed LST recorded at different spatial
resolutions by radiometric sensors located on the
ground surface, on the aeroplane and on satellites.

4.1 Statistical parameters

For the evaluation of RET estimates, the mean bias
error (MBE), the root mean square error (RMSE) and
the relative error (RE) are computed as follows:

MBE ¼
Pn
i¼1

RETi � LSTi

� �
n

(5)

RMSE ¼
Pn
i¼1

RETi � LSTi

� �2
n

2
664

3
775
0:5

(6)

RE ¼ 100 � RMSE

LST
(7)

where RETi is the ith representative equilibrium tem-
perature simulated by FEST-EWB, LSTi is the ith
land surface temperature measured by a radiometer,
n is the sample size, and LST is the average of
measured land surface temperature.

Moreover the Nash-Sutcliffe efficiency index, η,
is also computed (Nash and Sutcliffe 1970):

η ¼ 1�
Pn
i¼1

ðRETi � LSTiÞ2

Pn
i¼1

ðLSTi � LSTÞ2
(8)

The Nash-Sutcliffe efficiency is commonly used to
assess the predictive power of hydrological models. It
can range from −∞ to 1. Essentially, the closer the
model efficiency is to 1, the more accurate the
model is.

4.2 Field scale

In Fig. 2, RET from FEST-EWB and measured LST
from ground and satellite radiometers are compared
and the results are reported in a scatter plot. A linear
regression forced through the origin between RET (x)
and LST from the station (y) is computed
giving y = 0.97x (R2 = 0.91), while an angular coeffi-
cient of 0.90 is obtained (R2 = 0.90) when modelled
values (x) are compared with the satellite ones (y).

The evaluation parameters are summarized in
Table 1. The Nash and Sutcliffe index reaches high
values both for the comparison between RET and
LST from the station, where η is equal to 0.91, and
for the comparison between RET and LST from
MODIS (η = 0.85). Low values of MBE, RE and
RMSE are obtained for both the satellite and
ground data, confirming the good capability of
the model in reproducing observed land surface
temperatures.

The statistical parameters were then analysed in
more detail differentiating between daytime and
night-time data, and between vegetation and bare
soil periods. During daytime, the observed ground
and satellite data are always higher than modelled
RET, whereas the opposite occurs at night. From the
comparison with ground measured LST, no relevant
difference is found between the bare soil period and
the vegetated one, for both errors are similar, with



MBE between –0.3 and 0.2°C and RMSE between
2.1 and 2.4°C (Table 1). However, when RET is
compared to MODIS, higher errors are found when
the field is without vegetation. This is probably
linked to the spatial resolution of the satellite images
which cover a bigger area than the analysed field.
The Landriano field is bordered by a few trees which
may influence the land MODIS surface temperature.

As previously stated, land surface temperature
can be used as a control of soil moisture dynamics
as represented in the FEST-EWB model through the
system of mass and energy balance equations which
are linked by evapotranspiration. Figure 3 compares
the observed soil moisture, defined as the average
over the vertical between the measurements at 10, 20,
35 and 65 cm, and the modelled SM; the reported
data, from day 195 to day 266, show a good accor-
dance during dry as well as wet periods. In fact, MBE
is equal to 0.007, RMSE to 0.03, RE to 6% and η is
equal to 0.81.

4.3 Agricultural district

The RET values from FEST-EWB were compared
with LST retrieved from AHS images during the 12
flights. In Fig. 4, RET and LST from AHS,
resampled to 10 m are reported for 13 July at 13:45

Table 1 Field-scale statistical parameters between RET (°C) and LST (°C) from the ground radiometer and
from MODIS (Std Dev: standard deviation).

Radiometer MBE (Std Dev) (°C) RMSE (°C) RE (%) η

MODIS Total data 2.2 (2.1) 2.5 8.1 0.85
Diurnal data 2.4 (2.1) 3.3 11.0 0.79
Nocturnal data –0.66 (3.3) 2.1 11.6 0.83
Bare soil period 2.9 (2.4) 5.3 10.5 0.79
Vegetation period 1.8 (1.6) 2.4 7.4 0.86

Station Total data 0.6 (1.6) 1.6 2.2 0.91
Diurnal data 1.5 (1.6) 2.2 3.4 0.85
Nocturnal data –1.4 (2.0) 2.6 –1.8 0.9
Bare soil period –0.3 (2.1) 2.1 –2.9 0.87
Vegetation period 0.2 (1.7) 2.4 0.6 0.92
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Fig. 3 Field-scale comparison between simulated and
observed SM (-) from 14 July to 2 October 2006.

y = 0.97x

R2 = 0.91

y = 0.90x

R2 = 0.90
0

10

20

30

40

50

400 10 20 30 50

RET (°C)

ob
se

rv
e

d
 L

S
T

 (
°C

)

LST-station

MODIS-AQUA
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The regression equation and R2 are reported.



UTC+1, as an example. Histograms of LST from
AHS and of the RET show similar frequency distri-
butions. These are characterized by a bimodal distri-
bution due to the distinction between crops and bare
soil; although at lower temperatures more classes are
identified due to the presence in the fields of crops at
different growth stages and of different soil moisture
conditions. The map of RET minus LST from AHS
shows low values in all pixels (Fig. 4) indicating that
the model is able to correctly reproduce the higher
values of LST as well as the cooler pixels. Model
ability to reproduce observed LST is also confirmed
by the spatial autocorrelation functions (AC) of these
two variables (Fig. 5) under the hypothesis of a

LST

LST

Fig. 4 Agricultural district-scale values of RET (°C) and LST (°C) from AHS and their difference (RST – LST; °C), and
SM (-) from FEST-EWB for 13 July 2005 at 13:45: maps and histograms.
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fest-10m -SM

ahs-10m-LST

Fig. 5 Agricultural district-scale spatial autocorrelation
functions (AC) for RET (°C) and LST (°C) from AHS
and SM (-) from FEST-EWB for 13 July 2005 at 13:45.



stochastic process and of isotropy; thus AC is a
function only of the distance between two points
and not of the direction. The autocorrelation function
of the simulated variable behaves in the same way as
the observed LST AC function, confirming the suc-
cess of the model in reproducing observed
heterogeneity.

Furthermore, in Fig. 4, a simulated soil moisture
map and its histogram are reported for 13 July show-
ing, from a first simple look, the link between land
surface temperature and soil moisture. In fact the
hotter pixels are associated with drier pixels, while
the cooler ones are the wetter. This spatial agreement
is confirmed by the AC function of soil moisture
which looks quite similar to the AC of RET and of
LST from AHS (Fig. 5).

The FEST-EWB evaluation parameters were then
computed for 12 dates: MBE (difference between RET
and LST from AHS), RMSE, RE and η are plotted in
Fig. 6. MBE ranges between 0.88 and –1.24°C, RMSE
between 1.31 and 3.3°C, while RE and η are between
1.83 and –5.69% and 0.62 and 0.85 respectively.
These statistical results endorse the success of the

model in correctly reproducing high-resolution land
surface temperature values linked to vegetation type,
growth vegetation period and irrigation.

In Table 2 the mean evaluation parameters are
reported for all the images. Moreover daytime and
night-time values are highlighted showing better
agreement between FEST-EWB RET and LST from
AHS during day than night.
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Fig. 6 Agricultural district-scale statistics for comparison between RET (°C) and LST (°C) from AHS for the 12 available
images: (a) MBE, (b) RMSE, (c) RE and (d) η.

Table 2 Agricultural district-scale statistical parameters
between RET (°C) and LST (°C) from AHS for the 12
available images. MBE and Std Dev (°C), RMSE (°C), RE
(%) and η are computed considering the total database,
diurnal and nocturnal data, bare soil and vegetated fields.

MBE (Std
Dev) (°C)

RMSE
(°C)

RE
(%)

η

Total data –0.33 (2.5) 2.5 –1.4 0.78
Diurnal data –0.15 (2.5) 2.4 –0.6 0.81
Nocturnal data –1.21 (1.3) 2.9 –3.6 0.62
Bare soil –0.2 (1.5) 1.3 –1.1 0.91
Vegetation with fractional
cover >0.8

0.1 (2.1) 2.2 –2.1 0.77

Sparse vegetation –0.5 (2.9) 3.1 –3.5 0.64



The statistical parameters were also computed to
distinguish between bare soil, vegetation with frac-
tional cover >0.8 and sparse vegetation. In Table 2,
an RMSE of 1.3°C is found for bare soil, of 2.2°C for
dense vegetation, while a higher value, 3.1°C, is
found for sparse vegetation fields. This result is
linked to the difficulty of correctly defining the
roughness of a complex scattered area in the hydro-
logical model and also the emissivity in LST retrieval
in airborne images (Sobrino et al. 2008).

4.4 Basin scale

At the basin scale, land surface temperature data
retrieved from satellite images are robust for the
validation of distributed hydrological models, provid-
ing many control points and so complementing tradi-
tional calibrations with discharge measurements at a
few available control cross-sections.

In Fig. 7, as an example, 16 maps of LST from
MODIS and RET are reported for 2003 and illustrate
the good ability of the model in reproducing satellite
data for summer as well as winter periods. Moreover,
the different thermodynamic behaviour of the moun-
tains, with lower temperature, and the plains, with
higher temperature, is clearly visible in the observed

maps as well as the simulated ones. This similarity is
also confirmed by the frequency distribution analyses
reported in Fig. 8 for three selected dates, 25 January at
13:00, 16 March at 13:00 and 7 June at 15:00 for the
year 2003. A similar distribution of pixels number is
found between RET and MODIS LST in each class.
The analysis of histograms has been performed for the
entire database, but is not reported here.

Autocorrelation functions of LST from MODIS
and RET have been computed to understand the
capability of FEST-EWB to correctly reproduce the
surface heterogeneity of the Upper Po River basin.
Autocorrelation functions for the same dates as used
to compute histograms (25 January at 13:00, 16
March at 13:00 and 7 June at 15:00 for 2003) show
similar behaviour of LST from MODIS and RET
from FEST-EWB with a similar degree of correlation
decreasing with the distance (Fig. 9).

The evaluation parameters are also estimated at
the catchment scale: MBE, RSME, RE and η are
reported in Fig. 10 for each of the 130 images.
MBE lies between –3.6 and 4.3°C, RMSE is between
2.2 and 6.3°C, RE ranges from 2.6 to 6.5%, while
η is between 0.4 and 0.8. Furthermore, modelled
RET over the four years of simulation is, on average,
2.9°C higher than satellite LST with a standard
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deviation of 5.8°C and a Nash-Sutcliffe index η of
0.8 (Table 3). These results indicate that the model is
in reasonable agreement with observed land surface
temperatures.

Due to the very high heterogeneity of the basin,
a more detailed analysis is needed to understand the
thermodynamic behaviours of the different types of
soil–vegetation system. So the basin was subdivided
into more homogeneous areas using CORINE land
cover maps (CEC 1994, EEA 2000) updated in 2000
for the Italian part and in 1990 for the Swiss part.
Five homogeneous types of land cover were identi-
fied: forest, agricultural area, pasture and brushwood
area, water and rice paddies. Urban areas were
excluded because the model does not simulate
them. Table 3 shows MBE, RSME, RE and η com-
puted for these land cover types and shows that good
accuracy is reached for forest, rice paddies and water
surface (low values of MBE, RSME, RE) because the

vegetation parameters can be identified reasonably.
The agricultural plain area shows bigger errors, a
mean difference of 3.4°C and standard deviation of
5.7°C, due to the difficulty of exactly representing
the vegetation dynamics in these large areas, such as
the type of crop and its exact sowing and harvesting
dates, and knowing the irrigation dates for each field.

Soil moisture maps and their autocorrelation
functions from FEST-EWB were also considered
due to the possible influence of land surface tempera-
ture on water balance dynamic. Figure 9 also shows
AC functions of SM for the three dates and a good
agreement between modelled and observed land sur-
face temperature is evident.

5 DISCUSSION

An intercomparison across scales between remotely
sensed LST and RET from FEST-EWB has been

16mar 13:00 2003

25jan 13:00 2003

7 jun 15:00 2003

MODIS FEST-EWB

Fig. 8 Basin-scale histograms comparing RET (°C) and LST (°C) from MODIS for 25 January at 13:00, 16 March at 13:00
and 7 June at 15:00, in 2003.



presented and similar results have been found. Lower
errors are obtained at the local/field scale, where
processes and parameters are easily controllable,
than at the basin scale where more assumptions
about the individual processes are necessary and
there are greater uncertainties related to the hetero-
geneity of a single pixel for the definition of soil and
vegetation parameters.

Furthermore, at all scales during daytime,
observed ground and satellite LST are always slightly

higher than modelled RET, while the opposite is
valid during the night. At local scale no relevant
differences are found in terms of statistical errors
between the bare soil and the vegetation period; in
contrast, for the Barrax area the fields with sparse
vegetation are characterized by the highest errors,
probably due to the difficulty of correctly defining
the aerodynamic roughness over the complex scat-
tered area. For the Upper Po River basin, greater
errors are highlighted over non-natural vegetated
areas due to the difficulties of exactly representing
the vegetation dynamics linked to sowing and har-
vesting and the exact type of crop, and also to the
irrigation dates for each single field.

These statistical results of the comparison
between observed LST and simulated RET at differ-
ent scales should be seen in terms of hydrological
applications with the scope of estimating evapotran-
spiration fluxes, soil water content and river dis-
charge, and not as the calibration of remote sensing
algorithms. The importance of performing analyses at
the local scale, where all the main processes are
monitored, is highlighted throughout the paper. In
fact, point studies are a help in understanding the
hydrological processes, such as the different beha-
viour of land surface temperature during night-time
and daytime, or over bare soil or vegetation, and in
implementing the hydrological model at basin scales.

Furthermore, remote sensing imagery uncer-
tainty, linked to the retrieval algorithms, should also
be taken into account. In fact the definition of satel-
lite LST over heterogeneous areas should be analysed
regarding their spatial resolution, the scan angle of
view of the sensor and emissivity (Sobrino et al.
1994, Jacob et al. 2004). Sobrino et al. (2003) ana-
lysed the accuracy of the MODIS LST product show-
ing that the mean bias with ground data is equal to
2 K, which is comparable to the modelled RET
errors.

6 CONCLUSIONS

In this paper, an intercomparison across scales
between remotely sensed LST and representative
equilibrium temperature from a distributed energy
water balance model has been presented, showing
the feasibility of using land surface temperature
retrieved from remote sensing data at different spatial
and temporal resolutions as a control of mass balance
accuracy in a distributed hydrological model of each
pixel of the domain, due to the effect of LST on
energy and mass flux estimates. The results of the
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comparison between RET from FEST-EWB and
remotely-sensed LST data at different spatial scales
presented in this work indicate that the modelled
RET is in reasonable agreement with LST measured
from remote sensing in a hydrological context for
operational applications in water management. The
analyses performed at different spatial scales provide
insight to the behaviour of individual processes at the
local scale to successively apply the procedures at
larger scales.

Simulated RET was compared to observed
ground and satellite LST for the Landriano maize
field and good values of the evaluation parameters
were found: MBE 2.2 and 0.6°C, RE 8.1 and 3.2%,
RMSE 0.85 and 0.91, η 0.85 and 0.91, respectively
for MODIS images and ground data. In the Barrax
agricultural area, modelled RET were found to be
in reasonable agreement with observed LST data
at higher spatial resolution: MBE –0.33°C, RE
–1.4%, RMSE of 2.46°C and η 0.78. The compari-
son between RET and LST from MODIS per-
formed for the different types of land cover in the
Upper Po River basin showed the good ability of
the model in reproducing the observed values in
terms of MBE (2.9°C), RMSE (5.1°C), RE (5 %)
and η (0.8).

This intercomparison showed that modelled RET
from a distributed energy water balance model can be
comparable to remotely sensed LST at different spa-
tial scales, and so LST from remote sensing can now
be used in FEST-EWB for data assimilation or for
model parameter calibration.

Funding This work has been developed in the frame-
work of the ACQWA EU/FP7 project (grant no.
212250) “Assessing Climate impacts on the Quantity
and quality of WAter”, of the Azioni Integrate Italia–
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Table 3 Basin-scale statistical parameters between RET
(°C) and LST (°C) from MODIS for the 130 selected
images. MBE and Std Dev (°C), RMSE (°C), RE (%)
and η are computed considering the total database, diurnal
and nocturnal data, and according to vegetation types
coverage.

MBE (Std Dev)
(°C)

RMSE
(°C)

RE
%

η

Total basin 2.9 (5.8) 5 5.1 0.8
Diurnal data 1.49 (4.5) 4.7 3.5 0.78
Nocturnal data –1.45 (3.1) 3.8 1.0 0.82
Forest 2.1 (6.4) 6.4 4.5 0.79
Agricultural area 3.4 (5.7) 5.1 6.8 0.73
Pasture and brushwood
area

2.2 (4.9) 4 4.8 0.75

Rice paddies 2.2 (5.7) 4.7 3.7 0.83
Water 1.9 (2.9) 4.3 2.5 0.88
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