Estimation of Actual Evapotranspiration and
Water Balance using Combined Geostationary

and Polar Orbiting Satellite Products: A case
Study in Spain

Tadesse Alemu Mamo
May, 2010



Estimation of Actual Evapotranspiration and Water
Balance using Combined Geostationary and Polar
Orbiting Satellite Products: A case study in Spain

by

Tadesse Alemu Mamo

Thesis submitted to the International Institute G®o-information Science and Earth Observation in
partial fulfilment of the requirements for the degrof Master of Science in Geo-information Science
and Earth Observation, Specialization: Integratetevshed Modelling and management-Surface
water.

Thesis Assessment Board

Prof. Dr. Ir.Z (Bob) Su (Chai) WRS DepiWente -ITC
Dr.Ir. Ryan Teuling (Extett Examiner) Wageningen lénsity

Dr.Ir.Christiaan van der Tol (First ®uyisor) WRS Dept, UTweRIfTC
Ir. Wim Timmermans (Secongp&uwisor) WRS Dept, UTwenfEG
Ms.Dr.Mireia Romaguea (Advisor) WRS Dept, UTie-ITC

@

ITC

INTERNATIONAL INSTITUTE FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION
ENSCHEDE, THE NETHERLANDS



Disclaimer

This document describes work undertaken as part of a programme of study at the I nternational
Institute for Geo-information Science and Earth Observation. All views and opinions expressed
therein remain the sole responsibility of the author, and do not necessarily represent those of
theinstitute.



Abstract

Actual evapotranspiration and rainfall are the lebgments in water balance estimation that give
scientifically sound information on water availatyil Currently, satellite remote sensing is widely
used for estimation of these two parameters. Inptst decades, the quantification of daily actual
evapotranspiration (AET) from remote sensing da&a wainly based on one time observation from
sun synchronous satellites by scaling instantanewagorative fraction (EF) under the assumption of
constant daytime EF. Models and data source setecfor accurate estimation of AET from remote
sensing observation are also continuously impravifige sources of data for this thesis were 40
ground meteorological stations in the study arehsatellite products from the European organization
for the exploitation of meteorological satellites land surface analysis, satellite applicationliigci
(EUMETSAT LSA SAF) and moderate resolution imagisgectroradiometer (MODIS). Products
from EUMETSAT are mainly derived from the spinnieghanced visible and infrared imager
(SEVIRI) radiometer embarked on the Meteosat secgaderation (MSG) platform and other
European satellite systems which have an imagipgatecycle of 15-30 minutes. For this research,
the rainfall products were taken from EUMETSAT nogtdogical product extraction facility-multi
sensor precipitation estimate (MPEF-MPE), but AEaswestimated from remote sensing and ground-
based data using surface energy balance system (&&i&S).

Efforts were made in this research to estimateydaierage EF, instantaneous FE at different solar
times, EF from daily data, and daily AET for Cdatily Leon region in Spain using ground
meteorological stations, and combined high temparablution geostationary satellite products and
relatively high spatial resolution polar orbitingtsllite products. In addition, the performance of
SEBS model over different land cover classes wasede The testing was only based on the
comparison of daily averaged EF and instantanedysafid whether the results were reasonable or
not over all land cover classes in the study afd@ comparison of daily average EF with
instantaneous EF and EF from daily averaged dasadwae over different land cover classes for 15th
of March, 2009. In addition, SEBS estimated AET Muateosat second generation evapotranspiration
(MET) were compared with AET measured by an Eddyadance system in sparse vegetation. The
SEBS estimated AET was also compared with MET aliffierent land cover classes. Finally,
climatological water balance estimation “Precipitatminus evapotranspiration” was carried out over
rainfed cropland during the study period (March,-1September, 15, 2009) using rainfall products
from EUMETSAT and daily AET estimated by SEBS model

The results indicated that the average daily EFiasténtaneous EF have shown strong relation over
water bodies, irrigated croplands, rainfed croptarghrubland, mosaic forest-shrubland and mosaic
crop-vegetation respectively, but it shows pooreagrent over sparse vegetation, broadleaved
deciduous forest and needleleaved evergreen fdrkste was no agreement between daily average
EF and EF from daily averaged data in all land calasses. It was observed that SEBS estimated
AET is close to the measured AET but MET overesim®nly MET and SEBS estimated AET have
close values in irrigated croplands and water bduly, MET overestimated in the remaining land
cover classes. In addition, it was observed dunwater balance estimation that there were only few
days in the months of May and June which have axa@sfall during the study period.

Key words: EUMETSAT LSA SAF, MODIS, SEBS, EF, AET, MET, MPBWPE, Water Balance
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Estimation of Actual Evapotranspiration and WatefaBce using Combined Geostationary and Polar iBgo8atellite Products

1. Introduction

1.1. Background

Water use strategy and water resources manageewite scientifically sound information on water
availability, which includes the quantification tife spatial and temporal changes of water balance
components like actual evapotranspiration (AET) aaidfall. These components are inextricably
linked with climate, so the prospect of global cie change has serious implications for water
balance, particularly in arid and semi-arid regidnsorder to adopt or mitigate such situationisit
important to investigate the best meteorologicplirdata to hydrological and surface energy balance
models that are the central support for hydroldgiegision making.

The group of geostationary weather satellites (MMET-7, GEOS-E/W ) with 15-30 minute
temporal resolutions form the backbone of the meal time global observing systems, supported by
other polar or skew orbiting sensors (METOP, MODAYHRR, etc.). The atmospheric and land
surface data from these satellites can be obtatihexigh an earth observation data and product
dissemination system (GEONETCast system for edodervation data) which embraces free and
open source tools for easy access to satelliteatatgoroducts for water, climate and environmental
studies. This system is able to provide relevanteorelogical and bio-physical input data to
hydrological and surface energy balance modelsdar real time water balance estimations in poorly
gauged catchments, and water limited environments.

Good estimates of precipitation from meteorologisatellites are achieved using a range of
techniques, like the combined passive microwave )(RRd infrared (IR) technique (Kidd et al.,
2003), and using vertical profiles of a reflectvifictor estimated from data of the precipitatiadar
(PR) on the Tropical Rainfall Measuring Mission (WIR) satellite, at which the rainfall rate is the
function of reflectivity factor using a power laviggchi et al., 2000). Both methods have great
potential in improving short duration rainfall estites.

A tremendous number of methods have been used eradogped by researchers to estimate surface
energy fluxes using combined remote sensing andngrdased observations, for example Surface
Energy Balance Algorithm for Land (SEBAL) (Bastisaan et al., 1998a; Bastiaanssen et al.,
1998b), two-source energy balance model (TSEB)ridoret al., 1995), Soil-Vegetation-Atmosphere
transfers (SVAT) (Calvet et al., 1998) and surfanergy balance system (SEBS) (Su, 2002). Most of
these models estimate ET as a residual of the prmignce at the earth's surface, which contain
uncertainties from both the sensible heat flux aatiradiation. Therefore, atmospheric forcing and
land surface input parameters for these models plegucial role for better estimation of AET over
heterogeneous land cover classes. Also, these moelglire explicit characterization of numerous
physical parameters, many of which are difficult determine for a large area. Some of these
uncertainties can be reduced by making use of amebhigh temporal resolution (geostationary
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satellites) and better spatial resolution (polavslorbiting satellites) to get better estimationasfd
surface parameters over large area in near realdases.

This study focuses on use of combined geostatiomadypolar orbiting satellites images and products
in conjunction with ground based meteorologicabdatr estimation of daily AET and climatological
water balance. The main task of this research osegpthe estimation of instantaneous and daily
average evaporative fraction, actual evapotranspiraand a simple water balance over differentllan
cover classes in the semi arid region of SpaireddiCastilla y Leon region” located in the western
part of Europe. This region is characterized as wdith high evaporation and low rainfall where
runoff is very low.

1.2. Problem Statement

Accurate quantification of water balance compondiks AET and rainfall over large area from
satellite remote sensing and ground based obsengais a challenging task due to the heterogeneity
of land surface properties (land cover type, mogsttondition, topography, temperature and other
bio-physical parameters), none uniformity of atntesjc parameters (wind speed, wind direction, air
temperature, humidity and pressure) and unceréainti retrieval of land surface properties and
radiation from remote sensing observations. Buh XET and rainfall are extremely an important
water cycle components need to be estimated asade@s possible, particularly in arid and send-ari
areas for scare water resource management.

Increasing human population, rapid climate change water availability are the most challenging
problems next generations will face. Currentlyklad relevant hydro-meteorological information
hinders the deep knowledge of water cycle at thiment and basin levels in developing countries.
This represents a critical problem to understamdctirrent status of water resources in continents o
basins, and to identify the impacts of climate genon water availability. Generally, information on
impact of climate change and the status of hydioldgnetworks in developing countries are
inadequate to satisfy the minimum needs for watfarmation (The TIGER Initiative, 2009-2011). In
this context, water is one of the most endangegedurces of the continents, while at the sameitime
is one of the main critical elements for societd alevelopment. Therefore, use of earth observation
technologies with available ground based data cgp to fill the water information gap in the
developing countries from local to regional to ¢oantal scales.

Satellite remote sensing (SRS) is the only methegghble of providing wide area coverage of
environmental variables at economically affordatiets. However, a major difficulty to the use

of SRS for monitoring AET at regional and globabklscis that the phase change of water
produces neither emission nor absorption of antree@gnetic signal (Gellens-Meulenberghs et
al., 2008). Therefore, AET is not directly quartifie from satellite observations. It has to be
assessed by taking advantage of information gdimexligh the satellite about surface variables
influencing evapotranspiration (Menenti, 1998).addition, Su (2002) and Kinoti Mutiga et al.

(2008) mentioned that the problems associatedlasitie scale estimation of energy fluxes are surface
meteorological parameters, surface geometrical #mekmal conditions, which are neither

homogenous nor constant. This means that classgate sensing flux algorithms based on surface
temperature measurements in combination with dpatianstant surface meteorological parameters
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may be suitable for assessing the surface fluxesaosmall scale, but they require surface
meteorological and geometrical input parameterslpiise over heterogeneous surface.

Using the advantage of high temporal resolutiogedstationary satellites data in combination with
polar orbiting satellites for estimation of AET WiSEBS model is not tested yet, but the products
from geostationary satellites also provide goodregton of near real time meteorological data that
can be used as input to AET algorithms (LSA SAF Rdbam, 2008). In addition, Ferguson et al.
(2009) found for the major river basins in the @ditState of America that the selection of source of
input parameters to AET models has a large impactreamote sensing based estimation of
evapotranspiration. They did a comparison of défersources of input data to AET models, and
concluded that LAl has the most (27%) and landasgrfalbedo and emissivity have the least (1.9%)
impact on estimation of evapotranspiration usimgot sensing observations. They also added that
other uncertainty which contribute about 19% isrfreources of net radiation used to extrapolating
instantaneous to daily by assuming that evapor#étaation is constant throughout the day.

1.3. Research Objectives and Questions

To fill the water information gap, particularly the developing countries, exploiting the advantages
of earth observation technologies are the bestrraltwe way due to lack of ground-based
hydrological network. In this research, a regiorSpain was selected due to its suitability for gibu
based data collection and availability of some dataxecute the research work.

The general objectives of this research are tones actual evapotranspiration and climatological
water balance “Precipitation minus Evapotransprétiin large area by combined use of remote
sensing and ground-based meteorological data.

The specific objectives are:

1. To compare the daily and instantaneous evapordta@ion over a large area using the
surface energy balance systems model SEBS.

2. To compare SEBS estimated AET with MET and measAEd

3. To investigate the role of model input parametensveéd from both geostationary and polar
orbiting satellites.

4. To investigate the performance of SEBS over a larga

5. To carry out a water balance estimation using AEflneated by SEBS and a rainfall product
derived from remote sensing observations.

These objectives are planned to answer the follgwésearch questions:

1. What are the advantages of combined use of gemstayi and polar orbiting satellites in
estimating AET?

2. Are the daily averages of remote sensing and grdaseéd meteorological data can be used
for estimation of daily AET with SEBS model in area with scare instantaneous ground-
based meteorological data?

3. Isit possible to use SEBS model over a large artfadifferent land cover classes?

4. Is it possible to make water balance estimationr daad surface from remote sensing
observations?
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1.4.

Research Output

The outputs of this study are:

1.
2.

1.5.

Multi-scale comparison of daily and instantaneoweperative fraction

Maps of daily averaged EF, instantaneous EF aRdr&m daily averaged data over
different land cover classes in the study area

Some maps of rainfall distribution and AET over ghedy area during the study period
Statistical comparison of SEBS estimated AET, AEStineated from eddy covariance
measurements and Meteosat second generation emagtation (MET)

Graphs showing the variations of AET, rainfall acltange in water storage over rainfed
cropland during the study period.

A detailed description of the role of input paraemst for SEBS model derived from
geostationary satellites.

Personal scientific skills and the technical catyaim make the best use of earth observation
technology to better understand assess and mahéatatus of scarce water resources.

Software Employed

The following software used in this study

1.6.

Integrated land and water information system (ILWIS
SEBS model integrated to ILWIS

GEONETCast toolboxes and batch files in ILWIS stsrip
HDF-EOS to GeoTIFF (HEG) tool

Matlab and SPSS

Microsoft offices

Assumptions and Source of errors

Although both the remote sensing and ground baatalate collected from reliable sources, they are
not quality checked, except the land cover classibn map. This is due to large number of dateewer
used (340 images are processed for each day, ap@ateky more than 8500 images were used for the
whole study period) which is beyond the scope @ thesis to check the quality of individual
products. Therefore, the following assumptionsraagle while using these products:

The validation reports provided in the metadatalbbperational products are reliable and all
products approach to reality in the field.

The pre-operational products like MET can also espnt the actual phenomena with
acceptable error as mentioned in the validationntsp

Apart from the errors induced from the data soutioe followings are the main sources of errors that
can generate during the processing of the data;

Interpolation of point data (all ground based mattgical data)
Measurement height of meteorological data
Estimation of roughness height for momentum transfe
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2. Literature Review

2.1. Remote Sensing of Evapotranspiration

Evaporation of water is like a commercial transitia which a wet surface sells water vapour to its
environment in exchange for heat (Gash and Shuitléw 2007). Therefore, water lost to the
atmosphere through evapotranspiration has theteffecooling the earth’s surface. Particularly, in
arid and semi arid areas, recycling of moisturedgh evapotranspiration appears to be responsible
for more than 90% of the rainfall (Savenije and @kErt, 1995).This means that knowledge of
evapotranspirationis crucial for climatic studies, weather forecasts;ological monitoring,
hydrological surveys, and water resource manage(Bastiaanssen et al., 2000).

Remote sensing provides a means of observing loglioal state variables over large areas
(Schmugge et al., 2002). Indeed, large scale estimaf AET has many challenges and requires
good estimation of surface bio-physical parameiterslved in the exchange of energy between the
land surface and atmosphete.the past decades, large scale estimation ofotragspiration was
achieved usinghe two source (soil and canopy) called atmosplaré-exchange inverse (ALEXI)
model (Anderson et al., 1997; Mecikalksi et al.99p This model estimates surface fluxes of heat
and water vapour on the 5-10km scale using prigmaakellite-derived input data, including surface
radiometric temperature, down-welling short —wawd dong-wave radiation, and vegetation indices.
For particular applicationghe coarser resolution of ALEXI output can be dggagated to desired
resolution by applying disaggregation algorithmleiIDisALEXI with additional model input, such
as higher resolution thermal and shortwave imaferm satellite platforms like ASTER, Landsat or
airborne (Norman et al., 2003).

Efforts have been undertaken by Tang (2007) astewedstimate land surface evapotranspiration from
remote sensing data with special interest to aehéenear real-time crop water use estimation at the
spatial scale ranging from a small basin to a redio addition, Mu et al. (2007) developed a globa
remote sensing evapotranspiration algorithm base@leugh et al., (2007) which considers both the
surface energy partitioning process and environalezdnstraints on evapotranspiration. The result
reveals that the spatial pattern of the MODIS Efieag well with that of the MODIS global terrestrial
gross and net primary production (MOD17), with ttighest ET over tropical forests and the lowest
ET values in dry areas with short growing seas®hsgy also concluded from the result that MODIS
ET product can provide critical information on thegional and global water cycle and resulting
environmental change.

Recently, Minacapilli et al. (2009) made a comparibetween two different energy balance models
(SEBAL and TSEB) irMediterranean perennial crops. This research wae dae to the fact that the
agricultural practice in the study area is conwgrtfrom rainfed to irrigated crops. For this reaggbe
selection of the best energy balance model becanma@ortant issue for the region. Both are widely
used models to estimate evapotranspiration. SERB4d one-source model, where soil and vegetation
are considered as the sole source (mostly apptepnidhe case of uniform vegetation coverage) and
TSEB a two sources model, where soil and vegetationponents of the surface energy balance are
treated separately. Actual evapotranspiration egémmby means of the two surface energy balance
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models were compared with the outputs of the agdyéiogical SWAP model, which was applied in

a spatially distributed way to simulate one-dimenal water flow in the soil-plant-atmosphere
continuum. The results of this investigation appdaio prove better agreement between SWAP and
TSEB for some fields of the study area. This agesgmeveals that separate treatment of soil and
vegetation components of land surface energy batameay provide good estimation of surface
fluxes.

Regional scale water cycle estimates have been imadean et al. (2008) using multiple satellite
remote sensing data (Tropical rainfall measuremeission (TRMM), TRMM microwave imager
(TMI), and moderate resolution imaging spectroraditer (MODIS)) with the support of previously
developed assimilation techniques, such as therdns Kalman filter (EnKF), the particle filter
(PF), the water balance constrainer, the copular enodel, and physically based models, including
the variable infiltration capacity (VIC), the lamsdirface microwave emission model (LSMEM), and
the surface energy balance system (SEBS). Theydfthat a land surface model driven by the bias
corrected TRMM rainfall produces reasonable watelecstates and fluxes. The estimates are also
moderately improved by assimilating TMI 10.67 GHzicrowave brightness temperature
measurements that provides information on the seréail moisture state, while they mentioned that
it remains challenging to improve the results bgiragating evapotranspiration estimated from
satellite-based measurements. But they also suatigsealidated the evapotranspiration estimated
using SEBS over the region. In addition, Wenjinglet(2006) found in Hebei Plain, Northern China,
a good agreement between AET estimated by SEB&ysidheter, but big differences were observed
when SEBS estimated AET was compared to AET deriv@ah empirical equation using a locally
derived coefficient. Therefore, there are indicasimf the possibility of estimating AET over large
area using those energy balance models which gaeel @stimation of AET over relatively
homogenous land surface.

2.2. Meteosat Second Generation Evapotranspiration

The methodological approaches selected in the finame of the LSA-SAF to estimate
evapotranspiration intends to be applicable atorei to global scales, to be able to provide a
monitoring at short time step to follow the diurgkle evolution and to obtain results continuously
for all nebulosity conditions. Most of proposed hwts use satellite remote sensing derived data
combined with models of different degrees of comityeranging from empirical direct methods to
complex deterministic models based on SVAT modthas compute the different components of the
energy budget (Courault et al., 2005). Similathe AET algorithm developed in LSA-SAF targets
the quantification of the flux of water vapour $ed from the ground surface (soil and canopy)
into the atmosphere using input data derived froBGvkatellite and other source like numerical
weather perdition (Gellens-Meulenberghs et al.,6200he elementary spatial unit of the model is
an MSG pixel. The dimension of the surface repriestby a pixel varies in function of its location
(longitude and latitude) and is 3x3 km at MSG sualbellite point. Since the vegetation cover
influences most of the surface atmospheric prosesser land, the estimation of AET is made by
reference to a land cover map which provides taetifon of vegetation types within each MSG pixel.
This primary vegetation types are called “tilestidaeach pixel may be composed of several tiles. In
practice, a maximum of four tiles (3 vegetatioredil+ bare soil) are allowed in a pixel. AET is
calculated separately for each tile in pixel ang pixel value is obtained by a weighted contributio
of all tiles composing the pixel (LSA SAF RMI TeaQ08).
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2.3. Rainfall Estimation from Satellite Observation

There is high demand for improved rainfall estirsabem satellite systems throughout the entire
range of scales in time and space, from globabtall resolutions (Kidd et al., 2003). Applications
requiring rainfall products cover a range of hydreteorological sciences, including water resources,
flood forecasting and moisture budgets. A rangeteshniques has been developed to produce
estimates of rainfall from satellite data. For eptan GOES precipitation index (GPI) (Arkin and
Meisner, 1987) uses the fraction of cloud coldemt235 K in the IR with a fixed rain rate. More
complex algorithms have been developed with vargiegrees of success, such as GOES IR rainfall
estimation technigue (auto-estimator) by Vicentealet(2002) and the GOES multispectral rainfall
algorithm (GMSRA) by Ba and Gruber (2001). A numbérinter-comparison projects have taken
place to assess the validity of satellite estimatedifferent spatial and temporal scales (Ebegl et
1996; Adler et al., 2001). Results showed thatpghssive microwave (PM) estimates produced the
best instantaneous results and the IR based estimpatvided the best long-term estimates. Adler et
al. (1993) noted that the combined use of the atjobservations of the IR with the accuracy of the
instantaneous PM data would be advantageous. Boretiison, recently combined passive microwave
(PM) and infrared (IR) technique was developed lgdket al. (2003) that provide better spatial and
temporal resolutions of rainfall estimate. A similenethod is implemented by EUMETSAT
meteorological product extraction facility (MPERing special sensor microwave / imager (SSM/I)
onboard of the US defense meteorological satefiitegram (DMSP) and METEOSAT satellites
(http://www.eumetsat.int).

2.4. EUMETSAT Land Surface Products

The land surface analysis (LSA) is part of the l§&eapplication facility (SAF) network, a set of
specialised development and processing centresjingeras European Organization for the
Exploitation of Meteorological Satellites (EUMETSAdistributed applications ground segment. The
LSA SAF is taking full advantage of remotely sens#ata, particularly those available from
EUMETSAT sensors, to measure land surface variablest EUMETSAT land surface products are
from spin-stabilised Meteosat Second GenerationGMSvhich has an imaging-repeat cycle of 15
minutes. The Spinning Enhanced Visible and Infrdredger (SEVIRI) radiometer embarked on the
MSG platform encompasses unique spectral charatitsriand accuracy, with a 3 km resolution
(sampling distance) at nadir (1km for the high-heon visible channel), and 12 spectral channels
(Schmetz et al., 2002). The following products @ategorized as operational and pre-operational in
LSA SAF that can be used with surface energy kalamodels: down-welling surface short-wave
flux (DSSF), dowelling surface long-wave flux (DS|.Fand surface temperature (LST), leave area
index (LAI), Surface albedo, and fractional vegetatcover (FVC). These products have the temporal
resolution of 15 minute to one day with MSG spatiedolution. The detailed description of the
algorithms of all products, including atmosphenicrection and generating procedures, can be found
on the LSA SAF website (http://landsaf.meteo.pt).

Among the products, land surface temperature @aygnportant role in the physics of land surface,
as it is involved in the processes of energy antmexchange with the atmosphere. This means that
it is the primary variable determining the upwandrmal radiation and one of the main controllers of
sensible and latent heat fluxes between the sudiadeéhe atmosphere. Accurate values of LST are of
special interest in a wide range of areas relaiddrd surface processes. Satellite remote seissing
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the only means to provide estimates of land surfessperature (LST) for large areas. LST
estimations from remotely sensed data are geneshtigined from one or more channels within the
thermal infrared atmospheric window from 8 to i@ (Dash et al., 2002). It is mainly dependent on
land surface emissivity which in turn estimated ependently from satellite derived fractional
vegetation cover (Trigo et al., 2008). LSA SAF systlargely follows previous developments
achieved at Météo-France (Brisson et al., 1999)nake use of split-window algorithms (Prata, 1993;
Wan and Dozier, 1996), the formulation initiallyvédéoped for AVHRR and MODIS by Wan and
Dozier (1996) adapted to SEVIRI split-window chalsncentered on 10.8 and 12.0 um. A detailed
formulation of the algorithm and product informatican be found on http://landsaf.meteo.pt.

2.5.  Aerodynamic Roughness and Displacement Heights

The most challenging problem in estimating evappération is the calculation of correct
aerodynamic roughnessy(z and displacement {dheight. Roughness is often separated in different
complexities related to its effects on land surfadmosphere dynamics. The complexities are (1)
vegetation and urban roughness, where the horizecue is relatively small, (2) transition rougbae
between landscape patches (i.e., plowed field teatforest), and (3) topographic roughness due to
changing landscape elevations. These complexatielsscales have different effects on wind, heat,
and water movement and are difficult to measuréhenfield at large scales (Prueger et al., 2004).
The traditional way to calculatg,as based on the Monin-Obukhov similarity by extiapiog wind
profile observations at several levels under néutandition For non-neutral conditions, it is
necessary to solve the wind profile relationshépatively to obtain a fitted solution (Lu et alQd®).
Furthermore, g,can also be obtained with an eddy covariance syshtsmrvation at a single level.

Many studies have focussed on estimating the raesghiheight of different land cover types like
forest, crop, grass, shrubs, built-up areas, 8rak et al., 2005; Champeaux et al., 2000; Lul.et a
2009; Lyra and Pereira, 2007; Prueger et al., 28et al., 2001). According to these studies, the
variation of g, over different surfaces is large, from 0.7-2.3nerolvopical forest or urban areas and
mountainous areas to an order of 0.1 mm or occaljof.01 mm over smooth water body surfaces,
ice and snow surfaces (Wieringa, 1993). Other rebeas (Brutsaert, 1982; Waters et al., 2002) have
proposed some parameterizations between the aenmitymoughness length and displacement height
and the land surface physical properties e.g.,taéiga height, leaf area index (LAI) and normalized
difference vegetation index (NDVI). The most comityonsed relationship is to assumgahd &m
proportional to the roughness element height (Bfygk variations in the ratio of.Zzh over different
land surfaces are found in the literature. For eplanmg,/h is 0.04 for sparse sorghum (Azevedo and
Verma, 1986); 0.14 for small cotton (Kustas et 2989), and 0.8 for cotton of intermediate foliage
density (Hatfield, 1989). Matthias et al.(1990) a@drratt (1992) found,zh = 0.1 as a rough
estimate from a review of literature even thoughr&@anoted that the ratio can range from 0.02.20 0
for natural surfaces. In many land surface modglsand @ are taken as a constant according to
vegetation type (Dickinson et al., 1993; Dorman &wsdlers, 1989). Dai et al. (2003) tool, as a
constant ratio of vegetation height, i.ey, z 0.07h, and Matthias et al. (1990) derivgthd 0.5 for
small cotton. In the remote sensing models thadl iseestimate the regional evapotranspiration, for
instance, in SEBS NDVI and h were used to estimgtand @ (Liu et al., 2007; Su, 2002; Su and
Jacobs, 2001), SEBAL uses an empirical relationbleipveen NDVI and %, (Bastiaanssen, 1995;
Waters et al., 2002).
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3. Study Area

The study area of this research is the main lan8p&in inlberian Peninsula, or Iberia region,
which is located in the extreme southwest of Eurdpmvever, the study addressed the situations in
the most part of Spain; particular attention waslenan Castilla y Leon region (see Fig. 3-1) due to
the availability of real time meteorological data the region. The geographic location of Spain
extends from the southernmost extremity at 38N 5°3637"W the northernmost extremity at
43°4738'N 7°4217"W westernmost extremity at 42°397'N 9°1710.28'W to the easternmost
extremity at 42°199'N 3°1919"E with approximate area of 505,000 %mhe Castilla y Leon region
has approximate area of 23400 °krGenerally, the Iberian Peninsula is dominatedti®y Meseta
(central plateau); a great uplifted fault block deage elevation 610 m) ringed and crossed by
mountain ranges (http://en.wikipedia.org/wiki/llzeri Peninsula).
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Figure 3-1. The RGB (channel 1, 2 and 3) color composite of MSG imagesiogube study area (July, 15,
2009 at 11:15 UTC)

3.1. Climate

Spain is dominated by Mediterranean climates wiaih characterized by winter rains - with some
months of excess rainfall over evapotranspiratisarm and dry summer months with moisture
deficits-drying out soils and their annual vegetat{xeric moisture regime). Generally, Spain hats ho
summers, cold winters, and limited precipitatiordPet al., 2007). The climates of the region are
divided into three main climatic zones Fig. 3-2.

1. Atlantic climate (oceanic climate) of northern cbasverage temperatures here are 9°C in
winter and 18°C in summer. This is the wettest mdrthe peninsula with annual rainfall
between 800-1500mm.

2. Continental climate of interior central plateau §mi@s). It covers the majority of Spain.
Continental winters are cold at -1 to -15 °C wittosg winds and high humidity, despite the
low precipitation. Summers are warm and cloudlpssgucing average daytime temperatures
that reach 21 °C to 27 °C and nighttime tempeeatuange from 7 °C to 10 °C. The annual
precipitation is 300- 640 mm, and heavy snowfatlsuv in winter.
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3. Mediterranean climate region: This region roughtyeads from the Andalusian Plain along
the southern and eastern coasts up to the Pyrefteesverage temperatures in the region are
11°C in winter and 23°C in summer. The annual pi&tion is between 250 mm and 600
mm.
In addition to the above mentioned climate zonégrd are two small zones characterized by
mountainous and semi-arid climate zones Fig. 3f& Mountain climate is in areas with sizeable
mountain ranges. These areas are characterizedololy winters and mild summers, with a
predominance of cold temperatures. The semi-aiithaté zone takes up southeast of Spain in
Almeria. This area of Spain is characteristically &ind dry, with very little rainfall.

| Coordinate system: YWGE584 (Lat/Lon)
o 200 km Datum: WS84
f B Dceanic climate

Continental

3 Mediterransan E
W Mountain il Semi-arid
-8 -8 -4 -2 0 2

Figure 3-2. Spain climate zones (source: http://www.worldweather0&8/m083.htm)

3.2. Geology

Studies show that the geology of Spain is extrematiable with sites. In order to give a generakid
of the geological constitutioaf the region, it has three principal divisionsz.vihe Crystalline or
Gneissoid formations; thEransition formations; and the Secondary. Generadigearches believed
that the Spanish physical geography directly rédleihe underlying geology with the present
geomorphology (Door and Teresa, 2002). Fig. 3-3vshitie dominant soil types in the geography of
Spain.
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Figure 3-3. Soil Map of Spain, Source: Spanish system of water infeomélhttp://hispagua.cedex.es
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4. Materials

4.1. General

In this research, both ground-based and remoteénggedata were collected for estimation of actual
evapotranspiration using SEBS model. Apart from,ttge finished products of evapotranspiration

and rainfall were collected for comparison and wéiglance estimation respectively. Both remote
sensing and ground-based data collected for thik wover the study period of seven months from
March, 15 — September, 15 2009. Except rainfathdall data described in this chapter were coltkcte

for 3-4 days per month for a total of 22 days duyrthe study period. The rainfall product was

collected for the whole study period. The selectidrdays in each month was based on the daily
rainfall occurrence and clear sky over the stuéaar

4.2. Remote Sensing Data

4.2.1. EUMETSAT Land Surface Products

In this research, the main input data from remetesig observation were taken from GEONETcast
data stream of European organisation for the etgilon of meteorological satellites on land surface
analysis satellite application facility (EUMETSATSIA SAF) and meteorological product extraction
facility-Multi-sensor  precipitation estimate (MPBFPE) via http://landsaf.meteo.pt and
http://www.eumetsat.int respectively. Table 4-1 mamnzes the detail information of these data. All
products from are derived from spinning enhandsible and infrared imager (SEVIRI) radiometer
embarked on the Meteosat second generation (MSfoph and other European satellite systems
within the area covered by the MSG disk for Europeimdow with MSG spatial resolution.

Table 4-1. Land surface products from EUMETSAT LSA SAF

Product name Acronym  Unit Temporal resolution
Land surface temperature LST °C 15 Minute
Down-welling surface short-wave radiaticrDSSF W/mM 30 minute
Down-welling surface long-wave radiation DSLF Wint 30 minute

Land surface Albedo Albedo - daily

Fraction of Vegetation cover FvC - daily

Leave Area Index LIA mm’  daily

MSG Evapotranspiration MET mm/hr 30 minute

These data are in HDF5 file format which were coted to raster via GEONETCast toolbox and
batch file processing in ILWIS. According to theliglation report of all products, there is a good
agreement between the satellite estimates anchtbitui data when comparing in instantaneous and
daily time series. Therefore, it is convenient t&e wall products for research purposes. Detailed
descriptions of the products including validati@ports and algorithms of all data streams can be
found on the websitkttp://landsaf.meteo.pt/algorithms.jsp.
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4.2.2. MODIS Land Surface product

The 16 days NDVI products with 250m spatial redolut of Moderate-resolution Imaging
Spectroradiometer (MODIS)-Terra satellite and LeM8l images weredownloaded from U.S
geological survey land processes distributed actirghive center (LA DAAC) and level 1 and
atmospheric archive and distribution system (LAADRE) their website (https://Ipdaac.usgs.gov). All
images and land surface product data are in HDfdbmvhich were converted to raster using HDF-
EOS to GeoTIFF (HEG) tool. The NDVI product is gvieigetation-index maps use as input MODIS-
Terra surface reflectances, corrected for molecsdattering, ozone absorption, and aerosols, and
adjusted to nadir and standard sun angles withrdaitibnal reflectance distribution factor (BRDF)
models. A detailed description of the product asldted algorithms can be found in the “MODIS
Vegetation index Algorithms theoretical basis doeuth at link http://modis.gsfc.nasa.gov/data and
other literature such as; Deering (1978), Huetal €1999), Colwell (1974), and (Huete et al., 1994)
The three tile products were mosaicted to get thelevcoverage of the study area during this work.

4.2.3. Digital Elevation Model

The SRTM data is available as 3 arc second (ap@mx. resolution) DEMs. The vertical error of the
DEM's is reported as less than 16 m. The data iieewtly being distributed as finished product
contains no data holes where water or heavy shaaewented the quantification of elevation. For
this study, three tiles of 5*5 degree SRTM DEM mayye taken from the consultative group for
international agriculture research—consortium fopat®l information (CGIAR-CSI) via
http://srtm.csi.cgiar.org/. It available in bothcsmfo ASCII and GeoTiff format which facilitate tine
ease of use in a variety of image processing a®lapplications. The DEM of the entire study area
(see Fig. 4-1) was obtained by making the mosathethree tiles.

43
Elevation {m)
a0e

g

36" =
-ip® -ge° -g® -4 _2u oe ze

Coordinate system: WS84 (Lat/Laon)
Datum: WE584

Figure4-1. SRTM digital elevation model of Spain

4.2.4. Precipitation Products

Currently, precipitation products from Meteosatveteosat-8 and Meteosat-9 are produced in near
real-time by EUMETSAT MPEF. For this thesis, theltinsensor precipitation estimate (MPE) from
Meteosat-9 which consists of the rain rate in mmwhs used. It has the temporal resolution of 15
minute. This product is currently aggregated tdydaiin rate at the ITC (personal computer of Dr.
Ben Maathuis).
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4.3. Meteorological Data

4.3.1. Spain Online Climate Data (Inforiego)

Inforiego is the climate information tool from Spdocal meteorological organization which supplies
climate data and water use by crops through intdoreCastilla y Leon region. It contains near real
time data measured at dense ground meteorologat@rss for only Castilla y Leon region (Fig. 4-2).
This data has the temporal resolution of 30-minut&srmation on how to download the data online
and the geographic locations of the stations wieated from local meteorological organization and
inforiego website (http://www.inforiego.org/opendim$o_meteo). Additional information on the data
type and spatial distribution of the stations akesig in the Table 4-2 and Fig. 4r@spectively. This
data was used to calculate the instantaneous dlydedlaporative fraction (EF) for Castilla y Leon

region.
’ Table 4-2. Real time meteorological data types from 40 stations isttidty area

Par ameter Unit Time Resolution Data Access
Wind speed m/s 30 minute Online by request
Air Temperature °C 30 minute Online by request
Relative Humidity % 30 minute Online by request
Precipitation mm 30 minute Online by request
Solar Radiation W/Mm | 30 minute Online by request
Sunshine hours perday hrs Daily Online by request

POT (Villabieeraga i 1a Vegal

VAN {Magorgal

AV jLosar del Barco)

40 -8 B -4 -2 0 2
Coordinate system: WiE584 (Lat/Lon)
Datum: WE554

@ Meteorological stations

Figure 4-2. Spatial distribution of near real time d&tam Inforiego

4.3.2. NOAA National Climate Data Center (NNDC)

The national climatic data centre (NCDC) is partlepartment of national oceanic and atmospheric
administration (NOAA), which provides daily globzlimate data, and other weather related data free
of charge. This weather data is representative ofldvmeteorological organization (WMO)-
resolution 40, the world data centre system, ahdrdhternational scientific programs. Accordingly,
the daily meteorological data for the whole Spairaswdownloaded from their website

13
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(http://www7.ncdc.noaa.gov/CDO/cdo). This data waed to estimate EF from daily averaged data
to compare with instantaneous EF and daily aver&gedrable 4-3 and Fig. 4show the data type
and the spatial coverage of the data respectively.

Table 4-3. Meteorological data from NNDC and WMO

Parameter Unit Time Resolution | Data Access
-Wind speed
-Max. wind speed Knot Daily Online by country
-Air Temperature
-Max.Temperature °F Daily Online by country

-Min. Temperature
-Dew point Temperature

Precipitation mm Daily Online by country
Air Pressure mb Daily Online by countr
Sea level Pressure mb Daily Online by counfry
Visibility Km Daily Online by country
Snow depth in Daily Online by countr
Number of observations used to calculate
the daily values for all parameters count Daily N/A

44 L L L L 1 1

421 H

40 H

384 H

35- T T T . T T T N

-10 -8 -G -4 -2 n 2

Coordinate system: W5E584 (Lat/Lon)
Datum: WS84

o Meteoralogical stations

Figure 4-3. Spatial distribution of stations with daily averaged data

4.4, Field Data

Filed work was carried out in the month of Septenflbam 1-14, 2009 in some part of the study area
(approx. 70 x 70 km). The main objective of thisldi work was to collect the data required for the
validation of land cover product and other landexgshysical parameters and meteorological data.

14
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4.4.1. Land Cover Classification

During the filed work some required land cover mfation were collected. The collected land cover
types with associate information and methods useithg the work are summarized in Table 4-4.

Table 4-4. Land cover data collected during field work

S.No. Collected data Methods/Equipment used
1 Land cover type Physical observation
2 Vegetation Height (H) Tape measurement and cletem
3 Picture of the site Digital Camera
4 Geographic location GPS

The land cover classification product of the whofeSpain was taken from European space agency
(ESA), prepared by Globcover land cover classificatproject. This product contains detailed
product description and validation report. It ig thtest land cover classification product avadadn

of 2008-12-10 and can easily be accessed at tfpw/esa.int/due/ionia/globcover. This product was
generated by automated processing chain from tBs3patial resolution of environmental satellite’s
(ENVISAT’s) medium resolution imaging spectrometMERIS) time series images which is
unsupervised type of classification that need totiecked before use (Bicheron et al., 2008).

As recommended by distributor, this product wasdeaéd against the ground truth collected during
field work. Table 4-5llustrates the naming of land cover type and assednformation for validation
of this product.

Table 4-5. Land cover classes, vegetation height and number of collestets fior each land cover class
ID. | Field name Equivalent namein ESA land cover product | Av.canopy | No.of
height(m) | points
Irrigated crop lands, irrigated shrub three crop£.3,1.2,

11 | Maize, sun flower irrigated herbaceous crop. 0.35 13
and alfalfa
Rainfed crop lands, rainfed shrub or three crops,
14 | Wheat rainfed herbaceous crop 0.65 10
and barley
20 | Mixed maize, grass,. Mosaic cropland (50-70%) / faten 24 3
three, harvested
wheat (grassland/shrubland/forest) (20-50%)
30 | Shrubs, small trees, Mosaic vegetation / gradésainubland/forest
wine yard (50-70%) cropland (20-50%) 2.1 3
40 | Mixed forest needle  Closed to open (>15%) mixed 7 2
and broad leaved broadleaved and needleleaved {ofem) 35

Closed to open (>15%) broadleaved or
needleleaved,
evergreen or deciduous, shrubland (<5m)

15
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50 | Broad leaved Forest  Closed (>40%) broadleavedtforeshrubland | 7
Closed (>40%) broadleaved deciduous fores
(>5m) 8.5
60 | Open broadleaved Open (15-40%) broadleaved degsduo
forest forest/woodland (>5m) 8
Closed (>40%) needleleaved evergreen forest
70 | Needleleaved forest (>5m) 7.5
90 | Open needle leaved Open (15-40%) needleleaved deciduous 6
forest or evergreen forest (>5m)
150 | Sparse vegetation Sparse (<15%) vegetation 6
190 | Built up area Artificial surfaces and associatezhar 7.0
(Urban areas >50%)
110, Mosaic forest or shrubland (50-70%) / grassland
120 = Mixed forest, (20-50%) 35
Mosaic grassland (50-70%) / forest or shrubland
grass, shrubs (20-50%)
Closed to open (>15%) grassland or woody
vegetation on regularly flooded or waterlogged
soil
210  Water body Water body 0
200 | Bare areas Bare area 0.009

The processes of validation involved generatiom gbint map showing different land cover classes
collected during field work. The point map is thewverlaid on ESA globcover land cover
classification for a small part of the study aremy(4-4).

The comparison was done manually by checking whetteelocation of point on the ESA land cover
classification product is agreed with collecteddaover information according to the naming system
in the Table 4-5.
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Land Cover Map of Spain
44 : : : :

M

.+.

| Coordinate system: WESE4 (Lat/Lon)
Diaturm: WiEEE4

47

40 A

30

Rainfed Croplands

r P
W- 5 1405k - e . -.;'?:e:?_‘r >
ineryard field classified T T
as sparse vegetation b
L_—_
Bult-up area
Legend
[ ] 11 - imigated croplands B 130 - Closed to open shrubland
I:l 14- Fainfed croplands |:| 1401 - Closed to open grassland
|:| 20 - hdo=aic Cropla ndsfkgetation |:| 160 - Sparse wegetation
|:| 30 - hozaic Wegetation/Croplands - 160 - Closed to open broadleawed forest regulary flooded
- 40 - Closedto open broadleaved evergreen or semi-deciduous forest - 170 - Closed broadleaved forest permanenty fooded
- A0 - Closed broadle aved deciduous forest - 180 - Closed to open wegetation regulary foo ded
E] G0 - Open broadleawed deciduous forest - 190 - Arificial areas
- 70 - Closed needleleawed ewergreen orest |:| 200 - Bare areas
- a0 - Open needlele 3wed decduous or ewemgre en forest - 210 - Wigter bodies
- 100 - Clased toopen mived broadleawed and needleleawed frest @ Oberved point

[ 110 - Mosaic Forest- Shrubland. Grazsland
[ 120 - Wosaic Grassland/Forest Shrubland

Figure4-4. ESA land cover classification map overlaid with point raépbserved locations

4.4.2. Crop Calendar

The crop calendar used in this study contains gleent information on growing seasons of different
crops in Spain during rainy season and by irrigatibhis data was taken from Martin (2009) in
Spanish language which was translated into Engpfisthis work (see Table 4-6 and Fig. 4-5). The
main purpose of this crop calendar is to assignctes height to land cover classification map to
have right information of surface roughness indfapland during the study period.
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Table 4-6. Detail Crop calendar for crops growing in Spain

Harvesting
Regimen | Crop Type Planting time Maximum time
Summer September-
irrigation | Potatoes April-May June-July October
October-
Maize April August December
October-
Beetroot March July November
Alfalfa April May-August | Not specified
Sunflower April-May July October
Spring Short-cycle cereal crops (wheat,
irrigation | barley), industrial crops(rape)
February May June-July
August-
Vegetables May June-July September
Rainfed Cereals (wheat, rye, oats,triticale
long cycle | ,barley) October-November May July
Legumes(peas and lentils) October May July
Rainfed
short
cycle Cereals February May July
Legumes(chickpea) March May-June July
Variable Grapevine Not specified June September
Reprnductinn time hdaturation time
Feproduction  maturation time "
time , :
Rainfed crop (wheat, Barley) f Crop by
| Irrigation (aize)
1A
L 3 \ l'l‘ h
January IFE'hﬂ.Ial:q'l March I Apnl II May Juni July |_usl| Septernber  October I‘.'mlember De-:ernhs-r

Figure 4-5. Schematic representation of growing stages and seasdahs fiovo main crops in Spain

4.4.3.

Eddy Covariance Data

An eddy covariance system of 10m high tower watalilesl in June, 2009 in the Sardon catchment,
Trabadillo area (see Fig. 4-6y WRS-ITC staff memberd he land cover class of the tower site is
sparse vegetation, dominated by two oak (Queraes) gpecies. This site is relatively homogenous
land cover class over large area that can repréd8a spatial resolution. The data from the system
was collected during field work and used to vakd#te performance of the model over sparse
vegetation only. The raw data was processed tovalguit latent heat flux at every 30 minute time by
Rwasoka (2010).
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Coordinate system: WGS84 (Lat/Lon)
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Figure 4-6. Location of an eddy covariance tower in the study area

4.4.4. Radiosonde data

The radiosonde data recorded twice a day at 0h@01L2:00 UTC at seven locations in Spain. This
data was obtained from university of Wyoming demparit of atmospheric science via their web site
http://weather.uwyo.edu/upperair. The data was tsetermine the height of atmospheric boundary
layer (ABL). Fig. 4-7 shows the spatial distributtiof the stations over the study area.

44
Santander
424 Barceloga -
Zar?gnza
40 .
384 3
26 Gihraltar L
-10 -a -B -4 -2 1] 2
Coordinate system: WG584 (Lat/Lon)
Daturm: WiES34

Figure 4-7. The spatial distribution of radiosonde stations in Spain
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5. Methodology

5.1. General

In this research, the surface energy balance sy§8EBS) model derived by Su (2002) for the
estimation of atmospheric turbulent fluxes was udéast surface energy balance models are based
on the conservation of energy principle; likewideBS model is based on the energy involved in the
soil-vegetation-atmosphere interface, which cagileen as energy balance equation;

R,=H +LE+G, (5-1)
where R is the net radiation [W i}, H is the sensible heat flux [Wth ,LE is the latent heat

flux [W m?], and G, is the soil heat flux [W .

In order to estimate these energy balance compsn8BBS model requires remote sensing data (land
surface temperature(LST), Albedo, Emissivilg)( Down-welling surface short-wave flux (DSSF),
leave area index (LAIl), Fraction of vegetation ao¢feVC), normalized difference vegetation index
(NDVI), and Digital elevation model (DEM)) , grousithsed meteorological data (air temperature,
wind speed, specific humidity and air pressure)sttndard height, ground geometrical data
(displacement height and roughness height or vigetaeight) and other data (Solar zenith angle,
sunshine hours per day and height of atmosphetadsry layer). All these data used in this study
are either estimated or collected from trusted sesiwith required temporal resolution and resampled
to the required spatial coverage. The detail proesiare explained in the previous and this chapter
The products from EUMETSAT LSA SAF were resample®®0m to fit with the higher resolution
products (MODIS and MERIS). A detailed descriptmmcalculation and formulation of each energy
balance components and other related parametetseciaund in Su (2002).

The analysis in this thesis was done for two seagert and dry) from March to September, 2009 in
the Castilla y Leon region. The main purpose ofsadering these seasons are to check weather we
are able to estimate reasonable daily AET oveerdfit land cover classes in the study region using
SEBS model at different climate conditions. In theégion, February — July is the growing season of
short cycle rainfed crop and for crops growing pyirgg irrigation. Similarly, April-September is the
growing season for crops with summer irrigatione Tainfed crops and crops by irrigation reach their
maximum coverage (reproduction time) in May and dstgrespectively. Therefore, we expect
relatively high evaporation in these two land coetasses in the month of May and August.
Generally, four sets of analysis were done; eaellyais was targeting different objectives.

The first set of analyses was done fol' 18arch, 2009. It comprised the estimation of instaeous

EF from 07:00 — 18:00 UTC at an hourly time stepilydaverage EF and EF from daily averaged
data. This analysis was done for different landecalasses in the study area. Its aim was to canpar
the daily average EF with instantaneous EF andr&f faily data for different land cover classes.
However, the possibility of using average dailyadat SEBS model is not clear for me; the main
objective of estimating EF from daily data wasdsttwhether the daily averaged data can be used to
estimate daily AET with SEBS model when instantarsemeteorological data are not available.
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The second analysis was estimation of hourly AET:q0 — 18:00 UTC) on 05 September, 2009
over sparse vegetation located in the Sardon caehriirabadilo. The purpose of this task was to
compare the measured AET with SEBS estimated AEITMIET in sparse vegetation

Estimation of daily AET for selected days per mows the third analysis. It involved the selection
of dates in each month (from 15, March, 2009 to 3&ptember, 2009) according to the rainfall
distribution in the study area, particularly on #fzénfed and irrigated croplands. Accordingly, the
estimation of daily AET was done for a total of @ys (March, 15, 25; April, 05, 11, 15, 26; May,

01, 05, 15, 27; June, 05, 11, 15, 25; July, 05214 August, 03, 16, 25 and September, 05, 15,2009
These days are after and before the rainy dayroesmes the rainy day itself if the sky is clouddr

at the time of interest (Mid day). The main reaganselecting the specific days in each month was
due to time constraints of the research work toycant the analysis for the whole study period (214
days) in these two seasons. In addition, the itesteous EF was used in calculating the daily AET
for selected days in each month. The objectivabisfanalysis were to compare daily AET estimated
by SEBS model with MET at regional as well as loszdle, and to estimate the time series of ET in
the seasons over different land cover types.

The final analysis was estimation of water balamwer rainfed croplands (see the location of setkcte
pixel on Fig. 6-14). The main objective of this & was to test whether we are able to estimate
simple water balance “precipitation minus actuapmtranspirationR - AET)” using products from
geostationary satellites and SEBS model for aifipdcpixel throughout the study period. This
principle of water balance estimation is known abnfatologically water balance” in agricultural
research which often used to forecast whether birrigation is required at a specific site (Bohin e
al., 1998). It is also referees to the net fluxvatter from the atmosphere to the earth’s surfacthis
research, it was used to identify the wet and dysf the selected pixel in the rainfed croplartte
analysis was done using SEBS estimated daily AETpracipitation products from MPEF-MPE, by
assuming that AET varies linearly between carefsdljected days during the study period.

Finally, comparisons were made at different scalgisin results, with ground data, and with similar
product from EUMETSAT. In these comparisons, tHiofeing simple statistical methods were used;
(1) coefficient of determination /square of cortiela coefficient (F), it provides a measure of how
well outcomes are likely to be predicted by the elaat it is the measure of how well the regression
line represent the data, (2) correlation coeffitigh it measures the strength and the directiba o
linear relationship between two variables (3) stadcerror, it is a measure of the amount of emor i
the prediction of variables for an individual me@slivalues, (4) absolute error (abs. error), thes
magnitude of the difference between the measurkat and the approximation, (5) percentage error
(% error), when the relative error is expresseghéncentage (see the formula of all parameters in
Appendix F).

The flow chart in Fig.5.1 outlines the general vitmk of the thesis that was followed during data
preparation, analysis, and displaying of the result addition, the detailed descriptions of the
procedures followed when determining each paramételuding calculation procedures and
formulations are given in the next sub topics.
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Figure 5-1. A simplified flow chart of the research methodology — thénnoperational steps

5.2. Atmospheric Parameters

5.2.1. Air and Surface Pressure

The sea level pressure and air pressure were talldrom NOAA Notational climate data centre
(NNDC). It was corrected for elevation using thédaing formula after interpolation of point sea
level pressure to grid.

526

P = Po 293-0.006Z 5-2)
293

where P is the air pressure at the reference height [RédPa the air pressure at sea level [Pa], éhd

the elevation above sea level [m], It is the elevabf the terrain (from a DEM).

5.2.2. Air Temperature

The air temperature record over the study area atdgined from NNDC and Inforiego. It was
converted to Kelvin and corrected for elevatiomgshe following routine formulas:

T, =5/9[(T. —32)+27316 (5-3)
0.286
0= Tair Eﬁﬂ)j (5-4)
P

WhereP is the air pressure [hPal, the air temperature in [KP is the potential temperature [K],
andTe is air Temperatureff].

The potential temperature at sea level was intatpdlto calculate the air temperature by considerin
the effect of elevations as follows:

0.286
Tair=0© (P—j by substituting? with equation (5-2): (5-5)
o]
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£293— 0.0065Z jl'““%
Tair = @ - (5'6)

293

5.2.3. Wind Speed

The real time wind speed from Spain online climdéta was directly used without applying any
correction. But, the daily average wind speed datained from NNDC was used after conversion to
m/s unit using the following simple unit conversi@dninternational knot = 0.514 meters per second).
No effect of elevation applied due to its complgxit

5.2.4. Specific Humidity

Neither specific nor relative humidity is directlyailable from online NOAA Notational climate data
centre (NNDC). The specific humidity was estimaftenin actual vapour pressure and air pressure
using the following formula:

0.622¢,
=3 (5-7)
P-0.378e,
where e, actual vapour pressure [hpB],air pressure [hpa], and specific humidity [kg/kg]
e, =ao+T,,.(al+ Ty, (@2 +T,,.(@3+ Ty, (@4 +T,,.(85+T,,.a6))))) (5-8)

where T4ew= Dew point temperature in Kelviand
a0=6984505294 al=-188903931 a2= 2133357675 a3=-1.288580973107
a4 =439358723310° a5=-8.0239210° a6=6.13682092910™"

Since the dew point temperature is not available tfe data from Spain local meteorological
organization (Inforiego), the daily actual vapouregsure was calculated from saturated vapour
pressure and relative humidity using the followiagnulas adopted from (Allen et al., 1998):
RH RH._ .
eS(Tmin)' 10%ax+es(Tmax)' 10r8n
e, = 5 (5-9)

(5-10)

1727T
e (T) = 0.6108exp{ }

T +2373

where €, saturation vapour pressure at the air temperdt{ikgpa], T the maximum and minimum

air temperature of the da§d], RH the maximum and minimumelative humidity of the day [%],
and e, isactual vapour pressure [Kpa].

For instantaneous specific humidity, the instandaiseactual vapour pressure was estimatsd
RH* e

e, = S (5-11)
10C

where €, is instantaneous saturation vapour pressure atathdéemperature T [Kpa]RH is

instantaneous relative humidity [%], aggl is instantaneous actual vapour pressure [Kpa].
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5.3. Solar Information

5.3.1. Sun Zenith Angle

The solar zenith angleéd() was calculated using the following equation:

8 = cos'[sin(¢).sin(J) + cos@).cos).cosw)] (5-12)
where ¢ is latitude of the aread is solar declination, and. is hours angle. The detail calculation of
all parameters can be read from Igd2183).

5.3.2. Sunshine hours per day

Sunshine hours per day are available at some isgatihich shows more or less similar records at all
stations. For this reason, average values of tit@strecords are used. A small variation of sumshi
hours per day has a negligible effect on the laggle estimation of AET (Bormann et al., 1996;
Hanna and Siam, 1981).

5.4. Estimation of Land Surface Emissivity

The land surface emissivitg)( for the study area was derived from an empirfoahula developed
by Sobrino et al. (2003; 2001). This empirical fafenis relating NDVI threshold, proportion of
vegetation, and red band surface reflectance waitd surface emissivity as shown in the Table 5-1.

Table 5-1 Calculation of land surface emissivity

Pixel type Mixed pixel Pixels covered by Bare soils pixels | Water body
(0.2=<NDVI<=0.5 vegetation (NDVI>0.5) NDVI< 0.2 Albedo<0.035
Algorithm ¢ =0.971+0.018, &=0.990+de €=0.9832-0.05Bcq €=0.995
NDVI - 0.2)?

Where P, is proportion of vegetation, given , de is the emissivity difference of

0.0¢
MODIS Band 31 and 32, equal to 0.0f@% pixels covered by vegetation, ang.q is Land surface
reflectance of red band (MODIS Band1l).

5.5. Estimation of Aerodynamic Roughness and Displacement Heights

Most studies use look-up tables, NDVI, vegetatieight or from measurements of friction velocity
under neutral stability condition to determine agramic roughness heightyf) and displacement
height (d) (Borak et al., 2005; Brutsaert, 1982; Gellens-Maherghs et al., 2008; Lin et al., 2008;
Lu et al., 2009; Su and Jacobs, 2001).

In this research, the estimated vegetation height Wwas collected during field work. The crop
calendar of the study area and FAO irrigation aradndige manual (Allen et al., 1998) are also used
to estimate the crops height at different growirgpaseons in Spain. The detailed land cover
classifications used for the assignment of vegamtatieight is given in Appendix D. Based on these
data, the displacement height, and aerodynamichreegs height are estimated as the function of
vegetation height, normalized difference vegetatiotex (NDVI), leave area index (LAI) using
empirical formulas and look-up tables.
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First, the equations of Brutsaert (1982) and Sd dacobs (2001)vere used. These empirical
formulas are widely used for croplands (Eg. 5-18 5f.5) and for forests and built-up area (Eq. 5-13
and 5-14) in regional scale estimation of evapapaation (Lin et al., 2008; Liu et al., 2007; Tsou

et al., 2008):

d, =2/3*h, (5-13)
Z,. =0.136n, (5-14)
25
Z,mo =0.005+ 05* (NDV'J (5-15)
NDVI

Second, the parameterization proposed by ChoudimayMonteith (1988) was used. They utwssl
second-order closure model results of Shaw andrBdi€82) to estimatd, andzom.:

d,, =h.[In(@+ X"®) + 003In(L+ X °)] (5-16)

(5-17)

om3

_|Zos+ 028*h, * X? for 0<X <02
03*h, *(@-d,,/h) for 02<X <2

WhereX= 0.2LAl, Zosis soil roughness which can be taken as 0.009mrfeegetated substrates and
0.1*hsfor vegetated substratdssis the height of vegetation understory, whichideed less thahm..
This method accounts for the effect of canopy dgran roughness length. For this reason, these
parameterizations E@5-16 and 5-17) were selected for mosaic forestdhnd, mosaic croplands-
vegetation, shrubland, and sparse vegetation. Mtitiad, the detail literature review made by
Wieringa (1993), and work of Champeaux et al. (3300 vegetations in Western Europe agree with
the results obtained from theses empirical forméae Table 5-2). In this table, single values are
from Champeaux et al (2000) and the ranges of gadve from Wieringa (1993).

Table 5-2. Land cover types and associate physical information

Wieringa (1993)
he  doy | doy  Zoms | Zoms Zoms @nd Champeaux et al

Land cover type (m  (m) (m) (m) (m) (m) | (2000) Zm(m)
Sparse Vegetation 6 4 2.93 0.78 0.07 0.44 0.206
Closed needleleaved

evergreen Forest 7.5 5.0 451 1.16 0.24 0.74 0.8-1.6
Closed broadleaved

deciduous forest 85 5.67 5.02 1.08 0.20 0.75 1.0-2.3
Summer crops (Maize) | 24 1.6 220 048 0.16 0.39 0.13-0.2
Winter crops (Wheat) 0.6 0.43 0.10 0.03 0.14 0.21 0.10-0.16
Mixed broadleaved and

needleleaved forest 7 467 222 0748 0.21 0.38 1.0
Low mature crops 0.4 0.27 0.08 0.02 0.06 0.02 0.04-0.09
Mosaic forest - shrubland 35 2.33 278 068 0.17 0.52 0.5
Artificial surfaces 7 4.67 3.64 0.91 0.09 0.64 0.7-1.5
Shrubland 35 233 2.19 0.61 0.16 0.39 0.35-0.45

26



Estimation of Actual Evapotranspiration and WatefaBce using Combined Geostationary and Polar iBgo8atellite Products

5.6. Determination of Height of Atmospheric Boundary Layer

The height of atmospheric boundary layer (ABL) da derived with the help of two different
measuring systems and methods; from radio soundisigg parcel method and by temperature and
humidity gradients, and from lidar backscatter measients using the combination of averaging
variance method and the high-resolution gradierthote (Hennemuth and Lammert, 2006). In this
work, the height of atmospheric boundary layer estimated roughly using radiosonde data taken at
mid night (00:00 UTC) and mid day (12:00 UTC) evday at stations distributed over the study area
(see Fig. 4-7). The determination of this heighswased on vertical profile of atmospheric variable
like potential temperature, wind speed, and spetitimidity. Only the vertical profile of potential
temperature for Madrid station is shown as an examnpthe Fig. 5-2 and 5-3.
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Figure 5-2. Profile of potential temperature for Madrid stationfargust, 15, 2009, at 00:00 (left) and 12:00
(right) UTCNote: The arrows indicate the location of inversion height
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Figure 5-3. Profile of potential temperature for Madrid stationMarch, 15, 2009, at 00:00 (left) and 12:00
(right) UTC.Note: The arrows indicate the location of inversion height

5.7. Interpolation of Point Data to Grid

All atmospheric parameters (air temperature, wipeksl, air pressure and specific humidity) are point
measurements which need to be interpolated toettpgined spatial coverage. The moving average is
used in this work after some comparison has beateméth nearest point. The comparison was done
by removing some nearby stations before interpmtaiind compares the outputs after interpolation
has been done with remaining stations.
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Table 5-3. The standard and absolute error of both interpolation methods fiemperature ifC

Stations Mearest point  Moving Av. Measured Abs.error (NP} Abs.error (MA)
LA CorunafAlvedro 10.9 11.0 10.6 +0.3 +04
San Sebastian/Fuent 7.2 8.3 10.2 -3.0 -1.8
Walladolid 7.0 7.6 79 -0.9 -0.3
Reus/Aeropuerto 11.0 12.6 11.6 -0.6 +1.0
Mavacerrada a1 6.7 6.5 -1.4 +0.2
Madrid/Barajas R3 6.3 10.2 10.6 42 -0.4
Madrid/Getafe 252 16.5 12.6 +12.6 +3.9
Ciudad Real 12.9 12.3 12.9 0.0 -0.6
Standard error 5.0 1.7
30
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Figure 5-4. Comparison of nearest point and Moving average interpolation detdote: The arrows indicate
the test stations that were not involved in the interpolation

As it can be seen from Fig. 5-4, the moving aveiaggpolation method follows the measured values
at all test stations except Madrid/Getafe statipdeed, this station has low temperatures comptared
the surrounding stations. Similarly, the standardreof nearest point interpolation method is highe
than the moving average (see Table 5-3). In additftearest point method results in unrealistic,
abrupt changes of parameter values like tempergbuessure and others. Moving average performs a
weighted averaging on point values. Inverse digdnaction is used to weigh the point values. This
function ensures that the computed output valueslgbe input pixel values itself for the input @ix
point. In addition, weight function ensures thainp® close to an output pixel obtain larger weights
than points which are farther away. Furthermore,weight functions are implemented in such a way
that points which are farther away from an outpuelpthan limiting distance obtain zero weight,
these speeds up the calculation and prevent atidefac

Mathematically, this weighting function is given:by

=@/d")-1 (5-18)
where Wi is weight value of point igd = D/D, is relative distance of point to output pixdl, is
limiting distanceD is euclidean distance of point to output pixels weight exponent (2 is used in
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this work to reduce the weight of far points du¢hi® assumption that small local variations is ki
for all point values).Then, for each output pixat, output value is calculated as given below;

_ > (Wi* Pi)
D Wi

where Pi is value of point.

Output pixel value (5-19)

5.8. Instantaneous to Daily Average

5.8.1. Land Surface temperature

Theoretically, a total of 96 images per day areilalike, if the processing system is not interrupted
over 24hrs. Aggregating 15 minute LST product tdydealues involves systematic approach using
scripts and small programming in ILWIS. The averagdly LST for cloud free pixels which are
observed by the satellite 96 times per day (evBrynihute for 24 hours) is given by;

=96

D LST
LSTy = MT (5-20)

whereLSTy.y daily land surface temperatuteST, instantaneous land surface temperature (every 15
minute for 24 hrs). Such simple averaging techniguet suitable for pixels with undefined valués a
some time interval due to cloud cover and othezatéf during LST retrieval. It is common in hyper
temporal resolution remote sensing that most pixele observed many times either
midnight/evening/midday/morning/afternoon or at ttembination of two or more of these periods.
The traditional method of averaging does not gilke torrect average daily LST under above
mentioned conditions. To overcome this problem, 2hehrs LST products were divided in to four
periods according to their time of observation (nmiwg-midday (06:00-12:00), midday-evening
(12:00-18:00), evening-midnight (18:00-00:00), andinight-morning (00:00-06:00)) local time. In
this division, the start and end of down-wellingfaoe short-wave flux (DSSF) is used to identifg th
start of day and night time. This division is udefu discover whether every pixel is more or less
observed by the satellite uniformly throughout tiagy. The pixels that are not observed consistently
through out the whole periods are rejected and fimgtbvalues are assigned in the average daily LST
map. According to the above division, every pixebbserved 0-24 times in each period. The number
of observation of each pixel during these periodpethds on the number of LST image available,
which is dependent on cloud cover and other effdating retrieval. This number of observations is
calledN in next equations. In this methdd refers to the number of pixels in each block ofuinp
pixels that are not undefined (i.e. the numberigélg that have LST value in the input maplisttho
number of observation of a pixel throughout the)day

The general expression for this averaging technigjue
i=96 i=96
D LST D LST
i=1

LST., == or LST. . =
daily N %@l N1+ N2+ N3+ N4

(5-21)
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where LSTqy daily land surface temperatureéST instantaneous land surface temperature,
N =N1+ N2+ N3+ N4, is the total number of pixels in the maplist witBT value which are not
undefinedN1 number of pixels that have LST value out of 24epbations from morning to midday,
N2 number of pixels that have LST value out of B$éarvations from afternoon to eveniiNg
number of pixels that have LST value out of 24 olstons from evening to midnighftN4 number

of pixels that have LST value out of 24 observaifiom midnight to morning. The threshold was
developed for the number of counts to be validafquixel during each period to get better estimation
of daily averaged LST for a pixel. Appendix C shathie pattern of LST missing data at different
periods for randomly selected pixels. In these lgsag pixel with complete data (observed 96 times
per day, N =96) is used to see the change of daiyage LST value by taking the missing pattern of
randomly selected pixels. As it can be seen froengtaphs in appendix C, large N value does not
guarantee the accuracy of daily average LST. Idstéee uniformity of N values in each period or
availability only half day data give better estifoatof average value (Appendix C, b, d, h, and i).
Therefore, pixels that were neither uniformly natatly observed throughout the day were rejected.

Treating the consistency of small count at eachogeis a tedious activity and need advanced
programming which is not the objective of this mash. For this reason, the minimum of 15 counts
out of 24 possible counts at each period (fourqukriper day) was used, which is the possible
thresholds that can give good estimation of daigrage LST.

5.8.2. Down-welling Surface Short-wave Flux

Down-welling surface short-wave fluxes (DSSF) agaayated at every 30 minute for both cloudy and
cloud free pixels. Therefore, a total of 48 imagesavailable per day. During the daylight, only 24
28 images have DSSF values. The number of availadaiges depends on the length of the day. By
taking zero DSSF during the night time, the daiy3F is derived by averaging all images using
simple averaging techniques as follows:

D DSSk

DSSR., = 28—+ n (5-22)

wheren is the number of missing data during the day wicih be given by 48l, N is the number of
observations of a pixel per day in the maplist tha not undefinedDSSFi is the instantaneous
down-welling surface short-wave flux during the day

5.8.3. Wind speed and Air temperature

The average of 24 hrs record of wind speed antkriperature was used to calculate the evaporative
fraction from daily averaged data.

5.9. Estimation of Evaporative Fraction and Actual Evapotranspiration

5.9.1. Calculation of Instantaneous and Average Daily Evaporative Fraction

The instantaneous evaporative fraction was cakedl&r March, 15 and September, 05, 2009 from
7:00-18:00 hrs at every one hour steps and at ayd12:00) for the other selected days using SEBS
model. The purposes of these calculations weretapare the daily average EF with mid day EF for
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different land cover classes shown in the Fig.&&l for estimation of daily actual evapotranspinati
in the region. The evaporative fractioR) is given by:

EF = /]_E (5-23)
R, —G,
But in SEBS model, the instantaneous evaporataetitn (EF, ) is calculated as;
N\, AE
EFinst — M Mwet (5-24)
R, -G,
H-H
A AE =1- ¥l where A, is the relative evaporation [;]H ., is the sensible heat
AEwet Hdry T Met

flux at wet limit [W m?], H ., is the sensible heat flux at dry limit [W3n AE,..is the latent heat

dry wet

flux at wet limit [W mi”], R is the instantaneous net radiation [Wjm H is the instantaneous
sensible heat flux [W i ,AE is the instantaneous latent heat flux [Wmand G, is the

instantaneous soil heat flux [W3n In SEBS, the calculation of actual sensible Hkatis based on
Monin-Obukhov similarity (MOS) by solving the sgat of non-linear equations Su (2002). The daily

average evaporative fractionEfF,;) was calculated after inverting Eq.(5-28) estimate the
instantaneous latent heat flux from 07:00 — 18:8Gtw given below;

AE=EF * (R, -G,) (5-25)
and daily average EF is calculated as;
AE
EF, = d (5-26)
R.4 ~ Gog

where AE, is the daily average latent heat flux [W’nThe daily average latent heat flux was
estimated by assuming that little evaporationrduthe night that can be neglectRy, is the daily

average net radiation [W G, is the daily average soil heat flux [W?m In this work, the

instantaneous net radiation at one hour steps wafasilated using the products from EUMETSAT
LSA SAF as follow;

R, = (1-a).DSSF+¢&DSLF-£0.LST* (5-27)
where DSSF is the down-welling surface shot-wave flux [WyDSLF is the down-welling
surface long-wave flux [W ], LST is the land surface temperature [K}, is the land surface
albedo [-], € is the land surface emissivity [d,is the Stefan-Boltzmann constant [5.670400*10
m? K. The instantaneou§, was calculated as the function of net radiatiod fiaction cover as
used in SEBS as follow:

G, =R,.[l.+@-FVC).(I',-T.)] (5-28)
wherel, and [ is the ratio of soil heat flux to net radiation fotly vegetated canopy and bare soil

respectively. They usually have taken as 0.05 [fprand 0.315 fofF,. FVC is the fraction of
vegetation cover [-] that was used to interpolaeveen the two limiting cases.

Finally, another EF fraction called evaporativecfian from daily data was calculated using theydail
averaged data as input to the model with Eq. (5-B4& purpose of this calculation is to test whethe
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the daily data can be used in SEBS model to estittegt daily AET when near real-time data is not
available.
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5.9.2. Estimation of Daily Actual Evapotranspiration

The daily AET was estimated using two methods;

First, the method in SEBS model was used with mtat@eous data. In this case, the daily AET was
calculated at 12:00 solar time for the selecteg dhying the study period, and at every an hoyr ste
(07:00-18:00) on September, 05, 2009.

AET

daily inst*

= 86400EF @ (5-29)

Secondly, daily AET was calculated using daily ager evaporative fraction or daily average latent
heat flux as follow;

R,-G AE
AET,,, =86400EF, % or AET,,, =86400—"° (5-30)
where AET,,, is the daily actual evapotranspiration [mi),d is the latent heat of vaporization

[= 25*10° J Kg"], other parameters are as defined in section 5.9.1

5.10. Water Balance Estimation from Remote Sensing Observations

The surface water balance of the study area wasastl using a simple water balance method so-
called, “climatological water balance", defined @ecipitation (P) minus actual evapotranspiration
(AET). In this work, both P and AET were estimafeain remote sensing observations. Indeed, the
complete land surface water balance in water regooranagement includes the quantification of
actual evapotranspiration, rainfall and runoff. fdfere, this water balance estimation is not a
complete but it was applied due to the fact that study area is very dry with low rainfall where
surface runoff is too low to consider in the wdialance of the region during this study period.

The general water balance equation is given by;

—a_W+Q=P—AET:a—S+RO+Ru (5-31)
ot ot

where 0w/ dt represents change in perceptible water with tinmarfge in column storage of water

vapour with time)Q is the convergence of water vapour flux in the atphere oSt is the change

of total water storage with tim®, is precipitation, AET is actual evapotranspiratioR, is surface

runoff, andR, is the groundwater movement.

By excluding runoff and ground water movement, theface water balance of the region was
estimated using the precipitation product from EUMBAT and AET estimated by SEBS model
during the study periods. Therefore, Eq. (5-3¥)daw given by:

%ts = P — AET = excess Precipitation (5-32)

Due to time limit of this thesis work, the daily ABvas calculated only for a few selected dates (22
days) in the study period. The selection criteridrthe days was based on the rainfall occurrence
during the study period. If there is no rain in anth, at least 3 days were selected. The maximum
number of days in each month depends on the rhodalrrence and cloud cover in the study area at
the time of interest (12:00 solar time). Except sotays in the month of May and June, the daily
AET was estimated for all days just after and bef@iny days, but due to cloud cover and frequent
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rainfall on some days in the month of May and Jihe,daily AET was estimate for the cloud free
days after rainy day. Finally, the daily AET foretlmainy days or other days which AET is not
calculated for are estimated by linear interpolatid the antecedent and descendant AET estimated
by SEBS model. Its main purpose was to plot thé/dsiET during the study period and to make the
intended simple water balance estimation from rems#nsing observation that can give some
information about the availability of moisture (ess precipitation) in the study period. This prihei

of water balance estimation is climatologically @mabalance in agricultural research which often
used to forecast whether or not irrigation is reegiiat a specific site (B6hm et al., 1998). Itlsoa
referees to the net flux of water from the atmosphe the earth’s surface. In this research, it was
used to identify the wet and dry days of a seleptrél in the rainfed cropland.
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6. Results and Discussion

6.1. Land cover Classification

The validation of ESA land cover classification the study area was successfully done using 58
points collected during field work in Salamancaaar8pain. The comparison result shows similar
classification with 55 points out of 58 collectedints (Fig. 6-1). The disagreement areas might be
due to deforestation problems and others that wbeerved during field work, like from forest to

young wine yard, and change of agricultural practiem rainfed to irrigated croplands.
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Figure 6-1. Globcover ESA land cover classification map ovdrigith point map of observed locations in the

study area.
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6.2. Diurnal Evolution of Evaporative Fraction

The diurnal evolution of EF from 07:00-18:00 on ktar 15, 2009 was estimated for different land
cover classes in the Castilla y Leon region, Spaih spatial resolution of 300m. In this analy4ie,
land cover classes which are near by meteorologtegions were selected (see Fig.6-14). Figure 6-2
shows the diurnal variation of EF over those laodec classes in the study area.
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Figure 6-2. Diurnal variation of evaporative fraction for differeant cover classes (March, 15, 2009)

This figure shows the instantaneous EF estimatathUBEBS model with combined high temporal
and spatial resolution satellites data and nedrtiraa ground-based meteorological data. The result
show that reasonable diurnal variation of EF waseoled over some land cover classes. In the month
of March, the study area is either dry or modeyateet during none rainy days dependent on
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antecedent rainfall. There was light rainfall dimited over the area on 14 March 2009 (see Fig)p-21
but 15, March, 2009 was cloud free d&ypr this reason, the study area is likely to be enatbly wet
day on 15 March 2009. Many studies proved that Biffr lze stable during dry or moderately wet
seasons (Carlos et al., 2009; Hoedjes et al., 20@@nme and Elguero, 1999; Venturini et al., 2008).
Therefore, it is useful to evaluate the diurnabsity of EF in the region, especially over landveo
classes that the model performs well. Figure 6evsha stable EF over the day for rainfed croplands,
irrigated croplands, shrubland, and water bodidss indicates that daily AET over these land cover
classes can reasonably well be estimated usingnitasteous observations by assuming EF as self-
preservative during the day time, at least in aaifrgt moderately wet climate when the atmosphere is
under unstable conditions. In addition, the higbeaporative fraction in the rainfed and irrigated
croplands agreed with the crop calendar of the wpuwjiven in the Fig. 4-5 and Table 4-6, which
shows March, 15 is the period of planting and emergime for short cycle rainfed crops and for
crops growing by spring irrigation. In these lamyer types, relatively high evaporation is expected

In these results, zero EF was also obtained méiobtg 09:00-16:00 in the built-up area, broadleaved
deciduous forest, mosaic forest-shrubland, spaesgetation, needleleaved evergreen forest and
mosaic cropland —vegetations. It is unlikely thehmoration is zero over these land cover classes
under normal conditions. According to Eq. (5-2#g EF can be zero whétrHqy,, it implies that all

of the available energy is partitioned into seresibkat flux. At this stage, this can be explained i
terms of temperature difference between land seréatl air over these land cover classes on March,
15, 2009. As shown in the Fig. 6-3, the temperatlifeerence is high over forest and sparse
vegetation from 09:00 to 16:00 and low in the mognand late afternoon. In addition, as it can be
seen from Table 6-1, the NDVI and LAI on March, PB09 in the broadleaved deciduous forest,
mosaic forest-shrubland and sparse vegetatioroareThis indicates that vegetations might have few
leaves (emerging just after winter) specially, fwoadleaved deciduous forests, which can result in
the sudden increase of surface temperature earthenmorning. Therefore, the increase in land
surface temperature that has similar effect onikkenbkeat flux could lead to zero EF (see also@-ig.
3). Such situations could also happen in dry clemde to the land surface temperature increases
soon after sunrise, and the plant close their stomarly. Indeed, it is not unusual to get zercokér
woodlands even for a long period in dry environméRarah et al., 2004). For the case of
needleleaved evergreen forest and mosaic croplagetation, the model either underestimates the
EF or due to the increasing of canopies temperaGeaerally, the above reasons are just to express
the probable cause of zero EF in those land cdasses based on currently available information and
results.

Table 6-1. Land cogkasses with associate bio-physical information

Land cover classes FVvC LAl NDVI
Irrigated croplands 0.010 0.020 0.228
Rainfed croplands 0.130 0.330 0.390
Mosaic croplands-vegetation 0.120 0.310 0.346

Broadleaved deciduous forest 0.080 0.210 0.346
Needleleaved evergreen forest 0.170 0.530 0.595
Mosaic forest-shrubland 0.120 0.300 0.554
Shrubland 0.190 0.520 0.491
Sparse vegetation 0.330 0.450 0.377
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Figure 6-3. Diurnal variation of temperature difference betweenl lsurface and air (top) and Sensible heat flux
(bottom) over different land cover classes (March, 15, 2009)

In the most land cover classes, EF peaked in thmingat 08:00 and late afternoon at 17:00 UTC
(Fig. 6-2). This situation could be due to one arenof the following three possible reasons: Rjrstl
the opening and closing of stomata by vegetati@isce the area has hot climate and limited
moisture, the land surface temperature might irseréa the morning, as the result the newly emerging
plant leaves could probably close their stomatédy dsefore 9:00 and reopen after 16:00 during this
period (March, 15, 2009). The second reason mighthk low temperature difference between land
surface and air in the morning and late after.tAsn be seen from Fig. 6-3, the variation of daasi
heat flux is highly linked to the temperature diffiece between land surface and air. Thereforewa lo
temperature difference between land surface andrgilies low sensible heat flux and a high EF
regardless of moisture availability. The last remsould be the aerodynamic resistance. As shown in
Fig. 6-3,LST-Ta is less variable than H in all land covexssles, so it perhaps the higher aerodynamic
resistance that result in lower sensible heatdlod higher EF in the morning and late afternoon.

6.3. Comparison of Instantaneous and Daily Average Evaporative Fractions

Fig. 6-4 to 6-11 show the maps, error bars at M@&rvals (denoting the standard deviation) and
scatter plot at back ground for comparison of dailgrage EF with instantaneous EF and EF from
daily data for different land cover classes in @ustilla y Leon region. This comparison was done
only on March, 15, 2009 during the study period.
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Figure 6-4. Comparison of average daily EF with instantaneous EF &nchiEulated from daily average data
for rainfed croplands (March, 15, 2009)
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Figure 6-5. Comparison of average daily EF with instantaneous EF &rchieulated from daily average data
forirrigated croplands (March, 15, 2009)
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Figure 6-6. Comparison of average daily EF with instantaneous EF arzhlEElated from daily average data
for Sparse vegetation (March, 15, 2009)
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Figure 6-7. Comparison of average daily EF with instantaneous EF arzhlEElated from daily average data
for broadleaved deciduous forest (March, 15, 2009)
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Figure 6-8. Comparison of average daily EF with instantaneous EF arzhEElated from daily average data
for needleleaved evergreen forest (March, 15, 2009)
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Figure 6-9. Comparison of average daily EF with instantaneous EF &mchieulated from daily average data
for mosaic croplands-vegetation (March, 15, 2009)
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Figure 6-10. Comparison of average daily EF with instantaneous EFE&nchiculated from daily average data
for mosaic forest-shrubland (March, 15, 2009)
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Figure 6-11. Comparison of average daily EF with instantaneous EF &rzhEulated from daily average data
for shrubland (March, 15, 2009)
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The results in Fig. 6-4 to 6-1dhow that the daily average EF and instantaneous EF havagstro
relation for irrigated croplands, rainfed croplandbrubland, mosaic forest-shrubland and mosaic
crop-vegetation respectively ¥#0.899, 0.842, 0.735, 0.707, and 0.579). But itilsikh poor
agreement for sparse vegetation, broadleaved dagdiorest and needleleaved evergreen forest
(R*=0.380, 0.326, and 0.054 respectively). This indisahat instantaneous observations can not be
used to estimate daily AET in sparse vegetationadleaved deciduous forest and needleleaved
evergreen forest. These results support the cdaoolusade byFarah et al. (2004) that BB not
stable in all vegetation types, soil moisture atmogpheric conditions. This could be due to the
diurnal variation of surface resistance, energy moisture advection. In addition, the daily avedhge
EF is almost without exception higher than instaatails EF over all land cover classes. This
indicates that use of only mid day observation &stimation of daily AET could lead to
underestimation of the results. Especially for sard and arid climate, the available moisture rhigh
evaporate early in the morning and it becomes drind the mid day. There is no agreement between
the daily average EF and EF estimated from daigrayed data for all land cover classes, although in
some land cover classes, the lumped data for xdllgpshow a similar pattern. This might be due to
the nonlinear relationship between the changegmbspheric forcing parameters particularly, LST
and air temperature with surface energy fluxestoroapheric stabilities, but the comparison was
done to test whether or not the daily average citebe used to estimate daily AET with SEBS model
when instantaneous meteorological data are noladN@i Generally, if the Monin-Obukhov similarity
(MOS) theory was derived only for instantaneouseolstions, the concept of using daily averaged
data with SEBS model would be incorrect.
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Figure 6-12. Comparison of average daily EF with instantaneous EF &nzhi€ulated from daily average data
in the Castilla y Leon region, Spain (March, 15, 2009)
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Table 6-1. Correlation matrix using SPSS

Daly average EF Instantaneous EF - EF from daily data
Mpz = 356614 Mpoz = 356614 Mpoz = 3566 14
Drally average EF | 0885 0.363%*
Instantaneous EF 0.5EE** | -
EF from daily data 0.363%* - |

** Correlation 15 significant at the 0.01 lewel (2-tailed)

Daily average ternperature difference (M) Mid day temperature difference (°C)

16.1
11.1
6.0
1.0
-4.0

Figure 6-13. The maps ofemperature difference between land surface and air figraderaged and mid day
(12:00 UTC) on March, 15, 2009

Finally, the comparison of EF over large area wiflked land cover classes was carried out (Fig. 6-12
and Table 6-1). The strong relation between daibrage EF and instantaneous EF is preserved with
R?= 0.79 and the correlation of 0.89 as it is for tindividual land cover classes. But there is weak
relation between daily average EF and EF from ddita with R = 0.132 and the correlation of
0.363. Therefore, the instantaneous data can be tesestimate the daily AET over large area
dominated by irrigated croplands, rainfed croplargfgsubland, mosaic forest-shrubland and mosaic
crop-vegetation in such climate condition withircegtable error. Generally, since it is possible to
estimate daily average EF from EUMESAT satelliteteyn products and ground-based data, there is
high potential of making good estimation of dailfE R using this daily averaged EF in all land cover
classes and weather conditions during clear skg.ddany studies (Cleugh et al., 2007; Farah et al.,
2004; Gentine et al., 2007; Hoedjes et al., 2008&nme and Elguero, 1999) were conducted to
estimate daily AET using ground based meteoroldgieda and one time observation from polar
orbiting satellites. The results showed that evaipeoe fraction is more unstable during wet, cloudy
and rainy periods. Therefore, they are not in fawaiuusing the instantaneous EF to estimate daily
AET over large area in all climate conditions. lwkse, this study also supports similar arguments
and encourages research to test and estimateadeitgge EF using combined geostationary and polar
orbiting satellite products in conjunction with gral based meteorological data to estimate daily
AET in any climate condition.
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Besides, higher values (greater than one) of EFevadatained while estimating EF using daily
averaged data. This implies that actual evaporasohigher than potential evaporation which is
unlikely to occur under natural conditions. Frormathematical point of view, this implies that the
actual sensible heat flux is negative due to theemnperature greater than land surface temperature
However, in some cases it is reasonable to obigimeh values of air temperature than land surface
temperature both in the daily bases and in insteuias as well, especially in some land cover ctasse
like irrigated areas and forest due to advectich @oling effect of available moisture. For thelylai
bases, the low temperature difference betweendarfdce and air could be due to the contribution of
low land surface temperature during night time, thére is a very low flux and high aerodynamic
resistance during the night time. Therefore, thaulteof higher value of EF over some land cover
classes can only be explained potentially in tesfrtemperature difference between land surfaces and
air (see Fig. 6-12 and 6-13}.is clearly seen in these figures that pixelshwiigher evaporative
fraction estimated from daily data have smallernegative temperature difference between land
surface and air. Therefore, using daily averagdd da input to SEBS model to estimate daily AET
could lead to the overestimation of EF in all laxer classes. Indeed, there is no informatiorhen t
formulation of SEBS model whether it is possiblaise daily averaged data as in put or not.

Irrigated
croplands
R

Rainfed
croplancs

Y _ : N _ iy B . i
42 \l. 2 i\"

Mozaic
croplands-
vegetation

-

Sparse
“egetation

-

Shrublandz

@ Meorological stations

5 4

Figure 6-14. Location of 10 land cover classes nearby meteorological stasedsfor comparison of
evaporative fractions and daily AET
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Figure 6-15. Overall comparisons of evaporative fractions using a sipigkd per each land cover class near by
meteorological stations

Additional comparison was done for selected simgke! per land cover classes (Fig.6-14) near by
meteorological stations to reduce the effect ofeurainties induced by interpolation. As shown in
Fig. 6-15, the higher square of correlatiod{®99) between the instantaneous and daily aveE&ge
over mixed land cover was obtained. In additionpred relation between daily average EF and EF
from daily data (R= 0.72) was also achieved. It is obvious that theeeconsiderable error generated
by interpolation of point meteorological data fange land cover classes like forest or in mixed land
cover. In this analysis, since the daily averagewss estimated from instantaneous EF and energy
fluxes, the error might not be reflected on theasgLof correlation between the instantaneous EF and
daily average EF. Indeed, one reason for weak lediva between daily average EF and EF from
daily data could be the lower temperature diffeechetween land surface and air in the daily bases
(Fig. 6-13). In general, many uncertainties invdhauring estimation of evapotranspiration or EF
over large area from remote sensing observatiotts diwerse land cover classes (Abdelghani et al.,
2008; Ferguson et al., 2009; Wenjing et al., 20068gse uncertainties may include but not limited to
the following; 1, selection of data set and provision of right infation for individual pixels in the
very mixed land cover classes, where surface matmgical parameters, surface geometrical and
thermal conditions are neither homogenous nor eomst, the spatial distribution and measuring
height of ground based meteorological data pagitylin the forestill, estimation of roughness
height for momentum transfer and displacement heigspecially, in sparse vegetation and mixed
land cover).

6.4. Comparsion of Measured AET with MET and SEBS Estimated AET

The measured AET using an eddy covariance systemsparse vegetation was compared with SEBS
AET and Meteosat second generation evapotrangpir@MET). All comparisons were done for 1-7
September 2009. Table 6-2 shows the comparisoreabuted AET with MET in daily bases.

Table 6-2. Comparison of daily AET from eddy covariance measurem&hfMET in the Sparse vegetation

Date MET(mm) Eddy AET (mm) Abs. error(mm) % error
01/09/2009 0.769 0.475 0.294 61.8
02/09/2009 0.936 0.575 0.360 62.6
03/09/2009 0.815 0.391 0.424 108.6
04/09/2009 0.935 0.304 0.630 207.1
05/09/2009 0.96 0.28 0.685 247.0
06/09/2009 0.77 0.32 0.447 140.9
07/09/2009 1.19 0.30 0.891 297.8
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Figure 6-16. Comparison of measured AET with MET (top) and variabbtemperature difference between
land surface and air (bottom) in tBparse Vegetation half hourly stegSeptember, 01, 2009)

As shown in Table 6-Zhere is a considerable difference betwdenmeasured AET and MET on a
daily bases with an error of up to 298%. This iatks that MET over estimate the actual
evapotranspiration in daily bases in this specifind cover class. Even though they have big
difference in value, they show similar patterntw tliurnal variations of AET, mainly before mid day
(Fig. 6-16 and 6-18). Only both respond in a similey to the abrupt changes of the temperature
difference between land surface and air in thedmaiglas shown in circle.
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Figure 6-17. Comparison of measured AET with SEBS AET and MET inSharse Vegetatiom hourly bases
(September, 05, 2009)
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Figure 6-18. Comparison of measured AET with MET (top) and variatioreofderature difference between
land surface and air (bottom) in tBparse Vegetation half hourly step (September, 07, 2009)

The SEBS estimated AET was also compared with mmedsAET in sparse vegetation on September,
05, 2009 at every an hour step from 07:00-18:06.itAs clearly seen from Fig.6-17, SEBS estimated
AET is close to the measured AET but it slightlyepestimate in the morning and under estimate in
the afternoon. The daily AET values are approadioedach other (Measured AET=0.226 mm and
SEBS AET=0.212mm). In addition, it was observe®im6-6 that there is a poor correlation between
the instantaneous EF and daily average EF ovesespargetation. Therefore, it is not good to use
SEBS to calculate daily AET using instantaneousofzer sparse vegetation. Moreover, a small error
in estimation of land surface temperature resultgansiderable change of sensible heat flux and
consequently affects the latent heat flux in SEB®Ieh This means, a little underestimation of land
surface temperature in the morning and overestimaii the afternoon might result in over estimation
and under estimation of latent heat flux respebtive

As shown in Fig. 6-16, 6-17 and 6-18, MET overeat®s the actual evapotranspiration, but it has a
similar pattern with measured and SEBS estimated.Afeside its pre-operational product, MET
algorithm is completely different from SEBS algbrit but they use some similar input parameters
derived from MSG, except that MET use soil tempeminstead of LST, and soil moisture at four
layers. The next section discusses the comparisovelen SEBS AET and MET in more detail.

6.5. Comparison of SEBS Estimated AET and MET

Actual evapotranspiration estimated using SEBS madelifferent scales was compared with the
Meteosat second generation evapotranspiration ptdcam LSA SAF. This comparison was done in
two ways. Firstly, by taking a single daily AET walfor each land cover classes (see the selected
pixels in Fig. 6-14). Secondly, by generating AE&p® in both methods (Fig. 6-20).
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Figure 6-19. Comparison of SEBS estimated AET and MET (March, 159p00

The bar graph in Fig. 6-19 shows the daily AETmated using SEBS with instantaneous data and
daily averaged data, and MET. In all methods, th8S estimated AET and MET have close values
in irrigated croplands and water body. In additiddgT estimated from daily averaged data is also
close to MET for rainfed croplands, and needleldawyergreen forest. Generally, there is
considerable difference (up to 2.59 mm) between ME@ SEBS AET in other land cover classes.
The scatter plots in Fig. 6-19 also shows poor sgoé correlation (R= 0.38, 0.10) between MET
and AET estimated using SEBS with daily averageda&dF daily averaged data respectively. On the
other hand, the maps shown in Fig.6-20 have aaimpattern of AET in most areas despite the value
difference. Indeed, this pattern recognition wikahelp us to modify the algorithms after having
long term ground based observations over diffetantl cover classes. In addition, the daily AET
values from MET are very close to each other alaaltl cover classes (see Fig. 6-20), but thissis le
likely to occur during a moderately wet day. Thasmof such big value difference between MET and
SEBS might be the different approach of both athars while estimation turbulent heat fluxes. MET
is a pre-operational product that was generatedguai simplified Soil-Vegetation-Atmosphere
Transfer (SVAT) model modified to accept remotesieq derived data in combined with data
from other sources like numerical weather predicidWP) In MET, the estimation of ET is
made by reference to a land cover map which previtie fraction of vegetation types within
each MSG pixel. This primary vegetation types aa#led “tiles” and each pixel may be
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composed of several tiles. In practice, a maximdifour tiles (3 vegetation tiles (Forest, Crops
and grass) + bare soil) are allowed in each pix€lisscalculated separately for each tile in the
pixel and the pixel value is obtained by a weightedtribution of all tiles composing the pixel.
Generally, it is an energy balance model aimingaimpute, for each tilein the considered pixel,
the partition of net radiationRf1), sensible heat fluxH;), latent heat flux I(E;) and heat
conduction flux into the grounds0).The latent and sensible heat fluxes are obtaieedalled
resistance approach (LSA SAF RMI Team, 2008).

According to the validation report of MET (httptafidsaf.meteo.pt), the MET algorithm is able to
reproduce the temporal evolution of observed ET.shstematic bias has been discovered for the
different vegetation classes, except for a borealferous forest site and a Mediterranean evergreen
broadleaved forest site. The report also mentibas\ery good agreement is found for stations over
grassland and mixed forest. For stations over difpers of land cover, good agreement is found when
a close correspondence exists between the land ggpes and the effective cover type at the station

Both SEBS and MET algorithms use some similar pectslufrom LSA SAF and ground
meteorological data. In MET, the ground meteoralabidata are originally gathered at European
centre for medium-range weather forecasts (ECMViBJ}ial resolution. This data is again transposed
into MSG grid and spatially interpolated.

Table 6-3. Input data for SEBS and MET algorithm for estimatiéBT

Input data used in SEBS Algorithm Input data used in MET Algorithm
Down-welling surface short-wave flux [Wh Down-welling surface short-wave flux [Wh
Down-welling Surface long-wave flux [W fh Down-welling Surface long-wave flux [W fh
Land Surface Albedo [-] Land surface Albedo [-]

Land surface temperature [k] Soil temperature feoitlayers [K]

Specific Humidity [kg kd] Dew point temperature [K]

Air temperature C] Air temperature [K]

Wind speed [m§ Wind speed [m/s]

Air and surface pressure [Pa] Atmospheric presausea level [Pa]
Emissivity [-] Soil moisture for 4 soil layers fm]

NDVI [-]

Vegetation Proportion [-]

Leave area index [fm?] Leave area index [fim?]

Sun Zenith angle’]

DEM [m]

Displacement height [m] Canopy resistance [sT

Surface roughness [m] Aerodynamic Resistance [s'in

Reference height [m] Reference height [m]

Height of PBL [m]
Sunshine hors per day [hrs]
Julian day number[-]

50



Estimation of Actual Evapotranspiration and Wateta®ce using Combined Geostationary and Polar i@go8atellite Products

As shown in the Table 6-3, both algorithms work ptetely in different ways that could probability
cause the big difference between them. Both MET @B8S algorithms consider the basic input
parameters like land surface parameters in differay. The different approach of both methods can
significantly affect the AET estimate, and can broonsiderable value differences. MET algorithm
uses skin temperature which might be slightly kbss surface temperature under normal condition.
Apart from land surface temperature, MET algorithsed soil moisture at different depth which is
not considered in SEBS model. It is also mentioimeMET product user manual that there are the
deficiencies of soil moisture forecasts by the ECMWodel due to the 4D-var assimilation processes
for southern part of Europe, but it is considersdhee main limiting factors to evapotranspiratian i
the region. For this reason, the manual recommeindkghendent estimates of soil moisture to assess
a correct evaluation of ET in dry regions. Moregvargap filling procedure is applied on MET
images to fill the non-processed pixels by an axipmate estimate using similar vegetation
composition and meteorological conditions with sunding pixels in small regions.
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Figure 6-20. Maps of SEBS estimated AET and MET in the Castillagn region, Spain (March, 15, 2009)
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6.6. Water Balance Estimation

The rainfall distributions over the whole Spain &fT estimated from instantaneous data with
SEBS over Castilla y Leon region during the studsigd are shown in Fig. 6-21 and 6-22
respectively.

March, 14, 2009 April 03, 2009 April, 09, 2009 April, 14, 2009

August, 01, 2009

September, 01,2009  Fainfall (mm 4%

120

ag Coordinate System:
25 WIESE4 (Lat/Lon)
1% Datum: WGSB4

0
Figure 6-21. Daily rainfall distribution over the Spain during study pdrtbat covers the Castilla y Leon region
as taken from MPEF-MPE
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March, 13, 2009

March, 23, 2009 April, 03, 2009

2 3
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Daturn: WWi5584
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Figure 6-22. Daily AET maps in the Castilla y Leon region for someskld dates during the study period
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In the map of daily evapotranspiration over CastjliLeon region (Fig. 6-22), the undefined areas ar
pixels covered by cloud which persisted for morantione hour at the time of interest (11:30-12:30
UTC). As shown in the Fig. 6-21, the study areafeasrainy days during active season in the region.
In addition, the region is receiving light rainfaéfirough out the study period except few days & th

month of May and June.

Since the selected dates for estimation of AETe#teer dry or moderately wet (before or after rainy
days), reasonable AET values were observed over larod cover classes. This indicates that SEBS
can be used in most land cover classes to estithatdaily AET with acceptable error. Similarly,
studies (Su, 2002; Su and Jacobs, 2001; Wenjiaf,2006; Pan et al.,2008) have proven that SEBS
can give good estimation of AET over some land calass ( cotton field, shrubland, wheat and other
crops). Besides, high loss of rain water by evapmnehas been observed in the region (Fig. 6-22 and
6-21). In addition, the daily evapotranspirationeonrrigated croplands and forest were easily
identifiable during the dry seasons (see Septenftieand August, 16 in Fig.6-22), but there aré stil
considerable evaporation values up to 2-4 mm perfrden rainfed croplands and other minor land
cover classes, when the area is still dry anddhded croplands are without crops. This indicales
overestimation of the model during dry season.
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Figure 6-23. Variation of AET with precipitation distribution over ra@af croplands during the study period

A simple water balance estimation called climatadab water balance (precipitation minus
evapotranspiratiorand variation of daily evapotranspiration during gtudy period were done over a
main land cover class (rainfed croplands) in thelgtarea. In addition, the daily variation of AET
over irrigated croplands during the study period &kso seen (Fig. 6-24). The selected pixels figr th
analysis are as shown in the Fig. 6-14. A linegéerpolation was made between carefully selected
days based on rainfall distribution to plot thelylaariation of AET for the whole study period (Fig
6-23 and 6-24). Due to the absence of MET prodfrote the middle of April to the beginning of
July, 2009, only some days of MET data were useqadbthe daily variation of AET during the study
period. As shown in Fig. 6-23 and 6-24, MET wealdgponded to rainfall during the study period
both in rainfed and irrigated croplands. Theref®d&T looks radiation driven products. For the case
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of irrigated croplands, the variation of daily AEbes not consistently depend on the occurrence of
rainfall (see Fig.6-24). This is what we expected tb the application of water, especially durimg d
season. The daily AET over rainfed cropland isadnnuch more with rainfall distribution (Fig.6-

23).
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Figure 6-24. Variation of AET with rainfall distribution over irrigatedaplands during the study period
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Figure 6-25. Five days cumulative AET, precipitation, and change irenstorage over rainfed croplands during
the study period

Cumu.SEBS AET
—— Cumu.Rainfall

300

AET/Rainfall (mrm)
N

[ T PP T I T I T T T T T T T T T T T T I T T T T T T A I T T T T I I
b i e i s o T i T o R 5 T i e o R o i R i s 5 T 5 i i ]
P P- 00 0 OO — NNWMT}'WJ‘L‘?L‘?LDLDPMHCDCOIII&IIRR‘—

— —

=z
—rr T T T — — o

224
229
234
23
24
24
25

—
—

Doy

Figure 6-26. Cumulative AET and rainfall over rainfed crop lands durlmgstudy period (March, 15 —
September, 15-2009)
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Fig 6-25 shows the five days cumulative precipitatiactual evapotranspiration and change in water
storage (precipitation minus evapotranspirationergcess precipitation) in rainfed croplands. As
shown in this figure, no a month or half a monthclithas excess precipitation to sufficiently suppor
crop growth. It indeed depends on the crop watguirements. Only few days in the month of May
and June have excess precipitation but the renmastundy period was dry with occasional rainfall.
However, there is over estimation of daily AET b tmodel during the dry season, Fig. 6-26 shows
that the region experiences high evaporation, lettingy very low rainfall during the whole study
period. At the end of the study period the cumuatAET is almost twice of the available
precipitation. That is why the farming system oé thegion is gradually changing from rainfed
croplands to irrigated croplands since more thdacade.

This water balance estimation method can be applieahy types of land cover classes in the study
area except irrigated croplands as long as we ble t@ generate good estimation of rainfall
distribution and daily AET maps of the region frammote sensing observation . Therefore, it is
possible to estimate a simple water balance usEBSSestimated AET and rainfall product from
EUMESAT. In this work, since daily AET for the ragirdays or other days which AET is not
calculated for are estimated by linear interpolatid the previous and the next day AET, there are
high probabilities of under or overestimation o tthaily AET between the days. Particularly, this is
the problem in dry climate at which the time of th& in a day affect the linear interpolation beén

the days. This is due to the fact that evaporadiating the rainy days itself may much more than the
surrounding days. Therefore, the best way to malkul gestimation of climatological water balance
“Precipitation minus Evapotranspiration” from remaensing observation is by calculating the daily
AET for all days in the study period. But, thispgactically difficult due to cloud cover. Therefore
estimating AET for all cloud free days during thady period by considering the diurnal variability
of rainfall in the study area might give reliabtgarpolation results. This could potentially minmai
the possible uncertainties in the interpolationdBf between the days.
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7. Conclusions and Recommendations

7.1. Conclusions

In this work, combined geostationary and polar timgisatellite products in conjunction with ground
based meteorological data were employed to estithetanstantaneous EF, daily average EF, EF
from daily averaged data, daily and instantane®di$, and a simple water balance over different
land cover classes in the Castilla y Leon regiqugi® The advantage of high temporal resolution
products from EUMETSAT geostationary satellite eyss and the relatively high spatial resolution
products from MODIS and MERIS were fully utilized this research. The combined uses of both
products were enabled us to get all model inputupaters with required temporal and spatial
resolution, which were used to estimate the inataaus EF and turbulent heat fluxes at every an
hour step for different land cover classes usingSEodel, and then extended to daily averaged EF
and daily AET. Therefore, the use of combined gaastary and polar orbiting satellite products
have great advantage to estimate daily averagéngtead of traditionally used instantaneous EF for
estimation of daily AET. Generally, this approaciii wotentially reduce the uncertainty induced by
use of one time observation (instantaneous EF¥timate daily actual evapotranspiration from polar
orbiting satellites.

The analysis results showed that reasonable diwaré@tion of EF over some land cover classes in
the study area. EF is also relatively stable duthreyday time, particularly from 11:00-16:00 solar
time in irrigated croplands, shrubland, water badg rainfed croplands. The comparison was made
between daily average EF and instantaneous EFdifferent land cover classes in the region. The
results depict that daily average EF and instamiandéF (at 12:00) have strong relation in irrigated
croplands, rainfed croplands, shrubland, mosaiesteshrubland and mosaic crop-vegetation, but it
exhibits poor agreement for sparse vegetation, deased deciduous forest and needleleaved
evergreen forest. This indicates that we can netinstantaneous observations to estimate daily AET
in sparse vegetation, broadleaved deciduous f@medtneedleleaved evergreen forest with SEBS
model during such period. Moreover, the daily agethEF was higher than instantaneous EF over all
land cover classes. This shows that use of onedhbservation in the mid day for estimation of daily
AET could lead to the underestimation of the result

In addition, the daily averaged data was used &b tiee possibility of estimating daily actual
evapotranspiration from daily averaged input datéhe model. There was poor correlation between
daily averaged EF and EF from daily averaged datalliland cover classes. In general, using the
daily averaged data in SEBS model for estimatioity d&ET could lead to overestimation of the
results. Therefore, daily averaged data can naideel as in put to SEBS model to estimate daily
AET.

SEBS estimated AET and Meteosat second generatapoganspiration (MET) were compared with
measured AET in sparse vegetation. The result shbatsSEBS estimated AET is very close to
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measured AET. There is a considerable differendevdsn the measured AET and MET in half
hourly and daily bases. In both cases, MET overedggd the actual evapotranspiration in this
specific land cover class. Even though they hagedifference in value, they show similar patterhs o
diurnal variation of AET, particularly before micaygl In addition, the SEBS estimated AET was
compared with MET over different land cover clasddsey have close values in irrigated croplands
and water body, but MET overestimated in the remgitand cover classes. The cause of such value
differences might be due the fact that MET is a $\Whodel which estimate evaporation from soll
and vegetation independently using soil moistuod,temperature and other vegetation and weather
information, while SEBS is an energy balance motlelt uses surface temperature, surface
biophysical parameters, and weather informatioastimate turbulent heat fluxes. In addition, MET
is a pre-operational product under developmentSs# BAF.

The daily actual evapotranspiration of Castillagoh region was estimated using SEBS model for 22
selected days in the study period. During the edton AET for carefully selected days, a clear
pattern of AET values were observed over most taner classes according to our expectations. This
pattern indicates that SEBS model can be usedtimae daily AET over mixed land cover classes
dominated by irrigated croplands, rainfed croplargifgsubland, mosaic forest-shrubland and mosaic
crop-vegetation with acceptable error. Similarlydées (Su, 2002; Su and Jacobs, 2001; Wenjing et
al., 2006; Pan et al.,2008) have proven that SEBSgive good estimation of AET over some land
cover class (cotton field, shrubland, wheat andemtitrops). Moreover, the daily actual
evapotranspiration over irrigated croplands andgdieaved deciduous forest were easily identifiable
during the dry season, but there are still consioler evaporation values up to 2-4 mm per day in
rainfed croplands and other minor land cover cksaden the area is still very dry and the rainfed
croplands are without crops. This shows that thdehoverestimate during the dry season. Generally,
since it is possible to estimate daily average EfnfEUMESAT satellite system products and
ground-based data, there is high potential of ngakjood estimation of daily AET using this daily
average EF in all land cover classes and weathwlitbton during clear sky days.

The behaviour of daily rainfall distributions dugithe whole study period and the daily AET for 22
selected days in the Castilla y Leon region wasdistl According to the rainfall distribution maps
obtained from EUMETSAT, the study area has fewyraiays during active season in the region. The
region receives only light rainfall throughout thieidy period, except few days in the month of May
and June which have heavy rainfall. The results ste®w that high loss of rain water by evaporation
during the study period in the region. In additidnyas observed that the daily variation of MET is
weakly responded to rainfall occurrence both imgated and rainfed croplands during the study
period. Therefore, MET looks radiation drive produim contrary, SEBS estimated AET varied
considerably with rainfall distribution in both rdéd and irrigated croplands, but in case of itega
croplands, the variation of daily AET is not consigly dependent on the occurrence of rainfall.

Finally, a simple water balance estimation callelinfatological water balance” was carried out for
rainfed croplands in the study area. During watdafice estimation, it was observed that no a month
or half a month which has excess precipitation éxceeding ET) during the growing season of the
region. Only few days in the month of May and Jiwawe excess precipitation but the remaining
study period were dry with high evapotranspiratiord occasional light rainfall. This water balance
estimation method can be applied to any typesraf over classes in the study area except irrigated
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croplands as long as we are able to generate gaiodagion of rainfall distribution and daily AET
maps of the region from remote sensing observatidrigerefore, it is possible to estimate
climatological water balance (Precipitation mingsual evapotranspiration) over land surface using
remote sensing observations.

7.2. Recommendations

The method of combined geostationary and polattiahsatellite products to estimate daily average
EF was employed for the first time using SEBS motigwever, reasonable results were observed
during this work, the results were not validate@roall land cover classes except sparse vegetation.
Therefore, additional research can be conducteledrfuture to identify the potential source of itpu
data to models for accurate quantification of AETogal to regional scales with acceptable spatial
and temporal resolution. From this work the folilogrrecommendations can be drawn:

1. Doing similar research in all climate condition ¢m@oderately wet and dry) after having;
» Ground based flux measurements in all land co\aessels
» Quality checked products from both geostationany olar orbiting satellites
This will potentially assess the performance ofriimdel in any land cover types and climate
zone.

2. Modifying SEBS interface to directly accept all guzts from geostationary satellites, and
measurement height as a map. This will enable usitothe model at global scale using
meteorological data from other source like fromdpgan centre for medium-range weather
forecasts (ECMWF) or numerical weather predictioNWP) that provide some
meteorological information used by SEBS. Indeedtadom ECMWF has a course
resolution, but it might be better than using simplerpolation techniques.

3. Inthe future, EUMETSAT satellite application fagilon climate monitoring (CM-SAF) will
supply all meteorological data required by SEBS ehcat any height above the ground
surface, so that any one can use such data anthéeperformance of the model completely
independent of ground-based data.

4. Validating the estimation of water balance from oéensensing observations using ground
based data after calculating the daily AET durilhglaud free days in the study period.

5. At this time, it is better to use SEBS model witdtETSAT products to estimate daily or
hourly AET than using MET in hydrological modellirend other related water resource
management issues.
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Appendices

Appendix A EUMETSAT data dissemination system for Europe and Africa

METOP Satellite

m” » B Ground segment in Genmany
| %ﬂ (Damstadt)

(2 FUMETSAT

Before the signal is received in Europe, it havdied: from MSG -> Darmstadt -> Usingen ->
Eurobird-6 -> user in Europe (3*36000km). Similarbefore the signal is received in Africa, it has
travelled: from MSG -> Darmstadt -> Usingen -> &hird-6 -> Fucino (ltaly) -> Atlantic Bird-3 ->
Local Stations in Africa (approximate distance is3000 km!!)
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Appendix B GEONETCast toolboxes integrated to ILWIS, and HOFSRo GeoTIFF (HEG) tool

interfaces for remote sensing data importing andgssing

B wwis Open L | () )
| File Edit [Dperations] View Windew Help
DEM hydro-processing L |
Geomvetcast Toolbex ] Import AVHRRS
Image Processing » Import Jason-2
Impost/Export L Gecnetcast Data Manager
Interpalation » Gecststionany LRIT »
Raster Operations 3 Gecstationary MSG HRIT
Resterize L AODES Fire Product -
SEBS Tocls ¥ MPE Direct ®
Statistics (3 MPEF »
Table Operaticns B IS5 Satellite and Sclar Zenith 7 Azirmuth Angles
Vector Operations L RSS MPEF L]
Vedtonze ] Real Time M5G Visualization and Amimation ®
Wisualization 3 TAF Africa *
Sod Mossture Estimation SAF Euno 3
Serpt ¥ SaF 55T MSG-GOES Cambined
SAF South America »
BPOT VETS Afreca L3
Toolbox Settings and Export "

-
B HEGToolbat - Shortcut

| File

Tool  Help

Input File  |15.h17v04,005 20

Fields
|n um_sbservations

| | Objects: | MODIS_Grid_20 |+
[ |

Cigect Infoc Accopied List

: o |MOMS_Grid_20 > sur_refl_b0{
Inpul Projection Type: Sinusd* | - 20 e

Projection Parms: (6371007 —
L1} r Left Cormer: 49.00990 ™ |
[ r[ *

|E Output File Nama:
|31?13- KMODIS_Grid_2D hdf|~
Salected Cutput Fibe Type: - |_
sur_refl_b02_1 Resampling Typa: Rmmove Save
Band: 4_lh Darmi: Subsample? & Yoz Ho
Spatial Subset: = =
Latitude  Longitude — —
UL Com... Pixed Size X: ¥i —
ILR CoMm... | Accept
L] HEG Projection Parameters — ﬁ
Start X [of ¥: [0
Stride X [+ ¥ |1
O Cancel
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Appendix C The missing pattern of land surface temperaturerdethroughout the day for

randomly selected pixels
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Appendix D Detailed land cover classification used for theégassent of vegetaion height

|:| 11 - Irrigated croplands

|:| 12 - Irrigated shrub or tree crops

|:| 13 - Irrigated herbaceous crops

|:| 14 - Rainfed croplands

|:| 15 - Rainfed herbaceous crops

|:| 16 - Rainfed shrub or tree crops

|:| 20 - Mosaic Croplands/Vegetation

|:| 21 - Mosaic Croplands/Grassland-Shrubland
|:| 22 - Mosaic Croplands/Forest

|:| 30 - Mosaic Vegetation/Croplands

|:| 31 - Mosaic Grassland-Shrubland/Croplands
|:| 32 - Mosaic Forest/Croplands

- 130 - Closed to open shrubland

- 131 - Closed to open broadleaved or needleleaved evergreen shrubland
- 134 - Closed to open broadleaved deciduous shrubland

D 140 - Closed to open grassland

D 141 - Closed grassland

D 143 - Open grassland

D 145 - Lichens or mosses

|:| 150 - Sparse vegetation

|:| 151 - Sparse grassland

|:| 152 - Sparse shrubland

|:| 153 - Sparse trees

- 160 - Closed to open broadleaved forest regularly flooded (fresh-brackish water)

- 40 - Closed to open broadleaved evergreen or semi-deciduous forest - 161 - Closed to open broadleaved forest (semi-)permanently flooded (fresh-brackish water)

- 41 - Closed broadleaved evergreen or semi-deciduous forest
- 42 - Open broadleaved evergreen or semi-deciduous forest
- 50 - Closed broadleaved deciduous forest

D 60 - Open broadleaved deciduous forest

- 70 - Closed needleleaved evergreen forest

- 90 - Open needleleaved deciduous or evergreen forest
- 91 - Open needleleaved deciduous forest

- 92 - Open needleleaved evergreen forest

- 100 - Closed to open mixed broadleaved and needleleaved forest
- 101 - Closed mixed broadleaved and needleleaved forest
- 102 - Open mixed broadleaved and needleleaved forest
- 110 - Mosaic Forest-Shrubland/Grassland

- 120 - Mosaic Grassland/Forest-Shrubland

- 162 - Closed to open broadleaved forest temporarily flooded (fresh-brackish water)
- 170 - Closed broadleaved forest permanently flooded (saline-brackish water)
|:| 180 - Closed to open vegetation regularly flooded

|:| 181 - Closed to open woody vegetation regularly flooded

|:| 185 - Closed to open grassland regularly flooded

- 190 - Artificial areas

|:| 200 - Bare areas

|:| 201 - Consolidated bare areas

|:| 202 - Non-consolidated bare areas

|:| 203 - Salt hardpans

- 210 - Water bodies

|:| 220 - Permanent snow and ice

- 230 - No data
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Appendix E ILWIS script for assignmnet of vegetaion height astimation of roghness height

canoHeight=IFF(land cover_Catilla=11,0.5,IFF(lander_Catilla=12,1.0,IFF(land
cover_Catilla=13,2.4,IFF(land cover_Catilla=14,QlBE(land cover_Catilla=16,1.6,IFF(land
cover_Catilla=20,3.5,IFF(land cover_Catilla=30,IEE(land cover_Catilla=40,5.5,IFF(land
cover_Catilla=50,7.5,IFF(land cover_Catilla=60,8-5(land cover_Catilla=70,8.5,IFF(land
cover_Catilla=90,7.0,IFF(land cover_Catilla=10GF(land cover_Catilla=110,5,IFF(land
cover_Catilla=120,5.5,IFF(land cover_Catilla=13#E(land cover_Catilla=130,3.5,IFF(land
cover_Catilla=140,0.15,IFF(land cover_Catilla=156(_Catilla=151,0.10,IFF(land
cover_Catilla=160,7.5,IFF(land cover_Catilla=178,B-F(land cover_Catilla=180,5.2,IFF(land
cover_Catilla=190,6.7,IFF(land cover_Catilla=20B(land
cover_Catilla=210,0.009,?)))))))))))NN)))))
CanopyHeight_Castilla=IFF(Boundary_Layout="SegcHhoHeight,?)
Roughness2=0.136*CanopyHeight_Castilla
Roughness3=0.005+0.5*(NDVI_Resam12/0.9)"2.5
DisplacementHeight1=2/3*(CanopyHeight_Castilla)

X=0.2*LAl_Resam

DisplacementHeight2=CanopyHeight_Castilla*(In (1{X/®)) +0.03*In(1+X"(1/6)))
ZOM1=0.009+(0.28*CanopyHeight_Castilla*X"0.5)
Z0M2=0.3*CanopyHeight_Castilla*(1-(DisplacementHatigy CanopyHeight_Castilla))
Roughness4=  IFF(X<=0.2,Z0M1,ZOM2)

Roughness_5=IFF(land cover_Catilla=11,Roughnessédrd
cover_Catilla=12,Roughness4,IFF(land cover_CatiijgRoughness4,IFF(land
cover_Catilla=14,Roughness3,IFF(land cover_CatiiRoughness3,IFF(land
cover_Catilla=20,Roughness4,IFF(land cover_Cat8aRoughness4,IFF(land
cover_Catilla=40,Roughness2,IFF(land cover_CatigRoughness2,IFF(land
cover_Catilla=60,Roughness2,IFF(land cover_CatiaRoughness2,IFF(land
cover_Catilla=90,Roughness2,IFF(land cover_Catll@3Roughness2,IFF(land
cover_Catilla=110,Roughness2,IFF(land cover_CatllZ0,Roughness4,IFF(land
cover_Catilla=134,Roughness2,IFF(land cover_Catllgd,Roughness4,IFF(land
cover_Catilla=140,Roughness4,IFF(land cover_Catllt#),Roughness4,IFF(land
cover_Catilla=151,Roughness4,IFF(land cover_Catlléd,Roughness2,IFF(land
cover_Catilla=170,Roughness2,IFF(land cover_Catllgd,Roughness2,IFF(land
cover_Catilla=190,Roughness2,IFF(land cover_Ca@0,Roughness4,IFF(land
cover_Catilla=210,Roughness4,2))))H))N)) D)
Roughness_Castilla=IFF(Boundary_Layout="Seg 1",Roegs_5,?)
Diplacement=iff(land cover_Catilla=13,Displacemeeithtl,iff(land
cover_Catilla=14,DisplacementHeightl,iff(land cov@atilla=70,DisplacementHeight1,iff(land
cover_Catilla=50,DisplacementHeightl,Displacemeidhi?))))
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Appendix F Statistical formulas used in this research

Standard error = 1 3 [Z(x_;:)(}_,_;}r
(n—2) C > (x—x)

Absolute error (Abs.error) =y — X
Percentage error (% error)(-y_—x) *100
X

2 (x—x)y-)
V2 =Y (-0

Correlation coefficient() =

Coefficient of determinatiorR) ={(1/n) *X [(xi —x ) * (yi -y )] / (oX * oY)} 2

wheren is the number of observations,s the summation symbot,andy are parameters to
be fitted or compared is thex value for observation x is the mean ok value,y; is they
value for observatiom y is the mean oy value,oy is the standard deviation ®f andoy is

the standard deviation gf
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Appendix G Surface Energy Blance System model SEBS interface

f#m Surface Energy Balance System (SEBS) 5'

Land Surface Temperature Iﬁ L5ST_07 j
E mizgivity I EX Ernrnigivity_07 j
Land Surface Albedo | R Albedo_07 -
NDVI |ERNDYI_07 |
YYegetation Proportion [P I EF/C_0700 j
W Leaf Area Index [EnLsT 07 |
¥ Sun Zenith Angle Map [degree) I B Surenth_07 j
V¥ DEM map |ERDEM_07 |
[v Inst. dowrward solar radiation maplaatts/m™2] Iﬁ DS5F_07 j

[T Inst. dowrward solar radiation value(watts/m™2)

Land uze map with azzociated surface parameters

¥ Canopy height rmap [m]
v Displacement height map [m]
¥ Surface roughness map [m]

v Julian day number

Reference Height [m]

PEL height [m]

| B CancHeight_07

|mms_n?

I E Roughness 07

K KN (KN

Iv¥ Specific humidity map (ka/ka) Iﬁ SH_0O7
v ‘wind speed map [m/z) IﬁWindSpeed_D?
v Air temperature map [Celziusz) Iﬁ,&irTem_El?

¥ Pressure at reference height map [Pa)
¥ Pressure at surface map [Pa]
v tean daily air temperature map [Celzivz)

[ Sunshine hours per day

Output Razter Map

Dezcription:

I B AirPressure_07

I B SurfacePressure_07

| B D ailuirT em_all

KN | KN KN | KN KN | KN

[SEES_07

Show | Define | Cancel |
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Appendix H Diurnal variation of latent heat flux over diffetdand cover classes on March, 15,

2009
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Appendix | Flow chart of MET Algorithm

Radiative
data
(LEA-BAT

Land cowver
Inforrmation

(ECOCLIMAR)

Ieteorological
Data
(ECIWIWE)

L AT, romin, DEEE, Ta, Td, Ua,
Fyvi, 20 DLl AL Pa, 5l

F

Calculate I‘IJ LE:]-, GJ-
(st tile LoDy
Mzt pizel
Fy
Flag ET missing for,
current pizel h
Compute pixel values
-
LE = Z\, LE;
WEs H=%¢ GJ

KT gap Filling
Wit e output
(ET, Of)
¥

Sour ce: SAF for Land Surface Analysis (LSA SAF), Produster Manual for Meteosat Second
Generation Evapotranspiration (METhttp://landsaf.meteo.pt/algorithms.jsp?seltab=aft&ab=7






