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ABSTRACT

As water consumption increases and water reserves fall dramatically, Mediterranean countries
(European and non-European) have to re-evaluate their assets and future development in terms of
their reserves. In this context the research on water use efficiency and water management focuses
on water saving, particularly in agriculture recently becoming a FEuropean priority. The
WATERMED project has this concern as the main objective; approaching the problem from a new
point of view namely based on combined use of historical and current space-based remote sensing
databases, vegetation models and field measurements. In this sense, the major results of the
WATERMED project that contribute to the study of water use efficiency are:

(1) the development of new operative algorithms for estimating physical and biophysical
parameters (surface temperature, emissivity, total atmospheric water vapour, albedo)
from remote sensing data,

(i1))  the elaboration of a new physical upscaling method which is necessary to improve
surface flux estimation in heterogeneous terrain widespread in Europe and North Africa,

(ii1))  the establishment of new methodologies for estimating evapotranspiration model input
parameters with the required accuracy, which will improve the retrieval of daily
evapotranspiration. It is an important factor for monitoring water requirements of crops
and water consumption at a regional scale, and for integrating evapotranspiration
through the whole phenological cycle which is also closely related to the crop final
productivity,

(iv)  the development of a software package for processing high and low resolution remote
sensing satellite data which has allowed the elaboration of maps of critical parameters,

v) the building of local GIS for efficient water management strategy in the Marrakech
region (Morocco) and in the northern Sinai Peninsula (Egypt),

(vi)  the realization of field experiments in different test sites where ground and satellite data
have been collected, to assess the accuracy and demonstrate the usefulness of
combining ground and remote sensing data for estimating evapotranspiration at different
space time scale, and

(vil) the elaboration of an intergrated database combining remote sensing, in-situ and GIS
data with open access to scientists and local administration managers.

In addition the project has allowed the establishment of new scientific relationships within northern
and southern countries in the Mediterranean Basin and the strengthening of research teams.
Furthermore the project brings researchers together with managers and other stakeholders to jointly
evaluate research results and user needs and to set research priorities. The project facilitates the
rapid assimilation of new technologies, analytical tools, and modelling approaches for a more
efficient management of water resources in water scarse areas. Water managers are now testing a
new management strategy where water allocation is decided based on the demand rather than the
availability. This allowed to set priorities for water allocation in case of water shortages and crises.
The latter is the current situation. Future actions should be directed toward the use of the actual
project output to build a decision support system for integrated management of water resources.
This will make possible to establish a sound scenario for the consequences of political actions on
the sustainability of water resources.
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SUMMARY OF THE FINAL REPORT

The aim of the WATERMED project is to develop a comprehensive method for the study of the
water use and the resistance to the drought of the natural and irrigated vegetation in the
Mediterranean Basin, by means of combined historical and current space-based remote sensing
database, vegetation models and field measurements. The general concept is to integrate all
available data of the environments under study. A retrospective study of the Mediterranean Basin at
the regional level, using satellite data from 1981 to present, allowed quantification of land cover
change within the last 20-year period. Furthermore the study of water use efficiency in four specific
test areas in Spain, Morocco, France and Egypt is performed. This is done by using field
measurements and high resolution imagery. In these areas the methodology was checked in high
detail and the proposed algorithms were validated and improved over different scenarios. During
the four years of duration of the contract, the project has reached the objectives foreseen in the
technical annex. This has been possible thanks to the complementarities between the WATERMED
partners. The achieved objectives correspond to the following tasks:

Processing of satellite data.

Estimation of physical and biophysical variables from satellite imagery

Land cover monitoring methods using satellite imagery

Evapotranspiration estimation

Upscaling

Analysis of natural vegetation resistance to drought periods in the Guadalentin Basin
(Spain).

7. Local GIS for the analysis of remotely sensed changes

8. Integrated system for water management
9
1

SNk W=

. Field measurements
0. WWW project home page.

All deliverables of the previous tasks are summarized hereafter as follow:

v 1.- Processing of Satellite data:

A software package has been developed for processing satellite data. The software, developed
by us, has been adapted to the specific characteristics of the high and low resolution satellite images
used in WATERMED. The software allows obtaining the land surface temperature, the land surface
emissivity, the total amount of atmospheric water vapour, the albedo, and the normalized vegetation
index. The programs for processing the low resolution remote sensing data (PATHFINDER-
AVHRR Land) were edited in Turbo C programming language and the programs for processing the
high resolution remote sensing data (DAIS airborne sensor) were edited in IDL programming
language. The software code is operative, simple and easy to use by anyone whose objective is to
extract the physical and biophysical variables from NOAA-AVHRR, MODIS and DAIS data. This
is a clear advantage because nowadays there is no similar commercial software that permits
exploiting the information provided by these images. A copy of the software package is included in
a CD attached to this Final report.

v 2.- Estimation of physical and biophysical variables from satellite imagery:

The main objective of this part is the estimation of physical and biophysical variables from
satellite images. We have developed accurate and operative algorithms for estimating land surface
temperature (LST), emissivity (LSE) and total atmospheric water vapour content (W) from AVHRR

8
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data. The algorithms have been validated and allowew to retrieve LST, LSE and W with a standard
deviation lower than 1.3 K, 0.01 and 0.5 g/cm? respectively. The important point to highlight here is
the fact that these algorithms can be applied to any satellite sensor with 2 bands in the atmospheric
thermal window. Once the algorithms were derived, the second step was their application to
PATHFINDER AVHHR LAND (PAL) data over the Mediterranean Basin. To this end we have
established a methodology that permits obtaining maps of each parameter for all months from July
1981 to August 2001.

Analogously we have developed new algorithms and a new methodology to retrieve LST,
LSE and W from airborne high resolution data, such as the provided by the DAIS (Digital Airborne
Imaging Spectrometer) sensor over test areas of Alpilles (France) and Barrax (Spain).

v’ 3.- Land cover dynamic monitoring methods using satellite imagery.

A method for land cover dynamic monitoring using PAL data has been developed to
characterise changes in terrestrial ecosystems. The method is defined on the basis of biophysical
relationships in the LST — NDVI feature space. The method named Vector of Land Cover Dynamic
Monitoring (VLCD) is based on the analysis of the evolution of the slope and the module of the line
whose extremities are defined by the LST and NDVI of the months of April and July. The VLCD
method has the advantage of characterising the temporal trajectories and the separation of the
different zones according to the evolution of the vegetative systems. The application of the method
allows to know the exact limits of the transition zone in order to study the evolution of the ecotones
(the most fragile area to climate and/or human induced changes) in the course of time.

As a complement of this study a comparison between PAL data and climatic data provided by
data of the REANALYSIS project covering the period 1981-2001 over the Mediterranean basin is
presented. The Reanalysis Project is a joint project between the National Centers for Environmental
Prediction (NCEP) and the National Center for Atmospheric Research (NCAR). The goal of this
joint effort is to produce new atmospheric analyses using historical data (1948 onwards) and as well
to produce analyses of the current atmospheric state (Climate Data Assimilation System, CDAS).
The comparison of both sources of data relates the interannual responses of NDVI to precipitation
and reveals the relationship between LST and air temperature. This demonstrates the consistency of
PAL data for climate studies and permits a major understanding of the land cover dynamics of the
Mediterranean Basin. Further analysis will be carried out in the future to corroborate these
interesting results.

v’ 4.- Evapotranspiration estimation

To derive evapotranspiration maps from remote sensing is not an easy work. To do that
different procedures have been considered. First, flux calculations have been done using the
SEBAL model (see first year and third year reports), the initial version and the new version (which
includes a new parameterisation for thermal roughness) of the Danish microscale aggregation
model from RISOE (second and third years reports), the direct combined model (second and third
years reports) and a new developed version of the simplified relationship model (third year report).
Several models were compared together to ground data giving almost similar accuracy (~70 Wm”
or < 1 mm d"). These calculations used the different required input maps of albedo, emissivity and
roughness that were derived from Polder data and surface temperature. Maps of net radiation were
also generated in order to derive evapotranspiration maps. The sensitivity of sensible heat flux was
analysed in detail to different versions of input parameter maps (emissivity, albedo, roughness) and
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meteorological variables (air temperature and wind speed) (see second and third year reports,
Olioso et al. 2002b, 2002c).

On the other side the University of Valencia (in collaboration with INRA) performed flux
calculations based on the S-SEBI model (Roerink, et al, 2000) (see Reports by the University of
Valencia). It requires very few inputs (albedo, NDVI and surface temperature maps). Performances
of the model over the Alpilles dataset (Polder and Inframetrics data) were good: RMSE on ground
heat flux was 43 Wm™ and 75 Wm” for net radiation, while daily evapotranspiration was obtained
with accuracy better than 1 mm d’. The model was also applied to DAIS data over the Alpilles
dataset and the experimental zone in Barrax in Spain with similar accuracy.

A new approach has been proposed for estimating heat flux from dual angle thermal infrared
measurements. New expressions of sensible heat flux as a function of two directional temperature
measurements were derived by manipulating the theoretical equations for turbulent and radiative
transfers (these expressions slightly differed according to hypothesis made in the radiative transfer
equations). The results showed that as far as heat flux was concerned, there was no need for a
complex radiative transfer model. Based on this finding, a generic parameterisation of the sensible
heat flux was analytically derived in terms of the (nadir) radiative-air temperature gradient and a
corrective term involving the nadir-oblique temperature differences. This approach will be
evaluated over new dataset in the future (and in particular the dataset which was acquired in 2003 in
Morocco and which is under processing).

Finally we propose new methods for flux estimation that are based on the assimilation of
remote sensing data into crop models and Soil-Vegetation-Atmosphere Transfer models (SVAT
models). These models were designed for analyzing the interactions between plant canopy
processes and the environment. They give priceless information for production and yield
monitoring, management of water resources, assessment of water requirements and more recently
for carbon cycle studies in relation with climate research. These models may be operated without a
systematic use of remote sensing data by intrinsically providing the means for interpolating energy
and water fluxes or biomass production between remote sensing data acquisitions.

v’ 5.- Upscaling:

First scaling analysis were presented in the first and the second annual report (comparison of
flux estimation from NOAA data, SEBAL results and spatial flux aggregation to scintillometric
measurements) and published by Watts et al. 2000, Chehbouni et al. 2001¢, Lagouarde et al. 2002.
Investigations based on the microscale aggregation model made it possible to simulate heat fluxes
over the Alpilles test site and to analyse upscaling of roughness. This analysis was used as an input
for investigating the possible utilisation of the simplified relationship (as reformulated) at the 1 km-
pixel scale (typical size for meteorological satellite such as NOAA-AVHRR). The differences
found between flux estimations at 1km and averaged flux over the same area (mean flux computed
from the 20 m scale), were an indication of the error that can be committed by AVHRR based flux
estimates in comparable arecas. We shown that errors on upscalling emissivity and surface
temperature were negligible, while errors linked to the estimation of momentum and thermal
roughness may lead to errors up to 1.5 mm d™' which cannot be neglected.

This analysis was used for proposing a new physical upscaling method. This method is able to
calculate the roughnesses of the heterogeneous terrain from field scale to regional scale (e.g.
AVHRR). It includes roughness for momentum to improve wind prediction and roughness for
sensible heat to improve evapotranspiration estimation. It is relevant in upscaling, i.e. to assess
regional scale evapotranspiration balance from the local scale measurements. The main potentials

10
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are weather forecasting, climate modelling and regional hydrological balance. Furthermore it can be
used for downscaling e.g. air pollution of local deposition.

v’ 6.-Analysis of natural vegetation resistance to drought periods in the Guadalentin Basin
(Spain).

Variation in the state of the vegetation cover is one of the most important factors controlling
the drought, erosion and desertification processes in arid and semi-arid lands. For this reason,
monitoring the vegetation cover is one of the important applications of remotely sensed data. The
imagery used to obtain this result is Landsat Thematic Mapper. Specific software was developed to
process this imagery. In order to analyse the relationship between climatic data (accumulated
precipitation and temperature) and NDVI variation in Guadalentin basin, the obtained climatic data
were used to generate precipitation and temperature images. In order to produce maps at the same
scale of the multitemporal NDVI images (calculated with Landsat-TM data), the total accumulated
precipitation and mean temperature was then used to generate precipitation and temperature image
corresponding to the UTM image coordinates scale of the existing NDVI images (30 m resolution).
For such purpose, the kriging method was used for the generation of both precipitation and
temperature images. Once the precipitation and temperature images were generated, both are used
jointly with the multitemporal NDVI images for the analysis of the vegetation cover variation in the
area.

v 7.- Local GIS for the analysis of remotely sensed changes

The development of a Geographical Information System (GIS) is necessary to understand
how climatic or human changes influence in economic and social terms. The GIS will serve as a
basis subsequently to the stakeholders in terms of management of the territory in the last phase. A
GIS has been developed for the Marrakech-Tensift-El Haouz region in Morocco. It includes
rainfall, piezometric and soil occupation data and also a characterization of irrigated sectors in the
Tensift region. The GIS layers are included in the CD attached to this final report.

v 8.- Integrated system for water management

NARSS has developed an information system integrating remote sensing, in-situ and GIS data
for water use efficiency and decision making in the northern Sinai Peninsula (Egypt). The
Geographic Information System selected a topographic map of the north Sinai, scale 1:50000, as
base map, which has been overlayed with the following thematic layers: soils, geomorphology,
geology, hydrogeology, land cover and land use, water resources, mineral resources, energy,
climatological data, socio economic data, tourist and human resources. The remote sensing data
necessary for building the database has been obtained from Landsat images corrected in an
appropriate way and also using the High Resolution Picture Transmission (HRPT) data received at
the station of the Egyptian partner.

v’ 9.- Field measurements

In order to test and validate the developed algorithms and maps in the test areas different field
measurements campaigns in Spain and Morocco, organised by partners 1 and 4, have been carried
out. During the project, the Alpilles-ReSeDA dataset (South East of France) and the SALSA dataset
(Mexico) were also used and managed by partner 2 (and subcontractor). The objective of these

11
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experiments was to assess the usefulness of combining ground and remotely sensed data to monitor
water requirement and use it in an irrigation district. The collected measurements are presented in
the CD attached to this final report.

v 10.- Management, cooperation and design of a WWW

The international cooperation NORTH-SOUTH was one of the most important aspects of the
project. To this end many meetings and symposiums have been organised by the partners of the
three European countries of the project (Spain, France and Denmark) and the partners of the two
non-European countries (Morocco and Egypt). Among them it is necessary to highlight the first
International Symposium on Recent Advances in Quantitative Remote Sensing (RAQRS), which
was organised by the WATERMED coordinator and welcomed the participation of more than 50
international organisations and 200 researchers. Besides, each partner devoted a significant part of
their budget to the training of young scientists. Other of the major outcomes of the project is to
bridge the gap first between the different managers concerned with water management and second
between university scientists and the managers. This project allowed for establishment of trusted
relationship between the science and the management communities. Water managers in the
Marrakech region are now testing a new management strategy where water allocation is decided
based on the demand rather than the availability. This allowed for setting priorities for water
allocation in case of water shortages or crises which is rather the actual situation. Future action
should be directed toward the use of the actual project output to build a decision support system for
integrated management of water resources and also to extend this initiative to other areas. To
facilitate this cooperation a web page located in the web site of partner 1 has been created and used
as a tool for dissemination and exchange. All the partners have contributed with their suggestion,
data and results.

MAIN PUBLICATIONS (ARTICLES)

This project has reached many scientific achievements, which have been made in manifest by the
several publications and proceedings resulted from the work carried out into the frame of this
project. These publications have acknowledged the EC funding in the acknowledgements paragraph
of each paper. Hereafter, the list of the main articles produced during the project.
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CONSOLIDATED SCIENTIFIC REPORT

1.-OBJECTIVES

As water consumption increases and reserves fall dramatically, Mediterranean countries (European
and non European) have to re-evaluate their assets and future development in terms of their
reserves. In this context the research on water use efficiency and water management focuses on
water saving, in particular in agriculture, becoming a European priority. The WATERMED project
has made of this concern their main objective; it has approached this problem from a new point of
view based on the use of a combined historical and current space-based remote sensing database,
vegetation models and field measurements in the Mediterranean basin. The general concept is to
integrate all available data of the studied environments. This was made by means of a retrospective
study of the Mediterranean Basin at the regional level, using satellite data from 1981 to present,
which allowed studying the land cover change in the chosen period, and by a study of water use
efficiency in four specific test areas in Spain, Morocco, France and Egypt. This has been carried out
by using field measurements and high resolution imagery. In these areas the methodology was
checked in more detail and the algorithms proposed were validated and improved over different
scenarios. During the four years of duration of the contract the project has reached the objectives
foreseen in the technical annex. This has been possible thanks to the complementarities between the
WATERMED partners. The objectives achieved correspond to the following tasks:

1. Processing of satellite data.

2. Estimation of physical and biophysical variables from satellite imagery

3. Land cover monitoring methods using satellite imagery

4. Evapotranspiration estimation

5. Upscaling

6. Analysis of natural vegetation resistance to drought periods in the Guadalentin Basin
(Spain).

7. Local GIS for the analysis of remotely sensed changes

8. Integrated system for water management

9. Field measurements

10. WWW project home page.

2.-ACTIVITIES

The specific activities of the WATERMED project during the project duration to achieve the
aforementioned objectives were:

2.1. Processing of satellite data

The development of a software package for processing satellite data was the main objective of this
activity. Partner 1 was the responsible of this activity. The software should be capable of processing
low (Pathfinder AVHRR Land database from 1981 to 2001 and MODIS data on board TERRA and

AQUA satellites) and high resolution remote sensing images DAIS (Digital Airborne Imaging
Spectrometer) acquired in two test zones of Spain (Barrax) and France (Avignon).

2.2. Estimation of physical and biophysical variables from satellite imagery
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The main objective of this activity was the estimation of accurate and operative algorithms for
estimating land surface temperature (LST), emissivity (LSE) and total atmospheric water vapour
(W) from AVHRR data. The algorithms were be validated and once the algorithms are derived the
second step consists of application to PATHFINDER AVHHR LAND (PAL) data over the
Mediterranean Basin. Partner 1 was the responsible of this activity. Analogously it was necessary to
develop new algorithms and a methodology that allows the retrieval of LST, LSE and W from
airborne high resolution data, like the provided by the DAIS (Digital Airborne Imaging
Spectrometer) sensor over test regions of France (Alpilles) and Spain (Barrax).

2.3. Land-cover monitoring method using satellite imagery.

According to the technical annex of the WATERMED contract our objective was to get an
evolution overview on land cover during the period of study. The study area was the Mediterranean
Basin, located between 23.75° N and 46.25° N latitude and between 36.25° E and 17.5° W longitude
(see Figure C-1 of first year report). Partner 1 presented a combined use of historical satellite and
climate data over the Mediterranean basin, covering the period 1981-2001. The Pathfinder AVHRR
Land (PAL) has been used to monitor this area. In our case we have used the images corresponding
to all the months from July 1981 to April 2001 (Table 9, pp. 35, second year report). As a
complement to this study Parner 1 presented a comparison between PAL data and climatic data
provided by REANALYSIS project over the Mediterranean basin.

2.4. Evapotranspiration estimation

The general objective of partner 2, in collaboration with Rise National Laboratory and University
of Valencia, was to evaluate the possibility of assessing evapotranspiration from remote sensing
data. We first check different methodologies at the local scale, i.e. by using data from high spatial
resolution sensors. In a second time, we analysed the possibility of estimating evapotranspiration
using data from sensors like AVHRR. The low spatial resolution of these sensors (around 1km?)
does not allow to implementing directly the previous methodologies (this is due to the combination
of spatial heterogeneity inside a pixel and non-linearity of the physical processes governing
evapotranspiration). Mathematical and physical methods that were developed for studying scaling
issues were used. A new approach has been proposed by Partner 2 for estimating heat flux from
dual angle thermal infrared measurements. Also, methodologies for assimialting remote sensing
data into crop models and Soil-Vegetation-Atmosphere Transfer (SVAT) models have been
designed for analysing the interactions between plant canopy processes and the environment.

2.5. Upscaling

Understanding upscaling is a critical step for assessing the validity of evapotranspiration map
derived from coarse resolution sensors such as AVHRR. Partner 3 in collaboration with partner 2
consolidated a new method for surface flux upscaling. The upscaling results from the Alpilles area
include evapotranspiration maps and sensible heat flux and momentum flux maps. The upscalling
was validated to field data and also compared to evapotranspiration results from other regional
models at regional scale.

2.6. Analysis of natural vegetation resistance to drought periods in the Guadalentin Basin
(Spain).
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The study of the drought resistance and water use efficiency was carried out using high-resolution
imagery in selected pilot areas. A detailed and updated vegetation cover and soil/lithology maps
were already developed by partner 1 and was used to verify the effect of the soil background nature
of the vegetation dynamics. The relationships between climatic data were carried out by generating
precipitation and temperature maps from ground recording stations data. Climatic data are already
available over the selected area and has been treated in accordance with the Landsat TM imagery
timing. Relationships between climatic data and vegetation dynamics were studied by the analysis
of the vegetation response to the climatic data. Consequently, the drought resistance and water use
efficiency were estimated from the nature of the statistical relationships of each vegetation cover.

2.7. Local GIS for the analysis of remotely sensed changes

The analysis of the remotely sensed land surface changes will be done by relating each landscape
unit to information on ecological characteristics, on land use, on agricultural practices, as well as
past uses and conditions. A local GIS on selected test sites, developed by partners 4 and 5, will
allow to input also climatic data. A local GIS on the ReSeDA-Alpilles test site was also be used to
gather information required for evapotranspiration assessment.

2.8. Integrated system for water management

Partner 5 built an information system to facilitate the access and integration of various data sources
and information for water management for north Sinai region, in particular, and the whole coastal
area of Egypt in general.

2.9. Field measurements

In order to test and to validate the developed algorithms and maps in the study areas, several field
measurement campaigns, organised by partners 1 and 4 and with the participation of partners 1, 2
and 4 were organised. The objective of these experiments was to assess the usefulness of combining
ground and remotely sensed data to monitor water requirement and use it in non irrigated
(Guadalentin, Spain) and irrigated areas (Barrax in Spain, Tensift in Morocco). Data from other
experiments were also processed when required.

In these field campaigns the GCU has used thermal radiometers (CIMEL, EVEREST, RAYTEK,
etc), sunphotometer and spectroradiometer, thermocouples for thermometric temperature
measurements, a box for emissivity measurements, and a calibration source. In this way we have
provided a lot of measurements of radiometric surface temperature, emissivity and atmospheric
water vapour.

2.10. Coordination, management and dissemination

The international cooperation NORTH-SOUTH was one of the most important aspects of the
project. An intense work of coordination has been made for partners 1, 2, 3 and 4, this include the
organization on several meetings, field campaigns, the elaboration of a database of satellite images
(PAL data) and field measurements for different test regions, monitoring the project results,
decisions on the structure and content of the reports, and dissemination activities.

Among these it is necessary to highlight the web page implemented at the partner 1 site with the

information relevant to the WATERMED project that has been constructed and revised periodically
by partner 1 with collaboration of all partners.
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3.-RESULTS ACHIEVED

v 3.1.- Processing of Satellite data:

A software package has been developed for processing satellite data. The software, developed
by ourselves, has been adapted to the specific characteristics of the high and low resolution satellite
images used in WATERMED. The software allows obtaining the land surface temperature, the land
surface emissivity, the total amount of atmospheric water vapour, the albedo, and the normalized
vegetation index (first year report). The programs for processing the low resolution remote sensing
data (PATHFINDER-AVHRR Land) were edited in Turbo C programming language and the
programs for processing the high resolution remote sensing data of DAIS (Digital Airborne
Imaging Spectrometer) sensor were edited in IDL programming language (fourth year report).

The software code is operative, simple and easy to use by anyone whose objective is to extract
the physical and biophysical variables from NOAA-AVHRR, MODIS and DAIS data. This is a
clear advantage because nowadays there is not similar commercial software that permits exploiting
the information provided by these images. A copy of the software package is included in the CD
attached to this Final WATERMED report.

v’ 3.2.- Estimation of physical and biophysical variables from satellite imagery:

The main objective of this part is the estimation of physical and biophysical variables from satellite
images. We have developed accurate and operative algorithms for estimating land surface
temperature (LST), emissivity (LSE) and total atmospheric water vapour (W) from AVHRR data.
The mathematical structure of these algorithms is given in the first WATERMED annual report for
PAL. The algorithms present the advantage of allowing the retrieval of the aforementioned
parameters only from the satellite data and they are easy to use. The algorithms have been validated
and allow the retrieval of the LST, LSE and W with standard error lower than 1.3 K, 0.01 and 0.5
gem” respectively (Sobrino et al, 2000, 2002, Sobrino and El Kharraz, 2003). These errors are
lower than others existing in the bibliography (see first annual report where our algorithms for LST,
LSE and W were compared to other algorithms). The important point to highlight is the fact that
these algorithms can be applied to any satellite with 2 bands in the thermal atmospheric window.

Once the algorithms have been derived the second step consisted of their application to
PATHFINDER AVHHR LAND (PAL) data over the Mediterracan Basin. To this end a
methodology that permits obtaining maps of each parameter for all months from July 1981 to
August 2001 has been developed.

We have also included operational algorithms to retrieve LST and W from MODIS (Moderate
Resolution Imaging Spectrometer) data (fourth WATERMED annual report). It has been shown that
using these algorithms, LST can be obtained from MODIS data with an error of 0.7 K and the W
can be obtained with an error of 0.4 g cm”. These results have indicated that building a PML
(Pathfinder Modis Land) data in future would improve the results provided by PAL database.

Analogously we have include new algorithms and a methodology to retrieve of LST, LSE and W

from airborne high resolution data, like the provided by the DAIS sensor over test regions of France
(Alpilles) and Spain (Barrax) (see the fourth annual report and Sobrino et al, 2004).
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v’ 3.3.- Land cover monitoring methods using satellite imagery.

According to the technical annex of the WATERMED contract our objective is to get an evolution
overview on land cover during the period of study. The study area is the Mediterranean Basin,
located between 23.75° N and 46.25° N latitude and between 36.25° E and 17.5° W longitude (see
Figure C-1 of first year report). This particular geographical position gives the area great
bioclimatic diversity. The Mediterranean climate of the area is characterised essentially by two
seasons: a hot and dry summer and a short winter with concentrated precipitation. The climate is
also variable according to region and marked by strong annual and interannual irregularity. The
area is also subjected to a significant problem with regard to desertification. The Pathfinder
AVHRR Land (PAL) has been used to monitor this area. In our case we have used the images
corresponding to all the months from July 1981 to April 2001 (Table 9, pp. 35, second year report).

In order to avoid monitoring land cover dynamics per pixel, which is time consuming and difficult
to interpret, we have analysed the evolution of varied landscapes of the study area. The different
zones of interest were defined using as mapping criterion the image of the Total Average of NDVI
(TANDVI) for the whole period. Following this procedure we defined a total of six zones (Table 9,
pp. 35, second year report). The TANDVI interval in each zone is 0.1, this was adopted in order to
yield zones that match the different climatic zones in the study area. The study of each zones was
made by applying the proposed algorithms for LST, LSE and W to these PAL images (activity 2.2)
through the developed sofware (activity 2.1). Thus if has been shown that; 1) these regions present a
good behaviour in terms of homogeneity, with a standard deviation lower than 0.03 for NDVI and 4
K for LST, ii) the arid zones (NDVI lower than 0.1) show small variations during the whole period,
the intermediate zones (NDVI between 0.1 and 0.3) present a seasonal variation with maximum
peak vegetation in Spring while the areas of vegetation (NDVI higher than 0.3) present the
maximum peak vegetation in Summer. More results and analysis in terms of monthly and annual
evolution are included in Sobrino et al. (2002) and in the first and second year reports.

Even though we have analysed the evolution in time of LST and NDVI separately. Our objective
was to develop a method for land cover dynamic monitoring using PAL data that analyses the
evolution of both parameters conjointly. This is a new and original idea. The method was defined
on the basis of biophysical relationships in the LST — NDVI feature space. The method named
Vector of Land Cover Dynamic Monitoring (VLCD) is based on the analysis of the evolution of the
slope and the module of the line whose extremities are defined by the LST and NDVI in the months
of April and July (Sobrino et al., 2002). The VLCD method has the advantage of characterising the
temporal trajectories and the separation of the different zones according to the evolution of the
vegetative systems. The application of the method allows knowing the exact limits of the transition
zone in order to study the evolution of the ecotones (the most fragile area subjected to climate
and/or human induced changes) in the course of time (first and second annual report). According to
Figure 19 (Second Annual Report, page 53), we observe that regions with abundant vegetation are
well separated from the rest of the regions, showing an arctangent value inferior to 75°. The
application of the VLCD method allowed us to give the average images of the arctangent and the
module over the whole period considered (20 years), from these images and the considerations
relieved on the evolution of each region throughout the studied period, we give the image
application of the VLCD method (see Figures 23 and 24, Second Annual Report, page 59) for the
Mediterranean Basin. Consequently, we can distinguish and define the limits of the arid zone,
vegetation zone and transition zone. The central issue in knowing the limits of the transition zone is
to study the evolutions of the ecotones over the time, because it is the most fragile area subjected to
climate and/or human induced changes.
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As a complement to this study a comparison between PAL data and climatic data provided by
REANALYSIS over the Mediterranean basin was presented. Based on REANALYSIS data, we
have provided maps that show the spatial distribution of the precipitation, the air temperature and
the precipitable water vapour during the period of study of PAL data (1981-2001). These images
corroborate the classification used initially based on Figure C.2 of the first annual report data. The
information provided by REANALYSIS data is highly useful to check the reliability of the
algorithms developed. The comparison of both sources of data allows relates the interannual
responses of NDVI to precipitation and reveals the relationship between LST and air temperature.
This demonstrates the consistency of PAL data for climate studies and permits a major
understanding of the land cover dynamics of the Mediterranean Basin (see third and fourth year
reports). Further analysis will be carried out in the future to corroborate these interesting results.

v’ 3.4.- Evapotranspiration estimation

To derive evapotranspiration maps from remote sensing is not an easy work. To do that
different procedures have been considered. First, flux calculations have been done using the
SEBAL model (see first year and third year reports), the initial version and the new version (which
includes a new parameterisation for thermal roughness) of the Danish microscale aggregation
model from RISOE (second and third years reports), the direct combined model (second and third
years reports) and a new developed version of the simplified relationship model (third year report).
Several models were compared together to ground data giving almost similar accuracy (~70 Wm’
or < 1 mm d"). These calculations used the different required input maps of albedo, emissivity and
roughness that were derived from Polder data and surface temperature. Maps of net radiation were
also generated in order to derive evapotranspiration maps. The sensitivity of sensible flux was
analysed in detail to different versions of input parameter maps (emissivity, albedo, roughness) and
meteorological variables (air temperature and wind speed) (see second and third year reports,
Olioso et al. 2002b, 2002c).

On the other side the University of Valencia (in collaboration with INRA) performed flux
calculations based on the S-SEBI model (Roerink, et al, 2000) (see Reports by the University of
Valencia). It requires very few inputs (albedo, NDVI and surface temperature maps). Performances
of the model over the Alpilles dataset (Polder and Inframetrics data) were good: RMSE on ground
heat flux was 43 Wm~ and 75 Wm” for net radiation, while daily evapotranspiration was obtained
with an accuracy better than 1 mm d'. The model was also applied to DAIS data over the Alpilles
dataset in France and the experimental zone in Barrax in Spain with similar accuracy.

A new approach has been proposed for estimating heat flux from dual angle thermal infrared
measurements. New expressions of sensible heat flux as a function of two directional temperature
measurements were derived by manipulating the theoretical equations for turbulent and radiative
transfers (these expressions slightly differed according to hypothesis made in the radiative transfer
equations). The results showed that as far as heat flux was concerned, there was no need for a
complex radiative transfer model. Based on this finding, a generic parameterisation of the sensible
heat flux was analytically derived in terms of the (nadir) radiative-air temperature gradient and a
corrective term involving the nadir-oblique temperature differences. This approach will be
evaluated over new dataset in the future (and in particular the dataset which was acquired in 2003 in
Morocco and which is under processing).

Finally we propose new methods for flux estimation that are based on the assimilation of
remote sensing data into crop models and Soil-Vegetation-Atmosphere Transfer models (SVAT
models). These models were designed for analyzing the interactions between plant canopy
processes and the environment. They give priceless information for production and yield
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monitoring, management of water resources, assessment of water requirements and more recently
for carbon cycle studies related with climate research. These models may be run without a
systematic use of remote sensing data by intrinsically providing the means for interpolating energy
and water fluxes or biomass production between remote sensing data acquisitions

v 3.5.- Upscaling:

First scaling analysis were presented in the first and the second annual report (comparison of
flux estimation from NOAA data, SEBAL results and spatial flux aggregation to scintillometric
measurements) and published by Watts et al. 2000, Chehbouni et al. 2001¢, Lagouarde et al. 2002.
Investigations based on the microscale aggregation model made possible to simulate