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Résumé:

L’eau fait partie intégrante de la vie sur notre planéte et joue un rdle important
dans les études pour évaluer l'impact du changement climatique. La recherche des
ressources en eau est donc tres importante pour la communauté scientifique du "climat"
non seulement en surveillant de pres le budget régional et mondial des ressources en eau,
mais aussi pour comprendre les changements dans la fréquence et 'intensité des événe-
ments météorologiques ponctuels. Cela est particulierement vrai pour les phénomenes
météorologiques extrémes, qui ont de grands impacts socio-économiques. L’impact des
tempétes tropicales plus ou plus intenses, des méga-neiges ou des coupes de poussieres
est I'un des principaux domaines de la recherche climatique.

Le but de mon travail de recherche est de fournir des moyens d’évaluer I'impact
des changements climatiques sur les ressources en eau et de trouver des outils flexibles
permettant une gestion durable de ’eau.

Des études récentes ont montré que 'on peut tirer parti des ondes émises en continu
par les constellations du systéme mondial de navigation par satellite (GNSS) pour mesurer
I’humidité du sol. Cette technique de télédétection opportuniste, connue sous le nom de
réflectométrie GNSS (GNSS-R), consiste a comparer l'interférence des ondes réfléchies par
le sol et celles provenant directement des satellites. Dans ma these, je me suis concentré
sur la base GNSS-R sur le rapport signal-sur-bruit (SNR) enregistré par un récepteur
GNSS conventionnel avec une unique antenne pour récupérer les variations d’humidité
du sol. Beaucoup d’études ont montré l'efficacité de la méthode sur les sols argileux, et
j’ai démontré dans ma these qu’elle était tout aussi efficace sur les sols sableux a condition
d’appliquer la méthode du déroulement de phase. Cette méthode que je propose a été
appliquée avec succes pour déterminer les variations locales d’humidité du sol: (1) 100%
du sable dans le terrain de jeu de volleyball (Toulouse, France); et (2) >85% de sable
dans la zone critique sahélienne de Dahra (Sénégal).

En outre, la mesure précise et continue des niveaux d’eau des rivieres est un élément
important de la gestion des ressources en eau, afin d’obtenir une estimation continue du
débit de la riviere dans le monde. La précision de la technique GNSS-R pour I'altimétrie
fluviale est son pas d’échantillonnage élevé permet de suivre les événements hydrologiques
extrémes. Deux méthodes, les moindres carrés et la technique '"Larson', ont été ap-
pliquées avec succes pour déterminer les variations des hauteurs au Vietnam: (1) sur
la fleuve Rouge (21 © 2'44.04 "N, 105 ° 51'48.86" E) ou les événements et changements
morphologiques associés aux événements hydrologiques (tempéte tropicale) en 2016; et
(2) sur le delta du Mékong (9 ° 31'38.63 "N, 106 ° 12’2.01" E) ou les eaux continentales

interagissent avec les eaux océanique.



Mon travail montre que le GNSS-R est une alternative puissante et un complément
significatif aux techniques actuelles de mesure de la gestion des ressources en eau en
établissant un lien entre les différentes résolutions temporelles et spatiales actuellement
obtenues par les outils conventionnels (in-situ capteurs, télédétection radar, etc.). Cette
technique présente le grand avantage d’étre basic sur le réseau pérenne du constatation
GNSS et peut donc étre utilisé sur n’importe quelle station GNSS. Par conséquent, en
implantant une chaine de traitement SNR, on peut automatiquement suivre les variations
des environnementaux fondamentaux, i.e. la hauteur de la riviere, la pente locale de la
surface de ’eau, les zones inondées, les variations d’humidité du sol et méme la hauteur
de végétation.

Mots clés: GNSS-R, Télédétection, Rapport signal sur bruit, SNR, Altimétrie, Hu-
midité du sol, Phase de déballage, Cycle de 'eau, Inondation, Changement climatique,
Réflectométrie, Multi-trajets, GNSS, GPS, GLONASS.
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Abstract :

Water is an integral part of life on our planet and it plays an important role in
climatic changes. Water resources research is, therefore, very important for the climate
communities to not only closely monitor the regional and global water supply budget, but
to also understand changes in frequency of occurrence and strength of individual weather
events. This is especially true for extreme weather events, which have great societal and
economic impacts. Whether we will have more or more intense tropical storms, mega-
snow events, or dust-bowls in the near or far future climate. This is one of the key focus
areas of climate research.

The aim of my PhD work is to provide some answers to assess the impact of future
climate change threats on water resources. And we are trying to find the adaptive
tools needed for sustainable water resources management.

In an effort to optimize water resource management, it is crucial to improve soil
moisture situation awareness. With the advent of remote sensing, soil moisture is sys-
tematically monitored at the global scale but at the expense of the temporal and/or
spatial resolution. Recent studies suggested to take advantage of continuously emitted
waves by the Global Navigation Satellite System (GNSS) constellations, to retrieve soil
moisture. This opportunistic remote sensing technique, known as GNSS Reflectometry
(GNSS-R), consists in comparing the interference of reflected waves by the ground and
those which come directly from satellites. In my thesis, I focused on GNSS-R technique
base on the signal-to-noise ratio (SNR) recorded by conventional GNSS receiver with
single antenna to retrieve soil moisture variations. Previous studies show the efficiency of
this methodology for clay soil and I demonstrate for the first time, it’s efficiency for sandy
soil using Unwrapping phase method. This method that I propose has been successfully
applied to determine local soil moisture variations of : (1) 100% of sand in Volleyball
playground (Toulouse, France); and (2) >85% of sand in the Sahelian critical zone of
Dahra (Senegal).

In addition, accurate and continuous measurement of river water levels is an important
element in water resource management, to obtain an ongoing estimate of the river’s flow
around the world. The accuracy of GNSS-R technique for river altimetry is useful for
detection of extreme hydrological events and to show the competition between continental
and oceanic water near coastal area. The two methods, Least Square and "Larson'
methods, has been successfully applied to determine local variations in Vietnam of: (1)
the Red river (21°02’44.04"N, 105°51°48.86"E) to identify flood events and morphological
changes associated to the hydrological events (tropical storm) in 2016; and (2) the Mekong
river delta (9°31'38.63"N, 106°12’2.01"E) where continental water interacts with oceanic

water.



My work shows that GNSS-R is a powerful alternative and a significant complement
to the current measurement techniques for managing water resource by establishing a
link between the different temporal and spatial resolutions currently achieved by con-
ventional tools (in-situ sensors, remote sensing radar, etc.). This technique has a great
advantage based on already-developed and sustainable GNSS satellites networks, and
can be applied to any GNSS geodetic station. Therefore, by installing a processing chain
of the SNR acquisitions, we are able to monitor various environmental parameters i.e.
height river, local slope of water surface, flooded areas, soil moisture variations and even
vegetation /plant height.
Keywords: GNSS-R, Remote sensing, Signal-to-Noise Ratio, SNR, Altimetry, Soil
moisture, Unwrapping phase, Water cycle, Flood, Climate change, Reflected signals,
Multipaths, GNSS, GPS, GLONASS.
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Pourquoi les études du cycle de I’eau sont-elles importantes?

e Cycle de ’eau

L’eau fait partie intégrante de la vie de notre plancte et, comme nous le savons, 70%
de la surface de la Terre est couverte par les océans. L’eau change constamment
d’état et on la retrouve sous trois phases (liquide, vapeur et glace). Les processus
associés au cycle de 'eau peuvent se dérouler en un clin d’eeil ou sur des millions
d’années (Source: http://water.usgs.gov/edu/watercycle.html, 10 aolt 2015).
Les déplacements de 'eau sous ses différentes formes, sur et/ou sous la surface de
la Terre, et les changements perpétuels de phase sont les ingrédients essentiels du
cycle planétaire de I'eau (Fig. 1.3). D’apres la loi de conservation de masse, la masse
d’eau sur Terre est constante dans le temps mais sa répartition dans les principaux
réservoirs : glace, eau douce, eau saline et atmosphere est variable selon un large
éventail de variables climatiques. Ce cycle naturel est un circuit fermé dans lesquels
la Terre fournit a ’atmospheére de la vapeur d’eau qui, par condensation, revient
ensuite via des phases liquides (pluie, brouillard) et/ou solides (neige, gréle) vers le
globe (Leite and Peixoto, 1995). Les phénomeénes naturels qui composent le cycle
de I'eau sont:

— le transfert d’eau du globe vers 'atmosphere en phase gazeuse par 1’évaporation
de leau liquide et/ou solide des mers, lacs, rivieres, sols etc. et

I’évapotranspiration des plantes;

— le transport de I'eau dans ses phases gazeuse et solide ou liquide (nuages) par

la circulation générale atmosphérique;

— la condensation partielle de la vapeur d’eau dans de petites gouttelettes et/ou
de petits cristaux de glace qui restent en suspension dans ’atmosphére et

forment les nuages;

— transfert de ’eau dans ses phases solides ou liquides de ’atmospheére vers le

globe par précipitation des hydrométéores et dépdt a la surface;

— le ruissellement, ’écoulement et le stockage de surface : l'infiltration de 'eau
dans le sous-sol et son absorption par les racines planes, le ruissellement et
I’écoulement vers les cours d’eau puis vers les lacs et/ou la mer les océans et

le stockage de ’eau dans les nappes phréatiques.

Puis ce cycle recommence. Le cycle de 'eau implique I’échange d’énergie, ce qui
entraine des changements de température. Par exemple, lorsque 1'eau s’évapore,
elle absorbe I’énergie de son environnement et refroidit I’environnement. Quand
elle se condense, elle libere de ’énergie et réchauffe I’environnement. Ces échanges

thermiques influencent fortement la zone critique mais aussi le climat.


http://water.usgs.gov/edu/watercycle.html
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o Effets du changement du climat global

Le systeme hydrologique est potentiellement treés sensible aux changements cli-
matiques. Les changements dans les précipitations affectent I'ampleur et le mo-
ment de l'inondation ainsi que la fréquence et l'intensité des inondations et des
sécheresses. Les changements de température entrainent des changements dans
I’évapotranspiration, 'humidité des sols et l'infiltration vers les eaux souterraines.
Des phénomenes globaux comme El Nino / Oscillation australe (ENSO) contribue a
des variations saisonnieres et interannuelles de la température et des précipitations
qui compliquent ’analyse du changement climatique a plus long terme dans les ré-
gions du Pacifique. Les anomalies climatiques (c’est-a-dire les écarts par rapport
a la norme) associées aux extrémes ENSO varient a la fois en termes de magni-
tude et de distribution spatiale. Par exemple, la phase chaude persistante d’ENSO
de 1990 a 1995 (qui provoque des sécheresses et des inondations dans de nom-
breuses zones) était inhabituelle dans le contexte des derniéres années (Trenberth
and Hoar, 1996). Bien qu’il n’y ait pas de relation claire entre 'augmentation des
températures mondiales et la survenance de la phase chaude/froide liées a ENSO,
ce phénomene climatique affecte le contenu et la nature du cycle global de I'eau
(Grimm and Tedeschi, 2009). Cela est particulierement vrai aux niveaux local et
régional. Toutes les principales analyses du changement climatique jusqu’a ce jour
ont conclu que si la température augmente en raison de I'augmentation des gaz a
effet de serre, le cycle global de I'eau devrait étre amélioré et une augmentation des
précipitations et de ’humidité du sol se produira, en particulier dans les hautes al-
titudes, surtout pendant 1'hiver (GIEC, 1996). Tous ces changements sont associés
a des mécanismes physiques identifiables.

o Changements de 'usage des terres

L’utilisation des terres, les variations de la couverture terrestre, influencent de
maniere significative les processus hydrologiques et biogéochimiques des bassins
versants. Ces changements peuvent modifier 'interception, I’évapotranspiration,
Iinfiltration, I’humidité du sol, I’équilibre hydrique et le cycle biogéochimique du
carbone, de l'azote et d’autres éléments (Talib and Randhir, 2017). Les change-
ments dans les modeles de la couverture des terres peuvent avoir un impact di-
rect sur les flux d’énergie et de masse. Par exemple, lorsque de grandes super-
ficies de foréts sont défrichées, la transpiration réduite entraine une réduction de
la formation des nuages, une diminution des précipitations et une augmentation
du desseéchement. Les changements observés dans les zones de défrichées des sur-
faces continentales induisent un réchauffement ou un refroidissement local tels que
I'albédo (réflectivité) augmentent, la température de surface diminue. La déserti-
fication peut se produire lorsque le surpaturage remplace la savane et altere ainsi



les bilans de surface et ’albédo et modifie les schémas régionaux de circulation des
précipitations. Le surpaturage entraine une augmentation des émissions qui, a son
tour, provoquent un refroidissement radiatif et une diminution des précipitations
(Salati and Vose, 1986). Les foréts, et en particulier les foréts tropicales, jouent
un role important dans le cycle mondial de 1’eau. Les sols forestiers sont pour par-
tie responsables de I’évaporation dans les foréts. L’élimination des foréts réduira
donc, non seulement, I’évaporation liés aux arbres, mais réduira aussi I’évaporation
des sols forestiers. La diminution locale de I’évaporation qui en résulte a des con-
séquences mondiales sur les précipitations, les ressources en eau et méme la sécurité
alimentaire. La déforestation empéche ’eau de retourner dans ’atmosphere, entrai-
nant des changements d’un certain nombre de caractéristiques du bassin versant ou
elle se développe. La récolte de bois ou le changement de 1'usage des terres peuvent
entrainer une aggravation de la pénurie et accroitre I’'ampleur des inondations. Un
développement accru des plaines inondables et des bassins de drainage peut égale-
ment modifier le débit d’eau en bloquant les flux d’eau et en augmentant la largeur,
la profondeur ou la vitesse des eaux de crue. Les étangs, les lacs, les réservoirs et
les autres puits du bassin versant empéchent ou modifient aussi I’écoulement des

eaux vers 'aval.

Couvrir de grandes surfaces de sol avec de l'asphalte et d’autres surfaces im-
perméables, comme en témoignent les tendances mondiales a l'urbanisation et a
I’étalement urbain, conduit a une augmentation du ruissellement et empéche le réap-
provisionnement des réservoirs d’eau souterraine, affectant ainsi le cycle global de
I'eau. L’eau tombant sous forme de précipitations (pluie/neige/gréle) dans une ré-
gion peut provenir d'une région éloignée, ou étre due a I’humidité recyclée provenant
de I’évaporation de la région. Les régimes de vent, la topographie et la couverture
du sol dans le monde jouent tous un role dans les schémas de recyclage de I'eau
et dans la distribution des ressources hydriques mondiales. Les changements dans
I'utilisation des terres, tels que l'irrigation, les barrages et la déforestation, peuvent
modifier les schémas d’évaporation d’une région, ce qui peut aussi affecter la qualité
de 'eau (van der Ent et al., 2010).

Outils permettant ’analyse du cycle de ’eau

L’eau est peut-étre la composante la plus importante de tout écosysteme. De I’eau est

stockée profondément dans la terre. D’autre part, I’'eau de surface est la source qui sou-

tient la vie sur terre. Dans de nombreux cas, I’eau structure également 1’habitat physique

d’un écosysteme. Les ours polaires, par exemple, dépendent de la glace océanique pour

chasser et capturer avec succes les phoques. Les rivieres, les lacs et les autres parties de

I’eau divisent les environnements dans des habitats différents, définissant efficacement ou

certains organismes peuvent vivre et d’autres pas (Corenblit et al., 2007, 2011). De plus,

la majeure partie de la vie sur Terre vit en réalité completement submergée dans les eaux
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océaniques. L’eau est vraiment un facteur fondamental dans le développement de tous
les écosystemes (Fig. 1.2). Dans un large contexte, les sciences de la météorologie et de
I’océanographie décrivent des parties d’une série de processus physiques globaux impli-
quant ’eau qui sont aussi des composantes majeures de la science de 1’hydrologie. Les
géologues décrivent une autre partie des processus physiques en abordant le mouvement
des eaux souterraines de la planete. Les hydrologues sont intéressés a obtenir des infor-
mations mesurables et des connaissances continues sur le cycle de I'eau. Il est également
important de mesurer la quantité d’eau impliquée dans le stade de transition qui se pro-
duit lorsque 'eau se déplace d'un processus a 'autre. L’hydrologie est donc une science
vaste qui utilise des informations provenant d’un large éventail d’autres sciences et les
integre pour quantifier les déplacements de I’eau. Les outils fondamentaux de I’hydrologie
s’appuient sur des techniques scientifiques issues des mathématiques, de la physique, de
I'ingénierie, de la chimie, de la géologie et de la biologie. L’hydrologie est donc I'une des
disciplines interdisciplinaires qui constituent la base du développement et de la gestion

des ressources en eaux. Une meilleure connaissance des états hydrologiques de surface

Figure 1.1 — Suivi des changements d’eau de grands bassins par gravimétrie satellitaire, notons
qu’au cours de la période 2004-2012 une tendance linéaire décroissante est clairement visible
et elle correspond & une perte d’eau de 4.5km?yr’! ce qui se corréle bien avec les données de
surveillance in situ de l'aquifere sahraoui nord-occidental et est interprétée comme étant un
pompage anthropique excessif de cet aquiféere (Ramillien et al., 2014).

et des flux, ainsi que de leur variabilité spatio-temporelle a travers différentes échelles,
est un objectif important dans de nombreuses études hydrologiques (Maurer et al., 2001;
Roads et al., 2003). A cette fin, les approches traditionnelles ponctuelles, telles que les
observations in-situ Ropelewski and Yarosh (1998), la modélisation guidée par les ob-
servations au sol (Mitchell et al., 2004) ou lextraction directe a partir de données de
télédétection (McCabe et al., 2005), deviennent inadéquats. Pour améliorer cette situa-
tion, des recherches sont menées par un certain nombre de groupes dans le but d’utiliser
et de combiner autant de produits de données que possible dans un cadre intégré de
maniere a améliorer 'estimation des états et des flux du cycle de I'eau. Cette intégration



Figure 1.2 — La base de données sur les anomalies de température des récifs coralliens (CoRTAD)
est une collection de cartes de température de surface de la mer et de contraintes thermiques
connexes, développée spécifiquement pour les applications de coraux sans correspondance aux
autres écosystémes. La base CoRTAD Version 5 contient des données SST de résolution globale
d’environ 4 km sur une échelle de temps hebdomadaire de 1982 & 2012. Les données SST sont
dérivées du capteur spatial AVHRR (Advanced Very High Resolution Radiometer).
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des données et des modeles est appelée assimilation de données ou fusion de données
(McLaughlin, 2002). Récemment, les données de télédétection jouent un role de plus en
plus important dans cet effort. La raison principale est que les données de télédétec-
tion fournissent des observations a grande échelle et systématiques de la surface terrestre
de maniere cohérente dans le monde entier. De plus, les progres dans les capteurs, le
développement d’algorithmes de récupération et les augmentations considérables de la
distribution de données libres, du stockage et du traitement des données ont grandement
encouragé 'utilisation des données de télédétection en hydrologie (Pan et al., 2008). Le
cycle de 'eau est généralement divisé en deux compartiments principaux: le premier est
constitué des eaux océaniques (§ 1.2.1) et le second concerne les eaux continentales (§
[.2.2).

Organisation du manuscrit

Apres ce premier chapitre d’introduction générale et qui montre 'importance du cycle
de l'eau, le travail présenté dans ce manuscrit se découpe en 5 chapitres:

o Dans le deuxieme chapitre, je présenterai I'état de ’art de cette technique de télédé-
tection opportuniste que 1'on appelle le GNSS-R et je rappellerai succinctement

avant les bases des systemes GNSS.

« Dans le troisieme chapitre, je présenterai une nouvelle approche du GNSS-R pour
récupérer les variations d’humidité des sols sableux en utilisant le déroulement de
la phase du SNR avec deux exemples:

— L’un expérimental et assez simple puisque constitué de 100% de sable a
iso granulométrie. Ce site, qui correspond au terrain de Beach Volley de
I'université Paul Sabatier, a servi a la mise au point et au test de la méthodolo-
gie.

— Le second est un exemple naturel présentant un sol riche en sable de quartz
(~ 80%) mais aussi d’argile, de matiere organique expériences il s’agit du site
de Dahra au Sénégal.

« Dans le quatrieme chapitre, je présenterai le potentiel et la précision atteinte par
la technique GNSS-R pour l'altimétrie fluviale pour détecter des événements hy-
drologiques extrémes. La encore deux sites ont été utilisés et pour avoir suffisam-
ment de points de réflexion lors de nos expérimentations nous nous sommes placés
dans des deltas. Autre intérét des deltas c’est qu’ils sont sujets a de fortes varia-
tions des niveaux a cause des interactions entre les crues continentales et les marées

océaniques, ces deltas sont:

— le delta du fleuve Rouge et



— celui du Mékong, tous deux situés au Vietnam.

o Je termine ce travail dans un cinquiéme chapitre ou je fais un bref résumé des
principaux résultats obtenus dans ce manuscrit et ou je présente également les
différentes perspectives offertes par ce travail de these.
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I.1 Why studies of the water cycle are important?

I.1.1 Water cycle

Water is an integral part of life on this planet, and as we know, 70 % of the Earth’s
surface is covered by oceans. It is always changing states between three phases (liquid,
vapor, and ice) with these processes happening in the blink of an eye and over millions of
years (Source: http://water.usgs.gov/edu/watercycle.html Accessed 10 Aug 2015).
The movement of water in its different forms, continuous movement of water on, above
and below the surface of the Earth, and the perpetual water phase changes are essential
ingredients of the planetary water cycle (Fig. 1.3). After the law of conservation of mass,
the water mass on Earth remains fairly constant over time but the partitioning of the
water into the major reservoirs of ice, fresh water, saline water and atmospheric water is
variable depending on a wide range of climatic variables.

The water cycle is a closed circulation of the water in its three phases (solid, liquid
and gaseous) inside the climate system. It is closed sequence of natural phenomena, in
which the globe provides the atmosphere with water vapor that afterwards returns in
liquid or solid phases to the globe (Leite and Peixoto, 1995). The natural phenomena
that make up the water cycle are:

o the transfer of water from the globe to the atmosphere in its gaseous phase by the
evaporation of liquid or solid water of the seas, lakes, river, etc. and the evapo-

transpiration of plants at the surface;

« water transport in its gaseous and solid or liquid phases (clouds) by the general
circulation of atmosphere;

« partial condensation of water vapor in small droplets and ice crystals that remain

in suspension in the atmosphere, making the clouds;

« water transfer in its solid or liquid phases from atmosphere to the globe by hydro-
meteor precipitation and deposition at the surface;

« runoff and storage at the surface, water infiltration at the subsurface and absorption
by plan roots, the intensification of rivers on their way to the sea or lakes, and
underground water storage (phreatic deposits).

And then this cycle starts again. The water cycle involves the exchange of energy,
which leads to temperature changes. For instance, when water evaporates, it takes up
energy from its surroundings and cools the environment. When it condenses, it releases
energy and warms the environment. These heat exchanges influence strongly the critical
zone but also climate.


http://water.usgs.gov/edu/watercycle.html
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The physical processes governing the water and energy cycles are extremely compli-
cated, involving scales ranging from the planetary to the microscopic one. Any alterations
in atmospheric gaseous composition (water vapor, carbon dioxide, ozone, etc.), partic-
ulates (desert dust, smoke, urban smog, etc.), or clouds (coverage and brightness) can
disturb the radiative heat balance and result in chain reactions in the water cycle. It
is very important for the climate community to not only closely monitor the regional
and global water budget, but to also understand changes in frequency of occurrence and
strength of individual weather events. This is especially true of extreme weather events,
which have great societal and economic impacts. Whether we will have more or more
intense tropical storms, mega-snow events, or dust-bowls in the near or far future climate

is one of the key focus areas of climate research.

As we can see from figure 1.1, the water cycle consists of an aerial branch, which
transports water vapor, liquid and solid water of clouds by the general circulation of the
atmosphere, and a terrestrial branch formed by the surface and subterranean run-off.
The role of the terrestrial hydrosphere in the Earth’s climate system can be described
by climate-related variables, such as radiation, precipitation, evapotranspiration, soil
moisture, clouds, water vapor, surface water and run-off, etc. Measurements of these
quantities are required to better understand the global climate and its variability, both
spatially and temporally, and to help advance our understanding of the coupling between
the terrestrial and atmospheric branches of the water cycle, and how this coupling may
influence climate variability and predictability. In order to enhance the prediction of
global water cycle variations, understanding of hydrological processes and its close linkage
with the energy cycle is fundamental. Here, a number of key questions are addressed:

« How can we quantify the water cycle processes (storages and fluxes, as well as
land-atmosphere, surface-groundwater, water-ecosystem and land-oceans inter-
actions)?

« How can we assess the impacts of and the vulnerabilities to future climate change
in water resources and what is the potential to adaptation in water resources

management?

« What tools can be further developed/improved to predict the water cycle com-
ponents (to measure, simulate and predict water cycle quantity and quality in
space and time)?

Observations from space and in situ of water cycle components and their interactions
with ecosystems, climate and human activities provide opportunities to address most of
the above questions.
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Figure 1.3 — Diagram of the Water Cycle (v1.11). The water cycle shapes landscapes, transports
minerals, and is essential to most life and ecosystem on the planet. It describes the pilgrimage
of water as water molecules make their way from the Earth’s surface to the atmosphere, and
back again. This gigantic system, powered by energy from the sun, is a continuous exchange of
moisture between the oceans, the atmosphere, and the land (from Edhu Tal, 2016).
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I.1.2 Factors Affecting Water Cycle

The water cycle is being affected by human activities, such as water resource exploitation,
urbanization, and deforestation. All these controls the distribution of water and the
cycles. Below we will consider three of these factors: human consumption, effects of
global climate, land use changes, etc.

I[.1.2.1 Human Consumption

We are becoming increasingly aware of our impacts on nature, but unfortunately many
of the things we do have become so ingrained in our way of life that it is hard to change.
Numerous human activities can impact on the water cycle: constructing dams, pumping
water for farming, deforestation and the burning of fossil fuels. Every time humans inter-
rupt the natural water cycle there will be an effect. We can summarize this interruption
of water in two ways:

o Withdrawals: We take water out of the system to irrigate crops (Fig. 1.4), to
provide us with drinking water and to carry out many of our industrial processes
(e.g. agri-food industry).

o Discharges: We add substances to the water, intentionally or not, as pollutants
from increased agricultural needs and from increased economic activity (e.g. waste

from sewage treatment plants).

1.1.2.2 Effects of Changing Global Climate

The hydrologic system is potentially very sensitive to climate changes. Changes in pre-
cipitation affect the magnitude and timing of runoff and the frequency and intensity of
floods and droughts. Changes in temperature results in changes in evapotranspiration,
soil moisture, and infiltration.

The El Nino/Southern Oscillation (ENSO) phenomenon contributes seasonal-to-
interannual variations in temperature and precipitation that complicate longer-term cli-
mate change analysis in Pacific parts of the world. Climate anomalies (i.e., departures
from the norm) associated with ENSO extremes vary both in magnitude and spatial dis-
tribution. For example, the 1990 to 1995 persistent warm-phase of ENSO (which causes
droughts and floods in many areas) was unusual in the context of the last 120 years (Tren-
berth and Hoar, 1996). Although a relationship has not been found between increasing
global temperatures and the occurrence of warm/cold-phase of ENSO events, this cli-
mate phenomenon will certainly affect the content and nature of the global water cycle
(Grimm and Tedeschi, 2009). This is especially true at the local and regional levels. All
major climate change analyses to date have concluded that if temperature does increase
as a result of increased greenhouse gases, the global mean water cycle will be enhanced
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and increased precipitation and soil moisture will occur, especially in high latitudes espe-
cially during the winter (IPCC, 1996). All these changes are associated with identifiable
physical mechanisms.

I[.1.2.3 Land Use Changes

Land use, land cover can significantly influence the hydrologic balance and biogeochemical
processes of watershed systems. These changes can alter interception, evapotranspira-
tion, infiltration, soil moisture, water balance, and biogeochemical cycling of carbon,
nitrogen, and other elements (Talib and Randhir, 2017). Changes in land cover patterns
can directly impact energy and mass fluxes. For example, when large areas of forests are
cleared, reduced transpiration results in reduced cloud formation, less rainfall, and in-
creased drying. Changes in land cover can alter the reflectance of the Earth’s surface and
induce local warming or cooling such as albedo (reflectivity) increases, surface temper-
ature declines. Desertification can occur when overgrazing of savanna vegetation alters
surface albedo and surface water budgets, and thus changes the regional circulation and
precipitation patterns. Overgrazing can also increase the amount of suspended dust that,
in turn, cause radiative cooling and a decline in precipitation (Salati and Vose, 1986).

Forests, and tropical forests in particular, play an important role in the global water
cycle. The forest floors are for a large part responsible for evaporation in forests. Removal
of forests will thus not only reduce the evaporation from the trees, but will also reduce
the evaporation from the forest floor. The resulting local decrease of evaporation is
very likely to have global consequences for rainfall, water resources and food security.
Deforestation keeps water from returning to the atmosphere, resulting in changes in a
number of characteristics of the watershed. Harvesting of timber or changing land use
from farmland to housing developments can also increase runoff and cause the magnitude
of flooding to be increased.

More development in flood plains and drainage basins can also damage the pattern
of water flow by blocking the flow of water and increasing the width, depth, or velocity
of flood waters. Ponds, lakes, reservoirs, and other sinks in the watershed also prevent or
alter runoff from continuing downstream. Covering land surfaces with asphalt and other
impervious surfaces, as evidenced by worldwide trends toward urbanization and urban
sprawl, both increase runoff and inhibit replenishment of the ground water reservoirs,
and thus affects the overall water cycle.

The water falling as precipitation (rain/snow/hail) in one region may have originated
from a butterfly effect in a distant region, or that it may be recycled moisture that
originated as evaporation within the region. Global wind patterns, topography, and
land cover all play a role in moisture recycling patterns and the distribution of global
water resources. Land use changes such as irrigation, dams, and deforestation can alter
evaporation patterns in a region, potentially affecting water resources in distant regions
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(van der Ent et al., 2010).

I.2 Tools permitting the analysis of the water cycle

Water is perhaps the most important component of any ecosystem. Some water is stored
deep in the earth. Surface water, on the other hand, is the source that sustains life on
land. In many cases, water also structures the physical habitat of an ecosystem. Polar
bears, for example, rely on ocean ice in order to successfully hunt and capture seals.
Rivers, lakes, and other bodies of water divide environments into different habitats, effec-
tively defining where some organisms can live and others cannot (Corenblit et al., 2007,
2011). What’s more, most of the life on Earth actually lives completely submerged in
the waters of the oceans. Water is truly a powerful factor in all ecosystems (Fig. 1.5).

In a broad context, the sciences of meteorology and oceanography describe parts of a

Figure 1.4 — Monitoring of water changes of large watersheds by GRACE gravimetry, noted that
over the period 2004-2012 the decreasing linear trend showing a loss ~ 4.5km?yr™! corresponds
to the monitoring data of the North Western Saharan aquifer and it is interpreted by excessive
pumping (Ramillien et al., 2014).

series of global physical processes involving water that are also major components of the
science of hydrology. Geologists describe another part of the physical processes by ad-
dressing groundwater movement within the planet’s subterranean features. Hydrologists
are interested in obtaining measurable information and knowledge about the water cycle.
Also important is the measurement of the amount of water involved in the transitional
stages that occur as the water moves from one process within the cycle to other processes.
Hydrology, therefore, is a broad science that utilizes information from a wide range of
other sciences and integrates them to quantify the movement of water. The fundamental
tools of hydrology are based in supporting scientific techniques that originated in math-
ematics, physics, engineering, chemistry, geology, and biology. Hydrology, therefore, is
one of the interdisciplinary sciences that is the basis for water resources development and
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water resources management.

Figure 1.5 — The Coral Reef Temperature Anomaly Database (CoRTAD) is a collection of sea
surface temperature (SST) map and related thermal stress metrics, developed specifically for
coral reef ecosystem applications but relevant to other ecosystems as well. The CoRTAD Version
5 contains global, approximately 4 km resolution SST data on a weekly time scale from 1982
through 2012. The SST data are derived from the Advanced Very High-Resolution Radiometer
(AVHRR) sensor.

An improved knowledge of the land surface hydrologic states and fluxes, and of their
spatial and temporal variability across different scales, is an important goal in many
hydrologic studies (Maurer et al., 2001; Roads et al., 2003). To this end, isolated tradi-
tional approaches, such as in-situ observations (Ropelewski and Yarosh, 1998), ground
observations driven modelling (Mitchell et al., 2004), or direct retrievals from remotely
sensed variables (McCabe et al., 2005), become inadequate. To improve this situation,
research is being carried out by a number of groups with the goal to utilize and combine
as many data products as possible within an integrated framework in a manner to im-
prove the estimation of the water cycle states and fluxes. This integration of data and
models is referred to as data assimilations or data fusion (McLaughlin, 2002). Recently,
remote sensing data are playing an increasingly important role in such efforts. The main
reason is that remote sensing data provides large-scale, systematic land surface obser-
vations consistently over the globe. Moreover, advancements in sensors, development of
improved retrieval algorithms and tremendous increases in data distribution, storage and
processing has greatly promoted the use of remote sensing data in hydrology (Pan et al.,
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2008). Water cycle is usually divided in two main compartments: the first one point out
the oceanic water (§1.2.1) and the second one highlight the continental water (§1.2.2).

I.2.1 Ocean Water cycle

From the major components of the water cycle (§1.1.1) have been briefly summarized
we can turn to some of the modern tools used to study these processes. The empha-
sis will be on the satellite-based sensors and accompanying models that the National
Aeronautics and Space Administration (NASA) and National Oceanic and Atmospheric
Administration (NOAA) have launched since the mid-1970s.

Over the years, several NASA missions have studied the effects associated with the
global water cycle including El Nino and La Nina, such as changes in sea surface tem-
perature, cloud cover, ocean surface winds, and rainfall. These studies are augmented by
data from operational satellites of NOAA. For examples:

o Initial efforts at mapping sea surface temperature and cloud cover were conducted
using data from NASA’s Nimbus series of satellites. Also, this series included the
first ocean color scanner (Coastal Zone Color Scanner), which provided the first

estimates of phytoplankton productivity (chlorophyll concentrations) from space.

o The Advanced Very High Resolution Radiometer (AVHRR) instrument flown on
NOAA’s TIROS-N weather satellite in 1978 and on the NOAA-6 satellite in 1979
greatly enhanced the accurate measurements of factors related to climate variability
(e.g. Fig. 1.5). Still further increases were added to the AVHRR instrument and
on subsequent NOAA satellites.

o Sea Surface using radar altimeters — JASON-1, 2, 3; ENVISAT, ERS, SARAL,
Sentinel 3 and TOPEX-POSEIDON (e.g. Fig. 1.6): Satellite altimetry is a radar
technique providing the topography of the Earth surface based on the measurement
of the distance between the satellite and the surface derived from the two-way travel
time of an electromagnetic wave emitted by the altimeter (or altimeter range) and
the precise knowledge of the satellite orbit (Chelton et al., 2001; Biancamaria et al.,
2017). For environmental applications, short repeat period is necessary, the recent
generation of satellite altimeter tried to improve this parameter (Fig. 1.7). The
primary objectives of radar altimetry from satellites were to measure the marine
geoid and monitor the dynamics topography of the sea surface (Vu et al. (2018),
submitted) over the open ocean and the coastal areas (Fig. 1.8).

Currently, there are many NASA missions that are simultaneously measuring a myriad of
Earth’s water cycle variables; ocean/sea salinity or temperature (Fig. 1.5) or tides (Fig.
1.6) or height (Fig. 1.7), Evaporation, Condensation, Precipitation, Groundwater Flow,
Ice Accumulation, and Run-off. NASA’s water cycle research missions can be grouped into
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Figure 1.6 — The ocean tide map for the principle lunar tide (M2) load tide height amplitude (m)
from TPXO06.2 load. The principal assimilated data set is TOPEX/Poseidon (T/P) satellite
radar altimetry.

Figure 1.7 — Timeline for Radar altimeters with short repeat period used for the analyses of
coastal performance (modified from Birkett and Beckley (2010); Vu et al. (2018)).
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3 major categories; Water Cycle, Energy Cycle, and Water and Energy Cycle Missions.
NASA’s goal is to improve/nurture the following global measurements: precipitation
(P), evaporation (E), P-E and the land hydrologic state, such as soil-water, freeze/thaw
and snow. Therefore, an experimental global water and energy cycle observation system
combining environmental satellites and potential new exploratory missions —i.e. advanced
remote sensing systems for solid precipitation, soil moisture, and ground water storage —
may be feasible. These proposed approaches are tantalizing, for knowledge of global fresh
water availability under the effects of climate change is of increasing importance as the
human population grows. Space measurements provide the only means of systematically
observing the full Earth while maintaining the measurement accuracies needed to assess

global variability.

[.2.2 Continental Water Cycle

The continental hydrologic cycle involves both land surface and its interaction in the
critical zone in all phases via liquid and frozen precipitation, infiltration and recharge,
surface run-off and snow-melt, stream /river flow, and evapotranspiration. These different
transport mechanisms are interconnected and strongly affected by the land-atmosphere
dynamics and surface heterogeneity in soil type, topography, and vegetation. Numerous

international programs, such as:

 Prediction of Ungauged Basins (PUB) and Hydrology for the Environment, Life
and Policy (HELP), which focus on the lack of rain gauge data within single wa-
tersheds, have been instrumented in bringing worldwide attention to the lack of
ground observations.

o The advent of the Earth Observing System (EOS) era in the 1990s, NASA, ESA,
and JAXA have launched numerous space-borne sensors to study the various com-
ponents of the terrestrial water cycle.

There are some uses/sensor/missions to estimate and monitor components of the water
cycle that can be used to expand the knowledge in quantifying the spatial and temporal

variations in the continental water cycle:

 Precipitation — Tropical Rainfall Measuring Mission (TRMM): Satellite estimates
of precipitation are key to understanding the global water cycle with high tem-
poral resolution. It can address particular challenges in analyzing precipitation
over land, including understanding rain/no-rain classification, making retrievals
over complex terrain, integration of model information (which is important in ar-
eas where satellites have trouble making retrievals), and inter-calibration of all
precipitation-relevant satellites.
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Figure 1.8 — Coastal performances between in situ (tide gauge) and altimeter based SSH in La
Rochelle using different satellites: a) JASON-2 descending track 70; b) ERS2, descending track

0859; ¢) ENVISAT descending track 818, d) SARAL descending track 218. (modified from Vu
et al. (2018)).

19



I.2. Tools permitting the analysis of the water cycle

« Evapotranspiration (ET) and sensible heat flux — Moderate Resolution Imaging
Spectroradiometer (MODIS): is required at many different spatial and temporal
scales in climate, weather, hydrology, and agricultural research and applications.
Satellite remote sensing is viewed as one of the only technologies that can be used
with land surface models to derive ET from field to global scales, particularly in

regions with little or no ground resources available.

Figure 1.9 — Snow map in the Pyrenees on 16 April 2017. The Theia snow product indicates
the snow presence or absence on the land surface every fifth day if there is no cloud. This 20 m
resolution product is derived from Sentinel-2 L.2A images.

o Surface water - JASON-1, 2, 3 and TOPEX-POSEIDON: Water flux throughout
the world’s rivers, lakes, and wetlands is one of the longest monitored components
in terrestrial water balance science. The diversity of satellite sensors now avail-
able provide invaluable complementary observations, such as water storage change
estimates at the basin scale or spatially distributed geomorphological parameters.

o Snow: Water stored in snow cover is one of the main components of water balance
in many parts of the world. The large spatial variability of snow characteristics,
particularly in mountains, makes remote sensing a very important alternative to

ground snow observations (Fig 1.9).

« Soil moisture (SM) constitutes only about 0.005 % of global water resources but
it is a key variable controlling numerous processes, the interactions in the critical
zone and feedback loops within the climate system. A particular aspect of soil
moisture is that controls and governs the surface energy balance, the partitioning
between latent and sensible heat and between infiltration and run-off (Blumberg
and Freilikher, 2001). In terms of precision agriculture another interesting point is
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its ability to monitor and map soil moisture from satellite. The major Earth Ob-
servation satellites dedicated to monitoring soil moisture are: Advanced Microwave
Scanning Radiometer (AMSR), Soil Moisture Active Passive (SMAP), Soil Moisture
and Ocean Salinity (SMOS): Soil moisture near the surface is a relatively new field
of remote sensing study. Recent advances in satellite remote sensing have pushed
the envelope in the science of soil moisture estimation, improving estimates for
modelling and applications. Climate Data Records of soil moisture are fundamen-
tal for improving our understanding of long-term dynamics in the coupled water,
energy, and carbon cycles over land. To respond to this need, in 2012 the European
Space Agency (ESA) released the first multi-decadal, global satellite-observed soil
moisture (SM) dataset as part of its Climate Change Initiative (CCI) program.
This product, named ESA CCI SM, combines various single-sensor using active
and passive microwave soil moisture imagery products into a COMBINED active +
passive microwave product (Fig. 1.10). Very often, due to weather conditions, the
data received from optical sensors could not be used. The radar data give the op-
portunity to deliver this information. Experimental and theoretical investigations
carried out by many scientists worldwide have shown that microwave backscatter-
ing from land surfaces is sensitive to vegetation features (Helm et al., 2007; Helm,
2008; Marchan-Hernandez et al., 2010; Kebiao et al., 2008; Larson et al., 2008b;
Germain et al., 2004; Gleason et al., 2005). The dielectric characteristics of veg-
etation material are indeed strongly influenced by moisture content over a wide
range of the microwave spectrum. The space based SAR and InSAR observations
provide worldwide coverage, even in presence of clouds, of proxies for soil moisture
variations and vegetation water content, for various scales, derived from amplitude

and phase content of radar imagery (Fig. 1.10 and Fig. 1.12).

o Surface water - JASON-1, 2, 3 and TOPEX-POSEIDON: Water flux throughout
the world’s rivers, lakes, and wetlands is one of the longest monitored components
in terrestrial water balance science and more generally in the global water cycle.
The diversity of satellite sensors now available provide invaluable complementary
observations, such as water storage change estimates at the basin scale or spatially

distributed geomorphological parameters.

o Groundwater is a more complex variable to study with remote sensing techniques,
the most efficient mission was pioneered by GRACE: Gravity Recovery and Climate
Experiment launch in 2002. Groundwater comprises more than half of the world’s
drinking water and a large portion of the water used to irrigate crops. However,
groundwater data are scarce in most of the world, making remotely sensed ground-
water information that much more valuable. GRACE measures the change in total
column water mass (Fig 1.2) at continental scales (Tapley et al. (2004); Ramillien
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Figure 1.10 — Differences in correlations of a) absolute soil moisture values and b) anomalies
differences between ESA Climate Change Initiative (CCI) Soil Moisture (SM) COMBINED
v02.2 and soil moisture from the first layer of soil of two offline experiments over 1979-2014.
Experiment GESF has a first layer of soil of 1 cm depth (0-1 cm), GA89 of 7 cm depth (0-7
cm). Differences are only shown for pixels that provide significant correlations (p < 0.05) for
both experiments. Pixels where the correlation level is very low are not met have been left
blank. (From Dorigo et al. (2017)).

et al. (2014)).

Currently, research satellites/sensors are aimed at measuring specific components and /or
processes of the global energy and water cycles. In fact, historically, space agencies have
created separate teams by sensor, focused on the retrieval and/or validation of individual
water and energy cycle products. When satellite retrieved surface water and energy bud-
get variables are combined with in-situ data like river discharge, budget closure is rarely
if ever achieved, demonstrating a basic inconsistency among the retrieved variables (Pan
and Wood, 2006). Identifying and diagnosing the degree of hydro meteorological closure
in land surface and atmospheric models is a critical and often overlooked component of
modeling studies, and is likely a symptom of the focus on separate sensing programs.

I.2.3 Existing tools for water cycle research

There is a range of tools available to help science community to analyze and assess impacts
of a changing climate on the water cycle. These tools provide users with convenient data
access capabilities, common data transformation utilities, and analysis methods for data

and related information.

 Better Assessment Science Integrating Point and Nonpoint Sources (BASINS) is a
multipurpose environmental analysis system designed to help regional, state, and
local agencies perform watershed- and water quality-based studies. It is a useful
tool for those interested in watershed management, development of total maximum
daily loads (TMDLs), coastal zone management, nonpoint source programs, water
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Figure 1.11 — a) March 2015 precipitations from in-situ gauges; b) study location map of the
Sentinel 1A tracks with the location of the time series (A, B, C) presented in the right graph;
c) graph of relative INSAR coherence as a function of time. Time series results (noted A, B,
C) from three independent INSAR tracks (colored dots). This example shows the exponential

decay of the ground moisture (grey exponential fit) after a rain fall event (dashed grey line).
(Modified from CP Scott (2017))
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quality modeling, and National Pollutant Discharge Elimination System (NDPES)
permitting.

EPA’s Climate Ready Water Utilities (CRWU) initiative assists the water sector,
which includes drinking water, wastewater, and storm water utilities, in addressing
climate change impacts. The impacts of events such as Hurricane Sandy pose
challenges to water sector utilities. Extreme weather events, sea level rise, shifting
precipitation patterns and temperature variability, all intensified by climate change,
have significant implications for the sustainability of the water sector. By planning
for, assessing and adapting to these challenges, the water sector can fulfill their
public health and environmental missions and begin the process of becoming climate

ready.

Ezploration and Graphics for RivEr Trends (EGRET): An R-package for the analy-
sis of long-term changes in water quality and streamflow, including the water-quality
method Weighted Regressions on Time, Discharge, and Season (WRTDS). It is a
method of analysis for long-term surface water quality data. It is intended for use
with data sets of more than about 200 observations of water quality over a time
span of about 20 years or more.

The Federal Support Toolbox for integrated Water Resources is a USACE initia-
tive that started in 2005 prior to Building Strong Collaborative Relationships for a
Sustainable Water Future project. It is supported by multiple stakeholders partic-
ipating in the project who are interested in its capability to deepen knowledge and
understanding, build capabilities and foster collaboration opportunities — especially

integrated water resources management.

The Geo Data Portal helps scientists and decision makers construct ensembles and
compare climate hind casts and future projections for particular spatial areas. It
helps with data management for modeling and assessing the impacts of future cli-

mate conditions.

Global Precipitation Measurement FEducation Tools: this website, presented by
NASA'’s Global Precipitation Measurement (GPM) mission, provides students and
educators with resources to learn about Earth’s water cycle, weather and climate,
and the technology and societal applications of studying them.

EPA’s National Storm Water Calculator (SWC) is a desktop application that esti-
mates the annual amount of rainwater and frequency of runoff from a specific site
anywhere in the United States (including Puerto Rico). Estimates are based on lo-
cal soil conditions, land cover, and historic rainfall records. It is designed to be used
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by anyone interested in reducing runoff from a property, including site developers,

landscape architects, urban planners, and homeowners.

o National Water Census Data Portal: The National Water Census Data Platform,
enables integration and delivery of water budget information alongside other data

of interest to managers, such as water use data or ecological assessment criteria.

e NOAA’s Weather and Climate Toolkit (WCT) is free, platform independent soft-
ware distributed from NOAA’s National Climatic Data Center (NCDC). The WCT
allows the visualization and data export of weather and climate data, including
Radar, Satellite and Model data. The WCT provides tools for background maps,
animations and basic filtering.

I.3 GNSS-R for water cycle studies

As demonstrated by in-situ or remote sensing technics continuous (high temporal resolu-
tion) measurement with high spatial resolution is a real challenging goal for monitoring
Earth’s water cycle.This task not yet completely solved by the above mentioned observa-
tion techniques. In the recent years, a new Earth observing systems have grown consid-
erably and it’s base on the use of Global Navigation Satellite System (GNSS) signals for
remote sensing. With the development of GNSS, including the Global Positioning System
(GPS) in the United States, the Russian GLONASS, the European Galileo, the Japanese
QZSS, the Indian TRNSS and the Chinese Beidou, as a satellite microwave (L-band)
technique with signals through the Earth’s atmosphere, more and wider applications and
new potentials are explored and utilized to measure environmental parameters quantify-
ing essential surface conditions for the understanding of the water cycle. The versatility
and availability of GNSS reflected and refracted signals can image the Earth’s surface
environments as a new, highly precise, continuous, all-weather and near-real-time remote
sensing tool. The refracted signals from GNSS Radio Occultation (GNSS-RO) satellites
together with ground GNSS observations can provide many information/parameters for
water cycles studies such as the high-resolution tropospheric water vapor, temperature
and pressure, tropopause parameters and ionospheric total electron content (TEC) and
electron density profile as well. The GNSS reflected signals from the ocean and land
surface could determine the ocean height (Martin-Neira, 1993; Wagner and Klokoc¢nik,
2003; Germain et al., 2004; Kostelecky et al., 2005; Rius et al., 2002, 2012; Roussel et al.,
2015b), wind speed and wind direction (Komjathy et al., 2004; You et al., 2004; Gleason
et al., 2005; Thompson et al., 2005) of ocean surface, and from land surface could re-
trieve soil moisture (Zavorotny and Voronovich, 2000; Roussel et al., 2016), ice and snow
thickness (Komjathy et al., 2000a; Zavorotny and Zuffada, 2002).

In this section, I will address some objectives and results of GNSS-RO and GNSS-R
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remote sensing in the atmosphere, oceans, land and hydrology as well as new opportu-
nities for studying water cycle. For the fundamental details of this opportunistic remote
sensing technique, I will introduce in the Chapter 2 “State of the art of GNSS-R” of my

manuscript.

I.3.1 GNSS-R atmospheric studies

The traditional atmospheric observing instruments, such as the water vapor radiometer
(WVR), ionosonde, incoherent scatter radars (ISR), topside sounders onboard satellites,
in situ rocket and satellite observations (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation well known as CALIPSO), are expensive and also partly restricted
to either the bottom side ionosphere or the lower part of the topside ionosphere. While
GPS satellites in high altitude orbits (~20,200 km) are capable of providing details on
the structure of the entire ionosphere, even the plasma-sphere. Therefore, GPS has been
widely applied in atmospheric sounding, meteorology, climatology and space weather.

Figure 1.12 — Illustration of the geometry of the direct, reflected and refracted GNSS signals
and their use for different applications.

Due to the atmospheric refraction, GPS signals propagate through the Earth atmo-
sphere along a slightly curved path and with slightly retarded speeds. For a long time, the
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delay of GNSS signals in the troposphere and ionosphere was considered as a nuisance, an
error source, and now, with the use of GNSS receivers installed on low Earth orbit (LEO)
satellites (Figure 1.12) to measure the GNSS-RO signals coupled with ground-based atmo-
spheric sounding techniques that use Continuously Operating Reference Station (CORS)
networks, GNSS signals has been used to determine the useful atmospheric parameters.
These parameters including tropospheric water vapor, temperature and pressure, and
ionospheric total electron content (TEC) and electron density profile which were consis-
tent with traditional instruments observations at comparable accuracies (Schmidt et al.
(2005); Schmidt et al. (2008); Jin et al. (2006); Jin et al. (2007)). Nowadays, a num-
ber of GNSS-RO missions have been successfully launched for atmospheric, ionospheric

detection and climate change/water cycle related studies, such as:

o The US/ Argentina SAC-C, German CHAMP (CHAllenging Minisatellite Payload):
with the RO on measurements onboard the spacecraft and the infrastructure de-
veloped on ground, CHAMP had become a pilot mission for the pre-operational
use of space-borne GPS observations for atmospheric and ionospheric research and
applications in weather prediction and space weather monitoring;

Figure I.13 — CYGNSS coverage (From Calculating Coverage Statistics with CYGNSS - Earth
observatory - NASA).
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o Climate Community Initiative for Continuing Earth Radio Occultation (CICERO)
is a follow-on mission to the COSMIC as a self-supporting enterprise for the greater
GNSS-RO science and wider user communities who will share in its design, evolu-
tion, and success (www.geooptics.com). The CICERO project changes the way to
collect and disseminate Earth observational data with 100 microsatellites in Low-
Earth Orbit (LEO) performing GNSS atmospheric radio occultation (GNSS-RO)
and GNSS Surface Reflection (GNSS-SR) measurements. The CICERO constella-
tion is designed with lower cost of acquiring data essential to understand our planet
and expands the possibilities for obtaining new types of data from space. The plan
is to initially launch 20 satellites with follow-on launches to reach a sustained array
of 100 spacecrafts. The full CICERO constellations are expected to deliver nearly
100,000 atmospheric profiles per a day (Thomas Yunck and Lenz, 2007). Mean-
while, since CICERO has GNSS Surface Reflection (GNSS-SR), it is expected to
detect more detailed Earth’s surface characteristics and time-varying evolutions;

o NASA’s Cyclone Global Navigation Satellite System (CYGNSS): CYGNSS was
launched into low Earth orbit on December 15, 2016 (Fig. 1.13) and it’s a con-
stellation of eight micro-satellites designed to measure surface winds in and near
the inner core of hurricanes, including regions beneath the eye wall and intense
inner rain bands that could not previously be measured from space. The CYGNSS-
measured wind fields, when combined with precipitation fields (e.g., produced by
the Global Precipitation Measurement [GPM] core satellite and its constellation of
precipitation imagers - including the upcoming NASA TROPICS Mission), will pro-
vide coupled observations of moist atmospheric thermodynamics and ocean surface

response, enabling new insights into hurricane inner core dynamics and energetics.

The main objective of the RO technique (Fig. 1.12) for retrieval of atmospheric profiles
provided by these missions is to improve numerical weather prediction (NWP) models,
especially over polar and oceanic regions where data coverage is crude.

I.3.2 GNSS-R ocean studies

In the recent, the exploitation of Global Navigation Satellite Systems (GNSS) signals
for purposes other than navigation and positioning has been conceived and assessed
both theoretically and experimentally (Zavorotny et al., 2014). GNSS-Reflectometry
(GNSS-R) is a promising remote sensing tool that fulfills the requirements for high spatial
coverage, short temporal revisit time, and low cost and low weight as GNSS-R sensors
are passive systems equipped with very simple and low-cost instrumentation. The GNSS
satellites are constantly broadcasting radio signals to the Earth. However, part of the
signals is reflected back from the rough Earth’s surface. The delay of the GPS reflected
signal with respect to the rough surface could provide information on the differential
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paths between direct and reflected signals. Together with information on the receiver
antenna position and the medium, the delay measurements associated with the properties
of the reflecting surface can be used to produce the surface roughness parameters and
to determine surface characteristics. For example, the measurements of GPS reflected
signals from the ocean surface could retrieve the ocean surface height, wind speed, wind
direction, and even sea ice conditions.

1.3.2.1 Determining ocean surface height

More than 20 years ago Martin-Neira (1993) have proposed the new opportunist applica-
tion GNSS-R for altimetry. A large amount of studies has been carrying out like Fabra
et al. (2012). In altimetry, the main parameter is the vertical height of the reflecting
surface, either in absolute terms (e.g., with respect to the center of the Earth) or in rela-
tive terms (e.g., with respect to the ellipsoid). Given that the GNSS-R measured surface
height will be an averaged value across this area, area which increased with the antenna
height (Lofgren et al., 2015; Liu et al., 2017). But one GNSS-R receiver can potentially
track up to 40 reflections regarding only GPS and GLONASS constellations (D’Addio
et al., 2014). Therefore, the spatio-temporal resolution compared, to others altimetric
remote sensing techniques, is significantly improved. The altimetric retrieval techniques
are presented in Yu et al. (2014) and Hajj and Zuffada (2003), whereas Yu et al. (2014)
suggests to perform altimetry on multiple waveforms at different Doppler frequencies of
the full DMM and Hajj and Zuffada (2003) presents an approach that requires neither
surface roughness information nor models. The new signals like Galileo signal (E1, E5,
and E6) have also been tested for altimetric applications and compared to GPS L1 and
L5 signals (Pascual et al., 2014a,b).

Sea surface height (SSH) is constantly changing. Throughout earth’s history the sea
surface height varied drastically and this ongoing process has a significant impact on life
in coastal areas. Therefore, there is a need for constant monitoring of those fluctuations.
Nowadays there are primary two approaches for monitoring and measuring sea surface
height, mareographs and satellite altimetry. There are many forms of mareographs: float-
ing mareographs, acoustic mareographs, radar mareographs and pressure-based systems,
each of these systems carries out the measuring process in a slightly different manner.
The mareographs provide data with high accuracy though they suffer from the disadvan-
tage that the punctual measurements do only allow drawing conclusions about the sea
surface height in the near vicinity of the tide graph.

Satellite altimetry is a method developed to overcome this problem but with a lesser
temporal resolution. The principle of the satellite altimetry based on altimeters emit
signals to Earth, and receive the echo from the sea surface, after its reflection. The sea
height is represented by the distance satellite - surface and the satellite’s position relative
to an arbitrary reference surface (the reference ellipsoid). Some location systems like
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Doris enable to determine the satellite’s position at a high accuracy. We have also to
take into account the disturbance suffered by the wave radar. The measurement of these
disturbances (by others instruments, or by using multiple frequencies), or their estimation
with models, can correct the altimetry measurement.

This satellite altimetry requires dedicated transmitters and receivers with large di-
rectional antennae top to achieve high resolution, while GPS as a bistatic radar system,
requires only a receiver, not a transmitter, and can receive global, continuous, near-real-
time and all-weather signals from global covering GPS satellites. Although the satellite
radar technique measures sea surface height at high spatial resolution along its ground
track, the cross-track distance is usually quite large (e.g., about the order of 300 km for
TOPEX /Poseidon). The GPS reflected signals from the ocean surface can measure the
ocean surface height with high temporal-spatial resolution. The tested results of Martin-
Neira et al. (2001) in the determining the sea surface height using GPS reflected signals
showed a good consistency at the level of about 2 cm in very calm sea state with inde-
pendent TOPEX/Poseidon data. using Interference Pattern Technique (IPT) of GNSS
reflected signals from the ocean surface (Fig. 1.14) could compensate these defects of

existing techniques near coastal areas, e.g., radar altimetry.

Figure I.14 — Raw (black) SNR-based tide measurements compared with Cordouan tide records
(blue) plus SWH values (red) obtained from Wave-Watch III model. Grey area is the 95%
Confidence Interval. IPT was improved by LSIM (Roussel et al., 2015b).
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1.3.2.2 Monitoring the ocean surface winds

GPS technique in a bistatic radar configuration also can measure the wind vector param-
eters on the sea surface. The key issue is to extract information from the GPS reflected
signal. The primary measurement is the received power from the GPS reflected signal
for a variety of delays and Doppler values in a glistening zone surrounding a nominal
specular reflection point (Garrison and Katzberg, 1997; Clifford et al., 1998). Therefore,
the GPS reflected signal power measurements can measure the ocean surface wind speed
and direction (e.g. Lin et al. (1999); Komjathy et al. (2000b); Garrison et al. (2002);
Cardellach et al. (2003); Thompson et al. (2005); Clarizia and Ruf (2017)).

The NASA-Langley Research Center have shown that using the Delay Mapping Re-
ceiver (DMR) with the L1 GPS signal at 1575.42 MHz can also estimates the wind speeds
and directions on the ocean surface with high accuracy. The estimated wind speed us-
ing surface-reflected GPS data is consistent with independent wind speed measurements
derived from the TOPEX/Poseidon altimetry satellite and balloon measurements at the
level of 2 m/s. In addition, the surface wind speed retrievals from GPS reflected signals
have been shown to be consistent with other independent techniques such as scatterom-
eters, flight level winds, microwave radiometers, and dropsondes (Katzberg et al., 2006a;
Katzberg and Dunion, 2009).

The National Oceanography Centre (NOC) has developed the first ever global wind
speed products based on reflected GPS signals, using data from the UK TechDemoSat-1
satellite. The measuring principle relies on detecting navigation signals after reflection
from the ocean surface, where a calm ocean will give a clean reflection, whilst a rough
ocean surface will reduce and spread out the reflected signal. The NOC have developed
algorithms that estimate the ocean roughness and wind speed from these reflected navi-
gation signals. This achievement is the result of over fifteen years of partnership between
Surrey Satellite Technology Ltd (SSTL) and NOC, sponsored by Innovate UK, the Euro-
pean Space Agency, the UK Centre for Earth Observation Instrumentation and the Nat-
ural Environment Research Council (NERC). With support from the European Space
Agency and SSTL, the NOC developed the processing chain that transforms reflected
signals measured on the satellite to delay-Doppler maps and Levels 2 wind speed prod-
ucts. This data has been released on the website www.merrbys.org. The TechDemoSat-1
mission continues to transform our understanding of spaceborne GNSS-R by providing
the opportunity to improve signal calibration and to explore the characteristics of the
reflected signals and develop new algorithms and applications.

1.3.2.3 Sounding the sea ice conditions

Due to complex and varying conditions of sea ice, an inaccessible environment and per-

sistent cloud covering, it is very difficult to monitor sea ice conditions with conventional
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instruments. Thus, measuring sea ice conditions mainly relies on satellite radar tech-
niques. However, no single sensor is capable of providing the essential range of observa-
tions (Livingstone et al., 1987; Rubashkin S.G., 1993). Characterization of sea ice salinity
(Rodriguez-Alvarez et al., 2012) and ice thickness are a key parameter for classification
and characterization of sea ice masses. Similar to sea surface wind speed retrieval, model
fitting between the theoretical and measured delay waveforms can be used to determine
the roughness of an ice surface (Komjathy et al., 2000a). In the transition from newly
formed sea ice to older and thicker ice, a gradual decrease was observed in bulk salinity
and an increase in surface roughness. Roughness may also be inferred by investigating
the characteristics of the phase or coherence of the interferometric signal (Rivas et al.,
2010). Permittivity of sea ice is another important parameter which can be estimated by
GNSS-R. All of these data are also important parameters which influence the tempera-
ture and circulation pattern of both the ocean/continent and atmosphere and thus can
be used for analyses of the Earth’s climate change.

The GPS reflectometry can measure the sea ice conditions as a new technique. Kom-
jathy et al. (2000a) analyzed the aircraft experiment of GPS reflections from Arctic sea
ice and over the ice pack near Barrow, Alaska, USA. Correlations from comparisons be-
tween RADARSAT backscatter and GPS forward scattered data indicate that the GPS
reflected signals could provide useful information on sea ice conditions. The reflected
signal shape was quite consistent for the moderate altitudes of the airborne GPS receiver
and the peak power changed significantly along the flight track. This behaviour of the
reflected signal showed clearly the sensitivity to ice condition, indicating that the GPS
reflected signals can be used to determine the ice features. In addition, as the effective
dielectric constant of ice depends on various factors, such as the ice composition, density,
age, origin, salinity, temperature, morphology (Shokr, 1998), the internal ice states can
be determined with the reflection coefficient over a frozen sea surface by the effective
dielectric constant of ice and the dielectric constant of the underlying water under some
conditions (Melling, 1998).

In recent, GNSS signals reflected from ice were correctly identified (Fig. 1.15) and
measured using the UK DMC experiment on February, 4th 2005 over the Kuskowkwim
Bay Alaska (Gleason, 2005; Alonso-Arroyo et al., 2017). Earth-reflected Global Position-
ing System (GPS) L-band signals exploited by GNSS-R systems deeply penetrate in ice,
allowing for analysis of snowpack internal structures and characteristics, such as thickness
and accumulation rates (Wiehl M. and R., 2003). In contrast with the typical Ku- and
C-bands used in ice sheets analysis from SAR data, the low frequency GNSS signals can
penetrate up to 100 meters in the ice, allowing for ice investigation on the millennium

scale.

In the future, GPS reflected signals might provide more detailed information and
internal states of sea ice, including the floe ridges, frost flowers, broken ice, and fine-scale
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Figure 1.15 — TDS-1 DDM image acquired on 2014-10-31 at 09:44:48 over an ice infested area
(a). The stronger scattering areas related to specular point (SP) and sea ice are enclosed
within white ellipses labeled as SP and target, respectively. Ice concentration map relevant to
Antarctica obtained processing SSMI data (b). The area of interest and the TDS-1 track are
highlighted by the red rectangle and the green line, respectively. (From Schiavulli et al. (2017))
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roughness at the snow-ice interface. Therefore, the reflected GPS signals have a high
potential and applications in sensing and investigating the sea ice state, particularly for

inaccessible and atrocious sea ice cover.

I.3.3 GNSS land/hydrology studies

Stored moisture in soil and snow is another important factor in the water cycle. Quantify-
ing the spatio-temporal distribution of moisture is important for environmentally oriented
research and for decision making in agriculture and hazard management. As the Alps
provide long-term water storage for a large part of Central Europe, they provide a particu-
larly relevant example. The weather in the Alps (e.g., warm temperatures in spring time,
sustained precipitation on saturated soils) can cause flooding. In summer, melt water
originating from the Alps can mitigate drought conditions downstream. Determination
of moisture in soil and snow in the alpine context is therefore very important for local and
downstream policy making and water resources management, which critically depends on
understanding meteorological and hydrological processes in the complex alpine terrain.
This includes the processes of heat and moisture transport in the atmospheric boundary

layer and the interactions at the well-known Critical zone.

I.3.3.1 Monitoring lake and wetland

Within the global water and energy cycles, it is critical to identify and understand in-
terrelations of water cycles and the critical zone phenomenon involving precipitation,
soil moisture change, interactions between atmosphere, vegetation and soil, freeze/thaw
state, inundation, stream flow, and run-off together with wetlands dynamics and cycles of
CH, and CO, (Paustian et al., 2006) emission change and water storage capacity change.
Hydrologic alterations including wetland filling or drainage can impact water impound-
ments or release from continental drainage basins and significantly affect global sea level
(Gornitz et al., 1997; Sahagian, 2000).

For the conventional geodetic instruments, it is difficult to monitor pounds, small
rivers/lakes. While cross-track distance of satellite radar altimetry is usually large, the
spatial resolution is fairly low to monitor small (Jin and Komjathy, 2010). GNSS reflected
signals could detect characteristics of small Earth’s surface, such as the pound/lake.
Treuhaft et al. (2001) measured the surface height of the Crater Lake in Central Oregon
with 2-cm precision in 1 second using the GPS signals reflected from the surface of Crater
Lake. In addition, the strength of this signal is also a good discriminator between wet
and dry ground areas and therefore could be applied to coastal and wetland mapping
(Garrison and Katzberg, 2000).

Monitoring wetland dynamics with a high temporal resolution and a global cover-
age is critical to fill an important Earth sciences information gap and thereby advance
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the capability to address science issues in global cycles. A GNSS-R constellation like
CYGGNSS (launch in December 2016) is also capable of radio occultation measurements
could be part of a system for observing the global water cycle. In particular, GNSS-RO,
based on the refraction of GNSS signals passing through the atmosphere, has been shown
to provide highly accurate water vapor profiles from the mid-troposphere to the surface
(Kursinski and Gebhardt, 2014), with sub-kilometer vertical resolution (Kursinski et al.,
2000). These profiles have been used to probe the internal humidity structure of tropi-
cal cyclones (Vergados et al., 2013), improve understanding of infrared retrievals under
cloudy conditions (Vergados et al., 2014), and advance our understanding of how tropical
humidity is related to large-scale atmospheric circulation patterns such as the Hadley cell
(Vergados et al., 2015). These circulations can affect the global atmospheric dynamics
and thus the global CH, distribution. Furthermore, measurements of intense precipi-
tation and other hydrometeors are expected from polarimetric GNSS-RO observations,
a concept to be tested from a spaceborne experiment (Cardellach et al., 2015). This
would represent an additional piece of the water cycle being measured by GNSS-based
techniques.

Wetland information that GNSS-R can contribute to direct societal benefit applica-
tions and policy implementation in an array of ecosystem functions where wetlands must
be preserved or restored (Dorsey, 2015). GNSS-R would support the mapping of inunda-
tion patterns in much higher temporal detail, at both pan-basin and sub-basin scales and
allow detection of key events such as maximum inundation stages (which vary in timing
and location across the basins) and irregular episodic flooding due to rain. In view of
The Global Wetland Observing System (GWOS), GNSS-R data would provide valuable

inputs on a regular and global basis and be a main contributor to the Convention.

1.3.3.2 Measuring soil moisture

The soil moisture content is important for hydrology, climatology, and agriculture (Jack-
son et al., 1996). Since soil moisture determines water availability at the surface, and
therefore, controls the partitioning of the incoming radiation into the latent and sensible
heat flux, it is one of the main controls of the land-atmosphere feedbacks and a key com-
ponent in the water cycle. Understanding these processes is also essential for predicting
natural hazards like 1) landslides where the increase of soil moisture induce an increase
of weight that can trigger the landslide; ii) droughts, and iii) floods. In the agricultural
context, the level of moisture in soil is an important element affecting plantation and
plant growth. Hence, monitoring this attribute over the surface of an irrigated system
facilitates correct and timely irrigation for consistently high yields, while avoiding appli-
cation of excessive water prevents leaching of nitrates below depths of root penetration
and depriving them of the needed oxygen.

Single point measurements sensors commonly used for moisture include:
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e Frequency domain sensor such as a capacitance sensor;
« Neutron moisture gauges, uses the moderator properties of water for neutrons;
o Neutron moisture gauges, uses the moderator properties of water for neutrons.

For time domain transmission (TDT) and time domain reflectometry (TDR), we used
the dielectric properties of soil and water to measure the soil moisture. Water has a
high dielectric constant; a higher water concentration causes a higher average dielectric
constant for the soil. The average dielectric constant can be sensed by measuring the
speed of propagation along a buried transmission line (Stacheder et al., 2009).

For Heat dissipation sensor: Heat dissipation probe provides an indirect measurement
of soil suction on the basis of different thermal conductivity properties of soil components
and the heat dissipation rate is sensitive to soil water content. Farmers use soil moisture
information, from one/few single point sensors or worse, rely on the nearest hydrological
or meteorological station that can be at more than ten kilometers away, to adapt their
farming practices (Spellman, 2017).

In this way, on water logging and flooding side, an important aspect is to monitor
the soil moisture content to understand when excess rainfall will cause water logging
and/or flooding. Again, the spatial extent is difficult to measure as most tools are in-situ
sensors at a coarse grid. Remote sensing tools are used but their spatial resolution or
their temporal one can be coarse. This is a challenging point because when you have
an accurate spatial resolution you have a low temporal one with a revisiting time of few
weeks and reversely so it is difficult to provide the right image at the right time.

In the past, the soil moisture was also inferred using passive radiometers and /or active
remote sensing radiometers sensors (e.g., Njoku and Entekhabi (1996); Ulaby et al. (1996);
Mancini et al. (1999); Jackson (2001); Jackson et al. (2002)). However, these remote
sensing techniques are more expensive. The GNSS signal forward scattered from a land
surface is similar to scattering from an ocean surface (Garrison and Katzberg, 2000),
while the main differences are in the spatially and temporally varying dielectric constant,
surface roughness, and possible vegetation cover. Masters et al. (2000, 2004) obtained soil
moisture the Central Plains Experimental Range of Colombia, with the peak power of the
GNSS reflections. Katzberg et al. (2006b) and many others have successfully estimated
soil reflectivity and dielectric constant with GNSS reflected signals.

The power level of the GNSS reflected signal from the land contains various impor-
tant information i.e. soil moisture, dielectric constant, surface roughness, and possible
vegetation cover (Masters et al., 2004). Some experiments, using GNSS reflected signals,
have demonstrate that it could be used for soil moisture retrieval (Fig. 1.16). For exam-
ple, Katzberg et al. (2006b) obtained the soil reflectivity and dielectric constant using a
GPS reflectometer installed on an HC130 aircraft during the Soil Moisture Experiment
2002 (SMEX02) near Ames, Iowa (USA), which were consistent with results found for
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other microwave techniques operating at L-band. In addition, the multi-path from ground
GNSS networks is possibly related to the near-surface soil moisture. Larson et al. (2008b)
found nearly consistent fluctuations in near-surface soil moisture from the ground using
only GPS multi-path, comparable with soil moisture fluctuations in the top 5 cm of soil
measured from conventional sensors. However, GPS multipath signals are very complex
due to various factors, e.g., vegetable, foliage, and glass debris. To retrieve the soil mois-
ture parameters, it is necessary to further remove the other factors’ effects. Additionally,
simulations have been performed by Ferrazzoli et al. (2011) which have opened up the
possibility of sensing forest biomass using GNSS reflections. This is another area where
validation data is needed to further assess the feasibility of this application.

Figure 1.16 — Volumetric soil moisture variations at Sutherland a) from GNSS data and b) from
TDR sensors. Vertical lines show precipitation events for rain (black dots line) and snow (blue
dashed line) (From Vey et al. (2016a)).

1.3.3.3 Vegetation water content

When the soil is covered with vegetation, the bistatic scattering around the specular
direction is essentially influenced by the power attenuation of reflected signal (Ferrazzoli
et al., 2000)with stronger attenuation when plant biomass increase. So, many authors
considered as vegetation, i.e. Small et al. (2014) develop a method of forest imaging
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vegetation water content (VWC, Figure 1.17) from the multipath variation in the signal
received at a permanent geodetic receiver. The Normalized Microwave Reflection Index
(NMRI), developed by Small et al. (2014), remove the first order terrain effects and
produce an observable sensitive to VWC.

Figure 1.17 — Vegetation Water Content derived from GNSS-R measurements (time versus
NMRI).

1.3.3.4 Measuring land snow/ice thickness (cryospheric sensing)

Snow is a critical storage component in the hydrologic cycle and an important component
of the climate system; however, current in-situ observations of snow distribution are
sparse. Snow Water Equivalent (SWE), snow height (HS), and height of new snow (HNS)
are vital parameters in cryospheric sciences such as snow hydrology, as well as in avalanche
hazard and snow climatology. In addition, snow cover determines albedo and is therefore
also important in land-atmosphere feedbacks for the critical zone. In the forecast of
avalanche hazard, particularly for wet snow avalanches, important decisions must be
made based on these parameters describing the development of the snowpack and its
variability with slope angle, aspect, and altitude (Lehning and Fierz, 2008; Schirmer
et al., 2010). In snow hydrology, if the spatial distribution of SWE and HS is measured
over entire catchments, we can obtain an estimation of the total stored water resources
(Griinewald et al., 2010; Wirz et al., 2011). This information is extremely valuable for
hydroelectric companies, water supply companies, and risk assessment (Blanchet et al.,
2009; Blanchet and Lehning, 2010).

However, in-situ observations of snow distribution are sparse, and remotely sensed
products are not enough precise and only available at a coarse spatial scale, e.g., the U.S.
Snowpack Telemetry (SNOTEL) network (Serreze et al., 1999) or french CES “surface
enneigée” from THEIA pole.

Mid to high-latitude or high elevation continental snow constitute of low density snow
or dry snow with little wet content, or sub-surface layers of Antarctica’s dry snow are
rather transparent to L-band signals. This property of the L-bands has been employed
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(Eisen et al., 2008) to retrieve the deep layering of large ice sheet like the Antarctic
plateau. Some studies on modelling like Wiehl M. and R. (2003) show the potential of
GNSS-R technique to determine parameters like the accumulation rates of snow. Some
other studies used linear polarization antennas to quantify the number and location of
the interference notches and solve for the layer thickness of the snow (Rodriguez-Alvarez
et al., 2012). As the ice thickness is related to the amplitude of the reflected signal as
a function of the incidence angle or relative amplitudes between different polarizations
(Lowe et al., 2002a), the snow/ice thickness can be retrieved from the GPS reflected
signals. In addition, the change in snow depth is also monitored using the corresponding
multi-path modulation of the ground GPS signal. The tested results for two springs 2009
snowstorms in Colorado showed strong agreement between GPS snow depth estimates,

field measurements, and nearby ultrasonic snow depth sensors (Larson et al., 2009).

Figure 1.18 — Snow depth estimation using the variation of the SNR, phase, linear correlation
between snow depth GNSS- R and the ultra-sonic in-situ sensor, modified from (Vey et al.,
2016Db).

As for others applications, three main parameters of sea/continental ice (i.e. thickness,
surface roughness and ice permittivity) can be retrieved with GNSS-R (Larson et al., 2009;
Gutmann et al., 2012). These parameters can be combined to help characterize different
ice types including new ice, young ice, thin first-year ice, etc. The estimated precision is
at a few cm levels.

The IPT, Larson et al. (2015) can be applied to in situ networks like HoO network
(Larson, 2015) in a very impressive way to increase the measurements. Ones, Larson
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et al. (2010); Vey et al. (2016a), demonstrated that the height is a noisy measurement
and with outliers (Fig. 1.18). An improved methodology used a fixed reflector height and
modelling a sinusoidal adjustment. In so doing, we can estimate the SNR, phase and
thus convert phase into snow depth. Same results are also obtained in Rodriguez-Alvarez

et al. (2012) with a dedicated GNSS-R receiver (GOLD-RTR) using a linear polarization.

I.4 Organization of the manuscript

After this first chapter which takes the place of general introduction, the work presented
in this manuscript is organized in 5 chapters:

o In the second chapter I will present the state of the art of GNSS-R opportunistic
remote sensing technique from fundamental of the GNSS system to existence of
GNSS-R measurement technique.

e In the third chapter, I will present the new GNSS-R approach to retrieve soil
moisture variations using Unwrapping SNR phase in case of sandy soil with two
examples:(Volleyball field, Dahra experiments)

— The first experimental and quite simple since constituted of 100% sand with
iso granulometry. This site, which corresponds to the Volleyball field located
at Paul Sabatier University, was used to develop and test the methodology.

— The second is a natural example with soil rich in quartz sand (~ 80%) but
also clay, located in the field experiment of Dahra in Senegal.

e In the Fourth chapter, I will present the potential and accuracy of GNSS-R tech-
nique for river altimetry based on the SNR signal for detection of extreme hydro-
logical events: Red River Delta and Mekong Delta (Vietnam). The interest of these
two deltas is that are subjected to dramatic changes in water levels due to the
interactions between the continental floods and the oceanic tides.

I close my remarks with a fifth chapter which allows me to make a short summary of
the main results obtained in this manuscript and I also present the different perspectives
offered by this thesis work.
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Looking at all remote sensing systems, the system with the largest and most widely
used constellation in the world is obviously the Global Navigation Satellite System
(GNSS). Indeed, it is used by anyone obtaining its Position, Velocity and time (PVT) from



GNSS constellations (GPS, GALILEO, GLONASS, BEIDOU/COMPASS etc.). This sys-
tem has shown the quality of these performances in geodesy, but also meteorology and
many fields of geophysics. However, this remote sensing tool has gained new impetus
with the use of often undesirable signals for conventional GNSS methods: reflected sig-
nals. This opportunistic method is therefore an evolution of GNSS and has been called
GNSS reflectometry or GNSS-R. There are many GNSS-R issues, because with the launch
of new satellites (GALILEO, BEIDOU / COMPASS for example), the quality and den-
sity of source signals is improving day by day with the increase in the number of satellites
in orbit. It represents an undeniable complementary with other dedicated remote sensing
systems since it allows the monitoring of natural environmental phenomena with a high
temporal frequency and a worldwide cover. Then, as we shall see, it allows the monitor-
ing of a large number of environmental problems: altimetric monitoring of ocean waters,
coastal zones, inland waters but it is also likely to give other important information such
as soil moisture, snow depth, mapping of flooded areas. This is certainly one of the main
advantages of this method, born of the accidental reflection of a GNSS radius on sea
surface (Auber et al., 1994) but now used on wide variety of surfaces (soil, water, snow,
vegetation, detection of targets for example: boat, oil slick, etc.). Early experimental
studies using GPS signal reflections date back to the early 1990s, Martin-Neira (1993)
suggests using backscattered signals to determine tidal height variations. Experimental
tests carried out by Katzberg and Garrison (1996) show that it is possible to use these
low-energy signals on Low Earth Orbit satellites (LEO) to follow Ionospheric delays on
ocean areas. Since then, environmental applications have diversified. The temporal varia-
tions of the water level are currently being monitored throughout the world (Larson et al.,
2013, 2017; Lofgren et al., 2014; Shah and Garrison, 2014; Lestarquit et al., 2016), soil
moisture (Larson et al., 2008b, 2010; Roussel et al., 2015a, 2016; Chew et al., 2016; Zhang
et al., 2017), snow depth (Larson et al., 2009; Cardellach et al., 2012; Jin and Najibi,
2014) and even biomass (Egido et al., 2014; Motte et al., 2016). After a few reminders
concerning the GPS and the various GNSS constellations, we will discuss the structures
of the signals delivered by these constellations and we will see how they are used to make
positioning either by measuring the code that modulates the carrier or by measuring the
phase of the carrier. Then we focus on the opportunistic signals of GNSS Reflectometry.
We will see how to measure them with specialized receivers for reflectometry or with
standard receivers used for positioning. We will then present the fundamental concepts

of the different methods of measuring the observable provided by the reflectometry.
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II.1 What is GNSS

I1.1.1 Principle of GNSS

The first constellation of GNSS satellites began in the 1970s (Seeber, 1993): The Global
Positioning System (GPS), better known under the GPS acronym, was originally devel-
oped as part of a collaboration within NATO funded by the US Army (US DoD). The
main objective of the system is to benefit from complete planetary coverage for an un-
limited number of simultaneous users (passive system). This system works regardless
of climatic conditions. The GPS system answers 3 main questions: What is the time?
What is my position? What is my speed? The GPS system has three distinct segments
(Duquenne et al., 2005):

o The spatial segment which consists of a set of satellites;
o The control segment that controls the system:;

e The user segment which is made up of all civilian and military users of the system.

I1.1.1.1 The spatial segment

Figure I1.1 — Spatial GPS segment with its 6 orbital planes. This geometry allows a worldwide
cover with at least 4 satellites in visibility.

Initially, the GPS system consisted of 24 satellites (Fig. 11.1) distributed on 6 orbital
planes ~ 55° / equator with a period of revolution &~ 12 h, flight altitude ~ 20.200 km.
The south and north poles have to lowest coverage due to a lack of satellites (Fig. 11.2).
The different types of satellite used by the GPS system are divided into different blocks:

» Block I: 11 satellites (1978 to 1985), were designed to validate the concept;
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o lock IT and ITA: 28 launched (early 1989), the first operational version of the system
began in 1993. Their initial lifetime was 7.5 years. The block ITA brought an
improvement to the clocks (2 cesium clocks and 2 rubidium clocks);

o The IIR and IIR-M blocks: replace the previous blocks, they have a lifespan ~ 10
year, the 12 satellites of the IIR block are able to communicate with each other.
They have a modernized version: the IIR-M block, consisting of 9 satellites, which
inaugurates the new civilian frequency L2C (first satellite launched in 2005) and
the new military code M;

o The IIF block: with its 12 satellites, it presents the latest improvements of the GPS
system with the appearance of the frequency L5 (15 satellite launched in 2010).

Figure 11.2 — Coverage density of the two oldest GNSS constellations: the US GPS system
(orange) and the Soviet GLONASS system (green). However, there is a lack of coverage at the
poles, this hole is more important for the GPS system than for the GLONASS system. On this
representation are represented the different positions, during a day, of the set of satellites of
each constellation, the time step between two positions is fifteen minutes. N.B.: the distance
from Earth (blue sphere) to satellite is not to scale.

I1.1.1.2 The control segment

It consists of 5 ground stations located in Hawaii, Ascension Island, Diego Garcia, Kwa-
jalein (Marshall Islands) and Colorado Springs (Master Control Station). The stations
continuously record the GPS signals, perform meteorological measurements and send the
data to the Colorado Springs station (Fig. 1I1.3).
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Figure I1.3 — Location ground stations, they are located on a line near the equator except for
the main station of Colorado Spring. ( : ground antenna, M, : tracking station). Modified
from the Federal Aviation Administration (FAA, USA).

I1.1.1.3 The user segment

This is the user community who, based on information from satellites and using the GPS
receiver, will find their space-time position. It includes the various existing GPS receivers,
both civil and military, that are used for sea/river, road and air navigation.

In particular, national and international organizations maintaining their own per-
manent GNSS networks consisting of ground stations, such as the International GNSS
Service (IGS) or the Permanent GNSS Network (PGN), set up and maintained by the
French National Geographic Institute (IGN) in France. A specific French network, known
as “Réseau GNSS Pernament” (RGP), is also maintained by the IGN. These organiza-
tions collect and process data from the various GNSS constellations before redistributing

them to users.

I1.1.2 Description and structure of the GPS system

The GNSS signal is, expressed in terms of electromagnetic spectrum, a microwave signal
(Fig. 11.4) in L-band (~ 20cm wavelength) generated and diffused continuously by the

various GNSS satellite constellations. This L-band signal has several advantages:

the signals are not disturbed by solar and Earth radiation;

they can penetrate cloud layers (“all weather” signal);

they functioning day and night;

the receivers are passive, meaning that they simply receive the signal which is con-
tinuously transmitted by the satellites and can therefore accommodate an "infinite
number" of users without saturating the system.
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Figure I1.4 — Electromagnetic spectrum and its applications (modified from SURA chart, 2005),
red window corresponds to GNSS spectrum.
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The GPS constellation pioneered have now spread to other constellations. Recognition
of this fact has led us to describe first GPS signals. The GPS signal is based on a
fundamental frequency of 10.23 MHz and from this frequency, the two main frequencies
are obtained by modulation: fI of 1575.42 MHz and f2 of 1227.60 MHz and with the
GPS modernization, a third frequency f5 was introduced at 1176.45 MHz. The GPS
satellites transmit multiple coded signals, either for civilian or military purposes. The
civil modulation corresponds to the C/A code (Coarse Acquisition Code is one of the
signals broadcast on the L1 carrier), with a sequence resulting from the modulo-2 addition
of the pseudo-random binary C/A code at 1 Mega-chips per second and with a period
of 1ms (figure I1.5). The P code (for "precise") at 10.23 Mega-chips per second with a
period of 1 week. These different modulation codes have the following characteristics:

e Pseudo-random noise (PRN) codes or "Gold codes" (Gold, 1967), which is made of
two types of codes (Groves, 2008): The C/A code (Fig. 11.5) allows each satellite
to be identified and the P code is reserved for military applications. These codes
are based on the “Code Division Multiple Access” (CDMA) technique, for sending
information by spectrum diffusion, which is an effective response to the multipath
problems that are specific to mobile signals. More generally, this type of communi-
cations is particularly suitable for the GNSS signals with a low signal-to-noise ratio

(SNR);

e A 12.5 minutes navigation message giving the satellite’s condition, GNSS time, the
gap between the GNSS time and Coordinated Universal Time (UTC), the satellite
ephemeris, the almanacs of different satellites (accuracy of the orbital parameters
is less than the ephemeris), weather information and other relevant parameters for
calculation of the final position of the receiver. A total of 25 frames, 1500 bits each,
are transmitted at a rate of 50 bits per second (bps).

I11.1.2.1 PRN Codes

If we consider A "Pseudo Random Noise' code (PRN) as a random sequence of n pulses
generated at a given frequency, and with an amplitude of a,, equal to +1 or -1 with
the same probability. For a pulse duration 7., which corresponds to the inverse of the
frequency, the signal sequence is written:

= t —nT.

n=—0oo

) (IL1)

The individual pulse of the random sequence is called a chip. The auto-correlation

47



I1.1. What is GNSS

Figure I1.5 — Structure of the modernized L-band GPS signals, the M-code is a new version
of previous military P(Y) code. For Block IIR-M, IIF, and subsequent blocks, the L2C signal,
scheduled to be the first of the modernized civil GPS signals. It will provide greater accuracy and
robustness and faster signal acquisition than the current L1 C/A-code signal. It is combination
of C/A and two additional PRN ranging codes will be transmitted: L2 Civil Moderate (L2 CM)
code and the L2 Civil Long (L2 CL) code.
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function R, of this infinite sequence can be represented by a triangle A, :

— Il When | T |< T
R,(7) ~ A, = Te ¢ I1.2
p< ) { 0 otherwise (1.2)

with 7 is the time interval.

As illustrated in equation I1.2, increasing the frequency of chips induces a final triangle
correlation for which the base is narrower and therefore final correlation is more accurate.
Two types of PRN codes are used to broadcast GPS signals: The C/A code (Coarse
Acquisition) and the code P (Precise).

The C/A code is used for civil applications, it has a frequency of 1.023MHz and it
is in "Open Access". The length of this code is 1,023 chips, generated with a clock of
1023MHz and a spectral bandwidth of 2046MHz. The C/A code is unique for each GPS
satellite, this PRN code correlation has similar properties to the white Gaussian noise.
That is to say a high auto-correlation to uniquely identifying each of the satellites and
a low cross-correlation, which because of the finite length of the C/A code, is not zero,
but is low enough for the proposed navigation applications. And thus, allows a single
receiver to receive signals from different GPS satellites simultaneously without significant
interference between them. It only modulates on the carrier L;, which has a frequency
equal to 154 times the fundamental frequency f, at 1575.42MHz.

The P code, which is reserved for the military, has a frequency that is equal to the
fundamental frequency at 10.23MHz. It has a period of 7 days (~ 720 Gbytes). It
modulates the frequencies of carriers L; and Ly (120 x fp at 1227.60 MHz). When it is
encrypted by the W code of the military (in wartime), it gives a new code called code
P(Y).

The GPS signals are generated synchronous to each other in order to have a common
reference time for solving positioning equations. The signals are transmitted in Right
Hand Circular Polarized (RHCP), so the polarization rotation caused by the ionosphere
does not affect signal reception. Circular polarization means that the end of the vector
of the electric field vector is a circle in a plane perpendicular to the wave propagation
direction. We speak of right polarization if the circle, over time, is built in a clockwise
direction, and the polarization direction is inversed for left polarization or Left Hand
Circular Polarized (LHCP).

I1.1.2.2 The signals from the L1 band

The signal S; of the carrier L; is modulated by the codes C/A and P(Y), respectively
in phase (I) and quadrature of phase (@). The navigation message is superimposed on
these two codes. The analytical expression of the signal S; transmitted on L; with the
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carrier frequency f; for a given satellite is written:

Sl(t) = \/2P0/A7L1D(t)C/A(t) COS(27Tf1t + goLl) + \/2Pp(y)7LlD(t)P(t) sin(27rf1t -+ gOLl)
(11.3)

where:

o Pcjar, and Ppgyyr, are the powers transmitted in L; for the two codes C/A and
P(Y);

e D(t) is the transmission message;
o C/A(t) and P(t) are the binary sequences of the codes C/A and P(Y).

The PRN codes and the navigation message are synchronized since they are based on
the same reference clock.

I1.1.2.3 The signals from the L2 band

The signal Sy of the carrier Ly is only modulated by the code P(Y). It is written:

S12(t) = \/2Pp(y),L, P(t) cos(2m fot + ¢1,) (IT.4)
with:
e Pp(y) L, is the transmission power for Ly;
e P(t) the sequence of the P(Y) code.

There is no data transmitted on the frequency Ly (D(t) absent, formula II.3).

I1.1.2.4 Modernization of the GPS system

The GPS system is seeking to perpetuate, so it is essential to make it evolve according to
technological progress, the appearance of new constellations and / or new applications.
In the early time, developments were guided by technological progress, as evidenced by
the various blocs that have been launched. The emergence of new applications for civil
aviation for example and the arrival of competing constellations (for example GLONASS,
GALILEO, BEIDOU) have led to deeper changes such as the emergence of new civil codes
and (IIR-M block) and a new carrier. In addition, so-called augmentation systems, which
seek to improve the accuracy of the system (§ I1.1.6), rely on ground stations and a few
satellites to provide corrections to reduce errors in GNSS systems.

The new L2C Civil Code

The new civil signal (Fig. IL.5), which modulates the L, carrier, makes it possible
to correct the ionospheric effects by combining the measurements of pseudo-distances
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obtained on L2C with the measurements of the C/A code obtained on L;. The main dif-
ference between the L2C code and the C/A code, except for a different carrier frequency,
is that for the civil part of the L2C signal, there are two codes multiplexed between them
(the military part of the signal is close to that of L;). One of these codes, called “Code
Moderate” (CM clocked at 511 kHz), which is multiplexed with the navigation message
while the other code known as "Code Long" (CL clocked at 511 kHz), is not. These codes
have a longer period than the C'/A code, with a period of 1ms. The CL code has a period
of 1.5 seconds and the CM code of 20ms.

The S2C signal [I1.5] that transmits at frequency f2 for the L2 band for a given satellite

is:

Soc(t) = \/2Pp,, D(t)P(t) cos(2n fot+pr,)+1/2Pc a0, [D(t)C M (t)®CL(t)] cos(2m fot+pr,)
(IL.5)

with @ modulo-2 addition, which corresponds to the multiplexing operator of civil codes
(Azmani, 2010).

The new carrier L5 and its civil code

In addition to having a different carrier frequency (Fig. I1.5), the S5 signal of the L;
carrier (1,176.45MHz) [I1.6] is modulated by a third civil code (Azmani, 2010). This code
was designed for “life safety” applications in civil aviation. The S5 signal is modulated
by a Quadrature Phase Shift Keying modulation (QPSK) with a component in phase 15
= NHjoI, which contains the navigation information and the quadrature component Q5
= NHy,Q (period of 20ms) that contains no data and is called the “pilot signal” in figure
I1.5:

S5(t) = \/2Pcya,1, D(t) N Hygl5(t) cos(27 fst + r,) + \/2Pp,s N HooQs sin(27 f5t + 1)
(IL.6)
where NHy and N Hyg are the Neumann-Hoffman multiplexing codes of I5 and Q5 at
10ms and 20ms, respectively.

I1.1.3 Description and structure of the GALILIO system

The European satellite navigation system GALILEO is designed on a civilian basis, while
integrating the necessary security protections. Starting in the 1990s, the project really
began to develop from March 26, 2002, when the Council of Ministers of the European
Union Transport validated the GALILEO program’s development phase. The first vali-
dation satellite IOVE-A (GALILEO In Orbit Validation Element, I1.2) was launched at
the end of 2005, before being joined by a second IOVE-B in April 2008. These two satel-
lites (IOVE- A and IOVE-B in an almost operational orbit of 23222 km) demonstrated
the interoperability of GALILEO and GPS systems, for example: the possibility of sub-
stituting a system for the user, transparent to the user, other. The first four GALILEO
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operational satellites were then launched in October 2011 and 2012. GALILEO is being
developed by the European Space Agency (ESA) and will consist of a constellation of
30 satellites placed on three orbital planes spaced at 120° apart and inclined to 56° with
respect to the equator, with an altitude of 23616 km and a revolution period of the satel-
lites of 14 h 21 min. In the same way as the GPS system, GALILEO uses the CDMA to
distinguish the satellites from each other, and also transmits in L-band to the following

main carriers:
o E; (=Ly): f = 1575.42 MHz, A = 19.03 cm;
o Es5.: f=1176.45 MHz, A = 25.48 cm;
o B f =1207.14 MHz, A = 24.83 cm;

o Eg: f =1278.75 MHz, A = 23.4 cm.

The GALILEO system is based on the Binary Offset Carrier code (BOC) and its
variants CBOC and AItBOC, which have various advantages compared to the traditional
BPSK: it’s allow to separates energy from the signal on both sides of the carrier, the
carrier, which has the advantage not to overlapping the signal energy directly over existing
signals while using the same carrier. This also favors the transmission of the signal over
a wide bandwidth, which translates to a correlation function with a narrow peak where

there is:

a) better correlation;
b) a lower sensitivity to thermal noise;

c¢) reduced multipath (Fig. 11.6).

In operational phase, GALILEO will offer 5 services (Enderle, 2009) with more or less
restricted access to:

1. Open Service (OS), completely open, free service, for the standard modes of mar-
itime and land navigation systems, has the standard and precise working mode.
Guaranteed accuracy in horizontal plane is 4m, while in vertical plane it is 8m;

2. Commercial Service (CS), commercial approach, the introduction of two additional
encrypted signals, the level of accuracy is sufficient for precision agriculture, sur-
veying measurements, etc. Continuity of service is guaranteed. Accuracy of spatial
coordinate’s determination in the CS mode is at centimeter level;

3. Safety of Life (SoL) has all the functionality of OS services, users are authorized,
and the continuity of service is guaranteed, suitable for navigation in air, land
and maritime trans-port. Guaranteed accuracy in horizontal plane is 4m, while in

vertical plane it is 8m;
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4. Public Regulated Service (PRS), authorized access, encryption signals for PVT,
with high priority of continuous service use, strategic and secure infrastructure.
Guaranteed accu-racy in horizontal plane is 6.5m, while in vertical plane it is 12m;

5. Search and Rescue (SAR), the current localization of emergency calls, rescue oper-
ations, etc. Authorized services have the access.

Figure I1.6 — Difference between BPSK, BOC and CBOC (BOC composite) modulation codes;
n is the number of chips and m is the multiplier coefficient for obtaining the frequency of the
sub-carrier from the reference frequency of the C/A code: fo/4 = 1.023MHz. The yellow arrows
indicate the tightening of the auto-correlation function, compared with BPSK or BOC of the
CBOC or the American equivalent of the TMBOC of the GPS. For the CBOC/TMBOC, several
composite signals were generated using various values of n and m for the first and the second
BOC signal (JA, 2008).
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I1.1.4 Description and structure of the GLONASS system

The other perfectly operational constellation, the GLONASS constellation, is the one
developed by Soviet Union. It began in 1976 to achieve its objectives only in 2001. Since
2001, many new satellites have been launched and the constellation has been providing
global geo-positioning since 2011. The constellation is currently nominated with 24 satel-
lites distributed over three inclined orbital planes of 64.8°. The orbital inclination, higher
than the GPS orbits, allows satellites to pass more on polar areas than GPS (Bernhard
Hofmann-Wellenhof, 2001). The quasi-circular orbits are located at an altitude of 19100
km above the earth’s surface, and their period of revolution is 11 h 15 min 44 s with a
repetition of 8 sidereal days (one sidereal day = 23h56min). One of the special features
of the Russian system is that it uses CDMA multiple access on the Lg band (the first
satellite launched in 2010). For the L; and L, bands, the PRN codes are the same for all
satellites. A C/A code is modulated on the carrier L;, and a P code on the carrier L;
and Ly. To identify satellites, the GLONASS system uses a variant that directly modu-
lates the carrier known as Frequency Division Multiple Access (FDMA, Table I1.2). The
satellites are identified by their own frequency, which makes it possible, in theory, for
GLONASS system more resilient to interference signals. Frequencies on L; and L, can
be defined as follows:

fr1 = 1601M Hz + k0.5625M hz (IL.7)

fro = 1246 M Hz + k0.437T5M hz (IL.8)

with £ is the number of the channels used, this number has evolved over time: until 1998,
k varied from 0 to 12, then from 1998 to 2005 it was modified to vary between -7 and 12
and finally since 2005 the final configuration uses only 12 values from -7 and 4 and two
channels are in reserve: the 5 and 6 can be used exceptionally (Table II.1). The ratio
fi1/fe is constant and equal to 9/7.

The recent evolution of the system will see the appearance of a new Lj carrier with
frequency f; = 1176.45MHz and A = 25.48cm.

I1.1.5 Other constellations
11.1.5.1 COMPASS-BeiDou

Wishing also to overcome the dependence on the US GPS, the Chinese authorities began
very quickly establish a regional free system: BeiDou-1. This system, initiated in the
early 1990s, was realized by the launch of two first BeiDou-1A and BeiDou-1B satellites
in 2000. This system has the originality to rely on four geostationary satellites (three
operational and one reserve) and one mobile In medium orbit. This system, which is only
regional (covers only China), requires emission from the user segment, and is therefore
very limited in relation to the GPS system, whose users are only passive receivers.
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TABLE II.1 — Correspondence between channel number and sub-band for GLONASS L; and

Lo carriers.

Nominal Nominal
Channel frequency of frequency of
number sub-band L sub-band Lo
(MHz) (MHz)
6 1605.3750 1248.6250
5 1604.8125 1248.1875
4 1604.2500 1247.7500
3 1603.6875 1247.3125
2 1603.1250 1246.8750
1 1602.5625 1246.4375
0 1602.0000 1246.0000
-1 1601.4375 1245.5625
-2 1600.8750 1245.1250
-3 1600.3125 1244.6875
-4 1599.7500 1244.2500
-5 1599.1875 1243.8125
-6 1598.6250 1243.3750
-7 1598.0625 1242.9375
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The Chinese authorities then decided to complete this geographically limited regional
system by launching the BeiDou-2 project, also known as COMPASS (Chong, 2009).
This comprehensive system includes a nominal constellation of 35 satellites:

o 5 Geostationary Earth Orbit satellites (GEO) for retroactive compatibility with
BeiDou-1, at an altitude of about 35786 km;

o 30 non-geostationary satellites: 27 in the Medium Earth Orbit (MEQO) at an altitude
of 21150 km, in the same way as other GNSS satellites, and 3 in the Inclined
GeoSynchronous Orbits (IGSO).

The period of revolution of the 27 MOE satellites is 12 h 53 min and their orbital
planes are inclined at 55.5 © with respect to the equator (ILRS, 2012).

The current COMPASS constellation consists of 5 GEO satellites, 5 IGSO satellites
and 4 MEO satellites (Liu, 2013).

The BEIDOU system offers two services:

e Authorized Service (AS), a public service with a precision of less than 10 m, has
been operational since 14 January 2013;

e Service reserved, precision unknown.

The signal structure (Table I1.2) is quite similar to other systems with CDMA trans-
mission and BOC, MBOC and TMBOC modulations and the new QKSP. The signal is
transmitted on L bands following (Liu, 2013):

> Bi: f =1561.10 MHz, A = 19.20 cm;
> Bio: f = 1589.74 MHz, A = 18.86 cm;
> Bo: f =1207.14 MHz, A = 24.83 cm;

> Bs: f = 1268.52 MHz, A = 23.63 cm.

I1.1.5.2 Quasi-Zenith Satellite System (QZSS)

Quasi-Zenith Satellite System (QZSS) is a regional satellite positioning system (the
"Toundra" orbit flying over Japan and Australia) being developed by the Japanese space
agency JAXA. Quasi-Zenith Satellite (QZS) can refer to both satellites in Quasi-Zenith
Orbits QZO and geostationary orbits (GEO). For that reason, the name “QZO satellite”
is used when it is necessary to specifically refer to satellites in QZO. Satellite positioning
systems use satellite signals to calculate position information. The QZSS is sometimes
called the “Japanese GPS”.

QZSS include 6 signals:
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1. L1C/A frequencies using the C/A code and L1C (1575.42 MHz), which are posi-
tioning complement to GPS;

2. L2C (1227.6 MHz): positioning complement to GPS;

3. L1-SAIF and L1Sb(1575.42 MHz): used by the augmentation system (see in SBAS)

for accurate, real-time and sub-meter (Crisis Messaging Service);

4. L5 and L5S (1176.45 MHz): using for positioning complement to GPS and for the

augmentation experiment use;

5. The LEX carrier L6 (1278.75 MHz) is a high-precision (3cm) signal compatible with
GALILEQO’s E6 signal;

6. S-band (2 Ghz) using for Safety Messaging Service.

I1.1.5.3 Indian Regional Navigation Satellite System (IRNSS)

The Indian Regional Navigation Satellite System (IRNSS) with an operational name of
NAVIC (NAVigation with Indian Constellation), is also a regional satellite navigation
system under development. Its regional coverage is focused on India and its periphery
up to a distance ~ 2,000 km from its borders.

The system consists of a constellation of seven satellites and a support ground seg-
ment. Three of the satellites in the constellation are located in geostationary orbit (GEO)
at 32.5° East, 83° East, and 131.5° East longitude. The other four are inclined geosyn-
chronous orbit (GSO). Two of the GSOs cross the equator at 55° East and two at 111.75°
East. The four GSO satellites will appear to be moving in the form of an "8". In addi-
tion, various ground-based systems will control, track orbits, check integration and send
radio signals to the satellites. The land-based Master Control Center (MCC) will run
navigational software.

NAVIC signals will consist of:

i. A Standard Positioning Service (SPS) carried on L5 at 1176.45 MHz and will be
modulated by a 1 MHz BPSK signal,

ii. Precision Service (PS) carried on S-band at 2492,028 MHz using BOC.

I1.1.6 The Positioning measurement

It is possible with the GNSS system to position itself in two different ways according to the
capacities of the receivers. Commercially mono-frequency receivers (L;) use positioning
by measuring the code; the more sophisticated receivers, more expensive as the bi- or
tri-frequencies use the measurement of the phase much more accurate to position.

57



I1.1. What is GNSS

I1.1.6.1 Code measurement

The basic principle of positioning by code measurement is the observation of the distances
between the satellites and the receiver of unknown position which may be on the ground,
on a ship or on an aircraft (Bernhard Hofmann-Wellenhof, 2001). The position of the
satellites is determined roughly by the control segment (ephemerides and almanacs).
The precise orbits are recalculated by the International GNSS Service (IGS) after the
passage of the satellites. The distance measurement between the receiver and a satellite
is represented by a wave front situated at a distance d from the satellite. This wave front
is materialized in space by a sphere whose center is the satellite j and on which is located
the receiver i theoretically, three satellites are therefore necessary to obtain the point
of intersection of the three spheres (in fact two points exist but one of them is not on
Earth). To obtain the distance Df separating the receiver 7 and a satellite j, which must
be visible, we multiply the wave propagation time At{ by the wave propagation velocity
¢ (velocity of light). Thus, we get:

D} = cAt] (IL.9)

While in theory it is simple to measure, it does raise certain issues: How can the propa-
gation delay be measured? Which satellite is sending the signal? This is why the GPS
receivers have a satellite tracking function which identifies the satellite by the PRN code
(by reading the C/A code on the L;) from the transmitting satellite and then gener-
ates the replica of the identified the GPS satellite and delays that replica until it is
aligned/correlated with the satellite signal, this alignment delay then corresponds to the
propagation time Atg with the synchronization error, which is actually why we speak
it actually of measuring “pseudo-distance'. Indeed, in practice, all the time are in ab-
solute GPS time corresponding to January 6, 1980 at 00h UTC. Therefore, for proper

positioning, it is necessary to calculate this satellite / receiver offset:
At = tp —th (I1.10)

where:

e tp; = tr+0t; is the arrival time of the wave at receiver 7 in receiver time and which
depends on the absolute arrival time ¢tz and the clock offset of the receiver with
respect to the absolute time 6t;;

e ). = tp+ 0t is the time of transmission by the satellite j in satellite time which
depends on the absolute transmission time ¢z and the satellite clock offset relative
to the absolute time §t.
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The equation II1.10 expressed in absolute time is written:
At] =tp —tg + (68 — dt;) (I1.11)
The measurement of the pseudo-distance (PSD), derived from equation I1.9, is therefore:
PSD] = c(tp — tg) + (6t — 6t;) = pl + c(tr — tg) (I1.12)

with ,0{ is the geometric distance between satellite j and receiver i.

We can see that there are four unknowns in the equation I1.12. The first unknown is
the time tg; and then we look at the coordinates (X, Y and Z). It should be noted that
with three satellites a positioning is possible in 2D simply: ¢, X, Y. This relation underlies
a propagation in the vacuum of the wave. This is no longer true when it comes into the
atmosphere. In order to achieve geodetic accuracy, other corrections should also be taken
into account. For example, the apparent extension of the satellite receiver distance due
to the troposphere crossing (6;0p0) should be corrected and the perturbation of signal
due to the dispersion nature of the ionosphere (ionospheric delay d;.,,, depending on the
frequency f of the signal). It is also necessary to take into account an ¢ term containing all
the other factors that can disturb the signal (relativistic effect, multiple reflections of the
electromagnetic signal before reception, etc.). The measurement of the pseudo-distance
will therefore become:

PSDi = Pz + C(tR - tE) + 5tropo + 5iono + £ (1113)

All these errors mean that the precision of the pseudo-distance measurement is metric.
If one wants to obtain a centimeter precision, the commercial receivers should have an
estimate of the time to 1071 and therefore a precise clock at least 107! s which would
greatly increase the cost. When it is desired to make precise measurements, it is preferable
to measure the phase which corresponds to the number of cycles carried out by the
carrier since its emission. So, the positioning by measuring code that is typically used
for navigation systems in vehicles or on mobile phones. It has unfortunately very limited
precision (a few meters, even a few tens of meters). The performances of this type of
measurements are generally optimized by downstream application of a Kalman filter.
This filter assumes a correlation between the successive measurements and conditions
the calculated position. This geographical conditioning is also based on the existing and
known road network.

I1.1.6.2 The measurement of the phase

Here again, we go through a satellite identification phase. The modulation (code and
navigation message) is removed from the main frequency of the considered carrier. The
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phase of the signal at time t is compared with a copy/replica generated by the receiver,
which can generate a replica of modulation codes of any satellite. The phase shift between
the carrier and its replica is measured, meaning that we measure the cycle fraction that
represents the offset between the two, rather than the total number of cycles that the
carrier has achieved from its issuance from the satellite until it reaches the receiver.

The phase at time t is defined as:
o(t) = Ap(t) +n(t) + N (I1.14)

Ap(t) is the decimal fraction of the phase (phase shift), n(t) is the integer number of
cycles elapsed since the first correlation/measurement counted by the receiver’s cycle
counter and N is the integer ambiguity (satellite-receiver distance divided by the signal
wavelength and from which we extract the integer part) that corresponds to the integer
number of cycles from the satellite to the receiver. It is therefore understandable that
observing distance between the receiver and the satellite is ambiguous of what is called
integer ambiguity N. To get distance p{ [I1.15] that separates the satellite j from receiver
1 will require subtracting the integer ambiguity Nf, the clock biases of satellite d;; and
receiver 0, tropospheric d¢.opo and ionospheric d;on0(f) effects from the phase shift Agzﬁ{ )
For this phase difference in meters and not in cycles, we will have to multiply the result
by the wavelength A:

Al = pl + c(8t; — 04i) + Giono(f) + Gtropo + € (IL.15)

Once is has been determined, the integer ambiguity Nij remains constant for satellite
J throughout the continuous observation of ¢. This is what is called phase tracking. A
simple cycle counter will show the number of cycles n(t) since the first measurement. As
a result, we do not create a new integer ambiguity at each observation, but the initial
value is simply incremented. However, it may be that we lose the signal because of a
receiver malfunction or under the effect of ionospheric scintillation, or even because of
the presence of a mask (tree, wall) between the satellite and receiver: this is called a cycle
slip. In this case, a new integer ambiguity must be determined (Duquenne et al., 2005).

The problem lies on determining the integer ambiguity. To solve this problem, one
can use a second receiver with known coordinates (the base), this is called the Differential
GPS or DGPS (Fig. I1.7). A relative position is thus acquired by measuring the vector
between the unknown coordinates of the receiver and the base. To get this relative
position, we use a technique known as double differences phase measurement [I1.16].
This is the combination of observations from two receivers that observe the same two
satellites:

wono

VAGLL = VAP, + ANTL + VAL (f) + VALY + VA, (I1.16)
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Figure 11.7 — The DGPS configuration needed for a double differences phase measurement.
Station k& with known coordinates is the base, and station L or Rover represents the receiver,
said to be “mobile”, for which we wish to know the coordinates. Transmitter satellite are
identified by their PRN: PRN; and PRN;. B is the baseline, that is to say the 3D vector
connecting the two stations, which is measuring using the DGPS method.

The simple difference (two receivers, one common satellite) is usually done in two

steps:

i. we consider that the integer ambiguities and coordinates of the receiver are unknown
and we solve the approximate position and non-integer values of integer ambiguities

by the least squares method. These solutions are said to be “floating”;

ii. we fix ambiguities, meaning that we seek the nearest integer value that is injected
into the linear system where we solve the new estimate of coordinates that is more
accurate by the least squares method.

This accuracy depends on the time measurement and the base B (distance between the
unknown receiver and the reference receiver: the “base”). It can be around a millimeter
when B is less than 5 km and can reach ~ 80 cm if B > 100 km.

I1.1.7 Augmentation systems

These systems based on corrections from ground stations to improve the positioning
accuracy in real time.

I1.1.7.1 Local Based Augmentation System

The DGPS system involves the installation of a baseline with known coordinates. This

real-time receiver performs measurements of the distance between the receiver and each of
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the GNSS satellites in visibility. The measured distances include many errors which dete-
riorate the positioning accuracy, but the base, which has the actual coordinates as well as
those of the satellites, can calculate the theoretical distance without error. The difference
between the known and measured range for each satellite is the range error. This error is
the amount that needs to be removed from each satellite distance measurement in order
to correct for errors present in the system. The correction can be done in post-processing
or in real time (link via GSM or Radio with the base). Positioning using corrections
generated by DGPS radio-beacons for example, will provide a decimeter to centimeter
horizontal accuracy with a 95% confidence depending on the quality of the GPS receiver
used. Under the same principle, more sophisticated, short-range DGPS systems (10 to 15
km) can achieve centimeter-level accuracy using carrier phase. In this case, we commonly
refer to such a system as "Real Time Kinematic' (RTK) instead of DGPS. These local
corrections systems (Fig. I1.8) are called the Local Based Augmentation System (LBAS).

Figure I1.8 — This is the predominant DGPS strategy used for a majority of real-time appli-
cations. The base station transmits the range error corrections to remote receivers in real-
time. The remote receiver corrects its satellite range measurements using these differential cor-
rections, yielding a much more accurate position (http://www.sxbluegps.com/technology/
sbas-made-easy/#spacebased).

I1.1.7.2 Space Based Augmentation Systems

Space Based Augmentation Systems (SBAS) incorporates a modular architecture, similar
to GPS, comprised of a Ground Segment, Space Segment, and User Segment:

e The Ground Segment includes reference stations, processing centers, a communica-
tion network, and Navigation Land Earth Stations (NELS);
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e The Space Segment includes geostationary satellites (For example, EGNOS uses
Inmarsat transponders);

e The user segment consists of the user equipment, such as a SXBlue IT GPS receiver

and antenna.

SBAS uses a state-based approach in their software architecture. This means that a
separate correction is made available for each error source rather than the sum effect of
errors on the user equipment’s range measurements. This more effectively manages the
issue of spatial decor-relation than some other techniques, resulting in a more consistent
system performance regardless of geographic location with respect to reference stations.
Specifically, SBAS calculates separate errors for the following:

e The ionospheric error
e GPS satellite timing errors
o GPS satellite orbit errors

a) WAAS system

The US Federal Aviation Administration has developed a Wide Area Augmentation
System (WAAS) for the purpose of providing accurate positioning to the aviation industry
(Fig. 11.9). In addition to providing a high quality and accurate service for this industry,
this service is available free of charge to all other civilian users and markets in Central
and North America. Land cover has been enhanced with monitoring stations in Canada
and Mexico in September 2007. This service falls into the greater category of SBAS.

The ground segment consists of 38 Wide-area Reference Stations (WRS) and 3 Wide-
area Master Stations (WMS), plus some stations in Mexico and Canada (I-WRS). Two
types of corrections are provided. Fast corrections are errors that may change rapidly:
instantaneous satellite positions, embedded clock errors. These corrections can be applied
by any receiver in the WAAS coverage. Slow corrections are ephemeris and clock bias
estimates, and errors related to ionospheric scintillation.

The spatial segment consists of two geostationary remote sensing satellites (Galaxy
and Anik F1R), which broadcast the Ground Uplink Stations’ (GUS) correction messages
to the user segment. These satellites broadcast similar messages to the GPS messages,
simulating additional GPS satellites (own PRNs).

The user segment consists of WAAS GPS receivers, which use the information pro-
vided by the GPS constellation to determine its position and the current time. They also
receive WAAS messages on the L; carrier.

b) EGNOS system

Other agencies have developed SBAS for their respective geographical areas. In Eu-
rope, the ESA, the European Commission and EUROCONTROL have jointly developed
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the European Geostationary Navigation Overlay Service (EGNOS). The EGNOS (Fig.
I1.9) is suitable for critical safety applications in air navigation and piloting of ships
through narrow channels. The system uses 40 ground stations, which capture the GPS
signals. Then they transmit these data to four European control centers, which refine the
precision. The enhanced data are then sent to the EGNOS user receivers, for example
airline pilots, via a constellation to three geostationary satellites. Furthermore, on June
28, 2007, the European Space Agency and the Agency for Security of Air Navigation in
Africa and Madagascar have signed a cooperation agreement with the objective of using
satellite navigation to improve air traffic safety over the African continent.

Japan has developed its own system by the Japan Civil Aviation Bureau (JCAB), the
Multi-Functional Satellite-based Augmentation System (MSAS). The MSAS was com-
missioned on 27 September 2007.

In India, the Indian Space Research Organization (ISRO) and the Indian Airports
Authority have set up the GPS Aided GEO Augmented Navigation System (GAGAN),
which has been operational since December 2014.

China has a similar program, the service is called Chinese Satellite Navigation Aug-
mentation System (SNAS) of which we have little information. Figure I1.9 shows all of

the existing augmentation systems and their geographic coverage.

Figure 11.9 — Geographical coverage of GNSS augmentation systems (modified from GENEQ
Inc. © Copyrigth, 2013).

I1.1.8 Perspective

The American GNSS constellations (GPS) and Russian (GLONASS) currently have over
fifty operational satellites that emit permanently exploitable signals, and can be picked
up anywhere in the world. When the Galileo and COMPASS/BeiDou constellations are
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completed, more than 100 positioning satellites will gravitate around the Earth, not to

mention the advent of other constellations.

TABLE I1.2 — Characteristics of operational or most advanced GNSS constellations. The arrow
indicates future developments. The set of GNSS frequency modulation codes is also presented:
Binary Phase Shift Keying (BPSK: the most classic); Binary Offset Carrier (BOC); Multiplexed
BOC (MBOC); Time Multiplexed BOC (TMBOC); Composite BOC (CBOC); Alternate BOC
(AltBOC); Quadrature Phase Shift Keying (QPSK). Done on July 20, 2015, this table may
therefore have evolved following the launches of the different satellites of the various constella-
tions.

I1.2 Reflection of GNSS signals

Natural elements (mountains, trees, etc.) and artificial (various constructions) on the
surface of the Earth may impede electromagnetic signals transmitted by the satellites
of different GNSS constellations. Depending on the nature of the obstacles encountered,
they will then be absorbed, attenuated, reflected or refracted (Andréani, 2001). In the lat-
ter two cases, the reflected signals will change propagating direction (thus being reflected
several times), creating well-known multipath. The signal thus takes longer to reach the
antenna and be noisy and mitigated. In classical cases of GNSS positioning, the delay
in the transmission time will result automatically by an error on the receiver-satellite
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distance and hence the position deduced from observations. So, in classical positioning,
multipaths are a source of error to remove.

GNSS reflectometry (or GNSS-R) offers an alternative vision: Reflected GNSS signals
contain crucial information on reflective backgrounds. By isolating and analyzing these
reflected signals, one can therefore trace back to the properties of the surroundings of
the receiver. This opportunistic application in remote sensing is becoming more promis-
ing since the GNSS constellations are constantly developing with the sustainability and
stability of the assured network.

This sector presents the process of reflection and analysis of electromagnetic waves in

order to extract the characteristics of the reflective backgrounds.

I1.2.1 Multipath

The multipath phenomenon occurs when the signal from the GNSS satellite arrives at
the receiver after following another path than the direct path. This is the case of at least
one reflection on a close surface (Figure I1.10). This phenomenon is particularly present
in urban areas, due to the presence of buildings. The reflected signals will then disrupt
the total signal received by the antenna and in particular modify the pseudo-distance
and phase measurements performed by the receiver. The perturbation associated with
the multiple paths is both correlated with time and with respect to the various satellite
signals. For this reason, we cannot associate this contribution with a simple white noise
(random), which distorts the algorithms commonly used in classical positioning (Sutour
et al., 2012).
Considering to the direct signal of amplitude A, and phase ¢4 in the form A, cos(py),
the reflected signal will be:
kA cos(pa + Ap,) (I1.17)

where:
« K: an attenuation factor (0 < x < 1);
o Ap,: the phase shift due to the elongation of the path (Duquenne et al., 2005).

Regarding the measurement of pseudo-distance based on the code, lengthening the
path can cause an error of up to 20m (depends on the distance between the antenna
and the point of reflection). In order to minimize the impact of the multipath, it is
understood that in geodetic positioning where precision is required, we have to minimize

the maximum influence of the multipath. This can be done in several solutions:

e First, the measurement site solutions, take care to choose a more isolated measure-
ment site possible, avoiding reflective surfaces too close.
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Figure I1.10 — Multipath phenomenon on GNSS signals. ¢;: angle of incidence. €,: angle of
reflection.

e Hardware solutions, it’s possible to equip antennas with an absorbing plane on the
lower hemisphere of the antenna to filter the signals picked up. This device equips
most geodetic antennas.

e Solutions in the processing of observations including the possibility of filtering the
waves received at the receiver to eliminate the waves of low incidence at the time of
treatment (Andréani, 2001). For example, the multipath will be less effects if the
acquisition time is long. In other words, the most sensitive techniques to multipath
are those based on rapid observations; the extreme case being when a position is
determined by time (kinematic) (Duquenne et al., 2005).

I1.2.2 Specular and diffuse reflection

Multipath are the GNSS signals arriving at the antenna after reflection on nearby surfaces.
Conceptually, it is possible to distinguish two contributions: the specular or coherent
component and the diffuse or non-coherent component (Cardellach, 2001), as illustrated
in figure 1I.11. The specular component comes from a reflection at a particular point
(called the specular point in the remainder of this manuscript). This is the point of the
reflective surface for which the reflected wave travels the shortest distance. This point
obeys the Snell-Descartes law of reflection which stipulates that the angle of reflection r
and the angle of incidence i are equal in absolute value. In other words (see § 11.2.2.1):
L=

The specular term is characterized by high orientation whereas the diffuse contribution
spreads the signal over a wide range of reflected signals. In a purely specular reflection,
it is possible to receive the signal only in one preferred direction, which is not the case
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Figure I1.11 — Specular and diffuse reflection.

for the diffuse component.

In practice, a reflected signal contains both a specular component and a diffuse com-
ponent, in proportions depending on the angle of incidence and the roughness of the
reflection surface.

11.2.2.1 Specular reflection

Specular reflection is generally described in geometrical optics, the electromagnetic prop-
agation being modelled as a simple ray. A radius arriving on a perfectly flat surface with
a certain angle of incidence generates another ray with an opposite azimuth and incidence
angle in the plane defined by the incident ray and the normal to the surface at the point
of incidence. Using this simple model, the specular point is the intersection of the two
rays (incident and reflected) on the surface.

It is also possible to model specular reflection with a more realistic model using wave
optics. Following the Huygens-Fresnel principles, each point of the incident wave front
acts as a potential source of a secondary spherical wave. The reflected signal will then
be the sum of all these secondary spherical waves and the major part of the energy will
come from source points located on a surface surrounding the specular point: all these
sources define the 2-D Specular zone or Fresnel surface.

Each point inside the Fresnel surface is at the origin of a signal whose phase shift is
less than a certain proportion of the wavelength of the incident signal. The first Fresnel
zone is thus defined as being the area on the reflection surface whose phase shift of the

signal is less than half the wavelength of the incident signal.

The first Fresnel surface can then be described as an ellipse centered on the specu-
lar point and whose half-small axis r, and half-major axis r, are equal to (Larson and
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Nievinski, 2013):

o = \/ sii?@) * <2sij1(9)>2 (IL.18)

"o = Gn(0) (11.19)

with:
o A the wavelength (m);
o h the height of the antenna (in m);

o 0 the elevation angle of the satellite.

11.2.2.2 Diffuse reflection

A flat reflection surface is a purely theoretical case. When the reflecting surface has a
non-zero roughness (real case), the reflection is no longer solely specular, but a diffuse
component appears.

Like specular reflection, diffuse reflection can also be modelled in two ways: simple
modelling in geometric optics, and a somewhat more complex modelling done in wave
optics. In geometric optics, the reflective surface is constituted by a concatenation of
small facets (scattering) of different size and orientation. Each of these facets acts as a
mirror for the incident ray. Under these conditions, a receiver R receives reflections of
each facet having an ideal orientation, namely an orientation such as the normal to the
facet to the point of impact S of the incident ray is the bisector of the incident ray and
the right (SR): See figure I1.12. It is therefore understandable that for a wave incident on
a surface modelled by facets, reflections no longer come only from the nominal specular
point, but from multiple specular points, provided that the facets are well oriented.

We then define the flickering surface or glistening zone which is the zone in which it
is possible to have well-oriented facets, respecting a defined probability threshold. More
roughness of the reflecting surface, more the probability of having oriented facets and the
nominal specular point, and consequently this area will be the glistening zone.

In an optical wave, the diffuse component reflected by the surface is equal to the
sum of the spherical wave re-emitted by each point of the surface. A diffusion beam is
thus defined. The signal received after a diffuse reflection can then be considered as the
cumulative multiple individual contributions, each introducing a different phase shift.

I1.2.2.3 Roughness of the reflective surface (The Rayleigh criterion)

As we have seen, if the surface of reflection were perfectly plane, there would be only
specular reflection: diffuse reflection is due to the roughness of the surface (Beckmann
and Spizzichino, 1987). The specular component dominates the signal when the reflecting
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Figure 11.12 — Glistening zone, decomposition of the reflective surface into multiple reflective
facets. (Adapted from Shuanggen Jin (2014)).

surface is sufficiently smooth. In this case, the reflection process can be modelled by
multiplying the incident wave by the Fresnel reflection coefficient and by an attenuation
factor that depends on the surface roughness. Conversely, the diffuse (or incoherent)
component dominates the signal when the reflective surface is sufficiently rough. When
the diffuse component dominates, the diffusion coefficient and the phase are different for
each facet. The total reflected power is the power of the sum of the electric fields coming
from each facet (Alonso-Arroyo et al., 2015). This total power is less than that obtained
when the coherent component dominates.

The Rayleigh criterion is generally used to distinguish a smooth surface from a rough

surface (Beckmann and Spizzichino, 1987). A surface is considered smooth if:

A
s = —————— I1.20
? 8sin(6) ( )
with:
o \: the wavelength of the signal;

o 0: the elevation angle of the satellite;

o Orms: the RMS (Root Mean Square) roughness, which is the mean of the geometric
deviation of the topographic surface from the mean line of the roughness.

This criterion is equivalent to the condition that the phase difference between each
facet is less than 7/2. It is possible to apply a more restrictive criterion by replacing
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the factor 8 in equation I1.20 by 16 or 32 (Beckmann and Spizzichino, 1987), which
respectively means that the maximum phase difference between each facet will be /4,
or /8. It is important to emphasize here that the roughness is therefore not a defined
quantity from the point of the diffraction view, since the same surface can be judged to
be very smooth at a given frequency and angle, and very rough for different frequency

and angle.

I1.3 GNSS Reflectometry (GNSS-R)

GNSS Reflectometry (GNSS-R) consist to recover the electromagnetic signals emitted
continuously by the GNSS satellites (GPS, GLONASS, BEIDOU and GALILEO) cur-
rently in orbit and then reflected on the Earth surface: oceans, continental waters (rivers,
lakes), and continental surfaces. The first application of using GNSS signals reflected off
the Earth’s surface for scatterometry purposes was proposed by Hall and Cordy (1988).
Years after, one of the pioneer of this new science, Martin-Neira, show its applicability to
estimate sea level (Martin-Neira, 1993). He used the correlation analysis of the phase de-
lay between the direct and reflected signal of the same satellite to determine the position
of the reflection point in time (geometric information) and to estimate parameters such
as sea level or level of Inland Water (Treuhaft et al., 2001; Rius et al., 2002; Helm et al.,
2007; Helm, 2008; Marchan-Hernandez et al., 2010). During the calibration phase of the
SIR-C radar experiment on-board the U.S. Space Shuttle results gives the first reflection
at steep incidence and were serendipitously discovered (Lowe et al., 2002b). With many
similitudes to classical method of RADAR remote sensing, the GNSS-R can be applied
to remote sensing of various types of natural covers, such as ocean, land, ice, snow, veg-
etation. The analysis of waveform gives access, meanwhile, to various parameters such
as soil moisture (Kebiao et al., 2008; Larson et al., 2008b), surface roughness (Germain
et al., 2004), the wind speed at the sea surface (Gleason et al., 2005), the thickness and
structure of the snow cover on the northern plains (Larson et al., 2009), and the polar
ice caps (Wiehl M. and R., 2003; Cardellach et al., 2012).

Although originally designed for navigation, GNSS has evolved using signal of oppor-
tunity in GNSS-R. GNSS-R can be used for a large variety of applications, and, par-
ticularly, for Earth remote sensing (Garrison J. L., 2014). The GNSSR remote sensing
techniques could be divide into two main families:

1. The first family used a GNSS Bistatic Multi-Beam Radar and will analyse directly
the GNSS waveform using specific receiver with two or more antennas. This tech-
nique is very promising due to is flexibility: it can be used for in-situ, aircraft and
satellite applications. This methodology can be associated to aircraft/RPAS to
develop mapping services for soil moisture and flooded area;
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2. The second one uses a classical GNSS receiver and only one antenna, so it is de-
signed as low-cost technique, it is also a promising technique but for in-situ and
low elevation fly (RPAS, Aircraft). However due to the large amount of GNSS
network existing worldwide it is possible to re-use some of these stations to make
environmental system monitoring (soil moisture, biomass, flooded area etc.). This
methodology can be used to validate aircraft and RPAS campaigns by appropriated

ground measurements.

This section presents the principle of GNSS reflectometry and details the main ap-
plications of this opportunistic remote sensing technique. It summarizes no-limited to
the main techniques and applications of GNSS-R in its two possible configurations: ac-
quisition dual antenna system, or single antenna. In this thesis manuscript, I will focus
mainly on the technique using a classical GNSS receiver with the single-antenna system
and the "SNR'" method which was the main object of my research (see § 11.3.4).

I1.3.1 GNSS-R Measurement Techniques

The first example of this type of measure was born in 1988 when Hall and Cordey pro-
posed the concept of "Multistatic Diffusiometer" to estimate surface winds using a spatial
radiometer measuring the signals of the GPS constellation reflected by the oceans (Hall
and Cordy, 1988). In 1992, the French military detected from an aircraft the GPS in-
terference caused by their reflections on the ocean surface (Auber et al., 1994). Since
then, many acquisition systems for GNSS-R have been developed. These receivers can
acquire GNSS waveforms (Fig. 11.13 and I1.14) and are quite different from conventional
GNSS systems because they require a specific receiver that is capable of collecting the
direct signal from satellite and the reflected signal from a reflective surface (rivers, lakes,
vegetation, soil, ect.). This is therefore a double antenna device (Fig. 11.15). Equation
I1.21 with correlation amplitude Y¢ between the received signal and the replica of the
carrier is given by the following expression:

Y<(to, 7, fa) = Tl :m Sp(t)a*(t — 7)e 72 Uetfa) gy (I1.21)
with ¢ is the time that marks the beginning of the integration, which is of duration 7.

For the acquisition, there are two main families of receivers that carry out the complete
acquisition of the waveform I and Q signals (§ I1.1.2). These receivers are said to be
“conventional” and “interferometric”.

Conventional waveform receptors or cGNSS-R (Fig. I1.13) seek to coherently corre-
late, throughout a tile interval T, (generally 1/f., 1lms or even up to 19ms), the reflected
signal Sg(t) with a replica a*(t — 7) of the code C/A generated locally by the receiver
with a time log7 and after Doppler frequency shift compensation f;. However, as the
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correlation amplitude Y has a low amplitude and suffers from significant noise known
as speckle, in order to reduce it, it’s essential to have incoherent average (1V;) to improve
the Y¢ signal:

1 N;
(Y A0 5 3 ¥ (t 7 £ (11.22)

The width of the auto-correlation function is particularly important for applications
in altimetry, which assumes that the overall noise is the sum of the thermal noise and
speckle, both being totally uncorrelated. These receivers require a high bandwidth to
achieve the root mean square (RMS) of Y¢ and to have a good range resolution. This
bandwidth is limited by the modulation required to code of the GNSS signal, and may be
insufficient for certain applications. To solve this problem, recent receivers (since 2010)

use the interferometric technique.  Interferometric waveform receiver’s iGNSS-R or

Figure I1.13 — Principle of the cGNSS-R. The receivers record the waveform of the direct and
reflected signals and correlate them with local replicas generated by the receivers.

PARIS (Fig. I1.14) are the receivers in which the reflected signal (recorded by the LHCP
antenna) is not correlated with a replica, but with the direct signal (recorded by the
RHCP antenna [I1.24]). We can retrieve the same equations for iGNSS-R if we replace
the replica a*(t) in the equation [I1.22, I1.23] with the direct signal Sy, we will have:

]_ to +Tc

T Sr(t)Sy* (t — 7)exp 2Vt gy (I1.23)

Y (to, T, fd)
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Figure I1.14 — Principle of the iGNSS-R.. The receiver records the reflected signal and correlates
it with the direct signal recorded by the receiver. D and R mean direct and reflected paths.

N;
(Y, fa)) % < 3 ¥ (b, f) (11.24)

? n=1

The comparison of the two technologies is not so simple and each one has its advantages

Figure I1.15 — Geometry of an acquisition system in waveform. The geometry reflects the over-
path caused by the reflected path (R) relative to the direct path (D), but also takes into account
the phase shifts of the two-acquisition antenna center (Roussel et al., 2014).

and its defaults. From the perspective of the installation geometry of cGNSS-R or iGNSS-
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R waveform receivers, it is identical and require two opposite polarization antennas: the
RHCP for the direct signal from the antenna to the zenith and the LHCP for reflected
signal from the antenna looking at the nadir (Fig. II1.15), some experiment used also a
horizontal and vertical polarizations for the antenna (Rodriguez-Alvarez et al., 2009).

For cGNSS-R, the code replica is generated locally, which provides the following pros

and cons:

Advantages

Downsides

o It allows one to separate signals
from different satellites by their spe-
cific code.

e Available public C/A codes for al-
timetry is not feasible due to their
limited bandwidth which leads to
a limited range resolution. But it
could be promising in the future,
when precise public codes will be
widely available (Galileo E; GPS
L5). These precise codes would be
needed at two frequencies for iono-
spheric corrections if not cGNSS-R
will have limited performance for al-

timetric applications.

e It inherently has an infinite SNR.

o The delay and Doppler frequency
dynamics for these codes are larger,
and these values must be adjusted

more frequently for proper operation
(Park et al., 2014).

o Small size of antennas can be em-

ployed to track the reflected signals.

o The waveform is less detailed than
those of the iGNSS receiver, and you
have, in many case, more difficulties
to identify the maximum pic which
corresponds to the specular point
(Fig. 11.16).

This approach is the one used in all the GNSS-R experiments until 2010, and most of
the campaigns between 2010 and 2013. It is also the receiver signal-processing approach

to be implemented at the NASA recently approved CYGNSS Mission.

For iGNSS-R, the pros and cons are as follow:
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Advantages

Downsides

e No need to know the code, since
the direct signal itself is used in-
stead.
signals of opportunity like satellite

It allows to use also other

radio, satellite television, or any
other sources with larger transmit-

ted power, larger bandwidth, and

e The main drawbacks are the very
large antenna size (directivity) re-
quired for the up-looking antenna,
which leads to the use of beam-
steering techniques, and/or multi-
beam antennas

Voronovich, 2000).

(Zavorotny and

better SNR, leading to potentially

improved range resolution.

o The differential processing pro-
duced in the cross-correlation leads
to slower delay and Doppler fre-
quency dynamics (Park et al., 2014),

which are, it seems, easier to track.

Figure I1.16 — Normalized wave forms from measured data acquired over the Baltic Sea at ~3km
altitude using two receivers simultaneously. (Left) data from a cGNSS-R receiver working with
C/A code (GOLD-RTR), and (right) data from a iGNSS-R receiver for a satellite transmitting
C/A+P(Y)+M codes (PIR/A). Coherent integration time of 1ms and incoherent integration
time of T;,=10s have been used in these examples. Here, the zero delay is set at the peak power,
and the delay axis 7 is given in units of length (in meters). From (Cardellach et al., 2011).

ESA consortium have designed and manufactured the only existing iGNSS-R receiver,
and three experimental campaigns have been conducted, a ground-based and two air-
borne experiments. This technique is the one suggested for the ESA PARIS In Orbit
Demonstrator mission (PARIS- IOD) (Martin-Neira et al., 2011), this technique provides
altimetric estimates of at least twice precision than the cGNSS- R approach.

To overcome these limitations, newer approaches have been proposed:
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TABLE I1.3 — List of GNSS-R hardware or software solutions existed currently and future,
modified from table of Cardellach et al. (2015).
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Figure I1.17 — In-situ measurement scheme by the IPT method; a) geometry of the reflected
multipath, position of the specular point that corresponds to the center of the first Fresnel
surface (in blue); b) representation of the different polarizations recorded by an antenna "classic".

I1.3.2 Opportunity of the signal reflectometry
I1.3.2.1 Geometry of multi-static systems

There are therefore two types of geometry for multi-static systems, those dual anten-
nas with specific receptors capable of acquiring the waveforms (cGNSS iGNSS-R or-R)
and those single antennas using standard receivers and antennas omnidirectional able to
acquire direct and reflected waves:

> Dual antenna device: to acquire the direct signal, use an antenna oriented at the
zenith (towards the sky) and whose polarization is RHCP. For the signal reflected
due to the change of sign related to the reflection, an LHCP antenna oriented
towards the reflection surface will be used. The difference of path between the
direct signal and the reflected signal can be found by simple geometric construction
(Fig. 11.17).

> Standard antenna device: in geometry with a standard antenna (Fig. II.17b, §
[1.3.4.1), the single antenna combines direct and indirect signals, producing con-
structive and destructive interference oscillations that are observable in the signal-
to-noise ratio (SNR). The SNR data have a quasi-sinusoidal pattern whose dom-
inant modulation frequency is proportional to the antenna height with respect to
the reflective surface (Larson et al., 2009).
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I1.3.3 Observable obtained from airborne platforms
I1.3.3.1 Delay-Doppler Map (DDM)

Figure I1.18 shows the reflected waveform profiles for different surface conditions (§ I1.3.1).
There is a significant decrease in reflected signal power, which is accompanied by a strong
asymmetry of the waveform with increasing surface roughness because the individual
contributions are low and for some are very far from the specular point.

Figure I1.18 — Waveform depending on the type of the scatter applied to a perfectly flat land
surface (lake) and more or less rough ocean. For each profile, the blue curve shows the total
waveform and the black curves show the individual reflections near the specular points, which
are involved in the construction of the waveform. On the maps, the path in blue corresponds
on the path of the specular point Pi.

The shifts observed (Fig. I1.18a and II.18b compared with II.18c) between reflected
and direct signals are linked to the extension of the path of reflected signal, which passes
through the reflective surface before reaching the receiver. The map that shows power
versus delay and the Doppler is the DDM and it is the fundamental reflectometry ob-
servable. It reflects contributions of different pairs of delay and Doppler frequency (7, f)
from different cells of the observed surfaces. These cells are the intersections of iso-Delay
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and iso-Doppler at any point on the surface, with a delay size determined by the satellite
PRN code and the Doppler coherent integration time. The Map coordinates are relative
to the specular point, which shows the delay and the Doppler as zero, and is therefore
the point of origin of the DDM. The coordinates also pose the problem of ambiguity
embodied.

By measuring this delay, the height [I1.25] of the receiver can be estimated relative
to the surface, and thus information related to the altimetry surface can be derived.
For example, for a receiver installed in-situ on a mast, with the approximation of a flat

surface, the convention equation of GNSS-R altimetry is written as:
ct; = 2hsin (6;) + SB (I1.25)

Where 7; is the measured delay between the direct and reflected waveform for satellite ¢,
for a satellite elevation 6; and h is the receiver height relative to the surface. SB is the
system bias linked to the path difference between direct and reflected and which must
also be considered.

For airborne or space receivers, the above equation cannot be used because of the
non-applicability of the flat surface approximation and other disruptive effects on the
delay that are linked to the troposphere and ionosphere.

The additional length of the reflected signal path can also be ascertained through
the phase difference between direct and reflected electromagnetic fields, which can be
measured through the complex cross-correlation waveform. This phase difference provides
an estimation for surface altimetry, with increased accuracy that is theoretically around
a centimeter. Finally, the waveform’s downwards slope can be used to get information

on the surface roughness.

I1.3.3.2 The bi-static scattering coefficient

The bi-static scattering coefficient is particularly well analyzed for applications on ocean
surfaces (roughness, surface wind) but here, we especially focus on land surfaces (soil
moisture, plant cover biomass, etc.). To do this, we specifically look at the transmitter
and receiver polarizations, the GNSS signal transmitted by the satellites is in RHCP
polarization (Right Hand Circularly Polarized). Following its reflection on the earth’s
surface, the electromagnetic wave generally undergoes a reversal of the polarization sign
and thus the majority of the scattered power passes in LHCP (Left Hand Circularly Po-
larized) polarization. However, the combined effects of the roughness, and geophysical
parameters of the surface, means that the signal from the right polarization may be sig-
nificant and thus be used for the determination of geophysical parameters of the surface.
We thus obtain a more complex response which is dependent on the RHCP component
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called co-polar 7y, and LHCP component called cross-polar ,:

R (11.26)

These components are based on vertical reflection coefficients 7, and 7, horizontally that
are dependent on parameters of the reflecting surface:

sin(0) — \/e — cos2(6) __esin(@ e — co’(0) (I1.27)
) esing ( |

) — ( ) — )
sin(f) + (/e — cos?(0 esin(f) 4 (/e — cos?(6)

where € = ¢, —j(0/(wep)) is the complex dielectric constant, ¢, is the relative permittivity,

Th —

o is the electrical conductivity of the reflection surface and g is the permittivity of the
vacuum. Figure I1.19 gives some example of variation of reflection coefficients 7, and

7, (Fig. 1I1.19a) and the corresponding co-polar 7y and cross-polar 7, coupled reflection
coefficients (Fig. I1.19b).

I1.3.3.3 The reflectivity of the surface

The reflectivity of the surface [II.28] can be quantified by the ratio between direct and
reflected waveforms in the case of signals not affected by thermal noise. For this purpose,
it is considered that the frequency f is aligned with the Doppler shift of the direct signal,
and applying the change of variable: 77 = 7 — Ry, with Ry is the direct path. The
reflectivity of the surface is described by the equation:

Y;“,Q(ATv f) |2

I =|<
b = | Ya,(0, f)

(11.28)
with < > is the operator of the mean, A7 is the time between the direct and reflected
paths; Yy, corresponds to the correlation function of the direct incident polarization
signal p, and Y, , that of the reflected polarization signal q.

11.3.3.4 Interferometric complex field

Another observable, known as interferometric complex field (ICF), is defined by the tem-
poral series of the maximal ratio of the reflected waveform to those of the direct waveform:
Yo, A7, f) — R(@E) _ m(t) _iort)—en(a))

ICF() = S = 5 = ) (I1.29)

R(t) and D(t) are respectively the time series of the reflected and direct waveforms, with
their associated amplitudes and phasesr(t), d(t) and ¢, (), ¢.(d).
With the ICF, the majority of common propagation effects for the direct and reflected
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path can be eliminated in the condition of the antenna is close enough to the reflective
surface. These are the ionospheric, tropospheric effects, the error of the receiver clock and
the antenna radiation pattern only if the antennas for the direct and reflected signal are
identical. This indicator contains information on the surface roughness and its dielectric
properties. It also gives very good results to characterize soil moisture (Egido (2013)).

I1.3.4 Interference Pattern Technical — Reflectometer with single an-

tenna

This technique, known as the Interferometric Diagram (IPT), uses a single dual polar-
ization antenna, one RHCP for the high-gain direct path, the other LHCP with a lower
gain to measure the reflected signals (Fig. 11.20). The direct and reflected signals are
combined to obtain the visible interference pattern on the total SNR (SNRy, Fig. 11.21)
resulting from the addition of direct SNR (SNRy) and reflected SNR (SNR,). This in-
formation is related to different geophysical parameters such as the moisture from the
ground surface or the moisture from the vegetation cover if the plant density is too high.
It is also possible to obtain information on the electrical conductivity o, the relative
permittivity €,, or the surface altimetry h.

11.3.4.1 Polarimetric measurements

In-depth knowledge of the characteristics of antenna radiation is essential. This is par-
ticularly the case for polarimetric systems, since small variations in the characteristics of
the antenna could have significant impacts on the final measurement. Different aspects
should be considered: the radiation pattern of antennas, polarization shift, isolation of
cross-correlations and orientation of the antenna.

In general, the polarization of the incident wave does not coincide with the polarization
plane of the receiving antenna, because of the fact that the plane of the antenna is
typically not orthogonal to the direction of propagation of the electromagnetic wave. For
linear polarizations, the orientation of the antenna and the incident field should be taken
into account. The incident electric field is written as follows:

—

B, = poE; (I11.30)

Where, p,, is the unit vector of the wave polarization. The polarization of the receiving
antenna is described by:

E, = poE, (I1.31)
po and E, is the antenna polarization vector. For circular polarized antennas (the case
for standard GNSS antennas), there is a loss of polarization that depends on the angle

of incidence and the receiver wave. This is the polarization shift or the polarization loss
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factor (PLF [I1.32]). The PLF is written as the product of two squared polarization
vectors:
PLF = |upf? (11.32)

Another key parameter for the performance of polarimetric measurement is the inter-
polarization isolation of the receiving antenna: the lower the leakage between the two
polarizations, the better the measurement.

The portion of power received by the orthogonal polarization relative to the antenna
polarization is called the cross-polarization isolation. The direction of the antenna, the
opening of its lobe, the model that simulates the diagram or measurement of the antenna
pattern are essential to establish the adjustments necessary to restore the relationship
between the GNSS-R observations and geophysical parameters.

In the case of a single antenna, the linear coefficients of horizontal and vertical reflec-
tion [I1.27] add up to give the coupled polarization. The coupled polarization from the
reflective surface is elliptical in shape when the vertical component is different from the
horizontal one. It is circular when they are equal and linear when the vertical component
is zero. The nature of the final polarization is determined by the relationship between
the linear component of the reflection surface, the incidence angle of the satellite and the
antenna gain pattern (Fig. 11.19). This information is valuable for calculating the total
SNR (SNRy, [I1.33]) as measured by the center of the antenna phase. At every moment,
SNR; is the sum of the SNR from the direct signal SNRq and that of the reflected signal
SNR,:

SNR; = A5 + A2 + 2A4A, cos(AD) (I1.33)

Where A, and A, are the amplitudes of reflected and direct signals and A® is the phase
difference between the two signals. As the direct signal is the signal that is most amplified
by the antenna gain, one can assume that A; > A,. Then we get a simplified formulation
of SNR;:

SNR? ~ A%+ 2A,A, cos(AD) (11.34)

SNR; is dominated by a high amplitude and low frequency signal, which is mainly
driven by the direct signal. The reflected signal SNR, changes the SNR; by producing
high and medium frequencies for medium to low satellite elevations, which is where SNRy
disturbances are most sensitive and visible (Fig. I1.21, green ellipse).

In order to analyze the reflected component (Fig. 11.21, SNR,,,), we must first remove
the contribution of the SNR4q in the SNR; curve. We can remove the direct signal effect
by modelling the antenna gain pattern. However, this method requires knowledge of the
antenna gain patterns of the receiver and the transmitter satellite.

Since this information is difficult to obtain, for patent reasons, Larson et al. (2008b)
suggested using a second order polynomial for the SNRy which is then subtracted from
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Figure I1.19 — A representation for different grounds and based on the satellite elevation angle,
(a) amplitude of the reflection coefficient for the horizontal (H) and vertical (V) components,
and (b) the amplitude of the coupled reflection coefficients of the co-polar component (RHCP)
and the cross-component (LHCP).For a frequency of ~ 1.5GHz: The relative permittivity &,
and the conductivity o chosen for different grounds are: natural ground consisting of a mixture
clay, limestone and sand (g, = 15 s.u,0 = 2.1073S/m), Dry Ground (&, = 4,0 = 1.107%S/m),
Wet Ground (g, = 30,0 = 2.10725/m), Fresh Water (¢, = 80,0 = 2.1073S/m), Sea Water
(e, = 70,0 = 4.1072S/m).
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Figure I1.20 — Diagram 2D of the Leica AR10 antenna. In pink (solid line) are the direct signal
gains after antenna amplification (overestimated manufacturer’s data); in green (dotted line),
those of the reflected signal. This antenna has the advantage of providing good measurements
in conventional GNSS and GNSS-R.
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Figure I1.21 — A representation of the different normalized powers of SNR for PNR12 satellite in
the GPS constellation versus time (s): SNRy (blue) is measured by the receiver, SNRq (green)
is modeled by a polynomial of degree 2 (Larson et al. (2008b)) and SNR; (red) is obtained by
subtracting the previous two. For low satellite elevations (green ellipse), the SNR, has medium
to high frequencies, but for which the amplitude is greater than the noise (speckle thermal noise);
for satellites with high elevations (red ellipse), the SNR, disappears in the noise measurement.
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the SNR; data to thereby isolate the SNR, variations. Since this method gives results
comparable to the modelling of the real signal, it will be preferred to obtain the SNR,. As
this latter method yields to better results than the modelling one, many studies among
others have adopted the second one and removed a second-order polynomial function
to their SNR time series, have presented a complete modelling, from the satellite to the
antenna, of the SNR for altimetry but it is, for the time, not useful for in-situ applications

Nevertheless, modelling integrating satellite and receptor parameters offers promising
prospects for solving the inverse problem that leads to the resolution of the geophysical
parameters associated with the reflected surface (Frappart et al. (2015)).

I1.3.4.2 The interferometric metrics of the IPT technique

> Fffective antenna height above the reflecting surface

According to Bishop et al. (1985); Georgiadou and Kleusberg (1988), and assuming
a planar reflector, the phase difference between the direct and reflected signals can be
derived geometrically from the path delay ¢ of the reflected signal [I1.35]:

A=—§=—rsin(h) (I1.35)

where 6 the elevation of the satellite (rad), h the height (m) of the antenna phase center
with respect to the reflection surface S (for examples: surface of an ocean, lake, and
landslide). From [I1.35], we can derive the frequency oscillations of the SNR, with respect
to time:

P
a0

where § = df/dt is the elevation velocity of the satellite in rad.s®, h = dh/dt is the
1

(hcos(0)0 + hsin()) (I1.36)

vertical velocity of the antenna height in m.s™'. Variation of A maybe important when
looking at ocean or inland waters (waves, height of the water line for river). Equation
[I1.36] can be simplified by making a variable change x = sin(#). We thus obtain f, the

frequency of the multipath oscillations with respect to the sinus of the satellite elevation:

_dy 4Amh htan(9)

f= = gt (11.37)

For ground application, soil moisture content has an influence on the penetration
depth of the GNSS waves into the ground (Georgiadou and Kleusberg, 1988), hence
slight variations with time of the effective height h of the antenna above the reflecting
surface. Variations of h with time, retrieved from the measurement of f(t), are thus an
indicator of soil moisture variation. Equation [I1.37] shows that, if h is approximated to
zero, the frequency of the multipath oscillation is constant and directly proportional to
the antenna height h above the reflecting surface. Unluckily, if % is not neglected, the
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Figure 11.22 — Multipath geometry of the reflected signal for a conventional GNSS receiver
with its omnidirectional antenna and the equation of the phase difference 1 between direct and
reflected signals.
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frequency also depends on the satellite elevation €, the satellite elevation velocity 0, and
the variations of the effective antenna height over time A. The two former terms are
known but not h. That is why many studies neglect the term h% while estimating
the time series h(t).

> Amplitude and phase of the reflected signal

For a given height h of the antenna above the reflecting surface, the SNR, is a periodic

function with a carrier phase given by can be formalized as:
4dmh
SNR, = A, COS(% sin(0) + ®,.) (11.38)

Where A, scales with the intensity of ground reflections, and ®,. is the phase. A, combines
the gain pattern and the reflected intensity, which, both, depend on the satellite elevation.

Field observations show that these responses in terms of phase and amplitude are
strongly correlated with soil moisture level. Furthermore, these observations show that
the effects of humidity are more sensitive to the phase ®, than to amplitude A,, as
demonstrated by Larson et al. (2008b) and Roussel et al. (2016). A,, ®, and h which
are derived from f, are thus three metrics which can be inverted to retrieve soil moisture
content.

> Retrieving interferometric metrics

This section presents simple methods to recover, over time, the three SNR, metrics:
o effective antenna height h;

o amplitude A,;

e phase P,.

The time series that can be analyzed by IPT are assumed to be dependent on soil
moisture variations and satellite elevation 6. As shown in figure I1.21, for high elevations
[30°,70°], the SNR, has low amplitude variations. Moreover, beyond (6 > 70°), SNR, is
buried in noise. Conversely, for low elevations [2°,30°], the RHCP component becomes
dominant and the SNR, has higher amplitudes, which is why we generally define two
classes of elevation that are studied independently. The elevation and azimuth, at any
instant, are derived from the satellite coordinates obtained from the IGS ephemeris final
SP3 products which provide GNSS orbits with a centimetric precision and clock offset
data with a temporal resolution of 15 minutes for the past epochs. In France, the IGN
(National Geographical Institute) provides IGS products (ftp://igs.ensg.ign.fr/pub/
igs/products/) just like the VLS/CNES (Collect Localization Satellites, a subsidiary of
the French space research center CNES).

The oscillation frequency of the multipath is defined by the equation [I1.36]. Two
cases have been developed according to the objectives of the analysis by chosen IPT:
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« the static case is typically used from soil moisture measurement;

o the dynamic case that deals with elevation changes and is therefore more suitable

for measuring continental and/or ocean water levels.

a) Static case

The slight variations of soil moisture during the considered portion of the satellite pass
(i.e., satellite elevation ranging either between [2°, 30°] or [30°, 70°]) are neglected, and h
(and so f) is thus assumed to be constant during this time period and A = dh/dt tends
towards zero . Larger time-scale soil moisture fluctuations are estimated by comparing
the antenna height retrieved from a portion of the satellite passage with its counterpart
of the following passes. During the considered time period, the height of the antenna

above the reflecting surface is defined as:

~ M

e

h (11.39)

where the frequency oscillations f of the SNR, is determined using a Lomb Scargle Peri-
odogram LSP (Lomb, 1976; Scargle, 1982) and A is the considered wavelength for GNSS
frequency band.

b) Dynamic case

In the dynamic case, A is supposed high enough to be taken into account during the
considered portion of satellite pass. h (and so f) is thus likely to change during this time
period. That is why a windowing of this portion is mandatory to correctly estimate the
variations of f over this time period. In this case, Roussel et al. (2015b) developed the
method LSM which provides a single time series h(t) combining all satellites. Neverthe-
less, the temporal resolution of the static consideration is limited by the repeat-ability of
the GNSS constellations (i.e.), a maximum of four estimations, one during the descending
phase, one during the ascending phase with twice passes per day per satellite for the GPS
constellation, whereas the dynamic case provides a far better temporal resolution (details
of this case will be present in chapter I1I;section § IV.2.1).
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I1.3.5 Platforms and constraints

One of the undeniable advantages of the GNSS-R technique in remote sensing is that it can
be used at different spatial scales depending on the vector on which the antenna /receiver
pair is installed. This ranges from the square meter scale for ground-based systems to the
average scale of a few hectares for drones (less than a few hundred meters) to a few tens
of square kilometers for aircraft (h < 4 km), or even higher to cover much larger areas
of several hundred square kilometers when the vector is an airliner (h from 4 to 8 km)
or a satellite (LEO: h ~ 450 — 2000 km to MEO: h ~ 8000 — 20000 km). Historically,
it’s the mobile vectors, mostly aircraft, which were first used (Auber et al., 1994; Martin-
Neira, 1993; Garrison and Katzberg, 2000). Since then, with the explosion of the GNSS-R
potential, many other vehicles have been used and will be presented under three main
families:

 fixed vectors suitable for in-situ measurements;
 airborne systems for fine mapping of environmental parameters;

« satellite systems that should ultimately allow global monitoring of the Earth’s sys-
tem, whether its atmosphere (ionosphere and troposphere), its hydrological com-
partment (oceans, continental waters, snow and ice) or its continental compartment
(Soil, biomass, superficial movements). For more information on the other domains
that are the oceans and atmosphere, the "tutorial" developed by Zavorotny et al.
(2014) will be a valuable source of information.

I1.3.5.1 Fixed / in-situ

Initially, in-situ measurement sites were largely oriented to the study of moisture by using
the IPT method (Larson et al., 2008b). Then a number of in-situ studies were started
using both the waveforms and the IPT measure:

o Snow depth (Larson et al., 2009; Ozeki and Heki, 2012);
« Growth of vegetation (Rodriguez-Alvarez et al., 2011b)

o Monitoring ocean tides from a terrestrial observation point by measuring waveforms
(Caparrini et al., 2007; Lofgren, 2014; Hobiger et al., 2014) or by measuring IPT
(Larson et al., 2013; Roussel et al., 2015b).

This resulted in the development of simulators (Fig. 11.23, the green lines correspond
to the direct path and the red lines represent the reflected path of the GNSS signals)
to better identify sites suitable for continental GNSS reflectometry. Indeed, contrary to
oceanic surfaces (Fig. 11.23a), in the continental area, the reflection points are dictated
by land topography and the masks it causes (in the yellow, blue dashed line, Fig. 11.23Db).
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Figure 11.23 — Example of in-situ simulation of associated reflection points and Fresnel surfaces.
(a) in a coastal environment (Cordouan lighthouse, France), (b) in a continental environment
(Lake Geneva, Switzerland) where the topography influences not only the position of the reflec-
tion points but also the existence of these points (Mask phenomena) (Modified from Roussel
et al. (2014)).

11.3.5.2 Airborne

This is certainly the most used carriers by scientists to test their hypothesis whether it is
from drones or "Remotely Piloted Aircraft Systems" (RPAS) as in the framework of the
MISTRALE project funded by the "European GNSS Agency" (Fig. 11.24), or balloons
(Figure 11.25) have, for manned balloons low flight altitude, the big advantage of having
slow speeds which contributes to the stability of the measurements.

Tests with fast balloons in the upper troposphere were also carried out in 1999 as part
of the MEBEX experiment, the balloon had a flight altitude of 37 km. The objective of
this experiment was to study the surface roughness of the sea in order to determine the
wind speed (Cardellach et al., 2003).

The receiver "P(Y') and C/A Reflectometer" (Pycaro) should be embarked on satellite,
it has also performed stratospheric balloon tests during the assignments of BEXUS 16
and 19 (funded by the German Aerospace Center - DLR and Swedish National Space
Board — SNSB). It acquired for the first time the constellations GPS, GLONASS, and
GALILEO in polarization LHCP and RHCP. Finally, planes in the widest sense (ULM,
Piper aztec, ATR42...) are one of the most used transport carriers and France, with
its fleet of SAFIRE aircraft, plays an important international role. Thus, an ATR-42 of
this platform was used to perform one of the first cGNSS-R missions using the GLORI
receiver (Motte et al., 2016).

I11.3.5.3 Satellite

As the Earth’s surface is 70% water, it is easy to understand that remote sensing ap-
plications are primarily interested in ocean altimetry, sea state and weather phenomena.
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Figure 11.24 — H2020 MISTRALE project to facilitate farming and monitoring of flooded areas
from an iGNSS-R on board a RPAS (www.mistrale.eu), first results of the Scamandre air
Campaign (South France) over a flooded pound, in red airplane trajectory, light blue to dark
blue power ratio between reflected and direct waves which corresponds to moisture changes.

Figure 11.25 — GNSS-R system on board of Zeppelin balloon, which carried out a measurement
campaign over Lake Constance (German: Bodensee). Modified from Semmling et al. (2013).
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TABLE I1.4 — Main European airborne campaigns carried out since 2005, in green iGNSS-
R receptors, orange ¢cGNSS-R receptors and yellow GNSS conventional receptors (modified
according to the website http://www.ice.csic.es/research/gold_rtr_mining).
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However, as these missions pass over continents, they will also improve techniques for
measuring moisture level and identifying the properties of ice, as well as other continen-
tal applications:

o TechDemoSat-1 (TDS 1): it follows the English UK-DMC experiment, which was
a big success. The SGR-ReSi receiver on board the TechDemoSat-1 satellite was
launched on July 8, 2014 (Foti et al., 2015; Unwin et al., 2016); it should be the
basic device of future CYGNSS missions (NASA) dedicated to monitoring cyclones
and others storms. It works on dual-frequency L; (C/A code) and Ly bands and
directly feeds the DDM. Its flights altitude is ~700 km, with a period of 93 mins.

o Cyclone Global Navigation Satellite System (CYGNSS): a constellation of 8 LEO
satellites in equatorial orbit, which was launched on Dec. 15, 2016, at 8:37 a.m.
EST into a low-inclination, low-Earth orbit over the tropics. CYGNSS also provide
DDM from the equatorial zone with a time interval of five hours. The purpose
of these missions is to study the tropical belt in the formation region of most
cyclones. It should look at the variations in wind speeds and surface states of
oceans in detail, and should also provide data for the global climate models of the
Earth. This constellation will also provide information on the continent to estimate

soil moisture.

o Cube CAT-2 (°CAT 2): this is a CubeSat or nano-satellite multi-constellations
GNSS, dual frequencies and dual polarizations based on the PYCARO receiver,
which uses a ¢cGNSS-R for the C/A code and a rGNSS-R for the P(Y) code. This
receiver has been tested on stratospheric flights (Bexus 17 and 19 flights). It should
focus on ocean altimetry, the characteristics of land surface and the cryosphere.

o Passive Reflectometry and Interferometry System In Orbit Demonstrator (PARIS-
IoD): PARIS-IoD is a means to carry out the ocean altimetry along large swaths
(Martin-Neira et al., 2011). In Phase A (2013), the receiver was tracking four
satellites for an expected altimetric accuracy of 15 cm. During the operational
phase, the receiver will be able to track 20 satellites for an expected accuracy of 5
cm.

o GNSS Reflectometry, Radio Occultation and Scatterometry on the International
Space Station (GEROS ISS): this ambitious project funded by ESA aims to be
introduced to the international station in 2019 (Fig. 11.26), the project is currently
in the feasibility study phase (phase A). The main objectives of the project are to
use the recorded signals to make GNSS-R, radio occultation, and scatterometry to

study the oceans, Earth’s atmosphere and continents.
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Figure 11.26 — Principle of the GEROS multi-constellation receiver onboard the International
Space Station (modified from Wickert et al. (2016)).

I1.4 Efficiency of GNSS-R

We present here a compilation of remote sensing applications of the GNSS-R technique,
some of their retrieval algorithms and performance. GNSS-R is a new science so most
of these applications have been developed in the last decade. Historically, GNSS-R ap-
plications starts with the ocean altimetry (sea-surface height) and the scatterometric
(sea winds and surface roughness) (Marchan-Hernandez et al. (2010) and Gleason et al.
(2005), respectively). One can find accounts of various GNSS-R Environmental applica-
tions in Komjathy et al. (2000a); Fabra et al. (2012); Germain et al. (2004); Elfouhaily
et al. (2002). Only the basic measurement principles are given to a complete review see
the tutorial developed by Garrison J. L. (2014). The section is first organized in four
sub-sections, each one devoted to a particular application:

e Ocean altimetry;

e Waves and wind;

e Cryosphere characterization;

e Soil moisture and/or biosphere characterization.
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One important parameter which determines the feasibility of these different applica-
tions is the elevation height of the antenna, so different receiving system like, satellite,
aircraft, RPAS or mast cannot have the same applications. Tables I1.5 and I1.5 gives you
a good idea of the different receiving system and the possible applications associated to
these platforms.

TABLE 1I1.5 — Application feasibility in function of receiving platform for "waveform" receiver
((Modified from (Darrozes et al., 2016)).
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TABLE II.6 — Application feasibility in function of receiving platform for "classical' GNSS
receiver for ITP method (Modified from (Darrozes et al., 2016)).

I1.5 Conclusions

We have seen that the GNSS-R, with the recent evolution of the different GNSS constel-
lations, is and will be one of the fundamental tools for the monitoring of environmental
phenomena. With the launch of TechDemoSat-1 it is the space segment that opens up to
reflectometry applications. Recently, with the launch of CYGNSS, CAT-2, and the intro-
duction of a receiver on the international station in future years, are expected to increase
the interest of scientists and professionals in the private sector such as storms, tsunamis,
the evolution of droughts, the monitoring of rivers, and ice sheets. These applications are
now accessible via industrial receivers developed by young startups who have seen the
potential of the GNSS-R technique and the many markets they can conquer.

There are still many methodology and technical leaps to be made:

» accuracy needs to be improved, recently studies have shown that by using the signal
phase, we could easily achieve altimetry precision to the centimeter (airborne tests
in France, Lestarquit et al. (2016)) and an accuracy of about 2-3% (Egido et al.,
2014) in terms of volumetric water is already available. Can we, as in conventional
GNSS, achieve superior quality information? This will include, as in conventional
GNSS, better resolution of integer ambiguities, through improved antennas and an
indispensable acquisition of all the constellations in dual-, or better, tri-frequency;

o the corollary of this increased flow of data acquired in real time is that it will fill
the bottleneck imposed by the transfer rate between the waveform acquisition sys-
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tem and storage systems on disks. Currently, these systems allow us, with great
difficulty, to track multiple satellites with multiple frequencies while retaining the
shapes of waves as completely as possible (here we mean GB/min). Another prob-
lem for satellite solutions is energy consumption: real-time systems used advanced
processors which are highly energy-consuming;

« finally, for satellite and unmanned platforms, the weight of the device and antennas

and their miniaturization are also fundamental points to be improved.
From this chapter we realized that:

1. GNSS-R is an opportunistic science that feeds off GNSS signal backscattered on the
surface of oceans and continents. There are two large families of instrumentation for
reflectometry: waveform acquisition (cGNSS-R and iGNSS-R) and SNR acquisition
(conventional GNSS receiver).

2. It is important to use the signal’s right (RHCP) and left (LHCP) polarization,
either by combining them (conventional receivers) or through RHCP and LHCP

acquisitions in separate channels.

3. Conventional receivers (cGNSS-R) use code replicas while interferometric receivers
(iGNSS-R) directly use the direct signal to enslave the reflected signal.

4. The DDM (Delay Doppler Map) is a representation of the signal strength at any
point in the Doppler Delay space and the maximum power point materializes the

specular reflection point.
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IT1.1. Introduction

I11.1 Introduction

Soil moisture measurements are very important observations for conducting climate stud-
ies, weather predictions, flood zone analyses, sustainable agriculture and aquifer recharge.
In a farming environment, a real-time analysis of soil moisture conditions would enable
the farmer to optimize the management of his plots (tillage, treatments, irrigation, etc.).
The different current measurement techniques e.g. InSAR satellite measurement, in-situ
probe, thermal imagery all have different characteristics in terms of spatial resolution
(i.e., the ability of a sensor to discern a detail, or, in other words, the smallest area rep-
resented by a measurement), resolution (i.e., the repeatability of the measurement) and
precision (i.e., the quality of the measurement performed). The optimization of one of
these three parameters is unfortunately often to the detriment of the other two.

Thus, the conventional moisture probes provide only punctual measurements (few
cm?®) and very heterogeneous, not representative of a whole plot. On the other hand,
the precision is rather good (for example, for Theta probes, the predicted accuracy is
2% soil moisture volume with soil-specific standards), and measurements can be made
continuously. With the advent of remote sensing techniques, soil moisture can be mea-
sured on a global scale, but this time to the detriment of temporal and spatial resolution.
For example, even with the SMOS mission: Soil Moisture and Ocean Salinity satellite
(Kerr et al., 2010), the repeatability is 3 days maximum at the equator and the side of a
surface element is on average 43 km, for active radar satellite like COSMO-SkyMed the
ground resolution is close to few meters (depending on acquisition mode) with a temporal
resolution of 12h to few days.

Alternatively, recent studies suggested to take advantage of opportunity signals like
the electromagnetic waves, continuously emitted by the Global Navigation Satellite Sys-
tem (GNSS) satellite constellations (GPS, GLONASS, Galileo, etc.), to retrieve different
geophysical parameters of the Earth surface, which presents an excellent compromise
between spatial, temporal and precision resolutions. This opportunistic remote sensing
technique, known as GNSS Reflectometry (GNSS-R), is based on the analysis of the GNSS
waves that are received by an antenna after reflection on the Earth’s surface so-called
multipath signals (Darrozes et al., 2016; Roussel et al., 2015a). Most of these applications
was applied for the studies of the soil with rich content of clay. For example, the using of
the single antenna SMIGOL reflectometer, Rodriguez-Alvarez et al. (2011a) announce an
accuracy of 2.0% - 3.2%. The spatial resolution is only a function of the antenna height
above the reflection surface (for a given satellite constellation over a defined time inter-
val). An area around the antenna from a few meters to several kilometers will be covered.
As for temporal resolution, it depends very much on the computational algorithm used
to estimate moisture variations, but it is usually several hours or even days (e.g., Larson
et al. (2008b); Chew et al. (2014)).

This technique has applied in many applications for retrieving soil moisture variations
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with very good results such as: An algorithm for soil moisture estimation using GPS-
interferometric reflectometry for bare and vegetated soil (Chew et al., 2016) and only for
low elevation angle 2° until 40°; Detection of Soil Moisture Variations Using GPS and
GLONASS SNR Data for Elevation Angles Ranging From 2° to 70° for agricultural plot
(Roussel et al., 2016) that increase the continuity of the obtained time series where I
start my first study; Use of reflected GNSS SNR data to retrieve either soil moisture or
vegetation height from a wheat crop (Zhang et al., 2017) where I develop a new algorithm
for vegetation growth. All these studies shown the good results for soil moisture retrieval,
but mostly was for the study case of the agriculture plot, bare or the grounds with rich
clay content.

In the US, PBO H20 network effectively implemented this SNR technique and daily
processes a set of permanent GNSS stations to provide soil moisture estimates (and also
vegetation or snowfall indices). This network (http://xenon.colorado.edu/portal)
is fully operational and is currently analyzing more than 133 stations dedicated to the

estimation of soil moisture (The GPS Reflections Research Group - Kristine M. Larson
and Eric E. Small).

In my dissertation, I am especially interested in this GNSS-R algorithm with the
incorporation of special unwrapping phase techniques to recover the surface soil moisture
of a sandy area or for vegetation growing. It is very important to study the water cycle in
general and to measure the soil moisture content of riverine areas (i.e. riversides, beaches,
desert or arid) in particular. Therefore, I have experimented with this new method for
volleyball ground experiments to test the feasibility of the method and to apply the sandy
soil moisture study.

This combined algorithms will be applied in natural case of Dahra (Kolda region,
Senegal) where one can find sandy soil associated with low vegetation cover. And it is

also the subject of my article:

“Unwrapping SNR phase method for soil moisture retrieval: experimental (Toulouse)
and study case of Dahra (Senegal)”, (Minh-Cuong Ha, José Darrozes, Manuela Grippa,
Eric Mougin, Guillaume Ramillien, Muriel Llubes, Frédéric Frappart, Grégory Dufréchou,
Phuong-Lan Vu, Frédéric Baup and Laurent Kergoat).

This zone shows very substantial differences compared to usual sites due to the in-
fluence of the West African Monsoon (WAS) climate (Fig. II1.2): the soil consists of
a high content of sand (>80%), variation in soil moisture has a significant impact on
precipitation dynamics, surface temperature, and groundwater supply. The area has two
main seasons, the rainy season (June-October) with few hundred millimeters and dry
season with high temperature (20°-45°) conducive to a strong evaporation. We demon-
strate that, in this case, L. wave penetrate deep into the ground during dry period and
strongly reduce the interest of GNSS-R moisture measurements. But, thankfully, using
phase unwrapping method, it is possible to retrieve a correct and efficient measurement
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IT1.2. Objective

of the soil moisture and obtain a very good temporal monitoring for a spatial resolution

directly correlated to the antenna height.

III.2 Objective

The objective is to demonstrate that previous GNSS-R algorithms based on a single
geodetic antenna/receiver and a method of the unwrapping phase to recover the surface
moisture in area where the observed surface height change i.e. i) on an area covered with
vegetation (vegetation growing change the height of reflecting surface) in Lamasquere
(near Toulouse city) or ii) on sandy soil (wave penetration depends on the soil moisture
and induce a change in height) in an experimental volley playground (University Paul
Sabatier, Toulouse) to validate the unwrapping technique and in a real complex case in
Dahra (Sénégal). Results obtained from the total of the different GNSS constellations will
be used for unwrapping, as well as combined into single time series, and comparing them
to independent soil moisture records made by Theta Probe Sensors used as validation.

III.3 GNSS R - SNR data for detecting soil moisture

IT1.3.1 Observation Sites

I11.3.1.1 The Lamasqueére experiment

This site is located in the south-west of France (43°29’14.45"N; 1°13’44.11"E), close to
the Toulouse city, where a Leica GR25 receiver and an AR10 antenna were installed in
a soya/wheat field with rich clay content (Fig. III.1).The study was published in the
Hydrology and Earth System Sciences Journal: "Use of reflected GNSS SNR data to
retrieve either soil moisture or vegetation height from a wheat crop” (Sibo Zhang, Nicolas
Roussel, Karen Boniface, Minh Cuong Ha, Frédéric Frappart, José Darrozes, Frédéric
Baup, and Jean-Christophe Calvet (2017)).

II1.3.1.2 Volley playground experiment

This simple experimental site was used to develop a specific algorithm for sandy soil
where the physics of wave penetration is quite different than areas with rich clay content
commonly used for GNSS-R. In this type of soil GNSS waves are strongly attenuate
and don’t penetrate in the ground. For clay soil, the retrieved moisture is superficial
(less than 5em of penetration depth). The experiment took place in the framework of
the MISTRALE project. The soil contains 100% of sand. It consists of small grains
ranging between 0.3 and 0.5 mm in diameter. To monitor soil moisture variations of
the beach volley field, one ML3 Theta Probe Sensors (accuracy of +0.01 m*.m™) were
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Figure II1.1 — (a) Measurement site is located in Lamasquere, in the south-west of France. (b)
Leica GR25 receiver and AR10 antenna were installed in a soya field in the country side (c)
along with two theta probes. Note that during winter, the surface of the field is a bare soil.

installed at 7 cm depth, 1 meter away from the LEICA GR25 GNSS receiver (Fig. 4d,
§ II1.4). Acquisitions were recorded every 5 minutes. These data have been used to
validate SNR-based estimations of soil moisture fluctuations. The AR10 GNSS antenna
was installed in the center of a 25x30 m? beach volley field (43°33’46.93” N; 1°28'16.57”
E) at the University Paul Sabatier, located in Toulouse, France (Fig. 4a, § I111.4). GPS
Ly, Ly (S1C, S2W) and GLONASS L; (S1C) frequencies were continuously acquired
during 3 days of rainy weather, from 25" to 27" April 2015 at 1 Hz sampling frequency.
Antenna height above the ground surface, determined with a tape meter, was 4 m. The
3D geometry was determined during a survey by Ground Penetrating Radar (GPR) with
a 500 MHz antenna: mean sand thickness is ~ 70 cm, and depth ranges between 35 cm
and 1.10 m (see Fig. 4b, § 111.4).

II1.3.1.3 Dahra Experiment

This zone of the Dahra experiment is located in Senegal (Western Africa), under the
influence of the West African Monsoon (WAS) climate (Fig. II1.2): the soil consists of
a high content of sand (>80%), variation in soil moisture has a significant impact on
precipitation dynamics, surface temperature, and groundwater supply. The area has two
main seasons, the rainy season (June-October) with few hundred millimeters and dry
season with high temperature (20°-45°) conducive to a strong evaporation. The station
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is equipped with two soil temperature sensors T; (5 ¢cm depth), Ty (10 cm depth) and
three ML3 Theta Probe Sensors (moisture accuracy of £0.01 m3.m™), installed at 5 cm,
10 cm and 100 em depth (Fig. 7 in § I11.4). Acquisitions were recorded with a sampling
frequency of 15 min. Figure 7b (see § I11.4 ) shows the evolution of soil moisture measured
during the transition between wet to dry season in October, which corresponds to the
SNR acquisition, the 5 cm depth soil moisture ranged from 2,91% to 4,38% VSM, the 10
cm ranged from 3,68% to 4,75% VSM and the 1 m ranged from 5,50% to 5,64% VSM.
A Leica GR25 receiver with an AR10 antenna, were installed in a grazed range land in
Dahra, Senegal (15°24’5.36"N; 15°26’0.13"W; see Figure 5a, b in § 111.4). The antenna
height HO above the ground surface, determined with a tape measurement, is equal to
1.61 m. The ground around the antenna is considered as flat with a very low roughness.
The soil moisture measurements for validation purpose is monitored by a soil moisture
station, located 600 m from the antenna (15°23’48.79'N, 15°26’9.35"W; see Figure 5b in
§ II1.4). L;, Ly, L5, and GLONASS L; and L, frequencies were continuously acquired
from the 1* of October 2016 to the 31'" of December 2016 at a 1-Hz frequency, in the
transition period from rainy to dry season. In our study, we use all SNR signal strength
on L;, Ly and Ls C/A channels. We demonstrate that, in this case, L wave penetrate
deep into the ground during dry period and strongly complicate the GNSS-R moisture
measurements. But, thankfully, using phase unwrapping method, it is possible to retrieve
a correct and efficient measurement of the soil moisture and obtain a very good temporal
monitoring for a spatial resolution directly correlated to the antenna height (see § 111.4).

Figure I11.2 — West African Monsoon climate and location of Dahra (Senegal) experiment in
the Arid zone, western part of Sahelian region (Africa).
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I11.3.2 Soil moisture retrieval

During my thesis, we experimented the GNSS-R methodology to prove that it is adapted
to other types of surface: i) area covered by vegetation; ii) soils with rich sand content.
Results of Lamasquere experiment was published in the IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing (JSTARS):

“Detection of Soil Moisture Variations Using GPS and GLONASS SNR Data for
FElevation Angles Ranging From 2° to 70°”, (Nicolas Roussel, Frédéric Frappart, Guil-
laume Ramillien, José Darrozes, Frédéric Baup, Laurent Lestarquit, and Minh Cuong Ha
(2016)).

The aim of this study is to demonstrate that previous GNSS-R algorithms based on
a single geodetic antenna and receiver to recover the surface moisture of a bare soil can
significantly be improved for new environments and can be used to monitor vegetation
growth (Zhang et al., 2017). Three different parameters can be computed from the
multipath contribution to SNR: the amplitude A,,, the phase ®,,, and the frequency
f. The frequency f is used to retrieve the vertical height h of the antenna above the
reflecting surface (eq. I1.37.I1.38). Results obtained from the different GPS satellites
will be compared between them, as well as combined into single time series. Previous
studies (e.g. Larson et al. (2008a); Chew et al. (2014)) filtered out SNR data from high
satellite elevation angles (>30°) as they considered the respective multipath contribution
to SNR insufficient to be detected. In the present study, two ranges of satellite elevation
angles are tested: the first one from 2° to 30° (noted I5 39) and the second one from 30°
to 70° (noted I3y 79). We avoid satellites with high elevations because in this case the
multipath is highly mitigated by the antenna and cannot be measured with our method.
Results of both ranges of elevation angle will be compared and then combined into a single
observable. The independent soil moisture records made by ML3 ThetaProbe Sensors used
as validation.

Al (t), @ (t), and h'(t) were computed for each GPS satellite ¢ more than 1.5 months
differentiating the two ranges of elevation angles I 30 and I3y 79, as well as the ascendant
and descendant phases of the satellite passages. Theoretically, for different time series
of A\, ®! ~and h' can thus be derived from each satellite i over the whole period of
measurement. Linear correlation coefficients R are estimated between each SNR-based
time series and the variations of soil moisture (P, and Ps., depth). Variations of soil
moisture are scaled with respect to the minimum and maximum of the SNR-based time
series A,,, ®,,, and h that they are compared with.

As for the results:

o Satellite GPS-PRN32 was the one giving the best correlation, R equal to 0.97 with
Psep and 0.95 with Pse,, (Fig. 1I1.3a). ®PEY32 (1) has the inverse relationship

m—1I30_70

with soil moisture, R equal to -0.87 with P, and -0.84 with Ps.,, (Fig. 1I11.3b).
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Figure I11.3 — Evolution of ®,,, time series estimated from GPS constellation on PRN 32 for (a)
low satellite elevation Is 30 and (b) high satellite elevation I3y 79 with respect to volumetric
soil moisture recorded by Theta probe at the depth of 2 cm (Paep,)and 5 cm (Psep, )time series.

Note the inverse relationship between @f;@%? -, (t) and soil moisture (b).

e Best results are obtained with ®? computed from all the GPS satellites 1,

m—1Iz_30°

with a mean value of R ranging from 0.81 (Ps.p,) to 0.84 (Paep,). A
worst results with a mean value of R ranging from —0.32 (2cm depth) to -0.37 (5cm

Z}n—lzfso gives the
depth) and results for hﬁzigo are equal to -0.57 for both 2cm and 5cm. As already
mentioned by Chew et al. (2014), A?

7; . . .
m—I, 5 and hy, - are anti-correlated with soil

)

m—1I 5 18 correlated.

moisture, while ®
To conclude:

= SNR based on the IPT with a single geodetic antenna can perfectly be used to
retrieve the main periods of the moisture variations of the surrounding rich clay
content soil consist. The accuracy of estimated variations in surface soil moisture
is equal to ~ 6% of the soils consists of 18% of sand, 41% of clay, and 41% of silt
(according to averages of five samples taken around the antenna), and field capacity
is 48%.

= &, is well correlated with volumetric soil moisture (%) when A,, and h gives bad
correlation due to the fact that it’s disturb by vegetation content, ground roughness.

= The soil moisture determination using IPT can be applied not only base on the low
satellite elevation angles 6, but it’s also possible to include high satellite elevation
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Figure I11.4 — (Absolute) Linear correlation coefficient R between AGPS. ®GPS pGPS and
hGPSHGLONASS g Theta probe Poen, considering (a) low satellite elevation I 39, (b) high

satellite elevation I3g 70, and the combination of Is 39 ® I3 70.
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angles # in the computation, with attention to the sign of the correlation with soil
moisture. The sign of the correlations is reversed when considering high satellite
elevation angles. The cut-off angle where the sign of the correlation between the
three metrics and soil moisture variations changes seems to be ~30°. This can
be explained by the combined effect of 1) the reflection coefficients of the RHCP
and LHCP components (which depends on the satellite elevation angles) and 2)
the antenna gain pattern which will reject, at some level, the RHCP and LHCP
components (also depending on the satellite elevation angles).
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I11.3.3 Relation between soil moisture and vegetation height retrieval

In the previous section, we have shown the potential of GNSS-R and SNR technique for
detecting soil moisture for bare soil consist of rich clay content. But if the ground is
under significant vegetation effects, can soil moisture be retrieved? What is the relation
between soil moisture and vegetation height retrieval? The subsequent modeling studies
Chew et al. (2015) showed that the vegetation canopies affected the SNR modulation
pattern. They showed that vegetation growth tended to trigger a decrease in the SNR
amplitude. Because the vegetation effects tended to perturb the soil moisture retrieval,
Chew et al. (2016) proposed an improved algorithm for soil moisture retrieval in vege-
tated environments, which used the amplitude decrease extent to decide when vegetation
influence was too large. They used a model database for the SNR of the L2C signal to
remove the most significant vegetation effects for the sites they considered in western
USA. Small et al. (2016) further compared different algorithms of GNSS-IR soil moisture
retrieval in the presence of vegetation. Using data from a field study, Wan et al. (2015)
showed that the amplitude of the SNR data presented a good linear relationship with
the vegetation water content (VWC), but it was restricted to VWC values of less than
~ 1kg.m~2.In addition to the amplitude of the SNR data, it was also possible to infer
VWC by the MP1,,,s index, which is a linear combination of L1 and L2 carrier phase data
and L1 pseudo-range data (Small et al., 2010), and by the NMRI (Normalized Microwave
Reflection Index) which is derived from the MP1,,,s (Small et al., 2014; Larson and Small,
2014).

Following those studies, we also have an experiment to see the potential of GNSS-R
and SNR data to retrieve either soil moisture or vegetation height from a wheat crop
in the same field in Lamasquére. In this study, The least square estimation method
proposed by Larson et al. (2008a) is used to estimate the multipath amplitude (A,,)
and multipath phase (®,,) from the multipath SNR data. Then, ®,, can be used to
estimate the soil moisture changes (Chew et al., 2016). A vegetation-height retrieval
algorithm is proposed using the SNR-dominant period (the peak period in the average
power spectrum derived from a wavelet analysis of SNR). Soil moisture and vegetation
height are retrieved at different time periods (before and after vegetation’s significant
growth). The retrievals are compared with two independent reference data sets: in-situ
observations of soil moisture and vegetation height, and numerical simulations of soil
moisture, vegetation height and above-ground dry biomass from the ISBA (Interactions
between Soil, Biosphere and Atmosphere) land surface model. In this study, the SNR
GNSS-IR technique was used to analyze GNSS SNR data obtained with a single classical
geodetic antenna receiver over an intensively cultivated wheat field in Lamasquere. The
data were used to retrieve either soil moisture or relative vegetation height during the
growing period of the wheat crop. The method proposed by Chew et al. (2016) was
used to retrieve soil moisture. Moreover, we performed a wavelet analysis in order to
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extract the dominant period of the SNR. We investigated to what extent vegetation height
influenced the dominant period resulting from the wavelet analysis. The main justification
for investigating the impact of vegetation height was that it impacted the relative antenna
height (the distance from the antenna to the reflecting surface). Vegetation growth tended
to decrease the relative antenna height and broke up the constant height assumption used
in soil moisture retrieval algorithms. In this context, key objectives of this study were to
(1) assess the soil moisture retrieval technique in either short or tall vegetation conditions
and (2) retrieve vegetation height H along the wheat growth cycle.

TABLE III.1 — Soil moisture scores from 16 January to 5 March 2015. MAE is the mean absolute
error, RMSE is the root mean square error and SDD is the standard deviation of differences.

Main results:

e Soil moisture retrieval: The surface soil moisture retrievals obtained from 16 Jan-
uary to 5 March 2015, together with independent in-situ VSM observations and
ISBA simulations (III.5). The GPS and ISBA scores are given in table III.1. The
mean soil moisture values during the experimental period are 0.27, 0.28, 0.31, 0.26,
and 0.28 m3m =3 for in-situ VSM measurements, ISBA simulations, GPS retrievals
with S=0.0148 m3m=3°~1, GPS retrievals with S=0.0033 m3>m=3°~!, and GPS re-
trievals from the scaled soil wetness index, respectively. The adjusted S value is the
mean of slope values obtained for satellite tracks whose phase presented a linear
correlation with in-situ soil moisture higher than 0.9. This occurred for the ascend-
ing tracks of GPS 13, 21, 24 and 30 and for the descending tracks of GPS 05, 09,
10, 15 and 23.

The GPS VSM daily mean retrievals based on the Chew et al. (2016) method
present a good agreement with both in-situ observations and ISBA simulations:
MAE (mean absolute error) and RMSE (root mean square error) are lower than 0.05

m3m~3, and SDD (standard deviation of differences) does not exceed 0.04 m3m =3
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Figure II1.5 — In-situ surface volumetric soil moisture (VSM) observations at 5 cm depth (green
line), ISBA simulations (blue line) and median of the daily GPS retrievals (a) with the a priori
slope (S=0.0148 m*m=3°~1) (red line), (b) with a locally adjusted slope (S=0.0033 m3m=3°~1)
(red line) and (c) from scaled soil wetness index (red line), and their daily statistical distribution
(black box plots) for all available satellite tracks from 16 January to 5 March 2015. Boxes:
25-75% percentiles; bars: maximum (minimum) values below (above) 1.5 IQR (Inter Quartile
Range, corresponding to the 25-75% percentile interval); dots: data outside the 1.5 IQR interval.
The ISBA simulations indicate soil freezing (i.e., the presence of ice in the top soil layer) from
4 to 9 February.
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(Table I11.1). The errors are reduced by at least 50% when the local adjusted slope
is used. When the scaled soil wetness index is used, the errors are further reduced.

We also compared the retrievals with the independent ISBA simulations. The
ISBA model VSM simulations present a better agreement with the in-situ VSM
observations than the GPS retrievals, for all the scores, as shown by Table III.1
(last column) and figure IIL.5. In particular, R?=0.88 for ISBA simulations, against
R2=0.74 for GPS retrievals. This shows that the ISBA simulations can be used as a
reference to assess local GPS retrievals for this site. The statistical scores resulting
from the comparison between the GPS retrievals and the simulations are similar to
those based on in-situ observations.

e Vegetation height retrieval: The retrieved vegetation height obtained from 16 Jan-
uary to 15 July 2015, together with seven in-situ vegetation height measurements,
the moving average of the GPS height retrievals computed using a centered gliding
window of 21 days, and daily vegetation height simulations by ISBA (Fig. II1.6).
The differences between the relative vegetation height retrievals and in-situ height
observations is shown in table III.2.

In the figure I11.6 shows that the retrieved vegetation height is related to the sim-
ulated above-ground dry biomass of the wheat (dark red line). We found a linear
relationship between the moving average height from GPS retrievals and the above-
ground dry biomass simulated by the ISBA model from 10 March to 29 May 2015
(when the maximum vegetation height, 1 m, was measured), during the time pe-
riod from tillering to flowering. The correlation coefficient R between the moving
average height and the above-ground dry biomass, with 81 observations, was equal
to 0.996.

From the obtained results, we demonstrated that:

= Changes in soil moisture mainly affect the multipath phase of the SNR data (as-
suming the relative antenna height is constant) with little change in the dominant
period of the SNR data, whereas changes in vegetation height are more likely to
modulate the SNR-dominant period.

= Over a wheat field the vegetation gradually replaces the soil as the dominant re-
flecting surface when plant height becomes comparable to, or larger than, one wave-
length. Or, we can say that the surface volumetric soil moisture can be estimated
(R? = 0.74, RMSE = 0.009 m3m~3) when the wheat height is smaller than one
wavelength (~19cm on GNSS band L;).

= The quality of the estimates markedly decreases when the vegetation height in-
creases. This is because the reflected GNSS signal is less affected by the soil. When
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TABLE TII.2 — Vegetation height retrievals from GPS and simulations from ISBA, and their
relative deviations for each in-situ height observation. The phenological statuses are derived
from the GDD (Growing Degree Days) model.

Figure I11.6 — Wheat canopy height from 16 January to 15 July 2015 derived from GPS SNR
data (black dots), from in-situ observations (red squares), and from ISBA simulations (blue
crosses). The green line represents the moving average of the GPS retrievals, computed using a
centered gliding window of 21 days. Wheat above-ground dry biomass simulated by the ISBA
model is indicated by dark red dots.
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vegetation replaces soil as the dominant reflecting surface, a wavelet analysis pro-
vides an accurate estimation of the wheat crop height (R*=0.98, RMSE=6.2cm).
The vegetation height retrievals are sensitive to changes in plant height of at least
one wavelength.

Wheat growth gradually raised the reflecting surface of the GNSS signal, from the
soil surface to the vegetation surface, which significantly modulated the dominant
period of the multipath SNR data. In these conditions, vegetation effects could not

be ignored and soil moisture could not be retrieved.
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II1.4 Article - Monitoring of soil moisture dynamics in

sandy areas using the unwrapping phase of GNSS-R

Following two previous experiments in section II1.3, GNSS-R algorithms based on a single
geodetic antenna/receiver appear as a powerful tool for retrieving soil moisture variations
and even vegetation height in the case of rich clay content. In this section, I would like
to propose the new algorithm which allow to detect soil moisture for sandy soil using
GNSS-R SNR data called Unwrapping SNR phase method. And this is also the title of
the article I am preparing to post on the journal of the Remote Sensing :

“Monitoring of soil moisture dynamics in sandy areas using the unwrapping phase of
GNSS-R”, (Minh-Cuong Ha, José Darrozes, Manuela Grippa, Eric Mougin, Guillaume
Ramillien, Muriel Llubes, Frédéric Frappart, Grégory Dufréchou, Phuong-Lan Vu, Idrissa
Guiro, Hakan Torbern Tagesson, Frédéric Baup and Laurent Kergoat).

The aim of this article is to demonstrate that previous GNSS-R algorithms based on
a single geodetic antenna/receiver and a method of the unwrapping phase to recover the
surface moisture of a sandy soil. The method is based on the analysis of the SNR data
routinely collected by a geodetic antenna. SNR data incorporate both direct and reflected
signals. These latter interact with the ground while reflecting. Variations of the nature
of the surface is likely to modify the properties of the reflected waves, hence dependence
of SNR on soil moisture content. Three different parameters are under study: the phase,
and the frequency of the multipath contribution to SNR which is directly linked to the
antenna height above the reflecting surface (Lofgren, 2014). Results obtained from the
total of the different GNSS satellites will be used for unwrapping, as well as combined
into single time series, and comparing them to independent soil moisture records made
by Theta Probe Sensors used as validation.
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Key Points
e Global Navigation Satellite System Reflectometry (GNSS-R) based on a single geodetic
antenna/receiver and a method to unwrap SNR phase is efficient to retrieve surface
moisture on sandy soils.
e Opportunistic remote sensing technique, Interference Pattern Technique (IPT), for
analyzing Signal-to-Noise Ratio (SNR) of the GNSS-R allows monitoring small surface

soil moisture variations

Abstract

With population growth, water demand is expected to tremendously increase in the next
decades. The optimization of water allocation for agriculture requires soil moisture monitoring.
Recent studies suggested to take advantage of continuously emitted navigation signals by the
Global Navigation Satellite System (GNSS) constellations, to retrieve soil moisture variations.
This active remote sensing technique, known as GNSS Reflectometry (GNSS-R), consists in
comparing the interference of reflected waves by the ground and those which come directly
from satellites. It offers a wide range of applications in Earth sciences and particularly in soil
moisture monitoring, this technique has shown their efficiency for soil with high clay content.
It namely presents the advantage of sensing a whole surface around a reference GNSS antenna.

In this article, we focus on soil moisture monitoring in sandy areas. The first study site, the soil
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contains 100% of sand in the beach volley field, located at the University Paul Sabatier in
Toulouse, France. And the second one is the Dahra field site in the Ferlo region, Senegal,
located in the Sahelian ecoclimatic zone. The soil is sandy luvenic aerosol with 95 % sand. We
demonstrated that, in Dahra, the waves of the GNSS signals penetrate deep into the ground
surface during dry period and strongly reduce the interest of GNSS-R moisture measurements.
But, thankfully, using a phase unwrapping method, it is possible to retrieve a correct (comparing
to the in situ measurements, the correlation R can reach up to 0.86 on the experimental beach
volley field and up to 0.91 in Dahra field) and efficient estimate of the soil moisture at 0.1m +
0.5m depth and obtain a very good temporal monitoring with the benefit of a spatial resolution

directly correlated to the antenna height.

Keywords: GNSS-R, SNR, IPT, Unwrapping phase, Soil moisture

1. Introduction

Water resource management is a key issue worldwide as water resources become increasingly
vulnerable as a result of escalating demand arising from population growth, the need for
increased food production, expanding industrialization due to rising living standards, pollution
due to various anthropogenic activities, and climate change impacts. It is also important for
irrigation management [Zhang et al., 2017] and flood prediction [Rodriguez-Iturbe and
Porporato, 2007]. In the Sahelian regions, where the water resources are limited, it’s
management is of prime importance [McDonald, et al., 2014]. In many Sahelian countries like
Mali, Chad, or Senegal, water resources essentially come from groundwater reservoirs that are
either low- or non-renewable. There is no clear consensus whether this groundwater is or is not
heavily dependent on soil moisture (SM) variations (Lopez et al. 2016; Mougin, et al., 2009;
Lebel, et al., 2009; Fatras, et al., 2012) partly due to lack of SM data and a partly because it is
a very complex hydrological phenomenon.

Soil moisture measurements are very important observations for conducting climate
studies, weather predictions, flood zone analyses, sustainable agriculture and aquifer recharge.
In a farming environment [Roussel et al., 2016; Zhang et al., 2017; Zhang et al., 2018], a real-
time analysis of SM conditions would enable the farmer to optimize the management of his
plots (tillage, treatments, irrigation, etc.). The existing measurement techniques (e.g. InSAR
satellite measurement, in situ probe, thermal imagery) all have different characteristics in terms
of spatial resolution (i.e., the ability of a sensor to discern a detail, or, in other words, the

smallest area represented by a measurement), temporal resolution (i.e., the repeatability of the
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measurement) and precision (i.e., the quality of the measurement performed by the sensor).
Unfortunately, the optimization of one of these three parameters is often to the detriment of the
other two.

Thus, conventional moisture probes provide only punctual measurements (few cm?) and
very heterogeneous, not representative of a whole plot/region. On the one hand, in situ
observations of soil moisture are accurate, have a high temporal resolution, but have a very low
spatial representativeness (e.g., Mougin et al., 2009). On the other hand, the precision is rather
good (for example, for Theta probes, the predicted accuracy is 2% soil moisture volume with
soil-specific standards), and measurements can be made continuously. With the advent of
remote sensing techniques, SM can be measured on a global scale, but this time to the detriment
of the temporal sampling (from a few measurements per day to a few per month) and spatial
resolution (from tens of m? to tens of km?). For example, for the Soil Moisture Ocean Salinity
Satellite (SMOS) mission [Kerr et al., 2010], the repeatability is 3 days maximum at the equator
and the side of a surface element is on average 43 km. For active microwave sensors like
COSMO-SkyMed the ground resolution is close to a few meters (depending on the acquisition
mode) but the temporal resolution ranges from 12 h to a few days. In order to have a sustainable
water resource management, it is essential to improve our understanding of soil moisture
dynamics and how the surface soil moisture (SSM) is related with the ground water [e.g.
Archambault 1960; Aranyossy and Ndiaye 1993]. An important factor to improve this
understanding is through an improvement of moisture monitoring at local to intermediate scales
associated to high temporal resolution.

Alternatively, recent studies have suggested to take advantage of “opportunity signals”
like the electromagnetic waves, continuously emitted by the Global Navigation Satellite System
(GNSS) satellite constellations (GPS, GLONASS, Galileo, etc.). Different geophysical
parameters of the Earth surface can be retrieved, with an excellent compromise between spatial,
temporal and accuracy resolutions. This opportunistic remote sensing technique, known as
GNSS Reflectometry (GNSS-R), is based on the analysis of the GNSS waves that are received
by an antenna after reflection on the Earth’s surface so-called “multipath signals” [Darrozes et
al., 2016; Roussel et al., 2015], and offers a wide range of applications in Earth sciences and
particularly in soil moisture monitoring. To date, these techniques have been mostly used to
retrieve the soil moisture of soils with rich content of clay. For example, using of the single
antenna SMIGOL reflectometer, Rodriguez-Alvarez et al. (2011) announce an accuracy of
2.0% - 3.2%. The spatial resolution is a function of the antenna height above the reflection

surface (for a given satellite constellation over a defined time interval). An area around the
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antenna of a few meters to several kilometers will be covered by EM wave reflections. The
temporal resolution strongly depends on the computational algorithm used to estimate moisture
variations, but it is typically of several hours or days [e.g. Larson et al., 2008; Chew et al.,
2014]. The technique is based on the interaction of GNSS signals that reflect on the ground and
thus contain information on the characteristics of the reflective surface, particularly the water
content in the first centimeters (2-5 cm) of soil. Antenna interference between the direct wave
and the reflected wave is particularly noticeable in the Signal-to-Noise Ratio (SNR) recorded
by the receiver. The variations in the nature of the surface and its properties modify the reflected
GNSS signal, and therefore the SNR, which can then be analyzed to estimate soil moisture
content. This estimation method has the major advantage of being easily applicable using any
conventional GNSS antenna (especially those of existing permanent networks), without any
new hardware modification.

This technique was successfully applied for soil moisture retrieval in a wide range of

environmental conditions for bare and vegetated soil [Chew et al., 2015]. SNR from several
constellations such as GPS and GLONASS have been used with satellite elevation angles
ranging from 2° to 70° [Roussel et al., 2016]. Both soil moisture and vegetation height from a
wheat crop have been derived by Zhang et al. (2017). All these studies were successful in
retrieving soil moisture, but uniquely for the case of plots either ‘bare soil’ or with a rich clay
content.
The aim of this study is to demonstrate that previous GNSS-R algorithms based on a single
geodetic antenna/receiver and a method of the unwrapping phase can be used to recover the
surface moisture of a sandy soil. The method is based on the analysis of the SNR data
continuously collected by the geodetic antenna. SNR data incorporate both direct and reflected
signals. Variations of the nature of the surface is likely to modify the properties of the reflected
waves, hence dependence of SNR on soil moisture content. Two different parameters are under
study: the phase, and the frequency of the multipath contribution to SNR which is directly
linked to the antenna height above the reflecting surface [Lofgren, 2014]. Results obtained from
the total of the different GNSS satellite constellation will be used for phase unwrapping and
will be evaluated using independent soil moisture records made by Theta Probe Sensors.

Our study presents results from GNSS-R experiments performed in at the beach volley
field in Toulouse (France) and the Dahra field site in the Ferlo region (Senegal) with a classical
one antenna GNSS receiver over local area. These data sets, which provides the behavior of
different parameters of the so-called Interference Pattern Technique (IPT) based on multipath

Signal Noise Ratio (SNR). These different parameters correspond to Soil Moisture (SM), and
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Effective Antenna Height (EAH). Section 2 highlights GNSS-R theory, Interference Pattern
technic (IPT) and unwrapping method. Section 3 methodology. Section 4 presents the two
experiments set-up. Section 5 shows main results of two experimental plots. Section 6 provides

final discussions, and Section 7 points out the main conclusions.

2. Theory of GNSS-R
2.1 Recovery of soil moisture from SNR

a) GNSS direct and reflected wave polarization

The GNSS-R is generally considered as an opportunistic remote sensing technique based on the
analysis of the electromagnetic waves continuously emitted by the GNSS constellations that
are received by an antenna after reflection on the Earth’s surface so-called MulTiPath (MTP)
signals [Darrozes et al., 2016; Roussel et al., 2015; Figure 1a]. While major part of the emitted
GNSS signal is received directly in the zenith-looking hemisphere of a geodetic antenna, a
minor part of it comes from below the horizon, after one or several reflections in the surrounding
environment (Figure 1c). These MTP signals interfere with the direct wave and affect the GNSS
measurements recorded by the receiver by adding new intermediate frequencies known as MTP
frequencies. Geodetic GNSS antenna use the polarization properties of the GNSS signals to
filter out part of the reflected waves and reduce the contribution of the MTP which degrade the
accuracy of the position determination [Braasch, 1996]. The Right-Hand Circular Polarization
(RHCP; Figure 1c) of the GNSS direct waves is likely to change upon reflection depending on
the nature of the reflector characterized by reflection coefficient and the incidence angle 6 that
corresponds to the satellite elevation (SE) angle. The reflected signal can be considered as the
sum of these two circularly polarized signals; one that maintains the co-polarized (RHCP)
component, and a cross-polarized characterized by a Left-Hand Circular Polarization: (LHCP
in Figure 1a) one. For SE angle below a threshold value known as the Brewster angle [ Brewster,
1815], the predominant signal component after reflection becomes cross-polar (LHCP), and
hence the reflected wave is mainly LHCP with less RHCP content. Conversely, for elevation
angles greater than the Brewster angle, the predominant signal component is the co-polar
(RHCP), and hence the reflected wave has right-hand elliptical polarization [Alonso-Arroyo et
al., 2014].
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Figure I a) Interactions between GNSS electromagnetic waves and reflecting surface: GNSS measurements recorded by the
receiver showing the direct path with RHCP of the GNSS waves and the reflected path with LHCP; b) SNR related to the
addition of the powerful direct and weaker reflected GNSS signals in the receiving antenna and SNRm (multipaths) with the
direct signal contribution is removed from the raw SNR profile, modified from [Roussel et al., 2015]; ¢) Antenna gain pattern

Jor RHCP and LHCP for Leica AR10; modified from [Darrozes et al., 2016].

Following its reflection on the Earth’s surface, the electromagnetic wave usually undergoes a
polarization sign inversion and thus the majority of the scattered power goes into LHCP.
However, the combined effects of roughness and geophysical properties of the surface are such
as the signal from the right polarization can be significant and thus be used to determine
geophysical properties of the surface. This results in a complex response that depends upon the

RHCP components that are co-polar 7o, and the LHCP cross-polar Tx:

_ TptTy Th—Ty
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These components (1) are based on vertical t,, and horizontal 7, reflection coefficients (2),

which are functions of the surface reflection parameters:

S sin(8)—+ e—cos?(0) S esin(0)—+/e—cos?(0) (2)
h = sin(8)+/e—cos?(0) ’ v esin(0)++/ e—cos?(0)

with the complex dielectric constant € = &, — j wig, where &, is the relative permittivity, o is the
0

electrical conductivity of the reflection surface and ¢, is the vacuum permittivity.

Classical GNSS geodetic antenna have a reduced LHCP gain (Figure 1b) to remove multipath
effects for positioning application. GNSS antenna radiation pattern focuses the antenna gain for
RHCP signals towards zenith and decreases the gain with decreasing elevation angle (Fig. 1c¢).
These filtering techniques of GNSS antenna based on signal polarization affect the total
received signal by reducing the amplitude of the reflected signals with respect to the direct
signal amplitude. Fortunately for GNSS-R methods, real antenna quality is less than perfect and
the energy of the reflected signal is not completely dampened [Roussel et al., 2016].

b) Interference Pattern Technique - IPT

The effect of multipath reflection clearly appears in the SNR measurements recorded by GNSS
receivers on the different frequencies i.e. L1, L2, and L5 (Figure 1b). This interference creates
oscillations whose frequency f (Eq. 3) is a function of the sine of the SE angle, and can be

modeled as follows [Roussel et al., 2015]:

-~ . 9
F= ‘%’(ht"’“;( ) 4+ heff) 3)

with h, ¢ being the effective antenna height above the reflecting surface. The term “effective”
means the antenna height is measured with a part of penetration in the soil, 8 the SE angle and
A the signal wavelength, h = dh/dt is the vertical velocity of the reflecting surface in m/s and
6 = df/dt the elevation angle velocity. When h changes are negligible (|h|<1.10"° m/s) Eq.
(3) can be approximated by:

f= 47nheff 4)

The Eq. 4 shows that the frequency f of the multipath oscillations is proportional to the
effective antenna height h, ¢ . Our method is based on the analysis of the multipath signature
present in the SNR data constantly collected by a single geodetic receiver and its associated
antenna (Figure 1) with an acquisition frequency of 1 second. The reflected signal will affect

the SNR by producing an intermediate (i.e. low satellite elevation - LSE) to high frequency (i.e.
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high satellite elevation - HSE) oscillations amplitude smaller than the one of the direct signal,
which depends on the SE angle. Since the direct signal is preferred to the reflected signal by
the antenna gain pattern by construction and as the reflected signal energy is attenuated upon
reflection, the direct signal dominates the main shape of the SNR time series (Figure 1b,
parabolic low frequency in red line). In order to analyze the multipath component, the direct
signal contribution must be removed from the raw SNR profile. The common way to proceed
is to fit and remove a simple parabolic polynomial to the raw SNR time series [Larson et al.,

2008; Figure 1b] to consequently obtain the residual SNR multipath (SNR).

f is commonly estimated from SNR, time series using the Lomb-Scargle Periodogram [Lomb,
1976; Scargle, 1982], based on harmonic Fourier decomposition. Due to the fact that / tends
toward 0, the frequency of the multipath oscillations is constant and directly proportional to the
antenna height Hy above the reflecting surface. From an electromagnetic point of view, the
antenna height, even for a non-moving surface and known as effective antenna height (h,ys)
has some variations. These variations are due to radar wave penetration into the vegetation layer
and the soil, and depends on soil moisture, soil type (e. g. a clayed soil is characterized by a
low radar wave penetration, whereas penetration depth is larger in sandy soil) and vegetation

type. Following [Larson et al., 2008] and given a quite constant antenna height: h ¢, SNR», can

be expressed as a function of three metrics h, s, Am and @y
SNRy, = Ay cos (ToLLsin(6) + @y, (5)

where A,, scales the backscattering intensity of ground reflections, and @,, is the phase. 4,,
includes both the gain pattern and multipath intensity, which both depend on the SE angle. Field
observations show that these responses in terms of phase and amplitude are strongly correlated
with soil moisture level [Larson, et al., 2010]. Furthermore, these observations show that the
effects of moisture are more sensitive to the phase @, than to amplitude A,,, as previously

observed in Chew et al. (2015) and Roussel et al. (2016). The backscattering A,,, @y, and hsf

which are derived from f, are the three observations which can be considered to estimate soil

moisture variations of the soil surface, for soils with high clay content.

2.2 Phase unwrapping method
a) Unwrapping SNR phase method
The penetration depth of the GNSS waves into the soil around the antenna depends on the soil

moisture content, on the dielectric properties of the soil [Njoku, 1996] and on SE (Figure 2a).
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Following Njoku (1996) and Behari (2006), the penetration depth P; for a signal coming from
the zenith can be expressed as:

_ AJRe(&r) (6)

d— 21l (&r)

with R,(&,) and I,,(&,) are the real and imaginary parts of the relative permittivity of the

reflecting surface.

For most applications using SNRy and IPT technique with a single geodetic antenna, over
clayed soils, the penetration depth of the wave is smaller than the wavelength in the L1, L2 and
L5 bands of the GNSS constellations. In these conditions, soil moisture at 2-5 cm depth can be
accurately retrieved. However, if the soil is mostly sandy, the penetration of the wave can
exceed the GNSS wavelength and induces cyclic wrapping (or repetitions) of the phase. In that
case, no correlation is found between the three parameters estimated from SNRn and the soil
moisture. Therefore, in sites that are rich of sand, we propose to use an additional processing
called “phase unwrapping” to solve this problem. The main point of this algorithm is to re-
calculate the “wrong” gradient phase or the phase cycle slip appears in the Phase multipath

estimated from SNRy, using IPT technique to obtain continuous variations of Phase.

Let’s consider a discrete signal ¢ (x) of phase exceeding the range [-m, ©t] (modulus 2 7). We
can assume the wrapping process as 1 = W (¢) by calculating the four-quadrant arctangent
(atan2) of sin(¢) and cos(¢), where W (¢) is the phase unwrapping operation and y is the
wrapped phase. As the signal is discrete, this is an ill-conditioned problem as phase cycle slip
with 27 jumps, as seen in the example of the wrapped phase (Figure 2¢). For example, if;_; =
3n/4, and Y; = —3m/4 we obtain A = —6/4 m we correct it into W(4A¢Y) = —6/4m +
2 = /2 (Figure 2b). The 2n jumps must be removed in order to restore the phase variation
¢@(x) to get rid of the phase cycle slip (“wrong” gradient). This process is known as “phase
unwrapping”, it is classically used in many InSAR studies [Zebker et al., 1998; Smith et al.,
2002; Hooper et al., 2007], and it consists in restoring a wrapped phase signal to a continuous

one that is free from 27 jumps.



263

264
265
266

267

268

269
270
271
272
273
274
275

Figure 2 a) Theoretical penetration depth of the GNSS waves when the ground consists of 100% clay (red) and 100% sand
(green); b) Example for the phase wrapping operation to correct of the “wrong” gradient (red arrow when phase slope is
positive, green arrow when phase slope is negative); c) The simulation of the unwrapping phase process.

We can express the unwrapping process mathematically as:

<punw(x) = U[l/)] =y + 2kn (7

with U[y] is the phase unwrapping operation, ¢,,,,,, (x) is the unwrapped phase signal and k €
Z is arelative integer corresponding to the number of cycle slips. In order to perform the phase
unwrapping process, the difference between two consecutive samples (directly adjacent on its
left) is calculated. When this difference is larger than +r in amplitude, or smaller than -x, a
phase wrap is detected. Once a phase wrap is detected, the value of 27 is either added (phase
slope is positive k>0) or subtracted (phase slope is negative k<0), from this sample and also

from all the further samples to the right-hand side of it (Figure 2c¢).
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b) New metrics

Following Eq. 5, the three SNR three metrics hesr, Am and @» can be estimated from SNR and
IPT technique for each GNSS satellite. We differentiate the two ranges of LSE angles and HSE
angles, as well as the ascendant and descendant phases of the satellite passages. Due to the
change of phase after using unwrapping phase function @,,,,,, the obtained effective antenna
height h,ss is proportional to the frequency f (Eq. 3), An is constant (as its depend on gain
pattern and multipath intensity), it is necessary to re-calculate the new effective height. The

height effective hgf;” after using unwrapping phase can be determined as:

i = (cos (5) = Bu) e ®)

m

3. Methodology

Following the theory of GNSS-R present in the section above, we propose a complex processing
chain for detection of surface soil moisture (SSM) in sandy area using IPT technique and
unwrapping phase method (Figure 3). Variations of soil moisture are scaled with respect to the

hunw

minimum and maximum of the new calculated time series of @uny and hgrf that they are

compared with. Pearson correlation coefficient R is a measure of the linear correlation between
each of these time series and the volumetric soil moisture (VSM) measured with Theta probe.
Total root-mean-squared error (RMSE;,¢41), the differences between normalized phase of @,

D, w and in situ measurements (VSM), can be written as:

RMSEoq) = RMSE,, + RMSEsg + RMSEgyqtia: (9)

where RMSE,, is the error of difference between retrieved moisture estimated from SNRm and
the Theta probe reference measurement, RMSE is the instrumental error that depends on SE,
soil roughness, and the penetration depth (frequency) of the wave, and RMSE 414, 1 the error

caused by the spatial variations of moisture in the observed area.

R, BIAS and RMSE statistics are powerful tools in research, but its cannot express all the
correlations in the study of the wave field. Thus, we propose to use another statistical method
known as wavelet analysis i.e. Wavelet transform coherence (WTC) and Cross-wavelet
transform (XWT) (Figure 3). WTC, XWT are the methods for analyzing the coherence and

phase lag between two time series (time series of @unw /hefy - X, in situ SM measurements -

Y) as a function of both time and frequency (Grinsted et al., 2004). XWT permits the detection

of phase angle (cross-magnitude), phase differences (= lag time), non-stationarity, and
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coherency between X, Y. Phase angle statistics can be used to gain confidence in causal
relationships and test geophysical relationships between the time series, the directions of the
arrows indicate the relative phase relationship. Phase arrows pointing to the right: positive
correlation (indicates 0 lag), left: anti-correlation, pointing to down: leading between them by
90 degrees; up: Y leading X by 90 degrees (Figure 10b, Figure 11b). Following Torrence and

Webster (1998), wavelet coherence M? of two time series can be defined as:

|S(s‘1V1{(Y(s))|2

2 _
Mz (s) = S(sTE @I )S(sH v @)

(10)

where S is a smoothing operator (Morlet wavelet given by Torrence and Webster, 1998), s =

v —21In(Z/n) is the circular standard deviation (Z = / (X? + Y2)), Vis the wavelet power (see
detail in Torrence and Compo, 1998). We have to notice that this definition closely resembles
that of a traditional correlation coefficient, and it is useful to think of the wavelet coherence as

a localized correlation coefficient in time frequency space.

Figure 3 Flow chart presenting complex processing chain for detection/monitoring of surface soil moisture in sandy area using
IPT technique and unwrapping phase method: the input, the different steps of the processing, and the output.



321 4. Applications to experimental plots
322 4.1 Beach Volley sandy ground

323  a) Measurement site

324 A Leica GR25 receiver with an AR10 antenna was installed in the center of a 25x30 m? beach
325  wvolley field (43°33°46.93” N; 1°28°16.57” E) at the University Paul Sabatier, located in
326  Toulouse, southwest of France (Figure 4a). The experiment took place in the framework of the
327  MISTRALE project. The soil contains 100% of sand. It consists of small grains ranging
328  between 0.3 and 0.5 mm in diameter. GPS L1, L2 (SIC, S2W) and GLONASS L1 (S1C)
329  frequencies were continuously acquired during 3 days of rainy weather, from 25" to 27% April
330 2015 at 1 Hz sampling frequency. Antenna height above the ground surface, determined with a
331  tape meter, was 4 m. The 3D geometry was determined during a survey by Ground Penetrating
332  Radar (GPR) with a 500 MHz antenna: mean sand thickness is ~70 c¢cm, and depth ranges
333 between 35 cm and 1.10 m (see Figure 4b).

334

335 Figure 4 : Beach volley experiment; a) Location map of the beach volley field experiment at the University Paul Sabatier,
336 Toulouse ( France); b) map of sand layer depth done using Ground Penetrating Radar (GPR) with a 500 MHz antenna; c) Soil
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moisture map of the sand layer created by interpolation of the measured points at 7 cm depth using Theta probe moisture
sensors, d) location of GNSS receiver and of the Theta Probe sensors and map of the GLONASS specular reflection points
and their first Fresnel surface, Simulations done on the 24th of April 2015 using GRESS [Roussel et al., 2014].

b) Data used for validation

To monitor soil moisture variations of the beach volley field, one ML3 Theta Probe Sensors
(accuracy of £0.01 m*/m™) were installed at 7 cm depth (P7em), 1 meter away from the GNSS
receiver (Figure 4d). Acquisitions were recorded every 5 minutes. These data have been used

to validate SNR-based estimations of soil moisture fluctuations.

4.2 Dahra (heterogeneous soil)

a) Measurement Site

Following the methodology firstly applied to the beach volley field experiment to quantify soil
moisture variations in case of a rich sand content, we want to apply this algorithm on a natural
case study located near Dahra in the Ferlo region, Senegal, (western part of the Sahel). The
annual rainfall 2016 was 367 mm and it fell during the rainy season from mid-July to end of
September. The mean annual temperature 2016 was 29°C. For a closer description of the field

site we refer to Tagesson et al (2015).

The same instrument (Leica GR25 receiver and an AR10 antenna), were installed in a grazed
rangeland in Dahra, Senegal (15°24'5.36"N; 15°26'0.13"W; see Figure 14a, b). GPS L1, L2,
L5, and GLONASS L1 and L2 frequencies were continuously acquired from the 1st of October
2016 to the 31th of December 2016 at a 1-Hz frequency, in the transition period from rainy to
dry season. In our study, we use all SNR signal strength on L1, L2 and L5 C/A channels.

Figure 5 The experiment site of Dahra (Senegal), with a Leica GR25 receiver and an AR10 antenna installed on sandy soil
(15°24'5.36"N; 15°26'0.13"W).
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b) GNSS Reflectometry and parameters used for IPT

The antenna height Ho above the ground surface, determined with a tape measurement, is equal
to 1.61 m. The ground around the antenna is considered as flat. There are no structures in the
close environment around the antenna which would act as a mask between the GNSS satellites
and the antenna. A fence made of spiny shrub branches, was set up around the antenna to
protect the GNSS station from cattle. This fence can disturb specular reflection of HSE (Figure
5¢). For this reason, only satellites with elevation angles from 2° to 70° were considered (SE
angles more than 70° were not considered as the amplitude of the multipath contribution to

SNR becomes too small to be analyzed).

The power of the received signal is mostly due to coherent reflection, and most of the scattering
comes from the first Fresnel zone [Beckmann et al., 1987]. Accurate locations of the specular
reflection points on the ground surface have been determined through direct modeling using
GNSS reflected signals simulations (GRESS) [Roussel et al., 2014]. Figure 5a, b shows the
locations of the specular reflection points and associated Fresnel zones for both GPS and
GLONASS satellites for the 1st of October 2016 as simulated by GRESS. As the antenna height
Ho is 1.61 m above the reflecting surface, the farthest specular reflection points are a bit more
than 3.5 m away from the receiver for SE angles above 30° and reach ~ 50 m for SE angles

above 2°.



380
381
382
383
384

385

386
387
388
389
390
391
392
393
394
395

396
397
398
399
400
401
402
403
404
405
406
407

408
409
410
411

Figure 6 Locations of the GPS (a), GLONASS (b) specular reflection points and first Fresnel surfaces for a GNSS receiver at
the Dahra experiment site. Simulations done for the 1st of October 2016. Satellite elevation angles range from 2° to 30° (green,
cyan) and from 30° to 70°(magenta). Sampling rate is equal to 15 min (i.e., satellites positions are actualized every 15 min in
the SP3 file that gives precise satellite orbits processed by the International GNSS Service). c) Clustering, Gaussian mixture
model for removing extreme SNR data values (red dots).

To remove the elevation angle dependence of the three SNR parameters (Am, @m, and hefr),

two different ranges of SE angles are tested: the first one from 2° to 30° (referred to as SE2 30
in the following) and the second one between 30° and 70° (referred to as SE3g 70). As the
effective reflection coefficient for an incident RHCP signal is negatively correlated with
wetness of the soil for LSE angles, and positively correlated for HSE angles, the 30° cutoff was
chosen as in, e.g., Larson et al., (2008). The limit conditions in processing chain (Figure 3) were
assumed to be: Ay = 1.5 M; hypgy = 2.62 M; Apgy = 1.107°m. s~ (necessary assumption
to compute the multipath frequency define by Eq.4). The number of observed maximal periods
N was set to 4, which is the first number of observed periods above the 1% of error probability.
At was set to 10 min for temporal resolution of the three SNR parameters [Roussel et al., 2016],
close to sampling frequency of moisture measurements recorded by the probes (15 min).

c¢) Data used for validation

The soil moisture of the experiment site is monitored by a soil moisture station, located 600 m
from the antenna (15°23'48.79"N, 15°26'9.35"W; see Figure 5b). The station is equipped with
two soil temperature sensors T1 (5 cm depth), T2 (10 cm depth) and six soil moisture sensors
ML3 Theta Probe Sensors (accuracy of £0.01 m3.m™3), installed at 5 cm (Theta 1,3), 10 cm
(Theta 2,4), 40 cm (Theta 5, out of order after few days) and 100-cm (Theta 6) depth (Figure
7). Acquisitions were recorded with a sampling frequency of 15 min. Figure 7b shows the
evolution of soil moisture measured by those Theta Probes. During the wet to dry season
transition period in October, which corresponds to the SNR acquisition, the 5 cm depth soil
moisture (referred as Psem) ranged from 2,91% to 4,38% VSM, the 10 cm depth soil moisture
(referred as Pioem in the following) ranged from 3,68% to 4,75% VSM and the 1-m depth soil
moisture (referred as Pim) ranged from 5,50% to 5,64% VSM.

For these Theta Probes i.e. Psem and Pioem, VSM shows as clear daily sinusoidal period (Figure
7b). This can be due to the impact on daily process of evapotranspiration (maximal in the
midday) absorption (maximal dew deposition occurring at ~ 6 am), but also to the dependence

of theta ML3 probe on soil temperature [Kaleita et al., 2005].
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Figure 7 a) Configurations of the Soil Moisture station (15°23'48.79"N, 15°26'9.35"W). The station equipped with 6 Theta
probes: TP1: 5 cm, TP2: 10 cm, TP3: 5 cm, TP4.: 10 cm, TP5: 40 cm, TP6: 100 cm, b) VSM recorded by Theta probes in 2016.
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5. Results
5.1 Beach Volley field

During this period of SNR acquisitions, the Theta Probes record soil moisture that ranging
between 2.68 % to 6.62 % of VSM. All the reflections occurring outside the beach volley field
were removed from the analysis. Only SNR from HSE i.e. 30°-70° (Figure 4d) were processed.

Table 1 Linear correlation coefficient R between Phase ®@m, unwrapped phase @unw (estimating using IPT method with SE and
soil moisture recorded by Theta probe Prem for different constellations on band L1.

BIAS | RMS | RMSE R

®m, Dunwrapped /VSM
(%Vol) | (%Vol) | (%Vol) | (%Vol)

For Ascending pass of satellites

@ (GPS) * 122 | 113 | 1.66 | 0.03
Dunwrapped (GPS) ** 0.18 | 066 | 068 | 0.72
®m (GLONASS) * 045 | 143 | 149 | 0.06

Dunwrapped (GLONASS) ** 004 | 057 | 057 | 086
®m (GPS+ GLONASS) * 096 | 122 | 155 | 0.03

Dunwrapped (GPS+ GLONASS) ** | 0.79 0.49 0.93 0.85

For Descending pass of satellites

®n (GPS) * 0.63 1.15 1.31 0.13
Dunwrapped (GPS) ** 0.33 0.66 0.73 0.75
®n, (GLONASS) * 0.16 1.09 1.09 0.42

Dunwrapped (GLONASS) ** 0.05 0.52 0.52 0.89
®n (GPS+ GLONASS) * 0.63 1.05 1.22 0.24

Dunwrapped (GPS+ GLONASS) ** | 0.81 | 057 | 099 | 0.81

For Ascending and Descending pass of satellites

®n (GPS) * 0.98 1.13 1.49 0.08
Dunwrapped (GPS) ** 0.36 0.63 0.72 0.74
@, (GLONASS) * 0.47 1.22 1.30 0.12

Dunwrapped (GLONASS) ** 0.04 0.54 0.54 0.86
®n (GPS+ GLONASS) * 0.84 1.11 1.39 0.10

Dunwrapped (GPS+ GLONASS) ** | 0.85 0.52 1.00 0.82

Results for the beach volley field experiment (Table 1 and Figure 4) show that:
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When reflecting ground contains 100% of sand, it is possible to retrieve variations of the VSM
by using the unwrapping method. The unwrapping function is necessary to retrieve reliable
estimates of SSM. The correlation R between SNR-based soil moisture estimation after using
unwrapping function and the independent data (P7cm) is above 0.80 over the 3-day period of
acquisition (Figure 4). The results using the GLONASS constellation has better correlations
and are more sensitive to soil moisture for this sand reflecting soil (R>0.85) than when using

the GPS signals (Table 1).

Table 2 Statistics of spatial resolution using different methods: in situ with single Theta probe, map create from Theta probes
measurements network and GNSS-R.

Area | Volume Mean STD RMSE Depth
Method
m) | @) |[VSM()| o) | T®%) | (cm)
Probe alone | 0.03 0.00075 3.95 0.95 NaN 7+2.5
Map of the 0.03 0.00075 3.84 1.19 NaN 74+2.5
probes 189 17.955 4.82 0.69 1.28 7+2.5
3.6 0.985 4.37 0.97 0.66 27.4+10
GNSS-R
189 51.786 4.21 0.91 0.54 27.4+10

We observe large variations (~14%) of soil moisture in the beach volley field depending on the
location of the moisture sensor, as shown in the soil moisture map (Figure 4c). These variations
are clearly dependent on the sand thickness/depth of the volley ground (Figure 4b). The
sampling volume of ML3 Theta probe is ~0.00075 m?, with an average moisture of 3.95% +/-
0.95%, the spatial resolution using GNSS-R technique covers an area of ~ 189 m? (i.e. the
range of SE from 30° to 70° - magenta zone, Figure 4d), which corresponds to a volume of =
51.79 m? (estimated by multiplying the GNSS-R explored area by the average penetration depth
of 0.27m +/- 0.1 m, Table 2). The average SM for the volley field measured by GNSS is ~6%
+/- 3%. RMSE},¢4; obtained, in Figure 4, is still high, ~0.54% comparing with SM measured
by probe that ranges between 2.68 % and 6.62 % of VSM (~4%). Thus, GNSS-R and
unwrapping SNR phase method can be used to detect soil moisture changes (for both spatio-
temporal resolutions) in the case of sandy soil. The unwrapping technique increases the
accuracy of SM retrievals in comparison to phase measurements, and GNSS-R provides spatial
information that are not provided by the moisture probe. Moisture probes, however, are
necessary for calibration of GNSS-R moisture retrieval, which can also be achieved by

gravimetric moisture measurements.
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Figure 8 : Evolution of the unwrapped phase @unv (green line) and independent soil moisture records (cyan line) at 7 cm depth
in the beach volley field using SNRm on L1 band of GLONASS constellation.

5.2 Dahra

From Table 3 and Figure 9, we can see that @y, and hg7f have negative correlations. This

can be explained by wave penetration. The strongest positive and negative R were found
between @y and VSMio (0.91) and between heff and VSMio (-0.93), respectively (Figure
9). The constellations generating the strongest results were with the GPS and the integration of
GPS + GLONASS for HSE SE30 70. We have stronger correlations during the rainy period than
during the dry period due to larger variability. However, the VSMj still only changed 2% in
the whole study period (Figure 10a). VSM of Pin has no correlation and display very small
changes in moisture (0.14% VSM).
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462 Table 3 Linear correlation coefficient R between @u, hogy, unwrapped phase @un, new height effective hery” and VSM
463 measured by Psem and Piocm probe for difference constellations in October 2016.
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Figure 9 Results obtained with all GPS+GLONASS constellations for high satellite elevations from 30°-70° before and after
Unwrapping phase vs VSM measured by P10 cm probe during rainy period and their linear correlations R.

For the final results - all series combined, including the transition period from rainy to dry
season in October 2016 - are obtained by combining all the time series @unw, heff . The best
results are obtained with all the GPS satellites, the correlation R between @y, (green line for
SE> 30 in Figure 10a, red line for SE30 70 in Figure 11a) and VSM Pioem (blue line) is

respectively: R3750, = 0.95 and R3%;7% = 0.97.
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Figure 10 a) Evolution of the final results for all the time series @unw— during transition period in October 2016 - obtained

from SNR measurements and Unwrapping phase algorithm for all GPS satellites with low satellite elevations SE:> 30 versus

VSM measured by Pio cm. b) Wavelet coherence (M?) of Wavelet transform coherence between @unw and P1o cm (LSE is low
elevation angle).

For the low SE, The Unwrapped phase @253° shows positive, i.e. in-phase correlation, with
VSM, Mlz—day~0'95 for the period of 1 day and has good correlation from the period of 1 week
Mg_days~0.98 (Figure 10b). An inflexion of the trend, related to a transition between the end

of the rainy period and the dry period is observed from 13/10/2016 till 22/10/2016 over two-
days period of the WTC.
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Figure 11 a) Evolution of the results for all the time series @unw — during transition period in October 2016 - obtained from
SNR measurements and Unwrapping phase algorithm for all GPS satellites with high satellite elevations SE30 70 versus VSM
measured by Pio cm. b) Wavelet coherence (M?) of Wavelet transform coherence between @umy and P1o cm. (HSE means high
elevation angle).

For the HSE (Figure 11b), the inflexion of the trend is also observed in the two-day period but
this is 1 day earlier than for LSE. This 1-day difference in the start of the transition period in
the two ranges of elevation may be related to the presence of the protective fence/barrier around
the study area. (Figure 5, Figure 6). The fence of 3m from the antenna is included in the Fresnel
zone for LSE simulated in Figure 6 (~100 m?). Its presence likely affects the delay time of phase
estimated from SNR.

To eliminate the effect of the daily evapotranspiration/absorption and soil temperature on the

soil moisture content recorded by Theta probe, a daily average was applied to all-time series
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(Figure 12a). Soil Moisture retrievals are again very good for both low and high incident angles
(R=0.99). From wavelet coherence in the Figure 12b, we can see the change of the arrow
direction to -45° of 2 days period from 22/10/2016 till 31/10/2016. Its mean SNR multipath
detects soil moisture variations before VSM recorded by Pioecm. This also shows that the

moisture in the soil is decreasing as it shifts to the dry period.

Figure 12 Average by day of the ®uw and VSM recorded by Theta probe P10 cm time series. O, X are the minimum and
maximum VSM measured by Theta probe by day.

Another interesting point is the capability of this method to estimate spatio-temporal variability
in SM (Figure 13). The spatial area covered depends on the antenna height and in our case with
a height of 1.61 m the radius of the measured area is ~12 m. That represents an average area

of 452 m? with a mean penetration depth of 0.2234 m (mean heff) that gives a mean volume
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of ~100 m®. The time step to compute the spatial variability is set to 3 days and the same color
scale for the moisture is used for the different dates (Figure 13). The soil moisture ranges from
3.68% to 4.75% and maps from Figure 13 indicate a slow drying of the soil around the antenna
over the study period, slightly more important in the southern part. Soil moisture is very similar

over the 100 m? mapped area with a spatial distribution smaller than 0.01% (Figure 13).

Figure 13 Series soil moisture maps created from results of @un for 3 days in October 2016 and the locations of the measured
specular reflection points (M. points) on the ground surface around Dahra GNSS station (the surface around the antenna was
considered as flat).

6. Discussions

As mentioned by Baghdadi et al. (2006), surface soil moisture represents the water content in
the upper layer of the ground and is essential for the precipitation distribution and also for the
separation between runoff and infiltration [Hossain & Easson, 2009]. Continuous and long soil
moisture time series are crucial for climatic studies [Longobardi, 2008] and the characterization

of the critical zone [Kirkby M. J., 2016; Cleverly et al., 2016]. Numerous automated techniques
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for in situ and remote sensing measurements have been operational over few decades. We now

present a discussion about these “conventional” techniques and GNSS-R.

6.1 GNSS-R versus in situ probes

The GNSS-R with the single-antenna system is an excellent alternative to the current in situ
technique used for measuring soil moisture for different types of soil including for the plot
where the GNSS penetration depth of the ground around the antenna is higher than the
wavelength of the GNSS signal and the VSM is too low or rapidly changes (i.e. in case of the
beach volley field, Desert regions or West Africa of sandy areas). All in situ techniques require
reliable reference data sets, which have been calibrated using reference gravimetric technique
under laboratory conditions [Walker et al., 2004]. Some sensors, like the Theta probe used in
this study, show a clear dependence to daily temperature variations [Holzman et al., 2017] while
other ones like TDR sensors are less sensitive to thermal artefacts [Walker et al., 2004]. GNSS-
R is also sensitive to thermal effects. A daily period is clearly visible in the GNSS-R estimates
as on Theta probe retrievals. However, GNSS-R integrates a larger volume and penetrate deeper
and its answer seems more correlated to soil moisture at ground level when humidity rises as
the temperature falls. Another possibility was pointed out by Roxy et al. (2010). These authors
suggest that daily moisture variations correspond to daily variations of surface albedo. These
variations decrease from the dew point until the maximum sun illumination and reversely from
the maximum sun illumination to the dew point, and it’s less correlated to the thermal diffusivity

of the soil.

Another aspect was discussed by Coopersmith et al. (2016). He showed, that in many cases, the
change of probe is responsible for discontinuities and biases in the time series. Obviously using
GNSS-R, the change of receiver is also needed. But unlike for in situ sensors where the
technology can evolve quickly and drastically, for GNSS-R, the source does not change. GNSS
constellations improve over time, but the initial signals like L1 or L2 are retained, which allows
to have longtime series, reaching up to two decades in some case with time steps as small a one

second.

A key point of GNSS-R moisture retrieval is the existing unknown dataset; many users make
continuous GNSS measurement for field observations for geological or ecological purposes but
few use it for soil moisture monitoring. It should be possible to reuse these datasets to establish
long-term time series worldwide. For example, GNSS networks exist in many countries and
can be used easily for free. The International GNSS Service (IGS) has a worldwide network

that has been working for more than two decades, but these IGS stations cannot be used due to
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the used choke ring antenna, that reject the multipath signals by construction

(http://www.igs.org/network/information, 2018).

6.2 GNSS-R and remote sensing

Monitoring soil moisture dynamics has greatly improved with the launch of the dedicated soil
moisture satellite missions as well as with GNSS-R using UK TechDemoSat-1 with its
opportunistic moisture measurement over land surface [Chew et al., 2016]. To improve the
spatio-temporal information, one can use the combination of various missions: 1) Sentinel 1 and
2 [Baghdadi et al., 2012; Paloscia et al., 2013; Gao et al., 2018]; ii) optical and radar images
[Faye et al., 2017]; iii)) GRACE Gravimetric satellite and SMOS L band satellite [Tian et al.,
2016]; iv) thermal infrared images [Verstraeten et al., 2006] etc. The scientific paradigm of
remote sensing monitoring of soil moisture is to highlight global/worldwide changes with a
pinpoint accuracy associated to a revisiting period as small as possible, ideally few hours would

be perfect.

This is a challenging point to improve the spatio-temporal resolutions because, for example,
when we increase the accuracy of spatial resolution, we have lower temporal resolution with a
revisiting time of few weeks and reversely. Numerous studies have shown good results with the
method of moisture calibration of remote sensing using in sifu probes in homogeneous soil
[Holzman et al., 2017; Koyama et al., 2017]. But if the soil is spatially heterogeneous with
strong moisture variations, in that case, a single in situ sensor is insufficient, one has to increase
drastically the number of sensors depending on the surface explored by remote sensing as
demonstrated in Figure 5. The GNSS-R allows with one sensor to monitor large area, it could
in that case reduce the monitoring cost and human resources needed for monitoring. It is also
well adapted to L band remote sensing (SMOS, ALOS, ALOS 2) because GNSS-R is less

sensitive to weather conditions, dust and vegetation effects than optical remote sensing sensors.

Another interesting property of GNSS receivers is their ability to quickly and efficiently change
of scale. The explored surfaces, sum of first Fresnel surface, is only dependent on the antenna
height (any user controls it), satellite elevation &, that can be obtained from broadcast ephemeris
or precise one (2 weeks later), and the number of visible satellites at the time ¢. So, one can
define different scales just dividing the visible satellites in two sets: low elevations and high
elevations (Figure 8). We can then analyze surfaces of few m? for an antenna height close to 5

m with ¢ varying from 35° to 70° and the surfaces of 100 m? to 10000 m? for an antenna height

of 100 m with & <35°. However, there is a limitation due to the maximum antenna height
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(Figure 14b) that have to be lower than C/A code wavelength i.e. 293m otherwise the

interference pattern is not constructive (Ribot et al., 2016).

a) b)
SP
Hmax
€ \8
th
H. =D, tan(e) <293m

Figure 14: Evolution of explored scale for one satellite; a) First Fresnel area (log scale) as a function of antenna height and

satellite elevation; b) IPT limitation, definition of the maximum antenna height depending on reflected path and & .

7. Conclusion and perspectives

The classical IPT technique developed by Larson et al. (2008) provides a good retrieval of soil
moisture for soils that are rich in clay as shown by previous studies [Chew et al., 2014; Vey et
al., 2016; Zhang et al., 2017]. In the present study, we have demonstrated that this technique
can also be used for sandy soils if we combine it with a phase unwrapping method to obtain a
continuous phase measurement of the SNR multipath. In our case, the correlation, between soil
moisture variations retrieved with our technique and VSM measured in sifu, can reach up to
0.86 on an experimental beach volley field (100% of sand) and up to 0.97 on Dahra field (95%
of sand).

Another attractive aspect revealed by this experiment is the ability of GNSS-R technique to
map the spatial variability of the soil moisture, this cannot be done with neither a single nor few
moisture probes. A detailed look at the three-observables computed by the IPT technique shows
that the phase gives the best retrieval for the soil moisture, whereas the effective height has an
important anti-correlation with VSM, the wave penetration increases in dry sand. The multipath
amplitude gives poor results due to the parameters polluting amplitude of the reflected signal,
i.e. ground roughness, soil heterogeneity. The explored surface is dependent on the antenna
height and the satellite elevation, that is to say, we can explore local to intermediate spatial
scales by increasing the antenna height: e.g. few square meters for an antenna height of ~1.5 m

to more than 10000 m? for an antenna height of 50 m.
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In the study case of Dahra, where the soil consists more than 95% sand, GNSS-R for detecting
soil moisture using SNRm and IPT method to retrieve geophysical ground parameters represent
a more complex observation of ground moisture: amplitude A, gives only a trend it is probably
disturbed by the presence of vegetation and ground roughness. The phase @, time series
corrected by the unwrapping SNR phase method displays the best correlation with soil moisture.

It seems less sensitive to the roughness and vegetation. The effective height hgff is well

correlated but with a negative correlation, due to the wave penetration. This height increases
when the water content decreases inside the soil. The combination of all GPS/GLONASS
satellites in the processing of SNR data can be used to produce a complete sequence of time
precision, which significantly improves the correlation with soil moisture, as well as the
temporal resolution i.e. from 1 day to 10 min.

Using the methodology proposed in this paper, we can detect the change in soil moisture content
from rainy to dry seasons in sandy soil.

We can also investigate soil moisture spatial variability, by creating series of the average soil
moisture maps with temporal resolution of 6 hours, 12 hours or by-days periods for the ground
surface around the GNSS receiver. The spatial resolution depends on the height of the antenna
(Figure 13). GNSS-R has the potentiality of giving continuous and perennial time series during
the next decades. Another interesting perspective is its capacity to give information at
intermediate spatial scales which permit to better understand the scale enlargement from

local/in situ to global/spatial ones.
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Figure caption

Figure 1 a) Interactions between GNSS electromagnetic waves and reflecting surface: GNSS
measurements recorded by the receiver showing the direct path with RHCP of the GNSS waves
and the reflected path with LHCP; b) SNR related to the addition of the powerful direct and
weaker reflected GNSS signals in the receiving antenna and SNRm (multipaths) with the direct
signal contribution is removed from the raw SNR profile, modified from [Roussel et al., 2015];

c) Antenna gain pattern for RHCP and LHCP for Leica AR10; modified from [Darrozes et al.,

Figure 2 a) Theoretical penetration depth of the GNSS waves when the ground consists of 100%
clay (red) and 100% sand (green); b) Example for the phase wrapping operation to correct of
the “wrong” gradient (red arrow when phase slope is positive, green arrow when phase slope is
negative); ¢) The simulation of the unwrapping phase process. ..........coceeververeevreneenieenennens 10
Figure 3 Flow chart presenting complex processing chain for detection/monitoring of surface
soil moisture in sandy area using IPT technique and unwrapping phase method: the input, the
different steps of the processing, and the OULPUL. ..........ceevviieiiiiiiiiiieiieceecee e 12
Figure 4 : Beach volley experiment; a) Location map of the beach volley field experiment at
the University Paul Sabatier, Toulouse ( France); b) map of sand layer depth done using Ground
Penetrating Radar (GPR) with a 500 MHz antenna; c) Soil moisture map of the sand layer
created by interpolation of the measured points at 7 cm depth using Theta probe moisture
sensors; d) location of GNSS receiver and of the Theta Probe sensors and map of the

GLONASS specular reflection points and their first Fresnel surface, Simulations done on the

24th of April 2015 using GRESS [Roussel et al., 2014 ]........ccooviieiiiieiieeeeeeeeee e, 13
Figure 5 The experiment site of Dahra (Senegal), with a Leica GR25 receiver and an AR10
antenna installed on sandy soil (15°24'5.36"N; 15°26'0.13"W). ..ccooviiviriiiniiniinienicneeienene 14

Figure 6 Locations of the GPS (a), GLONASS (b) specular reflection points and first Fresnel
surfaces for a GNSS receiver at the Dahra experiment site. Simulations done for the Ist of
October 2016. Satellite elevation angles range from 2° to 30° (green, cyan) and from 30° to
70°(magenta). Sampling rate is equal to 15 min (i.e., satellites positions are actualized every 15
min in the SP3 file that gives precise satellite orbits processed by the International GNSS
Service). c¢) Clustering, Gaussian mixture model for removing extreme SNR data values (red
4 (0113 RSSO URRUPPPRRPP 16
Figure 7 a) Configurations of the Soil Moisture station (15°23'48.79"N, 15°26'9.35"W). The
station equipped with 6 Theta probes: TP1: 5 cm, TP2: 10 cm, TP3: 5 cm, TP4: 10 cm, TPS:
40 cm, TP6: 100 cm; b) VSM recorded by Theta probes in 2016. .......c.cccceeeevienieeciienieenenne. 17
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Figure 8 : Evolution of the unwrapped phase ®unw (green line) and independent soil moisture
records (cyan line) at 7 cm depth in the beach volley field using SNRm on L1 band of
GLONASS CONSEEILATION. ..evveeieniieiieriieieeie ettt sttt et sttt esaeesesieens 20
Figure 9 Results obtained with all GPS+GLONASS constellations for high satellite elevations
from 30°-70° before and after Unwrapping phase vs VSM measured by P10 cm probe during
rainy period and their linear correlations R............cccooooiiiiiiiiiiiiiciecc e 22
Figure 10 a) Evolution of the final results for all the time series ®unw — during transition period
in October 2016 - obtained from SNR measurements and Unwrapping phase algorithm for all
GPS satellites with low satellite elevations SE» 30 versus VSM measured by P10 cm. b) Wavelet
coherence (M?) of Wavelet transform coherence between ®unw and P1o cm (LSE is low elevation
AIIEIE). 1eeeieeetieeite ettt ettt ettt e e et e et e e heeebe e teeebe e b e e etbe e taeebeehaeenbeentteenbeennaeenbeetaeenseas 23
Figure 11 a) Evolution of the results for all the time series ®unw — during transition period in
October 2016 - obtained from SNR measurements and Unwrapping phase algorithm for all GPS
satellites with high satellite elevations SE3o 70 versus VSM measured by Pio cm. b) Wavelet
coherence (M?) of Wavelet transform coherence between ®ynyw and P1o cm. (HSE means high
EleVAtION ANEIE). ..eoiuiiiiiiie ettt ettt b e et e eeeas 24
Figure 12 Average by day of the ®uw and VSM recorded by Theta probe P10 cm time series.
O, X are the minimum and maximum VSM measured by Theta probe by day....................... 25
Figure 13 Series soil moisture maps created from results of ®@unw for 3 days in October 2016
and the locations of the measured specular reflection points (M. points) on the ground surface
around Dahra GNSS station (the surface around the antenna was considered as flat). ........... 26
Figure 14: Evolution of explored scale for one satellite; a) First Fresnel area (log scale) as a
function of antenna height and satellite elevation; b) IPT limitation, definition of the maximum

antenna height depending on reflected path and € . .........cccooeviiieiiiiiiiece e, 29
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Accurate and continuous measurement of river water levels is a worldwide challenge
to obtain continuous estimation of river discharge around the world. But it is quite
difficult: in-situ gauges give continuous and punctual measurements whereas satellite
altimetry closely monitoring vast territories but with orbital repeat cycle not too short
to completely capture extreme and rapid hydrological events (flash flood, tidal bore etc.).
We have applied this method on two user cases located in Vietnam. This two experiments
monitored by the GET laboratory (UMR 5563) in the framework of the MISTRALE



H2020 project. For the first one we located the antenna/GNSS receiver couple of the delta
of Red river (21° 2’44.04"N, 105°51’48.86"E) to identify flood events and morphological
changes associated to these hydrological events. This measurements was done since the
27th july until 12th august 2016, during the period of the Mirinae and Nida storms.
And the second one, during 23th-31th August 2016, is located close to the mouth of
the Mekong river (9°31’38.63'N, 106°12’2.01"E) where continental water interacts with
oceanic water. GNSS-R height retrieval is obtained from SNR multipath, and to increase
the number of reflection point we used both GLONASS/GPS constellations. The results
will be compared with in-situ tide/river gauge. We demonstrate that the assumption
for obtaining useful continuous and spatial measurements of river level from GNSS-R is
promising. We obtain not only the height river, but we also retrieve the local slope of

the water surface, and flooded areas.
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Chapter IV. GNSS-R for detection of extreme hydrological events: Red River Delta
and Mekong Delta (Vietnam)

IV.1 Introduction

Global warming may result in intensifying many subsystems of the global water cycle.
This can increase the flood magnitude as well as flood frequency, making weather less
predictable and increase precipitation uncertainly. Over the past three decades, flooding
and coastal storms increase and have been linked with climate change, and the number of
disastrous floods and storms reported globally has tripled (Kunkel et al., 2013; Woodruff
et al., 2013). Floods are difficult to monitor on large scales, because they are triggered
by local conditions such as precipitation, slope of terrain, drainage network, protective
structures, land cover, and other factors. Each river or coastal area must be monitored at
different places along its course and/or its border. Some flood disasters happen annually,
yet others can occur unexpectedly (Groeve, 2010; Harman et al., 2013).

The substantial sea level rise and more frequent storms predicted for the next 50-100
years would affect coastal cities and roads, coastal economic development, beach erosion
control strategies, salinity of estuaries and aquifers, coastal drainage and sewage sys-
tems, and coastal wetlands (Doornkamp, 1998; Cazenave and Llovel, 2010; Cazenave and
Cozannet, 2014). During flooding, timely and detailed situation reports are required by
disaster management authorities to locate and identify the affected areas and to imple-
ment the required damage mitigation. This critical management function involves rescue
operations and the safety of people and property (Haq et al., 2012; Ogashawara et al.,
2013).

Traditionally, coastal flooding due to hurricanes has been estimated by measured water
levels on buoys and coastal tide gauges. Although these monitoring networks provide
good historical data for coastal flooding, they lack of spatial information because of the
limited number of stations over many large areas. For the past few decades, optical and
radar remote sensing systems on satellites and aircraft have been able to provide much
of the required information for mapping the extent of a flood, assessing the damage,
and feeding models that can evaluate the vulnerability to flooding of various inland and
coastal areas. Conventional hydrological monitoring systems have limited use in flood
forecasting, mapping, and emergency response. For adequate flood warning (ect. Red
River, Mekong from China to Vietnam), countries need to be able to collect information
across borders independently. Furthermore, gauging stations measure water height, but
not the extent of the flood.

GNSS reflectometry thus appears as an excellent alternative to conventional space
altimetry in the coastal domain, the lake or the river (See Fig. 11.23) with an accuracy
up to a few centimeters using ground or on-board systems (Lowe et al., 2002¢; Ruffini
et al., 2004; Lofgren et al., 2011; Semmling et al., 2011; Rius et al., 2012). In addition,
the downstream processing chain is simpler, a large number of permanent GNSS stations
are located on the coast in Europe and around the world, and using those on the seaside
for altimetry measurements by GNSS-R would be quite feasible(Fig.IV.1). A whole net-
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IV.2. Methodology

work would thus already be in place, and only the processing algorithm remains to be
developed. This is particularly important at a time when it is a question of co-locating
GNSS stations with tide gauges and sea/river/lake water surface’s level.

Figure IV.1 — GNSS Observations station for surveying water surface’s level of the program
GLOSS (Global Sea Level Observing System - http://www.sonel.org/-GPS-.html)

It is therefore of interest to study in detail the potential of GNSS-R for altimetry
in hydrological environments, and particularly the single-antenna system based on the
SNR method. In my thesis, I have mainly been interested in this promising technique
for monitoring storms, flood areas and altimetry of river, and I propose to use both LSM

and Larson methods (see next section) (Roussel et al., 2015b).

IV.2 Methodology

The objective is to estimate the variations of height h through the temporal variations
deduced from the SNR measurements for each satellite in view base on the method IPT
(SNR Static case, developed by Larson et al. (2008b), see § 11.3.4, eq. 11.38). And the
method in the dynamic case of SNR, known as LSM (Roussel et al., 2015b), is based on
the determination of the time series f(¢) of the frequency of the oscillations due to the
multipath. By combining the time series f;(f) measured for each satellite i simultaneously
visible, it is possible to construct an over-determined linear equation system based on
equation [I1.37] for a time period dt, with only two unknowns: h and h. Such a system
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of equations can be solved by applying the least squares criterion-based formalism. The

main points of this method are presented in this section, and synthesized in figure IV.2.

Figure IV.2 — SNR data processing chain used for altimetry of the water surface, based on a
single antenna reflectometer. Time series are from the GPS satellite. a) Flow chart presenting
the processing of the SNR data using Least Square Method (LSM) and Interference Pattern
Technical method (IPT-method Larson): the input, the different steps of the processing, and
the output; b) Example of a time series of SNR measured on L of the GPS constellation during
August 2, 2017. SNR related to the addition of the powerful direct and weaker reflected GNSS
signals in the receiving antenna and SNR,, with the direct signal contribution is removed from
the raw SNR profile, modified from (Roussel et al., 2015b).
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IV.2.1 SNR-Least Square Method for the estimation of the continental

water level

As explained in section 11.3.4, the direct signal and the reflected signal interfere at the
antenna. The quasi-sinusoidal aspect of the time series of the SNR consists of a low
frequency due to the direct signal and a high frequency due to the reflected signal, which
is denoted SNR,, and very high frequencies correspond to white noise. The intermedi-
ate/high of the SNR oscillations due to the multipath (SNR,,) as a function of the sine
of the elevation angle is expressed in this form (see §11.3.4, eq. 11.37). Variation of h may
be important when looking at ocean or continental waters (waves, height of the water
line for river). In this case, h can not be neglected, f also depends on the elevation angle
0, the satellite elevation velocity 6, and the variations of the effective antenna height over
time h. If the first two parameters are known, the determination of h and h remains
problematic because we have two unknowns for a single satellite observation of f (i.e.,
under-determined case).

Some proposals have been made to take account of this. For example, Lofgren (2014)
suggested two iterations: the first approximates h(t) by neglecting h, and the second
incorporates an estimate of h(t) based on a theoretical sinusoidal function adjusted to A
from the first iteration. The underlying idea is that during one day the change in water
level is mainly due to the diurnal and semi-diurnal tides of known frequencies and it
is therefore possible to predict a theoretical sinusoidal function. This two-step method
improves the accuracy of the results, but requires prior knowledge of the phenomena
likely to influence the antenna height in the study area.

(Larson and Nievinski, 2013) proposed a similar method, also based on two iterations.
The first iteration determines an approximate value of h(t) by neglecting h. The temporal
series h(t) thus obtained is derived to calculate the time series h. The second iteration
will integrate these values of & to determine more precise values of h(t). Unfortunately,
this method only works for small values of /4 and can not be used in the sites of extreme
hydrological events for example.

In my thesis, for the method Least Square Method (SNR dynamic case - LSM) I used
the method proposed by Roussel et al. (2015b), which allowing h and h to be determined
simultaneously using multiple satellites, we have an over-determined system of equations
that can be solve.

IV.2.1.1 Determination of the time series SNR,,(t)

The goal is to measure f(t), the frequency of SNR,, oscillations, in order to deduce the
variations of the antenna height h(¢) based on the equation in SNR processing chain
(Fig. IV.2a). Since the frequency f is not stationary, a windowing of the time series
SNR,, (sin(0)) is necessary to determine its variations over time intervals. The choice of
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the sliding window is a critical parameter because it must meet antithetical requirements.
The window must be large enough to be able to precisely identify the fundamental fre-
quency of the oscillations, but it must not be too wide for the frequency variations to be
quasi-constant over the considered temporal portion.

Let Asin(f) be the size of the moving-average window. To obtain the suited size
Asin(f) corresponding to each central value, an a priori coarse knowledge of the pa-
rameters under determination is mandatory. Ones have to consider the following three
parameters as known by the user:

o hpin(m): the minimum vertical distance that can be observed between the antenna
(fixed) and the reflected surface (water level of the river);

o hpmae(m): the maximum vertical distance that can be observed between the antenna

(fixed) and the reflected surface (water level of the river);
¢ hmae(m/s): the maximum vertical velocity of the reflecting surface.

The more precise the knowledge of these three values is, the faster the determination
of f will be. From these values, we estimate expected f,,;, and f,,.. for each central
value. In order to get the largest moving window through which the frequency could be
considered as constant, and to include enough variations of f within the chosen window,
the following two conditions (Roussel et al., 2015b) are considered:

AFT;” <z (IV.1)
fN? < A(sin(6)) (IV.2)

With z (in %) the maximal variation of f accepted within the moving window, Ny the
minimal number of observed periods within the moving window (needed to verify f,
which is quite constant over the considered period), and f,q, is the maximal variation
over time of the frequency. A fy,q, is computed from equation [IV.5] as follows:

df 2

“(h+

h tan(6) h B hé tan()
dt A ] )

0 N cos?(0) 02

) (IV.3)

af - df At df 1
d(sin(f))  dtd(sin(9))  dt fcos(0)

(IV.4)

Considering the maximal value i = fie, ~ and h = 0 within the moving-average window,

we have [IV.5]:

Afmax 2 . h h9 tan(@)
< A hmaaj A
d(sin(0)) — |)\0 cos(6) I * |C082(0)| T 62

) (IV.5)
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Ny could be estimated using the SNR,, time-series, which means that a minimum of
Ny periods are required in the moving window to estimate correctly f. With regards to
x (in %) empirically derived by "trial and error" and verifying the first condition [IV.1];
x gives the most numerous estimations of f for each satellite and the best significance
result from LSP.

It is important to note that f,,;, and f,,.. will be different for each moving window
because the mean elevation (in rad) and elevation rate (rad.s) change for each window.
We thus estimate an optimized size A(sin(f)) of moving-average window guaranteeing to
have at least Ny periods of a quasi-constant frequency. Thus, this size is not constant

over the time-series and is re-estimated for each time increment.

IV.2.1.2 Determination of the frequency f of the SNR multipath oscillation

The main frequency f is estimated using Lomb-Scargle periodogram (LSP): Lomb (1976);
Scargle (1982), which seems to be a suitable solution. The LSP is achieved for each moving
window. Knowing the three considered parameters of h,,i, Pmae and hmam, the theoretical
value of f,,;, and f,,.: can be determined. It is thus not any more necessary to consider
the whole spectra of the signal under study, but it is sufficient to only consider frequencies
ranging from f,;, t0 fiae to compute the LSP. Only periodogram peaks significant at
0.01 and presenting a unique local maximum in the interval between f,,;, and f,,.. are
considered.

IV.2.1.3 Determination of the height h of the antenna with respect to the reflection
surface

Once f is accurately estimated for each satellite in sight of the receiver, h can be obtained
solving [I1.38], with two unknowns’ h and h. The solution presented, in this study, consists
in combining measurements from all the GNSS satellites in sight at a given time to define
conjointly h(t) and h(t). Using a classical LSM resolution as detailed hereafter.

Let f = %, U= 4“/\8‘;1(9) and V = 4T | we obtain for a satellite ¢ and for an instant ¢:

fi(t) = U;h(t) + Vih(t) (IV.6)

with f;(t) being the frequency of the multipath oscillations, with respect to the sine of
the satellite 7. Combining all the visible satellites at each time ¢, we obtain an equation
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system:

fizl (t) - Ulzlh(t) + V;:lh(t)

fi:2(t) - Ui:Qh(t) + nggh(t)
(IV.7)

fizon(t) = Uiph(t) + Vi, h(t)

Or in matrix structure:

F =Uh(t) + Vh(t) = AX (IV.8)

with A= (U V)and X = (Zgg), [IV.8] solved with the Least Square Inversion Method
(LSM, Fig. IV.3) at each time step, thus determining conjointly h(t) and h(t) as follows:

X = (A"A)HA'F) (IV.9)

All GNSS satellites from the different constellations (GPS, Galileo, GLONASS and
others) are likely combined in this over-determined system.

The main challenge is to find the correct time interval At between each estimation
and also the length 0t of the moving window (Roussel et al., 2015b). At and ¢t must
be chosen with attention to have a large enough temporal resolution for A and h. The
number of satellite observations available decreases with 0t and so the accuracy of the
determination of h and h using LSM. Yet, choosing a too large value for 6t causes an
inaccurate determination of the unknown parameters since the receiver height would have
changed during this interval. Unlike the static case which provide an estimation of the
time series h;(t) for each satellite i.

For the altimetry application, the LSM method provides a single time series h(t)
combining all satellites. Nevertheless, the temporal resolution of the static consideration
is limited by the repeat-ability of the GNSS constellations (i.e.), a maximum of four
estimations by day, one during the descending phase, one during the ascending phase
with twice passes per day per satellite for the GPS constellation, whereas the dynamic
case provides a far better temporal resolution (depending on the chosen dt).
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Figure IV.3 — Principle of Least Square Inversion Method used to determine h based on LSP
estimates of f. For reasons of clarity, overlapping was not represented in this figure, even if our
case ot > At. From Roussel et al. (2015b)
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IV.3 Mekong Delta experiment (Vietnam)

IV.3.1 Presentation of the measurement site and experimental condi-

tions

The experiment site was decided in Tran De district, Soc Trang province, Vietnam. This
interesting site has show the competition between hydrological regime (continental waters
of Mekong river and tides (oceanic ater) and may be during storm oceanic waves, are
more stable with an average speed of 0.4-0.5 m/s. In winter, the flow direction has the
same direction and under the influence of the north-east monsoon. Near the coast, flow
orientation is more complex due to the influence of the estuaries and canals flowing into
the sea. Coastal tides of the study area are semi-irregular, with a tidal amplitude in
Hau river (Mekong River Delta) estuary at about 3m (tides) and 1.80m (low tide). Tidal
amplitude decreases with the upstream distance . According to monitoring data in Vung
Tau stations, the highest average tide peak of 4.43m (in months 10, 11) and the lowest
is 0.58m in May, August. The highest tide feet - 0.24m (November) , the lowest tide feet
- 3.0m (June).

To monitor this area we used a Leica GR25 receiver and an AR10 antenna was set up at
~ 30 m above the ground surface, on the top of the Tran De water tower (106°12’10.17"E,
9°31'27.16"N). The Tran De water tower located in the Tran De port at 100 m from the
Mekong River and at the same place of the Tran De hydrological station (Fig. IV.4). SNR
data were acquired from 23* to 30" August 2016 at a 10 Hz frequency. The experiment
monitored by the GET laboratory (UMR 5563) in the framework of the MISTRALE
H2020 project and the ERGO project (Experience de mise en place d'un Reseau GNSS-R
sur Riviere et Ocean au Vietnam-University Paul Sabatier).

The in-situ data used in this experiment consist in records of tide/river gauge
from two hydrological stations over the period of acquisition: Tran De (106°12’10.17"E,
9°31’27.16"N), Dai Ngai (106°04'27.3" E, 9°44’4.4"N). The water level measurements are
obtained at a 1lh time sampling.

Positions of the specular reflection points on the surface have been determined through
direct modeling using GRESS developed by Roussel et al. (2014). To remove the effect
of the continent on the reflected signal, we used satellite elevation angles # from 0° to 20°
and an azimuth mask from 0° to 140° (Fig. IV.5).
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Figure IV.4 — The GNSS receiver with a single antenna set up at about 30 m above sea level, on
the top of the Tran De water tower (106°12’1.96"E; 9°31’ 38.37"N, MeKong Delta - Vietnam).

Figure IV.5 — Locations of the specular reflection points and fresnel surface for a GNSS receiver
on the top of the Tran De water tower from 23" to 30" August 2016 (all satellites with
elevation angles from 0° to 20°): a) Simulation of SNR multipath using IPT method of Larson
et al. (2008b); b) Simulation of SNR multipath using LSM method of Roussel et al. (2015b).
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IV.3.2 Parameters for SNR data analysing

The following two methods were tested:

o A static SNR method (IPT classic - Larson et al. (2013); § 11.3.4): h ~ 0, f
is constant and directly proportional to the receiver height above the reflecting
surface.

e A dynamic SNR method (Least Square Method - Roussel et al. (2015b); § IV.2.1):
h # 0, the time series f (t) of the frequency of the multipath oscillations from the
SNR data of each GNSS satellite. The input parameters chosen are: h,,;, = 26m,
Bmaz = 34m and hpee = 5% 10~ *mm/h (ie., 1,5 % 10~3mm/h).

IV.3.3 Comparison between the height derived from GNSS-R and in-

situ gauge records

The water level height derived from SNR was compared to records obtained from a
traditional Tran De tide gauge (located downstream at 450 m from GNSS station) and
a Dai Ngai river gauge (located upstream at 26.7 km from GNSS station).The height h
estimated from two applied methods gives good results with correlation coefficient more
than 80% when compare with in-situ gauge. The dynamic case is less correlated, due to
the fact the reflecting surface is relatively static and less affected by waves, but it has
more accuracy than the static one (Figs. IV.5, IV.6 and Table IV.1).

The results in Tab. IV.1 shows that the water level is obtained when combined both
GPS and GLONASS data is better than no combination. Time series variations of water
level at the Tran De station over 23 to 30 August 2016 are showed in Fig. IV.6.

In this study, we demonstrated that SNR data from GNSS-R receivers allows esti-
mating the water level with high accuracy in the estuarine areas impacted by different
phenomenon of different characteristics such as hydrological regime, storm, waves and
etc. The water level derived from SNR signal provides results of similar quality the clas-
sical gauges when using both GPS and GLONASS satellite (R reach ~ 0.85 in complex
environment). So it can allow evaluating the performances of GNSS-R for monitoring

river changes.
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TABLE IV.1 — Comparison between the in-situ gauges with the raw SNR-based time series cal-
culated with only the GPS and/or GLONASS constellation. (a) In Static case, (b) In Dynamic
case.
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Figure IV.6 — Comparisons between height estimated from SNR measurements obtained with
method LSM (a, 1989 measurements), method Larson (b, 369 measurements) vs Tran De tide
gauge (cyan line), from 23" to 30" August 2016.
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IV.4 Red River Delta experiment (Vietnam)

IV.4.1 Presentation of the study area and datasets available

The Red River Delta (RRD), which is located in the northern part of Vietnam, is a very
complex hydrological network that has been heavily impacted by human activity. The
area of the RRD covers ~ 14,300 km? , entirely lying below three meters above sea level
and much of it does not rise more than one meter above sea level. The RRD is limited
landwards by the town of Son Tay in the north-west (150 km from the sea) and seawards
by the coastline, which extends 360 km from Hai Phong province in the north-east to the
Ninh Binh province in the south.

Every year the sea storms and south-west monsoon has caused heavy rains in the
upstream region and northern plains. Due to the impact of weather volatility worldwide
as waters of El Nino and La Nina, sea storms and heavy rains occur more violent than
ever. Hurricane season usually from June to October, has an annual average number of 4
storms.These storms often come from the Philippines, South China Sea and the western
Pacific and then 3-4 days later to the coast of Vietnam. Upstream terrain includes
mountainous areas with steep slopes, rainwater quickly passed down to the plains. The
majority of this major floods occurred in August, aimed at the height of the rainy season.
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Figure IV.7 — a) Strong tropical storm that struck China and Northern Vietnam in late July
2016; b) Circulation impact of the storm Nida in some parts of the Lao Cai province caused
severe flooding (4/8/2016); ¢) The Mirinae with heavy rain and intensive gusts in Hanoi caused
serious accidents (28/07/2016).
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IV.4.1.1 GNSS-R installation

The same equipment as for the previous station were installed on the top of the old bridge
abutment (21° 2’44.04'N, 105°51'48.86"E) on the Red River in Hanoi, Vietnam (Fig.
IV.8). GPS L1, L2 (S1C, S2W) and GLONASS L1 (S1C) frequencies were continuously
acquired in rainy and windy conditions during the period of the Mirinae and Nida storms
(Fig. 1V.7), from the 27" July to 12®® August 2016 at both sampling frequencies 1 Hz
and 10 Hz.

Figure IV.8 — The GNSS receiver with a single antenna installed on the top of of the old bridge
abutment (21° 2'44.04'N, 105°51’48.86"E) on the Red River in Hanoi, Vietnam from the 27"
July to 12t August 2016.

IV.4.1.2 River gauge data

In-situ gauge collected with Hydrological Meter, located at the same place of the exper-
iment site (Fig. IV.8), recorded from Hanoi Environmental Hydrology Station, National
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Centre for Hydro-meteorological Forecasting. The water level measurements are obtained
at a 1h time sampling. In the period of this campaign, the Mirinae storms caused heavy
rains, large quantities of water from upstream (China) came to downstream (Red River
Delta) and released into the sea, the water level recorded from hydrological station on
the site measurement was therefore changing and increasing quickly (Fig. IV.7). As a
result, many areas are flooded, in the figure IV.9 you can see large flooded area during
this period in the mudflats/oasis of agricultural crops in the middle of the Red River.
There are lots of those oasis were totally flooded.

IV.4.1.3 Site interest

Due to the safety of the instruments and the location of the GNSS station placed within
the same location as gauging stations, on the top of the old bridge abutment (Fig. IV.8),
the SNR multipath signals obtained will be disturbed in the south directions of the GNSS
antenna by the Long-Bien bridge multipaths. Therefore, positions of the reflection points
on the surface and their Fresnel zones have been determined using GRESS with azimuth
mask from 0° to 70° (satellite elevation angles € limited from 18° to 70°; north-east side
of the antenna) and the azimuth from 240° to 360° with # limited from 6° to 70° in the
north-west side of the antenna (Fig. IV.9). The maximum of the Fresnel zones measured
~ 1000m? at the low satellite elevation and ~ 10m? at the high satellite elevation.

IV.4.2 Parameters for SNR data analysing

The following two methods and input parameters for SNR data analysing have been

chosen:

« A static SNR method (§ I11.3.4): h ~ 0, f is constant and directly proportional to

the receiver height above the reflecting surface.

« A dynamic SNR method (§ IV.2.1): i # 0, the time series f(t) of the frequency
of the multipath oscillations from the SNR data of each GNSS satellite. The input
parameters chosen are: h,,;,, = 14m, Ay = 20m and hmw =5%10"% hmw was
chosen is approximately 3 times the maximum water level fluctuations observed by
Hanoi hydrological station (= 4 m) during the floods period.

IV.4.3 Results

Unlike the Mekong Delta experiment, the Red river study area is located far from the
estuary, so the water level is not influenced by tides. In this site, with the characteris-
tics of GNSS location measurement stations, the two methods has applied for retrieving
variations of water level h using two different ranges of satellite elevation (Fig. IV.9).
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Figure IV.9 — Position of the GPS (a), GLONASS (b) specular reflection points and their first
Fresnel surface for a GNSS receiver on Red River campaign. Simulations done the 08" of
August 2016 with two range of Satellite elevation angles #: High satellite elevation (in magenta,;
from 30° to 70°) and Low satellite elevation (in green; 6°-30° in the left side and 18°-30° in the
right side). Sampling rate is equal to 15 mins (i.e., satellites positions are actualized every 15
mins);The cyan area shows flooded area during the storm event.
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Comparing with the water level recorded by the Hydrological station, correlation coeffi-
cients obtained from both methods gives good results but the difference is in the number
of solution computed : Larson gives accurate results but for a limited number of points
whereas LSM gives a large number of accurate solutions (Fig. IV.10). The height h
estimated with high satellite elevation gives accuracy of ~ 10cm better than from low
satellite elevation (6°-30° in the left side and 18°-30° in the right side of the GNSS sta-
tion). Comparing between L; and Ly frequencies, as it is known for GPS measurements,
L, is more noisy but gives accurate measurements and for GLONASS constellation, L,
is more accurate than L; with a RMSE < 10 ¢cm (Table IV.2).

Figure IV.10 — Comparisons between height estimated from SNR measurements obtained using
method LSM (a), method Larson (b) with only the GPS constellation /GLONASS constellation
/both constellations versus height recorded from the hydrological station during the period of
the Mirinae and Nida storms (from the 27" July to 12" August 2016).

The two main storms, Mirinae and Nida, have been well recorded, one can see a delay
of 54 hours for Mirinae and 48 hours for Nida between storms and GNSS-R answers due
to the water transit time of the watershed (Fig. IV.10).

We have also compared the difference among PRN of GPS and GLONASS constel-
lations. The correlation coefficients R, between the height h station and the estimated
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TABLE IV.2 — Comparison between the in-situ gauges with the raw SNR-based time series
calculated using different ranges of satellite elevation with only the GPS and/or GLONASS
constellation. (a) In Static case, (b) In Dynamic case.
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height h from different PRN, are ~ 0.9 (Fig. IV.11). The best correlations are with
observed GNSS constellations: i) GPS PRNs: 06, 10, 12, 14, 17, 19, 20, 21, 22 and 30;
ii) GLONASS: 01, 04, 08, 10, 11, 14, 15, 16, 21 and 24.

Figure IV.11 — Chart of the correlation coefficients between the h recorded from the hydrological
station and the estimated h from different GPS and GLONASS constellations.

In this study, we demonstrated that SNR data from GNSS-R receivers allows estimat-
ing the water level with an accuracy ~10cm. In the literature, the two methods, method
Larson and method LSM, are set down depending on the height variations of the GNSS-R
antenna, if we have no variations or very small ones that is to say we are in the static

case we used Larson method otherwise we are in the dynamic case and we used LSM.
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IV.5 Conclusion

From the two studies presented in this chapter, we demonstrated that the SNR from
GNSS-R receivers allows estimating the water level with quite good accuracy ~10cm.
LSm and Larson methods can be applied not only in the coastal area e.g. Roussel et al.
(2015b), but also for continental waters (river, lake, etc.) and even in the estuarine
areas where has impacts of different characteristics such as hydrological regime, coastal
oceanographic and so on. In the literature, two methods are set down depending on the
height variations of the GNSS-R antenna, if we have no variations or very small ones
that is to say we are in the static case we used Larson method otherwise we are in the
dynamic case and we used LSM. Both method gives good results but the difference is in
the number of solution computed: Larson gives accurate results but for a limited number
of points whereas LSM gives a large number of accurate solutions. Multi-constellation
increases the accuracy of the solutions and the number of computed points. We have also
compared L; and Ly frequencies. As it is known for GPS measurements, L, is noisier but
gives also accurate measurements. For GLONASS constellation, L, is more accurate than
L; with a RMSE <=10cm. The accuracy of GNSS-R, in many cases, is not obstacle for
Red river or Mekong measurements because reference gauges record have water variations
upper than 20cm. The main storm i.e. Mirinae was not completely recorded due to the
technical problem when Nida have been well recorded, one can see a delay of 54 hours
for Mirinae and 48 hours for Nida between storms and GNSS-R answers due to the water
transit time of the watershed.

In the Mekong river experiment, GNSS antenna was installed at the Tran De water
tower (high 30 m), 100 m from the river. In this site, we can use only SNR data with low
satellite elevation and it gives lower correlations. Comparisons with in-situ gauge data
have a correlation coefficient of 0.92 with Larson method and 0.85 with LSM method.
The results of Larson method are better than the LSM method can be explained by the
reflecting surface is relatively static, less affected by waves. The water level derived from
SNR signal provides results of similar quality the classical gauges when using both GPS
and GLONASS satellite. So, it can allow evaluating the performances GNSS-R for mon-
itoring river changes and the possibility to use this technique for calibration/validation
of altimetry data (SARAL, Jason-2, 3, Sentinel 3A etc.).

So, GNSS-R base on SNR analysing is the promising tool for obtaining useful contin-
uous and spatial measurements of river level. We obtain not only the river water level,
but we can also retrieve the local slope of the water surface, and flooded areas. So, it can

be use for detection of extreme hydrological events.
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CHAPTER V

Conclusion and perspectives

V.1 Conclusion

En francais:

Nous avons vu que le GNSS-R, avec I'évolution récente des différentes constella-
tions GNSS, est et sera I'un des outils fondamentaux pour la surveillance de nombreux
phénomenes environnementaux. Avec le lancement de TechDemoSat-1, c¢’est le segment
spatial qui s’est ouvert aux applications de réflectométrie. Récemment, avec le lancement
de la constellation CYGNSS, du cubesat 3CAT-2, et 'introduction d'un récepteur GNSS-
R sur la station internationale dans les années a venir, 'intérét des scientifiques et des
professionnels du secteur privé devraient augmenter notamment pour les tempétes, les
tsunamis, 1’évolution des sécheresses, la surveillance des rivieres et des calottes glaciaires.
Ces applications sont aussi accessibles via des récepteurs géodésiques classiques pour des
mesures in-situ jusqu’a des échelles intermédiaires (~ 40 km? pour une antenne a 60 m
de hauteur).

La technique IPT développée par Larson et al. (2008a)pour les récepteurs classiques
a démontré une bonne qualité de mesure de I’humidité du sol pour les sols riches en
argile. Mais nos travaux mettent en évidence l'efficacité de cette méthodologie pour les
sols sableux. Dans ce cas, nous devons combiner la technique IPT avec le déroulement de
la phase pour obtenir une série temporelle de la phase du SNR,, continue. Sil’on compare
la méme série temporelle de phase en utilisant IPT seul et I"'IPT + unwrapping' on peut
voir une treés nette amélioration: le facteur de corrélation entre la sonde in-situ et la phase
SNR,, passe ainsi d’une valeur proche de 0 a une valeur proche de 0,7, pour le terrain
synthétique du « Beach volley» composé de 100% de sable puis d’une géomembrane avant
de retrouver dessous la molasse de la Garonne. Un autre atout majeur mis en évidence par
cette expérience est la capacité de la technique GNSS-R a cartographier la distribution
spatiale de I’humidité du sol sur une zone qui dépend de la hauteur de ’antenne et des
classes d’élévation des satellites. Sur le « Terrain de Beach volley», pour couvrir I’ensemble
du terrain, nous avons utilisé uniquement des satellites de haute altitude (habituellement
non utilisés) avec une empreinte de quelques metres carrés et une hauteur d’antenne
de 4m. Cette variabilité spatiale ne peut pas étre que difficilement réalisée avec une
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ou plusieurs sondes d’humidité in-situ. Cet exemple montre que des échelles locales a
intermédiaires peuvent étre explorées simplement en augmentant la hauteur de ’antenne:
quelques meétres carrés pour une hauteur d’antenne de ~ 1,5 m et a plus de 10.000 m?
pour une hauteur d’antenne de 50 m. On peut aussi regarder simultanément deux échelles
spatiales juste en séparant les satellites de hautes élévations et de basses élévations. Dans
le cas de I’étude du site naturel de Dahra, ou la concentration de sable dans le sol est
supérieure a 80%, nous avons comparé les trois métriques obtenues a l'aide de I'IPT:
la phase ®,,,, 'amplitude A,, de SNR,, et la hauteur effective h.fy. L’humidité du
sol restituée a partir de ces parametres a une qualité variable en fonction du parametre

regardé:

e A, ne donne qu'une tendance due a sa forte sensibilité a la végétation et a la
rugosité de la surface du sol.

e La phase ®,,, donne une bien meilleure corrélation avec les sondes d’humidité. De
plus, elle montre aussi une certaine aptitude a pénétrer plus profondément dans
certains types de sols notamment ceux qui sont riches en sables. On constate
aussi que @, elle est nettement moins sensible aux effets de la rugosité et de la
végétation de surface. Enfin, elle montre une excellente qualité de mesure méme
lorsque le taux d’humidité dans le sol est tres faible (<5%) ceci pour une précision

approchant les 0,5%.

e Le dernier parametre, la hauteur effective hg7} se traduit par une claire anti-

corrélation avec les sondes d’humidité car la pénétration de I’onde augmente lorsque
I’humidité diminue.

La surface couverte dans le cas de Dahra est de quelques dizaines de metres autour
de T'antenne (Haptenne = 1.61m), mais il est possible d’augmenter la surface explorée
en augmentant la hauteur de I'antenne ou en déplagant/ajoutant des récepteurs pour
couvrir une zone plus large. La combinaison de toutes les constellations existantes
GPS/GLONASS/GALILEO/BEIDOU dans le traitement du SNR permet d’augmenter
le nombre de points spéculaires et de produire des séries temporelles plus completes et
plus précises ce qui améliore significativement la détermination de 'humidité du sol,
ainsi que la résolution temporelle. La fréquence d’échantillonnage passe de 10 minutes a
1 minute voire 1 seconde et fournit une analyse détaillée des séries temporelles. On peut
alors identifier a la fois des signaux basses fréquences (pluriannuels) et hautes fréquences
(variation quotidienne de 'humidité liées a 'activité solaire). Avec la méthodologie pro-
posée dans cette theése, nous pouvons construire de longues séries chronologiques continues
d’humidité du sol qui sont /seront tres utiles pour cartographier les effets du changement
climatique sur le long terme ou les changements saisonniers tels que la transition saison

des pluies a saison seche. Par exemple, en octobre 2016, en créant une série de cartes
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d’humidité moyenne du sol avec une résolution temporelle de 6 heures, 12 heures ou jour-
naliere pour une aire explorée autour de 'antenne GNSS de ~300m? (pour dans le cas
de Dahra, un rayon ~ 10m et Hupgenne ~ 1.60m). Une autre contribution importante est
sa capacité a fournir des séries chronologiques continues et durables pour, au moins, les
décennies a venir (les constellations GNSS étant pérennes).

De nombreuses applications utilisent les mesures d’humidité : i) la météorologie, ii)
'agriculture, iii) I’hydrologie etc. mais pour avoir de bons suivis il est important que les
mesures d’humidité répondent & trois critéres important : a) un pas de suivi temporel
le plus fin possible surtout si 'on désire voir les interactions sols/plantes englobés dans
les phénomenes d’évapotranspiration, si 'on vaut suivre I’évolution diurne et nocturne
du point de rosée jusqu’au maximum d’ensoleillement ; b) différentes échelles d’analyse
(global & in-situ avec aussi les échelles intermédiaires) ; ¢) une précision importante pour
pouvoir suivre de treés faibles variations des conditions de saturation (ou non satura-
tion) du milieu ; d) la mesure doit correspondre a une mesure de surface (les premiers
centimetre, décimetres de sol. L’utilisation de la télédétection permet d’avoir une couver-
ture globale avec des pas temporels qui s’affinent de plus en plus, ainsi en une trentaine
d’année on est passé de données mensuelles (SPOT, LANDSAT) a hebdomadaires (con-
stellations SENTINEL) voire journalieres (MODIS). Elles permettent aussi d’obtenir de
nombreuses échelles intermédiaires puisque leur résolution va de moins de 50km (e. g.
SMOS, Sanchez et al. (2016); Wigneron et al. (2000)) en passant par quelques centaines
de metres (e.g. MODIS, Wang et al. (2007); Zhang et al. (2014)) & moins d’une centaine
de metre (e. g. RADARSAT-2, Baghdadi et al. (2012); SENTINEL 1, Paloscia et al.
(2013); SWIR hyperspectral airplane sensor, Finn et al. (2011)).

Cependant, toutes ces missions nécessitent une phase de calibration s’appuyant sur des
capteurs au sol qui vont permettre de d’inverser la réflectivité du sol en contenu en eau du
sol. Sur ce point le GNSS-R nécessite aussi cette phase de calibration il ne permet donc
pas de s’affranchir des données in-situ par contre du fait de son exploration spatiale relié a
la hauteur d’antenne il est beaucoup plus intéressante de calibrer les données satellitaires
et aéroportées avec cette méthode car les corrélations locales avec les sondes d’humidité
sont de tres bonne qualité avec R2> 0.9 et une prise en compte de 'hétérogénéité locale
( de quelques m? pour Huptenne ~1m a un millier d’hectare pour Hupgenne ~50m) voire
régionale (si on installe un réseau de capteurs). Autre point important c’est la résolution
temporelle qui peut étre adaptée au phénomene étudié et peut atteindre un pas tem-
porel inférieur a la minute. De plus, les échelles globales peuvent aussi étre exploitées
en utilisant non plus I'analyse du SNR mais en utilisant les formes d’ondes (directes et
réfléchies) acquises par des récepteurs spécifiques embarqués dans les satellites de la con-
stellation CYGNSS (Chew and Small (2018)) ou de la mission SMAP (Carreno-Luengo
et al. (2017)).

Les analyses in-situ que ce soit par méthode gravimétrique qui est la référence puisqu’elle
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mesure directement la quantité d’eau dans le sol (Schmugge et al. (1980)) mais qui est
longue a mettre en ceuvre car elle nécessite une phase de séchage de I’échantillon d’une
douzaine d’heures au moins ce qui nuit a sa résolution temporelle. Les méthodes indirectes
que sont les méthodes nucléaire (sonde neutrons, ou sonde gamma-ray) électromagnétique
(sonde TethaProbe, sonde capacitive Sentek, etc.) ou tensiométrique (bougie poreuse
qui mesure la capillarité ou ’énergie de tension Richards and Gardner (1936)) perme-
ttent d’avoir des pas temporels plus précis proche de quelques minutes généralement.
L’inconvénient majeur de ces techniques est quelles sont ponctuelles et ne représentent
que de tres faibles surfaces par rapports aux techniques de télédétection classiques. Bien
stir on peut utiliser des réseaux de capteurs in-situ pour calibrer et valider les données
spatiales comme 'ont démontré Sanchez et al. (2010) avec un réseau de 23 stations cou-
vrant une surface de 1300 km? dans le bassin du Duro en Espagne qui donnent de bonne
corrélation pour les parcelles agricoles non irriguées avec cependant une sous-estimation
systématique pour les zones de céréales et de vignes. Si 'on compare cela aux résultats
obtenus sur Lamasquere avec le GNSS-R on ne constate pas de sous-estimation systéma-
tique ce qui est plutot en faveur du GNSS-R. De plus, on a pu suivre la croissance des
céréales avec le méme instrument ce qui réduit fortement l'instrumentation de terrain,

les problémes d’énergie et de maintenance.

Dans les études du delta du fleuve Rouge et de celui du Mékong, nous avons montré
que le SNR,, permet d’estimer le niveau de ’eau avec une précision de ~ 10cm. Dans la
littérature, deux méthodes sont définies en fonction de la hauteur de 'antenne. Si nous
sommes dans le cas statique, non-déplacement ou tres faible déplacement de la surface
et/ou de 'antenne, nous pouvons utiliser la méthode IPT qui dépend de la fréquence
du signal et de sa longueur d’onde (Larson et al., 2008b). Autrement, lorsque nous
sommes dans le cas dynamique, c’est-a-dire que 1'on regarde une surface mobile (mer,
surface de la riviere) et/ou que lantenne est embarquée sur un avion ou un satellite,
nous utilisons la méthode LSM. LSM est une solution plus complexe pour calculer le
hegy il faut tenir compte de la vitesse verticale de I'antenne, de la vitesse angulaire et de
I’élévation du satellite. Les deux méthodes donnent de bons résultats mais la différence
réside dans le nombre de solutions calculées: Larson donne des résultats précis mais pour
un nombre limité de points alors que LSM donne un grand nombre de solutions précises.
La combinaison des constellations augmente aussi la précision de la solution et le nombre
de points calculés. Nous avons également comparé les différentes fréquences GNSS i.e. L;
et Ly (Ls n’a pas été pris en compte car trop peu de satellites 1'utilisent). Comme il est
classiquement admis pour les mesures GPS, L, est la plus bruitée mais donne des mesures
précises car sa période est plus courte que celle de L;. Pour la constellation GLONASS,
Ly est plus précis que L; avec un RMSE <= 10cm. La précision de h.ss est, dans de
nombreux cas pour les deux méthodes, satisfaisante pour de nombreuses rivieres comme

les deltas du fleuve Rouge et du Mékong car les jauges de référence ont généralement des
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variations d’eau significativement supérieures a 20cm puisque 'on a a la fois les effets des

crues continentales et des marées océaniques.

Pour le site du delta du Mékong, une antenne GNSS a été installée a la tour d’eau de
Tran De haute de 30 m, et & 100 m du fleuve. Dans ce site, nous pouvons utiliser unique-
ment les données SNR,, provenant des satellites a faible élévation. Dans ces conditions,
en comparant avec le capteur fluvial in-situ, la méthode LSM donne une corrélation plus
faible (R ~ 0,85) que la méthode de Larson (R ~ 0,92) comme le montre dans la figure
IV.6. Les résultats de la méthode de Larson sont meilleurs que ceux de la méthode LSM
et cela peuvent s’expliquer par une surface réfléchissante relativement statique ou seules
des variations a basses fréquences ont été enregistrées, a savoir les marées (période de
12h) et les inondations (plusieurs heures a plusieurs jours). Cette zone est moins affectée
par les ondes qui génerent des oscillations a hautes fréquences qui conduisent a des vari-
ations verticales importantes et rapides de la surface de ’eau. Mais en termes de séries
temporelles, LSM (1989 points) donne six fois plus de mesures que Larson (369 points)

et permet donc un bien meilleur suivi temporel.

Sur le fleuve Rouge, deux fortes tempétes ont été enregistrées, a savoir Mirinae (phase
de crue descendante tronquée) et Nida (complete), on peut observer un retard de 54
heures pour Mirinae et de 48 heures pour Nida entre I’évenement climatique — la tempéte
et réponses hydrologique mesurée par le GNSS-R ; ce retard est due temps de transit des

eaux de ce grand bassin versant.

Avec le développement de systeme d’alerte aux crues comme le Global Flood Moni-
toring System de plus en plus de données sont utilisées pour contrainte les modeles de
prévision en temps réel : généralement il s’agit de données satellitaire comme 'analyse
multi-satellite des précipitations, données qui permettent de prédire les hauteurs dans les
prochaines heures cependant ces modeles sont aussi corrigés en temps réel en s’appuyant
sur de la télémétrie in-situ des hauteurs d’eau et des débits dans les différents points clés
du bassin-versant, ainsi on s’appuie sur une mesure ponctuelle proche d’une confluence
ou d’'une ville, ou I'on développe des systemes spécifique aux milieux urbains (Henonin
et al. (2013)). Avec le GNSS-R on peut encore améliorer la compréhension de 1’évolution
des crues car elle nous donne une carte de la topographie de surface des eaux mais aussi
une vision des zones inondées méme sous couvert végétal, la ou par exemple les images
optiques ne voient que la canopée. Les premieres application GNSS-R appliquée au «
monitoring des rivieres » ont été réalisées dans le cadre du projet WISDOM (germano-
vietnamien, Beckheinrich et al. (2014)) ou il a été montré la faisabilité d'un tel systeme
mais ou il a aussi été montré la difficulté d’avoir des mesures continues et précises. Cepen-
dant avec I'augmentation du nombre de satellites et surtout l'intégration de la vitesse de
déplacement vertical de la riviere/fleuve/lac on a maintenant des mesures beaucoup plus
fines comme 'ont montré les études sur le delta du Mékong et du fleuve Rouge faites
dans cette these. L’utilisation d’une cartographie sur des rivieres assez larges (il faut
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avoir suffisamment de points de réflexion pour pouvoir résoudre le systeme par moindre
carré) doit permettre i) de mieux comprendre I’hydrologie des zones de confluence (ef-
fet de barrage de la riviere principale qui peut induire une inondation régressive (vers
I'amont) dans le tributaire ; ii) mieux comprendre la dynamique fluviale dans les zones
urbaines ou les phénomeénes de ruissellement sont amplifiés, iii) mieux suivre les zones
humides des grands bassins versants (Nghiem et al. (2017)) et enfin iv) mieux appréhen-
der la compétitions entre les eaux océaniques et les eaux continentales au niveau des
embouchures des fleuves.
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In English:

We have seen that GNSS-R, with the recent evolution of different GNSS constellations,
is and will be one of the fundamental tools for monitoring environmental phenomena.
With the launch of TechDemoSat-1, the space segment is opening up to reflectometry
applications. Recently, with the launch of CYGNSS, 3CAT-2, and the introduction of
a receiver on the international station in the coming years, are expected to increase the
interest of scientists and professionals in the private sector such as storms, tsunamis, the
evolution of droughts, the monitoring of rivers, and ice sheets. These applications are
now accessible via classical geodetic receivers for in-situ measurements up to intermediate
scales (~ 40 km? for an antenna at 60 m height).

The IPT technique developed by Larson et al. (2008a) for the classical receiver demon-
strated good soil moisture retrieval for rich clay soil content. But our works highlight
the efficiency of this methodology for sandy soil. In this case, we need to combine the
IPT technique with an unwrapping of the phase to obtain a continuous phase time series
of the SNRy,. If you compare the same phase time series using IPT alone and “IPT +
unwrapping” one can see the improvement: the correlation factor between near surface
in-situ probe and SNR,, phase increase from a value close to 0 to a value close to 0.7
for the synthetic field "Beach volleyball" composed of 100% sand and a geomembrane
before returning below the sandstone ("molasse") of the Garonne. Another major asset
highlighted by this experiment is the ability of GNSS-R technique to map the spatial
distribution of soil moisture over an area that depend on the antenna height and the
satellite elevation class. In the beach volley playground, to cover the entire playground,
we used only high elevation satellites with a footprint of a few square meters and an
antenna height of 4m. This spatial variability cannot be difficult to achieve with a single
or few in-situ moisture probes. This example shows that local to intermediate scales
can be explored simply by increasing the height of the antenna: few square meters for
an antenna height of ~1.5 m to more than 10.000 m? for an antenna height of 50 m or
just separating satellites from high elevations and low elevations. In the case of Dahra’s
natural study, where the sand concentration in the soil is greater than 80%, we compared
the three metrics obtained using the IPT i.e. phase ®,,,, amplitude A,, of SNR,,, and
effective height hers. The soil moisture restored from these parameters has a variable
quality depending on the parameter used:

e A, give only a trend due to a high level of sensitivity to vegetation and ground

roughness.

e The phase ®,,, gives a much better correlation with the humidity probes. In
addition, it also shows a certain ability to penetrate deeper into certain types of
soils especially those which are rich in sands. We also note that &,,, is much
less sensitive to the effects of roughness and surface vegetation. Finally, it shows
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excellent measurement quality even when the soil moisture content is very low
(<5%) for a precision approaching of 0.5%.

e The last parameter, the effective height k¢ results in a clear anti-correlation with
the humidity probes because the wave penetration increases when the humidity

decreases.

The covered surface is a few tens of meters around the antenna (H,penna = 1.61m),
but it is possible to improve the explored surface by varying the height of the an-
tenna or by moving/adding receiver to cover a wide region. The combination of all
GPS/GLO/GELLILEO/BEIDOU satellites in the treatment of SNR to produce a com-
plete sequence of time precision significantly improves the correlation with soil moisture,
as well as the temporal resolution of the time series. The sampling frequency increases
from daily to 10 min or even to 1s and provides a detailed analysis of the time series and
one can identified at the same time low (multi-year) and high frequency signals (daily
moisture variation due to the sun activity). With the methodology demonstrated in this
paper, we can build long continuous soil moisture time series that are very useful for
recording and mapping long-term climate change or seasonal changes such as the transi-
tion from the rainy season to the dry season in the Dahra study case. For example, during
October 2016, by creating a series of the average soil moisture maps with a temporal res-
olution of 6 hours, 12 hours or by-days period for an area explored around GNSS antenna
of ~ 300m? (for in the case of Dahra, radius ~10m for Huptenna ~ 1.60m). Another con-
tribution is its potentiality to provide continuous and sustainable time series for, at least,
the coming decades. Many applications use soil moisture measurements: i) meteorology,
ii) agriculture, iii) hydrology, etc. but to have good follow-up it is important that the
moisture measurements meet three important criteria: a) a time step for tracking the
finest possible events especially if one wishes to see the interactions between soils/plants
included in the phenomena of evapotranspiration, or if one is to follow the diurnal and
nocturnal evolution from the dew point to the maximum of sunshine; b) different scales of
analysis (global to in-situ with intermediate scales as well); ¢) an important precision to
be able to monitor very small variations of the saturation conditions (or undersaturation)
of the medium; d) the measurement must correspond to a surface measurement (the first
centimeters, decimeters of soil) The use of remote sensing makes it possible to have an
overall coverage with time steps which are refined more and more, thus in about thirty
year this time step has passed from monthly data (SPOT, LANDSAT) to weekly (SEN-
TINEL constellations) or even daily data (MODIS). They also allow to obtain many
intermediate scales since their resolution is range between less than 50km (eg SMOS,
Sanchez et al. (2016); Wigneron et al. (2000)) through a few hundred meters (eg MODIS,
Wang et al. (2007); Zhang et al. (2014)) within a hundred meters (eg RADARSAT-2 |
Baghdadi et al. (2012); SENTINEL 1, Paloscia et al. (2013); SWIR hyperspectral air-
plane sensor, Finn et al. (2011)).
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However, all these missions require a calibration, validation phases based on ground sen-
sors that will allow to reverse the reflectivity of soil into the soil moisture content. On this
point, the GNSS-R also requires this calibration/validation phases, so it is not possible
to dispense with in-situ data, but due to its spatial exploration related to the antenna
height it is much more interesting to calibrate/validate the remote sensing ( satellite and
airborne) data with this method because the local correlations with the humidity probes
are of very good quality with R?> 0.9 and taking into account the local heterogeneity
(from a few m? for Haptenna ~ 1m to a thousand of hectare for Haptenna ~ 50m) even
regional (if we install a network of GNSS-R sensors). Another important point is the
temporal resolution that can be adapted to the studied phenomenon and can reach a
time step less than one minute. Worldwide scale can also be explored not using GNSS-R
SNR analysis but using waveform analysis of direct and reflected signals of specific wave-
form receiver embedded the recent constellation like CYGNSS (Chew and Small, 2018)
or SMAP mission (Carreno-Luengo et al., 2017).

In-situ analyses whether by gravimetric method which is the reference since it directly
measures the quantity of water in the soil (Schmugge et al., 1980) but which takes a long
time to implement because it requires a drying phase sample of a dozen or more hours
which is detrimental to its temporal resolution. Indirect methods such as electromag-
netic (neutron probe, or gamma-ray probe) electromagnetic (TethaProbe probe, Sentek
capacitive probe, etc.) or tensiometric probe (porous candle that measures capillarity
or tension energy Richards and Gardner (1936)) allow to have more precise time steps
close to a few minutes generally. The major disadvantage of these techniques is that
they are punctual and represent only very small areas compared to conventional remote
sensing techniques. Of course, in-situ sensor networks can be used to calibrate and vali-
date spatial data as demonstrated by Sanchez et al. (2010) with a network of 23 stations
covering an area of 1300 km? in the Duro Basin in Spain which give a good correlation for
non-irrigated agricultural plots with however a systematic underestimation for cereal and
vineyard areas. Comparing this with the results obtained on Lamasqueére with GNSS-R,
there is no systematic underestimation, which is rather in favour of GNSS-R. In addition,
it was possible to follow the growth of cereals with the same instrument, which greatly
reduces field instrumentation, energy and maintenance problems.

Our studies of Red river and Delta Mekong have shown that the SNR,, allows estimat-
ing the water level with a quite good accuracy ~10cm. In the literature, two methods are
set down depending on the height antenna. If we are in the static case, i.e. non-moving
surface and antenna, we can use IPT method that depend on the frequency of the signal
and its wavelength (Larson et al., 2008a). Otherwise, when we are in the dynamic case,
i.e. moving surface (sea, river surfaces) and/or moving antenna embedded on an aircraft
or a satellite, we used LSM method. LSM is a more complex solution to compute the Ay
that depend on vertical velocity of the antenna, satellite angular velocity and elevation.
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Both methods gives good results but the difference is in the number of solution computed:
Larson gives accurate results but for a limited number of points whereas LSM gives a
large number of accurate solutions. The combination of Multi-constellation increase the
solution accuracy and the number of computed points. We have also compared L; and
Ly frequencies (L5 have too few visible satellites). As it is known for GPS measurements,
L, is more noisy but gives accurate measurements and for GLONASS constellation, Ly is
more accurate than L; with a RMSE <=10cm. The accuracy of heyy is, in many cases for
both methods, satisfactory for many rivers as Red river or Mekong delta measurements
because reference gauges have usually water variations significantly higher than 20cm.
For the Mekong river experiment, GNSS antenna was installed at the Tran De water
tower (height of 30m) and 100m from the river. In this site, we can use only SNR,, data
from low satellite elevation. Under this condition, comparing with in-situ river gauge,
LSM method give lower correlation (R~0.85) than Larson method (R~0.92) as shown in
figure IV.6. The results of Larson method are better than the LSM method and can be
explained by a relatively static reflecting surface where only low frequency variations have
been recorded i.e. tides and floods. This area is less affected by waves that generate high
frequency oscillations that lead to important and quick vertical variations of the water
surface. But in terms of time series, LSM (1989 points) gives six time more measurements
than Larson (369 points). For Red river, two main storms i.e. Mirinae (descending flood
phase is truncated) and Nida have been well recorded, one can see a delay of 54 hours
for Mirinae and 48 hours for Nida between storms and GNSS-R answers due to the water
transit time within the watershed.

With the development of flood warning systems such as the Global Flood Monitoring
System, more and more data are being used to constrain real-time forecasting models:
generally it is satellite data such as multi-satellite analysis of precipitation data that
are used to predict river height in the next few hours, however, these models are also
corrected in real time using in-situ telemetry/gauge of water heights and flows in the
different key points of the watershed. Thus, we rely on a measure point close to a
confluence or a city, where we develop systems specific to urban environments (Henonin
et al. (2013)). With GNSS-R we can further improve the understanding of the evolution
of floods because it gives us a map of the surface topography of the waters but also
a vision of the flooded areas even under/without vegetation cover, where for example
the optical images ray tracing is blocked by the canopy. The first GNSS-R application
applied to river monitoring was carried out within the framework of the WISDOM project
(German-Vietnamese, Beckheinrich et al. (2014)) where it was shown the feasibility of
this system but where it was also shown the difficulty of having continuous and accurate
measurements. However, with the increase in the number of satellites and especially
the integration of the vertical velocity of the river/lake surface, we now have much finer
measures as shown by the studies on the Mekong Delta and the Red river made in this
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thesis. The use of a cartography on rather large rivers (it is necessary to have enough
points of reflection to be able to solve the system by least squares) must allow i) to better
understand the hydrology of the zones of confluence (effect of dam due to the main river
that can induce headward (upstream) flooding in the tributary ii) better understand river
dynamics in urban areas where runoff phenomena are magnified; iii) better understanding
of wetland and flooded areas (Nghiem et al. (2017)) and iv) finally better understand the
competitions between oceanic and inland waters at the mouths of the rivers.
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V.2 Perspectives

En francais:

Environ 70% de ’eau continentale dans le monde entier est utilisée pour I'agriculture.
Avec l'augmentation drastique de la population dans un avenir proche (jusqu’a 2 mil-
liards de personnes de plus d’ici 2030), la demande en eau devrait augmenter consid-
érablement. Les agriculteurs sont mis au défi de produire « plus de grains par goutte
». Afin d’optimiser la gestion des ressources en eau, il est crucial d’améliorer la connais-
sance de la situation hydrique du sol. Fondamentalement, cela implique 'amélioration
de la résolution temporelle et spatiale des mesures d’humidité du sol pour développer la
recherche d’un systeme d’alerte dédié aux agriculteurs pour une meilleure irrigation de
leurs champs et pour développer la prochaine génération de ’agriculture durable.

Nous avons démontré que la méthode SNR,, peut surveiller les grands deltas ou lacs
(nous avons besoin de nombreux points de réflexion) mais les futurs travaux de recherche
peuvent étre améliorés pour surveiller les zones inondées méme dans des conditions com-
plexes comme les zones inondées sous la forét. Cela peut conduire & une meilleure estima-
tion des flux d’eau continentaux pendant les événements extrémes tels que les sécheresses,
par ex. celles observées en France au cours de 'année 2003 ou les inondations éclairs ou
les phénomenes de Mascaret. Un point intéressant est la disponibilité de récepteurs
multi-constellations a bas cotit comme les Ublox qui ont une fréquence d’échantillonnage
supérieure a 10 Hz qui autorisent l'installation de grands réseaux et ’exploration des
tres hautes fréquences nécessaires pour caractériser certains phénomenes hydrologiques
extrémes et rapides comme le mascaret (quelques dizaines secondes) et des inondations
brutales (heures).

Un autre type d’application développée dans ce travail et corrélée a la variation de
la hauteur de I’eau peut étre appliquée a la surveillance cotiére (par exemple, la hauteur
des marées, la compétition entre les eaux océaniques et continentales dans les estuaires,
les changements de salinité, systeme d’alerte pour les ondes de tsunami avant qu’elles
n’atteignent le rivage, etc.) ou l'antenne est située a quelques dizaines de meétres voire
centaine de metres au-dessus des eaux océaniques. Ce type de récepteur peut fournir
une résolution spatiale et temporelle plus précise que les récepteurs embarqués sur des
avions ou des satellites. Pour les échelles locales a intermédiaires, certaines campagnes
expérimentales cotieres ont été faites (Roussel et al., 2015b; Lofgren et al., 2014). Les
résultats obtenus sont plus précis, avec de meilleures résolutions spatiales et temporelles
que prévu et beaucoup plus précises que les données de télédétection, méme si I'utilisation
de cette technique pour une couverture mondiale semble assez difficile. Mais I'existence
de réseaux GNSS nationaux dans le monde entier peut étre utilisée pour générer des séries
temporelles mondiales et améliorer 'intérét de cette technique pour les zones cotieres.

Toutes ces raisons font que cette méthode peut devenir incontournable pour les
travaux futurs. Les niveaux d’eau, dérivés des signaux SNR,,, fourniront des résultats de
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qualité similaire & celles des jauges fluviales / marégraphiques classiques lorsque toutes
les constellations GNSS actuelles et futures seront utilisées conjointement. De plus, cette
méthode peu couteuse peut et pourra étre utilisé pour I’étalonner/valider des données
altimétriques des missions spatiales (SARAL, Jason-2, 3, Sentinel 3A, etc.).

La autre perspective de ce travail est la surveillance de la contamination par les métaux
lourds. Pour ce faire, nous avons réalisé une étude préliminaire dans la Sierra Minera
(Espagne). Des décennies d’activité miniere (principalement du Zn et du Pb) dans la
zone des villes de Cartagena et La Union ont généré une grande quantité de bassin de
résidus miniers et la plupart abandonnés sans mesures de sécurité particulieres. Ils sont
composés de déchets miniers malsains et de risques environnementaux en raison de leur
forte susceptibilité aux processus de lixiviation et d’érosion (par exemple, inondations
brutales, phénomene de diffusion de talus, de transport aérien). Notre étude préliminaire
se concentre sur le bassin de résidus miniers remédiés du bassin versant de 1’Avenque
pres de Carthagene, qui a été « assaini » localement en y ajoutant du lisier de porc/du
fumier ainsi que des résidus de marbre. Cette réhabilitation a été réalisée pour améliorer
les conditions physico-chimiques et biologiques du sol afin de garantir I'immobilisation
des métaux lourds et le développement de plantes essentielles a 1’évolution de ces sols.
Les mesures géophysiques préliminaires (EM38, susceptibilimetre) et des analyses du sol
géochimiques réalisées (Xref) pour caractériser cette zone et les propriétés profondes d'un
bassin de résidus miniers partiellement remis en état. Nous avons aussi regardé également
le potentiel du GNSS-R pour cartographier la contamination des sols en métaux lourds.
La contamination du sol de la zone miniere affecte la composition du sol qui peut étre
quantifiée avec GNSS-R en mesurant les changements de conductivité électrique et de la
permittivité relative dus a ’augmentation ou la diminution de la concentration en métaux
lourds. Nos premiers résultats indiquent une augmentation d’A,, lorsque la susceptibilité
magnétique et le Fe total augmentent, alors que le C'd et le C'u voient leur concentration
diminuer dans le méme temps. De futurs travaux devraient tenter d’améliorer cette
méthodologie en effectuant une modélisation inverse pour extraire la permittivité relative
et la conductivité électrique réelles des sols afin de mieux estimer leur concentration de

métaux lourds.
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In English: Around 70 percent of worldwide continental water feeds agriculture.
With the drastic increase of population in a foreseeable future (up to 2 billion people by
2030), water demand is expected to increase tremendously. Farmers are challenged to
produce “more crop per drop”. In order to optimize water resource management, it is
crucial to improve soil moisture situation awareness. Basically, this implies the improve-
ment of both temporal and spatial resolution of soil moisture measurements to develop
research for helpful warning system dedicated to farmers for a better field irrigation and
to produce the next generation of sustainable agriculture.

We have demonstrated the SNR,,, method can monitor large river delta or lake (we
need of numerous reflecting points) but future research works can be improved for mon-
itoring of flooded area even in complex condition like flooded area below the forest.
This can lead to a better estimation of continental water fluxes during extreme evens
like droughts, e.g. those observed in France during the year 2003 or flash floods or
Mascaret phenomenon (Tidal bore). An interesting point is the availability of low cost
multi-constellation receiver like Ublox with a sampling frequency upper than 10 Hz that
authorize the installation of large networks and the exploration of very high frequency
needed to characterize some extreme hydrological phenomenon like tidal bore (few ten
seconds) and flash floods (hours).

Another type of application developed in this work correlated to water height variation
can be applied for coastal surveillance (e.g tidal height, competition between oceanic and
continental waters, salinity changes, warning system for tsunami waves before it reaches
shore etc.) where the antenna is located a few ten meters above oceanic waters. This kind
of receiver can provide more accurate spatial and temporal resolution than air-borne or
space based receivers. For local to intermediate scales, some coastal experimental cam-
paigns were done (Roussel et al., 2015b; Lofgren et al., 2014). The obtained results are
more accuracy, with better spatial and temporal resolutions, than expected and much
more accurate than remote sensing data even if the worldwide coverage seems quite diffi-
cult using with this technique. But the existence of national GNSS networks all around
the world can be used to generate worldwide long time series and improve the interest
of this technique for coastal areas. That is the reason why this way of water surface
can become decisive for the future works. The water levels, derived from SNR,, signals,
provide results of similar quality than the classical river/tide gauges when using all the
existing and future GNSS constellations. So, it can allow evaluating the performances
GNSS-R for monitoring river changes and the possibility to use this technique for cali-
bration/validation of altimetry data (SARAL, Jason-2, 3, Sentinel 3A etc.).

Last perspective of our work is the monitoring of heavy metal contamination. For
that purpose, we have done a preliminary study in the Sierra Minera (Spain). Decades
of mining activity (mainly Zn and Pb) in the area of Cartagena-La Union cities gener-
ated a large amount of mine tailings ponds and most of them were abandoned without
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particular safety measure. They are composed of unhealthy mining wastes and environ-
mental hazards due to their high susceptibility to leaching and erosional processes (e.g.
flash floods, slope diffusion, aerial transport). Our preliminary study focuses on the mine
tailings pond in the Avenque watershed close to Cartagena, which was locally remediated
by adding pig slurry /manure and marble residue (sand). Such rehabilitation was done to
improve physical, chemical, and biological conditions of the soil to guarantee the immo-
bilization of heavy metals, and the development of plants essential for the formation and
evolution of such soils. We present preliminary geophysical measurements and geochem-
ical soil analysis performed to characterize the surface and deep properties of a partially
remediated mine tailings pond. We used an EM38 electromagnetic induction meter to
measure the apparent electrical conductivity of soil and field portable X-ray fluorescence
spectrometers to map and estimate the surface contamination of remediate and common
mining wastes. For these, we also investigate the potential of GNSS-Reflectometry. The
ground contamination in mining area affects the soil composition that can be quantified
with GNSS-R by measuring electrical conductivity and correlated relative permittivity
changes due to the increase or decrease of heavy metal concentration. Our first results
indicate an increase of A, when both magnetic susceptibility and the F'e total increased,
while C'd and C'u decreased in its concentration. Future works may attempt to improve
this methodology by making inverse modelling to retrieve the real relative permittivity

and electrical conductivity to better estimate heavy metal concentration in soil.
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