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Résumé

Analyse numérique a haute résolution de l'intéraction surface-riviere-plaines
d’inondation-atmosphére dans le bassin de La Plata Basin

Les plaines d’'inondation tropicales sont des régions inondées temporairement ou en
permanence di au débordement des rivieres sur des zones de faible relief. Les plaines
d’inondation liées au débordement de grands fleuves peuvent avoir un régime annuel d’'inonda-
tion prévisible ce qui en fait d'importants écosystemes avec une riche biodiversité qui four-
nissent de nombreux services écologiques. De plus, étant des surfaces d’eau libre, leur
présence a un fort impact sur les interactions entre la surface et 'atmosphére notamment
dans le cas ou ces plaines d’'inondation sont situées dans des régions tropicales. Le Pantanal,
'une des plus grandes plaines d’'inondation tropicales au monde, est la région d’étude de cette
thése qui a pour objectif de développer un schéma de plaines d’inondation pour le modéle
de surface ORCHIDEE compatible avec des modeéles atmosphériques a haute résolution. Ce
scéma a pour finalité : (1) d’améliorer la représentation de I'impact des plaines d’inondation
sur les cycles de I'eau et de I'énergie dans ORCHIDEE, (2) d’étudier la dynamique des plaines
d’'inondation du Pantanal et (3) d’évaluer 'impact des plaines d’inondation sur les interactions
sol-atmospheére dans cette région.

Dans un premier temps, la version originale a basse résolution des plaines d’'inondation
dans ORCHIDEE a été utilisée pour montrer 'importance d’inclure les plaines d’inondation
dans les modéles de surface parce que cela améliore la représentation du cycle de I'eau et
permet de représenter des flux plus réalistes entre la surface et 'atmosphere. Ces simulations
ont permis de compléter les rares observations dans la région pour estimer I'evapotranspiration
sur le Pantanal et quantifier la sous-estimation de I'évaporation par les modeles de surface ne
prenant pas en compte les plaines d’inondation.

Dans le but de mieux évaluer la représentation des surfaces inondées dans le modele
et de comprendre les incertitudes de 'estimation des surfaces inondées par satellite, diverses
méthodes utilisant des données de satellite optique ont été explorées.

Le schéma de plaines d’'inondation a haute résolution développé au cours de cette these
est basé sur la construction d’'un graphe de routage des riviéres sur une grille atmosphérique
utilisant des modeles numériques de terrain conditionnés hydrologiquement a haute résolution
via le concept d’Unité de Transfert Hydrologique (HTUs). Un outil de pré-traitement flexible et
parallélisé a été développé pour faciliter et améliorer la construction du graphe de routage des
rivieres sur différents types de grilles atmosphériques ce qui facilite I'intégration de données
additionnelles qui sont requises pour la représentation des plaines d’'inondation. Ce schéma
doit faire face a de nouvelles problématiques liées a la résolution telles que la possibilité pour
un HTU d’inonder ses voisins. Ce schéma a été validé en comparaison avec des observations
et en comparaison avec la version précédente des plaines d’inondation dans ORCHIDEE.

La comparaison des simulations avec et sans plaines d’'inondation forcées par des for-
cages atmosphériques a différentes résolutions a permis d’évaluer : (1) 'impact des plaines



d’inondation sur les variables de la surface terrestre et (2) comment la résolution affecte la
simulation de la dynamique des plaines d’'inondation. Le débit en sortie du Pantanal est con-
sidérablement amélioré, notamment la corrélation avec les observations et le débit moyen.
En revanche, la variabilité annuelle est surestimée. Les surfaces inondées sont aussi cor-
rectement représentées bien que certaines zones soient absentes di a la présence d’autres
procédeés non pris en compte comme les flux divergents.

La présence de plaines d’'inondation augmente 'humidité du sol di a l'infiltration et fa-
vorise le développement de la végétation. La température en surface diminue notamment a
cause de la diminution des flux de chaleur sensible au profit des flux de chaleur latente.

Le schéma des plaines d’inondation a haute résolution a été intégré dans une simulation
du modele ReglPSL (modele couplé entre ORCHIDEE et WRF) pour étudier comment celui-ci
modifie les interactions surface-atmosphere dans la région du Pantanal et comment il impacte
la precipitation local et régional ainsi que la circulation régional du Bassin de La Plata. Le
couplage est essentiel pour ne pas surestimer les flux évaporatifs di a I'absence de couplage.
En présence de plaines d’'inondations, la précipitation diminue sur les zones les plus inondées
et augmente au voisinage de celles-ci. Lintégration du Pantanal dans les simulations couplées
impacte tout 'Ouest du bassin de La Plata a travers l'influence des plaines d’inondation sur
le courant jet de basse altitude sud-américain et via un apport supplémentaire d’humidité da
a I'évaporation depuis les plaines d’'inondation. Linclusion des plaines d’inondation, et notam-
ment dans la région du Pantanal, mene a des changements significatifs de la couche limite
localement et de la circulation regionale.

Mot clés: Modélisation, Plaines d’Inondation, Pantanal, Hydrologie, Interaction Sol Atmo-
sphere



Abstract

High resolution numerical analysis of the land-river-floodplains-atmosphere
interaction in the La Plata Basin

Tropical floodplains are regions which are temporarily or permanently flooded due to the
overflow of rivers over a lowland area. Floodplains over large rivers may have a predictable
annual flood regime which is why they are important ecological places with a rich biodiversity
providing important ecological services. The Pantanal which is one of the world’s largest tropi-
cal floodplains is the region of study for this thesis. The aim is to develop a floodplains scheme
for the ORCHIDEE Land Surface Model (LSM) compatible with high resolution atmospheric
models for the following reasons : (1) improve the representation of the impact of floodplains
on the water and energy cycle in ORCHIDEE, (2) study the dynamic of the Pantanal flood-
plains and (3) evaluate the impact of floodplains on the land-atmosphere interactions over this
region. Initially, the original low resolution version of the floodplains in ORCHIDEE has been
used to show the importance of including floodplains in a Land Surface Models as it improves
the representation of the water cycle and allows to represent more realistic land-atmosphere
fluxes.

The high resolution floodplains scheme developed here is based on the construction of
the river routing graph on an atmospheric grid using high resolution Hydrologically-conditioned
DEM via the Hydrological Transfer Units (HTUs) concept. A parallelized flexible pre-processing
tool has been developed in order to facilitate and improve the construction of the river routing
graph on different types of atmospheric grids which facilitates the integration of additional hy-
drological data required for the representation of floodplains. This scheme had to handle new
issues related to the resolution such as the possibility of an HTU to flood its neighbours. This
scheme has been validated in comparison to observations and to its previous version in OR-
CHIDEE.

The comparison of simulations with and without floodplains forced by atmospheric forc-
ings with different resolutions allowed us to evaluate : (1) the impact of floodplains on land
surface variables and (2) how the resolution affects the simulation of the floodplain dynamics.

The high resolution floodplains scheme has been used in a simulation of the ReglPSL
model (coupled ORCHIDEE-WRF model) to study how it modifies land-atmosphere interac-
tions over the Pantanal region and the local and remote impact on the climate of South Amer-
ica.

Keywords: Modelling, Floodplains, Pantanal, Hydrology, Land-Atmosphere Interaction






Resumen

Analisis numérico a alta resolucion de la interaccion suelo - rio- planicie de
inundacion - atmdsfera de la Cuenca de la Plata

Las llanuras de inundacién tropicales son regiones temporalmente o permanentemente
inundadas debido al desbordamiento de los rios en zonas de llanura. Las llanuras de inun-
dacién ubicadas sobre importantes rios pueden tener un régimen anual de inundacion pre-
decible lo que explica que sean importantes lugares ecoldgicos con una gran biodiversidad
proporcionando importantes servicios ecoldgicos. El Pantanal, una de las mas extensas lla-
nuras de inundacion tropical del mundo, es la region de estudio de esta tesis. El objetivo es de
desarrollar un esquema de llanuras de inundacion para el modelo de superficie ORCHIDEE
que sea compatible con modelos atmosféricos de alta resolucion para las razones siguientes
: (1) mejorar la representacion del impacto de las llanuras de inundacion sobre los ciclos del
agua y de la energia en ORCHIDEE, (2) estudiar la dinamica del Pantanal y (3) evaluar los
impactos de las llanuras de inundacién sobre las interacciones suelo-atmosfera en esta region.

En un primer tiempo, la version original a baja resolucion de las llanuras de inundacién
en ORCHIDEE fue utilizada para mostrar la importancia de incluir las llanuras de inundacion
en los modelos de superficie para mejorar la representacion del ciclo del agua y permitir una
representacion mas realista de los flujos suelo-atmosfera.

El esquema de llanuras de inundacion desarrollado esta basado en la construccion del
grafo rutaje de los rios en una reticula atmosférica usando modelos de elevacién digital a alta
resolucion via el concepto de Unidades de Transferencia Hidroldgica (HTU). Una herramienta
de pre-procesamiento flexible y paralelizada fue desarrollada para facilitar y mejorar la con-
struccion de los grafos de rutaje de los rios en distintas reticulas atmosféricas para facilitar
la integracién de datos hidrol6gicos suplementarios para la representacién de las llanuras de
inundacién. Este esquema tiene que enfrentarse a nuevos problemas relacionados con la res-
olucién como la posibilidad para un HTU de inundar a sus vecinos. Este esquema fue validado
en comparacién con observaciones y con su version previa en ORCHIDEE.

La comparacién de simulaciones con y sin el esquela de inundacién activado, forzadas
por forzantes atmosférica a distintas resoluciones nos permitié evaluar (1) el impacto de las lla-
nuras de inundacion en las variables de superficie y (2) como la resolucion afecta la simulacion
de la dinamica de las llanuras de inundacion.

El esquema de llanuras de inundacion fue utilizado en una simulacion del modelo ReglPSL
(modelo acoplado ORCHIDEE-WRF) para estudiar cémo modifica las interacciones suelo-
atmosfera sobre la region del Pantanal y cuales son los impactos locales y remotos sobre el
clima de Sur America.

Palabras Claves: Modelado Numérico, Llanuras de inundacién, Pantanal, Hidrologia, Inter-
acciones Suelo-Atmsféra
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Desde o comecgo do mundo agua e chao se amam

e se entram amorosamente

e se fecundam.

Nascem peixes para habitar os rios

E nascem passaros para habitar as arvores.

As dguas ainda ajudam na formagado dos caracdis e das
suas lesmas.

As aguas sao a epifania da criacao.

Agora eu penso nas aguas do Pantanal.

Penso nos rios infantis que ainda procuram declives
para escorrer.

Porque as aguas deste lugar ainda sao espraiadas
para alegria das gargas.

Menino do Mato
Manoel de Barros
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1.1 Scientific Context

Water is a key element of the Earth System climate which affects the energy fluxes and is part
of large-scale circulations processes regulating the climate (Sorooshian et al, 2005 - GEWEX).
The water cycle affects all the climate components: the atmosphere, the ocean, the land and
the cryosphere. Although water fluxes over land are smaller compared to the oceanic and
atmospheric fluxes (Rodell et al, 2015a), they have an important impact on land processes
and, as it usually concerns freshwater, they are of vital interest for the human system and the
ecosystem we live in (IPCC, 2019; Sorooshian et al, 2005; Vérésmarty et al, 2000; Oki and
Kanae, 2006).
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The land surface is a lower boundary for the atmosphere through which land and atmosphere
can exchange energy, water and carbon (Seneviratne and Stdckli, 2008). Precipitation drives
locally the terrestrial hydrological cycle whereas soil moisture and evapotranspiration pro-
cesses impacts the repartition between latent and sensible heat fluxes between the land and
the atmosphere (Dirmeyer, 2011; Seneviratne et al, 2010a). Therefore, depending on the
region and season, there may exist a strong coupling between the land surface and the at-
mosphere (Knist et al, 2017). Many modelling studies show that this coupling may affect the
atmosphere at larger time scales (Charney et al, 1975; Shukla and Mintz, 1982; Delworth and
Manabe, 1989; Dirmeyer, 2003). This coupling is said to be more important in transitional cli-
mate zones (Koster et al, 2004, 2006; Dirmeyer et al, 2009; Dirmeyer, 2013; Knist et al, 2017)
such as the Southeastern South America (SESA) and the South Atlantic Convergence Zone
(SACZ) (Sérensson and Menéndez, 2011; Wei and Dirmeyer, 2012; Ruscica et al, 2015; Spen-
nemann and Saulo, 2015; Spennemann et al, 2017). These strong coupling areas may evolve
with the future climate changes and, for example, the SESA and the SACZ are projected to
extend northward in the Pantanal region in Mato Grosso (Ruscica et al, 2016). Strong surface
contrasts in temperature and surface heat fluxes, such as floodplains or wetlands in a dry re-
gion, may also play an important role on the land-atmosphere coupling (Taylor, 2010; Taylor
et al, 2018).

The terrestrial hydrological cycle is at the heart of the land-atmosphere interaction loop as it
drives the availability of water. The terrestrial hydrological cycle is interacting with the atmo-
sphere in different ways and the atmosphere is sensitive to changes in land hydrological condi-
tions (Seneviratne et al, 2010b; Subin et al, 2012; Taylor, 2010). It also has a vital importance
for the human system and the human activities which are very dependent on land hydrology
such as agriculture, whether it is rainfed (Bradford et al, 2017) or irrigated (Schlenker et al,
2007; Yin et al, 2020; Wada et al, 2013), hydroelectricity production (Xie et al, 2019; Getirana
et al, 2020), industry and human consumption (Wakode et al, 2018; Sutanudjaja et al, 2018).
Thus, the knowledge of the terrestrial hydrological cycle is imperative for various strategic rea-
sons: assessment of the water availability to organize and facilitate sustainable uses (Douville
and Chauvin, 2000; Baik et al, 2019; Peng et al, 2019; Ahmad and Hossain, 2020), prediction
and adaptation to the extreme hydrological events such as droughts and floods, protection of
the natural ecosystem and valorization of their systemic services (Alfieri et al, 2012; Hao et al,
2017; Hamilton, 1999; Davis et al, 2015; Brauman et al, 2007). Understanding the terrestrial
hydrological cycle is a first step to solve adaptation issues related to climate change (IPCC,
2019; Sorooshian et al, 2005 - GEWEX).

Wetlands are regions which are temporarily or permanently flooded. These areas are places
of rich ecological diversity with intense interactions with the carbon cycle (Ramsar, Iran, 1971;
Mitsch et al, 2013). The floodplains are a specifical type of wetland which can be defined by
the following definition from Junk et al (1989):

“floodplains are areas that are periodically inundated by the lateral overflow of
rivers or lakes, and/or by direct precipitation or groundwater, changing the physic-
ochemical environment such that the biota respond by morphological, anatomical,
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physiological, phenological and/or ethological adaptations, and produce character-
istic community structures.”

In other terms, floodplains are wetlands which flood is related to the overflow of lakes/rivers
or to groundwater rise. The overflow may have different origins: the precipitation, the river
flow or the tidal water. Figure 1.1.a and 1.1.c illustrate the flood process over the floodplains.
Meanwhile the tidal water occurs over the coastal area, the precipitation-related floodplains
are usually located over low-order streams and are a response to local intense rainfall and soil
moisture conditions (cf. Figure 1.1.b). The floodplains related to river flow occur over large
rivers and are the results of the precipitation over remote regions in the upstream area (cf.
Figure 1.1.d). There is an important interest for the river-flow-related floodplains because they
are an area of rich biodiversity as the water of the river producing the floods brings nutrients
from the upstream regions and also because they modulate the discharge of important rivers
(Junk and Furch, 1993). Their floods are more predictable as they are principally caused
by remote precipitation over large areas and, thus, are related to climate characteristics. It
is the case of the Pantanal and Amazon which annual floods are related to the monsoon
precipitation (Junk and Furch, 1993). The precipitation-related floodplains are affected by non-
periodic floods driven by the interaction of different flood processes related to the precipitation
and/or to the groundwater such as it occurs in the Pampa (Kuppel et al, 2015). In conclusion,
this type of floodplains is a very particular place for both the terrestrial hydrological cycle and
the ecosystem. In general, water flowing in the river system has a limited impact on the land-
atmosphere interaction as it mainly remains in the river channel but in large floodplains, the
river system has a direct impact on the land-atmosphere fluxes due to the extensive open-water
surface which can impact the heat and water fluxes at the surface.

La Plata Basin is located in Central South America. It is the world’s fifth largest basin (Barros
et al, 2006) and is located in a transitional zone and contains a large variety of climate from
the tropical savanna in the North of the Basin, the semiarid climate in the West and the Humid
Subtropical climate in the South. The largest part of the La Plata Basin is recognized for being
a high coupling strength (hotspots) between land and atmosphere (Sérensson and Menéndez,
2011; Ruscica et al, 2014) and is also impacted by the South American Low Level Jet (SALLJ)
which brings moisture from the Amazon (Salio et al, 2007). The La Plata Basin is composed
of the Parana river and the Uruguay river. The Paraguay basin which is the major tributary
of the Parana river hosts the world’s largest floodplains: the Pantanal. UNESCO considers
this floodplains, as extensive as five time Belgium, as a World Heritage Site since 2000. It is
located in a tropical region between the Amazon and Southeastern South America (SESA).
Beside the local land-atmosphere interactions, such a large extension of open water in a tropi-
cal region may also affect the regional atmospheric circulation as the SALLJ, which transports
moisture from the Amazon to the SESA region, flows over the Pantanal region (Thielen et al,
2020; Araujo et al, 2018). The Pantanal is a region sparsely populated and with scarce me-
teorological observations. This is limiting the possibility to properly study and understand the
local dynamic of its hydrological cycle. This is why satellite data and modelling are required to
further investigate this type of region at a larger scale.
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Figure 1.1. lllustration of the floodplains in normal conditions (a) and in flood conditions (c).
lllustration of the different precipitation processes that may cause a flood: remote
precipitation over a area upstream of the floodplains in a large catchment (b) and
local precipitation (d).

Apart from the Pantanal, the other large tropical floodplains are also considered as biodiversity
hotspots with a complex hydrology. Although they may share some common characteristics,
each one has its specificities and is located in a different climatological context. The Amazon
and the Congo basins are extensive and contains many floodplains (Junk and Piedade, 2005;
Lee et al, 2011). The study of these regions is a challenging task for hydrologist whether
is concerns their hydrological simulation of the use of remote sensing in particular for their
extensive surface, the diversity and the density of the vegetation and the presence of other
flood type such as flooded forest or swamps (Junk et al, 2011; Jung et al, 2010; Fatras et al,
2021; Fassoni-Andrade et al, 2021). The Sudd over the Nile basin has a complex divergent
flow which is difficult to study considering the relative absence of river gauge (Sutcliffe and
Brown, 2018). The Niger Inner delta has been largely studied and in particular the important
land-atmosphere interactions occuring there (Taylor, 2010), for its hydrology (D’Orgeval et al,
2008; Fleischmann et al, 2018) and the challenge to identify the flood through remote sensing
(Ogilvie et al, 2015a).

Numerical modelling of the Earth System is a powerful tool for studying numerous processes
and how they interact with each other. It also helps to overcome the scarcity of data when trying
to understand poorly quantified processes. It is also essential to perform forecasts and future
projections such as meteorological forecasts or climate change projections. The modelling of
land processes and of the terrestrial water cycle is performed through Land Surface Models
(LSMs) which can be coupled to an atmospheric model within the framework of a regional
model to study, among other subjects, the land-atmosphere interactions. To represent the river
hydrology, LSMs either include a river routing scheme (Dadson et al, 2011; Guimberteau et al,



CHAPTER 1. INTRODUCTION 5

2012a; Sheng et al, 2017) or can be coupled to an hydrological model (Vincendon et al, 2010).
Some LSMs already represents the floodplains processes in their river routing scheme such
as ORCHIDEE (D’Orgeval et al, 2008; Guimberteau et al, 2012a) and JULES (Dadson et al,
2010). Recent advancement in LSMs tend toward higher resolution river routing schemes
(Nguyen-Quang et al, 2018a; Lin et al, 2019). The higher resolution of the routing scheme
may bring a more detailed representation of the river network but the change in resolution
requires re-designing some of the processes already implemented, such as the floodplains or
the irrigation.

This present thesis is at the crossroad between the study of the floodplains, their interaction
with the atmosphere and the model development needed to adapt the floodplains scheme
at higher resolution. For this reason, this thesis has three main objectives: (1) to show the
benefits of representing floodplains in LSMs to improve the representation of hydrology and
land-atmosphere interactions, (2) to develop a high resolution floodplains scheme to represent
the floodplains and the corresponding pre-processing tools to do so and (3) to better under-
stand the floodplains hydrology and their interactions with the atmosphere using the floodplains
scheme developed in a LSM and to possibility to couple this LSM to an atmospheric model. In
order to complete the present objectives, this thesis focus on the Pantanal in South America,
one of the world’s largest floodplains, using the ORCHIDEE LSM.

This chapter will present the scientific context and litterature review of the floodplains modelling
by giving more details on the large tropical floodplains with a particular interest for the major
South American floodplains and, in particular, for the Pantanal which is at the heart of this
thesis. This chapter will also underline the importance of the tropical floodplains in different
domains such as modelling, land-atmosphere interaction, hydrology and ecology as well as
their strong interaction with the carbon cycle. It will also make a particular focus on how the
human activity threats floodplains.

1.2 Literature Review

1.2.1 Tropical floodplains in the world and in South America

The different types of ecosystemic services provided by the floodplains and their interaction
with the other key components of the earth system become more important as the area of the
floodplains is larger. This is why large tropical floodplains are of great significance as their
relation with the hydrology, the ecosystem and the atmosphere are much larger than medium-
sized floodplains on higher latitude.

Among the workd’s largest tropical floodplains we can cite the Amazon basin (Junk and Piedade,
2005), the Congo river basin (Lee et al, 2011), the Pantanal in the Paraguay river basin (Alho,
2005), the Sudd in the Nile river basin (Sutcliffe and Brown, 2018), the Lake Chad basin
(Mitsch, William J, Gosselink, 2015; Fraser and Keddy, 2005), the Inner Niger Delta (D’Orgeval
et al, 2008; Ogilvie et al, 2015b; Taylor, 2010). We may also cite an important subtropical
floodplains: the Mississippi river basin (Shaffer et al, 2005) whose floods in spring/summer
can be driven by different processes such as snowmelting (van der Wiel et al, 2018). Please
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see Figure 1.2 for more details.

a. Main Amazon
b. Pantanal

¢. Sudd (Nile)

d. Congo river

e. Inner Niger Delta
f. Lower Mississipi
g. Lake Chad

Figure 1.2. World's most important tropical floodplains.

The large tropical floodplains are all part of some of the largest basins in the world. They
are generated by rivers from hydrologically important catchment flowing into poorly drained
regions. Each large tropical floodplains has its specificity because their interaction with the rest
of the Earth System relies on the regional climate, on their configuration relative to the local
topography, on the local river network, on their seasonality and the type of soil and vegetation
cover.

Most of the tropical part of South America on the eastern side of the Andes has a moist climate
with high values of annual precipitation except in Northeastern Brazil where precipitation only
reaches between 250 and 500 annual mm (cf. Figure 1.3). As a consequence of the high level
of incoming water, Tropical South America has a dense river network with some of the world’s
largest basins which have among the world’s largest streamflow (Neiff, 1996). The two largest
basins are the Amazon and the Parana basin. The precipitation in this region has a strong
seasonal variability with a dry and a wet period which means that the incoming water will be
concentrated on a certain period of the year. The peak of the discharge over large rivers will
overflow the surrounding area when reaching poorly drained regions. Thus, due to this dense
river network, the high quantity of water it transports and the relative flatness of the region,
most of the wetlands in Tropical South America are actually floodplains (Neiff J., 1999). The
main tropical floodplains in tropical South America are shown in Figure 1.4.

Most of the Amazon can be considered as potential floodplains but the most active region is
the Amazon mainstream (Alsdorf et al, 2010) which transport very large volumes and flood
the river banks. There are other floodplains in the Amazon such as the Llanos de Moxos in
the Madeira basin (Hamilton et al, 2004) and the Roraima floodplains along the Rio Negro
basin (Hamilton et al, 2002). We may also cite the Llanos del Orinoco (Hamilton et al, 2004)
and the Bananal (Borma et al, 2009). The Pantanal is another very remarkable tropical South
American floodplains as it’s the world’s largest continuous floodplains.
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Figure 1.3. (a) Topography of South America from MERIT HydroDEM (Yamazaki et al, 2019)
and (b) Mean annual precipitation between 1981 and 2019 from the precipitation
product of the Global Precipitation Climatology Centre (GPCC).

1.2.2 The Pantanal

The La Plata Basin is the fifth largest basin in the world with an extension of 3,100,000 km?
(Barros et al, 2006) and is represented in Figure 1.5. It mainly flows in a North-South direction
bringing water from the tropical latitude to the subtropical latitude and thus connecting both
areas. This fluvial corridor contributes to the richness of the sediments along the rivers in the
subtropical part of the basin (Neiff et al, 2005; Minotti, 2018). It is composed of two main rivers:
the Parana and the Uruguay rivers which flow into the La Plata Estuary (Berbery and Barros,
2002; Barros et al, 2005; Goncalves et al, 2011). The major tributary of the Parana river is the
Paraguay river which flows from the Central North of the basin. It has its source in South West
Brazil then flows along the border between Brazil and Bolivia, flows across the Paraguay and
then joins the Parana in the North of Argentina, near Corrientes (cf. Figure 1.5). The upper
part of the Paraguay Basin is referred as the Upper Paraguay River Basin (UPRB) and contains
the world’s largest floodplains: the Pantanal (Alho et al, 1988; Penatti et al, 2015; Bravo et al,
2012; de Almeida et al, 2015).

The UPRB is composed of three different regions: the Cerrado, the Gran Chaco plains and the
Pantanal. The Gran Chaco Plains are located at the west of the UPRB meanwhile the Cerrado
highlands at the north / east of the basins which are also referred to as Planalto. Both of these
regions flow into the Pantanal located at the Central south of the UPRB. The Pantanal is a very
flat region of 150 000 km?, with between 80 and 150 m.a.s.| of altitude (Hamilton et al, 1996;
Alho, 2005; Goncalves et al, 2011), meanwhile the Cerrado highlands altitude ranges between
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Figure 1.4. Global Lakes and Wetland Dataset (GLWD , WWF, 2004) of floodplains, flooded
forest and flooded swamps categories, as well as the location of the major tropical
South American Floodplains and Flooded Forest.

200 and 1400 m.a.s.l (Alho, 2005; Gongalves et al, 2011).

During the austral summer, the trade winds gets stronger due to the warming of the continent
and the contrast between land-sea temperature. They are deflected to the south due to the
Andes Cordillera. This moist and warm air is responsible for higher precipitation over the
region during the austral summer meanwhile the austral winter is much drier (cf. Figure 1.7).
This phenomenon is referred to as the South American Monsoon System (SAMS - Zhou et al,
1998; Barros et al, 2006). The monsoon system is located over the Amazon and extends to the
Southeast of the basins in what is called the South Atlantic Convergence Zone (SACZ). The
UPRB is composed of lowlands surrounded by the Cerrado mountain range and is located at
the limits of the SAMS and SACZ. The combination of the moist and warm mass of air from the
SACZ and the topography generate higher precipitation on the Cerrado due to an orographic
effect (cf. Figure 1.8; Bergier, 2013).

Tropical South America at the East of the Andes (except Northeastern Brazil) has a wet season
from October to March and a dry season from April to September. The climate in this tropical
region also affects directly higher latitude climate due to the South American Low Level Jet
(SALLJ - Carvalho et al, 2004; Montini et al, 2019) which flows from the Amazon to the La
Plata basin and brings the moist air from the Amazon to the higher latitudes (cf. Figure 1.9).
The SALLJ increases the humidity in the La Plata Basin and, in particular, in the SouthEastern
South America (SESA). It also enhances the development of Mesoscale Convective Systems
in the region (Salio et al, 2007). The SALLJ may flow over the Pantanal region and, therefore,
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Figure 1.5. Description of the main sub-catchment of the La Plata Basin.

may affect the local preciptiation (Martins et al, 2013). However, the SALLJ may also be
affected by the Pantanal surface conditions (Martins et al, 2013) which is how the Pantanal
may affect the climate at higher latitude in the SESA regions such as what happens with the
low-level jets in the Great Plains (Campbell et al, 2019; Arcand et al, 2019; Yang et al, 2020).
This interaction between the Pantanal and the SALLJ is not well documented.

All these major circulation patterns are themselves affected by the global teleconnections and
the Sea Surface Temperature (SST) patterns such as the South Atlantic High, the Madden-
Julian Oscillation, or by La Nifa, El Nifio conditions in the Pacific ocean (Haylock et al, 2006).
The influence of the different teleconnections patterns over the Pantanal region have been
studied in different publications (Thielen et al, 2020; Silva et al, 2017; Bergier, 2010; Clarke,
2005).

The UPRB follows the same precipitation pattern as the SAMS with a wet and a dry season.
Although, the subbasin is a climate transition zone between the SAMS and the higher latitude
climate that we may decompose between 3 regions: (1) the Cerrado mountain range at the
North / Northeast of the basin which has a wet tropical climate with intense precipitation during
the wet season from October to March due to the SAMS, (2) the Gran Chaco at the west of
the subbasin which have a semi arid climate and (3) the Pantanal which is between the two
last-mentioned regions and is a transitional climate zone between the wet and the semi-arid
climate (Gongalves et al, 2011). Bravo et al (2012) estimate that the Cerrado provides around
80% of the UPRB outflow.

The local river network is described in Figure 1.10. The main river in the Pantanal is the
Paraguay river which comes to the North / Northwest of the Pantanal in the Cerrado moun-
tain and crosses the Pantanal along its Western delimitation. Its main tributaries are the Sao
Lourengo river which drains the water from the Cuiaba river and from the ltiquira-Piquiri river.
Then, in the middle of the Pantanal, the Paraguay river receives the water from the Taquari
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Figure 1.6. Description of the Upper Paraguay River Basin (UPRB) with the localization of the
Pantanal, the Cerrados mountain and the Gran Chaco Plains.

river and a few dozen kilometers from there it receives the water from the basins of the South-
ern Pantanal through the Miranda river which also drains the Aquidauana basin. Due to the
low slope, the rivers in the Pantanal usually contain many meanders (Barros et al, 2005). As
the local orography reduces the velocity of the flow, the Pantanal delay the river flow coming
from the austral summer precipitation over the basin between 3 and 5 months at the outflow
of the basin (Barros et al, 2005; Hamilton et al, 1996; Padovani, 2010; Gongalves et al, 2011).
It converts the region into an important natural reservoir of water which generates extensive
floods following a regular and predictable annual cycle (i.e. it has a large annual flood pulse).

The flood pulse in the Pantanal has its origin from the precipitation in its North-Northeast
upstream area during the austral summer (December-February). The floods over the Pantanal
are influenced by the variability of the precipitation, the complexity of the river network and of
the memory of the floodplains - the impact of the previous year flooding on the actual year
(Clarke, 2005). Despite this, the Pantanal presents a high seasonality of flooded areas with
a maximum in April and a minimum in October (Penatti et al, 2015). The flooding diminishes
and delays the discharge peak compared to the one of rainfall (Hamilton et al, 1996) acting as
a low-pass filter for the river discharge and the catchment hydrology. This delayed discharge
effect is crucial to understand the hydrology of the Paraguay river hydrology which contributes
to the Middle Parana stream (Barros et al, 2005) and may prevent the floods downstream of
the Pantanal (Hamilton, 1999).
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Figure 1.7. (a) Mean austral summer precipitation (wet season over Amazon and UPRB) and
(b) mean austral winter precipitation (dry season over Amazon and UPRB) be-
tween 1981 and 2019 from GPCC.

1.2.3 Hydrological modelling of the floodplains

Types of models availables to simulate floodplains

Different approaches can be taken to model floodplains. Two main trends can be distinguished:
(1) the approach of the Land Surface Models and (2) the approach of the Regional / Global
Hydrological Models. In the first case, the main objective is to correctly simulate the land
processes over the floodplains and thus, the impact of the floodplains on the land surface
conditions. This is crucial in the case of a land-atmosphere coupled simulation. The second
approach aims principally to correctly simulate the river discharge with the flooded area as a
diagnostic of the correct simulation of the water in the floodplains.

The LSMs are generally based on an atmospheric grid because they are either forced by an
offline forcing or coupled to an atmospheric model. The atmospheric grid does not correspond
to the characteristics of the natural river system which poses a major difficulty improving the
modelling of the rivers and the floodplains in this type of model. On the contrary, the recent
hydrological models are generally using a vector-based routing system which respects the ac-
tual shape of the sub-catchment. They simulate the river discharge through the river height
and the parameterization of the channel (shape and characteristics). These models may be
forced by the river height or discharge. They can also be coupled to a Land Surface Model
forced by an offline forcing to provide runoff and drainage inputs. The election of the type of
model to use depends on the finality of the study. As LSMs focuses on the representation of
the land surface processes, they are perfectly adapted to study the land-atmosphere interac-
tions. Hydrological models focuses on the simulation of the river dynamic but, in the case of
being used to study land-admosphere interactions, they need to be coupled to a LSM and may
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Figure 1.8. lllustration of the hydrological processes of land and atmosphere of the Upper
Paraguay River Basin from Bergier (2013).

require an extra-interpolation which would bring an information loss. Hydrological models don’t
usually calculate the heat fluxes so they may require an extra-layer to do the energy balance.
It brings more complexity while the LSMs already integrate the calculation of the land surface
variables. Both approaches have additional limits because the dynamic of the floodplains is
determined by the local topography at different scale and this variable brings some uncertainty
over lowland region. Some complex high resolution processes (< 1 km) may also be difficult to
model such as alluvial fans, deltas or other types of divergent flows (cf. Figure 1.11). Moreover,
the rivers over the floodplains also evolve dynamically and their course can change over time.

Representation of the Hydrological network

Different types of river network maps exist in LSMs and Global Hydrological Models (GHMs).
All these river network maps are based on basic hydrological units which may have different
definitions depending on the model. Each hydrological unit has its own hydrological character-
istics and is connected to other hydrological units. It is possible to classify the river network
maps in three categories: grid-based, vector-based and hybrid unit-catchment (Yamazaki et al,
2013), see Figure 1.12. The grid-based unit catchment is the most common river network map
in LSMs; it divides the river network in a regular grid in which the river is defined for each
cell (flow direction, upstream area etc.). The vector based-description (Figure 1.12.a) uses
hydrological units corresponding to the sub-catchment. These units are constructed based
on Geographic information systems data (GIS) without considering an atmospheric grid issue.
Although the actual gridded description of the river network benefits from a high resolutions
(90-m for MERIT Hydro; Yamazaki et al, 2019), the recent large-scale hydrological models
tend to prefer the vector-based approach due to its lower computational cost, a reduction of
the model uncertainty and other advantages for the hydrological studies (Fan et al, 2021).
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Figure 1.9. Scheme of the austral summer large scale circulation over South America with the
fluxes of moist air from the Northeast trade winds that cross the Amazon to the
Southeastern South America (SESA) and the localization of the South American
Low-Level Jet (SALLJ).

The LSMs usually respects the atmospheric grid as their original purpose is to provide realistic
land surface conditions for atmospheric models (cf. Figure 1.12.b. However, although their
river routing scheme generally uses a grid-based description of the river network (cf. Figure
1.12.c), the grid used by the routing scheme of the LSM do not necessarily correspond to the
grid used by the LSM. If the grids are differents, the river routing may: (1) be used only as a
diagnostic or (2) be interpolated to give a feedback to the LSM. In the last years, different efforts
have been made to combine the vector-based unit catchment respecting the atmospheric grid
such as with the Hydrological Response Units (HRUs - Chaney et al, 2016) or the Hydrological
Transfer Units (HTUs - Nguyen-Quang et al, 2018b). Thus, the river routing in LSM tends
toward a subgrid parameterization based on unit-catchment. These approaches are called
hybrid unit-catchment (cf. Figure 1.12.d). Nowadays, the two way coupling between the river
routing and the Land Surface Model is a particular struggle (Getirana et al, 2021) due to the
interest in land-atmosphere feedbacks and the coupled simulations that can be performed to
study them. To fulfill this objective, the challenge for hydrological modeling is to improve the
coupling with the LSMs while the challenge for the river routing integrated into the Land Surface
Models is to improve their representation of the river network while respecting the atmospheric
grid constraints.

The recent GHMs aim to study principally the river dynamic, thus most of them base their
model on vector-based river networks. The GHMs using vector-based river networks are usu-
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Figure 1.10. River network over the Upper Paraguay River Basin (extracted from Silva et al,
2017). The main Paraguay river has been underlined.

Figure 1.11. Landsat 8 images extracted from Google Earth Engine from (a) the Mekong Delta
in Vietnam (b) The Parana Delta in Argentina (c) the Lena Delta in Russia and
(d) the Yukon river in the USA.

ally forced by the runoff or by an interpolated atmospheric forcing (Yamazaki et al. 2013;
Pontes et al. 2017). These models obtain good results simulating the complexity of the basins
(Lin et al, 2019). However, they are not adapted to global scale (Lin et al, 2019) and are hardly
compatible with ESMs because they use different grids. The hybrid unit-catchment concept
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which is used in this thesis is mixing both approaches by dividing the atmospheric grid into
subgrid units which would be like vector-based unit catchment within the grid. In other words,
each atmospheric grid cell contains various inter-connected hydrological units. This allows to
represent the river network at higher resolution while keeping a structure coherent with the
atmospheric grid.

(a) Vector-based catchment (b) River network and regular grid
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Figure 1.12. Description of the different types of unit-catchment in CaMa-Flood: (a) vector-
based unit catchment, (b) river network and regular atmospheric grid, (c) grid-
based unit catchment and (d) hybrid-based unit catchment.

Floodplains modelling

The modelling of the floodplains should be adapted to the resolution of the model and to the at-
mospheric input that are used. Thus, the floodplains processes must be simplified and adapted
in order to fit the LSM resolution. From the LSMs that included the floodplains, we may cite
JULES (Dadson et al, 2011), ORCHIDEE (D’Orgeval et al, 2008; Guimberteau et al, 2013;
cf. Figure 1.13) and ISBA-CTRIP (Decharme et al, 2008, 2019). Their approaches are us-
ing a grid-based description of the river network. The floodplains can be represented through
the water in the hydrological unit and the flooded surface will be evaluated from the quantity
of water in this reservoir. For example, the JULES model considers the subgrid topographic
properties in the floodplains area using the mean and standard deviation of the logarithm of
elevation. The occurrence of a flood will convert the change of the preexisting surface types
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into open water land cover type proportionally to the importance of the flood. The open surface
water will be able to evaporate and change the heat fluxes. In ORCHIDEE and ISBA-CTRIP,
the floodplains are considered through the use of an additional floodplains reservoir that per-
mits delaying the discharge. The volume of water is also used to estimate the flooded surface
which is used to calculate the quantity of evapotranspiration, precipitation, interception and soil
re-infiltration from the floodplains. The low resolution of these models allows them to represent
the floodplains locally without exchanging the water from the floodplains with other hydrological
units.

- soil hydrology module

E I:l routing module

pr

Figure 1.13. /llustration of the representation of the floodplains in the ORCHIDEE floodplains
scheme (D’Orgeval, 2006; Guimberteau et al, 2013; Schrapffer et al, 2020).

A first approach of the hydrological modelling community to simulate large floodplains concerns
the coupling of large-scale hydrological models to some hydrodynamic models allowing to sim-
ulate with more details the floodplains. For example, Bravo et al (2012) coupled the large scale
model MGB-IPH to the hydrodynamic model HEC-RAS 1D and da Paz et al (2011) used a cou-
pled model system called SIRIPLAN. These coupled models are difficult to implement and to
calibrate and, moreover, the real sub-catchment doesn’t respect the shape of grid boxes. This
is why the recent evolution of Hydrological Models is going toward the use of catchment-based
units (Yamazaki et al, 2013). These models can simulate the rivers with more details and are
generally based on the river height, meanwhile LSM usually only consider the water volume.
CAMA-FLOOD (Yamazaki et al, 2009, 2011, 2013) is a reference for the simulation of the large
floodplains. It uses the catchment-based unit and the sub-grid floodplain topography to esti-
mate the flooded area depending on the river height (cf. Figure 1.14). MGB-IPH (Collischonn
et al, 2007; Paiva et al, 2011; Pontes et al, 2017), a Brazilian model, is following the same
approach (cf. Figure 1.15). This method allows the floodplains to be slowed down because
flooding will make the river height rise less than if considering only the river channel. These
models are based on converging river networks but, in some specific cases, they attempt to
integrate divergence. For example, CAMA-FLOOD integrate the divergence to simulate the
Mekong Delta (Yamazaki et al, 2014). Nevertheless the main objective of these models is to
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simulate as well as possible the river discharge, they require high calibration as the river height
dynamic requires many parameters to be adjusted for each hydrological unit and it is difficult to
adjust them for a global simulation. The major difficulty is also to estimate the sub-grid flood-
plain topography which may be difficult due to the DEM error over flat areas (Yamazaki et al,
2017).

Flocdplain

River Channel

Figure 1.14. lllustration of how the CAMA-FLOOD model (Yamazaki et al, 2009, 2011, 2013)
simulates the river channel and floodplains reservoir for each hydrological unit
(Figure from Yamazaki et al, 2011.

1.2.4 Interaction with the atmosphere

Some flooded areas over the floodplains can be considered as open-water surfaces while
others area well covered by vegetation because the low vegetation may have adapted to the
recurrent floods and because of the flooded forests. Thus, over these flooded areas we may
have a very strong evapotranspiration due to the fact that (1) the evaporation over the open-
water surfaces can reach its potential rate and (2) the infiltration increases the soil moisture
and, thus, favorize the development of the vegetation in the area surrounding the floodplains
which increases the transpiration.

The terrestrial surface energy balance is driven by the longwave and shortwave radiations
which can be resumed by the net radiation at the surface (R,,). This energy is then redistributed
in different fluxes: the latent heat, related to the evapotranspiration, and the sensible heat
(H), related to an increase of the surface temperature. There is also a flux concerning the
exchange of energy with the ground (G). The latent heat fluxes can be divided into 2 different
fluxes: the latent heat from the evaporation (LE) and the latent heat from the transpiration
(LT). The transfer of energy with the ground can be neglected considering a period long
enough to neglect the multi-decadal variability. Then, the terrestrial surface energy balance
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Figure 1.15. lllustration of how the different component of the MGB model interacts (Figure
from Fleischmann et al.,2017).

can be represented by the equation 1.1.

R,=H+LE+LT (1.1)

The land surface properties (land cover, vegetation, soil moisture and soil composition) in-
fluence the energy balance in two different ways: (1) the surface conditions influence on the
albedo which influences on the net radiation and (2) it define the distribution of the net radiation
between the different fluxes (H, LE and LT). Figure 1.16 illustrates the differences between a
flooded surface and a non-flooded terrestrial surface. Over a flooded area, the evaporation may
be higher because of the water availability. The water has a lower albedo which may increase
net radiation. On the contrary it has a higher specific heat capacity than non-flooded ground
and, thus, may have a lower increase of temperature for the same amount of energy absorbed
than non-flooded ground (Vanderkelen et al, 2020). Compared to the non-flooded case, the
availability of water will also result in a different distribution of the fluxes with less sensible heat
fluxes and more latent heat fluxes related to the increased evaporation (Bonan, 1995). This
increased evaporation will have two different consequences: (1) it may result in a lower surface
temperature (Bonan, 1995) and (2) the different repartition of the land-atmosphere heat fluxes
may affect the atmospheric boundary layer (Koster et al, 2004; Krinner, 2003).

Following the Képpen climate classification (Peel et al, 2007), the tropical savanna are warm
regions with marked wet and dry seasons. In the savannas, the water tends to be the limit-
ing factor regulating the surface fluxes (Gentine et al, 2019). Therefore, the consideration of
tropical floodplains in tropical savanna regions, such as the Pantanal, is particularly relevant.
Apart from their impact on the local surface energy balance, the flooded surfaces will also cre-
ate a horizontal contrast with neighbouring non-flooded surfaces through surface temperature
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Figure 1.16. Main heat fluxes over (a) non-flooded and (b) flooded regions is the net radia-
tion, H the sensible flux, LE the latent heat flux related to evaporation and LT to
transpiration.

discontinuities and heat fluxes discontinuities (Taylor, 2010; Taylor et al, 2018).

There have been several studies confirming that, in some conditions, there may exist a strong
feedback between the land and the atmosphere related to soil moisture conditions (Seneviratne
et al, 2010b; Dirmeyer, 2011). The tropical floodplains can be considered as regions with
high soil moisture and strong regional soil moisture contrast with the neighbouring non-flooded
areas (Taylor et al, 2018). In such conditions, the soil moisture may influence the atmosphere
by different mechanisms. First, it may impact the vertical profile of the PBL as it has been
found that higher soil moisture conditions will result in higher values of equivalent potential
temperature and of Convective Available Potential Energy (CAPE) (Kohler et al, 2010; Adler
et al, 2011). The second impact is related to the spatial discontinuities in surface conditions
and fluxes. These spatial discontinuities may have an impact on the mesoscale circulation and
may also particularly affect and trigger the Mesoscale Convective Systems (MCSs) through
wind shear and PBL instabilities (Taylor, 2010; Johnson and Mapes, 2001).

The strong large-scale gradient discontinuities may also affect the local and regional precipita-
tion pattern (Taylor, 2010). This phenomenon has been largely studied and confirmed in West
Africa within the African Monsoon Multi-disciplinary Analysis (AMMA) Project (Redelsperger
et al, 2006). These studies confirmed the strong dependence between the surface condition
(in particular the soil wetness) and the precipitation during the African Monsoon and its impact
on an interannual scale (Lebel et al, 2009). The processes of initiation and development of the
storms have also been studied through observations and coupled models confirming that the
storms are triggered in the early afternoon at the interface between the dry and the wet soil is-
sued from the previous days precipitation. These storms then develop themselves over the dry
soil (Taylor, 2010; Adler et al, 2011). Taylor et al (2018) extended the previous analysis with a
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focus on the influence of the Sub-Saharan Wetlands in regions where precipitation is predom-
inantly driven by MCSs (similar to the Pantanal). His findings were consistent with the results
of the AMMA project with MCSs more probable to initiate near the wetlands and floodplains
meanwhile the precipitation will occur mostly over the drier area close to floodplains. The Fig-
ure 1.17.a (1.17.b) shows the impact of a dry (wet) soil moisture anomaly on the atmospheric
variables with respect to a westward MSCs.

The cloud cover is an atmospheric condition which may strongly be related to the local surface
conditions and thus can be affected by the flooded area. In tropical regions, the surface condi-
tions are strongly coupled with the boundary layer and the clouds (Betts and Silva Dias, 2010;
Ek and Holtslag, 2004). The surface discontinuities related to the flooded area will enhance
the local shallow convection (Gentine et al, 2019) which will increase the cloud cover that will
affect at its turn the radiative balance and thus the surface conditions.

The UPRB and the Pantanal are located at the transition between a tropical savanna climate
(Cerrado) and a semi-arid Climate (Gran Chaco) where the precipitation is related to the South
American Monsoon System and is partly related to MCSs (Salio et al, 2007). There is also
a strong low-level jet that crosses the region from North to South. We may say that we have
a similar configuration to the West African region studied during the AMMA project and thus
that there might exist a strong land-atmosphere feedback related to the Pantanal floodplains
but with a North-South orientation of the Low Level Jet. Therefore, the Pantanal may have an
impact on the temporal and spatial patterns of the regional precipitation. The regional changes
in precipitation may impact the temporal and spatial flood patterns in the Pantanal through:
(1) the precipitation over the upstream area of the floodplains which will impact the inflow of
water and (2) the local precipitation. If the land conditions have an important influence on
the precipitation patterns, we may expect that changes of the Pantanal conditions can have an
impact over the regional climate. Therefore, there may exist a strong land-atmosphere coupling
over the tropical floodplains.

1.2.5 Ecology and Hydrology

Large tropical watersheds usually have one large river discharge pulse per year. It is the case,
for example, for the Paraguay and the Amazon basins. The large floodplains existing over this
type of watersheds have a low flood frequency which make the floods more predictable and
durable. This allows the periodical adaptation of the biota, whether it concerns fish population,
vegetation or animals. These large floodplains are rich biodiversity regions as they are transient
aquatic ecosystems. From this starting point, Junk et al (1989) made the observation that the
classical river ecology concepts are limited to represent the large river floodplains which are
important habitats for the biota. They proposed a concept called "Flood Pulse Concept” to
explain these ecosystems. It is based on the hypothesis that the river discharge is the major
force driving the biota in the river-floodplains system.

It decomposes the large floodplains in two different units: the main river channel and the
"Aquatic/terrestrial transition zone (ATTZ)”. The main river channel is responsible for the floods
due to the precipitation in the upstream region and the ATTZ is the transition zone that is
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Figure 1.17. Resume of the different impact of a westward MCS on the atmosphere when
passing over a dry (a) and a moist (b) surface (extracted from Adler et al, 2011).

evolving along the year depending on the floods. When the flooded area decreases, the local
climate becomes the main hydrological driver over the non-flooded areas. Some parts of the
floodplains may be disconnected from the main channel during months when the floods are
receeding. Predictable flood pulses, such as the monomodal one of the Pantanal, allows the
flora and fauna to develop around this phenomena. Organisms within the floodplains have
adapted strategies to survive the alternance of drought and flood periods. The stress periods
are very selective processes for the biota in the floodplains.

Another of Junk et al (1989) hypotheses is that, although it is driven by the flood pulse and the
hydrological exchange between the main channel and the floodplains, the biota doesn’t depend
on the nutrients from the river flow but mostly on the local nutrient recycling within floodplains.
Nevertheless, the water flowing through some floodplains such as the Pantanal is black water
(water with a high content of dissolved organic matter). In the case of Pantanal, the water
may also contain some biological content from the Amazon basin coming from exchanges
between the headwaters of the Paraguay and Amazon river basins due to the inestability of the
watershed (Neiff, 1996; Bonetto, 1975). In the particular case of the Pantanal, the high nutrient
content in the water benefits the downstream region and, due to the North-South flow direction
of the Paraguay, is a transfer of biota and nutrients from tropical to subtropical latitude (Minotti,
2018).
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Beyond these scientific and technical aspects, Neiff (1996) insists on the ecological complexity
of the floodplains and believes that considering floodplains only as a transition zone would
be a conceptual mistake as it would minimize the uniqueness of these highly dynamical and
complex systems.

1.2.6 Carbon cycle

Such as the wetlands in general, floodplains are strongly interacting with the carbon cycle
because they are very productive ecosystems compared to other regions with the same climate
(Melton et al, 2013) and have the specificity to be flooded temporarily or permanently. Apart
from the hydrological cycle, these regions are very important in Earth System modelling as
they have a strong interaction with the carbon cycle.

In absence of flood, the organic matter is in contact with the atmosphere (aerobic conditions),
this promotes the emission of carbon dioxide (CO2) and the sequestration of methane (CH4)
(Kayranli et al, 2010). In the flooded area, the organic matter is not in contact with the atmo-
sphere (anaerobic conditions) (Kayranli et al, 2010; cf. Figure 1.18). The backside effect of the
anaerobic condition is that it increases the emission of CH4 which is a greenhouse gas that,
although it has a lower life duration than CO2, has a more powerful greenhouse potential to
contribute to the human-induced greenhouse effect than CO2 and is also involved in the atmo-
spheric ozone chemistry (Schlesinger and Bernhardt, 2013; Zhuang et al, 2009). The wetlands
are considered the first natural emissor of methane (Ringeval et al, 2010; Kirschke et al, 2013).
The anaerobic condition also promotes the denitrification (the removal of the excess of nitro-
gen in the water). Although this process has a positive impact on the water quality considering
the excess of nitrogen related to the human activities such as agriculture, the denitrification is
also a source of nitrous oxide for the atmosphere (Martinez-Espinosa et al, 2021).

The primary production is related to the production of biomass. Through primary production,
the wetlands are capturing carbon from the atmosphere in the local vegetation (Le Quéré et al,
2014). On the one hand, the rate of decomposition is slower in the presence of water because
this decomposition is done in anaerobic conditions in the saturated soil of the wetlands. The
carbonic matter in the wetlands has a slow decomposition rate due to the floods. This produces
the accumulation of carbon into the soil (Melton et al, 2013). On the other hand, the plants in
the wetlands are normally more dependent on the recycling of the internal nutrients than to
the nutrients inputs. The efficient nutrient recycling and the slow decomposition rate will lead
to high content of nutrients accumulating in the wetlands and, then, to an enhanced carbon
sequestration.

The floodplains are wetlands that are connected to other areas through the river network sys-
tem. As they are a very productive area and due to the anaerobic conditions which only par-
tially decompose the organic matter, the water in the floodplains contains important quantities
of dissolved organic matter (DOM) that they are able to export to the downstream regions
(Schlesinger and Bernhardt, 2013; Harrison et al, 2005).

The balance between the CO2 and the CH4 fluxes is complex and depends on many factors
such as the flood extent, the temperature and the vegetation with numerous feedbacks be-
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Figure 1.18. Schematic diagram showing the major components of the carbon cycle (extracted
from Kayranli et al, 2010.

tween both fluxes. Some wetlands may be a source of carbon as others can be a carbon sink
depending on the ratio between carbon sequestration and methane emission (Kayranli et al,
2010). In the case of floodplains, it should also be considered that some areas may not be
flooded during the whole year and, thus, the oxidation of atmosperic methane can occur if the
soils are not saturated (Kayranli et al, 2010).

These processes deserve further studies to be better understood to establish the role of wet-
lands in the carbon cycle and in relation to global warming (Melton et al, 2013; Mitsch et al,
2010, 2013; Schlesinger and Bernhardt, 2013). These studies may re-value the role of the
wetlands in relation with their rich ecosystems, their contribution to other ecosystems through
the DOM and their strong coupling with the carbon cycle. It is also useful to better understand
the underlying processes in natural wetlands to improve the installation of artificial wetlands.

Carbon cycle modelling is a key to do so but there still are great discrepancies between mod-
els. For this reason, it is important to better understand the different interactions between the
wetlands and the carbon cycle and in particular of the large tropical floodplains to estimate
their participation in the carbon cycle (Mitsch et al, 2010).

1.2.7 Human impact on Pantanal

The floodplains are usually very important for the local population due to the ecosystem ser-
vices they provide, whereas it concerns the local human activity or the populations living down-
stream of the floodplains. The human population living within the tropical floodplains have
adapted their activities according to the hydrology of the rivers and to the flood seasons. The
agricultural sector may, for example, adapt where it develops its activities depending on the
lands which are usually flooded on a given year during the wet season (Bravo et al, 2014).
In some cases, such as in the Niger Inner Delta or the Sudd, the floodplains are located in a
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semi-arid area and the floodplains are essential for the local population to survive thanks to
grazing or cropping related to the floodplains but also to freshwater fisheries. For these partic-
ular regions, human development would have been particularly difficult without the floodplains.

Nevertheless, the natural equilibrium of the floodplains ecosystems is fragile and human ac-
tivities may perturb their natural regulation and functioning. Thus, it may threatens their equi-
librium and conservation (Junk et al, 2006; Bergier, 2013). The Pantanal is attractive for the
development of different type of activities and, therefore, is also threatened by human devel-
opment (Alho and Sabino, 2011). As a floodplains, the Pantanal depends not only on what is
happening locally but also on the changes occuring over the upstream areas and, in particular,
in the Cerrado savanna.

Land use changes and, in particular, deforestation may have an important impact on the flood-
plains hydrology (Woodward et al, 2014). In the Pantanal, the latter are principally related
to farming and cattle raising. As the floodplains are fertile regions with space for extensive
agriculture, the crops and grasses for cattling replaces the natural savanna vegetation in the
Pantanal and the Cerrado at a concerning rate (Bergier, 2013). The land use changes may
have an impact on the hydrology as they will increase the runoff and the discharge (Vorosmarty
and Sahagian, 2000) and promote larger floods over the Pantanal. The local farmers start fires
during the dry season in order to clear the vegetation over their ranch which enhance larger
land cover changes. Due to the local dry conditions, these fires may expand and achieve the
destruction of the natural vegetation over a larger area (Alho and Sabino, 2011).

On the other hand, these basins are regions rich in large rivers. The dams over the UPRB
are principally small scale dams as the construction of large dams over the UPRB have been
banned (Bergier, 2013) but nevertheless the presence of dams have differemt impacts over
the catchment hydrology: (1) they generate the presence of permanent flooded areas and
thus damage the local flora and (2) they reduce the variability of the discharge. Concerning
the ecosystem, they also have an important impact because (1) they reduce the transport of
sediment and rich nutrients downstream and (2) they limiot the displacement of the local fishes
population (Alho and Sabino, 2011).

The Parana-Paraguay rivers are important ways of navigation for the transport of merchan-
dises from the Mato Grosso, Bolivia, Paraguay and Argentina as they provide an easy access
from the center of the continent to the Atlantic ocean. The Parana-Paraguay Hidrovia project
involves the channelization of the river network to facilitate the navigation of large ships (Junk
et al, 2006). It was projected to make some channel operation on the Paraguay river over the
Pantanal but this project has been abandoned largely because of the evaluation of the envi-
ronmental impacts (Gottgens et al, 2001). It is estimated that this would have had an important
impact on the Pantanal hydrology by decreasing the river levels which would have result, even
for a decrease of a few decimeters, in an important reduction of the flooded area and have a
negative impact on the floodplains ecosystem (Hamilton, 1999). Changes of the extent of the
flooded area may have an important impact on the carbon fluxes seen in the former section.
Larger than usual extent of floodplains are responsible for increased methane emissions while
a drying wetlands will emit more carbon to the atmosphere through the oxidation of the organic
matter and through the higher probability of wildfire (Mitsch et al, 2010).
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As for many other ecosystems, climate change represents a threat for the Pantanal in particular
because the floodplains are very sensitive to the temperature, the precipitation, the inflow of
water from the upstream area and the concentration of CO2 in the air. Although the climate
projections are still quite uncertain for the precipitation over this region (IPCC AR6 WG, 2021;
Marengo et al, 2016; Bravo et al, 2014), it is estimated that the precipitation over the Pantanal
region will decrease during both dry and wet seasons combined with higher temperatures
(Marengo et al, 2016). A warmer and drier climate may provoke the dryness of the Pantanal.

Finally, some other aspects of human activities may also have a negative impact on the Pan-
tanal ecosystem such as the unsustainable tourism in the Pantanal which affect the fauna by
hunting and fishing activities and may also generate contamination. Some illegal activities may
also pollute the water such as unregulated mine golding producing mercury contamination in
the Pantanal waters (Leady and Gottgens, 2001; Alho and Vieira, 1997).

The different impacts of the land use changes toward traditional agriculture on the Pantanal
hydrological cycle are resumed in Figure 1.19 extracted from Bergier (2013) as well as the
different consequences these threats may have.
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: : Land-use in
B8 Nutrients/Sediments 5 :
Highlands (infiltration/percolation-12%) :

(discharge +16 to +82%) Highland
Soils

Pantanal
Lowlands
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(runoff +191%)

Highland

Evapotranspiration

Figure 1.19. Human-related changes to the Pantanal hydrology (extracted from Bergier,
2013).

Although the large wetlands such as the Pantanal are included in different conservation plans
such ashe RAMSAR convention, the Pantanal habitat has to be considered as a whole by in-
cluding its upstream areas in this sustainable conservation (Bergier, 2013). Different efforts
have to be made on the land use changes with reforestation of the native forest and using
more ecological agriculture practices such as agroforestry management (Watanabe and Or-
tega, 2014). Responsible tourism should be incentivated in order to avoid the negative conse-
quences of unsustainable tourism (Alho and Sabino, 2011). All these efforts must come along
with a better comprehension and a more rigorous monitoring of the Pantanal hydrology.
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1.3 Motivation

This thesis has a double objective:

« improve the representation of the high resolution river routing of the ORCHIDEE Land
Surface Model and, in particular, by the development of an adapted floodplains module;

» understand the complex water cycle of the Pantanal with a special focus on Land-Atmosphere
fluxes.

The development of the high resolution floodplains scheme has required the development of a
complete pre-processing tool in order to generate a flexible river routing description for all type
of atmospheric grid. This development is an important step forward for the future implementa-
tions of hydrological processes in the ORCHIDEE model (irrigation, dams, swamps).

The representation of the river network at high resolution in a Land Surface Model is an op-
portunity as it allows to increase the heterogeneity of the different sub-unit represented but it
is also a challenge as the different processes interacting between ORCHIDEE'’s hydrological
scheme and its river scheme will need to be adapted to this new configuration. The Pantanal
is a region with a complex hydrology and is a suitable region to develop a floodplains scheme.
The modelling of the floodplains in ORCHIDEE will allow us to understand the different pro-
cesses related to the water cycle over the Pantanal at a regional scale.

The possibility to have a working floodplains scheme in ORCHIDEE will also prepare the
ground for future studies to better understand the impact of human activities on the floodplains,
to study the transport of Dissolved Organic Matter in the river and to estimate the impact of the
climate change over these fragile ecosystems.

1.4 Document Structure
This thesis is composed by 7 chapter:

Chapter 1: Introduction (this chapter)

This chapter presents the subject of the thesis and gives a scientific context and a wider
introduction to the Pantanal floodplains. It also contains the motivation and the objectives of
the present thesis.

Chapter 2: Benefits of the floodplains scheme

This chapter contains the study of the Pantanal using floodplains module of the previous
version of the routing at a 0.5° resolution which has previously been developed by D’Orgeval
(2006). The objective of this chapter is to compare the simulations with and without floodplains
using different atmospheric forcings to include the uncertainty related to the precipitation in the
atmospheric forcings. The publication which corresponds with this part of the thesis (Schrapffer
et al, 2020) has been included.
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Chapter 3: Estimation of the flooded area over the Pantanal, a South American
floodplains, using MODIS data

This chapter contains the description and evaluation of different methods to estimate
the flooded area over the Pantanal using spectral indexes calculated with MODIS data. Based
on the evaluation of these methods, the difficulties of estimating the flooded area based on
satellite products are discusses. This chapter contains the corresponding publication which is
under review.

Chapter 4: Parallelized construction of a flexible river routing graph for Earth
System Models (RoutingPP)

This chapter describes the pre-processing tool developed to generate the river routing
for ORCHIDEE on a specific atmospheric grid. The development of this tool has been an
imprescindible step previous to the development of the high resolution floodplains scheme.
The advantages of generating the river routing previously to the simulation are presented as
well as the functionment of the high resolution river routing. In addition, some evaluation tests
have been included to show the performance of the routing generated in ORCHIDEE.

Chapter 5: Development of a high resolution floodplains scheme

The high resolution floodplains scheme developed as a part of the thesis work is de-
scribed in this chapter. It contains the theoretical explanation and also the details of the imple-
mentation. The evaluation is performed over the different variables of the water cycle simulated
by the river routing scheme and affected by the floodplains such as the discharge, the volume
of water in the reservoirs and the flooded area. This evaluation is performed: (1) by comparing
the high resolution floodplains scheme with its previous version and (2) by comparing different
resolutions of atmospheric grids.

Chapter 6: Evaluation of the impact of the high resolution floodplains scheme
on the surface variables in ORCHIDEE

This chapter evaluates the differences between a simulation of ORCHIDEE without
floodplains and with the floodplains scheme activated. It aims to show the different aspects
that are missed when not considering floodplains at a regional scale and to understand the hy-
drological cycle of the Pantanal. These aspects includes the surface variables (soil moisture,
temperature and vegetation), the surface energy budget and the evapotranspiration.

Chapter 7: Land-atmosphere interactions

This chapter contains the evaluation of the impact of considering or not the floodplains
in a coupled simulation using the Regional Earth System Model of the Institut Pierre Simon
Laplace (RegIPSL, https:/gitlab.in2p3.fr/ipsl/Imd/intro/regipsl/regipsl/wikis’/home) and in par-
ticular the impact on the atmospheric conditions.


https://gitlab.in2p3.fr/ipsl/lmd/intro/regipsl/regipsl/wikis/home
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Chapter 8: Discussion, Conclusion and Perspective

This chapter summarized the different results obtained along the development of this
thesis. Moreover, future perspective of work around the study of the floodplains and their
interactions with the atmosphere and the hydrological cycle are discussed as well as potential
future improvement of the floodplains scheme in the ORCHIDEE model.

1.5 Acronyms

AMMA African Monsoon Multidisciplinary Analysis
ATTZ Aquatic-Terrestrial Transition Zone

CAMA-FLOOD Catchment-based Macro-scale Floodplain model

CH4 Methane

CcO02 Carbon Dioxide

DEM Digital Elevation Model

DOM Dissolved organic Matter

ESM Earth System Model

GEWEX Global Energy and Water Exchanges

GLWD Global Lake and Wetlands Dataset

GPCC Global Precipitation Climatology Centre

HEC-RAS 1D Hydrologic Engineering Center’s River Analysis System
HRU Hydrological Response Unit

HTU Hydrological Transfer Unit

HydroDEM Hydrologically coherent Digital Elevation Model

IPCC Intergovernmental Panel on Climate Change

IPSL Institut Pierre Simon Laplace

ISBA-CTRIP Interaction Sol-Biosphére-Atmosphére CNRM'’s Total Runoff and Inte-

grating Pathways

JULES Joint UK Land Environment Simulator
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LPB
LSM

MERIT Hydro

MGB-IPH
MODIS
ORCHIDEE
PBL

RAMSAR

RegIPSL

RoutingPP

SACZ
SALLJ
SAMS
SAR
SESA
SST

UPRB

La Plata Basin
Land Surface Model

Multi-Error-Removed Improved-Terrain Hydrologically coherent Digital
Elevation Model

Modelo de Grandes Bacias do Instituto de Pesquisas Hidraulicas
Moderate Resolution Imaging Spectroradiometer

ORganizing Carbon and Hydrology in Dynamic EcosystEms
Planetary Boundary Layer

Ramsar Convention on Wetlands of International Importance Especially
as Waterfowl Habitat

Institut Pierre Simon Laplace’s Regional Earth System Model

Pre-Processer of the routing input for ORCHIDEE high resolution rout-
ing scheme

South Atlantic Convergence Zone
South American Low Level Jet
South American Monsoon System
Synthetic Aperture Radar sensor
Southeastern South America

Sea Surface Temperature

Upper Paraguay River Basin
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Benefits of representing foodplains in a Land Surface Model: Pantanal
simulated with ORCHIDEE CMIP6 version
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2.1 Introduction

This chapter was developed as the initial step of this thesis and demostrates the benefits of
integrating a floodplains module in a Land Surface Model by using a floodplains scheme that
has already been developed at a 0.5° resolution by D’Orgeval et al (2008). This demostration
is performed by comparing different pairs of simulations, one with the floodplains scheme acti-
vated and one deactivated. The model used to perform these simulations is the version 2.0 of
ORCHIDEE. This version is the Land Surface Component of the Institut Pierre Simon Laplace
Earth System model for the CMIP6 simulations. It uses the version of ORCHIDEE’s routing
at 0.5° previous to this thesis and its corresponding floodplains scheme. This study has been
performed over the world’s largest floodplains in South America, the Pantanal. This work has
been published in the journal Climate Dynamic (Springer).

Large tropical floodplains have an impact on the different variables of the water cycle and may
be places of strong interaction between the land and the atmosphere. Thus, their integration
in Land Surface Models may allow to improve the representation of the regional hydrological
cycle and lead to more realistic local land-atmosphere fluxes.

The hydrology of the Pantanal is mainly driven by the precipitation that occurs in its upstream
areas during the wet period from November to March. The low slope within the Pantanal slows
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the flow of the water and, in consequences, produces floods over the region. These floods
remains even until the dry period and take on great importance for the vegetation and the
land-atmosphere fluxes.

The floodplains modelling is an interesting tool to understand the functioning of the floodplains
and their impact on the rest of the Earth System. Although some previous studies tried to rep-
resent the Pantanal with the coupling of a one-dimensional large-scale hydrological model and
an inundation model (Bravo et al, 2012; da Paz et al, 2011), most of the studies representing
the floodplains in a Land Surface Model principally focused on other large floodplains such as
the Amazon river (Guimberteau et al, 2012a); the Inner Niger Delta (D’Orgeval, 2006; Dadson
et al, 2010).

Along with floodplain modelling, remote sensing is another possibility to try to understand the
hydrology of the Pantanal. Penatti et al (2015) studied the different variables related to the
water cycle over the Pantanal and tried to close the hydrological cycle of the Pantanal using
the variety of remote sensing products available. Although the remote sensing products used
allow to understand the hydrology of the region, there still remains large uncertainties that don'’t
allow to close properly the water budget with this type of data. However as the Land Surface
Models keeps the coherence between the variables involved, it is an interesing tool to perform
this type of water budget. The simulations used in this study have also been used for such a
purpose.

The paper published in the Climate Dynamic Journal is presented in the following section. It
presents the simulations over the Pantanal forced by six different atmospheric forcings in order
to evaluate the uncertainty of the precipitation over the region. For each pair of forcing, the rep-
resentation of the different variables of the hydrological cycle have been evaluated (discharge,
flooded area, evapotranspiration, surface heat fluxes). The model-guided water budget close
performed over the Pantanal using the simulations is also contained in this publication.

2.2 Benefits of representing floodplains in a Land Surface Model:
Pantanal simulated with ORCHIDEE CMIP6 version

Anthony Schrapffer'>, Anna Sérensson'>3, Jan Polcher*, Lluis Fita'>3

(1) Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales. Buenos Aires,
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Abstract

Tropical floodplains have a significant impact on the regional water cycle and on land-atmosphere
interaction but are not always considered in Land Surface Models (LSMs) or in Earth system
models. This study evaluates the importance of representing tropical floodplains in an LSM
to provide realistic river discharges, evapotranspiration fluxes and other variables crucial for
land’s interaction with the ocean and atmosphere.

Off-line simulations of the world’s largest tropical wetland, the Pantanal are conducted with
ORCHIDEE, the LSM of IPSL’s regional and global Earth system model. We analyse the period
1961-2000, which includes both dry and wet decades. Atmospheric uncertainty is considered
through the utilization of 3 forcing data sets, each one in two versions: the original dataset and
a regionally bias adjusted version.

The activation of the floodplain module leads to a systematic improvement of intra-annual vari-
ability and extremes of river discharge. Temporal evolution and spatial distribution of flooded
area are coherent with satellite estimations, although the model, due to the coarse resolution of
the topography, underestimates the extent of the area. Considering floodplains in ORCHIDEE
enhance the evapotranspiration since it permits the water from the upstream region to evap-
orate in the plains. This have strong consequences on the water balance and on the spatial
pattern of surface fluxes. The simulations allow us to perform a model-guided residual esti-
mation of evapotranspiration through a water balance obtaining an annual evapotranspiration
over Pantanal of 1220 mm while precipitation is estimated to be 1250 mm with an uncertainty
of 180 mm.

Keywords: Land Surface models, floodplains, land-atmosphere interaction, South America.

1. Introduction

Tropical Floodplains have a large impact on the regional water cycle and the land-atmosphere
interactions (Adam et al, 2010, Taylor, 2010, Sutcliffe and Brown, 2018; Alsdorf et al, 2010; Lee
et al, 2011). Despite their importance, they are not systematically integrated in Land Surface
Models (LSM) (Bierkens, 2015; Mishra et al, 2010; D’'Orgeval et al, 2008) which are a key
component of Earth system models (ESM).

Floodplains are wetlands located in alluvial plains adjacent to rivers which can be temporarily
or permanently flooded. Some of the major tropical floodplains are located in the Congo basin
(Lee et al, 2011), in the Amazon basin (Alsdorf et al, 2010), in the Nile basin (Sutcliffe and
Brown, 2018) and in the inner Niger Delta (D’Orgeval et al, 2008). The La Plata Basin, a very
extensive basin of 3 200 000 km? in Southeastern South America (Berbery and Barros, 2002;
Barros et al, 2005; Gongalves et al, 2011), contains the world’s largest tropical floodplain, the
Pantanal (Alho et al, 1988; Penatti et al, 2015; Bravo et al, 2012; de Almeida et al, 2015). This
region is located in Southeastern Brazil, mainly in the Mato Grosso region and has an extension
of around 140,000 km? (Hamilton et al, 1996; Alho, 2005; Gongalves et al, 2011; da Paz et al,
2014). It is part of the Upper area of Paraguay Basin, an important tributary of the Parana.
The Paraguay river comes from South-West Brazil and then run through Bolivia, Paraguay
and finally Argentina to its confluence with the Parana river. The Pantanal is a very flat area,
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with between 80 and 150 m.a.s.! of altitude (Hamilton et al, 1996; Alho, 2005; Gongalves et al,
2011), and receives the runoff from the Cerrado highlands at its north and northeast end which
altitude ranges between 200 and 1400 m.a.s.l (Alho, 2005; Gongalves et al, 2011) and from
the Gran Chaco plains on its western border (Figure 2.1).
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Figure 2.1. Location and description of the Pantanal topography, including Porto Murtinho and
Ladario river gauging stations

The Pantanal is a transition climate zone between a wet tropical climate to the north-northeast
and the Gran Chaco semi arid climate to the west (Gongalves et al, 2011). The highlands
upstream of the Pantanal (Cerrado mountain range) have very intense precipitation during the
South American Monsoon System (SAMS) season (October to March) (Penatti et al, 2015;
Barros et al, 2006; Gongalves et al, 2011; Zhou et al, 1998) and low precipitation for the rest
of the year. The seasonal cycles of precipitation over Pantanal and the Gran Chaco are also
governed by the SAMS, although with a smaller total annual precipitation than the Cerrado
mountain range (Barros et al, 2006, Hamilton et al, 1996; Gongalves et al, 2011). For this rea-
son, the main part of the inflow to Pantanal comes from the Cerrado highlands. The Pantanal
contains many meanders (Barros et al, 2005) and constitutes a voluminous natural reservoir
acting as a buffer zone that can delay the river flow between 3 and 5 months (Barros et al,
2005; Hamilton et al, 1996, Padovani, 2010; Gongalves et al, 2011). The Pantanal presents a
high seasonality of flooded area with a maximum in April and a minimum in October (Penatti
et al, 2015). The flooding diminishes and delays the discharge peak compared to the one of
rainfall (Hamilton et al, 1996). This delayed discharge effect is crucial to understand the hy-
drology of the Paraguay river hydrology which contributes to the Middle Parana stream (Barros
et al, 2005).

After the rainy austral summer, the Pantanal is flooded producing a large area of surface water
exposed to the atmosphere. Then, the Pantanal faces a dry austral winter which, at these
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tropical latitudes, means high values of incoming radiation. This results in an increased evap-
otranspiration and thus in a reduction of sensible heat fluxes at the expense of latent heat
fluxes.

Taylor (2010) and Taylor et al (2018) suggest that tropical wetlands such as the Pantanal may
affect local and regional rainfall by favouring the triggering of Mesoscale Convective Systems
(MCS) through the contrast of sensible heat between the wetland and the surrounding dry
areas. The boundary layer over the wetlands is cooler and wetter due to the lower Bowen
ratio at the surface, which can imply two different consequences: (1) the frontal updraft of
MCS characterized by a propagating cold pool may be debilitated when meeting the cold air
over the wetland; (2) when reaching the proximity of wetlands, MCS gain more convective
available potential energy (CAPE) which may enhance the triggering of MCS generating higher
precipitation amounts. This should be relevant for the Pantanal knowing that in the La Plata
Basin the MCS play an important role in the precipitation regime (Salio et al, 2007). The
Pantanal may also be affected by the South American Low Level Jet (SALLJ) which transports
moist air from the Amazon and passes over the Pantanal (Vera et al, 2006; Montini et al, 2019),
generating wind-shear which may favour the initiation of convection (Lauwaet et al, 2012).

The above suggests that the representation of the water cycle and the interaction with the at-
mosphere in an ESM may be improved by including floodplains dynamics. Most of the LSMs
include river routing schemes which are numerical representations of lateral water flows in the
basins (Sheng et al, 2017). On that basis, and according to Bierkens (2015), floodplains rep-
resentation is an essential step forward for ESMs and their LSMs river routing improvements.

The LSM considered for this study is the latest version of ORCHIDEE -Organising Carbon and
Hydrology In Dynamic Ecosystems- (Krinner et al, 2005) LSM model used in CMIP6 exercise
as the land component of the IPSL GCM. This model includes a floodplain representation in
the river routing scheme (D’Orgeval, 2006). This module has already been used and studied
over the Niger Delta (D'Orgeval, 2006; D’Orgeval et al, 2008) and over the Amazon basin
(Guimberteau et al, 2012b, 2013).

The dynamics of the Pantanal’s hydrology and vegetation has been studied in previous works
such as Hamilton et al (1996) who evaluated the temporal evolution of flooded area along
the 20th century to discuss the inundation patterns. Padovani (2010) quantified the flooded
area between 2000 and 2009 based on the vegetation indices from MODIS (MODIS13Q1)
meanwhile de Almeida et al (2015) applied a Principal Component Analysis to MODIS En-
hanced Vegetation Index (MODIS EVI2) images to analyze the variability of the vegetation
cover. A more complete analysis on the Pantanal hydrodynamics has been performed by Pe-
natti et al (2015) who studied the different components of water cycle via satellital estimations
and showed difficulties to close the water budget due to the underestimation of evapotranspira-
tion from MOD16, to the uncertainty of the other inputs and to the scarcity of field measurement
to assess satellital data.

Modelling the Pantanal hydrodynamic has been a challenge for the hydrological modelling
community. Bravo et al (2012) coupled a simplified large-scale hydrological model to a hy-
drodynamic model. The first one, MGB-IPH, simulates the main drainage network of the basin
from meteorological inputs. The second one, HEC-RAS 1D (Brunner, 2010) adapted by da Paz



CHAPTER 2. REPRESENTING FLOODPLAINS IN A LSM 36

et al (2010) over the Pantanal, simulates with more details the main drainage networks and the
floodplains over Pantanal from the discharge provided by the first model. This model is able
to reproduce the river dynamic, the rainfall-runoff processes and the river complexity despite
the lack of data. It shows the importance of representing floodplains processes to improve
the hydrological simulation of the Pantanal. da Paz et al (2011) went further by simulating the
complex dynamics of the Pantanal by forcing a modelling system (SIRIPLAN) directly with pre-
cipitation, evapotranspiration and water inflow from the upstream area. This modelling system
couples a one-dimensional hydrodynamic model to simulate the transport of water within the
rivers, an inundation model to simulate the Pantanal inundations and a module handling the
precipitation and potential evapotranspiration inputs to simulate the actual evapotranspiration
and the infiltration processes. da Paz et al (2014) continued this work by evaluating the sen-
sitivity of the model to changes in potential evapotranspiration over Pantanal and pointed out
that the sensitivity of the model to these processes is crucial to represent the hydrological dy-
namic of the floodplains. Despite a good representation of the hydrographs and a reasonable
consistency of floodplains map, there are still large uncertainties related to evapotranspiration
(da Paz et al, 2014) and to lacking observations in the western basins in Bolivia (da Paz et al,
2010; Bravo et al, 2012).

The present study is motivated by the evaluation of the impacts of the floodplains on the water
cycle and in particular land-atmosphere fluxes with the ORCHIDEE model. As a starting point,
the simulation of the discharge at the outflow of the Pantanal is assessed in order to evalu-
ate the impact of the floodplain scheme on the water cycle of the Pantanal. Thereafter the
processes driving the exchange of water between the floodplains and the atmosphere in the
floodplain module are evaluated: the water available for evapotranspiration through represen-
tation of open water surface over Pantanal as well as the representation of evapotranspiration
and its consequences on the energy fluxes. Finally, a model-guided residual estimation of
evapotranspiration is realized through a water balance over the region in order to quantify the
role of the Pantanal in the regional water cycle.

The methodology, the model and the observational datasets employed are described in Sec-
tion 2. Section 3 presents the evaluation of the sensitivity of the Pantanal water cycle to the
floodplain scheme through a pair of simulations for each forcing, in one of them the scheme is
activated and in the other not. The results of the study are discussed along with the estimation
of evapotranspiration over the floodplains in Section 4 and conclusions are given in Section 5.

2. Methodology

The period considered in this study is 1961-2000. It is a long period for which several atmo-
spheric forcings for land surface models exist as well as a regional daily rainfall observation
dataset used to generate a bias-corrected version of these forcings (CLARIS-Ipb). These forc-
ings are based on meteorological re-analysis products in which precipitation is bias-corrected
by daily rainfall observations (CRUNCEPv7, WFD and GSWP3). This period also presents the
advantage of including a decade of dry conditions: the 1960-1972 (Alho and Silva, 2012) and
another of wet conditions: 1980-1990 (Padovani, 2010), thus these 40 year allows to sample a
large range of climatic conditions in the Pantanal.
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A pair of simulations have been realized for each one of the 3 forcings and then with an alterna-
tive version in which rainfall is bias-corrected with CLARIS-Ipb. In one simulation, the floodplain
module of ORCHIDEE is activated (FP) and in the other it is not activated (NOFP). Therefore
this study will consider a total of 12 simulations. In order to make sure that all the routing reser-
voirs and the soil variables are in equilibrium the model is previously run for a sufficiently large
period, this process is known as spin-up. For each simulation, a 30-years spin-up (1961-1990)
is performed using the same atmospheric forcing and the same configuration.

2.1 Model Description: ORCHIDEE

2.1.1 General

The IPSL Earth System Model includes ORCHIDEE as its land component. The experiments
presented in this study are performed with the version of ORCHIDEE used in the Coupled
Model Intercomparison Project Phase 6 (CMIP6). Simulations are made with ORCHIDEE in
an offline configuration. Under this set-up, the model is forced with external atmospheric data
(precipitation, 2-m air temperature and specific humidity, wind speed, snowfall, rainfall and
downward long and short wave radiation) without atmospheric feedback.

Additionally ORCHIDEE requires two additional ancillary datasets providing the vegetation
cover and soil description. For each grid cell, vegetation is represented through its compo-
sition in proportion of bare soil and 12 plant functional types (PFT) while soil description is
represented through a combination of 3 soil textures (coarse, medium and fine). In this study
we used the Olson’s global classification of 94 PFT at 5 km resolution (Olson et al, 1985) for
vegetation (interpolated by the model at 0.5° and grouped to the final 12 PFTs) and the USDA
soil description (Reynolds et al, 2000) for soil description.

ORCHIDEE's soil hydrology module is a 11-layer scheme (De Rosnay et al, 2000; de Rosnay
et al, 2002; Campoy et al, 2013) that represents the vertical transfer processes of water and
heat such as diffusion and retention.

2.2.2 Lateral Water Transfer Scheme

The ORCHIDEE routing module is based on a global basin map at 0.5x0.5° resolution (Vérésmarty
et al, 2000) in which each grid point is assigned to a basin with information on its flow direction,
topography and channel length. The lateral transfer of the water drained into river is managed
throughout the Hydrological Transfer Unit (HTU) (Nguyen-Quang et al, 2018c).

Each HTU contains 3 water reservoirs (Polcher, 2003) from which the water is transferred to
the downstream HTU (Figure 2.2). Each reservoir is characterized by a different flow timescale:
(1) the "stream” reservoir receives the inflow discharge from the upstream cells and has the
lower time constant while the (2) “fast” and (3) “slow” reservoirs are respectively collecting
water from surface runoff and drainage and have higher time constant. The flux of water (Q)
out of each reservoir is a linear function of the water content (V) and the time constant (T). For
the reservoir i (i standing for stream, fast or slow reservoir):

Qi = — (2.1)
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Figure 2.2. Description of ORCHIDEE routing scheme, the floodplain module and their inter-
actions with the atmospheric forcing and soil hydrology module

The outflow from all three reservoirs goes to the “stream” reservoir of the downstream HTU.
Total discharge (QQ) is the sum of the transferred water from the reservoirs:

Q = Qstr@am + Qfast + Qslow (22)

This time constant is estimated via a simplification of the Manning formula (Ducharne et al,
2003):

with \, the topographical water retention index defined for each HTU to represent the effect of
the topography and 7;, a time constant specific for each reservoir that has been calibrated and
validated over the world’s major basins (Ngo-Duc et al, 2007). \ depends on d, the river length
within the HTU and on Az, the difference of height in kilometers between the HTU considered
and the downstream HTU (\ = +/d3/Az.10).

2.1.3 Floodplains

The floodplain module was introduced and described by D’Orgeval et al (2008). Floodplains
are described by the maximal potential fraction of flooded area of each grid point - Sy maz -
based on the Global Lakes and Wetlands Database -GLWD- (WWF, 2004). Floodplains are
considered as an additional reservoir which is, unlike the others, able to evaporate and infiltrate
into the soil moisture (Figure 2.2). If floodplains are present in the grid cell (Sypmaz > 0),
all incoming water goes to the floodplain reservoir (V,) first, from where it can flow back to
the stream reservoir, evaporate to the atmosphere or re-infiltrate to the soil hydrology. In the
floodplains scheme, two parameters describe the shape of the bottom of the floodplains: (1)
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B characterize the convexity of the shape (here 5 = 2) and hg represent the water height at
which all the basin is flooded (here hg = 2 m). This assumption of the shape of the bottom of
the floodplains allows to estimate the effective flooded surface (S¢,) using Vy,,.

Precipitation over the grid cell is split in two fractions: one for the flooded area (S¢,/Sgridcei)
which goes to the floodplains reservoir and the other which goes to the soil hydrology.

2.2 Observations used for validation

2.2.1 Daily rainfall

The CLARIS-Ipb gridded precipitation data set (Jones et al, 2013) is available at a 0.5° reso-
lution for the period 1961-2000. It was produced under the scope of the CLARIS-Ipb project
by combining 3945 daily precipitation series from rain gauge stations in southeastern South
America and following the gridding approach proposed by Haylock et al (2008). It is the only
regional gridded daily precipitation datasets which covers the studied area.

2.2.2 Discharge

Monthly observed discharge are obtained from the National Hydro-meteorological Network
managed by the Brazilian National Water Agency (Agéncia Nacional de Aguas - ANA). The
Porto Murtinho station (see in Figure 2.1) is considered the reference outflow station for the
Pantanal (Penatti et al, 2015) and it has a continuous data record for the full study period
(1961-2000). Additional available stations at the inflow into the Pantanal were also considered
in order to perform a water budget in section 4, these stations are: Caceres, Cuiaba, Sdo José
do Borireu, Sao Jeronimo, Coxim and Aquidauana (see Figure 2.1).

2.2.3 Flooded area

Temporal variability of the Pantanal flooded area is compared to two sources: Hamilton (2002)
and Padovani (2010). Hamilton et al (1996) estimated the flooded area between 1979 and 1987
from satellite data by comparing the vertical and horizontal polarized brightness temperature
from passive microwave sensor systems. The flooded area was then correlated with the river
gauge at Ladario to establish a relationship between the two variables. In Hamilton (2002), this
relationship is used to evaluate the flooded area between 1900 and 2000 from the available
river gauge data. Padovani (2010) evaluated the Pantanal flooded area applying a Linear
Model of Spectral Mixture to the MODIS vegetation index images between 2000 and 2009.

These studies are very useful to assess the representation of flooded area in ORCHIDEE,
however they also have their limitations. The relationship used in Hamilton (2002) is based
on a short and wet period but has been extended to a very large period which includes dryer
years. This relation between flooded area and river height may differ under different climatic
conditions and may have evolved over the century due to changes of river morphology. This
estimation of the flooded area has another limitation associated with the infrequent revisit of
satellite (data every 6-days) and the coarse spatial resolution (27 km). The method of Padovani
(2010) faces other limitations: (1) the noise in the MODIS vegetation indices explains why it
needs to be filtered (Padovani, 2010; J6nsson and Eklundh, 2004) and (2) the 2-weeks delay
between two consecutive observations. As a consequence, the estimation of flooded area
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from satellite observations can not be considered a direct measurement and is associated to
non-negligible uncertainties.

Nevertheless, the flooded area simulated by ORCHIDEE will be compared to Hamilton (2002)
which includes the period studied here (1961-2000) while Padovani (2010) will give an alter-
native estimate of the climatological annual cycle of flooded area, since the period of MODIS
does not overlap with our study.

To assess the spatial representation of the flooded area, the simulations are compared with
the floodplains delineation mask from GFPLAIN250m (Nardi et al, 2019). This dataset gives a
geomorphic description of floodplains at a 8.33 arcsecond resolution. Shuttle Radar Topogra-
phy Mission (SRTM) digital terrain model are used to perform a terrain analysis to evaluate the
drainage network, the drainage area and the flow direction. This leads to a geomorphic flood-
plain delineation which should correspond to the 200 years flood prone zoning estimated from
hydrodynamic models. In order to be comparable to ORCHIDEE, GFPLAIN250m is upscaled
to 0.5°.

2.2.4 Atmospheric forcing

When evaluating the simulated water cycle of the Pantanal by ORCHIDEE, the atmospheric
forcing uncertainty must be considered (Bhuiyan et al, 2019; Bierkens, 2015). Therefore, three
atmospheric forcings are used in this study. The first forcing is CRU-NCEP version 7 (Viovy,
2018). It is based on a 6-hourly reanalysis from the National Center for Environmental Pre-
diction National Center for Atmospheric Research (NCEP-NCAR) interpolated to 0.5° where
precipitation has been corrected using the CRU (Climatic Research Unit) TS3.24 monthly data
at 0.5° resolution (Harris et al, 2014). The second forcing is the WATCH forcing data (Water and
Global Change - Harding et al (2011), Weedon et al (2014)) and is based on ERA-40 3-hourly
re-analysis interpolated to 0.5° where precipitation has been bias-corrected by CRU TS2.10
monthly data at 0.5° resolution (New et al, 1999, 2000; Mitchell and Jones, 2005). Then, the
last forcing is produced for GSWP3 v1, the third phase of GSWP (Kim, 2017). It is a 3-hourly
global product based on the second version of 20th Century Reanalysis (20CR) from the NCEP
land-atmosphere model (Compo et al, 2011) at 2° resolution and dynamically downscaled to
0.5° resolution using a spectral nudging technique. The precipitation is bias-corrected with the
GPCC v6 monthly data.

These three forcings will respectively be referred to as CRUNCEPv7, WFD and GSWP3. It
should be noted that none of these forcings is based on atmospheric re-analysis which includes
floodplains. In other words, near surface relative humidity and incoming longwave radiation
are not impacted by the higher evapotranspiration which characterized this region. This is
a limitation of any off-line approach, although our objective is precisely to demonstrate the
importance of simulating floodplains to correctly estimate evapotranspiration over these areas
and demonstrate why atmospheric models should be used to capture this feedback.

The precipitation in each original forcing is bias corrected by global monthly observational
dataset. A regional dataset of precipitation based on rain gauge stations may improve the
representation of precipitation as it is based on a larger amount of local stations. The UPRB
is a sparsely sampled region (Jones et al, 2013; Carril et al, 2012), thus a denser network of
rain gauges can improve the distribution of precipitation (Schamm et al, 2014; Schneider et al,
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2017). The data is also processed with a more detailed quality control assessment which is an
important issue in the region (Jones et al, 2013; Liebmann and Allured, 2005). A simulation
using a regional precipitation dataset may improve the representation of the hydrological cycle
in ORCHIDEE. Whether it improves the hydrological cycle or not, it allows in any case to better
assess the uncertainty of precipitation over the region. For this purpose, the daily precipitation
of CLARIS-Ipb dataset has been used to generate new forcings. The principal purpose of these
forcings is not to correct the precipitation of the original datasets, but to explore how different
estimates of precipitation in this under monitored basin can affect the water cycle.

Three CLARIS-Ipb forcings have been constructed. Each one of these forcings combine the
daily precipitation of CLARIS-Ipb with the other variables that ORCHIDEE needs as input
from one of the three forcings already presented. This results in the construction of three
atmospheric forcings which will be referred to as CRUNCEPv7_CLARIS, WFD_CLARIS and
GSWP3_CLARIS. They use the sub-daily distribution of the precipitation from the original
forcing in order to maintain the coherence between precipitation and the other atmospheric
variables. Special attention has been taken when the forcing presents a rainless day while
CLARIS-Ipb does not. In these cases, the precipitation has been allocated to the nocturnal
time steps of the forcing so the coherence, with the other forcing variables such as short wave
radiation, is kept. For the few grid points of the basin for which no data is available in the
CLARIS-Ipb dataset, the same precipitation as the original forcing is maintained. Generating 3
new forcings from the available data allows: (1) to assess the influence of the other atmospheric
variables by comparing forcings with a similar precipitation, i.e. by comparing the CLARIS cor-
rected forcings between them; (2) to assess the impact of precipitation when 2 forcings have
the same atmospheric component except precipitation, i.e. by comparing the original forcings
with their CLARIS-Ipb corrected version; (3) to study a wider range of precipitation uncertainty
by using the daily precipitation from a regional observational dataset.
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Figure 2.3. Mean annual precipitation (a) and piechart of mean annual precipitation covered
by three classes: < 800, between 800 and 1200 mm and > 1200 mm (b) upstream
of the Porto Murtinho station.
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Figure 2.3.a compares the mean annual precipitation of the six forcing datasets over the whole
Upper Paraguay river basin. The corrected forcings have lower annual precipitation than the
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original forcing (800-900 mm instead of 1100-1200 mm) which also affects the spatial distri-
bution of mean annual precipitation (Figure 2.3.b). Actually more than 50% of the grid points
have a mean annual precipitation above 1200 mm in the original forcings while this proportion
never goes beyond 15% in the corrected forcings.
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Figure 2.4. Mean annual precipitation over Porto Murtinho upstream area between 1961 and
2000 for the different forcing

The spatial distribution of the mean annual precipitation over the Upper Paraguay river basin
between 1961 and 2000 is shown in the Figure 2.4 for each forcing. The mean annual precipi-
tation gradually reduces from the North-Northeastern part of the basin where it reaches 1400
to 1500 mm to the southwestern region where it reaches a minimum between 400 and 600 mm.
The difference between the original forcing and their bias-corrected version over Pantanal and
the North-Northeastern region of the basin is around 400 annual mm. These differences over
the north-northeastern region may lead to significant differences in the simulations because
this region has the most important contribution to the water cycle of the Pantanal.

2.2.5 Analysis of river discharge

The annual cycle of river discharge is characterized through the concentration period (C,) and
concentration degree (Cy) (Li et al, 2008, 2011) which is based on a polar representation of
monthly discharge values. In the polar representation, the discharge for the month i (Q;) is
associated with angle 6;. Each month can then be projected onto the x-axis and the y-axis.
The sum of the projections of monthly discharge onto the x-axis (QQ,) and the y-axis (Q,) can
be calculated as:

Q. = Z Qi * cos(6;); Qy = Z Q; * sin(6;) (2.4)
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These vectors are then used to calculate the concentration period and concentration degree:

arctan(Qy/Qz)
2% 7/12

C, = (2.5)

12
Ca=1/Q3+Q%/> Qi (2.6)
=1

In the polar representation of annual cycle described previously, the distribution of the mean
annual cycle of monthly discharge can be synthesized by a vector which time value and mag-
nitude are respectively the C, angle and the C,. The concentration period is the centroid of
the discharge over the annual cycle time axis and indicates when the highest discharges oc-
cur. The concentration degree provides information about the shape of the annual cycle of the
discharge. The more the discharge is unequally distributed over the year, the higher is Cy. It
reaches Cy = 0, its lower value, when the discharge is equally distributed over the year and
reaches C; = 1 if the discharge is only non-null for a single month.

In order to summarize the results of the simulations we use the Taylor diagram (Taylor, 2001).
This diagram is a representation in a single graph of the Root Mean Square Error (RMSE) and
the correlation between the simulations and the observations and of their respective standard
deviation. For the normalized Taylor Diagram the standard deviation of each point is normalized
by the observed value.

Two additional hydrological indexes are used to assess the representation of the monthly mean
discharge: the Nash-Sutcliffe efficiency (NSE) index and the Percentage Bias (PBIAS) of the
volume (Moriasi et al, 2007). The NSE index is a value between —oco and 1. It compares
the simulated discharge to the mean value of the observations. If NSE > 0, the simulation
simulates better the monthly discharge than the mean observed discharge and if NSE < 0,
the opposite is occuring. The Percentage Bias (PBIAS) of the volume is the bias between the
simulated discharge and the observations expressed as a percentage. A positive (negative)
value means that the simulation is overestimated (underestimated) the discharge.

3. Results

3.1 Outflow

The impact of the floodplain module on the outflow of the Pantanal is first evaluated with the
mean discharge, the annual cycle and its extremes (Figure 2.5.a to 2.5.f) at the Porto Murtinho
station. The Table 2.1 presents the NSE index and PBIAS of each simulation.

The NOFP simulations of the original forcings overestimate the mean annual discharge while
the NOFP simulations of the corrected forcings underestimate it. The activation of the flood-
plain module in the FP simulations reduces the mean annual discharge for all simulations with
respect to the simulation without floodplains. This also applies to the monthly timescale as
each FP simulation has a lower PBIAS than its respective NOFP simulation. This degrades
the simulated volume for the forcings with an already negative PBIAS in their NOFP simulation
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Figure 2.5. (a) to (f) represent the mean annual cycle of discharge at Porto Murtinho sta-
tion between 1961 and 2000 for each forcing with FP in green, NOFP in orange
and observations in black, mean discharge is also displayed by a line left of each
annual cycle. Concentration degrees and concentration period vectors for Porto
Murtinho discharge between 1961 and 2000 are represented for original forcing
and CLARIS-Ipb corrected forcing respectively in (g) and (h), with FP (solid lines)
and NOFP simulations(dashed lines) and Observations (black line).

and improves the simulations for the forcings with a positive PBIAS in their NOFP simulation.
For these reasons, the mean annual discharge and its monthly representation are improved by
the activation of the floodplain module for the original forcings and degraded for the corrected
forcings.

The activation of the floodplains module improves the NSE index for all the simulations ex-
cept for the CRUNCEPv7_CLARIS forcing. The degradation of the NSE index of the CRUN-
CEPv7_CLARIS forcing, may be due to the fact that its FP simulation is strongly underestimat-
ing the monthly discharge with a PBIAS below -60%. CRUNCEPv7_FP is the best performing
simulation at representing the river discharge at Porto Murtinho with a NSE index of 0.5 while
the other simulations have negative NSE index. These negative NSE values means that the
mean value of the observations is a better estimate of the monthly mean discharge than the
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Table 2.1. Assessment of the monthly river discharge simulated by the ORCHIDEE model at
Porto Murtinho station between 1961 and 2000 by two hydrological indexes. NSE
is the Nash-Sutcliffe efficiency and PBIAS is the Percentage Bias of the volume.

NSE PBIAS

FP NOFP | FP NOFP
CRUNCEPv7 0.5 -0.83 -8.32 16.84
CRUNCEPV7_CLARIS | -1.52 -1.23 -65.01  -26.81
WFD -1.07 -6.46 55.79  78.94
WFD_CLARIS -0.28 -1.57 -41.91 -4.54
GSWP3 -0.16  -5.34 40.15 71.26
GSWP3_CLARIS -0.54 -1.38 -45.43 -6.25

monthly mean discharge in the simulation. The observed river discharge at Porto Murtinho has
a small variability, and thus even a small overestimation or underestimation of the simulated
discharge may lead to a negative NSE value.

The annual cycle is improved in the FP simulations since it reduces both delay and bias be-
tween the simulated and the observed peak discharge. For example in Figure 5.a, the annual
cycle for the FP simulation is in phase with the observation with a peak around June while the
peak arrives two months earlier in the NOFP simulation. The phasing of the discharge reduces
the bias except for CRUNCEPv7_CLARIS in which an excessive underestimation of discharge
worsen the bias of the FP simulation compared to the NOFP simulation. At the same time,
with the activation of floodplain module, the intra-annual variability is reduced as well as the
inter-annual variability of the monthly discharge. This diminishes high and unrealistic extreme
discharge (not shown).

Concentration period and concentration degrees for each simulation are represented in Fig-
ure 2.5.g and 2.5.h. For each forcing, the NOFP simulation has a much higher concentration
degree and an earlier concentration period while the concentration degree of the FP simulation
is closer to the observations and its concentration period is more in phase with observations.
This means that the distribution of discharge over the year is better represented when the
floodplain module is activated. Moreover, the standard deviation of the concentration degree
is lower in the FP simulations than in the NOFP simulations. This indicates that the floodplains
reduce the impact of precipitation uncertainty on the distribution of the discharge.

The mean annual discharge, the seasonal cycle and the high flows are important parts of the
river discharge representation, but to fully assess the river flow, it is useful to also consider the
inter-annual variability. For this purpose, a more complete analysis of monthly mean discharge
in Porto Murtinho between 1961 and 2000 is presented in a Taylor diagram (Figure 2.6).

Correlations of monthly discharge of the NOFP simulations with the observations range be-
tween 0.2 and 0.6 while for the FP simulations it reaches values between 0.6 to almost 0.85 for
this diagnostic. The same occurs with the RMSE, for which all NOFP simulations range from
1.2 to more than 2 whilst the FP simulations present results ranging between 0.6 and 1. The



CHAPTER 2. REPRESENTING FLOODPLAINS IN A LSM 46

. Observation
0.0 @ CRUNCEPV7_FP
2.5 % CRUNCEPv7_NOFP
[ CRUNCEPv7_CLARIS_FP
# CRUNCEPV7_CLARIS_NOFP
@ WwrD_FP
2.0 % WFD_NOFP
Il WFD_CLARIS_FP
# WFD_CLARIS_NOFP
@ GswP3_FP
1.5 % GSWP3_NOFP
I GSWP3_CLARIS_FP
# GSWP3_CLARIS_NOFP
1.0
1
0.5 o
O
©
0.0

0.0 0.5 1.0 1.5 2.0 2.5
Standard deviation

Figure 2.6. Standardized Taylor diagram comparing simulated monthly river discharge with ob-
servation for Porto Murtinho station between 1961 and 2000. CRUNCEPv7, WFD
and GSWP3 forcings and their CLARIS correction are represented respectively
by red, blue and green elements. Circles and stars are for original forcings while
squares and crosses represent CLARIS corrected forcings. Circles and squares
indicate simulations with an activated floodplain module (FP) module whereas
stars and crosses indicate NOFP simulations.

FP simulations have a lower internal variability (standard deviation of monthly discharge) which
is closer to the observed variability for all forcings. Moreover, the observed standard deviation
is within the distribution of standard deviation for the FP simulations and out of the distribution
for the NOFP simulations. The standard deviation of the FP simulations follows the pattern
of the mean annual discharge, the forcings overestimating the mean discharge also overesti-
mate the standard deviation while the opposite occurs with simulations which underestimate
the mean discharge. A lower mean discharge usually results in a lower variance. In order to
consider this effect, the representation of variability can be assessed with the relative variance.
The FP simulations have a relative variance closer to the observed value than their respective
NOFP simulations. This means that there is an effective improvement of the variability in the
FP simulations which is not only related to the reduction of the mean discharge. Considering
the full time series of monthly discharge leads to the same conclusion as the one for seasonal
variability. The floodplain module improves all the evaluated metrics: correlation, magnitude of
the error and variability.

To assess the impact of the activation of the floodplain module on the inter-annual variability of
the discharge at the outflow of the Pantanal, the concentration degree and concentration period
are calculated for the 40 simulated years. Their distribution is shown for the original version of
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Figure 2.7. Distribution of (a) the concentration degree and (b) the concentration period of
each one of the 40 years of simulation for the discharge in Porto Murtinho for
the FP and NOFP simulations forced by CRUNCEPv7, WFD and GSWP3. The
distribution of the concentration degree uses 6 evenly spaced bins between 0 and
0.6. The distribution of the concentration period uses 5 bins, one for each month
between January and May.

the forcings in Figure 2.7 using 6 evenly spaced bins between 0 and 0.6 for the distribution of
the concentration degree (Figure 2.7.a) and 5 bins, one for each month between January and
May, for the distribution of the concentration period (Figure 2.7.b). For the forcings corrected
by CLARIS-Ipb, the results are similar and therefore are not shown. The distribution of the
concentration degree (Figure 2.7.a) shows that the FP simulations are closer to the observed
distribution of the annual concentration degree than the NOFP simulations. For the FP simula-
tions, the distribution is centered on a value of 0.2 and ranges between 0 and 0.3 while, for the
NOFP simulations, it is centered on a value of 0.3 and ranges between 0 and 0.5. It indicates
that the floodplains tends to display a lower concentration degree and thus a lower intra-annual
variability of the discharge. The distribution of the concentration period (Figure 2.7.b) has an
identical behaviour with a reduced inter-annual variability for the FP simulations which is more
consistent with observations. The concentration period in the FP simulations is mainly dis-
tributed between April and May while the distribution of the concentration periods in the NOFP
simulations extends over a longer period, between February and May. Thus the FP simulations
reduce the inter-annual variability.

The reduced intra-annual and inter-annual variability in the FP simulations indicate that flood-
plains act as a low-pass filter on river discharge. The presence of floodplains reduces the
inter-annual variability of discharge at the outflow of the Pantanal. Floodplains also reduces
the impact of the inter-annual variability of precipitation and evaporation onto the discharge.

This result demonstrates that the error of timing and volume in the NOFP simulations at sea-
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sonal and inter-annual scale can not be only related to a simple underestimation of the average
evapotranspiration over the floodplains. Therefore, the floodplain dynamics needs to be specif-
ically considered by the model to correctly represent the water cycle over Pantanal and the
Paraguay River basin.

3.2 Flooded area

The outflow of the Pantanal floodplain is only one facet of the water cycle in the region. Before
the river leaves the Pantanal, it floods areas of low topography. The flooded areas in the model
have the potential to modify the evapotranspiration by exposing open water to the atmosphere
and replenishing soil moisture. The dominant factor for this evapotranspiration enhancement
will be the area of open water and the available energy for evapotranspiration. Two different
aspects of floodplain representation must be evaluated: the temporal variation of the flooded
area and its spatial extension.
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Figure 2.8. Annual cycle of flooded area upstream of Ladario for ORCHIDEE’s simulations
and Hamilton (2002) averaged over the 1961-2000 period and for Padovani (2010)
averaged over the 2000-2009 period.

The flooded area in ORCHIDEE is estimated from the water volume in the floodplains reser-
voir. A more direct evaluation of the variations of water volumes stored by ORCHIDEE can
be performed by comparing them to the Terrestrial Water Storage (TWS) estimates obtained
from GRACE observations between 2003 and 2009. The correlation between ORCHIDEE
and GRACE of TWS anomalies over Pantanal is high with a value of 0.99 and a confidence
level higher than 99% (Not shown). As shown above, the relative bias of the discharge at
Porto Murtinho station for the different forcings in the FP simulations ranges between —65%
and +55% (cf. section 3.1). So, in the FP simulations, ORCHIDEE seems to represent well
both the annual cycle of the water volume within the Pantanal and the volume of water flowing
out of the Pantanal. This leads us to the conclusion that the volume of water present in the
floodplains in ORCHIDEE's simulations is realistic. Therefore, comparing flooded area in OR-
CHIDEE with those proposed by Padovani (2010) and Hamilton (2002) allows to evaluate the



CHAPTER 2. REPRESENTING FLOODPLAINS IN A LSM 49

Table 2.2. Correlation between monthly simulated flooded area upstream of Ladario and
Hamilton (2002) monthly flooded area for the 1961-2000 period, all correlations
have a confidence level higher than 99%

Forcing Correlation coefficient
CRUNCEPv7 0.589
CRUNCEPv7_CLARIS 0.634
WED 0.707
WFD_CLARIS 0.653
GSWP3 0.684
GSWP3_CLARIS 0.621

relation between flooded area and water volume in the model.

Figure 2.8 compares the annual cycle of flooded area modeled by ORCHIDEE with Hamilton
(2002) between 1961 and 2000 and Padovani (2010) between 2000 and 2009. ORCHIDEE's
flooded area is much lower than both estimates but the seasonal variations match well those
of Hamilton (2002).

The relationship between volume of water in the floodplains and flooded area is difficult to
establish. The conversion from volume to surface, as well as the reverse, requires a high
spatial resolution and a high quality topography and river network. These data are not avail-
able because of technical limitations but, even if they were available, the coarse resolution of
ORCHIDEE cannot capture the complexity of the topography and river network. This means
that the conversion of water volumes in the floodplains into flooded area is a major source of
uncertainty and in all likelyhood ORCHIDEE is underestimating the area.

Despite this, ORCHIDEE’s simulations have a similar temporal variation to those found by
previous studies, with a maximum between March and May and a minimum around October.
This is confirmed in Table 2.2 in which modeled floodplain extents are correlated with Hamil-
ton (2002) over the 1961-2000 period. The correlations range between 0.59 and 0.7 with a
confidence level higher than 99 %.

To evaluate the spatial distribution of flooded area, the GFPLAIN250m dataset is used (Nardi
et al, 2019). It provides the grid points that can be identified as floodplains based on their ge-
omorphic description. It represents the proportion of area considered as potential floodplains
by GFPLAIN250m. ORCHIDEE provides a fraction of the grid which is flooded. Despite this
difference, in this paper GFPLAIN250 is interpreted as an extreme maximum for ORCHIDEE.
It provides an opportunity to perform a qualitative assessment of the spatial coherence of this
variable. Figure 2.9 shows GFPLAIN250m and ORCHIDEE’s mean flooded fraction.

The spatial pattern of flooded area in ORCHIDEE for the 1961-2000 period is consistent with
the floodplains delineation in GFPLAIN250m. The flooded areas in the Pantanal and in partic-
ular along the main Paraguay river are well represented in ORCHIDEE's simulations even if the
coarse resolution may affect the construction of the river routing. Some specific grid points are
actually not well connected to their upstream area and this is affecting their simulated flooded
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(a) GFPLAIN250m (b) CRUNCEPvV7 (c) WFD (d) GSWP3

(e) GFPLAIN250m (f) CRUNCEPv7_CLARIS (g) WFD_CLARIS (h) GSWP3_CLARIS
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Figure 2.9. Geomorphic description of floodplains from GFPLAIN250m dataset (a) upscaled
to 0.5° (b) and mean flooded fraction in ORCHIDEE averaged over the 1961-2000
period for each grid point and all 6 forcing (b-d and f-h).

area. This occurs for example in the north-western part of the Pantanal. Original forcings are
more coherent with GFPLAIN250m because they simulate a sharper contrast between the grid
points over the main branch of the river and the rest of the area.

3.3 Seasonality of evapotranspiration

The seasonality of evapotranspiration over the floodplains is affected by two main factors: the
potential evapotranspiration and the water available for evaporation. Potential evapotranspi-
ration is largely controlled by the atmospheric forcing. Since each pair of simulation FP and
NOFP are forced by the same atmospheric conditions they will have comparable potential
evapotranspirations. The factor that will most impact the flux of simulations using the same
atmospheric forcing is the water available.

The impact of floodplains on the seasonality of evapotranspiration can be evaluated by the
difference of evapotranspiration between FP and NOFP in relation with the floodplain extent for
each month of the year. Figure 2.10 compares the 40 year average values of mean difference
of evapotranspiration AE (with AE = Erp — Enorp) and mean flooded fraction. In order to
focus attention on grid points where flooding is a dominant process, AE only considers the
grid points with a mean flooded fraction over 10%.

For each forcing AFE is positive all along the year meaning that the FP simulations always
have a higher evapotranspiration than their respective NOFP simulation since the floodplains
provide more evapotranspiration. The results show that between December and May (wet
period) the flooded area expends, rising from 30% to almost 60% of the surface, and reduces
during the rest of the year (dry period). The difference of evapotranspiration between the FP
and the NOFP simulations remains stable at its lower values during the wet period (around
0.5 mm/day) and is more pronounced during the dry period, reaching a maximum of 2.5-4
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Figure 2.10. Distribution of mean monthly flooded fraction upstream of Porto Murtinho (x-axis)
in relation with the mean difference of evapotranspiration between the FP and
the NOFP simulations (AE = Erp — Enorp, y-axis) among the grid points with
mean flooded fraction up to 10 %.

mm/day. Being at a tropical latitude, the radiation provides sufficient energy all along the
year and gives favourable evapotranspiration conditions during both dry and wet seasons.
During the wet period, both simulations have enough water to evaporate, for this reason the
difference of evapotranspiration between the FP and the NOFP simulations is low and stable.
The difference is exacerbated during the dry season since evapotranspiration in the NOFP
simulations is limited by local precipitation, while the FP simulations can also evaporate water
which has fallen upstream during the wet season.

The forcings corrected with CLARIS-Ipb have a lower precipitation during the wet season than
their respective original forcing, and thus have a smaller flooded area in their FP simulations
compared to the FP simulation of their respective original forcing. Regarding the NOFP sim-
ulations of the CLARIS-Ipb forcings, the lower precipitation affects soil moisture, and thus the
transpiration. This lower transpiration further enhances the difference of evapotranspiration
with the FP simulation of the same forcing in September / October. This may explain the
higher § E in the forcings corrected by CLARIS-Ipb compared to the original product.

On top of the importance of precipitation, differences in other forcing atmospheric variables
may also impact the potential evapotranspiration. For instance comparing WFD and CRUN-
CEPv7, the flooded area in WFD is higher than in CRUNCEPv7 because the precipitation is
higher in WFD. In contrast, the atmospheric conditions from CRUNCEPv7 provide a higher
potential evapotranspiration than WFD (not shown) which means that even with a larger free-
water surface available, the difference between the FP and the NOFP evapotranspiration in
CRUNCEPV? is higher than in WFD.

The vegetation cover may also control the evapotranspiration as it facilitates the access to
soil moisture. During the flooded period, from January to July, the NOFP simulations have
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a higher transpiration than the FP simulations while, from August to December, transpiration
is higher in the FP simulations (not shown). The floods between January and July limits the
transpiration in the FP simulations because energy is mostly used to evaporate water in contact
with the atmosphere. After July, the FP simulations have a higher soil moisture than the NOFP
simulations as it has been consumed previously for transpiration. Moreover, soil moisture
in the FP simulations is increased by the infiltration from the floodplains. Therefore the FP
simulations have a higher transpiration than the NOFP from July to December explaining the
increased difference of evapotranspiration from September to October.

The increase of evapotranspiration over the floodplains impacts the land-atmosphere fluxes by
increasing latent heat fluxes at the expense of sensible heat fluxes over the flooded area, and
thus decreasing the Bowen ratio. The changes in Bowen ratio follow the same spatial pattern
as changes in evapotranspiration. This may generate horizontal gradient of temperature and
humidity in the atmospheric boundary layer and then may affect low level circulations.

3.4 Water Balance
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Figure 2.11. Mean difference between precipitation and evapotranspiration (P-E) for all 6 forc-
ings with the FP and the NOFP configurations between 1961 and 2000.
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The difference between mean precipitation and mean evapotranspiration (P-E flux) is a mea-
sure of the exchanges of water between the atmosphere and the surface. A positive P-E flux
means that the surface acts as a sink, receiving more water from the atmosphere than it looses
through evapotranspiration. A negative P-E implies that the region is a source of water for the
atmosphere. The P-E flux in the FP and the NOFP simulations between 1961 and 2000 is
shown in Figure 2.11. For each forcing, the FP simulation has a higher evapotranspiration
over Pantanal than the NOFP simulation and thus a lower P-E. Over the most flooded part of
the Pantanal i.e along the main Paraguay river, the activation of the floodplain module leads
to a negative P-E for the FP simulations, which means that mean annual evapotranspiration
exceeds local mean annual precipitation. This source of water for the atmosphere will generate
gradients of temperature and humidity in the planetary boundary layer between the floodplains
and the surrounding areas.

The annual cycle of P-E is also an interesting indicator of the inherent mechanisms of the Pan-
tanal. The Figure 2.12 displays the mean annual cycle of P-E over the most flooded areas of
the Pantanal, defined as the grid points with a mean flooded fraction up to 10 %. Mean annual
P-E is always positive for the NOFP simulations while it is negative for the FP simulations with
the lowest basin-wide rainfall, i.,e. CRUNCEPv7 and all CLARIS-Ipb corrected forcings. P-E
in the NOFP simulations can reach negative values during the dry season (July-September).
This is due to the combination of: (1) the high local precipitation during wet season that is
stored in the ground and remains available during dry season for plant transpiration with (2)
low precipitation and dry conditions leading to an evapotranspiration exceeding precipitation.
It should also be noted that floodplains may exacerbate this process because of the infiltration
from their reservoirs.
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Figure 2.12. Mean annual cycle of monthly P-E flux between 1961 and 2000 for the 6 different
forcings with the FP simulation (solid blue line) and the NOFP simulation (dashed
red line) among the grid points with mean flooded fraction up to 10 %. The mean
value is also displayed by a line left of each annual cycle.
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For each forcing, the annual cycle of P-E in the FP simulations and in the NOFP simulations
show a similar evolution. It must be taken into account that these simulations are forced by at-
mospheric conditions extracted from re-analysis models which do not include floodplains. This
may impact the evapotranspiration which depends on near-surface air humidity and tempera-
ture. This is one of the limitation of this study. Nevertheless future planned simulation coupling
ORCHIDEE with an atmospheric model may allow to study more in depth the feedbacks be-
tween floodplains and the atmosphere.

4. Discussion

This study has shown that considering floodplains in a Land Surface Model improves the rep-
resentation of the water cycle and leads to an increased evapotranspiration over Pantanal.
This extra evapotranspiration is missed by all Earth System Models as surface parameteriza-
tion usually do not consider floodplains. In order to quantify this flux which is neglected, we
provide a model-guided observational estimation of how much water evaporates annually over
Pantanal.

Estimating evapotranspiration is difficult at large scale for regions with sparse observations
such as the Pantanal. Empirical formulations of evapotranspiration used in satellite products
are based on an approximated surface energy balance and have not been calibrated over
the open water surfaces generated by flooding. Therefore these estimates might not provide
reliable fluxes over temporarily flooded areas such as floodplains. The scarcity of ground
observations complicates the assessment of the reliability of satellite products and limits their
adjustment. The formulations of evapotranspiration in LSMs also faces uncertainties from a
combination of different factors related to the atmospheric forcings, to the internal uncertainty
of the models and their coarse resolutions. Previous studies have attempted to close the water
budget from satellite data, with at least one over Pantanal (Penatti et al, 2015). They faced
issues with the budget closure due to the inconstancy between the different satellite products
used.

The water continuity equation (Eq. 7) for the Pantanal gives a relationship between the main
components of the water cycle: the precipitation (P), the river discharge (Q), the evapotranspi-
ration (E) and the groundwater storage (W ). The Pantanal is not a closed catchment, thus the
equation considers the various inflow (3 Qin fi0w) @and the outflow (Q . f10w) Of the Pantanal.

ow

W =P+ Z Qinflow - F— Qoutflow (2.7)

Over the 40 year period considered here, the water storage dynamics can be assumed to be
negligible so %—‘1’ = 0. From this consideration the evapotranspiration can be estimated as a
residual of the water continuity equation:

E = P + Z Qinflow - Qoutflow (28)

However, this method has some limitations: (1) the inflow observations are not always avail-
able, some do not have a fluviometric station and many hydrological stations have missing
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data; (2) there are large differences among the precipitation datasets. We propose to use
the internal structure of a model such as ORCHIDEE ensure coherence between the different
variables and close the water budget to deduce the missing information.

Discharge is a key output of the simulations and, despite its uncertainty among the different
simulations, it can easily be assessed in comparison with fluviometric stations. The outflow of
the Pantanal is represented by the Porto Murtinho station. For the inflows, a total of 6 fluviomet-
ric stations have been selected because they can be localized in the grid of ORCHIDEE. These
stations are Caceres, Cuiaba, Sao José do Borireu, Sao Jeronimo, Coxim and Aquidauana,
see Figure 2.1. A station is considered as possible to localize if we find a grid point in the grid
of ORCHIDEE that fulfills the following criteria: (1) it is at less than 100km of the station actual
location, (2) it is at an equivalent position in the river network and (3) has less than 10% of
difference in upstream area. It should be noticed that not all inflow branches of the Pantanal
have a localized station to evaluate the discharge simulated by ORCHIDEE (See Figure 2.1).

Because of the coarse resolution of ORCHIDEE, the upstream area for some station can differ
substantially between the observed and modeled values. This occurs in particular when the
upstream area is small (a few grid points of ORCHIDEE). Therefore, we use the differences
in upstream area to scale the observations so that it matches the one of ORCHIDEE before
comparing the discharge. This implies the assumption that the discharge is proportional to the
catchment area.

upstream area ORCHIDEE (2.9)

Qobs,scaled = QObS *
upstream area REAL

Based on the comparison between the simulated and observed discharge for the different
inflow stations that could be localized in ORCHIDEE and for the outflow (Porto Murtinho),
CRUNCEPVv7_FP is the better performing simulation for both inflow and outflow. This simulation
is thus considered as our best estimate of the water cycle of the Pantanal and will be used
to perform the observational estimate of evapotranspiration. For this reason, the precipitation
dataset that will be used for the estimation is CRU TS3.24 as it was used for the bias-correction
of CRUNCEPv?.

When estimating evapotranspiration from the water balance equation, it is important to cor-
rect the discharge from the simulations with the available observations. Inflow and outflow
discharge simulated by ORCHIDEE are thus bias-corrected by the observations from the lo-
calized hydrological stations.

For an inflow point corresponding to a localized hydrological station, the discharge is corrected
directly by the relative bias over the period with available observations. The discharge bias is
related to the P-E error over the upstream catchment, this P-E error is assumed to be compa-
rable in neighbouring regions. So the correction of an unmonitored catchment can be obtained
by the interpolation of the relative bias from the surrounding localized fluviometric stations. The
western side of the Pantanal doesn’t have any fluviometric station, the closest one to the North
displays an underestimating discharge while the closest station to the South is overestimating
the flux. Therefore, the western inflow to Pantanal is difficult to correct. Since this is a semi-arid
area the contribution to the Pantanal inflow is small and its biases should not affect the results.
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Table 2.3. Water closure budget with CRUNCEPv7_FP and CRUNCEPv7_NOFP simulations to
perform a residual estimation of evapotranspiration over Pantanal region upstream
of Porto Murtinho and downstream of the different inflows. The error of P is the stan-
dard deviation of the 4 observational datasets used in the forcings (CRU TS3.24,
CRU TS2.10, GPCC and CLARIS-Ipb).

E = P + Qin - Qout
(m3/s) 6360 £ 950 6530 £ 950 2230 2400
(mm/year)  Precipitation 1250  +180

Evapotranspiration 1220  +180

The precipitation used originates from the observational dataset and its uncertainty is esti-
mated from the spread between all precipitation datasets used in this paper, i.e. through the
standard deviation of the mean annual precipitation of CRU TS3.24, CRU TS2.10, GPCC and
CLARIS-Ipb.

Table 2.3 shows the model-guided residual estimation of evapotranspiration from the wa-
ter budget based on observations. Mean annual evapotranspiration is estimated to be 1220
mm/year which is 2% smaller than precipitation (1250 mm/year). The uncertainty attributable
to the precipitation is 180 mm/year, or 15% of the total evapotranspiration estimated.

The difference of evapotranspiration between the FP simulations and the NOFP simulations
(AE = Erp — Enxopp) over Pantanal represents the quantity of water that evaporates from
the floodplains. If we assume the model to represent correctly AE even if evapotranspiration is
known to have an error, AE ranges between 80 mm/year and 150 mm/year between the 6 sets
of simulations which represents between 6 and 12 % of the total evapotranspiration estimated
previously. Therefore between 6 and 12 % of the total evapotranspiration may be neglected by
atmospheric models which do not consider floodplains.

In the re-analysis underlying the forcings used here, the representation of near-surface vari-
ables over floodplains could be corrected for the missing floodplains by data assimilation if
sufficient and appropriate observations exist. We do not believe this is the case for the Pan-
tanal. As seen in this study, floodplains have a direct impact on the simulated water cycle by
increasing evapotranspiration and consequently by modifying near-surface atmospheric vari-
ables such as humidity and temperature. Thus, although the floodplain module is able to
affect the water cycle, it cannot generate any feedback through the near-surface atmospheric
variables. The absence of feedback will impact the potential evapotranspiration. A first-order
estimate of the error due to the absence of feedback on potential evapotranspiration can be
made evaluating the ratio between potential evapotranspiration in the FP simulations (ET Prp)
and the NOFP simulations (ET Pnorp) using the bulk formula method:

ETPpp  _ qs(T'spp) — qarp
ETPyorp  qs(Tsnorp) — qanorp

(2.10)
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with qs the saturated specific humidity which is computed from the mean annual soil tem-
perature T's and with qa the specific humidity of the air. This assumes that the atmospheric
turbulence is not affected by the floodplains. The mean annual soil temperature is 26.7° in
the NOFP simulations and 26.3° in the FP simulations. This is a first approximation because
considering a specific period of the year, such as the dry season, would increase the difference
of temperature between the FP and the NOFP simulations. This leads to a decrease of 8 %
of potential evapotranspiration if the mean annual air specific humidity remains the same. This
leads to a decrease of 11 % if the mean annual air specific humidity is raised by 10 %. The
consequences of floodplains on precipitation are still discussed (Taylor et al, 2018) but there
is some evidences that wetlands and their surface flux heterogeneities may affect precipitation
in and around the floodplains (Taylor et al, 2018; Rochetin et al, 2017; Lauwaet et al, 2012)
through influencing convection. The lack of feedback between the floodplains and the atmo-
sphere is a limitation of this study especially since the errors of potential evapotranspiration
are of the same order of magnitude as the increase of evapotranspiration. Performing cou-
pled simulations will allow a more complete study of the impact of integrating floodplains (1) by
considering the land-atmosphere feedbacks and (2) by evaluating the impact of floodplains on
precipitation and convection.

The coarse resolution at which ORCHIDEE is used is also a source of uncertainty. Follow-
ing the previous efforts (Nguyen-Quang et al, 2018c), the development of a higher resolution
floodplain module is necessary to improve the simulation of the Pantanal through a better rep-
resentation of the complexity of its river networks. With an appropriate atmospheric resolution,
this will also allow for a finer representation of surface flux heterogeneities which could impact
the estimation of evapotranspiration and the convective precipitation.

Tropical floodplains generate important processes for the water cycle of the region, related to
the water resources, surface-atmosphere feedback. They also have an important ecological
value. But the floodplains of the Pantanal are still poorly understood and quantified. The
uncertainty from evapotranspiration due to the lack of feedback and from precipitation are
within the same order of magnitude as the estimated increase of evapotranspiration due to the
floodplain processes. It means that, beyond the necessity to perform coupled simulations, this
system is not well enough observed in order to allow us to get a better understanding of these
complex processes, but also more quality observations are required.

5. Conclusion

This paper studies the importance of simulating tropical floodplains in LSMs focusing in partic-
ular on the Pantanal which is located in the La Plata Basin. By comparing off-line simulations
with the ORCHIDEE LSM with and without a representation of floodplains we are able to eval-
uate the different components of the regional water cycle which are modified such as river
discharge, inundated area and evapotranspiration. In order to evaluate the precipitation un-
certainties, three different forcings were used in two versions, the original and a bias adjusted
version from a regional observational dataset. These simulations are over a long period (1961-
2000) which includes dry and wet decades over this region.
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Simulating floodplains in LSMs seems an essential step towards a better representation of
the water cycle of the Pantanal. The annual cycle of discharge at Porto Murtinho is better
simulated in all cases when the floodplain module is activated despite the forcing uncertainty
and its impact on the mean discharge. The activation of the floodplain module also lowers
the intra-annual and inter-annual variability of the monthly discharge at the outflow of Pantanal
by reducing its dependence on the inter-annual variability of precipitation which is in better
agreement with observations.

Despite a representation of the water volume in the floodplains in good agreement with GRACE,
ORCHIDEE has a coarse resolution limiting its capacity to convert the volume into a floodplain
extension. However, the annual cycle of the simulated open water area over Pantanal is in
phase with a previous satellite based study over the area even if the total area is underesti-
mated. Also ORCHIDEE with its coarse resolution seems to represent the spatial distribution
of flooded grid points when compared to geomorphic data well. However, the underestimation
of the total open water surface over Pantanal by ORCHIDEE will possibly lead to an underes-
timation of evapotranspiration.

The activation of the floodplain module results in an increase of evapotranspiration through a
larger water availability. A higher precipitation in the forcings generate larger flooded area in the
simulations that include floodplains but evapotranspiration also depends on other variables of
the forcings and in particular those which control potential evapotranspiration. The difference
of evapotranspiration between the simulations that include versus not include floodplains is
higher in September / October because of the water coming from the upstream area which
remains during the dry season in the simulations that include floodplains. This increase of
evapotranspiration should have an impact on the lower atmosphere. This will lower the Bowen
ratio over the flooded areas which may affect the local circulation due to horizontal gradient of
temperature and humidity.

The floodplain module changes the balance between precipitation and evapotranspiration over
the floodplains. Over the most flooded part of the Pantanal, the increase of evapotranspiration
in the simulations that include floodplains is linked to the evapotranspiration of water from the
rainy upstream region which has contributed to the flooding. It allows the annual evapotranspi-
ration to exceed the annual local precipitation over parts of the Pantanal.

Once their consistency confirmed, simulations from LSM are a convenient tool for further stuad-
ies. We used it to perform a model-guided residual estimation of evapotranspiration over the
region using observed precipitation and observed river discharge at suitable fluviometric sta-
tions. The evapotranspiration over Pantanal is estimated at 1220 mm/year while the precipita-
tion reaches 1250 mm/year. The uncertainty of precipitation is estimated to be 180 mm/year.
The difference of evapotranspiration between simulations with and without floodplains is be-
tween 6 and 12 % of total evapotranspiration and thus less than the precipitate error. Never-
theless, this is water that Earth System Models do not take into account when floodplains are
not represented.

Coupled atmopshere-land system models may bring more information to the role of floodplains
in the regional water cycle by including important feedbacks which had to be neglected here.
In any case, more observations are needed over this region in order to reduce the uncertainty
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of observational products and allow to gain a better process understanding.

The human impact on the local hydrology can be accounted for in ORCHIDEE by using assimi-
lation techniques that correct the P-E error related to human activity by comparing the modeled
natural river discharge with observations (Wang et al, 2018). In this study however, the impact
of human activities is not taken into account as the aim is to evaluate the contribution of the
Pantanal in its natural state to the regional evaporation. The Pantanal hosts some human
activities that may affect its hydrology. Although their impact is limited. Small dams built for
electric production in the highlands surrounding the Pantanal (Bergier, 2013; Alho and Silva,
2012) may reduce the flood pulse of the Pantanal as the floodplains dynamic depends on the
water flowing from the upstream area. The agricultural sector is in expansion in the region
with cattle breeding in the plains and rainfed fields in the surrounding highlands (Alho, 2005).
Land use changes due to the expansion of these agricultural activities and deforestation may
increase the local runoff (Bergier, 2013) which may lead to an increase of the flood pulse of the
Pantanal (Bergier, 2013; Alho and Silva, 2012). ORCHIDEE is partially considering this effect
through the vegetation map. The vegetation map used in this study is from 1983 (Olson et al,
1985), further studies may be able to integrate the land use changes by changing the vege-
tation map along the simulated years. The development of the Paraguay river as a waterway
freight transport has modified the river channel (Hamilton, 1999) which may also be a source
of changes to the river dynamics.

The major challenge for the years to come is a more systematic inclusion of floodplains in
Earth System Models through their LSMs. A particular challenge will be to achieve the higher
resolution needed to represent well the meanders of the rivers and quantify the overbank flows
to complement the new high resolution routing in LSM (Nguyen-Quang et al, 2018c). The
higher resolution in climate models also offers opportunities to change the way floodplains are
parameterized because it allows to integrate the bifurcating channels to represent floodplains
and deltas.
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CHAPTER 3

Estimation of the flooded area over the Pantanal, a South American
floodplains, using MODIS data
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3.1 Introduction

This chapter details and discuss the development of different simple and easily reproducible
methods to estimate of the flooded area over the Pantanal using optical satellite data. One of
these estimates is used further in the thesis for the validation of the flooded area in the high
resolution floodplains scheme developped in this thesis. This work has been published in the
Meteorologica Journal.

The remote sensing of the large tropical floodplains provides information which is difficult to
obtain from ground based observations (Ogilvie et al, 2015b). This information can be useful
both for monitoring tasks and for investigation to better understand the floodplains. The floods
are the major driver of the floodplains hydrology and ecosystem. Thus, the estimate of the
flooded area over the floodplains using remote sensing is a meaningful task. There exists a
large variety of methods to estimate the flooded area from satellite data (Fleischmann et al,
2021a).

Several Land Surface Models and Hydrological models simulates the floodplains (cf. D’Orgeval
et al, 2008; Dadson et al, 2011; Yamazaki et al, 2013; Getirana et al, 2021; Decharme et al,
2019; Bravo et al, 2012). The spatial extension of the floodplains is complex to represent in
the model as it relies on the conversion of the volume of water / the river height into a surface.
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In the models, the estimate of the flooded area is very sensitive to the local orography, thus,
the resolution and the uncertainty may generates large errors. Some local processes which
are not taken into account by the models may also have an impact. Therefore, the satellite
estimate of the flooded area are very important for the development of the representation of
the floodplains in models because it will help to : (1) assess the conversion of volume / river
height into flooded area, (2) detect important processes that may be missing in the model and
(3) calibrate these models.

Although, before comparing the flooded area simulated by the model to the satellite estimate,
it is important to understand the different type of issues of estimating the flooded area through
satellite products. The detection of the presence of open-water surface can be complex be-
cause, for example, lushy vegetation can be confused as water. The facility to use these meth-
ods should also be taken into account so these methods can be accessible and adaptable to
different type of study. The optical satellite data can be easily used with a limited preprocess-
ing compared to infrared sensors. This is why this chapter explores the possibility of detecting
the presence of open-water over the floodplains using optical data and discuss the difficulties
faced, the possible alternative and the perspective of improvement of these methods. One of
the estimate generated will serve to assess the floodplains scheme further in Chapter 5.

The paper accepted for publication by the Meteorologica Journal is presented in the following
section. It presents the methods based on spectral indexes related to the presence of water
calculated from the MODIS MODO09A1 product. It includes different threshold based methods,
a Principal Component Analysis based method and a k-means based method. The flood
estimate of these methods is then assessed by previous works.

3.2 Estimation of the flooded area over the Pantanal, a South Amer-
ican floodplains, using MODIS data

Anthony Schrapffer'>, Lucia Mara Cappelletti':>3, Anna Sérensson'->3
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ABSTRACT

Tropical floodplains, such as Pantanal in Central South America, are important features for
land-atmosphere interactions. Schemes to account for floodplains should therefore be included
in Earth System Models, but this requires observations of flooded area for validation. Satellite
data is a possible solution to estimate the flooded area but it is important to evaluate the
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different flood detection algorithms available in order to use the most efficient for the region.
This work explores different methods to estimate the flooded area from the MODIS MODO09A1
satellite surface reflectance product using spectral indexes (mMNDWI, NDMI, NDMI-NDVI) to
detect the presence of water. We include the traditional threshold-based methods but also
some unsupervised classification methods such as the k-means and the Principal Component
Analysis applied on the water-related spectral indexes. The calibration and validation of these
methods are based on the hydrological knowledge of the region, coming from land surface
models, river discharge observation and from previous satellite estimations of the flooded area.
The NDMI index seems too sensitive to the vegetation which leads to error in the estimation
of the flooded area. The other methods were spatially and temporally consistent with previous
studies over the Pantanal.

Keywords: Floodplains, flood detection, remote sensing, Pantanal, MODIS.

RESUMEN

Las llanuras de inundaciones tropicales, como el Pantanal en Suramérica Central, son impor-
tantes para las interacciones suelo-atmosfera. Por lo tanto, los esquemas que representan
las llanuras de inundacion tienen que ser incluidos en los Modelos del Sistema Tierra, pero
eso requiere observaciones del area inundada para validacion. Los datos satelitales son una
posible solucion para estimar la superficie inundada, pero es importante evaluar los diferentes
algoritmos disponibles para utilizar el mas eficiente para cada region de interés. Este trabajo
explora diferentes métodos para estimar la superficie inundada con el producto de reflectancia
de la superficie MODIS con el uso de indices espectrales (mMNDWI, NDMI, NDMI-NDVI) para
detectar la presencia de agua sobre Pantanal. Incluimos los métodos mas comunes basados
en el uso de umbrales y también algunos métodos de supervision no clasificada como los
k-means y el Andlisis de Componentes principales aplicados a los indices espectrales rela-
cionados con la presencia de agua. La calibracion y la validacion de estos métodos esta
basado en los conocimientos hidrolégicos de la region, proviniendo de modelos de superficie,
observaciones de caudal y de estimaciones de la superficie inundada por satélite realizada
en trabajos anteriores. El indice NDMI parece demasiado sensible a la vegetacion lo que II-
eva a errores en la estimacion de la superficie inundada. Los otros métodos son espacial y
temporalmente consistente con estudios previos sobre el Pantanal.

Palabras clave: Llanuras de inundaciones, Deteccion de inundaciones, Teledeteccion, Pan-
tanal, MODIS.

1) Introduction

The floodplains are wetlands which are temporarily or permanently flooded and where there
are strong interactions between the different terrestrial hydrological processes such as river
discharge, the evapotranspiration from plants, the evaporation from open water surfaces and
the vertical movement of water between the surface soil and the saturated zone. These large
floodplains are places of rich biodiversity and provide important ecosystem services such as
water purification, river stream regulation and carbon sequestration. The monitoring and im-
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proved comprehension of these regions are vital for their revalorization and conservation. Re-
mote sensing products are powerful tools to monitor the spatiotemporal evolution of these
extensive floodplains with a reasonable frequency. Satellite estimations of the flooded areas
are also necessary to develop a correct representation of the hydrology of these regions in
Land Surface Models and Earth System Models.

The periodic flooding of the floodplains related to the overflow of the river is fundamental for
the local ecosystem as it is driving the lateral exchange of water and nutrients in the river
floodplains system (cf. flood pulse concept, Junk et al, 1989). These exchanges are one of the
reasons why the floodplains are very productive ecosystems and considered as biodiversity
hotspots. However, large floodplains are also regions where the in-situ observations are not
sufficient to reconstruct their full dynamics, as opposed to smaller and more homogeneous
wetlands and to unvegetated regions which can be more easily monitored and where the es-
timation can be carried out more directly by spectral indices. Thus it is difficult to estimate the
temporal variability and map the spatial variability of the floods over large floodplains.

Large tropical floodplains, such as the Pantanal in central South America, are regions of strong
land-atmosphere interactions due to due to a high level of evaporation in relation with the pres-
ence of open-water surfaces and of transpiration in relation with the increased soil moisture
(Schrapffer et al, 2020). This induces strong gradient of land-atmosphere fluxes and tem-
perature between the floodplains and the neighbouring regions. This is why the floodplains
processes tend to be ever more integrated in Land Surface Models (Schrapffer et al, 2020;
Dadson et al, 2010; Getirana et al, 2021) because this improves the representation of the hy-
drological cycle and it will change the sensible and latent fluxes which may have an impact
on atmospheric conditions and, thus on the regional precipitation citepTaylor2010. These are
important advances regarding the growing interest of coupled simulations to study the land-
atmosphere interactions. In order to be able to calibrate and evaluate the floodplains scheme
in Land Surface Models, the estimates of the temporal and the mapping of the spatial evolution
of the flooded surfaces are crucial.

Remote sensing has proven to be a helpful tool to estimate large-scale land processes and
may be helpful to estimate the flooded area over large tropical floodplains (Padovani, 2010;
Ogilvie et al, 2015b). There are two types of sensors which can be used to estimate the
flooded areas: the Optical and Synthetic Aperture Radar (SAR) sensors. SAR data presents
some advantages to detect the flooded area as it is not affected by clouds because it uses
the microwave bands and because it can provide data during both day and night (de Almeida
Pereira et al, 2019). Despite this, SAR data may be affected by speckle noise (Inglada et al,
2016) and may be largely impacted by confounding effects associated with the surface condi-
tions. Moreover, the processing of this type of data is more complex compared to optical data
(Niedermeier et al, 2005). On the other hand, optical data are relatively easy to manipulate
and allow to obtain both the flooded area and the presence of vegetation or other features in a
relatively simple way. Therefore, in this work, we chose to employ optical data. There are two
major difficulties to handle in this work: (1) the relatively large extension of the region and (2)
the issue of the cloud cover over such a large region. The first point can be managed by using
a satellite product with a lower resolution such as a MODIS product. For the second point, a
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post-processed product which uses a lower temporal resolution can be used. Some of these
lower temporal resolution products are created by merging the different images available to
produce images with the lowest cloudiness possible. There are two similar MODIS products
which correspond to this type of post processing: MODO9A1 and MYDO09A1.

Traditional methods used to estimate the extension of flooded surfaces rely on spectral indices
and thresholds (Ogilvie et al, 2015b). Some spectral indices may highlight the presence of
water by higher values. However, some other land features may generate noise and make it
difficult to directly detect the flooded area using a threshold. For example, the estimation of
flooded area over regions containing lush vegetation may be confounded with the vegetation
water content due to the large annual variability of water content related to the flood pulse.

This is why, although the presence of water may be overestimated by higher values in some
spectral indices, some land features such as the vegetation might generate noise and make it
difficult to directly detect the flooded area using a threshold. Thus more sophisticated methods
may lead to an improvement of the estimate. The spectral indices considered in this study
contain information about the water content and the status of the vegetation such as the modi-
fied Normalized Water Index (mNDWI), the Normalized Difference Moisture Index (NDMI) and
Normalized Difference Vegetation Index (NDVI).

This study aims to compare the use of different methods based on spectral indexes to esti-
mate the flooded area and to overcome the difficulties of estimating the flooded surface over
large and complex regions such as Pantanal. This is done by comparing different traditional
approaches: (1) using the classical approach of applying a threshold over spectral indexes and
(2) using unsupervised classification methods such as the k-means and the Principal Compo-
nent Analysis (PCA). We aim at an optimized method that is both as robust and as simple as
possible. The estimates obtained are then validated by a previous satellite estimate made by
Padovani (2010) and by the river height at Ladario station.

This paper is organized as follows. Section 2 contains the Methodology and Dataset used.
Section 3 contains the results and the evaluation of the temporal and spatial estimation of
the flooded area by the different methods considered. Section 4 contains the discussion and
conclusion.

2) METHODOLOGY AND DATASETS

2.a) REGION OF INTEREST: THE PANTANAL

The Pantanal, the world’s largest floodplains, has an extension of 150.000 km2 and is located
in the tropical region of southwestern Brazil (see Figure 3.1). The flat lands of Pantanal range
between 80 and 150 m.a.s.l. of altitude while the surrounding mountain ranges of the Cerrados
from its north/northeast to its southeast ranges between 200 and 1.400 m.a.s.l. (Alho, 2005). It
has a regular annual cycle of flooding driven by the precipitation over the Cerrados during the
rainy season (December to February). Due to the flat slopes of the Pantanal, it takes between
3 and 5 months for the water flowing from the Cerrados fo cross the Pantanal. This excess
of water flowing into Pantanal through the river system and slowed down by the topography
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generates important floods. The climatological season of floods occurs between February and
May (Penatti et al, 2015).
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Figure 3.1. Localization and description of the Pantanal wetlands inside the Upper Paraguay
River Basin. The blue layer corresponds to the flood extent from WaterMap (Pekel
et al. 2016; Source: EC JRC/Google).

2.b) MODIS data: MOD0O9A1

The Moderate Resolution Imaging Spectroradiometer (MODIS) Terra MOD09A1 and MYDO9A 1
products have been chosen to perform this study for various reasons. First, they have a reso-
lution of 500m which is higher than some other surface reflectance products such as Landsat
(30 m resolution) but it is sufficient and more manageable as we are dealing with an extensive
region. The MOD09A1 (MYDO09A1) product is constructed from an 8-day composite period
and gives an estimate of the surface spectral reflectance for the 7 first bands of Terra (Aqua)
MODIS with corrected atmospheric effects (gases, aerosols, Rayleigh scattering). This correc-
tion consists in (1) an adjustment to include the effect of the solar zenith angle in order to obtain
the top-of-atmosphere value and (2) the correction of the error related to the atmospheric scat-
tering and absorption due to the presence of gases and aerosols in the atmosphere and to the
spherical albedo (Vermote and Saleous, 2006). The MODIS satellites provide data for each
location each 1-2 days. This permits creating a composite image, selecting for each 8-days
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period the highest quality data for each pixel (lower view angle, absence of clouds, clouds
shadow and aerosols) to obtain the MODO09A1 and MYDO9A1 products. Two tiles were con-
sidered to fully include the Pantanal: h12v10 and h12v11. Both products have been retrieved
from the NASA Earth Data Search (https.//search.earth data.nasa.gov).

The flooding cycle of the Pantanal is annual, thus a temporal resolution from a couple of weeks
to a month is acceptable. Thus, both products can be used for this purpose. Although this
product intends to avoid clouds and other inconveniences, during the rainy season the images
can still be affected by the presence of clouds due to an excessive cloud coverage during the
rainy season. The presence of clouds has been assessed in two steps. Firstly, the Quality Bit
Flags of the MODIS products over the Pantanal were used to obtain the mask of the Pantanal
which is not cloudfree nor covered by clouds shadows. For values of cloud cover fraction over
the Pantanal higher than 5%, the image was discarded. After that, all the images retained were
checked visually to verify that they didn’t contain coarse cloud features over the Pantanal that
remained undetected by the Quality Bit Flags. Between 2002 and 2021, 54% of the images
available were considered cloudless over Pantanal in MOD0O9A1 and 35% for MYDO9A1. The
dates available without clouds for MOD0O9A1 and for MYDO9A1 have been compared. It should
be highlighted that the major differences between MODO9A1 and MYDO9A1 are the availability
of data as MODO09A1 was launched in 2000, two years before MYD0O9A1 (Savtchenko et al.,
2004). During the period they have in common, MODO9A1 has 140 cloudless dates which
are considered as cloudy in MYD0O9A1 while MYDO9A1 only has 7 cloudless images which
are considered as cloudy in MOD0O9A1. These 7 images represent the dry season, a period of
lower cloudiness and thus of major availability of images also in MODO9A1. For these reasons,
only the product MOD0O9A1 has been retained although the use of both products MYD0O9A1
may be considered to complete the data in further studies. All the MODO9A1 cloudless images
have been confirmed as such by the visual check, while MYD0O9A1 was not checked visually
since this product was not used for this study.

The different methods of flood detection presented in this study have been calibrated over the
2002-2004 period. Figure 3.2 represents for each month the total number of MODIS MODO09A 1
images available and the quantity of exploitable images, i.e. cloudless. As expected the num-
ber of cloudless images is strongly affected by the wet season (November to March).
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Figure 3.2. Number of monthly available data for this MODIS product and number of dates
available without clouds between 2002 and 2004.

2.c) SPECTRAL INDEXES
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Table 3.1. Spectral indexes considered in this study with some reference papers and the speci-
ficity of these indexes.

Spectral Indexes References Specificity
mNDWI = greeno/ 1i Xu (20086), Water detection
Ogilvie et al (2015b)
NDMI = {45 IR Ogilvie et al (2015b) Water detection
NDVI| = {i-—tfed Rouse et al (1974) | Vegetation and Water detection
NDMI-NDVI Gond et al (2004), Rice flood mapping,
Boschetti et al (2014) Water bodies and Wetland

The Spectral Indexes have two main objectives: (1) to isolate some specific land features
signals such as signals related to the vegetation (Xue and Su, 2017), the presence of water
(Acharya et al, 2018) or the soil composition (van der Meer et al., 2012); while (2) they are
insensitive to other perturbing signals (Verstraete and Pinty, 1996).

The spectral indices presented here are based on normalized differences between reflectance
at different wavelengths. The NDVI emphasizes the presence of vegetation while the rest of
the indices try to underline the presence of water bodies. All these indexes are resumed in
Table 3.1.

The main spectral indexes are constructed based on some basic processes: the vegetation
strongly reflects the Near InfraRed (NIR) and the Green but has a very low reflectance in the
Red wavelength. The ShortWave InfraRed (SWIR) is very sensitive to the water content and in
particular to the vegetation water content.

These indexes are shown in Figure 3.3 over the Pantanal region for two different dates: one
during the dry season (21st August 2002) and one during the wet season (15th April 2003).
The NDMI gives a good indication over the flooded vegetation may be falsely detecting highly
vegetated regions as flooded. To combine the information contained in NDMI with NDVI seems
a possible solution to better distinguish between these two land covers (cf. NDMI-NDVI index
in Figure 3.3.d and Figure 3.3.h).

2.d) FLOODED AREA DETECTION

Two methods are tested in this study: (1) a threshold-based method using the indices that
seemed to better represent the presence of water (nNDWI; NDMI; NDMI-NDVI) and (2) using
two different unsupervised classification methods using 3 indices (mNDWI, NDMI and NDVI).

The first method of unsupervised classification is the k-means (Lloyd, 1982) which is a cluster-
ing method to regroup the data into different categories. The number of categories or clusters
is given by the parameter “k”. number of clusters. Each cluster is defined by its centroid and the
membership of each data point to a certain cluster will be determined according to the nearest
centroid. The algorithm tries to minimize the total distance between the centroids and the data.
The election of the k-value depends on the problem that is being clusterized. Different values
have been evaluated. For k-value under 6, the output was not stable while k-values higher than
6 added more complexity to the description of the data which wasn’t necessary adding value
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WET (2003-04-15)

Figure 3.3. Results of the spectral indexes for two different dates: one during the dry period
and one during the wet period.

to the discrimination between flooded and not flooded pixels. Thus, the k-value chosen for this
study is 6.

The second unsupervised classification method uses the Principal Component Analysis (PCA
— Jollife and Cadima, 2016) method which finds an orthogonal projection that best fits the data
and allows to reduce the number of dimensions. As the data has 3 dimensions (due to the 3
indexes considered), the maximal number of dimensions that can be considered for the PCA is
3. The number of dimensions considered in this study is set at 2. The second dimension refers
to the spatial structure of the flooded area. This is not the case for the first dimension of the
PCA which seems to be representing other processes such as the vegetation. Higher values
in the second dimension of the PCA corresponds with areas with higher values of mNDWI,
NDMI and to the spatial structure of the floods (cf. Figure 3.1). The value of the pixels over
this axis resumed the flood related information from the 3 indexes. Then, a threshold has to be
established to classify each pixel into the flooded / not flooded categories.

2.e) UNSUPERVISED CLASSIFICATION INPUT

In order to have a single model that would take into account the variability of the vegetation
along the year and that would underline the flood processes, the sample input data to gen-
erate the PCA and the k-means model have been randomly selected from two images. As
the Pantanal has a very marked wet and dry season, one of these images corresponds to
the dry season (from June to September) and the other one at the end of the wet season
(From November to March) which also corresponds to the climatological season of floods. The
images chosen correspond to the dates that were used to illustrate the spectral indexes in
Figure 3.3 : the 21st of August 2002 for the dry season and the 15th of April 2003 for the wet
season. A total of 10000 pixels per image has been used.
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The PCA and k-means processes are quite sensitive to the input. In this case, the objective
is to represent the variability of the flooded area. The data is mainly composed of not flooded
pixels as demonstrated by the distribution in Figure 3.4 whose maximum is located in the
low-NDMI / low-mNDWI region. For this reason, although the 10000 pixels per image were
randomly selected, pixels with higher values of mNDWI have been favored. Another filter has
been applied to avoid selecting the outlier which were mainly pixels with extremely low NDMI
value (cf. Figure 3.4).
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Figure 3.4. Distribution of the mNDWI/ NDMI / NDVI values of the pixels.

The k-means clustering with k=6 is shown in Figure 3.5. In the spatial location of the clusters in
the (mNDWI, NDMI) space (Figure 3.5.c), the cluster number 0 to 3 have a low mNDWI value,
reasons why they are considered as not flooded and their NDMI index value is growing from
the cluster 0 to the cluster 3. Looking at the difference between the k-means representation of
the dry season image (Figure 3.5.b) and the wet season image (Figure 3.5.a) maps, we can
see that they may represent different conditions of vegetation and that low vegetation regions
in the dry season image become high vegetation region during the wet season. Pixels in the
clusters 4 and 5 have a higher mNDWI value and can be considered as flooded. The pixels in
cluster 5 include the pixels with maximal mNDWI values, thus we can consider that cluster 5
represents the open water pixels and pixel 4 the flooded vegetation.

The second dimension of the PCA is shown in Figure 3.6. We can deduce that higher values
along this dimension represent the flooded pixels.

2.f) VALIDATION DATA

Ground-based observations of the flooded area over such a large area as the Pantanal are
scarce. The validation of a flood estimate method may rely on two aspects: (1) the knowledge
of the local hydrological network and the characteristics of the regions; (2) the comparison with
previous satellite estimates.

Hamilton et al (1996) is a reference for the flooded area estimate over the region. It found a
relationship between the flooded area over the Pantanal estimated between 1979 and 1987
and the river gauge at the Ladario station obtained from the Brazilian National Water Agency
(Agéncia Nacional de Aguas - ANA). The flooded area has been estimated using the brightness
temperature from a satellite passive microwave sensor. Hamilton (2002) further extended this
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Figure 3.5. lllustration of k-means model output for k = 6 for (a) the wet and (b) the dry refer-
ence images and (c) distribution of the cluster in the (mMNDWI / NDMI space).

Figure 3.6. Values for the second dimension of the PCA for the wet reference image.

relationship from 1900 to 2000 to obtain an estimation of the evolution of the flooded area.
Although these results are not available for the period of availability of MODIS, they point out
that the river gauge data from the Ladario station (see Figure 3.1) can be used to assess the
flooded area as these data are strongly correlated.

We will also for comparison use the estimation of (Padovani, 2010) which has been validated in
comparison with Hamilton (2002). Padovani (2010) applied a Linear Model of Spectral Mixture
(LMSM) to MODIS MOD13Q1 images to estimate the temporal and map the spatial evolution
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Table 3.2. Methods and their corresponding threshold values.

Method Threshold
Threshold-based mNDWI -0.465
Threshold-based NDMI 0,32
Threshold-based NDMI-NDVI -0,45
K-Means Cluster 4 and 5
PCA 0,09

of the flooded area over the Pantanal. The MOD13Q1 product includes vegetation description
(NDVI and EVI indexes) and the corresponding Red, Near Infrared, blue and Mid-Infrared
bands from MODIS. A 16-days composite image is created by selecting the highest quality data
for each pixel (lower view angle, absence of clouds) and by favoring higher values of NDVI/EVI
indexes. Thus, although this product is also constructed from MODIS data, it differs from
MODO09A1 because of its focus on vegetation processes and because of the lower temporal
resolution (images each 16 days instead of 8). The method developed by Padovani (2010)
uses a single image (May 25th 2007) to calibrate by finding a linear relationship between
the reflection at different wavelengths available and the soil, vegetation and water cover. By
applying this relationship to the other images, it allows estimating the fraction of soil, vegetation
and water cover. The flooded area is then determined by applying a threshold on the water
cover fraction.

Other types of datasets have been considered for the spatial validation of the methods pre-
sented in this study such as WaterMAP (Pekel et al, 2016) and GFPLAIN250m. WaterMAP is
a global dataset available between 1984 and 2015 which contains the monthly estimate of the
surface water location constructed from optical sensors (Landsat 5 TM; Landsat 7 ETM+ and
Landsat 8 OLI), regional datasets and from inventories. GFPLAIN250m is a 250m resolution
dataset drawing the delimitations of what can be considered as floodplains based on Digital
Elevation Model datasets.

The different thresholds required were calibrated with the Padovani (2010) time series for the

period 2002-2004. The respective threshold values for the different methods are resumed in
Table 3.2.

3) RESULTS

3.a) EVALUATION OF THE TEMPORAL EVOLUTION

The temporal evolution of the flooded area estimated over the Pantanal by the threshold-based
methods are presented in Figure 3.7 and Figure 3.8 shows the evaluation of the results for the
unsupervised classification methods. The comparison of the different estimates with Padovani
(2010) is summarized through some basic comparative statistical indexes in Table 3.3 (corre-
lation, root mean square error - RMSE - and percentage bias — PBIAS).

Except the NDMI index, the different methods are coherent with the study of Padovani (2010).
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Figure 3.7. Time series of Padovani (2010), the river height at Ladario and of the results from
the threshold-based methods using (a) mNDWI, (b) NDMI and (c) NDMI-NDV!I.

Among them, the PCA and NDMI-NDVI have higher values of flooded area while the mNDWI
index and the k-means have lower values of the flooded area.

The NDMlI-based estimation is less correlated than the other methods with Padovani but this
correlation increases when integrating the information from the NDVI index (Figure 3.7.c). This
difference may be related to the influence of the vegetation in the NDMI index.

The river stage at Ladario is delayed compared to both Padovani (2010) and the methods eval-
uated although the amplitude of the river gauge and the estimated flooded area are similar.
Following the Hamilton et al (1996) estimation of the flooded area, the river stage at Ladario
should be strongly correlated. Further analysis should be performed to understand these dif-
ferences.

3.b) EVALUATION OF THE SPATIAL EVOLUTION

Figure 3.9 shows the comparison of flood frequency between 2002 and 2009 in the different
methods presented in this study in order to compare them with the flood frequency map from
Padovani (2010), WaterMAP and the floodplains delimitations from GFPLAIN250m.
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Figure 3.8. Time series of Padovani (2010), the river height at Ladario and of the results from
the threshold-based methods using (a) the Principal Component Analysis (PCA)
method and (b) the k-means algorithm with k = 6.

As seen in the first overview of the spectral indexes, the NDMI index is strongly influenced by
the vegetation which creates a bias for the detection of flooded areas. For the other estimation
methods, the results are more coherent with the flood frequency map from Padovani (2010) and
WaterMAP although WaterMAP seems to consider only the most flooded area of the Pantanal.
Except for the NDMI-based method, the large rivers such as the Main Paraguay River at the
North and South of the Pantanal, the Sao Lourenco river at the northeast and the Taquari river
at the East of the Pantanal are clearly visible in the different flood detection methods. All the
results are also coherent with the GFPLAIN250m floodplains delimitation which is based on
a DEM. The only exception is the central region of the Pantanal, the Taquari Megafan, which
may be related to local changes in the orography (Assine, 2005).

3.c) EXPLORATION OF A CASE STUDY

The simple flood detection methods presented previously may have a large variety of appli-
cations. This subsection aims to illustrate their potential by using the mNDWI-based flood
detection method and the NDVI index to explore the evolution of the extent of the floods along
the years. The floods are evaluated during the month of march which is one of the most flooded
months for the Pantanal. The images chosen have a cloud cover lower than 2% following the
quality flag of MODIS. Three dates have been selected to perform this study: 21/03/2004 (t,),
22/03/2007(t1), 06/03/2021 (t2). to (respectively t1) corresponds to the year of lower maximum
(respectively higher maximum) flood extent over the 2002 and 2010 period. t, has been cho-
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Table 3.3. Resume of the statistics (Percentage bias - PBIAS, Root-Mean Square Error -
RMSE, Correlation) comparing Padovani (2010) estimate with the different meth-
ods: threshold-based applied to mNDWI, NDMI and NDMI-NDVI, Principal Compo-
nent Analysis (PCA) method and k-means with k = 6. The correlations are signifi-
cant with a significance level of 99 %.

Method PBIAS (%) | RMSE (10°m?) | Correlation
mNDWI -12,74 4.894 0,8
NDMI -23,83 6.839 0,81
NDMI-NDVI 9,89 5.243 0,82
K-Means 11,46 5.119 0,77
PCA -9,83 4.871 0,78

sen in order to compare the two previous dates to the actual situation which corresponds fo
drier conditions and with the vegetation cover affected by important wildfires during the 2020
dry season.

Figure 3.10 shows the NDVI index (Fig. 3.10.a) for t, over the Pantanal as well as the difference
of NDVI between t, and ty (Fig. 3.10.c) and between t, and ty (Fig. 3.10.c). Figure 3.10.d-f
shows the flooded area estimated with the mNDWI based method for the three dates. Com-
paring the flooded area in t0 and t1, the floods in t, are much more extended but they show
similar patterns. The regions where the flood became more important in t; are the northwest
and central Pantanal. Some flooded areas also appear in the South of the Pantanal. The veg-
etation seems to be reduced over some of the flooded area which may be related to the floods
replacing the vegetation or at least reducing the NDVI. However, the NDVI increases around
the shape of the floodplains in t; compared to ty,. A larger extent of flooded area reduces
locally the NDVI while the NDVI increases at its border due to the higher water availability.

In t5, the floods are at their minimal extent and are principally around the Paraguay river and
over the Taquari Megafan in the central region of the Pantanal. The northwest region has
almost no floods in to but has increased NDVI compared to ty. This means that there is water
allowing for the development of the vegetation but there is not enough water so it can be
considered as flooded. The NDVI is lower in to compared to t, over the regions with higher
values of NDVI in t, which may be related to the wildfire. It should also be noted that there is
an increase of the NDVI values compared to t, over the NorthEast of the Pantanal. This region
is not usually flooded so this may be more related to the impact of the local precipitation on the
vegetation during the wet season.

4) DISCUSSION AND CONCLUSION

The estimation of the flooded area over large floodplains is a difficult task. The satellite prod-
ucts may be precious tools. This paper explored different methods to estimate the flooded area
using the surface reflection from optical remote sensing products. The water-related informa-
tion is extracted by using different spectral indexes related to the presence of water content
and vegetation. Then, different methods are developed using directly the spectral indexes to
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Figure 3.9. Flood frequency between 2002 and 2009 obtained from the different methods pre-
sented: 3 threshold-based methods using the (a) mNDWI, (b) NDMI and (d) NDMI-
NDVI index and 2 unsupervised classification methods: (e) Principal Component
Analysis and (f) k-means. Occurrence of flood from (c) Padovani (2010) and (g)
WaterMAP (Pekel et al, 2016; Source: EC JRC/Google) between 1984 and 2015
and floodplains delimitation from GFPLAIN250m (Nardi et al, 2019).

determine the presence of water: threshold-based methods and unsupervised classification to
use the information from different spectral indexes at the same time. The different methods
evaluated were coherent with the previous works although there is some delay between the
temporal evolution of the estimated flood area and the river height at Ladario. The NDMI index
has an issue to represent the flooded area as it is influenced by the vegetation during the wet
period. However, considering the vegetation through the NDMI-NDVI index seems to improve
the representation of the flooded area. The spatial map of the flooded area represents well
the known hydrological features of the Pantanal. It should be noted that the threshold based
methods have lower computational costs for similar results but the unsupervised classification
methods can bring extra information.
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Figure 3.10. NDVI (a,b,c) and flood estimate (d,e,f) and for t, (21/03/2004; a and d), t;
(22/03/2007; b and e) and t, (06/03/2021; ¢ and f).

The methods of flood detection presented in this study are simple methods which are based
on spectral index and do not require important preprocessing. They may be divided into two
categories: the threshold based methods on the one hand and the PCA based and k-means
methods on the other hand. The threshold based methods consist in applying a threshold to the
spectral indexes to detect the flooded area. This threshold can be determined in comparison
with other data which gives an indication either on the flooded area or on the spatial extent
of the floods. Different thresholds can be determined depending on the sensibility expected
for its use. The PCA and k-means methods use unsupervised classification tools applied to
a combination of the spectral indexes related to the presence of water. For the PCA method,
the method consists in identifying the dimension related to the presence of water to calibrate
and apply a threshold to this dimension. For the k-means, it consists in identifying the clusters
which correspond to the flooded area.

The advantage of all the above methods is that they can be easily applicable if the user has
some observational data to establish a threshold. Then, it is possible to calculate other spectral
indexes corresponding to other processes using the same optical satellite data fo obtain a
global panorama of the hydrological processes over a certain region quite easily with a reduced
pre-processing. Nevertheless, these methods also present some disadvantages. The main
disadvantage is related to the presence of cloud cover in optical satellite images which requires
the filter of images containing clouds and, thus, may reduce the quantity of images available.
Another disadvantage is the fact that the spectral indexes may be affected by other processes
which impact the presence of water without being related to floods such as it may be the case
with the presence of lush vegetation.

Different solutions can be considered in order to face the issues presented previously although
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this may involve more sophisticated methods. Concerning the cloud cover, the combination of
optical and SAR satellite data have been proven to improve the flood detection being able to
solve both cloud cover issue for the optical satellite and noise from the SAR data (Prigent et al,
2020; Niedermeier et al, 2005; Inglada et al, 2016). Concerning the interaction of other pro-
cesses with the flood detection when using optical satellite data, there are other methods that
can be considered. The simpler process consists of developing customized spectral indexes
using a linear combination of the spectral bands in order to better differentiate the vegetation
from the flooded water such as it is done in other application such as the Floating Algae Index
(FAI) (Dogliotti et al, 2018) used to differentiate the presence of algae in the water. Another
option is, instead of evaluating the presence of flood over each pixel individually, to consider
the pixels by group of pixels such as it can be done with the Object Based Image Analysis
(Blaschke et al, 2014). This may help to better determine if the pixels in an object are flooded
by using (1) the distribution of the reflection of the pixels composing each group and (2) the
shape of the object (Louzada et al, 2020). The flood detection can also be improved by using
additional ancillary data about the local orography using Digital Elevation Models. Finally, some
more advanced methods of machine learning classification can be used but they require more
precise information on the pixels which are flooded in order to fit the model. Unfortunately, this
type of information is not always available.

Finally, we would like to emphasize that the difficulty to detect the flooded vegetation also lies
in the difficulty to define a limit to qualify whether a pixel is flooded or whether it is just a pixel
representing a moist soil.
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3.3 Acronyms

ANA
DEM
ERA

GFPLAIN250m

mNDWI
MODIS
NASA
NDMI
NDVI
NIR
PBIAS
PCA
RMSE
SAR
SWIR

WaterMAP

Agencia Nacional de Aguas

Digital Elevation Model

ECMWF Re-Analysis

Gridded dataset of Earth’s floodplains at 250-m resolution
Modified Normalized Difference Water Index
Moderate Resolution Imaging Spectroradiometer
National Aeronautics and Space Administration
Normalized Difference Moisture Index
Normalized Difference Vegetation Index
Near-infrared spectral band

Percent Bias Index

Principal Component Analysis

Root Mean Square Error

Synthetic Aperture Radar sensor

Shortwave Infrared spectral band

Surface Water Mapping Product
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4.1 Introduction

Land Surface Models traditionally compute the water balance locally but they require River
Modeling to incorporate the horizontal transport of water. River modeling in Earth System
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Models (ESM) connects the atmosphere-land surface-ocean components of the Earth System,
allows to close the water budget and may also represent some of the interactions with human
activities. Some land-atmosphere interactions arises from the transport of water through river,
such as the floodplains, and requires river modelling to be represented. This chapter follows
the previous development of Nguyen-Quang et al (2018b) and proposes a parallelized tool
to construct a flexible river routing graph able to face the future challenges in Earth System
Modeling.

The recent developments of Climate System Models aim at improving the representation of
the processes within the different components of the Earth system as well as the interactions
between these components. The water cycle is a key process of the Earth System and involves
each one of its components (land, atmosphere, ocean, cryosphere). Rivers, the horizontal
water transport over land, represent small fluxes compared to the atmospheric and oceanic
water fluxes (Rodell et al, 2015b). However, they are of vital importance for human activities
such as: agriculture, industry, electricity production and human water consumption (Bierkens,
2015) and for climate processes such as the floodplains and lakes. Thus, river modelling is
important for both Earth System studies and water resources management (Van Beek et al,
2011; Beck et al, 2017; Sutanudjaja et al, 2018).

ESMs are numerical coupled models simulating all the component of the climate system. The
lateral transport of water from the rivers is part of their Land Surface Model (LSM) be cause
the surface runoff and water drainage into the soil are part of the processes represented in
LSMs. But it can interacts with the atmospheric and ocean models in case of including some
processes such as floodplains or dams (Sheng et al, 2017; Graham et al, 1999; Arora et al,
1999). Most LSMs either integrate a river routing scheme (Sheng et al, 2017) such as the
ORCHIDEE model (Polcher, 2003), the JULES model (Bell et al, 2007; Dadson et al, 2011),
ISBA-TRIP (Decharme et al, 2008; Alkama et al, 2010; Decharme et al, 2010) or can be cou-
pled to an hydrological model such as the JULES LSM coupled with the CAMA-FLOOD model
(Marthews et al, 2021), the coupling of NOAH-MP with the WRF-HYDRO model (Kumar et al,
2006; Chen et al, 2007) or such as it is done in the NASA Land Information System (LIS, Kumar
et al, 2006) with the coupling between HyMAP global river model and different LSMs (Getirana
et al, 2021).

Closing the water cycle in ESMs through a river routing scheme presents 3 advantages: (1)
it is a signal of the water processes occurring over land that can be easily compared to ob-
servations; (2) it permits representing the outflow of freshwater from land to oceans; (3) it is a
solution to integrate of open-water surfaces related to the river system that may alter the fluxes
between land and atmosphere.

Concerning the first point, the river routing is the result of the surface and subsurface runoff
thus it reflects the water balance over large regions and gives an integrated signal of the con-
tinental water cycle (Arora et al, 1999; Fekete et al, 2012; Ngo-Duc et al, 2007). Moreover,
river discharge observations are available for almost all the world’s most important catchments
(Hannah et al, 2011) so river routing is a precious validation and diagnostic tool for the hy-
drological processes in LSM over large areas (Arora et al, 1999; Pappenberger et al, 2010;
Balsamo et al, 2011).
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About the second point, the lateral transport of water affects incoming freshwater from land to
sea and, consequently, the boundary conditions for ocean models (Carton, 1991; Huang and
Mehta, 2010). The river discharge flowing in the ocean reduces the salinity in the estuaries
affecting the ocean circulation (Urakawa et al, 2015; Huang and Mehta, 2010; Verri et al, 2018;
Garvine and Whitney, 2006; Hordoir et al, 2008) and having an impact over the heat transport
and the ocean temperature (Huang and Mehta, 2010). More locally, the river discharge into
the ocean will affect processes occurring in coastal areas through the transport of nutrient and
carbon (Borges and Gypens, 2010; Regnier et al, 2013; Lauerwald et al, 2017; Nakhavali et al,
2018) and through changes of the water temperature (Carton, 1991; Masson and Delecluse,
2001).

The third point concerns open water surface processes such as lakes and wetlands that de-
pends on the lateral transport of water. These processes affect the energy and water fluxes
between land and atmosphere. For example, large floodplains are directly linked with river
runoff and are responsible for large evaporation of land surface water (D’Orgeval et al, 2008;
Guimberteau et al, 2012b; Schrapffer et al, 2020). The irrigation processes may also strongly
affect the water cycle over land and have a large impact on the evapotranspiration (Zhou et al,
2021a; Wang et al, 2018). From another point of view, river discharge is an important vari-
able for other domains such as Food Security, Economics, Energy and Biodiversity (Bierkens,
2015). A realistic simulation of the river discharge may solve data scarcity issues (missing
discharge and river height data, ungauged rivers) making it valuable for other scientific com-
munities.

River routing graphs are generated using the topography information from the Digital Eleva-
tion Models (DEMs). The DEM used for this purpose are hydrologically conditioned (Hydro-
DEM) . The HydroDEMSs resolution has been evolving during the last 20 years. River networks
maps had originally a coarse resolution ranging between 1°and 0.25° (Oki and Sud, 1998;
Vorosmarty et al, 2000; Déll and Lehner, 2002; Ducharne et al, 2003). More recent global
HydroDEMs reach 3 arc-second (90m at the equator) like HydroSHEDS (Lehner et al, 2008)
which is based on the SRTM3 DEM (Farr et al, 2007) and MERIT-Hydro (Yamazaki et al, 2019)
which is based on the MERIT-DEM (Yamazaki et al, 2017).

Following Kauffeldt et al (2016), hydrological schemes at continental scale need to fullfill vari-
ous conditions. There are 4 conditions applying particularly to the river routing graph. Antici-
pating the evolution of atmospheric models, (1) they must be flexible to grid structure. (2) They
must also be adaptable to different spatial resolutions. (3) It should be possible to extract the
input data directly from existing databases and it should be possible to add extra-information to
the river network system. (4) River observation stations should be easily localizable for model
validation and data assimilation. Bierkens (2015) advises that in higher resolution models,
some of the modeled concepts will have to be more explicitly represented. At hyperresolu-
tion, an excessively high resolution, the computational cost for operational use, for long period
simulations or for ensemble may be too high at continental-scale (Bierkens, 2015).

The main purpose of LSMs integrated in Regional Climate Models or in ESMs is generally
to simulate the land processes (soil and vegetation) interacting with the coupled atmospheric
model (Haddeland et al, 2011; Bierkens, 2015; Gong et al, 2011). Although some efforts are
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made to combine LSMs with more developed hydrological models (Marthews et al, 2021; Ge-
tirana et al, 2020), the hybrid unit-catchment are an interesting alternative. They are based
subgrid hydrological units of the atmospheric grid which are constructed from higher resolution
hydrological data. It is an interesting solution as it keeps the coherence between the river rout-
ing, its processes and the atmospheric model. Thus, it avoids the interpolations between the
atmospheric and the hydrological grid (see for example Nguyen-Quang et al, 2018b; Chaney
et al, 2016, 2020). The spatial representation of land-atmosphere fluxes have an important im-
pact on the atmospheric models. For example, it is the case for the contrast of latent/sensible
fluxes between a wet and a dry area (Taylor et al, 2018). Thus, the interpolation of land-
atmosphere fluxes in coupled models may reduce the feedback effects related to these fluxes.
Following Beven et al (2015), the study of land-atmosphere interactions needs a more accurate
hydrological coupling. It is also important to capture the heterogeneity of the topography, the
soil and the vegetation (Wood et al, 2011; Fan et al, 2019). Hybrid unit-catchment may improve
both land-atmosphere interaction and sub-grid heterogeneity representation . It would also im-
prove the representation of subgrid processes such as biogeochemical fluxes, wetlands, dams
and irrigation (Wood et al, 2011; Bierkens, 2015).

This chapter presents a method of construction of a gridded sub-scale hydrological network
based on the concept of HTUs which is used in the latest development of the ORCHIDEE
routing scheme (Nguyen-Quang et al, 2018b). This method is flexible because the river routing
scheme can be constructed on different types of atmospheric grid and using different high-
resolution HydroDEMs. It is currently working for Regular Grids, Lambert Conformal Conic
projection and Cassini projection but it can easily be adapted to more complex atmospheric
grids such as the icosahedral grids which are used in the DYNAMICO model (Dubos et al,
2015). Moreover, this process has been parallelized to reduce the computational cost. It brings
an adequate solution to represent the river routing in coupled land-atmosphere models without
requiring any spatial interpolation. Moreover, it opens the door to further aggregate more
information in order to integrate additional processes in the river routing scheme of ORCHIDEE
such as floodplains, lakes, dams and irrigation.

The general methodology of the river routing construction in RoutingPP is described in Section
2. The routing river graph constructed is then evaluated in Section 3 through simulations of
the ORCHIDEE LSM. Section 4 presents the discussion of the methodology and the results,
to finally provide some future perspectives and conclude.

4.2 General Methodology

To avoid confusion, the term "pixel” is used for a gridded element of the fine-resolution flow di-
rection maps, while the term "grid box” or "grid point” is used for an element of the atmospheric
grid.
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4.2.1 General Objectives and Issues

The concept of Hydrological Transfer Units (HTUs), a sub-grid description of the river routing,
have been implemented in the ORCHIDEE LSM (Nguyen-Quang et al, 2018b). This river
routing graph allows to integrate the information from a high-resolution HydroDEM within the
structure of an atmospheric grid. The river routing graph (Fig 4.1.b) is generated from the
overlap of the hydrological grid with the atmospheric grid (Fig 4.1.a). It is then simplified by
truncation to respect the maximal number of HTUs per grid point defined by the user (Fig 4.1.c).

(a) (b) ()

Figure 4.1. (a) Overlap of the Hydrological grid and the Model grid, (b) construction of the
HTUs, (c) HTUs after truncate.

Although this representation of the river routing graph leads to some substantial improvement
of the rivers representation in ORCHIDEE (Nguyen-Quang et al, 2018b), it is originally con-
structed in the main code of ORCHIDEE on an unique processor. This carries some issues.
Firstly, the construction of the routing is difficult to parallelize inside the ORCHIDEE model
because the domain decomposition does not foresee the exchange of information between
the processors whose sub-domain are neighbours. The parallelization is essential as we are
dealing with a large quantity of data. Secondly, the construction method is difficult to manipu-
late and to verify because it occurs in the main Fortran code of the ORCHIDEE model. Thus,
this makes it more difficult to the validate the routing and to integrate of new features. Thirdly,
the future evolutions of the river routing scheme will require additional information (floodplains,
dams, lakes, irrigation, adduction networks). Their integration requires a flexible code that
could be easily modified, and thus it would be complicated and inapropriate to integrate these
changes in the main code of the ORCHIDEE model.

This chapter presents a pre-processing tool to construct the river routing graph (RoutingPP;
https://gitlab.in2p3.fr/ipsl/Imd/intro/routingpp/wikis/home) based on the HTUs concept. Rout-
ingPP is based on a combination of Python and Fortran, this allows to combine the flexibility of
Python to the computational efficiency of Fortran. The construction of the river routing graph
has been parallelized using specific communication between the processors through a halo
communication. The code is flexible and easy to use, the result can be adapted to other mod-
els and other uses. It also facilitates the integration of additional information to the HTUs. The
river routing graph output is also easy to verify and to visualize (RoutingPP includes an exper-
imental visualization tool: RViewer). An additional module allows to find, when it is possible,
the HTU corresponding to the different hydrological stations (Wang et al, 2018). This informa-
tion is integrated in the river routing graph and may be used further by the hydrological model.
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RoutingPP is adaptable to different atmospheric grids, at different resolutions and with different
projections. It is possible to use different HydroDEM to construct the river routing graph.

The technical challenges for the parallelized construction of a gridded routing graph are the
following:

1. The distribution of the domain must be equilibrated between the processors;

2. The exchange of information between the processors which are neighbours must be
handled efficiently so the river routing graph can be coherent;

3. The calculation of the upstream area require information from all upstream HTUs which
may be located on different processors;

4. The construction of the routing graph must be done directly from the inputs;

5. The hydrological stations must be localized in the HTUs space.

4.2.2 Global methodology

The workflow of the construction of a river routing graph is illustrated in Figure 4.2. It takes
as input the description of the atmospheric grid (Model grid) and its land-sea mask as well as
the description of the hydrological network (Hydrological grid). This information is then pro-
cessed with optional additional ancillary data (hydrological stations, lakes, dams, floodplains,
irrigation). Once constructed, the river routing graph on the atmospheric grid is operational to
be used by the ORCHIDEE LSM.

< >

Model grid
&
and-sea mask

Graph of HTUs on
atmospheric grid

ORCHIDEE

<__>

Hydrological
surface
network

Anscillary data :
GRDC stations,
Lakes,
dams, . ..

Figure 4.2. Environment of the RoutingPP program.

The construction of the routing river graph is performed through 5 major steps which are the
following:

1. Partition of the atmospheric grid: the domain is distributed among the different pro-
cessors with the objective to have the most equilibrated distribution of the land points
possible to optimize the parallelization.
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2. Overlap of the atmospheric and hydrological grids: the overlap between the hydro-
logical pixels and atmospheric grid points are calculated. The result is called "Weights”
and can be saved in a netCDF file to avoid repeating this costly operation.

3. Routing Construction: the previous Weights calculation is used by the processors to
load the hydrological information from the HydroDEM for the land points belonging to
their respective subdomain. It permits constructing the routing graph and to calculate the
different characteristics of the HTUs composing this routing graph.

4. Truncate: the number of HTUs in each grid point is reduced in order to respect the
nbasmax parameter chosen by the user.

5. Finalization: the hydrological stations are localized in HTU space. All the information is
gathered, converting the local indexes to the global indexation, to save the river routing
graph in a netCDF file.

4.2.3 Partitioning of the atmospheric grid

The Partition module will distribute the land points of the atmospheric grid over the domain
chosen by the user among the processors. The equitable distribution of the grid points between
the processors optimizes the computational resources.

The Partition considers the full domain and recuts it into subdomains until there is a subdomain
for each one of the processor used. As the subdomains cannot be empty, the number of pro-
cessors shouldn’t be overdimensioned over small domains. The routing construction concerns
only the land grid points. This is why once all the subdomains are generated, they are adjusted
to reduce the presence of ocean grid points.

The algorithm relies on the iteration of 2 steps:

1. Selection: Select the subdomain with the higher number of land points, this domain will
be recut perpendicularly to its larger dimension. If it is a vertical (horizontal) rectangular
it will be cut horizontally (vertically).

2. Optimization of the recut: Partition evaluate how to recut the subdomain so that the two
resulting subdomains have the more equilibrated number of land points (cf. Figure 4.3).

The Figure 4.3 shows how a particular subdomain is halved in an optimum way. Then the Fig-
ure 4.4 shows the following steps until obtaining 12 subdomains. Each subdomain is allocated
to a processor. The processors will consider a halo of 1 grid point around their subdomain.
The final domain of a processor is composed by its main core and a halo. The land points in
the halo belong to the main core of other processors. Considering, for example, a grid point A
which is on the core domain of the processor 1 and on the halo of processor 2, the processor
1 is able to send information about the grid point A to the processor 2. This halo will ensure
a coherent routing between the different processors, it is important as a river may cross the
domains of different processors. Figure 4.5 illustrates an example of the decomposition of the
subdomain attributed to a processor with its core and halo. It should be noticed that, during the
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Weight calculation, the halo is not considered to avoid multiple calculation for the same grid
point.

(a) Domain recut: Land points and

optimal cut (b) Land point below this latitude

10 A
0 4
_10 4

=20 1 Optimal

recut
._30 4
_40 4
(Domain nbland) / 2
_50 4
-
_60 T T T _60 T T T T
-80 -60 -40 0 2000 4000 6000

Figure 4.3. Representation of how the optimal recut of a subdomain is done.
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Figure 4.4. Representation of the steps to recut a domain from 3 subdomains to 12 subdo-
mains.

4.2.4 Overlap of the atmospheric and hydrologic grids

At this step, the processors will load the information from the atmospheric grid and from the
hydrological grid over their respective subdomains to determine the overlap between the hy-
drological pixels and the atmospheric grid points as well as the corresponding area of this
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Figure 4.5. Representation of a subdomain with its core domain and halo

overlap (the Weights). The Weights are computed considering the polygons of the grid points
and pixels over a sphere using the SphericalGeometry package (Spherical Geometry GitHub
repository). The overlap is illustrated over a grid point in Figure 4.6.

Overlap of intersecting hydrologic gridpoints
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Figure 4.6. lllustration of the fraction of hydrological pixels overlapping with an atmospheric
grid point.

The calculation of the overlap is the most time consuming process. This is why the calculation
of Weights can be saved in a netCDF file so it can directly be loaded in case of running Rout-
ingPP over the same domain with the same hydrological input. The netCDF Weights file can
only be used for the exact same domain; however, it can be used independently of the number
of processors used.

4.2.5 Routing construction

The steps of the construction of the HTUs composing the high resolution river routing graph
are synthesized in Figure 4.7. Some of these steps are presented with more details in the
following subsections.


https://github.com/spacetelescope/spherical_geometry
https://github.com/spacetelescope/spherical_geometry
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Figure 4.7. Resume of the steps of the construction of the high resolution river routing graph.

Initialization

After the decomposition and the calculation of the overlap between the atmospheric grid and
the hydrological grid, each processor can load the HydroDEM data corresponding to the grid
points which are in its subdomain using the Weights (HydroData class). Once the fortran
grid is initiated (initatmgrid subroutine), the hydrological data is converted to be used in the
Fortran Subroutines.

The general idea is to generate a sub-grid tiling which preserves the hydrological continuity.
The HTUs are initially constructed by considering one HTU per pixel flowing out of the grid
point (these pixels are called outflow). Each one of these HTUs contains all the pixels of the
grid point flowing to the outflow pixel of the HTU. Some of these HTUs are very large while
others only contain one or a few pixels. These very small HTUs are caused by the border
effect of the overlap. For each HTU, we define the mainstream river pixels by following the
pixels with the largest flow accumulation going upstream from the outflow.

Two methods of subdivision of the largest HTUs have been developed, the original method is
the area driven HTU decomposition and the new method developed is the river driven HTU
decomposition. These methods are presented in the following subsections.

Area driven HTU decomposition

This method of decomposition has been developed by Nguyen-Quang et al (2018b) and aims
to have HTUs with about the same size within an atmospheric grid.

Each HTU with an area larger than 2 % of the atmospheric grid will be subdivided further
using the Pfafstetter decomposition (Verdin and Verdin, 1999). This methodology is illustrated
in Figure 4.8. The issue with this method is that, although it will optimise the generation of
equal area HTUs, it will divide the major rivers in a large number of segments as shown in
Figure 4.8. This may have consequences on the quality of representation of large rivers and
the stability of the routing scheme.

River driven HTU decomposition

This methodology, developed in the context of this thesis, has been developed with the aim
to preserve the main river segments flowing through the atmospheric grid to better estimate
their parameters. It will also increase the stability of the river routing scheme by reducing the
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Figure 4.8. lllustration of the decomposition steps of the area driven subdivision of the HTUs.

number of reservoir along the river pathway.

The first step is the same as the area driven HTU decomposition presented above. An initial
HTU is constructed for each outflow of the grid point and contains all the pixels flowing to this
outflow pixel (cf. Figure 4.9.a).

Then for each HTUs we have 2 level of decomposition:

» division of the HTUs to represent the large-scale structures: create new HTUs contain-
ing the tributaries of the mainstream rivers with the largest global flow accumulation (cf.
Figure 4.9.b),
if the area of the main river HTU is considered large enough upstream and downstream
of the confluence, it is divided in two at the confluence (cf. Figure 4.9.c)

« division of the HTUs to represent the local hydrological structures and create new HTUs
containing the tributaries of the mainstream river having the largest local flow accumula-
tion, i.e. the flow accumulation calculated only considering the pixels of the grid point (cf.
Figure 4.9.d).

This type of decomposition allows to keep various important features of the river network: (1)
it keeps the major river pathway undivided so we limit the instability related to an excessive
subdivision of the major river; (2) it better represents the large scale features by generating
separated HTUs for the most important tributaries (important in terms of upstream area); (3) it
improves the representation of the local HTUs, i.e. the HTU with a small upstream area, that
occupy a large fraction of the grid point.
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Figure 4.9. lllustration of the decomposition steps of the area driven subdivision of the HTUs.

Extracting the characteristics of the mainstream river

This topographic index (topoindex) is the geometric parameter of the routing scheme in OR-
CHIDEE describes the speed of the water flow and is defined as:

A:\/Zi (4.1)

where d is the length of the river segment considered and Az the elevation change of that river
segment. Both variables are given in meters and the resulting A is converted to kilometers. A
can also be expressed in terms of river segment length and slope. Multiplying the topoindex
by a constant, which is in units of an inverse speed, will give the emptying time characteristic
of the stores in the routing scheme.

The topoindex has been re-adjusted in (Nguyen-Quang et al, 2018b) to render the behaviour
of the different hydrological pixels contained in an HTU. It is calculated using the whole river
network composing an HTU. This value of the topoindex was used for all the ORCHIDEE
reservoirs (stream, fast and slow reservoir). The development of the RoutingPP tool has been
an opportunity to evaluate other implementations of the topoindex. The simulation of the river
discharge has been improved by calculating a different topoindex for the stream reservoir (A)
and the fast and slow reservoir (A). The stream reservoir HTU is mainly affected by the water
that flows from the upstream area through the main river of the HTU. Thus, A, is calculated
considering the distance of the HTU’s mainstream river for d and the difference of altitude over
the HTU’s mainstream river for Az. There are different options to calculate A. It can consider,
for example, the mean distance (resp. the difference of altitude) between the pixel of the HTU
and the outflow for d (resp. Az).

The river driven HTU decomposition allows to take maximum advantage of the A, as it focuses
the river description on the largest rivers. Thus instead of having an unique and complex
definition of the topoindex trying to represent the dynamic of both the local sub-catchment and
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the mainstream river, the model can use A, to represent separately the mainstream river flow
between one HTUs and its downstream HTU

Figure 4.10.d shows an example of the division of a grid point into HTUs with the flow accumu-
lation and the orography (respectively Figure 4.10.b and Figure 4.10.c). This grid point include
the Rhone river near Valence in France (Figure 4.10.a) and its confluence with the Isére river
from the East and the Doux river from the West. The HTU including the Rhone river is in yellow
with the mainstream river (i.e. the Rhone) is in darker yellow. The Isere is the large HTU in
blue while the contribution of the Doux river in the grid point is in red.

Considering the main Rhone HTU (yellow), A will be calculated using the distance and differ-
ence of altitude among the dark yellow path. A can be calculated using different methods that
try to combinate the property of the pixels composing the HTU. In the following examples, A
will be calculated with the average of the distance and the difference of altitude between the
pixels and the outflow of the HTU.

Linkup

The linkup is the step that connects the HTUs with each other. This is done using the informa-
tion from the construction of the HTUs, in particular from the location and flow direction of their
outflow pixel. In the case of a coastal outflow, a river outflow, the outflow of an endorheic basin
or if the HTU is flowing to the same grid point (HTU from the decomposition operation) the
outflow is already given. If it is flowing into another grid point, different solutions are evaluated:
(1) the original outflow_grid; (2) each consecutive pair of neighbours starting from the original
outflow_grid point; (3) if no solution is found, a solution is searched in the same grid point; (4)
if really no solution is found, the HTUs is set as a coastal flow. The coherence of the routing
graph is ensured by two informations: the upstream area of the HTUs and their distance to
the ocean. As long as these variables are coherent, there are no loops generated in the graph
and, therefore, the graph is ensured to be non-cyclic.

4.2.6 Truncate

The truncation is used to reduce the number to HTUs to respect the nbasmax parameter defined
by the user. Reducing the number of HTUs allows to simplify the structure of the river routing
scheme, to reduce the memory size of the river routing output and to reduce the computational
cost in the model using this river routing output. In both methods for the HTU decomposi-
tion presented above, we will usually generate a number of HTUs higher than the nbasmax
parameter. It should be noticed that the procedure is used less often for the "river driven de-
composition” as the number of HTU achieved is lower and thus may be closer or lower than

the nbasmax.

The main objective is to perform the truncation with as little impact as possible on the river
graph. The truncate process is performed using 5 criterias presented below. All the operations
possible within one criteria are performed before using the following criteria. The HTUs with
lower upstream areas are merged into the HTUs of higher upstream areas. Each processor
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Figure 4.10. /llustration of the the construction of the HTU over the Rhone basin near Valence
in France with the map of the region (a), the flow accumulation (b) and orography
(c) in MERIT-Hydro and the construction of the HTUs over this grid point (d). In
(d), the HTU corresponding to the main river is in yellow and the mainstream
river, i.e. the Rhone river, is represented in dark yellow.

evaluates a total of 100 operations over its core, send these operation to the processors with
some of these grid point in its halo and the operation over the grid point of its halo. The sending
of the operation over the halo allows to conserve the coherence between the processors. Then,
these truncation operations are performed and the upstream area is recalculated because it
will be used to evaluate the following truncation operations.

The four criterias are the following:

» Merge HTUs which are coastal outflow

» Merge HTUs which flows into the same grid point (outside of the grid point they belong

to)

* Merge HTUs of the same basin flowing into different directions
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* Merge HTUs in the same grid point with one HTUs flowing into the other. If the exceeding
HTUs represent less than 5 % of the grid point, all the exceeding HTUs are merged.

4.2.7 Calculation of the upstream area

The calculation of the upstream area is difficult to implement as it requires a complex exchange
of information between the processors. First, each processor partially calculates the upstream
area (fetch) over its core domain. Then the upstream over the halo is updated from the partial
calculation of the other processors and propagated over the core domain. This operation is
repeated to propagate the upstream area along the rivers until the upstream area doesn’t
change anymore (cf. Figure 4.11).

a) Initial step b) Step 1

\m S,

N\ N

c) Step 2 d) Step 3

N

Core domain : |:| null fetch |:| partial fetch |:| final fetch

HTU connecting core domain ;. @ outflow @ partial fetch m final fetch

Figure 4.11. lllustration of the calculation of the upstream area within the parallelized structure.

4.2.8 Localization of the fluviometric stations

The river routing scheme is a very helpful tool in LSMs to validate the simulation of the water
cycle at a catchment scale. For this reason, it is important to know the exact location of some
stations of interest in the river routing. A module in RoutingPP aims to localize, if possible, the
fluviometric stations in HTU space.

This module further allows the ORCHIDEE model to generate an output with the discharge for
all the stations that have been localized in the routing graph. Once the truncation is performed
and the final upstream area calculated, each processor will localize the stations which are
inside its sub-domain. The stations can be read from a netCDF file or may correspond to
virtual stations defined by the user. The informations required to search a station in the river
graph are its coordinates and its upstream area.
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RoutingPP first evaluates the grid points corresponding to the exact location of the station.
These grid points must be inside a pre-defined perimeter (defined with the parameter TRES_DEGREE)
around the station’s exact location. Then, it selects the HTU from these grid points whose
upstream area is closer to the exact upstream area of the station. For the HTUs with an ab-
solute relative difference of upstream area lower than a certain threshold defined by the user
(TRES_DIFF), the localization of the HTUs with the highest correspondence is kept into memory.

In addition to the development of the RoutingPP tool, an important work has been carried out to
collect and organize the stations discharge observations from different sources. For example,
over the Western Europe domain represented in Figure 4.12, the construction of the routing
graph over a 0.5° resolution atmospheric grid, a total of 2926 stations has been located in HTU
space using the HydroSHEDS dataset (1km resolution), 2923 using the MERIT-Hydro dataset
(2km resolution) and 664 using the Fekete-Vorosmarty dataset (0.5°).

4.3 Validation

4.3.1 Hydrological Inputs

Fekete and Vorosmarty

Vorosmarty et al (2000) have been a precursor by presenting a global 0.5° gridded river net-
work dataset: the Simulated Topological Network at 30-minute spatial resolution (STN-30). The
river routing scheme of the ORCHIDEE model was originally based on this gridded dataset.
This dataset has been constructed by aggregating the ETOPO5 DEM (Edwards, 1989; avail-
able in a resolution from 5 to 10 minutes) to a 0.5° resolution. The convergent routing river
network has been constructed by finding the flow direction from the topology of the ETOPO5
data.

HydroSHEDS

HydroSHEDS is a near-global gridded hydrological map (Lehner et al, 2008) based on high
resolution elevation data from the Shuttle Radar Topography Mission at 3 arc second resolution
(SRTM3). HydroSHEDS data gives hydrological information over land points from 56°S to
60°N due to the spatial availability of the SRTM3 data. It is available at different resolutions,
from 3 arc-second to 30 arc-second. It provides a complete description of the river network:
hydrologically conditioned elevation, drainage direction, watershed boundaries.

HydroSHEDS face some limitations such as elevation biases due to the canopy in forested
areas (Yamazaki et al, 2019). Although it is a reference for large-scale hydrological modelling
(Gong et al, 2011; Nguyen-Quang et al, 2018b; Yamazaki et al, 2019) its development needed
some manual editing which inhibited the reproduction / improvement of its construction.

The HydroSHEDS dataset used to construct the routing graph has a 30 Arc-Second resolution
(~ 1km).

MERIT-HYDRO

The Multi-Error-Removed-Improved-Terrain (MERIT; Yamazaki et al, 2019) Hydro is the global
hydrological DEM based on the MERIT DEM (Yamazaki et al, 2017) at 3-arcsec resolution.
The MERIT DEM dataset has been constructed by applying a multiple error correction on pre-
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existing spaceborn DEMs (SRTM3 v2.1 and AW3D-30m v1) The algorithm used to construct
MERIT HYDRO tries to avoid as much as possible manual editing to ensure the reproducibility
of the final product. The MERIT-HYDRO dataset used to construct the routing graph has a 1
Arc-Minute resolution (~ 2 km).

Stations localized

Figure 4.12.a compares the stations localized in the river graph between the MERIT based
and the Fekete-Vorosmarty based routing graph. The higher resolution of MERIT allows to
locate a larger quantity of hydrological stations but still, some stations can only be located in
the Fekete-Vorosmarty based routing graph. Figure 4.12.b compares the MERIT based and
the HydroSHEDS routing graph. It can be seen that most of the stations are located in both
dataset although each routing graph is able to locate some stations that cannot be located by
the others due to the differences between the resulting HTU graphs.
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Figure 4.12. Localization of stations in the routing graph using MERIT compared to Fekete-
Vorosmarty (a) and using MERIT compared to HydroSHEDS for Western Europe
over a 0.5° atmospheric grid.
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4.3.2 Methodology

In order to validate the routing graph and its sensibility to the different configurations, three
offline simulations have been performed, i.e. simulations which are not coupled to an atmo-
spheric model but forced by an atmospheric forcing. The forcing used to assess the routing
description from the RoutingPP pre-processing tool is WFDEI_GPCC. It is a 0.5° resolution
atmospheric forcing (Weedon et al, 2014). WFDEI is issued from the ERA-Interim reanalysis
(Dee et al, 2011) which is a 3-hourly re-analysis with 0.5° resolution which has been pro-
cessed by the WATCH Forcing Data methodology. WFDEI_.GPCC corresponds to the version
of WFDEI whose precipitation has been bias-corrected by the GPCC dataset (Schneider et al,
2017).

A set of three simulations has been performed over the Western Europe and Mediterranea
to evaluate the three hydrological inputs (Fekete, MERIT and HydroSHEDS). This region is
an adequate place to evaluate the routing as it contains numerous mid-sized catchment and
a large quantity of discharge data to assess the simulations. The same atmospheric forcing
(WFDEI_GPCC) has been used for the three simulations over the 1990-2010 period. Each one
of these simulation is launched after a previous ten year spin-up in order to properly initialize
the routing reservoirs. The representation of the discharge at key stations is then evaluated in
comparison with the observations.

The key stations are available in the three routing graph and intend to include some of the
major basins over this region with available observations for the period of the simulations: the
Loire (Monjean sur Loire), the Ebre (Tortosa), the Rhone (Beaucaire), the Po (Pontelagoscuro),
the Rhine (Rees), the Moselle (Cochem), the Seine (Poissy), the Thames (Kingston). It should
be highlighted that none of these basins is natural anymore. The infrastructures built on them
can affect significantly the river flow. Hence, only a qualitative evaluation is performed.

4.3.3 Influence of the hydrological input

Figure 4.13 compares the annual cycle of the discharge simulated with at the different key
stations with the observations. The three simulations have a similar evolution at the different
stations although there may be higher differences between Fekete simulation and the others
such as in the Ebre, Rhone, Rhine and Moselle. This must be linked to the resolution of the
Fekete-Vorosmarty dataset which may lead to a coarser representation of the upstream area
and thus to a different representation of the discharge.

The three simulations having a similar representation of the discharge over the key stations, the
simulation with the MERIT-based routing has been chosen to perform further analysis through
a Normalized Taylor diagram (Figure 4.14). This diagram shows us that the simulations have
a good correlation with the observation with values between 0.7 and 0.9. The behaviour of the
Centered Root Mean Square Error (CRMSE) and of the standard deviation depends on the
station. The stations of the Po, Rhone and Rhine have standard deviation close to the value
of the observations and have a CRMSE around 0.4. Meanwhile the stations over the Thames,
the Moselle, the Ebre and the Seine are strongly underestimating the standard deviation have
have a CRMSE between 0.8 and 1.
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Figure 4.13. Map of the Western Europe with the representation of the 8 basins considered
and their respective key stations emplacement. The annual cycle of the ob-
served and discharge of the 3 simulations with different routing graph (Fekete-
Vorosmarty, MERIT and HydroSHEDS) are represented using the reference at
their emplacement on the map.

We may conclude that the behaviour of the discharge in the simulations have a similar evo-
lution compared to the observations although there may have some errors. This shows the
robustness of the construction method as the results do not depend strongly on the hydrolog-
ical forcing used to construct the routing. These errors may be related to (1) the impacts of
human activity on the rivers which are not considered in these simulations such as human con-
sumption, dams or irrigation, (2) the uncertainty of the atmospheric forcing and, in particular,
of the precipitation (Ngo-Duc et al, 2005), (3) errors related to the construction of the graph
such as differences of upstream area between the HTU considered for a specific station and
real upstream area of the station and (4) errors related to the river routing in the ORCHIDEE
model.
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Figure 4.14. Normalized Taylor Diagram for the discharge at the key stations over Western
Europe for the simulation forced by WFDEI_GPCC with the routing scheme based
on MERIT during the 1990-2010 period.

4.4 Discussion and Conclusion

This chapter presented the development of RoutingPP, a parallellized pre-processing tool to
construct the river routing based on the HTU concept introduced by Nguyen-Quang et al
(2018b) which is a sub-grid parameterization of the river routing scheme.

The objective of developing a high resolution routing scheme required the development of a
parallelized flexible pre-processing tool (RoutingPP) to construct the HTUs from different types
of atmospheric grid baed on different hydrological dataset.

The methodology of construction of the routing graph has been presented as well as its differ-
ent specificities including the optimization of the grid partition and the calculation of the overlap
between the atmospheric and hydrological grid. The improvement of the HTUs construction are
also presented such as: (1) the new river-driven method to divide the large HTUs, (2) the cal-
culation of the upstream area with the parallelization, (3) the integration of a different topoindex
for the mainstream river to be used for the stream reservoir in ORCHIDEE, (4) the truncation
method to reduce the number of HTUs and (5) the localization of hydrological stations in HTU
space.

The construction of the HTUs has been assessed by comparing 3 simulations performed over
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Western Europe forced by the same atmospheric forcing (WFDEI_GPCC) between 1990 and
2000 using the routing graph constructed from 3 hydrological datasets at different resolutions:
Fekete-Vorosmarty at 0.5°, MERIT-Hydro at 2km and HydroSHEDS at 1km. These simula-
tions were evaluated over the main basins in Western Europe at key stations. The discharge
at the different stations were coherent with the observations. Although the discharge in the
three simulations have a similar behaviour, some differences can be observed between the
simulation using the Fekete-Vorosmarty based routing graph and the others. This can be re-
lated to the resolution of Fekete-Vorosmarty. The coarser resolution of Fekete-Vorosmarty also
reduces the quantity of stations localized over the HTU graph compared to MERIT-Hydro and
HydroSHEDS. This affects in large part the stations over the small catchment which reduce the
possibility to evaluate the performance over these catchment. Nevertheless, we suppose that
these differences may be increased over small catchment (such as over the Cochem station -
Moselle).

RoutingPP allows a fast and robust construction of the HTUs which may be used in different
Land Surface Models. It opens the possibility to easily includes new processes in the routing
graph such as the floodplains, the irrigation of the lakes. However, some elements may be
improved such as the time calculation of the overlap between the atmospheric grid and the
hydrological grid. The calculation of the topoindex from the different pixels of a HTU may also
be discussed. There are also some developments to be done in order to be able to construct
the routing graph over more complex atmospheric grid projection such as Icosahedral grids.

River modeling in ESM has to be adapted to the future challenges to come. This requires the
ability to adapt the river routing graph to the diversity of atmospheric grid projections and the
possibility to use indifferently the different hydrological description available. It will also need
to solve the memory issues related to large domains at high resolution such as, for example,
simulations over the South American domain at a 4km resolution. The development of the
pre-processing routing graph is a first step to better capture the land-atmosphere feedbacks in
the Land Surface Models as it facilitates the integration of the processes interacting with the
river network such as human activities and floodplains.

4.5 Access to RoutingPP

The code of the Routing Pre-Processing (RoutingPP) is available at the following link:
https://gitlab.in2p3.fr/ipsl/Imd/intro/routingpp
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4.6 Acronyms

CAMA-FLOOD
CRMSE
DEM

DYNAMICO

ERA

ESM
ETOPO5
GPCC

HTU
HyMAP
HydroDEM
HydroSHEDS
JULES

LSM

MERIT DEM
NASA
NOAH-MP
ORCHIDEE

RoutingPP

SRTM3
STN-30
WFDEI

WRF-HYDRO

Catchment-based Macro-scale Floodplain model
Centered Root Mean Square Error
Digital Elevation Model

Icosahedral Dynamical Core atmospheric model of the Institut Pierre
Simon Laplace

ECMWF Re-Analysis

Earth System Model

Earth topography five minute grid

Global Precipitation Climatology Centre

Hydrological Transfer Unit

Hyperspectral Mapper sensor

Hydrologically coherent Digital Elevation Model
Hydrological data and maps based on SHuttle Elevation
Joint UK Land Environment Simulator

Land Surface Model

Multi-Error-Removed Improved-Terrain Digital Elevation Model
National Aeronautics and Space Administration
Noah-Multiparameterization Land Surface Model
ORganizing Carbon and Hydrology in Dynamic EcosystEms

Pre-Processer of the routing input for ORCHIDEE high resolution rout-
ing scheme

Shuttle Radar Topography Mission 3 arcseconds
Simulated Topological Network 30 arcseconds
WATCH forcing data bias corrected by ERAI

Weather Research and Forecasting Hydro Modeling System
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5.1 Introduction

To summarize, the development of the floodplains at higher resolution intent to: (1) answer to
the lack of data over large floodplains and help to better understand the processes occurring at
large scale over these regions, (2) represent the impact of floodplains on the local land water
cycle, on the river discharge and on the land-atmosphere energy balances and (3) obtain
a representation of floodplains that can be used in land-atmosphere coupled simulation to
estimate the floodplains-atmosphere feedbacks.

The sub-parametrization of the routing scheme require to reconsider some of the modeled con-
cepts and to represent them more explicitly. This is the case of floodplains which were handled
at a 0.5° resolution in ORCHIDEE (D’Orgeval, 2006; Guimberteau et al, 2012a; Schrapffer et al,
2020). In this particular case, the higher resolution will exacerbate the difficulty to simulate the
correct extent of floods. This is related to the fact that, in modelling, floods are usually well esti-
mated over the main river but underestimated over the adjacent areas (Decharme et al, 2019).
However, the HTU representation is also useful to overcome this difficulty as (1) it gives the
opportunity to define floodplains with more details and (2) the increased information on river
network connectivity brings solutions to model the flooding of the area of floodplains which are
adjacent to the main rivers. Nevertheless, the floodplains scheme needs to be adjusted to the
HTUs description by changing its dynamic and the volume / flooded area relationship.

This chapter contains the description of a high resolution floodplains scheme for the Organis-
ing Carbon and Hydrology In Dynamic Ecosystems (ORCHIDEE - Krinner et al, 2005) Land
Surface Model developed by the Institut Pierre Simon Laplace (IPSL) and its validation over
the Pantanal, the world’s largest continuous floodplains located in South America. In this chap-
ter, Section 2 presents the description of the floodplains scheme implementation in the river
routing scheme of ORCHIDEE and the different equations ruling the exchange of water. Sec-
tion 3 presents the methodology of the validation and the observational datasets used for this
purpose. Section 4 contains the validation. This validation is performed based on the variables
directly linked with the river routing scheme (discharge, flooded area, volume of water in the
routing reservoirs). The floodplains scheme is assessed by (1) a comparison with the previous
version at 0.5° and (2) a more complete evaluation based on simulations at different resolutions
using a 0.5° atmospheric forcing and a 20-km atmospheric forcing. The last section presents
a conclusion for this chapter.

5.2 Floodplains scheme description

5.2.1 Representing the water flow on a graph

The Hydrological Transfer Units (HTUs) in the ORCHIDEE LSM are basic hydrological units
used to represent the river routing system. They can be represented by a forest of directional
rooted tree graphs (Foulds, 1992). Each tree represents a river basin described by D = (V,
E) where V are the vertices, and E are the edges that connect the vertices. The HTUs in
ORCHIDEE correspond to the river system vertices. Each tree has a root which is either
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located at the coast (the river mouth) or in a lake when it is an endorheic basin. There cannot
exist any loop in the river graph. The graphs in the routing are said convergent because each
vertex V has only one edge that goes to another vertex.

{i-2}

{i-1}

{Fi-12} {Oi-112}

{Fi+112} l

Figure 5.1. A sample graph to illustrate the indexing convention and the placement of fluxes
out the vertices (F) as well as the overflow fluxes (O).

In ORCHIDEE’s implementation, each vertex/HTU is fully contained in one cell of the grid used.
The cells of ORCHIDEE can contain more than one HTU and can be crossed by more than one
graph. The grid point of a vertex i is noted 2. The surface of the HTU is described by the term
S; and the surface of the grid point to which this HTU belong is noted Sp ;. The fraction of the
grid point associated with each HTU is needed to know the water source and sink terms which
are computed by ORCHIDEE on the atmospheric grid for the routing scheme. The fraction of
the mesh 7 occupied by the HTU i is noted as 4;; and is equal to S;/Sg ;.

Each vertex contains four water reservoirs used by the river routing scheme to represent pro-
cesses with different time constants: the river flow (stream reservoir), the runoff (fast reservoir),
the drainage (slow reservoir) and the floodplains (floodplain reservoir). The local properties of
the vertexes are defined by the local slope and tortuosity of the river segment represented by
the downstream edges. The local properties of the HTU and the characteristics of the water
reservoirs govern the residence times of the water in this HTU and thus govern the flow passing
through the edge towards the downstream HTU.

For example, the discharge from the reservoir j of the HTU i (Q; ;) depends on the time constant
of the reservoir (7; in s/km) and the topographic index (topoindex) of the reservoir j of the HTU
i (A;; in km) expressed in equation 5.1. There are two different topoindex: (1) one based on
the properties of the pixels componing the HTU which is used for the slow and fast reservoirs
(cf. Chapter 4, A; ; = Ag;) and (2) another one based on the properties of the main river of the
HTU which is used for the stream and floodplains reservoirs (cf. Chapter 4, A; ; = A;).

Vi

7 * i

Qji = (5.1)
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A sample segment of a river graph is shown in Figure 5.1. F (respectively O) represents the
fluxes of water going downstream (resp. upstream) and is detailed in the subsection 5.2.2
(resp. at the end of the subsection 5.2.3). The relations between the vertices of the river graph
are represented by an integer index. The natural flow direction of the river is used to order the
indices of the water stores on the graph where the index increases as the HTU are closer to
the river outflow. We note {i — 1} the ensemble of all the upstream vertex of vertex i. i + 1
is the unique downstream vertex of i. The flux of water between the vertex are placed on the
edges of the graph and are indexed with half indices. Each vertex is linked to an ensemble
of upstream vertices but only to one downstream. For example, the outflow edge of the HTU
i is unique and noted i + 1/2, but is is part of the ensemble of upstream edges of the HTU
i+ 1. Thus we have i + 1/2 € {(i + 1) — 1/2}. The water flowing into the vertex i is given by
the ensembles of fluxes on edges {: — 1/2} while the outflow is given on the edge ¢ + 1/2. It
should be noticed that, for an HTU 4, its associated atmospheric grid point 7 can be different or
the same as the grid point of the downstream HTU 1+ 1.

5.2.2 Water Continuity Equation: stream reservoir

The approach for the high resolution floodplains scheme is adapted from the PhD thesis of
Tristan d’Orgeval (D’Orgeval, 2006) who has established the floodplains scheme for the 0.5°
routing scheme. It consists in using an additional reservoir in the HTUs containing floodplains.

The slow, fast and stream reservoir are active in the ORCHIDEE routing whether the flood-
plains are activated or not. However, the floodplains scheme will only impact the functioning
of the stream reservoir. The floodplains scheme is based on the characteristic of the HTUs
and the maximum flooded fraction (noted f,,..; for a HTU %) which have a value between 0
and 1. This fraction is obtained from the Global Lake and Wetland dataset (GLWD - WWF,
2004), see subsection 5.2.5 for more details. The maximum flooded surface for an HTU i is
Stmazi = Si * fmaz,i- We consider that an HTU ¢ is a floodplains if f..; > 0. The flooded
fraction and the flooded surface are noted respectively f; € [0, fimaz,s) @nd St € [0, Stmag.il-

The water continuity equation provides the basis for the time evolution of the water volumes in
the floodplain reservoir. In Figure 5.2, the different components of the water continuity equation
in the case of an HTU with floodplains (Figure 5.2.a) and without floodplains (Figure 5.2.b) are
resumed.

The volume of water in the stream reservoir of an HTU i (Vstream,i) follows the water continuity
equations in equations 5.2 differentiating whether it is a HTU with or without floodplains.

OWVastreami _ {EJ‘E{“/Q}(FOW) ~ Fourgrij W Spmaci =0 (5.2)

ot Qf,i - Fout,i+1/2 if Sfma:r,i >0
With:

* Fou; with j € {i — 1/2}: Water flowing from the stream reservoir of the upstream HTUs
to the HTU .

* Fouiv1/2: Outflow from the stream reservoir of HTU i into the stream reservoir of the



CHAPTER 5. DEVELOPMENT HIGH RES. FLOODPLAINS SCHEME 109

a) [ belong tofi-1} | i ]
HTU J Stream HTU i

Floodplains

reservoir (Vip) reservoir (\stream)
F{i-3/2} Fi-1/2} F{i+1/2}
Ofi-1/2}
b) [ ] belong to{i-1} | [ ]
HTU ) Stream reservoir HTUI
(Wstream)
F{i-3/2} F{i+1/2}

Figure 5.2. Scheme resuming the movement between the different reservoirs for a HTU which
has floodplains and its upstream HTUs depending if (a) the upstream HTU has
floodplains or if (b) the upstream HTU doesn’t have floodplains.

downstream HTU ¢ + 1.

* Q. Water flowing from the floodplains reservoir of the HTU i to the stream reservoir of
the HTU 4. This variable will be explain in the following subsection.

The outflow from the stream reservoir F,,; ;12 is also affected by the presence of floodplains
but the time constant of this reservoir (7sieam) rfemains constant for all the HTUs. Thus, a
reduction factor based on the fraction of the HTU which is flooded has been introduced to
reduce the flow of the stream reservoir depending the importance of the floods. This factor aims
to represent the impact of the floodplains on the reduction of the river discharge that flows from
the stream reservoir. It should be noticed that it is not affecting the HTUs without floodplains.
The floodplains reservoir has its own time constant, therefore, this factor is exclusively used
for the stream reservoir. Due to the HTUs structure, some small HTUs over the main river can
have a flooded fraction close to 1 that impeach the river from flowing. Therefore a parameter
Riimit has been implemented to limit the flow reduction. This parameter is the same for all
the HTUs. The reduction factor can be deactivated with a value of Ry;,,;; = 0. Therefore,
the formulation of the outflow from the stream reservoir of an HTU ¢ which has floodplains
(Fout,i+1/2) differs from the equation 5.1 and is represented in equation 5.3.

V; ream,s
Fout,i+1/2 = —Sreami * (1 - max(fia Rlimit)) (53)

Tstream * AS,i

The flooded fraction f; used in equation 5.3 is calculated from the area of the HTU which is
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flooded (S ;). This value is diagnosed using the equation 5.4.

Sf,i = mm(F(Vfﬂ), Sfmax,i) (54)

The appropriate function to be used for I will be discussed further in this chapter in subsec-
tion 5.2.4.

5.2.3 Water Continuity Equation: floodplain reservoir

This subsection focuses on the definition of the different water fluxes related to the floodplains
reservoir. The water continuity equation ruling the temporal changes of the volume of water in
the floodplains reservoir (V) is presented in equation 5.5. The different components of this
equation will be described with more details further in this subsection.

oV
ot

=(Pri—Epi—Ifi) — Q + Z (Fout,j — Oj) (5.5)
je{i—1/2}

With:

* Fouj,j € {i —1/2}: Water inflow into the floodplains from the upstream HTUSs,

0;,j € {i —1/2}: Overflow of HTU 1 into the floodplains reservoir of the upstream HTUs.
* P;;: Rainfall onto the floodplain,

» E;;: Evaporation from the flooded surface,

Iy Infiltration from the floodplain into the soil moisture reservoir,

The precipitation over the flooded area goes directly to the floodplains reservoir. Considering
an HTU ¢ within the grid point 7, the precipitation going directly to the floodplains reservoir is
Pri=PrxS;i/S (5.6)

Over the floodplains, the water in the flooded area is able to evaporate at its potential rate. The
potential rate of evaporation is defined from the characteristics of the land surface variables of
the grid point to which the HTU belongs. However, the effect of vegetation and interception are
taken into account through their respective beta coefficient as they will lower the evaporation
from the floodplains. The evaporation from the floodplains is represented in equation 5.7.

Ef,i = fz * (1 - Bvegetation - /Binterception) * Ep()t? (57)
With:
» Epot;: potential evaporation rate over the grid point 2

* Buegetation: Oeta coefficient of vegetation
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* Binterception: beta coefficient of interception

The water in the floodplains reservoir is able to infiltrate. It is a one-way flux from the floodplains
to the soil moisture of the grid point. The infiltration term is calculated based on the averaged
conductivity for saturated infiltration in the litter layer (ky;; in kg/m?/s). This k;;;; parameter has
been established for the soil infiltration processes but not especially for floodplains. Therefore,
the infiltration can be larger than what occurs over the floodplains. This is why a reduction
factor (C) has been introduced to reduce the floodplains infiltration if necessary.

Iy; = Sy ik C (5.8)

The infiltration plays an important role because the water flooding the HTU can infiltrate and
further be redistributed in the soil of the whole grid point. Then, it will progressively flow back
into the river routing network of the HTUs belonging to the grid point through drainage (i.e.
through the slow reservoir).

Within a HTU i with floodplains, the flow of water from the floodplains reservoir to the stream
reservoir (Qs;) has the same type of formulation as the equation 5.1. This formulation is
presented in equation 5.9. It uses a time constant 7, which is a slower than the stream reservoir
time constant.

Vi.i
Tf * AS,'L'

Qi = (5.9)

The floodplains scheme allows a specific HTU to "overflow” the content of its floodplains reser-
voir into the upstream HTUs with floodplains which are directly connected to the concerned
HTU as shown in Figure 5.3. This process is driven by the difference in height between the
elevation of the water and that of the neighbouring HTUs:

Ahj jegi-1/2y = maz((zi + hi) — (2 + hy,0) (5.10)
with:
 z: the orography at the outflow of the HTU

* h: the height of the floodplains

As long as Ah; jegi—1/2y = 0, there is no overflow (O; jc(;—1/2; = 0). When the water rises over
the elevations of the upstream HTU, the overflow is enabled. The flux is proposed to be:
SriSp; 1

Oi jefi-1/2) = Ahi,jisfi S, OF (5.11)

with OF the time constant of the overflow (in seconds).

The term % allows to give an estimate of an equivalent surface considering both HTUs.
It avoids some undesirable effects of excessive overflow value in case the HTU considered has
a very small surface due to a border effect. This is implemented in order to (1) consider the

size of both HTUs and (2) avoid instability issues.
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Figure 5.3. Schematic representation of the definition of the water involved in the overflow.

If the values of the O F time constant are too low, this generates inestabilities (the lower OF, the
more important the overflow). For example, if the HTU ¢ overflow in various upstream HTUs,
an excessive transfer of water at once will leave a negative volume in the floodplains reservoir.
It is possible to increase the overflow without generating instabilities by using a slower time
constant OF and by repeating the overflow operation several time during the same time step.
The number of repetition of the overflow water transfer within a single time step is defined by
the parameter O F.cpeat-

5.2.4 Floodplains geometry

Another crucial aspect of the floodplains scheme is the relationship between the volume of
water in the floodplain reservoir (V;), the surface of open water and the height of water. In
order to establish a simple but meaningful relationship, some assumptions have to be made
on the geometry of the floodplains.

As the HTUs are constructed from higher resolution hydrological data, it is possible to con-
struct a direct and detailled relationship using the topography data from the hydrological pixels
(Dadson et al, 2010; Zhou et al, 2021c; Fleischmann et al, 2021b; Chaney et al, 2020). But this
method would bring two different issues: (1) the uncertainty of the topography over lowlands
such as floodplains and (2) the high computational memory cost. The memory cost involved
may not necessarily be worth the improvement it would bring to the simulation.
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For this reason, the definition of the floodplains shape has been simplified by using two vari-
ables controlling the shape of the floodplains such as proposed by D’Orgeval (2006) and shown
in Figure 5.4.a. These variables are the following:

* ho;: the height at which the floodplains of the HTU are fully covered, i.e. S;; = Stmaa-

* 3;: the shape of the floodplain which will control how quickly it fills. 5; > 1 corresponds to
a floodplain with a concave cross section (as figure 5.4.a) whereas ; < 1 corresponds
to a floodplain with a convex cross section. 8; = 1 represents a triangular cross section
which fills linearly.

a) b)
" Relation between floodplain height, area and volume
g 104
E — 025
values
0 o084 B 0.5
u—
G 0.6 1 — 10
c
] — 2.0
t)‘ 0.4 4 — 30
E 0.2 4 — 4.0
- 5.0
0.0 4
C v - - v 1 T
0.0 0.5 1o 15 2.0 25 3.0 35 4.0
fp 4000
— 025 Bvalues
2 3000 4 0.5
E — L0
g 2000 { — 2.0
= 3.0 _.__
S 10001 — 40 B e T O
50 ——— __d___:::’//'
=
01 7 T s . 1 . t . .
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0

Height of floodplain (h0=2, Sb=1000)

Figure 5.4. (a) Figure 4.9 from Tristan d’Orgeval’s thesis representing the parameterization of
the floodplains shape, (b) relationship between the floodplains area and floodplains
height depending on 3 parameter with hg = 2m and f,,.. = 1 and (c) relationship
between the volume in the floodplains reservoir and the height of the floodplains
depending on the value of the 3 parameters for hy = 2m.

In D’Orgeval (2006), both variables have been set to constant values: g = 2 and hg = 2m. With
the high resolution floodplains scheme, it is possible to define 8 and hy with more precision
using the characteristics of the hydrological pixels combined within an HTU.

The spatial representation of the floodplains in an HTU i is defined by the relationship between
the volume of water in the floodplains V; ;, the surface of the floodplains Sy ; and the height of
the floodplains ;. It is considered that at a certain height i, the whole floodplain is flooded, i.e.
St = Srmas and that, even if the floodplains height is higher than ho, the flooded area cannot
exceeds this limits (cf. equation 5.12). The shape of the floodplains will have an influence only
for h; < ho because above hg, the height is considered to increase linearly with the volume.

min(sf,i’ Sfmam,i)
SB.i

fi= (5.12)

If we consider a HTU 7 which is fully considered as floodplains, i.e. with f,,2 = 1 0r Sfazi =
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S;, the relationship between the flooded area Sy ; and the height of the floodplains h; for h; < hg
is represented in equation 5.13.

I Bi
Sti =SB ( ho’) (5.13)

This assumes that the shape of the HTU is an exponential function and with the choice of 5 it
can be decided how quickly it fills. The relation between the floodplains height and the volume
in the floodplains reservoir is obtained by integrating this function between 0 and h;:

SB,Z' h?i-ﬁ-l
Fi = 7 B;
Bi+1 ho,i

(5.14)

This provides the I" function introduced above to calculate the surface from the volume. The
above equations are only valid for A < hg;. If h; > ho;, we have Sy; = Symas,i- The equa-
tion 5.15 shows the relationship between the flooded surface and the volume in the floodplains
reservoir by combining the equations 5.13 and 5.14.

Bi
Bi+1

(5 ) 027 anmaac,i> (515)

SB.i

SB.i
Bi
h’O,i

Sﬁi = F(Vfﬂ) = max(

In order to generalize, the floodplains height above hg increases linearly with the volume. Con-
sidering Vimaz,: the volume at which T'(Vipazi) = Stmazi- FOr Vii > Vi, the flooded
surface and the floodplains height in the HTU i follows respectively the equation 5.16 and 5.17.

Sﬁi = Sfmaa:,i (516)

(Vf,i - meax,i)

h; = ho +
’ Sfmaz,i

(5.17)

5.2.5 Ancillary data

ORCHIDEE’s high resolution routing

The routing in ORCHIDEE has been constructed by the routing preprocessor (RoutingPP) pre-
sented in the Chapter 4. It allows combining different high resolution hydrological information
to construct the HTUs and calculate their characteristics. In this case, the routing graph have
been constructed using the MERIT-Hydro dataset.

Spatial description of the floodplains

The Global Lake and Wetland Database (GLWD - WWF, 2004) available at a 1 km resolution
has been interpolated at the MERIT-Hydro resolution in order to define a floodplains mask us-
ing the three following categories: (1) Freshwater Marsh, Floodplains; (2) Reservoir; (3) Pan,
Brackish Saline Wetland. Therefore, the floodplains mask is available for each pixel of the hy-
drological data. This data allows the calculation of the maximal flooded area within each HTU
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during the routing construction.

Orography and shape of the floodplains

The orography is a variable available for each pixel in the hydrological datasets. Therefore,
the orography of the different pixels within a HTU is known. Considering a HTU i, the ref-
erence orography is defined by the orography of the outflow pixel (z;) meanwhile kg ; is the
lowest difference of orography between z; and its upstream HTUs reference orography (cf.
equation 5.18).

hoﬂ' = minje{i_l}(zj - Zz) (51 8)

The g variable has been estimated using the standard deviation of the distribution of the
orography including the values for all the pixels being part of each HTU. The different val-
ues of standard deviation are bounded by lowlim_std = 0.05m and uplim_std = 20m and are
then converted to obtain the § variable which ranges between values of lowlim_beta = 0.5 and
uplim_beta = 2.

lowlim_std if std_orog(i) < lowlim_std
std_orog_bounded(i) = { uplim_std if std_orog(i) > uplim_std (5.19)

std_orog(i) elsewhere

5 = std_orog_bounded (i)

~ uplim_std — lowlim_std (uplim beta — lowlim beta) (5.20)

With the hypothesis that h ; is the height at which the floodplain of the HTU < is totally covered,
this height is assumed to be the minimum of the difference between elevation of the vertex i
and the ensemble of its inflows which have floodplains ({i — 1}). When h; is larger than this
difference, it means that the floodplain of ¢ will be able to overflow to the upstream vertices.

Calibration of the parameters

The different parameters of the floodplains scheme have been adjusted based on the simulated
discharge at the Porto Murtinho station considering to the observations considering : (1) the
temporality of the discharge through its correlation with the observations and (2) the mean
value and variability of the discharge. The parameters have been adjusted in the following
order :

1. 77 and Ry;n- the floodplain reservoir time constant and the discharge limiter which have
the greater influence on the discharge (temporality, mean value and variability). The inter-
val considered for 74 iS [Tsiream, Trast) DECaAUSE the flow from the floodplains is considered
as slower than the stream reservoir but faster than the fast reservoir. R;;,,;: was searched
in the interval [0,1]. The best combination of parameter has been established through a
grid-search method which consists in evaluating the different combination of parameters
within their respective interval of definition.
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2. OF and OF,¢pcqt: these parameters slighlty influence the temporality of the discharge.
The interval considered for OF was [0.5 day, 2 days] and for O F.¢peq: it was [1,5].

3. C' theinfiltration constant which has no influence on the temporality of the discharge but
which is able to reduce / increase it. The interval considered for C'is [0,1].

The values of the parameters found depended on the resolution of the atmospheric forcing and
are shown in Table 5.1. The parameterization for the 0.5° resolution has been established with
WFDEI_.GPCC and the 20 km resolution with AmSud_GPCC which are both described with
more details in the following section.

Resolution | 0.5° 20 km
7y 15 20
Riimit 0.4 0.4
OF 0.5 0.5
OFepeat 3 3

C 0.7 1

Table 5.1. Parameterization of the floodplains scheme depending on the resolution of the at-
mospheric grid.

5.2.6 Workflow of the Module

The workflow of the high resolution floodplains scheme in ORCHIDEE is presented in Fig-
ure 5.5. First the transport of water from fluxes flowing downstream is performed. It concerns
all the fluxes except the overflow. Then the floodplains height and flooded fraction of each HTU
are calculated and then the overflow is calculated. After transferring the water of the overflow,
the flooded fraction of the HTU is re-estimated with the adjusted volume of the floodplains
reservoir. If the overflow is repeated more than once, the floodplains height and floodplains
fraction are updated between each operation.

5.3 Methodology and Dataset

5.3.1 Model Description: ORCHIDEE

The simulations presented here are offline simulations forced by an external atmospheric
dataset containing the atmospheric informations required to run the model (downward long
and shortwave radiations, precipitation, 2-m air temperature, wind speed, 2-m specific humid-
ity, snowfall and rainfall).

Extra ancillary datasets provide the information about the vegetation cover and the soil com-
position. The vegetation cover is described for each grid cell by the fraction of each one of
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Figure 5.5. Workflow of the floodplains processes over a time step.

the 12 Plant Functional Types (PFT) representing different types of vegetation and the propor-
tion of bare soil. The soil composition is described by the combination of the three main soil
textures: coarse, medium and fine from the USDA soil description (Reynolds et al, 2000). For
vegetation, the ESA 2.0.7 dataset (used for the IPSLs CMIP6 simulations) has been used.

The hydrology in ORCHIDEE is represented through a 11-layer soil scheme (De Rosnay et al,
2000; de Rosnay et al, 2002; Campoy et al, 2013) representing the vertical movement of the
water in the soil and the transfer of heat.

5.3.2 Methodology of Validation

The evaluation of the high resolution floodplains module consists of two different evaluations
which include various experiments. Each experiment is composed by a pair of simulations
forced by the same atmospheric forcing. Each pair of simulations contains one simulation
with the floodplains scheme deactivated (NOFP) and the other with the floodplains scheme
activated (FP). As these simulations are forced by an offline atmospheric forcing, it should be
reminded that the atmospheric conditions are fixed and the model does not interact with the
atmosphere and don’t affect the atmospheric conditions.

The first evaluation consists in the comparison of 4 experiments: two are using the previous
0.5° floodplains scheme of ORCHIDEE (based on the low resolution version of the routing
scheme) and two are using the high resolution floodplains scheme presented here (based on
the high resolution routing scheme). Two different forcings are used. Each forcing is used
for one experiment using the low resolution floodplains scheme and one experiment with the
high resolution floodplains scheme. The second evaluation evaluates with more details the
representation of the high resolution floodplains scheme by comparing (1) an experiment with
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a 0.5° atmospheric forcing and (2) an experiment with a 20km resolution forcing.

For the first evaluation, the atmospheric forcings includes the third phase of the Global Soil
Wetness Project (GSWP3; Kim, 2017) and the CRUNCEP version 7 (Viovy, 2018). GSWP3
is based on the second version of the twentieth century Reanalysis (20CR) which is a six
hourly global product at a 2° resolution from the NCEP land-atmosphere model (Compo et al,
2011). GSWP3 is constructed by (1) a dynamic downscaling of CR20 at a 0.5° resolution with
a spectral nudging technique and (2) a bias correction of the precipitation by the GPCC v6
monthly data. CRUNCEPvV7 is an interpolation at a 0.5° resolution of the National Center for
Environmental Prediction National Center for Atmospheric Research (NCEP-NCAR) 6-hourly
reanalysis. The precipitation in CRUNCEPvV7 is bias corrected using the monthly data at 0.5
° from the Climatic Research Unit (CRU TS3.24, Harris et al, 2014). This first evaluation
is performed for the 1960-2000 as it will permit the comparison of the results from the high
resolution floodplains scheme to the simulation performed with the 0.5° floodplains scheme in
Schrapffer et al (2020). It should be noticed that the ancillary data used to define the floodplains
over the Pantanal region differs between the LR and HR version. The main difference concerns
the region at the Northwest of the Pantanal considered as floodplains only in the LR version.

For the second evaluation, the 0.5° resolution atmospheric forcing is the WFDEI_.GPCC forc-
ing data (Weedon et al, 2014) which is already described in Chapter 4 and the 20km at-
mospheric forcing AmSud_GPCC (see more details here: https://gitlab.in2p3.fr/ipsl/Imd/intro/-
regipsl/regipsl/wikis/AmSud), based on the bias-correction of the AmSud simulation by the
GPCC dataset. AmSud_GPCC is based on AmSud, a 30 years simulation performed with the
ReglIPSL regional model which couples the Weather Research and Forecasting (WRF v3.7.1;
Skamarock et al, 2008) and the ORCHIDEE land surface model from 1990 to 2019 and forced
with ERA5 re-analysis data. The configuration of this simulation is presented with more de-
tails in Chapter 4. The AmSud simulation didn’t include any type of floodplains scheme. The
precipitation in AmSud_GPCC is the precipitation from AmSud which has been bias-corrected
by GPCC monthly precipitation adjusting the monthly precipitation total by a multiplicative fac-
tor for each grid point. This is principally to correct the negative biases of precipitation over
the Southern Amazon and Northern La Plata Basin (i.e. the Upper Paraguay River Basin).
This evaluation will be performed over the 1990-2013 period as it is the common period for
both forcings. It must be emphasized that none of these forcings includes the impact of the
floodplains and, thus, includes possibly large biases in the temperature and humidity provided.

The annual cycle of the different variables over the UPRB in the AmSud_GPCC and the WFDEI-
_GPCC forcings are presented in Figure 5.6. Although they have a similar precipitation, Am-
Sud_GPCC has a much higher downward shortwave radiation, a lower near-surface specific
humidity and an higher near-surface temperature. These will results in an higher evaporative
demand in the simulations forced by AmSud_GPCC.

5.3.3 Discharge

The National Hydro-meteorological Network managed by the Brazilian National Water Agency
(Agéncia Nacional de Aguas - ANA) has provided the monthly river discharge observations for


https://gitlab.in2p3.fr/ipsl/lmd/intro/regipsl/regipsl/wikis/AmSud
https://gitlab.in2p3.fr/ipsl/lmd/intro/regipsl/regipsl/wikis/AmSud
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Figure 5.6. Annual cycle of the variables in the atmospheric forcings WFDEI_ GPCC and Am-
Sud_GPCC between 1990 and 2013 over the Upper Paraguay River Basin (UPRB).

the Porto Murtinho station.

This station is considered as the reference outflow for the Pantanal (Schrapffer et al, 2020;
Penatti et al, 2015). Moreover, its large continuous data record allows more freedom to choose
the period of simulation to evaluate the floodplains scheme.

5.3.4 Statistical indexes

Statistical indexes are precious tools to quantify and discuss the performance of a model. For
this reason, different statistical indexes are used in this chapter to evaluate the behaviour of
the simulated discharge at the Porto Murtinho station compared to the observed values. The
statistical indexes used in this chapter are described in the present section, the mathematical
formulations of these indexes use the following nomenclature: N is the total number of time
steps considered, M; represent the model value at the timestep t and O; the observation
corresponding to this time step, O will represent the mean value of the observations over the
interval of timesteps [1, NV].

The Nash-Sutcliffe model efficiency coefficient (NSE) allows to compare the performance of
the model to the mean value of the corresponding observed variable. It can be calculated
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by the equation (5.21). Its values are in the range | — oo, 1] with 1 corresponding to a model
perfectly representing the observed variable. For values of NSE lower than 0, the variable
might be better estimated by the mean value of the observations.

N o2
> =1 (M — 0)?

The Percent Bias (PBIAS) is an indicator allowing to evaluate systematic bias in the model
compared to the observations. Positive values means that the model might be overestimating
the variable while negative values mean the opposite. The equation of the PBIAS index is
represented in the equation (5.22).

(5.21)

N —
PBIAS = 100% 2= (M = O)

S (5.22)
t=

The Root Mean Square Error (RMSE) is a classical index which is used to evaluate the perfor-
mance of the model. The RMSE is a positive number representing the error in the same unit
as the variable evaluated. It can be calculated by the equation (5.23).

N
RMSE = ¢ Zf—l(ﬂgf — O (5.23)

The correlation between the simulated and observed discharge is also presented along with
the information of the significance of this correlation at a 95% level using a two-tails test.

5.3.5 Flooded area

Another important aspect of the floodplains scheme is the representation of the flooded area
that will further impact the surface fluxes and thus the atmosphere. Depending on the period
of the simulations, the flooded area simulated will be assessed by different estimates of the
flooded area over the Pantanal.

The evolution of the flooded area over the 20th century has been estimated by Hamilton et al
(1996) and Hamilton (2002) extrapolating the correlation between river height and the flooded
area established between 1979 and 1987. Padovani (2010) performed a satellite estimate of
the flooded area by applying a Linear Spectral Mixture Model to using MODIS data between
2002 and 2009. Their detection techniques are discussed in more detail in Chapter 2. Apart
from Hamilton (2002) Padovani (2010), the satellite estimate of the flooded area based on
the mNDWI index presented in Chapter 3 is also used to assess the flooded area in the FP
simulations.

The Global Inundation Extent from Multi-Satellites database version 2 (GIEMS-2; Prigent et al,
2020) is a satellite estimate of flooded areas (agricultural irrigation and wetlands) which is
principally constructed using passive microwaves observations but also using visible and near-
infrared reflectance data from optical satellites. GIEMS-2 is a global monthly dataset available
at a 0.25° resolution between 1992 and 2015. As for the GIEMS version 1, the GIEMS-2 is
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largely use to validate the floodplains representation in different models (Zhou et al, 2021c;
Marthews et al, 2021).

Fluet-Chouinard et al (2015) generated a downscaled version at a 15-arcsecond resolution of
the Global Inundation Extent from Multi-Satellites database version 1 (GIEMS-D15). Figure 5.7
shows a high resolution map over the Pantanal of the climatological number of month for which
each pixel is flooded. It has been elaborated considering the period between 1993 and 2004.
This climatological map will serve to complete the comparison of the spatial representation of
the flooded area.

AT Du ,E".,  (months/year)

DRB0E

Figure 5.7. Mean duration in months of the floods over the Pantanal in the monthly GIEMS-
D15 product over the 1993-2004 period (extracted from Fluet-Chouinard et al,
2015).

5.3.6 Water Storage

The evaluation of the discharge and the flooded area will be completed for AmSud_GPCC and
WFDEI_GPCC by the evaluation of the total water storage (TWS) over the region.

This evaluation can be done by comparing the evolution of the water available in ORCHIDEE
over the Pantanal by considering the different reservoirs of the routing scheme (slow, fast,
stream and floodplains) and the soil moisture, to the estimate of the water storage from the
GRACE satellite.

The Gravity Recovery And Climate Experiment (GRACE; Schmidt et al, 2008) satellite mission
is an US-German collaboration launched in March 2002. The GRACE twin satellite aims to
estimate the changes of the mass redistributions near the surface which are related to different
processes by evaluating the changes of the gravity fields (using 2 satellites in motion). The
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use of the GRACE satellite product for hydrology requires a large spatial resolution in order to
reduce the error. In order to reduce the signal to noise ratio, it is recommended to use GRACE
at spatial scale of 90000 km? (Vishwakarma et al, 2021). The extension of the Pantanal is
large enough to be able to use GRACE. GRACE data represents the anomaly of water storage
normalized by the values obtained during the 2004-2010 period. The data from GRACE is
available between 2002 and 2016.

5.4 Resulis

This section will refer to the simulations using their forcing, the version of the routing scheme
used in ORCHIDEE and to the activation or not of the floodplains scheme (FP or NOFP). The
previous routing scheme will be referred to as "low resolution routing scheme” (LR) while the
new version of the routing will be referred to as "high resolution routing scheme” (HR).

5.4.1 Comparison with the previous version
a) Discharge

The pair of simulations forced by CRUNCEPv7 and GSWP3 between 1961 and 2000 using the
previous version of the floodplains scheme (presented in Chapter 2) are compared to a pair of
simulations forced by the same forcings but using the high resolution routing scheme.

Firstly, the discharge at the outflow of the Pantanal must be assessed as it represents the dif-
ferent aspects of the hydrology of the upstream region, i.e. the Pantanal and the Cerrado. In
order to have a global view of the representation of the floodplains in the model, Figure 5.8
shows the Taylor diagram for the full periods (1961-2000) for the different simulations. The
performance of the high resolution simulations without floodplains (HR_NOFP, circles) is de-
graded in comparison to the low resolution simulations without floodplains (LR_NOFP, stars).
The correlation is the most affected as it decreases from around 0.5 to -0.1/0.1. However
the performance of the simulation of the river discharge at Porto Murtinho in the simulations
with the floodplains scheme activated is similar in both low (LR_FP, cross) and high resolution
routing scheme (HR_FP, square). The NOFP simulations were all strongly overestimating the
standard deviation of the discharge (between 50% and 150%) while the FP simulations are
closer to the observations and distributed around the observed value. The LR_FP simulations
have a higher standard deviation than the HR. As the standard deviation is strongly overesti-
mated for GSWP3_LR_FP, the reduced standard deviation in GSWP3_HR_FP is closer to the
observation. However, the standard deviation in CRUNCEPv7_LR_FP is already close to the
observations so the reduction of the standard deviation in CRUNCEPv7_HR_FP leads to an
underestimation of the standard deviation. In conclusion, although the difference between the
simulations are partly influenced by the version of the routing scheme, the uncertainty of the
forcing used is playing an important role in these differences.

This first analysis of the discharge over the full period can be completed by an analysis of
the concentration period and concentration degree of this variable in Figure 5.9. The con-
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Figure 5.8. Normalized Taylor Diagram for the discharge at Porto Murtinho between 1961 and
2000 for the pair of simulation (with -FP- and without -NOFP- floodplains) forced
by the GSWP3 and CRUNCEPVv7 with the previous floodplains scheme (LR) and
the high resolution floodplains scheme (HR).

centration period and concentration degree have already been introduced in Chapter 2. The
Concentration Period and Concentration Degree diagram (Figure 5.9.a) shows similar results
as the Taylor diagram from the Figure 5.8. The observed concentration period is around June
and the concentration degree of the LR_NOFP simulations has a concentration degree which
is closer to the observations (March/April) than the HR_NOFP simulations (February). The
Concentration Period of the FP simulations are in June and, thus, are closer to the observa-
tions. For the concentration degree, the NOFP simulations are all overestimating it with values
around 0.3 while the FP simulations are closer to the observed value which is around 0.15. For
GSWP3, the concentration degree with the floodplains is improved with the HR river routing
scheme compared to the LR river routing scheme.

In order to better understand how the model performs under different conditions, the Fig-
ure 5.9.b-e shows the annual cycle of the discharge in two different periods: 1961-1975 (b
and d) which corresponds to a dry period (Bergier, 2010; Alho and Silva, 2012) and 1980-2000
(c and e) which corresponds to a wet period (Padovani, 2010). The annual cycle of the dis-
charge for the FP simulations is always well correlated with the observations but we observe
some differences between GSWP3 and CRUNCEPv7. Considering only the LR routing, the
result for the FP simulations seems to depend strongly on the forcing. For example, the bet-
ter performance of CRUNCEPv7_LR_FP compared to GSWP3_LR_FP during the dry and wet
period is related to the differences in precipitation between both forcings. This can be related
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Figure 5.9. (a) Cp /Cd diagram for the discharge at Porto Murtinho between 1961 and 2000
for the pair of simulation (with and without floodplains) forced by the GSWP3 and
CRUNCEPv7 with the previous floodplains scheme (LR) and the high resolution
floodplains scheme (HR). Annual cycle for the discharge at Porto Murtinho for the
simulations forced by GSWP3 (b and ¢) and CRUNCEPv7 (d and e) for the dry
period from 1961 to 1975 (b and d) and for the wet period from 1980 to 2000 (c
and e).

to the fact that CRUNCEPV7 has a lower precipitation than GSWP3 (cf. lower mean discharge
for all the simulations during the dry and the wet period). Considering the differences be-
tween the LR and HR simulations, the results for the FP simulations depends on the forcing
and on the period. For example during the dry period, the annual cycle of the discharge is
similar between the HR_FP and LR_FP simulations forced by GSWP3 while, in the simulation
forced by CRUNCEPvV7, the HR_FP simulation overestimates the discharge compared to the
LR simulation. During the wet period the opposite happen, the floodplains simulations forced
by CRUNCEPV7 are similar while the GSWP3_LR_FP overestimates the discharge compared
to GSWP3_HR_FP.

To complement the analysis of the discharge, some statistical indexes have been calculated
and are presented in Table 5.2. The NSE and the correlation are higher in the FP simulation
compared to the NOFP for all simulations except for the NSE index in the CRUNCEPv7_HR
simulations. The PBIAS and the RMSE are lower in FP compared to the NOFP in all pair of
simulations. The decrease of the PBIAS leads in all cases to values closer to 0, thus the bias of
the discharge compared to the observations is reduced due to the floodplains scheme. For the
CRUNCEPvV7_HR simulations, the decrease of the NSE between NOFP and FP can be related
to the strong overestimation of the discharge in FP during the dry period (cf. Figure 5.9).

As seen previously, representation of the discharge is degraded in the HR_NOFP simulations
compared to the LR_INOFP simulations. It seems to be principally due to an increased delay
between the annual cycle of the simulated and observed discharge which affects the correla-
tion, PBIAS and NSE indexes. The peak in the annual cycle of HR_NOFP is sooner than in
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Forcing NSE PBIAS RMSE | Corr %
CRUNCEPvV7 LR.NOFP | 0.22 16.84 334.93 0.51*
CRUNCEPV7_LR_FP 0.42 -8.32 175.13 0.75*
GSWP3_LR_NOFP 0.11 71.26 622.90 0.41*
GSWP3_LR_FP 0.45 40.15  266.72 0.82*
CRUNCEPv7 HR.NOFP | -0.32 5279  533.33 -0.05
CRUNCEPv7 HR_FP -0.72 2.53 199.52 | 0.59*
GSWP3_HR_NOFP -0.15 5294  578.09 0.07*
GSWP3_HR_FP 0.39 7.61 174.66 0.74*

Table 5.2. Comparison of the simulation between the high resolution floodplains scheme and
the previous version of the floodplains scheme using statistical index (NSE, PBIAS,
RMSE, Corr). The asterisk is used next to the value of the correlation if the confi-
dence of the correlation is higher than 99%.

LR_NOFP Moreover, the correlation between the discharge in the HR_.NOFP simulations and
the observations is not even significant. It is difficult to evaluate if the HR_FP or LR_FP simula-
tions have a better representation of the discharge because the conclusion would depend on
the index considered and the atmospheric forcing used to force the simulation. For example,
although LR_FP have higher NSE, HR_FP have a PBIAS value closer to 0. LR_FP has a lower
RMSE for CRUNCEPvV7 while HR_FP has a lower RMSE for GSWP3.

b) Flooded Area

Once the discharge has been assessed, another important aspect of the simulation of the
floodplains is the representation of the flooded area. Over this specific period, the simulated
flooded area can be compared to the Hamilton (2002) satellite estimate. The temporal evolution
of the flooded area over the Pantanal is assessed in Figure 5.10. The flooded area in the HR
simulations is higher than the LR simulations. Nevertheless it doesn’t seem to change between
the wet and dry period in the HR simulations while it slightly increases in the LR simulations
during the wet period (Fig. 5.10.b) compared to the dry period (Fig 5.10.a). The flooded area
regime in all simulations corresponds to the value of the flooded area during the dry period
(between 10 and 20 10° km?) and doesn’t reach the higher flooded area during the wet period
(80-70 10 km?).

It is also important to assess the spatial representation of the floodplains. As there aren’t
any gridded dataset available for the whole period, this aspect is assessed by comparing the
different simulations with regards to the knowledge of the flood frequency over the region.
Figure 5.11 shows the flooded area for each forcing for the dry and wet period as well as
the anomaly for the dry season (SON) and the flood season (MAM). The change of the mean
flooded area between the dry and the wet period seems to be more important in the LR simula-
tions and principally in the south of the Pantanal over the main Paraguay river. On the contrary,
the difference between the dry season and the flood season is marked in every simulation
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Figure 5.10. Annual cycle of the flooded area over the Pantanal for the different FP simula-
tions (GSWP_HR, GSWP_LR, CRUNCEPv7_HR and CRUNCEPv7_LR) and the
flooded area estimated by Hamilton (2002) for the dry period from 1961 to 1975
(a) and for the wet period from 1980 to 2000 (b).

although it seems to principally affect the South of the Pantanal in the LR simulation while it
affects a much larger area in the HR simulations.

The main difference between the HR and the LR simulations is that the pattern of flooded area
is more diffuse in the HR simulations while it remains over the main Paraguay river in the LR
simulation. This difference is more important in the Central North Pantanal, this is related to the
improved description of the river network and to the possibility of overflow in the high resolution
floodplains scheme.

5.4.2 Assessment of the floodplains at different resolutions
a) Discharge

In this subsection, the main objective is to assess the floodplains scheme using two atmo-
spheric forcings with different resolutions. The simulations are forced by AmSud_GPCC and
WFDEI_GPCC. Both of these forcings have a similar precipitation climatology as <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>