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INTRODUCTION

Since the first mention of the concept of satellite communications more than half a century ago by Arthur C. Clarke [START_REF] Clarke | Extra-Terrestrial Relays: Can Rocket Stations Give World-Wide Radio Coverage?[END_REF], associated studies have been abundant and since the 60's satellite communication systems have been developed all around the world. Nowadays, they are an integral part of the global telecommunication infrastructure and are still at the heart of many research studies. Their applications are numerous, from television to radio broadcasting, telephone, internet access and even military use.

The first commercial satellite communication systems used frequency bands such as Cband (4 to 6 GHz) in a first step and then Ku-band (10-15 GHz) whose technology was appropriate for spacecrafts and sufficiently reliable. Since the beginning of the 21 st century, these frequency bands have been overcrowded which causes complex coordination procedures when developing new satellite systems, and thus, a migration to higher frequencies has been needed. In addition, the increasing number of connected objects and multimedia applications, in the last two decades, have created requirements in terms of wider bandwidths. The available bandwidth in the conventional frequency bands cited above is not enough to fulfil the new requirements. Such wide bandwidths are only available at higher frequency bands such as Ka-band (20 to 30 GHz) or Q/V-band (40 to 50 GHz). Nonetheless, using higher carrier frequencies involves the development of new technologies and therefore results in higher development costs [START_REF] Lacoste | Modélisation spatio-temporelle des champs de précipitation et des couverts nuageux associés : applications à la propagation terre-espace[END_REF].

Research around satellite communication systems is still being conducted after more than six decades because the atmosphere is a very complex system. Today, the accurate comprehension and modelling of its effects on radio waves is a major stake for the telecommunication industry and satellite manufacturers. Among these effects, the most impactful for telecommunications at these higher frequencies is the attenuation of the signal by the troposphere, the lowest layer of Earth's atmosphere. This attenuation can be caused, among other things, by atmospheric gases such as water vapour and oxygen, by the presence of clouds or by rain. The attenuation endured by the signal can be managed by using various adaptive Fade Mitigation Techniques (FMT), such as fixed power margin, adaptive waveform or diversity [START_REF] Castanet | Techniques adaptatives de lutte contre les affaiblissements de propagation pour les systèmes de télécommunications par satellite en EHF[END_REF]. Designing and validating such FMTs is difficult because it requires a proper modelling of the troposphere. Indeed, an inaccurate modelling can either lead to problems of availability and quality of service, or to an increase of the developing cost of those FMTs because of inappropriate link budget margin definition.

New satellite communication systems using Ka-band have been first deployed at midlatitudes, therefore studies about the propagation of radio waves in the atmosphere have been primarily conducted by the United States, Japan and European countries and as such have been focused on Earth-Space links in these particular regions where a temperate climate is most often observed. However today, not only emerging countries such as India, Brazil or China but also all developing countries are actively entering the telecommunications market. In these often wide countries, due to the reduced, or even lack of terrestrial infrastructures, satellite communication systems are often cost-attractive compared to terrestrial telecommunication systems. Unlike developed countries, most of the emerging countries can be primarily found in the tropics where the climate is mainly tropical and equatorial. This difference is crucial in the study of the propagation of radio waves in the troposphere. Indeed, the majority of the models that exists today to describe the effects of the troposphere on radio waves and to calculate the attenuation of the signal have been developed, configured and validated using data gathered in regions with a temperate climate. Moreover, the spatial, temporal and microphysical characteristics of clouds and rainfall, which are the two main sources of attenuation for radio signals over 20 GHz, vary with the type of climate. For example, in the tropics, the duration of rainfall events, the size of rain cells and even the microphysical parameters such as the raindrop size distribution are different from what can be observed in temperate climates [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF].

Another critical issue for developing propagation models in tropical and equatorial regions is the lack of available propagation measurements collected at Ka-band and above in these regions. Indeed, experimental data obtained with satellite beacons or rain gauges are needed to validate and optimize propagation models. However, such data are obtained through propagation experiments that are lacking in tropical and equatorial regions. To circumvent this lack of experimental data, a new trend to modelling the propagation of radio waves in the troposphere has come to light recently using high resolution Numerical Weather Prediction (NWP) models coupled with electromagnetic propagation models. Such NWP models can, in theory, recreate the state of the atmosphere at any moment in the past and wherever in the world if they are fed with reanalysis databases. These reanalysis databases contain past description of the atmosphere simulated using global meteorological models, regularly calibrated using observations gathered by meteorological organizations. The state of the atmosphere relevant for propagation studies is described in meteorological terms with different parameters such as pressure, temperature and water content that can then be used in propagation models to compute the signal attenuation (Outeiral García et al., 2013) [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF].

In relation to this context, this PhD thesis consists in studying the ability of the WRF-EMM model, a hybrid model using an NWP, to reproduce the impact of different tropospheric attenuation sources on radio signals at Ka-band in tropical and equatorial regions.

The first chapter presents a description of the propagation of radio waves in the troposphere in tropical and equatorial regions. It starts by describing the characteristics of the climates found in these regions and how they impact the propagation channel. It then reviews the state of the art of attenuation models in the troposphere, before outlining the different types of data used to validate these models as well as to characterize the RF propagation channel at Ka-band.

The second chapter gives an overview of the use of NWP models in the study of radio wave propagation in the troposphere with a focus on the WRF-EMM model used in this PhD thesis. It starts by reviewing the state of the art of the propagation studies using NWPs. Then, a detailed description of the Weather Research and Forecasting (WRF) model is presented with a focus on its architecture, its input parameters and its physical configuration. This description is complemented with a state of the art of the use of WRF in tropical and equatorial climates with a focus on its microphysical parametrization. Finally, the EMM module implementing the attenuation models described in Chapter I to compute each source of tropospheric attenuation, is detailed.

The approach of the third chapter is to check the validity of the WRF-EMM model for a tropical climate with a configuration previously tested and validated in the south of Europe. First, an analysis of the capacity of the WRF model to simulate the past state of the atmosphere in French Guiana is conducted by comparing its outputs to different meteorological data sources such as reanalysis databanks and rain gauges. Then the ability of the WRF-EMM model to reproduce propagation statistics in French Guiana is verified by using data from the propagation campaign conducted in French Guiana by the Centre National d'Études Spatiales (CNES) and the Office National d'Études et de Recherches Aérospatiales (ONERA) in 2017 and 2018. Finally, a comparison of monthly CCDFs is presented to understand if the WRF-EMM model can properly represent the strong seasonal impact found in tropical and equatorial regions. The process of the fourth chapter is to study the impact of the configuration of the meteorological model WRF on the annual, seasonal and monthly rain attenuation CCDFs computed in French Guiana. This analysis is divided into three steps. First, a change of the parametrization of the computation code and the input data is investigated. Second, the study of the influence of the parametrization of the meteorological model is carried out. Finally, a sensitivity analysis of the microphysical aspect of WRF in order to find the most accurate configuration for French Guiana is presented.

CHAPTER I CARACTERISTICS OF THE PROPAGATION OF RADIO WAVES IN THE TROPOSPHERE IN TROPICAL AND EQUATORIAL REGIONS 1

The goal of this first chapter is to introduce and characterize the propagation of radio waves in tropical and equatorial regions. After briefly recalling several notions concerning the troposphere, the climates found in tropical and equatorial regions are described, with a focus on their impact on radio wave propagation. More specifically, the particularities of the equatorial climate impacting the propagation of radio waves such as temperature variations, as well as water vapour, cloud liquid water, and rain characteristics are outlined. Then, a review of the existing tropospheric attenuation models due to atmospheric gases, clouds and rain in tropical and equatorial climates is presented along with their limitations. Finally, the different types of data used to characterize the propagation channel and to validate propagation models are described.

Characterization of tropical and equatorial regions

This section describes the main specificities of tropical and equatorial climates and their impact on the radio propagation channel. After introducing the notions of tropospheric propagation, the definition of tropical and equatorial regions is recalled as well as the identification of the Intertropical Convergence Zone (ITCZ). Then, a description of the climates observed in these areas is given. A focus on the equatorial climate and more specifically on the region of Kourou in French Guiana is finally presented with a focus on its impact on radio wave propagation.

Tropical and equatorial climates 1.The troposphere

The troposphere is the lowest part of the atmosphere, closest to the ground, in which most of the weather phenomena take place. It extends up to 18 km in the tropics and only up to 6 km near the poles. Its height also depends on the season, and is lower in winter and higher in summer.

One of the main particularities of the troposphere is that it contains about 90 % of the total air mass. Furthermore, it is characterized by the presence of water in gaseous, liquid and solid state. In particular, 99 % of the total mass of water vapour is found in the troposphere. This presence of water is important in terms of radio wave propagation as water, mainly in liquid state, is the major contributor to total tropospheric attenuation at high frequencies. The troposphere is also characterized by a constant decrease of both temperature and pressure as the altitude increases. The air pressure at the top of the troposphere is about 10 % the sealevel pressure.

Finally, and most importantly in terms of impacting the propagation channel, the troposphere is the premise of multiple movement of air masses. Indeed, the air masses move constantly due to frictions with the Earth surface or due to pressure and temperature gradients. These movements, called the atmospheric flow, are the main cause of most weather phenomena and climatological patterns observed in this part of the atmosphere. At the boundary between air masses, condensation may happen, resulting in the presence of liquid water as suspended drops constituting clouds. When humidity still increases, these drops become bigger and bigger and above a certain limit start to fall leading to occurrence of rain.

In the troposphere, most of the time, the temperature decreases with the altitude. Above the troposphere is the tropopause that is a small transition layer before the stratosphere, most notably characterized by its inverse gradient of temperature where temperature increases with altitude. As for the ionosphere, the attenuation it produces is negligible at our frequencies of interest (i.e., above 10 GHz).

The following section defines the notions of tropical and equatorial regions before briefly describing the different particularities of the climates found there. A focus on Kourou in French Guiana is also presented.

Definition and characteristics of the tropical and equatorial climates

As mentioned previously, due to the presence of high tropospheric water contents at such latitudes, tropical and equatorial climates impact significantly the propagation of radio waves at high frequencies. However, before describing the characteristics of the tropical and equatorial climates, it is important to clarify the different terms and notions involved. Indeed, the terms "tropical and equatorial climates" are not equivalent to "tropical and equatorial regions". In the common language, tropical and equatorial regions, also called the tropics, are usually understood as the regions delimited by the Tropic of Cancer to the North and the Tropic of Capricorn to the South, located respectively at 23.26° N and 23.26° S. Figure 1.1 shows a world map with the tropics highlighted in red. Nonetheless, from a meteorological and climatological point of view, this delimitation is too simple because latitude is not the only factor influencing the local climatology. More suitable approaches exist to delimit the climatic boundaries of the tropics using common climatological features such as the absence of a cold season. Several ways can then be chosen to determine the absence of a cold season such as a mean temperature of 18 °C or more at mean sea level for the coolest month of the year [START_REF] Beck | Present and Future Köppen-Geiger Climate Classification Maps at 1-Km Resolution[END_REF]. Another option is to look at the mean annual range of temperature [START_REF] Mcgregor | Tropical Climatology: An Introduction to the Climates of the Low Latitudes, 2nd Edition[END_REF], meaning the difference between the mean of the warmest month and the mean of the coolest month. Indeed, at the equator this variation is weak, of the order of only a few degrees, while in temperate regions it can go up to tens of degrees. An additional option is to compare this mean annual range of temperature to the mean daily range. In the tropics, the mean daily range usually exceeds the annual range of temperature contrary to temperate regions [START_REF] Mcgregor | Tropical Climatology: An Introduction to the Climates of the Low Latitudes, 2nd Edition[END_REF]. Figure 1.2 shows the three delimitations for the tropical and equatorial regions mentioned above: the range of latitudes between the Tropics of Cancer and Capricorn, the 18°C sea-level isotherm for the coolest month and the line where the mean annual range equals the daily range of temperature. It is important to note that this last comparison is only viable over land because the ocean air temperature is almost entirely controlled by the sea surface temperature and thus the diurnal ranges are small at every latitude.

The following section recalls what is the ITCZ and how it impacts the climate in several tropical and equatorial regions.

The Intertropical Convergence Zone

The InterTropical Convergence Zone or ITCZ is the region, near the equator, where the trade winds of the Northern and Southern Hemispheres converge. This convergence of the trade winds helps the air that has been heated by the high temperatures and humidified by the warm water rise. The rising air produces high cloudiness, frequent thunderstorms, and heavy rainfall in the regions present in the ITCZ. Moreover, strong seasonal spatial shifts occur during the year. Indeed, the ITCZ follows the sun and moves north in the Northern Hemisphere summer and south in the Northern Hemisphere winter. Seasonal shifts in the location of the ITCZ drastically affects rainfall in many equatorial regions, resulting in the wet and dry seasons of the tropics rather than the traditional cold and warm seasons of higher latitudes. Longer term changes in the ITCZ can result in severe droughts or flooding in nearby areas. the image. Furthermore, the ITCZ has an important role in the formation of tropical cyclones. Indeed, the changing speed and direction of winds creates favourable settings for the creation of tropical cyclones.

The following section presents the different classifications of tropical and equatorial climates found in the literature.

Classification of tropical and equatorial climates

Regardless of the approach used to delimit the tropical and equatorial regions, this notion is still too broad from a meteorological point of view and the notion of climate is more often used and studied.

The climates found in tropical and equatorial regions are uniformly warm, with the highest temperatures as well as the lowest seasonal variations located near the equator. Actually, the main differences are related to the variations of monthly precipitation amounts [START_REF] Mcgregor | Tropical Climatology: An Introduction to the Climates of the Low Latitudes, 2nd Edition[END_REF]. However, once again, several classifications are used to define the climates found in tropical and equatorial regions. The most commonly used by both climatologists and meteorologists is the Köppen or Köppen-Geiger climate classification system that includes 31 types of climates as can be seen in Figure 1.4 [START_REF] Kottek | World Map of the Köppen-Geiger Climate Classification Updated[END_REF]. This classification system defines four distinct tropical climates that are uniformly warm with every month of the year having an average temperature of 18°C or higher and with significant amounts of precipitation. The four climates are defined as such:

• The tropical rainforest climate (Af), where every month has an average precipitation of at least 60 mm. This climate if often found within 10° latitude of the equator and is distinctive by its lack of seasonality. and is found in summer. This climate is a variation of (Aw) where the dry season occurs during the time of higher sun and longer days.

Several other classifications can be found in the literature to separate the different tropical climates. For example, [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF] refers to a slightly different classification and separates the tropical climates in five different categories close in definition to the categories used by Köppen :

• The Wet Equatorial climate is found within 10° latitude of the equator, it is characterized by very few seasonal variations in terms of temperature and precipitation as well as high amounts of precipitation. • The Coastal Trade Wind climate is found between 5° and 20° latitude, it is characterized by twice the seasonal variations of the wet equatorial climate and a lesser amount of rain.

• The Wet-Dry climate is found between the equator and the subtropical regions, it is characterized by a distinct difference between the wet and dry seasons. It is mainly found in continental regions.

• The Monsoon climate is similar to the Wet-Dry climate except that during the wet season, the amount of precipitation is twice as high.

• The Dry Tropical climate is characterized by its dryness and barrenness with a very limited amount of precipitation during the year. It is found in the arid regions of North Africa and the North of South America.

Another classification can be defined using geographical tropical climates. Indeed, the tropics extend over three continents with very different climates namely tropical Asia, tropical Africa and tropical America. A fourth general climate for oceans and oceanic islands can also be defined. Particularly:

• In tropical Asia, the climate is controlled by monsoon systems that greatly impact the entire region. The dominance of the monsoon creates distinct seasons with specific temperature and precipitation characteristics. For example, the spring as well as the fall can be hotter than the summer due to the very specific temperature regime caused by the monsoons. In terms of precipitation a strong inter-annual variability can be observed as well as tropical cyclones that can be very destructive. • In tropical Africa, the climate is very different from the one found in tropical Asia.

Several typical climates can be found contrary to the tropical Asia that is mainly monsoonal. Indeed, two types of monsoon systems can be observed, the West African monsoon, which is the most vigorous and wet, and the East African monsoon, relatively dry. Additionally, a third climate typically occurs in central and southern Africa where monsoon systems are absent and the climate is rather dry and equivalent to a continental highland climate. Furthermore, tropical cyclones are non-existent due to the cold currents found near the seas surrounding Africa.

• In tropical America, an even greater number of specific climates exist due to the high geographical differences. Indeed, tropical America is made up of the Caribbean, Central America as well as the tropical South American regions. In the Caribbean, the climate is mainly controlled by trade winds which carries unstable and moist flows of air over the whole region made of isolated islands. The relative high orography of these islands leads to high precipitation. Additionally, the annual range of temperature is relatively small due to the dominant oceanic influence. Finally, because of the very warm climate and the high sea surface temperatures during summer, hurricanes are an important component of the climate. In Central America two coastal climates are found, the Pacific coastal climate and the Atlantic coastal climate separated by the mountain chain in the middle. In the tropical south American regions, the situation is similar with the Andes separating both the Pacific and the Atlantic side of the continent. To the West, due to competing meteorological influences, the climates observed can go from completely dry in the south to continuously wet in the north. To the East, distinct seasonal variations can be observed due to the influence of the ITCZ which is a major climatological feature of the region detailed in Section 1.1.1.3. The same variation in climate observed in the West is found with dry climates to the south and wet climates near the Amazon Basin, the Guianas and the north-east coast of Brazil.

• The fourth specific climate is the one found over isolated islands as well as the oceans, that comprise the majority of the tropics. Here, the climate is dominated by the presence of water creating a uniform spatial distribution of temperature as well as a small range of variation along the year. Moreover, isolated islands have an oceanic island climate though local climates can be observed due to the orography, creating wet and dry sides of an island.

For the purpose of this thesis, the case of Kourou in French Guiana is detailed hereafter. Indeed, the work presented here focuses on the propagation of radio waves over Kourou in French Guiana where is located the Guiana Space Centre (GSC) used by the French and Europeans as their main spaceport. The town of Kourou is located at 5°09′35″N 52°39′01″W which can be defined as an equatorial region. In terms of climate, according to the Köppen classification, Kourou has both a tropical monsoon climate (Am) and a tropical rainforest climate (Af) with four distinct seasons. On the one hand, a wet season between the months of April and June is usually observed. It is associated with very high precipitation amounts. A secondary and shorter wet season is also usually observed from December to January. On the other hand, a dry season is found between the months of August and October, when the ITCZ is furthest north. A secondary and much shorter dry season can also be observed in February and March. Primary and secondary dry seasons are associated with more or less weak precipitation amounts depending on the year.

Figure 1.5 shows the monthly mean of temperature and precipitation amount reported by Météo France from climate normals collected between 1981 and 2010, at the GSC located at 5°12'30 ''N and 52°44'48''W (Météo France, 1981). Concentrating on the analysis of precipitations gathered by Météo France and according to Figure 1.5, three distinct precipitation regimes are considered for the climate of Kourou:

• a wet season in April, May and June,

• a dry season in August, September and October,

• a third transitional season constituted of the rest of the year with no clear dry or wet regime. The following section presents the particularities of the climates found in tropical and equatorial regions that impacts the propagation of radio waves in the troposphere, with a focus on the case of Kourou.

Impact of the climate on tropospheric propagation

As mentioned in Section 1.1.1.1, the troposphere strongly impacts the propagation of radio waves. Indeed, they are subject to several impairments when crossing the troposphere. Among the different tropospheric impairments, the attenuation endured by the signal is one of the main issues for designing high frequencies Earth-Space telecommunication links. This tropospheric attenuation is mainly due to four components: oxygen, water vapour, clouds and rain. Other forms of impairments such as scintillation or depolarization also occur in the troposphere but since they are not studied in this thesis, they will not be detailed here. The goal of this section is to look at the particularities of the tropical and equatorial climate responsible for the attenuation endured by radio signals.

The first significant feature of tropical and equatorial climates, regardless of the classification chosen, is the relatively high temperature all year long. Furthermore, as explained in Section 1.1.1.2, the temperature profiles in tropical climates are remarkable by their low mean annual temperature range compared to temperate regions as can be seen in Figure 1.6. It is important to highlight this low annual range of temperature because it is one of the only features of tropical climates that does not have a seasonal component. Moreover, in tropical climates, the variations of temperature are mainly dominated by the diurnal cycles. This variation is only observed over land as oceans act as enormous reservoirs of heat creating very few diurnal variations of temperature. The diurnal variations of temperature can be dependent on several factors such as continentality, altitude and cloudiness. For example, the highest variations in one day can be observed in extensive highlands while cloudy regions have generally the lowest diurnal ranges [START_REF] Mcgregor | Tropical Climatology: An Introduction to the Climates of the Low Latitudes, 2nd Edition[END_REF]. It is important to note that this diurnal range is quite regular over the year and that variations are often due to thunderstorms present in the day in question. Longer variations can also be observed between cloudy and clear sky conditions which affect the maximum daily temperature. The different types of variations mentioned here are important in the study of radio wave propagation for the simple reason that the different propagation models used today depend on temperature. The specific annual and diurnal variations found in the Tropics with respect to those that can be observed in temperate climate can have a strong impact on the accuracy of the attenuation models, especially because the models usually used by the propagation community are statistical models that have been developed essentially for temperate regions (i.e., from radio propagation data collected at mid-latitudes).

The second and most important feature of tropical climate seen in Section 1.1.1.2 is precipitations and more specifically rainfall. It is estimated that over two-third of all rainfall on Earth occurs in tropical and equatorial regions [START_REF] Guojun | NASA -Long-Term Increase in Rainfall Seen in Tropics[END_REF]. Recalling that rain is the highest source of attenuation among the various tropospheric components, it justifies the importance of the rain attenuation modelling in the present work. The first statement that can be made concerning rainfall in tropical and equatorial regions is that it is the most variable meteorological element in space and along the year. Indeed, in most tropical and equatorial climates, the interannual and seasonal variations observed in terms of rain amount, rain intensity, frequency of rainy days is large [START_REF] Mcgregor | Tropical Climatology: An Introduction to the Climates of the Low Latitudes, 2nd Edition[END_REF]. Along with this high variability, several other differences with temperate climates are also observed in the tropics. Among the most impactful are the types of rainfall encountered. In meteorology, three distinct types of precipitation are usually defined: convective, stratiform and orographic. These three types are related to the way the precipitation occurs. Convective precipitation develops when air rises vertically and rapidly through the atmosphere while stratiform precipitation are a consequence of the slow ascent as well as the horizontal movement of large air masses (frontal systems). Convective rain is generally more intense, very localized in space and of shorter duration than stratiform rain. Orographic precipitation is a particular type of convection that occurs when the masses of air are forced up the side of elevated land formations such as mountains. [START_REF] Schumacher | Stratiform Rain in the Tropics as Seen by the TRMM Precipitation Radar[END_REF] computes different convectivestratiform ratios in tropical and equatorial regions using 3 years of data (1998)(1999)(2000) from the Tropical Rainfall Measurement Mission (TRMM) precipitation radar over the region delimited 20°S-20°N. On average over the three years studied, convective rain accounts for 60 % of the rain amount in tropical and equatorial regions. However, 73 % of the rainy areas are under stratiform events. Finally, the convective-stratiform rain rate ratio, which is the ratio of the average rain rates over the three years considered was on average 4.1, with most of the values over land being larger than 5. These observations show that convective events are prominent in tropical climates. However, stratiform rain with high spatial extension, are still present. [START_REF] Negri | A 10-Yr Climatology of Amazonian Rainfall Derived from Passive Microwave Satellite Observations[END_REF] showed that this combination of convective and stratiform rain is typical of tropical and equatorial climates. A typical example is the squall line composed of highly convective rain cells surrounded by a very extended stratiform background. This observation greatly impacts the modelling of the propagation channel because stratiform and convective rain have different microphysical characteristics. Among these characteristics, the rain Drop Size Distribution (DSD) is critical for the modelling of rain attenuation. This parameter has been studied extensively over the years and several representations have been tested, all of which have met with limited success, especially in tropical and equatorial regions where this question is still an open issue. The DSD is described in details in Chapter II, where the most commonly used models as well as the most suitable ones for tropical and equatorial climates will be presented. It is also important to mention that the intensity and duration of rain events in tropical and equatorial regions are very different than the ones found in temperate regions. Finally, as mentioned, a strong seasonal component can be observed in the tropics, with very marked wet and dry seasons, and especially concerning precipitation. This seasonality can impact greatly the accuracy of the propagation models which usually propose yearly predictions. Indeed, many attenuation models used to quantify tropospheric impairments are statistical models that predict distributions over an average year but the strong seasonal variations as well as the large inter-annual variability have not been validated so far. Focusing on seasonal and monthly statistics may then be a solution to better represent the propagation channel in tropical and equatorial regions. This aspect will be addressed in Chapter IV. Among the other features of tropical and equatorial climates that impact tropospheric propagation, humidity and clouds are also significant. Humidity or more specifically, relative humidity which is the partial pressure of water vapour over the equilibrium water vapour pressure can be briefly mentioned because of its direct impact on the water vapour attenuation. Indeed, water vapour attenuation is directly linked to the amount of water vapour in the air along the radio path. Concerning tropical and equatorial climates, much higher humidity values are reported than in temperate regions: it may impact the accuracy of water vapour attenuation models. Regarding clouds in tropical and equatorial climate, various atlases by [START_REF] Warren | Simultaneous Occurrence of Different Cloud Types[END_REF][START_REF] Warren | Global Distribution of Total Cloud Cover and Cloud Type Amounts Over Land[END_REF][START_REF]Global Distribution of Total Cloud Cover and Cloud Type Amounts Over the Ocean[END_REF] gathers several millions routine observations of clouds. In [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF], a comprehensive analysis of the different types of clouds present in tropical climates is presented. Cloud attenuation is not studied in details in this thesis as the focus is made on rain attenuation. However, it is important to mention that the largest amount of Cumulonimbus, which is associated with high precipitations, is found in the ITCZ with around 10-14 % of all observed clouds of that type (Warren et al., 1988).

After presenting the particular climates found in tropical and equatorial regions, and their characteristic that most greatly impact the propagation of radio waves, the following section presents a review of the different tropospheric attenuation models found in the literature with a focus on their limitations concerning tropical and equatorial climates.

Tropospheric attenuation models

This section presents a review of the different attenuation models found in the literature with a focus on the attenuation due to oxygen, water vapour, clouds and rain. A critical analysis of their limitations concerning tropical and equatorial climate is also presented.

Attenuation models due to atmospheric gases

The only significant effects of atmospheric gases for frequencies between 1 and 300 GHz are due to oxygen and water vapour and more specifically to the absorption by molecules of oxygen and water.

There are two types of models in the literature to compute the attenuation due to atmospheric gases, the physical and most rigorous models and the statistical or empirical models. The physical models, such as Liebe's model or the ITU-R model described in Section 1 of Annex 1 of Recommendation ITU-R P.676-12 are the most rigorous and accurate ones. They allow the gas attenuation to be computed along the radioelectric path [START_REF] Liebe | Propagation modeling of moist air and suspended water/ice particles at frequencies below 1000 GHz[END_REF]. The attenuation computation is based on the accurate modelling of the physical effect of the molecules on the incident electromagnetic wave. Their frequency range of validity is generally very large with some going up to 2 THz. Nevertheless, detailed vertical profiles of temperature, pressure and humidity along the radio path are required as inputs for these models to be accurate and such experimental data is not often available, especially in tropical areas. The second type of models found in the literature are more empirical and allow statistical distributions to be predicted. They require a lesser amount of meteorological data to function as well as a lesser computational power. Indeed, these statistical approaches usually require surface or integrated data such as the surface temperature or the integrated water vapour content, often available in meteorological databases as explained in further details in Section 1.3.1. Nonetheless, these faster models work in a reduced range of frequencies compared to physical ones and their accuracy, though reasonable, is also lesser. The theory behind the absorption due to atmospheric gases has been extensively studied and the physical models used have been compared to a large panel of experimental data. Their accuracy has been deemed very good, especially compared to attenuation models due to rain or clouds. Thus, these physical models are used to develop and fit statistical models. Since the theory behind all these models is well-understood and since they have been extensively tested, their accuracy in tropical and equatorial regions is not in question. These physical models are not used in the thesis and therefore they are not detailed hereafter and only statistical models will be mentioned in Chapter II.

Regarding oxygen attenuation, which remains weak whatever the latitude except for radioelectric frequencies around 60 and 118 GHZ, it is not the most problematic effect in tropical and equatorial climates. This can be explained due to the high temperatures observed in such climates as mentioned in Section 1.1.1.2. Indeed, oxygen attenuation decreases with increasing temperature so the attenuation is lower than in temperate regions. Moreover, the small variations of temperature in tropical and equatorial climates cause the oxygen attenuation to be almost constant (COST 255, 2002). In the literature, several statistical models can be found to compute oxygen attenuation. They are based on the computation of the zenith attenuation adapted to any elevation angles using the cosecant law. The zenith oxygen attenuation is obtained by multiplying a reference specific attenuation computed at the surface with an equivalent height attributable to oxygen. An example is the Salonen model developed for frequencies below the oxygen broad absorption band near 60 GHz, using radiosonde observations in five different climatological regions of Europe [START_REF] Salonen | Study of propagation phenomena for low availibilities[END_REF]. It is less rigorous than the Liebe's model because it computes the oxygen attenuation using an equivalent height of dry air developed through correlation studies. It requires as inputs the surface pressure, the surface temperature at 𝑡 0 and 𝑡 0 -12 ℎ, the frequency and the elevation angle. It was shown in a one-year study in Italy that, for a link at 31.7 GHz, the Salonen's model underestimates the oxygen attenuation by less than 0.02 dB (COST 255, 2002). A second example and the most often used oxygen attenuation model is the ITU-R model described in the Annex 2 of Recommendation ITU-R P.676-12. Like the Salonen model, it computes the oxygen attenuation through the calculation of the specific attenuation on the surface and the calculation of an equivalent height attributable to oxygen. This model requires dry air pressure, temperature, water vapour partial pressure, the frequency and the elevation angle. It is considered valid between 1 GHz and 350 GHz and for elevation angles ranging between 5° and 90°.

The situation is different concerning water vapour as tropical climates are much more humid than temperate climates as mentioned in Section 1.1.2. Thus, water vapour attenuation is higher in tropical and equatorial climates than in temperate climates. Furthermore, it can be a critical effect at Ka-band because of the very close 22.235 GHz water vapour absorption line. Here, three statistical models can be found in the literature, the Salonen and both the ITU-R models. The Salonen model is based on the hypothesis that the zenithal water vapour attenuation is related to the Integrated Water Vapour Content (IWVC) over the point of interest. The attenuation due to water vapour is computed using a reference specific attenuation calculated by Liebe's model, a frequency scaling factor and the IWVC threshold exceeded for a specific percentage of time. It requires the surface temperature and pressure, the frequency, the elevation as well as statistics of the IWVC over the point of interest. The model is valid only for elevation angles higher than 10° as for lower elevations, the Earth's curvature should be taken into account. The two other models commonly used are described in Annex 2 of Recommendation ITU-R P.676-12. They are both valid between 1 and 350 GHz and for elevations ranging from 5° to 90°. The first one is similar to the ITU-R model used to compute oxygen and it is recommended for terrestrial links. It is computed through the equivalent height of water vapour and requires both surface temperature, surface pressure and water vapour density. The second model described in the Recommendation to compute water vapour attenuation must be used for Earth-space links only and is very similar to the Salonen model as it relies on the knowledge of the IWVC.

Attenuation models due to clouds

Clouds are composed of suspended water droplets and the attenuation they cause can be determined with great accuracy using the Rayleigh model of electromagnetic wave scattering. Recommendation ITU-R P.840-8 includes a procedure to accurately derive the cloud liquid water specific attenuation coefficient, 𝐾 𝑙 , in (dB/km)/(g/m 3 ), which is only frequency and temperature dependant. Multiplying this coefficient by the cloud liquid water density, 𝜌 𝑙 , in g/m 3 , allows the cloud specific attenuation, 𝛾 𝑙 , in dB/km, to be derived. The cloud attenuation is then computed by integration of the cloud specific attenuation along the slant path. However, as previously highlighted, this very accurate physical approach requires the vertical profiles of cloud liquid water density, generally obtained from radiosonde measurement associated with a cloud detection method such as the Salonen-Uppala model [START_REF] Salonen | New prediction method of cloud attenuation[END_REF]. Since such data is not widely available, simpler models using some general assumptions and approximations have been developed to predict the statistics of cloud attenuation. The ITU-R model is among the most commonly used statistical cloud attenuation models.

Recommendation ITU-R P.840-8 proposes two prediction methods to compute the statistical distribution of cloud attenuation:

• If local measured data of the total columnar content of cloud liquid water (or Integrated cloud Liquide Water Content (ILWC)), in mm, is available, e.g., from ground radiometric measurements, Earth observation products or meteorological numerical products, the prediction method in § 3.2 of Recommendation ITU-R P.840-8 allows the cloud liquid water mass absorption coefficient, 𝐾 𝑙 , in dB/mm, to be derived. This coefficient is then multiplied by the ILWC to calculate the cloud attenuation along slant paths. • If local measured data of ILWC is not available, the method in § 3.1 of Recommendation ITU-R P.840-8 could be used to predict the cloud attenuation along slant paths. This prediction method is based on ERA-40 data where the total columnar content of cloud liquid water reduced to a fixed temperature of 273.15 K is used. In that way, the cloud liquid water mass absorption coefficient to be used is simply equal to the cloud liquid water specific attenuation coefficient computed at 273.15 K, i.e., 𝐾 𝑙 = 𝐾 𝑙 (273.15 𝐾). This approach is very convenient as it is applicable worldwide through the use of the digital maps. Nevertheless, these digital maps were derived using the Salonen-Uppala cloud detection method which has been developed and validated in cold and temperate areas. Its applicability for tropical and equatorial regions is somewhat questionable and recent studies have shown a possible strong overestimation of the ILWC in these areas. Furthermore, the limitations of this model in tropical and equatorial regions are also linked to the global maps used. Indeed, they were computed with the ERA-40 database that has a spatial resolution of 1.25°x1.25° equivalent to 110×110 km² in these regions. Such a poor spatial resolution is clearly a source of error when computing cloud attenuation for a point-to-point radio link.

Finally, statistical cloud attenuation models are commonly used in the study of tropospheric propagation however, it is important to note that their accuracy for low percentage of times is questionable. Indeed, low percentages of time are characterized by the presence of both cloud and rain attenuation. These attenuations are not always easily separated in both simulation results and experimental data which can lead to doubtful comparisons for low percentage of times. This observation is made in [START_REF] Tervonen | Test of recent cloud attenuation models[END_REF], where an analysis of the Salonen-Uppala model is presented. The model is compared to measured attenuation data from the ITU-R DBSG5 database. The authors show a close agreement with the measurements for percentage of times higher than 3 % but an underestimation for lower percentages of time explained by the merging of cloud and rain attenuation.

Attenuation models due to rain

At frequencies above 10 GHz rain attenuation becomes the most impactful factor of tropospheric propagation. This can be observed in Figure 1.7 where the different atmospheric specific attenuations are computed using the ITU-R models. The specific attenuation due to atmospheric gases is here computed using the model found in the Section 1 of Annex 1 of Recommendation ITU-R P.676-12 for a reference atmosphere at the surface of the Earth computed using the Recommendation ITU-R P.835-6. The specific attenuation due to clouds is computed using the model described in Recommendation ITU-R P.840-8. The plots shown here are for values of cloud liquid water contents from both cumulus and cumulonimbus clouds which are the two main types of precipitating clouds [START_REF] Gandhidasan | Simplified Modeling and Analysis of the Fog Water Harvesting System in the Asir Region of the Kingdom of Saudi Arabia[END_REF]. The specific attenuation due to rain is computed at the zenith using the Recommendation ITU-R P.838-3 for two different rain rates representative of moderate and intense precipitations (AMS Glossary, 2010). We can see that at 20 GHz, rain attenuation can go up to several dBs per kilometre depending on the rain intensity when attenuation due to atmospheric gases and clouds are only in the order of magnitude of, respectively, 10 -1 dB/km and 10 0 dB/km. For this reason, the accurate modelling of rain attenuation is the most critical issue for tropospheric propagation studies. This is even more critical in tropical and equatorial regions, where the characteristics of rainfall are both more variable and extreme than in temperate regions.

The modelling of rain attenuation has been studied extensively in the literature (COST 255, 2002). Even if global models are available, their validity at low latitudes is much more questionable than at mid-latitudes where they have been intensively tested against propagation data. Indeed, very few experimental propagation campaigns have been done up to now and the existing ones have been done for a specific elevation angle, longitude, latitude and frequency. This is a strong limitation regarding the validation of the different statistical models developed as it requires pluriannual experimental data to be accurate.

The modelling of rain attenuation at a given frequency can be computed through the integration of the specific rain attenuation over the radio path. This specific attenuation can itself be computed through two different approaches. First, from the knowledge of the rain Drop Size Distribution (DSD) assumed to be spherical, and the extinction cross-section defined by the Mie Theory of scattering, the specific rain attenuation can be computed [START_REF] Hulst | Light Scattering by Small Particles[END_REF] [START_REF] Manabe | Inference of raindrop size distribution from attenuation and rain rate measurements[END_REF]. This approach is physically more accurate. However, it requires a microphysical description of the rain DSD that is only available through the use of disdrometers or micro rain radars. To overcome the lack of such experimental data, several models of DSD have been developed such as the most commonly used Marshall-Palmer or Ulbrich-Atlas models. Because of the low availability of rain DSD and to avoid using models whose accuracy is questionable in some regions, a second approach based on the rainfall rate is often found in the literature. This second approach is more commonly used because the rainfall rate is a much easier parameter to measure, using rain gauges such as tipping buckets or syphons, and its availability is thus much higher. The model described in the Recommendation ITU-R P.838-3 follows that approach by computing the rain specific attenuation through a knowledge of the local surface rain rate and using a power-law. This method is valid for a specific frequency ranging from 1 to 1000 GHz, as well as for a specific polarization and elevation. Nonetheless, when the rainfall rate is not locally available, statistical models can be used to predict statistical distributions of rainfall rate, usually based on rain maps computed through the use of reanalysis databases [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF].

Due to the very high number of rain attenuation models found in the literature, only models whose validity in tropical and equatorial regions has been tested are mentioned here. Some models are also mentioned for their specificities that could work for tropical and equatorial regions.

The first model to be presented is the rain attenuation prediction method provided by Recommendation ITU-R P.618-13. It computes the rain attenuation from height above mean sea level of the station, the elevation angle, the latitude of the station, the frequency as well as the rainfall rate exceeded for 0.01 % of an average year 𝑅 0.01 . If this last parameter cannot be computed from local measurements it can be predicted using the global maps of rain rate found in Recommendation ITU-R P.837-7. Recommendation ITU-R P.618-13 is supposed to be valid anywhere on the globe, for frequencies up to 55GHz and for percentages of time between 0.001 % and 5 %. However, its performance in tropical and equatorial regions has not been clearly established yet because it was developed essentially using experimental data from temperate regions.

Among the models that have been developed for tropical and equatorial regions, the Karasawa model based on the work of [START_REF] Yamada | An Improved Prediction Method for Rain Attenuation in Satellite Communications Operating at 10-20 GHz[END_REF], using the same parameter 𝑅 0.01 as Recommendation ITU-R P.618-13, has been developed and found to be adequate for tropical regions by the European Space Agency (ESA) [START_REF] Yeo | Rain Attenuation Prediction Model for Satellite Communications in Tropical Regions[END_REF]. It was developed to increase the performance of the existing models at the time for lower probabilities. The Ramachandran model, based on Recommendation ITU-R P.618-11, was also developed to improve the prediction of rain attenuation in tropical areas [START_REF] Ramachandran | Modified Rain Attenuation Model for Tropical Regions for Ku-Band Signals[END_REF]. [START_REF] Yeo | Rain Attenuation Prediction Model for Satellite Communications in Tropical Regions[END_REF] also developed an improvement of the ITU-R model to obtain a better performance in tropical and equatorial regions. [START_REF] Yeo | Rain Attenuation Prediction Model for Satellite Communications in Tropical Regions[END_REF] compared the three models introduced above to experimental data from eight stations located in tropical and equatorial regions (Brazil, Papua New Guinea, Indonesia, Malaysia, Thailand and Singapore). For the two stations located in Brazil and one in Singapore, the model developed by [START_REF] Yeo | Rain Attenuation Prediction Model for Satellite Communications in Tropical Regions[END_REF] gives the lowest Root-Mean Square (RMS) error with values ranging from 0.12 dB to 0.05 dB. For the stations located in Papua New Guinea, Indonesia and Malaysia, the Ramachandran model gives the lowest RMS error with values from 0.25 dB to 0.10 dB. Both the ITU-R models tested from the Recommendation P.618-5 and P.618-11 gave high RMS errors for all eight stations. The Karasawa model did not perform well for the eight stations studied. The better performance of the Yeo and the Ramachandran models compared to the ITU-R models was to be expected since they were developed especially for these regions. However, it is important to note that the comparison presented here is for a link at Ku-band and that the performance of these models at Ka-band has not yet been tested.

Finally, a few models developed for temperate regions are important to cite because they are more physically-based so they might give best results for tropical regions. For example, the Crane-two component model as well as the SC-EXCELL models take into account separately the contribution of attenuation from convective and stratiform rain [START_REF] Crane | A Two-Component Rain Model for the Prediction of Attenuation Statistics[END_REF]) [START_REF] Capsoni | A New Prediction Model of Rain Attenuation That Separately Accounts for Stratiform and Convective Rain[END_REF]. This feature is interesting for tropical and equatorial regions because of the more distinct behaviour of both types of rain in these regions. The Leitao-Watson showery model is also interesting for tropical and equatorial regions because it takes into account the rainfall type as well a seasonal component in the computation of rain attenuation which has a strong impact in tropical and equatorial climates [START_REF] Watson | Development of a Climatic Map of Rainfall Attenuation for Europe[END_REF].

As presented here, several rain attenuation models can be found in the literature but only Recommendation ITU-R P.618-13 presents a validity all over the globe. Nonetheless, they have been mainly developed for temperate regions and their performance in tropical and equatorial regions is usually not very known due to the particularities of the climates found in these regions. Moreover, the few models developed for tropical and equatorial regions found in the literature have only been tested and compared to experimental data at Ku-band or lower and only for very specific areas. The lack of experimental data at Ka-band in tropical and equatorial regions makes it difficult to validate any models. This is the reason why the use of a hybrid meteorological-electromagnetic model, such as the one developed by ONERA in (Outeiral García et al., 2013) could be extremely useful in the future to overcome this lack of experimental data as well as finding a global model that works for every region of the globe.

The following section looks at the different types of data available today to characterize the radio propagation channel as well as to validate the existing attenuation models.

Review of available input data used to characterize the propagation channel

A detailed characterization of the propagation channel is critical for the development, optimization and validation of attenuation models. As seen in the previous section, several atmospheric and meteorological parameters are needed to compute the attenuation due to atmospheric gases, clouds and rain, therefore, experimental or reanalysis data is required. Furthermore, experimental data from beacon receivers are needed in order to validate attenuation models.

This section is separated in three categories. First, meteorological data coming from reanalysis databases is described. Then, data gathered from several types of observations is outlined. Finally, a focus is made on the data available to characterize the propagation channel in Kourou gathered by the ONERA/CNES propagation experiment.

Review of available reanalysis data

This first section describes the reanalysis data available to characterize the propagation channel in tropical and equatorial regions from a meteorological point of view.

Reanalysis databases are one of the most useful sources of meteorological data for propagation studies. They consist of global two or three-dimensional maps of different meteorological parameters such as pressure, temperature, water vapour, liquid water contents, wind velocity, and parameters describing precipitation such as rain rate and rain height. These maps are computed using a reanalysis system to analyse archived observations and to recreate a past state of the atmosphere. The latest reanalysis database from the ECMWF is ERA5 with a spatial resolution as low as 0.25°x0.25° which is equivalent to less than 30×30 km² in the tropics and a temporal resolution of 1 h. The data available extends from 1979 until now [START_REF] Hersbach | The ERA-5 global reanalysis[END_REF]. It is the reanalysis database with the highest temporal and spatial resolution. It supersedes the older databases of the ECMWF such as ERA-40 and ERA-Interim that are used by several Recommendations of the ITU-R to compute global maps [START_REF] Uppala | The ERA-40 re-analysis[END_REF] [START_REF] Berrisford | The ERA-Interim archive, version 2.0[END_REF]. The data available in this database is divided into two types:

• Single level data: it gathers the surface parameters in two dimensional maps, such as surface temperature, surface pressure or integrated water contents. • Pressure level data: also called profile data, it gathers three-dimensional parameters over 37 pressure levels ranging from 1000 hPa to 1 hPa, such as temperature, pressure relative humidity or wind velocity.

The two datasets presented here are used extensively in the work presented in Chapter III and Chapter IV. Additionally, they are the only reanalysis datasets used in this PhD, even though other databases exist and are presented hereafter.

The National Centers for Environmental Prediction (NCEP) in the US developed the Climate Forecast System Reanalysis (CFSR) for the period 1979-2011 with a spatial resolution of 0.5°x0.5° and a temporal resolution of 1 hour (CFSR, 2004). After March 2011, the operational version named CFSv2 is the one in use. The National Aeronautics and Space Administration (NASA) developed the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2). It covers the period 1980 to the present with a spatial resolution of 0.5°x0.625° and a temporal resolution of 3 hours for three-dimensional data and 1 hour for surface data. The useful relative information for each database is gathered in Table 1. 1. This section reviewed the global reanalyses databases available for propagation studies with a focus on the ERA5 database and its two datasets that are used extensively in this PhD. The following section describes meteorological datasets gathered from observations, among which we can mention Earth observation missions as well as more conventional observational data.

Review of available observational data

This section presents a review of the available meteorological data gathered from observation. First, Earth observation missions focused on tropical and equatorial regions are detailed. Then, more conventional observational data used in propagation studies are presented.

Another type of dataset interesting for propagation studies are Earth observation missions. Their number has really increased since the first ESA launched meteorological satellite Meteosat in 1977. There are two missions focusing on tropical and equatorial regions that are relevant for our purpose.

First, the Tropical Rainfall Measuring Mission (TRMM) was a joint mission between NASA and the Japanese National Space Development Agency (NASDA) [START_REF] Nasa | Tropical Rain Measurement Mission[END_REF]. Its goal was to observe and understand tropical rainfall as well as its long-term behaviour before the mission was discontinued in 2015. The Precipitation Radar (PR), the Microwave Imager (MI) and the Visible and Infrared Radiometer System (VIRS) on board provided information on the three-dimensional distributions of precipitations in tropical and equatorial regions. Several end products are available such as a gridded map of the 3-hour rain rate with a spatial resolution of 0.25°x0.25°.

Second, the Global Precipitation Measurement (GPM) mission, which is the extension of the TRMM mission that started in 2014 (NASA et JAXA, 2015). Following the success of the TRMM mission, NASA and the Japan Aerospace Exploration Agency (JAXA), successor of the NASDA, decided to launch an improved second satellite. The observation coverage, the temporal resolution as well as the observation of the structure of precipitation events are better. Regarding precipitation, the addition of a dual precipitation radar at both Ku and Kabands allows more detailed observations. The datasets available for study from the GPM satellite are numerous and concerning precipitations, maps with a temporal resolution of 30 minutes and a spatial resolution of 0.1°x0.1° are available. In this PhD, only the surface rain Other missions such as the CloudSat mission or the MeteoSat Second Generation (MSG) mission also produce datasets to help characterize the propagation channel. The CloudSat mission is focused on measuring the vertical structure of clouds and produces datasets such as radar backscatter profiles, cloud geometrical profiles, cloud classifications or cloud water contents. The MSG mission also focuses on the imaging of clouds as well as studying many other meteorological aspects of the atmosphere. It also produces datasets such as cloud top temperature, cloud top height and fog presence.

The global datasets presented here are very appropriate for the study of radio propagation because they give global and long-term information about the propagation channel. However, they are not the only source of data useful for propagation studies. Local meteorological data are also an integral part of every study and if available, they are often preferred to global data because of their higher temporal and spatial resolution. Concerning precipitation, three types of local data are interesting:

• Rainfall rate measurements, as explained in Section 1.2.3, are used to compute specific rain attenuation by several models in the literature. Rain rate statistics are usually derived through the use of rain gauges such as syphon or tipping bucket. Tipping bucket rain gauge data are quite common and their accuracy and availability are quite good because this is a simple and rather cheap instrument. • Rain DSD measurements, can also be used to compute the rain specific attenuation.

It is derived using acoustic or optical disdrometers with a high accuracy. These data are still less common (especially optical disdrometers that are more recent) because they are very specific and a little bit more expensive with respect to rain gauges.

• The three-dimensional structure of precipitation can be very informative and would be helpful to compute accurately the attenuation due to rain. It can be measured using either a weather radar or specific precipitation radars (such as small radar devices working at millimetre-waves in vertical direction and able to characterize DSD profiles). The availability of such data is quite rare: indeed, precipitation radars are more expensive than rain gauges and disdrometers, and on the other hand weather radars are extremely expensive instruments only available from Meteorological agencies. This section reviewed the global observational data available for propagation studies in tropical and equatorial regions as well as the more conventional and local meteorological data usually used in such studies. The following section deals with radio wave data that are useful for the study of tropospheric propagation with a focus on the Ka-band propagation experiment launched in Kourou by ONERA and CNES in 2017.

Review of available radio wave data 1.3.3.1 Characterization of the RF propagation channel

This section deals with the characterization of the propagation channel from a radiofrequency point of view. As explained in Section 1.2, tropospheric propagation at Kaband and higher is mainly affected by attenuation due to atmospheric gases, clouds and rain.

In order to develop and test attenuation models, it is necessary to use test methodology relying on appropriate metrics. Concerning attenuation models, the validation method simply consists in comparing statistics predicted by the models to statistics computed from attenuation measurements or to statistics generated from very accurate physical models using local data. Three instruments are mainly used to collect propagation measurements: beacon receivers, radiometers and GNSS receivers. They are described hereafter:

• Beacon receivers are antennas pointed at a specific satellite that receive continuously a pure beacon carrier for a long period of time. The measured power levels of the received signal give access to the in-excess tropospheric attenuation. Long-term experiments allow studies to be done to compute attenuation CCDFs over one or several years that can then be compared to attenuation models to finally assess their performances. • Radiometers are instruments used to measure the radiant flux of electromagnetic radiation. More specifically, they can retrieve very accurately the water vapour and liquid water contents in the absence of rain. In propagation studies they are used to compute the clear-sky attenuation also called the 0-dB level. This clear-sky attenuation is used to isolate rain attenuation from total tropospheric attenuation.

• GNSS beacon receivers can be used to estimate the integrated water vapour content at a specific location.

Review of propagation experiments in tropical and equatorial regions

As mentioned in Section 1.2, experimental propagation campaigns are very rare in tropical and equatorial regions at Ka-band. Additionally, the data are not always available to the community. However, we can find in the literature three recent propagation experiments that are still operational in tropical and equatorial regions.

The first propagation experiment is a collaboration between ONERA, CNES and ISRO (Indian Space Research Organization) to study the propagation of radio waves in India, at 20 GHz and 30 GHz using the GSAT-14 satellite [START_REF] Dasgupta | A new propagation campaign in tropical areas: The Ka-band propagation experiment over India with the GSAT-4 satellite[END_REF]. A second experiment in Malaysia by Joanneum Research is also under way in two locations with beacons receiver at 20 GHz pointed at the Syracuse-3A satellite [START_REF] Cuervo | The JOANNEUM RESEARCH SatCom Ka and Q band campaigns in Europe and Malaysia[END_REF]. Finally, ONERA and CNES have been conducting a propagation experiment in Kourou, French Guiana at the Guiana Space Centre (GSC) since 2017. The results of this experiment will be intensively used in this thesis as a benchmark, to compare the performances of the successive models under test and as such, are described in further details hereafter.

This experiment began in December 2016 and is still underway using the beacon signal of the AMAZONAS-3 satellite located on the geostationary orbit at 61 °W [START_REF] Boulanger | Propagation Experiment at Ka-Band in French Guiana: First Year of Measurements[END_REF]. The carrier frequency is 20.1995 GHz with a right-hand circular polarization. The ground station is located at the GSC in Kourou and the exact coordinates are 5.1713 °N and -52.6862 °E with an altitude of 0.013 km. Three instruments are present on site to gather local propagation data:

• A tipping bucket rain gauge able to record the exact instant of tips with a temporal resolution of 1 second, a collecting area of 316 cm², a pulse resolution of 0.1 mm and an accuracy of 0.015 mm. From this instrument, both the rain rate time series in mm/h and the rain accumulation time series in mm in Kourou are extracted with a 1 second time-step.

• A beacon receiver composed of a 0.9 m prime focus parabolic antenna with a commercial thermally stabilized Ka-band to L-band low noise block-converter. Data is recorded at 10 Hz sampling rate and the dynamic range of measurements has been experimentally assessed to reach around 24 dB making it impossible to measure extremely high attenuation events. The elevation and azimuth angles of the beacon receiver are, respectively, 78.49° and 238.360°. This instrument allows, through postprocessing, the extraction of excess attenuation time series that represents only rain attenuation including a part of cloud attenuation when it is raining. After using a low-pass filter to remove tropospheric scintillation, the reference or clear-sky attenuation level is subtracted to extract excess attenuation. • A GNSS beacon receiver composed of a GNSS RTK board that provides accurate positioning and heading information as well as a mini survey antenna used to receive multi-frequency and multi-constellation signals. This instrument can be used to compute the Integrated Water Vapour Content (IWVC) on site at a 1 Hz frequency. Indeed, using GNSS signals, the tropospheric propagation delay suffered by microwave signals can be computed. This delay can be divided into the zenith hydrostatic delay and the zenith wet delay. The latter can then be converted into the IWVC using the procedure found in [START_REF] Jeannin | Prédiction du retard troposphérique et de l'atténuation de la vapeur d'eau à partir de mesures GNSS -Rapport Final de l'étude[END_REF] 

Conclusion

This chapter introduced the propagation of radio waves in the troposphere in tropical and equatorial regions in three distinct steps. First, after recalling several important definitions such as the troposphere, the ITCZ, and the different classifications of tropical and equatorial climates the impact of such climates on tropospheric propagation was presented. Then, a state of the art of tropospheric attenuation models due to atmospheric gases, clouds and rain was performed. Both physical and statistical or empirical models were mentioned with a special focus on the main relevant ITU-R prediction methods, most commonly used today to predict tropospheric attenuation. Finally, a description of the available data used to characterize the propagation channel was reviewed. From a meteorological point of view, both reanalysis and observational databases were presented with a focus on the databases used in this PhD that are the ERA5 reanalysis database and the GPM observational database. Then, the few propagation experiments in tropical and equatorial regions found in the literature were identified. A focus was made on the Ka-band propagation experiment conducted by ONERA and CNES since December 2016 in Kourou, French Guiana, because it will be extensively used in this PhD to validate the different models investigated.

The following chapter presents the potentialities of Numerical Weather Prediction models in propagation studies to compute the tropospheric attenuation suffered by a radio link. This type of high-resolution models is here investigated for two reasons. First the existing attenuation models have only been rarely tested in low latitudes and their performance in such climates is questionable. Second, this type of model could help circumvent the issue of the lack of experimental data as it can simulate any type of Earth-Space link. After reviewing the state of the art concerning the use of such models in propagation studies, a more detailed description of the WRF-EMM model used in this work is presented.

CHAPTER II USE OF A NUMERICAL WEATHER PREDICTION MODEL TO SIMULATE THE
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The first chapter introduced the climate characteristics observed in tropical and equatorial regions that impact radio propagation as well as the different attenuation models available in the literature to predict the statistical behaviour of the radio propagation channel. As explained, the lack of experimental data in such regions is problematic both to validate the commonly used attenuation models (generally developed from mid-latitudes propagation data) or to develop more suitable models. As mentioned in the introduction, the use of Numerical Weather Prediction (NWP) models in propagation studies is a new trend that seems very promising to produce synthetic propagation data all around the world while accounting for the local climatology, which could help overcome the lack of experimental data in any regions. Therefore, this chapter focuses on the use of NWP models to produce propagation statistics. First, a state of the art of propagation studies using NWPs is performed. Then, the NWP used in this work, the Weather Research and Forecasting (WRF) model, is presented in details with a focus on its parametrization. Finally, the post processing ElectroMagnetic Module (EMM) used to compute attenuation from the NWP's outputs is described.

Numerical Weather Predictions in propagation studies

NWP models simulate the Earth's atmosphere from specific initial conditions by solving the primitive equations that describe the atmospheric flow over a certain period of time. They produce either a forecast or a reanalysis of past states of the atmosphere. These models are very common today to produce the forecasts given by the different meteorological entities. Two main types of NWP models exist: the global NWPs that reproduce the state of the Earth's atmosphere in its entirety and the local or regional NWPs that reproduce only a specific region, often with finer spatial and temporal resolutions.

In the last two decades, the use of NWPs has extended to the propagation domain. Indeed, several propagation studies have used, in one way or another, NWPs to help in the modelling of the propagation channel for radio waves. The most noticeable examples are the recommendations of ITU-R for radio wave propagation. Indeed, many of them use as inputs, reanalysis data generated from the global NWP of the European Center for Medium-Range Weather Forecasts (ECMWF). For example, to compute attenuation by atmospheric gases, Recommendation ITU-R P.676-12 uses the reference standard atmosphere given by ITU-R P.835-6 and the surface temperature given by ITU-R P.1510-1, obtained from ERA15 [START_REF] Gibson | ECMWF Re-Analysis Project Report Series -ERA-15 Description[END_REF] and ERA-Interim [START_REF] Berrisford | The ERA-Interim archive, version 2.0[END_REF] reanalysis databases. To predict cloud attenuation, Recommendation ITU-R P.840-8 also uses products from global NWPs with the total columnar content of cloud liquid water being derived from the ERA40 database [START_REF] Uppala | The ERA-40 re-analysis[END_REF]. It is the same for rain attenuation with Recommendation ITU-R P.618-13 which requires the rain height from the 0°C isotherm height above mean sea level provided by Recommendation ITU-R P.839-4 from ERA15 and the rainfall rate predicted by Recommendation ITU-R P.837-7 from monthly mean surface temperature and monthly mean rain amount from ERA-Interim database and Global Precipitation Climatology Centre product [START_REF] Schneider | GPCC Full Data Reanalysis Version 6.0 at 0.5°: Monthly Land-Surface Precipitation from Rain-Gauges built on GTS-based and Historic Data: Gridded Monthly Totals[END_REF].

The use of global NWPs in propagation studies does not stop with the ITU recommendations and they are also used to better characterize the radio propagation channel. [START_REF] Davarian | Deep space Ka-band link management and Mars Reconnaissance Orbiter: long-term weather statistics versus forecasting[END_REF] presents a proof of concept of the use of forecasting for deep space link management by using NWPs to perform the link management at Ka-band for deep space communications. Instead of using annual or even monthly attenuation CCDFs to manage the link budget, the authors used data produced by NWPs every six hours, to forecast the noise temperature and the tropospheric attenuation suffered by the signal. They showed a good potential in using NWPs to better characterize the radio propagation channel rather than using annual or monthly statistics. [START_REF] Memmo | Comparison of MM5 integrated water vapour with microwave radiometer, GPS, and radiosonde measurements[END_REF] used NWPs to compute integrated water vapour content over central Italy. Good scatter plots and long-term statistics are obtained and the seasonal variability is well represented when compared to a large dataset of concurrent integrated precipitable water vapour estimates from ground-based microwave radiometers, global positioning system ground receivers and radiosonde observations. [START_REF] Shelters | Calculation of Long-Term Tropospheric Attenuation Statistics Using Weather Cubes[END_REF] and [START_REF] Shelters | Satellite Communications in the V and W Band: Tropospheric Effects[END_REF] used the concept of weather datacubes compiled using the atmospheric characterization package Laser Environmental Effects Definition and Reference (LEEDR) to calculate long-term tropospheric attenuation statistics at V and W bands near New York. Here, weather datacubes are 3-dimensional cubes of the atmosphere produced by the Global Forecast System (GFS), an NWP model developed by the National Oceanic and Atmospheric Administration (NOAA). Then, for every datacube, the propagation parameters are derived, the presence of rain and clouds is determined by an algorithm using vertical velocities and rainfall surface amount, and the specific attenuation is obtained. This study presents good correlation of the CCDFs for percentages of time superior to 50%. For lower percentages, the CCDFs do not match the experimental data, due to the algorithm used to determine the presence of rain and clouds in the datacubes. Indeed, the coarse spatial and temporal resolution of the datacubes create a sort of spatial and temporal mean of the rain events over the whole datacube decreasing the presence of high-attenuation rain events. Finally, a very recent study shows the use of a global NWP to better characterize the radio propagation channel by estimating rainfall [START_REF] Giro | Rainfall Estimation from Tropospheric Attenuation Affecting Satellite Links[END_REF].

The studies mentioned so far use global NWPs to statistically characterize the RF propagation channel, most of the time in terms of tropospheric attenuation CCDFs. But only a few studies focus their analysis directly on tropospheric attenuation time series produced by local NWPs. [START_REF] Hodges | Generation of attenuation time-series for EHF SATCOM simulation[END_REF] are the first to study the concept of a simulator of the propagation channel based on a local NWP combined with an electromagnetic module to generate attenuation time series. Using both the hydrostatic UK Met Office Unified Model or UM at 11 km and 1 h resolutions and the non-hydrostatic MM5 (Fifth-Generation Penn State/NCAR Mesoscale Model) with resolutions down to 2 km, the study shows that this approach is very promising despite the poor temporal resolutions provided by the weather forecast models in 2003. A good temporal correlation between synthetic and experimental time series is reported. However, in this study, the rain attenuation is not derived directly from the NWP's outputs unlike attenuation due to clouds and atmospheric gases, but from radar data which spatial and temporal resolutions are 5 km and 15 min, respectively. Clearly, the temporal resolution of 15 min chosen is too high to accurately reproduce intense rain events. (Hodges et al., 2006) show more results in the United Kingdom with errors in the total attenuation CCDFs inferior to 6 % for 99 % of the time and inferior to 4 % for 99.9 % of the time. The concept was very promising but the results are limited to a few months, over the United Kingdom. To go further in the use of their model, (Hodges et Watson, 2006) test the forecasting ability of the model to give fade warnings up to 48 hours for a 20GHz link in England and Italy and show, once again, a promising concept. Even better results can be seen in [START_REF] Watson | Real-time propagation forecasting for Earth-space communication[END_REF] using the same model. [START_REF] Biscarini | Evaluation of deep space Ka-band data transfer using radiometeorological forecast models[END_REF] follows on the same path as [START_REF] Davarian | Deep space Ka-band link management and Mars Reconnaissance Orbiter: long-term weather statistics versus forecasting[END_REF] but with data coming from the local NWP MM5 with spatial and temporal resolutions of 6 km and 6 h, respectively. The authors show, once again, a good potential to better characterize the tropospheric propagation channel. Particularly, this study is one of the rare that mentions the parametrization of the NWP used and its three different cloud microphysical schemes. The Reisner 1, the Reisner 2 and the Goddard schemes are mentioned without further details on which is used or better. [START_REF] Grythe | Predicting near-time satellite signal attenuation at Ka-band using tropospheric weather forecast model[END_REF], using the Météo France NWP model AROME with resolutions of 2.5 km and 1 h, show adequate comparisons of total attenuation CCDFs at 19.68 GHz for three months in 2015 at three sites in Norway. [START_REF] Kourogiorgas | Long-term and short-term atmospheric impairments forecasting for high throughput satellite communication systems[END_REF] use the ECMWF's operational forecast with resolutions of 10 km and 1 h to compute long-term and short-term tropospheric impairments. Only a few examples of attenuation CCDFs are presented over a few days but the prediction method investigated using NWPs seems one more time promising. Recently, [START_REF] Marziani | Microwave Tropospheric Scintillation and Excess Attenuation Prediction for Satellite to Earth Links Using 3D High-resolution Meteorological Forecast Models: Data Validation and Case Study[END_REF] has used two local NWPs -the Integrated Forecast System (IFS) of the ECMWF and the GFS from NOAA -at 1 km and 5 min resolutions to compute the total tropospheric attenuation including the scintillation effects. In this study, temporal correlation between the synthetic attenuation time series and the experimental data collected in Rome at 39.4 GHz over a few days is poor.

A simulator similar to that described in [START_REF] Hodges | Generation of attenuation time-series for EHF SATCOM simulation[END_REF] is proposed in (Outeiral García et al., 2013). This time, the atmospheric simulator relies on the Weather Research and Forecasting (WRF) model, often considered to have superseded the MM5 model. The WRF model is combined with an electromagnetic post processing module able to compute several tropospheric impairments. Another improvement with respect to the other studies is the ability of the simulator to manage links with Low-Earth Orbit (LEO) satellites. Finally, rain attenuation is here computed from the outputs of the WRF model instead of using radar data as in the precursor paper of [START_REF] Hodges | Generation of attenuation time-series for EHF SATCOM simulation[END_REF], making the approach fully dependent on the NWP's outputs. Its evaluation is conducted in [START_REF] Jeannin | Atmospheric channel simulator for the simulation of propagation impairments for Ka band data downlink[END_REF], where comparisons with propagation data collected in Italy in 1996 are presented. Particularly, when compared to the statistics of total attenuation at 18.7 GHz derived from ITALSAT measurement in 1996, the results show good correlation between the synthetic and experimental annual CCDFs, even though a very poor instantaneous temporal correlation is, again, reported. [START_REF] Fayon | Use of WRF to generate site diversity statistics in south of France[END_REF] and [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] use the same simulator to study site diversity and generate joint distributions. After a post-optimization of the rain Drop Size Distribution (DSD) in the EMM module, the authors show that the synthetic CCDFs of rain attenuation obtained in Toulouse in 2013 and 2014, as well as the spatial correlation coefficients around Toulouse and in several locations in southern Europe -Aveiro (Portugal), Madrid (Spain), Salon de Provence (France), Spino d'Adda (Italy) -are very close to the experimental propagation statistics collected in the concurrent places at 20 GHz. Finally, very recently, [START_REF] Quibus | Numerical weather prediction models for the estimate of clear-sky attenuation level in alphasat beacon measurement[END_REF] and (Quibus et al., 2019) use a similar version of the simulator to compute tropospheric attenuation over Spino d'Adda in Italy. Special attention is then given to atmospheric gases and cloud attenuation, to investigate the ability of the simulator to estimate clear-sky attenuation. The authors show a good correlation between simulated and experimental CCDFs for non-rainy situations. Further results including rain episodes are presented in [START_REF] Quibus | Modelling propagation impairments of Earth-Space links using Numerical Weather Prediction tools[END_REF] for Louvain-la-Neuve, but the rain and cloud attenuation temporal correlation coefficients between simulations and measured statistics decrease significantly.

As presented, both global and regional NWP models, have been used in propagation studies for the last two decades, either to characterize the propagation channel or to directly compute tropospheric impairments. The results obtained through several studies are numerous and different from many points of view but all of them show the interest to compute tropospheric attenuation from NWP simulations without resorting to long and costly propagation experimental campaigns. However, the state-of-the-art shows that certain aspects remain insufficiently studied.

First, all the studies presented above focus on the temperate regions of Europe. No study looks at the ability of NWPs to accurately reproduce atmospheric propagation impairments in tropical and equatorial regions. Yet, such regions have more extreme rain events (i.e., radio links suffer from stronger attenuations) than can be typically found in temperate areas so the ability of NWPs to produce a statistical description of the propagation channel has to be demonstrated. Second, only very few studies look at the monthly statistics instead of the annual ones. This is critical for tropical and equatorial areas where dry and wet seasons drive the local climatology. Finally, though it is well known that meteorological models are very sensitive to their configuration (cloud microphysical schemes, rain drop size distribution, size of the domain, hydrostatic or non-hydrostatic configurations…) and to the initial conditions, only two studies in the open literature analyse the impact of the NWP parameterization on the prediction of the tropospheric attenuation. Indeed, [START_REF] Biscarini | Evaluation of deep space Ka-band data transfer using radiometeorological forecast models[END_REF] mentions the three different parametrization of the MM5 model while [START_REF] Quibus | Modelling propagation impairments of Earth-Space links using Numerical Weather Prediction tools[END_REF] tests the impact of several microphysical and cumulus schemes on the ability of WRF to reproduce attenuation due to atmospheric gases.

The following two sections present the WRF model (Section 2.2) and the electromagnetic module (Section 2.3) that will be used further, in Chapters III and IV, to compute tropospheric attenuation. Importantly, in compliance with the above-mentioned considerations, a special attention is devoted in Section 2.2 on the parametrization of the WRF model and on its implementation in tropical and equatorial regions.

The Weather Research and Forecasting (WRF) model

This section details the NWP model used in this PhD: The Weather Research and Forecasting (WRF) model. After briefly describing the model's architecture, the inputs it requires and the meteorological outputs it produces that will be useful for propagation computations are laid out. Then, the physical configuration of the model is analysed, by outlining the different macrophysical parameters that most impact the model. Finally, a focus on the microphysical schemes used in WRF is presented alongside a state of the art of the microphysical schemes used in tropical and equatorial regions.

Overview of WRF

The WRF model is a regional NWP, also called a mesoscale model, designed for both research and numerical weather predictions. It can replicate a specific 3-dimensional region of the atmosphere with high spatial and temporal resolutions. The architecture of the model can be divided into two separate modules, the WRF Pre-processing System (WPS) and the WRF Core. The WPS module is composed of three programs that gather the terrestrial and meteorological data and process them for inputs to the WRF Core. Then the WRF Core, constituted of two programs, creates the different initial and boundary conditions of the simulation before launching the meteorological simulation itself.

The WPS module is composed of three programs, geogrid.exe, ungrib.exe and metgrid.exe. The geogrid.exe program defines the physical grid with different input parameters such as the projection type, the latitude and longitude, the number of grid points, the grid resolution and the domain locations. It then interpolates the static geographical fields to the different simulation grids. The ungrib.exe program transforms the meteorological data, obtained from a reanalysis database, from a grib format into an internal binary format required by the metgrid.exe program. This last program uses the outputs of both the geogrid and ungrib programs to horizontally interpolate meteorological data onto the projected domains. The goal of the WPS module is to supply a complete 3-dimensional snapshot of the atmosphere over the simulation grid at the specific time frames of the simulation. The outputs of the WPS module, containing 3-dimensionnal fields of temperature, relative humidity, geopotential height, pressure and horizontal wind components, are then transferred to the WRF Core.

The WRF Core is composed of two programs. Before launching the wrf.exe program that starts simulating the atmosphere with different physical schemes, the real.exe program is launched. Its goal is first, to vertically interpolate the different meteorological fields obtained with the WPS module onto the 37 pressure fields of the simulation, and second, to build the initial and lateral boundary conditions of the simulation at each time slices (dependent on the reanalysis meteorological data used).

The architecture of the model is illustrated in Figure 2.1, where both sections of the model are shown. The next section describes the input data required for the model as well as the outputs useful to study the propagation of radio waves in the atmosphere.

Inputs & Outputs of WRF

The WRF model and more specifically the WPS module requires meteorological input fields to launch the simulation. These input fields are primarily used to compute the initial and lateral boundary conditions needed because the WRF model is a regional NWP. Indeed, global NWPs are closed systems and benefit from periodic boundary conditions due to the global atmosphere being taken into account in the simulation. The required fields to launch the WRF model are found in Table 2.1. These meteorological fields can be found in reanalysis databases such as the ERA-Interim [START_REF] Berrisford | The ERA-Interim archive, version 2.0[END_REF] or ERA5 [START_REF] Hersbach | The ERA-5 global reanalysis[END_REF] databases from the ECMWF as well as the GFS from NOAA [START_REF] Gfs | Global Forecast System[END_REF].

Many meteorological outputs are computed by the WRF model. Indeed, the WRF model is a complex atmospheric simulator that allows a large number of parameters to be computed in order to give different information for forecasts and analysis. The outputs can go from the pressure and temperature 3-dimensionnal fields to soil parameters, wind components and rain accumulation. Depending on the output, it can be a 2-dimensionnal or a 3-dimensionnal field. To compute tropospheric impairments, only a limited number of outputs are required. Regarding Earth-space propagation the following parameters are required:

for attenuation due to atmospheric gases: pressure 𝑃, temperature 𝑇, water vapour mixing ratio 𝑄 𝑣 and air density 𝜌 𝑎 , for attenuation due to clouds: temperature 𝑇, cloud mixing ratio 𝑄 𝑐 and air density 𝜌 𝑎 ,

for attenuation due to rain: temperature 𝑇, rain mixing ratio 𝑄 𝑟 and air density 𝜌 𝑎 .

The methods to compute the contributions of gases, clouds and rain to the total tropospheric attenuation from the above-mentioned WRF outputs are detailed in Section 2.3. 

Physical configuration

The WRF model possesses six categories of physical schemes used to parametrize the simulation, all of which have a specific task, detailed in [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF] and hereafter:

• Microphysical schemes process resolved water vapour, cloud and precipitation in the atmosphere which makes them the most impactful concerning all types of water species and precipitations. A more detailed description is presented in Section 2.2.4.

• Cumulus schemes are responsible for the effects of sub-grid size clouds of both convective and/or shallow and non-precipitating nature. They are intended to represent vertical fluxes due to unresolved updrafts and downdrafts and compensating motion outside the clouds. Theoretically, they are only valid for grid sizes greater than 10 km but are sometimes used to compute convection for grid resolutions of 5-10 km. For a grid resolution lower than 4 km, they should not be used [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF].

• Planetary Boundary Layer (PBL) schemes are responsible for vertical sub-grid-scale fluxes due to eddy transports in the whole atmospheric column, not just the boundary layer. • Surface layer schemes calculate friction velocities and exchange coefficients that enable the calculation of surface heat and moisture fluxes by the land-surface models and surface stress in the PBL scheme. • Radiative schemes provide atmospheric temperature tendencies due to radiative flux divergence and surface downward longwave and shortwave radiation for the ground heat budget. Longwave include infrared or thermal radiation absorbed and emitted by gases and surfaces. Upward longwave radiative flux from the ground is determined by the surface emissivity that in turn depends upon land-use type, as well as the ground (skin) temperature. Shortwave radiation includes visible and surrounding wavelengths that make up the solar spectrum. Hence, the only source is the Sun, but processes include absorption, reflection, and scattering in the atmosphere and at surfaces. For shortwave radiation, the upward flux is the reflection due to surface albedo.

Input fields Units Description

TT K 3-d air temperature RH % 3-d relative humidity SPECHUMD kg kg -1 3-d specific humidity UU m s -1 3-d wind u-component VV m s -1 3-d wind v-component GHT m 3-d
• Land-Surface Models (LSM) use atmospheric information from the surface layer scheme, radiative forcing from the radiation scheme, precipitation forcing from the microphysics and convective schemes together with internal information on the land's state variables and land-surface properties, to provide heat and moisture fluxes over land points and seaice points.

While the model physics parameterizations are categorized in a modular way, it should be noted that there are many interactions between them via the model state variables (potential temperature, moisture, wind, etc.) and their tendencies, and via the surface fluxes, as shown in 

Microphysical schemes

As explained in the previous section, the microphysical scheme is the most impactful parameter concerning the production of precipitations by WRF. We also recall that, from a propagation point of view, rain is the major contributor to total tropospheric attenuation. Thus, this section gives a more detailed description of the possible microphysical parametrizations of the WRF model. After a brief overview of the microphysics implemented in WRF, a state of the art of the microphysical schemes used in tropical and equatorial regions is presented, before describing the nine schemes selected for this thesis and their particularities.

Overview

Different microphysical schemes are implemented in WRF to process every resolved water species present in the atmosphere. Depending on the scheme used, only a certain number of water species is considered by the model. As an example, the first microphysical scheme implemented in WRF, the Kessler scheme, only considers three water species: water vapour, clouds and rain [START_REF] Kessler | On the Distribution and Continuity of Water Substance in Atmospheric Circulations[END_REF]. Then, after several years of studies and development, models that could compute up to seven water species have been implemented, such as in the WSM7 model [START_REF] Bae | Development of a Single-Moment Cloud Microphysics Scheme with Prognostic Hail for the Weather Research and Forecasting (WRF) Model[END_REF]. To process the water species, the microphysical scheme relies on the simulation of many physical processes such as freezing, sublimation, aggregation and many others that are involved between the different water species. Figure 2.3 shows the several interactions between the six water species specific to the WSM6 model [START_REF] Hong | The WRF Single-Moment 6-Class Microphysics Scheme (WSM6)[END_REF]. The several production terms and interactions presented in this figure are described in [START_REF] Hong | The WRF Single-Moment 6-Class Microphysics Scheme (WSM6)[END_REF].

In microphysics modelling, there are two distinct approaches, bulk microphysics parametrization and spectral (bin-resolving) microphysics [START_REF] Khain | Representation of Microphysical Processes in Cloud-Resolving Models: Spectral (Bin) Microphysics versus Bulk Parameterization[END_REF]. The first one explicitly computes the particle size distribution of the different hydrometeors when the second predicts one or more drop size distribution (DSD) moments rather than the DSD itself. Bin-resolving methods provide a more rigorous solution than bulk methods. However, the computational cost associated remains a restriction for weather forecasts and climate prediction. Thus, the bulk microphysical parameterization scheme, a relatively simple and computationally efficient approach, is often the preferred method applied to the simulations of convective systems [START_REF] Milbrandt | A Multimoment Bulk Microphysics Parameterization. Part I: Analysis of the Role of the Spectral Shape Parameter[END_REF]. Bulk microphysical schemes themselves can be divided into two categories: the single moment and the multiple moment schemes. The single-moment schemes predict only the mixing ratios of the hydrometeors by representing the hydrometeor size for each class with a distribution function, such as an exponential or a gamma function [START_REF] Milbrandt | A Multimoment Bulk Microphysics Parameterization. Part I: Analysis of the Role of the Spectral Shape Parameter[END_REF]. Meanwhile, the double-moment schemes predict not only the mixing ratio of the hydrometeors but also their number concentrations. This additional prognosed parameter allows more flexibility of the drop size distribution by enabling the concentration of rain drops to evolve within the simulation in contrast to the single-moment approach [START_REF] Lim | Development of an Effective Double-Moment Cloud Microphysics Scheme with Prognostic Cloud Condensation Nuclei (CCN) for Weather and Climate Models[END_REF]. Many of the double-moment schemes only predict the number concentration for a limited number of hydrometeor species. The doublemoment approach has become a promising method to improve the microphysical processes in the mesoscale modelling area, even though it requires more computational time than the single-moment approach.

Finally, there are twenty-six options of microphysical schemes available in the latest WRF version. Since it is the most impactful parameter concerning precipitations, the following section presents a state of the art of the use of microphysical schemes in tropical and equatorial regions in order to try and to find the most suitable schemes for such regions.

State of the art in tropical and equatorial regions

As stated before, twenty-six microphysical schemes are available in the version 4.0.3 of WRF and every scheme's processes to produce precipitation is different. Together with the initial boundary conditions, the other physical parameters chosen or the considered region, the outputs of the WRF simulations can differ, for example, in terms of spatial distribution or temporal localization of the precipitations. Figure 2.4 shows an example found in the literature of the high variability of the spatial distribution of the WRF simulations by comparing the surface rainfall estimates of 16 different configurations during a three-day period in India. Here, four microphysical schemes, four cumulus schemes and two planetary boundary layer schemes are investigated. Though WRF is a research model that has been studied extensively by the meteorological community over the years, there is no single recommendation in terms of microphysical schemes. Therefore, recalling the strong impact of the microphysical scheme on the rain amount produced by WRF, a review of the literature is needed to identify the microphysical schemes suitable for tropical and equatorial regions.

In the recent years, several studies have been carried out using WRF in tropical and equatorial regions. They were motivated by the emergence of many populated countries in these regions that are often subject to natural disasters such as flooding or hurricanes, and for which a good prediction of precipitations is thus very important. Clearly, a good forecast of heavy rain events in advance can help warn the regions at risk for flash-flooding [START_REF] Maw | Impacts of Microphysics Schemes and Topography on the Prediction of the Heavy Rainfall in Western Myanmar Associated with Tropical Cyclone ROANU[END_REF]. In another context, a good forecast of dry periods can help manage water resources for agricultural purposes [START_REF] Gbode | Sensitivity of Different Physics Schemes in the WRF Model during a West African Monsoon Regime[END_REF].

Some of these studies focus on the impact of the microphysical schemes on the WRF rain amount prediction and try to find the most suitable one for their region of study. The major parts of these papers refer to Asian climates affected by monsoons.

A first series of paper rely on the analysis of particular events. For example, [START_REF] Surussavadee | Evaluation of WRF physics options for highresolution weather forecasting in tropics using satellite passive millimeter-wave observations[END_REF] study the ability of the WRF model to replicate brightness temperature as well as the rain rate in Thailand during 5 storms spread over the whole country using satellite data from the Advanced Microwave Sounding Unit (AMSU). The analysis is made on 6 microphysical schemes including both single and double-moment schemes. The results show that the WRF Double-Moment 6-class (WDM6) scheme performs best. The authors conclude that the forecasts using this scheme generally agree with satellite observations both in terms of locations and intensities of the rain events. The surface rainfall estimates obtained for the best configuration is shown in Figure 2.5. It appears that cumulative rainfalls all over the area can be in good agreement whereas the shape of the fields can be rather different. However, it is important to note that the rain events studied are mentioned as "extreme", and might not be comparable to "classical" rain events. In the same spirit, [START_REF] Maw | Impacts of Microphysics Schemes and Topography on the Prediction of the Heavy Rainfall in Western Myanmar Associated with Tropical Cyclone ROANU[END_REF]) study the sensitivity of three simple moment schemes over the country of Myanmar (previously Burma).

Here, the study focuses on the performance of WRF to replicate cyclones: one more time, the results refer to extreme meteorological events, i.e., that would affect the radio link budget for very weak percentages of time. However, an important conclusion of the study is that depending on the feature you want to replicate, the best configuration is not always the same. Indeed, the authors show that the WSM6 scheme replicates best the track of the cyclone when it is the Lin scheme that replicates best the rain intensity of the storm. [START_REF] Choudhury | The Sensitivity to the Microphysical Schemes on the Skill of Forecasting the Track and Intensity of Tropical Cyclones Using WRF-ARW Model[END_REF] reach the same conclusion in a study of tropical cyclones over the East sea of India where two single-moment and two double-moment schemes are studied. Thompson and Goddard schemes are found to be the best performing schemes however, with Goddard better at replicating the track of the cyclones and Thompson better at replicating the intensity of precipitations. In the same region, [START_REF] Rodrigo | Sensitivity Study of WRF Numerical Modeling for Forecasting Heavy Rainfall in Sri Lanka[END_REF] study the sensitivity of two singlemoment and two double-moment microphysical schemes over Sri Lanka for two classical but extreme rain events chosen during two distinct types of monsoon seasons. The results, compared to both rain gauges and satellite data, show good performance of both the WRF Single-Moment 6-class (WSM6) and the WDM6 scheme. Nonetheless, only the spatial distribution of precipitations is well represented and the instantaneous or cumulated rain intensities are often far from the experimental data. The authors also note that a certain aspect of seasonality can be observed in the simulations. Indeed, for the event during the southwest monsoon season, the WSM6 scheme performs best however, for the event during the northeast monsoon season a combination of both the WSM6 and the WDM6 schemes performs best. The same conclusions are found in [START_REF] Reshmi Mohan | Simulation of a Heavy Rainfall Event over Chennai in Southeast India Using WRF: Sensitivity to Microphysics Parameterization[END_REF] where three days of heavy rainfall during the monsoon season over the Southeast of India are simulated using three single-moment and two double-moment schemes. A comparison with both surface rainfall data and doppler weather radar data shows that the Thompson and the Morrison double-moment schemes perform best, but not simultaneously for the intensity and the spatial distribution of rainfall.

A more limited number of papers present statistical analyses for longer periods of time. A statistical analysis is presented in [START_REF] Guo | Sensitivity of Summer Precipitation Simulation to Microphysics Parameterization Over Eastern China: Convection-Permitting Regional Climate Simulation[END_REF], where two single moment and one double moment schemes are analysed over six summer seasons in Eastern China. Contrary to previous studies that dealt only with single events or single days of simulation, this study looks at the statistical performances of WRF to reproduce rain depending on the microphysical schemes. The WRF statistical results are compared to experimental statistics derived from satellite and rain gauge data or from the ERA-Interim database. The authors then show that the Lin and Thompson schemes perform best to reproduce the spatial patterns of rain events but not for rain intensities. Additionally, they observe that the diurnal variations of precipitations are not well represented by any microphysical schemes: a bias is present in the simulations and may be caused by other parameters than the microphysical schemes. In the same spirit, [START_REF] Gbode | Sensitivity of Different Physics Schemes in the WRF Model during a West African Monsoon Regime[END_REF] presents the performance of two single-moment schemes over West Africa for two months of the monsoon season. The Goddard single-moment scheme is the best performing between the two schemes analysed. However, the authors conclude that the performance of the schemes is strongly dependent on the region of focus and the variables of interest as well as the metric used to compare the results.

The studies presented so far analyse the performances of different microphysical schemes in tropical and equatorial regions mainly affected by monsoon systems. Though located in equatorial area, the climatology in French Guiana (region of interest in the present work) differs. In that regard, [START_REF] Rama Rao | Evaluation of the Weather Research and Forecasting (WRF) Model over Guyana[END_REF] study the performance of three single-moment schemes in Guyana to reproduce a few days of heavy rainfall as well as a hurricane. Figure 2.6 shows the surface rainfall and surface winds obtained with the 6 different configurations tested in this paper for a one-day period in May 2010. The results show that the WRF Single-Moment 3-class (WSM3) scheme performs best in this region in terms of predicted surface rainfall. However only three single-moment schemes are analysed. A little further away from French Guiana, [START_REF] Mourre | Spatio-Temporal Assessment of WRF, TRMM and in Situ Precipitation Data in a Tropical Mountain Environment (Cordillera Blanca, Peru)[END_REF] and (Moya-Álvarez et al., 2018) study the performance of the WRF model to replicate precipitations over the Peruvian Andes using the Thompson and the Morrison schemes, respectively. Whatever the scheme, the results obtained with WRF are poor probably due to the complex orography of the region together with a WRF grid resolution too coarse to capture accurately the spatio-temporal variability of the rain events. A further study of the problem is presented in (Moya-Álvarez et al., 2018 [2]) where one single moment scheme as well as one additional double-moment scheme are analysed. The authors conclude that the Morrison scheme performs best concerning the spatial pattern of precipitation though the rain intensities are globally overestimated. (Martínez-Castro et al., 2019) continues the study by analysing two additional single moment schemes as well as one double-moment scheme. This last study shows, again, that the Morrison scheme performs best in this region. Additionally, the authors show that though temperature is well replicated, only the general dynamics of cloud systems and the daily precipitations are well represented, not the hourly or 5 minutes rain amounts that are crucial indicators towards the instantaneous characterization of the atmospheric propagation channel. It is also important to note that these four studies focus on a region of the Central Andes where the orography is very pronounced and highly complex. Furthermore, these studies show that depending on the statistic chosen to compare the schemes, the best scheme is not always the same. In the same region but with an orography comparable to the one of French Guiana, [START_REF] Rogelis | Streamflow Forecasts from WRF Precipitation for Flood Early Warning in Mountain Tropical Areas[END_REF]) study the WRF model using the WSM3 microphysical scheme in Bogota during 107 days selected for their significant production of heavy rainfall. The results show that the scheme's performance is quite poor, but only the WSM3 microphysical scheme has been used. [START_REF] Basso | Microphysical Analysis and Modeling of Amazonic Deep Convection[END_REF] presents a more comprehensive analysis of the WRF ability to replicate a squall line using two single-moment and two double-moment microphysical schemes in the Amazon region of Brazil. The simulations, compared to both satellite and radar data, show that the Morrison scheme performs the best. Additionally, an interesting conclusion of the study is that the ice cloud content plays a central role in the performance of the microphysical scheme to replicate rain events. Finally, very recently, [START_REF] Comin | Extreme Rainfall Event in the Northeast Coast of Brazil: A Numerical Sensitivity Study[END_REF] analyse the performances of two single-moment and four double-moment schemes over the Northeast coast of Brazil, close to French Guiana. The study focuses on eleven days of May 2017, where the cumulated rain amount reached 500 mm over these days in some locations. Using satellite data computed from a derived product of the TRMM mission as well as rain gauges, the study shows that the Morrison scheme presents the best performance in terms of both temporal and spatial distribution of rainfall. However, the study does not focus only on the microphysical parameter of the simulation but also on the Planetary Boundary Layer (PBL) model used which plays a role on the accuracy of the simulation.

The state of the art presented here is summarized in Table 2.2 for the articles focused on the Asian and African continents and in Table 2.3 for the articles focused on the American continent. In some cases, two schemes are found to be the best performing. These two tables also gather the input data and the domain sizes used in every article. We can see in Table 2.2, that no single scheme seems to stand out and be able to reproduce the different types of climates found in tropical Asia, even though the Thompson scheme is found to be better in three studies. Concerning tropical America, we can see in Table 2.3 that the Morrison scheme seems to stand out from the others.

In summary, this state of the art showed that choosing the most suitable microphysical scheme for a specific region and simulation is difficult. Indeed, the best performing scheme depends on a lot of parameters. First, depending on the region simulated, the best scheme is not the same. Secondly, even in the same region, depending on the location, several schemes can compete for the best performance. Furthermore, the best scheme in terms of the spatial distribution of rainfall is often not the best one concerning the intensity. Moreover, numerous other parameters, such as the macrophysical configuration of WRF with the cumulus scheme or the PBL chosen, the grid resolution or the initial and boundary conditions used have a strong impact on the performance of the WRF model to accurately replicate rain events. Finally, and most importantly, the evaluation of the performances of a specific scheme appears often to be metric and/or reference data dependent. That is why care should be taken when comparing and evaluating different configurations of the WRF model.

In conclusion to this review of the literature, even if some microphysical schemes seem to work better compared to others in tropical and equatorial regions such as the Morrison double-moment scheme, their ability to accurately replicate precipitation is not always guaranteed. Most often, they are not able to replicate very precisely the rain intensity as well as the spatial and temporal distribution of precipitation. Furthermore, in the studies presented above, the time resolution of the outputs is often one hour or more, whereas for the purpose of this thesis dealing with radio propagation, a resolution of five minutes or higher is required.

The conclusions drawn here make it impossible to choose a single microphysical scheme for our study in French Guiana. Therefore, a group of nine different schemes will be analysed in this thesis with four single-moment and five double-moment schemes. They are presented in the following section to better understand their particularities concerning the modelling of precipitations. 

Microphysical schemes preselected for French Guiana

The review of the literature showed that it is difficult to identify a single microphysical scheme that gives better results than the others whatever the configuration chosen and the location of interest. Indeed, even though certain schemes such as the Thompson scheme on the Asian and African continents and the Morrison scheme on the American continent seem to perform better more often than the others, they still underperform in certain cases. Therefore, a sensitivity analysis of several microphysical schemes will be presented in Chapter IV to account for the precipitation in French Guiana. From the state of the art presented here above, nine microphysical schemes have been preselected.

In compliance with the previous section, among the nine schemes chosen, four are singlemoment (Purdue Lin, Eta, Goddard and WSM6) and five are double-moment (Thompson,Milbrandt&Yau,Morrison,WDM6 and NSSL). Secondly, the water species considered by each scheme are not the same and the double-moment feature is available for specific water species, depending on the scheme. To better understand the particularities of these microphysical schemes, the parameters predicted by each scheme are listed in Table 2.4, where 𝑄 and 𝑁 respectively refer to the water species mixing ratio and number concentrations.

The first four schemes (in blue) are single-moment and as such, only predict the mixing ratio of the water species considered. Both the Purdue Lin and WSM6 schemes predict six water species but do not consider hail in their computation contrary to the Goddard scheme [START_REF] Chen | A One-dimensional Time Dependent Cloud Model[END_REF], [START_REF] Hong | The WRF Single-Moment 6-Class Microphysics Scheme (WSM6)[END_REF], [START_REF] Tao | An Ice-Water Saturation Adjustment[END_REF]. The Eta scheme is particular with Table 2.4 -Parameters computed by the nine microphysical schemes that will be used for WRF simulations. Single-moment schemes are in blue and double-moment schemes are in yellow. Q is the water species mixing ratio, N the water species number concentration.

only four water species considered where snow, graupel and hail are not taken into account in the computations. More precisely, this scheme does compute a water species called "precipitation ice" where snow, graupel and sleet are gathered and considered as one specie [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF]. These four schemes focus on the accurate representation of ice and precipitating ice in the atmosphere because it plays an important role in the formation of precipitation [START_REF] Basso | Microphysical Analysis and Modeling of Amazonic Deep Convection[END_REF].

All the double-moment schemes retained from the previous section (in yellow) consider six or seven water species. Hail is only computed by the Milbrandt&Yau and by the NSSL schemes. The five schemes also vary on their double-moment feature, where not all species considered have their number concentration computed. All five schemes compute the rain number concentration 𝑁 𝑟 but for example only the NSSL scheme computes the hail number concentration 𝑁 ℎ .

When it comes to finding the specificity of each scheme, it is difficult to do so without a good understanding of all the processes involved in the modelling of precipitation. However, a few general particularities can be found in the literature. For example, the Thompson scheme has been developed for midlatitude convective, orographic and snowfall conditions especially at convection-permitting grid scales to improve explicit forecasts of supercooled water [START_REF] Thompson | Explicit Forecasts of Winter Precipitation Using an Improved Bulk Microphysics Scheme. Part II: Implementation of a New Snow Parameterization[END_REF]. The Morrison scheme has been developed to study squall lines in both temperate and tropical climates, even though this scheme has been extensively tested and compared with both idealized and real case studies covering a wide range of conditions [START_REF] Morrison | Impact of Cloud Microphysics on the Development of Trailing Stratiform Precipitation in a Simulated Squall Line: Comparison of One-and Two-Moment Schemes[END_REF]. The Milbrandt&Yau scheme is a double-moment version of a triplemoment scheme not yet implemented in WRF that allows even more freedom in the rain drop size distribution by predicting the spectral shape parameter 𝜇 [START_REF] Milbrandt | A Multimoment Bulk Microphysics Parameterization. Part I: Analysis of the Role of the Spectral Shape Parameter[END_REF], [START_REF] Milbrandt | A Multimoment Bulk Microphysics Parameterization. Part I: Analysis of the Role of the Spectral Shape Parameter[END_REF] introduced further in Equation (2.2). The NSSL scheme has been mainly developed for the modelling of thunderstorms in the continental United States [START_REF] Mansell | Simulated Electrification of a Small Thunderstorm with Two-Moment Bulk Microphysics[END_REF].

Another important difference between the nine schemes chosen is the rain Drop Size Distribution (DSD). Indeed, in terms of RF propagation, as will be explained in Section 2.3.3, the rain DSD is a key parameter required to compute, first, the rain specific attenuation, and second, the rain total attenuation on a specific radio link. Among the nine microphysical schemes chosen, only three different DSDs are implemented: A Marshal-Palmer distribution for the single-moment schemes, and both an exponential distribution and a gamma distribution for the double-moment schemes.

Single-moment schemes

The four single-moment schemes use the Marshall-Palmer DSD that defines the number 𝑁(𝐷) of rain drops with diameter 𝐷 per unit volume and per class of diameter according to [START_REF] Marshall | The Impact of Microphysics Parameterization in the Simulation of Two Convective Rainfall Events over the Central Andes of Peru Using WRF-ARW[END_REF]:

𝑁(𝐷) = 𝑁 0 𝑒 -Λ𝐷 (2.1)
with: 𝐷 the diameter of rain drops assumed to be spherical in 𝑚𝑚, Λ the slope parameter in 𝑚𝑚 -1 , 𝑁 0 = 8 × 10 6 𝑚 -3 𝑚 -1 the intercept parameter.

Double-moment schemes

For the double-moment schemes, the distribution used by all schemes follows the general form [START_REF] Lim | Development of an Effective Double-Moment Cloud Microphysics Scheme with Prognostic Cloud Condensation Nuclei (CCN) for Weather and Climate Models[END_REF]:

𝑁(𝐷) = 𝑁 0 𝐷 𝜇 𝑒 -Λ𝐷 (2.2)
with: 𝜇 the spectral shape parameter,

𝑁 0 = 𝑁 𝑟 ×Λ 𝜇+1 Γ(𝜇+1)
the non-constant intercept parameter, 𝑁 𝑟 the rain number concentration in 𝑚

-3 , Γ(𝑧) = ∫ 𝑥 𝑧-1 𝑒 -𝑥 ∞ 0
𝑑𝑥 the gamma function.

The Thompson, Morrison, Milbrandt&Yau and NSSL schemes all implement this distribution with a value of 𝜇 = 0 (equivalent to an exponential DSD that differs from the Marshall Palmer formulation due to the non-constant value of 𝑁 0 ), while the WDM6 scheme is the only one using a value of 𝜇 = 1 (equivalent to a gamma DSD). The difference in terms of DSD is presented further in Section 2.3.3. This section attempted to point out the particularities of the nine microphysical schemes that will be intensively tested in the sensitivity analysis performed in Chapter IV. As mentioned, without a comprehensive knowledge and understanding of all the processes involved in the modelling of precipitation, it is at this stage difficult to make a pre-selection of the best expected ones. Furthermore, a brief presentation of the different rain DSDs implemented by the schemes has been given.

The following section focuses on the ElectroMagnetic post-processing Module (EMM) used to compute tropospheric attenuation from WRF outputs. The architecture of the module is described before the computation of each source of tropospheric attenuation.

The ElectroMagnetic post processing Module EMM

This section describes the EMM module used in this thesis to compute attenuation due to rain, clouds and atmospheric gases from the WRF outputs. This module is based on the works of (Outeiral García et al., 2013) also used in [START_REF] Fayon | Use of WRF to generate site diversity statistics in south of France[END_REF] and [START_REF] Quibus | Numerical weather prediction models for the estimate of clear-sky attenuation level in alphasat beacon measurement[END_REF]. The EMM module works in three distinctive steps: the computation of specific attenuations for every cell of the 3-dimensionnal grid of the atmosphere, the creation of azimuth/elevation maps and the integration over the Earth-space path of the radio link.

First, in order to compute the attenuation over the Earth-space slant path, the EMM module starts by computing the specific attenuations of the signal for each cell of the simulation grid. By implementing the recommendations from the ITU-R, the specific attenuation from atmospheric gases and clouds is calculated from the outputs of WRF. Rain attenuation is calculated through the Mie scattering theory. This is explained in details in Sections 2.3.1, 2.3.2 and 2.3.3 for, respectively, atmospheric gases, clouds and rain.

The second step of the EMM module is the creation of azimuth/elevation maps. Indeed, in order to ease the integration over the slant path, the EMM module transforms the 3dimensionnal map given by WRF into maps of azimuth and elevation. With such maps, it is easier to integrate the specific attenuations over the path length, defined by its azimuth and elevation.

Finally, the EMM module integrates the specific attenuation computed for each tropospheric impairment by integrating over the path length with the azimuth/elevation maps previously created. Figure 2.7 illustrates this principle.

Specific attenuation due to atmospheric gases

This section presents in details the method used in the EMM module to compute specific attenuation due to oxygen and water vapour. At Ka-band, oxygen attenuation is very low, especially when compared to cloud and rain attenuations as presented in Chapter I. Concerning water vapour attenuation, it is also quite low except close to the absorption line of water vapour. However, for some studies, the attenuation from atmospheric gases can provide important information on the RF propagation channel. For example, [START_REF] Quibus | Modelling propagation impairments of Earth-Space links using Numerical Weather Prediction tools[END_REF] uses WRF simulations to compute attenuation due to atmospheric gases in order to circumvent the lack of experimental data used to calibrate radiometers. Here, with a look toward future implementations in equatorial and tropical regions which involve higher concentrations of water vapour in the atmosphere, as stated in Chapter I, it is interesting to quantify the attenuation from atmospheric gases.

In the WRF-EMM model, the specific attenuation from both oxygen and water vapour is computed line-by-line using Section 1 of Annex 1 of Recommendation ITU-R P.676-12 which detailed calculations can be found in APPENDIX A. The WRF outputs required by the EMM module to implement the computation of the specific attenuations are:

• For oxygen: the pressure 𝑃, the temperature 𝑇, the water vapour density 𝜌 𝑤 • For water vapour: the pressure 𝑃, the temperature 𝑇, the water vapour mixing ratio 𝑄 𝑣 and the air density 𝜌 𝑎

Specific attenuation due to clouds

At ka-band, whatever the latitude but above all in tropical and equatorial regions, rain is by far the strongest tropospheric impairment as stated in Chapter I and shown in Figure 1.7. In such conditions, the modelling of the attenuation due to clouds is not a priority. However, as mentioned in Chapter I, the cloud macrophysical characteristics, such as their dimensions, their spatial organization or their temporal evolution, as well as their microphysical contents at such latitudes are different from those of clouds in temperate regions. Therefore, it remains interesting to study the attenuation due to clouds. Furthermore, results of this thesis will show in Chapter III that the ITU-R model used to predict the total attenuation due to clouds on a specific radio path is approximative for tropical and equatorial regions. Thus, an alternative computation using NWPs would be very interesting.

In the WRF-EMM model, the specific attenuation due to clouds is computed using Section 2 of Annex 1 of Recommendation ITU-R P.840-8 which detailed calculations can be found in APPENDIX B. The WRF outputs required by the EMM module to implement the computation of the specific attenuations are: the pressure 𝑃, the temperature 𝑇, the cloud water mixing ratio 𝑄 𝑐 and the air density 𝜌 𝑎 .

Specific attenuation due to rain

The commonly used Recommendation ITU-R P.838-3 uses the rain rate as input to predict the specific rain attenuation. However, as the WRF model does not compute directly the rain rate for the simulation grid, a hypothesis on the terminal velocities of raindrops would have to be made to apply this method. Alternately, in order to use the direct outputs of WRF, a different method is used. [START_REF] Hulst | Light Scattering by Small Particles[END_REF] and [START_REF] Manabe | Inference of raindrop size distribution from attenuation and rain rate measurements[END_REF] showed that the rain specific attenuation 𝛾 𝑟 in 𝑑𝐵/𝑘𝑚 can be calculated from the extinction cross-section 𝜎 𝑒𝑥𝑡 obtained from the Mie theory of scattering and the rain DSD 𝑁(𝐷) as follows:

𝛾 𝑟 = 4.343 × 10 3 ∫ 𝑁(𝐷)𝜎 𝑒𝑥𝑡 (𝐷)𝑑𝐷 𝐷 𝑚𝑎𝑥 0 , (2.3) 
where: 𝐷 𝑚𝑎𝑥 is the maximum diameter of the rain drops in 𝑚𝑚.

For numerical reasons, a maximum diameter 𝐷 𝑚𝑎𝑥 has to be chosen for the integration. In accordance with (Outeiral García et al., 2013), a value of 𝐷 𝑚𝑎𝑥 = 4 𝑚𝑚 is chosen because larger raindrops tend to break up when colliding with other raindrops [START_REF] Laws | The Relation of Raindrop-Size to Intensity[END_REF]. This choice is reinforced by looking at the Marshall-Palmer DSD shown in Figure 2.8, where it can be observed that the concentration of rain drops larger than 4 mm in diameter is negligible whatever the rain water content 𝑀 𝑟 .

The computational time required to compute the rain specific attenuation for a single pixel in the model is high due mainly to the calculation of the extinction cross-section. To circumvent this issue and reduce the global computational time, the use of a Look-Up Table (LUT) is preferred, when possible. This LUT gives the rain specific attenuation for a given temperature 𝑇 and a given liquid water content 𝑀 𝑟 that can be derived directly from the WRF outputs using both the rain mixing ratio 𝑄 𝑟 and the density of air 𝜌 𝑎 .

The computation of the extinction cross-section is detailed in APPENDIX C and requires only the temperature 𝑇 from the WRF outputs. The computation of the rain drop size distribution is described hereafter.

As stated in Section 2.2.4.3, three different forms of DSD can be implemented by the WRF model, the Marshall-Palmer DSD (see Eq. ( 2.1)), as well as the exponential and the gamma DSD (see Eq. ( 2.2)). All three DSDs can be directly implemented using the WRF outputs. For the Marshall-Palmer DSD, Λ is derived from the rain mixing ratio 𝑄 𝑟 given by WRF while for the exponential and gamma DSD, the rain number concentration 𝑁 𝑟 is also required. Indeed, from Equation (2.1) and (2.2), only the slope parameter Λ is not a constant or given directly by WRF. However, this parameter can be computed from the WRF outputs and depends on the shape of the DSD chosen. It can be linked to the WRF outputs through the volume of rain water 𝑉 𝑟 in 𝑘𝑔. 𝑚 -3 given by:

𝑉 𝑟 = ∫ 𝑁(𝐷) 4𝜋 3 ( 𝐷 2 ) 3 𝑑𝐷 ∞ 0 = 𝜋 6 ∫ 𝑁(𝐷)𝐷 3 𝑑𝐷 ∞ 0 (2.4)
Marshall-Palmer DSD: For the Marshall-Palmer DSD and using Equation (2.1), 𝑉 𝑟 can be obtained through:

𝑉 𝑟 = 𝜋 6 ∫ 𝑁 0 𝐷 3 𝑒 -Λ𝐷 𝑑𝐷 ∞ 0 (2.5)
Using the gamma function

Γ(𝑧) = ∫ 𝑥 𝑧-1 𝑒 -𝑥 ∞ 0
𝑑𝑥, we can write a relation between 𝑉 𝑟 and the slope parameter Λ:

𝑉 𝑟 = 𝜋𝑁 0 6 Γ(4)Λ -4 (2.6)
Furthermore, the volume of rain water 𝑉 𝑟 can be linked to the mass of rain water per unit of volume 𝑀 𝑟 with the density of water 𝜌 𝑤 = 1000 𝑘𝑔. 𝑚 -3 as follows:

𝑉 𝑟 = 𝑀 𝑟 𝜌 𝑤 (2.7)
And the mass of rain water per unit volume 𝑀 𝑟 can be linked to the rain mixing ratio 𝑄 𝑟 directly given as an WRF output by the following relation:

𝑀 𝑟 = 𝑄 𝑟 𝜌 𝑎 (2.8) with: 𝜌 𝑎 the air density in 𝑘𝑔. 𝑚 -3 . It can be computed through the ideal gas law as follows:

𝜌 𝑎 = 𝑃 𝑅 𝑠𝑝𝑒𝑐 𝑇
(2.9)

with: 𝑅 𝑠𝑝𝑒𝑐 = 287.058 𝐽. 𝑘𝑔 -1 . 𝐾 -1 the specific gas constant.

Finally, for a Marshall-Palmer DSD, the slope parameter Λ can be calculated directly from the WRF outputs using the rain mixing ratio 𝑄 𝑟 and the air density 𝜌 𝑎 :

Λ = ( 𝜋 6 𝜌 𝑤 𝜌 𝑎 𝑄 𝑟 𝑁 0 Γ(4)) 1 4 
(2.10)

Exponential and Gamma DSD: For both the exponential and gamma DSDs and using Equation (2.2), 𝑉 𝑟 can be obtained through:

𝑉 𝑟 = 𝜋 6 ∫ 𝑁 𝑟 × Λ 𝜇+1 Γ(𝜇 + 1) 𝐷 𝜇+3 𝑒 -Λ𝐷 𝑑𝐷 ∞ 0 = 𝜋 6 𝑁 𝑟 Λ 𝜇+1 Γ(𝜇 + 1) ∫ 𝐷 𝜇+3 𝑒 -Λ𝐷 𝑑𝐷 ∞ 0 (2.11)
Using the gamma function, we can write a relation between the volume of rain water 𝑉 𝑟 and the slope parameter Λ:

𝑉 𝑟 = 𝜋 6 𝑁 𝑟 Γ(𝜇 + 4) Γ(𝜇 + 1) Λ -3 (2.12)
Finally, the slope parameter Λ, for both the exponential and gamma DSDs, can be calculated directly from the WRF outputs with the following relation:

Λ = ( 𝜋 6 𝜌 𝑤 𝜌 𝑎 𝑄 𝑟 𝑁 𝑟 Γ(𝜇 + 4) Γ(𝜇 + 1) ) 1 3
(2.13)

The difference in terms of DSD can be seen in Figure 2.9 where the three types of DSDs have been implemented for values of 𝑀 𝑟 ranging from 0.1 𝑔. 𝑚 -3 to 6 𝑔. 𝑚 -3 . This range of 𝑀 𝑟 covers both light rain and extreme rain events. It was taken after a brief survey of the values given by WRF over an entire year over French Guyana. Both the exponential and gamma distributions have been drawn for specific values of 𝑁 𝑟 ranging from 10 2 𝑚 -3 to 10 5 𝑚 -3 . This range of 𝑁 𝑟 was also chosen after a brief survey of the values given by WRF over an entire year over French Guyana. The first thing to notice is the freedom in the DSD given by the double-moment scheme. Indeed, with the Marshall-Palmer distribution, 𝑁 0 is a constant and does not allow the distribution to vary depending on the number of drops present in the considered pixel. This difference is noticeable in all six figures where the number of drops varies greatly depending on the number concentration chosen. A second noticeable observation is the difference between the exponential and gamma distributions in terms of small rain drops for diameters lower than 1 mm. Indeed, the exponential distribution gives more small raindrops compared to the gamma distribution that tends to reduce the number of very small drops.

Conclusion

This chapter has focused on the use of NWPs in propagation studies to compute the tropospheric attenuation suffered by a radio link. First a state-of-the-art review has been presented concerning the use of NWPs in RF propagation studies. A growing interest in NWPs by the propagation community in order to better simulate the propagation channel impacted by the troposphere has been highlighted. Some studies over the past decade have also shown the high potential of NWPs in terms of computing statistics of attenuation due to rain, clouds and atmospheric gases.

After this review of the literature, the second section of this chapter has focused on describing the NWP model that will be used in this work, the Weather Research and Forecasting model. The overview and architecture of the model have been detailed before presenting the different inputs and outputs of the model. A detailed description of the macrophysical parameters used in the model has been given before focusing on the microphysical schemes and their impact on the ability of the model to accurately reproduce rain events. Particularly, a state-of-the-art has been carried out concerning the microphysical schemes used in tropical and equatorial regions in order to identify the schemes better suited to these regions. Due to the absence of consensus (variability of the performance of each scheme, dependence of the results on many parameters such as the climate, the variables of interest or the evaluation technique), no single microphysical scheme has been found to be selected for the following of this study. Therefore, nine microphysical schemes coming from this state-of-the-art review have been chosen and discussed. Their ability to reproduce tropospheric impairments will be intensively studied in the sensitivity analysis conducted in Chapter IV. The particularities of each scheme have been summarized. Then, a comparison of the different rain DSDs they implement has been given. Finally, the last section has presented the EMM post processing module used to compute the tropospheric attenuation from several WRF outputs. The architecture of the module has been described before detailing the computation of each tropospheric contributor to the total attenuation.

The following chapter presents a first validation of the WRF-EMM model in French Guiana using both meteorological data from re-analysis databases and satellite data as well as propagation measurements performed with a 20 GHz beacon of the AMAZONAS-3 satellite for the years 2017, 2018 and 2020.
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The first chapter has recalled the main characteristics of the tropical and equatorial climates and their effects on the radioelectric wave propagation. Then, the WRF-EMM model has been presented in Chapter II. Now, this third chapter presents the first steps towards the validation of the model in an equatorial region. The goal is to evaluate the ability of WRF-EMM to simulate the RF propagation channel in an equatorial environment and specifically its ability to produce propagation statistics for Earth-space links. This validation is performed in two distinctive steps. First, both from measured and reanalysis data collected in French Guiana, the performances of the WRF model to reproduce the main meteorological parameters involved in propagation computations are assessed. A particular attention is then given to check its ability to accurately reproduce rain events. Second, the capability of the EMM module fed by WRF to reproduce statistics of propagation impairments derived from experimental data collected in Kourou (French Guiana) is investigated. Particularly, in accordance with system requirements, the potentialities of WRF-EMM to reproduce both annual and monthly attenuation statistics are assessed.

Model configuration

The performance analysis starts from a WRF configuration similar to the one used by [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF]. Many others will be studied in Chapter IV. Whatever the configuration, the area simulated by WRF is centred on Kourou (5.1713°N, 52.6862°W) in French Guiana as seen in Figure 3.1. The characteristics of the initial configuration inspired from [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] are as follows:

• WRF code version: V3.4 • Domain description: three domains with horizontal resolutions of 30×30 km² (d01), 6×6 km² (d02) and 2×2 km² (d03).

• Initialization data: ECMWF ERA-Interim single and pressure level data (horizontal resolution 0.75×0.75°, temporal resolution 6 h).

• Vertical resolution: 38 automatic pressure levels.

• Spin-up time: 12 h for every domain.

• Time-steps: 150 s for d01, 30 s for d02 and 10 s for d03. The time-step is constant for each domain (no adaptive time step).

• Water microphysics: WRF single-moment 6 (WSM6) for every domain.

• Cumulus parametrization: Tiedtke scheme for d01 and d02 called every 5 min. No cumulus parametrization is chosen for d03 because its resolution is lower than the minimum resolution 4×4 km² recommended for its use [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF].

• Radiation physics: RRTM schemes for shortwave and longwave radiations for every domain. They are called every 30 min (d01), 6 min (d01) and 2 min (d03).

• Surface layer physics: MM5 Monin-Obukhov scheme for every domain.

• Planetary boundary layer physics: Yonsei University (YSU) for every domain called every 5 min.

• Soil layer physics: 5-layer thermal diffusion scheme.

• Hydrostatic model: Hydrostatic model for d01 and d02, non-hydrostatic model for d03 because its resolution is higher than 10x10 km² [START_REF] Wedi | Non-Hydrostatic Modelling at ECMWF[END_REF]. Several other parameters can be modified in WRF but they are left to their default values because their influence on the meteorological fields of interest, essentially rain, is supposed to be limited when compared to the above-mentioned parameters.

This initial configuration was used in previous studies carried out at ONERA, (Outeiral García et al., 2013) and [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF]. In particular, [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF], which is the starting point for this PhD, obtained promising results concerning the attenuation due to rain in Southern Europe. The choice was made to use this configuration as a first test of the WRF-EMM model in equatorial regions. This WRF configuration is used all along Chapter III. Several other configurations will be evaluated in Chapter IV. 

Ability of the WRF model to reproduce meteorological fields involved in propagation computations

First, the ability of the WRF Numerical Weather Prediction (NWP) model to reproduce several meteorological parameters is investigated. Three distinct comparisons are performed. The first one focuses on surface pressure and temperature. The second one looks at the integrated water columnar contents above Kourou. The third one concentrates on the capacity of WRF to recreate rain events by looking at rain accumulation around Kourou.

Surface pressure and temperature

The first step is to verify the ability of WRF to recreate basic atmospheric characteristics such as surface temperature and pressure. These two parameters are probably the easiest to reproduce but are still an important step in this validation because of their strong impact on the atmosphere.

Data and methods

In this analysis, only the two-year period 2017-2018 is considered. This period is chosen for the high availability of experimental data used in later comparisons. Here, two sets of data are compared:

1. The set of simulated data from WRF, that comprises surface temperature and pressure time series with a 5-minute time step. They are extracted at the centre of the simulation grid, i.e., for Kourou (5.1713°N, 52.6862°W), with the smallest WRF horizontal resolution of 2x2 km².

2. The set of reference data, that comes from the ECMWF ERA5 reanalysis database. It has a time-step of 1 h and a spatial resolution of 0.25°x0.25° (around 28x28 km² at the equator).

Both spatial and temporal resolutions of ERA5 are greater than the resolution of the WRF outputs, by a factor of 14 for the spatial resolution and 12 for the temporal resolution. To obtain a correct method of comparison, two steps are undertaken. On the one hand, a bilinear spatial interpolation of the ERA5 dataset to match the centre of the WRF model outputs is performed by interpolating the ERA5 dataset to the coordinates of interest. On the other hand, the simulated time series over the central point of Kourou is extracted from the WRF tridimensional outputs to match the 1 h time-step of ERA5, which means that only one sample every hour is considered for the WRF dataset.

The method requires the definition of a metric to compare both datasets from a statistical point of view. The statistical analysis relies on four metrics broadly used in the literature, the Mean Error (ME), the Mean Relative Error (MRE), the Root Mean Square Error (RMSE) and the correlation coefficient. First, the ME between a simulated and a reference dataset is defined as:

𝑀𝐸 = 1 𝑁 ∑ 𝜖(𝑡) 𝑡 𝑁 𝑡=𝑡 1 = 𝐸{𝜖(𝑡)} (3.1)
where 𝐸{ } is the expectation operator and 𝜖(𝑡) the instantaneous error given by:

𝜖(𝑡) = 𝐷(𝑡) -𝐷 𝑟𝑒𝑓 (𝑡) (3.2)
with 𝐷(𝑡) the WRF simulated datapoint at time 𝑡, 𝐷 𝑟𝑒𝑓 (𝑡) the reference or experimental datapoint and 𝑁 the number of samples considered.

Secondly, the MRE can be computed as follows:

𝑀𝑅𝐸 = 1 𝑁 ∑ 𝜖(𝑡) 𝐷 𝑟𝑒𝑓 (𝑡) 𝑡 𝑁 𝑡=𝑡 1 = 𝐸{ 𝜖(𝑡) 𝐷 𝑟𝑒𝑓 (𝑡) } (3.3)
Additionally, the MRE can be computed from Complementary Cumulative Distribution Functions (CCDF) and the instantaneous error 𝜖(𝑡) is then replaced by the probability error 𝜖 𝑝 (𝑝) = 𝐷(𝑝) -𝐷 𝑟𝑒𝑓 (𝑝) where 𝑝 is a given probability.

Thirdly, the RMSE is:

𝑅𝑀𝑆𝐸 = √ 1 𝑁 ∑ 𝜖²(𝑡) 𝑡 𝑁 𝑡=𝑡 1 = √𝐸{𝜖²(𝑡)} (3.4)
Finally, the correlation coefficient is:

𝜌 𝑐𝑜𝑟𝑟 = 𝐸{𝐷(𝑡)𝐷 𝑟𝑒𝑓 (𝑡)} -𝐸{𝐷(𝑡)}𝐸{𝐷 𝑟𝑒𝑓 (𝑡)} 𝜎{𝐷(𝑡)} × 𝜎{𝐷 𝑟𝑒𝑓 (𝑡)} (3.5)
where 𝜎{𝐷} = √𝐸{𝐷²} -[𝐸{𝐷}]² is the standard deviation of D.

Equations (3.1), (3.3), (3.4) and (3.5) define the four metrics that will be used in this work to compare simulated and experimental meteorological parameters (pressure, temperature, water vapour and cloud liquid water contents as well as rain accumulation), in addition to the visual comparison given by scatter plots and time series.

Results in terms of surface pressure

Figure 3.2 presents a scatter plot of ERA5 surface pressure on the x-axis versus the surface pressure simulated from WRF on the y-axis, for the 2017-2018 time period over Kourou. The black line represents the function 𝑓(𝑥): 𝑥 → 𝑥, used as a visual reference to see the accuracy of WRF. It has to be kept in mind that the surface pressure depends mostly on the height of the point considered. As explained in Section 3.2.1.1, the ERA5 dataset had to be interpolated to the centre of the WRF grid simulation, leading to a first approximation. Moreover, the WRF simulation is based on ERA-Interim data which resolution of 0.75°x0.75° (around 84x84 km²) is lower than the ERA5 resolution. This implies that the height considered for both datasets is different. The WRF time series was extracted from a height of 1.15 m whereas the ERA5 interpolated time series was extracted from a height of 32.08 m. Such a difference can be explained by the close vicinity of the ocean to the point of interest and the different spatial resolutions involved. To circumvent this difference of height, a small adjustment is made on WRF time series by interpolating the pressure at the height considered by the ERA5 dataset. With that adjustment performed, we can still see in Figure 3.2 that WRF underestimates the surface pressure given by ERA5. Figure 3.3 presents the WRF time series (in red) and the ERA5 time series (in black) for the month with the worst and the best correlation coefficients. We can see again clearly that the WRF time series underestimates the ERA5 time series by a constant but tends to follow the diurnal cycles correctly.

Table 3.1 presents the ME, MRE, RMSE and correlation coefficients for every year and also every month of the time period considered for surface pressure. The ME for the time period considered is around -1 hPa, which is around the same bias that we can observe in Figure 3.2 and Figure 3.3. The MRE observed corroborates this observation with values ranging from -0.06 % to -0.1 %. The correlation coefficients obtained for the years 2017 and 2018 are respectively, 0.880 and 0.889. Furthermore, no monthly variability can be clearly observed. Indeed, the interval of values for the correlation coefficient is quite small and there is no clear link between the dry/rainy seasons and the correlation coefficient. Finally, a look at the surface pressure CCDFs confirms the previous observations. Indeed, we can see on Figure 3.4 a clear and almost constant underestimation of the surface pressure simulated by WRF for all percentages of time. A look at the MRE computed from the yearly CCDFs shows a value of -0.1 % for both 2017 and 2018. This constant underestimation of surface pressure by the WRF model compared to ERA5 surface data may be explained by the use of the ERA-Interim database with a coarser spatial resolution to initialize the model as well as the series of interpolations performed to compare the datasets. This hypothesis is tested and confirmed in Chapter IV with the use of the WRF-EMM model initialized by the ERA5 database.

Results in terms of surface temperature

The comparative approach is now reconducted from WRF and ERA5 surface temperature data. Figure 3.5 shows the scatter plots of ERA5 surface temperature time series on the x-axis versus surface temperature times series simulated with WRF on the y-axis for 2017 (left) and 2018 (right) over Kourou. In compliance with Figure 3.5, the scatter plots are close to the black line which represents the function 𝑓(𝑥): 𝑥 → 𝑥. Therefore, the surface temperatures computed by the WRF model match satisfactorily ERA5 data for the two years. This observation is corroborated by the statistical analysis reported in Table 3.2 where the ME, the MRE, the RMSE and the correlation coefficient are given on annual and monthly bases. Particularly, Table 3.2 shows a ME of 0.4 K for each year as well as a MRE of 0.12 % and 0.14 % and a RMSE of 1.3 and 1.2 K for 2017 and 2018 respectively. The correlation coefficients computed are 0.775 and 0.781 for, respectively, the years 2017 and 2018. Thought the ME of only 0.4 K is low and rather good, the correlation coefficients of 0.775 and 0.781 obtained for the full years are not as good as in [START_REF] Lang | Evaluation des modèles climatiques régionaux MAR et WRF sur le Svalbard[END_REF], [START_REF] Kerandi | Performance of the WRF Model to Simulate the Seasonal and Interannual Variability of Hydrometeorological Variables in East Africa: A Case Study for the Tana River Basin in Kenya[END_REF] and [START_REF] Sun | Validation for a tropical belt version of WRF: sensitivity tests on radiation and cumulus convection parameterizations[END_REF]. Indeed, the correlation coefficients for temperature reported in the literature are mostly greater than 0.9 for several time periods and climates.

A more global observation of Table 3.2 shows some intra-annual variability of the correlation coefficient for the years considered. The values range from 0.563 to 0.917 in 2017 and from 0.689 to 0.920 in 2018. A characteristic of equatorial regions is their low temperature variability over a single year compared to temperate regions, as explained in Chapter I. The temperature variation in Kourou over a single year is rather low, around 10°C between the maximum and minimum temperatures. Thus, the temperature variations over the year cannot explain the intra-annual variability observed here. After a careful examination, it seems that this intra-annual variability is closely correlated to precipitation seasonal variability as seen in Figure 3.6 where monthly rain amounts and Figure 3.6 shows a clear link between the rain amount and the correlation coefficient 𝜌 𝑇 obtained between WRF and ERA5 surface temperature. In 2017, the worst correlation coefficient is obtained for the month of May where the rain amount is around 700 mm which represents a variation of +32 % compared to the normals (Météo France, 2017). Furthermore, the experimental data obtained through rain gauges in Kourou by ONERA and CNES shows that there is only 5 days without rain. On the other hand, the best correlation coefficients are found for the month of August, September and October, i.e., during the dry season where the amount of rain is very low. For the year 2018, the correlation seems to be lower and the worst coefficients can be found in the first six month even though the rainy season starts in mid-March or even in April. The best correlation coefficients are still found for the dry season.

Additionally, Figure 3.7 shows ERA5 and WRF surface temperature time series for the worst and the best months in terms of correlation coefficient, for the 2-year time period. We can clearly see that for the best month, October 2018, WRF seems to recreate the temperature time series accurately, with the right diurnal cycles at the right moment. As for the worst month, May 2017, WRF overestimates the maximum daily temperature and clearly struggles to replicate the correct diurnal cycles. Again, this month of May 2017 was unusual with a high precipitation amount and a low number of days without rain.

Figure 3.8 shows the surface temperature CCDF from both ERA5 and WRF data. We can see that for most of the percentages of time, the WRF statistics are close to the ones derived from ERA5 data. An exception is seen between 3 % and 30 % of the time where WRF slightly overestimates the surface temperature computed by ERA5. The MRE computed directly from the yearly CCDFs gives a value of 0.1 % for both 2017 and 2018. These values are in the same order of magnitude as the ones found for surface pressure.

With this first analysis of surface temperature, we can see here that WRF seems to have more trouble replicating the atmosphere in an equatorial region when rain is involved, even for a basic parameter such as surface temperature. This could be explained by the high intensity of rain events usually found in equatorial regions compared to moderate events observed in temperate climates as explained in Chapter I. This initial comparison leads to the conclusion that WRF has the ability to recreate surface temperature and pressure time series and CCDFs with a certain degree of accuracy. For surface temperature, the accuracy is not as high as in the literature but is still correct. However, this first analysis also shows a strong monthly variability and a difficulty for WRF to replicate surface temperature in the rainiest months of the year. For surface pressure, the accuracy is higher than for surface temperature but still lower than in the literature. The reason probably comes from different surface heights considered between the two compared datasets. This issue will be solved in Chapter IV by using a different reanalysis database as input for WRF. In summary, the WRF model tends to properly reproduce surface pressure and temperature except for the case of May 2017 that happens to be the rainiest month, by far, of the two years considered. Furthermore, the performance of the WRF model during the rainy months seems to be lower than for the dry months. To investigate this issue, the following section presents a comparison for different types of integrated water content, used to describe the atmosphere in its "wet" state.

Integrated water vapour and liquid water contents

The second step in this validation effort of WRF concentrates on its ability to accurately reproduce integrated water vapour and liquid water contents of the atmosphere. To this end, the comparison of different integrated or columnar water contents is performed. First, the Integrated Water Vapour Content (IWVC) is analysed before moving on to the cloud Integrated Liquid Water Content (ILWC).

Data and methods

In this second analysis the same two-year period 2017-2018 is considered, but we now have three sets of available data:

1. The dataset simulated with WRF is the same as in Section 3.2.1.1.

2. The ERA5 reference dataset is the same as in Section 3.2.1.1.

3. An additional experimental dataset for IWVC comparisons, only for the year 2018. This set of data comes from a GNSS receiver installed in Kourou, i.e., located at the centre of the WRF grid used here (5.1713°N, 52.6862°W). This dataset contains IWVC time series with a time-step of 30 seconds.

The same steps were taken for the WRF and ERA5 data as in Section 3.2.1.1 to obtain a correct method of comparison. As for the Rx GNSS retrieved IWVC dataset, its time-step was downsampled from 30 seconds to 5 minutes. This way, the obtained time series has the same time-step as the WRF time series. The methods used to compare the three datasets are the same as in Section 3.2.1.1, with the use of time series, scatter plots and error metrics (the ME, MRE, RMSE and correlation coefficients) between the WRF synthetic data and ERA5 data for the full time period. Additionally, for the year 2018, the error metrics are used to compare WRF IWVC times series with the ones derived from GNSS data.

Results in terms of Integrated Water Vapour Content

The first parameter compared is the Integrated Water Vapour Content (IWVC) over Kourou.

We look here at the ability of WRF to accurately reproduce this parameter for different reasons. First, IWVC is often used to predict water vapour attenuation on slant paths. Indeed Recommendation ITU-R P.676-12 requires as input the IWVC to compute the attenuation due to water vapour which is one of the impairments studied in this work. Second, equatorial regions are known to have a greater water vapour content than temperate climates so the ability of WRF to replicate the IWVC well in a temperate climate does not automatically lead to the same conclusion in an equatorial region [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF].

Figure 3.9 shows, for the year 2017 (left) and 2018 (right), the scatter plots of ERA5 IWVC on the x-axis versus WRF IWVC on the y-axis with the black line representing the function 𝑓(𝑥): 𝑥 → 𝑥. The dispersion around the function 𝑓(𝑥) is not too high making us believe that WRF can replicate the IWVC correctly. For the year 2018, the Rx GNSS Retrieved dataset is also used as a reference to improve the validation. Figure 3.10 shows that, when compared to this additional dataset, the dispersion is a bit higher especially for high values of IWVC. A higher number of points is present in the comparison between the Rx GNSS retrieved IWVC dataset and the WRF simulations because of the 5-minute time step chosen instead of the 1-hour time step chosen for the ERA5 comparison.

Table 3.3 presents the results of the statistical analysis made with the metrics described in Section 3.2.1.1. The left part of the table gathers the metrics calculated with the ERA5 dataset as reference whereas the right part gathers the metrics calculated with the Rx GNSS retrieved IWVC dataset as reference. For this right part, only the year 2018 is available as the instrument was installed at the end of 2017. Moreover, for the month of January, September and October, the receiver availability is low so the metric errors are not computed. Indeed, the data contains respectively, 16, 4 and 5 days. The availibility for January is 51.6 %.

The availibility for September is 13.3 %.

The availibility for October is 16.1 %.

Looking at the correlation coefficients, the WRF model has more trouble replicating accurately the IWVC than surface temperature and pressure. The correlation coefficient 𝜌 𝐼𝑊𝑉𝐶 computed for the year 2017 is 0.765 while for the year 2018 𝜌 𝐼𝑊𝑉𝐶 = 0.793. They are noticeably lower than the annual correlation coefficients obtained for surface pressure. As for surface temperature, the values are similar from an annual point of view but the monthly correlation coefficients are much lower for IWVC than the ones computed for surface temperature and surface pressure (see Figure 3.1 and Figure 3.2). The intra-annual variability is much more important for IWVC where the correlation coefficients in 2017 range from 0.488 in December to 0.858 in April. In 2018, the variability is even higher as the correlation coefficients range from 0.411 to 0.898 for ERA5 data and from 0.419 to 0.877 for the GNSS data (excluding the month with low availability). From Table 3.3, it is difficult to establish a clear link between the rainy/dry seasons and the ability of WRF to replicate accurately the IWVC. We can still notice that the worst correlation coefficients for 2017 are obtained for May and December, the two rainiest months of the year. For 2018 the worst coefficient is obtained for June, which is not the rainiest month according to experimental data. However, after a further analysis, it seems it is indeed the rainiest month according to the WRF simulation data. This analysis is performed in more details in Section 3.2.3 dealing with rain outputs.

Figure 3.11 shows the IWVC time series for February 2018 (left), the month with the best correlation coefficient over the two years and for June 2018 (right), the month with the worst coefficient over the two years. For February, WRF reproduces the variations of IWVC quite accurately whereas for the month of June, WRF has more difficulty replicating the variations correctly even if the result is quite acceptable. Finally, we can notice the similarity between the ERA5 time series (in black) and the GNSS time series (in blue). This similarity is confirmed by Table 3.4 where high correlation coefficients between both time series is observed for the year 2018. This accuracy gives a high level of confidence in the ERA5 dataset used in this comparison for the integrated water vapour content of the atmosphere. Finally, Figure 3.12 shows the IWVC CCDFs for the years 2017 (left) and 2018 (right). A good agreement between ERA5 and WRF statistics is obtained in 2017 for all percentages of time. In 2018, the WRF simulation underestimates slightly the ERA5 data between 1 % and 90 % of the time. The MRE computed from the yearly CCDFs gives values of 0.4 % and -1.8 % for 2017 and 2018, respectively. The values computed here are four times higher in 2017 and eighteen times higher in 2018 than the ones found for surface pressure and surface temperature but are still satisfactory. 

Results in terms of cloud Integrated Liquid Water Content

The second parameter to be compared is the cloud Integrated Liquid Water Content (ILWC). The ability of WRF to accurately reproduce this parameter is critical for different reasons. First, because replicating correctly the clouds is the first step in reproducing correctly rain events which is the main focus of this work. Second, the attenuation due to clouds can be computed directly with the cloud ILWC over the radio path with Recommendation ITU-R P.840-8. Finally, the ability of WRF to accurately recreate clouds has only been very recently studied in the literature and the results have not been very optimistic so far [START_REF] Quibus | Modelling propagation impairments of Earth-Space links using Numerical Weather Prediction tools[END_REF].

Figure 3.13 shows the scatter plot of ERA5 ILWC on the x-axis versus WRF ILWC on the yaxis with the black line representing the function 𝑓(𝑥): 𝑥 → 𝑥, over the years 2017 (left) and 2018 (right). The dispersion around the function 𝑓(𝑥) is much higher than previously observed for surface temperature, surface pressure and IWVC. For both years the scatter plot shows a high dispersion between reference and simulated time series. This is confirmed by the results of the statistical analysis gathered in Table 3.5. The correlation coefficient 𝜌 𝐼𝐿𝑊𝐶 for the years 2017 and 2018 are respectively 0.108 and 0.149. These values are much lower than the ones observed previously for surface temperature, surface pressure and IWVC but are similar to the ones found in the literature. Indeed, over a period of 5 years in Belgium and using the cloud ILWC over the radio path (Quibus, 2020) finds a correlation coefficient for cloud attenuation of 0.113 similar to the values found here. From Table 3.5, the monthly variability observed for temperature and IWVC is again seen here with correlation coefficients ranging with the worst. The low correlation between ERA5 and WRF for ILWC is clear in these figures but two additional points are interesting to notice: the ILWC maximum and minimum values of each dataset. First, the maximum value of ILWC for each dataset is vastly different. Whereas ILWC given by ERA5 is lower than 1 𝑘𝑔/𝑚 2 , WRF computes ILWC up to 3 𝑘𝑔/𝑚 2 for several samples. The second, and probably most important point, is the minimum of each dataset. We can observe in Figure 3.14 that the ERA5 dataset very rarely reaches the value of 0 𝑘𝑔/𝑚 2 when WRF reaches it often. This difference is distinctly observable for the month of August 2018 where during the last 10 days of the month, WRF does not simulate any clouds when ERA5 shows an almost constant presence of clouds. This can probably be explained by the different spatial resolutions of those datasets. The ILWC computed by ERA5 is defined as the area averaged value for a model grid box meaning that this ILWC is the mean value for an area of around 28×28 km² (ERA5 ILWC, 2019), whereas the spatial resolution of WRF is 2×2 km². Moreover, the small extent of rainfall and cloudy events in equatorial regions might also help to explain how clouds might be present in a 28x28 km² grid box but not in a 2x2 km² grid box inside of the 28x28 km² grid box. This difference in resolution could explain the low correlation coefficients observed in Table 3.5 but raises the question of the validity of the ERA5 data for this comparison of ILWC.

Finally, Figure 3.15 shows the ILWC CCDFs for the years 2017 (left) and 2018 (right). Here again clouds are almost always present in ERA5 unlike the WRF simulation that simulates the presence of clouds for only 10-20 % of the time. Furthermore, the WRF simulation overestimates greatly the ILWC for high percentage of time compared to ERA5 data. Indeed, in 2017, for 0.1 % of the time, WRF computes almost three times as much ILWC than the ERA5 database. The MRE computed from the yearly CCDFs is respectively 37 % and 38 % for 2017 and 2018. These values are much higher than the ones found for surface pressure, surface temperature and IWVC. 

Rain accumulation

This third step of the validation of WRF with respect to meteorological parameters is dedicated to rainfall. It focuses on the capacity of WRF to accurately reproduce rain events and their spatial and temporal characteristics. Several datasets are available for that analysis.

Data and methods

In order to study the ability of WRF to reproduce spatial and temporal characteristics of rain events, the most relevant WRF output is the rain accumulation over 5-minute time steps. This output is available over the whole simulation grid of 81x81 pixels with a horizontal resolution of 2x2 km². As for the experimental data used for comparison, three sets of data are considered:

1. The rain accumulation time series derived from the rain gauge deployed near the beacon receiver situated at Kourou (5.1713°N, 52.6862°W). The time-step is 1 second.

2. Météo-France rain accumulation time series derived from six different meteorological stations located around Kourou as shown in Figure 3.16. The timestep is 6 min. The stations are Cayenne-Matoury (CAM), Cayenne Suzini (CAS), Kourou Centre (KOC), Kourou Beach (KOP), Ile Royale (ROY), Eugenie-Sinnamary (SIN).

3. GPM extracted rain accumulation data around Kourou from the 3IMERGHH product (NASA et JAXA 2015). The time-step is 30 minutes with a spatial resolution of 0.1°.

The comparison is performed here in three steps:

• A first comparison between WRF rain accumulation and the rain gauge data from Kourou is made using scatter plots and the same metrics used in Sections 3.2.1 and 3.2.2. Here, the temporal resolution of the rain gauge data is downsampled to 5 minutes to match the temporal resolution of WRF. As the rain gauge is located at the centre of the WRF grid simulation no spatial interpolation is required. • Then, the same comparison is implemented using the six Météo-France rain gauges surrounding Kourou as well as GPM data. A bilinear interpolation on the WRF maps is made to find the points corresponding to the different meteorological stations. No temporal interpolation is required here since only time series are compared.

• Finally, a statistical comparison is performed on the rain rate CCDFs from both the rain gauge and WRF data.

Results

Figure 3.17 shows the scatter plot of experimental rain accumulation on the x-axis versus WRF rain accumulation on the y-axis with the black line representing the function 𝑓(𝑥): 𝑥 → 𝑥, over the year 2017 (left) and 2018 (right). The rain accumulation considered in Figure 3.17 is the integrated amount of rain in 5-minute increments meaning the amount of rain fallen on Kourou over 5 minutes. We can see a high dispersion around the function 𝑓(𝑥) for rain accumulation showing the poor ability of WRF to accurately reproduce rain accumulation in Kourou over a 5-minute period. The dispersion is similar to the one shown in Figure 3.13 for cloud ILWC. Moreover, Table 3.6 presents the metrics obtained for rain accumulation over Kourou in 2017 and 2018. The low correlation coefficients confirm the dispersion shown in the scatter plots. They range from <0.01 to 0.06 and are even lower than the ones found for ILWC. A look at the MRE also shows the bad performance of the WRF model to replicate rain accumulation given by the rain gauge with values going up to 100 %. Figure 3.18 shows the time series of cumulated (up) and instantaneous (down) rain accumulation over Kourou in May 2017 (left) and September 2018 (right). These two months are chosen because May is a typical rainy month and September is a typical dry month in French Guiana. Both the cumulated and instantaneous rain accumulation show that WRF has trouble recreating rain events accurately. The time series of September 2018 shows that the WRF model cannot recreate the rain events at the right time even though at the end of the month the total rain accumulation is close to the experimental value. Moreover, a certain time shift between experimental and simulated rain events can be observed. This low correlation observed could be explained by a difficulty of WRF to recreate rain cells accurately either from a spatial or a temporal point of view. A better correlation could be obtained by taking a different time step for the rain accumulation. Instead of comparing the rain accumulation for 5-minute periods, the scatter plot obtained for 1-hour and 1-day periods for the year 2017 are considered. Figure 3.19 shows the scatter plot for rain accumulation over a 1-hour period (left) and a 1-day period (right). With a 1-hour increment, the scatter plot does not differ too much from the 5-minute time period. As for the 1-day increment, the correlation between the model and the experimental data is somewhat better but it is still too low to validate this initial parameterization of WRF to recreate rain events accurately.

To further investigate the ability of the WRF model to reproduce rain events, the spatial component of the simulations is now investigated. This analysis is done through a comparison of the rain accumulation time series for 6 meteorological stations spread around Kourou. Figure 3.20 shows the rain accumulation evolution throughout May 2017 for each station from rain gauge data (black), WRF simulations (red) as well as GPM retrieved rain accumulation (green). May 2017 is chosen here because it is the rainiest month of the two years considered with several high intensity events. First, a good correlation can be observed between rain gauge data and GPM retrieved data on all 6 stations even though some events are not reproduced with the same intensity thus creating a big difference in term of rain accumulation at the end of the month. Second, we can observe the poor ability of WRF to recreate rain accumulation accurately for this month for all 6 stations except for Eugenie-Sinnamary. Indeed, the meteorological model cannot always recreate the rain events at the correct time and with the relevant intensity. For example, around the 25 th of May, the WRF model simulates a high intensity event in Cayenne-Suzini and Cayenne-Matoury that are not present or at much lower intensity in the rain gauge data.

Finally, Figure 3.21 shows the rain rate CCDFs for the years 2017 (left) and 2018 (right). the simulated CCDF matches the experimental one for percentages of times higher than 0.3 %. However, for lower percentages of time, the WRF simulation tends to overestimates the rain gauge CCDF. The MRE computed from the yearly CCDFs are respectively 21 % and 14.2 % for 2017 and 2018. These values are much higher than the ones found for surface pressure, surface temperature and IWVC but two times lower than the one found for cloud ILWC. This can be explained by the ERA5 data used to compute the ILWC that are not as precise as the data used here to compute rain rate CCDF. This is an encouraging result for the ability of the WRF model to reproduce high intensity rain events from a statistical point of view. 

Conclusion of the analysis on meteorological parameters

This section presented a detailed 3-step analysis of the ability of the WRF-v3.4 model initialized with ERA Interim (i.e., the configuration used by ONERA at the end of the PhD of G. Fayon) to accurately reproduce the atmosphere in French Guiana. First, the comparison of ERA5 surface temperature and surface pressure time series with the synthetic time series produced by WRF shown high correlation coefficients for the 2017-2018 time period. The low MRE obtained from the yearly CCDFs corroborated the fact that the WRF model is able to accurately reproduce surface parameters in Kourou. Second, the comparison of integrated water contents showed different tendencies for water vapour and liquid water. If for the integrated water vapour content, the results are good, the WRF model struggled to replicate accurately the cloud integrated liquid water content. The correlation coefficient found for cloud integrated liquid water content was very low compared to clear sky parameters analysed previously. The much higher values obtained for the MRE computed from the yearly CCDFs confirmed the poor ability of the WRF model to replicate accurately the presence cloud integrated liquid water content. Finally, even if slightly better than for clouds, the comparison performed on rain accumulation between WRF simulations, rain gauges and GPM data are rather disappointing. This comparison showed several discrepancies in the WRF simulation of rain events in French Guiana compared to experimental data, especially in terms of temporal evolution. Nonetheless, a look at the rain rate CCDFs showed a rather good performance of the WRF model to reproduce rain rate from a statistical point of view. This could be explained by the fact that the WRF model has trouble reproducing rain events from a temporal point of view but that statistically the events recreated do tend to mimic real events.

Following this first analysis of the meteorological WRF model and its ability to reproduce the meteorological parameters impacting the propagation channel, a second analysis is presented in Section 3.3. This second analysis focuses on the ability of the EMM module to use WRF outputs to reproduce statistics of attenuation due to oxygen, water vapour, clouds and rain in an equatorial region.

Potentialities of the WRF-EMM model to reproduce attenuation statistics in an equatorial region

The previous section dealt solely with the ability of the WRF model to replicate the atmosphere and its descriptive parameters. This second part focuses on the impairments suffered by radio waves during their propagation through the troposphere. More precisely, it studies the ability of the WRF-EMM model to replicate the attenuation caused by atmospheric gases, clouds and rain in French Guiana. After a presentation of the experimental set-up and the comparison methods used in this section, a statistical analysis is conducted, first on annual basis and second on monthly basis.

Data and methods

This section describes the experimental data available, the comparison methods and the metrics used in the analysis performed in Sections 3.3.2 and 3.3.3.

Experimental set-up

This statistical analysis focuses on the ability of the WRF-EMM model to replicate the attenuation due to atmospheric gases, clouds and rain for a specific Earth-space link. To that end, both experimental data and standard statistical prediction models fed by ERA5 profile data are used as a means of comparison. Due to the lack of experimental data for clouds, oxygen and water vapour attenuation, the statistical prediction models described in the ITU Recommendations and fed by ERA5 data are used as a reference. More precisely, for both oxygen and water vapour attenuation, the model described in Section 1 of Annex 1 of Rec. ITU-R P.676-12 fed by ERA5 profile data is used to compute the specific attenuation along the slant path which is then integrated to obtain the annual CCDF used as reference to compare the CCDFs derived from WRF. For clouds, the model used is the one found in Section 1 of Rec. ITU-R P.840-8 fed by the specific cloud liquid water content from ERA5 profile data.

To study rain attenuation, a comparison with the rain attenuation model from Rec. ITU-R P.618-13 is used in addition to the data collected in French Guiana at the Guianese Space Centre near Kourou (see Chapter I). The experiment relies on a Ka-band beacon of the AMAZONAS 3 geostationary satellite with a carrier frequency of 20.1995 GHz and a Right Hand Circular Polarization [START_REF] Boulanger | Propagation Experiment at Ka-Band in French Guiana: First Year of Measurements[END_REF]. The beacon receiver is located at 5.1713°N and 52.6862°W and the elevation and azimuth angles are, respectively, 78.49° and 238.36°. The receiver is recording data at 10 Hz sampling rate. 

Comparison methods

To analyse the accuracy of the WRF-EMM model, the choice was made to use three metrics. For attenuation, due to atmospheric gases and clouds, the correlation coefficient defined by Equation (3.5) in Section 3.2.1.1 is used to analyse the representativity of the WRF-EMM attenuation times series. Additionally, the MRE computed from the yearly CCDFs described in Section 3.2.1.1 are used to assess the statistical performance of the model. Furthermore, for rain attenuation we also compute the ITU Error metric (ITUE), commonly used by the propagation community to test rain attenuation prediction methods (Recommendation ITU-R P. 2015). This metric is defined by the following methodology also illustrated in Figure 3.22:

1. Define a probability vector 𝒑 with 𝑁 probabilities such as 𝒑 = (𝒑 𝒊 ) 𝒊∈⟦1,𝑁⟧ with 𝒑 𝒊 ∈ [0.001%, 0.002%, 0.003%, 0.005%, 0.01%, … ,100%, ] In this study, the probability vector 𝒑 is created with only valid probabilities. A probability is considered valid for the computation of the ITUE metric if the experimental rain attenuation 𝐴 𝑟𝑎𝑖𝑛 value for this probability is in the range: 0.5 𝑑𝐵 < 𝐴 𝑟𝑎𝑖𝑛 < 22 𝑑𝐵. This range is chosen for two reasons. First, the values of experimental rain attenuation lower than 0.5 dB are excluded to avoid too high relative errors and because these attenuations are subject to higher measurement error or noise. Second, the values greater than 22 dB are excluded due to the experimental dynamic range of measurements that is around 24 dB [START_REF] Boulanger | Propagation Experiment at Ka-Band in French Guiana: First Year of Measurements[END_REF].

Annual results

This section presents the results of the analysis performed over the year 2017 and 2018 about the ability of WRF-EMM to reproduce attenuation due to atmospheric gases, clouds and rain. because of the absence of variation between the two years considered. The WRF-EMM model overestimates a little the CCDF computed with the ITU model but the difference is lower than 0.01 dB. The MRE obtained is 5.7 % which is fifty times higher than the MRE obtained for surface pressure and surface temperature which are two of the three components used to compute oxygen attenuation with water vapour density. Figure 3.24 shows the predicted and simulated water vapour attenuation CCDFs for years 2017 (left) and 2018 (right) with the relative error plotted in red for each probability. The first noticeable thing is the very low inter-annual variability for water vapour attenuation statistics: the CCDFs are very similar from one year to another for both the ITU model fed by ERA5 data and the WRF-EMM model. Second, it is important to note that the WRF-EMM model overestimates the ITU model between 0.01 % and 10 % of the time, with an MRE value of 17 % and 11.5 %, respectively, for 2017 and 2018. This observation is surprising considering the results obtained in Section 3.2.2.2 and the fact that the model described in Recommendation ITU-R P.676-12 used to compute the water vapour attenuation CCDF relies on the water vapour density, which gives the IWVC when integrated over a column. Indeed, the correlation between the IWVC computed by WRF and the one given by both ERA5 and experimental data was found to be quite high in Section 3.2.2.2, so a good ability of WRF-EMM to accurately reproduce the water vapour attenuation was expected.

Attenuation due to atmospheric gases

A closer look at the water vapour attenuation time series is presented in Figure 3.25. We can see both the predicted and simulated water vapour time series for the month of February and June 2018 that have respectively the best and the worst correlation coefficient. We can also notice a good adequation of the intramonthly variations despite the global overestimation of the WRF-EMM water vapour attenuation. To conclude this analysis of the ability of WRF-EMM to reproduce attenuation due to atmospheric gases and clouds, Table 3.8 gathers the metrics computed between the predicted and simulated attenuation time series. We can see that 𝜌 𝑤𝑣𝑜𝑥 > 𝜌 𝑜𝑥𝑤𝑣 ≫ 𝜌 𝑐𝑙𝑜𝑢𝑑 for both years confirming the idea that the WRF-EMM model as more trouble reproducing clouds. 

Attenuation due to clouds

Year

ME

Attenuation due to rain

Rain attenuation is the most critical effect for this study. Indeed, as previously said, in equatorial regions rain is the component of attenuation that is the most difficult to predict as well as the most impactful for radio waves.

Figure 3.27 shows a scatter plot of experimental rain attenuation on the x-axis versus simulated rain attenuation on the y-axis, for the year 2017 (left) and 2018 (right), with the black line representing the function 𝑓(𝑥): 𝑥 → 𝑥. What is instantly clear on this figure is the very low instantaneous correlation between the simulated time series of attenuation and the experimental data. That observation is confirmed by the results presented in Table 3.9 where we can see a correlation coefficient of 0.021 for the year 2017 and of 0.014 for 2018. These low correlation values are consistent with the observations made in Section 3.2.3 about the poor ability of WRF to recreate rain events on an instantaneous basis. We can also notice that the correlation coefficients obtained for rain attenuation is even lower than the ones found for cloud attenuation.

Year 𝝆 𝑹𝒂𝒕𝒕 2017 0.021 2018 0.014 Table 3.9 -Correlation coefficient for the WRF rain attenuation in 2017 and 2018 for a Kourou-AMAZONAS3 radio link.

Figure 3.28 shows the experimental time series of rain attenuation (black) and the synthetic time series derived from WRF-EMM simulations (red) for the month of February 2017, i.e., the month with the best correlation coefficient with a value of 0.174. It is clear in this figure that WRF-EMM does not always create rain events at the right time and with the right intensity. In the literature, it is indicated that WRF can sometimes recreate accurately certain rain events but with a slight time shift [START_REF] Jeworrek | Evaluation of Cumulus and Microphysics Parameterizations in WRF across the Convective Gray Zone[END_REF]. If the rain event was simulated by WRF just a little more to the north-east than in reality, it will go over Kourou a little later than in reality, thus rendering the correlation coefficient insufficient to confirm the ability of WRF-EMM to reproduce rain attenuation accurately. Looking at the rain attenuation time series in Figure 3.28, we can observe that certain rain events are indeed shifted in time between the WRF simulation and the experimental data.

In order to look at the ability of WRF-EMM to recreate rain attenuation from a statistical point of view the yearly CCDFs are computed. Figure 3.29 shows the experimental and simulated rain attenuation CCDFs for the year 2017 (up) and the year 2018 (down) with two additional CCDFs obtained with the ITU-R P.618-13. To compute the rain attenuation CCDF, Rec. ITU-R P.618-13 relies on the rainfall rate exceeded for 0.01 % of the year or 𝑅 0.01 . The CCDF in magenta uses the 𝑅 0.01 predicted by Rec. ITU-R P.837-7 and the green one is obtained from the measured 𝑅 0.01 . A first look at the rain attenuation CCDFs shows a rather good adequacy between the experimental statistics and those derived from WRF-EMM simulations. However, we can see that WRF-EMM underestimates the experimental CCDF for high percentage of time while overestimating it for low percentage of time. Moreover, in 2017, Rec. ITU-R P.618-13 with the measured 𝑅 0.01 gives rather good results. When taking the experimental 𝑅 0.01 , the results are better than the WRF-EMM model. In 2018, the WRF-EMM model performs clearly better whatever the percentage of time.

An additional statistical comparison is performed through the ITUE metric in Figure 3.30. The colour code is the same as in Figure 3.29. Due to the limitations of the experimental setup, the rain attenuation CCDFs reaches saturation near 22 dB. To take that into account, the ITUE metric is calculated for a limited number of probabilities. Only probability levels for which the experimental attenuation is between 0.5 dB and 22 dB are considered in the calculation. 

Conclusion and remarks on annual CCDFs

We have seen here that the WRF-EMM model has the ability to reproduce attenuation CCDFs with a certain degree of accuracy depending on the attenuation source. For oxygen attenuation, the model seems to be in accordance with Rec. ITU-R P.676-12 fed by ERA5 profile data with an MRE of 5.7 %; however, at a frequency of 20.2 GHz, oxygen attenuation is very low. For water vapour attenuation, the WRF-EMM model overestimates constantly the CCDF computed with Rec. ITU-R P.676-12 and the MRE obtained are two to three times greater than for oxygen attenuation with values of 17 % and 11.5 % for 2017 and 2018. For clouds, the WRF-EMM model highly overestimates Rec. ITU-R P.840-8 fed by ERA5 profile data, especially for high percentages of time where both models disagree completely. The MRE are over 40 % for both years. Once again, the validity of using the ERA5 database as input for Rec. ITU-R P.840-8 as a reference is in question. The source of the difference may come from the coarse resolution of the ERA5 data used. Finally, for rain attenuation, which is the strongest propagation impairment in equatorial regions at Ka-band, the accuracy is dependent on the comparison method used. When looking at the instantaneous temporal correlation, with scatter plots, time series and correlation coefficients, we saw that WRF-EMM fails to reproduce rain attenuation events in time and in space. Indeed, the instantaneous correlation coefficient found for rain attenuation is inferior to 0.021 for both years where values up to 0.786 can be obtained for water vapour attenuation. However, from a statistical point of view, by looking at the rain attenuation CCDFs and the ITUE metric for the year 2017 and 2018, we saw a good adequation between the experimental statistics of rain attenuation and the ones derived from WRF-EMM simulations. Indeed, the ability of WRF-EMM to replicate accurately rain attenuation CCDFs is difficult to deny when looking at Figure 3.29. Two reasons are driving us to have a more detailed analysis of rain attenuation CCDFs. First, during the validation of WRF and WRF-EMM, a strong monthly variability was observed and it would be surprising not to see that variability in the monthly statistics. Second, in equatorial regions, a strong seasonal component is present during the year. Low latitude regions are known for their strong rainy seasons followed by months of drought as explained in Chapter I. In order to study these seasonal components, a statistical analysis from a monthly point of view is performed in Section 3.3.3. This analysis is conducted for rain attenuation CCDFs only. Indeed, for oxygen and water vapour attenuation CCDF the variability is not significant. As for clouds, the question of the validity of Rec. ITU-R P.840-8 fed by ERA5 profile data in equatorial regions would render the monthly comparison disputable.

Monthly rain attenuation statistics

After having analysed the ability of the WRF-EMM model to reproduce annual rain attenuation CCDFs, we look at its capacity to generate monthly CCDFs in French Guiana where the seasonal component is strong. It is important to note that a monthly CCDF of WRF is a statistical analysis based on very few samples. For example, since in our simulations the WRF temporal resolution is 5 min, for an average month of 30 days, there are 8640 samples of rain attenuation which corresponds to 8.6 WRF samples in a 30-days month for a probability of 10 -1 %. This is why, even though the CCDFs shown in this section are represented between 10 -2 % and 10 %, the values for time percentages lower than 10 -1 % are not statistically representative. For this reason, the ITUE metric is calculated only above 10 -1 % of the time. Furthermore, to increase the number of samples in the simulated CCDFs, the mathematical principle of ergodicity is used here. Indeed, ergodicity expresses the idea that a point of a moving system, will eventually visit all parts of the space seen by the system. Applied here, it means that if we take the 25 pixels around Kourou to compute the rain attenuation CCDF instead of one pixel only, it creates a 25 times longer synthetic time series that still represents a mathematically extended time series of the same environment. This allows the number of samples used to compute a monthly CCDF to be 25 times higher.

Figure 3.31 shows three types of monthly CCDFs for the year 2017, presented over three months. The experimental CCDFs (full lines), the WRF CCDFs (dashed lines) and the ITU CCDFs (dotted lines with crosses) computed using Rec. ITU-R P.618-13 with a 𝑅 0.01 predicted by Rec. ITU-R P.837-7. We can notice a great variability in the adequacy between experimental and simulated CCDFs. For the majority of the months, WRF-EMM is able to reproduce the CCDF accurately. However, differences are observed for the months of January, April and June. In January and April, the WRF-EMM model underestimates greatly the experimental CCDF, whereas in June, it overestimates it. In April 2017, the difference between the two CCDFs is noticeable in comparison to the annual CCDFs obtained in Figure 3.29. This monthly variability is even clearer by looking at Table 3.11, that shows the monthly ITUE metric values for every month of 2017 and 2018. For the year 2017, the monthly values range from 0.378 to 2.762 when the value for the annual CCDF is 0.418. For the year 2018, the monthly CCDFs can be seen in Figure 3.32. The results obtained with the ITUE metric shows an even greater variability as the annual ITUE value of 0.253 is better than every monthly value ranging from 0.355 to 1.882.

Several observations can be made on this monthly variability. First, the worst and best months in terms of error do not seem to be correlated to the amount of rain accumulated in the month. We could think that the WRF-EMM model has trouble replicating the rainiest or on the contrary the driest months of the year. However, for 2017 the two extreme ITUE values are obtained during the rainy season: the best value is found for May, when the worst value is obtained for the month of April. Moreover, during the dry season from August to October, the value obtained vary from 0.430 to 1.065 in 2017 and 0.516 to 0.537 in 2018. It can be noted that the month of October 2018 has no value for the ITUE metric because no valid percentages of time exist. The second observation on this monthly variability is related to the inter-annual variability. A particular month can have a different behaviour depending on the year. For example, the month of January 2017 is one of the worst months of the year whereas the month of January 2018 is one of the best. These two observations lead to the conclusion that there is no clear seasonal behaviour in the ability of WRF-EMM to reproduce monthly statistics. This monthly variability affects both high and low percentages of time, both dry and rainy seasons and from the experimental data available, is constantly present. No reasons for such different results depending on the months are clearly observed here. The cause for this behaviour is investigated in more details in Chapter IV, where the sensitivity of WRF-EMM attenuation statistics to the WRF parametrization is studied intensively.

Finally, a look at the monthly CCDFs computed using Rec. ITU-R P.618-13 with a 𝑅 0.01 predicted by Rec. ITU-R P.837-7 shows that the performance of the WRF-EMM model to reproduce rain attenuation statistics is not that poor. Indeed, the CCDFs predicted by the ITU-R models show a clear inability to compute the monthly variations in rain attenuation, as opposed to the WRF-EMM model. We can notice that the difference between the monthly CCDFs computed using the ITU-R models is very low compared to the difference observed between the experimental CCDFs. The months of July, August and September 2017 are a good example with August and September being very dry and thus causing lower attenuation whereas July is much rainier and thus causing higher attenuation. However, the CCDFs computed using the ITU-R models do not recreate this seasonal aspect, as opposed to the WRF-EMM model. 

Conclusion

This chapter presented a first assessment of the ability of version 3.4 of the WRF-EMM model initialized by ERA Interim to reproduce both the propagation channel and attenuation statistics in French Guiana. This validation was performed in two steps. The first one consisted in investigating the meteorological NWP model WRF and its ability to reproduce the meteorological parameters describing the atmosphere. Comparisons between WRF outputs and measured or reanalysis data were made for several parameters. For surface parameters such as temperature and pressure, the correlation found between WRF and ERA5 time series was good. In clear sky conditions, the integrated water vapour content of the atmosphere was well represented. Regarding liquid water components, the results obtained were not so good. Indeed, the cloud integrated liquid water content had a very low correlation coefficient. Finally, the ability of WRF to reproduce rain accumulation over a specific point or a larger area has been explored. The correlation found between simulated rain accumulation data and experimental data from both rain gauges and GPM data was very low. A poor ability of this configuration of WRF to recreate rain events at the right time and place was observed. Furthermore, a certain intra-annual variability in the accuracy of WRF was observed during the analysis. Indeed, depending on the month analysed, the performance of WRF is not the same. At first, the accuracy of WRF seemed to be linked to the rain accumulation. For example, the surface temperature in the driest months was best replicated, whereas during the rainiest month, this parameter was more poorly reproduced. However, this seasonal behaviour did not seem to appear in the rest of the analysis. Though the intra-annual variability was still present, no seasonal link was observed.

The second step of the validation undertaken in this chapter was the analysis of the ability of the WRF-EMM model to reproduce attenuations statistics from water vapour, oxygen, clouds and rain. By comparing the CCDFs obtained with WRF to the ITU-R models fed by ERA5 profile data, it was shown that the attenuation from atmospheric gases was correctly reproduced by WRF in French Guiana. The MRE showed good results for atmospheric gases, with a slight overestimation of WRF in both cases. For clouds, the results obtained showed a high discrepancy between the WRF CCDFs and the CCDFs computed with the ITU-R fed by ERA5 profile data, especially for high percentages of time where both models disagreed completely. However, it is difficult to conclude on the ability of WRF-EMM to replicate accurately cloud attenuation CCDFs due to the question of the validity of the ITU-R model in an equatorial region. Then, using measured data from a link between Kourou and the AMAZONAS3 satellite, the ability of the WRF-EMM model to reproduce rain attenuation was studied. On an instantaneous basis, the rain attenuation time series were found to be very poorly correlated with the beacon time series for the year 2017 and 2018. However, the comparison of the rain attenuation CCDFs derived from WRF-EMM with the experimental CCDFs in Kourou showed a good accuracy for both years. This difference of behaviour between the WRF-EMM time series (instantaneous) and the inferred statistics could be explained by a certain time or spatial shift in the meteorological simulation. Indeed, certain rain events can be predicted later or earlier than their actual time of occurrence or occurring not far from the considered radio link. Finally, due to the large intra-annual variability observed during the analysis of WRF outputs, the monthly rain attenuation CCDFs were analysed in more details. It was then showed that the WRF-EMM model cannot always replicate accurately the monthly rain attenuation CCDFs. Furthermore, the monthly variability of the error, was not linked to any seasonal behaviour found in an equatorial region with, for example, the best and worst replicated months of 2017 both being in the rainy season. However, the WRF model was able to reproduce a certain aspect of seasonality. Indeed, the dry and rainy seasons were still reproduced by WRF with the dry months less rainy than the months of the rainy season. Furthermore, the comparison with CCDFs computed using ITU-R models showed that the performance of the WRF-EMM model from a monthly point of view is not that poor compared to the existing models.

In summary, it was shown that the WRF model could reproduce surface pressure, surface temperature and IWVC adequately as well as oxygen and water vapour attenuation. However, the ability of the model to recreate both clouds and rain events in Kourou is insufficient, particularly in terms of monthly variations encountered in such regions. The monthly variability observed here needs to be improved considering the industrial needs in terms of propagation modelling and the strong seasonal behaviour found in tropical and equatorial regions. In order to better understand this variability and to try to improve the performance of the model to reproduce both clouds and rain events from a yearly, seasonal and even monthly point of view, the configuration of WRF and its impact on several monthly outputs is studied in Chapter IV. The version of the computational core of WRF, as well as the reanalysis database used for input data are first studied, before analysing the impact of several macrophysical parameters on the performance of the model. Finally, a sensitivity analysis on the microphysical schemes used by WRF to compute rain attenuation is undertaken.

CHAPTER IV OPTIMISATION OF THE WRF PARAMETERISATION TO REPRODUCE EXPERIMENTAL RAIN ATTENUATION CCDFS 4

The goal of Chapter III was to present a first assessment of the ability of the configuration of WRF-EMM used in [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] to reproduce both the propagation channel as well as annual and monthly attenuation statistics in Kourou (French Guiana). Indeed, in [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF], WRF-EMM was tested in the temperate regions of Southern Europe and only comparisons in terms of rain attenuation statistics have been performed. The results obtained in Chapter III showed that this configuration of the WRF-EMM model produced promising results in Kourou even though the performance of the model to reproduce certain meteorological parameters as well as tropospheric attenuation was limited. Indeed, the poor ability of the model to reproduce correctly rain accumulation in space and time, cloud attenuation as well as monthly statistics of rain attenuation was established. This chapter looks at the configuration of the WRF model as the source of its poor performance to reproduce rain and cloud events in Kourou. More specifically, this chapter investigates the impact of the configuration of the WRF model on annual and monthly statistics of rain attenuation. This analysis is also driven by the fact that some changes to the model are required. Indeed, the ERA-Interim reanalysis database used to initialize the simulations is not maintained anymore by ECMWF and has been replaced by the ERA5 database since 2019, with an improved spatial and temporal resolution. Additionally, a new and improved version of the WRF model has been released in June 2018. The goal of this chapter is on the one hand to show the impact of different parameters on monthly statistics and on the other hand to find a configuration of the meteorological model more suitable to an equatorial region such as French Guiana.

This chapter is divided into four sections. The first one introduces the successive modifications performed throughout this chapter, before detailing the method used to compare and evaluate the performances of the different WRF configurations. The second section presents a sensitivity analysis of the configuration of WRF to reproduce annual, seasonal and monthly rain attenuation statistics. The third section looks at the impact of all the configuration tested on both meteorological parameters and statistics of tropospheric attenuation due to atmospheric gases and clouds. Finally, the fourth section summarizes the different results presented and the conclusions drawn in the chapter with a critical view of the analysis.

Introduction

Following the relatively poor performance of the WRF-EMM model shown in Chapter III to replicate accurately monthly statistics of rain attenuation in French Guiana, the configuration of the WRF model needs to be investigated. The initial configuration used in Chapter III, based on [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF], was designed and tested for the temperate climate of Southern Europe. As such, it may not be suitable for an equatorial region and may require some revisions. In order to better understand the impact of several parameters of the WRF model on the simulations and to obtain better results for French Guiana, several configurations of WRF are tested and compared in this chapter.

The starting point of this analysis is the initial configuration used in Chapter III, named configuration 1. From this configuration, a series of modifications have been done step-bystep to better understand the impact of each parameter. Three distinctive sets of modifications are considered and presented hereafter. The first two modifications concern the computational core version of WRF and the reanalysis database used for initializing the simulations. Then, the impact of several macrophysical parameters, such as the number of domains, their size as well as the cumulus and radiative schemes, are studied. Finally, a study of the granulometry of rain is performed to evaluate the impact of the microphysical schemes on the statistics of rain attenuation produced by WRF-EMM. The different modifications performed on the configuration of the model are explained in details during the course of this analysis.

As our primary objective is to assess the ability of WRF-EMM to produce propagation statistics, this chapter will primarily focus on the ability of the different configurations of WRF to replicate statistics of annual, seasonal and monthly rain attenuation. In a second step, the performances of the successive configurations of the WRF model to replicate statistics of atmospheric parameters (pressure, temperature, water vapour and integrated water contents), as well as clear sky and cloud attenuation will be verified. The main reason behind this choice is that rain is the main component of tropospheric impairment in French Guiana as explained in Chapter II. In addition, rain attenuation is the impairment that is the most problematic for the WRF-EMM model to reproduce accurately, as shown in Chapter III.

As seen in Chapter III, it is difficult to evaluate the performance of the model because of the high variability observed. Indeed, the model does not perform the same way, depending on the month, on the season or even on the year. In order to select the most suitable configuration(s) for Kourou, this chapter uses a more global evaluation method than the one used in Chapter III to better distinguish the best configurations from the worst ones. This method focuses on the evaluation of the global performance of the different configurations, in terms of annual and monthly statistics but also in terms of seasonal statistical behaviour. For the purpose of this PhD thesis and from the rain accumulation data gathered by Météo France over 30 years in Kourou, three main seasons have been defined:

• the dry season during the months of August, September and October,

• the rainy or wet season during the months of April, May and June,

• and the transitional season during the rest of the year, i.e., the months of January, February, March, July, November and December. The global evaluation carried out here still relies on the ITU testing methodology used and presented in Chapter III. As a reminder, the method used in Chapter III consists in calculating the ITU error metric for every valid percentages of time of a single CCDF, thus creating an error vector for the chosen CCDF. Then, the RMS error of this error vector is computed to obtain one single value for each monthly as well as each yearly CCDFs. Here, the difference lies in the length of the error vector considered before computing the RMS error. Indeed, instead of calculating the ITU error metric for every valid percentages of time for a single CCDF, it is done for every CCDFs of a same type (monthly, yearly or seasonal), thus creating an error vector containing all the ITU error metrics of a specific type (e.g., monthly). For example, to evaluate the performance of the model in terms of monthly rain attenuation, the monthly global RMS error is computed over the 2017-2018 time period in three steps:

1. firstly, the ITU error metric is calculated for every valid time percentage of one monthly CCDFs between the experimental CCDF and the synthetic CCDF using the principle of ergodicity over the 25 surrounding points (cf. Section 3.3.3), 2. secondly, the first step is repeated for every month of the time period considered, here 24 months for the 2017-2018 time period, creating an error vector for the 24 months considered. 3. thirdly, the RMS error is calculated from these 24 error vectors to obtain the monthly global ITU RMS error, describing the performance of the configuration. Figure 4.1 shows how the monthly global ITU RMS error is computed compared to the monthly ITU RMS errors shown in Chapter III. This global evaluation method is applied for the annual, monthly and seasonal CCDFs. Additionally, the global mean error is also computed in the same way to look at the global overestimation or underestimation of the experimental statistics for the configuration under test. The valid time percentages (corresponding to a sufficient number of samples to get statistical reliability) are different depending on the type of CCDFs. For the monthly CCDFs as well as both the wet and dry seasons the global ITU RMS error is computed only for attenuation higher than 0.5 dB and lower than 22 dB and for time percentages greater than 10 -1 %. For yearly CCDFs as well as for the transitional season, which extends over 6 months, the time percentages are considered valid down to 10 -2 %. Indeed, for a monthly CCDF, 0.01 % correspond to 0.8 samples due to the 5-minute time-step, i.e., 20 samples with the ergodicity, whereas 0.01 % for 6 months correspond to 4.8 samples i.e., 120 samples with the ergodicity.

Parametric analysis for the simulation of rain attenuation

This section presents a parametric analysis focusing on the impact of the WRF configuration on annual, seasonal and monthly statistics of rain attenuation. It is divided into three parts, dealing with the different types of evolutions made on the configuration of the WRF model. First, two initial changes have been implemented on the computational core version of WRF and on the reanalysis database used as input data to initialize WRF (configurations 1 to 3). Then, a series of macrophysical changes is proposed to obtain monthly statistics closer to the experimental data (configurations 4 to 8). Afterwards, a microphysical sensitivity study is carried out to look at the impact of the microphysical scheme on the ability of WRF to reproduce statistics of rain attenuation and to investigate the most appropriate scheme for French Guiana (configurations 8 to 16). Finally, two hybrid configurations depending on the best performing configurations from a seasonal point of view are defined (configurations 17 & 18).

Core evolutions

The parametric analysis of the configuration of the WRF model performed in this chapter starts with a couple of core evolutions to be implemented before looking at the impact of the different macro and microphysical parameters. These two major changes of the configuration are presented in Table 4.1 and in the following sections.

Necessary change of the reanalysis database

The first major evolution implemented in this PhD thesis concerns the reanalysis database used to obtain meteorological input data required to initialize WRF. These meteorological data are needed by WRF for two reasons: on the one hand for the initial state of the simulation over the whole grid and on the other hand for the boundary conditions of the simulation grid at each time step. The reason behind this change is the stop of the production of ERA-Interim data on the 31 st of August 2019. This database was then superseded by the ERA5 database that offers better spatial and temporal resolutions. Indeed, the ERA-Interim database has a spatial horizontal resolution of 0.75° and a temporal resolution of 6 hours whereas the ERA5 database has a spatial horizontal resolution of 0.25° and a temporal resolution of 1 hour.

To analyse the impact of the database on the rain attenuation CCDFs, the annual, seasonal and monthly global ITU RMS and mean errors over Kourou for the 2017-2018 time period are presented in Table 4.2 for configurations 1, 2 and 3. The colour code is different for the RMS and the mean error. For the RMS error, the green cell represents the lowest ITU RMS error over the same line, whereas the red cell represents the highest one. For the mean error, the blue text represents a negative mean error meaning an underestimation of the simulation compared to the experimental data whereas the red text represents a positive mean error meaning an overestimation of the simulation compared to the experimental data. The three seasons considered are the ones described above.

The first thing to notice from Table 4.2 is that from an annual point of view, configurations 1 and 2 provide similar scores, with an annual global ITU RMS error of, respectively, 0.33 and 0.42. The same can be observed with the global annual mean error of -0.07 and 0.02 for, respectively, configurations 1 and 2. Additionally, a closer look at the individual values of Moreover, when looking at the performance of both configurations on a seasonal basis, we can see that the similarity between configurations 1 and 2 remains only for the wet and the transitional seasons with close global ITU RMS error values. Indeed, for the wet season, the global ITU RMS error values are, respectively, 0.29 and 0.39 for configuration 1 and configuration 2. For the transitional season, the values are respectively, 0.54 and 0.60. However, this similarity disappears when looking at the dry season where we can see a completely different behaviour between configurations 1 and 2. The global dry ITU RMS errors are respectively 0.24 and 0.99.

Furthermore, if we look at the performance of both configurations on a monthly basis, we can also see a difference between configurations 1 and 2 with global monthly ITU RMS error values of, respectively 1.08 and 0.87. Additionally, the global ITU RMS error is much higher from a monthly point of view than from an annual or seasonal point of view. This is explained by the high monthly variability of the WRF-EMM model that was observed in Chapter III which still remains. As an example of this high monthly variability, Figure 4.3 shows the monthly rain Finally, it is difficult to conclude on the fact that the use of the ERA5 database improves or degrades the results. Indeed, another look at Table 4.2 shows that from an annual and seasonal point of view, configuration 1 performs best. Nevertheless, the difference is not really significant except for the dry season where configuration 1 with a value of 0.24 performs much better than configuration 2 with a value of 0.99. However, from a monthly point of view, we can see that configuration 2 with a value of 0.87 performs better than configuration 1 with a value of 1.08. Additionally, a look at the monthly ITU RMS error in APPENDIX D shows that configuration 2 performs better than configuration 1 for 14 months out of the 23 considered. The month of October 2018 is not considered in this study because no valid percentage of time exists for this month as explained in Chapter III. With its higher spatial and temporal resolution, the WRF-EMM simulations using ERA5 were expected to be more accurate. However, it is important to recall that the meteorological data are mainly used for the initial state of the simulation and for the boundary conditions. Furthermore, the meteorological input data used in the WRF model does not consist of any parameter directly linked to the rain: they are mainly basic atmospheric parameters such as temperature, pressure and wind velocities. Nevertheless, since the ERA-Interim cannot be used for simulations taking place after September 2019, the use of ERA5 is necessary. As such, in the rest of this study, the configurations presented all use ERA5 for the WRF simulations.

The second core evolution made early in the study was the upgrade of the computational core of WRF. It is presented hereafter.

New core version of WRF

The second major modification implemented concerns the computational core version of WRF used for the simulations. The WRF version used in [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] and (Outeiral García et al., 2013) was Version 3.4.1. An upgrade to Version 4.0.3, the most recent version at the beginning of this PhD, was performed early in the study. There are several reasons behind this change in version but it is mainly due to the release of version 4, which is an important step in the upgrade of the WRF model. The correction of some bugs and the implementation of new physical schemes as well as the upgrade of certain physical computations are the reasons justifying this upgrade. In addition, with version 4, new functionalities such as the hybrid vertical system can be used to improve the accuracy of the simulation. This new system of coordinates allows a more flexible vertical spatial resolution in the grid. Indeed, the lowest layers of the atmosphere can have a higher vertical resolution than the highest layers that have a lesser impact on the simulations, and thus, accept a coarser vertical resolution.

To analyse the impact of the change in versions, Table 4.2 presents the annual, seasonal and monthly global ITU RMS and mean errors over Kourou for the 2017-2018 time period for configurations 1 to 3. Configuration 3 differs from configuration 2 only by the version of WRF used. For the time period considered, configuration 3 seems to perform worse than configuration 2 in French Guiana whatever the type of CCDF considered. Indeed, from annual, seasonal and monthly points of view, the global ITU RMS errors given by configuration 3 are systematically worse than the ones given by configuration 2. The largest difference between the two configurations can be observed for the transitional season and for the monthly analysis. This observation is corroborated by the monthly ITU RMS error for every month of 2017 and 2018. Indeed, as can be seen in APPENDIX D, for half the months considered, it is the worst of the three first configurations studied up to now.

Figure 4.4 shows the annual rain attenuation CCDFs from configurations 2 (cyan) and 3 (green) compared to the experimental CCDF in 2017 and 2018. We can see that the simulations with the new version of WRF (configuration 3) underestimates the rain attenuation of the simulation with the previous version of WRF (configuration 2) for both years. Additionally, configuration 3 performs worse for both years, especially in 2017.

The upgrade in version presented here, seems to degrade the results from an annual, a seasonal and a monthly point of view, even though the results are not always that bad as can be seen for 2018. However, the choice to keep version 4.0 for the next simulations has been made believing that the relatively poor results could be better explained by the configuration of the WRF model rather than the upgrade of version. Furthermore, the different upgrades, with solved bugs and additional functionalities made it logical to choose version 4 for the next simulations.

Following the results obtained after the two initial core evolutions made to the configuration of WRF, and after seeing that the high monthly variability of the model accuracy concerning rain attenuation statistics still remains, the next section investigates the impact of several macrophysical parameters of the WRF model on the accuracy of the simulations.

Macrophysical analysis

After looking at the impact of the input data and of the core version of WRF, this section deals with the macrophysical parameterization of the WRF model. The goal is to look at the impact of several macrophysical parameters on the ability of the model to reproduce annual, seasonal and monthly rain attenuation statistics, to find a configuration more suitable to French Guiana. Six parameters are studied here. After a first look at the number of domains and at their size, the influence of the cumulus and radiation schemes used in the WRF model is investigated. Then, the usefulness of the nudging function to improve the results is analysed.

Table 4.3 contains the five configurations studied in this section, considering that all of them use ERA5 data to initialize WRF, the version 4.0.3 of WRF and the same microphysical scheme (WSM6) used in [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] and (Outeiral García et al., 2013).

For this analysis and the following ones, a third year ( 2020) is considered, which was not possible for configuration 1 as ERA-Interim was not maintained anymore. As only a few months are available in the data collected in 2019 in Kourou, the year 2019 is not included in the analysis.

Number of domains

The first parameter analysed is the number of domains. Configurations 1 to 3, are based on downscaling over three domains, in continuation with the works of [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] and (Outeiral García et al., 2013) that concerned essentially mid-latitudes. However, the necessary transition from ERA-Interim to ERA5 raises the question of the interest to keep the first and widest domain with a resolution of 30 km (cf. Table 4.1). Indeed, the spatial resolution of ERA5 data is 0.25° which at this latitude is around 28 km. As for setting-up the WRF model it is recommended to have a first domain with a ratio of around 1/3 or 1/5 the spatial resolution of the meteorological data used to initialize WRF [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF], so the first domain used in configurations 1 to 3 would be unnecessary because of its spatial resolution of 30 km. Additionally, the second domain of configurations 1 to 3 which has a spatial resolution of 6 km, follows the recommendation if it is chosen as the first domain. In order to change only one parameter at a time and as a compromise in terms of computation time and storage space, it was decided to remove the first domain without changing the rest of the configuration. In conclusion, the WRF model was set-up with only two domains with spatial resolutions of respectively 6 km and 2 km as indicated in Table 4.3. Table 4.4 presents the annual, seasonal and monthly global ITU RMS and mean errors over Kourou for years 2017, 2018 and 2020 for configurations 3 to 8. The colour code is the same as in Section 4.2.1. For this section, since all the configurations compared use ERA5 data to initialize the simulations, the year 2020 can be used in addition to the years 2017 and 2018. The experimental data for the year 2019 is unavailable for many months and thus not used in this comparison.

Looking at Table 4.4 we can see that the removal of the 30-km resolution domain done from configuration 4 globally degrades the performance of the model. Indeed, we can see that from an annual, a seasonal and a monthly point of view, the global ITU RMS error is higher for configuration 4 than for configuration 3, with the exception of the wet season where both configurations perform equally. Specifically, this degradation is most obvious during the dry and the transitional seasons as well as from a monthly point of view. Indeed, a look at the monthly ITU RMS error for configuration 3 and 4 in APPENDIX D shows that for 27 out of the 35 months considered in this study, configuration 4 performs worse than configuration 3. Overall, only twelve months out of 35 have a monthly ITU RMS error lower than 1 which depicts the difficulty of this configuration in reproducing rain attenuation events. Figure 4.5 shows the annual rain attenuation CCDFs from configurations 3 (green) and 4 (red) compared to the experimental CCDF in 2017 and 2018. We can see that the simulations with two domains (configuration 4) are further from the experimental data than the simulations with three domains (configuration 3) for both years.

This observation could be explained by a non-optimal configuration of the WRF model. Indeed, with a reduced number of domains in the simulation, a non-optimal configuration can have a greater impact on the simulation accuracy. On the other hand, as recalled previously the designers of the WRF model recommend to use a first domain with a resolution between 3 and 5 times lower than the initialization data. Therefore, it has been decided to optimise the 2-domain simulation rather than a 3-domain simulation. In order to optimise the new 2-step downscaling approach, two major changes are made in the following sections. They concern the cumulus scheme and the size of the domains used in the simulation.

Cumulus scheme

Starting from a downscaling process relying on two domains only, this section investigates the impact of the cumulus scheme on the global ITU RMS error for rain attenuation statistics from an annual, seasonal and monthly basis. As explained in more details in Chapter II, it is one of the six physical processes used to parametrize the WRF model with the cumulus scheme, the microphysical scheme, the Planetary Boundary Layer (PBL) scheme, the surface layer scheme and the Land-Surface Models (LSM). The cumulus scheme is responsible for the effects of clouds whose size is inferior to the grid-size and are of non-precipitating nature.

In the literature, the possible use of a cumulus scheme depends mainly on the spatial resolution of the considered domain. For a domain resolution lower than 4 km, the use of a cumulus scheme is not recommended because the pixel size is too small for clouds to be resolved by the dynamics of the model itself. For a domain resolution coarser than 10 km, the use of a cumulus scheme is recommended because such a size allows the clouds to be properly resolved and therefore the convection dynamics to be modelled [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF]. However, for a grid resolution between 4 km and 10 km, there is a grey area where the use of a cumulus scheme is questionable depending on the simulation. Since the first domain (6 km) selected in Section 4.2.2.1 is in this grey area and since the results obtained for configuration 4 (for which a cumulus scheme is used) are not satisfactory, the cumulus scheme is deactivated for both domains in configuration 5 to see its impact on the attenuation CCDFs derived from WRF-EMM simulations. Table 4.4 clearly shows the negative impact of the cumulus scheme on the simulation in this particular case. Indeed, we can see an improvement of every global ITU RMS and mean error from configuration 4 to configuration 5. For example, from an annual point of view, the global ITU RMS error moves from 0.79 to 0.33 and from a monthly point of view, the global ITU RMS error moves from 1.68 to 0.72. Therefore, removing the cumulus scheme significantly improves the performances of the WRF-EMM model. Additionally, a look at the monthly ITU RMS error in APPENDIX D corroborates this observation with only two months out of the 35 considered that give higher ITU RMS error for configuration 5 than for configuration 4. Looking more closely at the monthly results and as illustrated by Table 4.4, even though configuration 5 is globally more accurate than configuration 4, it still has a high monthly variability of the error with some months being badly reproduced in terms of rain attenuation CCDFs. Once again, no clear seasonal pattern can be observed here as both rainy months such as April and December and dry months such as July and October still have high ITU RMS errors. Though there is a clear improvement of the ability of the WRF-EMM model to reproduce rain attenuation statistics by removing the cumulus scheme in the first domain, there is still room for improvement for certain months as well as in terms of monthly variability. Indeed, a poor configuration can have a strong negative impact on the simulations, so a second evolution of the macrophysical configuration (the grid size of the domain) is studied in the next section in order to see if it also impacts the simulation accuracy.

Grid size of the domain

After observing the negative impact of the cumulus scheme on the synthetic rain attenuation CCDFs, this section is devoted to assess the influence of the size of the domains. Indeed, the right definition of the domain sizes and of the simulation grids is critical for the simulation. In the open literature it is often considered that grids of 100x100 points and even 200x200 points for the domains are better for several reasons [START_REF] Wang | WRF Best Practices[END_REF]. With bigger simulation grids, the model has a wider volume to accurately reproducing the different macrophysical and microphysical phenomena involved. Additionally, a bigger grid implies that the centre of the grid, usually the point of interest of the study, is further away from the external frontier of the grid where lateral boundary conditions are applied causing the model to be less accurate.

The grid sizes used so far are much lower than the recommendations of [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF]. Indeed, as stated in Chapter III, the grids used in configurations 1 to 3 were made of 57x57, 85x85 and 81x81 points and the ones used in configurations 4 and 5 were made of 85x85 and 81x81 points. These grid sizes have been chosen empirically and used by [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] as a compromise between the computation time, the storage space and the accuracy of the simulation. Indeed, using grid sizes of 200x200 points, even if this is the recommendation from [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF], will require too much computation time and storage space to run simulations over several years as needed for propagation studies.

However, to find a better compromise, the impact of the grid size on the accuracy of the simulation is investigated with configurations 6 whose grid size is 99x99 points for the two domains. A further increase of the grid size is not considered here because it would not be viable in terms of computation time and storage space. Indeed, a simulation of a single day with a grid size of 199x199 points would last around 45 hours and requires 40 GB of storage space (around 15 TB for a full year).

Table 4.4 shows the limited impact of the grid size on the rain attenuation statistics. Indeed, we can see that between configuration 5 and 6 there is only a slight degradation in term of annual wet, dry and transitional global ITU RMS error with respectively a +0.03, +0.04, +0.06 and +0.01 change with the largest domains. From a monthly point of view the global ITU RMS error remains the same. Moreover, the monthly ITU RMS errors from APPENDIX D show that either configurations can perform better than the other one depending on the month but with no clear pattern. Overall, it seems that increasing the grid size from 81x81 points to 99x99 points neither significantly improves nor degrades the simulation accuracy.

This result may be due to the limited increase (22 %) in grid size and as recommended by [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF], only a grid size of around 200x200 points might improve the results. Nonetheless, it is interesting for future works around this WRF-EMM model.

We saw in that section that a small increase of the size of the domains has a limited impact on the accuracy of the model and that a higher increase of the size could be necessary to improve the performance of the WRF-EMM model. Additionally, it is shown that, globally, the increase of the size of the domains slightly degrades the results obtained for the years 2017, 2018 and 2020 for the dry and the wet seasons as well as from an annual point of view. From a monthly point of view, the conclusions are more even as some months are better represented by configuration 5 and others by configuration 6 and the global monthly ITU RMS error is similar for both configurations.

Nonetheless, in order to follow the recommendations to increase the grid size and because the consequences on the synthetic CCDFs between configurations 5 and 6 are only very slight, it was decided for the rest of the study to use grid sizes of 99x99 points. To continue the macrophysical analysis of the configuration of the WRF model, the next section looks at the effects of the radiation scheme.

Radiation Scheme

This section continues the investigation of the macrophysical configuration of the WRF model to better understand the impact of each parameter and to optimize the performance of the model to reproduce the experimental rain attenuation statistics. Specifically, this section investigates the impact of the radiation scheme on the accuracy of the synthetic statistics. It is investigated here because the open literature shows that the radiative scheme used so far for our simulations (RRTM) is neither the most widely used nor the one recommended for the tropics (Tropical suite of WRF, 2017).

To look at the impact of the radiation scheme on the ability of WRF to reproduce rain events accurately, a simulation with the RRTMG scheme is launched. This scheme is chosen here for two reasons. First, because it is the radiation scheme used in the tropical suite of WRF that is supposed to be more suitable for tropical and equatorial regions (Tropical suite of WRF, 2017). Second, because it is an upgraded version of the RRTM scheme, that improves the computational efficiency for NWPs [START_REF] Iacono | Radiative Forcing by Long-Lived Greenhouse Gases: Calculations with the AER Radiative Transfer Models[END_REF].

Table 4.4 shows the limited but positive impact of the radiation scheme on the global ITU RMS errors. Indeed, configuration 7 gives a lower global ITU RMS error than configurations 4 to 6 except for the case of the wet season. For the dry season, as well as from an annual and monthly point of view, configuration 7 performs slightly better than configuration 6. For the transitional season the improvement is more noticeable with a global ITU RMS error that goes from 0.52 for configuration 6 to 0.26 for configuration 7. However, the opposite behaviour is observed for the wet season where the global ITU RMS error goes from 0.3 for configuration 6 to 0.41 for configuration 7. This section showed that the impact of the radiation scheme on the rain attenuation CCDFs is slight from an annual and monthly point of view and that the difference is more noticeable only from a seasonal point of view. Since the radiation scheme is not a physical scheme that impacts directly rain events such as the cumulus and microphysical scheme (cf. Figure 2.2), [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF], and because the impact observed here is not really significant, it was not investigated any further. Furthermore, for the first reason cited here, the impact of the PBL and surface layer schemes as well as the LSMs are not investigated in this PhD. Only the microphysical scheme, the most impactful on the simulation of rain events is investigated in Section 4.2.3.

The RRTMG scheme is used hereafter for the next configurations because of the slight improvement it brings on monthly and annual rain attenuation CCDFs as well as because of its presence in the tropical suite of WRF.

The next section concludes the macrophysical investigation by focusing on the use of the four-dimensional data assimilation or nudging function and its impact on the accuracy of the WRF model to reproduce rain events.

Four-dimensional data assimilation -Nudging

This section looks at the impact of Four-Dimensional Data Assimilation (FDDA) on the ability of the WRF model to reproduce rain attenuation statistics. As explained in Chapter II, fourdimensional data assimilation, or nudging, is a method for keeping simulations close to reanalysis data by forcing the model towards it. More specifically, for every grid point in the simulation, the model will move the values of the two wind components, the temperature and the specific humidity towards the values of the reanalysis data used to initialize and constraint the model. Here, the reanalysis database used is the ECMWF's ERA5 database that has a spatial resolution of 0.25° and a temporal resolution of 1 h, meaning that the simulation will move the four fields every hour towards the ERA5 grid of 0.25x0.25°. With such good spatial and temporal resolutions, this four-dimensional data assimilation is an interesting function, especially because the main goal is to recreate accurately the state of the atmosphere in the past. The global ITU RMS error for rain attenuation CCDFs gathered in Table 4.4 shows that the use of nudging greatly improves the simulation from a monthly point of view compared to previous configurations. Indeed, the monthly global ITU RMS error obtained for configuration 8 is 0.44 compared to 0.65 for configuration 7. Additionally, it is the lowest monthly global ITU RMS error obtained so far. A look at the monthly global mean error also shows an improvement with a value of 0.08 compared to a value of -0.14 for configuration 7. From a seasonal point of view, the results show an opposite behaviour depending on the season. For the dry and the wet seasons, configuration 8 performs better than configuration 7, especially for the dry season with a global ITU RMS error of 0.39 compared to a value of 0.82 for configuration 7. Moreover, for the dry season, configuration 8 also gives the lowest global ITU RMS error of the configurations tested so far. For the transitional season, configuration 8 performs slightly worse than configuration 7. Indeed, in compliance with Table 4.4, we go from a global ITU RMS error of 0.26 for configuration 7 to a value of 0.32 for configuration 8. From an annual point of view, we go from 0.32 for configuration 7 to 0.27 for configuration 8. Additionally, configuration 8 gives the lowest annual global ITU RMS error obtained so far. This can be observed in Figure 4.8 where the annual CCDFs for the years 2017 (left), 2018 (right) and 2020 (down) are shown from experimental data (black), as well as configurations 3 (green), 4 (red) and 8 (blue). We can see the better performance of configuration 8 in 2017 where the synthetic CCDF is very close to the experimental data. In 2018, the performance of each configurations is similar with configuration 8 performing better for high percentages of time. Finally, in 2020, configuration 8 performs very well for high percentages of time.

As we have seen, configuration 8 reproduces monthly rain attenuation CCDFs much more accurately than the other configurations. Additionally, the performance of configuration 8 to reproduce seasonal CCDFs is also among the best for the wet and the transitional seasons and is the best for the dry season. From an annual point of view, configuration 8 also performs better than the other configurations compared so far. For the reasons cited above, configuration 8 can be considered to be the best performing configuration among the ones tested so far. Nonetheless, there are still two reasons why configuration 8 is not fully satisfactory. First, the inter-annual variability observed for rain attenuation is not very well reproduced by the model as can be seen in Figure 4.9. Indeed, Figure 4.9 illustrates this problem by showing the rain attenuation CCDFs over Kourou in 2017 (red), 2018 (blue), 2020 (green) and for the full time period (black) from experimental data (full line) and from WRF-EMM simulations (dashed line). In 2017 the simulated and experimental CCDFs are very close. However, in 2018 and 2020, the experimental CCDFs are significantly lower than the CCDF derived from WRF-EMM. Additionally, the simulated CCDFs for the three years remain close to each other contrary to the experimental CCDFs.

The second reason why configuration 8 is not fully satisfactory is because of the high monthly variability of the error, even if the different changes made so far have reduced this variability. Indeed, a look at the monthly ITU RMS errors in APPENDIX D shows that even if the global ITU RMS error obtained for configuration 8 is satisfactory, a high monthly variability of the error still remains. Indeed, the lowest monthly ITU RMS error is found for the month of June 2017 with a value of 0.05 whereas the highest value is found for the month of October 2020 with a value of 0.96. A look at the monthly rain attenuation CCDFs in of April (cf. Figure 4.12) and September 2018 (cf. Figure 4.13) as well as the months of June (cf. Figure 4.14) and November 2020 (cf. Figure 4.15). On the contrary, the months of March and April 2017 (cf. Figure 4.10), of February (cf. Figure 4.12) and October 2018 (cf. Figure 4.13) as well as the months of September and October 2020 (cf. Figure 4.15) are very poorly reproduced by configuration 8.

Conclusion of the macrophysical analysis

This section focused on several macrophysical changes made to the WRF model in order to improve its ability to reproduce rain attenuation statistics from an annual, a seasonal and a monthly point of view. First, a reduction of the number of domains was investigated due to the new ERA5 database used and its higher spatial resolution. It led to a degradation of the results. To explain this degradation, our hypothesis was that with a reduced number of domains, a poor configuration would have an increased negative impact on the simulations. In order to test this hypothesis, two changes were made on the configuration of WRF: the removal of the cumulus scheme on the 6 km resolution domain because of a grey area in the recommended use of this scheme and the increase of the size of the domain because of the recommendations found in the literature. The removal of the cumulus scheme improved significantly the performance of the model whereas the increase of the size of the domains had little impact. Then, to continue the macrophysical analysis, the effects of the radiative scheme was investigated, with an upgraded version of the scheme used up to now, also recommended for tropical and equatorial regions. The corresponding impact on rain attenuation statistics was only slight and no further investigation has been made on the subject because of its only indirect impact on rain. Finally, the use of the FDDA or nudging function was tested. It led to strong improvement, especially from a monthly point of view. However, even though this WRF-EMM configuration 8 provides better performance than the other configurations tested so far, a high monthly variability still remains.

Therefore, in order to optimize even more the configuration of the WRF-EMM model, the remaining part of the study focuses on the impact of the microphysical scheme used in WRF-EMM to reproduce rain attenuation statistics. performing the microphysical analysis on the nine selected schemes, it is necessary to reduce the computational time. Evidently, a way to reduce the total computation time required to derive rain attenuation statistics consists in simulating only the rainy days. For the rest of the time, a rain attenuation value of zero can be inserted in the time series before computing the CCDFs. The method used to identify the days with and without rain is based on the total precipitation amount given by the ERA5 database that is used to feed and constrain the WRF-EMM simulations. This ERA5 parameter is the accumulated liquid and frozen water, comprising rain and snow that falls to the Earth's surface. In French Guiana, due to the high temperatures observed in the region, the total precipitation represents only the rain falling to the surface, as there is no snow. Nevertheless, estimating the days without rain by directly looking at the accumulated liquid and frozen water from ERA5 data is misleading because according to this parameter there would be no single day in 2017 and 2018 without rain. Indeed, probably due to the spatial and temporal resolution of the ERA5 database, the total precipitation over Kourou is never strictly equal to zero for a full day. To circumvent this issue a specific analysis is required to determine a threshold in terms of rain amount per hour under which we can consider a day to be nonrainy without degrading the rain attenuation CCDFs derived from WRF-EMM simulations. This analysis is based on the total precipitation given by the ERA5 database. This means that to choose which day to simulate we look at the ERA5 database and we consider a day to be rainy only if, for at least one ERA5 time-step, i.e., one hour, the total precipitation is higher than the threshold considered. To find the optimal threshold we look at the impact of reducing the number of simulation days on the rain attenuation CCDFs simulated by WRF-EMM. The goal is to find the threshold that simulates the least number of days without noticeably modifying the CCDFs. First, in order to find the appropriate threshold a sensitivity analysis is made considering five different thresholds ranging from 0.5 mm/h to 10 mm/h. Figure 4.16 shows the rain attenuation CCDFs simulated by WRF for years 2017 and 2018 for the five considered thresholds (0.5, 1, 3, 5 and 10 mm/h). The reference CCDF (in black) is computed with every day of the year, the other CCDFs are computed only from the days that are considered rainy with the threshold indicated in the legend, meaning that the hourly ERA5 precipitation data are above the threshold for at least one time step during the day. From Figure 4.16 a threshold of 1 mm/h has very little impact on the annual CCDF. The differences become more visible for higher thresholds. Considering now monthly CCDFs, this threshold of 1 mm/h does not work equally for every month: for the rainy months there is almost no difference in the CCDFs, while for the dry months such as August and October differences appear as shown in Figure 4.17. More precisely for the dry months during which it did not rain much, the threshold of 1 mm/h is too selective and impacts significantly the rain attenuation CCDF derived from WRF-EMM simulations. This can be easily explained by the fact that during dry months, there are fewer rainy days and the intensity of rain events is lower, so suppressing a single rainy day can have a strong impact on the CCDF.

Considering the high seasonal component present in French Guiana, the fixed threshold of 1 mm/h does not seem adequate. Rather, a threshold adapted to both dry and rainy seasons would be better. To adapt the threshold to the type of month, instead of using a fixed threshold, an adaptative threshold is defined from the monthly rain accumulation CCDF derived from hourly ERA5 data. Particularly, rain thresholds associated to monthly ERA5 cumulative probabilities of 20 %, 10 %, 5 % and 3 % are tested. Their impact on the rain attenuation CCDFs is showed in Figure 4.18. To comply with the first sensitivity analysis conducted above, the rain threshold must also be inferior to 1 mm/h. This means that when the monthly threshold obtained for a given time percentage exceeds 1 mm/h, the threshold of 1 mm/h is kept. From an annual point of view, as with the fixed thresholds in mm/h, the new CCDFs of rain attenuation are very similar for both 2017 and 2018. From a monthly point of view, since the maximum threshold taken into account is 1 mm/h, there is no difference in the CCDFs for the rainy months, as the limit of 1 mm/h is exceeded for percentages higher than 10 % for any rainy months. Then, for the driest months of 2017 and 2018 and more specifically for August and October, differences in the CCDFs can be observed only for time percentages lower than 10 % (as shown in Figure 4.18). In terms of the ability of the model to reproduce rain attenuation statistics, the conclusion is that among the four single-moment schemes compared here, configuration 8 using the WSM6 microphysical scheme performs best from an annual and monthly point of view as well as for the wet season. Configuration 10 performs best for the transitional season followed by configuration 8, whereas configuration 11 performs notably better than the other three configurations for the dry season, also followed by configuration 8.

The conclusion drawn at this stage is that none of the other three single-moment schemes improves significantly the performance of the WRF-EMM model and that the monthly global ITU RMS error values remain high, especially from a monthly point of view. This could be explained by the use of the Marshall-Palmer DSD by all four models. Indeed, this DSD model is a statistical model that works very well for temperate climates but may not be as appropriate for the very humid climate of an equatorial region like French Guiana. To further explore this analysis the following section is devoted to double-moment microphysical schemes that rely on less simplified DSD formulations. 

Double moment schemes

This section presents the second part of the microphysical analysis focused on the doublemoment microphysical schemes of WRF. Five schemes are tested and compared. They represent configurations 12 to 16 of Table 4.5. This analysis follows on the observations made in the previous section about the high monthly variability of the error obtained with the WRF-EMM model and its possible cause. If the DSD model has a strong impact on the rain attenuation CCDFs, then using double-moment schemes gives more freedom to the WRF-EMM model in terms of DSD parameters. Indeed, as explained in Chapter II, double moment schemes predict both the rain mixing ratio and the rain number concentration, giving the computed DSD two degrees of freedom instead of one. This additional degree of freedom is likely to allow the WRF-EMM model to reproduce more accurately rain events in French Guiana.

Global ITU RMS errors from annual, seasonal and monthly points of view for the years 2017, 2018 and 2020 are presented in Table 4.6 for configurations 12 to 16. From an annual point of view, a similar variability of the error is observed between the five double-schemes as it was observed between the single-moment schemes compared in Section 4.2.3.2. Indeed, the annual global ITU RMS errors range from 0.18 for configuration 16 to 0.33 for configuration 14. This observation is corroborated by Figure 4.20 where the annual rain attenuation CCDFs of each configuration is compared to the experimental CCDF, for each of the three years considered. In that figure the main differences between the CCDFs are observed for low percentages of time, as observed for the single-moment schemes. Additionally, except for configuration 14, every double-moment scheme performs well from an annual point of view with configuration 16 being the best with an annual global ITU RMS error of 0.18. This is corroborated by looking at Figure 4.20 where configuration 16 appears to perform best in 2018 and 2020. A look at the annual ITU RMS error in APPENDIX D confirms this visual inspection, with an annual ITU RMS error of 0.18 and 0.07 in 2018 and 2020, whereas the other double-moment schemes do not perform as well.

From a seasonal point of view, a similar observation can be made. Indeed, except for the wet season where the global ITU RMS error range from 0.19 for configuration 16 to 0.32 for configuration 14, a high variability is present between the five schemes compared. This is more noticeable for the dry season where the global ITU RMS error ranges from 0.59 for configuration 12 to 1.13 for configuration 15.

From a monthly point of view, the same tendency is observed with a global ITU RMS error ranging from 0.51 for configuration 12 to 0.71 for configuration 16.

This higher variability of the error can be explained by a wider panel of DSDs in double moment schemes. Indeed, as explained in Chapter II, the four single moment schemes use the same Marshal-Palmer DSD whereas the five double-moment schemes use a more general DSD 
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with different ways to predict the rain number concentration that has a strong impact on the DSD.

In terms of the ability of the model to reproduce rain attenuation statistics, configuration 16 gives the best accuracy from an annual point of view as well as for the wet and the transitional seasons. For the dry season, configuration 12 performs best whereas from a monthly point of view both configuration 12 and 13 give the best results.

Eventually, three configurations emerge from the analysis performed here. Configuration 16 provides the best scores from an annual point of view as well as for the wet and the transitional seasons. Configuration 11 performs much better than the others for the dry season whereas configuration 8 gives the best accuracy from a monthly point of view.

A look at the monthly ITU RMS errors in APPENDIX D makes us reconsider the case of configuration 16. Indeed, from a monthly point of view, this configuration seems to perform better or at least as well as configuration 8 for the years 2017, 2018 and 2020 even though its global monthly ITU RMS error is 0.70 compared to the 0.44 of configuration 8. This can be explained by the month of September 2020 that is extremely poorly reproduced by configuration 16 with a monthly ITU RMS error of 3.72. This is the highest value given by any of the nine microphysical configurations found in Table 4.6. Additionally, configuration 16 does not give such a high value for any other months considered in this study. This particular month alone causes configuration 16 to perform poorly from a monthly point of view. Indeed, if the global monthly ITU RMS error is computed without considering this month, the values obtained is 0.48, a value much closer to the one obtained for configuration 8. If the same calculation is applied to configuration 8, the ITU RMS error obtained is only 0.44, a much lower difference with its original value.

These observations lead us to conclude that configuration 16 is a very interesting configuration to consider for Kourou. Indeed, it performs best from an annual point of view as well as for the wet and the transitional seasons, and apart from a specific single month it performs very well from a monthly point of view. In summary, it performs very well except for the dry season.

This conclusion raises the question of using a hybrid configuration built with configuration 16 for every month and configuration 8 or 11 for the dry season. This hypothesis is tested in the following section.

Definition of hybrid configurations

This section investigates the potentialities of hybrid configurations based on the results obtained for the 16 configurations compared so far. Following the observations of the previous section, the hybrid configurations use the Millbrandt&Yau microphysical scheme for every month except for the dry season where a better performing microphysical scheme is preferred. According to Table 4.6, two configurations are in competition for the dry season: configuration 8 (because it has the best monthly global ITU RMS error) and configuration 11 (because it performs better specifically in the dry season). Table 4.7 gathers the two hybrid configurations studied here.

Table 4.8 presents the results obtained with these two hybrid microphysical schemes. From a monthly point of view the global ITU RMS error is improved significantly from configuration 16 to configuration 17 and 18, with scores of respectively 0.42 and 0.43 instead of 0.70 for configuration 16. The global monthly ITU RMS errors obtained for both configurations 17 and 18 are even slightly better than the one obtained for configuration 8 the best one up to now. Additionally, from an annual point of view, the use of the hybrid configurations improves slightly the global ITU RMS error from 0.18 with configuration 16 to the same value of 0.18 with configuration 17 and 0.17 for configuration 18. From a seasonal point of view, no new information can be observed as the global ITU RMS errors of both wet and transitional seasons are the same as for configuration 18, whereas for the dry season it is the same as for configurations 8 and 11.

From this final analysis, it can be concluded that the hybrid configuration 18 using the Millbrandt&Yau microphysical scheme for every month except for the dry season where the Goddard scheme is used, is the best performing configuration for Kourou. Indeed, from annual, seasonal and monthly points of view, it gives the lowest global ITU RMS error or a value very close. Table 4.9 corroborates this conclusion with the annual and monthly ITUE metric for configuration 18 for years 2017, 2018, 2020 and the three-year time period. The ITUE Metric for the CCDFs computed using Recommendation ITU-R P.618-13 with a 𝑅 0.01 predicted by Recommendation ITU-R P.837-7 as well as for the CCDFs computed using Rec. ITU-R P.618-13 with an experimental 𝑅 0.01 are also shown for 2017-2018-2020. We can see that, except for the months of March, May and December the ITUE metric over three years computed from the WRF-EMM CCDFs is better than the one computed from the ITU CCDFs. This good global performance of configuration 18 can also be observed in good adequacy between experimental and simulated CCDFs for most of the months. Moreover, the monthly variability obtained with configuration 1 in Figure 3.31 and Figure 3.32 is here less present. Finally, we can see here the ability of the WRF-EMM model to follow the monthly variations contrary to the ITU-R model which monthly CCDFs do not follow very well the monthly variations. 

ITUE

Conclusion of the parametric analysis

This section presented a series of changes made on the configuration of the WRF model in order to optimize it for Kourou. The goal was to improve the performance of WRF-EMM to reproduce rain attenuation statistics from an annual, a seasonal and a monthly point of view. The eighteen configurations compared in this section are gathered in Table 4.10 where the colour represents the type of parameter under test: the core (WRF computational version, ERA database) in green, the macrophysics in blue, the microphysics in orange. These different configurations have been compared to each other using a global ITU RMS and mean error methodology that allowed the performances of each configuration to be assessed in order to reproduce rain attenuation statistics from an annual, a seasonal and a monthly point of view. The different values obtained for the eighteen different configurations are gathered in Table 4.11. The colour code remains the same. A global look at that table shows that the different changes made on the core and the macrophysics of WRF had a beneficial impact. Indeed, most of the best values can be found for configuration 8 and higher, with the exception of the global ITU RMS error for the dry season that is obtained for configuration 1, 11 and 18. However, the values for configurations 1 and 2 only take into account the years 2017 and 2018 whereas the rest also takes into account the year 2020, which could explain the relatively good score of configuration 1.

Additionally, the conclusions drawn from the microphysical analysis show that three configurations emerge. Configuration 16 performs better from an annual point of view, as well as for the wet and the transitional seasons. Configuration 11 performs better for the dry season, as well as configuration 1. And from a monthly point of view, it is configuration 8 that performs better than the other. Following these observations, a final analysis has been performed on the potentiality of the use of hybrid configurations. Indeed, configuration 16 performed well for every month with the notable exception of the dry season, so two hybrid configurations have been investigated, built with configuration 16 for every month except for the dry season where configuration 8 or 11 is used. Eventually the use of the hybrid configuration 18 using the Goddard microphysical scheme for the dry season and the Millbrandt&Yau scheme for every other month is the best configuration for the area of Kourou and therefore an interesting perspective for the use of WRF-EMM in equatorial regions.

To conclude this parametric analysis for the simulation of rain attenuation we look at a comparison between configurations 3, 8 and 18 for 2017, 2018 and 2020 from an annual and a seasonal point of view. Configuration 3 is chosen here as the point of departure of this analysis instead of configuration 1 due to the use of ERA5 data to initialize the model. Configuration 8 represents the best configuration obtained after the macrophysical optimization and configuration 18 is the final and best hybrid configuration obtained for Kourou. Figure 4.24 shows the annual CCDFs for the years 2017 (up left), 2018 (up right) and 2020 (down) from experimental data (black) and configuration 3 (green), 8 (blue) and 18 (orange). In all three years we can see a notable improvement from configuration 3 to configuration 18 and an overall good performance of configuration 18. Moreover, in 2020, configuration 18 performs noticeably better than configuration 8, whereas in 2017 it is the opposite. In the same manner, Figure 4.25 shows the seasonal CCDFs for the 2017-2018-2020 time period for the wet season (up), the dry season (middle) and the transitional season (down) from experimental data (black) and configuration 3 (green), 8 (blue) and 18 (orange). The wet season (up), the dry season (middle) and the transitional season (down) are presented for both years. For every figure we can clearly see the poor performance of configuration 3 compared to configurations 8 and 18. For the wet season, configuration 18 performs slightly better than configuration 8. For the dry season, we can see a better performance of configuration 18 compared to configuration 8. As for the transitional season, configuration 18 performs similarly or slightly better than configuration 8.

The following section looks at the impact of the different core and macrophysical changes made on meteorological parameters as well as on the performance of the model to reproduce clear-sky attenuation. 

Parametric analysis for the simulation of meteorological parameters, clear sky and cloud attenuation

This section looks briefly at the impact of the different changes made on the WRF configuration on the parameters influencing clear sky and cloud attenuation compared in Chapter III. The complete analysis can be found in APPENDIX E.

The first section looks at the impact of the changes on the ability of WRF to reproduce meteorological parameters such as surface pressure P, surface temperature, Integrated Water Vapour Content (IWVC), Integrated Liquid Water Content (ILWC) as well rain accumulation.

The second section focuses on the impact of the changes made on the configuration of the WRF-EMM model to reproduce clear-sky and cloud attenuation statistics.

Parametric analysis on meteorological parameters

This first section looks at the impact of the different changes made to the configuration of WRF on the same meteorological parameters studied in Chapter III, namely surface pressure P, surface temperature T, IWVC, ILWC and rain accumulation. In that effort, Table 4.12 gathers the correlation coefficients of surface pressure and temperature, integrated water contents and rain accumulation for 2017 and 2018 over Kourou obtained with configurations 1 to 8. The impact of the microphysics is here excluded from this analysis because the simulation data are not available for reasons explained in Section 4.2.3.1. The colour code used is as follows. The red cells represent the lowest correlation coefficients, the green cells represent the highest ones and the white cells are the middle values, the remaining cells are in transparent green or red depending on their position with respect to the middle value.

Configuration 1, which is the initial configuration used in Chapter III is the one giving the lowest annual correlation coefficients for all parameters over both years, with the exception of rain accumulation in 2017 where it gives the second lowest value. The use of ERA5 data instead of ERA-interim (the change that defines configuration 2) seems to improve the correlation coefficient for all parameters over both years. For instance, in 2017, the correlation coefficient for surface pressure changes from 0.88 to 0.972 and the correlation coefficient for IWVC from 0.761 to 0.897. Table 4.12 -Correlation coefficient for P, T, IWVC, ICWC and rain accumulation over Kourou in 2017 and 2018 for configurations 1 to 8. For each line, the green cell is the best value and the red is the worst one.

Between configuration 2 and configuration 8, the overall performance of the model is stable, though there are two noticeable changes. First, an improvement can be seen between configuration 3 and configuration 4 that implements the removal of the 30 km resolution domain. The interesting thing to notice here is that concerning rain attenuation statistics, configuration 4 was the worst configuration from an annual, a seasonal and a monthly point of view, as can be seen in Table 4.11. However, this can be explained by the very low values of ILWC and of the rain accumulation obtained for every configuration compared here.

The second noticeable improvement is the modification between configuration 7 and configuration 8 that implements the FDDA or nudging function. Configuration 8 is slightly better than the others for every parameter except for IWVC or ILWC in 2017. Nonetheless, even for configuration 8, the values for ILWC and rain accumulation remain very low. It shows that even with several modifications to the configuration of the WRF model, it is still not able to reproduce rain and cloud events on an instantaneous basis .

The following section looks at the impact of the different changes made to the configuration of WRF on the clear-sky attenuation.

Clear-sky attenuation

The previous section dealt solely with the ability of the WRF model to some descriptive parameters of the atmosphere. This second part focuses on the impairments suffered by radio waves during their propagation in the troposphere. More precisely, it studies the ability of the WRF-EMM model to reproduce the attenuation caused by atmospheric gases and clouds. In that effort, Table 4.13 gathers the annual correlation coefficients for oxygen, water vapour and cloud attenuation in 2017 and 2018 over Kourou obtained with configurations 1 to 8. Configurations 9 and above used in the microphysical study are again excluded from this analysis because the simulation data is not available for reasons explained in Section 4.2.3.1.

For the computation of the correlation coefficients presented here, since no experimental data is available for the area of Kourou, the reference attenuation is computed using the model found in Recommendation ITU-R P.840-7 fed by ERA5 profile data of temperature and liquid water content of clouds for clouds and using the model found in Recommendation ITU-R P.676-11 fed by ERA5 profile data of temperature, pressure and water vapour density for atmospheric gases.

From a look at Table 4.13, for oxygen attenuation configuration 1 gives the lowest correlation coefficient for both years, respectively 0.693 and 0.718 for 2017 and 2018. Configuration 2 using the ERA5 database to initialize the simulation causes the same improvement observed for the meteorological parameters studied in the previous section. Indeed, the correlation coefficients obtained are, respectively, 0.73 and 0.736 for 2017 and Table 4.13 -Correlation coefficients for oxygen, water vapour and cloud attenuation in 2017 and 2018 for configurations 1 to 8. For each line, the green cell is the best value and the red is the worst one.

2018. Then, a look at configurations 3 to 8 shows two noticeable improvements. The first one is seen with configuration 4 implementing the removal of the 30 km resolution domain where the correlation coefficients are, respectively 0.76 and 0.759 for 2017 and 2018. The second noticeable consequence in terms of oxygen attenuation is found for configuration 8 where the correlation coefficients obtained are, respectively, 0.778 and 0.773 for 2017 and 2018. In terms of oxygen attenuation, the best configuration from a temporal point of view is configuration 8 in line with the conclusions drawn for rain attenuation.

For the attenuation due to water vapour, most of the conclusions drawn for oxygen attenuation remain. The difference for water vapour is the absence of improvement for configuration 8. Indeed, configuration 5 to 8 give a similar correlation coefficient that is slightly lower than the ones given by configuration 4. This behaviour is in line with what was observed for the correlation coefficients of IWVC showed in Table 4.12. Nonetheless, the values obtained for configuration 8 are only slightly lower than for configuration 4 and are considered satisfactory.

For cloud attenuation, it is more difficult to draw the same conclusions even if configuration 8 provides the most homogeneous results. Indeed, except for the fact that configuration 1 gives the lowest values for both 2017 and 2018 with, respectively, 0.103 and 0.149, the rest of the changes have a more erratic effect on the performance of the model to reproduce cloud attenuation.

In terms of cloud attenuation, even with the different modifications performed, the correlation coefficients obtained remain much lower than the ones found for oxygen and water vapour attenuation. This shows that the inability of WRF to reproduce cloud events from a temporal point of view is still present after the optimization of the model. Nonetheless, it is important to keep in mind that for cloud attenuation, the reference attenuation used might not be adequate for an equatorial region. Indeed, the use of ERA5 profile data for clouds may be questionable due to the spatial resolution of the database. Additionally, the ITU-R model used here to compute the attenuation has not been extensively tested in equatorial regions.

Conclusion

This chapter focused on the impact of the configuration of the WRF-EMM model to reproduce experimental rain attenuation CCDFs. The goal was to show the impact of different parameterization on annual, seasonal and monthly statistics as well as to try and to find a configuration of the WRF model more suitable to the area of Kourou in French Guiana. Starting from the initial WRF configuration presented in Chapter III, the sensitivity analysis was divided into three steps depending on the categories of parameters to be modified. First, the impact of the reanalysis database as well as the core version of WRF was investigated. Then, several macrophysical parameters were studied. Finally, a detailed analysis was performed on the choice of the microphysical scheme because of its high impact on the modelling of rain attenuation.

First, the impact of the reanalysis database as well as the core version of WRF was studied, with respect to the ability of WRF-EMM to reproduce the experimental propagation statistics. Although the enhancement of the spatial and temporal resolution of the input data did not clearly increase the performance of the model, and even if the upgrade of the core version of the WRF seemed to worsen the results, it was decided to keep these two modifications for the remainder of the study. Indeed, the maintenance of the old reanalysis database (ERA Interim) was stopped on August 31 st 2019 and could not be used for further studies. On the other hand, Version 4 of WRF brought several adjustments and improvements to the meteorological model. After these initial changes and starting from the state-of-the-art review presented in Chapter II, the impact of five macrophysical parameters was investigated. A reduced number of domains due to the spatial resolution of the new reanalysis database was implemented but the performance of the model declined. The cause was thought to be the bad configuration of the WRF model that was more problematic with a reduced number of domains. Thus, three others changes were performed: deactivating the cumulus scheme for both domains, modifying the size of the domains and changing the radiation scheme. In our case, not using a cumulus scheme improved greatly the performance of the model. The modification of the grid size from 81x81 pts to 99x99 pts did not clearly improve or worsen the performance of the model. Additionally, the use of an improved version of the radiation scheme previously chosen was analysed because of its use in the tropical suite of WRF. No clear global improvement or degradation of the performance of the model was observed. Finally, and because the performance of the model was still variable, with some months being very well reproduced and others very badly, the use of FDDA or nudging was implemented. Indeed, the goal of nudging is to force the simulation towards the input data of the new reanalysis database ERA5 which temporal and spatial resolutions are better than ERA-interim. It was then verified that the use of nudging clearly improves the simulation globally, both in terms of annual and monthly rain attenuation CCDFs. From all these macrophysical modifications, it finally appears that configuration 8 (using Version 4.0.3 of WRF with ERA5 data, two domains of 99x99 pts without the use of a cumulus scheme, with the RRTMG radiation scheme, the WSM6 microphysical scheme and the use of nudging), was the best configuration for Kourou. However, a high monthly variability of the error still remained. In order to reduce this high monthly variability, a final analysis was performed on the microphysical scheme, that is the parameter that impacts the most significantly the production of precipitation in the WRF model.

The microphysical analysis was performed based on the parameters used for configuration 8, i.e., the best WRF configuration among the eight tested so far. Nine different microphysical schemes were evaluated: four single-moment schemes and five doublemoment schemes that allow an additional degree of freedom in the computation of the rain DSD. The performance analysis showed that the use of different microphysical schemes impacts strongly the attenuation statistics derived from WRF simulations and none of the simulations using single moment schemes performed perfectly in Kourou. Additionally, double-moment schemes that are supposed to compute a drop-size distribution more accurately do not improve greatly the monthly rain attenuation CCDFs.

Finally, the nine microphysical schemes were tested, looking at their global ability to reproduce rain attenuation CCDFs from annual, monthly and seasonal points of view. Configuration 16 using the Milbrandt&Yau microphysical scheme is the most accurate in terms of annual statistics as well as for the wet and transitional seasons. Configuration 11 using the Goddard microphysical scheme performs better for the dry season and configuration 8 using the single moment WSM6 microphysical scheme provides the best results for monthly statistics.

Therefore, a hybrid configuration was defined, built with configuration 16 for every month except for the dry season where configuration 11 is used. It was finally shown that the use of this hybrid configuration 18 using the Goddard microphysical scheme for the dry season and the Millbrandt&Yau scheme for every other month provides the best scores for the area of Kourou and is an interesting perspective for the use of WRF-EMM in equatorial regions. Especially, the ability of the WRF-EMM model to follow the monthly variations of rain attenuation was much better than the ability of the ITU-R model found in Recommendation ITU-R P.618-13 using a both a 𝑅 0.01 predicted by Recommendation ITU-R P.837-7 and an experimental 𝑅 0.01 .

A secondary analysis concerning the first nine configurations was presented on the five meteorological parameters studied in Chapter III, i.e., the surface pressure, the surface temperature, the IWVC, the ILWC as well as the surface rain accumulation and on clear sky and cloud attenuation. This analysis put into evidence a better behaviour of WRF-EMM for these non-rainy conditions.

The following chapter is a conclusion of the work presented in this PhD with a critical view on the results obtained. The different perspectives are also detailed.

CONCLUSION & PERSPECTIVES

CONCLUSION

For a few years now, many emerging countries have become important actors in the telecommunications market. Due to the lack of terrestrial infrastructure, satellite telecommunications are particularly attractive to these countries. A large part of the populated areas of these countries are located in tropical and equatorial regions. This aspect is put forward here because the Earth-Space propagation has, until now, been mainly studied for temperate regions such as Europe, Japan and North America. At low latitudes, studies carried out up to now showed that at the frequency bands currently used for satellite telecommunications systems that are Ku and Ka bands, the most significant attenuation of the signal is caused by rain, even if the impact of water vapour and clouds are not negligible. Nevertheless, the characteristics of precipitating events in tropical and equatorial regions are very different from those observed in temperate regions. Therefore, a more in-depth study of the different propagation models in tropical and equatorial regions is now necessary. Additionally, there is, today, a clear lack of experimental data in these regions to test and improve existing attenuation models if needed.

It is within this problematic that this PhD proposes the use of a new type of hybrid model using a high-resolution Numerical Weather Prediction (NWP) model coupled with an ElectroMagnetic attenuation Module (EMM). The advantage of such a hybrid model is that it can simulate tropospheric propagation for any types of satellite link, and thus could be used for areas where experimental data are not available. Particularly, this work focuses on the region of Kourou in French Guiana, because of the availibility of three full years of experimental data at Ka-band collected during the ONERA / CNES propagation campaign. This work was divided into four chapters.

The first chapter introduced the fundamentals of the propagation of radio waves in the troposphere in tropical and equatorial regions. A first part recalled several notions and important definitions concerning the troposphere, the inter-tropical convergence zone, the different classifications of tropical and equatorial climates as well as their impact on tropospheric propagation. Then, a state-of-the-art review of the tropospheric attenuation models due to atmospheric gases, clouds and rain was performed. A focus of both physical models and statistical prediction methods such as the ones given in ITU-R recommendations, most commonly used today to predict statistics of tropospheric attenuation, was presented. Finally, a description of the available data used to characterize the propagation channel and to test attenuation models was presented. From a meteorological point of view, both reanalysis and observational databases were reviewed with a focus on the ERA5 reanalysis database used intensively in this PhD thesis both to initialize the meteorological model and to make comparisons with simulated results. A detailed description of the Ka-band propagation experiment performed in Kourou by ONERA & CNES was also given because of its use in this work to test the model.

The second chapter focused on the use of NWP models in propagation studies to compute the tropospheric attenuation suffered by a radio link. Starting from a state-of-the-art review of the use of NWPs in propagation studies, this chapter highlighted the growing interest for NWPs by the propagation community in order to better reproduce the tropospheric propagation channel. It showed, from some studies, the high potential of NWPs to compute statistics of attenuation due to atmospheric gases, clouds and rain. Following this review of the literature, a detailed description of the NWP model used in this PhD, the Weather Research and Forecasting (WRF) model was given. The overview and the architecture of the model were detailed before presenting the different inputs and outputs of the model. A focus was then made on the macrophysical parameters used to initialize the model, and more specifically, the microphysical schemes because of their impact on the ability of the model to accurately reproduce rain events. Particularly, a state-of-the-art review was carried out concerning the microphysical schemes used in tropical and equatorial regions in order to identify the schemes better suited to these regions to be later tested in Chapter IV. The particularities of each scheme were summarized with a focus on the rain drop size distribution model they rely on. Finally, a last section presented the EMM module used to compute tropospheric attenuation from several WRF outputs.

The third chapter presented a first assessment of the ability of the WRF-EMM model, previously tested in temperate regions only, to reproduce the propagation channel and attenuation statistics in Kourou. This exercise first focused on the ability of the WRF model to reproduce the main meteorological parameters impacting propagation attenuation. From comparisons with the ERA5 database for the 2017-2018 time period, it was shown that the WRF model was able to accurately reproduce time series of surface pressure, surface temperature and Integrated Water Vapour Content (IWVC) over Kourou. However, concerning the Integrated cloud Liquid Water Content (ILWC), the instantaneous correlation with ERA5 time series was found to be rather low. Additionally, using rain gauge measurements in Kourou as well as some rain gauge data from Météo France in the region, the ability of WRF to reproduce rain events from an instantaneous point of view was found to be quite poor. Moreover, an important monthly variability was observed in the performance of the model to reproduce each parameter.

The second step of the validation undertaken in this chapter was the analysis of the WRF-EMM model and its ability to reproduce attenuation statistics due to atmospheric gases, clouds and rain. Using Recommendation ITU-R P.676-12 fed by ERA5 profile data as reference, it was shown that the attenuation due to oxygen and water vapour was correctly reproduced by WRF-EMM in Kourou with a slight overestimation in both cases. Concerning cloud attenuation, the results obtained showed a high discrepancy between the simulated statistics and the ones computed with Recommendation ITU-R P.840-8 fed by ERA5 profiles of cloud liquid water content, especially for high percentages of time were both models disagreed completely. However, due to the coarse spatial resolution of the ERA5 database, it was difficult to conclude as to the performance of the WRF-EMM model without further comparisons. For rain attenuation, comparisons performed with the beacon measurements collected in Kourou in 2017 and 2018 showed a poor instantaneous temporal correlation of rain attenuation. However, the annual synthetic statistics derived from WRF-EMM simulations for the same years are close to the experimental statistics. This agreement is quantitatively confirmed by the ITUE metric used in this work. Finally, the ability of the WRF-EMM model to reproduce monthly statistics was investigated. Unlike annual statistics, it was found that the performance of the model to reproduce monthly statistics for the years 2017 and 2018 was very variable, with some months being very well reproduced while other very poorly.

The fourth chapter investigated new configurations of the WRF model to better reproduce annual, seasonal and monthly rain attenuation statistics. The goal was to analyse the impact of several macrophysical and microphysical parameters as well as to find a configuration of the WRF model more suitable for this equatorial region. Starting from the initial WRF configuration presented in Chapter III (initially designed in 2017 for mid-latitudes), the sensitivity analysis performed was divided into three parts depending on the categories of parameters modified. First, the impact of the reanalysis database as well as the core version of WRF, both updated since 2017 was investigated. Then, several macrophysical parameters were studied. Finally, a detailed analysis was performed on the choice of the microphysical scheme because of its high impact on rain attenuation.

From the core and macrophysical parts of this sensitivity analysis, the best results in terms of annual, seasonal and monthly rain attenuation statistics and in terms of meteorological parameters as well as clear-sky and cloud attenuation have been obtained with configuration 8 (using Version 4.0.3 of WRF with ERA5 data, two domains of 99x99 pts without the use of a cumulus scheme, with the RRTMG radiation scheme, the WSM6 microphysical scheme and the use of nudging). Nonetheless, a high monthly variability of the error still remained so a microphysical sensitivity analysis was carried out with the different microphysical schemes chosen in Chapter II because of their use in tropical and equatorial regions. Both single-moment and double-moment schemes were then compared to find the most suitable for this equatorial region. On the one hand, it was found that the Milbrandt&Yau microphysical scheme, named configuration 16, performed globally better than the others from an annual, a monthly and a seasonal point of view except for the dry season. On the other hand, configuration 8 and configuration 11 using respectively the WSM6 and the Goddard microphysical schemes obtained good performances specifically during the dry season. Therefore, two hybrid configurations were defined using the Milbrandt&Yau scheme for the entire year except for the dry season for which the WSM6 and the Goddard schemes were used. It was finally shown that for years 2017, 2018 and 2020, the hybrid configuration 18 using the Goddard scheme for the dry season and the Milbrandt&Yau scheme for the rest of the year is the most accurate configuration tested in this PhD thesis from an annual, a seasonal and a monthly point of view. Especially, the ability of the WRF-EMM model to follow the monthly variations of rain attenuation was much better than the ability of the ITU-R model found in Recommendation ITU-R P.618-13 using both a 𝑅 0.01 predicted by Recommendation ITU-R P.837-7 and an experimental 𝑅 0.01 .

PERSPECTIVES

The initial problematic of this PhD thesis was to investigate the ability of the WRF-EMM model to reproduce the propagation channel in tropical and equatorial regions. To answer this open question, a first assessment of the model was carried out in an equatorial region and more specifically in Kourou, French Guiana, where a Ka-band propagation experiment is underway. As explained above, this problematic is not fully answered: the ability of the model to reproduce certain aspects of the propagation channel needs to be further investigated.

The first subject that has to be investigated further is the assessment of the WRF-EMM model presented in this PhD thesis. Indeed, to assess the accuracy of the WRF-EMM model, several output parameters have been compared to different types of reference data that were not always adequate to determine the performance of the model. Regarding surface pressure, surface temperature and the IWVC, the comparisons were satisfactory. However, concerning the ILWC as well as rain accumulation, further studies are required.

For the ILWC, the reference data used for comparison was the ERA5 reanalysis database also used by the model to launch the simulations. Though the ERA5 database possesses a good temporal and spatial resolution compared to other databases, it might not be the most appropriate source of reference data to assess the ability of WRF to reproduce clouds. Indeed, the comparison was not very conclusive, due mainly to the very coarse spatial resolution of the ERA5 data creating a spatial mean for the presence of clouds over Kourou. Further studies need to be performed concerning clouds, to accurately assess the ability of WRF to reproduce cloud events. The use of a more appropriate source of experimental data as reference such as a radiometer or a weather radar should lead to a more conclusive assessment of the ability of WRF to reproduce accurately clouds.

Regarding the ability of the WRF model to reproduce rain events, the comparison performed in this PhD thesis concerned the rain accumulation output parameter of WRF. However, rain accumulation may not be the best parameter to be considered to assess the ability of WRF to recreate rain events. Indeed, it is only a localized surface parameter as well as a parameter giving an accumulated value over the 5-minutes time-step considered. To circumvent this issue, two types of experimental instrument should be used. First, the use of weather radar data would provide a three-dimensional instantaneous picture of rain fields, which could lead to a better assessment of the accuracy of WRF to recreate rain events (in space and in time). The use of such data can be provided by CNES and Météo France that have such an instrument near the space port. Second, the use of disdrometers or micro rain radars would be helpful to parameterize the rain Drop Size Distribution (DSD) used in the microphysical scheme of WRF. This could be particularly interesting with the use of double moment microphysical schemes that allow an additional degree of freedom to the DSD compared to the Marshall-Palmer model, most commonly used today. Such instruments could help assess more accurately, the ability of the WRF model to reproduce rain events from a spatio-temporal as well as a microphysical point of view.

The second step of the analysis performed in this PhD thesis concerned the ability of WRF-EMM to reproduce attenuation statistics due to atmospheric gases, clouds and rain. The ability of the WRF model to reproduce annual statistics of attenuation due to both water vapour and oxygen was good. However, regarding cloud attenuation, the assessment performed in Chapter III was inconclusive due mainly to the reference statistics used for comparison. These statistics were computed with the specific cloud attenuation model found in Section 1 and 2 of Recommendation ITU-R P.840-8 fed by the profiles of liquid water contents of clouds provided by the ERA5 database. The issue is that the profiles of liquid water contents of clouds taken from the ERA5 database have a too coarse spatial resolution to compute accurate statistics. The use of experimental ILWC data gathered through a radiometer could help assess more accurately the ability of the WRF-EMM model to reproduce cloud attenuation statistics in tropical and equatorial regions. Concerning rain attenuation statistics, three interesting behaviours have been observed throughout this work. First, a high inter-annual variability of rain attenuation has been observed in Kourou, especially for low percentages of time. Then, as expected, the seasonal variations observed are strong, but most importantly, variations of seasonal behaviours can also be observed between each year. For example, the years 2017 and 2018 had a much dryer season than the year 2020. Finally, daily tendencies have also been observed in the experimental data gathered during the propagation experiment, which has not been investigated in this PhD thesis. Therefore, it would be interesting to continue the propagation experiment to further investigate these behaviours. Moreover, additional years of experimental data could help to obtain more reliable monthly and seasonal statistics. For example, additional years could help circumvent the issue of the number of samples considered in a monthly CCDFs by looking at a monthly CCDF based on several years. Moreover, 2017, which represents a third of the time period considered in this study, was outside the climates normals with respect to rain amount. Indeed, the months of May and December were very rainy.

Following the work presented in this PhD thesis, a second type of perspectives concerns the optimization of the configuration of the WRF model performed in Chapter IV. This optimization was one of the first attempts in the propagation literature at investigating the impact of several macro and microphysical parameters on the accuracy of the WRF-EMM model: further studies are required to investigate it in more details. First, only a limited number of parameters, chosen for their high impact on the simulation of rain, has been investigated. Nonetheless, the state-of-the-art showed that a good combination of every parameter is critical to obtain the most accurate simulation. Therefore, investigating other parameters such as the cumulus scheme and the planetary boundary layer scheme, is an interesting perspective. Then, the optimization of the configuration of the model performed in Chapter IV, even if it demonstrates the ability of the model to accurately reproduce annual, seasonal and monthly rain attenuation statistics, was found to poorly reproduce instantaneous time series of rain events whatever the configuration, in compliance with the open literature. Further studies are thus required to investigate the ability of the WRF-EMM model to reproduce rain events from a four-dimensional point of view (space and time) rather than rain attenuation statistics for a specific satellite link only. This approach could start by studying the best microphysical schemes able to reproduce single events instead of a complete period such as a month or a year. In the future, it could lead to the use of hybrid configurations, not depending on the season but on the type of events. This perspective is interesting in tropical and equatorial regions where the convective nature of rainy events is much more pronounced than in temperate regions. Finally, a more global perspective concerning the ability of WRF-EMM to reproduce monthly and seasonal rain attenuation statistics concerns the work that can be performed to improve the ability of the model found in Recommendation ITU-R P.837-7 to take into account the high monthly variations found in tropical and equatorial regions.

A final and more global perspective for the work presented in this PhD thesis concerns the ability of the WRF-EMM model to globally reproduce the propagation channel in tropical and equatorial regions. Indeed, the case presented here focused only on a particular location and Earth-Space link, with a given elevation, azimuth, frequency, longitude and latitude. The ability of WRF-EMM optimized for Kourou for a link with the AMAZONAS-3 satellite at Ka-band needs to be tested for different locations and types of link in both tropical and equatorial regions. First, its ability to perform at higher frequencies such the V-band, considered for future telecommunication systems, needs to be investigated. Particularly, it will be interesting to check that the good results obtained at Ka-band are confirmed at Q/V and W bands where the rain contribution to the total attenuation is even stronger.

Second, the performance of the model in other tropical and equatorial regions needs to be analysed to understand if the optimization carried out in Kourou is still appropriate in other types of tropical and equatorial climates. For example, a first step would be to study the ability of the optimized model to reproduce rain attenuation statistics in other equatorial regions in South America such as other locations in French Guiana or using data collected in the past in Brazil at Ku-band (Belén, Manaus). As a second step, the performance of the model in tropical climates could be investigated using the three-frequency propagation experiment currently conducted in the French West Indies by ONERA and CNES. Finally, it would also be interesting to look at the climates of tropical Asia and more specifically to evaluate the ability of the WRF-EMM to reproduce monsoon systems, distinctives of such climates. For this purpose, the use of the Ka-band propagation data gathered in Malaysia with a Syracuse-3 beacon receiver or the data gathered in Trivendrum with a GSAT-14 beacon receiver could be used to analyse the performance of WRF-EMM in these regions.

APPENDICES A. SPECIFIC ATTENUATION DUE TO ATMOSPHERIC GASES

The specific attenuation from both oxygen and water vapour is computed line-by-line using Section 1 of Annex 1 of Recommendation ITU-R P.676-12. According to the Recommendation, specific attenuation due to atmospheric gases can be computed using only the pressure, the temperature and the humidity of the grid cell. The method allows the individual absorption lines from both oxygen and water vapour to be summed up with small adjustment factors for the non-resonant Debye spectrum of oxygen below 10 GHz and the pressure-induced nitrogen attenuation above 100 GHz. The specific attenuation due to atmospheric gases can then be calculated by summing the specific attenuation from both oxygen and water vapour as in: 𝛾 = 𝛾 𝑜𝑥 + 𝛾 𝑤𝑣 = 0.1820𝑓(𝑁 𝑜𝑥 ′′ (𝑓) + 𝑁 𝑤𝑣 ′′ (𝑓)) (𝐴. 1)

where: 𝛾 is the specific attenuation due to atmospheric gases in 𝑑𝐵/𝑘𝑚, 𝛾 𝑜𝑥 is the specific attenuation due to oxygen in 𝑑𝐵/𝑘𝑚, 𝛾 𝑤𝑣 is the specific attenuation due to water vapour in 𝑑𝐵/𝑘𝑚, 𝑓 is the frequency of the radio signal in 𝐺𝐻𝑧, 𝑁 𝑜𝑥 ′′ is the imaginary part of the frequency-dependent complex refractivity of oxygen. 𝑁 𝑤𝑣 ′′ is the imaginary part of the frequency-dependent complex refractivity of water vapour.

Both the imaginary parts of the frequency-dependent complex refractivity can be calculated as follows:

𝑁 𝑜𝑥 ′′ (𝑓) = ∑ 𝑆 where: 𝑆 𝑜𝑥,𝑖 is the strength of the i-th oxygen absorption line, 𝑆 𝑤𝑣,𝑖 is the strength of the i-th water vapour absorption line, 𝐹 𝑜𝑥,𝑖 is the shape factor the i-th oxygen absorption line, 𝐹 𝑤𝑣,𝑖 is the shape factor of the i-th water vapour absorption line, 𝑓 is the frequency of the radio signal in 𝐺𝐻𝑧, 𝑁 𝐷 ′′ is the dry continuum given in (A.4).

The dry air continuum arises from the non-resonant Debye spectrum of oxygen below 10 GHz and a pressure-induced nitrogen attenuation above 100 GHz. It is given by: 𝑁 𝐷 ′′ (𝑓) = 𝑓𝑝 𝑑𝑟𝑦 𝜃 2 [ 6.14 × 10 -5

𝑑 (1 + ( 𝑓 𝑑 )

2 ) + 1.4 × 10 -12 𝑝 𝑑𝑟𝑦 𝜃 1.5 1 + 1.9 × 10 -5 𝑓 1.5 ] (𝐴. 4)

where 𝑝 𝑑𝑟𝑦 is dry air pressure in ℎ𝑃𝑎, 𝜃 = 300 𝑇 ⁄ is a function of the temperature in 𝐾 -1 , 𝑇 is the temperature in 𝐾 and 𝑑 is the width parameter for the Debye spectrum: 𝑑 = 5.6 × 10 -4 (𝑝 𝑑𝑟𝑦 + 𝑝 𝑤𝑣 )𝜃 0.8 (𝐴. 5)

The strength of each absorption line for oxygen and water vapour is given by the following equations:

𝑆 𝑜𝑥,𝑖 = 𝑎 1,𝑖 × 10 -7 𝑝 𝑑𝑟𝑦 𝜃 3 𝑒𝑥𝑝 ((𝑎 2,𝑖 (1 -𝜃))) (𝐴. 6) 𝑆 𝑤𝑣,𝑖 = 𝑏 1,𝑖 × 10 -1 𝑝 𝑤𝑣 𝜃 3.5 𝑒𝑥𝑝 ((𝑏 2,𝑖 (1 -𝜃))) (𝐴. 7)

where: 𝑝 𝑤𝑣 is the water vapour partial pressure in ℎ𝑃𝑎 𝑎 1,𝑖 and 𝑎 2,𝑖 are spectroscopic constants.

The spectroscopic constants for each absorption line as well as their frequencies are gathered in Table A where: 𝑓 𝑖 is the frequency of each absorption line in GHz, 𝛿 = (𝑎 5,𝑖 + 𝑎 6,𝑖 𝜃) × 10 -4 (𝑝 𝑑𝑟𝑦 + 𝑝 𝑤𝑣 )𝜃 0.8 is a correction factor that arises due to interference effects in oxygen lines, 𝑎 5,𝑖 and 𝑎 6,𝑖 are spectroscopic constants, ∆𝑓 𝑜𝑥,𝑖 is the width of each oxygen absorption line in 𝐺𝐻𝑧, ∆𝑓 𝑤𝑣,𝑖 is the width of each water vapour absorption line in 𝐺𝐻𝑧.

The width of each absorption line for both oxygen and water vapour are first calculated as follows:

∆𝑓 𝑜𝑥,𝑖 = 𝑎 3,𝑖 × 10 -4 (𝜃 (0.8-𝑎 

B. SPECIFIC ATTENUATION DUE TO CLOUDS

The specific attenuation due to clouds is computed here using Section 2 of Annex 1 of Recommendation ITU-R P.840-8. A cloud consists entirely of small water droplets with a radius inferior to 0.01 cm, the Rayleigh approximation is thus valid for frequencies up to 200 GHz (see Recommendation ITU-R P.840-8). The specific attenuation due to cloud can be written as:

𝛾 𝑐 (𝑓, 𝑇) = 𝐾 𝑙 (𝑓, 𝑇)𝑀 (𝐵. 1)

where: 𝛾 𝑐 is the specific attenuation due to clouds in 𝑑𝐵/𝑘𝑚, 𝐾 𝑙 is the cloud liquid water specific attenuation coefficient in (𝑑𝐵/𝑘𝑚) (𝑔/𝑚 3 ) ⁄ 𝑀 is the liquid water content in the cloud in 𝑔/𝑚 3 , 𝑓 is the frequency in 𝐺𝐻𝑧, 𝑇 is the cloud liquid water temperature in 𝐾.

To calculate the value of 𝐾 𝑙 , a mathematical model based on Rayleigh scattering, which uses a double-Debye model for the dielectric permittivity of water 𝜀(𝑓) is used:

𝐾 𝑙 (𝑓, 𝑇) = 0.819𝑓 𝜀 ′′ (1 + 𝜂 2 ) (𝐵. 2)
with:

𝜂 = 2 + 𝜀 ′ 𝜀 ′′ (𝐵. 3)
The complex dielectric permittivity of water is given by: 𝜀 ′′ (𝑓) = 𝑓(𝜀 0 -𝜀 1 )

𝑓 𝑝 ( And where 𝑓 𝑝 is the principal relaxation frequency in 𝐺𝐻𝑧 and 𝑓 𝑠 is the secondary relaxation frequency in 𝐺𝐻𝑧, given by: 𝑓 𝑝 = 20.20 -146(𝜃 -1) + 316(𝜃 -1) 2 (𝐵. 9) 𝑓 𝑠 = 39.8𝑓 𝑝 (𝐵. 10)

Usually, the liquid water content of clouds is not a commonly available data so detection models such as Salonen or Mattioli are used to compute the cloud liquid water content from more common parameters such as temperature, pressure and relative humidity. However, the liquid water content of clouds can be derived directly from WRF outputs using both the cloud mixing ratio 𝑄 𝑐 and the density of air 𝜌 𝑎 . Thus, making it simpler to calculate the specific attenuation due to clouds without resorting to such detection models that may be inaccurate, especially in tropical and equatorial regions.

C. EXTINCTION CROSS-SECTION

In order to calculate the extinction cross-section, the Mie theory of scattering is used. Indeed, the Rayleigh approximation is only applicable for spheres much smaller than the incident signal wavelength. However, at 20 GHz, the wavelength is 15 mm while the size of rain drops is usually between 0.1 mm and 4 mm [START_REF] Laws | The Relation of Raindrop-Size to Intensity[END_REF]. Thus, at this frequency, their size is not negligible compared to the wavelength. Applying the Mie theory of scattering, the extinction cross-section is given by [START_REF] Gunn | The Microwave Properties of Precipitation Particles[END_REF]:

𝜎 𝑒𝑥𝑡 = 𝜆 2 2𝜋 ∑(2𝑛 + 1) ∞ 𝑛 𝑅𝑒{𝑎 𝑛 + 𝑏 𝑛 } (𝐶. 1)
with 𝜆 the wavelength in 𝑚, and 𝑎 𝑛 and 𝑏 𝑛 expressed as follow: Furthermore, the refractive index of liquid water is linked to the relative permittivity by the equation 𝑚 = √ 𝜀 𝑟 and the permittivity itself can be written as follows [START_REF] Ray | Broadband Complex Refractive Indices of Ice and Water[END_REF]:

𝑎 𝑛 = Ψ 𝑛 (𝛼)Ψ 𝑛 ′ ( 
𝜀 𝑟 = 𝜀 ′ -𝑗𝜀 ′′ (𝐶. 6)

where: The conductivity term is given by: 𝜎 = 12.5664 × 10 8 S (𝐶. 9)

𝜀 ′ = 𝜀 ∞ + (𝜀 𝑠 -𝜀 ∞ )[1 + (𝜆 𝑠 𝜆 ⁄ ) 1-𝛽 sin(𝛽𝜋 2 ⁄ )] 1 + 2(𝜆 𝑠 𝜆 ⁄ ) 1-𝛽 sin(𝛽𝜋 2 ⁄ ) + (𝜆 𝑠 𝜆 ⁄ ) 2(1-𝛽) (𝐶. 7) 𝜀 ′′ = (𝜀 𝑠 -𝜀 ∞ )(𝜆 𝑠 𝜆 ⁄ ) 1-𝛽 cos(𝛽𝜋 2 ⁄ ) 1 + 2(𝜆 𝑠 𝜆 ⁄ )
The permittivity terms 𝜀 ∞ and 𝜀 𝑠 are given by: 𝜀 ∞ = 5.27137 + 0.0216474𝑡 -0.00131198𝑡 

E. COMPLETE PARAMETRIC ANALYSIS FOR THE SIMULATION OF METEOROLOGICAL PARAMETERS, CLEAR SKY AND CLOUD ATTENUATION

This Annex presents the full parametric analysis on the impact of the different changes made on the WRF configuration on the parameters influencing clear sky and cloud attenuation compared in Chapter III.

The first section looks at the impact of the changes on the ability of WRF to reproduce meteorological parameters such as surface pressure P, surface temperature, Integrated Water Vapor Content (IWVC), Integrated Liquid Water Content (ILWC) as well rain accumulation.

The second section focuses on the impact of the changes made on the configuration of the WRF-EMM model to reproduce clear-sky and cloud attenuation statistics.

Parametric analysis on meteorological parameters

This first section looks at the impact of the different changes made to the configuration of WRF on the same meteorological parameters studied in Chapter III, namely surface pressure P, surface temperature T, IWVC, ILWC and rain accumulation. In that effort, Table E.1 gathers the correlation coefficients of surface pressure and temperature, integrated water contents and rain accumulation for 2017 and 2018 over Kourou obtained with configurations 1 to 8. The impact of the microphysics is here excluded from this analysis because the simulation data are not available for reasons explained in Section 4.2.3.1. The colour code used is as follows. The red cells represent the lowest correlation coefficients, the green cells represent the highest ones and the white cells are the middle values, the remaining cells are in transparent green or red depending on their position with respect to the middle value.

Configuration 1, which is the initial configuration used in Chapter III is the one giving the lowest annual correlation coefficients for all parameters over both years, with the exception of rain accumulation in 2017 where it gives the second lowest value. The use of ERA5 data instead of ERA-interim (the change that defines configuration 2) seems to improve the correlation coefficient for all parameters over both years. For instance, in 2017, the correlation coefficient for surface pressure changes from 0.88 to 0.972 and the correlation coefficient for IWVC from 0.761 to 0.897. As can be seen, both surface pressure and IWVC present a lower dispersion around the black line when WRF uses ERA5 to initialize the simulation. This improvement can be explained by two reasons. First, the ERA5 database used as input data to the WRF model in configuration 2 has a better temporal and spatial resolution than the ERA-Interim database used in configuration 1. In addition, Kourou, the point of interest in this study, is close to the sea and the resolution of the database has a strong impact on the interpolated surface altitude. Particularly, with the ERA-Interim database, the point of Kourou has an altitude of 30 meters above mean sea level whereas with the ERA5 database it has an altitude of 13 meters above mean sea level, which is closer to the real altitude of Kourou. Altitude having a strong impact on pressure, this explains the differences between configurations 1 and 2. The second reason why the correlation coefficients for configuration 2 seem higher may be due to the simulated parameters being compared here to ERA5 outputs which are the same data used to initialize configuration 2. Nevertheless, this choice is justified since ERA5 data are better resolved (spatially and temporally) than ERA-interim that are now obsolete.

Between configuration 2 and configuration 8, the overall performance of the model is stable, though there are two noticeable changes. First, an improvement can be seen between configuration 3 and configuration 4 that implements the removal of the 30 km resolution domain. The interesting thing to notice here is that concerning rain attenuation statistics, configuration 4 was the worst configuration from an annual, a seasonal and a monthly point of view, as can be seen in Table 4.10. However, this can be explained by the very low values of ILWC and of the rain accumulation obtained for every configuration compared here.

The second noticeable improvement is the modification between configuration 7 and configuration 8 that implements the FDDA or nudging function. Configuration 8 is slightly better than the others for every parameter except for IWVC or ILWC in 2017. Nonetheless, even for configuration 8, the values for ILWC and rain accumulation remain very low. Indeed, for ILWC, the correlation coefficients obtained are 0.213 and 0.258 for 2017 and 2018, respectively. For rain accumulation, the values obtained are 0.076 and 0.077 for 2017 and 2018, respectively. These values show that even with several modifications to the configuration of the WRF model, it is still not able to reproduce rain and cloud events on an instantaneous basis .

Finally, concerning rain accumulation, the same three conclusions can be drawn. Configuration 1 gives the lowest correlation coefficients with values of 0.012 and 0.017 for 2017 and 2018 respectively. The removal of the 30 km resolution domain with configuration 4 improves the correlation coefficients with values 0.028 and 0.063 for 2017 and 2018, respectively. On the other hand, configuration 8 is the best performing configuration with values of 0.076 and 0.077 for 2017 and 2018 respectively. However, any comparison between these configurations is questionable because the correlation values obtained here for rain accumulation are extremely low. This shows the clear inability of the WRF model to reproduce rain events on an instantaneous basis.

The following section looks at the impact of the different changes made to the configuration of WRF on the clear-sky attenuation.

Clear-sky attenuation

The previous section dealt solely with the ability of the WRF model to some descriptive parameters of the atmosphere. This second part focuses on the impairments suffered by radio waves during their propagation in the troposphere. More precisely, it studies the ability of the WRF-EMM model to reproduce the attenuation caused by atmospheric gases and clouds. In that effort, Table E.2 gathers the annual correlation coefficients for oxygen, water vapor and cloud attenuation in 2017 and 2018 over Kourou obtained with configurations 1 to 8. Configurations 9 and above used in the microphysical study are again excluded from this analysis because the simulation data is not available for reasons explained in Section 4. 2.3.1. For the computation of the correlation coefficients presented here, since no experimental data is available for the area of Kourou, the reference attenuation is computed using the model found in Recommendation ITU-R P.840-7 fed by ERA5 profile data of temperature and liquid water content of clouds for clouds and using the model found in Recommendation ITU-R P.676-11 fed by ERA5 profile data of temperature, pressure and water vapor density for atmospheric gases.

From a look at Table E.2, for oxygen attenuation configuration 1 gives the lowest correlation coefficient for both years, respectively 0.693 and 0.718 for 2017 and 2018. Configuration 2 using the ERA5 database to initialize the simulation causes the same improvement observed for the meteorological parameters studied in the previous section. Indeed, the correlation coefficients obtained are, respectively, 0.73 and 0.736 for 2017 and 2018. Then, a look at configurations 3 to 8 shows two noticeable improvements. The first one is seen with configuration 4 implementing the removal of the 30 km resolution domain where the correlation coefficients are, respectively 0.76 and 0.759 for 2017 and 2018. A similar improvement was observed in the previous section for meteorological parameters even though the opposite behaviour was observed in Section 4.2.2.1 for rain attenuation. Nonetheless, for rain attenuation the comparison was made on long-term statistics instead of temporal correlation, which could explain the opposite behaviour. The second noticeable consequence in terms of oxygen attenuation is found for configuration 8 where the correlation coefficients obtained are, respectively, 0.778 and 0.773 for 2017 and 2018. In terms of oxygen attenuation, the best configuration from a temporal point of view is configuration 8 in line with the conclusions drawn for rain attenuation.

For the attenuation due to water vapor, most of the conclusions drawn for oxygen attenuation remain. Indeed, configuration 1 gives the worst correlation coefficients for both years with values of 0.758 and 0.786 for 2017 and 2018, respectively. Configuration 2 brings a noticeable improvement with correlations coefficients of 0.896 and 0.891 for 2017 and 2018, respectively. Here the improvement is even greater than for oxygen attenuation. Moreover, the improvement observed with configuration 4 is also present for water vapor with correlation coefficients values of 0.943 and 0.938 for 2017 and 2018, respectively. The difference for water vapor is the absence of improvement for configuration 8. Indeed, configuration 5 to 8 give a similar correlation coefficient that is slightly lower than the ones given by configuration 4. This behaviour is in line with what was observed for the correlation coefficients of IWVC showed in Table E.1. Indeed, the correlation coefficients found for IWVC and for water vapour attenuation are very similar and this is configuration 4 that gives the best values for both. Nonetheless, the values obtained for configuration 8 are only slightly lower than for configuration 4 and are considered satisfactory.

For cloud attenuation, it is more difficult to draw the same conclusions even if configuration 8 provides the most homogeneous results. Indeed, except for the fact that configuration 1 gives the lowest values for both 2017 and 2018 with, respectively, 0.103 and 0.149, the rest of the changes have a more erratic effect on the performance of the model to reproduce cloud attenuation.

For example, configuration 2 gives a correlation coefficient of 0.241 in 2017, the secondbest value whereas for 2018 it gives 0.17, the third worst value. Another example is configuration 6 that is the second worst configuration for cloud attenuation while for all the other parameters, it was among the best. For configuration 8 we can see that it performs better than the other configurations in 2018 with a value of 0.268 when in 2017 it gives a value of 0.209, the fourth best. In terms of cloud attenuation, even with the different modifications performed, the correlation coefficients obtained remain much lower than the ones found for oxygen and water vapor attenuation. This shows that the inability of WRF to reproduce cloud events from a temporal point of view is still present after the optimization of the model. Nonetheless, it is important to keep in mind that for cloud attenuation, the reference attenuation used might not be adequate for an equatorial region. Indeed, the use of ERA5 profile data for clouds may be questionable due to the spatial resolution of the database. Additionally, the ITU-R model used here to compute the attenuation has not been extensively tested in equatorial regions.
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F. CONFIGURATION CATALOGUE

This catalogue summarizes the different metrics and results of each of the 18 configurations tested for the years 2017/2018/2020. There are two pages for each configuration:

• The first page presents the definition of the configuration with the parameters chosen, the annual and seasonal CCDFs, as well as two tables of error metrics: o The RMS ITU Error Metric (ITUEM) (24 values). o A global evaluation method from a monthly, annual and seasonal point of view. • The second page presents the monthly simulated and experimental CCDFs.

The two methods are based on the calculation of the ITU error metric. This error metric is computed for a specific percentage of time between an experimental and a simulated CCDF as seen in the following figure. For a specific CCDF, the metric is calculated for each valid percentage of time. The valid percentages of time are between 10 2 and 10 -1 (or 10 -2 for annual CCDFs as well as transition seasonal CCDF). Additionally, the percentages are considered valid only if the experimental attenuation is lower than 0.5dB or higher than 22dB.

The RMS ITU error metric is the RMS of each monthly and annual CCDFs. This method gives the performance of a configuration to compute a specific month or year. For each configuration, 26 values are presented (24 monthly values and 2 annual values). A color code is used, red is the worst value between the 26 values and green is the best.

The second method used is a global evaluation of the different configurations, called here the Global ITU Error Metric. Like the first method, the ITUEM is computed for each percentage of time but this time for all CCDFs of a certain type for the years 2017/2018 (monthly, annual or seasonal). For example, the monthly global RMS is the RMS of the ITUEM computed foe each percentage of time of each monthly CCDFs. The annual global RMS is the RMS of the ITUEM of both annual CCDFs. This method gives the global performance of a configuration to compute a monthly, an annual or a seasonal CCDF. The three seasons considered are:

• Dry Season: August, September and October.

• Wet Season: April, May and June.

• Transitional Season: January, February, March, July, November and December.

For each figure, the color plot is the same, red is for 2017, blue for 2018, green for 2020 and black for 2017/2018/2020. The experimental data is in solid line and the simulated data is in dashed line. The simulated CCDFs are computed with 25 points around Kourou (a square of 10kmx10km). 

TABLE DES MATIÈRES

INTRODUCTION

Les premiers systèmes commerciaux de communication par satellite utilisaient dans un premier temps des bandes de fréquences telles que la bande C (4 à 6 GHz) puis la bande Ku (10-15 GHz) dont la technologie était adaptée aux engins spatiaux et suffisamment fiable. Depuis le début du XXIe siècle, ces bandes de fréquences sont saturées, ce qui entraîne des procédures de coordination complexes lors du développement de nouveaux systèmes satellitaires et, par conséquent, une migration vers des fréquences plus élevées est nécessaire. De plus, le nombre croissant d'objets connectés et d'applications multimédias au cours des deux dernières décennies, a créé de nouvelles exigences en termes de bande passante. Néanmoins, l'utilisation de fréquences porteuses plus élevées pose des problèmes dû à l'impact de l'atmosphère sur les signaux.

Aujourd'hui, la compréhension et la modélisation précise des effets de l'atmosphère sur les ondes radio sont un enjeu majeur pour l'industrie des télécommunications et les fabricants de satellites. Parmi ces effets, le plus impactant pour les télécommunications à ces fréquences plus élevées est l'atténuation du signal par la troposphère, la couche la plus basse de l'atmosphère terrestre. Cette atténuation peut être causée, entre autres, par les gaz atmosphériques tels que la vapeur d'eau et l'oxygène, par la présence de nuages ou par la pluie.

Aujourd'hui, les pays émergents comme l'Inde, le Brésil ou la Chine, ainsi que tous les pays en développement entrent activement sur le marché des télécommunications. Dans ces pays souvent vastes, en raison d'infrastructures terrestres sous-développées, les systèmes de communication par satellite sont souvent plus attractifs par rapport aux systèmes de télécommunications terrestres. Contrairement aux pays développés, la plupart des pays émergents se trouvent principalement aux basses latitudes où le climat est principalement tropical et équatorial. Cette différence est cruciale dans l'étude de la propagation des ondes radio dans la troposphère. En effet, la majorité des modèles qui existent aujourd'hui pour décrire les effets de la troposphère sur les ondes radio et pour simuler l'atténuation du signal ont été développés et testés à partir de données collectées dans des régions à climat tempéré.

Un autre point critique pour le développement de modèles de propagation dans les régions tropicales et équatoriales est le manque de données de propagation disponibles collectées en bande Ka et au-dessus dans ces régions. Pour contourner ce manque de données expérimentales, une nouvelle tendance dans le domaine de la modélisation de la propagation des ondes radio dans la troposphère a récemment vu le jour en utilisant des modèles de prévision numérique du temps à haute résolution (modèles méso-échelle) couplés à des modèles de propagation électromagnétique.

Dans ce contexte, cette thèse consiste à étudier la capacité du modèle WRF-EMM, un modèle hybride combinant le NWP Weather Research and Forecasting (WRF) avec un module électromagnétique (EMM), à reproduire l'impact des différentes atténuations troposphériques en bande Ka dans les régions tropicales et équatoriales.

Le premier chapitre introduit la propagation des ondes radio dans la troposphère dans les régions tropicales et équatoriales. Il commence par décrire les caractéristiques des climats de ces régions et leur impact sur le canal de propagation. Il passe ensuite en revue l'état de l'art des modèles d'atténuation dans la troposphère, avant de présenter les différents types de données utilisés pour valider ces modèles ainsi que pour caractériser le canal de propagation radioélectrique en bande Ka.

Le deuxième chapitre donne un aperçu de l'utilisation des modèles de prévision météorologique à haute résolution dans l'étude de la propagation des ondes radio dans la troposphère en prêtant une attention particulière sur le modèle WRF-EMM utilisé dans cette thèse de doctorat. Il commence par passer en revue l'état de l'art des études de propagation utilisant les modèles de prévision météorologique à haute résolution. Ensuite, une description détaillée du modèle WRF est présentée en mettant l'accent sur son architecture, ses paramètres d'entrée/sorties et sa configuration physique. Cette description est complétée par un état de l'art de l'utilisation de WRF dans les climats tropicaux et équatoriaux avec une attention particulière sur la paramétrisation microphysique. Enfin, le module EMM implémentant les modèles d'atténuation décrits au Chapitre I pour calculer chaque source d'atténuation troposphérique, est détaillé.

Le troisième chapitre étudie la validité du modèle WRF-EMM pour un climat équatorial avec une configuration préalablement développée pour le sud de l'Europe. Dans un premier temps, une analyse de la capacité du modèle WRF à simuler l'état passé de l'atmosphère en Guyane française est menée en comparant ses résultats à différentes sources de données météorologiques telles que les banques de données de réanalyse et les pluviomètres. Ensuite, la capacité du modèle WRF-EMM à reproduire les statistiques de propagation en Guyane est vérifiée à partir des données de la campagne de propagation menée par le Centre National d'Études Spatiales (CNES) et l'Office National d'Études et de Recherches Aérospatiales (ONERA) en 2017 et 2018 sur le site du Centre Spatial Guyanais à Kourou. Enfin, une comparaison des CCDFs mensuelles est présentée pour comprendre si le modèle WRF-EMM peut bien représenter le fort impact saisonnier constaté dans cette région équatoriale.

Le quatrième chapitre étudie l'impact de la configuration du modèle météorologique WRF sur les CCDFs d'atténuation due à la pluie annuelles, saisonnières et mensuelles calculés en Guyane. Cette analyse est divisée en trois étapes. Tout d'abord, une mise à jour du code de calcul et l'utilisation d'une nouvelle base de données de réanalyse sont étudiés. Deuxièmement, l'étude de l'impact de la configuration macrophysique du modèle météorologique est réalisée. Enfin, une analyse de sensibilité de l'aspect microphysique de WRF afin de trouver la configuration la plus performante pour la Guyane est présentée. 

CHAPITRE I

Caractérisation des régions tropicales et équatoriales 1.Climats tropicaux et équatoriaux

Les climats des régions tropicales et équatoriales sont uniformément chauds, avec les températures les plus élevées ainsi que les variations saisonnières les plus faibles situées près de l'équateur. Les principales différences sont liées aux variations mensuelles de précipitations [START_REF] Mcgregor | Tropical Climatology: An Introduction to the Climates of the Low Latitudes, 2nd Edition[END_REF]. Cependant, il existe plusieurs classifications pour définir les climats des régions tropicales et équatoriales. Le système de classification climatique Köppen ou Köppen-Geiger qui comprend 31 types de climats, est le plus couramment utilisé par les climatologues et les météorologues. Ce système de classification définit quatre climats tropicaux distincts qui sont uniformément chauds, chaque mois de l'année ayant une température moyenne de 18 °C ou plus et des précipitations importantes. Les quatre climats sont le climat équatorial (Af), le climat de mousson tropicale (Am), le climat tropical de savane à hiver sec (Aw) et le climat tropical de savane à été sec (As).

Plusieurs autres classifications peuvent être trouvées dans la littérature pour séparer les différents climats tropicaux. Par exemple, [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF] fait référence à un classement légèrement diffèrent. Une autre classification peut être définie en utilisant des climats tropicaux géographiques. En effet, les tropiques s'étendent sur trois continents aux climats très différents à savoir l'Asie tropicale, l'Afrique tropicale et l'Amérique tropicale. Un quatrième climat général pour les océans et les îles océaniques peut également être défini.

Pour les besoins de cette thèse, le climat de Kourou en Guyane est détaillé ci-après. En effet, les travaux présentés ici portent sur la propagation des ondes radio au-dessus de Kourou en Guyane française où se trouve le Centre Spatial Guyanais (GSC) utilisé par les Européens comme principal port spatial. La ville de Kourou est située à 5°09′35″ Nord, 52°39′01″ Ouest qui peut être définie comme une région équatoriale.

En analysant les moyennes mensuelles de précipitations recueillies par Météo France à Kourou entre 1981 et 2020, trois régimes de précipitations distincts sont considérés pour le climat de Kourou :

• Une saison des pluies en Avril, Mai et Juin.

• Une saison sèche en Août, Septembre et Octobre.

• Une troisième saison de transition constituée du reste de l'année sans régime clair sec ou humide.

Parmi les autres caractéristiques des climats tropicaux et équatoriaux qui ont un impact sur la propagation troposphérique, l'humidité et les nuages sont également importants. Concernant les climats tropicaux et équatoriaux, des valeurs d'humidité beaucoup plus élevées sont rapportées que dans les régions tempérées ce qui peut avoir un impact sur la précision des modèles d'atténuation due la vapeur d'eau. Concernant les nuages en climat tropical et équatorial, divers atlas rassemblent plusieurs millions d'observations de nuages [START_REF] Warren | Simultaneous Occurrence of Different Cloud Types[END_REF][START_REF] Warren | Global Distribution of Total Cloud Cover and Cloud Type Amounts Over Land[END_REF][START_REF]Global Distribution of Total Cloud Cover and Cloud Type Amounts Over the Ocean[END_REF] et montre que les Cumulonimbus, qui sont associés à de fortes précipitations, représentent environ 10 à 14% de tous les nuages observés en zones tropicales.

Modèles d'atténuation troposphériques

Modèles d'atténuation due aux gaz atmosphériques

Il existe différents types de modèles dans la littérature pour calculer l'atténuation due aux gaz atmosphériques, dont les modèles physiques déterministes et les modèles statistiques ou empiriques. Les modèles physiques, tels que le modèle de Liebe ou le modèle UIT-R décrit dans la section 1 de l'Annexe 1 de la Recommandation UIT-R P.676-12, sont les plus rigoureux et les plus précis (sous réserve d'une bonne description du milieu). Ils permettent de calculer l'atténuation due au gaz le long du trajet radioélectrique [START_REF] Liebe | Propagation modeling of moist air and suspended water/ice particles at frequencies below 1000 GHz[END_REF], à l'aide de profils verticaux détaillés de la température, de la pression et de l'humidité le long du trajet radio. Le deuxième type de modèles trouvés dans la littérature sont les modèles empiriques qui permettent de prédire des distributions statistiques. Ils nécessitent une moindre quantité de données météorologiques pour fonctionner.

Concernant l'atténuation due à l'oxygène qui est moins problématique en région tropicale due aux hautes températures, on peut citer le modèle statistique décrit dans l'Annexe 2 de la Recommandation UIT-R P.676-12. Il calcule l'atténuation due à l'oxygène par le calcul de l'atténuation spécifique à la surface et le calcul d'une altitude équivalente pour l'oxygène.

Pour l'atténuation due à la vapeur d'eau, la situation est différente car les climats tropicaux sont beaucoup plus humides que les climats tempérés. Ici, plusieurs modèles statistiques peuvent être trouvés dans la littérature, dont les deux modèles ITU-R. Ces deux modèles couramment utilisés sont décrits dans l'Annexe 2 de la Recommandation UIT-R P.676-12. Le premier est similaire au modèle ITU-R utilisé pour calculer l'oxygène. Il est calculé à partir d'une altitude équivalente de la vapeur d'eau. Le deuxième modèle décrit dans la Recommandation UIT-R P.676-12 pour calculer l'atténuation due à la vapeur d'eau doit être utilisé uniquement pour les liaisons Terre-espace et repose sur la connaissance du contenu intégré en vapeur d'eau (IWVC : Integrated Water Vapour Content).

Modèles d'atténuation due aux nuages

Les nuages sont composés de gouttelettes d'eau en suspension et l'atténuation qu'ils provoquent peut être évaluée avec une grande précision à l'aide du modèle de diffusion de Rayleigh. La Recommandation UIT-R P.840-8 comprend une procédure pour calculer le coefficient d'atténuation spécifique due aux nuages, 𝐾 𝑙 , en (dB/km)/(g/m 3 ), qui dépend uniquement de la fréquence et de la température. En multipliant ce coefficient par la densité d'eau liquide nuageuse, 𝜌 𝑙 , en g/m 3 , il permet de déduire l'atténuation spécifique due aux nuage, 𝛾 𝑙 , in dB/km. L'atténuation due aux nuages est ensuite calculée par intégration de l'atténuation spécifique due aux nuages le long du trajet oblique. Cependant, cette approche physique nécessite des profils verticaux de densité d'eau liquide nuageuse, généralement obtenus à partir radiosondages. Il existe également des modèles plus simples utilisant certaines hypothèses et approximations générales pour prédire les statistiques d'atténuation due aux nuages.

La Recommandation UIT-R P.840-8 propose deux méthodes de prédiction pour calculer la distribution statistique de l'atténuation due aux nuages. Une première qui repose sur l'utilisation de données expérimentales locales de contenu intégré en eau nuageuse liquide (ILWC : Integrated cloud Liquid Water Content) et une seconde qui repose sur l'utilisation de cartes mondiales d'ILWC calculées à partir de données ERA-40. Cette seconde approche est très pratique car elle est applicable dans le monde entier grâce à l'utilisation de cartes numériques mondiales. Néanmoins, ces cartes numériques ont été dérivées en utilisant la méthode de détection des nuages Salonen-Uppala qui a été développée et validée dans les zones froides et tempérées. Son applicabilité aux régions tropicales et équatoriales est quelque peu discutable. De plus, la résolution spatiale d'ERA-40 de 1.5°x1.5° est plutôt grande vis-à-vis de la taille moyenne des nuages.

Modèles d'atténuation due à la pluie

La modélisation de l'atténuation due à la pluie à une fréquence donnée peut être calculée par l'intégration de l'atténuation spécifique due à la pluie sur le trajet radio. Cette atténuation spécifique peut elle-même être calculée par deux approches différentes. Premièrement, l'atténuation spécifique due à la pluie peut être calculée à partir de la distribution de la taille des gouttes de pluie supposée sphériques, et de la section efficace d'extinction définie par la théorie de la diffusion de Mie [START_REF] Hulst | Light Scattering by Small Particles[END_REF] [START_REF] Manabe | Inference of raindrop size distribution from attenuation and rain rate measurements[END_REF]. Cette approche est physiquement plus précise, cependant, elle nécessite une description microphysique de la DSD qui n'est disponible que par l'utilisation de disdromètres ou de radars de pluie. En raison de la faible disponibilité de la DSD et pour éviter d'utiliser des modèles dont la précision est discutable dans certaines régions, une seconde approche qui repose sur l'intensité de précipitations est souvent retrouvée dans la littérature. Cette deuxième approche est plus couramment utilisée car l'intensité de précipitations est un paramètre beaucoup plus facile à mesurer, à l'aide de pluviomètres, et de nombreuses statistiques de l'intensité des précipitations sont donc disponibles. Le modèle décrit dans la Recommandation UIT-R P.838-3 suit cette approche en calculant l'atténuation spécifique due à la pluie en connaissant l'intensité de précipitation de surface locale et en utilisant une loi de puissance. Néanmoins, lorsque l'intensité de précipitations n'est pas disponible localement, des modèles statistiques peuvent être utilisés pour prédire les distributions statistiques, généralement à l'aide de cartes de pluie calculées à partir de bases de données de réanalyse [START_REF] Castanet | Assessment of radiowave propagation for satellite communication and navigation systems in tropical and subtropical areas | ESA's ARTES Programmes[END_REF].

Plusieurs modèles d'atténuation due à la pluie peuvent être trouvés dans la littérature, mais seule la Recommandation UIT-R P.618-13 propose une utilisation dans le monde entier. De plus, le manque de données expérimentales en bande Ka dans les régions tropicales et équatoriales rend difficile la validation des différents modèles. C'est la raison pour laquelle l'utilisation d'un modèle hybride météorologique-électromagnétique, tel que celui développé par l'ONERA dans (Outeiral García et al., 2013) pourrait être extrêmement utile à l'avenir pour pallier ce manque de données expérimentales dans certaines régions (basses et hautes latitudes) ainsi que pour trouver un modèle global qui fonctionne pour toutes les régions du globe.

Données utiles à la caractérisation du canal de propagation 1.3.1 Données de réanalyse

Les bases de données de réanalyse sont l'une des sources de données météorologiques les plus utiles pour les études de propagation. Ce sont des cartes mondiales bi-ou tridimensionnelles de différents paramètres météorologiques tels que la pression, la température, la vapeur d'eau, le contenu intégré en eau liquide, la vitesse du vent ainsi que des paramètres décrivant les précipitations tels que le cumul de pluie et la hauteur de la pluie. Ces cartes sont calculées en faisant tourner un modèle global de prévision météorologique et en le recalant régulièrement (toutes les 36 heures) à partir d'observations archivées et ainsi recréer un état antérieur de l'atmosphère. La base de données de réanalyse de l'ECMWF la plus récente est ERA5 avec une résolution spatiale de 0,25° x 0,25° ce qui équivaut à moins de 30×30 km² sous les tropiques et une résolution temporelle de 1 heure. Les données disponibles vont de 1979 à aujourd'hui [START_REF] Hersbach | The ERA-5 global reanalysis[END_REF]. C'est la base de données de réanalyse avec les résolutions temporelle et spatiale les plus fines. Elle remplace les anciennes bases de données de l'ECMWF telles que ERA-40 et ERA-Interim qui sont utilisées par plusieurs Recommandations de l'UIT-R pour calculer des cartes mondiales [START_REF] Uppala | The ERA-40 re-analysis[END_REF]) [START_REF] Berrisford | The ERA-Interim archive, version 2.0[END_REF]. Les données disponibles dans cette base de données sont divisées en deux types :

• Les données de surface qui regroupent les paramètres de surface dans des cartes bidimensionnelles, telles que la température de surface, la pression de surface ou le contenu en vapeur d'eau. • Les données de niveau de pression, également appelées profils, qui regroupent des paramètres tri-dimensionnels sur 37 niveaux de pression allant de 1000 hPa à 1 hPa, tels que la température, la pression, l'humidité relative ou la vitesse du vent. Les deux ensembles de données présentés ici sont largement utilisés dans les travaux présentés aux chapitres III et IV. De plus, ce sont les seuls ensembles de données de réanalyse utilisés dans cette thèse.

Données radioélectriques

Il existe dans la littérature trois campagnes de propagation récentes en régions tropicales et équatoriales. La première est une collaboration entre l'ONERA, le CNES et l'ISRO (Indian Space Research Organisation) pour étudier la propagation des ondes radio en Inde, à 20 GHz et 30 GHz à l'aide du satellite GSAT-14 [START_REF] Dasgupta | A new propagation campaign in tropical areas: The Ka-band propagation experiment over India with the GSAT-4 satellite[END_REF]. Une deuxième expérience est actuellement mise en oeuvre en Malaisie par Joanneum Research dans deux endroits avec un récepteur de balises à 20 GHz pointé vers le satellite Syracuse-3A [START_REF] Cuervo | The JOANNEUM RESEARCH SatCom Ka and Q band campaigns in Europe and Malaysia[END_REF]. Enfin, l'ONERA et le CNES mènent depuis 2017 une campagne de mesures de propagation à Kourou, en Guyane, au Centre Spatial Guyanais. Les résultats de cette campagne de mesures seront utilisés de manière intensive dans cette thèse comme référence, pour comparer les performances des modèles testés, et sont donc décrits plus en détail ci-après.

Cette campagne de mesures a débuté en décembre 2016 et est toujours en cours en utilisant le signal de la balise du satellite AMAZONAS-3 situé en orbite géostationnaire à 61 °W [START_REF] Boulanger | Propagation Experiment at Ka-Band in French Guiana: First Year of Measurements[END_REF]. La fréquence porteuse est de 20,1995 GHz avec une polarisation circulaire droite. La station sol est située à Kourou et les coordonnées exactes sont 5,1713-°N et -52,6862 °E avec une altitude de 0,013 km. Les angles d'élévation et d'azimut sont respectivement de 78,49 ° et 238,36 °. Trois instruments sont présents sur site pour collecter les données de propagation: un pluviomètre, un récepteur de balise en bande Ka et un récepteur de balise GNSS.

CHAPITRE II

UTILISATION D'UN MODELE DE PREVISION NUMERIQUE DU TEMPS POUR MODELISER LE CANAL DE PROPAGATION RADIOELECTRIQUE 2

Le premier chapitre a présenté les caractéristiques climatiques observées dans les régions tropicales et équatoriales qui ont un impact sur la propagation radio ainsi que les différents modèles d'atténuation disponibles dans la littérature pour prédire le comportement statistique du canal de propagation radio. Comme expliqué, le manque de données expérimentales dans ces régions est problématique à la fois pour valider les modèles d'atténuation couramment utilisés et pour développer des modèles mieux adaptés. Comme mentionné dans l'introduction, l'utilisation de modèles de prévision numérique du temps dans les études de propagation est une nouvelle tendance qui semble très prometteuse pour produire des données de propagation synthétiques partout dans le monde tout en tenant compte de la climatologie locale, ce qui pourrait aider à surmonter le manque de données expérimentales dans toutes les régions du monde. Par conséquent, ce chapitre se concentre sur l'utilisation de tels modèles pour produire des statistiques de propagation. Tout d'abord, un état de l'art des études de propagation utilisant ce type de modèle est réalisé. Ensuite, le modèle utilisé dans ce travail, le modèle Weather Research and Forecasting (WRF), est présenté en détail avec une attention particulière sur son paramétrage. Enfin, le module électromagnétique de post-traitement (EMM) utilisé pour calculer l'atténuation à partir des sorties de WRF est décrit.

Les modèles de prévision numérique du temps dans les études de propagation radio

Les modèles de prévision météorologiques simulent l'atmosphère terrestre à partir de conditions initiales spécifiques en résolvant les équations primitives qui décrivent les écoulements atmosphériques sur une certaine période de temps. Ils produisent soit une prévision, soit une réanalyse des états passés de l'atmosphère. Ces modèles sont aujourd'hui très courants pour produire les prévisions données par les différentes entités météorologiques. Il existe deux principaux types de modèles de prévision météorologiques : les modèles globaux qui reproduisent l'état de l'atmosphère terrestre dans son intégralité et les modèles locaux ou régionaux qui ne reproduisent qu'une région spécifique, souvent avec des résolutions spatiales et temporelles plus fines.

Au cours des deux dernières décennies, l'utilisation des NWP s'est étendue au domaine de la propagation. En effet, plusieurs études de propagation ont utilisé, d'une manière ou d'une autre, des NWP pour aider à modéliser le canal de propagation. Les exemples les plus remarquables sont les recommandations de l'UIT-R pour la propagation des ondes radio. En effet, nombre d'entre elles utilisent comme données d'entrée, des données de réanalyse générées à partir du modèle global du Centre européen pour les prévisions météorologiques à moyen terme (ECMWF : European Centre for Medium-Range Weather Forecasts). L'utilisation des modèles de prévision météorologiques globaux dans les études de propagation ne s'arrête pas aux recommandations de l'UIT et ils sont également utilisés pour mieux caractériser le canal de propagation radio de façon statistique [START_REF] Davarian | Deep space Ka-band link management and Mars Reconnaissance Orbiter: long-term weather statistics versus forecasting[END_REF]) [START_REF] Memmo | Comparison of MM5 integrated water vapour with microwave radiometer, GPS, and radiosonde measurements[END_REF] [START_REF] Shelters | Calculation of Long-Term Tropospheric Attenuation Statistics Using Weather Cubes[END_REF] [START_REF] Giro | Rainfall Estimation from Tropospheric Attenuation Affecting Satellite Links[END_REF]. Il existe aussi quelques études qui effectuent leur analyse directement sur les séries temporelles d'atténuation troposphérique produites par les modèles locaux. [START_REF] Hodges | Generation of attenuation time-series for EHF SATCOM simulation[END_REF] sont les premiers à étudier le concept d'un simulateur du canal de propagation basé sur MM5, un modèle météo local méso-échelle, combiné à un module électromagnétique pour générer des séries temporelles d'atténuation. De nombreuses études ont ensuite suivi cette approche [START_REF] Biscarini | Evaluation of deep space Ka-band data transfer using radiometeorological forecast models[END_REF] [START_REF] Grythe | Predicting near-time satellite signal attenuation at Ka-band using tropospheric weather forecast model[END_REF] [START_REF] Kourogiorgas | Long-term and short-term atmospheric impairments forecasting for high throughput satellite communication systems[END_REF] [START_REF] Marziani | Microwave Tropospheric Scintillation and Excess Attenuation Prediction for Satellite to Earth Links Using 3D High-resolution Meteorological Forecast Models: Data Validation and Case Study[END_REF] Un simulateur similaire à celui décrit dans [START_REF] Hodges | Generation of attenuation time-series for EHF SATCOM simulation[END_REF] est proposé dans (Outeiral García et al., 2013). Cette fois, le simulateur atmosphérique s'appuie sur le modèle météorologique méso-échelle à haute résolution WRF, souvent considéré comme ayant remplacé le modèle MM5. Le modèle WRF est combiné à un module de post-traitement électromagnétique capable de calculer plusieurs atténuations troposphériques. Enfin, l'atténuation due à la pluie est ici calculée à partir des résultats du modèle WRF au lieu d'utiliser des données radar comme dans l'article précurseur de [START_REF] Hodges | Generation of attenuation time-series for EHF SATCOM simulation[END_REF], ce qui rend l'approche entièrement dépendante des résultats du modèle. [START_REF] Fayon | Use of WRF to generate site diversity statistics in south of France[END_REF] et [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] utilisent le même simulateur pour étudier la diversité de sites et générer des distributions conjointes dans le sud de l'Europe. Enfin, récemment, [START_REF] Quibus | Numerical weather prediction models for the estimate of clear-sky attenuation level in alphasat beacon measurement[END_REF] et (Quibus et al., 2019) utilisent une version similaire du simulateur pour calculer l'atténuation troposphérique sur Spino d'Adda en Italie. Une attention particulière est alors accordée aux gaz atmosphériques et à l'atténuation due aux nuages, afin d'étudier la capacité du simulateur à estimer l'atténuation par ciel clair.

L'état de l'art montre que certains aspects restent insuffisamment étudiés. Tout d'abord, toutes les études présentées ci-dessus portent sur les régions tempérées d'Europe. Aucune étude ne se penche sur la capacité des modèles de prévision météorologiques à reproduire avec précision les dégradations de la propagation atmosphérique dans les régions tropicales et équatoriales. Deuxièmement, très peu d'études examinent les statistiques mensuelles au lieu des statistiques annuelles. Ceci est essentiel pour les zones tropicales et équatoriales où les saisons sèches et humides déterminent la climatologie locale. Enfin, s'il est bien connu que les modèles météorologiques sont très sensibles à leur configuration (schémas microphysiques des nuages, distribution de la taille des gouttes de pluie, taille du domaine, configurations hydrostatiques ou non hydrostatiques…) et aux conditions initiales, seules deux études dans le la littérature ouverte analysent l'impact de la paramétrisation des modèles sur la prédiction de l'atténuation troposphérique [START_REF] Biscarini | Evaluation of deep space Ka-band data transfer using radiometeorological forecast models[END_REF] [START_REF] Quibus | Modelling propagation impairments of Earth-Space links using Numerical Weather Prediction tools[END_REF].

Weather Research and Forecasting (WRF)

Présentation de WRF

Le modèle WRF est un modèle météorologique régional, également appelé modèle mésoéchelle, conçu à la fois pour la recherche et les prévisions météorologiques. Il peut reproduire une région tri-dimensionnelle de l'atmosphère avec des résolutions spatiales et temporelles très fines. L'architecture du modèle peut être divisée en deux modules distincts, le système de pré-traitement WPS et le noyau WRF. Le module WPS est composé de trois programmes qui rassemblent les données terrestres et météorologiques et les convertit en entrées pour le noyau WRF. Ensuite, le noyau WRF, constitué de deux programmes, crée les différentes conditions initiales et aux limites de la simulation avant de lancer la simulation météorologique elle-même.

Paramètres d'entrée et de sortie de WRF

Le modèle WRF et plus particulièrement le module WPS nécessite des données d'entrée météorologiques pour lancer la simulation. Ces données sont principalement utilisées pour calculer les conditions initiales ainsi que les conditions aux limites nécessaires car WRF est un modèle régional. Les champs obligatoires pour lancer le modèle WRF sont disponibles dans les bases de données de réanalyse telles que les bases de données ERA-Interim [START_REF] Berrisford | The ERA-Interim archive, version 2.0[END_REF] ou ERA5 [START_REF] Hersbach | The ERA-5 global reanalysis[END_REF] de l'ECMWF ainsi que le GFS de NOAA [START_REF] Gfs | Global Forecast System[END_REF].

De nombreuses sorties météorologiques sont calculées par le modèle WRF. En effet, WRF est un simulateur atmosphérique complexe qui permet de calculer un grand nombre de paramètres afin de donner différentes informations pour les prévisions et l'analyse. Les sorties comprennent à la fois des champs tri-dimensionnels tels que la pression et la température mais aussi des paramètres de surface tels que les composantes du vent ou le cumul de pluie. Pour calculer les atténuations troposphériques, seul un nombre limité de sorties est nécessaire. En ce qui concerne la propagation Terre-espace, les paramètres suivants sont nécessaires :

pour l'atténuation due aux gaz atmosphériques : pression P, température T, rapport de mélange de la vapeur d'eau 𝑄 𝑣 et densité de l'air 𝜌 𝑎 , pour l'atténuation due aux nuages : température T, rapport de mélange de l'eau liquide nuageuse 𝑄 𝑐 et densité de l'air 𝜌 𝑎 , pour l'atténuation due à la pluie : température T, rapport de mélange d'eau précipitante 𝑄 𝑟 et densité de l'air 𝜌 𝑎 .

Configuration physique

Le modèle WRF possède six catégories de schémas physiques utilisés pour paramétrer la simulation, qui ont tous une tâche spécifique, détaillée dans [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF] et rappelée ci-après :

• Les schémas microphysiques traitent de toutes les quantités d'eau dans l'atmosphère, ce qui les rend importants concernant les précipitations. • Les schémas de cumulus sont responsables des effets des nuages non précipitants de taille inférieure à la résolution du modèle. Théoriquement, ils ne sont valables que pour des résolutions supérieures à 10 km. Pour une résolution inférieure à 4 km, ils ne sont pas conseillés [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF]. Les conclusions tirées ici rendent impossible le choix d'un schéma microphysique unique pour notre étude en Guyane française. Par conséquent, un groupe de neuf schémas différents sera analysé dans cette thèse avec quatre schémas à simple moment et cinq schémas à double moment. Ils sont présentés dans la section suivante pour mieux comprendre leurs particularités concernant la modélisation des précipitations.

Schémas microphysiques sélectionnés pour la Guyane

Tout d'abord, parmi les neuf schémas retenus pour la Guyane française, quatre sont à simple moment (Purdue Lin, Eta, Goddard et WSM6) et cinq sont à double moment (Thompson,Milbrandt & Yau,Morrison,WDM6 et NSSL). Ensuite, les espèces d'eau considérées par chaque schéma ne sont pas les mêmes et la fonction de double moment est disponible pour des espèces d'eau spécifiques, en fonction du schéma.

La différence notable entre les neuf schémas choisis est la DSD implémentée par chaque schéma. En effet, en termes de propagation radio, la DSD est un paramètre clé nécessaire pour calculer l'atténuation spécifique due à la pluie. Parmi les neuf schémas microphysiques choisis, seuls trois DSD différentes sont mises en oeuvre : une distribution de Marshal-Palmer pour les schémas à simple moment, et à la fois une distribution exponentielle (Thompson, Morrison, Milbrandt&Yau et NSSL) et une distribution gamma (WDM6) pour les schémas à double moment.

Module de post-traitement électromagnétique (EMM)

Le module EMM est décrit dans les travaux de (Outeiral García et al., 2013) également utilisés dans [START_REF] Fayon | Use of WRF to generate site diversity statistics in south of France[END_REF] et [START_REF] Quibus | Numerical weather prediction models for the estimate of clear-sky attenuation level in alphasat beacon measurement[END_REF]. Le module EMM fonctionne en trois étapes distinctes : le calcul des atténuations spécifiques pour chaque cellule de la grille tri- dimensionnelle de l'atmosphère, la création de cartes azimut/élévation et l'intégration sur le trajet Terre-espace de la liaison radio choisie.

Atténuation spécifique due aux gaz atmosphériques

Dans le modèle WRF-EMM, l'atténuation spécifique due à l'oxygène et à la vapeur d'eau est calculée en utilisant la Section 1 de l'Annexe 1 de la Recommandation UIT-R P.676-12 dont les calculs détaillés se trouvent dans l'ANNEXE A. Les sorties WRF requises par le module EMM pour implémenter le calcul des atténuations spécifiques sont :

• Pour l'oxygène : la pression 𝑃, la température 𝑇, la densité de vapeur d'eau 𝜌 𝑤 • Pour la vapeur d'eau : la pression 𝑃, la température 𝑇, la densité de l'air 𝜌 𝑎 et le rapport de mélange de la vapeur d'eau 𝑄 𝑣

Atténuation spécifique due aux nuages

Dans le modèle WRF-EMM, l'atténuation spécifique due aux nuages est calculée en utilisant la Section 2 de l'Annexe 1 de la Recommandation UIT-R P.840-8 dont les calculs détaillés se trouvent dans l'ANNEXE B. Les sorties WRF requises par le module EMM pour mettre en oeuvre le calcul des atténuations spécifiques sont : la pression 𝑃, la température 𝑇, la densité de l'air 𝜌 𝑎 et le rapport de mélange d'eau liquide nuageuse 𝑄 𝑐 2.3.3 Atténuation spécifique due à la pluie [START_REF] Hulst | Light Scattering by Small Particles[END_REF] et [START_REF] Manabe | Inference of raindrop size distribution from attenuation and rain rate measurements[END_REF] ont montré que l'atténuation spécifique due à la pluie 𝛾 𝑟 en 𝑑𝐵/𝑘𝑚 peut être calculée à partir de la section efficace d'extinction 𝜎 𝑒𝑥𝑡 obtenue à partir de la théorie de la diffusion de Mie et de la DSD de la pluie 𝑁(𝐷) de la manière suivante :

𝛾 𝑟 = 4.343 × 10 3 ∫ 𝑁(𝐷)𝜎 𝑒𝑥𝑡 (𝐷)𝑑𝐷 𝐷 𝑚𝑎𝑥 0 , (2.1) où: 𝐷 𝑚𝑎𝑥 est le diamètre maximum des gouttes de pluies en 𝑚𝑚.

Pour des raisons numériques, un diamètre maximum 𝐷 𝑚𝑎𝑥 doit être choisi pour l'intégration. Conformément à (Outeiral García et al., 2013), une valeur de 𝐷 𝑚𝑎𝑥 = 4 𝑚𝑚 est choisie car les plus grosses gouttes de pluie ont tendance à se briser lorsqu'elles entrent en collision avec d'autres gouttes de pluie [START_REF] Laws | The Relation of Raindrop-Size to Intensity[END_REF].

CHAPITRE III POTENTIALITÉS DU MODÈLE WRF-EMM À REPRODUIRE LE CANAL DE PROPAGATION RF EN REGION ÉQUATORIALES 3

Le premier chapitre a rappelé les principales caractéristiques des climats tropicaux et équatoriaux et leur impact sur la propagation des ondes radioélectriques. Ensuite, le modèle WRF-EMM a été présenté au Chapitre II. Ce troisième chapitre présente les premières étapes vers la validation du modèle dans une région équatoriale. L'objectif est d'évaluer la capacité de WRF-EMM à simuler le canal de propagation radio dans un environnement équatorial et plus particulièrement sa capacité à produire des statistiques de propagation pour les liaisons Terre-espace. Cette validation se divise en deux étapes distinctes. Dans un premier temps, à la fois à partir de données mesurées et de réanalyse collectées en Guyane, les performances du modèle WRF à reproduire les principaux paramètres météorologiques impliqués dans les calculs de propagation sont évaluées. Une attention particulière est alors portée sur la capacité du modèle à reproduire fidèlement les événements de pluie. Dans un second temps, la capacité du module EMM alimenté par WRF à reproduire des statistiques annuelles et mensuelles d'atténuation de propagation issues de données expérimentales collectées à Kourou est étudiée., conformément aux exigences systèmes.

Configuration du modèle

L'analyse de ce chapitre démarre à partir d'une configuration de WRF similaire à celle utilisée par [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF]. D'autres configurations seront étudiées au Chapitre IV. Quelle que soit la configuration, la zone simulée par WRF est centrée sur Kourou (5,1713°N ; 52,6862°O) en Guyane comme le montre la Figure 3.1. Les caractéristiques de la configuration initiale inspirée de [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] sont les suivantes:

• Version de WRF : Version 3.4.

• Domaines : trois domaines de résolution horizontale 30×30 km² (d01), 6×6 km² (d02) et 2×2 km² (d03).

• Données d'initialisation : Données de surface et de profils provenant d'ERA-Interim (résolution horizontale 0.75×0.75°, résolution temporelle 6 h).

• Résolution verticale : 38 niveaux de pression.

• Spin-up time : 24 h pour chaque domaine.

• Pas de temps : 150 s pour d01, 30 s pour d02 et 10 s pour d03. Le pas de temps est constant pour chaque domaine (pas de temps adaptatif).

• Schéma microphysique : WRF single-moment 6 (WSM6).

• Schéma cumulus : Tiedtke pour d01 et d02. Pas de schéma cumulus pour le d03 au vu de sa résolution spatiale inférieure à 4x4 km² [START_REF] Skamarock | A Description of the Advanced Research WRF Model Version 4[END_REF].

• Schéma radiatif : RRTM pour les ondes longues et courtes.

• Schéma de couches de surface : MM5 Monin-Obukhov scheme.

• Schéma PBL : Yonsei University (YSU).

• Modèle de surface terrestre : Schéma de diffusion thermique à 5 couches.

• Hypothèse hydrostatique : Modèle hydrostatique pour le d01 et le d02, modèle nonhydrostatique pour le d03 car sa résolution est supérieure à 10x10 km² [START_REF] Wedi | Non-Hydrostatic Modelling at ECMWF[END_REF]. Plusieurs autres paramètres peuvent être modifiés dans WRF mais ils sont laissés à leurs valeurs par défaut car leur influence sur les champs météorologiques d'intérêt, essentiellement la pluie, est censée être limitée par rapport aux paramètres mentionnés cidessus.

Cette configuration initiale a été utilisée dans des études antérieures menées à l'ONERA, (Outeiral García et al., 2013) et [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF]. En particulier, [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF], qui est le point de départ de cette thèse, a obtenu des résultats prometteurs concernant l'atténuation due à la pluie dans le Sud de l'Europe. Le choix a été fait d'utiliser cette configuration comme premier test du modèle WRF-EMM dans les régions équatoriales. Cette configuration WRF est utilisée tout au long du Chapitre III. Plusieurs autres configurations seront évaluées au Chapitre IV. L'analyse des performances du modèles WRF commence ici par sa capacité à reproduire la pression de surface. Une comparaison des séries temporelles point à point toutes les 5 minutes (qui est le pas de temps du modèle WRF-EMM) montre une corrélation temporelle instantanée bonne pour la pression de surface lorsque comparée à la pression surface donnée par ERA5. En effet, on observe dans le Tableau 3.1 une valeur de la corrélation temporelle de la pression de surface 𝝆 𝒑 égale à 0,880 et 0,889 pour les années 2017 et 2018 respectivement.

En ce qui concerne la température de surface, on peut observer dans Tableau 3.1 que la corrélation temporelle instantanée est bonne même si légèrement plus faible que celle obtenue pour la pression avec des valeurs de 0,775 et 0,781 pour les années 2017 et 2018 respectivement.

Concernant le contenu intégré en vapeur d'eau, IWVC, on observe encore une fois dans le Tableau 3.1 une bonne corrélation temporelle avec des valeurs de 0,765 et 0,793 pour les années 2017 et 2018, respectivement.

Le deuxième paramètre comparé ici est le contenu intégré en eau liquide des nuages, ILWC. Contrairement aux trois paramètres étudiés jusque-là, le modèle WRF ne semble pas reproduire l'ILWC correctement. En effet, comme on peut le voir dans le Tableau 3.1, les valeurs de corrélation temporelle obtenues en 2017 et 2018 sont respectivement 0,108 et 0,149 qui sont bien inférieures aux valeurs obtenues jusque-là. On voit ici qu'en instantanée WRF n'arrive pas à reproduire le contenu intégré en eau liquide des nuages. Cela peut probablement s'expliquer par les différentes résolutions spatiales de ces ensembles de données. L'ILWC donné par ERA5 est défini comme la valeur moyenne de la zone pour un pixel du modèle, ce qui signifie que cet ILWC est la valeur moyenne pour une zone d'environ 28x28 km² (ERA5 ILWC, 2019), alors que la résolution spatiale de WRF est de 2x2 km².

Finalement, vis-à-vis du cumul de pluie, la corrélation temporelle instantanée entre le cumul de pluie simulé par WRF et le cumul expérimental obtenu à l'aide d'un pluviomètre pour les années 2017 et 2018 est très faible. En effet, on peut voir dans le Tableau 3.1 que les valeurs de corrélation temporelles sont inférieures à 0,02 pour les deux années considérées.

Cette faible corrélation observée pourrait s'expliquer par une difficulté de WRF à recréer précisément les cellules de pluie d'un point de vue spatial ou temporel. Pour tester cette hypothèse, la 

Statistiques annuelles

Atténuation due aux gaz atmosphériques

En ce qui concerne l'atténuation due aux gaz atmosphériques, le modèle WRF-EMM arrive à très bien reproduire l'atténuation calculée à l'aide de la Recommandation UIT-R P.676-12 nourrie par les données de profils ERA5. Ceci est confirmé par la Figure 3.4 où on y voit les CCDFs d'atténuation due à l'oxygène (haut) et à la vapeur d'eau (bas). On observe une très bonne performance de WRF-EMM à reproduire ces effets.

Atténuation due aux nuages

A propos de l'atténuation due aux nuages, la Suite à ces observations, une analyse a été réalisée sur les potentialités de l'utilisation de configurations hybrides. En effet, la configuration 16 a bien fonctionné pour chaque mois à l'exception notable de la saison sèche, donc deux configurations hybrides ont été étudiées. Elles sont construites avec la configuration 16 pour chaque mois sauf pour la saison sèche où la configuration 8 ou 11 est utilisée. Finalement, l'utilisation de la configuration hybride 18 utilisant le schéma microphysique Goddard pour la saison sèche et le schéma Millbrandt&Yau pour le reste de l'année est la meilleure configuration pour la zone de Kourou. Ceci représente une perspective intéressante pour l'utilisation de WRF-EMM dans les régions équatoriales.

Pour conclure cette analyse paramétrique de la simulation de l'atténuation due à la pluie, une comparaison entre les configurations 3, 8 et 18 pour 2017, 2018 et Pour la saison des pluies, la configuration 18 fonctionne légèrement mieux que la configuration 8, surtout pour les pourcentages du temps entre 2 % et 0,5 %. Pour la saison sèche, on constate une meilleure performance de la configuration 18 par rapport à la configuration 8. Quant à la saison transitoire, la configuration 18 performe de façon équivalente que la configuration 8, avec de meilleures performances pour les pourcentages du temps entre 0,5 % et 2 %.

En conclusion, c'est bien l'utilisation d'une configuration hybride, ici la configuration 18, qui permet d'obtenir les meilleures performances globales du modèles WRF-EMM à Kourou. 

CONCLUSION & PERSPECTIVES CONCLUSION

Cette thèse propose l'utilisation d'un nouveau type de modèle hybride utilisant un modèle de prévision numérique du temps (NWP) à haute résolution couplé à un module d'atténuation électromagnétique (EMM). L'avantage d'un tel modèle hybride est qu'il peut simuler la propagation troposphérique pour tout type de liaison par satellite, et pourrait donc être utilisé pour les zones où les données expérimentales ne sont pas disponibles. En particulier, ce travail se concentre sur la région de Kourou en Guyane, en raison de la disponibilité de trois années complètes de données expérimentales en bande Ka collectées lors de la campagne de propagation ONERA/CNES. Ce travail a été divisé en quatre chapitres.

Le premier chapitre a présenté les principes fondamentaux de la propagation des ondes radio dans la troposphère dans les régions tropicales et équatoriales. Un état de l'art des modèles statistiques et physiques et des données disponibles permettant de faire tourner les modèles et de les tester a été réalisé.

Le deuxième chapitre s'est ensuite concentré sur l'utilisation des modèles météorologiques dans les études de propagation pour calculer l'atténuation troposphérique subie par une liaison radio. Une description détaillée du modèle utilisé dans cette thèse, le modèle Weather Research and Forecasting (WRF) a été présentée. Une revue de l'état de l'art a été réalisée concernant les schémas microphysiques utilisés dans les régions tropicales et équatoriales afin d'identifier les schémas les mieux adaptés à ces régions qui seront testés ultérieurement au Chapitre IV.

Le troisième chapitre a présenté une première évaluation de la capacité du modèle WRF-EMM, précédemment testé dans les régions tempérées uniquement, à reproduire le canal de propagation et les statistiques d'atténuation à Kourou. Cet exercice a d'abord porté sur la capacité du modèle WRF à reproduire les principaux paramètres météorologiques ayant un impact sur l'atténuation de propagation. De bons résultats ont été obtenu pour la pression et la température de surface et le contenu intégré en vapeur d'eau en comparaison avec la base de données ERA5. Les corrélations instantanées de contenu intégré en eau liquide des nuages et de pluie se sont par contre avérées plutôt faibles. En atténuation, de bons résultats ont été obtenus pour l'atténuation en air clair mais des écarts élevés ont été constatés pour l'atténuation due aux nuages. En atténuation due à la pluie, les statistiques annuelles issues des simulations WRF-EMM pour les années 2017 et 2018 sont proches des statistiques expérimentales alors que pour les statistiques mensuelles les résultats sont très disparates.

Le quatrième chapitre repose sur une nouvelle version du modèle WRF et sur l'utilisation de la base de données ERA5 pour l'initialiser. L'impact de paramètres macrophysiques et de différents schémas microphysiques en raison de leur fort impact sur l'atténuation due à la pluie ont été analysés. Les meilleurs résultats en termes de statistiques d'atténuation due à la pluie annuelle, saisonnière et mensuelle ont été obtenus en utilisant la version 4.0.3 de WRF avec données ERA5, deux domaines de 99x99 pts sans l'utilisation d'un schéma de cumulus, avec le schéma radiatif RRTMG et l'utilisation du nudging. L'analyse de sensibilité microphysique a montré que le schéma microphysique de Milbrandt & Yau, nommé configuration 16, fonctionnait globalement mieux que les autres d'un point de vue annuel, mensuel et saisonnier, sauf pour la saison sèche. Une configuration hybride utilisant le schéma Milbrandt & Yau pour toute l'année, à l'exception de la saison sèche et le schéma Goddard pour la saison sèche a été définie. Il a finalement été montré que pour les années 2017, 2018 et 2020, cette configuration hybride 18 était la configuration la plus précise testée dans cette thèse d'un point de vue annuel, saisonnier et mensuel. Enfin il a été démontré que la capacité du modèle WRF-EMM à suivre les variations mensuelles de l'atténuation due à la pluie était bien meilleure que celle de la Recommandation UIT-R P.618-13 en utilisant à la fois un 𝑅 0.01 prédit par la Recommandation UIT-R P.837-7 et un 𝑅 0.01 expérimental.

PERSPECTIVES

L'évaluation du modèle WRF-EMM présentée dans cette thèse de doctorat a montré des résultats satisfaisants pour les paramètres météo d'air clair (pression, température, contenu en vapeur d'eau) mais des études complémentaires restent nécessaires concernant le contenue en eau liquide des nuages à partir de données radiométriques et l'intensité de précipitations par comparaison à des données issues de pluviomètres, de disdromètres ou de radar à pluie pour paramétrer la distribution de la taille des gouttes de pluie dans le schéma microphysique de WRF via les schémas microphysiques à double moment. En termes d'atténuation, si les résultats d'atténuation en air clair sont satisfaisants, des efforts sont encore nécessaire pour mieux reproduire l'atténuation due aux nuages à partir de données radiométriques. Concernant les statistiques d'atténuation due à la pluie, il serait intéressant de poursuivre l'expérience de propagation pour mieux caractériser les variations interannuelles. De plus, des années supplémentaires de données expérimentales pourraient aider à obtenir des statistiques mensuelles et saisonnières plus fiables.

Par ailleurs, l'optimisation de la configuration du modèle WRF reste perfectible. L'optimisation de la configuration du modèle réalisée dans ce travail de thèse, même si elle démontre la capacité du modèle à reproduire fidèlement les statistiques d'atténuation à due la pluie annuelles, saisonnières et mensuelles, n'a pas amélioré la corrélation instantanée. Des études supplémentaires sont donc nécessaires par exemple en étudiant les meilleurs schémas microphysiques capables de reproduire des événements uniques au lieu d'une période complète comme un mois ou une année pour définir de nouvelles configurations hybrides, non pas en fonction de la saison mais du type d'événements. Ce qui est particulièrement pertinent dans les régions tropicales et équatoriales où la nature convective des événements pluvieux est beaucoup plus prononcée que dans les régions tempérées.

Enfin, la capacité de WRF-EMM optimisé pour Kourou pour une liaison avec le satellite AMAZONAS-3 en bande Ka doit être testée pour différents emplacements et types de liaison dans les régions tropicales et équatoriales, en bande Ka mais aussi pour des fréquences plus élevées telles que la bande Q/V voire la bande W. Deuxièmement, les performances du modèle dans d'autres régions tropicales et équatoriales doivent être analysées que ce soit dans d'autres régions équatoriales d'Amérique du Sud (Guyane française, Brésil) ou à partir de l'expérience de propagation tri-fréquence actuellement menée aux Antilles par l'ONERA et le CNES. Enfin, il serait également intéressant de se pencher sur les climats d'Asie tropicale sujette aux systèmes de mousson, caractéristiques de ces climats à partir des données de propagation en bande Ka recueillies en Malaisie par Joanneum Research et l'université de Malaisie avec Syracuse-3 ou en Inde par l'ISRO, le CNES et l'ONERA avec le satellite GSAT-14.

MODELISATION DE LA PROPAGATION TERRE-ESPACE EN BANDE KA EN ZONES TROPICALES ET EQUATORIALES

Depuis maintenant quelques années, de nombreux pays émergents deviennent des acteurs importants sur le marché des télécommunications. De par le sous-développement, voire même, l'absence d'infrastructures terrestres, les télécommunications par satellite sont particulièrement attrayantes pour ces pays. Cependant, une des grandes particularités de ces pays est qu'ils se trouvent majoritairement en régions tropicales et équatoriales. Cet aspect est ici mis en avant car la propagation Terre-Espace a été, jusque-là, principalement étudiée pour des régions tempérées telles que l'Europe et l'Amérique du Nord. Ces études ont montré qu'aux bandes de fréquences actuellement utilisées pour les systèmes de télécommunications par satellites, l'atténuation du signal la plus importante était causée par la pluie. Néanmoins, les caractéristiques des évènements précipitants en régions tropicales et équatoriales sont très différentes de celles observées en régions tempérées. De ce fait, une étude plus approfondie des différents modèles de propagation en régions tropicales et équatoriales est aujourd'hui nécessaire. De surcroit, il existe aujourd'hui un manque flagrant de données expérimentales dans ces régions pour permettre de valider et optimiser les modèles d'atténuation existants.

C'est dans cette problématique que s'inscrit cette thèse en proposant l'utilisation d'un nouveau type de modèle hybride utilisant un simulateur numérique de l'atmosphère à haute résolution couplé à un module d'atténuation troposphérique. L'intérêt d'un tel modèle hybride est de pouvoir modéliser la propagation troposphérique pour tout type de liaison satellite. Ce modèle WRF-EMM est ici tester pour la première fois en région équatoriale à Kourou, à l'aide des données expérimentales recueillies durant la campagne de propagation ONERA/CNES en Guyane Française. Après l'observation d'une performance du modèle très variable d'un point de vue mensuel, une optimisation du modèle météo est présentée afin d'obtenir une configuration plus adéquate pour Kourou.

Mots-clefs : systèmes de communications par satellite, canal de propagation, atténuation troposphérique, modèle météo à haute résolution, WRF.

MODELLING OF EARTH-SPACE PROPAGATION IN KA-BAND IN TROPICAL AND EQUATORIAL REGIONS

For a few years now, many emerging countries have become important players in the telecommunications market. Due to the underdevelopment and even the lack of terrestrial infrastructure, satellite telecommunications are particularly attractive to these countries. However, one of the major particularities of these countries is that they are mainly located in tropical and equatorial regions. This aspect is put forward here because the Earth-Space propagation has, until now, been mainly studied for temperate regions such as Europe and North America. These studies showed that at the frequency bands currently used for satellite telecommunications systems, the most significant attenuation of the signal was caused by rain. Nevertheless, the characteristics of precipitating events in tropical and equatorial regions are very different from those observed in temperate regions. Therefore, a more in-depth study of the different propagation models in tropical and equatorial regions is now necessary. Additionally, there is, today, a clear lack of experimental data in these regions to validate and optimize existing attenuation models.

It is within this problematic that this PhD proposes the use of a new type of hybrid model using a highresolution numerical weather prediction model coupled with an electromagnetic attenuation module. The advantage of such a hybrid model is that it can simulate tropospheric propagation for any type of satellite link. This WRF-EMM model is tested here for the first time in an equatorial region in Kourou, using experimental data collected during the ONERA / CNES propagation campaign in French Guyana. After observing a high monthly variability of the performance of the model, an optimization of the WRF weather model is presented in order to obtain a more adequate configuration for Kourou.

Keywords: satellite communications systems, propagation channel, tropospheric attenuation, numerical weather prediction models, WRF.
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  The tropical monsoon climate (Am), where the driest month has precipitation less than 60 mm but at least 100 -𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚) 25 . • The tropical savanna winter climate (Aw), where the driest month has precipitation less than 60 mm and less than 100 -𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚) 25 and is found in winter. This climate is typically encountered near the Tropics of Cancer and Capricorn.

Figure 1 . 3 -

 13 Figure 1.3 -The Intertropical Convergence Zone viewed from NOAA's GOES-11 satellite, (NASA, 2000).

Figure 1 . 4 -

 14 Figure 1.4 -Köppen-Geiger climate classification system, (Kottek et al., 2006).

Figure 1 . 5 -

 15 Figure 1.5 -Temperature and precipitation profiles for Kourou in French Guiana, climate normal over the period 1981-2010.

Figure 1 . 6 -

 16 Figure 1.6 -Mean annual range of temperature for the 30°S -30°N regions, (McGregor et Nieuwolt, 1998).

Figure 1 .

 1 Figure 1.7 -Specific attenuation due to atmospheric gases, clouds and rain for frequencies ranging from 1 to 100 GHz.

Figure 2 . 1 -

 21 Figure 2.1 -Architecture of the WPS module and the WRF Core, (Skamarock et al., 2019).

Figure 2

 2 

Figure 2 . 2 -

 22 Figure 2.2 -Direct interactions between each physics modules, (Skamarock et al., 2019).

Figure 2 . 3 -

 23 Figure 2.3 -Flowchart of the microphysics processes in the WSM6 scheme, (Hong et Lim, 2006).

Figure 2 . 4 -

 24 Figure 2.4 -Surface rainfall estimates for 16 different configurations of WRF in India over a three-day period, (Chawla et al., 2018).

Figure 2 . 5 -

 25 Figure 2.5 -Comparisons of satellite surface precipitation rates (mm/h) (top row) and WRF forecasts employing the WDM6 microphysical scheme and the Betts-Miller-Janjic cumulus scheme (bottom row) in Thailand during three storms, (Surussavadee et Aonchart, 2013).

Figure 2 . 6 -

 26 Figure 2.6 -Surface rainfall and surface winds simulated by WRF for a one-day period in May 2010 over Guyana. The cumulus schemes compared are Kain-Fritsch (left) and Betts-Miller-Janjic (right). The microphysical schemes tested are the Lin scheme (up), the WSM3 scheme (middle) and the Ferrier scheme (down), (Rama Rao et al., 2012)).

Figure 2 . 7 -

 27 Figure 2.7 -Principle of the integration of the specific attenuation over the slant path, (Fayon, 2017).

Figure 2 . 8 -

 28 Figure 2.8 -Marshall-Palmer rain drop size distribution in function of the mass of rain water per unit volume 𝑴 𝒓 .

Figure 2 .

 2 Figure 2.9 -Marshall-Palmer, Exponential and Gamma Drop Size Distribution for values of 𝑴 𝒓 from 𝟎. 𝟏 𝒈. 𝒎 -𝟑 to 𝟔 𝒈. 𝒎 -𝟑 and values of 𝑵 𝒓 from 𝟏𝟎 𝟐 𝒎 -𝟑 to 𝟏𝟎 𝟓 𝒈. 𝒎 -𝟑 .

Figure 3 . 1 -

 31 Figure 3.1 -WRF domains d01 at 30×30 km² (58x58px), d02 at 6×6 km² (86x86px), d03 at 2×2 km² (82x82px)

Figure 3 . 3 -

 33 Figure 3.3 -Surface pressure time series from ERA5 (black) and WRF (red) for May 2018 (left) and December 2018 (right) over Kourou.

Figure 3 . 2 -

 32 Figure 3.2 -Scatter plot of ERA5 surface pressure on the x-axis and WRF on the y-axis over Kourou in 2017 (left) and 2018 (right).

Figure 3 . 5 -

 35 Figure 3.5 -Scatter plot of ERA5 surface temperature on the x-axis and WRF on the y-axis over Kourou in 2017 (left) and 2018 (right).

Figure 3 . 4 -

 34 Figure 3.4 -Surface pressure CCDFs from ERA5 (black) and WRF (red) for 2017 (left) and 2018 (right) over Kourou.

Figure 3 . 6 -

 36 Figure 3.6 -Comparison of rain amount (bars) versus correlation coefficient (red lines) in Kourou in 2017 (up) and 2018 (down).

Figure 3 . 7 -

 37 Figure 3.7 -Surface temperature time series from ERA5 (black) and WRF (red) for May 2017 (up) and October 2018 (down) over Kourou.

Figure 3 . 8 -

 38 Figure 3.8 -Surface temperature CCDFs from ERA5 (black) and WRF (red) for 2017 (left) and 2018 (right) over Kourou.

Figure 3 . 9 -

 39 Figure 3.9 -Scatter plot of ERA5 IWVC on the x-axis and WRF IWVC on the y-axis over Kourou in 2017 (left) and 2018 (right).

Figure 3 .
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 3 Figure 3.14 shows the time series of ERA5 ILWC in black and WRF ILWC in red for the month of March 2017 (up) with the best correlation coefficient and the month of August 2018 (down) with the worst. The low correlation between ERA5 and WRF for ILWC is clear in these figures but two additional points are interesting to notice: the ILWC maximum and minimum values of each dataset. First, the maximum value of ILWC for each dataset is vastly different. Whereas ILWC given by ERA5 is lower than 1 𝑘𝑔/𝑚 2 , WRF computes ILWC up to 3 𝑘𝑔/𝑚 2 for several samples. The second, and probably most important point, is the minimum of each dataset. We can observe in Figure3.14 that the ERA5 dataset very rarely reaches the value of 0 𝑘𝑔/𝑚 2 when WRF reaches it often. This difference is distinctly observable for the month of August
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 3 Figure 3.21 -Rain Rate CCDFs from rain gauge data (black) and WRF (red) for 2017 (left) and 2018 (right) over Kourou.

Figure 3 . 20 -

 320 Figure 3.20 -Comparison of rain gauge data (black), WRF rain accumulation (red) and GPM rain accumulation data (green) over 6 Meteo France stations in May 2017.
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 3 Figure 3.23 shows the predicted and simulated oxygen attenuation CCDFs for the year 2017 with the relative error plotted in red for each probability. The year 2018 is not shown here
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 3 Figure 3.24 -Water Vapor Attenuation CCDF from ITU-R P.676-12 (black) and WRF (blue) for 2017 (left) and 2018 (right) for a link between Kourou and AMAZONAS3 with the relative error (red) for each probability.
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 3 Figure 3.23 -Oxygen Attenuation CCDF from ITU-R P.676-12 (black) and WRF (blue) for 2017 for a link between Kourou and AMAZONAS3. Results of the relative error are also plotted in red.
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 3 Figure 3.26 shows the predicted and simulated cloud attenuation CCDFs for the year 2017 (left) and the year 2018 (right) with the relative error plotted in red for each probability. The MRE values for year 2017 and 2018 are respectively 42.9 %and 41.2 % which shows clearly a big difference between the CCDF derived from WRF-EMM simulations and the one computed with the model described in Section 1 of Recommendation ITU-R P.840-8. By looking at Figure 3.26, we can see that the relative error values are globally high except at certain specific percentage of time such as 20 % in 2017 and 10 % in 2018. This inadequacy between the WRF-EMM model and the ITU-R model fed by ERA5 profile data is consistent with the findings of Section 3.2.2.3 where the correlation between the ILWC from ERA5 and WRF was quite low.However, a more detailed observation shows a big difference between the two CCDFs. The time percentage of cloud occurrence is different: less than 10 % for WRF, more than 70 % for Recommendation ITU-R P.840-8. This difference might be explained by the coarse spatial resolution of the ERA5 data used by the ITU Recommendation to compute the cloud attenuation CCDFs. More specifically, the specific cloud liquid water content parameter used to compute the specific attenuation is an average value over a square of 0.1x0.1°. Therefore, a "spatial mean" is applied for the amount of cloud liquid water in a grid box, which could explain the discrepancy between the ITU model and the WRF-EMM model that computes the cloud attenuation for a specific Earth-Space Link. With only this comparison, it is difficult to
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 3 Figure 3.29 -Rain Attenuation CCDF from experimental data (black) and WRF (blue) for 2017 (left) and 2018 (right) for a link between Kourou and AMAZONAS3. The comparison with the ITU-R P.618-13 with predicted R0.01 (magenta) and measured one (green) is shown.
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 3 Figure 3.31 -Monthly rain attenuation CCDF from experimental data (full line), WRF (dotted line) and the ITU CCDF (dotted lines with crosses) for Jan-March (up left), April-June (up right), July-Sept (down left) and Oct-Dec (down right) 2017.

Figure 3 .

 3 Figure 3.32 -Monthly rain attenuation CCDF from experimental data (full line), WRF (dotted line) and the ITU CCDF (dotted lines with crosses) for Jan-March (up left), April-June (up right), July-Sept (down left) and Oct-Dec (down right) 2018.

Figure 4 . 1 -

 41 Figure 4.1 -Explanation of the global evaluation method used to evaluate the different configurations.

Table 4. 1 -

 1 Initial modifications to the configuration of WRF. annual ITU RMS error for both configurations in APPENDIX D confirms it. Indeed, for 2017, the annual ITU RMS are 0.42 and 0.51 for respectively configuration 1 and configuration 2. In 2018, the values are, respectively, 0.25 and 0.35. These observations are corroborated by Figure 4.2 where the synthetic CCDFs derived from WRF-EMM simulations are compared to the experimental statistics in 2017 (left) and 2018 (right).

Figure 4 . 2 -

 42 Figure 4.2 -Annual rain attenuation CCDF for configurations 1 (magenta) and 2 (cyan) for 2017 (left) and 2018 (right) for a link between Kourou and AMAZONAS3.

Figure 4 . 3 -

 43 Figure 4.3 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) for April 2017 (up) and January 2018 (down) for configurations 1 (left) and 2 (right). The red dots represent the ITU RMS for each point computed.

Figure 4 . 4 -

 44 Figure 4.4 -Annual rain attenuation CCDFs from configuration 2 (cyan) and 3 (green) for 2017 (left) and 2018 (right) for a link between Kourou and AMAZONAS3.

  , seasonal and monthly global ITU RMS and mean error of rain attenuation CCDFs over Kourou in 2017 & 2018 & 2020 for configurations 3 to 8. Green represents the best RMS value on each line and red is the worst one. A blue text means a negative mean error and a red text means a positive mean error.

Figure 4 . 5 -

 45 Figure 4.5 -Annual rain attenuation CCDFs from configuration 3 (green) and 4 (red) for 2017 (left) and 2018 (right) for a link between Kourou and AMAZONAS3.

  Figure 4.6 illustrates this improvement by showing the monthly rain attenuation CCDFs for December 2017 (up) and June 2018 (down) 2017 for configuration 4 (left) and 5 (right) over Kourou. December 2017 is chosen because it is one of the months with the best improvement and June 2018 is chosen because it is one of the only two months showing a degradation in the results. Indeed, the change in monthly ITU RMS error from configuration 4 and 5 for these two months is, respectively, 1 -3.02 = 2.02 and 0.53 -0.43 = 0.1.

Figure 4 . 6 -

 46 Figure 4.6 -Monthly rain attenuation CCDFs from experimental data (black), WRF-EMM (blue) and WRF-EMM using ergodicity (green) for December 2017 (up) and June 2018 (down), for configurations 4 (left) and 5 (right). The red dots represent the ITU RMS for each point computed.

  Figure 4.7 illustrates these two opposite behaviours by showing the monthly rain attenuation CCDFs for February 2017 (up), a transitional month, and June 2017 (down), a wet month, for configuration 6 (left) and 7 (right) over Kourou.

Figure 4 . 7 -

 47 Figure 4.7 -Monthly rain attenuation CCDFs from experimental data (black), WRF-EMM (blue) and WRF-EMM using ergodicity (green) for configurations 6 (left) and 7 (right), for February (up) and June (down) 2017. The red dots represent the ITU RMS for each point computed.

Figure 4 . 8 -

 48 Figure 4.8 -Annual rain attenuation CCDFs from configuration 3 (green), 4 (red) and 8 (blue) for 2017 (left), 2018 (right) and 2020 (down) for a link between Kourou and AMAZONAS3.

  Figure 4.10 and Figure 4.11 for 2017, Figure 4.12 and Figure 4.13 for 2018 as well as Figure 4.14 and Figure 4.15 for 2020 confirms the high monthly variability of the error that still remains. Particularly, we can notice certain months that are very well reproduced by this configuration. For example, the months January, June (cf.

  Figure 4.10) and July 2017 (cf.

  Figure 4.9 -Annual rain attenuation CCDFs over Kourou in in 2017 (red), 2018 (blue), 2020 (green) and for the full time period (black) from experimental data (full line) and from WRF-EMM with configuration 8 (dashed line).

Figure 4 .

 4 Figure 4.10 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) for January to June 2017 for configuration 8. The red dots represent the ITU RMS for each point computed.

Figure 4 .

 4 Figure 4.11 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) for July to December 2017 for configuration 8. The red dots represent the ITU RMS for each point computed.

Figure 4 .

 4 Figure 4.12 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) for January to June 2018 for configuration 8. The red dots represent the ITU RMS for each point computed.

Figure 4 .

 4 Figure 4.13 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) for July to December 2018 for configuration 8. The red dots represent the ITU RMS for each point computed.

Figure 4 .

 4 Figure 4.14 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) for January to June 2020 for configuration 8. The red dots represent the ITU RMS for each point computed.

Figure 4 .

 4 Figure 4.15 -Monthly rain attenuation CCDFs from experimental data (black), WRF (blue) and WRF using ergodicity (green) July to December 2020 for configuration 8. The red dots represent the ITU RMS for each point computed.

Figure 4 .

 4 Figure 4.16 -Rain attenuation CCDFs from WRF for a full simulation (black) and for a reduced simulation with a certain threshold in 2017 (left) and 2018 (right) for configuration 8.

Figure 4 .

 4 Figure 4.17 -Monthly rain attenuation CCDF for different fixed thresholds of rain under which days are not taken into account for August (up) and October (down) for 2017 (left) 2018 (right) for configuration 8.

  , seasonal and monthly global ITU RMS and mean error of rain attenuation CCDFs over Kourou in 2017 & 2018 & 2020 for configurations 8 to 16. Green cells represent the best RMS value on each line and red the worst one. A blue text means a negative mean error and a red text means a positive mean error. The vertical red line separates the single moment schemes on the left from the double moment schemes.

Figure 4 . 19 -

 419 Figure 4.19 -Annual rain attenuation CCDFs from experimental data (black) and WRF in 2017 (up left), 2018 (up right) and 2020 (down) for configurations 8 to 11.

Figure 4 .

 4 Figure 4.20 -Annual rain attenuation CCDFs from experimental data (black) and WRF in 2017 (up left), 2018 (up right) and 2020 (down) for configurations 12 to 16.

  Figure 4.21, Figure 4.22, Figure 4.23. They show the monthly CCDFs for the years 2017, 2018 and 2020, respectively. Three types of CCDFs are shown, the experimental CCDFs (full lines), the WRF CCDFs computed using configuration 18 (dashed lines) and the ITU CCDFs (dotted lines with crosses) computed using Rec. ITU-R P.618-13 with an experimental 𝑅 0.01 . We can notice a Table 4.8 -Annual, seasonal and monthly global ITU RMS and mean errors of rain attenuation CCDFs over Kourou in 2017 & 2018 & 2020 for configurations 8, 11 and 16 to 18. A green cell represents the best RMS value on each line and a red one represents the worst. A blue text means a negative mean error and a red one means a positive mean error.Table 4.7 -Hybrid configurations studied for the microphysical analysis of WRF.

  Metric for rain attenuation CCDFs simulated with configuration 18 in 2017, 2018, 2020 and the three-year time period. The ITUE Metric for the CCDFs computed using Rec. ITU-R P.618-13 with a 𝑹 𝟎.𝟎𝟏 predicted by Rec. ITU-R P.837-7 as well as for the CCDFs computed using Rec. ITU-R P.618-13 with an experimental 𝑹 𝟎.𝟎𝟏 are also shown for 2017-2018-2020. The best value for each column is in green and the worst in red.

Figure 4 .

 4 Figure 4.22 -Monthly rain attenuation CCDFs from experimental data (full line), configuration 18 (dotted line) and the ITU CCDFs (dotted lines with crosses) for Jan-March (up left), April-June (up right), July-Sept (down left) and Oct-Dec (down right) 2018.

Figure 4 .

 4 Figure 4.21 -Monthly rain attenuation CCDFs from experimental data (full line), configuration 18 (dotted line) and the ITU CCDFs (dotted lines with crosses) for Jan-March (up left), April-June (up right), July-Sept (down left) and Oct-Dec (down right) 2017.

Figure 4 .

 4 Figure 4.23 -Monthly rain attenuation CCDFs from experimental data (full line), configuration 18 (dotted line) and the ITU CCDFs (dotted lines with crosses) for Jan-March (up left), April-June (up right), July-Sept (down left) and Oct-Dec (down right) 2020.

  Table 4.10 -Configurations of the WRF model. The colors represent the type of parameter under test: the core (WRF version, ERA data) in green, the macrophysics in blue, the microphysics in orange. *: The global errors of configuration 1 & 2 are calculated for the years 2017 and 2018 only.

Table 4 .

 4 11 -Annual, seasonal and monthly global ITU RMS and mean errors of rain attenuation CCDFs over Kourou in 2017 & 2018 & 2020 for configurations 1 to 18. Green cells represent the best RMS values on each column and red cells the worst ones. A blue text means a negative mean error and a red one means a positive mean error.

Figure 4 . 24 -

 424 Figure 4.24 -Annual rain attenuation CCDFs from experimental data (black) and configuration 3 (green), 8 (blue) and 18 (orange) in 2017 (up left), 2018 (up right) and 2020 (down).

Figure 4 .

 4 Figure 4.25 -Seasonal rain attenuation CCDFs from experimental data (black) and configuration 3 (green), 8 (blue) and 18 (orange) for the 2017-2018-2020 time period.

2 ⁄ 2 ⁄

 22 𝑚𝛼) -𝑚Ψ 𝑛 (𝑚𝛼)Ψ 𝑛 ′ (𝛼) 𝜉(𝛼)Ψ 𝑛 ′ (𝑚𝛼) -𝑚Ψ 𝑛 (𝑚𝛼)𝜉 ′ (𝛼) (𝐶. 2) 𝑏 𝑛 = mΨ 𝑛 (𝛼)Ψ 𝑛 ′ (𝑚𝛼) -Ψ 𝑛 (𝑚𝛼)Ψ 𝑛 ′ (𝛼) 𝑚𝜉(𝛼)Ψ 𝑛 ′ (𝑚𝛼) -Ψ 𝑛 (𝑚𝛼)𝜉 ′ (𝛼) (𝐶. 3)where: 𝑚 is the refractive index of liquid water, 𝑟 is the radius of the spherical particle, and 𝛼 = 2𝜋𝑟 𝜆 ⁄ the radioelectric size Ψ and 𝜉 are the Ricatti-Bessel functions, defined respectively, in terms of the half-integerorder Bessel function of the first kind 𝐽 𝑛+ 1 (𝑧) and the half-integer-order Hankel function of the second kind 𝐻 𝑛+ 1 (𝑧). They can be computed as follows:

  Figure E.1 shows for the year 2017 a scatter plot of ERA5 surface pressure on the x-axis versus WRF surface pressure on the y-axis with the black Table E.1 -Correlation coefficient for P, T, IWVC, ICWC and rain accumulation over Kourou in 2017 and 2018 for configurations 1 to 8. For each line, the green cell is the best value and the red is the worst one. line representing the function 𝑓(𝑥): 𝑥 → 𝑥. The scatter plot on the left represents configuration 1 and the one on the right represents configuration 2. Figure E.2 shows the same for IWVC.

Figure E. 1 -

 1 Figure E.1 -Scatter plot of ERA5 surface pressure on the x-axis and WRF on the y-axis for configuration 1 (left) and configuration 2 (right) over Kourou in 2017.

Figure E. 2 -

 2 Figure E.2 -Scatter plot of ERA5 IWVC on the x-axis and WRF on the y-axis for configuration 1 (left) and configuration 2 (right) over Kourou in 2017.

Table E. 2 -

 2 Correlation coefficients for oxygen, water vapor and cloud attenuation in 2017 and 2018 for configurations 1 to 8. For each line, the green cell is the best value and the red is the worst one.
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Figure 3 . 6 -

 36 Figure 3.6 -Métrique d'erreur ITU pour WRF-EMM (bleu), le modèle de l'ITU-R P.618-13 avec un 𝑹𝟎. 𝟎𝟏 prédit (vert) et mesuré expérimentalement (magenta) en 2017 (gauche) et 2018 (droite). ......................................

Figure 3 . 7 -

 37 Figure 3.7 -CCDFs d'atténuation due à la pluie expérimentales (trait plein), WRF (pointillés) et les CCDFs de l'ITU (pointillés avec des croix) pour les mois de l'année 2017 regroupé quatre par quatre...............................

Figure 3 . 8 -

 38 Figure 3.8 -CCDFs d'atténuation due à la pluie expérimentales (trait plein), WRF (pointillés) et les CCDFs de l'ITU (pointillés avec des croix) pour les mois de l'année 2018 regroupé quatre par quatre...............................

Figure 4 . 1 -

 41 Figure 4.1 -CCDFs d'atténuation due à la pluie annuelle à partir des données expérimentales (noir) et de la configuration 3 (vert), 8 (bleu) et 18 (orange) en 2017 (en haut à gauche), 2018 (en haut à droite) et 2020 (en bas). .................................................................................................

Figure 4 . 2 -

 42 Figure 4.2 -CCDFs d'atténuation due la pluie saisonnière à partir des données expérimentales (noir) et de la configuration 3 (vert), 8 (bleu) et 18 (orange) pour la période 2017-2018-2020............................................

•

  Les schémas PBL (Planetary Boundary Layer) sont responsables des flux verticaux dans toute la colonne atmosphérique. • Les schémas de couches de surface calculent les vitesses de frottement et les coefficients d'échange qui permettent le calcul des flux de chaleur et d'humidité de surface. • Les schémas radiatifs fournissent des tendances de la température atmosphérique en raison de la divergence du flux radiatif et du rayonnement solaire. domaine utilisées dans chaque article. Nous pouvons voir dans le Tableau 2.1, qu'aucun schéma spécifique ne semble se démarquer et être capable de reproduire les différents types de climats rencontrés en Asie tropicale, même si le schéma Thompson se révèle meilleur dans trois études. Concernant l'Amérique tropicale, on peut voir dans le Tableau 2.2 que le schéma de Morrison semble se démarquer des autres.

Tableau 2 . 2 -

 22 Résumé de l'état de l'art des schémas microphysiques utilisés dans les régions tropicales et équatoriales d'Amérique centrale et du Sud.

Figure 3 . 1 -

 31 Figure 3.1 -Domaines WRF d01 à 30×30 km² (58x58px), d02 à 6×6 km² (86x86px), d03 à 2×2 km² (82x82px)

Figure 3 . 3

 33 2 montre les fonctions de répartitions (CCDF : Complementary Cumulative Distribution Function) d'intensité de pluie expérimentales et simulées par WRF à Kourou en 2017 et 2018. D'un point de vue statistique, la capacité de WRF à reproduire les évènements de pluie n'est pas si mauvaise d'un point de vue temporel. En effet, mis à part pour les très faibles pourcentages du temps, la CCDF simulée par WRF est très proche de la CCDF expérimentale. Ceci permet d'envisager que d'un point de vue statistique le modèle WRF est capable de reproduire les évènements pluvieux à Kourou d'une façon satisfaisante. Capacité du modèle WRF-EMM à reproduire des statistiques d'atténuation en région équatoriale Cette partie étudie la capacité du modèle WRF-EMM à reproduire l'atténuation due aux gaz atmosphériques, aux nuages et à la pluie en Guyane. La métrique de comparaison utilisée ici est la métrique d'erreur ITU décrite dans le fascicule 3M/FAS/1 de l'UIT-R.

Figure 3 .

 3 3 montre les CCDFs calculées à partir de la Rec. ITU-R P.840-8 et par WRF pour les années 2017 et 2018. On observe clairement une grande disparité entre les deux modèles. Cette différence pourrait s'expliquer par la résolution spatiale grossière des données ERA5 utilisées par la Recommandation de l'UIT pour calculer les CCDFs. Plus précisément, le paramètre de densité en eau liquide des nuages utilisé pour calculer l'atténuation spécifique est une valeur moyenne sur un carré de 0,1x0,1°. Par conséquent, une « moyenne spatiale » est appliquée à chaque point de la grille, ce qui pourrait expliquer l'écart entre le modèle ITU-R et le modèle WRF-EMM qui calcule l'atténuation des nuages pour une liaison Terre-Espace spécifique. Avec seulement cette comparaison, il est difficile de conclure quant à la capacité de WRF-EMM à reproduire des CCDF d'atténuation due aux nuages précises.

Figure 3 . 2 -

 32 Figure 3.2 -CCDFs d'intensité de pluie à partir des données pluviométriques (noir) et WRF (rouge) pour 2017 (à gauche) et 2018 (à droite) au-dessus de Kourou.

Figure 3 . 3 -

 33 Figure 3.3 -CCDFs d'atténuation due aux nuages calculées par la Rec. ITU-R P.840-8 (noir) et WRF (bleu) pour 2017 pour une liaison satellite entre Kourou et AMAZONAS3. L'erreur relative est en rouge.

Figure 3 . 4 -

 34 Figure 3.4 -CCDFs d'atténuation due à l'oxygène (haut) et à la vapeur d'eau (bas) calculées par la Rec. ITU-R P.676-12 (noir) et WRF (bleu) pour 2017 pour une liaison satellite entre Kourou et AMAZONAS3. L'erreur relative est en rouge.

Figure 3 . 6 -

 36 Figure 3.6 -Métrique d'erreur ITU pour WRF-EMM (bleu), le modèle de l'ITU-R P.618-13 avec un 𝑹 𝟎.𝟎𝟏 prédit (vert) et mesuré expérimentalement (magenta) en 2017 (gauche) et 2018 (droite).

Figure 3 . 5 -Tableau 3 . 2 - 2

 35322 Figure 3.5 -CCDFs d'atténuation due à la pluie expérimentales (noir) et WRF (bleu) pour 2017 (gauche) et 2018 (droite. Les CCDFs calculées à l'aide de la Rec. UIT-R P.618-13 avec un 𝑹 𝟎.𝟎𝟏 prédit (magenta) et mesuré (vert) sont aussi présentées.

Figure 3 . 8 -

 38 Figure 3.8 -CCDFs d'atténuation due à la pluie expérimentales (trait plein), WRF (pointillés) et les CCDFs de l'ITU (pointillés avec des croix) pour les mois de l'année 2018 regroupé quatre par quatre.

  2020 est présentée dans la Figure 4.1 d'un point de vue annuel et la Figure 4.2 d'un point de vue saisonnier. La configuration 3 est choisie ici comme point de départ de cette analyse au lieu de la configuration 1 en raison de l'utilisation des données ERA5 pour initialiser le modèle. La configuration 8 représente la meilleure configuration obtenue après l'optimisation macrophysique et la configuration 18 est la configuration hybride finale qui performe le mieux pour Kourou. La Figure 4.1 montre les CCDFs annuelles pour les années 2017 (en haut à gauche), 2018 (en haut à droite) et 2020 (en bas) à partir des données expérimentales (noir) et de la configuration 3 (vert), 8 (bleu) et 18 (orange). Au cours des trois années, nous pouvons constater une amélioration notable de la configuration 3 à la configuration 8 et une bonne performance globale de la configuration 18. De plus, en 2020, la configuration 18 fonctionne nettement mieux que la configuration 8, alors qu'en 2017 c'est le contraire. De la même manière, la Figure 4.2 montre les CCDFs saisonnières pour la période 2017-2018-2020 à partir des données expérimentales (noir) et de la configuration 3 (vert), 8 (bleu) et 18 (orange). La saison des pluies (en haut), la saison sèche (au milieu) et la saison de transitoire (en bas) sont présentées. Pour chaque figure, nous pouvons clairement voir les mauvaises performances de la configuration 3 par rapport aux configurations 8 et 18.

Tableau 4. 1 -

 1 Configurations du modèle WRF. Les couleurs représentent le type de paramètre testé : le noyau (version de WRF, données ERA) en vert, la macrophysique en bleu, la microphysique en orange. Tableau 4.2 -Erreur RMS globale annuelle, saisonnière et mensuelle de la métrique d'erreur UIT des CCDFs d'atténuation due à la pluie sur Kourou en 2017, 2018 et 2020 pour les configurations 1 à 18. Les cellules vertes représentent les meilleures valeurs RMS sur chaque colonne et les cellules rouges les pires. Un texte bleu signifie une erreur moyenne négative et un rouge signifie une erreur moyenne positive.

Figure 4 . 1 -

 41 Figure 4.1 -CCDFs d'atténuation due à la pluie annuelle à partir des données expérimentales (noir) et de la configuration 3 (vert), 8 (bleu) et 18 (orange) en 2017 (en haut à gauche), 2018 (en haut à droite) et 2020 (en bas).

Figure 4 . 2 -

 42 Figure 4.2 -CCDFs d'atténuation due la pluie saisonnière à partir des données expérimentales (noir) et de la configuration 3 (vert), 8 (bleu) et 18 (orange) pour la période 2017-2018-2020.
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•

  The tropical savanna summer climate (As), where the driest month has precipitation less than 60 mm and less than 100 -

𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚)

Table 1 .1 -Summary of reanalysis databases. amount

 1 gathered every 30 minutes is used as a means of comparison for the validation of the WRF model presented in Chapter III.

	Model	Resolution	Period Covered
	ECMWF ERA5	0.25°, 1 hour, 137 vertical levels	1979 -present
	NWS CFSv2	0.1°, 1 hour, 64 vertical levels	2011 -present
	NWS CSFR	0.5°, 1 hour, 64 vertical levels	1979 -2011
	NASA MERRA-2 0.5°x0.625°, 3 hours (3D) / 1 hour (2D), 72 vertical levels 1980 -present

Table 2 .1 -Meteorological fields required as inputs to launch WRF.

 2 

Table 2 .2 -Summary of the state of the art of the microphysical schemes used in tropical and equatorial regions in Asia and Africa.Table 2 .3 -Summary of the state of the art of the microphysical schemes used in tropical and equatorial regions in Central and South America.

 22 

Table 3 .1 -Comparison metrics for the WRF surface pressure over Kourou in 2017 and 2018. The best values for each metric are in green and the worst are in red.

 3 

Table 3 .2 -Comparison metrics for the WRF surface temperature over Kourou in 2017 and 2018. The best values for each metric are in green and the worst are in red.

 3 1 -𝜌 𝑇 are superimposed.

	Year	Month	ME (K)	MRE (%) RMSE (K)	𝜌 𝑇
		Full Year	0.4	0.12	1.3	0.775
		January	0.8	0.25	1.3	0.747
		February	0.3	0.1	1.1	0.766
		March	0.6	0.19	1.2	0.713
	2017	April	0.3	0.12	1.2	0.687
		May	1.0	0.33	1.8	0.563
		June	0.4	0.14	1.5	0.778
		July	0	0	1.4	0.860
		August	-0.4	-0.13	1.2	0.917
		September	-0.2	-0.08	1.1	0.894
		October	0.1	0.03	1.0	0.901
		November	0.5	0.16	1.2	0.834
		December	1.1	0.38	1.5	0.731
		Full Year	0.4	0.14	1.2	0.781
		January	0.5	0.17	1.2	0.696
		February	0.4	0.14	1.1	0.711
		March	0.4	0.12	1.1	0.754
		April	0.9	0.29	1.4	0.689
		May	1.0	0.33	1.4	0.717
	2018	June	0.8	0.28	1.5	0.742
		July	0.5	0.16	1.4	0.795
		August	-0.4	-0.13	1.3	0.865
		September	-0.2	-0.07	1.1	0.905
		October	-0.1	-0.05	0.9	0.920
		November	0.6	0.2	1.2	0.789
		December	0.6	0.2	1.2	0.691

Table 3 .3 -Comparison metrics for the WRF IWVC over Kourou in 2017 and 2018 with respect to ER5 data (left) and GNSS data (right). The best values for each metric are in green and the worst are in red.
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	Year	Month	ME (𝒌𝒈/𝒎 𝟐 )	MRE (%)	RMSE (𝒌𝒈/𝒎 𝟐 )	𝝆 𝑰𝑾𝑽𝑪	ME GNSS (𝒌𝒈/𝒎 𝟐 )	MRE GNSS (%)	RMSE GNSS (𝒌𝒈/𝒎 𝟐 )	𝝆 𝑰𝑾𝑽𝑪 GNSS
		Full Year	-0.96	-1.6	4.55	0.765				
		January	-2.46	-4.4	4.75	0.682				
		February	-1.13	-2.1	4.38	0.808				
		March	-0.53	-0.2	5.13	0.681				
		April	-3.12	-5.6	5.15	0.858				
		May	-1.85	-3.0	6.02	0.537				
		June	0.34	0.8	4.20	0.635				
		July	0.17	0.5	4.55	0.699				
		August	-0.71	-1.4	3.59	0.693				
		September	-1.51	-3.0	3.96	0.68				
		October	-0.22	-0.3	3.90	0.632				
		November	-0.53	-0.7	3.89	0.758				
		December	-0.08	0.1	4.45	0.488				
		Full Year	-1.83	-3.2	4.86	0.793				
		January 1	-2.71	-5.4	4.94	0.764				
		February	0.54	1.3	3.49	0.898	-0.6	-0.6	4.0	0.877
		March	-2.69	-5.2	4.62	0.802	-4.1	-7.8	6.2	0.742
		April	-3.94	-6.7	6.11	0.753	-5.1	-8.6	7.1	0.731
		May	-2.97	-5.1	4.98	0.670	-3.4	-5.6	5.6	0.637
		June	-1.54	-2.6	5.55	0.411	-2.7	-4.5	6.0	0.419
		July	-2.49	-4.5	4.82	0.606	-3.0	-5.2	5.6	0.506
		August	-3.14	-6.8	5.41	0.664	-4.2	-9.0	6.1	0.667
		September 2	-1.68	-3.0	4.92	0.586				
		October 3	-0.95	-1.6	4.11	0.765				
		November	-0.65	-0.8	4.52	0.729	-1.2	-1.6	5.2	0.711
		December	0.47	1.8	4.20	0.814	-0.8	-0.9	4.4	0.799

Table 3 .4 -Comparison metrics between ERA5 data and Rx GNSS retrieved data in 2018.
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	Year	Month	(kg/m²) ME	(%) MRE	(kg/m²) RMSE	𝝆 𝒄𝒐𝒓𝒓
		Full Year				
		January				
		February	1.04	2	2.62	0.956
		March	1.32	2.9	2.85	0.93
		April	1.04	2.1	3.26	0.91
		May	0.36	0.7	2.95	0.855
	2018	June	1.13	2.1	3.21	0.734
		July	0.47	1	2.87	0.82
		August	1.01	2.4	2.62	0.88
		September				
		October				
		November	0.57	1.1	2.85	0.918
		December	1.23	2.8	2.67	0.945

Table 3 .5 -Comparison metrics for the WRF ILWC over Kourou in 2017 and 2018. The best values for each metric are in green and the worst are in red.

 3 from -0.01 to 0.229 in 2017 and from less than 0.001 to 0.185 in 2018. No clear correlation appears between this intra-annual variability and the seasonal variations in Kourou.

	Year	Month	(kg/m²) ME	(%) MRE	(kg/m²) RMSE	𝝆 𝑰𝑳𝑾𝑪
		Full Year	-0.1	-60.5	0.2	0.108
		January	-0.1	-75.02	0.2	0.011
		February	-0.1	-72.9	0.2	0.218
		March	-0.1	-69.27	0.2	0.219
		April	-0.1	-64.22	0.2	0.015
		May	-0.1	-12.94	0.4	0.022
	2017	June	0	-32.56	0.4	0.132
		July	-0.1	-61.28	0.2	0.057
		August	0	-80.48	0.1	0.017
		September	-0.1	-94.21	0.1	0.026
		October	-0.1	-81.2	0.2	-0.01
		November	-0.1	-88.85	0.1	0.087
		December	-0.1	4.54	0.4	-0.043
		Full Year	-0.1	-60.03	0.3	0.149
		January	-0.1	-74.33	0.2	0.166
		February	-0.2	-50.38	0.4	0.185
		March	-0.1	-74.74	0.2	0.043
		April	-0.1	-72.6	0.2	0.124
		May	-0.1	-72.78	0.3	0.094
	2018	June	0	15.69	0.5	0.064
		July	-0.1	-41.86	0.3	0.046
		August	-0.1	-49.59	0.1	0
		September	-0.1	-74.23	0.1	-0.005
		October	0	-91.55	0.1	-0.002
		November	-0.1	-76.54	0.2	0.044
		December	-0.1	-55.45	0.2	0.086

Table 3 .6 -Comparison metrics for the WRF rain accumulation over Kourou in 2017 and 2018. The best values for each metric are in green and the worst are in red.
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	Year	Month	ME (mm)	MRE (%)	RMSE (mm)	𝝆 𝑹𝒂𝒄𝒄
		Full Year	0	-74.5	0.39	0.01
		January	-0.03	-99.5	0.22	-0
		February	0	-23.3	0.33	0.03
		March	-0.01	-90.6	0.36	0
		April	-0.04	-98.4	0.36	-0
		May	0.03	-64	0.68	0.01
	2017	June	0.05	-55.9	0.61	-0
		July	0.01	-26.5	0.36	0.01
		August	0	-100	0.07	-0
		September	0	-99.6	0.07	-0
		October	0	-100	0.13	-0
		November	0	-99.1	0.23	-0
		December	-0.01	-79.8	0.59	0
		Full Year	0	-63.2	0.3	0.02
		January	0.01	-66.3	0.3	-0
		February	0.02	-72.6	0.29	-0
		March	-0.02	-98.5	0.16	0.03
		April	-0.04	-78.5	0.35	0.01
		May	-0.02	-67.7	0.37	0.06
	2018	June	0.07	-12.4	0.55	-0
		July	0.02	-49.1	0.38	0.01
		August	0	-93.3	0.07	0.01
		September	0	-100	0.09	-0
		October	0	NaN	0.02	NaN
		November	0	-65.9	0.29	0.03
		December	0	-85.9	0.22	-0

Table 3 .

 3 7 shows the availability of the data for the 2017-2018 time period. We can see high data availabilities in 2017 and 2018 allowing reliable comparisons with the attenuation statistics produced by WRF.

	Availability (%)	2017	2018
	Full year	99.65	99.46
	January	100	99.88
	February	97.75	100
	March	99.97	100
	April	99.99	100
	May	99.3	99.94
	June	99.7	99.88
	July	99.52	100
	August	100	100
	September	100	100
	October	99.99	97.24
	November	99.98	96.59
	December	99.5	100

Table 3 .7 -Availability of the beacon receiver data for the 2017-2018 time period.
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  2. Compute the 𝜖 𝐼𝑇𝑈𝐸,𝑖 metric for every probability 𝒑 𝒊 with 𝐴 𝑚,𝑖 the measured attenuation and 𝐴 𝑝,𝑖 the predicted attenuation such as:

	3. Calculate the final error 𝜖 𝐼𝑇𝑈𝐸,𝑖 :			
	𝜖 𝐼𝑇𝑈𝐸 = √𝜖 𝐼𝑇𝑈𝐸,𝑚	2 + 𝜖 𝐼𝑇𝑈𝐸,𝑠	2	(3.8)
	with:					
	𝜖 𝐼𝑇𝑈𝐸,𝑚 =	1 𝑁	𝑁 𝑖 ∑ 𝜖 𝐼𝑇𝑈𝐸,𝑖	(3.9)
	and:					
	𝜖 𝐼𝑇𝑈𝐸,𝑠 = √	1 𝑁	𝑁 𝑖 ∑(𝜖 𝐼𝑇𝑈𝐸,𝑖 -𝜖 𝐼𝑇𝑈𝐸,𝑚 )	2	(3.10)
	-If 𝐴 𝑚,𝑖 < 10𝑑𝐵 :					
	𝜖 𝐼𝑇𝑈𝐸,𝑖 = 𝑀 (	𝐴 𝑚,𝑖 10	) 0.2	ln ( 𝐴 𝑚,𝑖 𝐴 𝑝,𝑖	)	(3.6)
	-If 𝐴 𝑚,𝑖 > 10𝑑𝐵 :					
	𝜖 𝐼𝑇𝑈𝐸,𝑖 = 𝑀 ln (	𝐴 𝑝,𝑖 𝐴 𝑚,𝑖	)	(3.7)
	with M a weighing factor representing the number of years upon which the measured data is
	based on.					

Table 3 .8 -Comparison metrics for the attenuation due to atmospheric gases and clouds in 2017 and 2018 for a Kourou-AMAZONAS3 radio link.

 3 

			(dB)	MRE (%)	RMSE (dB)	𝝆 𝒄𝒐𝒓𝒓	Statistical MRE (%)
		2017	0.004	7.6	0	0.693	5.7
	Oxygen						
		2018	0.004	7.7	0	0.718	5.7
	Water	2017	0.116	16.5	0.13	0.758	17
	Vapour	2018	0.103	15.1	0.12	0.786	11.5
		2017 -0.024 -61.2	0.08	0.103	42.9
	Cloud						
		2018 -0.032 -60.4	0.08	0.149	41.2

Table 3 .11 -ITUE Metric for rain attenuation CCDFs in 2017 and 2018. The best value for each year is in green and the worst in red.

 3 

	ITUE Metric	2017	2018
	Full year	0.418	0.253
	January	2.382	0.355
	February	0.404	0.497
	March	1.244	1.460
	April	2.762	1.882
	May	0.378	0.772
	June	0.619	0.824
	July	0.429	0.395
	August	0.524	0.537
	September	0.430	0.516
	October	1.065	
	November	0.506	0.42
	December	0.637	0.566

Table 4 .9 -ITUE

 4 

						Rec. ITU-R P.618-	Rec. ITU-R P.618-
	Metric	2017 2018 2020	2017-2018-2020	13 over 2017-2018-2020 (𝑹 𝟎.𝟎𝟏 from Rec.	13 over 2017-2018-2020 (Experimental
						ITU-R P.837-7)	𝑹 𝟎.𝟎𝟏 )
	Full year	0.23	0.19	0.06	0.12	0.56	0.33
	January	0.24	0.11	0.08	0.27	1.10	0.68
	February	0.07	0.21	0.25	0.22	1.05	0.62
	March	0.26	0.56	0.34	0.46	0.94	0.45
	April	0.94	0.16	0.17	0.33	0.35	0.60
	May	0.12	0.43	0.23	0.36	0.29	0.64
	June	0.20	0.38	0.32	0.12	0.39	0.21
	July	0.63	0.32	0.14	0.22	0.78	0.66
	August	0.79	0.51	0.21	0.35	1.73	1.47
	September 0.18	0.54	1.19	1.20	1.38	1.24
	October	0.29		0.44	0.40	1.71	1.64
	November 1.05	0.08	0.10	0.17	0.49	0.41
	December 0.57	0.29	0.40	0.53	0.39	0.35

  𝑜𝑥,𝑖 𝐹 𝑜𝑥,𝑖(𝑓) 

	+ 𝑁 𝐷 ′′ (𝑓)	(𝐴. 2)
	𝑖	
	𝑁 𝑤𝑣 ′′ (𝑓) = ∑ 𝑆 𝑤𝑣,𝑖 𝐹 𝑤𝑣,𝑖 (𝑓)	(𝐴. 3)
	𝑖	

  .1 for oxygen and in TableA.2 for water vapour. The water vapour partial pressure at a specific altitude can be calculated with the water vapour density 𝜌 𝑤𝑣 , the temperature 𝑇 using the expression 𝑝 𝑤𝑣 =

						𝜌 𝑤𝑣 𝑇 216.7 . The shape factor of each absorption line for
	oxygen and water vapour is given by, with:				
	𝐹 𝑜𝑥,𝑖 =	𝑓 𝑓 𝑜𝑥,𝑖	[	∆𝑓 𝑜𝑥,𝑖 -𝛿(𝑓 𝑜𝑥,𝑖 -𝑓) (𝑓 𝑜𝑥,𝑖 -𝑓) 2 + ∆𝑓 𝑜𝑥,𝑖 2	+	∆𝑓 𝑜𝑥,𝑖 -𝛿(𝑓 𝑜𝑥,𝑖 + 𝑓) (𝑓 𝑜𝑥,𝑖 + 𝑓) 2 + ∆𝑓 𝑜𝑥,𝑖 2	]	(𝐴. 8)
	𝐹 𝑤𝑣,𝑖 =	𝑓 𝑓 𝑤𝑣,𝑖	[	∆𝑓 𝑤𝑣,𝑖 (𝑓 𝑤𝑣,𝑖 -𝑓) 2 + ∆𝑓 𝑤𝑣,𝑖	2	+	∆𝑓 𝑤𝑣,𝑖 (𝑓 𝑤𝑣,𝑖 + 𝑓) 2 + ∆𝑓 𝑤𝑣,𝑖	2	]	(𝐴. 9)

Table A .1 -Spectroscopic constants and frequencies for each oxygen absorption line.

 A The procedure described above is valid for the whole atmosphere for frequencies up to 1000 GHz.

	f 0	a 1	a 2	a 3		a 4	a 5	a 6
	50.474214	0.975	9.651	6.69		0	2.566	6.85
	50.987745	2.529	8.653	7.17		0	2.246	6.8
	51.50336	6.193	7.709	7.64		0	1.947	6.729
	52.021429	14.32	6.819	8.11		0	1.667	6.64
	52.542418	31.24	5.983	8.58		0	1.388	6.526
	53.066934	64.29	5.201	9.06		0	1.349	6.206
	53.595775	124.6	4.474	9.55		0	2.227	5.085
	54.130025	227.3	3.8	9.96		0	3.17	3.75
	54.67118	389.7	3.182	10.37		0	3.558	2.654
	55.221384	627.1	2.618	10.89		0	2.56	2.952
	55.783815	945.3	2.109	11.34		0	-1.172	6.135
	56.264774	543.4	0.014	17.03		0	3.525	-0.978
	56.363399	1331.8	1.654	11.89		0	-2.378	6.547
	56.968211	1746.6	1.255	12.23		0	-3.545	6.451
	57.612486	2120.1	0.91	12.62		0	-5.416	6.056
	58.323877	2363.7	0.621	12.95		0	-1.932	0.436
	58.446588	1442.1	0.083	14.91		0	6.768	-1.273
	59.164204	2379.9	0.387	13.53		0	-6.561	2.309
	59.590983	2090.7	0.207	14.08		0	6.957	-0.776
	60.306056	2103.4	0.207	14.15		0	-6.395	0.699
	60.434778	2438	0.386	13.39		0	6.342	-2.825
	61.150562	2479.5	0.621	12.92		0	1.014	-0.584
	61.800158	2275.9	0.91	12.63		0	5.014	-6.619
	62.41122	1915.4	1.255	12.17		0	3.029	-6.759
	62.486253	1503	0.083	15.13		0	-4.499	0.844
	62.997984	1490.2	1.654	11.74		0	1.856	-6.675
	63.568526	1078	2.108	11.34		0	0.658	-6.139
	64.127775	728.7	2.617	10.88		0	-3.036	-2.895
	64.67891	461.3	3.181	10.38		0	-3.968	-2.590
	65.224078	274	3.8	9.96		0	-3.528	-3.680
	65.764779	153	4.473	9.55		0	-2.548	-5.002
	66.302096	80.4	5.2	9.06		0	-1.660	-6.091
	66.836834	39.8	5.982	8.58		0	-1.680	-6.393
	67.369601	18.56	6.818	8.11		0	-1.956	-6.475
	67.900868 68.431006	8.172 3.397	7.708 8.652	7.64 7.17	4,𝑖 ) 𝑝 𝑑𝑟𝑦 + 1.1 × 𝜃𝑝 𝑤𝑣 ) 0 -2.216 0 -2.492	-6.545 -6.600	(𝐴. 10)
	68.960312 118.750334	1.334 ∆𝑓 𝑜𝑥,𝑖 = 𝑏 3,𝑖 × 10 -4 (𝑝 𝑑𝑟𝑦 𝜃 𝑏 4,𝑖 + 𝑏 5,𝑖 𝜃 𝑏 6,𝑖 𝑝 𝑤𝑣 ) 9.65 6.69 0 -2.773 940.3 0.01 16.64 0 -0.439	-6.650 0.079	(𝐴. 11)
	Then, the line width is modified to account for Zeeman splitting of oxygen lines and Doppler 368.498246 67.4 0.048 16.4 0 0 0
	broadening of water vapour lines as follows: 424.76302 637.7 0.044	16.4		0	0	0
	487.249273 715.392902	237.4 98.1	∆𝑓 𝑜𝑥,𝑖 = √∆𝑓 𝑜𝑥,𝑖 0.049 16 2 + 2.25 × 10 -4 0 0.145 16 0	0 0	0 0	(𝐴. 12)
	773.83949	572.3	0.141	16.2		0	0	0
	∆𝑓 𝑤𝑣,𝑖 = 0.535∆𝑓 𝑤𝑣,𝑖 + √ 0.217∆𝑓 𝑤𝑣,𝑖 834.145546 183.1 0.145 14.7	𝜃 2 2.1316 × 10 -12 𝑓 𝑖 0 0	2	0	(𝐴. 13)

  𝑡 the temperature in Celsius.Finally, the constant 𝛽 and the relaxation wavelength 𝜆 𝑠 are given by:

	𝜀 𝑠 = 78.54 (	1 -4.579 × 10 -3 (𝑡 -25) + 1.19 × 10 -5 × (𝑡 -25) 2 -2.8 × 10 -8 (𝑡 -25) 3	)	(𝐶. 11)
	with: 𝛽 = -16.8129 (𝑡 + 273) ⁄	+ 0.0609265		(𝐶. 12)
		𝜆 𝑠 = 0.0033836 × 𝑒𝑥𝑝(2513.98 (𝑡 + 273) ⁄	)	(𝐶. 13)
				2	(𝐶. 10)
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CARACTÉRISATION DU CANAL DE PROPAGATION RADIOELECTRIQUE EN REGIONS TROPICALES ET ÉQUATORIALES 1

  L'objectif de ce premier chapitre est d'introduire et de caractériser la propagation des ondes radio dans la troposphère en régions tropicales et équatoriales. Après avoir présenté les climats tropicaux et équatoriaux et leur impact sur le canal de propagation, les particularités du climat équatorial ayant un impact sur la propagation des ondes radio telles que les variations de température, ainsi que les caractéristiques de la vapeur d'eau, du contenu en eau liquide nuageuse et de la pluie sont soulignées. Ensuite, les modèles d'atténuation troposphérique due aux gaz atmosphériques, aux nuages et à la pluie les plus couramment utilisés dans les climats tropicaux et équatoriaux sont présentés avec leurs limites. Enfin, les différents types de données utilisées pour caractériser le canal de propagation et valider les modèles d'atténuation sont décrits.

Impact du climat sur la propagation radio dans la troposphère

La première caractéristique significative des climats tropicaux et équatoriaux, quelle que soit la classification choisie, est la température relativement élevée et stable tout au long de l'année. De plus, les profils de température dans les climats tropicaux sont remarquables par leur faible variation annuelle par rapport aux régions tempérées. En outre, dans les climats tropicaux, les variations de température sont principalement dominées par les cycles diurnes. Ces variations sont importantes dans l'étude de la propagation des ondes radio pour la simple raison que les différents modèles de propagation utilisés aujourd'hui dépendent entre autres de la température et de l'humidité. Les variations annuelles et diurnes spécifiques trouvées dans les tropiques par rapport à celles que l'on peut observer en climat tempéré peuvent avoir un fort impact sur la précision des modèles d'atténuation, d'autant plus que les modèles habituellement utilisés sont de nature statistique et ont été développé essentiellement pour les régions tempérées (c'est-à-dire à partir de données de propagation radio collectées aux latitudes moyennes).

La seconde et la plus importante caractéristique des climats tropicaux sont les précipitations. La première affirmation que l'on peut faire concernant les précipitations dans les régions tropicales et équatoriales est qu'il s'agit de l'élément météorologique le plus variable dans l'espace ainsi qu'au cours du temps. En effet, dans la plupart des climats tropicaux et équatoriaux, les variations interannuelles et saisonnières observées en termes d'intensité de pluie sont importantes (McGregor et Nieuwolt, 1998). Parallèlement à cette forte variabilité, plusieurs autres différences avec les climats tempérés sont également observées sous les tropiques comme les différents types de précipitations rencontrés. En météorologie, trois types distincts de précipitations sont généralement définis: convectives, stratiformes et orographiques (ces dernières n'étant pas présentes en Guyane elles en seront pas étudiées dans ce travail de thèse). Les pluies convectives sont généralement plus intenses, très localisées dans l'espace et de durée plus courte que les pluies stratiformes. Les précipitations orographiques sont un type particulier de convection qui se produit lorsque les masses d'air rencontrent des montagnes. (Schumacher et Houze, 2003) montrent que les événements convectifs sont prédominants dans les climats tropicaux mais que les pluies stratiformes à forte extension spatiale sont toujours présentes. (Negri et al., 2000) ont montré que cette combinaison de pluies convectives et stratiformes est typique des climats tropicaux et équatoriaux. Cette observation impacte fortement la modélisation du canal de propagation car les pluies stratiformes et convectives ont des caractéristiques microphysiques différentes. Parmi ces caractéristiques, la distribution de la taille des gouttes de pluie (DSD : Drop Size Distribution) est essentielle pour la modélisation de l'atténuation due à la pluie.

Microphysical analysis

The final step of the parametric analysis performed on the WRF model presented here focuses on the microphysical schemes. As explained in Chapter II, the microphysical scheme is the parameter involved in the configuration of WRF that has the most impact on the produced precipitations. The chosen scheme will impact the way the model computes mixing ratios and Drop Size Distributions (DSD) (see Chapter II). Twenty-seven microphysical schemes are currently available in the configuration of WRF. Among these schemes, this study focuses on single moment and double moment schemes, both of which are the most used as reported in the open literature. As explained in Chapter II, the difference comes from the number of fields predicted by these schemes. A single moment scheme predicts the rain mixing ratio only, whereas the double moment scheme also predicts the rain number concentration 𝑁 𝑟 , thus modifying the parameterization of the DSD used in the model. In this analysis, nine microphysical schemes are compared among which four single-moment and five doublemoment schemes. The nine schemes tested in this section have been chosen in Chapter II following a state of the art of the microphysical schemes used in tropical and equatorial regions.

Table 4.5 contains the nine configurations studied in this section, considering that all of them use the same parameters as configuration 8, the best one obtained so far, except for the microphysical scheme. The four schemes above the red line in Table 4.5 (WRF configurations 8 to 11) are single-moment schemes whereas the rest are double-moment schemes.

After explaining the method used to reduce the simulation duration, a comparison between the four single-moment schemes is performed before presenting the performance of the five double-moment schemes.

Data and methods to reduce computation time

As explained in Section 4.2.2.6, the basic configuration chosen to perform the microphysical study is configuration 8 because of its better performance on years 2017, 2018 and 2020. However, the successive evolutions made previously between configurations 1 and 8, especially increasing the size of the domains and the use of nudging, increased the computational time required to run the WRF model by a factor of at least 2. Therefore, before Table 4.5 -Configurations studied for the microphysical analysis of WRF. The four schemes above the red line are single-moment whereas the rest are double-moment schemes.

The goal of this sensitivity analysis was to find a way to reduce the computation time without impacting the final rain attenuation CCDFs. Taking into account the high seasonal variation in this equatorial region, the selected method consists in simulating only the days within each month, where, for at least one hourly time-step of the ERA5 data, the total precipitation given by ERA5 is higher than a given threshold in mm/h. This threshold depends on the month considered and is derived from the percentage of rain present during the month based on the total precipitation from ERA5. The percentage chosen is 10 % unless the value obtained exceeds 1 mm/h, in which case a maximum value of 1 mm/h is chosen. The impact on the rain attenuation CCDFs derived from WRF-EMM simulations is low, as illustrated in Figure 4.18. The gain in term of computation time with such a double threshold is 38 % and 40 % for the years 2017 and 2018, respectively. Therefore, the following microphysical analysis is performed using this methodology for the years 2017, 2018 and 2020.

This microphysical analysis is divided into the two following sections. Section 4.2.3.2 focuses on single-moment schemes whereas Section 4.2.3.3 focuses on double-moment schemes.

Single moment schemes

The first step of this microphysical analysis focuses solely on the four single-moment schemes tested here, which are configurations 8 to 11 found in Table 4.5.

Table 4.6 presents the annual, seasonal and monthly global ITU RMS and mean errors over Kourou for the 2017-2018-2020 time period for configurations 8 to 16. The colour code is the 

D. RAIN ATTENUATION ITU RMS ERRORS

This appendix gathers the monthly and annual ITU RMS errors for all the configurations 1 to 18 found in Table 4.10. The colour code is as follows:

• the green cell represents the lowest ITU RMS error over the same line, whereas the red cell represents the highest one. • The cells with a blue frame are part of the wet season that consists of the month of April, May and June.

• The cells with a yellow frame are part of the dry season that consists of the month of August, September and October.

The month of October 2018 is not considered in this study because for 0.1 % of the time and higher, the experimental attenuation is lower than 0.5 dB, which is the threshold over which the ITU Error is calculated. 

Table D.1 -ITU RMS errors for rain attenuation
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Schémas microphysiques

Définition du schéma microphysique

Vingt-six schémas microphysiques peuvent être mis en oeuvre dans WRF pour traiter l'eau présente dans l'atmosphère, sous toute ses formes. Selon le schéma utilisé, seul un certain nombre d'espèces aquatiques est considéré par le modèle. A titre d'exemple, le premier schéma microphysique mis en oeuvre dans WRF, le schéma Kessler, ne considère que trois espèces d'eau : la vapeur d'eau, les nuages et la pluie [START_REF] Kessler | On the Distribution and Continuity of Water Substance in Atmospheric Circulations[END_REF]. Après plusieurs années d'études et de développement, des modèles capables de calculer jusqu'à sept espèces d'eau ont été mis en oeuvre, comme dans le modèle WSM7 [START_REF] Bae | Development of a Single-Moment Cloud Microphysics Scheme with Prognostic Hail for the Weather Research and Forecasting (WRF) Model[END_REF]. Pour traiter les quantités d'eau présentes dans l'atmosphère, le schéma microphysique repose sur la simulation de nombreux processus physiques tels que la congélation, la sublimation, l'agrégation et bien d'autres qui interviennent entre les différentes espèces d'eau.

Il existe deux catégories de schémas microphysiques : les schémas à simple moment et les schémas à double moment. Les schémas à simple moment ne prédisent que les rapports de mélange des hydrométéores [START_REF] Milbrandt | A Multimoment Bulk Microphysics Parameterization. Part I: Analysis of the Role of the Spectral Shape Parameter[END_REF]. Les schémas à double moment prédisent non seulement le rapport de mélange des hydrométéores, mais également leurs concentrations en nombre (nombre de particules par unité de volume). Ce paramètre supplémentaire permet une plus grande flexibilité de la distribution de la taille des gouttes en permettant à la concentration des gouttes de pluie d'évoluer au sein de la simulation contrairement à l'approche à simple moment [START_REF] Lim | Development of an Effective Double-Moment Cloud Microphysics Scheme with Prognostic Cloud Condensation Nuclei (CCN) for Weather and Climate Models[END_REF]. L'objectif du Chapitre III était de présenter une première évaluation de la capacité de la configuration de WRF-EMM utilisée dans [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF] à reproduire le comportement du canal de propagation et plus particulièrement les statistiques d'atténuation annuelles et mensuelles à Kourou. En effet, dans [START_REF] Fayon | Modélisation Statistique de la Diversité Multi-Site aux Fréquences comprises entre 20 et 50 GHz[END_REF], WRF-EMM a été testé dans les régions tempérées du sud de l'Europe et seules des comparaisons en termes de statistiques annuelles d'atténuation due à la pluie ont été effectuées. Les résultats obtenus au Chapitre III ont montré que cette configuration du modèle WRF-EMM produisait des résultats prometteurs à Kourou même si la capacité du modèle à reproduire certains paramètres météorologiques ainsi que l'atténuation troposphérique était limitée en particulier pour le cumul de pluie dans l'espace et le temps, l'atténuation due aux nuages ainsi que les statistiques mensuelles d'atténuation due à la pluie. Ce chapitre examine la configuration du modèle WRF comme source de ses faibles performances pour reproduire les événements de pluie et les nuages à Kourou. Plus précisément, ce chapitre étudie l'impact de la configuration du modèle WRF sur les statistiques annuelles et mensuelles de l'atténuation due à la pluie. Cette analyse est également motivée par le fait que des évolutions du modèle sont nécessaires. En effet, la base de données de réanalyse ERA-Interim utilisée pour initialiser les simulations n'est plus maintenue par l'ECMWF et a été remplacée par la base de données ERA5 depuis mi-2019, avec une résolution spatiale et temporelle améliorée. De plus, une nouvelle version améliorée du modèle WRF a été publiée en Juin 2018. Le but de ce chapitre est d'une part de montrer l'impact de différents paramètres sur les statistiques mensuelles d'atténuation due à la pluie et d'autre part de trouver une configuration du modèle mieux adaptée à une région équatoriale comme la Guyane française.

Ce chapitre présente une série de modifications apportées à la configuration du modèle WRF afin de l'optimiser pour Kourou. L'objectif est d'améliorer la capacité de WRF-EMM à reproduire des statistiques d'atténuation due à la pluie d'un point de vue annuel, saisonnier et mensuel. Les dix-huit configurations comparées dans cette section sont rassemblées dans le Tableau 4.1 où la couleur représente le type de paramètre testé : le noyau (version informatique de WRF, base de données de réanalyse) en vert, la macrophysique en bleu et la microphysique en orange. Ces différentes configurations ont été comparées les unes aux autres à l'aide d'une erreur moyenne et d'un RMS « global » qui reposent sur la métrique d'erreur ITU et qui a permis de tester les performances de chaque configuration en termes de statistiques d'atténuation due à la pluie d'un point de vue annuel, saisonnier et mensuel. Les différentes valeurs obtenues pour les dix-huit configurations comparées sont rassemblées dans le Tableau 4.2. Le code couleur est le suivant : les cellules vertes représentent les meilleures valeurs RMS sur chaque colonne et les cellules rouges les pires. Un texte bleu signifie une erreur moyenne négative et un texte rouge signifie une erreur moyenne positive. Ce tableau montre que les différents changements apportés au coeur et à la macrophysique