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This thesis deals with the study of evaporation and soil moisture, two main parameters of the hydrological cycle, and thus the climate system.

First, potential evaporation (ET P ) is analysed. It is an important input to hydrological and agronomic models, key to describe the interactions between the surface and the atmosphere, and the basis of most of the estimations of actual evaporation. Physically-based and empirical methods to estimate ET P are evaluated, at a global scale, under current climate conditions and in a changing climate. The former methods correspond to those implemented in land surface models (LSM) and the Food and Agriculture Organization (FAO) reference evapotranspiration equation. The assumptions made in FAO's method underestimate ET P if compared to LSM methods. They also result in a lower sensitivity of ET P to climate change.

In addition, empirical equations are not able to reproduce the impact of climate change on ET P if compared to that from LSM methods.

Soil moisture is the second aim of this thesis. It is treated through the analysis of brightness temperatures (TB). These are a measure of the radiation emitted by the surface, and thus an optimum parameter to use in remote sensing techniques for soil moisture retrieval.

Measured TB from the Soil Moisture and Ocean Salinity (SMOS) mission are compared, over the Iberian Peninsula, to two sets of TB modelled estimates from two LSM. There is a good agreement in the temporal evolution between them. However, discrepancies are found regarding the spatial structures, which become more evident during fall and winter and are mainly explained by differences in the annual cycle of measured and modelled TB. v Résumé Cette thèse étudie l'évaporation et l'humidité du sol, deux paramètres clefs du cycle hydrologique et du système climatique. L'évaporation potentielle (ET P ) est un paramètre clef pour les modèles hydrologiques et agronomiques qui décrit les interactions entre la surface et l'atmosphère. Il constitue la base des estimations de l'évaporation réelle. Nous avons évalué, à l'échelle globale et pour le climat actuel ainsi que pour les changements attendus, des estimations de l'ET P basées sur des principes physiques ainsi que des approches empiriques. La méthode d'estimation du flux potentiel conseillée par la Food and Agriculture Organization (FAO) montre une sous évaluation par rapport au schéma de surface, ce qui a pu être relié à certaines hypothèses faites. Ceci implique aussi une sensibilité plus faible au changement climatique de la formulation proposée par la FAO. Nous avons aussi constaté que les méthodes empiriques ne représentent pas correctement l'impact du changement climatique sur l'ET P . L'humidité du sol est analysée du point de vue de la température de brillance en Bande-L (TB). Cette mesure du rayonnement émis par la surface dans une bande spectrale sensible à l'eau dans les premiers centimètres du sol, constitue une des pistes pour l'estimation de l'humidité de surface depuis l'espace. Des mesures de TB ont été comparées, au dessus de la Péninsule Ibérique, à des données simulées par deux schémas de surface. Un bon accord a été trouvé entre les observations et les simulations sur l'évolution temporelle des signaux. Par contre, les structures spatiales peuvent être très différentes au cours de l'automne et l'hiver à cause de cycles annuels très contrastés. vi 1. 1. 1 1. 1
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La Órbita Del Agua

Vamos a embarcar, amigos, para el viaje de la gota del agua. Es una gota, apenas, como el ojo de un pájaro.

Para nosotros no es sino un punto, una semilla de luz, una semilla de agua, la mitad de lágrimas de una sonrisa, pero le cabe el cielo y sería el naufragio de una hormiga.

Vamos a seguir, amigos, la órbita de la gota de agua: De la cresta de una ola salta, con el vapor de la mañana; sube a la costa de una nube insular en el cielo, blanca, como una playa; viaja hacia el Occidente, llueve en el pico de una montaña, abrillanta las hojas, esmalta los retoños, rueda en una quebrada, se sazona en el jugo de las frutas caídas, brinca en las cataratas, desemboca en el río, va corriendo hacia el Este, corta en dos la sabana, hace piruetas en los remolinos y en los anchos remansos se dilata como la pupila de un gato, sigue hacia el Este en la marea baja, llega al mar, a la cresta de su ola y hemos llegado, amigos... Volveremos mañana.

Andrés Eloy Blanco (Venezuelan poet 1896(Venezuelan poet -1955) ) i 1 Introduction

Indo-European languages are identified as those sharing a mutual origin from the nomadic tribes that extended from India to Western Europe: Hittite, Greek, Tocharian, Armenian, Indian, Iranian, Italic, Celtic, Germanic and Slavonic. To sum it up, most of the European and Asian languages. These did not coincide in time or space, however, common features between them can be identified. Linguists have gathered them together and developed the Indo-European language through reconstruction techniques. Nowadays, we can observe its traces in the current languages.

Various ancient roots to form the word for what we refer to as WATER can be found in Indo-European languages. According to the reconstruction performed by the linguists, WATER in Indo-European was called *wód-r. The adjective *wed (humid) is derived from this root. The current etymons have evolved from this root. [START_REF] Chantraine | Dictionnaire Étymologique de la Langue Grecque[END_REF] explains that these languages used two different kinds of roots for elements like water or fire, an inanimate gender (neutral) or an animate one (feminine). For instance, Greek preferred the first one hýdor, which has evolved to the prefix hydro-, extensively used in current languages.

Opposite to it, Latin used essentially the feminine form aqua, from which derive the following: "eau" (French), "acqua" (Italian) or "agua" (Spanish). Different Indo-European languages have evolved differently. Among other examples, Germanic ones provide the words "Wasser" (German) and "water" (English), Celtic provides "uisce" (Irish), Slavonic provides "voda" (Russian), etc.

General background

Water is the main subject of this thesis. Katia and Guy Laval provide in their book "Incertitudes sur le climat" (2013) two key reasons to take water into account regarding the climate. One of them goes back to the past and the other one goes forward to the future.

Let us start by the first of them and go backwards to the past, around 3.5 billion years ago when the origin of life is dated. There is a large number of studies about this matter, being one of the most accepted theories that of the RNA (ribonucleic acid), as explained by Atkins 1. 1 Introduction et al. (2001). Although it has not been determined yet, it has however, been proven that water was necessary for life to develop and continues to be necessary for it to exist nowadays.

If we travel now to the future to reveal the second key reason, we will find the effect of climate change on water. It is known that water will be (and is currently) impacted by a changing climate. It has to be stressed that these effects can limit the development of some nations, influencing on the geopolitical stability. The authors of the book argue that it is key to identify these effects and their evolution, as well as to define the optimum way to adapt to them. Like that, development will not be limited.

In this thesis, we will deal with water related to climate. We will, however, provide some facts about water linked to very different aspects to remark its relevance and why it is necessary to study it. The objective is to provide the reader with a general background of its importance concerning the current situation, as well as the future one, from different points of view (demographic, sanitation, urbanization, etc.).

The United Nations Environment Programme (UNEP) provides the following statistical facts:

• The total volume of water on Earth is ~ 1.4 10 9 km 3 .

• The total volume of freshwater on Earth is ~ 3% of the total volume of water.

In the United Nations World Water Development Report (WWDR) from 2012, it is said that the world's population is growing around 80 million people per year. This results in a considerable increase in water demand which is estimated in 64 billion m 3 a year regarding freshwater. According to the Food and Agriculture Organization (FAO), more than 40% of the world's population suffers from water scarcity problems. This percentage is expected to grow to 66% by 2025. Therefore a correct management of water resources is essential.

It is known that the environment is affected by how humans deal with water resources.

For example, the WWDR warns about the fact that, in developing countries, up to 90% of their waste-water flows into rivers, lakes and oceans without having been treated previously.

The UN World Water Assessment Programme (WWAP) warns about the current 1. 1 phenomenon where industries are being relocated in countries with emerging markets, normally developing ones with lower production costs. Some of these industries are very polluting, for example leather or chemical ones. According to this programme, 2 million tons of human waste are thrown into water courses. Separated from the effects this has on food and drinking, among others, it may alter the properties of water masses, affect the hydrological cycle and consequently, the climate system.

The environment and the effect that water pollution has on it is not the only aspect impacted by water management, since it is key in economical and social matters, like agriculture, urbanization or sanitation, for example.

The amount of water estimated to cover the basic daily needs per person is from 20 to 50 litres according to the United Nations. This implies cooking, drinking and cleaning.

However, water demand goes further than this estimation. While the daily intake of drinking water is from 2 to 4 litres per person, from 2000 to 5000 litres per person are needed to produce the daily food (FAO). If climate change effect is considered, agriculture may be affected. For example, in Asia it is estimated to be reduced by 20% in the next 15 years due to the reduction predicted of snow and ice from the Himalayas (FAO). The WWDR from 2012 has projected that over the period of 2050, the global population will have grown from 2 to 3 billion people. That means that water necessities will have to be covered for this population, and only in food demand, an increase of 70% is estimated.

Hygiene is also a fundamental need. Nowadays, there are 2.5 billion people living without basic sanitation (WWDR), and the population exposed to water scarcity problems is growing. An example are slums, which according to the UN Human Settlements Programme (HABITAT) will grow by 27 million people per year. The UN inter-agency coordination mechanism for freshwater and sanitation related matters, warns that if little attention is paid to it, cases of cholera and diarrhoeal diseases are likely to increase. For example, the World Health Organization (WHO) report from 2010 explains that during the last decade the cholera cases experimented an increase of 130%. Wm -2 ) where developed to represent different climates [START_REF] Van Vuuren | The representative concentration pathways: an overview[END_REF]. Global surface temperature at the end of the 21 st century is likely to increase more than 1.5ºC in all of them except the lowest one (RCP2.6) if it is compared to the change experimented from 1850 to 1900. What is more, for the higher RCPs (RCP6.0 and RCP8.5), temperature is likely to increase more than 2ºC.

Climate change will impact water resources in several ways. For example, the changes in temperature as well as in precipitation may result in an increase of both the frequency and severity of extreme events like floods and droughts. According to the WWDR, the number of people that may suffer from the effects of floods may increase to 2 billion. Water availability and quality may also be affected by temperature and precipitation variations, as well as altering and deteriorating properties from certain ecosystems. These effects will have an impact on the economical and social matters already discussed, leading to a worse situation by reducing development and increasing poverty. For instance, the UN entity for gender equality and the empowerment of women in its "Gender Dimension of the Millennium Development Goals Report" from 2013, draws the attention to the fact that if the access to water is reduced, more time has to be employed in collecting it. This task is normally carried out by girls and women, and currently most of the children around the World that do not attend school are girls. Therefore, in order to avoid these and other problems that may be caused by climate change, its effect must also be taken into account regarding water resources.

Summing up, the importance of water in many different aspects is well-known and has been stated. It has been observed, however, that nowadays water resources are not being managed in a proper and optimum way, as there are scarcity, hygiene and pollution issues related to it. Furthermore, the increase predicted in population is likely to worsen them. In addition, the effect of a changing climate will have a negative impact on these as well as on 1. 1 the climate itself. Consequently, it must be taken into account regarding water policies and resource management.

Motivation

Accurate climate predictions and weather forecasts are essential to develop suitable policies and protocols for water resources management. To perform these, numerical models are used. An Earth System Model (ESM) aim is to describe the climate, representing physical processes which occur in the oceans, cryosphere, atmosphere and land surfaces. Therefore, ESMs may be coupled to different schemes referred to these matters. For example, Land Surface Models (LSMs), that deal with surface processes regarding the surface water and energy balances. These models have evolved in the last decades, improving their surface characterization, coupling a carbon module to them or including processes to ameliorate the hydrological cycle representation (like irrigation or a rooting system). However, there are still issues to improve.

The full understanding of the water reservoirs and processes involved in the hydrological cycle in the first place, and improving their modelling in the second place, are key issues to obtain better climate predictions and weather forecasts. The latter (modelling improvement) is the main objective of this thesis.

In the next chapter, the hydrological cycle will be explained. However, we would like to provide the reader with some brief information about it. Three main water reservoirs can be identified (oceans, atmosphere and land). Water is transferred from one to the other through different processes, out of which precipitation and evaporation are some of the most known ones. In this thesis, we have focused on a key reservoir and process related to land surfaces: soil moisture and evaporation, respectively. They are interesting to study since both of them are key in coupling land and atmosphere, as well as for their impact on human activity (like agriculture), among other reasons. The work carried out is divided into two main studies corresponding to each one of them. It should be noted, however, that they are directly related, since the soil water content will determine if evaporation over land surfaces will be carried out at a potential rate, and thus controlled by atmospheric conditions, or if it will be limited by the soil moisture itself [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF]. In addition, soil moisture memory in models has been found to be affected by evaporation, specially in dry regimes [START_REF] Seneviratne | Soil Moisture Memory in AGCM Simulations: Analysis of Global Land-Atmosphere Coupling Experiment (GLACE) Data[END_REF].

The objectives defined to study and improve the modelling of evaporation and soil moisture are detailed below:

Evaporation

Evaporation is the process by which water is transferred from the surface to the atmosphere, as water vapour, through turbulence. In this thesis, we have dealt with it from the point of view of the atmospheric water demand: potential evaporation (ET P ). The latter is a key variable to study since it is the basis of many actual evaporation estimations and it describes the interface between the surface and the atmosphere. We will analyse the approaches used to estimate it, as well as the simplified equations derived from them (physical and empirical), making emphasis on the assumptions made in their derivation. This can be translated in the following objectives:

• Implement a new method to estimate ET P through an unstressed surface-energy balance in a LSM.

• Analyse the impact of the assumptions made in ET P 's estimation by means of physical based methods.

As we said in the previous section, it is important to study the hydrological cycle over the current climate, but also considering a changing one. In addition, the parameters ET P depends on are affected by climate change. Therefore, changes in these will have an effect on ET P . So we will also:

• Analyse the impact of changes in atmospheric parameters due to a changing climate on the sensitivity of ET P , estimated using different methods and approaches.
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Soil moisture

Soil moisture can be defined as the water held in the spaces that exist between soil particles. In this thesis, we have studied it from a remote sensing point of view. This means that we have worked with brightness temperatures (TB), which is a measure of the radiation emitted by the Earth at a given wavelength. These temperatures are the main component in retrieval algorithms to estimate geophysical variables through remote sensing techniques. One of these variables is soil moisture. The analysis we will perform using brightness temperatures aims to:

• Compare measured and modelled brightness temperatures in order to characterize their temporal and spatial consistency.

This comparison can provide useful information to better understand the temporal and spatial variability of soil moisture in order to improve its modelling.

General methodology

The work here exposed intends to analyse different aspects of evaporation and soil moisture in the context of modelling. These aspects include their estimation, sensitivity to climate change, temporal evolution and spatial structures. The ORCHIDEE (ORganising Carbon and Hydrology In Dynamic EcosystEms) land surface model (de Rosnay and [START_REF] Bibliography De Rosnay | Modelling root water uptake in a complex land surface scheme coupled to a GCM[END_REF]; [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF], from the Institut Pierre-Simon Laplace (IPSL), has been used. Two main studies have been defined. The first one concerning potential evaporation and the second one concerning brightness temperatures. In Section 3, the methodology followed will be explained in more detail. The basic steps are, however, provided in the next paragraphs:

Potential evaporation

• Implement a new method to estimate ET P in ORCHIDEE through an Unstressed Surface-Energy Balance (USEB), following the hypothesis of [START_REF] Budyko | Heat Balance of the Earth's Surface[END_REF]. We have named it the USEB method. Annual mean estimates from this method will be compared with those from other physically-based methods. These are the bulk formula with Milly's correction for soil moisture stress effect (current methodology used in ORCHIDEE) and FAO's methodology for reference evapotranspiration [START_REF] Allen | 179 1[END_REF], considering a saturated soil. Separated from the comparison, we will analyse the impact of the assumptions made by FAO's methodology by replacing parameters which are approximated in it by the equivalent ones computed in ORCHIDEE. The Water and Global Change (WATCH) forcing data [START_REF] Weedon | Creation of the WATCH forcing data and its use to assess global and regional reference crop evaporation over land during the twentieth century[END_REF] has been used in this analysis, which has been carried out for the period from 1990 to 2000.

• Analyse the sensitivity of ET P , and the parameters it depends on, to climate change.

Concerning ET P , the analysis will be carried out for different methods developed to estimate it. We will consider both physically and empirical-based methods using the diffusive and surface-energy balance approaches. The parameters whose sensitivity will be analysed are: the net radiation, aerodynamic resistance, vapour pressure deficit and humidity gradient. To do so, the IPSL model for the A2 scenario of climate change from 2000 to 2100 has been used. The trends provided by the different estimations of ET P and those from the parameters cited above will be computed and analysed. We aim to identify the key parameters and processes regarding the estimation of ET P , but also their sensitivities and how these impact that of ET P estimated using different methodologies.

Brightness temperature

• Estimate TBs using surface state variables simulated by ORCHIDEE. To do so, a radiative transfer code will be used. This is the Community Microwave Emission Model (CMEM), detailed in [START_REF] Drusch | Comparing ERA-40 based L-band brightness temperatures with Skylab observations: A calibration / validation study using the Community Microwave Emission Model[END_REF] and developed at the European Centre for Medium-Range Weather Forecasts (ECMWF). Modifications will be made in ORCHIDEE's code to provide the CMEM with the required input parameters.

1. 1 and ORCHIDEE's output. In addition, a second set of modelled TBs will be used in the comparison. This one has employed the CMEM too, but the input parameters are surface state variables simulated by the Hydrology-Tiled ECMWF Scheme for Surface Exchanges over Land (HTESSEL), detailed in [START_REF] Balsamo | A Revised Hydrology for the ECMWF Model: Verification from Field Site to Terrestrial Water Storage and Impact in the Integrated Forecast System[END_REF]. To perform the comparison, a sampling and filtering processes will be carried out regarding modelled TBs. Next, different analysis will be performed in order to analyse the consistency between measured and modelled TBs on both their temporal evolution and spatial structures. To do so, we will decompose the signal into a slow varying component and a fast one. In this study, special attention will be paid to the spatial structures from TBs by carrying out an EOF analysis. This will allow for the identification of large scale patterns which synthesize their inconsistencies.

Document structure

This thesis is organised in six chapters:

• Chapter 1: Introduction (this chapter)

The subject of the thesis is presented. A general introduction on water has been given, together with the motivation, the main objectives, and the methodology to achieve them.

• Chapter 2: Presentation of the study framework

A general view of the hydrological cycle and climate change, as well as the relation between both of them will be given. The concepts of evaporation in the first place, and soil moisture, in the second one will be discussed. We will expose different types of evaporation, paying special attention to the actual and the potential one. Different methods to estimate these two fluxes and soil moisture will be provided. Since one of these methods is to use land surface models, the ORCHIDEE LSM is introduced and the way it approaches the estimation of these parameters is explained. Finally, a 1. 1 Introduction section is dedicated to remote sensing in order to expose the SMOS mission and provide information about brightness temperature and the CMEM.

• Chapter 3: Methodology

This chapter details the methodology used to carry out the studies for the potential evaporation and the brightness temperature. Each study has been divided into a number of phases which are described in detail. The simulations performed in ORCHIDEE and the modifications made in the LSM's code are explained. Concerning the TB study, the sampling and filtering processes carried out for the modelled TBs and the parametrizations defined for the CMEM are provided. In addition, the analysis performed in both studies are also explained.

• Chapter 4: Potential evaporation sensitivity to climate change

The results obtained for the potential evaporation study are presented in this chapter.

In the first place, the work regarding the implementation of the USEB method and its comparison with other estimates over the current climate, as well as the sensitivity study performed for the ET P and its parameters is shown. For this purpose, we have included the paper published on this work [START_REF] Barella-Ortiz | Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change[END_REF]. Two more analysis regarding ET P 's sensitivity at a seasonal scale and the sensitivity of reference evaporation are provided in this chapter.

• Chapter 5: Comparison of modelled brightness temperatures with SMOS observations

This chapter deals with the results obtained for the brightness temperature study. To start with, a comparison between measured and modelled soil moisture is provided.

The results obtained motivated the comparison between measured and modelled TBs, which is shown next. We will show the temporal evolution of both of them as well as the inconsistency found for the spatial structures. The comparisons done for the slow and fast varying components of the TB's signal, as well as an EOF analysis will be given and discussed.

• Chapter 6: Synthesis and perspectives A summary of the work carried out and the results obtained in this thesis is given. In addition, perspectives for future research regarding our proposals to improve modelling land surface processes and parameters, related to the hydrological cycle, are exposed.

2 Presentation of the study framework

In this chapter, we will present the study framework. We will start by introducing the hydrological cycle, its main water reservoirs and the most important processes that take place in it. In the second place, we will discuss the climate change effect and its impact on the hydrological cycle. We will then focus on the variables studied in this thesis: potential evaporation and soil moisture. To do so, we will revise the concept of evaporation and soil moisture and provide methodologies to estimate them. Among these, we will treat the use of land surface models, and specially the ORCHIDEE LSM, which will be presented. The SMOS soil moisture product will be presented too. Finally the CMEM model, used to compute modelled brightness temperatures, will be described.

When equations are introduced, the variables and constants appearing in them are identified below, except if these have been previously identified.

The hydrological cycle

The water cycle plays a key role in the climate and environment of the Earth. In the IPCC special report "Managing the Risks of Extreme Events and Disasters to Advance Climate Change" (2012), it is defined as follows:

"The cycle in which water evaporates from the oceans and the land surface, is carried over the Earth in atmospheric circulation as water vapour, condenses to form clouds, precipitates again as rain or snow, is intercepted by trees and vegetation, provides runoff on the land surface, infiltrates into soils, recharges groundwater, and/or discharges into streams and flows out into the oceans, and ultimately evaporates again from the oceans or land surface."

In other words, it is the cycle describing the water processes that occur above, below and on the surface. The importance of land surface processes must be remarked, as processes like interception, runoff, infiltration and water discharging are an essential part of this cycle.

It has to be noted, that both land and water surfaces are considered, as well as all the phases of water. The processes it deals with cover a wide range of time scales and space variability, and

2 Presentation of the study framework

thus should be taken into account as a whole to better understand it. Water assumes different roles in these processes, which in some cases have an opposite effect. For example, the evaporation process favours surface cooling, but water vapour in the atmosphere is a powerful greenhouse gas, which almost doubles the greenhouse warming effect from carbon dioxide [START_REF] Chahine | The hydrological cycle and its influence on climate[END_REF].

The diagram from Figure 2.1 represents the long-term mean hydrological cycle [START_REF] Trenberth | Estimates of the global water budget and its annual cycle using observational and model data[END_REF]. It provides a general view of the water reservoirs and the processes that take place in it.

Reservoirs of different magnitudes may be identified. Oceans provide the largest one (1 335 million of km 3 ) and the atmosphere provides the smallest one (a millionth part of that of the oceans). The rest is stocked as snow, ice in glaciers and permafrost, water in lakes and rivers, as well as underground storage, like soil moisture and groundwater. If these were grouped into ice and liquid water, we would obtain two reservoirs of the same order of magnitude, around 26 and 15 million of km 3 , respectively.

Atmosphere

The atmospheric reservoir from Fig. 1 is an order of magnitude smaller than the fluxes. This difference results in a short residence time of water vapour in the atmosphere before condensing and precipitating. [START_REF] Wild | The Earth radiation balance as driver of the global hydrological cycle[END_REF] estimated it in a few days and Chahine (1992) in 10 days. Such a brief lifetime implies that water vapour will have an important effect on the climate system. For instance, it will influence the formation of clouds and consequently impact the radiative balance.

Clouds absorb and scatter radiation. On the one hand, they reflect incoming solar radiation which results in a reduction of the direct solar energy received by the surface. On the other hand, they avoid that part of the energy emitted by the surface is re-emitted to space.

The role of water in the properties of clouds is key to understand both behaviours. For instance, the cloud's particles, with their size, shape and phase, will affect the distribution of the incident energy it receives, as well as that emitted by the surface. In addition, the cloud's height and the albedo will determine whether the surface will suffer a warming process or a cooling one. If the first one increases, the surface temperature will also increase (Schneider,1. 2 Presentation of the study framework 1972). However, as the cloud's water content increases, the albedo becomes higher and thus more solar radiation is reflected, favouring a negative feedback and cooling the surface.

Oceans

They provide the largest water reservoir. Taking into account such a volume of water and its high thermal inertia, oceans will favour heat storing, as well as providing the atmosphere with water vapour. Its mean residence time is of over 3000 years [START_REF] Chahine | The hydrological cycle and its influence on climate[END_REF].

However, this varies depending on the depth considered, as it is reduced to weeks, even to days in the superficial layers. Oceans move horizontally and vertically. A distinction can be made between deep and surface circulation. Differences in temperature and in density among the ocean layers, and thus the processes of heat and salinity exchange, are key to describe these movements. The wind is also an important parameter regarding the generation of waves and the ocean's surface circulation.

Increases and decreases of density are driven by salinity, which is a key variable when analysing the ocean's role on the hydrological cycle. The concept and definition of salinity has changed over time. [START_REF] Wright | Density Salinity" and the Reference-Composition Salinity Scale: present and future use in the seawater standard TEOS-10[END_REF] an absolute, practical and reference salinity are treated. Generally speaking, it is the amount of dissolved matter in seawater and is affected by evaporation, precipitation, runoff and the melting of ice. Therefore changes in these parameters would result in changes in salinity and thus in the ocean's surface circulation, affecting the hydrological cycle. A clear example is the regulation of the thermohaline circulation. This is the process where warm water that flows towards the North has its temperature reduced and its salinity increased. As a result, the water sinks and flows back to the South. If the ice from the Northern ice-cap is considered to melt, fresh water will be provided to the ocean's salt water, reducing the salinity from the upper layers. Consequently, the pattern described by the thermohaline circulation and, by extension, the hydrological cycle would be altered. [START_REF] Durack | Ocean Salinities Reveal Strong Global Water Cycle Intensification During 1950 to 2000[END_REF] identify ocean salinity patterns with an enhancement of the hydrological cycle.

Land surfaces

The residence time of water in land surfaces is difficult to establish. Significant differences will exist between the superficial layers and the deeper ones, which can make us
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Presentation of the study framework think of days or thousands of years. According to [START_REF] Chahine | The hydrological cycle and its influence on climate[END_REF], the mean residence time ranges between 6 and 10000 years depending if water is considered in soil and vegetation or aquifers. Compared to the ocean's influence, the land surface influence on the hydrological cycle involves processes with a higher temporal and spatial variability. For instance, differences between daytime and night-time temperatures are higher. Even when considering only land surfaces, significant differences can be established. For example, forests will show lower amplitudes in daily temperatures than what deserts will show. Another example is water storage in the middle latitudes being related to seasonal fluctuations. In this case, water is stocked in winter and released to the atmosphere in summer.

Soil moisture and vegetation are two main aspects to consider regarding the role of land surfaces in the hydrological cycle. Both soil and surface properties have to be taken into account when analysing soil moisture. For the first group, we can remark the type of soil, its porosity, its density or its capacity to retain water, among other properties. For the second one, the albedo or the roughness which has an influence on the evaporation process, regarding the water vapour transport from the surface to the atmosphere. Vegetation is approached taking into account biological aspects too, like its physiology and morphology which are key in the transpiration process.

Processes depicting the continuous exchange of water from the surface to the atmosphere are also shown in Fig. 2.1. Analysing the flow values, we can identify two principal processes which are evaporation and precipitation. From a global point of view, evaporation exceeds precipitation over the oceans (413 km 3 y -1 vs. 373 km 3 y -1 ), and the opposite occurs over land surfaces (73 km 3 y -1 vs. 113 km 3 y -1 ) [START_REF] Trenberth | Estimates of the global water budget and its annual cycle using observational and model data[END_REF]. These differences between them are explained by two other processes, the atmospheric water vapour transport from the ocean to the land and runoff. The excess of evaporation from the oceans is driven by the wind and contributes to rainfall over the land. Therefore, precipitation will exceed evaporation and the water will be returned to the oceans as runoff.

It has to be noted that:

• Water exchanges between the above mentioned reservoirs are normally linked to a change in the water phase [START_REF] Chahine | The hydrological cycle and its influence on climate[END_REF]. Like evaporation from the surface to water
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Presentation of the study framework vapour in the atmosphere, sublimation from the poles and glaciers or condensation to form rain drops, and solidification to form ice crystals.

• Atmospheric and surface processes from the hydrological cycle deal with the combined effect of energy and hydrology. For instance, the effect that clouds have on the radiative balance. In addition, out of the important gases in the atmosphere, water vapour is the most abundant (as well having a high variability). It has a key role as a greenhouse gas [START_REF] Goody | Atmospheric Radiation: Theoretical Basis[END_REF]. [START_REF] Dessler | Stratospheric water vapor feedback[END_REF] discuss about a stratospheric water vapour feedback, which may have significant effects in the climate system. Warmer climate will increase water vapour in the stratosphere and that will lead to a further warming caused by the fact that water vapour is a greenhouse gas.

They have estimated this feedback in +0.3 Wm -2 K -1 . Concerning surface processes [START_REF] Wild | The Earth radiation balance as driver of the global hydrological cycle[END_REF] considers the surface-energy balance as a main driver of the hydrological cycle. In his paper, he remarks the strong relation between precipitation and evaporation and how this implies that most of the precipitated water will be reevaporated to the atmosphere. Therefore, changes in either one of these two processes will affect the intensity of the hydrological cycle. For example, a change in evaporation caused by a change in net radiation, which is key in the radiative balance.

In this study, we will focus on the surface hydrological cycle which deals with the processes directly related to the surface, like evaporation and soil moisture storage, which are linked to the two main variables we will study: i) potential evaporation and ii) brightness temperature (used to retrieve soil moisture through remote sensing techniques).

Measuring the components of the hydrological cycle

Among the different processes from the hydrological cycle, estimating evaporation over land surfaces offers a great difficulty. A similar issue occurs with the water content in land surfaces. Although the water storage can be obtained for open water surfaces, like lakes,
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Presentation of the study framework it is not a trivial problem to solve regarding soil moisture. In Section 2.3.2 and 2.3.4, a review of some of the methodologies developed to obtain them will be given. [START_REF] Trenberth | Estimates of the global water budget and its annual cycle using observational and model data[END_REF] comment that estimating the annual mean values to describe the hydrological cycle is not an easy task to perform. The reason is that there are "large uncertainties" in many of the estimations. They explain that when tracing back some references, either there is no statement of source or this is uncertain. In fact, they dedicate Section 3 of their paper to the trace-back and origin of the data showed in Fig. 2.1. Related to this matter, Peter H. Gleick says in his book "Water in Crisis" (1993) that "Good water data are hard to come by". He referred to the fact that different techniques to collect data can be found between regions and even from one year to the other. Some examples can be found if the former reports from the US Geological Survey are compared to the latter, and how the data was treated in terms and units, as well as in the analysis made. Peter H. Gleick also offers an ethical point of view in his book, by exposing the idea that in some cases an objective way of collecting data is performed, whether in others it is done according to an ideological or political idea.

As science develops and scientific instruments and measuring techniques are improved, the risks above mentioned are likely to be reduced. However, we want to draw the reader's attention to the fact that water circulation and storage, this is the hydrological cycle, are not simple to measure or model and consequently to analyse. On the contrary, it is a complex system involving various processes of different space and time variability which are to be considered. To achieve this purpose, it is becoming more and more evident that we need to approach it with multidisciplinary teams and putting together the advantages provided by models and observations. In fact, remote sensing will be key for this purpose in two different ways. The first one is by providing estimates over a global spatial coverage in a short time period. The second one, that it can interact with models, leading to data assimilation techniques, but also to improve both the modelling and the satellite retrieval.

2 Presentation of the study framework

The climate change

As done for the previous section, we provide here the IPCC's special report definition of climate change: "Climate change refers to a change in the state of the climate that can be identified (e.g., by using statistical tests) by changes in the mean and/or the variability of its properties, and that persists for an extended period, typically decades or longer. Climate change may be 22 Estimates of the main water reservoirs, given in plain font in 10 3 km 3 , and the flow of moisture through the system, given in italics (10 3 km 3 y -1 ) [START_REF] Trenberth | Estimates of the global water budget and its annual cycle using observational and model data[END_REF].

due to natural internal processes or external forcings, or to persistent anthropogenic changes in the composition of the atmosphere or in land use."

In its definition, the IPCC resorts to that from the United Nations Framework Convention on Climate Change (UNFCCC), by quoting its definition of climate change as "a change of climate which is attributed directly or indirectly to human activity that alters the composition of the global atmosphere and which is in addition to natural climate variability observed over comparable time periods".

It must be noted that the climate change caused by human activities that have an effect on the atmospheric composition is distinguished from the climate variability due to natural causes. Several studies have been carried out in order to analyse the anthropogenic effect on climate change. In [START_REF] Pokhrel | Model estimates of sea-level change due to anthropogenic impacts on terrestrial water storage[END_REF], it is said that the increase observed in the sea level can not only be explained by climatic factors, like the melting effects of glaciers, but that human factors are also impacting it. To show it, the following data is provided: the global sea level increased around 1.8 mmy -1 during the second half of the 20 th century, out of which around 1.1 mmy -1 are explained by climatic factors. The 0.7 mmy -1 left are due to anthropogenic impacts, like artificial reservoirs or groundwater use. [START_REF] Boucher | Direct human influence of irrigation on atmospheric water vapour and climate[END_REF] shows that irrigation influences water vapour concentration and proposes it as a key mechanism of climate change.

Increase in GreenHouse Gases (GHG), is one of the main drivers of climate change, and among other significant effects, increase in temperature is one of the most acquainted throughout the world. The need to work with different scenarios is explained by the fact that climate change depends on many different aspects. These not only involve science, but demographic, economic and technological issues that will influence climate change effect and the magnitude of its impact. These concepts were taken into account to derive the scenarios used At the beginning of this chapter, the importance of water in the climate system has been established. In addition, strong correlations between temperature and precipitation have been found in many regions, showing a clear relation between these variables. Therefore, it is likely that processes from the hydrological cycle will be affected by climate change. Figure 2.3 shows multi-model mean changes in some of the hydrological cycle's main processes, computed using the SRES A1B scenario, for the period correspondent to 2080 -2099 relative to the same decades of the 20 th century. Some of the observed effects caused by climate change are related to the increase of atmospheric vapour and changes in the patterns described by precipitation, as well as its intensity and extremes [START_REF] Westra | Global increasing trends in annual maximum daily precipitation[END_REF]. Others deal with surface processes, like the snow and ice melting, and its effect on the sea level, or changes in runoff and soil moisture. For the latter one, most of the existent records are not sufficiently long in time so as to perform climate change analysis. [START_REF] Robock | The Global Soil Moisture Data Bank[END_REF] studied soil moisture trends for those regions with longer historical records (in Russia, Mongolia and USA) and found that most of these increased during Summer. This could be related to an increase in precipitation trends, which overcompensated those yielded by evaporation. In fact, evaporation has also shown behaviours that may be explained by climate change. Great part of the study carried out in this thesis has been dedicated to the analysis of how will atmospheric parameters affected by climate change, impact the estimation of potential evaporation. [START_REF] Golubev | Evaporation changes over the contiguous United States and the former USSR: A reassessment[END_REF] analysed evaporation trends during the warm season from the second half of the 20 th century in similar regions to those used by Robock. The results showed an increase in trends which was explained by i) the increase in precipitation, favouring the soil water content and ii) a higher atmospheric demand caused by the temperature increase. However, it must be stressed that changes in CO 2 concentration should also be taken into account when considering climate change possible impacts on evaporation. The IPCC report draws the attention on two opposite effects caused by an increase of CO 2 concentration. On the one hand, the stomata of leaves will not need to open as much as it does in the current climate to carry out photosynthesis. This can result in a reduction of transpiration, or in other words, in the process regarding water evaporation from plants. On the other hand, it may favour the growth of plants, which would lead to a wider area of vegetated surface and thus, to an increase in transpiration. As it is said in the report, other aspects like the type of vegetation or changes in water content and temperature will be determining in the impact that an increase in CO 2 concentration may have on evaporation.

Studies regarding the effects of climate change beyond the 21 st century show that even if the concentrations of GHG were maintained stable for the B1 and A1B scenarios, warming would increase in 0.5ºC in 2200. The sea level would also increase from 0.3 to 0.8 m during the 22 nd century. The main reason are the long time scales from the climatic processes, like transporting heat to the deeper layers of the ocean or removing CO 2 from the atmosphere.
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The Evaporation Concept

In the first place, the evaporation concept will be explained. We will go through different types of evaporation, like the actual, potential and reference ones. We will then focus on the estimation of actual evaporation (ET) and potential evaporation (ET P ) by discussing various methodologies to estimate them. Actual evaporation will be classified into fundamental equations, observation and estimation methods, and remote sensing methods.

ET's estimation through LSMs will also be discussed, introducing the Budyko scheme. This scheme will give way to the explanation of methods to estimate ET P . These will be grouped into physically and empirical-based methods.

It has to be noted that whenever we refer to potential evaporation, we will be dealing with estimates of it. The reason is that ET P is a conceptual flux. In addition, its estimates may differ according to the assumptions and methods used to approach it.

Introduction

If a wet surface and the air surrounding it are considered, two processes can be identified describing the exchange of water molecules between them. When molecules move from the air to the surface, condensation occurs. The opposite process, molecules moving from the surface towards the air, is called vaporisation [START_REF] Shuttleworth | Evaporation. Chapter 4 of the Handbook of Hydrology[END_REF], which is related to evaporation. The difference between condensation and vaporisation is known as the evaporation rate.

In the previous sections, it has been noted that water exchanges regarding processes from the hydrological cycle imply a change of phase. The concept of evaporation encompasses processes where liquid water is transferred to the atmosphere as water vapour through turbulence. In these, energy is absorbed and the surface is cooled. [START_REF] Shukla | Influence of Land-Surface Evapotranspiration on the Earth's Climate[END_REF] estimated the impact of this cooling effect on the surface temperature and found that from 20º South northwards, the temperature would increase about 15ºC to 20ºC if no evaporation occurred. When the process of evaporation takes place in the leaves of a plant, i.e., through leaf stomata, it is called transpiration [START_REF] Dingman | Physical Hydrology[END_REF]. In fact, a distinction can be made between the estimation of this parameter and that of others related to meteorological processes, like precipitation for example. The reason is that plant physiology is involved in evapotranspiration, meaning that it is not only related to meteorology, but also to biology.

The term evapotranspiration appears when both evaporation and transpiration take place. In fact, evaporation and evapotranspiration are sometimes used indistinctly in the literature. We will use the latter one in those cases where the methodology adopts it, but whenever there is no clear allusion to it, we will talk about evaporation. It should be remarked that we will not deal with sublimation of snow or ice.

Various types of evaporation processes have been identified. The most relevant ones are defined below:

Actual evaporation (ET)

It is the quantity of water that is actually transferred as water vapour to the atmosphere from an evaporating surface [START_REF] Wiesner | Climate, irrigation and agriculture[END_REF]. This surface can vary: ocean, rivers, lakes, soil, vegetation, etc. Actual evaporation can be decomposed into the evaporation of bare soil, the vegetation transpiration and the evaporation for rain interception.

There are five basic climatological parameters in its computation. The first two are the available radiative energy and the air temperature, which provide the energy needed to vaporise the molecules. The third one is the air humidity, which is key in the vapour pressure gradient between the surface and the atmosphere. This gradient is the driving force that removes water vapour from the surface. It has to be noted that the vapour pressure deficit is used instead of the gradient in some methodologies. The fourth one is the wind speed, which is in charge of generating the turbulence needed to transfer the saturated air to the atmosphere, replacing it by a drier one. This action allows the evaporation process to continue. Otherwise, the air above the evaporating surface would end up saturating, and the evaporation would eventually cease. Finally, there is the water availability to be evaporated. In addition to these parameters, other surface variables are also important, like the saturated specific humidity (to compute the above mentioned vapour pressure gradient), or the type of vegetation (which defines the roughness and albedo that have also an impact on evaporation).
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Potential evaporation (ET P )

The literature provides different definitions for the concept of "potential evapotranspiration". It was coined in 1948 by Thornthwaite, when he referred to it not as the actual transfer of water to the atmosphere but the one that would be "possible under ideal conditions of soil moisture and vegetation". To do so, he put as an example that the desert's vegetation is sparse due to the fact that water availability is deficient. However, if there was more water, vegetation would take profit of it, use it and increase its presence.

He highlighted some important facts, like that it has to be determined experimentally since it can not be measured directly, and that it depends only on climate conditions, because the availability of water is assumed to be complete. He also remarked that just as actual evaporation, potential evaporation is an important climatic parameter. Among other reasons, it allows to define the moisture availability factor (β).

The concept has been redefined and modified, and various definitions can be found for it. For instance, [START_REF] Granger | An examination of the concept of potential evaporation[END_REF] identifies five different types of potential evaporation. All of them share in common that it is the evaporation rate that would occur if the surface was saturated, but vary depending on the fact that i) the energy supply to the surface, ii) the atmospheric parameters, and / or iii) the surface temperature are held constant or not. Out of the five definitions, three of them are selected arguing that either the definition provides an easy methodology to estimate potential evaporation, or appropriate limits for evaporation from a non-stressed surface.

The above paragraph shows that there is not a unique stated ET P definition. In addition, since the definitions differ, the estimations are not likely to be equal. It should to be noted too that, for the same definition, implementations may adopt different assumptions.

Therefore, all of these reasons evidence the complexity of the analysis of this variable.

In the study carried out for this thesis, the ET P is considered to be the amount of evaporation that would occur if enough water was available in the surface. No land surface process is considered to limit it. In other words, it is the atmospheric demand for water.

Therefore, recalling the five key climatological parameters in the computation of the actual The reference surface is a "hypothetical grass reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sm -1 and an albedo of 0.23". It describes it as an extensive surface of green well-watered grass of uniform height, actively growing and which completely covers the ground. Since the surface resistance is known, the only factors ET o depends on are climatological parameters. The four basic ET P parameters (available radiative energy, air temperature, humidity gradient / deficit and the wind speed) remain important ET o parameters. There is, however, an important difference between these two concepts, which is the land surface characterization. As detailed in the definition of the reference surface, there are parameters like the height, type and homogeneity of crop and albedo that are fixed.

The Food and Agriculture Organization (FAO) reference evapotranspiration equation provides a methodology that is recommended as the standard for estimating ET o . Its aim is to study the atmosphere's evaporative demand independently of the type, development and management of the surface's crop. Further on, crop evapotranspiration may be computed by multiplying ET o by the crop coefficients. These are computed taking into account the characteristics that differ the crop from the reference surface described above. There are two types of coefficients, single and dual (distinguishing crop transpiration and soil evaporation).

Pan evaporation (ET Ppan )

ET Ppan is the amount of water that evaporates from a pan. [START_REF] Allen | 179 1[END_REF] explain that pan evaporation shows the integrated effect of radiation, temperature, humidity and wind on evaporation from an open-water surface. Its measure can be converted to reference evaporation by applying empirical coefficients, called pan coefficients. However, it has to be noted that precautions must be taken. For example, the energy exchange between the borders and bottom of the pan must be considered regarding the energy balance. In addition, heat storage might be significant, causing evaporation during the night, opposite to most crops which transpire during daytime. Solar radiation reflection from water in the shallow pan and
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Presentation of the study framework grass will differ, as well as the state of the air, regarding turbulence, temperature and humidity, above both surfaces. The pan must also be surrounded by a fence to prevent animals drinking the water. For [START_REF] Brutsaert | Hydrologic cycle explains the evaporation paradox[END_REF], ET Ppan can be considered as a good indicator of actual evaporation, but only when there is enough supply of soil moisture.

There are different types of pans. For example, if Class-A pans are to be compared with Colorado ones, it will be found that they differ in their shape (circular vs. squared), depth (25cm vs. 46cm), and material (galvanized iron vs. thick iron), among others. The setting also varies. While, A-pans are to be mounted on a wooden open frame, the Colorado ones are located in the soil. Due to these differences, the pan coefficients are pan specific. Their computation is approached in different ways: i) comparing pan evaporation with open-surface water estimates or by ii) empirically-derived relationships [START_REF] Kohler | Evaporation from pans and lakes[END_REF] ; [START_REF] Allen | 179 1[END_REF].

Pan evaporation is an important parameter to take into account. Among other reasons, this method provides a large temporal record of measured data corresponding to evaporation from an open water surface. In this thesis, we will not work with this concept. However, we wanted to draw the reader's attention to the fact that there are further evaporation concepts, apart from the actual, potential and reference ones.

Estimation of actual and potential evaporation

The aim of this section is to provide the reader with a general background of the main methodologies that exist to measure actual evaporation. These will be divided into fundamental equations, observation and estimation methods, as well as remote sensing and LSM methods.

ET from fundamental equations

The computation of evaporation can be approached through the use of two fundamental equations: the energy and water balances. In fact, throughout this section, we will deal with methods which are based on them.

2 Presentation of the study framework

Energy balance

LET can be obtained as a residual from the energy balance: It has to be noted that LET is the evaporation rate. This method is suitable when data is available for the rest of the variables. For example, some of the methods we will see, like the use of scillomenters, provide measurements of the H. R n is given by the sum of the incident downward and upward shortwave and longwave radiations. It can be obtained through the use of remote sensing techniques or LSMs. Methods to estimate G range from simple ones (like approaching it through the R n ) to more complex ones (like the use of specific sensors or through numerical models) using the canonical one-dimensional heat diffusion equation [START_REF] Carslaw | The Conduction of Heat in Solids[END_REF].

Water balance

ET can be obtained from the water balance:

P=ET Q dw dt (2) P = precipitation Q = runoff dw/dt = change in soil moisture storage
One of the main advantages of using this method is that the estimation can be performed at different spatial scales. There is even a methodology developed to estimate evaporation through the atmospheric water balance.

2 Presentation of the study framework

Precipitation can be obtained from measurements with surface rain gauges or through remote sensing techniques. An example is the Meteosat Second Generation, MSG's Multisensor Precipitation Estimate (MPE), that approaches rainfall intensity under the assumption that it is more likely that cold clouds produce precipitation than warmer ones. While rain gauges provide data dating back more than a century ago, its spatial coverage is far too limited, since there is not much data available in certain regions from the high latitudes, tropics or arid areas. Satellite retrievals have the opposite problem, their main disadvantage is that data started to be collected some decades ago, and we do not have long time series of precipitation.

Data sets containing global runoff are scarce. In addition, groundwater fluxes may not have been properly measured or included in them. Therefore, runoff data sets may not be as reliable as desired. For instance, [START_REF] Peel | A quality-controlled global runoff data set[END_REF] wonder if the continental runoff data set from [START_REF] Gedney | Detection of a direct carbon dioxide effect in continental river runoff records[END_REF] is representative of the observed runoff conditions and thus if it is reliable enough to be used.

dw/dt represents the amount of water removed or added from the stored water. In most cases it is neglected when computing ET on annual scales. However, it has to be taken into account that it is not always negligible. For example, if the impact of human use of water is considered. Regional and global estimates can be obtained by the Gravity Recovery and Climate Experiment (GRACE) satellite.

Keeping in mind that the aim of our study is to analyse the sensitivity of methods to estimate ET P to climate change, we would like to draw the reader's attention to the fact that the trends from some of the variables (for example P and Q from the water balance) may be impacted by climate change and thus affect their sensitivity and that of ET.

ET from observation and estimation methods

Energy Balance Bowen Ratio (BR)

It is based on the Monin-Obukov Similarity Theory (MOST) that establishes a relation between turbulent fluxes and temperature and humidity gradients over the surface [START_REF] Businger | Flux-profile relationships in atmospheric surface layer[END_REF]. The Bowen ratio is defined as the quotient between H and LET. If it is assumed
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Presentation of the study framework that the aerodynamic resistance to heat is equal to that of water vapour in the constant flux layer, the ratio may be approached through vertical gradients of air temperature (T a ) and humidity (q). Therefore, evaporation may be obtained by means of these gradients.

Eddy covariance (EC)

This methodology is based on the turbulent transport theory. H and LET are obtained by calculating the covariance of measured heat and moisture fluxes with the vertical wind

speed. An example is given in [START_REF] Wilson | Energy balance closure at FLUXNET sites[END_REF].

Lysimeter

It is a standard instrument to measure evaporation. The method consists in monitoring the changes in water content from a tank, by controlling the water storage, drainage and precipitation. There are different kinds of lysimeters depending on their complexity. For example, we can differentiate weighable and nonweighable ones. While for the first kind, a direct measurement of precipitation, drainage and changes in water storage is provided, for the second one, only the drainage rate is given. Therefore, the user will have to perform the rest of the measurements using other instruments like a neutron probe and a rain gauge to measure the water content and the precipitation, respectively.

Scintillometer

This instrument provides atmospheric turbulence through the measurement of the structure parameter of refractive index. This variable and further information concerning meteorological conditions and surface characteristics, can be used to derive sensible heat fluxes through the MOST theory. Scillomenter's main advantage is that the fluxes can be derived over long distances, allowing to obtain data at different time scales. Nevertheless, they do not provide a direct measurement of H, since they require additional data increasing the uncertainty of H.

ET from remote sensing

ET can not be directly observed by satellites. However, satellites do provide land surface variables that can be used to estimate ET. Some of the methodologies are described below:

2 Presentation of the study framework

One-source models

One-source models use surface temperature (T s ) from remote sensing to estimate H as a function of the density and specific heat of the air and the aerodynamic resistance. Next, they estimate LET as a residual of the surface-energy balance. To carry out this method, G has to be known or estimated. For example, by taking advantage of the relations between the Leaf Area Index (LAI), the ratio between G and R n , and Vegetation Indexes (VIs) as explained by [START_REF] Kustas | Analytical treatment of the relationships between soil heat flux / net radiation ratio and vegetation indices[END_REF]. Some examples are the Surface-Energy Balance System (SEBS) detailed by [START_REF] Su | The Surface Energy Balance System (SEBS) for estimation of turbulent heat fluxes[END_REF] and the Surface-Energy Balance Algorithm for Land (SEBAL)

detailed by Bastiansen et al. (1998aBastiansen et al. ( , 1998b)).

Two-source models

They follow the same steps as one-source models, but distinguishing soil and vegetation. Using iterative methods, the soil and canopy temperatures, T soil and T veg , respectively, are obtained from the satellite-derived T s . T soil and T veg are then used to estimate the sensible and latent heat fluxes [START_REF] Norman | Source approach for estimating soil and vegetation energy fluxes in observations of directional radiometric surface temperature[END_REF].

T s -VI space methods

These models differ from the previous ones in that evaporation estimation is approached through the spatial variation of T s , instead of its value. This is an advantage because T s accuracy will not be a limiting matter. In addition, since the key aspect of this method is spatial variability, there is no need to derive T s and evaporation may be directly estimated from brightness temperatures (TB). This concept will be further explained in the thesis. The T s -VI method is based on the fact that the surface temperature suffers lower changes in wet surfaces since these have a higher thermal inertia and use more energy on LET. More information about this methodology is given in [START_REF] Petropoulos | A review of Ts/VI remote sensing based methods for the retrieval of land surface energy fluxes and soil surface moisture[END_REF].

Penman-Monteith Models

In this case, one of the standard equations to estimate ET is adapted to remote sensing techniques. Other equations, like the Priestley-Taylor one, have also been adapted to compute ET. Later on in the thesis, we will deal with these equations and will see that Penman-Monteith considers parameters that Priestley-Taylor does not, for instance the vapour pressure deficit. Evaporation is estimated through this equation using satellite data. For example, by
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Empirical methods

The way in which ET estimation is approached is by first identifying the key parameters in the evaporation process, and in a second step, developing empirical expressions to obtain evaporation. In 2007, Wang identified the net radiation, air and surface temperatures and VIs as the parameters that had a strong control on LET. He then developed an empirical expression mainly dependent on them [START_REF] Wang | A simple method to estimate actual evapotranspiration from a combination of net radiation, vegetation index and temperature[END_REF]. Similar expressions have appeared using different parameters, like the vegetation fraction instead of VI. In other cases, further processes have been analysed, like the inclusion of the water stress effect in the development of these expressions [START_REF] Wang | An improved method for estimating global evapotranspiration based on satellite estimation of surface net radiation, vegetation index, temperature, and soil moisture[END_REF].

We would also like to point out the use of neural networks to estimate ET too. These derive LET from remote sensed data, like air and surface temperatures, VIs, land cover, etc.

and the relations it establishes with measurements of LET.

ET from LSMs

ET may be estimated in LSMs, by means of the two fundamental equations already mentioned: the energy and water balances. Another possible method is to compute it as a fraction of potential evaporation dependent on the soil moisture [START_REF] Kay | A hydrological perspective on evaporation: historical trends and future projections in Britain[END_REF]. [START_REF] Budyko | Heat Balance of the Earth's Surface[END_REF] provided the following equation to compute ET:

ET = β w ET P T w  (3)
β w = moisture availability function referred to T w T w = virtual temperature ET P (T w ) is computed by means of T w , which is the temperature of the "hypothetically wet surface". β w is determined empirically to accomplish the relation:

β w =min[ w w k ,1] (4) 1. 2
Presentation of the study framework w = soil moisture. The subscript "k" indicates the value when evaporation becomes limited by soil moisture instead of being controlled mostly by atmospheric conditions.

The most common way to implement this method in LSMs is by using the actual surface temperature, instead of the virtual one [START_REF] Manabe | Climate and the ocean circulation, 1. The atmospheric circulation and the hydrology of the earth's surface[END_REF] in its computation. Therefore, the equation used is similar to Eq. ( 3), but both the β w and ET P are referred to T s :

ET = β s ET P T s  (5)
β s = moisture availability function referred to T s T s = actual surface temperature

It must be noted that, since different assumptions related to the temperature will be made to estimate ET P , β w and β s will differ one from the other. The estimation of potential evaporation will be treated further on in this section.

The estimation of ET by means of LSMs has evolved. For instance, there is the Integrated Project Water and Global Change (WATCH), detailed in [START_REF] Weedon | Creation of the WATCH forcing data and its use to assess global and regional reference crop evaporation over land during the twentieth century[END_REF].

This project studies the current and future global water cycles and, among other tasks, uses models and observations to evaluate uncertainties in predictions of models. Another example is the Global Soil Wetness Project (GSWP) and also GSWP-2 [START_REF] Schlosser | Assesssing Evapotranspiration Estimates from the Second Global Soil Wetness Project (GSWP-2) Simulations[END_REF], carried out by the Global Land-Atmosphere System Study (GLASS) and the International Satellite Land-Surface Climatology Project (ISLSCP), which are contributing projects to the Global Energy and Water Cycle Experiment (GEWEX). One of its objectives is to perform land surface schemes comparisons, as well as sensitivity studies of parametrizations and forcings, in order to help future modelling as well as the developments of data sets. There is a higher interaction with remote sensing, since its suitability to validate state variables from land surface models is well known. A further step is, however, considered by using these techniques in the validation and assimilation capabilities of land surface schemes. For instance, these could directly report brightness temperatures, as occurs in satellite instruments.
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ET from assimilation methods

These methods serve to complement remote sensing ones in the way that ET derived from remote sensed data will not be continuous through time. This is because remote sensing offers a complete spatial coverage, but not a temporal one. In addition, clouds limit data retrieval and certain parameters, like albedo or T s may not be accurately measured. The Land Data Assimilation Systems (LDAS) is a methodology which is based on forcing land surface models with observations, like gauge and radar measurements of precipitation and satellite data. In addition, it uses outputs from numerical prediction models. It has to be noted that these LSMs must be uncoupled from atmospheric models in order to avoid errors caused by numerical weather prediction forcing biases. We can identify NLDAS, that refers to the North American LDAS, and GLDAS, referred to global ones [START_REF] Rodell | The Global Land Data Assimilation System[END_REF] We will now discuss methodologies to estimate potential evaporation. Various methods have been developed for this purpose. In this study, we have classified them based on the approach to estimate it and their type. For the first one, we have distinguished physically and empirical-based methods. For the second one, we have taken into account that the estimation of ET P may be performed by means of two different approaches. In one case, the estimation is mainly dominated by the turbulent diffusion equation, and, in the other one, it is done based on the surface-energy balance equation [START_REF] Monteith | Evaporation and surface temperature[END_REF]. Although both of the equations are treated when developing the estimation methods, each methodology emphasizes on one of them. Therefore, we will talk about the diffusive and surface-energy balance approaches, and we will distinguish methods that are based on one or the other.
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Physically based methods for ET P

These methods take into account physical processes, and their interaction between them, which are not considered in simplified formulations. Therefore, these type of methods normally provide more robust equations than the empirical ones.

Diffusive approach

They are normally applied in LSMs because they require a high time-step computation and parameters which are not usually available nor easy to measure or compute. [START_REF] Budyko | Heat Balance of the Earth's Surface[END_REF] proposed to estimate ET P through a diffusive equation:

ET p = ρ r a [ q s T w -q a ] (6) 
ρ = air density r a = aerodynamic resistance q s = saturated specific humidity q a = specific humidity of the air ET P is given as the ratio between the aerodynamic resistance and a humidity gradient multiplied by the air density. The humidity gradient is the difference between the saturated specific humidity (computed using the virtual temperature) and the specific humidity of the air.

The aerodynamic resistance represents the resistance to the transport of water vapour from the surface to the air above it. Further on, its estimation by two different methodologies (LSMs based methods and FAO's reference equation) will be detailed.

The humidity gradient acts as an indicator of the evaporating power of the atmosphere.

One of its key parameters is the temperature from the evaporating surface, since it is needed to compute the saturated specific humidity. It is obtained by solving the following energy balance:

1. 2
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R n =H LET p G (7)
If H is formulated by means of a turbulent diffusion equation and the net radiation is expanded, Eq. ( 7) can be expressed as:

R 0 -4εσT a 3 T w -T a -G= Lρ r a [ q s T w -q a ] ρc p r a T w -T a  (8)
R 0 = difference between the incoming radiation and the longwave radiation that would be emitted if the surface was at T a . To approach the computation of T w , the saturated specific humidity is linearised [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF]: q s T =q s T a q s ' T a T -T a  (9) T = temperature q' s (T a ) = derivative of q s with respect to T evaluated at T a If Eq. ( 8) is solved for T w having the saturated specific humidity replaced by Eq. ( 9):

T w =T a  R 0 -G- Lρ r a [ q s T a -q a ] 4εσT a 3  ρc p r a  Lρ r a q s ' T a  (10) 
ET P (T w ) can be obtained by replacing Eq. (10) in Eq. ( 6):

ET p T w = q s ' T a  R 0 -G[ 4εσT a 3  ρc p r a ][q s T a -q a ]
Lq s ' T a c p 4εσT a 3 r a ρ (11)
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If Eqs.

(3) and ( 5) are recalled, the most common way to implement Budyko's scheme in LSMs is by means of the actual surface temperature, instead of the virtual one. The saturated specific humidity is therefore computed by means of T s . The previous relation shown in Eq. ( 6) must be reformulated to take into account this modification:

ET p = ρ r a [ q s (T s )-q a ] (12)
If the same procedure described to obtain T w and ET P (T w ) is followed to obtain T s and ET P (T s ), the resulting expressions are:

T s =T a  R 0 -G-β s Lρ r a [q s T a -q a ] 4εσT a 3  ρc p r a  β s Lρ r a q s ' T a  (13) ET p T s = q s ' T a  R 0 -G[4εσT a 3  ρc p r a ][q s T a -q a ] β s Lq s ' T a c p 4εσT a 3 r a ρ (14) 
The method using Eq. ( 12) to estimate ET P is known as the bulk formula method.

From now on, the ET P estimated by means of the bulk formula will be referred to as ET PBulk .

Eq. ( 12) results in an overestimation of the humidity gradient, and thus ET P , due to the fact that T s is greater (or equal if the surface is saturated) than T w , and that the cooling effect that evaporation produces on the surface is neglected. There are two ways in which the estimation of ET P can be approached to take into account these issues:

• To apply a correction to the estimated ET PBulk due to the soil moisture stress effect, as proposed by [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF]. In this thesis, the methodology by which ET P is estimated using the bulk formula with Milly's correction applied to it will be referred to as

Milly's method. In addition, the subscript "Milly" will be added to "ET P " when this method is used.

2 Presentation of the study framework

• To estimate ET P directly by means of a virtual temperature through an unstressed surface. In other words, estimating ET P by means of Eq. ( 6). In this thesis, this methodology will be referred to as the Unstressed Surface-Energy Balance (USEB) method. The subscript "USEB" will be added to "ET P " when it is used.

Milly's method

The correction (ξ) consists in computing the relative difference between potential evaporation estimated through the actual and virtual temperatures:

ξ= ET P (T s )-ET P (T w ) ET P (T w ) = Lρ r a q ' s (T a )[1 -β s ] 4εσT a 3 + ρc P r a + Lρ r a q ' s (T a ) β s ( 15 
)
Once it is applied to the bulk formula, Eq. ( 12), the final expression for potential evaporation is as follows:

ET p = ρ r a [q s (T s )-q a ]( 1 1+ ξ ) (16)

USEB method

This is the new method implemented in ORCHIDEE during this thesis. It aims to estimate ET P through an unstressed surface-energy balance. It corresponds to the procedure described in Eqs. ( 6) to (11). Therefore, this methodology is closer to Budyko's definition of ET P . The USEB method implementation in the ORCHIDEE will be discussed in Section 3.2.

Energy balance approach

The surface-energy balance approach is based on the energy partition between latent and sensible heat fluxes to estimate ET P . As its name suggests, it is based on the energy balance, Eq. ( 1). An example of this approach is the Penman equation, which was originally developed to provide open water evaporation (E o ): This equation was modified in 1965 by Monteith. It was adapted to provide evapotranspiration for 2 different types of crops: i) wet-surface (ET wet ), and ii) for a more complex one which was not considered to be saturated and thus the process of transpiration took place. To modify Penman's equation, certain aspects had to be considered. For example, the albedo for a crop surface, like grass (0.23) differs from that of a water surface (0.05 to 0.07). Another difference to take into account is that the aerodynamic resistances from crop and water surfaces are not equal, mostly due to the fact that roughness will exist in the first surface type but not in the second one. These aspects affect the aerodynamic term of the equation. As a result, E a was adapted to a crop: If E a is replaced in Eq. ( 17) and the relation

E o = Δ R n -G/ Lγ E a Δγ (17)
E a = eρ Pr  P s T a -P a 
γ =c p Pr / L e (19)
1. 2Presentation of the study framework is considered, the evapotranspiration for a wet crop surface is:

ET wet = Δ R n -Gc p ρ  P s T a -P a  r a L Δγ (20) E wet = wet surface crop evapotranspiration
In order to consider a non saturated surface, a surface resistance was introduced in the equation by reformulating the psychrometric constant (γ*):

γ * =γ (1+ r s r a ) (21) 
r s = surface resistance Eq. ( 12) with γ* is the Penman-Monteith's form of the combination equation [START_REF] Allen | 179 1[END_REF].

Some of the methods developed to estimate ET P have been derived from more complex equations. This simplifies the estimation, reducing the parameters needed or replacing them by others that are easily measured or computed. In addition, these methods are normally developed for a time-step computation which can be handled without the need of a LSM (daily to monthly). An example is the Food and Agriculture Organization (FAO)

proposal of a methodology to estimate ET o based on Penman-Monteith's combination equation.

FAO's methodology

The estimation of reference evaporation is performed using standard meteorological data, from a height of 2 meters, over a reference surface (defined in Section 2.3). This method has been used, in this thesis, to estimate the potential evaporation underlying it. To do so, no surface resistance has been considered (r s =0). Among the different equations proposed concerning different time scales, the equation for the daily mean has been used.

2 Presentation of the study framework

The derivation of FAO's equation for ET o is based on Eq. ( 20), but replacing the γ by the γ* defined in Eq. ( 21). If the same procedure is followed considering only Eq. ( 20), the expression to estimate ET P will be obtained.

The combination equation is taken as the starting point. It is then simplified by replacing c p and ρ by the relation shown in Eq. ( 19) and the following one for the density of the air:

ρ= Pr δ v T a 273 R (22) δ v =1.01 R = specific gas constant
The parameter δ v is used in FAO's methodology to approximate the virtual temperature throughout T a .

Some assumptions are made regarding the computation of r a and VPD. We will now expose them:

• Aerodynamic resistance

In order to compute the parameters that ET o and ET P depend on in FAO's methodology, the option regarding the time step computation that has been selected must be taken into account. For instance, the assumption of neutral stability conditions is made in this methodology for a daily (or larger time step) computation. Allen et al.

(1998) explain that, for the case where a sub-diurnal estimation is to be done, a correction for stability might be necessary. However, for a daily mean estimation the exchange of heat is small over a surface which is not short of water. Therefore, the atmosphere may be assumed to be neutral. This assumption, together with the fact of performing the computation for a reference surface with fixed surface parameters, results in the following expression for the r a : • Vapour pressure deficit FAO's methodology proposes several ways to compute the saturated and actual vapour pressure, and thus the VPD. It should be noted that the atmospheric parameters needed to perform these computations are not always available. This will be the main criteria to decide which one will be the most suitable option.

r a FAO =C DFAO U 2  -1 (23)
The saturated vapour pressure is proposed to be computed by means of the mean daily air temperature, or its maximum and minimum values. The second option is recommended since it is advised in FAO's methodology that using the mean air temperature will lead to an underestimation of the VPD and consequently, of the ET o and ET P . The expression to compute P s (T a ) is:

P s T a =0.6108 exp[ 17.27T a T a 237.3 ] (24) 
FAO's methodology proposes various options for the computation of the actual vapour pressure. For example, it may be derived from the dewpoint temperature, psychrometric data, or from relative humidity data.

Finally, the surface resistance must be considered for the derivation of FAO's ET o , but not for that of the ET P . Since FAO's methodology considers a reference surface with specific characteristics, it is possible to compute r s , which has a value of 70 sm -1

If Eqs. ( 19), ( 22) and ( 23) are replaced in Eq. ( 20), the equation for ET P is obtained. If γ* from Eq. ( 21) is also considered, the equation for ET o is obtained. These are:
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ET P = 1 L Δ R n -G[ N d e R C D FAO 1 δ v ] γ T a 273 U 2 VPD Δγ (25)
and

ET o = 1 L Δ R n -G[ N d e R C D FAO 1 δ v ] γ T a 273 U 2 VPD Δγ 1[r s C D FAO ]U 2  (26)
The variables have been written below as a reminder, together with the chosen units:

ET P = potential evaporation [ mmd -1 ] ET o = reference evapotranspiration [ mmd -1 ] L = latent heat of vaporization[MJkg -1 ] Δ = slope of the vapour pressure curve [kPa°C -1 ] R n = net radiation [MJm -2 d -1 ] G = soil heat flux [MJm -2 d -1 ]
N d = number of seconds per day e = ratio of molecular weight of water vapour/dry air

R = specific gas constant [kJ kg -1 K -1 ] C D = drag coefficient δ v = 1.01 γ = psychrometric constant [kPa°C -1 ] T a = air temperature [°C] U 2 = wind speed [ms -1 ] VPD = vapour pressure deficit [kPa] r s = surface resistance [sm -1 ]

2 Presentation of the study framework

From now on, the ET P estimated by means of the methodology proposed by the FAO will be referred to as ET PFAO . In addition, the reference evapotranspiration estimated with it will be referred to as ET oFAO .

Empirical methods for ET P

Opposite to the physical methods, empirical methods have been developed to provide further simplified equations to estimate ET P . The main reasons are equivalent to those given for the development of FAO's methodology: the time step estimation and the lack of data availability. For instance, there is a great amount of literature concerning methods based on some or only one of the parameters ET P depends on. Some examples are the temperature, radiation and mass-transfer based methods [START_REF] Xu | Cross comparison of empirical equations for calculating potential evapotranspiration with data from Switzerland[END_REF]. Another important characteristic that needs to be highlighted is that these type of methods contain site-specific parameters that have to be calibrated for each region.

In this study, we have computed the atmospheric demand by means of a radiation and mass-transfer based method which correspond to the energy balance and diffusive approaches, respectively. We have also estimated ET o using an empirical method, based on temperature to extend the sensitivity study to the reference evapotranspiration. These methods will be described below.

Diffusive approach

Most mass-transfer based methods are based on the Dalton equation [START_REF] Dalton | Experimental Essays on the Constitution of Mixed Gases: On the Force of Steam of Vapor from Water or Other Liquids in Different Temperatures, Both in a Torricelli Vacuum and in Air; on Evaporation; and on Expansion of Gases by Heat[END_REF].

They have been adapted according to different types of evaporation estimation, like from open water surfaces and bare soils, as well as vegetated surfaces.

The method used is Rohwer's equation [START_REF] Rohwer | Evaporation from free water surface[END_REF]:

ET p =0.44 10.27 U 2  VPD (27)
Their regional dependence on the site-specific parameters can be illustrated with the study performed by [START_REF] Xu | Cross comparison of empirical equations for calculating potential evapotranspiration with data from Switzerland[END_REF] for a region of Vaud (Switzerland). In this paper, they propose to use 0.47 instead of 0.44.
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From now on, ET P computed by means of the Rohwer method will be referred to as ET P ROH .

Energy balance approach

Radiation-based methods are normally derived from the energy balance approach. In this thesis the method proposed by [START_REF] Priestley | On the assessment of surface heat flux and evaporation using large-scale parameters[END_REF] has been used:

ET p =α Δ Δγ R n L (28) α = 1.26
It is derived from the equation proposed by [START_REF] Penman | Natural evaporation from open water, bare soil and grass[END_REF]. Compared to this equation, it can be noted that the aerodynamic term is not taken into account in Priestley-

Taylor's formulation. Instead, the radiation term is multiplied by a constant (α).

The importance of site-specific parameters can also be discussed in this method. In the study mentioned above [START_REF] Xu | Cross comparison of empirical equations for calculating potential evapotranspiration with data from Switzerland[END_REF], α was found to be too high for the study region in Switzerland, and a lower value (0.90) was proposed. The original value has been used in this thesis (α = 1.26).

A temperature-based method has been selected to estimate ET o . These kind of methods use the air temperature in the estimation. Among the various options, Hargreaves' one has been chosen:

ET o =a R a TD 1/ 2 (T a + 17.8) (29)
a=0.0023 TD = difference between the maximum and minimum daily temperature R a = extraterrestrial radiation

The extraterrestrial radiation, at a daily time scale, can be estimated using the solar constant, the solar declination, and the time of the year. The equations to compute it are provided in [START_REF] Allen | 179 1[END_REF].

From now on, the ET P estimated by means of the method of Priestley-Taylor will be referred to as ET PPT . The reference evaporation estimated using Hargreaves' equation will be referred to as ET oHAR .

We have only listed the equations that have been used in this thesis. However there are much more methods, like Thornwaite (Thornwaite, 1948) and Blaney-Criddle [START_REF] Blaney | Determining Water Requirements in Irrigated Area from Climatological Irrigation Data[END_REF] for temperature-based methods; Makkink [START_REF] Makkink | Testing the Penman Formula by means of lysimeters[END_REF] and Jensen and

Haise [START_REF] Jensen | Estimation of Evapotranspiration from Solar Radiation[END_REF] for radiation-based methods; or Harbeck (Harbec, 1962) for a mass-transfer based method. It has to be noted that the derivation of these methods is not recent since they are based on equations like [START_REF] Penman | Natural evaporation from open water, bare soil and grass[END_REF] or [START_REF] Dalton | Experimental Essays on the Constitution of Mixed Gases: On the Force of Steam of Vapor from Water or Other Liquids in Different Temperatures, Both in a Torricelli Vacuum and in Air; on Evaporation; and on Expansion of Gases by Heat[END_REF]. This fact emphasizes the need to compute evaporation and potential evaporation and thus their importance. With the appearance of LSMs and GCMs (General Circulation Models), physically-based methods could be used, providing new and more robust methodologies.

Soil Moisture

Introduction

At first, soil moisture (SM) may be understood as a trivial parameter: the water content of the soil. Nevertheless, it is not easy to define it because it can be understood in different ways depending on who is dealing with it. It will not have the same meaning in meteorology, water resources policies, or in the agricultural sector. As said in the Introduction chapter, a general definition of this concept is the water contained in the spaces between soil particles. Volumetric soil moisture is the ratio between the volume of water held in the soil and the volume of soil. It is usually given as m 3 m -3 , as a fraction or a percentage.

A distinction in soil moisture according to the soil depth and the task it performs can be made. If we consider the soil as a stratified medium, the water contained in the first centimetres, corresponding to the upper soil layers, is responsible for the evaporative process of water from the surface to the atmosphere. Obviously, this depth is not fixed, and, among other factors, depends on the soil characteristics, like its porosity. If we increase the soil's depth, ranging the meters, we can identify the process where water is pumped to the surface It should be noted that, apart from the direct relation of soil moisture and evaporation in the upper soil layers, soil moisture's presence in deeper layers is also influencing evaporation. Therefore a correct measurement (or estimation) of this variable is key in order to better represent evaporation in LSMs.

Opposite to ET P , soil moisture can be measured. Among other advantages, this means that it can be validated when it is modelled using LSMs. Some methods to estimate it are given below.

Estimation of soil moisture

Several methods have been developed for soil moisture estimation. These can be classified into direct and indirect ones. The book "Methods of Soil Analysis: Part I Physical and mineralogical properties" [START_REF] Black | Methods of Soil Analysis: Part I Physical and mineralogical properties[END_REF] explains some of them.

Direct methods

The content of water in the soil is directly assessed. Some examples are gravimetric or volumetric methods. Their main idea is to dry the soil sample until it reaches a constant weight in an oven between 100ºC and 110ºC so that their physical and chemical characteristics are not highly altered. The water content is then obtained by computing the difference between the wet and dry samples. Other methods mix soil samples with chemical compounds. For example, calcium carbide reacts with water producing acetylene gas. The gas is confined in a pressure vessel with a gage calibrated to provide the water content according to the weight of the wet sample.

These methods can be accurate and rather simple, however, indirect methods are often preferred. The reasons are that to sample, transport and perform various measurements of the sample's weight can result in errors. In addition, taking samples disturbs the experimental plots. Furthermore, the drying process requires time, increasing these methods duration when compared to others.

Indirect methods

In these methods, instead of measuring directly the water content, other parameters related to soil moisture are measured. Like the water stress, the soil's potential to provide water to the plants, etc. These methods cover a wide range of complexity.

Tensiometer

Measuring the soil water tension indicates the energy that a plant needs to extract water from it, opposite to the soil's strength to retain moisture. This is the main idea of a tensiometer. If the soil is almost saturated, the reading will be low, and will increase as the soil becomes more stressed.

Gypsum blocks

This method is commonly known like that, although these blocks can be made out of different materials, like nylon fibre or plaster of Paris. These blocks are placed in the soil and eventually will get wet due to capillarity. Then by measuring the resistance to the electricity flow, the soil moisture can be retrieved. The wetter the block, the higher the conductivity becomes and the resistance decreases.

Neutron soil moisture meters (neutron probe)

It is based on the fact that the main source of hydrogen atoms in the soil is water. Its functioning consists in inserting a tube into the soil which emits high-energy neutrons. These will collide with the hydrogen atoms from water, losing energy. Some of these neutrons will then be reflected back towards the tube and registered by a neutron detector. The neutron probe processes this information and provides a reading of the volumetric soil moisture. This methodology is explained in [START_REF] Visvalingam | The neutron method for measuring soil moisture contenta review[END_REF]. This method has two considerable advantages compared to methods that use soil samples. The first one is that it covers a greater volume, which results in a better representation of soil moisture compared to that obtained from the samples. The second advantage is that it requires less time to perform the measurements. Nevertheless, it is not recommended to be used at shallow depths because neutrons can leave the soil and go into the air, meaning that they would not be detected by the neutron probe. In addition, since it consists of a radioactive source, it also entails a series of issues regarding inspection, licensing, storage, etc. Consequently, it is not used nowadays and has been replaced by other methods, like the time domain reflectometry.

Time domain reflectometry (TDR)

The time domain reflectometry (TDR) is a method which is commonly used to measure the soil water content. One of its main uses is to detect locations of discontinuities in cables by measuring the signal propagation velocity and the reflection on a discontinuity point. The soil water content is obtained using similar principles: measure the time taken by an electromagnetic pulse to traverse a probe of known length that has been inserted in the soil.

The aim is to determine the soil dielectric constant, which is function of the travel time. It should be noted that this constant is dominated by liquid water. In addition, it is significantly different between dry soil and water (4 vs. 80, respectively). As soil moisture increases, the dielectric constant increases too, achieving values around 20 [START_REF] Schmugge | Remote Sensing of Soil Moisture, Hydrological Forecasting[END_REF].

This difference is key to obtain the soil water content and due to the large difference with other soil constituents, like minerals or frozen water, it is not very sensitive to certain soil characteristics, like its composition or its texture. Other advantages of the TDR method are that it considers a small number of calibration requirements (it can be that no soil specific calibration is needed), and that it has a good spatial and temporal resolution. More information about this method is given in [START_REF] Jones | Time domain reflectometry measurement principles and applications[END_REF].

Cosmic ray backscattered method

It is a promising method to obtain the soil water content, based on the dependence of low-energy cosmic-ray neutrons on the hydrogen content, and thus the water content, of the soil. Opposite to remote sensing techniques, where the retrieved soil moisture is limited by the penetration depth, and thus to the upper soil's centimetres, this method has the advantage of providing the soil water content at depths of decimetres. In addition, it also provides it at a scale ranging from meters to km, which is also an advantage if compared to point measurements. This method is detailed in [START_REF] Zreda | COSMOS: the COsmic-ray Soil Moisture Observing System[END_REF], where the continental-scale
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Presentation of the study framework network, known as COSMOS (COsmic-ray Soil Moisture Observing System), that provides soil moisture at an intermediate scale average, is also explained.

Remote sensing

Several remote sensing techniques have been developed to estimate SM at thermal infrared and microwave (MW) wavelengths. Those from the last group are mainly based on the relation that exists between soil moisture and the soil's dielectric properties, previously mentioned. We can distinguish between active an passive microwave sensors. Active ones transmit electromagnetic energy as a signal. When it hits an object it produces a backscatter of energy which returns back to the receiver. A common active MW sensor is the Radio Detection and Ranging (RADAR). Passive sensors do not transmit electromagnetic energy, but record that which is emitted or reflected by the Earth's surface within their field of view.

This must be large due to the little energy available compared with other wavelengths. As a result, this type of sensors has a low spatial resolution. Scanners and radiometers can be identified as passive microwave sensors.

In order to obtain soil moisture estimates from remote sensed data, an inversion algorithm has to be used. There are several types of this algorithm, an example of which are neural networks. They are a non-lineal regression tool whose objective is to provide the best fit between a set of input parameters and an output, which is referred to as the target data. The neural network is trained to find the relations between the input parameters in order to provide the target data. After the training process, it is provided a set of input data to compute the output variable (SM in this case) for which it has been trained. [START_REF] Kolassa | Soil moisture retrieval from multi-instrument observations: Information content analysis and retrieval methodology[END_REF] combine remote sensing observations from different wavelengths and provide them as input data to a neural network whose target data is the soil moisture from the ORCHIDEE land surface model. As a result, they have developed a product which provides 8 years of soil moisture data, from 1993 to 2000, at a global scale.

Soil moisture retrieved from remote sensing depends on other parameters, like surface characteristics, and is limited by the spatial resolution, time frequency and the soil depth at which the SM can be estimated. Other methods are not dependent on so many parameters and give as a result a more accurate vertical profile of soil moisture, allowing to measure it at deeper layers. Nevertheless, remote sensing offers important advantages. For example, its
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Models

Modelling soil moisture is a complex task to perform. It is approached from a macroscopic point of view and the interaction between soil and water is difficult to represent, since we can model the soil's texture but can not do the same with its structure. Nevertheless, SM is considered in LSMs using various approaches, and resulting in different but comparable values. For example, some models consider assimilation processes [START_REF] Montaldo | Dynamic Calibration with an Ensemble Kalman Filter based data assimilation approach for root zone moisture predictions[END_REF] and others use diffusion equations to model it. A clear example is the way it is modelled in the ORCHIDEE LSM, which has two versions regarding the hydrological scheme. More detailed information about these schemes is given in Section 2.5.3.

Land Surface Models

When compared to other methods, land surface models have clear advantages regarding the computation and estimation of parameters:

• Sub-diurnal frequency computation. For example, if we consider the methodologies to estimate ET P , most of them are developed for a daily or monthly time scale. Opposite to these, the LSM sub-diurnal frequency ET P estimation results in a more precise representation of the diurnal cycle.

• Availability of the parameters desired since LSMs offer the possibility to compute them. Therefore the lack of parameters is no impediment for using a particular methodology.

• Energy balance. LSMs solve the energy balance, providing them with robustness regarding further computations.
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ORCHIDEE

As said in the Introduction section, the ORCHIDEE land surface model (http://orchidee.ipsl.jussieu.fr/), developed in the institute Pierre et Simone Laplace (IPSL), will be used in this study. Figure 2.4 shows a schematic diagram of it.

It is a dynamic global vegetation model which simulates energy, carbon and water exchanges between the surface and the atmosphere, as well as the vegetation distribution and composition. ORCHIDEE may be coupled to the GCM developed by the LMD or ran uncoupled and forced by meteorological data. As it can be seen in Figure 2.4, it consists of three main modules [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF]: i) STOMATE, ii) vegetation distribution, and iii)

SECHIBA. The first two modules can be activated or deactivated when performing simulations. In the second case, the data is prescribed from an input inventory. We will focus on the last module since it deals with the hydrology and energy balance, and thus on the parameters that we will study and most of the variables and processes that they depend on.

Nevertheless, the first two will also be described below to have a global idea of the LSM's structure.

2 Presentation of the study framework

Biochemical model STOMATE (Saclay Toulouse Orsay Model for Analysis of Terrestrial Ecosytems)

This module is in charge of the seasonal carbon and vegetation dynamics with a daily time step, like carbon allocation, phenology and litter production and decomposition [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF]; [START_REF] Viovy | Coupling water and Carbon cycle in the biosphere[END_REF]). On the one hand, it provides the LAI, 

Vegetation distribution

From LPJ or prescribed daily. This is the reason why the transpiration, respiration and assimilation are done in another module (SECHIBA), which has a higher frequency computation.

Vegetation cover

This module is taken from the Lund-Postdam-Jena (LPJ) model [START_REF] Sitch | Evaluation of ecosystem dynamics, plant geography and terrestrial carbon cycling in the LPJ dynamic global vegetation model[END_REF] and deals with long-term processes of vegetation dynamics, like rules of inter-species competition for light, fire, tree mortality, etc. Therefore, the computation time-step is longer:

1 year. et al., 2002). The previous scheme, known as Choisnel, considered the soil to be divided in two layers, a superficial and a deep one, in a 2 meter soil depth (de Rosnay and [START_REF] Bibliography De Rosnay | Modelling root water uptake in a complex land surface scheme coupled to a GCM[END_REF]. Opposite to it, a vertical discretization of eleven layers over the same depth was implemented for the CWRR scheme, which was further improved by the work of Agnès Ducharne, Tristan d'Orgeval and Mathieu Guimberteau, among others, regarding water routing and irrigation.

Actual and potential evaporation estimation

Actual and potential evaporation computation in the ORCHIDEE LSM is performed in SECHIBA, most precisely in the "enerbil" module, which computes the energy balance on continental surfaces.

2 Presentation of the study framework

In ORCHIDEE, as in most LSMs, actual evaporation is computed as a fraction of the potential one, following Budyko's scheme (1956). Since the virtual temperature is not computed, ET P is estimated through the surface temperature, an thus Eq. ( 5) is used to compute ET. In this thesis, the computation of T w is assessed and ET P is estimated by means of Eq. ( 6). However, the computation of ET has not been modified and remains a function of ET P (T s ). The main reason is that in order to approach this ET computation, the LSM should be re-calibrated to consider T w and β w . Therefore, this future study will be considered in the perspectives of the thesis.

Before the USEB method implementation in ORCHIDEE, two of the physical methods described in Section 2.3, were already implemented in the LSM. These are the bulk formula (Eq. 12) and Milly's method (Eq. 16), to obtain an ET P which is not overestimated by the effect of using T s in its estimation.

As done in the description of FAO's methodology, the computation of the r a and the humidity gradient used in the LSM's ET P estimation will be given.

Aerodynamic resistance

It is computed following the relation:

r a ORC =C DORC U 2  -1 (30)
It is equivalent to the relation used by FAO's methodology, Eq. ( 23), but with two significant differences. The first one is that in ORCHIDEE the atmosphere's stability is taken into account. The second one is that the surface is characterized by 13 different PFTs (Plant Functional Types), detailed by [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF], which are listed in Table 3.6 from Section 3.3. These two aspects imply that C DORC will not be constant, having a dependency with surface roughness and atmospheric stability [START_REF] Louis | A parametric model of vertical eddy fluxes in the atmosphere[END_REF].

Humidity gradient

The three LSM methods show a dependency of ET P on a humidity gradient. It is computed by means of the Clausius-Clapeyron equation, using the pressure and temperature of the surface at a 30 minute time step. It should be noted that while T s will be used to compute the saturated humidity for the methods of the bulk formula and Milly's, T w will be used to compute the saturated humidity for the USEB method.

Soil moisture estimation

There is a physical problem related to the estimation of the water content in the soil.

Although some of the soil's properties (like its texture) can be known, it is not possible to know its structure, which is obviously a key information regarding the soil's water content.

This implies certain complexity to model this parameter. In ORCHIDEE's SECHIBA module there are two different schemes to treat hydrology, and thus soil moisture. These, referred to as Choisnel and CWRR, are detailed below.

Choisnel

In this scheme, the soil is filled with water from the surface to the bottom, when it rains. Water is then removed by evaporation, when it exceeds precipitation, or by runoff, when the soil is saturated.

The water balance is solved for each vegetation type (PFT=13). This is an advantage considering that these influence water evaporation and its infiltration into the soil. This scheme considers only one type of soil with a total depth (h tot ) of 2 m, divided into an upper and a lower layer. Both layers have varying depths (h u and h l ) and water content (w upper and w lower ). Figure 2.5 shows a scheme of the soil as represented by Choisnel's hydrology. The two layers, as well as the depths can be identified. It should be noted that two sub-layers can be distinguished in the upper layer: a dry one (h d ), which is the difference between h u and the ratio between W upper and the maximum volumetric water content (q max ), and a wet one (h uh d ). The product between h tot and q max will determine the total maximum water content that the soil can retain (w max ). The upper layer will react to the variation of water content in the soil, determining its depth, and consequently that of the lower layer.

Once precipitation has occurred, evaporation from bare soil and interception from vegetation is removed. Then the water content in the two layers is treated. If the total content of water is higher than w max , the excess of water is removed as runoff and drainage. On the
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Presentation of the study framework contrary, if the soil has no water, values are reset to zero. In the case where the total water content is between the range (0, w max ), there are three possible options:

• w upper h u q max , the dry layer disappears and the upper layer increases.

• 0≤w upper ≤h u q max , only the dry layer's depth is modified

• w upper 0 , water from the lower layer is taken in order to set to zero the water content from the upper layer.

The main advantages of this scheme is that it is robust and simple. Compared to the bucket model [START_REF] Manabe | Climate and the ocean circulation, 1. The atmospheric circulation and the hydrology of the earth's surface[END_REF], the fact of having the upper layer makes it capable of reacting to a precipitation event and simulate the variation of evaporation caused by it. However, it

shows certain disadvantages and it does not offer many possibilities for improvements. For example, the runoff and the drainage occur at the same time once saturation is reached.

Therefore, although it does provide a valid representation of the water balance, a different way of approaching it should be adopted if further detail is wanted. For example, if we desire to deal with more precise profiles of soil moisture, a finer description of the rooting system, a better representation of drainage and runoff, etc.

61 Two limiting conditions were set in order to solve the diffusive equation:

∂ θ  z , t  ∂ t = ∂ ∂ z  Dθ  ∂ θ  z , t  ∂ z -K θ -S ( 
• q ( N)=K (∂ N ) (32)
Free drainage is considered under the hypothesis that the water content gradient between the last layer (Z 11 ) and the following one, which is not modelled by the LSM, is zero. Therefore, diffusivity would not occur between layers with the same water content, leading to the flux from the last layer being equal to its conductivity.

• q (z 0 )=P-ET P (33)

2 Presentation of the study framework

The humidity at the interface between the atmosphere and the surface will define the evaporation rate. If the Fokker-Planck equation provides a humidity higher than saturation (θ s ), it means that evaporation is controlled by atmospheric conditions.

Therefore, it will be computed at a potential rate (ET PMilly from Eq. 16). In this case, a second computation will be performed, but the limiting conditions will be referred to the water content from the surface θ 1 . On the contrary, if the humidity provided is between a residual level (θ r ) and θ s , evaporation will be limited by the water content from the upper layers. Consequently, we will deal with actual evaporation (ET).

Compared to the previous scheme the interaction between soil moisture and water demand from roots is more realistic. Water extraction at a certain depth will depend on soil moisture, as well as on the density of roots at this depth. This will favour the representation of water movements in the soil. For instance in order for a plant to reach its maximum of transpiration, their roots must be in a layer where its correspondent θ is at its maximum too. The Hydrology-Tiled ECMWF Scheme for Surface Exchanges over Land is known as the HTESSEL scheme. We will provide some information about it, because modelled brightness temperatures based on surface states simulated by the HTESSEL land surface model will be used in this thesis to compare between measured and modelled TBs. In this way, the analysis will be performed with modelled TBs from two different LSMs (ORCHIDEE and HTESSEL). This will be interesting, as their hydrological schemes differ between both LSMs. In addition, they consider a different soil discretization with different depths, specially in the upper layers (mm vs. cm), which are key in the soil moisture retrieval through remote sensing techniques.

The TESSEL scheme considers six different types of tyles: bare soil, low and high vegetation, water intercepted by leaves, as well as shaded and exposed snow. Each one of these has its own energy and water balances. The soil is considered to have a N=4 layer discretization, being the depths of the layers 7, 21, 72, and 189 cm starting from the upper layer to the lower one. In addition, the soil can be covered by a single snow layer.

An interception layer is in charge to collect the precipitation. Once it becomes saturated, the excess of precipitation is partitioned between infiltration and surface runoff. As done in the CWRR scheme, free drainage is considered at the bottom. Regarding the top boundary condition, it is the sum of the evaporation from the surface and infiltration. The HTESSEL revised and improved certain aspects of the soil hydrology from the TESSEL scheme:

• Consider a spatially variable soil type.

• Replace the Clapp and Hornberger scheme by the van Genuchten formulation.

• Surface runoff is based on variable infiltration capacity.

These revisions of the soil hydrology are detailed in [START_REF] Balsamo | A Revised Hydrology for the ECMWF Model: Verification from Field Site to Terrestrial Water Storage and Impact in the Integrated Forecast System[END_REF].
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Remote Sensing: SMOS

As explained in Section 2.4.2, the MW L-Band (1 -2 GHz ; 15 to 30 cm) signal is highly sensitive to SM. As a result, L-Band radiometry is a remote sensing technique which has been identified as one of the best to estimate soil moisture. It should be noted, that it is also used to estimate salinity. These facts have lead to the emergence of space missions based on this technique. Some examples are given below:

• The Aquarius/SAC-D mission (June 2011) from the National Aeronautics and Space Administration (NASA) and Argentina's space agency which provides sea surface salinity (Le [START_REF] Vine | Aquarius and remote sensing of sea surface salinity from space[END_REF]. The Aquarius instrument consists of a radiometer and a

scatterometer. The first one has to be specially sensitive and stable, because the changes of brightness temperatures related to salinity are small. The second one provides real time measurements to correct for the ocean surface roughness. This has been identified as an important source of measurement error and needs to be corrected [START_REF] Wilson | Microwave radiometer and scatterometer design for the aquarius sea surface Salinity Mission[END_REF]).

• The Soil Moisture Active and Passive (SMAP) mission from the NASA, which is planned for launch at the end of this year, has as objectives to provide estimates of global soil moisture and the freeze / thaw state. The SMAP instrument includes a radiometer and a synthetic aperture radar. It will measure surface emission and backscatter simultaneously. This measurement combination will take profit of the advantages of both techniques and is due to provide SM over moderate vegetation cover at an intermediate resolution (Entekhabi et al., 2010).

• The Soil Moisture Ocean Salinity (SMOS) mission is another example of this technique. Its soil moisture's product has been a matter of study in this thesis.

Therefore, it will be treated in more detail below.

The SMOS mission is the second Earth Explorer Opportunity mission from the European Spatial Agency (ESA). The "Centre National d'Etudes Spatiales" (CNES), as well as the "Centro para el Desarrollo Tecnológico Industrial" (CDTI) also participate in this program.

2 Presentation of the study framework

It was launched on November 2 nd , 2009 and has as main objectives to provide soil moisture over land surface and sea surface salinity over oceans. In a second order, the objectives of yielding information about the root soil moisture and vegetation, as well as improving the representation of areas covered with snow and ice are also considered.

The SMOS instrument is a 2-D synthetic aperture radiometer containing 69 antennas regularly distributed on a Y structure. It has to be noted that opposite to other instruments using classical radiometers, like the above mentioned SMAP, SMOS is characterized by its capacity to perform multi angular measurements. This allows it to provide additional parameters apart from soil moisture. For example, the vegetation's opacity. The soil moisture retrieval has a target accuracy of 0.04 m 3 m -3 , at a penetration depth of around 5 cm [START_REF] Kerr | The SMOS mission: New tool for monitoring key elements of the global water cycle[END_REF] and a spatial resolution of 40 km on average.

SMOS's outputs are classified in levels. In this thesis, Level 1C (L1C) and Level 2 (L2) will be used. The first one provides swath-based maps of brightness temperatures and the second one of soil moisture. Level 1C is used as input of the SM's retrieval algorithm. In fact its main component is the sum of the squared weighted differences between measured and modelled brightness temperatures for different angles. TB values are computed using a L-Band Microwave Emission of the Biosphere (L-MEB) forward model [START_REF] Wigneron | L-band microwave emission of the biosphere (L-MEB) model: Results from calibration against experimental data sets over crop fields[END_REF]. In addition, the algorithm uses a set of dynamic (time varying quantities) and static (quantities which do not vary with time or they do in a slow way) files. These provide information like snow, rain, and temperature for the first type, and soil textures and land use maps for the second type. Finally, it requires information which is not available, but can be obtained from the L2 inversion process. For example, vegetation opacity, surface roughness and indicators of Radio Frequency Interferences (RFI). More information about the soil moisture retrieval algorithm is given in [START_REF] Kerr | The SMOS soil moisture retrieval algorithm[END_REF].

Brightness temperatures

The direct measurement performed by satellites is radiation. Therefore, a satellite radiometer which observes the Earth will be sensitive to the radiance it emits. This observation is normally expressed as brightness temperature (TB), in Kelvin, at the Top Of the Atmosphere (TOA). Passive MW radiometers from satellites measure raw antenna counts
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Presentation of the study framework which are then converted to radiances following a calibration process. This is a complex processes which consist of several steps, since various issues have to be taken into account, like geolocation, altitude, etc.

It has been previously said that TBs are sensitive to soil and vegetation parameters (soil moisture and vegetation opacity), as well as the sea surface salinity. Apart from these, other parameters may be obtained. For example, wind speed, as explained by [START_REF] Shibata | AMSR/AMSR-E sea surface wind speed algorithm[END_REF],

where an algorithm to retrieve this variable from polarized TBs is exposed. Therefore, TBs are key in the retrieval of various parameters regarding the hydrological cycle and thus the climate system. In addition, we must recall one of the main advantages of a remote sensing measured parameter, which is a high spatial coverage.

Brightness temperature inter-comparison can also be used to improve both remote sensing retrievals and modelled data, and consequently improve data assimilation too. The strategy consists in comparing modelled TBs, computed by means of radiative transfer models, with satellite measured ones. This analysis may lead to identify issues, both in models and remote sensing, that can be refined. An example is part of the work carried out in this thesis, where modelled and measured brightness temperatures have been compared to analyse the spatial structures provided for soil moisture over the Iberian Peninsula. The Community Microwave Emission Model (CMEM) has been used to compute TBs from modelled data. It will be detailed below.

Introduction to the CMEM model

The [START_REF] Drusch | Vegetative and atmospheric corrections for soil moisture retrieval from passive microwave remote sensing data: Results from the Southern Great Plains Hydrology Experiment 1997[END_REF].

One of its main characteristics is its modular structure, which consists of four modules: soil, vegetation, snow and atmosphere. This provides the user the possibility of selecting among different physical configurations to compute the TB's key parameters. For
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Presentation of the study framework example, the soil dielectric constant, the rough surface emissivity, the vegetation's optical thickness or that of the atmosphere. Some of these configurations available to the user are listed in Table 2.1. Further parametrizations are left to the user's criteria, which range from the observing configuration, like the incidence angle, to the format of the output data or the number of soil layers considered. In the next chapter, the various configurations are shown, together with the option selected to compute TBs in our study.

The CMEM model requires certain parameters to perform the computation of the TBs.

These may be divided into dynamic and constant fields, which deal with meteorological data, vegetation characteristics and soil conditions. Separated from these fields, there is a third optional one which consists on those parameters that are necessary depending on the parametrization selected. It provides three output levels depending of the parameters required.

Therefore, apart from the vertical and horizontal polarization of the TBs, the vegetation optical thickness or emissivities, for example, may be outputted too. The diagram represented in Figure 2.7, which is available in the CMEM site, shows the structure of the model. 

Computation of brightness temperatures through the CMEM

The equation to compute polarized brightness temperatures at the top of the atmosphere is the following: The contribution of each module is computed using the configurations proposed by CMEM and selected by the user. In Figure 2.8 a flowchart of the code structure has been represented.

The atmospheric module computes TB au,p and τ atm,p . Next, the soil module in charge of providing the soil contribution to TB is executed:

TB soil , p =T eff e r , p (36) 
The vegetation module is then invoked. It computes the τ veg,p and provides the TB veg,p contribution following the relation: 

TB veg , p =T c (1-ω p )(1-exp (-τ veg , p )) (

Introduction

The main objective of the thesis is to study and analyse the modelling of evaporation and soil moisture. In order to do so, the work done may be divided into 2 main studies:

• ET P STUDY. Potential Evaporation's sensitivity to climate change.

Potential evaporation is the basis of most actual evaporation calculations. Since it depends on variables affected by climate change [START_REF] Mcvicar | Less bluster ahead? Overlooked ecohydrological implications of global trends of terrestrial near-surface wind speeds[END_REF] its estimation may also be impacted by it and thus have an impact on actual evaporation, as well as vegetation and water management projections.

• TB STUDY. Brightness temperature comparison between SMOS's observations and modelled ones computed through a radiative transfer model (CMEM).

TB is the basis of soil moisture remote sensing products and its comparison with modelled TB can provide useful information of both, the LSM's computation of soil moisture and the way it is retrieved through remote sensing.

In this section, we will explain the methodology followed to perform both studies. In the first place, the ORCHIDEE simulations carried out, together with the forcing data used, will be detailed. In the second place, the methods used to estimate ET P will be exposed, as well as the different phases defined to carry out the sensitivity analysis. Finally, the TB study will be treated. As in the previous one, we will explain the phases it consisted of, emphasizing the TB computation by means of the CMEM model.

3 Methodology

Simulations performed with ORCHIDEE

To perform the potential evaporation and brightness temperature studies three simulations were carried out in the ORCHIDEE LSM. Two correspond to the first study and one to the last one. The model was ran offline and configured to use the CWRR hydrological scheme. In addition, the modules of vegetation distribution and STOMATE were deactivated for all the simulations. More details about them are listed in The simulations corresponding to the ET P STUDY had a double purpose. On the one hand, they yielded potential evaporation estimated through the physically-based methods implemented in the LSM. On the other hand, they provided the parameters to estimate ET P by means of the FAO equation and the empirical-based methods.

The methods selected where developed to yield daily ET P values. Some methodologies propose different approximations to the time step chosen. For instance, the FAO method proposes different equations to estimate ET P at hourly, daily and monthly means, out of which the daily option was selected for this study.

Two simulations for two different periods were performed for ET P study. The first of them deals with the estimation of ET P for the current climate, from 1990 to 2000, being referred to as the reference period. The second one ranges from 2000 to 2100, and is related to the analysis of ET P 's sensitivity. It will be referred to as the future scenario period.

3 Methodology

Each simulation was performed with a different forcing. SIM 1 was carried out using the WATCH Forcing Data (WFD), detailed in [START_REF] Weedon | Creation of the WATCH forcing data and its use to assess global and regional reference crop evaporation over land during the twentieth century[END_REF], and SIM 2 using the bias corrected IPSL A2 scenario [START_REF] Piani | Statistical bias correction of global simulated daily precipitation and temperature for the application of hydrological models[END_REF]. It should be noted that it is a severe scenario.

The objective of SIM 3 for the TB STUDY was to provide the input parameters needed to compute brightness temperatures by means of the CMEM model.

For this study, hourly outputs were obtained in order to carry out a sampling process with SMOS's observations. The period established was the one for which brightness temperature data was available by the SMOS mission. Brightness temperatures have been computed for the Iberian Peninsula due to the fact that the precipitation, soil moisture and vegetation characteristics are suitable to carry out the comparison.

For this simulation the regional ERA-Interim forcing was used [START_REF] Dee | The ERA-Interim reanalysis: configuration and performance of the data assimilation system[END_REF], as it ranges from 1979 to 2012 and near current data was needed for the TB analysis.

Potential Evaporation's sensitivity to climate change

In the previous chapter, we have seen that there are various definitions for the concept of "potential evaporation". It has been specified that in this study, potential evaporation is the atmospheric water demand. It depends on the available energy and the aerodynamic resistance, meaning that no surface process is involved, and thus no surface resistance is considered.

ET P 's sensitivity has been analysed for various methodologies, listed in Table 3.2.

Following the same classification done in the previous chapter, they have been divided into physically-based and empirical-based methods. different cases for FAO's methodology. These will be explained further on in this section.

3 Methodology

The study performed to analyse ET P 's sensitivity to climate change consists of four phases:

• Phase 1: Implementation of the USEB method in ORCHIDEE.

• Phase 2: Comparison between potential evaporation's physically-based estimates for the current climate.

• Phase 3: Comparison between potential evaporation's physically and empirical-based methods, and its key parameters' sensitivity to climate change.

• Phase 4: Further analysis: potential evaporation's seasonal sensitivity and reference evaporation's sensitivity to climate change. 

Phase 1: Implementation of the USEB method in ORCHIDEE

This method's aim is to compute potential evaporation through an unstressed surfaceenergy balance.

The USEB method has been implemented in the ORCHIDEE LSM. As the two previous methods (the bulk formula and Milly's method), it has been developed in SECHIBA, more precisely in the "enerbil" module.

A new subroutine named "enerbil_pottemp" was created to implement the new method. A flowchart describing ET P 's estimation through the USEB method is provided in Figure 3.2.

In the first place, certain auxiliary variables, like the potential saturated specific humidity and the derivative of the potential specific humidity at the old temperature are derived. Next, a second surface-energy balance is computed. It differs from the first one in the fact that the surface is considered to be saturated. During this work, they will be referred to as the normal and unstressed surface-energy balances, respectively. In order to compute the latter, no surface resistance has been taken into account in the calculation of the latent heat flux. It has to be noted that the ground heat flux from the normal energy balance has been used. We have made the assumption that it has a negligible effect on the unstressed temperature.

Once the energy balance is solved, the surface's virtual temperature can be computed.

The next step is to compute the saturated humidity at the surface by means of T w . Finally, the ET P is estimated using Eq. 6.

3 Methodology

Phase 2: Comparison between potential evaporation's physically based estimates for the current climate

The second phase of the study consisted in estimating ET P for the current climate (from 1990 to 2000) using three of the four physically-based methods listed in Table 3.2:

Milly, USEB and FAO. The bulk formula has not been used because it overestimates ET P [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF], as explained in the previous chapter. The main reason for using physicallybased methods is because they are more robust than empirical ones. In addition, empirical ones are also dependent on site-specific parameters, which should be calibrated before estimating ET P . The objectives of this phase are:

81 • To compare the USEB method's ET P values with those given by Milly's method and ET P FAO and therefore, ensure the implementation of the new method.

• To analyse the impact of the assumptions made by FAO's methodology, in order to have a better understanding of the key parameters and processes affecting ET P 's estimation and sensitivity to climate change.

To accomplish the second objective, we decided to analyse the following parameters:

i) the r a , since it is impacted by the assumption of neutral stability conditions and the fact of not considering surface roughness, and ii) the VPD/humidity gradient, because different methodologies use either one of them to represent the process by which water is removed from the surface. In addition, some of these parameter's computations are approximations, like FAO's VPD. Five new cases were defined to estimate ET P by means of FAO's methodology. The main idea was to compute ET P using the FAO equation, but replacing its r a and VPD by the same parameters, or the equivalent ones, computed in ORCHIDEE. The cases are described below and summarized in Table 2 from [START_REF] Barella-Ortiz | Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change[END_REF]. It has to be noted, however, that all of these estimate the ET P underlying FAO's equation. Therefore r s =0 for all of them.

• CASE 1: FAO's original equation considering a saturated surface. No replacement has been done.

• CASE 2: FAO's VPD is replaced by ORCHIDEE's humidity gradient from the bulk formula. As exposed in the previous section, once the USEB method is implemented, there are two surface-energy balances, the normal one and the unstressed one. Since FAO's methodology uses the actual temperature and not the virtual one, the gradient from the bulk formula is used in this case.

• CASE 3: FAO's r a is replaced by ORCHIDEE's.

• CASE 4: FAO's VPD and r a are replaced by ORCHIDEE's humidity gradient from the bulk formula and r a , respectively.

• CASE 5: FAO's VPD is replaced by ORCHIDEE's.

• CASE 6: FAO's VPD and r a are replaced by ORCHIDEE's VPD and r a , respectively.

Considering FAO's VPD computation, case 2 will allow us to analyse the effect of using a gradient instead of a deficit in FAO's methodology. Separately, case 5 will serve to analyse the impact of FAO's VPD approximation through the maximums and minimums of air temperature and relative humidity. In addition, the fact of computing it at a higher frequency in ORCHIDEE will also be tested.

Concerning the difference in the r a computation, case 3 will give information of the impact of considering a stable atmosphere and not taking into account surface roughness, as occurs in FAO's methodology.

Finally, cases 4 and 6 will show the combined effect of ORCHIDEE's i) humidity gradient and r a , and ii) VPD and r a in FAO's equation.

Apart from the parameters necessary to estimate ET P by means of FAO's equation (case 1), the following ones were needed to carry out the estimation of ET P by means of the new five cases defined: the drag coefficient, the specific humidity of the air and the saturated surface, as well as the difference between the saturated vapour pressure and the actual one at a height of 2 meters. These were provided either by ORCHIDEE's simulations or directly by the forcing data used.

It should be noted that:

• FAO's recommendation to compute the saturated vapour pressure using the maximum and minimum daily mean temperatures, instead of the daily mean one has been followed.

• Among the various options proposed to compute the actual vapour pressure, the option concerning the maximums and minimums of T a and the relative humidity has been used: The analysis performed consisted in estimating daily ET P , at a global scale, for the methods of Milly and USEB, as well as the six cases from FAO's methodology. Next, monthly and annual means were estimated. Negative monthly means due to inconsistent atmospheric forcings were deleted in the averaging process. Annual ET P was then compared between the three methodologies. To do so, the differences between the ET P estimates of the USEB method and the rest of methodologies were computed and given as a %.

P a = P s T amin  RH max 100  P s T amax  RH min 100 2 (38)

Phase 3: Comparison between potential evaporation's physically and empiricalbased methods and its key parameters' sensitivity to climate change

This phase corresponds to the sensitivity study, and thus the main objective of our work.

Apart from analysing the sensitivity of ET P estimated by means of different methodologies, the sensitivity of the following parameters was also analysed:

• Net radiation • FAO's VPD • FAO's r a
• ORCHIDEE's humidity gradients (from the bulk formula and the USEB method)

• ORCHIDEE's VPD • ORCHIDEE's r a
Opposite to the previous phase, all the methods listed in Table 3.2 have been used. It must be stressed that in order to carry out the sensitivity study using the empirical methods,
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Methodology they have been assumed to be independent to a first order of the site-specific parameters. Thus default values of these parameters were used all over the globe.

As done in the previous phase, daily values of ET P , as well as of the parameters listed above, were computed and their annual means were calculated.

Trend analysis were performed to carry out the sensitivity study of ET P and its parameters. These were developed using the R language and the Cox-Stuart test, establishing a significance level of 95%. The trends were computed in order to provide the increasing or decreasing % per decade. For this analysis the differences between trends from the USEB method and the rest of the methodologies, expressed as a %, were calculated to facilitate the comparison between different sensitivities.

Phase 4: Further analysis: potential evaporation's seasonal sensitivity and reference evaporation's sensitivity to climate change.

The sensitivity of ET P to climate change was also approached at a seasonal scale for the Sahelian region. ET P trends correspondent to the dry and humid seasons were computed and compared between them and with the values obtained for the annual trends. The aim of this study was to see if seasonal effects could be identified in ET P 's sensitivity.

Separately from the potential evaporation's sensitivity study, the sensitivity of reference evaporation computed through a physically-based and an empirical method was analysed. The methods used were FAO's reference evaporation equation [START_REF] Allen | 179 1[END_REF], and the Hargreaves method, which is temperature based. These correspond to Eqs. ( 26) and ( 29) and have been detailed in the previous chapter. The aim of this study was to extend the analysis carried out for potential evaporation and the impact of FAO's approximations on it, to reference evaporation.

Brightness Temperatures comparison between SMOS's observations and a radiative transfer model output.

This study is based on the comparison of SMOS's measured brightness temperatures with two sets of modelled ones. These were computed using the CMEM model and providing as input surface state variables from the ORCHIDEE and HTESSEL land surface models.

To perform the TB computation by means of the CMEM model, its configuration had to be defined first. This determined some of the input parameters provided to CMEM, but also certain modifications that we performed on ORCHIDEE's code and will be explained in the next phase of the study. The configuration was selected following the advice of Patricia de Rosnay and has been summarized in File format for input/output files netcdf

Table 3.4: CMEM's configuration

As shown in Table 3.1, the comparison between brightness temperatures has been performed over the Iberian Peninsula. However, it has also been carried out over the REMEDHUS catchment.

The "Red de Estaciones de Medición de la Humedad del Suelo" (REMEDHUS), which refers to the network of soil moisture measuring stations was installed on Mars 1999 in a North-Western region from Spain, in the province of Zamora (41N, 5W). It is shown in Calibration and validation activities with SMOS have been carried out in this area [START_REF] Sánchez | Validation of the SMOS L2 soil moisture data in REMEDHUS network (Spain)[END_REF]; [START_REF] Sánchez-Ruiz | A: Combining SMOS with visible and near/shortwave/thermal infrared satellite data for high resolution soil moisture estimates[END_REF]; [START_REF] Piles | A downscaling approach for SMOS land observations: evaluation of high resolution soil moisture maps over the Iberian Peninsula[END_REF].

The TB study consisted of 4 phases:

• Phase 1: Calculation of CMEM's input parameters in ORCHIDEE.

• Phase 2: TB computation through the CMEM model.
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Figure 3.3:

The REMEDHUS catchment remarked with a green square.

• Phase 3: TB sampling and filtering.

• Phase 4: Comparison between the TBs from SMOS and CMEM.

Phase 1: Calculation of CMEM's input parameters in ORCHIDEE

The parameters used in our study are shown in 

Table 3.5: CMEM input parameters

Soil conditions:

The soil texture fractions correspond to those from clay and sand. The maps used are from the FAO (1978) and [START_REF] Zobler | A world soil file for global climate modeling[END_REF], that converted the data from the FAO into a grid 1ºx1º, taking into account only the dominant type of soil in each pixel. Then, ORCHIDEE calculates the percentage of each type of soil in the model's grid.

Vegetation:

For this set of parameters ORCHIDEE's 13 PFTs were grouped into high and low vegetation types. 

Meteorology:

In the first place, advantage was taken from the fact that the ORCHIDEE LSM's soil hydrology scheme provides soil moisture distributed over 2 meters divided in 11 layers. Since the soil temperature is given over 7 layers for a soil depth of 5.5 meters, the code was modified in order to obtain the same vertical distribution for soil moisture and temperature.

To do so, we defined 12 layers for the soil temperature computation, instead of the previous 7.

Next, the depth of the first 11 was set to be the same as that of the 11 layers from the soil hydrology scheme. Consequently, the depth of the last layer was 3.3 meters.

In the second place, it has to be noted that the snow density is defined as a constant value of 330 kgm -3 in ORCHIDEE and thus it has also been constant in CMEM.

Filtering

The criteria followed to filter modelled TBs computed using ORCHIDEE's surface state variables are:

• Average surface temperature > 275 K

• 2 m air temperature > 273 K

The criteria followed to filter modelled TBs computed using HTESSEL's surface state variables are:

• Snow water equivalent < 0.01 m 91 • 2 m air temperature > 273.5K

• Orography (slope) < 0.04 Separated from these, two common filters have been made to all the data sets:

• Brightness temperature < 300K

• Mask

First, the different criteria followed by the two sets of data aim to discard frozen soils, since their temperatures can lead to unrealistic modelled TBs. Second, not considering TBs higher than 300K, pretends to avoid the effect of RFIs (Radio Frequency Interferences), which can lead to overestimated brightness temperatures (higher than 1000K). Finally, the mask aims to remove points which might be affected by coastal effects or changes in the orography. To build it, L2 SMOS data was used. Points were no soil moisture data was found in the period studied, as well as their three contiguous points, were flagged to exclude them from the comparison study.

Phase 4: Comparison between the TB from SMOS and CMEM

In this phase the objective has been to compare TBs measured by SMOS with modelled ones using surface state variables from the ORCHIDEE and HTESSEL land surface models. Modelled TBs from HTESSEL were provided by Patricia de Rosnay. From now on, the brightness temperatures measured by SMOS will be referred to as TB SM , and modelled ones will be referred to as TB O (ORCHIDEE) and TB H (HTESSEL).

In order to perform the TB comparison, various analysis will be done:

• The TB from observations and models will be decomposed into a slow varying component and a fast one. The former is considered to be the smoothed annual cycle.

It has been computed using an averaging window of 5 days and the resulting curve has been smoothed over 30 days. The latter corresponds to the perturbations around the slow varying component, referred to the rainfall events. It has been also computed using an averaging window of 5 days. Both components will be compared regarding its temporal evolution and spatial structures.

3 Methodology

• Correlation study. Temporal and spatial correlations will be carried out. High values are expected for the former, due to the marked annual cycle from the brightness temperature. The latter will provide information about the consistency of spatial structures between measured and modelled data. The values provided will be statistically significant at 95%.

• Empirical Orthogonal Function (EOF) analysis. This analysis will go in depth into the results obtained in the previous analysis of spatial correlation. The aim of this study is to identify error patterns between spatial structures and their temporal evolution in order to see if these have a higher impact on specific seasons.

To perform these analysis, the R language has been used for the first two, while the matlab language has been used for the third one. 

Potential evaporation sensitivity to climate change

Introduction

In this chapter we will show the results for the sensitivity study performed during this thesis. This analysis has been carried out for the ET P , using different methodologies to estimate it, as well as for some of the main parameters it depends on. This work has been published as a scientific paper in the Hydrology and Earth System Sciences (HESS) Journal of the European Geosciences Union (EGU).

Evaporation has been identified as one of the main processes in the hydrological cycle and, therefore, is key in the climate system. In addition, the direct relation between actual and potential evaporation has been established in Chapter 2. Consequently, climate change is likely to have an impact on potential evaporation, which is the objective of our analysis.

As noted in Chapter 2, there is a high dependence of actual and potential evaporation (ET and ET P , respectively) on i) radiation, which provides the energy needed to carry out vaporization, ii) both the availability and demand for water, established by the humidity gradient, and iii) wind speed. Several studies have been performed to analyse the impact of climate change on the evaporative process. [START_REF] Teuling | A regional perspective on trends in continental evaporation[END_REF] approached the study of ET's sensitivity analysing trends in two of its main drivers, radiation and precipitation, using data from the FLUXNET database and a multi-model reanalysis from the Global Soil Wetness Project (GSWP-2). They found that the correlation between ET and the drivers varied regionally. For instance, the relation between ET and radiation showed stronger correlations in Europe. The opposite behaviour, stronger correlations between ET and precipitation were found for North America. [START_REF] Jung | Recent decline in the global 1. 8 Bibliography land evapotranspiration trend due to limited moisture supply[END_REF] studied the evolution of evapotranspiration by means of i) a data set built using meteorological and remote sensing observations and ii) data from process-based LSMs. On the one hand, they found an increase of the annual evapotranspiration of 7.1 mmy -1 per decade from 1982 to 1998. On the other one, they found that this trend did not exist from 1998 to 2008. They believe that soil moisture limitation may explain the difference between the different behaviours found in the two periods. [START_REF] Mcvicar | Less bluster ahead? Overlooked ecohydrological implications of global trends of terrestrial near-surface wind speeds[END_REF] analysed the impact of climate change on the atmospheric water demand of its aerodynamic term, and most precisely
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Potential evaporation sensitivity to climate change of the wind speed. They found that negative trends from this parameter could explain the decrease found in the atmospheric demand for water. In this paper, it is also highlighted that to study its sensitivity, the four main meteorological variables it depends on (humidity, radiation, wind speed and air temperature) have to be taken into account.

We have carried out our study in line with McVicar's. The main objective is to analyse the sensitivity of potential evaporation estimated using different methodologies to climate change, and to identify the key parameters and interactions between them regarding its sensitivity. For this, we have focused on the net radiation, aerodynamic resistance, humidity gradient and the vapour pressure deficit. A secondary objective has been to implement a new method to estimate ET P through an unstressed surface-energy balance (USEB method) in the ORCHIDEE LSM. This chapter has been structured in three parts. The first one consists on the paper published in the HESS journal. The other two correspond to further studies that we have carried out regarding the sensitivity analysis of two evaporation concepts. The second part deals with sensitivity of potential evaporation at a seasonal scale, and the third one shows the sensitivity analysis performed for the reference evaporation (ET o ).

Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change

A.Barella-Ortiz 1,2 J.Polcher 2,3,* A.Tuzet 4 , and K.Laval 

Abstract

Potential evaporation (ET p ) is a basic input for many hydrological and agronomic models, as well as a key variable in most actual evaporation estimations. It has been approached through several diffusive and energy balance methods, out of which the Penman-

Monteith equation is recommended as the standard one. In order to deal with the diffusive approach, ET P must be estimated at a sub-diurnal frequency, as currently done in land surface models (LSMs). This study presents an improved method, developed in the ORCHIDEE LSM, which consists of estimating ET P through an unstressed surface-energy balance (USEB method). The results confirm the quality of the estimation which is currently implemented in the model [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF]. The ET P underlying the reference evaporation proposed by the Food and Agriculture Organization, FAO, (computed at a daily time step) has also been analysed and compared.

First, a comparison for a reference period under current climate conditions shows that USEB and FAO's ET P estimations differ, especially in arid areas. However, they produce similar values when the FAO's assumption of neutral stability conditions is relaxed, by replacing FAO's aerodynamic resistance by that of the model's. Furthermore, if the vapour pressure deficit (VPD) estimated for the FAO's equation, is substituted by ORCHIDEE's VPD or its humidity gradient, the agreement between the daily mean estimates of ET P is further improved.

In a second step, ET P 's sensitivity to climate change is assessed by comparing trends in these formulations for the 21st century. It is found that the USEB method shows a higher sensitivity than the FAO's. Both VPD and the model's humidity gradient, as well as the 1. 4 Potential evaporation sensitivity to climate change aerodynamic resistance have been identified as key parameters in governing ET P trends.

Finally, the sensitivity study is extended to two empirical approximations based on net radiation and mass transfer (Priestley-Taylor and Rohwer, respectively). The sensitivity of these ET P estimates is compared to the one provided by USEB to test if simplified equations are able to reproduce the impact of climate change on ET P .

Introduction

Potential evaporation (ET P ) is a basic input for many hydrological and agronomic models that describes their interactions with the atmosphere. In addition, ET p is the basis of most actual evaporation estimations [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF][START_REF] Wang | A review of global terrestrial evapotranspiration: observation, modeling, climatology, and climatic variability[END_REF]. Consequently, changes in ET P due to climate change will likely produce an effect on actual evaporation and more generally on the primary production of plants.

In 2007, the UNFCCC (United Nations Framework Convention on Climate Change) estimated the additional annual investment needed by 2030 to be able to bear the adaptation costs brought about by climate change. It was predicted to be up to 171 billion dollars at a global scale, out of which 8 and 6.5% correspond to the agricultural and water sectors, respectively [START_REF] Parry | Assessing the Costs of Adaptation to Climate Change[END_REF]. As ET P determines agronomic and water resources estimates, the uncertainties in predicted trends for ET P should be taken into account. [START_REF] Mcmahon | Estimating actual, potential, reference crop and pan evaporation using standard meteorological data: a pragmatic synthesis[END_REF] explains that the term "potential evaporation" has been defined in several ways and provides examples of three different ET P definitions. In this study it is considered to be the amount of evaporation that would occur if enough water was available at the surface. As no land surface process limits the potential evaporation determined by available energy and aerodynamic resistance, this flux ends up being the atmospheric demand for water (Hobbins et al., 2008). Several methods have been developed to estimate its value. They can be grouped in two different families. One of them is dominated by the turbulent diffusion equation and mostly used in land surface models (LSMs). The other one is centred on a surface-energy balance equation [START_REF] Monteith | Evaporation and surface temperature[END_REF]. The Penman-Monteith equation, which is recommended as the standard method to estimate ET P belongs to the second group. Even though both families treat the two equations (turbulent diffusion and 1. 4 Potential evaporation sensitivity to climate change surface-energy balance), each one estimates ET P putting more emphasis on one of them. This paper will refer to them as the diffusive and the surface-energy balance approaches. It must be remarked that ET P is a conceptual flux, since it can not be observed. Furthermore, as each method uses different hypotheses and approximations they can only provide an estimate of ET P .

Concerning the first approach, Budyko's scheme [START_REF] Budyko | Heat Balance of the Earth's Surface[END_REF]) uses a diffusive equation to estimate potential evaporation. It is obtained by taking the ratio of the humidity gradient and the aerodynamic resistance, multiplied by the air density. The gradient is the difference between the saturated humidity at the surface and the air's humidity. The virtual surface temperature, T W , which differs from the actual one in the fact that it is related to a hypothetically wet surface, is used to compute the saturated humidity. The most common way to implement this method in a general circulation model (GCM), however, is by using the actual surface temperature instead of the virtual one [START_REF] Manabe | Climate and the ocean circulation, 1. The atmospheric circulation and the hydrology of the earth's surface[END_REF]. Since this leads to an overestimation of ET P , [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF] proposed a corrective term which takes into account the soil moisture stress's effect on the actual surface temperature. This paper presents a further step in the ET P computation by estimating virtual surface temperature through an unstressed surface-energy balance (USEB method). Thereby, the diffusive equation used to estimate ET P is closer to the original Budyko hypothesis and the Penman-Monteith method. It has been implemented in the ORCHIDEE (ORganising Carbon and Hydrology In Dynamic EcosystEms) LSM, developed by the Institut Pierre-Simon Laplace.

The second approach focuses on the energy partition between sensible and latent heat fluxes to obtain ET P . An example is the Penman-Monteith equation, which is the basis for further simplifications, like the Food and Agricultural Organization (FAO) formulation that provides a reference evaporation [START_REF] Allen | 179 1[END_REF]. In this case, the assumed ET P (which can be computed setting the surface resistance to zero) is obtained using only standard meteorological data over a reference surface. This is an advantage for agronomic and hydrological models which do not have an explicit representation of the surface-energy balance and need an ET P estimation. Approximations have been derived for the FAO's equation for various time discretizations, from which the daily time step is retained for this study, as it is the most commonly used.
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The lack of data availability, the desire to simplify the estimation of ET P , or the need to perform local estimates have led to a number of approximations. Such is the case of radiation and mass-transfer-based methods. For example, the Priestley-Taylor equation approximates ET P through the net radiation [START_REF] Xu | Cross comparison of empirical equations for calculating potential evapotranspiration with data from Switzerland[END_REF]. Another example is its estimation through pan evaporation [START_REF] Campbell | Estimating potential evapotranspiration from screened pan evaporation[END_REF]. In this case, the method of [START_REF] Kohler | Evaporation from pans and lakes[END_REF] is used. Simplifications have also been made for reference evaporation, like the Hargreaves method, which approximates it through the air temperature [START_REF] Xu | Cross comparison of empirical equations for calculating potential evapotranspiration with data from Switzerland[END_REF]. It is also estimated by means of remote sensing [START_REF] De Bruin | Reference crop evapotranspiration derived from geo-stationary satellite imagery: a case study for the Fogera flood plain, NW-Ethiopia and the Jordan Valley, Jordan[END_REF], using geo-stationary satellite observations, daily downward solar flux at the surface, through a radiation-temperature-based approximated formula given by [START_REF] Makkink | Testing the Penman Formula by means of lysimeters[END_REF].

All of the aforementioned approximations have been adapted to provide comparable estimates of ET P for the current climate; however, it is known that variables used to determine ET P are affected by climate change. [START_REF] Kingston | Uncertainty in the estimation of potential evapotranspiration under climate change[END_REF] analysed the climate change signal provided by six different ET P estimates. To perform this study, a scenario with a 2 °C rise in global mean temperature was used with five different global climate models. It was found that the simulated climate change signal differed between the methods used, and this was identified as an important factor in global freshwater availability projections.

Therefore, the assumptions made in different methods when approximating ET P may not provide the correct sensitivity needed for a changing climate. This would result in a misleading estimation of ET P and eventually lead to poor projections which affect decisions regarding water resource management or crop yields.

The aim of this paper is to study the sensitivity of ET P to changes in atmospheric parameters which are expected to occur with climate change. To do so, ET P will be estimated using different methodologies. On the one hand, three LSM-based methods will be used. In this way, advantage will be taken of the LSM's sub-diurnal time step and the fact that it solves the energy balance and provides access to all atmospheric parameters needed. On the other hand, ET P will be computed using the FAO's reference equation and by means of two empirical approximations. These are a radiation-based (Priestley-Taylor) and a masstransfer-based (Rohwer) methods. Special attention will be paid to the aerodynamic resistance (r a ), as well as the vapour pressure deficit (VPD) and the humidity gradient, since 1. 4 Potential evaporation sensitivity to climate change they are approached in different ways in the methods and are found to be critical in the estimation of ET P . ET P 's estimation and the USEB method's implementation in ORCHIDEE are described, as well as FAO's reference equation. The two empirical approximations are also explained. A result section will follow, showing a comparison between the LSM and FAO methodologies and how under the current climate, the difference between them is reduced when the atmosphere's stability is taken into account in the FAO equation. Afterwards, the impact of climate change on ET P will be studied. In addition, variables used for estimating ET P will also be analysed in order to identify the key parameters which are sensitive to the expected changes. Finally the paper will conclude with a recommendation for estimating ET P in a changing climate.

Methodology

The different methodologies used to estimate ET P in this study will be explained and summarised in Table 1. Next, the forcing data used will be presented. Lastly, a comparison will be made between the VPDs, humidity gradients, and r a definitions from FAO and ORCHIDEE. This will lead to the definition of six different options to compute ET P using the FAO equation, which will be detailed in Table 2.

4 Potential evaporation sensitivity to climate change ET P 's Methodologies

Method Equation Comments

Bulk ET P Bulk = ρ r a [q s T s  -q a ] Since T S is higher than T W , ET P is overestimated.

Milly ET P Milly = ρ r a [q s T s  -q a ] 1 1ξ
 T S and q S (T S ) are computed through the normal surface energy balance. Milly's correction for soil moisture stress is applied.

USEB ET P USEB = ρ r a [q s T w  -q a ]
T w and q s (T w ) are computed through an unstressed surface energy balance.

FAO (saturated surface) ET

P FAO = 1 L Δ R n -G[ N d e R C DFAO 1 δ v ] γ T a 273 U 2 VPD Δγ
The surface is considered to be unstressed and no surface resistance has been considered. 

Priestley

Definition of potential evaporation in ORCHIDEE: bulk, Milly and USEB methods

Before this study was initiated and the USEB method implemented in ORCHIDEE, there were already two methods for computing potential evaporation implemented in the LSM: the bulk method and Milly's method [START_REF] De Rosnay | Impact of a physically based soil water flow and soil-plant interaction representation for modeling large-scale land surface processes[END_REF].
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Bulk method

Potential evaporation is computed following Manabe's scheme, [START_REF] Manabe | Climate and the ocean circulation, 1. The atmospheric circulation and the hydrology of the earth's surface[END_REF]. It is based on Budyko's approach, where ET P is the product between the air density ρ and the humidity gradient, divided by the aerodynamic resistance r a . By definition, the gradient's saturated humidity should be computed using a virtual temperature, T W . However, the way in which this method is usually implemented in LSMs is to use the actual surface temperature, T S :

ET P T s = ρ r a [q s T s  -q a ] (1)
where q S is the specific humidity of saturated air and q a is the specific air humidity. The actual surface temperature confirms the following simplified energy balance equation:

R n -G=β s Lρ r a [q s T s  -q a ] ρc p r a [T s -T a ] (2)
R n being the net radiation and G being the soil heat flux. T a is the air temperature, L is the latent heat of vaporization of water and the specific heat of the air is denoted by c P . β S is a parameter named the "moisture availability function", which reduces ET P to actual evaporation (ET) when water supply is limited:

ET =β s ET P T s  (3)
From now on the ET P computed by means of Eq. ( 1) will be referred to as ET PBULK .

Models computing potential evaporation as indicated in Eq. ( 1) will overestimate it, since T S is greater or equal (if the surface is unstressed) to T W . As the surface gets drier, the difference between T W and T S will increase, amplifying the overestimation of ET P . In order to obtain a better estimate, the humidity gradient must be reduced. There are two ways to do this: The first is to develop a correcting factor for the bulk formula [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF], and the second is to compute a virtual temperature and use that to calculate the humidity gradient (USEB method).

4 Potential evaporation sensitivity to climate change

Since it has been proven that the bulk method overestimates ET P [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF], this method's estimation will not be analysed in this paper. Its response to climate change will nevertheless be analysed and compared to the responses of the other methodologies.

Milly's method

In order to reconcile the estimation of ET P using T S instead of T W , Milly proposed to apply a correction to the bulk formula in 1992. He did so by computing the relative error (ξ)

given by the use of the actual surface temperature:

ξ = ET P T s -ET P T w  ET P T w  = Lρ r a q ' s T a [1 -β s ] 4εσT a 3  ρc P r a  Lρ r a q ' s T a  β s (4)
where ε is the emissivity, σ the Stefan-Boltzmann constant, and q ' S the derivative of q S with respect to temperature, evaluated at T a . From now on, the ET P computed by means of Eq. ( 1) with the application of Milly's correction (see Table 1) will be referred to as ET PMILLY .

USEB method

The aim of the USEB (Unstressed Surface-Energy Balance) method is to estimate ET P in a LSM considering a non-stressed surface. This is a new means of computing ET P which has been developed in the ORCHIDEE LSM. Like the other two methods, it has been implemented in the SECHIBA module, Schématisation des EChanges Hydriques à l'Interface Biosphère-Atmosphère (de Rosnay and Polcher, 1998), which simulates physical processes between the ground, the vegetation and the atmosphere, as well as the ground's hydrological cycle. The LSM can be run coupled with the general circulation model LMDZ, which was developed by the Laboratoire de Météorologie Dynamique (LMD), or on a stand-alone mode.

For this study, uncoupled simulations have been carried out. The computation time step is typically 30 min, allowing for a full representation of the diurnal cycle.

The first step is to compute a new energy balance in ORCHIDEE, differing from the existing one by the fact that the surface is considered to be saturated, as proposed by [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF]. This is achieved by neglecting the surface resistance in the energy balance calculation. The soil heat flux is the one used in the normal energy balance. The effect of G 1. 4 Potential evaporation sensitivity to climate change on the unstressed surface-energy balance has been assumed to be negligible. Next, the virtual temperature is used to calculate the saturated humidity. Finally, ET P is obtained following [START_REF] Budyko | Heat Balance of the Earth's Surface[END_REF]. The relation used is Eq. ( 1), but the virtual temperature, T W , is used instead of T S (see Table 1). From now on the ET P computed using the USEB method will be referred to as ET PUSEB .

Actual evaporation may be computed through an unstressed surface-energy balance.

In order to do this, it is computed using Eq. ( 3), but ET P (T W ) and β W have to be used instead of ET P (T S ) and β S . β W and β S are not likely to be equal, because the different assumptions about the temperature used in ET P will lead to a very different atmospheric demand. Therefore, it is very likely that the different assumptions made in LSMs regarding ET P will lead to a different adaptation of the parameters used in the formulation of the moisture availability function.

FAO reference evapotranspiration equation

The Food and Agriculture Organization Irrigation and Drainage Paper no. 56 provides a methodology to estimate a daily mean reference evaporation (ET O ) on a reference surface, using meteorological data from a height of 2 m. This reference surface is defined as a "hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sm -1 and an albedo of 0.23". It is described as an extensive surface of green grass of equal height, actively growing, not short of water and where the ground can not be seen. The ET P assumed in the FAO formulation can be obtained for the reference surface by setting the surface resistance to zero. This ET P will be the variable analysed in this study.

While various time averages are provided by the FAO, we limit ourselves to the daily mean estimate as it is the most widely used.

The Penman-Monteith combination method, which combines the surface-energy balance and diffusive approaches, is adopted as the standard for reference evaporation:

L ET = Δ R n -G ρc p VPD r a Δγ [1 r s r a ] (5)
where Δ is the slope of the vapour pressure curve, γ the psychrometric constant and r S the surface resistance. The VPD represents the vapour pressure deficit of the air. It is the difference between the saturation vapour pressure P S (T a ) and the actual vapour pressure P a .

In order to obtain the FAO's reference equation, the ρ and the c P are replaced by the following expressions: c p = γeL Pr (6) and

ρ= Pr δ v T a 273 R (7)
where δ V =1.01 is used to approximate the virtual temperature throughout T a . R is the specific gas constant (kJkg -1 K - 1), e the ratio of molecular weight of water vapour/dry air and Pr the atmospheric pressure.

Neutral stability conditions, together with the fact that a fixed reference surface is taken into account, allow the approximation of the surface resistance to 70 sm -1 and the aerodynamic resistance to

r a FAO =C D FAO U 2  -1 (8)
where C D FAO = 208 -1 is referred to in this paper as FAO's drag coefficient and U 2 is the wind speed.

Finally, if these approximations are substituted into Eq. ( 5) together with Eq. ( 6) to

Eq. ( 8), the ET O given in mmd -1 is

ET o = 1 L Δ (R n -G)+[ N d e R C DFAO 1 δ v ] γ T a +273 U 2 VPD Δ+γ (1+[r s C D FAO ]U 2 ) (9)
where N d is the number of seconds per day. The numerator's term in square brackets is approximated to 900 and the denominator's to 0.34. As it has been explained in the previous 1. 4 Potential evaporation sensitivity to climate change section, no surface resistance has been considered in the USEB method implementation. Our aim is to estimate the ET P underlying the FAO equation. Therefore, according to the definition of ET P provided, r S = 0 in FAO's equation. From now on the ET P computed using FAO's method, will be referred to as ET P FAO .

To estimate ET P by means of FAO's reference equation, the daily mean forcing variables which are required are the wind speed (ms -1 ), for the r a , and the net short-wave and long-wave radiation (MJm -2 d -1 ), to compute R n and G. Moreover, the maximums and minimums of both the relative humidity (%) and the temperature (°C) are also needed to obtain the daily average of VPD and Δ, which is a function of temperature. Section 2.4 details how they have been obtained.

Radiation and mass-transfer-based methods

Two different formulations have been used in this study to compute empirical

estimates of the atmospheric demand: Priestley-Taylor (radiation-based-method) and Rohwer (mass-transfer-based method), both detailed in [START_REF] Xu | Cross comparison of empirical equations for calculating potential evapotranspiration with data from Switzerland[END_REF]. These methods were selected because there was more data available about them and because methods were desired for which the atmospheric demand was approximated through different variables.

The equations are presented in Table 1. [START_REF] Priestley | On the assessment of surface heat flux and evaporation using large-scale parameters[END_REF] simplify the combination equation [START_REF] Penman | Natural evaporation from open water, bare soil and grass[END_REF], basing the ET P estimation on the net radiation. Apart from the R n , the Δ and γ from FAO's equation and a coefficient α=1.26 are also used.

Rohwer's method [START_REF] Rohwer | Evaporation from free water surface[END_REF] is a version of the Dalton equation and approximates ET P through the VPD and U 2 . The VPD has been computed as it is proposed in FAO's reference equation.

Since these formulations include site-specific parameters which need to be calibrated for each location, their representation of the atmospheric demand over the globe for the current climate will not be examined in this paper. Nevertheless, their sensitivity to the impact of climate change on the atmospheric forcing can be considered to a first order as independent of the site-specific parameters. Therefore, this paper will examine the general 1. 4 Potential evaporation sensitivity to climate change global shape of the response of these empirical formulations, assuming that they will be mostly independent of site-specific adaptation, which would have to be undertaken before they could be applied to impact models.

Forcing data

The study has been carried out for two different periods: a reference period (from 1990 to 2000) and a future scenario period (from 2000 to 2100). The ORCHIDEE simulation for the reference period permits a comparison between the model and FAO's output. The future scenario simulation is performed in order to examine the sensitivity of the ET P estimations to climate change.

The Water and Global Change (WATCH, www.eu-watch.org) Forcing Data (WFD) used for the reference period simulation consists of sub-daily, regularly gridded meteorological forcing data, obtained using a bias correction of the ECMWF re-analysis. It has a resolution of half a degree, and extends from 1958 to 2001 [START_REF] Weedon | Creation of the WATCH forcing data and its use to assess global and regional reference crop evaporation over land during the twentieth century[END_REF].

Regarding the future period, the forcing data employed is the bias corrected IPSL A2 scenario [START_REF] Piani | Statistical bias correction of global simulated daily precipitation and temperature for the application of hydrological models[END_REF] which includes data from the year 2000 until 2100. It is considered to be a greenhouse gas increase scenario, based on the IPCC fourth Special Report on Emissions Scenarios.

FAO and the empirical approximations' estimates will use daily averages of WFD/IPSL A2 scenario except for variables which are affected by land surface properties.

For these variables, daily averages diagnosed within ORCHIDEE are used. Therefore, atmospheric variables, namely, the wind speed and the maximums and minimums of both the relative humidity and the air temperature, correspond to those given by the WFD/IPSL A2 scenario. On the other hand, surface related parameters, like the net radiation, contain information from both the WFD/IPSL A2 scenario and ORCHIDEE. In addition to producing direct estimates of ET P , detailed in Sect. 2.1, the simulations for the reference period and the future scenario period also provided the variables affected by land surface properties. These were needed to compute ET P using the FAO equation and the empirical approximations described in the previous section. As a result, the climate conditions are equal for all estimations of ET P . 2.

Aerodynamic resistance

When a reference surface is chosen for the computation of ET P , the area of validity is limited. For instance, the Environmental and Water Resources Institute (EWRI) provides a standardized reference evapotranspiration equation, which distinguishes between tall and short crops regarding the reference surface [START_REF] Walter | The ASCE standardized reference evapotranspiration equation[END_REF]. Therefore, the aerodynamic resistance differs between the two types of crops. Since r a will be lower for tall crops than for short ones, ET p will increase for the former.

FAO's r a assumes neutral stability conditions and a reference surface with specific characteristics. This results in a constant drag coefficient (C D FAO ) and the wind speed being the only time evolving variable in the calculation of r a . On the contrary, the drag coefficient in ORCHIDEE's computation (C D ORC ) varies as a function of the surface roughness and atmospheric stability following the Louis scheme [START_REF] Louis | A parametric model of vertical eddy fluxes in the atmosphere[END_REF]. This r a is used in the bulk formula, the USEB, and Milly's method, and is obtained according to

r a ORC =C D ORC U 2  -1 (10)
Unlike FAO's treatment, ORCHIDEE is not limited to a unique reference surface, meaning that roughness is variable in space and time. It provides a representation of the vegetation variability considering 13 different PFT (Plant Functional Type), detailed in [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF]. So if ORCHIDEE's r a replaces that of the FAO, we will not only take into account the different surface types, but the time evolving atmospheric stability as well.
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To replace FAO's r a with ORCHIDEE's r a , the drag coefficient computed in the LSM (C D ORC ) has been saved for usage in FAO's equation. For the cases where the r a is replaced, ET P FAO will be computed as follows: [START_REF] Allen | 179 1[END_REF] states that the difference between the water vapour pressure from the evaporating surface and the surrounding atmosphere is the driving force that removes water vapour from the surface. This process is approached in a different way depending on the methodology used to calculate ET P . For example, estimations based on observations will only use a VPD, because T W can not be measured. The Penman-Monteith combination method, which is the basis of FAO's equation, computes a VPD. However, ET P estimates in models generally use the gradient, as surface information is available. In the first case, the calculation is limited to the air at 2 m, while in the second one both the air and the surface are considered.

ET P FAO = 1 L Δ R n -G[ N d e R C DFAO 1 δ v ] γ T a 273 U 2 C DORC C DFAO VPD Δγ (11)

VPD and humidity gradient

FAO's equation proposes several approximations of the VPD, and the user chooses

between them based on the availability of atmospheric data. For this study the approximation detailed in [START_REF] Allen | 179 1[END_REF], which uses the maximum and minimum 2 m temperatures and relative humidities, RH, has been employed. In order to compute it, daily averages of these variables have been obtained from the WFD/IPSL A2 scenario data sets.

On the other hand, ET P BULK , ET P USEB and ET P Milly are computed using a specific humidity gradient. Taking advantage of ORCHIDEE, the LSM uses the Clausius-Clapeyron equation with a 30 min time step, resulting in a precise representation of the diurnal cycle.

Two different gradients are computed in ORCHIDEE: the first is used in the bulk formula and Milly's method, where q S is computed with T S . The second is used for the USEB method implementation, and q S is computed by means of the virtual temperature, T W .
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In order to test the differences between the two representations of the water vapour removal, ET P FAO has been computed, replacing its VPD by ORCHIDEE's humidity gradient, converted to a vapour pressure gradient. Since the FAO's equation considers an actual temperature instead of a virtual one, the LSM's gradient from the bulk formula, which is calculated using T S , is more appropriate for use in FAO's formulation. To compute this gradient, ORCHIDEE's daily estimates of the humidity of the air and the saturated surface have been used. Separately, the difference between the saturated vapour pressure and the air vapour pressure at 2 m (VPD ORC ) was also saved from the WFD/IPSL A2 scenario, in order to calculate ET P FAO . This will allow the comparison with the ET P FAO results obtained using the humidity gradient and test the quality of FAO's estimation of the daily mean VPD.

Daily potential evaporation was computed for the different methodologies and cases.

Afterwards, the monthly and yearly means were calculated. Negative monthly ET P occurring under inconsistent atmospheric forcings were set to zero in the averaging processes.

In order to approach the climate change sensitivity study, trends for the different ET P methods, as well as the VPD, gradients, r a , and R n have been computed. The significance level chosen in this analysis is 95 % (computed using the Cox-Stuart test).

Results and discussion

The various estimations of ET P will be compared in this section. To begin with, the reference period will be assessed, showing ORCHIDEE's computation (using USEB and

Milly's methods) as well as FAO's equation results computed as explained in Tables 1 and2.

Afterwards, ET P trends for ORCHIDEE's computations, FAO's reference equation (considering the six cases) and the two simplified approximations will be analysed with respect to the effects of climate change.

We would like to point out that as ET P is a conceptual flux, we will always deal with estimates. Therefore different LSM's estimates may differ from each other. In our study the different methodologies' estimates and trends have been compared with those from the USEB method. In our opinion, this methodology contains most of the physical processes which are 

Comparison of ETp estimates

Table 3 shows mean annual ET P values for the selected regions computed using the USEB and Milly methods, as well as the six cases defined for the FAO's equation. This comparison between methodologies is also analysed at a global scale in Fig. 1. It must be stressed that the results from Table 3 are general across the globe, as can be observed in Fig. 1. This figure shows mean annual ET P values for the USEB method (Fig. 1a), its percentage difference with Milly's method (Fig. 1b), and FAO's ET P estimation (Fig. 1c to f). Cases 5 and 6 for FAO's computation have not been included, due to their similarity with cases 2 and 4. First, the USEB and Milly methods provide equivalent results in humid and arid regions. This result shows that using the actual surface temperature overestimates ET P , and that both methodologies succeed in estimating a more accurate value [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF].

Second, values estimated by the FAO's equation (case 1) are lower than those provided by the USEB method, specially in arid areas, as shown in Fig. 1c. For example, in the Australian region, the FAO's ET P is 60 % lower than that of USEB, whereas in the Central European region it is 24 % lower. Smaller differences are expected between the estimations in humid regions, since FAO's equation was designed for continuously wet areas.

In order to explain the differences between these two methodologies, the cases defined for FAO's equation, and thus the role of the approximations made for the VPD and r a , have been analysed. The differences between cases 1, 2 and 5 will provide information about the effect of FAO's VPD approximation compared to ORCHIDEE's gradient and to the VPD ORC (computed at a higher frequency). Case 1 compared to case 3 will serve to test the impact of the aerodynamic resistance effect when the assumption of neutral stability conditions defined in FAO's estimation is lifted. Finally, cases 4 and 6 will show the combined effect of the LSM's gradient/VPD ORC with its r a .
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Table 3 and Fig. 1e identify case 3 as the one that shows the largest increase of ET P in FAO's equation. According to its definition (see Table 1), ET P increases if the r a decreases.

Taking into account the fact that higher ET P values are yielded when ORCHIDEE's r a is used in FAO's equation (cases 3,4 and 6), we conclude that the assumption of a neutral atmosphere and the neglect of surface roughness in the FAO's formulation leads to the overestimation of r a . Comparing case 1 to cases 3, 4 and 6, it can be concluded that the 116 Fig. 1: The USEB method's ET P mean annual values (mmd -1 ) for the reference period (a). Differences, given in %, between the USEB and Milly methods (b), as well as between the USEB method and the first four cases defined for FAO's equation (c to f). Whereas red colours provide higher values dealing the USEB method, blue ones imply that FAO's reference equation or Milly's method provide higher ET P values.

assumption about the surface layer turbulence plays an important role. If it is relaxed by using the LSM's r a , the difference from the USEB method is strongly reduced, as shown in Fig. 1e andf.

The gradient obtained from the bulk formula and the VPD ORC are smaller than FAO's VPD, leading to higher ET P estimates of FAO's case 1 compared to cases 2 and 5. As expected, VPD ORC and FAO's VPD are very close to each other, but the humidity gradient differs slightly more. The FAO's way of calculating VPD is expected to overestimate ET P in non-reference (arid) areas because there is a higher T a and a lower P a in these areas, which would yield a higher VPD than that which would occur under reference conditions [START_REF] Allen | 179 1[END_REF]. As a result, FAO's VPD approximation using the maximum and minimum 2 m temperatures and relative humidities overestimates the atmospheric demand. On the other hand, deriving VPD ORC or using ORCHIDEE's humidity gradient implies a sub-diurnal frequency computation, the availability of all the variables needed, and a better representation of the diurnal cycle. For this reason, we recommend the use of a LSM to compute the VPD instead of the approximation of the FAO. Apart from VPD ORC , FAO's equation has also been computed with the bulk formula's gradient and the results match each other. If Fig. 1c andd are compared, the effect of using FAO's approximation or the humidity gradient from the bulk formula can be observed.

Figure 1f shows that the combined effect of ORCHIDEE's r a with the bulk formula's gradient (case 4) provides an ET P which is in good agreement with the USEB method. Results are similar if VPD ORC and ORCHIDEE's r a (case 6) are used. In both cases, the difference compared with ORCHIDEE's computation is below 20 % in most parts of the world. These are the configurations of the FAO's equation that best match the USEB method globally. It is notable that case 3 provides estimates which are closer to the USEB method concerning certain arid regions; however, this is due to the overestimation of the FAO's VPD.

In summary, both ET P USEB and ET P Milly provide similar results, confirming the idea that using T S leads to an overestimation of potential evaporation. ET P USEB and ET P FAO are different due to certain assumptions made in the derivation of the FAO's equation, such as the treatment of the atmospheric stability, as discussed above. ORCHIDEE's r a provides a more detailed characterization of the surface and a better description of the atmospheric stability.
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When used in FAO's equation, the differences with the USEB method are reduced by more than 50 % in some regions. The gradient used in the bulk formula, as well as the VPD ORC are lower than FAO's approximation of the VPD, which is known to be overestimated in arid regions. Globally, the combined effect of the VPD ORC and the LSM's r a (case 6), followed by that of the gradient and the LSM's r a (case 4), provide the closest match to the ET P estimates yielded by the USEB method.

Sensitivity of physically based ETp estimates to climate change

This section analyses the sensitivity of estimated ET P to climate change, as simulated by the IPSL model for the A2 scenario. Special attention is paid to the USEB method and the FAO's reference equation because they are based on robust equations and represent the two families of approaches by which ET P estimations are made. This study is performed after analysing the causes of the different behaviours shown by both formulations (see Sect. 3.1).

The Priestley-Taylor and Rohwer approximations have also been studied, in the next section, to analyse their sensitivity to the evolution of atmospheric conditions expected in a changing climate.

Climate change is driven by an increase in greenhouse gases which leads to higher incoming long-wave radiation, resulting in warmer surface and air temperatures. This, added to a lower diurnal amplitude of surface temperature, will affect both the VPD and the gradients between the surface and the atmosphere. Although rainfall and actual evaporation will experience changes as well, they are only expected to affect ET P in an indirect way.

The linear dependence of ET P on the VPD/humidity gradient and its inverse relation with the r a are two common characteristics shared by ORCHIDEE's ET P methodologies and FAO's equation. However, while the R n is considered through the gradient computation in the LSM, it is an additive factor to the VPD in the FAO's equation. Climate change modifies several variables that are important for the estimation of ET P , namely, (i) the r a , (ii) the VPD/humidity gradient, and (iii) the R n . For this reason these variables have been analysed in order to evaluate their impact on ET P . Figure 2 shows the trends which are statistically significant in percentage per decade.
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The impact of climate change on wind speed directly affects the r a as used in FAO. It is shown in Fig. 2a, where r a 's trends are driven by the wind speed. which can induce increases of ET P . Therefore, it has to be noted that even in regions where the trend in r a is not statistically significant, it can still impact ET P .

Of the three sets of variables considered, the VPD and the bulk formula's gradient show a systematic increase over the world, as seen in Fig. 2c andd, just as the ET P . A similar behaviour is shown by USEB's gradient in Fig. 2e, which shows a general positive trend for most continental surfaces, but shows negative ones in some mountainous regions. The trend coherence shown between the ET P and the VPD/humidity gradient, is supported by the spatial correlation between them, which is 0.54 for the FAO's case and 0.61 for USEB's. Spatial correlation was also computed between the ET P and r a , obtaining weaker relations. These reasons, as well as the fact that there is a linear dependence between ET P and VPD/humidity gradient, prove that these are the dominant terms in the trend seen for ET P for the climate change scenario we are considering.

Finally, the sensitivity of the net radiation has also been studied, because it determines the energy available at the surface for evaporation. ORCHIDEE's computation of ET P , FAO's reference equation, and Priestley-Taylor's equation use the same radiation dependence. The trends in R n , shown in Fig. 2f, are positive in most cases as a direct consequence of an increase in greenhouse gases [START_REF] Philipona | Greenhouse forcing outweighs decreasing solar radiation driving rapid temperature rise over land[END_REF].

Figure 3a shows a significant increase of ET P over the entire globe (up to 8% per decade), computed with the USEB method. Based on the discussion above regarding the parameters it depends on, we conclude that it is essentially driven by the humidity gradient.

In order to compare the trends obtained for the various estimates of ET P with that of USEB's, the difference in trends as % of the value yielded by the USEB method has been diagnosed. Therefore, Fig. 3b to e display differences in % of % per decade. This information is also detailed for the selected regions and the methodologies chosen to compute ET P in Table 4. The ET P computed using the bulk formula has also been considered in the sensitivity study, and thus included in Table 4.

In addition to the fact that ET P Milly provides estimates which are in good agreement with the USEB method (see Sect. 3.1), the similarity in trends between the two methods indicates that their sensitivities are also comparable (see Fig. 3b). The bulk formula 1. 4 Potential evaporation sensitivity to climate change overestimates ET P 's sensitivities, because it uses T S in its computation without applying a correcting factor.

Compared with the case 1 defined for the FAO's reference equation, the USEB method provides higher trends and thus higher sensitivity to climate change, as shown in Fig. 3c. For example, a difference of 54 % is found over part of the region defined for Australia.
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Fig. 3:

The USEB method's ET P significant trend showing the increasing % per decade (a). Differences, given in % of percent change per decade, between the USEB and Milly methods (b), between the USEB method and FAO's case 1 (c), and between the USEB method and the approximations of Priestley-Taylor and Rohwer (d and e). The blank areas correspond to regions where no significant trends have been found.

This means that if the USEB method has an increase of 2.45 % per decade, FAO's trend is only 1.13 % per decade. Since the ET P values provided by the two formulations differ (see Table 3), these percentages correspond to increases of 0.33 and 0.06 mmd -1 per decade for the USEB method and the FAO's equation, respectively. Therefore, it must be emphasised that a difference of an order of magnitude can result between the two methodologies.

ET Table 4 shows that the differences are reduced when ORCHIDEE's r a is used in the FAO's equation (cases 3, 4 and 6) in all regions except the Amazon Basin. This implies that considering atmospheric stability generally amplifies ET P 's trends. Therefore, even though r a may not drive a global ET P trend, it does amplify or decrease it. For instance, Fig. 3c shows that the difference in trends between ET P USEB and ET P FAO is higher in the north than in the 1. 4 Potential evaporation sensitivity to climate change south of Australia. Cases 1 and 3 were compared and FAO case 1 has a difference in trends of 1 % between the northern and southern Australian regions, while if the atmospheric stability simulated by ORCHIDEE is taken into account (case 3), this difference rises to 38 %. Therefore, the VPD/humidity gradient drives the trend in ET P and the spatial variation of r a produces the contrast shown by the USEB method and not by the FAO's method.

Comparing case 1 with cases 2 and 5 in Table 4, the sensitivity of ET P increases when VPD ORC or ORCHIDEE's gradient are used in the FAO's equation. This implies that the FAO's estimation of the VPD is less sensitive to climate change than VPD ORC and ORCHIDEE's gradient.

As found for the reference period, the combined effect of ORCHIDEE's humidity gradient or the VPD ORC with r a (FAO's cases 4 and 6), provides trends which are in good agreement with USEB's. For the Amazon region, where no strong trends were found regarding the VPD and r a , no significant difference is expected between the two methodologies, as shown in Table 4.

This study has been performed focusing on annual mean ET P , but, the analysis has also been carried out in the Sahelian region for the humid and arid seasons. No fundamental difference has been found at the seasonal scale and thus have not been shown above. The VPD and humidity gradient are confirmed to be the key parameters that drive the positive trend of ET P . Their sensitivities increased during the humid season.

The impact of the approximations that the FAO's method uses to compute the VPD andn r a on their climate change signals as well as on ET P 's climate change signal has been analysed in this section. Both parameters produce trends that are underestimated if compared with those computed in ORCHIDEE. Consequently, ET P 's sensitivity is reduced when computed with the FAO's method.

Deficiencies found in the FAO's ET P sensitivity to climate change also apply to FAO's ET O . The reason is that both the VPD and r a are used in its estimation, as shown in Eq. ( 9).

During our study, we have analysed the sensitivity of FAO's ET O to climate change. The same analysis has been performed for an empirical formulation developed from FAO's methodology. This is the Hargreaves' method, which approximates ET o by the air
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Potential evaporation sensitivity to climate change temperature (Hargreaves andSamani, 1982, 1985). Differences between their trends were found to be under 12 % for all of the four regions selected, except the Amazon Basin (where no significant trend was provided by Hargreaves' method). The equivalence in trends highlights the need to take into account the impact of the assumptions made on the r a and the VPD, not only because of their effect on FAO's ET O sensitivity, but also on that of further derived simplified formulations.

Another issue to be taken into account is the fact that GCMs may have significant errors and thus estimates of ET P can have a strong bias. However, even though they might be affected by systematic biases, the estimate of the trend will include aspects of climate change in the wind speed and turbulence that can not be integrated into the more classical estimates of ET P 's daily equation. So it might be more suitable to unbias ET P estimates originating in GCMs, than the variables needed to compute it by means of FAO's equation.

Sensitivity of empirical ET P estimates to climate change

The two empirical approximations (Priestley-Taylor and Rohwer) show different behaviours regarding their sensitivity to climate change. None of them considers changes in atmospheric stability, which is a key aspect in the FAO formulation as it has shown to amplify ET P 's trends for a changing climate. Rohwer's equation shows higher trends than the USEB method, in some cases by more than 400 %, as shown in Fig. 3e. The cause is that ET P is approximated by only keeping the dependence on the wind speed and the VPD, which provides positive trends from 0 to 30 % per decade, shown in Fig. 2c, and has been identified

as the driving variable of ET P 's trends. On the other hand, the Priestley-Taylor method shows a positive difference in trends in Fig. 3d, which implies that it has a lower sensitivity to climate change than the USEB method. Its trend is driven by the R n and provides lower/higher trends than FAO's equation in arid/humid regions. This result is in good agreement with [START_REF] Weedon | Creation of the WATCH forcing data and its use to assess global and regional reference crop evaporation over land during the twentieth century[END_REF] as well as [START_REF] Kingston | Uncertainty in the estimation of potential evapotranspiration under climate change[END_REF], who found that the lack of dependence on VPD in this formulation is significant in arid regions. [START_REF] Mcvicar | Less bluster ahead? Overlooked ecohydrological implications of global trends of terrestrial near-surface wind speeds[END_REF] suggests that when dealing with climate change, the impact of four primary meteorological variables (wind speed, atmospheric humidity, net radiation and air temperature) should be considered to better understand ET P . Because the empirical 1. 4 Potential evaporation sensitivity to climate change methods do not include the complex interaction between the key variables in the ET P estimates (R n , r a , VPD/gradient) they are not able to reproduce the trends found with the more physically based estimates. Furthermore, they are also regionally constrained. For instance, Fig. 2f shows that the R n has a high impact in the Amazonian region and the approximation that provides the closest sensitivity to the USEB method is that of Priestley-Taylor, which is radiation-based. Rohwer's method does not consider the net radiation; as a result, its trend differs by 106 % from the USEB's trend in that region.

As discussed in Sect. 3.1, the values analysed from Table 4 show results which are representative of the general behaviour of the trends provided by the different methodologies.

Summing up the sensitivity study performed for ET P estimates, the VPD/humidity gradient has been identified as the key parameter that drives the increase of for the IPSL A2 climate change scenario. The stability assumption made by FAO is probably an oversimplification which leads to a lower sensitivity than the USEB method. The two empirical estimations of ET P show different sensitivity to climate change, depending on the region selected and the parameters used to compute ET P , and none of them seem compatible with the physical estimates.

Summary and conclusions

The study detailed in this paper consisted of three stages. In the first one, a new method to compute Penman-Monteith's potential evaporation (ET P ) through an unstressed surface-energy balance (USEB) was implemented in the ORCHIDEE land surface model.

During the second stage, a comparison between several methodologies was performed for the current climate. These are the USEB method, the previous estimation implemented in ORCHIDEE [START_REF] Milly | Potential evaporation and soil moisture in general circulation models[END_REF]) and FAO's reference evapotranspiration equation. In the third stage, ET P 's sensitivity to climate change was studied for the same methodologies, as well as for two empirical approximations (Priestley-Taylor and Rohwer). The sensitivity study was extended to ET P 's parameters in order to identify the key ones for a changing climate.
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The USEB method is based on Budyko's hypothesis and thus is a more robust equation than the FAO's recommendation of the Penman-Monteith method [START_REF] Allen | 179 1[END_REF]. The FAO's equation has been developed for a reference surface and assumes a neutral atmosphere. In order to adapt it, the aerodynamic resistance (r a ) as proposed by ORCHIDEE has been introduced in the FAO's equation. Furthermore, the humidity gradient (used in ORCHIDEE's estimations) and the VPD, also computed in the land surface model, have been used in the FAO's equation as well.

The results have shown that USEB and Milly's estimations are in good agreement regarding ET P 's global average as well as its sensitivity to climate change. However, the found by USEB differs from the ET P underlying the FAO reference equation. The USEB method produces higher estimates of ET P and higher contrast in annual spatial variance, as well as a higher climate change signal. Significant differences have also been found in the amplitude of the trends provided by the empirical approximations and within their spatial structures. The sensitivity study done of ET P 's parameters has revealed a similar behaviour between FAO's VPD approximation and ORCHIDEE's VPD and humidity gradient, the last two being more sensitive to climate change. FAO's scheme for the aerodynamic resistance has been found to reduce the spatial structures and the global average of ET P 's trends when compared to ORCHIDEE's methods. Correlation studies between the ET P and the evolution of these parameters have shown strong spatial relations between the VPD/humidity gradient and the atmospheric water demand. Such relations were not found for the aerodynamic resistance.

It can be concluded from the study that the consistency of the USEB and Milly methods shows that they are reasonable estimates of Penman-Monteith's ET P estimation.

Although the USEB method implies more computational time, it has fewer assumptions than Milly's correction and should thus be more robust. Both of them agree that the ET P obtained through the bulk formula is overestimated, because of a humidity gradient which is exaggerated through the usage of the actual surface temperature instead of the virtual temperature. It can also be concluded that the sensitivity of the ET P assumed in FAO's equation underestimates its sensitivity to climate change when compared to the USEB and Milly methods. As for the empirical approximations, the simplifications made in the ET P estimation neglect processes that play an important role when the climate changes.
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Concerning ET P 's key parameters, it was found that the assumption of neutral stability conditions is one of the weakest made in FAO's formulation. The humidity gradient and the VPD have been identified as the driving variables for the estimate of ET P carried out with the USEB and FAO's methodologies, respectively.

Agronomic and hydrological models which need to estimate actual evaporation will use one of the ET P estimations presented above. They will then apply a surface resistance in order to take into account the vegetation or soil capacity to provide water for evaporation.

When these models are then applied in a climate change scenario, attention has to be paid to the sensitivity of the ET P formulation underlying the evaporation model. This paper has shown that various methods developed to estimate ET P do not provide equivalent estimates nor do they provide comparable sensitivities to climate change. The estimation of ET P in the LSM is the method that contains most of the physical processes that we believe are important for determining the climate change impact on ET P . These processes have been identified and in some cases, found to be missing in other ET P estimations.

For all these reasons, we hypothesise that the USEB and Milly's methods not only provide a good estimate for current climate, but also produce a realistic sensitivity of ET P to climate change. Therefore, we suggest that they should be regarded as an essential addition to climate models and propose to keep ET P as a standard output of any IPCC simulation.

Potential evaporation is a key variable in the climate system, because it represents the interactions between the surface and the atmosphere. It should provide a good view into the impact of climate change on surface processes, since it depends on variables like temperature, net radiation, humidity and wind speed.

Different methods have been developed to estimate its value and we believe that they should not only be tested for accurate representation of current climate, but its sensitivity to climate change should be considered too. In addition, regarding climate change studies, we recommend to unbias modelled ET P estimates, instead of re-estimating them from basic atmospheric variables and simplified equations.
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Potential evaporation sensitivity to climate change based method (FAO) and an empirical one (Hargreaves). Generally speaking, trends where found to be comparable between them. However, when the surface stability was considered, a significant variation in ET o 's response was found.

Potential evaporation's sensitivity at a seasonal scale

In this section the sensitivity of seasonal ET P to climate change as simulated by the IPSL model using the A2 scenario will be discussed. The study region will the same one as defined in [START_REF] Barella-Ortiz | Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change[END_REF] regarding the Sahel (20ºW-15ºE, 10ºN-20ºN). This region is a transition zone between the aridity of the Sahara desert and the sub-humid tropical savannah in the Southern part. That is the reason why we refer to it as a semi-arid region. Its climate consists of a long dry season and a short humid one, which occurs between the months of June to September. This difference makes the Sahel an interesting region to analyse the response of seasonal ET P trends.

The significant trends showing the increasing % per decade of ET P , for the dry and humid seasons, computed with the methods of USEB, Milly and FAO, are shown in Table 4.1. To provide an idea of the difference of the trends from the USEB method with those from the other two methods, their difference as a percentage is also given. It should be noted that the methods of USEB, Milly and FAO correspond to those shown in Tables 1 and2 from [START_REF] Barella-Ortiz | Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change[END_REF]. Therefore, FAO's methodology in this analysis is FAO's case 1.

The results obtained for ET P 's seasonal response to climate change are in good agreement with those obtained in the study where ET P 's sensitivity was analysed at an annual scale. In the first place, the methods of USEB and Milly show comparable trends in both seasons. The difference in trends between these two methods (13% and 15% for arid and humid seasons, respectively) is comparable to that from the annual sensitivity study. In the second place, these methods provide higher trends in both seasons, than those yielded by FAO's methodology. As in the annual case, higher differences have been found between LSM based methods and FAO's methodology when the studied region was identified with an arid zone instead of a humid one. Taking into account these results, it can be concluded that the seasonal response of the methods of USEB and Milly to climate change, in the Sahel, has a
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Potential evaporation sensitivity to climate change higher sensitivity than FAO's. In addition, more significant trends where found in this region when ET P was estimated by means of the former methods.

ET P change (% per decade) 
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Figure 4.1 shows that all of the methodologies used to estimate ET P yield higher trends during the humid season. This results in an increase of ET P 's sensitivity to climate change during this season and a decrease during the dry one. It has to be remarked that these methodologies are developed assuming a significant presence of water in the soil. For instance, they consider surfaces which are not short of water (FAO's case), that take into account soil moisture stress effect, and thus apply a correction to ET P 's estimation (Milly's case) or they directly consider the surface to be saturated (USEB's case).

131 Right column: Difference in trends between the dry and humid seasons as computed using the USEB method (b), Milly's method (d), and FAO's method (f). 17%, and lower during the dry one, ranging from 0.5% to 8.5%. This difference in trends explains the previous result obtained regarding a higher climate change signal of ET P during the humid season. It has to be noted that lower differences between seasonal trends can be observed for the humidity gradient computed for the USEB method. We believe that it is due to the fact that in this method the humidity gradient is a function of the virtual temperature, as shown in Eq. ( 6). The amplitude of the T w trend is more likely to remain constant throughout the year compared to that of the actual surface temperature. Opposite to this gradient, the VPD and the humidity gradient used in the bulk formula depend on T a and T s , respectively.

Therefore, they will be affected by the increase that these temperatures will suffer as a consequence of an increase in greenhouse gases. This will result in higher differences between seasonal trends, as shown in Figure 4.2.

Reference evaporation sensitivity to climate change

As for the ET P , several methodologies have been developed to estimate ET o . These can also be divided into physically-based and empirical ones. For instance, FAO's methodology (Eq. 26) belongs to the first group, while the Hargreaves method (Eq. 29) belongs to the second one. We would like to point out that apart from estimating ET o following Eq 26, we will also do it replacing FAO's aerodynamic resistance by ORCHIDEE's, further on in this section. Since this replacement is the same as "case 3" from the ET P sensitivity study, we have kept the same notation. Therefore, when ET o is estimated using FAO's original equation,

we will refer to it as case 1 and when FAO's r a is replaced by that of ORCHIDEE's, we will refer to ET o 's computation as case 3. In addition, it should be noted that the standard value of r s = 70 sm -1 has been used.

The responses to climate change, as simulated by the IPSL model using the A2 scenario, provided by these two methodologies have been computed and compared as shown in Figure 4.3. This information is also provided in Table 4.2, where the trends of the four regions selected for the ET P study [START_REF] Barella-Ortiz | Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change[END_REF], are provided. * The N/A appears when no significant trend has been found.

In Figure 4.3 it can be observed that the method of FAO provides more significant trends than that of Hargreaves. Generally speaking both methodologies provide trends which are in good agreement between them. Differences under 30% are found in most of the regions showing statistically significant trends. Other regions like those in the Rocky Mountains, for example, show higher differences. This result leads to a different conclusion of the one made for the comparison between physically-based and empirical methods for ET P , where we found high differences between the USEB method and the empirical ones (Priestley -Taylor and Rohwer). We believe that in this case the trends do not differ significantly because the FAO and Hargreaves (b).

known that one of the main effects of a changing climate is an increase in this parameter. In addition, Hargreaves' equation also approximates ET o through the difference between the maximum and minimum daily temperature, which is a good indicator of humidity [START_REF] Allen | 179 1[END_REF]. In this thesis the VPD and humidity gradient have been identified as the main drivers of ET P 's trends. Therefore, apart from T a , Hargreaves equation also takes into account humidity, although it does so in an indirect way.

The assumptions made in FAO's methodology to compute the main parameters ET P depends on have been seen to have an impact on ET P 's sensitivity to climate change. In the first place, the VPD approximated through the maximums and minimums relative humidity and T a yields a lower climate change signal than that from the VPD computed in ORCHIDEE.

In the second place, the assumption of neutral stability conditions made by FAO has been seen to reduce the amplitude of the aerodynamic resistance's annual trends, and thus ET P 's sensitivity. It has to be noted that these parameters are also used in the estimation of ET o by means of FAO's methodology, and can have an impact on its sensitivity to climate change too.

Since it has been proved that the VPD computed in ORCHIDEE has a higher sensitivity to climate change than FAO's, replacing it in FAO's equation to compute ET o would result in a higher response to climate change of ET o . Therefore, this analysis has not been carried out. However, the response of ET o to climate change has been calculated using FAO's methodology with its aerodynamic resistance being replaced by ORCHIDEE's (case 3). Its comparison with ET o computed using FAO's r a (case 1) is shown in Figure 4.4, and will allow us to analyse the impact of the neutral stability assumption made by FAO on ET o .

4 Potential evaporation sensitivity to climate change

As occurred in the analysis carried out for the ET P , considering the atmospheric stability in the r a computation has an important impact in the sensitivity of ET o to climate change. In Figure 4.4 b the differences between case 1 and case 3 range from 10% to -150%, being the majority of them negative. This means that ET o computed by means of case 3 provides higher trends, and thus has a higher sensitivity, than if it is computed using FAO's case 1. In addition the spatial structures are also emphasised. For example, in the region of Africa comprised between 20ºW-0 and 20ºN-5ºN, FAO's case 1 shows very homogeneous trends, which range between 0.32% and 2.15%. Opposite to it, the trends in that region provided by FAO's case 3 range from 0.36% to 5.82%, which means that they can increase by more than 50%.

This analysis, together with the study carried out for ET P (through the cases defined to study the impact of FAO's assumptions on the sensitivity of ET P ) have shown that these assumptions underestimate the climate response of ET P and ET o .

In many cases empirical methods for ET P and ET o are developed from physically based ones. We would like to remark that its sensitivity to climate change has to be taken into account in the developing process. Otherwise, these may not provide a good representation of the climate change signal. An example has been seen in this section, where we have obtained comparable values of ET o 's sensitivity from a physically based method (FAO) and an empirical one (Hargreaves).

Partial conclusion

In the first place, we have implemented in the ORCHIDEE LSM a new method to estimate ET P , and both its mean annual global estimates and sensitivity to climate change have been shown to provide similar results as those given by the previous methodology implemented, Milly's method. Consequently, the methods of Milly and USEB succeed in their purpose of reducing the overestimation of ET P done by the bulk formula. When it comes to the time of selecting between these two methods, USEB is closer to the hypothesis of Budyko, since it makes less assumptions that Milly's method. Therefore, we believe that it is more robust and recommend its use.

In the second place, the LSM based methods, USEB and Milly, show higher annual global estimates of ET P and spatial variance than FAO's methodology. In addition, these methods also provide higher trends over the 21 st century than FAO's method. It can be therefore concluded that the ET P computed by means of the two LSM methods has higher sensitivity than if it is computed using FAO's methodology.

The role that the main parameters of ET P , as well as the impact that the assumptions made by FAO's methodology to compute them, have on the estimates and the climate change signal of ET P , has been studied. FAO's assumption of a neutral atmosphere and the fact of not considering surface roughness have been shown to overestimate r a and thus underestimate ET P . In addition, when the surface stability is considered, ET P 's trends have been amplified

and provided with a higher spatial variance than if it is not taken into account. As for the VPD / humidity gradient, although it is slightly overestimated in arid regions, FAO's methodology proposal to compute it provides values which are in good agreement with those computed in ORCHIDEE. However, the sensitivity from the VPD / humidity gradient computed in the LSM is higher than that shown when the VPD is computed using the FAO methodology.

4 Potential evaporation sensitivity to climate change

The VPD / humidity gradient, r a and R n have been identified as key parameters regarding ET P 's sensitivity to climate change. We would like to highlight that the first one is the main driver of ET P 's trend, whereas the second one is key regarding the spatial structures.

Similar results were obtained for the USEB, Milly and FAO's methodologies, in a sensitivity study carried out for seasonal ET P in the Sahelian region. This study allowed us to compare trends provided by the arid and humid seasons, and the importance of the VPD / humidity gradient as a driver of ET P 's sensitivity was emphasized, specially during the humid season.

In the third place the sensitivity study was extended to empirical methods. The In order to see if the main conclusions reached for ET P 's sensitivity could also be applied to ET o , this variable was estimated using FAO's methodology and Hargreaves' one (temperature-based method). The climate response provided by these two methodologies was in good agreement over most of the world. It should be noted that differences in trends between these methods were lower than the differences found in ET o 's trends from FAO's method computed considering a neutral atmosphere and not considering it. This emphasizes the need to take into account the climate change effect when methods to estimate both ET P and ET o are developed. Moreover when these methodologies are used in meteorological and climate matters, as well as in water and land surface management projections. For example, The work presented here is the result of a previous analysis (Polcher et al., in preparation) in which soil moisture retrieved by SMOS was compared to that modelled by ORCHIDEE. The main results found where that the temporal evolution of the 5 cm surface SM was in good agreement with that of ORCHIDEE's upper 5 cm. Nevertheless, discrepancies were found between SMOS's and ORCHIDEE's spatial structures. This could be due to:

• ORCHIDEE: [START_REF] Entin | Temporal and spatial scales of observed soil moisture variations in the extratropics[END_REF] explain that a small and a large scale can be identified to analyse the variance of temporal and spatial soil moisture. The first one deals with hydrological processes and is influenced by soil properties, vegetation, rooting system, etc. The second one is related to atmospheric processes, like precipitation and evaporation. Assumptions made by ORCHIDEE could be neglecting key issues from the small scale, which could have an impact on the large one.

• SMOS: the soil moisture retrieval algorithm could be over sensitive to sub-pixel elements, underestimating the role of the larger scales. It could make misleading assumptions regarding soil properties or vegetation characterization that could affect the representation of the spatial structures.

Modelling brightness temperatures and comparing them to SMOS's allowed us to explore the second option. In addition, if discrepancies were also found between the spatial structures of measured and modelled TBs, this analysis could provide us with some useful information.

In this chapter, we will first present temporal and spatial correlations between ORCHIDEE's modelled SM and SMOS's retrieved one. This will lead to the comparison between modelled and measured TBs, where two sets of modelled ones have been used

(ORCHIDEE and HTESSEL). The temporal and spatial correlations will be shown, first of the total signal and then decomposed into a slow varying component and a fast component. In addition, an EOF study will be presented to analyse the discrepancies found in the spatial structures.

Soil moisture comparison

The "Centre National de la Recherche Scientifique" (CNRS), the Signal Theory and

Communications department (TSC) from the "Universitat Politècnica de Catalunya" (UPC), and the "Institut Català de Ciències del Clima" carried out a study based on the comparison between SMOS's retrieved SM and that modelled by ORCHIDEE over the Iberian Peninsula (IP). In this section, we will not go in depth into this study, but will provide some of the main results that drove us to compare brightness temperatures.

ORCHIDEE's simulation to compute modelled soil moisture was forced by the ERA-Interim forcing. In addition, the 11 layers in which the soil is discretized were reduced to an upper, medium and deeper layer. The upper one consist of the first 5 layers, which results in a total soil depth of ~ 5 cm, comparable to that from SMOS. In this section, when ORCHIDEE's soil moisture is mentioned, it will always refer to the upper layer. Regarding the L2 product from SMOS, data were provided from 2010 to April 2012. SM values with a poor fit quality or that were not comprised within an acceptable range were not considered (confidence flags FL_RANGE and FL_CHI2_P).

To perform the comparison, soil moisture computed in ORCHIDEE was re-gridded to SMOS's grid. This is a regular latitude-longitude grid of 0.25º by 0.25º, opposite to ERA-Interim's which is 075º by 0.75º. Next, modelled data from those points where SMOS did not provide a SM value, were deleted. The temporal and spatial correlations between SMOS and ORCHIDEE were calculated using the resulting datasets for different averaging windows. In this section, we will show the correlations calculated with an averaging window of 5 days.

Only statistically significant values at 95% confidence level were considered. This means that the spatial structures are not consistent between SMOS and ORCHIDEE. As mentioned in the introduction of this chapter, precipitation is one of the processes which will have an influence on soil moisture, and therefore, on its spatial structure. This lead to the comparison between i) ORCHIDEE's SM and ERA-Interim's P, and ii) SMOS's SM and P from the E-OBS's observational dataset [START_REF] Haylock | Revisiting the parameterization of potential evaporation as a driver of long-term water balance trends[END_REF]. The relation between the first couple of datasets was stronger than between the second one. Moreover, the same analysis performed with the SM and P datasets exchanged showed similar results as the previous one.

The discrepancy found in the spatial correlation of soil moisture from SMOS and ORCHIDEE was the starting point for assessing the comparison between their measured and modelled brightness temperatures. As explained in Chapter 3, where the methodology 143 employed is detailed, the datasets used in the TB comparison have been filtered to avoid effects regarding frozen soils, RFIs and orography which may alter the modelled TB. In addition, only points where the L2 product showed SM were analysed. We would like to recall that TBs modelled using simulated data from ORCHIDEE and HTESSEL will be referred to as TB O and TB H , respectively. TBs measured by SMOS will be referred to as TB SM . Since TBs are polarized in a horizontal and vertical plane, we will refer to these as TBH and TBV, respectively.

Brightness temperature comparison

Comparison over the REMEDHUS catchment

The temporal evolution over the REMEDHUS catchment of measured and modelled TBs, with an averaging window of 5 days, is shown in Figure 5.3. In general terms, the signals show similar behaviours regarding their temporal evolution. The signal from modelled TBs is smoother and shows lower variances than the signal captured by the satellite. This can also be seen in Table 5.1, where the variance of the different TB signals is provided. It should be noted that it has been given for the daily signal computed using hourly TB SM (used to sample TB O ), as well as for the daily signal computed using a 3 hour interval of TB SM (used to sample TB H ). In addition, the variance has also been computed for the decomposed signal of TB, which will be discussed further on in this section.

In Table 5.1, the vertical polarization of the total signal shows that the variance of TB SM is 38% higher than that of TB H and triples that of TB O . The variance of the TB signals increases regarding the horizontal polarization, being the highest that of TB SM . We would like to point out the difference with the variance of TB O , which is underestimated by 78%. Better agreement between measured and modelled data has been found i) for TBV than for TBH, and ii) for the comparison between SMOS and HTESSEL than between SMOS and ORCHIDEE. It must be noted that higher differences can be observed during fall and winter, especially from 2010 to 2011, between the two types of signal. Left column: referred to the horizontally polarized TB.

Right column: referred to the vertically polarized TB.

• The difference in variances between measured and modelled data is higher in the horizontal polarization than in the vertical one. For instance, the variance of TBH shown by ORCHIDEE is 24% of SMOS's, while the variance of TBV is 35% of SMOS's. In a similar way, the variances shown by TB H are 49% (TBH) and 71%

(TBV) of SMOS's.

• The higher differences between measured and modelled TBs occur during the fall and winter seasons. An exception is the vertical polarization of HTESSEL, where the minimum values of measured and modelled TBs during these seasons are in better agreement than the maximum ones during summer.
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Temporal correlation

The Therefore, it can be concluded that there is a high temporal correlation between measured and modelled TBs over the REMEDHUS catchment. 

Comparison over the Iberian Peninsula

In this section, the results will be presented in a different way than the previous one.

Since the comparison will be carried out over a wider area, we will start by showing results that allow us to have a general idea of the consistency of the temporal evolution and spatial structures of the TB signals. Next, we will decompose the signals and analyse the slow and fast varying components (as done in the previous section). This will be followed by an EOF analysis to identify spatial patterns. Finally, we will provide some possible causes to the discrepancies found between measured and modelled TBs.

The mean daily polarized TB values measured by SMOS are shown in Figure 5. 6 (a,b). In addition the percentage difference between modelled and measured TBs is also provided (figures c to f).

5 Comparison of measured and modelled brightness temperatures

First, it can be observed that for an incidence angle of 42.5°, vertically polarized TBs are systematically higher than horizontally polarized TBs. Second, differences between measured and modelled TBs are lower than 15% in most of the IP. Higher differences are

shown by the horizontally polarized TBs than by vertically polarized ones, which may be due to their different sensitivity to surface roughness. Third, discrepancies between the LSMs can be observed. For example, the vertical polarization of TB H over the Northen part indicates that the model provides lower TBs than SMOS's, while TB O remains higher than TB SM .

150 Left column: referred to the horizontally polarized TB.

Right column: referred to the vertically polarized TB.

The temporal correlations between measured and modelled TBs are higher for the vertical polarization than for the horizontal one. The maps show that the correlations are lower in the North and North-Eastern part of the IP (over "Castilla y León", "La Rioja", and "Aragón"). These values could be explained by the effect of the mountain chains from those regions. Moreover, TBH is more influenced by the surface roughness, and thus shows lower correlations than TBV in these regions.

As for the REMEDHUS catchment, the mean temporal correlations over the IP show that the total signal and the slow varying component provide similar values. These differ more with the correlations obtained for the fast component. In addition, this IP analysis yields correlation values that are lower than when limited to the REMEDHUS catchment. For instance, the correlation for the total signal for the IP is about 0.87, compared to the 0.92 for the REMEDHUS catchment. 

Spatial correlation

The temporal evolution of the spatial correlation computed between TB SM and modelled TBs (TB O and TB H ), averaged over the IP, is shown in Figure 5.8. A similar result to that from the soil moisture analysis has been obtained: spatial correlations are significantly lower than the temporal ones. Their mean values are around 0.2 for TBH and 0.3 for TBV, compared to the mean values for the temporal ones which are around 0.87. Therefore, as occurred in the SM analysis, the spatial structures are not consistent between modelled and measured data. We would like to point out that TBs are better spatially correlated during spring and summer. In fact, a strong seasonal difference can be seen in Figure 5.8, since negative values are found and most of them correspond to the fall and winter seasons.

It should be noted that this result has not only been obtained with modelled TBs using the ORCHIDEE LSM. When the HTESSEL LSM is used, higher agreement for temporal correlations than for spatial ones, specially during fall and winter, is also obtained.

The analysis for the spatial correlation was also carried out using ERA's grid instead of SMOS's in order to see if by homogenizing the data, negative values still appeared. The correlation values were slightly improved. The mean values obtained for TB SM vs. TB O were 0.35 and 0.45 for TBH and TBV, respectively; and those for TB SM vs. TB H were 0.17 and 0.43 153 for TBH and TBV, respectively. Negative correlations, however, continued to appear. So the grid's resolution was excluded as a cause to explain the inconsistency found in spatial structures. In addition, the inconsistency found between the spatial structures of TBs, also excludes the possibility of making unrealistic assumptions in SMOS's soil moisture retrieval algorithm as being responsible for the discrepancies found in the spatial correlation of SM.

Decomposed brightness temperature comparison

Since the surface representation from LSMs is simplified compared to reality, key processes during fall and winter could be being neglected. Recalling the study performed for the REMEDHUS catchment, the slow varying component from measured and modelled TBs showed higher differences during the above cited seasons. Therefore, to better understand the correlations found in Figure 5.8, the measured and modelled TB signal over the IP, has been decomposed into a slow and a fast varying component.

This decomposition is represented in Figure 5.9, where the slow component from TB SM is compared with that of TB O and TB H , and in Figure 5.10, where their fast components are also compared. In addition, the variances of the TB total and decomposed signals are

given in Table 5.4.

Similarities with the decomposition study performed over the REMEDHUS catchment can be found:

• Measured TBs have a larger variance than modelled ones.

• TBV values are in better agreement in both components than TBH ones.

5 Comparison of measured and modelled brightness temperatures

The slow varying component shows variances of TB SM double than those of TB O for both polarizations. TB H variances are also underestimated if compared to TB SM , but provide closer values, since they correspond to more than 65% of TB SM 's variances. Figure 5.9 shows that the maximum values of TB, corresponding to spring and summer, are in better agreement between them than the minimum ones, corresponding to fall and winter. Both LSMs overestimate TBH during these seasons compared to that of TB SM . A similar behaviour can be observed for ORCHIDEE's TBV, where a difference around 10K can be identified between measured and modelled minimum TBs. The amplitude of HTESSEL's TBV is, however, closer to SMOS's than to ORCHIDEE's. We would like to point out that the higher 155 The comparison of the TB signal shows that the higher discrepancies occur during the fall and winter seasons. Concerning these, the differences regarding the slow varying component of TBs should be highlighted. The spatial correlation from both components was computed as an average over the IP, in order to study their impact on the spatial structures.

The results are shown in Figure 5.11.

The fast component shows mean correlation values around 0.4, while the correlations found for the slow component are lower, reaching negative values. For instance, the mean correlation between the horizontally polarized TB SM and TB O is -0.06 and between TB SM and TB H is -0.14. The mean correlation regarding the vertically polarized TB, however, provides positive ones: 0.1 between TB SM and TB O , and 0.23 TB SM and TB H . We believe that the annual cycles from SMOS and HTESSEL being in better agreement, that those from SMOS and ORCHIDEE (Figure 5.9 b and d), explain the higher correlation found between TB SM and TB H .

It has to be noted that both components show mean spatial correlations under 0.5, which is still low if compared to the temporal ones. However, the decomposition analysis has 

EOF analysis

In order to detect the regions of the IP with higher inconsistencies between spatial structures, an EOF analysis was performed for the difference between modelled and measured polarized TBs. For this analysis only the first three modes of covariation are considered.

The first three patterns correspondent to the difference between TB O and TB SM and between TB H and TB SM , are shown in Figure 5.12 and Figure 5.13, respectively.

158 First row: referred to the horizontally polarized TB.

Second row: referred to the vertically polarized TB.

In Figure 5.13, the first pattern for the difference between TB H and TB SM is very similar for both polarizations. This is confirmed by the correlation computed between both of them (Figure 5.13 a and d), which is 0.96. It shows a structure which is very similar to the one yielded by the difference between TB O and TB SM (Figure 5.12 a and d), except in the North-West, where negatives values can be seen. The strong resemblance found for the first patterns using either TB O or TB H is confirmed by the high correlations between them:

• TB O -TB SM with TB H -TB SM for the horizontal polarization is 0.95.

• TBO -TBSM with TBH -TBSM for the vertical polarization is 0.93.

The second pattern for the difference between TB H and TB SM , shows higher differences between both polarizations than the first one. This is confirmed by the correlation between them (Figure 5.13 b and e), which is 0.38. The pattern for the horizontal polarization TB O and TB SM (Figure 5.12 c and f). This is confirmed by the correlations between them:

1. 5

Comparison of measured and modelled brightness temperatures

• TB O -TB SM with TB H -TB SM for the horizontal polarization is 0.7.

• TB O -TB SM with TB H -TB SM for the vertical polarization is 0.68.

The temporal evolution of the expansion coefficients obtained from the difference between modelled and measured polarized TBs has been analysed. It is represented in Figure 5.14, regarding ORCHIDEE, and Figure 5.15, regarding HTESSEL. Data have been smoothed over a period of 30 days to facilitate the analysis. In addition, the information about the percentage of variance explained by the first three modes has been included in the figures.

If the first three EOF modes are considered together, they account for more than 35%

of the total variance in all the cases: 46% and 41% for the TBH and TBV differences between ORCHIDEE and SMOS, respectively, and 53% and 38% for the TBH and TBV differences between HTESSEL and SMOS, respectively.

5 Comparison of measured and modelled brightness temperatures

In Figure 5.14, the temporal evolution of the expansion coefficient associated with the first mode of both the TBH and TBV shows a strong annual variation which peaks at winter.

The temporal evolution of the other two expansion coefficients shows weaker variations.

Moreover the percentage of variance explained by the first mode is significantly higher than the percentages from the other two modes, since the first one explains more than 30% and the sum of the other two explains about 10%.

163 From the EOF analysis, we would like to remark the following points:

164 • The first pattern obtained from the difference between modelled and measured data is very similar when using ORCHIDEE or HTESSEL surface state variables, and the mode associated to it explains more than 20% of the variance for both polarizations.

• The temporal evolution of the expansion coefficient related to the first pattern shows an annual variation with high peaks in winter. Therefore this pattern reveals a large scale structure which evolves during fall and is maximum in winter.

Impact of the first EOF pattern on the spatial structure's consistency between measured and modelled TBs

The by Patricia de Rosnay. According to her, the differences should be analysed with caution (personal comment). For example, the effects of RFIs can be observed in big cities like London or Paris. It should be noted that it corresponds to only one month and at the end of the winter season, which is not where we have obtained the maximum differences between modelled and measured data. Nevertheless this particular example is of interest as it shows a few interesting aspects of the bias:

• It occurs at a global scale.

• It has a spatial structure over the Iberian Peninsula very similar to the first EOF pattern found in the previous analysis.

5 Comparison of measured and modelled brightness temperatures

A pattern to enhance the spatial correlation has been computed for each LSM and TB polarization. These have been obtained as the difference between the mean TB from the LSMs and the mean TB SM , and are shown in Figure 5.17 The spatial correlation for the decomposed signal, as shown in Figure 5.11, was calculated applying the patterns computed for the slow and fast components to TB SM . The temporal evolution of the spatial correlation is shown in Figure 5.18. It should be noted that these are not optimal patterns to correct the spatial correlation, as we have identified that the higher discrepancies occur during fall and winter, and the patterns are applied over the whole period of data. However, they will inform us about the impact of the structures detected in the first pattern obtained from the EOF analysis.

167 The pattern computed to enhance the fast varying component does not show a significant effect on the spatial correlation. Values are not improved and the mean correlations remain around 0.4. However, the slow varying component provides higher correlations if these patterns are used. The mean correlation between TB SM and TB O is around 0.6 for both polarizations, while without the patterns it ranges from -0.05 to 0.1. It is further improved between TB SM and TB H , being higher than 0.7 for both polarizations. In spite of the improvement, an annual variation can be seen in Figure 5.18, since lower correlations are obtained for fall and winter. Whether the pattern from the slow component is considered or not, the spatial correlations over the IP are systematically lower during these seasons. In the previous paragraph, it is said that the patterns shown in Figure 5.17 are not optimal since they 168 Left column: referred to the horizontally polarized TB.

Right column: referred to the vertically polarized TB.

are time invariant and have been applied over the three years of data. It should be noted, however, that the spatial correlation has increased in all the seasons. Therefore there might be some type of noise which exists throughout all the data period, but becomes more evident in winter than in summer.

We would like to point out that if maps of the difference between modelled and measured TBs are compared at a seasonal scale, these are more structured during fall and winter than during spring and summer (where smaller differences are found between TBs).

Precipitation could be responsible for this, having a significant effect during summer, when the upper soil is hot and dry, and thus the precipitation pattern is imposed. Opposite to this, during winter the soil is cold and saturated, which makes less visible the pattern from precipitation.

The sensitivity of the TB signal to precipitation might also be a key factor in the differences between modelled and measured data. For instance, the temporal variance computed for each longitude over a transect at 39ºN for the first 2 weeks of January 2011 of the vertical polarization of TB SM ranges from (84 to 508) and from (2 to 13) if it is computed for the vertical polarization of TB O . These differences in variance can imply that the former is more responsive during winter to precipitation than the latter, which is more stable. TB SM varies significantly from one day to the other, while the TB O variation is smaller, resulting in different patterns between both sets of data.

Forcing analysis

The first EOF patterns found for the difference between modelled data (TB O and TB H )

and measured one (TB SM ) are very coherent between both LSMs, as well as between both polarizations. Since both LSMs were forced with the same forcing (ERA-Interim), biases in it could explain the first pattern obtained for TBs.

The 2 m temperature and the precipitation are two parameters which are closely related to TBs and provided by the forcing as input to LSMs. These have been compared with the 2 m temperature and precipitation from the E-OBS observational dataset. Therefore, similar analysis as those carried out for the TBs have been performed using these parameters.

The difference between these parameters provided by the ERA-Interim forcing and by the E- Neither the difference computed for the 2 m temperature from ERA-Interim and E-OBS, nor the one computed for the precipitation showed patterns comparable to those from the TBs. In addition, an EOF analysis was performed for these differences and no pattern or evolution which explained the pattern found for the difference between modelled and measured TBs was found.

The hypothesis of the forcing as a cause of the discrepancies between spatial structures has, therefore, been excluded after the results obtained for this analysis regarding 2 m temperature and precipitation.

Partial conclusion and discussion

One of the objectives of this thesis is to explore the modelling of soil moisture (SM).

This has been done from a remote sensing point of view, since we have approached the analysis through the brightness temperatures (TBs). It should be recalled that this parameter is key in soil moisture's retrieval algorithms, since their aim is to convert TBs to SM. The work exposed in this chapter analyses the consistency between measured and modelled TBs. The information obtained will be useful to better understand modelled soil moisture.

Measured TBs used in this study are those provided by the L1C product from the SMOS mission. Modelled TBs have been computed by means of a radiative transfer code, named CMEM and developed at the ECMWF. The code was provided with surface states simulated by land surface models. We have carried out the computation using ORCHIDEE's surface state variables. In addition, a second set of modelled TBs using HTESSEL's surface state variables was used in the study.

The two sets of modelled TBs were sampled in order to compare only TBs for points where SMOS also provided a TB value in space and time. In addition, TBs were filtered to First, the comparison between measured and modelled TBs was performed over the REMEDHUS catchment, which has been used in calibration and validation studies related to remote sensing. From this comparison, it can be concluded that measured and modelled data

show similar behaviours regarding their temporal evolution. In fact, the mean value of the temporal correlation between these TBs is 0.92. It should be noted that SMOS's TB showed higher variance than modelled ones. In addition, a better agreement was found between the vertical polarizations than between the horizontal ones. The decomposition of the TB signal into a slow varying component (annual cycle) and a fast varying one (rain events) allowed us to detect differences between the minimum values of TB in the slow component, corresponding to the fall and winter seasons.

Second, measured and modelled TBs were compared over the Iberian Peninsula. The main conclusions reached for both models in the previous study over the REMEDHUS catchment were also reached when it was extended to the IP: i) better agreement between vertical polarizations than horizontal ones, ii) good agreement in the temporal evolution of measured and modelled TBs, with a mean temporal correlation around 0.87, and ii) discrepancies found between the slow varying component of TBs during the fall and winter seasons. In fact, the spatial correlation between measured and modelled TBs, as an average over the IP, showed specially low values during these seasons. In addition, the mean values throughout the whole period of data were equal or lower than 0.2. Therefore, it can be concluded that the temporal evolution of measured and modelled TBs are comparable, while their spatial structures are not consistent between them. It must be noted that this result excludes the soil moisture retrieval algorithm which might contain assumptions that could result in erroneous SM spatial structures. In addition, a similar behaviour was obtained when the spatial correlations were computed with the data re-gridded to a coarser grid (the forcing's). Consequently, pixel inhomogeneities between different sets of data was excluded as a possible cause too.

Third, an EOF analysis was carried out for the difference between modelled and measured TBs to identify the regions with higher inconsistencies. This study provided 2
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Comparison of measured and modelled brightness temperatures important results. The first one being that the first EOF pattern was very similar for both horizontal and vertical polarizations, as well as when the difference between modelled and measured TBs was computed using modelled TBs from ORCHIDEE or HTESSEL. In addition the percentage of variance explained was higher than 20% in all cases. The second result was that the expansion coefficient from the first pattern showed an annual variation which peaked in winter. Therefore, a large scale structure was identified for both ORCHIDEE and HTESSEL which evolves during fall and achieves its maximum in winter. These patterns indicate that models are warmer in TB than SMOS in winter over most of the Iberian Peninsula. The spatial correlation between measured and modelled TBs was re-computed applying to SMOS's TBs a time invariant pattern similar to the first one from the EOF analysis. The mean correlations increased to values around 0.6 for modelled TBs from ORCHIDEE, and above 0.7 for modelled TBs from HTESSEL. It should be noted that the improvement did not occur only for the fall and winter seasons, but all year long. This could be explained by the fact that the bias pattern is present the whole data period (2010 to 2012) but most visible in winter. However, the fall and winter seasons continue showing lower correlations than the spring and summer ones, being the TB signal more difficult to interpret in the former.

Evidently, there is a need for further research concerning the similar patterns found between measured TBs and the two sets of modelled TBs. The following options are identified as possible causes to explain these patterns: i) the forcing data, ii) the LSMs themselves, iii) the CMEM, and iv) the observations.

The same forcing was used in the simulations performed by ORCHIDEE and

HTESSEL. An EOF study was also performed for the difference between the forcing used in the LSM's simulations (ERA-Interim) and an independent data set (E-OBS). The two parameters analysed were 2 m temperature and precipitation. None of the patterns that were obtained for these two variables resembled to those from the TB difference. Consequently, the forcing was excluded as being the main cause for the spatial structure's inconsistencies. On the other hand, it should be noted that the exactitude of the forcing can not be fully established. Some of the reasons being the lack of sufficient independent measurements and scale issues (which specially affect precipitation). Therefore, inexact values could be provided by the forcing, resulting in misleading TB values.

5 Comparison of measured and modelled brightness temperatures

The second option that is given are the LSMs and the way they consider simulated processes which determine the spatial distribution of TBs. Models may represent them in an unrealistic way or they may be missing some of these processes. One hypothesis we considered was the cooling effect of litter on the soil which is not taken into account by models, but captured by satellites. However, we think that it would not have such an impact so as to provide such warm modelled TBs during fall and winter. In addition, we would expect to observe its effect in the Northern part of the IP, but it is not there where the strongest bias is observed. We have also considered other options, like the effect that different types of soil or vegetation can have on the TBs. For instance, the soils from the Western part of the IP are mainly siliceous, while in the Eastern part they are clayey and calcareous.

Concerning the vegetation, the two areas where the main pattern identified shows warmer modelled TBs than measured TBs have different vegetation. A further hypothesis is proposed to explain the discrepancies. The different impact, in the observations and the models, of precipitation on TB depending on the season. It has been noted that TB SM is much more variable in time during winter than TB O and bears a much stronger pattern imposed by precipitation. The low time variability of TB in the models is well understood as in winter soil moisture is close to saturation and precipitation events have little impact. But at this stage it is unclear why the SMOS observations show such a strong sensitivity. This high temporal variability of the TB SM in winter would explain the large bias with the model in winter, as the average is built over a very noisy field which is driven by a process not captured by the models.

The CMEM model may contribute to the discrepancies found. It should be noted that the same parametrizations (except for the effective temperature and the smooth surface emissivity) have been used in the simulations of ORCHIDEE and HTESSEL. It would be worthwhile to explore the sensitivity of the results found here to assumptions made in CMEM.

In case the differences between modelled and measured TBs are not due to a climatological or geophysical nature, like precipitation, they might be explained by the observations and thus related to an instrumental issue. It should be recalled that even though the TB comparison has been performed over the Iberian Peninsula, a bias (observationmodel) can be identified at a global scale, as shown previously in this chapter.

To sum up, there are hypotheses to analyse and studies to be performed in order to better understand the spatial inconsistencies found, in particular during the fall and winter seasons, between measured and modelled brightness temperatures. Their impact on soil moisture retrieved from SMOS or their effect on brightness temperature assimilation in operational models has to be considered. In our opinion, it is both a modelling and observational challenge that needs to be addressed.

6 Synthesis and perspectives

In this chapter the main results and conclusions will be provided, as well as future perspectives regarding the work carried out in this thesis.

Synthesis

Understanding processes and parameters related to the hydrological cycle is key to improve the way they are modelled in land surface models (LSMs). Improvements in this discipline result in more precise climate predictions and meteorological forecasts. These allow for the development of optimum policies regarding the management of water resources, as well as for better strategies regarding the adaptation to a changing climate.

The aim of this thesis is to study in depth the modelling of evaporation and soil moisture, which are a key process and parameter of the hydrological cycle, and thus of the climate system. In order to do so, we have focused our work on:

• The potential evaporation (ET P ), which is basic in most estimations of actual evaporation.

• The brightness temperature (TB), which is key in remote sensing techniques to retrieve several parameters, like the soil moisture.

The studies deal with different features of the hydrological cycle in order to cover different aspects of its modelling, as well as to draw attention on others. For example, the sensitivity to climate change. Four objectives were defined to achieve the overall aim of the thesis:

• Implement a new method to estimate ET P through an unstressed surface-energy balance.

The Unstressed Surface-Energy Balance (USEB) method has been implemented in ORCHIDEE. It provides mean annual estimates ranging between 0 and 28 mmd -1 , which are in good agreement with the current method implemented (the bulk formula with Milly's correction). The annual estimates differ by less than 20% in most parts of the world. In addition, both methods have similar sensitivity to the climate change as simulated by the IPSL model using the A2 scenario. These show an increasing percentage which provides positive values up to 8% per decade. Both results confirm the overestimation of ET P and its sensitivity to climate change when only the bulk formula is used, without taking into account the soil moisture stress effect nor the cooling effect produced by evaporation on the surface.

We would like to draw the reader's attention to the fact that the USEB method is referred to the atmospheric demand, and it has been shown that neglecting a process like the atmospheric stability results in an underestimation of ET P and of its sensitivity to climate change. It has to be remarked that neither its relation with precipitation, vegetation nor soil characteristics has been analysed, but with the atmospheric stability, which is intrinsic of the evaporation process. Therefore, in our opinion, the relation between ET P and atmospheric stability should be given the importance it deserves, in the same way that the relation of evaporation with precipitation or vegetation is considered.

• Analyse the impact of the assumptions made in ET P 's estimation by means of physically-based methods.

The approximations made by FAO's methodology to estimate the vapour pressure deficit (VPD) and the assumptions considered to obtain the aerodynamic resistance (r a )

have been analysed. To do so, ET P has been estimated following FAO's methodology, referred to a saturated surface, but replacing these two parameters by those computed in ORCHIDEE. The VPD approximated through the maximum and minimum values of the air temperature and the relative humidity provides values which were in good agreement with the VPD computed in ORCHIDEE by means of the Clausius-Clapeyron equation. The r a has been shown, however, to be overestimated compared to ORCHIDEE's, when a neutral atmosphere is considered and the surface roughness is not taken into account. This results in an underestimation of ET P , which has been shown to be more than 30% lower than that from USEB in most parts of the world.
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• Analyse the impact of changes in atmospheric parameters due to a changing climate, on the sensitivity of ET P estimated using different methods and approaches.

ET P 's sensitivity to a changing climate has been analysed for physically and empiricalbased methods. First, the comparison between sensitivities from physically-based methods shows that LSM based methods (USEB and Milly) provide higher sensitivities than FAO's methodology considering a saturated surface. These differ by more than 30% per decade in most parts of the world, reaching higher percentages in arid areas. The main reason is the assumption of neutral stability conditions made by FAO, which reduces the sensitivity of r a . The approximation of the VPD done in FAO contributes in a lesser degree to ET P 's lower sensitivity because it has lower sensitivity than that computed in ORCHIDEE. Second, the empirical methods provide a climate change signal which is not comparable to that from physically-based ones at a global scale. This can be explained by i) the fact that they depend on site-specific coefficients and ii) ET P is approximated through some of the variables it depends on. Therefore, not only key processes in a changing climate are neglected, but also their interaction.

Third, the VPD and the humidity gradient have been identified as the main drivers of ET P 's trends. The r a is also key as it amplifies the trends and provides a higher contrast regarding the spatial structures when the atmospheric stability is considered.

• Compare measured and modelled brightness temperatures in order to characterize their temporal and spatial consistency.

The L1C product from SMOS, which consists of measured brightness temperatures, has been compared to modelled ones over the Iberian Peninsula. These have been estimated by means of a radiative code, the CMEM (developed at the ECMWF) provided with surface state variables from the ORCHIDEE and HTESSEL land surface models. A good agreement between satellite retrieved TBs and modelled ones has been obtained regarding their temporal evolution. The spatial structures, however, show inconsistencies between them, specially during the fall and winter seasons. A decomposition of the signal into a slow and a fast varying component, showed that the slow one caused higher discrepancies. An EOF analysis allowed to identify a large main reasons is that they permit the computation of the variables needed to estimate ET P , and thus reduce the number of assumptions. For instance, the atmospheric stability and the surface roughness are taken into account in its estimation. Apart from these, the albedo is another variable which is also taken into account in LSM's estimations. Therefore, there are processes that have to be considered in order to understand evaporation and how it is influenced by climate change. Methodologies which are not implemented in LSMs do not consider all of these, or if they do, it is by making some kind of assumption. This results in estimations that are not comparable with those from LSMs. In addition, the sensitivity to climate change is affected by the lack of the climate change signal of this process, but also by the lack of interaction of this signal with that from other processes. Consequently, we recommend to provide the ET P , as defined by Penman-Monteith, as output of ESMs.

• Estimate actual evaporation through the USEB method.

As it has been previously explained, ET P is the basis of most actual evaporation (ET) estimations. Therefore, advantage could be taken of the implementation of the USEB method to estimate ET through USEB's ET P in ORCHIDEE. This would allow to compare ET estimates from ORCHIDEE, and establish the impact of using the surface temperature together with the correction for the soil moisture stress effect or a virtual temperature. It should be noted, that this would be a long term study. The reason is that the LSM is currently adapted/tuned to the function of the bulk formula and using the surface temperature to estimate evaporation. Estimating it through the USEB method implies to consider an unstressed surface-energy balance. This means that certain processes, as well as the resistances for soil, vegetation, etc. from ORCHIDEE should be verified and recalibrated.

• Further research on the spatial structures from measured and modelled TBs

The temporal evolution between retrieved and modelled TBs has been shown to be in good agreement. The spatial structures show, however, discrepancies between measured and modelled data. We would like to point out that similar results were found when measured and modelled soil moisture from SMOS and ORCHIDEE were compared. The EOF analysis performed for the brightness temperatures (TBs) has

shown that there is a large scale pattern that evolves over the year, leading to higher inconsistencies of the spatial structures during the seasons of fall and winter. The cause for this patterns has not been identified yet. In this thesis, we have theorised that the land surface models (ORCHIDEE and HTESSEL), the radiative transfer code (CMEM) or some issue regarding the observations may explain the different behaviours found. In our opinion, further research has to be carried out regarding this issue, and focus has to be made on the LSMs and the radiative transfer code used.

• Analyse the impact of forcing data on the spatial structures of TBs and soil moisture.

The forcing used to perform the simulations with ORCHIDEE and HTESSEL has been discarded as the main cause of the discrepancy found between the spatial structures of measured and modelled TBs. Nevertheless, its impact on the signal may be analysed and compared to other forcings in order to determine to what extent it can influence modelled TBs. This analysis would complement the one proposed in the previous point.

• Implement a radiative transfer code to estimate brightness temperatures in

ORCHIDEE

As explained previously, the union between modelling and remote sensing techniques is due to ameliorate our understanding of the climate system. A current example is data assimilation. Brightness temperatures are not only used in soil moisture retrieval, but are key to estimate other parameters. By implementing a radiative transfer code in ORCHIDEE, we will be able to perform similar studies as the one carried out for soil moisture but referred to other parameters. On the one hand, this can result in improvements of the LSM or the retrieved parameters. On the other hand, the issue identified for the inconsistency of spatial structures would have to be treated with care.

The reason is that assimilating TBs with unrealistic spatial structures could mislead to incorrect values of soil moisture.
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1 . 1 Introduction

 11 Water is key in the study and understanding of climate change. An example of the evidence of a changing climate provided by the Intergovernmental Panel on Climate Change (IPCC) is the change in global surface temperature. Four Representative Concentration Pathways (RCPs) covering the radiative forcing values range of the year 2100 (from 2.6 to 8.5

Figure 2 . 1 :

 21 Figure 2.1: Schematic representation of the hydrological cycle.Estimates of the main water reservoirs, given in plain font in 10 3 km 3 , and the flow of moisture through the system, given in italics (10 3 km 3 y -1 )[START_REF] Trenberth | Estimates of the global water budget and its annual cycle using observational and model data[END_REF].

  Figure 2.2 shows greenhouse gases emissions, without additional climate policies, and the projections of surface temperature of 6 different scenarios, from 2000 to 2100. This figure belongs to the "Climate Change 2007: Synthesis Report" developed by the IPCC.

  study framework in the IPCC synthesis report, and are detailed in the Special Report on Emissions Scenarios (SRES) from 2007. The synthesis report from the IPCC (2007) offers a general view of climate change. It studies changes that have been observed in the climate system and their causes, as well as providing projections of future climate change and their possible impacts too. The report also approaches the matter of how to adapt and reduce the impact of climate change.

Figure 2 . 2 :

 22 Figure 2.2: GHG emissions and surface temperature projections (IPCC). Left panel: Global GHG emissions in the absence of additional climate policies: six illustrative SRES marker scenarios (coloured lines) and 80th percentile range of recent scenarios published since SRES (post-SRES) (gray shaded area). Dashed lines show the full range of post-SRES scenarios. The emissions include CO2, CH4, N2O and F-gases. Right panel: Solid lines are multi-model global averages of surface warming (relative to 1980-1999) for the SRES scenarios A2, A1B and B1, shown as continuations of the 20 th century simulations. The pink line is for the Atmosphere-Ocean General Circulation Model (AOGCM) simulations where atmospheric concentrations are held constant at year 2000 values. The bars in the right of the figure indicate the best estimate (solid line within each bar) and the likely range assessed for the six SRES marker scenarios at 2090-2099 relative to 1980-1999.

Figure 2 . 3 :

 23 Figure 2.3: Multi-model changes in precipitation, soil moisture, runoff and evaporation (IPCC). Multi-model mean changes in (a) precipitation (mm day -1 ), (b) soil moisture content (%), (c) runoff (mm day -1 ) and (d) evaporation (mm day -1 ). To indicate consistency in the sign of change, regions are stippled where at least 80% of models agree on the sign of the mean change. Changes are annual means for the SRES A1B scenario for the period 2080 to 2099 relative to 1980 to 1999. Soil moisture and runoff changes are shown at land points with valid data from at least 10 models.

  study framework evaporation, the availability of water to evaporate is not considered in the estimation of potential evaporation. The other four parameters remain important ET P parameters.2.3.1.3 Reference evapotranspiration (ET o )[START_REF] Allen | 179 1[END_REF] define ET o as the evapotranspiration rate from a reference surface.

  specific heat of the air at constant pressure

  be identified in Penman's equation, a radiation one and an aerodynamic one. The isothermal evaporation rate is function of the r a and of the difference between the saturated and actual vapour pressure at the air temperature. This difference is the Vapour Pressure Deficit (VPD).

  208 -1 in FAO's methodology. The subscript "FAO" has been added to r a and C D in order to facilitate their identification when the different computations of these parameters are compared.

  study framework by means of the roots. Soil moisture availability at this depths, and thus this process, is directly related to the stomatal apertures of plants, which affect photosynthesis and transpiration. If we move on to deeper layers, we will reach groundwater which is used for irrigation and drinking, as well as for industrial needs. It eventually discharges to lakes, rivers, etc.

Figure 2 . 4 :

 24 Figure 2.4: Schematic diagram of the ORCHIDEE land surface model.
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 25 Figure 2.5: Soil scheme according to Choisnel's hydrology version in ORCHIDEE.

  describing the water extraction from the soil by the roots This scheme considers three different soil types (bare soil, high and low vegetation) and solves the water balance for each one of them. Both the diffusivity and conductivity are adapted to each type, following the formulation provided by Van Genuchten (1980) and Mualem (1976).

Figure 2 .

 2 Figure 2.6 shows a scheme of the discretization of the soil considered to solve the Fokker-Planck equation.

Figure 2 . 6 :

 26 Figure 2.6: Soil scheme according to CWRR's hydrology version in ORCHIDEE.
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  Figure 2.7: CMEM structure.

  TB TOA , p =TB au, p + exp (-τ atm , p )TB tov , p (34) TB TOA = top of the atmosphere brightness temperature TB au,p = up-welling atmospheric emission 1. 2 Presentation of the study framework TB tov,p = top of the vegetation brightness temperature TB tov,p is the sum for the soil, vegetation and downward atmospheric brightness temperature contributions: TB soil,p , TB veg,p , and TB ad,p , respectively:TB tov , p =TB soil , p exp -τ veg , p TB veg , p 1r r , p exp -τ veg , p TB ad , p r r , p exp -2τ veg , p  (35) r r,p = soil reflectivity of the rough surface

  37) T c = canopy temperature ω p = single scattering albedo The snow module is called next to compute the snow reflectivity (rsn p ). Snow is represented by the Helsinki University of Technology (HUT) snow microwave emission model. After, the vegetation module appears again to add a vegetation layer over the snow.Once all the contributions have been computed, TB tov,p is finally calculated and used to obtain TB TOA,p by means of Eq. (34).

Figure

  Figure 2.8: CMEM code structure.
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 31 Figure 3.1: Study areas defined in the ET P study.

Figure 3 . 2 :

 32 Figure 3.2: Flowchart of the subroutine "enerbil_pottemp", which estimates ET P by means of the USEB method.

  minimum daily temperature T amax = maximum daily temperature RH min = minimum daily relative humidity RH max = maximum daily relative humidity

Figure 3. 3 .

 3 Figure 3.3.

Figure 3 . 4 :

 34 Figure 3.4: The normalised vertical polarization of brigthness temperatures, over a point from the Iberian Peninsula, measured by SMOS (blue), and modelled ones using surface state variables from ORCHIDEE (red) and HTESSEL (green).
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  approximation of the r a and VPD differs from their computation in ORCHIDEE. So, apart from the original ET P estimation proposed by the FAO, five alternative estimations were performed replacing the original r a by ORCHIDEE's and its VPD by the VPD computed in ORCHIDEE and the model's humidity gradient. These as well as ORCHIDEE's estimations are explained in Table

  to climate change important for ET P estimation and its sensitivity to climate change. The atmospheric stability, which has been shown to be considered by ORCHIDEE's aerodynamic resistance computation, but not by FAO's, is one example. In order to facilitate the comparison, four regions have been selected for analysis using the different methodologies, with the aim of sampling different climates, surface characteristics, and vegetation types. Two dry areas were chosen, situated in northern Australia (110° E-140° E, 10° S-30° S) and in the Sahel (20° W-15° E, 10° N-20° N), representing semi-arid and arid regions. Two humid areas were chosen, one in a temperate region, Central Europe (0-14° E, 44° N-54° N), and one in a tropical region, the Amazon Basin (70° W-50° W, 2° N-14° S).

Fig. 2 :

 2 Fig. 2: Significant trends showing the increasing or decreasing % per decade for the aerodynamic resistance (r a ), the VPD, the humidity gradient, and the net radiation (R n ), regarding the IPSL A2 scenario and the different formulations. The blank areas correspond to regions where no significant trends have been found.

Figure 4 . 1

 41 Figure 4.1 complements the information shown in Table 4.1, providing a more precise view of ET P 's sensitivity in this region. This figure shows the trends corresponding to the dry season, estimated using the methods of USEB, Milly and FAO case 1 (figures a, c and e, respectively). Next to each one of them, the difference between these trends and those obtained for the humid season is shown (figures b, d and f, respectively).

Figure 4 . 1 :

 41 Figure 4.1: ET P 's significant seasonal trends. The blank areas correspond to regions where no significant trends have been found. Left column: ET P significant trends showing the increasing % per decade, from the dry season obtained through the USEB method (a), Milly's method (c), and FAO's method (e).

Figure 4 . 2 :

 42 Figure 4.2: Significant seasonal trends for FAO's VPD and ORCHIDEE's gradient. The blank areas correspond to regions where no significant trends have been found. Left column: Significant trends, showing the increasing % per decade, from the dry season for FAO's VPD (a) and for the vapour pressure gradients used in the bulk formula (c), and in the USEB method (e). Right column: Difference in trends between the dry and humid seasons for the VPD (b) and for the vapour pressure gradients used in the bulk formula (d) and in the USEB method (f).

Priestley-

  Taylor equation (radiation-based method) and the Rohwer equation (mass-transfer based method) were used to estimate ET P 's sensitivity. Their climate change signals showed different behaviours when compared to LSM based methods. The reasons are that these methods are dependent of site-specific parameters, which should be locally calibrated. In addition, approximating ET P only through one or some of the parameters it depends on, neglects the interaction between the main processes involved in a changing climate and impacts the sensitivity of ET P .

  Thornthwaite's equation for atmospheric demand (temperature-based method) is used in the computation of the Palmer Drought Severity Index (PDSI), which is one of the most common drought indexes in meteorology in the United States.In this chapter, we will show the results for the comparison carried out between brightness temperatures measured by SMOS (L1C product) and modelled ones using the CMEM model provided with data simulated by LSMs.
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 51 Figure 5.1: Temporal correlation between the soil moisture of SMOS and ORCHIDEE (using an averaging window of 5 days) over the Iberian Peninsula.

Figure 5 . 2 :

 52 Figure 5.2: Spatial correlation between the soil moisture of SMOS and ORCHIDEE (using an averaging window of 5 days) for daily, am, pm and averaged values, over the Iberian Peninsula.

Figure 5 . 3 :

 53 Figure 5.3: Comparison of the temporal evolution of the daily mean TBs, for an averaging window of 5 days, between SMOS (black) and ORCHIDEE (blue) (a,b), and between SMOS (black) and HTESSEL (red) (c,d), over the REMEDHUS catchment.Left column: referred to the horizontally polarized TB.Right column: referred to the vertically polarized TB.
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 54 Figure 5.4: Comparison of the temporal evolution of the slow varying component from the decomposition of the TB signal between SMOS (black) and ORCHIDEE (blue) (a,b), and SMOS (black) and HTESSEL (red) (c,d), over the REMEDHUS catchment.
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 55 Figure 5.5: Comparison of the temporal evolution of the fast varying component from the decomposition of the TB signal between SMOS (black) and ORCHIDEE (blue) (a,b), and SMOS (black) and HTESSEL (red) (c,d), over the REMEDHUS catchment. Left column: referred to the horizontally polarized TB. Right column: referred to the vertically polarized TB.

Figure 5 .

 5 Figure 5.5 shows a general agreement between the temporal evolution of the fast component of measured and modelled data. As occurred for the slow component, SMOS's retrieved data shows a higher variance. In general terms, the peaks coincide (for example in April 2011 or October 2012), but differences are also found. For instance, SMOS's TBs shows a series of peaks from October 2011 to January 2012 which are not captured by the modelled signals. We would like to provide some information about the forcing used (ERA-Interim) regarding these differences. Certain parameters, like the air temperature, are directly informed in the forcing by data assimilation schemes, and thus are quite reliable. Opposite to these, fluxes like precipitation are taken from short-range forecasts and these estimates vary with the length of the forecast. The resulting drift can lead to spin-up/spin-down problems and produce erroneous fluxes.

  temporal correlations have been computed for the entire signals, as well as for the decomposed ones. The marked annual cycle showing the transition from cold wet winters to hot dry summers from the TBs shown in Figures 5.3 and 5.4, made us expect a high 1. 5Comparison of measured and modelled brightness temperatures correlation. This was confirmed as it can be seen in Table5.2, where the temporal correlations are listed. The total signal provides a correlation around 0.92. Higher correlations, around 0.99, are found for the slow component. The fast component shown in Figure5.5 was expected to provide lower values as it represents the perturbations to the slow varying component, represented by rainfall events. In addition, forecast errors previously mentioned could result in lower correlations. These ranged from 0.68 to 0.77, which are still high.
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 56 Figure 5.6: Mean daily values of the polarized TB, in Kelvin, provided by SMOS (a,b). Differences given in %, between ORCHIDEE and SMOS (c,d), as well as between HTESSEL and SMOS (e,f).
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 58 Figure 5.8: Spatial correlation of the polarized TB between SMOS and ORCHIDEE (a), as well as between SMOS and HTESSEL (b), over the IP. The blue and green colours correspond to the horizontal and vertical polarization, respectively.
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 59510 Figure 5.9: Comparison of the temporal evolution of the slow varying component from the decomposition of the TB signal between SMOS (black) and ORCHIDEE (blue) (a,b), and SMOS (black) and HTESSEL (red) (c,d), over the IP. Left column: referred to the horizontally polarized TB. Right column: referred to the vertically polarized TB.

  and modelled brightness temperatures allowed us to identify the slow varying component as the main cause of the low spatial correlations between measured and modelled data shown in Figure 5.8.

Figure 5 . 11 :Figure 5 . 13 :

 511513 Figure 5.11: Spatial correlation of the decomposed TB signal between SMOS and ORCHIDEE (a,b), as well as between SMOS and HTESSEL (c,d), over the IP. The black and green colours correspond to the slow varying component and the fast one, respectively. Left column: referred to the horizontally polarized TB. Right column: referred to the vertically polarized TB.

(

  Figure 5.13 b) shows positive values in the South-West and in the area of the centre of the IP (also identified in the first pattern). The rest of the IP shows negative values, which become higher in the North-Western and Central-Eastern regions. The pattern for the vertical polarization (Figure5.13 e) differs from the horizontal one in that the positive values in the South-Western region are lower and cover a wider region along the South. In addition, the pattern shows higher negative values over the North. Opposite to the first pattern, no strong resemblance has been found for the second patterns using either TB O or TB H .The third pattern shows the highest differences between the horizontal and vertical polarizations compared to the first and second ones. This is confirmed by the correlation between both polarizations (Figure5.13 c and f), which is -0.02. The pattern for the horizontal polarization is dipolar, showing positive values in the South-Western and Central-Eastern regions. Negative values are provided over the rest of the IP, being higher in the North-Western region. On the other hand, the pattern for the vertical polarization shows positive values in the Eastern region which become higher in the South. The Western region shows negative values, except for a reduced area in the North-West. The third pattern from each polarization quite resembles, however, to the third pattern obtained for the difference between

Figure 5 . 14 :

 514 Figure 5.14: Temporal evolution of the expansion coefficients from the difference between modelled TB (ORCHIDEE) and measured TB (SMOS), over the IP. The percentage of the variance of the first three modes is included in the legend. Upper figure: referred to the horizontally polarized TB. Lower figure: referred to the vertically polarized TB.

Figure 5 .

 5 Figure5.15 shows a similar behaviour to the one described in Figure5.14. The expansion coefficient associated with the first mode of both polarizations also shows a strong annual variation with the highest peaks in winter. It should be noted that the first mode of TBH provides the largest percentage variance of the four cases, while that of TBV provides the smallest. In addition, the second mode obtained from the difference HTESSEL-SMOS explains a percentage of variance around 9%, which is higher than the one explained by ORCHIDEE-SMOS. Finally, the third mode explains a similar percentage of variance in all the cases.

Figure 5 . 15 :

 515 Figure 5.15: Temporal evolution of the expansion coefficients from the difference between modelled TB (HTESSEL) and measured TB (SMOS), over the IP. The percentage of the variance of the first three modes is included in the legend. Upper figure: referred to the horizontally polarized TB. Lower figure: referred to the vertically polarized TB.

  bias [observation (SMOS) -model] corresponding to the operational monitoring from the ECMWF is represented in Figure 5.16. It shows the time averaged geographical mean of the difference between measured and modelled data over the period 2014/02/20 21 -2014/03/22 09. The image, zoomed to show clearer the Iberian Peninsula, has been provided

Figure 5 . 16 :

 516 Figure 5.16: Statistics for radiances from SMOS. Mean first guess departure (obs-model). Data period = 2014-02-20 21 -2014-03-22 09

Figure 5 . 17 :

 517 Figure 5.17: Patterns to enhance the spatial correlation of the slow varying component. The titles refer to the LSM and the polarization used to computed the difference with SMOS's TBs.

Figure 5 . 18 :

 518 Figure 5.18: Spatial correlation of the decomposed TB signal between SMOS + pattern and ORCHIDEE (a,b), as well as between SMOS + pattern and HTESSEL (c,d), over the IP. The black and green colours correspond to the slow varying component and the fast one, respectively.

  and modelled brightness temperatures OBS dataset were computed to see if the structures found in Figures 5.12 (a and d) and 5.13 (a and d) were identified.

  and modelled brightness temperatures avoid frozen soils and radio-frequency interferences, as well as coastal and orographic effects which result in unrealistic values of TBs.

  

  

  

  

  

  

  

  

Table 2 . 1 :

 21 Parametrizations for the physical configuration of the CMEM model.

	Holmes et al.	Surface soil
	(2006)	temperature

* The subscript "p" indicates that polarized values are provided.

Table 3 . 1 :

 31 Table 3.1. Characteristics of the simulations performed in ORCHIDEE for the ET P and TB studies.

	Characteristics		ET P STUDY	TB STUDY
		Reference	Future scenario	TB
	Time step output	Daily	Daily	Hourly
	Period	1990 -2000	2000 -2100	2010 -2012
	Region	World	World	Iberian Peninsula
	Forcing	WFD	IPSL A2 scenario	ERA-Interim

Table 3 . 2 :

 32 Physically-based and empirical-based methods to estimate ET P .While the first three methods from Table3.2 estimate ET

	1. 3	Methodology	
		Methods	Reference
	Physically-based	bulk formula	Manabe (1969)
		bulk formula with Milly's	Milly (1992)
		correction applied to it	
		USEB method	Barella-Ortiz et al. (2013)
		FAO's reference	Allen et al. (1998)
		evapotranspiration equation	
	Empirical-based	Priestley-Taylor	Priestley and Taylor (1972)
		Rohwer	Rohwer (1931)

P through ORCHIDEE's simulation, the others use the LSM's output to estimate ET P . These estimations were performed by means of a program developed in Fortran language. The parameters needed were obtained from the forcing data, or provided by ORCHIDEE's simulations if surface processes were involved in their calculation. The data required are listed in Table

3

.3, together with the methods they were used in. It has to be noted that this table shows six

  Table 3.4.

	Configuration	Parametrization
	Physical configuration	Soil dielectric constant	Wang and Schugge (1980)
		Effective temperature	Surface soil temperature
		Smooth surface emissivity	Wilheit (1978)
		Rough surface emissivity	Wigneron et al. (2001)
		Vegetation optical thickness	Wigneron et al. (2007)
		Snow reflectivity	Pullianen et al. (1999)
		Atmospheric optical thickness	Pellarin et al. (2003)
		Temperature of vegetation	Surface temperature
		Vegetation cover input data	Ecoclimap
	Observing configuration	Microwave frequency	1,4 Ghz
		Incidence angle	42.5 º
	Soil and atmospheric level	Number of soil layers	11
	configuration	Number of atmospheric levels	100
	Simulation configuration	Number of output files	Level1

  Table3.5. All of them, except the geopotential, were either provided by ORCHIDEE's simulation or directly by the ERA-Interim forcing, in case no surface process was involved in its calculation. For the surface geopotential, the elevation data from the NOAA National Geophysical Data Center Global Land One-km Base Elevation (GLOBE) project was used.

		Soil texture fractions [%]	Soil conditions
	Constant fields Necessary	Surface geopotential [km]
		High and low vegetation types
		High and low vegetation fractions	Vegetation

Table 3 . 6

 36 Table 3.6 lists them and shows their classification into high and low types.

	Type	Plant Functional Type (PFT)	High / Low
	1	Bare soil	/
	2	Tropical broad-leaved evergreen	High
	3	Tropical broad-leaved raingreen	
	4	Temperate needleleaf evergreen	
	5	Temperate broad-leaved evergreen	
	6	Temperate broad-leaved summergreen	
	7	Boreal needleleaf evergreen	
	8	Boreal broad-leaved summergreen	
	9	Boreal needleleaf summergreen	
	10	C3 grass	Low
	11	C4 grass	
	12	C3 agriculture	
	13	C4 agriculture	

: ORCHIDEE's PFT and its classification into high and low vegetation types.
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Table 1 .

 1 The different methodologies used in this study to compute ET P .

	Taylor	-	ET P PT =α	Δ ( Δ+γ )	R n L	Radiation-based method
	Rohwer		ET P ROH =0.44 10.27U 2  VPD	Mass-transfer-
						based method

Table 2 :

 2 Description of ET PUSEB , ET PBULK , ET PMilly and the cases defined to compute ET

PFAO , according to the variables they depend on and the assumptions made for their calculation. The computation has been carried out at a daily time step, except for the following cases: a The time step computation of ET P has been the LSM's one, 30 min. A daily mean has been computed afterwards.

b The parameter's time step computation has been the LSM's one, 30 min. Next a daily mean has been saved to use it in FAO's equation.

Table 3 :

 3 Mean ET 

	1. 4		Potential evaporation sensitivity to climate change	
			ET P (mmd -1 ) for the reference period	
	Method		Australia	Sahel	Central Europe Amazon Basin
	ORCHIDEE USEB	14.5	9.5	2.1	3.8
		Milly	13.8	9.5	2.2	4
	FAO	Case 1	5.8	5.4	1.6	2.5
		Case 2	5.7	4.9	1.2	2.4
		Case 3	14.2	9.3	2.5	4.2
		Case 4	13.5	7.9	1.8	3.5
		Case 5	5.6	5.2	1.5	2.4
		Case 6	13.3	8.9	2.3	3.6

P for the reference period regarding the USEB and Milly methods, as well as the FAO's six cases.

Table 4 :

 4 P sensitivity study for the future scenario Significant increases of ET P are given in % per decade. Their relative changes

	Method		ET P change (% per decade)	Trend difference to USEB (%)
			Australia Sahel Central	Amazon	Australia Sahel Central	Amazon
					Europe	Basin			Europe	Basin
	ORCH. USEB	2.45	1.85 2.05	1.24			
		Milly	2.1	1.62 2.26	1.4	14	12	-10	-13
		Bulk	4.9	4.36 5	3.61	-100	-136 -144	-191
	FAO	Case 1 1.1	0.57 1.31	1.05	55	69	36	15
		Case 2 1.45	0.8	1.63	1.1	41	57	20	11
		Case 3 2.04	1.36 2.01	1.01	17	26	2	19
		Case 4 2.51	1.69 2.39	1.46	-2	9	-17	-18
		Case 5 1.11	0.64 1.32	1.05	55	65	36	15
		Case 6 2.06	1.46 2.04	1.04	16	21	0	16
	Simplif.	Priestley	0.43	0.44 1.59	1.1	82	76	22	11
	Approx.	-Taylor							
		Rohwer 4.05	3.61 4.01	2.56	-65	-95	-96	-106
	compared to the USEB method are expressed as a %: 	USEB-Method USEB	100 .

Table 4 . 1 :

 41 ET P 's significant seasonal trends showing the increasing % per decade in the Sahelian region. Differences between the USEB method and the rest of methodologies are given in % of percent change per decade.

	Trend difference to (%)*

* The trend differences are computed as:  USEB-Method USEB  * 100

Table 4 .2:

 4 Significant trends showing the increasing % per decade of ET o

	1. 4	Potential evaporation sensitivity to climate change

  variable used to approximate ET o in Hargreaves' method is the air temperature. It is well

	Figure 4.3: Significant trends, showing ET o 's increasing % per decade,
	computed using FAO's methodology (a) and its difference, expressed as a
	% of percent change per decade, between the methods of
	134

Table 5 . 1 :

 51 Regional averaged temporal variance of the total signal of measured and modelled TBs, as well as of their slow and fast varying components, over the REMEDHUS catchment. The (1h) is referred to the daily values of TB SM used at an hourly scale to sample TB O , while the (3h) is referred to the daily values of TB SM used at 3 hour mean intervals to sample TB H .

			Total signal	Slow component	Fast component
	ORCHIDEE	TBH	129	91	29
		TBV	102	77	18
	SMOS (1h) *	TBH	581	374	171
		TBV	308	222	69
	HTESSEL	TBH	208	170	25
		TBV	181	150	20
	SMOS (3h) *	TBH	543	345	170
		TBV	294	211	68

*

Table 5 . 2 :

 52 Temporal correlation of the complete signal between measured and modelled TBs, as well as of their slow and fast varying component, over the REMEDHUS catchment.

			Total signal	Slow component	Fast component
	ORCHIDEE -SMOS TBH	0.923	0.99	0.77
		TBV	0.933	0.993	0.725
	HTESSEL -SMOS	TBH	0.891	0.981	0.692
		TBV	0.922	0.992	0.677

Table 5 .3: Temporal

 5 

			Total signal	Slow component	Fast component
	ORCHIDEE -SMOS TBH	0.863	0.969	0.634
		TBV	0.875	0.977	0.602
	HTESSEL -SMOS	TBH	0.869	0.977	0.635
		TBV	0.885	0.985	0.604

correlation for the complete signal of measured and modelled TBs as well as for their slow and fast varying component, over the Iberian Peninsula.

Table 5 . 4 :

 54 Regional averaged temporal variance of the total signal of measured and modelled TBs, as well as of their slow and fast varying components, over the IP.

			Total signal	Slow component	Fast component
	ORCHIDEE	TBH	124	98	18
		TBV	99	82	11
	SMOS (1h) *	TBH	368	256	70
		TBV	246	177	41
	HTESSEL	TBH	193	163	17
		TBV	169	145	14
	SMOS (3h) *	TBH	325	242	62
		TBV	217	169	34

* The (1h) is referred to the daily values of TB SM used at an hourly scale to sample TB O , wile the (3h) is referred to the daily values of TB SM used at 3 hour mean intervals to sample TB H .

  depth of the lower layer from the Choisnel scheme from ORCHIDEE h tot total depth in the Choisnel scheme from ORCHIDEE h u depth of the upper layer from the Choisnel scheme from ORCHIDEE

	1. 7 1. 7	Appendices Appendices
	RFI ω h l R a T s	Radio Frequency Interferences single scattering albedo extraterrestrial radiation actual surface temperature
	7.2 List of constants and variables
	RH a r a T w	Relative humidity constant used in Priestley-Taylor's method aerodynamic resistance virtual temperature
	SEBAL BR RH U 2	Surface Energy Balance Algorithm for Land Bowen Ratio relative humidity wind speed
	SEBS α C D K r r VPD	Land Data Assimilation Systems Surface Energy Balance System constant used in Priestley-Taylor's method drag coefficient conductivity soil reflectivity of the rough surface vapour pressure deficit
	LPJ SECHIBA β c p L r s w	Lund-Postdam-Jena Schématisation des EChanges Hydriques à l'Interface moisture availability function specific heat of the air at constant pressure latent heat of vaporisation surface resistance soil moisture
	LSM Δ D LAI rsn w lower	Land Surface Model Biosphère-Atmosphère slope of the vapour pressure curve diffusivity Leaf Area Index snow reflectivity water content of the lower layer from the Choisnel scheme from
	SM δ v R n	Soil Moisture parameter to approximate the virtual temperature used in FAO's net radiation ORCHIDEE
	LSMEM SMAP e N d S w upper	Land Surface Microwave Emission Model ratio of molecular weight of water vapour/dry air number of seconds per day methodology Soil Moisture Active and Passive term describing the water extraction from the soil by the roots from the water content of the upper layer from the Choisnel scheme from
	MOST SMOS ϵ E a P	Monin-Obukov Similarity Theory Soil Moisture Ocean Salinity Soil dielectric constant isothermal evaporation rate precipitation CWRR scheme from ORCHIDEE ORCHIDEE
	MPE SRES ε E o P a T w max	Multi-sensor Precipitation Estimate Special Report on Emissions Scenarios emissivity open water evaporation actual vapour pressure temperature total maximum water content from the Choisnel scheme from
	MSG STOMATE γ e r Pr T a	Meteosat Second Generation Saclay Toulouse Orsay Model for Analysis of Terrestrial psychrometric constant rough surface emissivity air temperature atmospheric pressure ORCHIDEE
	MW ρ e s P s TB	Microwave Ecosytems air density smooth surface emissivity saturated vapour pressure brightness temperature
	NASA TESSEL θ ET Q TB au	National Aeronautics and Space Administration Tiled ECMWF Scheme for Surface Exchanges over Land volumetric soil moisture from the CWRR scheme from ORCHIDEE actual evaporation runoff up-welling atmospheric emission
	NOAA TOA θ r ET o q a TB soil	National Oceanic and Atmospheric Administration Tof Of Atmosphere residual level of water content from the CWRR scheme from reference evapotranspiration specific humidity of the air brightness temperature corresponding to the soil
	ORCHIDEE PDSI PFT RADAR RCP TSC UN θ s ET P q max TB TOA UNEP ξ ET wet TB tov q s UNFCCC σ G TB veg q' s τ atm H TD R REMEDHUS UPC USEB τ veg h d T c R 0 T eff	Organising Carbon and Hydrology In Dynamic EcosystEms Palmer Drought Severity Index Plant Functional Type Radio Detection and Ranging Teoria del Senyal i Comunicacions ORCHIDEE maximum volumetric water content from the Choisnel scheme from top of the atmosphere brightness temperature potential evaporation ORCHIDEE saturation from the CWRR scheme from ORCHIDEE United Nations top of the vegetation brightness temperature evapotranspiration for a wet crop surface saturated specific humidity Milly's correction for ET P United Nations Environment Programme brightness temperature corresponding to the vegetation soil heat flux derivative of q s Stefan-Boltzmann constant United Nations Framework Convention on Climate Change difference between the maximum and minimum daily temperature sensible heat flux specific gas constant atmosphere optical thickness Representative Concentration Pathways Red de Estaciones de Medición de la Humedad del Suelo Universitat Politècnica de Catalunya Unstressed Surface Energy Balance vegetation optical thickness canopy temperature dry sub-layer in the upper layer from the Choisnel scheme from difference between the incoming radiation and the longwave radiation ORCHIDEE that would be emitted if the surface was at T a effective temperature
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Maximum & minimum 2 m temperature X X X X X X X X

Maximum & minimum 2 m relative humidity

Saturated specific humidity at the surface X X

Air specific humidity X X Table 3.3: Parameters outputted from ORCHIDEE's simulations and the methods in which they have been used to estimate ET P .

Even though the study has been carried out at a global scale, four areas across the world were selected in order to facilitate the analysis. These are shown in Figure 3.1. The criteria followed was to cover different climates, surface characteristics and types of vegetation. As a result, there are two arid areas and two humid ones. The first two correspond to semi-arid and arid regions, and the second ones to temperate and tropical regions:

Amazon basin → 70ºW -50ºW , 2ºN -14ºS

Phase 2: TB computation through the CMEM model

The input parameters were provided to the CMEM model in order to compute the brightness temperatures for the period of 2010 to 2012, at an hourly time step and for the Iberian Peninsula.

Phase 3: TB sampling and filtering

In order to perform the comparison between measured and modelled TBs, the two data sets of modelled ones were sampled and filtered. Next, the modelled TBs were re-gridded to the SMOS's grid.

Sampling

The sampling process aimed to compare only modelled TBs of those points where measured ones were available, both in space and time. TBs using ORCHIDEE's surface state variables were computed at an hourly scale, while those from HTESSEL consisted of a value each 6 hours (00, 06, 12, and 18). This resulted in a large number of data being neglected, since these hours did not correspond to the same ones from SMOS's retrieved TBs, as shown in Figure 3.4. To provide the comparison with more modelled data from HTESSEL, it was decided to do the sampling process considering 3 hour interval of SMOS's TBs. Opposite to this, the sampling with modelled TBs from ORCHIDEE was performed at an hourly scale.

We are aware that the different samplings can have effects on the final results, however, we did not want to lose the higher precision provided by hourly modelled TBs compared to that provided using data sampled at a 3 hour interval.
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Further analysis performed

Towards the end of Section 3.2 from "Sensitivity of physically based ET P estimates to climate change" from [START_REF] Barella-Ortiz | Potential evaporation estimation through an unstressed surface-energy balance and its sensitivity to climate change[END_REF], some results obtained from further analysis performed are given. In this section we will explain them more in detail.

A sensitivity analysis was carried out for seasonal trends at the Sahelian region in order to compare the annual and seasonal ET P responses to climate change. There were no significant differences between them in terms of the inter-comparison between different methodologies. This is, ET P estimated using LSM based methodologies (USEB and Milly)

was found to be more sensitive to climate change than when estimated using FAO's method.

This behaviour was observed during both seasons. In addition, this analysis also allowed us to compare the difference in trends between arid and humid seasons and establish the importance of the vapour pressure deficit, in FAO's methodology, and the humidity gradient in LSM based methods.

After the results obtained regarding the impact of ET P 's parameters on its sensitivity to climate change, and more precisely the aerodynamic resistance, we decided to extend the sensitivity analysis to reference evaporation. Our aim was to see if the same conclusions reached for ET P 's case applied to this variable. ET o was computed by means of a physically

Potential evaporation sensitivity to climate change

The VPD and humidity gradient were identified as the main drivers of ET P 's annual trends. To analyse the difference found between arid and humid seasons, the trends of FAO's VPD and the humidity gradients (converted to vapour pressure ones) were computed for both seasons. 

Spatial correlation

The spatial correlation analysis allowed to study how the large spatial structures are represented by SMOS and ORCHIDEE. It was carried out for three day averages: am (00 to 12 hours), pm (12 to 24 hours), and daily (00 to 24 hours). These averages would provide information about different effects, like the impact of sampling or fog on the SM measurement. Figure 5.2 shows the spatial correlation between SMOS and ORCHIDEE for the three of them.

Comparison of measured and modelled brightness temperatures

The temporal evolution of the TB signal's slow varying component shows clearly the difference in variances between retrieved and modelled data that was pointed out previously.

Apart from Figure 5.4, this information can also be seen in Table 5.1. This figure shows the following results:

• A smaller variance is found for modelled TBs (ORCHIDEE and HTESSEL) than for retrieved ones (SMOS) for both polarizations.

• TB H are in better agreement with TB SM than TB O .

Temporal correlation

The temporal correlation between TB SM and the modelled TBs is represented in Figure 5.7. This information is extended to the slow and fast varying component in Table 5.3. Even though the decomposition of the TB signal will be analysed in the next section, the temporal correlations for the slow and fast varying components have been included in Table 5.3 too.

If the temporal correlations computed between measured and modelled soil moisture and between measured and modelled TBs are compared (Figures 5.1 and 5.7), it can be noted that higher ones are obtained regarding TBs. The former have a mean value above 0.7 and the latter has one of 0.85. This could be due to a higher influence of precipitation on soil moisture than on brightness temperature, being SM more reactive to rainfall events.

151 Left column: referred to the horizontally polarized TB.

Right column: referred to the vertically polarized TB.

Comparison of measured and modelled brightness temperatures

The first pattern obtained for the difference between polarized TB O and TB SM is unipolar and very similar between the horizontal and vertical polarizations (Figure 5.12 a and d). For instance, a correlation of 0.99 is obtained between the first pattern of both polarizations. It is characterised by high values in the South-Western region and in an area of the centre of the IP. The signal weakens Eastwards and North-Westwards, being positive in all of the IP.

The second pattern is dipolar, and shows higher differences between both polarizations than the first pattern. This is confirmed by the correlation computed for the second pattern's polarizations, which is 0.55. The pattern for TBV shows a gradient East-West. The Eastern regions shows that the pattern is as strong in the North as it is in the South. The Western region, however, shows that the pattern is higher in the South. It weakens Northwards and 159 First row: referred to the horizontally polarized TB.

Second row: referred to the vertically polarized TB.

scale pattern which evolves over the year and becomes maximum in the above cited seasons. The forcing used in the LSMs simulations has been discarded as being the source of this pattern. Therefore, some process that is not well represented by the land surface models or some issues regarding the CMEM or the observations are left as possible causes to explain the pattern.

Perspectives

The study performed for the ET P analyses the impact of assumptions on the estimates over current climate as well as on its sensitivity to climate change. The study for the TBs puts the emphasis on the consistency between spatial structures yielded by measured and modelled data. In the first case, we have only dealt with modelled data, while in the second one, we have also used observations. These studies share, however, a common objective: improve the modelling of land surface processes and parameters, resulting in a better representation of the hydrological cycle. In order to progress in the amelioration of data modelling, very different perspectives are opened regarding the evaporation process and the soil moisture state variable:

• Analyse ET P 's sensitivity considering other climate change scenarios.

The sensitivity of ET P has been analysed considering the climate change as simulated by the IPSL model using the A2 scenario, which corresponds to the most extreme scenario from the SRES. Performing this analysis using other scenarios, like the B1 (low) or B2 (intermediate), would allow us to establish a general framework of the impact of a changing climate on ET P 's sensitivity.

• Provide ET P according to the definition of Penman-Monteith as an output of Earth system models (ESMs).

The impact of the assumption of neutral stability conditions has been proved to provide ET P estimates which are not in good agreement with the LSM's methods, even when it is made by physically-based methods, like FAO's. We believe that the two methods, USEB and Milly, used in this thesis are more robust than FAO's. One of the