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Extended Abstract

Human impacts and natural changes have had devastating impacts on the climate and environmental resources of the earth. The Earth's resources are finite and while the total amount of matter is conserved, the elements that constitute matter change form and redistribute themselves through the earth in biogeochemical cycles. These biogeochemical cycles are interconnected and any alteration to a natural resource delays its readmission into the natural biogeochemical cycles with dire consequences for the planet. It is therefore of primary importance to constantly monitor these cycles in order to keep track of changes over time.

Since most of these changes happen at different time scales and spatial scales as well, different approaches are needed to study them. It is important to test new theories for their correctness and predictive value in order to explain impacts and changes of biogeochemical fluxes. The contribution of discharge, sediment and organic carbon from inland waters to the world oceans is an important component of the global biogeochemical cycles and a robust, physically based approach to quantify these fluxes should be employed.

The focus of this thesis is on lateral contributions of flow, sediment, and particulate and dissolved (POC & DOC) organic carbon from the Congo River Basin (CRB) to the Atlantic and the role of the "Cuvette Centrale" in stemming these flows. To be able to do this, the yields of these substances have to be modeled given the size and natural complexities of the CRB, which is further aggravated with the lack of monitoring data. Modeling is gaining increasing relevance due to the aforementioned reasons and because it can be carried out at different scales from field to global. However, as with most modeling studies of this type, It will require extensive field verification at regional level.

This thesis contributes to a better understanding of the biogeochemical functioning of the CRB as a whole and specifically to the role of the "Cuvette Centrale" as a source or sink of flows, sediments and organic carbon. It intends to provide answers to the questions on the role of the "Cuvette Centrale" in the dynamics of flow, as well as sediment and organic carbon in the CRB.

After a general introduction in chapter one, the thesis begins in chapter 2 with a description of the basin general physical characteristics. The principal sub-basins are described based on their geology, hydrogeology, climate, discharge, land use and soils. The SWAT hydrological model is the main tool used in this study. The SWAT model is a semi-distributed physically based model with wide applicability in different watersheds. The inputs used to drive the model are freely available and are described in detail. The SWAT model comprises of different components including hydrology and sediment. These components are described in detail as they are used to simulate the hydrology and sediments in chapters 4 and 5 respectively. In order to simulate tropical vegetation, the crop module was modified. Likewise, the soil erodibility KUSLE of the different sub-basins was also estimated using the Kuery 1.4 model.

In chapter 3, the modelling approach was assessed by first comparing the uncalibrated model to the calibrated model. The need for more data for the calibration of appropriate parameters that relate to groundwater is needed to improve the model. This result vindicated the upstreamdownstream approach used for the calibration. Furthermore, the monthly-calibrated model val- for a majority of the hydrological year. In the case of the sediments, the amount of runoff as well as land use have controls over sediment across the basin. In the Cuvette Centrale, evergreen forests dominate helping to slow down the effects of erosion. On the other hand, surface runoff is directly linked to precipitation, which falls heavily in the Cuvette Centrale. This ensures that although sediment is produced locally, the effects of low slopes and low velocities ensure that most of the sediment is retained in the Cuvette. The seasonal dynamics reveal that the months corresponding to the peak floods in the basin produce the most sediment while the upper Congo contributes 85% of sediment and contaminants which are processed or trapped in the Cuvette Centrale.

idated
In conclusion, an understanding of the functioning of the CRB and the Cuvette Centrale show that while precipitation is a principal source of Cuvette Centrale waters, the major sources of sediment and particulate loads is from upstream runoff. The Cuvette Centrale traps a majority of the particulate loads suggesting that the output to the ocean is mostly from sources downstream of the Cuvette Centrale. DOC on the other hand is produced within the Cuvette Centrale.

Further studies will need a sustained sampling program to validate the results of this thesis to properly characterize the sources of OM in the basin. With the outputs generated from the SWAT model used in this study, the DOC and POC concentrations at any point in the basin can be predicted and so provides a first look at the organic matter dynamics in this basin. The SWAT model used in this thesis is in its classical form, and so improvements of the model to take into account the parameters of the ungauged regions will achieve results that are more precise. This further helps in making hypotheses that can lead to important discoveries.

Section I: General Introduction

This section introduces the context in which the study is undertaken as well as setting the principal objectives of the study.

Chapter 1: Scientific context and objectives The basic idea of a system is that of a set of interacting units with relationships among them (Bertalanffy, 1968). In the context of real concrete systems, these interactions usually result in the exchanges of energy and matter. The earth operates as a complex, adaptive system driven by the interactions between energy, matter, and organisms and needs studying in order to understand the processes occurring in it [START_REF] Steffen | The emergence and evolution of Earth System Science[END_REF]. Furthermore, the component parts of the earth operate on time scales from nano-seconds to millions of years and at spatial scales from sub-plot size to millions of square kilometers. To understand these processes, components are studied in a multidisciplinary manner in order to link together our understanding of the Earth. This is more important when we consider that the Earth is composed of different cycles, which merit study on their own due to the size and complexity of the individual units.

A sequence of events that occur repeatedly is generally referred to as a cycle. It involves Earth materials that are domiciled in particular environments and are exchanged or move as fluxes in different forms. These fluxes are the rate at which material moves from one reservoir or sink to the other along various pathways. These reservoirs are the atmosphere, the soil and sub-surface layers, and water bodies. For example, the water vapour in the atmosphere condenses and falls as rain facilitating weathering of rocks while water evaporates into the atmosphere from water bodies. Changes in one reservoir have an unavoidable impact on another, although some might be glaring and others imperceptible. Some occur within human time frame and perspective while others, like geological processes, occur at extremely slow rates. Each reservoir in the earth system performs its own cycling. For example, the rock cycle occurs in the lithosphere where erosion, transport, burial and sedimentation are the various processes. The carbon cycle is particularly important because carbon is the building block of life. After water vapour, carbon dioxide is the most important of the greenhouse gases and unlike water vapour, humans can control the amounts of carbon dioxide in the atmosphere.

Biological life occupies the space within the critical zone. [START_REF] Brantley | Crossing Disciplines and Scales to Understand the Critical Zone[END_REF] defined this zone as "the fragile skin of the planet defined from the outer extent of vegetation down to the lower limits of groundwater". This zone is important because of the interactions between life and the various biogeochemical and physical cycles that support it. For example, Subsurface geology in the critical zone affects hydrologic properties like discharge and water available for both fauna and flora [START_REF] Richardson | Critical Zone BT -Encyclopedia of Geochemistry: A Comprehensive Reference Source on the Chemistry of the Earth[END_REF]. Critical Zone science also focuses on nutrient cycling (e.g [START_REF] Graba | On modeling chronic detachment of periphyton in artificial rough, open channel flow[END_REF]Boithias et al., 2014;[START_REF] Epelde | Different modelling approaches to evaluate nitrogen transport and turnover at the watershed scale[END_REF]Cakir et al., 2020), the movement of elements [START_REF] Gaillardet | Modelling of trace metal transfer in a large river under different hydrological conditions (the Garonne River in southwest France)[END_REF], and quantifying erosion rates and carbon fluxes (Cias et al., 2008;Ouerng et al., 2011;[START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. In addition, hydrological studies are conducted to study human effects on water budget [START_REF] Martin | On the Use of Hydrological Models and Satellite Data to Study the Water Budget of River Basins Affected by Human Activities: Examples from the Garonne Basin of France[END_REF][START_REF] Volk | SWAT: agricultural water and non-point source pollution management at a watershed scale[END_REF][START_REF] Cakir | Hydrological Alteration Index as an Indicator of the Calibration Complexity of Water Quantity and Quality Modeling in the Context of Global Change[END_REF], and various ecological services rendered by individual units of the critical zone (Sànchez-Pérez et al., 2009, 2015;[START_REF] Sauvage | Contribution of riverbed interfaces to running water quality by coupling modeling and in situ measurements[END_REF]Sauvage et al., , 2018;;Sun et al., 2018;[START_REF] Cakir | Continental surface waters from satellite altimetry, internal geophysics (space physics)[END_REF].

The flux of materials through the critical zone is responsible for phenomena experienced today. Some of these phenomena are natural while others are human induced. The use of various scientific tools enable us to study these phenomena, their origins, modes of formation, their characteristics, and their peculiarities. Questions that scientists are trying to answer include but not limited to defining the limits of the CZ, describing the architecture of the CZ compartments, and identifying the residence time of different earth materials in these compartments [START_REF] Gaillardet | OZCAR: The French Network of Critical Zone Observatories[END_REF] (Fig. 1.1). The ultimate aim will be to aid us in understanding past processes while having the ability to predict future effects of climate and land-use. 

The Global Hydrologic Cycle

Description

Water is a unique substance. Apart from the fact that it is a universal solvent, it has the ability to circulate naturally changing from one phase to another. The hydrologic cycle begins with the evaporation of water from the surface of the ocean. As moist air is lifted, it cools resulting in water vapor, which condenses to form clouds. This Moisture is then transported around the globe until it returns to the surface as precipitation. Once the water reaches the ground, it may either evaporate back into the atmosphere or the water may penetrate the surface and become groundwater. Groundwater either seeps its way back into the oceans, rivers, and streams, or is released back into the atmosphere through plants in the process called transpiration. The balance of water that remains on the earth's surface is runoff, which empties into lakes, rivers and streams and is carried back to the oceans, where the cycle begins again. [START_REF] Koutsoyiannis | Revisiting the global hydrological cycle: is it intensifying?[END_REF].

Fig. 1.2. Quantification of water balance from

Water supply depends on several factors in the water cycle, including the rates of rainfall, evaporation, the use of water by plants (transpiration), and river and groundwater flows [START_REF] Oki | Global Hydrological Cycles and World Water Resources[END_REF]. While estimates of global water balance are variable, they have continued to be better constrained with the availability of new technology, methods and datasets. [START_REF] Koutsoyiannis | Revisiting the global hydrological cycle: is it intensifying?[END_REF] using globally available datasets estimated evapotranspiration from the land surface at 91,400 km 3 yr -1 and precipitation over land at 123,300 km 3 yr -1 , a difference of about 32,000 km 3 yr -1 or 75% of precipitation (Fig. 1.2). He showed that groundwater was the most depleted of the water balance components with 300 km 3 yr -1 extracted while about 500 km 3 yr -1 is discharged to the oceans. Ice loss seemed to balance the groundwater at 300 km 3 yr -1 while surface runoff of 32 000 km 3 yr -1 was annually discharged to the oceans. Advection from the oceans to the land of 31 900 km 3 yr -1 closed up the balance (Fig. The world's available freshwater supply is not distributed evenly around the globe, throughout the seasons, or from year to year. About three-quarters of annual rainfall occurs in areas containing less than one-third of the world's population, whereas two-thirds of the world's population live in the areas receiving only one-quarter of the world's annual rainfall.

For instance, about 20% of the global average runoff each year is accounted for by the Amazon basin, a vast region with fewer than 10 million people. Similarly, the Congo River and its tributaries account for about 30% of the entire African continent's annual runoff, but the basin contains only 10% of Africa's population. Throughout much of the developing world, freshwater supply comes in the form of seasonal rains, such as the monsoons in Asia. Such rains often run off too quickly for efficient use. India, for instance, gets 90% of its rainfall during the summer monsoon season -at other times rainfall over much of the country is very low. Because of the seasonal nature of the water supply (without storage), many developing countries can use no more than 20% of their potentially available freshwater resources. Water supplies can also vary from year to year, depending on variations in the weather. For example, monsoons may fail in some years. Also natural phenomena such as the El Niño southern oscillation can lead to significant differences in rainfall in the southern Pacific Ocean, affecting south-east Asia and south and Central America [START_REF] Xu | Correlation between El Niño-Southern Oscillation (ENSO) and precipitation in South-east Asia and the Pacific region[END_REF]. In addition, in developing countries, access to adequate water supplies is most affected by the exhaustion of traditional sources, such as wells and seasonal rivers. Access may be worsened by cyclical shortages in times of drought, inefficient irrigation practices, lack of resources to invest to meet demand and to increase the efficiency of irrigation system. The international water management institute estimates that 26 countries, including 11 in Africa, can be described as water scarce, and that over 230 million people are affected. In a review of standard hydrological references, [START_REF] Kotwicki | Water Balance of Earth[END_REF], gives a summary of fresh water resources in the Earth (Table 1.1).

Biological water (the water stored in all living organisms, plants, animals) and an active link in the hydrologic cycle occupies the most space. The plants are active players in conducting water from the soil to the atmosphere through transpiration. The compilation also shows the relatively small volume in river channels. This water is renewable and used the most by humans even despite the fact that Groundwater stores the most water, but it is not as easily accesible. The impacts of climate change on hydrology are in varying degrees and are going on at rates that are imperceptible or glaring as the case may be. These impacts have been studied and projections made on the changes associated with climate variables. Some of these changes include the increasing or decreasing length of dry and wet seasons, extensive droughts, and extreme temperatures and precipitation (Flint & Torregrosa, 2020). The hydrological responses to climate change can be observed on fauna and flora as well as other biotic components of the ecosystem.

Hydrological modelling of catchment water supply can shed light on the changes in hydrological cycle components like evapotranspiration, base flow, and runoff coefficients as well as impacts on the landscape. The impacts of these changes are different all across the globe. In the Chalk streams in England, the nutrient-rich base flows are in a poor state with the inter-annual variation in streamflow mitigating extreme events, and even this variation is under threat [START_REF] Visser | The impact of climate change on hydroecological response in chalk streams[END_REF]. In the Tonle Sap lake basin, climate change is threatening to affect the flow of that diverse ecosystem [START_REF] Oeurng | Assessing Climate Change Impacts on River Flows in the Tonle Sap Lake Basin, Cambodia[END_REF]. In the Ubangi basin, there is evidence of reduced runoff as a consequence of hydrological anomalies (Nguimalet and Orange, 2019);

while Ayzel and Ishitskiy, (2019) showed that freshwater inflow into the small Aral Sea may be disrupted with changes in water balance due to aggressive climate scenarios.

In addition, it has been suggested that scientists should consider that multiple processes could be at work -notably the biotic and social factors that affect water availability and temporality and could give misleading interpretations about climate change effects on hydrology [START_REF] Jones | Hydrologic responses to climate change: Considering geographic context and alternative hypotheses[END_REF]. Loose sediments are the result of weathering of various rock types and they accumulate by various depositional processes forming various landforms. The landforms resulting from fluvial and gravity induced depositional processes are alluvial, lacustrine, marine and colluvial landforms. In addition, bogs and fens are landforms modified by residual organic matter while weathered bedrock results from in situ weathering. 1.3.2. Soil Erosion and Sediment Transport Soil erosion involves the chemical alteration and removal of near-surface materials from hillslopes. Erosion speeds up the weathering process as un-evacuated weathered debris will slow the process; therefore, the rate of weathering depends on the speed in which debris is evacuated by erosion [START_REF] Van Beek | Hillslope Processes : Mass Wasting, Slope Stability and Erosion: The role of man in triggering slope processes is considerable[END_REF].

The

It occurs in three-stages (Fig. 1.4):

(i) Detachment of material: Raindrops are widely regarded as the most significant detachment agent of soils. Detachment depends on the Erosivity of the soil defined as a measure of the potential ability of soil, regolith, or other weathered material to be eroded by rain, wind, or surface runoff [START_REF] Zorn | Erosivity[END_REF]. The detachment of soil particles is a failure of the soil losing its compressibility and shear under the impact of raindrops when the shear strength of soil is at its weakest due to saturation [START_REF] Morgan | Soil Erosion and Conservation[END_REF].

(ii) Its transport by water:

In suspension: suspended sediments are transported in the flowing body of the water where they are supported by turbulent eddies in the flow. The finest materials (clays) may be evenly distributed through the water column, whereas coarser materials may be concentrated near the bed. Concentration of suspended load in streams during floods depends on the geology, on the vegetation cover of the watershed, and on the intensity of precipitations [START_REF] Bravard | Geomorphology of Streams and Rivers[END_REF]. The dominant form of transport of trace elements per liter of river water depends on both the mobility of the element in the weathering transport process, and on the amount of solids transported annually by the river. This is demonstrated by the contrast between the Solimoes and Negros rivers (of the Amazon basin) which have high and low concentration of suspended sediments and their loads are transported majorly in solid and dissolved forms respectively [START_REF] Viers | Chemical composition of suspended sediments in World Rivers: New insights from a new database[END_REF].

Bed load: Material is moved along the streambed by traction or saltation. It is generally considered that bedload is about 10% of the total sediment load; it may be much higher in mountain streams and watersheds with hard rock. Deposition can also be caused by particle precipitation and flocculation. Both of these processes are active only in water.

Global Distribution of Suspended Sediments

Suspended sediments originate from different sources, with the relative contribution from each source varying over time and space because of different erosional processes (Haddachi et al., 2014). Sediment fluxes are important and merit study because drastic changes to these fluxes is usually an indication of human impacts on the natural system [START_REF] Ludwig | River sediment discharge to the oceans: Present-day controls and global budgets[END_REF]Walling, 2009).The ever increasing demographic pressure, man-made channels and diversion of natural river flows have resulted in inappropriate drainage that leads to accelerated soil entrainment [START_REF] Patil | USLE-GIS-Based Soil Erosion Assessment: An Overview BT -Spatial Techniques for Soil Erosion Estimation: Remote Sensing and GIS Approach[END_REF]). In addition, the effects of climate change that is altering the dynamics of precipitation and temperature on different spatio-temporal scales impacts on land use and the availability of water (Bates et al., 2008).

It is important to know the amount of sediment that is transported to the oceans because it gives an indication of the rate of on-going erosion in the basin. Another important reason is that it informs decisions towards proper management of water resources. For example, in the design of reservoirs, the amount of sediments that may be trapped must be taken into account in order to ensure stability of the structure. For instance, in a 2020 study, the Red River was estimated to retain up to 90% of sediments [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. Furthermore, Sediments bring their own nutrients, pollutants, and contaminants like metals, pesticides and salts (Sauvage et al., 2018) as such; ecosystem health is threatened by an alteration of the nutrient balance of downstream communities due to over-sedimentation. Other important reasons for studying sediment fluxes include monitoring wetland loss, fishery resources, turbidity, circulation changes, etc. Benefits associated with sedimentation including the building of new substrates for wetland development [START_REF] Huber | Oceans at Risk[END_REF].

Sediment yield varies across the different continents of the world. Earliest estimates of yields put Asia as the continent that produces the most sediment (590 t km -2 ); followed by North America, (94 t km -2 ); south America, (61 t km -2 ); Australia, (44 t km -2 ); Europe, (34 t km -2 ); and Africa, with the least (27 t km -2 ) [START_REF] Holeman | The sediment yield of major rivers of the world Water Resources Research[END_REF]). These estimates have been refined over time with spatio-temporal adjustments made, and the application of more refined methods of analysis and estimation with the aid of sophisticated tools and datasets [START_REF] Milliman | World-wide delivery of river sediment to the oceans[END_REF][START_REF] Milliman | River discharge to the Sea : A Global River Index (GLORI)[END_REF]FAO, 2008;Walling, 2009;[START_REF] Milliman | River Discharge to the Coastal Ocean: A Global Synthesis[END_REF]. Nonetheless, the patterns of sediment yield remain the same with Asian regions having the most sediment, and African regions one of the least [START_REF] Beusen | Estimation of Global River Transport of Sediments and Associated Particulate C, N, and P[END_REF] (Fig 1 .5, Table 1.2).

Fig. 1.5.

Annual average sediment yields across the globe [START_REF] Beusen | Estimation of Global River Transport of Sediments and Associated Particulate C, N, and P[END_REF].

The combined impact of topography and anthropogenic activity like agriculture and deforestation as well as their location in tectonically active regions aid in soil erosion [START_REF] Yang | Temporal variation in the sediment load of the Yangtze River and the influences of the human activities[END_REF][START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. In South America, more than 80% of suspended sediment exported to the ocean from the Amazon comes from the Andes [START_REF] Gibbs | The geochemistry of the Amazon River system. The factors that control the salinity, composition and concentration of the suspended solids[END_REF]Holman, 1968;[START_REF] Santini | Sediment Budget in the Ucayali River Basin, an Andean Tributary of the Amazon River[END_REF]). Other large South American rivers like the Orinoco and Parana contribute moderate loads to the ocean. In north America, rivers discharging into the Gulf of Mexico and the western united states (eg. Mississippi and Colorado) carry the heaviest loads while the alpine regions of Europe carry relatively less loads than other continents [START_REF] Milliman | World-wide delivery of river sediment to the oceans[END_REF]. Niger drain a combined area of approximately 5.5 million km 2 but have a relatively small sediment load. This is part, in due to their relatively low slopes and in the case of the Congo, the presence of large wetland areas that trap a lot of the sediment that will otherwise be exported to the ocean. Several authors have made estimates of the suspended sediment loads of the Congo and its tributaries of between 4 to 10 t km 2 yr -1 (Laraque et al., 2009;Lineo et al., 2005;Moukolo et al., 1993). There is not much known about the sediment transported by African rivers this is because of the progressive loss of hydrographic stations that were opened in the colonial period. The Chari basin has one of the lowest annual sediment yields in Africa (0. rocks has one of the highest (up to 4000 t km -2 yr -1 ) [START_REF] Walling | The sediment yields of African rivers[END_REF][START_REF] Vanmaercke | Sediment yield in Africa[END_REF].

The properties of rocks also are an indication of their resistance to erosion with softer rocks being more easily eroded. With rock hardness increasing with age, quaternary rocks tend to be the least eroded, more so as they are situated in low-lying alluvial plains (Dedkov & Moszherin, 1984;Warrick & Mertes, 2000). More recently, [START_REF] Vanmaercke | Sediment yield in Africa[END_REF] analysed the factors that control sediment yields in African basins. They found a strong variability of topography, climate and land cover but surprisingly a strong correlation with seismicity. This may be due to weakening of surface lithologies or tectonic changes that affect river morphology and landslides. The impacts of dams on sediment yield is also substantial as estimates have reported about 20 billion tons of sediment discharged to the oceans before mass dam constructions in the last part of the 20th century [START_REF] Milliman | Geomorphic/Tectonic Control of Sediment Discharge to the Ocean: The Importance of Small Mountainous Rivers[END_REF]. It is difficult though to establish the effects of dams however, this is because sediments are deposited and stored during downstream transfer through the river system anyway [START_REF] Walling | The Use of Radiochemical Measurements to Investigate Soil Erosion and Sedimentation[END_REF].

The Carbon Cycle

Description

The carbon cycle is a broad term that describes the flow, storage, and transformation of carbon compounds on Earth [START_REF] Cavallaro | Second State of the Carbon Cycle Report[END_REF]. Carbon is important because of its regulatory role in the earth's climate including rainfall, temperature, and sea levels. Carbon is stored in reservoirs, which include the atmosphere and biosphere. The land biosphere holds much more carbon than the ocean biosphere because carbon is stored in forests as well as the remains of organisms in soils. The carbon stored in the oceans are mostly inorganic with only a change in Ph. able to convert from one inorganic form to the other [START_REF] Archer | The Global Carbon Cycle[END_REF]. Most of the earth's carbon is stored in sedimentary rocks. Along with carbon stored in the oceans, atmosphere, and in living beings, these are the sinks or reservoirs through which carbon cycles (Fig. 1.6). 

Organic Carbon in Inland Waters

Organic compounds that are water-soluble and pass through a 0.45-0.5 μm filter are referred to as dissolved organic matter (DOM) or dissolved organic carbon (DOC), while compounds that are insoluble are referred to as particulate organic matter (POM) or particulate organic carbon (POC). Bulk, total organic carbon (TOC = DOC + POC) refers to measurements of the total pool of organic carbon. Terrestrial carbon exports have increased over the last decade mainly due to the refining of estimates of stored, outgassed, and exported carbon [START_REF] Drake | Terrestrial carbon inputs to inland waters: A current synthesis of estimates and uncertainty[END_REF]. This is because the estimates of efflux from methane (CH4) and carbon dioxide (CO2) from inland waters have increased. Terrestrial carbon from inland waters consists of POC & DOC, as well as inorganic particulate and dissolved carbon (PIC & DIC).

DOC in surface waters is influenced by natural and anthropogenic allochthonous sources in the catchment and by autochthonous production and degradation processes [START_REF] Sachse | Classification of dissolved organic carbon (DOC) in river systems: Influence of catchment characteristics and autochthonous processes[END_REF].

Inland waters like lakes, rivers, and wetlands play a prominent role in the processing of organic carbon. Allochthonous OC from upland and autochthonous loads from primary production can be either buried in sediments, mineralized in the water body or exported [START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF][START_REF] Tranvik | Lakes and reservoirs as regulators of carbon cycling and climate[END_REF].

DOC is transported to inland waters through runoff, canopy throughfall, interflow through adjacent soils and groundwater, its quality majorly determined by its residence time and biochemical transformation during transport [START_REF] Drake | Terrestrial carbon inputs to inland waters: A current synthesis of estimates and uncertainty[END_REF]. Suspended matter is composed of particulate minerals and POC. This POC consists of detrital material that has been broken down by physical and biological processes and can be transformed to DOC with burial.

Point and non-point sources also contribute substantially to the organic carbon loads in inland waters. Point source inputs have led to as much as 60 percent increase in DOC concentrations [START_REF] Yadav | Contribution of point sources and non-point sources to nutrient and carbon loads and their influence on the trophic status of the Ganga River at Varanasi, India[END_REF]. These point sources are usually from wastewater treatment plants or storm water systems. Atmospheric deposition is the major pathway for removal of organic carbon from the atmosphere. This process is mainly through precipitation and the settling of particles on the surface (Iavorivska et al., 2016). Therefore, in addition to terrestrial inputs, inland waters receive organic carbon directly from the atmosphere.

Variability of Organic Carbon Fluxes

The impacts of climate change and anthropogenic disturbances can have a profound impact on Carbon fluxes, and their sources and transport. Due to the constant change in land use and climate, C flux estimates will always be dynamic. A mechanistic approach is therefore necessary for estimating these fluxes [START_REF] Vachon | Integrating carbon emission, accumulation and transport in inland waters to understand their role in the global carbon cycle[END_REF]. [START_REF] Vachon | Integrating carbon emission, accumulation and transport in inland waters to understand their role in the global carbon cycle[END_REF] went further to state that; "the role of any stream, river, reservoir or lake in the land C cycle is determined by the degree to which transiting C is locally emitted, accumulated in sediments or transported downstream". The sum of allochthonously derived DOC and POC from ground and surface waters, litterfall, atmospheric deposition, and authochtonously produced OC are all inputs into inland water [START_REF] Kawasaki | Bacterial release of dissolved organic matter during cell growth and decline: molecular origin and composition[END_REF] [START_REF] Kawasaki | Bacterial release of dissolved organic matter during cell growth and decline: molecular origin and composition[END_REF] and [START_REF] Mccullough | Dynamic modeling of organic carbon fates in lake ecosystems[END_REF]. Inputs include both allochtonous and authoctonously derived organic carbon. Some POC is leached to DOC; DOC is respired to CO2 and exported. Similarly, POC sequesters Carbon and is exported via outflow. The change in OC (ΔC) can be represented as: ΔC = inflows -respiration -burial-outflows.

Several mechanisms have been proposed for the variation in fluxes of organic carbon.

These include the impact of atmospheric chemical deposition [START_REF] Evans | Alternative explanations for rising dissolved organic carbon export from organic soils[END_REF][START_REF] Monteith | Dissolved organic carbon trends resulting from changes in atmospheric deposition chemistry[END_REF] and the combustion of fossil fuels which has increased. Other impacts are the increasing temperature (Freeman et al., 2001) and the changing patterns of hydrology that can affect DOC and POC concentrations (Nguimalet and Orange, 2019;Laraque et al., 2001;Moukandi N'kaya et al., 2020). These mechanisms have an influence over the storage and export of OC as the burial of POC is the primary means by which C is sequestered.

Furthermore, inland waters may depend on the balance between respiration and burial from allochthonous and autochthonous inputs in order to serve as a source or sink for Carbon [START_REF] Mccullough | Dynamic modeling of organic carbon fates in lake ecosystems[END_REF]. and 170 Mt of POC) [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF] and 400 Mt C [START_REF] Meybeck | C N P transport by world rivers[END_REF]. Within the last 20 years, tremendous progress has been made in constraining these fluxes. [START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF] quantified the role of inland waters in the global Carbon budget suggesting that they receive at least 1900 Mt C y -1 from land; return 40% of this C to the atmosphere as CO2; bury 12% in sediments; and transport the remaining 48% ( 900 Mt) to the ocean. Building on their estimates, other workers using different methods estimated 430 Mt C, [START_REF] Schlünz | Transport of Terrestrial Organic Carbon to the Oceans by Rivers: Re-Estimating Flux-and Burial Rates[END_REF]; 360 Mt C [START_REF] Aitkenhead | Soil C: N ratio as a predictor of annual riverine DOC flux at local and global scales[END_REF], and 480 Mt C annually exported to the oceans.

Fluvial exports of organic carbon are very important components of the global terrestrial C budgets. The importance of soils as sinks that sequester Carbon, thereby performing an essential regulatory service, is being increasingly recognized (IPCC, 2006). C is exported by rivers in various forms; either as organic pools or inorganic pools in their particulate and dissolved forms. As stated in the previous section, climate change and anthropogenic influences have an effect on the amounts and patterns of organic C export in the Worlds Rivers. Relevant environmental factors amongst others include precipitation and land use/land cover characteristics, and the presence of lakes and wetlands that serve as trapping mechanisms [START_REF] Schlesinger | Transport of organic carbon in the world's rivers[END_REF]Aufdenkaupe et al., 2011). These factors will have different effects on OC fluxes depending on the peculiar characteristics of individual catchments. In an analysis of 550 catchments worldwide distributed between 65°N and 42°S, [START_REF] Alvarez-Cobelas | A worldwide view of organic carbon export from catchments[END_REF] reported POC export of between 0.4 to 73,979 kg C km -2 yr -1 while DOC export ranged between 1.2 to 56,946 C kg km -2 yr -1 . A statistical analysis showed that there was no correlation between DOC export rates and steepness of topography while there was a strong correlation between DOC export and soil type. In addition, forests showed higher variability in DOC exports than agricultural land while variability of POC flux was higher in cold temperate areas than in the remaining climatic areas. [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF] (Meybeck, 1981;[START_REF] Seitzinger | Sources and delivery of carbon, nitrogen, and phosphorus to the coastal zone: an overview of Global Nutrient Export from Watersheds (NEWS) models and their application Glob[END_REF][START_REF] Huang | Fluvial carbon fluxes in tropical rivers[END_REF]. Anthropogenic pertubations have also been observed to increase the flux of C to inland waters by as much as 1000 Mt C annually [START_REF] Regnier | Anthropogenic perturbation of the carbon fluxes from land to ocean[END_REF] with hot spots noticed particularly in Asia and Central America [START_REF] Seitzinger | Sources and delivery of carbon, nitrogen, and phosphorus to the coastal zone: an overview of Global Nutrient Export from Watersheds (NEWS) models and their application Glob[END_REF].

In Africa, the global fluxes of DOC are relatively low, with seasonal variation indicating terrestrial origin. DOC levels are mostly high during rising stages and revert to base levels when the floods subside [START_REF] Martins | Biogeochemistry of major African rivers; carbon and mineral transport[END_REF]. DOC maximum concentration is in June/July and minimum concentration in March/April, with the POC concentration following this trend too [START_REF] Boukari | Apports En Carbone Et Azote Dans Le Fleuve Niger À Tondibia (Niamey) : Résultats De Deux (2) Ans D'observations[END_REF]. In Africa, the ratio of TSS to TDS are higher for rivers draining the tropical savannah than those draining tropical forests like the Congo basin [START_REF] Martins | Biogeochemistry of major African rivers; carbon and mineral transport[END_REF]Coynel et al., 2005). Generally, DOC and POC fluxes from African rivers are lower than global estimates the exception being DOC fluxes from the Congo basin. Total organic carbon transported by the Congo is reported as 10 Mt of carbon [START_REF] Martins | Biogeochemistry of major African rivers; carbon and mineral transport[END_REF]. Schulz and Schneider (2000) estimated a flux of 30 Mt of carbon from the African continent. Comparing to the estimates from [START_REF] Martins | Biogeochemistry of major African rivers; carbon and mineral transport[END_REF], the Congo basin flux represents about 40% of the African fluxes. Coynel et al. (2005) have reported that OC exported from the Congo is exported as DOC (74% of TOC for the tributaries flowing in savannah regions and 86% for those flowing in the rain forest) with 12.4 Mt yr -1 as DOC and 2 Mt yr -1 POC (Table 1.3). [START_REF] Dai | Spatial Distribution of Riverine DOC Inputs to the Ocean: An Updated Global Synthesis[END_REF] also reported high DOC fluxes of 20 to 40 Mt C yr -1 attributing this value to vegetation inputs and low basin slope. It is also important to note that the Cuvette Centrale of the Congo basin has a great influence over the material that passes through it, therefore in estimating fluxes from the Congo River, a distinction needs to be made between true terrestrial inputs and additions from wetlands. 1.5. Wetlands

Definition and Hydrological Classification

Wetlands make up approximately 6 % of the earth's land surface and are some of the world's most complex and productive ecosystems [START_REF] Reddy | Biogeochemistry of Wetlands: Science and Applications[END_REF]. It has been estimated

that more than 10 million km 2 of wetlands exist globally [START_REF] Finlayson | Using the Climate Forecast System Reanalysis as weather input data for watershed models[END_REF]) (Fig.

1.8).

A precise definition of wetlands is difficult as they are transitional between terrestrial and aquatic systems (Lehner and doll, 2004). The International Union for the Conservation of Nature (IUCN) defined Wetlands as areas consisting of marsh, fen, and peat land or water bodies, whether natural or artificial, permanent or temporary. Those water bodies can be static or flowing, fresh, brackish or salty, including areas of marine water bodies with a depth up to six meters during low tide.

Wetlands are found where the water is at a level close to the surface of the land. The characteristics that distinguish these locations are slow surface runoff aided by low slopes, restricted infiltration of water and ground water that discharges near the land surface [START_REF] Winter | The vulnerability of wetlands to climate change: A hydrologic landscape perspective[END_REF]. More specifically, three hydrological features generally categorize wetlands and they are (i) watershed location (ii) groundwater connectivity and (iii) connectivity with downstream channel network (Novitski, 1978;[START_REF] Adamus | A method for wetland functional assessment: Volume I, Critical review and evaluation concepts[END_REF]. The location of the watershed is important because headwater wetlands will have limited input from stream sources that will bring their own nutrients, pollutants and sediments. Groundwater connectivity refers to the hydraulic connectivity of the wetland with groundwater. Fig. 1.9 (a) -(d) illustrates this further.

Surface water depressions have no hydraulic connectivity with groundwater and outlets are not connected to river system directly (a). Groundwater depressions are connected with ground water but not directly to the river (b). The implication is that there is limited input of nutrients and pollutants from groundwater to (a) unlike (b), but in both cases, nutrients, pollutants and sediments are not transferred directly to the river. Slope types ensure hydraulic connectivity with groundwater and river system(c) or no hydraulic connectivity with groundwater system only with the river (d).

Fig. 1.8. Simplified wetlands typology from GLWD-3 (Lehner et al. 2004) and Global Cover L4 2009from Firiedl et al. (2010). (adapted from Martinez-Espinosa et al., 2021, in preparation).

Fig. 1.9. Four major types of wetland based on hydrologic functioning (Novitski, 1978).

Role of Wetlands in the Ecosystem

Wetlands provide a variety of ecosystem services [START_REF] Costanza | The value of the world's ecosystem services and natural capital[END_REF]. These services include but are not limited to sequestering carbon, protecting shorelines, maintaining of water quality and supply, regulating atmospheric gases, and providing cultural, recreational and educational resources (Mitsch & Gosselink, 2000). Furthermore, the hydrologic characteristics of wetlands influence species composition of plant communities, primary productivity, organic deposition and flux, and nutrient cycling (Gooselink and Turner, 1978). [START_REF] Reddy | Biogeochemistry of Wetlands: Science and Applications[END_REF].

Fig. 1.10. Connection between uplands, wetlands and aquatic systems from

Wetlands can serve as a conduit for upstream sediments; nutrients and pollutants, hence the fate of pollutants is determined by the biogeochemistry of both upland and wetland soils.

Likewise, eutrophic wetlands can serve as a source for these contaminants provided they satisfy the hydrologic requirements discussed in section 1.5.1. Wetlands can also transform nutrients and contaminants, for example nitrate to N2 when soil bacteria use nitrate for their respiration instead of oxygen. These transformed compounds can be released as more complex or new ones to downstream ecosystems (Weng et al., 2003;Sun et al., 2018).

Because of the role of wetlands as sinks, sources and transformers (Fig. 1.10), they have an obvious impact on the quality of water and ecosystem health. The biogeochemical processes that occur in wetlands affect the environment at different levels. For example, denitrification affects plant growth on a plot level, water quality on a regional level and greenhouse gas emissions on a global level [START_REF] Reddy | Biogeochemistry of Wetlands: Science and Applications[END_REF]Mitch & Gooselink 2000;[START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]Guilhen et al., 2020). These processes are strongly related to hydrology as biogeochemical processes in the water column are important in wetland ecosystem functioning.

Wetland Degradation

Wetland loss is one of the most serious problems confronting the earth today. It has been estimated that anthropogenic influence has caused a loss of up to 30 million km 2 of wetlands today-a loss of 33% [START_REF] Hu | Global wetlands: Potential distribution, wetland loss, and status[END_REF]. Wetland loss has differed globally, with losses in Asia notably higher than the rest of the world. Europe showed the greatest percentage of wetland loss, 45%, and Asia showed the largest wetland loss by area, about 2.65 million km 2 [START_REF] Hu | Global wetlands: Potential distribution, wetland loss, and status[END_REF]. Regionally, the largest wetland areas are in Asia (31.8%), North America (27.1%) and Latin America and the Caribbean (Neotropics; 15.8%), with smaller areas in Europe (12.5%), Africa (9.9%) and Oceania (2.9%) [START_REF] Davidson | Global extent and distribution of wetlands: Trends and issues[END_REF].

Natural inland wetlands are being lost at faster rates than natural coastal wetlands, although some of these inland wetlands are converted to human made types (Davidson et al., 2014). Since one of the functions of wetlands is to attenuate flows from upland catchments, they are able to filter nutrients, sediments and pollutants before recycling the water again.

Agriculture and urbanization are the two principal human activities that cause wetland loss.

When wetlands are drained, this process is truncated because of their connection to downstream flows. Some of the negative impacts that have been reported include; increased runoff, increased peak flow following rainfall events. Others are, increase in nitrogen and phosphorus load from watershed and increased sediment loading [START_REF] Carpenter | Nonpoint Pollution of Surface Waters with Phosphorus and Nitrogen[END_REF][START_REF] Kirwan | Overestimation of marsh vulnerability to sea level rise[END_REF]Sun et al., 2018).

Runoff-Rainfall Modelling In River Basins

A real world system is naturally very complex and as such understanding, predicting and managing such systems needs to be simplified. A model is, by definition, a simpler representation of the real thing. [START_REF] Silberstein | Hydrological models are so good, do we still need data?[END_REF] put it like this; a mathematical toy mimicking a more complicated system and fine as long as it is not confused with the real thing.

The processes that take place at basin scale are very complex and dynamic changing from time to time and at different spatial resolutions. This results in gaps, which cannot be explained, from available data. In order to understand the dynamics of different components of the hydrologic cycle, a hydrologic model is employed to reproduce the hydrological functioning of the basin.

The rainfall-runoff process is a complex non-linear outcome of various hydrologic parameters, i.e. precipitation intensity, evaporation, geomorphology of catchment, infiltration of water into the soil and depression storage as well as interactions between groundwater and surface water flows and cannot be modeled by simple models (Shiri et al., 2013). The inputs of the model are usually the physical characteristics of the watershed that is being modeled, such as the soil and land use, the stream network geometry, the drainage area of the watershed, the topography and meteorological inputs. The outputs will consist of a time series of stream flow components.

Precipitation (rain, sleet or snow) is the primary driver of hydrological processes on a catchment (Fig. 1.11). However, not every droplet of rain gets to the ground. The plant/vegetation canopy always retains a fraction. The fraction that eventually penetrates the vegetation canopy, the throughfall, contributes to the eventual catchment runoff through surface and sub-surface flows. The soil profile provides information about the depth to bedrock as well as discontinuities in soil characteristics. Discontinuities include, among other things, vertical changes in soil properties and permeability. These soil properties like soil moisture, soil texture and soil depth affect the runoff, infiltration and the capacity to store water respectively.

Fig. 1.11. Hydrological processes on a catchment. Source [START_REF] Tarboton | Simulation of Runoff Generation in Hydrologic Models[END_REF].

Water may flow through the matrix of the soil in a specified time period i.e. rate, through inter-granular pores and small structural voids. Infiltrated water may also flow through larger voids referred to as macropores. Macropores include pipes that are open passageways in the soil caused by decaying roots and burrowing animals [START_REF] Tarboton | Simulation of Runoff Generation in Hydrologic Models[END_REF]. When there is a difference in the permeability of soil layers, Interflow occurs. This is the relatively rapid movement of water below the soil surface toward the stream channel, typically within 72 hours of when water infiltrates the surface. Surface water that does not remain in storage flows overland or infiltrates the soil contributing to interflow or groundwater depending on the conditions of the catchment. Return flow refers to subsurface water that adds to overland flow.

Water is also lost from evaporation from surface storages including natural and artificial ones, from fractions caught by the vegetation canopy (interception), the soil, as well as from transpiration from plants (Fig. 1.11). The capillary fringe zone is the area above the water table with negative water pressure and saturated pores where the hydraulic pressure equals atmospheric pressure [START_REF] Bleam | Chapter 2 -Chemical Hydrology[END_REF]. Here ground water seeps up by capillary action to fill pore spaces. Baseflow comes from water that percolated down into deep groundwater storage and contributes laterally to streamflow. It is this long-term supply of water, which keeps at least some water in the stream even during extended dry periods.

The Modelling Process

To fully understand hydrologic processes, large amounts of detailed quantitative measurements are required at different spatial and temporal scales. In comparison, a hydrological model simulates processes using a limited number of measurements. In order to surmount this limitation, there is the need for a careful formulation of processes to achieve a predetermined aim. Fig. 1.12 summarises the steps in a modeling process. 12. An outline of steps in the modelling process adapted from [START_REF] Beven | On hypothesis testing in hydrology[END_REF].

First a modeler has to deal with the perceptions about the catchment of interest which is largely personal and is fed by the experience, creativity and training of the individual. A perceptual model is a qualitative summary of our knowledge about a system and its complexities, which evolves over time [START_REF] Beven | Recent Advances in the Modeling of Hydrologic Systems[END_REF]. It is the first step in the modelling process before being described in a quantitative or mathematical sense. The conceptual model on the other hand represents the different hydrological processes including infiltration, evapotranspiration, and river routing involved in converting precipitation to streamflow discharge at the basin outlet [START_REF] Liu | Conceptual Hydrological Models BT -Handbook of Hydrometeorological Ensemble Forecasting[END_REF]. The conventional definition of a conceptual model is a mostly qualitative and often pictorial description of the hydrologic system, including a delineation of the catchment, the system boundaries, inputs/outputs, and a description of the physical characteristics and their properties. According to [START_REF] Beven | On hypothesis testing in hydrology[END_REF], at this point the model is being described in a mathematical or quantitative sense and its level of complexity may be as low as to translate into code directly or so high as to warrant the definition of a procedural model in code form for input into a computer. In between the procedural stage and input into a computer, the model has to be verified based on simple tests and simulations. A model will then be said to be calibrated when all possible bias has been removed and when the portions of the hydrograph controlled by each parameter are checked to make sure that the parameter is acting as intended. Furthermore, changes in parameter values from one area to another must be consistent with the assessment that was made of the spatial variability of hydrologic factors across the region. The model parameters can be few or many depending on the type and complexity of the model and may include physical characteristics related to the soil texture and structure. For example, after a modeler is satisfied with the parameters, a simulation is then performed to obtain quantitative predictions about the model response. The validation of the model is essentially an evaluation of predictions made in light of the available evidence as well as theories and assumptions made at the perceptual stage. Unsatisfactory model performance usually leads to a revision of the parameter values or the whole modeling process.

Model Selection and Uncertainty Issues

The choice of a specific model depends on the type of information required and how the results are to be applied. A model contains a variety of assumptions and as such this has to be taken into account when choosing a model. Furthermore, the level of complexity and kinds of data needed are important considerations. According to Beven, (2012) "Modelling a catchment involves a decision of fundamental philosophy as to whether the model should be ''lumped'' or ''distributed'', and whether it should be ''deterministic'' or ''stochastic''". When the internal variables of a model are constant over a whole watershed, it invariably means the model has low spatial resolution or is lumped and based on the unit hydrograph principle.

On the other hand, if these variables or parameters can be adjusted independently for each cell, the model becomes distributed with a higher degree of spatial resolution. When they can only be adjusted based on a combination of unit cells whose location is not precisely located, then well as to explore the scenarios under different conditions [START_REF] Beven | Down to Basics: Runoff Processes and the Modelling Process[END_REF]. Deterministic models will produce outputs dependent on the initial conditions giving the same answer for different runs as long as the inputs remain the same, while stochastic models have a randomness associated with them that produce results with accompanying variation [START_REF] Beven | On hypothesis testing in hydrology[END_REF][START_REF] Farmer | On the deterministic and stochastic use of hydrologic models[END_REF]. The level of complexity of models has evolved from lowest level of conceptual models to more complicated physically based models that can reproduce watershed physical properties with parameters that can be measured independently [START_REF] Silberstein | Hydrological models are so good, do we still need data?[END_REF] .

A deterministic model yields a unique prediction of a physical process and may not take into account all physical processes because these processes are not always measured at every point in time and space thus introducing uncertainty. On the other hand, stochastic models recognize gaps in knowledge in the dominant processes and different sources of error [START_REF] Renard | Stochastic versus Deterministic Approaches[END_REF]. In general terms, uncertainty arises from errors in model parameters, in input data and error in model structure [START_REF] Mirzaei | Application of the generalized likelihood uncertainty estimation (GLUE) approach for assessing uncertainty in hydrological models: a review[END_REF][START_REF] Carpenter | Rainfall uncertainty in hydrological modelling: An evaluation of multiplicative error models[END_REF]. Silberstein (2016) suggested that by making a structurally sound model more complex by adding parameters, uncertainties related to model structure would decrease while increasing parameter uncertainty while a structurally unsound model will not be improved by increasing parameters (Fig. 1.

14).

It has been suggested that model structural uncertainty has a larger effect on overall water balance simulation than parameter uncertainty [START_REF] Engeland | Assessing uncertainties in a conceptual water balance model using Bayesian methodology / Estimation bayésienne des incertitudes au sein d'une modélisation conceptuelle de bilan hydrologique[END_REF]. Other authors have tested different uncertainty scenarios to see the effect on models. For instance, [START_REF] Georgakakos | A methodology forassessing the utility of distributed model forecast applications in an operational environment[END_REF] tested the effect of rainfall input on a distributed model with the conclusion that flow simulation uncertainty is strongly dependent on catchment scale. [START_REF] Brigode | Hydrological model parameter instability: A sourceof additional uncertainty in estimating the hydrological impacts of climate change[END_REF], investigated the uncertainty of hydrological predictions for future climate using two conceptual models and found that model robustness was a major source of variability in streamflow projections in future climate conditions. (Silberstein, 2016).

While Georgakakos et al. (2003) characterized the impact of parametric uncertainty versus model structure uncertainty in flow simulation statistics. Their results found significant disparities in error amongst models and catchments.

In reality however, notwithstanding the uncertainties, decision makers ultimately prefer a single deterministic solution to problems but as [START_REF] Renard | Stochastic versus Deterministic Approaches[END_REF] opined, a compromise can be achieved when stochastic methods are used as complements to deterministic modeling arguing that both these models can be seen as complementary and can be used in synergy at different stages of a project. Scientists also must make tradeoffs in choosing the type of models they use, the main considerations being the hypothesis to be tested, the data set available, the timing, location and resources available.

Study Objectives

Different world bodies have continued to give damning verdicts about the Earth's climate. Carbon dioxide levels have continued to shoot upwards; there have been extreme heat, wildfires and floods, with the past decade being the warmest on record. In Africa, this trend has translated to increasing sea levels, changing precipitation patterns, migration and the threat to human existence brought about by these extreme weather conditions. While the cause of planet warming is mainly through anthropogenic forcing, there is the need to monitor the environment constantly in order to minimize the effect of human activity.

Wetlands are ecosystems designed to mitigate the impact of climate change by reducing the impact of floods, absorbing pollutants and sequestering carbon among other services. The impact of climate change on the hydrology of wetlands is the likely change in streamflow and its associated components. Similarly, increased sediment yields are an indication of the magnitude of these changes. The Land-Ocean aquatic continuum, to which wetlands belong, is the system through which sediment and its associated nutrients, pollutants, and contaminants are transported from the terrestrial environment to the Oceans via the rivers.

The "Cuvette Centrale" (CC) of the CRB is very important in the Global biogeochemical cycle as it is a very active player in the processing of large quantities of sediment, Carbon, and nutrients in their journey from upstream tributaries to the open ocean.

Quantifying these contributions of matter has always involved huge sources of uncertainties due to the natural complexities associated with the basin and the limited availability of field data. This complexity results from the natural demarcation of the basin into different physiographic and climatological units causing a wide range of both temporal and spatial variability in the hydro-biogeochemical functioning of the CRB.

Compared to its peers, there has been relatively little research work done on the Congo basin and the Cuvette Centrale in particular. The political turmoil in some of the Congo basin countries have also been an impediment to any sustained field campaign or research. This is evidenced by the progressive deterioration of river monitoring networks in the basin over the last century. Accessing sampling areas is difficult due to the numerous swamps and marshes that make vehicular or riverine transportation slow and laborious. In addition, a lack of appropriate modelling tools and approaches to augment the available observational data has impeded progress in understanding its functioning. It is therefore evident that due to the problems enumerated above, there are many gaps in our knowledge about the hydrobiogeochemical functioning of the CRB and the CC. To bridge this gap, the study will make Chapter 5 by estimates the fluxes of sediment either held up or discharged from the "Cuvette Centrale". The model is calibrated with measured sediment and validated with historical datasets. For the first time, a sediment budget of the "Cuvette Centrale" is made with implications for downstream ecosystems. Hypothesis are also made about sediment retention in the basin.

Chapter 6 seeks to answer the last objective of the study by quantifying the particulate and dissolved loads of carbon across the basin. Using previously derived empirical equations, comparison with available datasets, particulate and dissolved loads are estimated from tributaries supplying the "Cuvette Centrale" and at the basin outlet, which enables an upstreamdownstream budget to be derived. The implications of changing precipitation patterns and land use and hypothesis are also discussed.

Chapter 7 provides answers to the three research objectives. It provides a summary of the methods and approaches used as well as the uncertainties associated with the different aspects. Hypotheses are also postulated that will lead to future discoveries.

The study rounds up with a general conclusion on the study, its implication and future perspectives.

Section II: Materials and Methods

This section comprises two chapters. It details the methodology used in the study as well as a preliminary assessment of the basin hydrology validated using remote sensing datasets.

Chapter 2

General methodology

This chapter is a description of the tools and the approaches used for the study. It details the components of the SWAT model that are essential for estimating the parameters of the basin as well as the model calibrationapproach. The remote sensing datasets used for the model validation are also detailed. The description of the physical basin characteristics of the study area which are essential for model calibration are also reported. Afterwards, empirical equations that will be used to estimate fluxes of sediment and organic carbon, as well as the performance criteria which will be used to assess model performance are introduced.

Chapter 2: General methodology

Chapter 2: General Methodology

Using freely available datasets, the SWAT model is setup and calibrated/validated with available datasets which include remotely sensed data. Empirical equations are then used to estimate dissolved and particulate organic carbon concentrations and sediment yields after the hydrology was properly calibrated (Fig. 2.1). The following sections detail the methodology conceived for this study.

Fig. 2.1.

General methodology followed for this study.

Study Area

General Description and Location

The Congo River Basin (CRB) is the largest river basin in Africa covering over 12 percent of the African continent (Fig. 2.2). Its huge drainage basin covers an area of 3,705,000 km 2 [START_REF] Lehner | New global hydrography derived from space borne elevation data[END_REF], with the area above Brazzaville/Kinshasa at 3,617,200 km 2 (Alsdorf et al., 2016). The CRB drains a number of countries including Angola, Burundi, Central African Republic, Democratic Republic of Congo, Cameroon, Republic of Congo, Rwanda, Tanzania and Zambia. The climate is warm and humid and is characterized by two distinct wet and dry seasons that vary with distance from the equator [START_REF] Bultot | Atlas Climatique du Bassin Congolais Publications de L'Institut National pour L'Etude Agronomique du Congo[END_REF]. It has an average temperature of 25 ° C with rainfall in the basin averaging around 2000 mm annually in the equatorial regions, decreasing to 1100 mm at the northern and southern boundaries of the basin (Alsdorf et al., 2016). Table 2.1, lists the countries with their sizes and average annual rainfall within their respective boundaries. The Congo River is the second longest river in Africa after the Nile with a length of 4,374 km (Runge, 2007). The Congo River takes its course from the Shaba highlands in Zambia at an altitude of 1400-1500 m. The river from that point to Kisangani is known as the Congo-Lualaba and is structurally controlled with many streams, lakes and swamps contributing to it. Various tributaries contribute to the main Congo river both on the northern and southern hemispheres with the most important being the Ubangi and Sangha rivers on the north and the Lualaba and Kasai on the south. The river in its middle course passes through the Cuvette Centrale, a central depression in the basin and home to the greatest store of peatland in the tropics (Dargie et al., 2017). The peat layer has a median depth of 2 m and contains an estimated 30 petagrams of below ground carbon, which is close to above ground stocks. The Cuvette Central also harbours a region of forests and wetlands covering up to 1.8 million km² (Haensler et al., 2013). The Brazzaville/Kinshasa station controls 98% of the discharge of the basin. The area of the basin at this station is 3,659,900 km 2 [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF]. The mean interannual discharge at this gauging station from 1951 to 2012 is 40 500 m 3 s -1 (Fig. 2.4.E) (BRLI, 2016). The annual average rainfall over the 1940-199 period is 1,500 mm. The principal tributaries on the left and the right bank are the Kasai and Ubangi respectively. The contributions from the four principal subbasins as well as the central basin cause the hydrograph at the basin main gauge to show a bimodal pattern. This bimodal pattern is caused by the precipitation pattern across the basin with the wet seasons in the northern subbasins alternating with the dry seasons in the southern hemisphere subbasins. The hydrological year runs from September to August and has two periods of high water (April-May and the main one in October-January) and two periods of low water (February-March and June-September). Since 1902, the daily water levels of the Congo have been read at the Kinshasa station on the left bank and since 1948 at the Brazzaville Beach station on the right bank (SO-Hybam).

Climate

The importance of climate on the soil and water resources of a region cannot be overemphasized. Altered precipitation patterns and increasing temperatures have a strong effect on hydrological variables including water quality, water levels, runoff, evapotranspiration, and soil moisture (Gleik, 1989;[START_REF] Pokhrel | Impacts of future climate variability on hydrological processes in the upstream catchment of Kase River basin[END_REF]Tshimanga et al., 2012). The Congo basin is a key convective region on earth, having an influence over the rainfall in the tropics. The precipitation cycle is characterized by a bimodal distribution with the well-known floods in the months of September-October-November (SON) and March-April-May (MAM). The southern tributaries influence the greater September-October-November (SON) floods and the lesser March-April-May (MAM) floods are controlled by the equatorial regions. Two low water levels then punctuate these two floods, one in February-March, corresponding to the dry season of the northern part and the other in July-August at the time of the southern dry season. This regulated flow ensures that downstream river flows remain stable throughout the year and reflected by the bimodal hydrograph at the main gauging station at the outlet of the basin at Brazzaville/Kinshasa. The mechanisms of rainfall over the basin are still somewhat vague, due to the absence of precipitation data (Alsdorf et al., 2016;[START_REF] Nicholson | The ITCZ and the seasonal cycle over equatorial Africa[END_REF]. Historically, the view is that the north-south movement of the tropical rain band controls rainfall in the Congo basin. This view is getting less and less popular as other controlling factors like land-sea interactions, mesoscale convective systems, jets, and monsoon winds are proposed [START_REF] Jackson | Mesoscale convective systems over western equatorial Africa and their relationship to large-scale circulation[END_REF]Nicholson & Grist 2003;[START_REF] Nicholson | The ITCZ and the seasonal cycle over equatorial Africa[END_REF]. The Indian Ocean, regional and local evaporation as well as the Atlantic Ocean have been identified as the most important sources of moisture in the basin [START_REF] Dyer | Congo Basin precipitation: Assessing seasonality, regional interactions, and sources of moisture[END_REF]. Seasonal differences in atmospheric circulation patterns are caused by the strength of the jets that characterize the flows. Average rainfall in the basin has been recorded as 1560 mm during 1951-1981 [START_REF] Mahe | Modulation annuelle et fluctuations interannuelles des precipitations sur le bassinversant du Congo[END_REF], and can be as low as 1000 mm as one moves towards the north and southern extents of the basin (Fig. 2.4).

Annual average mean temperatures over the Congo basin are 25°C with maximum values of 31°C and minimum values of 18°C (Alsdorf et al., 2016). Temperature in the basin is partitioned generally into the humid tropical south and the humid equatorial north (Samba et al., 2008). They showed that temperature in the north of the basin increased while precipitation decreased, a fact corroborated by [START_REF] Beyene | The potential consequences of climate change in the hydrology regime of the Congo River Basin[END_REF] who also showed that precipitation and temperature are not correlated in the basin. Several authors (Moukandi N'kaya et al., 2020;Laraque et al., 2001) have established trends and discontinuities in rainfall and temperature over the basin. Rainfall over the basin occurs in homogenous phases with discontinuities at 10-year intervals. The 60s were particularly wet years while the 80s and 90s experienced the largest deficits and were more pronounced in the northern than southern parts of the basin (Laraque et al., 2001;[START_REF] Nicholson | Rainfall over the African continent from the 19th through the 21st century[END_REF][START_REF] Samba | Rainfall variability in Congo-Brazzaville: 1932-2007[END_REF]. Kinshasa -1998Kinshasa - to 2012) computed using the TRMM Bv7 product dataset.

Fig. 2.5. Mean annual distribution of CRB rainfall in mm (area above Brazzaville/

Geology and Hydrogeology

Unconsolidated Sediments of Mesozoic-cenozoic age deposited under nonlacustrine, conditions-overly the Congo basin and are framed by deeply weathered Meso-zoic and Precambrian rocks (Runge et al., 2007). The evolution of the Congo basin is connected to the large scale tectonic processes that shaped the African continent during the Paleaozoic (Fig.

2.5b).

The widespread intracontinental deformation that occurred during this period gave rise to the intracontinental "sag" basin of the Cuvette central (Daly et al., 1992). The Congo basin is underlain and surrounded by precambriam basement and rocks separated by paleo to neoproterozoic belts [START_REF] De | Precambrian Basement of the Congo Basin and Its Flanking Terrains[END_REF]. It is bounded to the west by the 1400 km Late Proterozoic west Congo orogeny that stretches from Gabon to Angola and comprises the largely undeformed strata of the West Congo Supergroup, the Mayombe fold-belt and the Mayombe supergroup [START_REF] Affaton | The Pan-African West Congo belt in the Republic of Congo (Congo Brazzaville): Stratigraphy of the Mayombe and West Congo Supergroups studied by detrital zircon geochronology[END_REF]. To the North is the Early Proterozoic and Archaean crystalline basement. To the east is the NE-SW trending "Karagwe-Ankole belt" and the "Kibara belt", cut by the NW-SE trending Ubende belt. This region extends over 1300 km from the Katanga region in the Democratic Republic of Congo (DRC) up to the Ankole region in SW Uganda, mostly made up of metasedimentary rocks and minor metavolcanic rocks [START_REF] Tack | Comparative Analysis for Estimating Hydraulic Conductivity Values to Improve the Estimation of Groundwater Recharge in Yaoundé-Cameroon[END_REF]. To the South the Katangan and Kundelungu sediments of the Neoproterozoic-Lower Palaeozoic Pan-African orogeny, which lies between the Kalahari Craton in the south and the Congo Craton in the north, overlie the basement complex.

Key formations include Mesozoic to quarternary River alluvium and coastal deposits.

These Alluvium sands and silts cover large areas of the Congo basin swamp (Fig. (Hartman & Moosdorf, 2012).and (b) Map of the Cuvette Centrale after Daly et al. (1992).

The hydrogeology of the basin is much less understood than the geology, this is because there is much less field data in this region. Fig. 2.6. shows maps of (a) ground water storage, (b) aquifer productivity and (c) depth to groundwater in the basin. These maps, made by the British geological survey are a combination of data from about 300 studies of published and unpublished literature as well as borehole yield data. Borehole yield data is easily more available and used as a proxy for transmissivity (MacDonald et al., 2010). Based on yield, the cretaceous-tertiary sediments are the most productive while the non-weathered Precambrian basement is the least productive. The main aquifer types identified in the Congo basin are the: 

Soils and Peat Stock

Spatially distributed soil information is one of the most crucial pieces of information needed in the decision-making process. For example, the spatial distribution of groundwater is affected by the spatial distribution of soil physical properties [START_REF] Li | A Comparison of Land Surface Water Mapping Using the Normalized Difference Water Index from TM, ETM+ and ALI[END_REF]. Soils are an important conduit for regulating fluxes; therefore, obtaining information on their properties is necessary for any assessment [START_REF] Beven | A physically based variable contributing area model of basin hydrology[END_REF]. For the Congo basin, available soil data is hard to come by and the available ones have been prepared mainly for agricultural purposes.

The Harmonized World Soil Database (HWSD) combines information from regional and national databases with the FAO-UNESCO Soil Map of the World, 1:5 000 000 scale (FAO, 1971(FAO, -1981)). The main FAO soil groups in the Congo basin are Acrisols, Arenosols, Cambisols, Ferralsols, Gleysols, Histosols, Lixisols and Nitisols, covering some 99% of the region (Fig.

2.7).

The main soil units are haplic Ferralsols (FRh, about 29%), haplic Acrisols (ACh, ~23%), xanthic Ferralsols (FRx,~16%), umbric Ferralsols (~5%), eutric Gleysols (~4%), ferralic Cambisols (CMo, ~3%), haplic Lixisols (LXh, ~3%), ferralic Arenosols (ARo, ~2%) , dystric Cambisols (CMd, ~2%), rhodic Ferralsols (FRr, ~2%), and haplic Arenosols (ARh, ~2%) [START_REF] Ngongo | Soil Resources in the Congo Basin: Their Properties and Constraints for Food Production[END_REF].

The Central Congo basin peatlands contains one of the largest stocks of peat in the tropics. Shared between the two Congo countries, they occupy 40 percent of the Cuvette Centrale. Located in the low-lying region in the middle reach, and tributaries of the Congo River. The peat of the Cuvette Centrale has high carbon density with carbon stocks estimated to be at over 30 000 Mt, an amount almost equal to the above-and below-ground forest biomass of the two Congo countries (Dargie et al., 2017). The large uncertainties in the measurement of carbon stock in the tropics are mainly due to inadequate field data. Recent evidence suggests that current estimates may be a little low [START_REF] Gumbricht | An expert system model for mapping tropical wetlands and peatlands reveals South America as the largest contributor[END_REF][START_REF] Ribeiro | Tropical peatlands and their contribution to the global carbon cycle and climate change[END_REF][START_REF] Xu | PEATMAP: refining estimates of global peatland distribution based on a meta-analysis[END_REF] and as such decreasing these uncertainties should be a priority. Large areas of the peatlands are designated as Ramsar sites or wetlands of international importance (Ramsar 2013) in addition to other nationally designated protected sites. These sites are home to a number of threatened species like the Bonobo (Pan paniscus) and Gorilla (Gorilla gorilla gorilla). (HWSD, 2000).2.1.5. Land use and land cover.

Fig. 2.8. Dominant soil classes in the CRB from the Harmonised World Soil Database

Land Use and Land Cover

The global land cover map (Mayaux et al., 2003) (Fig. 2.8) gives an overview of the land cover characteristics that can be found in the Congo basin. Sources for class labelling include the ORSTOM (1986), AFRICOVER project and the CORINE Land Cover (European Commission, 1990), as well as individual authors. From the map, the broadleaved evergreen and semi-deciduous forest dominates the central basin (Fig. 2.8). This area is known to be more humid, characterized by high precipitation, has low slopes and elevation .The broadleaved evergreen canopy cover is closed, up to 45 m high and the exclusion of sunlight hampers the development of shrubs and grasses. Further, away from the Cuvette Centrale, the semideciduous forest is more diversified and the reduced canopy density favors the thriving of shrubs and grasses. Broadleaved deciduous forests occupy the southern and northern limits of the evergreen forests. In the Cuvette Centrale area, seasonally and periodically flooded forests, which are intact, are present. The frequency of flooding as well as drainage conditions result in the different forest types. In the southern and parts of the lower Congo basin, Canopy height is no more than 5 metres with shrubland and grassland gradually replacing the tree layers. At the north of the humid forests, the same applies with tree savanna and woodland replacing the dense forests. All over the basin, closed and open grasslands appear as small islands within the forests or framing the forests respectively. 

Model Approach: Choice and Description

The Soil and Water Assessment Tool (SWAT) model was developed primarily to aid in assessing the impact of agricultural activities on water quality in medium to large river catchments. The model was made to also account for diffuse sources of pollution in a catchment. The SWAT model is a physically based, semi-distributed hydrological model, meaning that catchments can be divided into several smaller sub-catchments and hydrological response units (HRUs) with individual and unique properties.

SWAT 2012 (Soil and Water Assessment Tool) was selected in this study due to its wide applicability in assessing hydrology and sediment transport at various scales. Secondly, it is very user friendly and available with modifiable source codes. Furthermore, in the context of this study, there is the need to be able to explore the responses of the Congo River basin catchment at different spatial and temporal scales. Due to the size and spatial heterogeneities associated with the Congo basin, it was therefore important to choose a model that will consider a majority of the relevant hydrological processes like infiltration, interception, soil moisture, groundwater components as well as attenuation effects of wetlands, ponds, and artificial reservoirs.

The GIS environment associated with the SWAT model also helps in out-putting spatially oriented results that are easy to understand and disseminate. The freely available nature of the basic GIS data required as SWAT inputs is also an advantage for data scarce regions like the CRB. More importantly, the SWAT model comprehensively integrates surface, land and channel environmental processes that aid in quantifying hydrological variables, sediments and nutrients. It is also capable of yearly, monthly, daily or sub-hourly simulation over long periods.

Calibration Approach Used For the SWAT Model

Calibration was done using an iterative method of testing different parameter values and selecting the best parameter sets based on performance criteria that evaluate simulation results against observation data based on the most sensitive parameters and our knowledge of the basin (Werth et al., 2009). The model was manually calibrated while parameterization of the model was carefully done by adjusting behavioural parameters that are strong driving forces (Fig. 2.9). Maximum canopy storage (CANMX) was adjusted based on information from the food and agricultural organization (FAO) water productivity (WAPOR) database, while others were adjusted based on local knowledge e.g. aquifer percolation coefficient (RCHG_DP) and exempted from further calibration (Whittaker et al., 2010;[START_REF] Pagliero | Large-Scale Hydrological Simulations Using the Soil Water Assessment Tool, Protocol Development, and Application in the Danube Basin[END_REF]. Also, the calibration was regionalized according to the characteristics of the subbasins where insitu data is collected. For instance, revaporation coefficient (GWREVAP) was calibrated based on land use in one region and based on soils in another. The main parameters that were calibrated were the ground water parameters which have a strong effect on the water retention and transfer between the soil and aquifer as well as the parameters with influence on runoff, infiltration and evapotranspiration.

Fig. 2.10. Flow chart of calibration approach used to obtain the parameters of the SWAT model in the CRB.

Modeling approach Using Empirical Equations for Estimating Organic Carbon (Particulate and Dissolved)

In the CRB, The dissolved organic carbon (DOC) has been shown to be controlled by the magnitude of discharge with temporal variations similar to the hydrograph at the basin outlet and at Ubangi (Moukandi et al., 2020b;[START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF]. Due to the size, heterogeneity, lack of data, and complexity of the processes in the CRB, it was important to find a model that will predict with confidence the DOC concentrations in the basin. The work of [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF] proposed an equation adapted from the Michaelis Menten equation (Johnson and Goody, 2011) where they predicted DOC concentrations in the Amazon, Garonne Yenisei and other basins in different climates . In like manner, this study adopts the modified Michaelis Menten equation of [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF] where the relationship between DOC and river discharge Q is expressed as: To find the vector δ, this model function returns the best set of parameters that minimizes the sum:

[𝐷𝑂𝐶] = 𝛼 * 𝑄 𝛽+𝑄 (1) with [DOC] in mg L -1 , Q in mm d -1 . α in mg L -1 is
𝑆 = ∑ 𝑟 𝑖 2 𝑚 𝑖=1 (3)
where the residuals in sample prediction errors 𝑟 𝑖 are given by 𝑟 𝑖 =(DOC)obs,i -(DOC)sim,i and 𝑟 𝑖 =(POC)obs,i -(POC)sim,i for both the observed (obs) and simulated (sim) concentrations at day𝑖 and POC is particulate organic carbon, DOC is dissolved organic carbon.

Hydrological Model Components Used in SWAT

The hydrological processes simulated in SWAT include precipitation surface runoff, infiltration, evapo-transpiration (ET), lateral flow, percolation to shallow and deep aquifers and channel routing (Arnold et al., 1998). Surface runoff, subsurface or lateral flow and return flow or baseflow contribute to stream flow in the main channel. The water that is intercepted by vegetation as well as the water held in the soil and in water bodies is evaporated. Water is infiltrated into either the soil layers or flow on the surface as runoff. This rate of infiltration is dependent on the amount of moisture already in the soil prior to the introduction of water and also the hydraulic conductivity of the soil. Apart from the storage in canopies, the principal storages in SWAT are the soil profile (0-2 m), shallow aquifer (2-20 m) and deep aquifer storage (>20 m) [START_REF] Faramarzi | Modelling blue and green water resources availability in Iran[END_REF].

SWAT simulates the effects of -weather, surface runoff, evapotranspiration, sediment transport, nutrients, groundwater flow, land use change, and the long-term effects of varying agricultural management practices (Neitsch et al., 2011). The water balance equation of the model includes weather, hydrology, erosion/sedimentation, plant growth, nutrients, pesticides, agricultural management, stream routing and pond/reservoir routing [START_REF] Arnold | SWAT2000: Current Capabilities and Research Opportunities in Applied Watershed Modelling[END_REF].

SWAT simulates the hydrologic cycle based on the water balance equation:

𝑆𝑊𝑡 = 𝑆𝑊0 +∑ (𝑅 𝑑𝑎𝑦 -𝑄 𝑠𝑢𝑟𝑓 -𝐸 𝑎 -𝑊 𝑤𝑒𝑒𝑝 -𝑄 𝑔𝑤 ) 𝑡 𝑖=1 (4)
where SWt is the final soil water content (mm H2O), SW0 is the initial soil water content on day i (mm H2O), t is the time (days), Rday is the amount of precipitation on day i (mm H2O), Qsurf is the amount of surface runoff on day i (mm H2O), Ea is the amount of evapotranspiration on day i (mm H2O), Wseep is the amount of water entering the vadose zone from the soil profile on day i (mm H2O), and Qgw is the amount of return flow on day i (mm H2O).

Hydrology

When precipitation falls, the water that does not fall to the soil surface is trapped in the vegetation canopy. The water on the soil surface either infiltrates to deeper layers or flows on the surface as runoff contributing to stream flow. Infiltrated water can also makes its way to the surface while the quantities in the soil may also be evapotranspired (Fig. 2 (Neitsch et al., 2011).

.10). A brief description is presented below:

Fig. 2.11 Representation of hydrological components with the SWAT model

Surface runoff: two methods may be used to calculate surface runoff (i) The surface runoff (SUR_Q, mm) is estimated using the SCS curve number method as modified by [START_REF] Arnold | SWRRB-A watershed scale model for soil and water resources management[END_REF] to account for the impact of slope on the curve number or by the (ii) Green and Ampt infiltration method. In the former, as the soil approaches wilting point there is a drop in the curve number, and an increase to 100 as the soil becomes saturated. The green and Ampt method requires subdaily precipitation data and calculates infiltration as a function of wetting front potential and effective hydraulic conductivity , meaning that un-infiltrated water becomes surface runoff (Neitsch et al., 2011). In this study the SCS curve number method was used.

Evapotranspiration: Evapotranspiration within SWAT can be computed using either the Penman-Monteith, Hargreaves or the Priestley-Taylor methods. The Penman-Monteith method offers a better process description, its drawback is that it has high input data requirements [START_REF] Allen | Crop evapotranspiration, guidelines for computing crop water requirements[END_REF], which may not be practical to apply in many regions of the world like the CRB that are data scarce. the Hargreaves or Priestley-Taylor methods are less physically based but have the advantage of less stringent input data needs; under minimal conditions of data availability, the Hargreaves method can even be used with temperature time series as the only required measured input [START_REF] Heuvelmans | Modelling the water balance with SWAT as part of the land use impact evaluation in a life cycle study of CO2 emission reduction scenarios[END_REF]. In this study, the Penman-Monteith method was used to simulate evapotranspiration. Interception: Interception in SWAT is modeled by the canopy storage. This is the water that is held by vegetation (plant leaves) where it is liable to be evaporated. The maximum amount of water held in canopy storage varies daily as a function of the leaf area index.

Percolation: Each soil layer in the profile has its own unique characteristics. In soils of uniform structure and texture, Percolation is calculated for each layer and water is allowed to percolate if the water content in the layer exceeds the amount of soil moisture or water content held in soil after excess water has drained away and the rate of downward movement has materially decreased.

Lateral sub-surface flow: this is a function of the surface hydraulic conductivity of the soil and the presence of an impearmeable layer at shallow depth. The kinematic storage model of [START_REF] Sloan | Modeling subsurface stormflow on steeply sloping forested watersheds[END_REF] is used by SWAT to simulate subsurface flow. The lateral flow (LF, mm) occurs whenever the soil water content exceeds field capacity and is calculated as a function of the drainable volume of water stored in the saturated zone of the HRU per unit area (mm), the saturated hydraulic conductivity (mm/h), the drainable porosity of the soil (mm/mm) and the hillslope length (m).

Base flow: this is the portion of sustained streamflow in-between precipitation events originating from groundwater. The base flow is partitioned into the shallow unconfined and deep confined aquifers. The shallow aquifer can contribute water to the deep aquifer and when a threshold is specified, surplus water can contribute to the reach in a subbasin. The deep aquifer can also contribute baseflow to streams. The remaining portion in the deep aquifer can be considered lost from the system. In this work, the contribution of baseflow from deep aquifer was considered negligible and was thus set to zero.

Transmission losses: in the absence of groundwater contributions, SWAT computes losses through the sides and bottom of the channel. These computations are a function of the hydraulic conductivity of the channel alluvium, the travel time through the medium, the wetted perimeter and the length of the channel. These losses are assumed to enter the deep aquifer.

Pond/reservoir routing: In SWAT, ponds are storage structures that are not directly connected to the main channel. Ponds intercept surface runoff, and will not receive water from subbasins that are located in up-stream tributaries, they will receive only from those originating in the subbasin where the ponds are located. On the other hand, reservoirs are located on the main channel network and receive water from all upstream subbasins. In SWAT, there is no distinction between natural or man-made structures. The surface area of the reservoirs are needed to calculate the amount of precipitation falling on the water body as well as the amounts of water lost by evaporation and seepage. In addition, volumes of inflows and outflows are necessary for a proper water balance. In this study, there was no man made structure modelled, and as a result parameterization was limited to the areas and volumes of the lakes in the southeastern parts of the basin.

Plant Growth/Land Cover

This SWAT component is a simplified version of the EPIC (Erosion-Productivity

Impact factor) plant growth model. As in EPIC, the phenological plant development in SWAT, is based on daily accumulated heat units, Monteith's method for potential biomass, and a harvest index to calculate yield, (Neitsch et al., 2011). The heat unit theory is used to regulate plant cycles in SWAT. The main assumption here is that all the heat above the basal temperature accelerates crop growth and development. Knowledge of the number of days to reach maturity (that is the beginning of growing season to maturation) should be known.

The modified plant growth module: The SWAT hydrological model was originally developed for temperate regions. The main limitation in its use in tropical areas is related to the simulation of tropical vegetation. SWAT applies dormancy to terminate growing seasons while in the tropics, the wet and dry seasons can only be represented by defining heat unitspecific "plant" and "kill" operations, which are fixed for every year of simulation (Strauch & Volk, 2013). Plant growth can be inhibited by temperature, water, nitrogen, and phosphorus stress. Plant development is based on daily accumulated heat unit values. The heat unit states the stage of plant development. It varies from 0 to 1, 0 indicating the sowing time and 1 the optimal moment for the plant to be harvested. By modifying the plant growth module, an alternative approach was presented in which annual growing cycles were initiated based on changes in soil moisture. In this study, a soil moisture threshold was set that automatically triggers new growing seasons for perennial crops during the transition from the wet to the dry seasons. Furthermore, a logistic leaf area decline function was defined that enabled a user to set a minimum leaf area index (LAI). Further details on the procedure can be found in Strauch and Volk (2013).

Table 2.2. Lists a summary of all the processes and algorithms implemented in SWAT and further details can be found in the very detailed SWAT theoretical documentation (Neitsch et al., 2011). 

Hydrological Processes in SWAT

In SWAT, the watershed is divided into sub-basins, and then into hydrologic response units (HRUs). The spatial variations in topography, land use and soil are considered by SWAT to create this unique combination of soils, land use/cover, and slope of the HRUs. The SWAT model structure comprises two phases: a land phase solved at HRU level in which the hydrologic cycle controls the amount of water, sediment, nutrient and pesticide loadings to the main channel and (ii) a stream phase solved at reach level where water, sediments and nutrients move through the channels of the watershed to the outlet (Fig. 2.11).

Land Phase

Over land, SWAT simulates surface runoff volumes and peak runoff rates for each HRU using daily or sub-daily rainfall amounts. For computing surface runoff volume, a modification of the Soil Conservation Service (SCS) curve number method (USDA Soil Conservation Service, 1972) is used. Peak runoff rate is predicted with a modification of the rational method, which calculates the peak runoff rate as a function of the proportion of daily precipitation that falls during the sub-basin, the daily surface runoff volume, and the sub-basin time of concentration. Lateral flow in the soil profile is calculated simultaneously with redistribution.

A kinematic storage model is used to predict lateral flow in each soil layer. The model accounts for variation in conductivity, slope and soil water content. Groundwater is partitioned into two aquifer systems by SWAT: a shallow, unconfined aquifer which contributes return flow to streams within the basin; a deep, confined aquifer which contributes return flow to streams outside the watershed.

Routing Phase

The routing phase of the hydrologic cycle is the movement of water, sediments, etc.

through the channel network of the basin to the outlet (Fig. 2.11). Two methods are employed in SWAT for this: Fig. 2.12. In-stream processes modelled by SWAT (Neitsch et al., 2011).

a) Variable storage method, and b) The Muskingum River routing method

In this study, we used the variable storage method.

(a) The variable storage method is based on the continuity equation [START_REF] Williams | Flood routing with variable travel time or variable storage coefficients[END_REF]:

𝐼 -𝑂= 𝑑𝑆 𝑑𝑡 (5) 
Where I, (m 3 /s) and O (m 3 /s) are the inflow and outflow rate for a river reach, respectively, t (s) is the time, S (m 3 ) is the storage. In discrete form, Eq. 5 becomes:

∆t• 𝐼 1 +𝐼 2 2 -∆t • 𝑂 1 +𝑂 2 2 = S2-S1 (6) 
Where the subscripts "1" and "2" refer to the start and end of the routing time interval ∆t (s), respectively. Eq. 6 can be rearranged to have the following form:

Ia+ 𝑆 1 ∆𝑡 - 𝑂 1 2 = 𝑆 2 ∆𝑡 - 𝑂 2 2 (7) 
Where Ia = 0.5(I1+I2) is the average inflow rate during the time interval. The travel time, T (s), is calculated as follows:

T = 𝑆 1 𝑂 1 = 𝑆 2 𝑂 2 (8) 
Eq. 7 can be rewritten using Eq. 8 to obtain the relation between the storage coefficient and the travel time:

Ia + 𝑆 1 ∆𝑡 𝑇 . 𝑆 1 𝑂 1 - 𝑂 1 2 = 𝑆 2 ∆𝑡 𝑇 . 𝑆 2 𝑂 2 + 𝑂 2 2 (9) O2 = 2∆𝑡 2𝑇+∆𝑡 •Ia -(1- 2∆𝑡 2𝑇+∆𝑡 ) • O2 (10) O2 = C (Ia + 𝑆 1 ∆𝑡 ) ( 11 
)
Where C is the storage coefficient:

C = 2∆𝑡 2𝑇+∆𝑡 (12)
The condition C ≤ 1 must be satisfied to avoid unphysical results.

(b) The Muskingum method is based on the continuity equation (Eq. 5 and 6) and the empirical linear storage equation (USDA, 1972;[START_REF] Diskin | On the solution of the Muskingum, flood routing equation[END_REF] 

S = K[X • I + (1-X) • O] (13) 
Where S (m 3 ) is the total storage in channel, K (s) is the storage constant, X (-) is a weighting factor, ranging from 0 to 0.5, I (m 3 /s) and O (m 3 /s) are inflow and outflow rate. From Eqs. 6 and 13, the following relation can be obtained:

O2 = C1 • I2 + C2 • I1 + C3 • O1 (14) 
Where:

C1 = ∆𝑡-2𝐾𝑋 2𝐾(1-𝑋)+∆𝑡 (15) C2 = ∆𝑡+2𝐾𝑋 2𝐾(1-𝑋)+∆𝑡 (16) C3 = 2𝐾(1-𝑋)-∆𝑡 2𝐾(1-𝑋)+∆𝑡 (17) 
Where C1, C2, C3 are coefficients. To avoid numerical instability, the following condition must be satisfied:

2KX < ∆t < 2K(1-X) (18) 

Sediment Modelling Component in Swat

In SWAT, sediment transport consists of two components; 1) the landscape component that keeps track of eroded sediments through the transporting medium and 2) the channel component where degradation or deposition occurs.

Landscape Contribution to Sub-Basin Routing Reach

Sediment is an important element of concern that can degrade and alter aquatic habitat.

Determining the sources and sinks of sediment is important in developing strategies to reduce sediment loads to water bodies impaired by sediment. A proper identification of erosion sources and types is important in order to be able to apply a suitable erosion model. From the landscape component, SWAT keep tracks of the particle size distribution of eroded sediments and routes them through ponds, channels, and surface waterbodies (Neitsch et al.,2011). The sediment yield from the landscape is lagged and routed through grassed waterway, vegetative filter strips, and ponds, if available, before reaching the stream channel. Thus, the sediment yield reaching the stream channel is the sum of total sediment yield calculated by MUSLE minus the lag, and the sediment trapped in grassed waterway, vegetative filter strips and/or ponds (Neitsch et al., 2011). There was no pond considered in this watershed of study SWAT uses a Modified Universal Soil Loss Equation (MUSLE) developed by [START_REF] Williams | Sediment routing for agricultural watersheds[END_REF] to simulate sediment yield from the upland watersheds. MUSLE is a modified version of Universal Soil Loss Equation (USLE) developed by [START_REF] Wischmeier | Predicting Rainfall-Erosion Losses: A Guide to Conservation Planning[END_REF]. The MUSLE is of the form:

Sed=11.8 (Qsurf qpeakAhru) 0.56 (CUSLE . PUSLE . KUSLE . LSUSLE . FCRFG) (19) 
Where, Sed is the sediment yield on a given day (metric tons/ha), Qsurf is the surface runoff volume (mm), qpeak is the peak runoff rate (m 3 s -1 ), Ahru is the area of the HRU (ha), KUSLE is the USLE soil erodibility factor (0.013 metric ton m 2 hr/(m 3 -metric ton cm)), CUSLE is the USLE cover and management factor, PUSLE is the USLE support practice factor, LSUSLE is the USLE topographic factor and FCRFG is the coarse fragment factor. USLE predicts the average annual gross erosion as a function of rainfall energy. Whereas in MUSLE the rainfall energy is replaced with a runoff factor, which improves the sediment yield prediction, eliminates the need for delivery ratios, and allows the equation to be applied to individual storm events (Neitsch et al., 2011). Sediment yield prediction is improved because runoff is a function of antecedent moisture condition as well as rainfall energy (Neitsch et al., 2011). Delivery ratios (the sediment yield at any point along the channel divided by the source erosion above that point) are required by the USLE because the rainfall factor used by USLE represents energy used in detachment only. Conversely, in MUSLE, delivery ratios are not needed because the runoff factor represents energy used in detaching and transporting sediment.

In this study, the USLE erodibility factor K, was estimated using the freely available software Kuery 1.4 (Borselli et al., 2009, 2012) (Table2.1). It is based on the equations developed by Torri et al. (1997Torri et al. ( , 2002) ) from observations of a global dataset of 240 soils where erodibility is expressed as:

K=0.0293(0.65 -𝐷 𝑔 + 0.24𝐷 𝑔 2 )𝑒 {-0.021( 𝑂𝑀 𝐶 )-0.00037( 𝑂𝑀 𝐶 ) 2 -4.02𝐶+1.72𝐶 2 } (20) 
C is the fraction of total clay content, OM is organic matter as a percentage, and D𝑔 is logarithm of the geometric mean D of the particle size distribution.

Sediment Routing in Stream Channels

Sediment transport in the channel network is a function of two processes, deposition and degradation, operating simultaneously in the reach (Neitsch et al., 2011). There are two options in SWAT to compute deposition and degradation in the reach. The first and traditional way is to keep the channel dimensions constant so that SWAT will compute deposition and degradation using the same channel dimensions throughout the simulation and the second is to activate channel degradation and allow channel dimensions to change and be updated as a result of down cutting and widening (Neitsch et al., 2011). When channel down cutting and widening is simulated, channel dimensions are allowed to change during simulation period. Three channel dimensions are allowed to vary in channel down cutting and widening simulations:

bankfull depth, channel width and channel slope. Channel dimensions are updated when the volume of water in the reach exceeds 10 m (Neitsch et al., 2011).

In the 2012 version of SWAT, in addition to the simplified version of the Bagnold equation, three additional stream power equations are incorporated in SWAT for sediment routing:

i.

The Kodatie model that can be used for streams with bed material of silt to gravel size

ii.

Molinas and Wu transport equation for large sand-bed rivers and

iii.

The Yang sand and gravel model.

For this study, the simplified Bagnold equation was used and is explained in the following section.

Simplified Bagnold equation: Sediment routing is the function of peak flow rate and mean daily flow. When the watershed was delineated into smaller subbasin, each subbasins has at least one main routing reach. Therefore, the sediment from upland subbasins is routed through these reaches and then added to downstream reaches. To do this, SWAT uses the simplified version of Bagnold equation [START_REF] Bagnold | Bed load transport by natural rivers[END_REF] and the maximum amount of sediment that can be transported from a reach Segment is a function of the peak channel velocity (Neitsch et al., 2011).

Conc sed, ch, mx = CSP𝑣 ch, pk 𝑠𝑝𝑒𝑥 (21) 
Where, Conc sed ch mx , is the maximum concentration of sediment that can be transported by water (ton/m 3 or kg / L), Csp and spexp are coefficient and exponent of the equation defined by the user, and ch, pk, v , is the peak channel velocity (m/ s) . The exponent spexp, normally varies from between 1.0 and 2.0 and was set at 1.5 in the original Bagnold stream power equation [START_REF] Arnold | SWRRB-A watershed scale model for soil and water resources management[END_REF]. However, in SWAT2012 the value of this exponent varies between 1.0 and 1.5.

𝑣 ch, pk = 𝑞 ch, pk 𝐴 ch (22) 
Where, q ch, pk is the peak flow rate m 3 s -1 and ch A is the cross-sectional area of flow in the channel m 2 .

𝑞 ch, pk = prf * qch [START_REF] Aagaard | 4 Sediment Transport[END_REF] Where, prf is the peak rate adjustment factor, and qch is the average rate of flow m 3 s -1 .

The routing in the river reach starts by comparing the maximum concentration of sediment calculated with equation ( 23) above to the concentration of sediment in the reach at the beginning of the time step,Conc sed, ch, i . If Conc sed, ch, i > Conc sed, ch, mx, deposition is the dominant process in the reach segment and the net amount of sediment deposited is calculated as in equation ( 24) below.

seddep = (concsed,ch,i -concsed,ch,mx)* Vch [START_REF] Oeurng | Fluvial transport of suspended sediment and organic carbon during flood events in a large agricultural catchment in southwest France[END_REF] Where, seddep is the amount of sediment re-entrained in the reach segment (metric tons), Vch is the volume of water in the reach segment m 3 . On the other hand, if Conc sed, ch, i < Conc sed, ch, mx degradation is the dominant process in the reach segment and the net amount of sediment reentrained is calculated as in equation [START_REF] Guan | A review of source tracking techniques for fine sediment within a catchment[END_REF].

seddeg = (concsed,ch,mx -concsed,ch,i)Vch * Kch * Cch (25)
Where, seddeg is the amount of sediment re-entrained in the reach segment (metric tons), Kch is the channel erodibility factor (cm/ hr / pa) , and Cch is the channel cover factor. The channel erodibility factor is conceptually similar to the soil erodibility factor used in the USLE equation (Neitsch et al., 2011). Channel erodibility is a function of properties of the bed or bank materials (Neitsch et al., 2011). The detail discussion of factors are found in Neitsch et al., (2011). In general, values for channel erodibility are an order of magnitude smaller than values for soil erodibility (Neitsch et al., 2011). The channel cover factor can be defined as the ratio of degradation from a channel with a specified vegetation cover to the corresponding degradation from a channel with no vegetation cover (Neitsch et al., 2011). The vegetation affects degradation by reducing the stream velocity, and consequently its erosive power, near the bed surface (Neitsch et al., 2011). Once the amount of deposition and degradation has been calculated, the final amount of sediment in the reach is determined by equation ( 26), sedch = sedch,i -seddep + seddeg [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF] Where, sedch is the amount of suspended sediment in the reach (metric tons), sedch,i, is the amount of suspended sediment in the reach at the beginning of the time period (metric tons), seddep is the amount of sediment deposited in the reach segment (metric tons), and seddeg is the amount of sediment re-entrained in the reach segment (metric tons).

Thus, the amount of sediment transported out of the reach is calculated using equation 27, Sedout = sedch .

𝑉 out 𝑉 ch [START_REF] Moukandi | Temporal Variability of Sediments, Dissolved Solids and Dissolved Organic Matter Fluxes in the Congo River at Brazzaville/Kinshasa[END_REF] Where, Sedout is the amount of sediment transported out of the reach (metric tons), Vout is the volume of outflow during the time step ( m 3 H2O ), and Vch is the volume of water in the reach segment ( m 3 H2O ).

Model Set Up, Calibration and Validation

The basic input data needed by SWAT are related to the land use, soil, climate and topography. The Congo basin was divided into 272 sub-basins with each sub-basin representing one HRU consisting of the dominant land use soil and climate (Fig.

2.14).

A systematic calibration and validation approach was applied in the CRB. This approach was applied in a sequential manner taking note that preceding steps have a great influence on succeeding ones.

For instance, an improper calibration of the hydrology will have a negative effect on the output of the sediments. Three steps are involved: (i) the calibration/validation of the hydrology and its components (ii) the calibration of the sediment concentrations and estimation of gross erosion and annual sediment yeilds (iii) the estimation of POC and DOC. The parameters selected for calibration were informed by literature [START_REF] Ndomba | Problems and Prospects of SWAT Model Applications in NILOTIC Catchments: A Review,Nile Basin Water Engr[END_REF]Chishugi et al., 2009;Munzimi et al., 2019;Tshimanga et al., 2011Tshimanga et al., , 2012;;Aloysius et al., 2016). Manual calibration was carried out throughout in order to gain a better understanding of the hydrological processes and reduce the uncertainties associated with unrealistic parameters [START_REF] Ndiritu | A comparison of automatic and manual calibration using the Pitman model[END_REF]2009).

Fig. 2.13. Delineation of the CRB into 272 sub-basins/HRUs of dominant soils, land use and climate.

There are regions where a direct application of SWAT is problematic as such there is the need for the development of new modules and adjustment of the structure (Van Greinsven et al 2012). In the Congo basin, the main constraints in using SWAT in the CRB, are that:

(i) SWAT was not developed for tropical regions, as such there will be problems associated with simulating tropical vegetation growth and hence evapotranspiration.

(ii)

The structure of the classic SWAT model is not adapted to simulating the wetland processes occurring in the vast wetlands that characterize the southern portions of the Lualaba basin as well as the central wetland areas.

These obstacles were surmounted by including a plant growth module (Strauch & Volk, 2013) in the first instance and by using a regionalization approach to calibrate the parameters in the second instance as well as validating with remote sensing. The new module limits the deficiencies of SWAT in simulation of tropical vegetation. Instead of simulating plant development by calculating plant heat units, the modified plant growth module initiates growing cycles based on changes in soil moisture. In this manner, tropical vegetation that typically follows a wet/dry season lifecycle can be properly simulated by setting thresholds which trigger the transitions from wet to dry seasons and vice versa (Strauch & Volk, 2013).

SWAT Model Input Data

In the context of this work, and in order to have an understanding of the processes occurring in the Congo River Basin, it was necessary to collect data that was used to firstly calibrate/validate the hydrology, suspended sediments and organic carbon in the basin. A summary of the sources of these datasets is presented below.

Soil data

Soil is an important input in the SWAT model. Different textural properties of soils like the percentage of sands, clays and silt as well as the hydraulic conductivity for the different soil layers are used. The soil data used was obtained from the Harmonised world soil database (HWSD) v1.1 at a spatial resolution of 1 km (Fig. 2.12a).

Land use Land cover

The type of land use affects the physical characteristics of the basin. Runoff, surface erosion and evapotranspiration are hugely affected by anthropogenic and climatic impacts. In this study, land use data from the Global Land Cover 2000 database (Mayaux et al., 2003) was used (Fig.

2.12b).

Digital Elevation model

The 

Meteorological data

The weather variables required to run the SWAT are precipitation, air temperature, relative humidity, wind speed and solar radiation. These variables can be entered directly in to the SWAT model as daily or sub-daily values. The model reads the nearest station to the centroid of each sub-basin. The model was forced with the Tropical Rainfall Measuring Mission (TRMM) TMPA 3B42 V.7 Daily product (Huffman et al., 2007). (2012,2014) at Bangui (B). Suspended sediment and Organic carbon are also available at Brazzaville Kinshasa (E) from the SO-HYBAM since 2005 as well as from [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF] and [START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF]. [START_REF] Borges | Variations in dissolved greenhouse gases (CO2, CH4, N2O) in the Congo River network overwhelmingly driven by fluvial-wetland connectivity[END_REF] also provides data along a transect on the main Congo River from Kisangani to Brazzaville/Kinshasa (C-E).

Satellite Radar Observations and Discharge for Model Validation

Due to the lack of extensive field data for a proper validation of the model, and in order to increase its robustness, stage height readings from satellite observations was used to validate the model. Studies have now shown the great ability of radar altimetry missions in retrieving river stages; (Birkett, 2002[START_REF] Birkett | Contribution of the TOPEX NASA radar altimeter to the global monitoring of large rivers and wetlands[END_REF][START_REF] Leon | Rating curves and estimation of average water depth at the upper Negro River based on satellite altimeter data and modeled discharges[END_REF]Becker et al., 2014), or observing inundated areas (Lee et al., 2011;Jung et al., 2010;Santos Da Silva et al., 2010). Some studies have also used stage readings to validate hydrological models over the CRB (O'loughlin et al., 2013;[START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF]. America and is very well suited for other large tropical catchments too (Collischonn et al., 2007). Similar to the SWAT model, the MGB-IPH model has HRUs that are composed of areas with dominant soil and land cover. It is a distributed hydrological model that is coupled with a hydrodynamic module which uses a storage model for floodplains (Paiva et al., 2011). The MGB uses data on precipitation, air temperature, relative humidity, wind speed, insolation and atmospheric pressure to calculate river flows in a hydrographic basin. Evapotranspiration from soil, vegetation and canopy to the atmosphere is estimated by the Penman-Monteith equation.

Flow is routed using the Muskingum-Cunge method or hydrodynamic modeling.

Estimating the Cuvette Centrale Balance

In order to estimate the balance of water, sediments and organic carbon retained by the Cuvette Centrale, a mass balance approach is implemented as shown in Fig. 2.16.

From Fig. 2.16, the total input of sediment for the Centrale Cuvette is given by :

𝐼 = ∑ 𝑆 𝑖 8 𝑖=1 (28) 
The output is considered as the flux at Brazzaville/Kinshasa minus the contribution of Kasai

O = S11 -S10, (29) 
Therefore, the sediment balance of the Cuvette Centrale is given by :

∆S = I-O. ( 30 
)
Fig. 2.17. Points used in the calculation of Cuvette Centrale Balance.

Efficiency Criteria

In this study, the following indicators statistically evaluated simulations.

The coefficient of determination (R 2 ) R 2 describes the proportion of the variance in measured data explained by the model. R 2 is calculated as follows:

𝑅 2 = ∑ (𝑂𝑏𝑠 𝑖 𝑛 𝑖=1 -𝑂𝑏𝑠)(𝑠𝑖𝑚 𝑖 -𝑠𝑖𝑚) (∑ (𝑂𝑏𝑠 𝑖 𝑛 𝑖=1 -𝑂𝑏𝑠) 2 ) 0.5 (∑ (𝑠𝑖𝑚 𝑖 𝑛 𝑖=1 -𝑠𝑖𝑚) 2 ) 0.5 (31) 
Where 𝑂bs𝑖 and 𝑆im𝑖 are the observed and simulated values, n is the total number of values, 𝑂bs is the mean of observed values and 𝑆im is the mean of simulated values. R 2 ranges from 0 to 1, with higher values indicating less error variance, and typically values greater than 0.5 are considered acceptable (Moriasi et al., 2007).

The Nash-Sutcliffe efficiency (NSE)

NSE is a normalized statistic that determines the relative magnitude of the residual variance compared to the observed data variance (Nash and Sutcliffe, 1970), calculated as follows:

NSE = 1 - ∑ (𝑂𝑏𝑠 𝑖 -𝑠𝑖𝑚 𝑖 ) 2 𝑛 𝑖=1 ∑ (𝑂𝑏𝑠 𝑖 -𝑂𝑏𝑠) 2 𝑛 𝑖=1 (32)
NSE ranges from negative infinity to 1.00, with NSE=1 being the optimal value. A negative value indicates that the mean value of the observed time series would have been a better predictor than the model [START_REF] Krause | Comparison of Different Efficiency Criteria for Hydrological Model Assessment[END_REF]. NSE values between 0.0 and 1.0 are generally regarded as acceptable levels of performance. Related to the guidelines proposed by Moriasi et al. (2007) 

𝑃𝐵𝐼𝐴𝑆 = ∑ (𝑂𝑏𝑠 𝑖 -𝑠𝑖𝑚 𝑖 )×100 𝑛 𝑖=1 ∑ 𝑂𝑏𝑠 𝑖 𝑛 𝑖=1 (33) 
The Kling-Gupta Efficiency (KGE)

The Kling-Gupta Efficiency, (Gupta et al., 2009) addresses several shortcomings in NSE and is increasingly used for model calibration and evaluation.

𝐾𝐺𝐸 = 1 -√(𝑟 -1) 2 + ( 𝜎 𝑠𝑖𝑚 𝜎 𝑜𝑏𝑠 -1) 2 + ( 𝜇 𝑠𝑖𝑚 𝜇 𝑜𝑏𝑠 -1) 2 ( 34 
)
where 𝜎𝑜𝑏𝑠 is the standard deviation in observations, 𝜎𝑠𝑖𝑚 the standard deviation in simulations, 𝜇𝑠𝑖𝑚 the simulation mean, and 𝜇𝑜𝑏𝑠 the observation mean (i.e. equivalent to 𝑜𝑏𝑠. Like NSE, KGE = 1 indicates perfect agreement between simulations and observations.

Chapter 3. Hydrology of the Congo River Basin Chapter 3

Hydrology of the Congo River Basin

This chapter compares the monthly and daily run model for the simulation of the hydrology of the Congo River Basin. It also details the validation of the model output with radar satellite observations. The hydrological indices in selected sub-basins were also studied with the aim of characterizing the selected sub-basins according to their hydrological responses. This will aid in making hypotheses related to fluxes of material in the basin.

Introduction

The Congo basin is plagued by a lack of hydrological data that is necessary and needed to make informed decisions about water management and climate policy decisions. These gaps in the hydrological information increase the uncertainty in making predictions about climate or future water development plans. In order to fill these gaps, various tools are at the disposal of researchers and scientists. One of such tools is the hydrological model, which can represent hydrological processes at the basin level with the aim of providing reliable information for water resources planning and climate change impacts. In ungauged basins like the Congo River Basin (CRB) where hydrological information is scarce, hydrological models are indispensable.

However, any model that must be constructed for the CRB has to be calibrated in an informed manner in order to reduce the models predictive uncertainty.

The aim of model calibration is to achieve as close as possible, results that match the data measured in situ. The general approach used in this study involved approximation of parameter estimates from literature and databases, followed by progressive refinement of these parameter ranges. An initial model parameterization on a global basis at the basin outlet at Kinshasa, followed by regional calibration of the main sub-basins was made. The regional calibration is by trial and error and involves an estimation of the model parameters after which the model is run and then the results are compared both qualitatively and quantitatively with measured values. The advantages of this method are that the modeler gets to know how their catchment functions and appreciates the strengths and weaknesses of their model as well as to determine sources of error in input data. The main disadvantage is that it is time consuming especially if the model is complex with many parameters to adjust. The model parameters were informed from previous studies with the SWAT model in the Congo basin and in other tropical basins (Aloysius et al., 2017[START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. In addition, global datasets with information about the physical properties of the basin and literature data were also used to set up the model.

In this chapter, the model calibration and parameter estimation approach were discussed. A manual procedure was considered, using a subjective process based on expertise and knowledge of the basin, whereby visual inspection as well as comparison with the observed data is made. The aim is to approximate as close as possible the actual behavior of the watershed. One of the benefits of this approach is the ability to keep track of the different changes or criteria noticed in the different sub-basins while adjusting the model parameters.

Another benefit is that the strengths and weaknesses of the model are exposed and as such, it is possible to make "trade-offs" in recognition of the models structural errors-if they exist.

Complex decisions are also made due to the effects of "tweaking" several parameters at the same time.

The model was first calibrated on a monthly basis and then validated on a daily basis with. The calibration was done at the outlet of the 4 main drainage units that comprise the basin and at the Basin outlet. Regional calibration of our model was important in order to conserve the peculiar physical characteristics of each drainage basin so as to reflect the heterogeneity of the entire basin (Datok et al., 2020). The time series of flow data for the sub-basins had a common period of 2000 to 2012. Performance evaluation criteria as suggested by Moriasi et al. (2007Moriasi et al. ( , 2015) ) were used to evaluate the model output. In addition, the flow duration curve was used to evaluate the hydrological response of the study catchments at different periods of flow.

The objective of this study is to establish an experimental model for the Congo basin that is able to reproduce the hydrological functioning of the Congo basin. The model also improves our understanding of the hydrological functioning of the basin through estimation of daily stream flow of ungauged tributaries. The model was calibrated and validated using measured data from hydrological stations in the basin, as well as stage derived discharge from the MGB-IPH hydrological model and radar satellite observations.

Going forward, in succeeding chapters, the model will be applied, also on an experimental basis to test various hypotheses related to the sedimentology and biogeochemistry of the basin with respect to fluvial organic carbon. The results of the model calibration and validation of five sub-basins of the Congo basin where in situ hydrological data was available is presented. The datasets used to further validate the model will also be presented while an analysis of the daily stream flow through the use of flow duration curves and the hydrograph will be made. Finally, the relationships between the basins physical characteristics and hydrological indices will be analysed.

The following sub-sections give the calibration results for the five main drainage systems of the Congo Basin. The results are shown in both the form of streamflow hydrographs and flow duration curves for both the period of calibration and validation on monthly and daily basis respectively.

Model Calibration

Monthly Scale

A look at Fig. 3.1.1 (A-E) shows the initial uncalibrated model (uncal) compared with the calibrated model (cal) and observations (obs) in the five sub-basins with available discharge records. Initial model runs over-estimated the basin-wide water balance, with total water yield of 500 mm yr -1 from precipitation of 1 510 mm yr -1 and actual evapotranspiration of 898 mm yr -1 (Table 3.1.). The final calibrated model on the other hand yielded 396 mm yr -1 from the same amount of precipitation and an improved actual evapotranspiration of 1060 mm yr -1 . The higher evapotranspiration value was as a result of the implementation of the plant module. The result shows that the simulated total water yield is within one percent of the long-term interannual average as recorded at the Brazzaville/ Kinshasa gauging station (Moukandi N'kaya et al., 2020). The uncalibrated model, consistently over predicts the flow in all the gauging stations simulated (Fig. 3.1.) with the exception of the southern sub-basins of the Kasai where there is a consistent under-prediction of flows. These high peaks suggests that runoff is over-estimated in different land uses and the capacity of the soil to absorb or allow water to percolate is limited. The global setup needs an appropriate calibration of the parameters that control the available soil water and evapotranspiration (Neitsh et al., 2011).

Different curve numbers for the different land uses will also need to be revised as previous studies have shown that curve numbers are very sensitive to surface runoff (Veith et al., 2010).

For the southern sub-basins, there is the need to increase the base flow by the calibration of the parameters that control percolation to the lower groundwater zone, the residence time of the upper and lower groundwater zone, and the routing parameters. At the Brazzaville/Kinshasa outlet, there is a big difference between the models. The effect of the Cuvette Centrale is apparent as this difference contains the amount of water yet to be accounted for. The Kasai also joins the main Congo River downstream of the Cuvette Centrale, there is a lack of data to inform the processes occurring here hence increasing the uncertainties. The calibration here also goes to show the importance of the upstreamdownstream calibration approach used, as the uncalibrated model did not take into account the effect of the calibration of upstream sub-basins. The calibration at this station also highlights the point that the benchmarks used for the performance metric should be hydrologically meaningful and hence subjective, by taking into account the objectives of the study, the available observations, and parameter values [START_REF] Knoben | Technical note: Inherent benchmark or not? Comparing Nash-Sutcliffe and Kling-Gupta efficiency scores[END_REF].

Validating With Daily Observations

The SWAT model's computational time step is daily. However, many hydrological models, including the SWAT model, are calibrated at longer time steps (monthly, seasonally or annually). The choice of the time step used usually depends on the particular purpose of the modeling or the level of detail needed (Adla et al., 2018). In this study, the hydrological model was calibrated on a monthly time step because the initial problem statement was suited to the monthly scale. Furthermore, in many ungauged regions daily datasets are hard to come by thus it is important to assess the suitability of using a model calibrated with monthly observations for daily applications. In this section, the model's performance is assessed by comparing the The daily averaged interannual discharge simulated at this station was 2 986 m 3 .s -1 compared to the average observed values of 3 130 m 3 .s -1 for the 2000 to 2012 period (Table 3.3). 3.2). However, daily run revealed that the model was not able to capture the recession phases of floods. This can be seen in the FDC that 100 percent of the time, the low flows have been overestimated while a break point from Q70 shows that the high flows have progressively been under-estimated. Furthermore, the model was not able to adequately represent a series of minor floods that characterizes the flow series in July and August [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]. Compared to the other sub-basins, there is an abundant contribution of lateral flow, the result of a steady year round groundwater supply. The discharge simulated of 1 106 m 3 .s -1 against an observed discharge of 1 417 m 3 .s -1 (Table 3.3)a difference of 311 m 3 .s -1 is indicative of the losses assumed here. 3.2). The FDC reveals an over-estimation of medium flows, an under-estimation of base flows with most of the high flows well captured. There is a notable near absence of groundwater contribution to streamflow especially in the months from September to December that coincide with periods of high discharge contribution by the southern tributaries of the basin (Datok et al., 2020). This suggests reduced infiltration that results in higher runoff. Overall the performance of the model was satisfactory with the regularity of the Kasai hydrology well simulated with an interannual daily discharge within 10% of the observed value of 7 359 m 3 .s - 1 (Table 3.3).

Fig. 3.4. Daily hydrograph and flow duration curve at the Kutu-Moke gauge station

Lualaba Sub-Basin

The presence of lakes and swamps in the Lualaba basin will be the origin of many of the uncertainties that will arise from the calibration of this sub-basin. These lakes include the Mweru and Banguelu wetland regions as well as the Tanganyika lake which are located upstream of the Kisangani gauging station which is used for the calibration. As a result, the high peaks were not well reproduced as can be seen in the Fig. 3.5 with the high peaks overestimated. This reflects in the NSE value too (-1.45 and 0.06 daily and monthly model respectively) (Table 3.2) as the NSE is sensitive to high peaks (Legates & McCabe, 1999). The RSR and PBIAS values also were not satisfactory resulting in the model not simulating accurately the magnitude and variability of the floods. The KGE however, which can be decomposed into the contribution of mean, variance and correlation on model performance, gave acceptable scores of 0.59 and 0.57 for the daily and monthly models respectively. This score suggests that the lower limit of any of the components is within this range. The modeled discharge of 9285 m 3 .s -1 compared with the observed discharge of 7260 m 3 .s -1 -a difference of about 20% (Table 3.3) suggests the influence of the wetlands, inadequate representation of precipitation, measurement errors and natural complexities specific to the watershed. Congo (Brazzavillle/Kinshasa-Outlet)

Lualaba at Kisangani

Simulation

The Congo basin outlet is situated at the Brazzaville/ Kinshasa gauging station, which controls 98 percent of the basin discharge. It receives flow from all the tributaries upstream from it that pass through the cuvette Centrale as well as the Kasai, Plateaux Batekés Rivers and other tributaries downstream of the cuvette. Large amounts of rainfall are produced in the middle of the basin with large amounts of evapotranspiration due to the vegetation canopy there. The central basin is on stable natural terrain with low slopes and flooded swamps, which have the potential of attenuating any runoff generated in the basin. This area is largely ungauged and the effect will be seen in the calibration at the basin outlet located downstream.

The constant underprediction of flows (Fig. 3.6) influenced the NSE, which is sensitive to extreme flows nevertheless; the timing of flood events, the bimodal pattern of rainfall over the basin, wet and dry years and also the regularity of groundwater flow over the simulation period were well captured. The relatively high difference between the modeled discharge of 36 361 m 3 .s -1 to 39 963 m 3 .s -1 of observed discharge -a difference of 9% (Table 3.3) could be attributed to the attenuation effects of the Cuvette wetlands and since there is reliable observed discharge flow records at this site, the results will not be affected. 

Further Validation of The Model

In the preceding sections, the model was validated by first validating the monthly calibrated model with the daily observations and simulations and then the performance evaluated with the criteria suggested by Moriasi et al. (2015). Secondly, the interannual means of the modeled flows were compared with the means of the observations from the gauge stations over the calibration and validation period. In this section, remote sensing in the form of Surface Water Extent (SWE) from altimeter readings and discharge from the MGB-IPH hydrodynamic model will be used to compare.

Validation using Altimetry

The main constraint hindering effective hydrological studies is the absence of reliable data (Alsdorf et al., 2016). To this end, hydrologists have continued to invent new approaches and techniques for improving the knowledge and understanding of study catchments. One of such approaches is the calculation of the relationship between discharge and stage for a given point on a stream (rating curves). More recently satellite altimetry has been used to estimate continental water levels, by using the physical characteristics of the rivers such as the slope, width and depth, discharge can be estimated [START_REF] Tarpanelli | River discharge estimation by using altimetry data and simplified flood routing modeling[END_REF][START_REF] Sichangi | Estimating continental river basin discharges using multiple remote sensing data sets[END_REF][START_REF] Bogning | Monitoring water levels and discharges using radar altimetry in an ungauged river basin: The case of the Ogooué[END_REF]. Several authors have combined a rainfall-runoff model with rating curves to estimate discharge with very good results [START_REF] Leon | Rating curves and estimation of average water depth at the upper Negro River based on satellite altimeter data and modeled discharges[END_REF][START_REF] Getirana | Hydrological monitoring of poorly gauged basins based on rainfall-runoff modeling and spatial altimetry[END_REF] It is notable to see that there was no distinction between wetland areas and other dryer parts of the basin, suggesting that the model performance was irrespective of whether it is located in the headwater regions or central regions. Also there was no distinction in model performance in wide rivers or narrower ones. The discharge peaks coincided well with the timing of both low and high water levels. Seasonal observations of peak discharge at both the northern and southern drainage units were in good agreement. However, slight temporal shifts in discharge could be observed at some of the stations, for example in Congo_1331 (Fig. 3.10) which could be attributed to heteroscedasticity in the stage-discharge relationship due to backwater effects in the main Congo River (Paris et al., 2016). The poor fit in the SWE and discharge is mostly noticed in the Aruwumi streams (Aruwumi_833), where the average correlation values for SWAT were 0.2 compared to 0.6 for the MGB model, as well as the southern tributaries of the Lualaba and Kasai Basin (Fig. 3.9a). This is due to a simulation of discharge peaks during low flow that were not observed in the altimetry readings. This suggests a misrepresentation of the precipitation inputs as there is evidence of the overestimation of precipitation by TRMM products in equatorial regions (Beighly et al., 2011;Nicholson et al., 2003). It could also be due to the sharp rainfall gradients associated with this region. However, there was a good agreement at congo_1331, 848 and 522 (Fig. Overall, the MGB-IPH model was more correlated with the SWE over majority of the basin and shows the advantage of a hydraulic model over a hydrological model in validating discharge. The WSE used in this study confirms that radar altimetry can be used in validating precipitation products and can be used in ungauged rivers where access to in situ data is scarce.

Comparisons of the Hydrological Responses in the Sub-Basins and Their

Relationships to Physical Basin Characteristics

This study carried out an assessment of the hydrological responses in the main tributaries of the CRB. The CRB comprises both small and large tributaries and sub-catchments mostly distinguished by their width and drainage areas respectively. In order for a fair assessment of the sub-basins hydrologic responses, an approach that will consider a wide range of hydrological conditions and the effect of spatial scale was used. In this study, The Flow Duration Curve (FDC) was used. The FDC supplies data on the flow characteristics of a river.

In addition, it has the advantage that flows at all times scales, (weekly, monthly, daily), can be used [START_REF] Vogel | Flow-Duration Curves. I: New Interpretation and Confidence Intervals[END_REF][START_REF] Smakhtin | Low flow hydrology: a review[END_REF]. It is a method widely used in environmental flow analysis, in the sustainability and preservation of river ecosystems [START_REF] Karakoyun | Chapter 4.9 -Environmental Flow Assessment Methods: A Case Study[END_REF]. The FDC also describes the relationship between the magnitude of flow and the frequency associated with each magnitude [START_REF] Mohamoud | Prediction of daily flow duration curves and streamflow for ungauged catchments using regional flow duration curves[END_REF]. Importantly too, the FDC can give an insight into the groundwater characteristics of a watershed since the lower end of the curve in -dry seasons-usually refers to the shallow aquifer [START_REF] Cheremisinoff | Relationship between Groundwater and Surface Water[END_REF].

Flow duration curves have also found applicability in ecological studies when evaluating minimum flows for sustaining ecosystems [START_REF] Botter | Ecohydrological model of flow duration curves and annual minima[END_REF]. They are also useful when analyzing the dynamics of sediment and dissolved matter transport [START_REF] Leopold | Fluvial Processes in Geomorphology[END_REF].

The effect of spatial scale on hydrological components have been documented [START_REF] Lemma | Effect of spatial scale on runoff coefficient: Evidence from the Ethiopian highlands[END_REF][START_REF] Nasseri | Spatial Scale Resolution of Prognostic Hydrological Models: Simulation Performance and Application in Climate Change Impact Assessment[END_REF], therefore for this study, the FDCs were normalized by their respective drainage areas. In the present study, the Weibull method was used to construct the FDC:

𝑃 = ( 𝑚 𝑛+1
) 𝑋100

Where P is the probability of exceeding individual flow and m and n are a unique ranking number and the number of flow measurements respectively. The Flow duration indices (FDIs) represent normalized magnitudes of stream flow on the FDC and correspond to exceedance probabilities i.e. the percentage of time flow is exceeded or equaled [START_REF] Verma | Design flow duration curves for environmental flows estimation in Damodar River Basin, India[END_REF]. These indices are used as a measure of the hydrologic response of the various sub-basins.

The CRB is a unique basin by virtue of its position straddling the equator receiving flows from both the northern and southern hemispheres. These contributions come from streams that converge and meet in the main Congo River from a vastly heterogeneous basin.

The hypothesis is that sub-basins with similar physiographic characteristics will show similarity in their FDCs and that the FDIs will be weakly, or not correlated at all to the physical characteristics of the basin given the natural complexities associated with the basin.

Comparison of Sub-Basin Hydrologic Responses

The flow duration indices (FDIs) calculated by the method described above correspond to a range of flows. The increasing magnitude of the indices signifies lower flows. For example a Q90 indicates that flow is equaled or exceeded only 90 % of the time and this corresponds to low flows while Q10 corresponds to high flows and indicates that flow is exceeded or equaled only 10% of the time. Fig. 3.11 below shows the normalized flow duration curves of the 5 principal sub-basins of the CRB. The Sangha sub-basin has the highest Q10 index for the period and the Lualaba sub-basin with the lowest Q10 index. In the Sangha, both surface and subsurface processes are acting in the basin as seen from the relatively high base flow index and as described in Datok et al. (2020). In terms of base flow, the Bangui sub-basin shows the least, but with relatively high floods. This suggests the dominance of sub-surface processes over subsurface processes as can be evidenced by the series of flash floods that have characterized the area in the recent past [START_REF] Laraque | La puissante crue de l'Oubangui de fin octobre 2019[END_REF]. The smooth curves of the Congo suggests that flows are regular aided by the contributions from the various subbasins. The High base flow in the Congo also highlights the important regulatory role of the Cuvette Centrale in supplying water to the river when needed (Datok et al., 2020). The Kasai sub-basin also shows a relatively flat curve in the medium flow range with relatively high medium flows and base flow. The smooth curve also indicates the low variability of the flows in this sub-basin. The Lualaba sub-basin with the lowest Q10 index also shows a smooth curve in the medium flow range with moderate base flow. The presence of the lakes and swamps in the southernmost portion of this sub-basin has an effect on the flow attenuation. This area is also characterized by high slopes and lower rainfall compared to the central basin. 

Fig. 3.12 Locations of rivers used in the analysis of hydrological indices

In order to have an overview of the flows from different contributing tributaries in the CRB, the simulations from nine other tributaries on both the southern and northern hemisphere are compared. The watersheds were ranked in the order of increasing Q10 index (Fig. 3.13).

The Alima showed the highest Q10 index which was correlated with both the Q20 and Q30

indices. The Alima is part of the Bàtéke Plateau system noted for the high infiltration rates and the presence of sandstone formations that have high groundwater storage capacity. The Ruki and the Likouala aux Herbes at Botuali also showed high Q10 index. A hypothesis may therefore be drawn here that watersheds with a high Q10 index represent soils with high infiltration capacity and these watersheds have a dominance of sub-surface processes over surface processes. however suggesting that at both high, medium, and low flows, these tributaries with their high specific discharge are very regular and are always supplied during the year. The Q90 index also showed that the Ruki and Alima are less prone to droughts as they have the ability to sustain all year flow contrary to the Bangui and Makou with their low Q90 indices that show they are vulnerable to droughts. Also, it is important to note the flows from the Likouala aux Herbes at Botuali with the high Q99 index similar to the Q60 and Q70 index. This region is located in swamps and flooded forests with Quaternary clayey or sandy fluvial material (Laraque et al., 1998). This and the fact that this region is closer to the water table may be a reason for the high or steady medium to low flows here. 
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Relationship between Hydrological Indices and Basin Physical Properties

In order to identify variables that were well correlated to each other or not, so as to aid in subsequent calibration and analysis of sediments and organic carbon with the SWAT model, a Pearson correlation was made between the hydrological indicess and selected basin properties (Table 3.4). Table 3.5 shows the Person correlation between the hydrological indices and some selected landscape and climate descriptors. The table shows that the hydrological indices Q10, showing a weak correlation with the sub-basin area. Overall, the selected hydrological indices did not show a very strong relation with any of the physical basin attributes but rather were more correlated with each other. This information will be very important in further analysis with the model. Variable analysis is able to do this by creating new uncorrelated variables and in the process maximizing the variance. This results in the transformation of the original datasets into a new set of variables or principal components. In short, its aim is to display similarity patterns of observations and the variables as points in a map [START_REF] Abdi | Principal Component Analysis[END_REF]. This study used the Statistica software to run the PCA. The software automatically removes unqualified variables from the dataset, furthermore, the effect of scale is considered. This is very important as the variables used have different scales, it involves the mean value being subtracted from each variable and then the variable is divided by its standard deviation. The model was run with a maximum number of iterations set at 50 and a convergence criterion of 0.0001. The main aim of the PCA is to find the principal variation which the first few components provide.
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While running the PCA, the model cross-validated the data. The cross validation helps in minimizing overfitting that leads to over optimistic results and it also aids in choosing the number of components to be analysed [START_REF] Bro | Principal component analysis[END_REF].

Nineteen continuous variables were analysed using this method and the results of the analysis is presented in Table 3.6. The analysis showed that the principal components explained about 58% of the variability in the data while the first two components explained 45% of the variability in the data. The implication is that half of the variation is retained in other components. This is reflective of the heterogeneous nature of the CRB, therefore these two components will not fully account for all the variation in the data. In order to find patterns of variation, a scatter plot is produced (Fig. 3. 16). From an observation of the plot, it can be seen that the percent sand in the first layer is generally correlated with the hydraulic conductivity of the soil in the first layer and the hydrological indices are also generally correlated to each other in approximately 50% of the variation represented by these two principal components. Potential evapotranspiration is only moderately described by these two components as it hovers around zero in both components. P1 is positively related to the elevation variables, the percent of sand and silt and the curve numbers which may explain the connectedness between sub-basins with high slopes and high curve numbers and high proportions of clay and silt. The negative correlation on P1 axis with the hydrological indices, the percent of evergreen cover, precipitation and evapotranspiration implies that these variables are not significant in sub-basins with high or low elevation, high curve number or percentage of silt and clay. 

Implications for Sediment and Organic Carbon Dynamics

Hydrological processes are very important in watershed management, as apart from the provision of ecosystem services, they play a dominant role in controlling sediment yield and transportation [START_REF] Krysanova | The linkage between hydrological processes and sediment transport at river basin scale[END_REF]. This study analysed the characteristics of hydrological indices derived from a normalized flow duration curve constructed from subbasins draining both the northern and southern basins of the CRB. An analysis was made of the Q10, Q50 and Q90 indices which represent the high, medium and low flows respectively.

Watersheds with a high Q10 index corresponding to the Alima (Tékes Rivers) and Ruki subbasins which have substantial groundwater storage, are of sandy-clay nature and have a generally low hydraulic conductivity but significant water retention capacities (Takounjou et al., 2012). This is evidenced by the weak correlation between the Q10 index and the hydraulic conductivity (Table 3.5). Sediments can be contaminated through agricultural runoff, point or non-point sources, subsequently, contaminated groundwater can discharge through sediments to the overlying surface water. The dilution effects of groundwater performs an important regulatory function, helping to restore groundwater quality by reducing the amount of organic contaminants stored in the aquifers' sediments [START_REF] Smith | REVIEW: The role of ecosystems and their management in regulating climate, and soil, water and air quality[END_REF]. The dominance of groundwater over surface runoff in the watersheds with high Q10 index is evident (Fig. 3

.13).

A hypothesis that can be proposed here is that such watersheds which also have a higher Q90 index will have lower suspended sediment concentrations and less turbid waters due to the dilution effects generated by storm water. Sediment concentrations in the Batékes Rivers have been monitored during the PEGI-GBF project and have presented some of the lowest values in the basin (Laraque & Maziezoula, 1995). The relatively low variation in the coefficient of variation of the suspended sediments testifies to the regularity of the flows brought about by low seasonal contrasts. Therefore, the contributions of groundwater are related to sediment delivery processes in the watersheds with high Q10 and Q90 indices as higher sediment loads will be transported with higher base flow.

In Table 3.5, the FDIs are strongly correlated to each other with the Q50 and Q90 indices very strongly correlated. In the CRB, the hydrological regime is noted to be very stable with a limited variation in mean interannual discharge [START_REF] Moukandi N'kaya | A new look at hydrology in the Congo Basin, based on the study of multi-decadal chronicles[END_REF]. The strong negative relationship between the Q10 index with elevation is due to the generally low slopes throughout the basin with the central basin including the Cuvette Centrale at low elevations. The Cuvette Centrale affects the dynamics of sediment and organic carbon as it is observed to change the biogeochemical characteristics of the rivers that pass through it by diluting the suspended sediments and dissolved solids, increasing organic matter concentration while lowering the Ph (Laraque et al., 2009). Dilution and concentration effect will cause a corresponding decrease and increase of DOC during rising and falling stages of the hydrograph respectively. The PCA analysis also revealed the negative relationship between average elevation and the FDIs which has an effect on surface runoff and erosion. The Congo basin has one of the lowest sediment yields of any large basin (Gaillardet et al., 1995;[START_REF] Ludwig | River sediment discharge to the oceans: Present-day controls and global budgets[END_REF]. This is as a result of climatic and physiographic characteristics of the basin including the relatively flat topography and the vegetation cover. As a result, chemical weathering predominates over physical weathering in the basin.

With lower erosion rates in the Cuvette in particular and the basin in general, the relationship between POC and discharge is less correlated than that between DOC and discharge [START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF]. Watersheds with moderate to high Q50 index have the ability to replenish the aquifer during times of drought, leaching soils while transporting suspended sediments to the river. A high percentage of POC in suspended matter suggests instream phytoplankton production and litter production during low flow while low percentage of POC in suspended matter corresponds to terrigenous POC from soil erosion during intense rainfall events (Coynel et al., 2005;Oeurng et al., 2010;Boithias et al., 2014). Watersheds with low Q90 indices like the Bangui are more prone to droughts which are exacerbated by the climatic conditions being observed presently (Nguimalet, 2017). The Ubangi drains the northernmost portions of the CRB and has the highest material transport on the right bank (Laraque et al., 2009). Surface processes dominate over this sub-basin contrary to other watersheds with higher Q90 index. From the foregoing, the variation in sediment dynamics and dissolved and particulate fluxes are assumed to follow the trends and variations in flows as represented by the flow duration indices.

Conclusion

The SWAT model was calibrated on a monthly time scale and validated with dailyobserved discharge measurements. Monthly calibration performs better than daily calibration in all the studied sites in terms of all the evaluation metrics. There was an unavoidable loss of information in the daily model due to the sensitivity of the parameters at that time step. This result further goes to prove the need for parameter regionalization in order to overcome information loss. This study also adds to the discussion on better performance of monthly calibrated models to daily ones. The SWAT model is a complex model with many parameters and as such it will be difficult to come to a definite conclusion about which time step is better.

There is also the issue of hydro-climatic characteristics of the basin, as monthly models have been shown to yield better results in catchments with intense rainfall [START_REF] Lerat | A robust approach for calibrating a daily rainfall-runoff model to monthly streamflow data[END_REF]). This work has shown that the SWAT model is capable of being used in hydrological assessments of large ungauged basins like the CRB by confirming some of the hydrological responses documented in literature (Tshimanga et al., 2011;2012). The difficulty in the calibration encountered at the Brazzaville station is due to the effect of the Cuvette Centrale. This effect has not been taken into account with the current version of SWAT used in this study, but versions are currently being developed that will account specifically for wetland processes (Guilhem et al., in preparation). However, this study has shown that the current version of SWAT model can be applied for a wide range of assessments including vulnerability, studying climate change impacts, and water quality applications in the CRB.

Regression relationships can also be developed from the hydrologic indices and environmental descriptors to predict flow duration indices from which streamflow can be obtained. This is an area of future work that can be used in combination with other approaches to yield the desired results.

Chapter 4 Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin

This chapter provides a first look at the regulatory function of the Cuvette Centrale through a water balance approach. The dynamics of the tributaries supplying the Cuvette Centrale are analysed and the amount of water retained or discharged from the Cuvette Centrale are quantified. this is the first step in a three part series that applies the SWAT model for hydrobiogeochemical analysis in the Congo River Basin. This work has been presented as follows:

-As a poster presentation session at the AGU Chapman Conference (Datok et al., 2018); -As a published article in the American Geophysical Union (AGU) Congo River Basin Chapter.

Context and Objectives

The Congo River Basin (CRB) is the largest river basin in Africa in terms of its basin area as well as discharge at the basin outlet. In fact, its discharge is second to only the Amazon basin. The changing climate patterns across the globe and in the northern sub-basins of the CRB in particular are therefore a cause for concern (Nguimalet, 2017). The changing climate will have a considerable impact on the hydrological cycle because climate and water resources are intimately linked with one influencing the other [START_REF] Kundzewicz | Climate change impacts on the hydrological cycle[END_REF]. Human beings depend on water resources for their daily needs, while the ecosystem Services Rivers provide benefit a whole range of organisms. Changing climate will result in changes in seasonality of rainfall, which may result in the alteration of hydrological regimes, land use as well as the change in behaviours of water users. Anthropogenic activity notably agriculture, construction of infrastructure like dams, discharge of pollutants into the river system and river diversion influence the availability of water resources. In Africa, these issues may exacerbate water availability in regions that are already suffering from a lack of, or insufficient water. It is therefore important that the available water resources should be protected to ensure its sustainability.

Wetlands perform many regulatory functions amongst, which is water purification, flood protection, shoreline stabilization, groundwater recharge as well as maintaining year round stream flow. The Cuvette Centrale of the CRB is the largest wetland in Africa and has the second largest area of continuous tropical forest after the Amazon basin. Its position in the middle of the basin is strategic as it receives flow from tributaries both on the northern and southern hemispheres. Changes to the health of the basin can be deduced from an observation of the physical and biogeochemical characteristics of the Cuvette Centrale. For example, the concentrations of sediments are diluted by floodwaters therefore a drastic change in the variability of sediment concentrations is an indication of a reduction or increase in flow as the case may be.

Wetlands are an important part of the sustainability of the Earth's resources. One of the biggest threats to wetlands loss is when it is drained for agricultural purposes, while development pressure is also a big cause of wetland loss. Given the importance of the Cuvette Centrale to global climate, changes should be continuously monitored. The natural complexities of the region as well as the sheer size of the basin make this difficult. That is why it is important to employ new tools and approaches in order to understand the dynamics of hydrology in the CRB and the function of the Cuvette Centrale in particular.

The objective of this chapter therefore is to :i) simulate the hydrology of the CRB using the SWAT hydrological model and assess the flows entering the Cuvette Centrale ii) Analyze the impacts of the Cuvette Centrale on streamflow and the water balance components in the catchment at the basin outlet.

Principal Results and Discussions

The SWAT hydrological model was the main tool used in this study. Because it was initially developed for temperate regions, it may not be very suitable for simulating tropical vegetation. For this reason, the crop growth module was modified for a better simulation of The results summarized here demonstrate the ability of the SWAT model to predict with a good amount of certainty the hydrology of the CRB. Five principal sub-basins of the CRB were calibrated with the skills scores as follows: NSE from 0.16 to 0.81, R 2 from 0.59 to 0.83, PBIAS from -2.11 to 14.52, RSR from 0.43 to 0.99 and KGE from 0.23 to 0.9. While for the validation period, NSE was from 0.08 to 0.66, R 2 from 0.39 to 0.78, PBIAS from -4.10 to 8.19, RSR from 0.58 to 0.75 and KGE from 0.31 to 0.78. The model was further validated with water surface elevation from altimetry and it gave good results across the basin. Discrepancies were however observed in one or two stations where high flows simulated with the model were not detected by altimetry. This was put down to the problem of precipitation input which has been observed in parts of the basin before. Also sligt temporam shifts observed in other stations were the result of heteroscedasticity in the stage-discharge relations. Overall the comparison was good in the majority of rivers sampled irrespective of wether they are wide or small. The hydrological responses in the sub-basins were also analysed. The Ubangi performed overall best with the magnitudes and timing of flows well simulated.the Sangha was not as well represented as the Ubangi due to the failure of the model to represent a series of small floods in the July and August. This may be due to the proximity of the wetlands and the structural inadequacies of the model, in representing these wetlands.

The Lualaba basin is characterised by many lakes and swamps which complicated the modeling process. The implementation of reservoirs did little to slow the flow of water across the basin. Nonetheless, the magnitudes of the flow were well simulated with a difference of only 1% between the simulated and observed readings.

The Kasai sub-basin had satisfactory to very good results for both the calibration and validation periods. The magnitudes of flows were well simulated although there is a suggestion that the performance could be improved with more information in this sub-basin.

At the basin outlet, the effect of the Cuvette Centrale was apparent as the low scores for the NSE attests to. The timing and seasonality of flows was however well captured but in order to slow the waters across the Cuvette Centrale, more information pertaining to the parameters of the central basin are needed.

An upstream-downstream balance was subsequently conducted in which it was revealed that the Cuvette Centrale receives on a monthly basis an average of 34, 000 m 3 s -1 of discharge from tributaries on both banks of the main river as well as from the main river itself. The flows exiting the Cuvette Centrale were also estimated at 39, 000 m 3 s -1 . The seasonality revealed that the balance is only in surplus at the peak of the rainy sesons and in deficit at all other times.

The implication is that the Cuvette Centrale supplies the river in low water periods thereby performing an essential regulatory function.

Conclusion

The use of modeling tools, and remote sensing has great applicability in remote and ungauged regions as shown by this study. It has highlighted the ability of the Cuvette Centrale of the CRB to regulate flows and ensure sustainability of downstream ecosystems by the first upstream-downstream balance of the hydrology of the basin. Issues pertaining to the suitability of the model considering the representation of wetland processes have been raised and remains a point for future consideration and work. Nonetheless, this study has been able to give a first insight into the quantities of water that the Cuvette Centrale is capable of processing. As an important ecological basin hosting a number of Ramsar sites, it is hoped this work will go a long way in making future decisions concerning the basin.
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Abstract

The increasing pressure on wetland resources continues to threaten the role wetlands play in maintaining the ecological balance of watersheds. The Cuvette Centrale of the Congo is the greatest intertropical peatland in the world.To fully understand its role in water resources and ecological services linked to the quality of water and life in the basin, we first need to quantify its role in the hydrological dynamics. To achieve this aim, we used the Soil and Water Assessment Tool model (SWAT) -modified for tropical environments-in combination with monthly discharge data. We analyzed water fluxes entering and flowing out of the Cuvette Centrale of the Congo River Basin on a monthly time scale for the 2000-2012 period. The model was calibrated, validated, and compared with discharge from gauging stations and surface water elevation from radar altimetry. Results showed that upland runoff from the Congo River was the highest contributor to the Cuvette Centrale (33 percent) followed closely by efficient precipitation inside the Cuvette Centrale(31 percent) with right bank and left bank tributaries contributing 25 percent and 11 percent respectively. We simulated monthly mean interannual inflows of approximately 34,150 m 3 s -1 (88billion m 3 ) with the main flood peaking in November (45,310 m 3 s -1 ) and total outflows averaging around 39,860 m 3 s -1 (100billion m 3 ) peaking at 52,430 m 3 s -1 in December for the simulation period. We subsequently estimated a negative monthlymean interannual variation of storage in the Cuvette Centrale wetlands in the order of 5,700 m 3 s -1 suggesting that the Cuvette Centrale supplies the river during low water periods. This highlights the important regulatory function of the Cuvette Centrale and the need for protection of groundwater resources in order to maintain wetland water quantities and quality.

Introduction

Wetlands are an important component of the global ecosystem. It has been pointed out that the wetlands of the world are on a steady decline [START_REF] Papa | Satellite altimeterderived monthly discharge of the Ganga-Brahmaputra River and its seasonal to interannual variations from 1993 to 2008[END_REF]Ramsar Convention on Wetlands, 2018) and this is more worrying considering the ecosystem services they provide [START_REF] Bwangoy | Identifying nascent wetland forest conversion in the Democratic Republic of the Congo[END_REF]Davidson, 2014;[START_REF] Keddy | Wet and Wonderful: The World's Largest Wetlands Are Conservation Priorities[END_REF]Sauvage et al., 2018). Alluvial wetlands control several physical, chemical, and biological processes (Borges et al., 2015;Bouillon et al., 2014). They can be connected to the river and influence water, sediment and nutrient balances by playing a role in the hydrological dynamics (Weng et al., 2003), in carbon sources or sinks [START_REF] Peyrard | A coupled vertically integrated model to describe lateral exchanges between surface and subsurface in large alluvial floodplains with a fully penetrating river[END_REF] or in nitrate removal by denitrification (Bernard-Jannin et al., 2017;[START_REF] Fabre | Daily denitrification rates in floodplains under contrasting pedo-climatic and anthropogenic contexts: Modelling at the watershed scale[END_REF]Guilhen et al., 2020;Jung et al., 2010;[START_REF] Kim | Mapping spatio-temporal water level variations over the central congo river using palsar scansar and envisat altimetry data[END_REF][START_REF] Papa | Satellite altimeterderived monthly discharge of the Ganga-Brahmaputra River and its seasonal to interannual variations from 1993 to 2008[END_REF]Sun et al., 2016). Fluctuations in wetland water volumes are very important in estimating hydrological and biogeochemical functioning of wetlands as the timing and duration of flood pulses affect fauna and flora, which depend on them directly [START_REF] Forsberg | Autotrophic Carbon Sources for Fish of the Central Amazon[END_REF].

After the Amazon basin, the Congo River Basin (CRB) contains the second-largest continuous rainforest on the planet with a covering of 1.8 million km² (Haensler et al., 2013).

At the heart of the basin is the "Cuvette Centrale", a vast forested wetland depression occupying close to half of the watershed with a strong influence over the hydrology and the biogeochemical characteristics of the rivers that cross it (Laraque et al., 1998a(Laraque et al., , 2009)). Alsdorf et al. (2016) summarized the hydrologic studies carried out over the wetland areas of the basin, noting the challenges associated with hydrologic measurements in this part of the CRB. These challenges are a result of the peculiar characteristics which include ill-defined shorelines and the dense forest canopy, which obscure most of the inundated areas. Nevertheless, different approaches have continued to be used to study the wetlands of the (CRB). Traditional or direct methods of hydrological measurements in the Congo basin wetlands are difficult. This is due mostly to the largely ungauged nature of the catchment, the briefness, inconsistency, and unreliability of observable data where they exist, and the accessibility limitations of the physical environment (Munzimi et al., 2017;Runge, 2007;Alsdorf et al., 2016). For these reasons, and to better understand the wetland hydrology, it has become imperative to seek alternative indirect means of measurement. One of these alternative solutions is to combine modeling approaches with the use of satellite remote sensing techniques, which have largely become the only options for in situ data in remote areas [START_REF] Papa | Satellite altimeterderived monthly discharge of the Ganga-Brahmaputra River and its seasonal to interannual variations from 1993 to 2008[END_REF].

Altimeters have been recognized as a special tool for measurement of hydrological dynamics in data-scarce regions, with the major drawbacks being its spatial resolution. This is because altimeters are mostly limited by their repeat cycles causing virtual stations to be located far apart [START_REF] Kugler | L-band passive microwave data from SMOS for river gauging observations in tropical climates[END_REF][START_REF] Rosenqvist | Evaluation of JERS-1 SAR mosaics for hydrological applications in the Congo river basin[END_REF]. [START_REF] Kim | Mapping spatio-temporal water level variations over the central congo river using palsar scansar and envisat altimetry data[END_REF] Multi-Satellites (GIEMS) dataset, [START_REF] Prigent | Global inundation dynamics inferred from multiple satellite observations, 1993-2000[END_REF] with ENVISAT altimetry water level measurements, Becker et al. (2018) were able to estimate surface water extent of floodplains, lakes, rivers, and wetlands of the CRB. They found the annual variation in surface water storage in the CRB to be around 80 km 3 or approximately 6 percent of annual water volume that the Congo River exports to the Atlantic Ocean.

Hydrological models have been deployed with varying degrees of success in the CRB.

Modeling in this basin poses several challenges due to the sheer size and heterogeneity of the watershed, as well as the attenuation effects of the Cuvette Centrale (Alsdorf et al., 2016). Chishugi and Alemaw (2009) The Cuvette Centrale is uniquely positioned to receive flow from the different tributaries that cross this great basin at different times of the hydrological year. Most of the modeling studies did not consider the spatio-temporal variations in the tributaries that contribute to the Cuvette Centrale and provide little to no distinction on the Cuvette Centrale hydrology based on timescale and seasons. We build on an approach initiated by the BRLi and complementary work done by Moukandi N'kaya et al. (this volume), to estimate the change in storage of the Central Basin, by the first upstream-downstream hydrological balance obtained from calibration and validation of in situ data. Using a mass balance approach, we estimated the fluxes of water feeding into the Cuvette Centrale from eleven tributaries located both on the right and left banks of the Congo River and on the outer fringes of the wetland before they become fully influenced by the wetlands. Afterward, we compared these fluxes with the measured output at the basin outlet in Brazzaville/Kinshasa in order to observe the impact of the Cuvette Centrale on these flows. Knowing the importance of evapotranspiration using this approach, we use a modified Soil and Water Assessment Tool (SWAT) model fitted with a module to better estimate the amounts of water that are removed from the Cuvette Centrale. This will also aid in identifying the source of Cuvette Centrale waters in line with the theories proposed by Alsdorf et al. (2016) concerning the source and emptying of Cuvette Centrale waters. Therefore, the main objective is to enhance our knowledge of the hydrological functioning of the Cuvette Centrale and the limitations of using a distributed hydrological model. Specifically, we intend to:

(i)
Simulate and assess water flows entering the Cuvette Centrale using modeling tools.

(ii) Analyze the impacts of the Cuvette Centrale on streamflow and the water balance components in the catchment at the basin outlet.

These objectives will be met by combining modeling, gauging station data, and satellite data observations in order to represent the hydrological system within the Cuvette Centrale adequately.

Materials and Methods

Study Site

In Africa, the Congo River is the second longest river after the Nile at 4,700 km, and first in terms of discharge and basin size -40,500 m 3 s -1 and 3. et al., 1998a, 1998b). It also comprises the central portions of the basin, including the Tumba-Ngiri and Mai Ndombe wetlands and lakes on its left bank, the areas of which are 65,695 km 2

(O'Loughlin, 2013). [START_REF] Farr | TheShuttle Radar Topography Mission[END_REF] of the topography of the Congo River basin showing the area of the Cuvette Centrale within the yellow polygon as generalized by Bwangoy et al. (2010) (adapted from Alsdorf et al., 2016).

Fig. 4.1. Shuttle radar topography mission (SRTM) digital elevation model

The physiography, climate, and vegetation of the CRB are generally centered and extend around the Cuvette Centrale. The Cuvette Centrale has an equatorial climate with mean rainfall between 1,800 mm yr -1 and 2,200 mm yr -1 falling throughout the year [START_REF] Bultot | Atlas Climatique du Bassin Congolais Publications de L'Institut National pour L'Etude Agronomique du Congo[END_REF].

The mean annual temperatures are 25° C [START_REF] Bernard | Climat écologique de la Cuvette Centrale Congolaise Institut national pour l'étude agronomique du Congo[END_REF] with evapotranspiration at 1,050 mm yr -1 [START_REF] Bultot | Atlas Climatique du Bassin Congolais Publications de L'Institut National pour L'Etude Agronomique du Congo[END_REF]. Bwangoy et al. (2010) using remote sensing delineated an area of 360,000 km 2 as the maximum inundated area of wetlands within 5°N to 6° S and 13°E to 26°E. The CICOS project, based on the work of various authors (Becker et al., 2014;Bwangoy et al., 2010;Lee et al., 2011), used an approach proposed by Betbeder et al. (2014) The Cuvette Centrale has a complex hydrological system due to the number of tributaries and swamps that are linked to it. The slopes of the middle reach of the Congo River are as low as 2cm.km -1 and run through the Cuvette Centrale (Laraque, 1998a) but steepens to 8 cm.km -1 at the outlet of the Cuvette Centrale (Carr et al., 2019). Several rivers join the main stem at the middle reach, notably the Mongala, Giri, Ubangi, and Sangha rivers on the northern bank and the Lulunga, Ikelemba, Kasai, and Ruki rivers on the southern bank. The Ubangi is the second largest tributary of the Congo River and the main one on the right bank. In contrast, the Kasai River, which is the main tributary of the Congo River on the left bank, does not feed into the Cuvette Centrale directly. The lowest point of the Cuvette Centrale occurs at the confluence where the Congo meets with the Ubangi, Likouala aux Herbes, Sangha, and Likouala Mossaka (Laraque et al., 1998a). The Cuvette Centrale is bounded to the South by the sandstone aquifers of the Batekes group of rivers, which serve an important buffering role on the hydrological cycle well described by [START_REF] Laraque | Origin and function of a closed depression in equatorial humid Chapter 4. Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin zones: the lake Tele in north Congo[END_REF]. Importantly too, the Cuvette

Centrale hosts the single largest peatland complex known in the tropics (Dargie et al., 2017).

Model Selection

The SWAT model is a physically-based, semi-distributed hydrologic model that has been used extensively to predict the impact of land management practices on water, sediment, and agricultural chemical transport (Arnold et al., 1998[START_REF] Arnold | Soil and Water Assessment Tool "SWAT": Input/Output Documentation[END_REF]. Moreover, SWAT can provide continuous simulations for dissolved and particulate elements in large and complex catchments with varying weather, soils, and management conditions over long periods (Arnold et al., 1998). Due to the size and spatial heterogeneities associated with the Congo basin, it was important to choose a model that will consider a majority of the relevant hydrological processes like infiltration, interception, soil moisture, groundwater components as well as attenuation effects of wetlands, ponds, and artificial reservoirs. SWAT has demonstrated its applicability in several regions of the world [START_REF] Malagó | Modelling water and nutrient fluxes in the Danube River Basin with SWAT[END_REF][START_REF] Zhang | Land use pattern optimization based on CLUE-S and SWAT models for agricultural non-point source pollution control[END_REF] in Africa (Van Griensven et al., 2012) and in the Congo basin (Aloysius et al., 2017). Also, the easy accessibility of basic GIS data that are required as SWAT inputs and the availability of a reliable developer support increases its appeal even in data-scarce areas (Van Griensven et al., 2012;Gasman et al., 2010). This is in stark contrast to models like the Systéme Hydrologique Européen (MIKE SHE), which requires extensive model data and physical parameters that may not be available all the time. It also makes the model difficult to set up, coupled with the fact that users are unable to modify the code [START_REF] Devi | A Review on Hydrological Models[END_REF]. [START_REF] Easton | A multi basin SWAT Chapter 4. Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin model analysis of runoff and sedimentation in the Blue Nile, Ethiopia[END_REF] used the SWAT model to determine runoff and erosion in the Blue Nile basin to find out the respective sources.

They found out that only minimal direct calibration is required to obtain good hydrologic predictions. [START_REF] Borah | Watershed-scale hydrologic and nonpoint-source pollution models: review of application[END_REF] have made a comparison between SWAT, Hydrological Simulation Program-Fortran (HSPF) and the Dynamic Watershed Simulation Model (DWSM) models and found 17 applications of SWAT in North America. They concluded that it could be applied for continuous simulations of water flow, sediments, and nutrient transport.

Furthermore, SWAT has been successfully used for water quantities [START_REF] Schuol | Using monthly weather statistics to generate daily data in a SWAT model application to West Africa[END_REF], climate change studies (Aloysius and Saiers, 2016), and water quality [START_REF] Gassman | The Soil and Water Assessment Tool: Historical development, applications, and future research directions[END_REF] assessments for a wide range of scales and environmental conditions.

Modified Parameters for the Tropics

The SWAT hydrological model was originally developed for temperate regions. The main limitation in its use in tropical areas is related to the simulation of tropical vegetation.

SWAT applies dormancy to terminate growing seasons while in the tropics, the wet and dry seasons can only be represented by defining heat unit-specific "plant" and "kill" operations, which are fixed for every year of simulation (Strauch & Volk, 2013). The plant growth component of SWAT is based on the radiation use efficiency approach with empirical parameters. Plant growth can be inhibited by temperature, water, nitrogen, and phosphorus stress. Plant development is based on daily accumulated heat unit values. The heat unit states the stage of plant development. It varies from 0 to 1, 0 indicating the sowing time and 1 the optimal moment for the plant to be harvested. By modifying the plant growth module, an alternative approach was presented in which annual growing cycles were initiated based on changes in soil moisture. A soil moisture threshold was set that automatically triggers new growing seasons for perennial crops during the transition from the wet to the dry seasons.

Furthermore, a logistic leaf area decline function was defined that enabled a user to set a minimum leaf area index (LAI). Further details on the procedure can be found in Strauch and Volk (2013).

Water Balance

The SWAT system is coupled with a geographical information system (GIS) engine that integrates various spatial environmental data, including soil, land cover, climate and topographical features (Arnold et al.,1998). Evapotranspiration can be estimated using either the Penman-Monteith, Priestly-Taylor, or Hargreaves methods. SWAT simulates the hydrology of a catchment in two ways; the land phase and the routing phase. The land phase describes the loading of water, nutrients, and pollutants into the main channel in each subbasin.

In contrast, the routing phase is the movement of these substances through the channel watershed network to the outlet of the basin. The simulation of the hydrologic cycle by SWAT is based on the water balance equation:

SW𝑡 = SW0 + ∑ 𝑡 𝑖-1 (𝑅day -𝑄surf -𝐸𝑎 -𝑤seep -𝑄gw)
where SWt is the final soil water content (mm water), SWo is the initial soil water content in day i (mm water), t is the time (days), Rday is the amount of precipitation in day i (mm water),

Qsurf is the amount of surface runoff in day i (mm water), Ea is the amount of evapotranspiration in day i (mm water), Wseep is the amount of water entering the vadose zone from the soil profile in day i (mm water), and Qgw is the amount of return flow in day i (mm water).

In SWAT, each HRU is a closed system with no transfer of water between HRUs.

Instead the processes in the land phase are simulated within individual HRUs and cumulatively summed to calculate the overall water balance [START_REF] Arnold | Soil and Water Assessment Tool "SWAT": Input/Output Documentation[END_REF]. The water balance in the aquifer was simulated in SWAT using the linear reservoir method to simulate the groundwater flow. This method assumes that the groundwater storage and base flow have a linear relationship. Water in the unsaturated zone is either stored as soil moisture or percolates using a storage routing technique based on the saturated hydraulic conductivity and field capacity of the soil profile. A kinematic storage model [START_REF] Sloan | Modeling subsurface stormflow on steeply sloping forested watersheds[END_REF] simulates lateral flow accounting for variation in conductivity, slope, and water content. As water percolates below this unsaturated zone, it reaches the shallow aquifer. These processes can be controlled by setting threshold values in the respective groundwater parameters to regulate the movement of water within these storages. Further equations relating to other hydrological components can be found in the SWAT theoretical documentation (Neitch et al., 2011).

Input Data

The primary input data used for the model were freely available data, which included by the Food and Agriculture Organization of the United Nations (FAO). This soil database provides data for 16,000 different soil mapping units of two layers containing 30 cm and 30 -100 cm depth). The Global Wetland Database (GLWD) provided information on swamps and lakes, while the source of in situ gauge observations for the five hydrological stations used for model calibration was from the SO-HYBAM and BRLi report. Table 4.1 below gives further details of these inputs.

The period for the current study (2000 to 2012), is chosen due to the common period of availability of contemporary meteorological records for all the five stations under consideration. In addition, (Moukandi N'kaya et al., this volume;[START_REF] Tshitenge Mbuebue | Wavelet analysis on the variability and the teleconnectivity of the rainfall of the Congo Basin for 1940-1999[END_REF], showed that the trends/breaks or shifts in rainfall could be found in runoff, with a tenyear time lag in some of the major subbasins. Furthermore, the observed flow records at the Brazzaville/Kinshasa gauging station is almost equal to the hundred-year interannual modulus of discharge (Laraque et al., 2001(Laraque et al., , 2013a;;BRLi, 2016). 

Model setup

The preprocessing of the SWAT model was performed within ESRI ArcGIS 10.4 using the ArcSWAT interface (www.esri.com). The basin was delineated based on the dominant land use, soil and slope classes taking into cognizance the size and spatial heterogeneities of the basin allocating one Hydrologic Response Unit (HRU) per subbasin resulting in 272 subbasins and HRUs with 20 land use classes and 14 soil classes (Fig. 3). The period of simulation was from 1998 to 2012, comprising calibration (2000-2006), validation (2006-2012), and a twoyear warm-up period (1998)(1999)(2000) to allow the model to simulate the hydrological cycle properly. Lakes and wetlands in the upper parts of the Lualaba watershed, which affect the river discharge substantially, were also integrated into the model. Specifically, they were placed in subbasins 201, 230, and 238. These subbasins receive flow from Lakes Tanganyika, Upemba, and Mweru, respectively (see Fig. 3d). We also parameterized the reservoirs based on available information and assuming that no management system was in place (Table 4.2) The water balance was simulated, and the evapotranspiration calculated using the Penman-Monteith method. The Penman-Monteith method also gave better estimates of evapotranspiration when used with the Strauch modified module (section 4.2.1). Minimum and maximum temperature, wind speed, relative humidity, and solar radiation were other meteorological data used in combination with the Penman-Monteith. Surface runoff was simulated using a modification of the soil conservation service Curve Number (CN) method.

The runoff from each subbasin was routed through the river network to the main basin outlet using the variable storage method. Further theory and details of hydrological processes integrated into the SWAT model are given by (Arnold et al., 1998;Neitsch et al., 2011) 

Model Calibration

The model was calibrated using monthly discharge data from five stations located on major tributaries of the Congo River. Two of the stations are located on the northern side of the basin (Ubangi at Bangui and Sangha at Ouesso). In contrast, two are located on the southern side (Lualaba at Kisangani and Kasai at Kutu-Moke ), and the fifth station is located at the Brazzaville/Kinshasa gauging station that controls 98 percent of the entire catchment. The stations are evenly distributed and represent (within practical limits) the heterogeneity of the basin. The common period of calibration for the stations was taken as the years 2000 to 2012 coinciding with the availability of Satellite meteorological data and gauge station observations.

The model was calibrated using an iterative (trial and error) method of testing different parameter values and selecting the best parameter sets. These parameter sets are selected based on performance criteria that evaluate simulation results against observation data (Werth et al., 2009). The model was manually calibrated, while parameterization of the model was carefully done by adjusting influential parameters, especially those that are driving forces. Maximum canopy storage (CANMX) was adjusted based on information from the food and agricultural organization (FAO) water productivity (WAPOR) database, while others were adjusted based on local knowledge, e.g. aquifer percolation coefficient (RCHG_DP) and exempted from further calibration (Whittaker et al., 2010;[START_REF] Pagliero | Large-Scale Hydrological Simulations Using the Soil Water Assessment Tool, Protocol Development, and Application in the Danube Basin[END_REF]. In addition, the calibration was regionalized according to the characteristics of the subbasins where in situ data is collected.

For instance, revaporation coefficient (GWREVAP) was calibrated based on land use in one region and based on soils in another. The main parameters that were calibrated were the groundwater parameters that have a strong effect on the water retention and transfer between the soil and aquifer as well as the parameters with influence on runoff, infiltration and evapotranspiration.

Model Assessment

Previous studies in the basin and other global data sets and literature were used to obtain a proper understanding of dominant processes occurring in the basin. Quantitative and qualitative means of assessment were used to evaluate the model performance. For the former, the Nash Sutcliffe efficiency (NSE), the coefficient of determination (R 2 ), percentage bias (PBIAS) and the Kling-Gupta Efficiency (KGE) were used (Moriasi et al., 2015;Gupta et al., 2009) while the graphical visual assessment was used for a qualitative assessment.

Change in Storage

A mass balance approach was used to estimate the water balance in the Cuvette Centrale. The change in storage is the difference between the inputs and outputs into and out of the Cuvette Centrale and can be represented as:

∆S= P +Qi-ET-Qout
Where S is the change in annual storage, P is the Efficient precipitation over the Cuvette Centrale, Qi represents the River inflows, ET is Evapotranspiration over the Cuvette Centrale, and Qout represents River outflows in the basin outlet downstream of the Cuvette Centrale after the confluence with the Kasai tributary.

Therefore, with respect to Fig. 4:

∆S = P+Q1+Q2+…Q11 -ET-(Q0-Q12)
Where Q0 is the discharge at Brazzaville/Kinshasa gauging station in the main stream and Q12 discharge from the Kutu-Moke gauging station (Kasai tributary).

Subbasin outlets were defined during the watershed delineation phase of the project. Outlets were chosen on tributaries that feed into the Cuvette Centrale (see Fig. 4.4). found to provide accurate information on large rivers and even on smaller streams.

Fig. 4.4. Close up map of the

Results and Discussion

Performance of the Model

Calibration was done at a monthly time step at the outlet of the four main drainage units that comprise the basin and at the basin outlet. Regional calibration of our model was important to conserve the peculiar physical characteristics of each drainage basin so as to reflect the heterogeneity of the entire basin. The model was able to accurately capture the seasonality of the different subbasins, adequately reflecting the dry and wet seasons as well as years of high and low discharge. Generally, the model was able to reproduce the timing of floods and recessions as well as the general shape of the hydrograph, giving a good representation of the discharge components in each subbasin. The calibration of the Congo basin highlighted the ability of the SWAT model to separate evaporation and runoff from precipitation at the annual time scale (see the following section). For this study, we used the performance evaluation criteria recommended by Moriasi et al. (2007Moriasi et al. ( , 2015) ) in Table 4.3, which was based on a metaanalysis of peer-reviewed literature of widely used watershed models, including the SWAT model to assess our model performance in discharge evaluation. In addition, the KGE statistic was used (see section 4.1.7). For the calibration period, our ranges of NSE were from 0.16 to 0.81, R 2 from 0.59 to 0.83, PBIAS from -2.11 to 14.52, RSR from 0.43 to 0.99 and KGE from 0.23 to 0.9 while for the validation period NSE was from 0.08 to 0.66, R 2 from 0.39 to 0.78, PBIAS from -4.10 to 8.19, RSR from 0.58 to 0.75 and KGE from 0.31 to 0.78 (Table 4.4).

Less acceptable results occurred at the Congo basin outlet and Lualaba sub-basins for reasons discussed in the following sections. Moriasi et al. (2007Moriasi et al. ( , 2015)). (October/November) which are representative of both the northern and southern hemispheres respectively. VS5 located on the mainstem Congo River exhibits a second lesser peak characteristic of the flow regimes recorded at the Brazzaville/Kinshasa station. A further look at VS3 is necessary. Indeed, at this VS, the Pearson correlation coefficient was only 0.3, compared to more than 0.6 on the other VSs (Table 4.6). This decrease in fit between SWE and discharge is noteworthy, and it is due to an error in the precipitation inputs resulting in two peaks of discharge during the low-flow period in 2007 and 2008. These peaks are higher than the peak monthly discharges found in the rest of the study period. Altimetry readings confirm that these two peaks never occurred on this ungauged river during the study period. This particular station highlights the applicability of water stage elevation in validating precipitation products. Satellite-derived precipitation products have been shown to overestimate precipitation due to cloud microphysical processes and moisture distribution in the environment [START_REF] Mccollum | Discrepency between gauge and satellite estimates of rainfall in equatorial Africa[END_REF]. TRMM precipitation products have been known to overestimate high rainfall events and show marked variability in equatorial regions (Beighly et al., 2011;[START_REF] Bharti | Evaluation of error in TRMM 3B42V7 precipitation estimates over the Himalayan region[END_REF][START_REF] Mccollum | Discrepency between gauge and satellite estimates of rainfall in equatorial Africa[END_REF]Nicholson et al., 2003). Anomalies could also be caused by errors in sampling arising from sparse gauge network and rainfall amount data or natural variations like El Nino (Huffman,1997;Iada et al., 2010;[START_REF] Morrissey | The uncertainty in simple spatial averages using rain gauge networks[END_REF]. A slight temporal shift between stage and discharge is observed in VS4 particularly The comparison with altimetry corroborates what was already discussed, that the upper reach calibration is uncertain due to the lack of data; nevertheless, the good calibration of the Ubangi and Kasaï basins leads to a good fit at Brazzaville/Kinshasa. The WSE, as used in this study, confirms that radar altimetry can capture both small and large rivers and can be used where in situ data is scarce. Overall, the Envisat stage measurements give some confidence that the simulated discharge is able to represent the hydrology of the Congo River Basin adequately. 

Basin Wide Water Balance

Using the TRMM precipitation data set as input over the entire basin area upstream of the Brazzaville/Kinshasa gauging station, the model returned an annual average precipitation amount of 1,510 mm yr -1 with higher rainfall in the central part of the basin (Fig.

4.6a).

Evapotranspiration is returned as 1,058.3 mm yr -1 , which translates to about 70 percent of total annual precipitation. In the same way, the central part of the basin presents higher evapotranspiration. The lakes zone in the upper parts of the Lualaba River returned high evapotranspiration rates in accordance with the work of Chishugi and Alemaw (2009). Finally, soil moisture returned various rates along the watershed with an average interannual content of 196 mm yr -1 . Potential evapotranspiration was returned as 1,665.5 mm yr -1 for our simulation period. With regards to infiltration and streamflow, 452.7 mm yr -1 of annual precipitation percolated to the shallow aquifer, of which 219.49 mm yr -1 returned to make the greatest contribution to streamflow. Lateral runoff and surface runoff contributed 14. 

Hydrological Responses in the Main Tributaries

The Ubangi from its confluence at Mbomou -Uélé to the city of Bangui is 546 km long (Nguimalet and Orange, 2019) and drains the streams originating from the North of the basin with the outlet of the drainage unit located about 600 km downstream of the Bangui gauging station. The monthly averaged interannual discharge simulated at this station was 3,085 m 3 s -1 compared to the average observed values of 3,125 m 3 s -1 for the 2000 to 2012 period (Table 4.8 However, it was not able to adequately represent a series of minor floods that characterizes the flow series in July and August. Of the five sites calibrated, the Sangha basin has the lowest discharge simulated of 1,282 m 3 s -1 against an observed discharge of 1,415 m 3 s -1 for the period under consideration. It is evident that there are losses here that the model cannot account for. This is illustrated by the huge deficit in simulated flow. Similarly, Munzimi et al. (2019) reported a residual (under-estimate) bias at this station for their subbasin model. They obtained a simulated mean flow of 859 m 3 .s -1 compared to an observed mean flow of 1,258 m 3 .s -1 for a similar period to our study. The proximity to floodplains, the inability to capture the minor floods, and the non-integration of wetland processes in both models may account for the reduced response dynamics in this station. This result further illustrates the need for more reliable and improved wetland models in order to reduce biases associated with discharge estimates.

The Lualaba drainage subbasin was very complicated to model owing to the presence of many lakes and swamps, including the Tanganyika lake. The Kisangani gauging station is located downstream of these water bodies, and thus it was necessary to integrate reservoirs in our model that will account for attenuation of excess flows. Sub-standard performances were recorded in the Lualaba subbasin for the NSE statistic, which is sensitive to high peaks (Legates et al., 1999). In the Lualaba subbasin, peaks were overestimated in all the years of the validation period (2007-2012) while there was an over and underestimation of peaks in the calibration period (2000)(2001)(2002)(2003)(2004)(2005)(2006) (Fig. 4.7c). We hypothesize that this may be due to the TRMM precipitation products used. For instance, Beighly et al. (2011) showed that TRMM overestimates rainfall in specific periods while Nicholson et al. (2003) highlighted discrepancies in the product compared to gauge observations. The sharp precipitation gradients in the southeastern and adjoining eastern parts of the basin [START_REF] Tshimanga | Hydrological Uncertainty Analysis and Scenario-Based Streamflow Modelling for the Congo River Basin[END_REF] may also be a compared favorably with the observed discharge of 7,264 m 3 s -1 for the simulation period with a difference of less than 1 percent. The discrepancies between the objective functions and the good agreement between the modeled and observed discharge can be explained by the PBIAS.

It measures the average tendency of the simulated data to be larger or smaller than the measured ones (Gupta et al., 1999). This will explain the close simulation of the magnitude of the discharge. Nonetheless, the modeling here should be taken with caution and weighed based on the objectives to be achieved.

The Kasai subbasin drains the southeastern portions of the Congo basin. Fig. 4.7d

shows the simulation results obtained at the Kutu-Moke gauging station that drains the Kasai, the Kwango, and the Kwilo rivers. The model simulated the streamflow components of the Kasai overestimating some peak years (2004,2006,2007,2008,2011,2012) and underestimating recessive periods (2000,2010,2012), thereby suggesting that more calibration with appropriate model parameters may be possible. The performance evaluation criteria ranged from satisfactory to very good with the regular flows of the Kasai hydrology well simulated. Like the Lualaba basin, we were able to simulate an interannual monthly discharge within 3 percent of the observed value of 7,365 m 3 s -1 .

The Brazzaville/Kinshasa gauging station of the CRB receives flow from most of the tributaries that flow into the Cuvette Centrale as well as the Kasai, Plateaux Batekés Rivers and other tributaries downstream of the Cuvette Centrale. The underprediction of low and peak flows influenced the NSE, which is sensitive to extreme flows. Nevertheless, we captured well the timing of flood events, the bimodal pattern of rainfall over the basin, wet and dry years, and the regularity of groundwater flow over the simulation period (Fig. 4.7e). The relatively high difference between our modeled discharge of 36,360 m 3 s -1 to 39,960 m 3 s -1 of observed discharge, showing a difference of 9 percent, could be attributed to the attenuation effects of the Cuvette Centrale wetlands. We would need more information about the physical basin characteristics that slow the flow of water in the Cuvette Centrale as well as more information on the hydrological dynamics here in order to improve the simulation. Since we have reliable observed discharge flow records at this site, our results will not be affected.

Cuvette Centrale Water Balance

To account for all waters that contribute to the central basin, we estimated the total inputs by integrating the precipitation that falls directly on the Cuvette Centrale. This was done by integrating the SWAT subbasins which fall under our wetland area as defined by the Global Wetland Database shape with the streamflow inputs from drainage catchments upstream and around the Cuvette Centrale (Table 4 By subtracting the flow recorded at the Kutu-Moke gauging station from the flow recorded at the Brazzaville/Kinshasa gauging station, we could estimate with a high degree of certainty, considering the reliability of the gauge records at this site, the flows at the exit of the cuvette wetlands. In the same manner, in which we estimated the total inputs, we were able to estimate the total outputs by also integrating the uptake from evapotranspiration from the subbasins that comprise the Cuvette Centrale (Table 4.9). By assuming losses as negligible, we estimated a monthly mean output from the Cuvette Centrale of 39,860 m 3 s -1 or 32,600 m 3 s -1 when we take evapotranspiration into account. A graphical representation of the flows (Fig. An analysis of the variation in the water balance (Table 4.10) shows that within the simulation period, the balance is in surplus only at the peak of the rainy seasons (October and April). During all other periods (November to March and May to September), the balance is in deficit, implying that at these times, the storage held in groundwater and flooded areas supply the Congo River. (Nguimalet et al., 2019). In addition, an analysis of the Ubangi River at Bangui showed below-average discharge since the year 2000 (Nguimalet et al., 2013).

It also suggests that the regulatory role of the Cuvette Centrale during this hydrological cycle 

Fig. 4.11. Monthly averages of water balance components (in millimeters) within the Cuvette Centrale for the 2000-2012 simulation period

To conclude this section, it is noteworthy to acknowledge that there is an unavoidable uncertainty in input data. Rainfall data tests in Africa and elsewhere have revealed this [START_REF] Strauch | Using Chapter 4. Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin precipitation data ensemble for uncertainty analysis in SWAT streamflow simulation[END_REF]Tshimanga et al., 2012). Rainfall input uncertainty will, therefore, result in uncertainty in runoff and evapotranspiration as well. The FAO soil data used in this study was primarily prepared for agricultural use, with soil depths not exceeding 100 m. Areas with deeper soils will, therefore, have lower storage capacity resulting in over simulation of peak flows (Tshimanga et al., 2014). The simulations in the subbasins impacted by large lakes and wetlands expose the uncertainties in model structural responses as a result of the oversimplification of assumptions. There are also the unknown parameters of the central basin and the unknown effects of other variables that the model cannot account for.The work of Sun et al. (2016) on surface and ground-water mixing with the SWAT model on the floodplains of the Garonne River is encouraging and can be modified for larger catchments. Therefore,we have no doubt, that by integrating flood plains in our model, we will have much more improved simulations as reflected in those tributaries not impacted by the Cuvette Centrale.

Conclusion

Using a combination of in situ derived discharge data, satellite precipitation data, and freely available geodatasets, the Congo River basin has been modeled to reflect the spatial and temporal variations in streamflow and its associated components. We have shown that not only does the Cuvette Centrale perform a regulatory role on a seasonal scale between high and low water periods, but also between yearly hydrological cycles. The regional approach to calibration took into account the influence of the Cuvette Centrale and its attenuation effects on downstream flows. This is the first study using the SWAT model that attempts to account for the inflows and outflows of water in the Cuvette Centrale. The importance of groundwater in the basin is further highlighted with a majority of the important parameters used to calibrate the model being groundwater parameters. Groundwater levels in the Cuvette Centrale remain constant and steady all year round and supply the river in times of water deficit. The regulatory effect of the Cuvette Centrale is emphasized by the fact that contributions of different amounts and times from different tributaries feed the Cuvette Centrale. Yet, it is able to balance these inputs and even achieve states of equilibrium at certain peak periods.

Furthermore, the hydrological simulation conducted with the SWAT model in our study, emphasized the need to explicitly account for wetland processes in the model. The complex interactions between hydrological processes in the basin with respect to the vegetation, soils, climate, and basin physiography add to the challenges of modeling the CRB.

An ideal model should be capable of routing flows through wetland depressions in addition to routing overland, channel, and subsurface flow [START_REF] Mckillop | Modeling the rainfall-runoff response of a headwater wetland[END_REF]. Additionally, a model should be able to realistically simulate the river-wetland exchange dynamics [START_REF] Hughes | Simulating wetland impacts on stream flow in southern Africa using a monthly hydrological model[END_REF]. Future improvements of the model will need to consider a very high-resolution digital elevation model that can capture wetland depressions accurately, and thus estimate with high confidence the flow hydrograph at the outlet of the basin. The spatial variability of the parameters within the various subbasins in our model indicates the extent to which the model represents the hydrological processes. Further testing of the spatial and temporal variability of the basin with appropriate basin parameters and inputs of different resolutions, will be an interesting study [START_REF] Reggiani | A unifying framework for watershed thermodynamics: Balance equations for mass, momentum, energy and entropy, and the second law of thermodynamics[END_REF]. This will also aid in identifying the main factors that limit model performance-whether inappropriate model structure or inaccurate parameter values [START_REF] Melsen | Representation of spatial and temporal variability in large-domain hydrological models: Case study for a mesoscale prealpine basin[END_REF]. In addition, future efforts will be made to develop wetland modules that are compatible with the main model, (e.g. [START_REF] Hughes | Simulating wetland impacts on stream flow in southern Africa using a monthly hydrological model[END_REF] and can be used in the assessment of a wide variety of ecological functions [START_REF] Fabre | Daily denitrification rates in floodplains under contrasting pedo-climatic and anthropogenic contexts: Modelling at the watershed scale[END_REF]Guilhen et al., 2020).

Throughout the discussion, we have referred to the inherent uncertainties associated with our model. There remains insufficient information to estimate the parameters in the Cuvette Centrale. Validation of model results on the field will go a long way in constraining the wetland parameters and supplying information on basin physiographic conditions, which can improve the model. There is also a need to establish more gauge networks for improved observations. Concerted efforts should also be made to harmonize regional datasets in order to reduce input uncertainties. Furthermore, local researchers should be encouraged through increased funding to make their research more visible and accessible to the global community. 

Context and objectives

Sediment has different origins, while most mineral sediment may come from erosion and weathering, a significant portion of it comes from detritus and decomposing material. The processes of sedimentation involve the erosion, transportation and deposition of particles and the main agent of transportation of these sediments is river transport [START_REF] Hay | Detrital sediment fluxes from continents to oceans[END_REF]. Sediments are transported as loads across the land and to the oceans and in order to understand these fluxes, there is the need to understand their provenance, the liberation process as well as the transportation and deposition process (Syvitski, 2013). The degree to which physical and chemical erosion affect a catchment influences the load carried by a river (Syvitski, 2011).

Other influential factors affecting sediment load are the elevation, geologic history as well as anthropogenic influence.

The Congo River Basin (CRB) is one of the least anthropized basins in the world. In the Cuvette Centrale, chemical weathering dominates over mechanical weathering [START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF]. Gaillardet et al. (1995) reported low weathering and consumption rates despite the severity of the meteorological conditions, and the intensity of precipitations. Gaillardet et al. (1995) using mass balance equations, also showed that the amount of soil formed annually by weathering reactions is equal to the amount of soil eroded and transported to the Atlantic. The dominant chemical weathering regime in the Congo basin buries leached oxides in deep soil profiles protected from erosion by dense forest and low relief [START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF].

The Cuvette Centrale is known to change the composition of sediments, flow and contaminants that pass through it (Laraque et al., 2009). This makes it a very important asset in the battle with climate change as it has an influence on the climate. The generally low slopes in the basin cause it to have one of the lowest sediment yields among large river basins of its class. It is obvious too that this is can be a result of the trapping efficiency of the Cuvette

Centrale. The natural complexities of the basin coupled with socio-economic unrest have also not allowed for a proper quantification of its sediments. To this end tools and methods/ approaches need to evolve that will be used to overcome some of these challenges.

The main questions that pertain to problems of this kind is the classification of such entities as sources or sinks, secondly, quantifying this label and thirdly, what are the implications? (Quillon, 2018). This study aims to do the aforementioned using the SWAT hydrological model and calibrating with the few available datasets.

Principal results and discussion

The SWAT model was set up as in the hydrological simulation of the preceeding chapter (chapter 4) with the basic inputs as described therein. The cover and management factors (CUSLE ) values were converted from the 14 land use classes while the support practice factor (PUSLE) was left at default setting. In order for a proper quantification of the sediments, the soil erodibility was computed using the Kuery 1. and PBIAS of -9.53 for the validation period. This result showed that the sediment routing was best performed on rivers with low to moderate hysteresis (Ubangi) than those with high hysteresis (Brazzaville/Kinshasa). It was also noticed that at the basin outlet there exists a complex relationship between discharge and suspended sediments.

A further validation of the model was made using historical datasets from a previous sampling program in the basin. This was possible dure to the documented low variability of sediment concentrations in the basin over time. Average suspended sediment concentrations were very well estimated in three of the five stations the comparison were made. It must be noted though that the measurements are not perfectly comparable due to the temporal difference and the inadequate samples.

A spatial analysis of the outputs from the model revealed that surface runoff was correlated to the amount of erosion across the sub-basins. The central areas that received the most rainfall and above average sediment yields. Sediment yield rates in the sub-basins were 4.01, 5.91, 7.88 and 8.68 t km -2 yr -1 respectively for the Ubangi sub-basin at Bangui, Sangha at Ouesso, Lualaba at Kisangani, and Kasai at Kutu-Moke respectively. The results in the subbasins also revealed that across the basin, evergreen forests had the lowest specific sediment yields except in the Lualaba sub-basin where there was a relatively high yield from this land use. This may be due to the higher slopes in some parts of the basin, which could induce more sediment. Pasture was the land use with the highest specific yields of sediment although in real terms, it produced some of the lowest loads, not surprising as it is less than one percent of the total basin area. Rangeland on the other hand produces the most loads of sediment even though it is about one percent of the entire basin. Sediment source areas were found to be the transition zones between the evergreen forests and the savanna in the north of the basin as well as southerns-eastern highlands of the Lualaba basin. There was also noticeable contributions from the south-western Kasai basin. This may be due to the mining and other destructive activity that is carried out there. The Principal Component Analysis identified precipitation, surface runoff and the erodibility of the soils as the main factors that influence erosion in the basin as these variables showed high magnitude along the first two principal components.

Finally in order to ascertain the effects of the Cuvette Centrale on upstream sediment loads, we carried out an upstream-downstream sediment balance. The results revealed that 85% of the fluxes that come into the Cuvette Centrale are from the upper Congo with both right bank and left bank tributaries contributing almost equal amounts. Furthermore, it was found that for the 2000-2012 period, the Cuvette Centrale retains up to 23 megatons of sediment annually. The seasonal dynamics of the loads contributed also showed that the right bank tributaries are an important source of sediment during the high water periods while the left bank tributaries make a modest contribution.

Conclusion

Using a hydrological model and validating with limited datasets, this study has been able to give a first glimpse into the sediment dynamics of the CRB. The Cuvette Centrale is very important in the life of the local indigenous people as well as for the health of the planet.

Wetland loss is a very serious ecological disaster which can have drastic consequences and as such it is important to keep track of the changes that are occurring. Future water diversion plans can benefit from this study as these actions can have effects on the fluxes of sediment into the Cuvette Centrale. The implications of the supply of majority of flow, sediments, and contaminants from the upper Congo River highlights the importance of right and left bank tributaries in balancing the effects of a reduction in fluxes from this source as current and future climate projections may lead us to believe.

Introduction

The most important agent transporting sediment across the land is river transport, while relief and runoff are the most important factors determining the sediment load of rivers [1] ( [START_REF] Hay | Detrital sediment fluxes from continents to oceans[END_REF]. The suspended sediment load transported by a river or stream is a mixture of sediment derived from different areas in a catchment that comprise source types with different erosional processes depending on the time and place [2,3] (Walling, 2006;[START_REF] Haddadchi | Sediment fingerprinting in fluvial systems: Review of tracers, sediment sources and mixing models[END_REF]. Sediment fluxes and their variability are important and merit study because drastic changes in their amounts and patterns usually indicate additional human impacts on the basin [4,5] (NKounkou & Probst, 1987;Walling, 2009).

Wetlands are complex ecosystems that act as an interface between terrestrial and aquatic ecosystems. Wetlands receive water and sediments from external sources [START_REF] Mitsch | [END_REF] (Mitsch & Gooselink, 2015). The hydrodynamic characteristics of wetland ecosystems, including the water inputs, outputs, water flow, and seasonality, can influence organic deposition and material fluxes [START_REF] Gosselink | The role of hydrology in freshwater wetland ecosystems[END_REF] (Gosselink & Turner, 1978). [8] Novitzki (1979) characterized wetlands with regard to water source and landform as surface or groundwater depressions or slopes, which are defined by whether or not they receive a greater amount of water from precipitation and overland flow or by their intersection of the water table. Therefore, the type of wetland will play a significant role in the sediment dynamics of a catchment, as one of the specific functions of wetlands is serving as a sediment trap [START_REF] Mitsch | [END_REF][START_REF] Laraque | A review of material transport by the Congo River and its tributaries[END_REF][START_REF] Mitsch | Ecosystem services of wetlands[END_REF] ( Laraque et al., 2009;Mitsch & Gooselink, 2015;Mitsch et al., 2015).

The Congo River Basin (CRB) is the second-largest continuous tropical rainforest in the world and hosts the largest peatland complex found anywhere in Africa [START_REF] Dargie | Age, extent and carbon storage of the central Congo Basin peatland complex[END_REF] (Dargie et al., 2017). Peatlands are the largest natural terrestrial carbon store, helping to minimise flood and drought risk, retaining sediment and preserving global biodiversity [START_REF] Harenda | The Role of Peatlands and Their Carbon Storage Function in the Context of Climate Change[END_REF] [START_REF] Harenda | The Role of Peatlands and Their Carbon Storage Function in the Context of Climate Change[END_REF].

The central depression in the heart of this basin, famously called the "Cuvette Centrale", encircles the peatland complex. There are important spatial variations in the tributaries that supply the Cuvette Centrale with water, sediments and nutrients. These tributaries are located both on the right bank and on the left bank tributaries of the main Congo River. These variations are due to the position of the basin straddling the equator, which results in different precipitation patterns on both sides of the hemisphere. A few authors have studied the material fluxes of the Congo basin [START_REF] Laraque | A review of material transport by the Congo River and its tributaries[END_REF][START_REF] Moukolo | Transport en solution et en suspension par le fleuve Congo (Zaïre) et ses principaux affluents de la rive droite[END_REF][START_REF] Gaillardet | A global geochemical mass budget applied to the Congo basin rivers: Erosion rates and continental crust composition[END_REF][START_REF] Dupré | Major and trace elements of riverborne material: The Congo Basin[END_REF][START_REF] Guyot | Discharge and Suspended Sediment Fluxes in Large Tropical Rivers[END_REF][START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF][START_REF] Probst | Carbon River Flues and Weathering CO2 Consumption in the Congo and Amazon River Basins[END_REF][START_REF] Probst | Dissolved major elements exported by the Congo and the Ubangi rivers during the period 1987-1989[END_REF][START_REF] Seyler | Organic Carbon Chapter 5. Sediment balance estimation of the 'Cuvette Centrale' of the Congo River Basin using the SWAT hydrological model 220 Transported by the Equatorial Rivers: Example of Congo-Zaire and Amazon Basins[END_REF] [START_REF] Probst | Carbon River Flues and Weathering CO2 Consumption in the Congo and Amazon River Basins[END_REF]Probst et al., 1992;Moukolo et al., 1993;Gaillardet et al., 1995;[START_REF] Dupré | Major and trace elements of riverborne material: The Congo Basin[END_REF][START_REF] Guyot | Discharge and Suspended Sediment Fluxes in Large Tropical Rivers[END_REF]Seyler et al., 2006;Laraque et al., 2009;Mushi et al., 2019). These studies have quantified fluxes as part of a global study or estimated material fluxes at the outlets of major tributaries using hydro-sedimentary budgets based on in situ data, models or remote sensing methods. While they have laid appreciable foundations for further study, there remains a lot to be understood given the new information and dynamics regarding peatland stock and the changing precipitation patterns over some major tributaries occasioned by climate change [START_REF] Dargie | Age, extent and carbon storage of the central Congo Basin peatland complex[END_REF][START_REF] Gumbricht | An expert system model for mapping tropical wetlands and peatlands reveals South America as the largest contributor[END_REF][START_REF] Nguimalet | Caractérisation de la baisse hydrologique actuelle de la rivière Oubangui à Bangui, République Centrafricaine[END_REF] ( [START_REF] Gumbricht | An expert system model for mapping tropical wetlands and peatlands reveals South America as the largest contributor[END_REF]Dargie et al., 2017;Nguimalet & Orange, 2019).

The importance of the Cuvette Centrale cannot be over-emphasized. Given its role as a globally important asset in the fight against climate change, biodiversity loss, and social instability in the region. An analysis of the nature of wetland material, their particulate and dissolved fluxes, spatial and temporal variability could provide important indicators of climatic and environmental change and anthropogenic factors causing these changes. The sources of "Cuvette Centrale" sediment-laden waters, whether through smaller or larger streams, as well as the dynamics of the loads they carry, remains a grey area. In addition, erosional processes have not been clearly understood, while the spatio-temporal variations in sediment dynamics within the basin have more questions than answers [START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF] (Mushi et al., 2019). Several factors are responsible for the fluvial transport of sediments to the ocean. It is important to study them to better assess their effect on the environment at whatever scale [5,[START_REF] Aagaard | 4 Sediment Transport[END_REF] (Walling, 2009;[START_REF] Aagaard | 4 Sediment Transport[END_REF]. In addition to identifying potential sediment source areas, it is useful to estimate the volumes of sediment that are carried into the reach, as declining or increased sediment supply can influence wetland stability [START_REF] Oeurng | Fluvial transport of suspended sediment and organic carbon during flood events in a large agricultural catchment in southwest France[END_REF][START_REF] Guan | A review of source tracking techniques for fine sediment within a catchment[END_REF] ( [START_REF] Oeurng | Fluvial transport of suspended sediment and organic carbon during flood events in a large agricultural catchment in southwest France[END_REF][START_REF] Guan | A review of source tracking techniques for fine sediment within a catchment[END_REF].

This paper uses modelling tools to estimate sediment yields in the sub-basins and fluxes transported in the important tributaries of the Congo basin. While other studies have conducted independent assessments of the yields in specific sub-basins, we have considered the tributaries that feed into the Cuvette Centrale from both northern and southern tributaries taking note of the spatio-temporal variations in these tributaries. Specifically, this study aims to: i) quantify the sediment fluxes in the CRB based on daily discharge and suspended sediment concentration; ii) identify the important contributing tributaries as well as the critical source areas and iii) estimate, for the first time, an upstream-downstream sediment balance within the Central Cuvette. This study is carried out for the 2000 to 2012 period, assuming that this period represents the hydro-sedimentary chronicle of the Congo basin [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF][START_REF] Moukandi | Temporal Variability of Sediments, Dissolved Solids and Dissolved Organic Matter Fluxes in the Congo River at Brazzaville/Kinshasa[END_REF][START_REF] Moukandi | A New Look at Hydrology in the Congo Basin, Based on the Study of Multi-Decadal Chronicles[END_REF] ( [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF]Moukandi N'kaya et al., 2020[START_REF] Moukandi N'kaya | A new look at hydrology in the Congo Basin, based on the study of multi-decadal chronicles[END_REF]. It is also important to note that this study considers only the suspended sediments without the bedload component. The study also discusses the role played by the Cuvette Centrale in the hydro-sedimentary budget of the Congo basin.

Materials and Methods

Study Area

General Characteristics

The CRB is the second largest river basin and the second largest area of contiguous tropical rainforest in the world. In Africa, it drains ten countries [START_REF] Brli | Développement et mise en place de l'outil de modélisation et d'allocation des ressources en eau du Bassin du Congo[END_REF] (BRLi, 2016), partly or wholly, located both on the northern and southern hemispheres (Fig. 5.1). At the Brazzaville/Kinshasagauging station, its size corresponds to 3.7 million km 2 and its mean discharge measured from 1902 to 2011 is 41,100 m 3 s -1 [START_REF] Brli | Développement et mise en place de l'outil de modélisation et d'allocation des ressources en eau du Bassin du Congo[END_REF] (BRLi, 2016).

Fig. 5.1. Map of the Congo basin showing its location in Africa, river network above the main gauging station of the Congo River at Brazzaville/Kinshasa (E), the principal gauging stations of Sangha at Ouesso (A), Ubangi at Bangui (B), Lualaba at Kisangani (C), and Kasai at Kutu Moke (D). The extent of the Cuvette Centrale (sensu lato

) is also shown [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF] (after Laraque et al., 2020), and the wetlands of the Cuvette Centrale were extracted from the global wetland database [START_REF] Lehner | Development and validation of a global database of lakes, reservoirs and wetlands[END_REF] (Lehner & Doll, 2004).

The Congo basin is an intra-continental sedimentary basin encircled by relatively gentle relief (except for a few volcanoes on its eastern border, see Fig. 5.2c), drained by numerous tributaries of the main Congo River [START_REF] Kadima | Structure and geological history of the Congo Basin: An integrated interpretation of gravity, magnetic and reflection seismic data[END_REF] [START_REF] Kadima | Structure and geological history of the Congo Basin: An integrated interpretation of gravity, magnetic and reflection seismic data[END_REF]. Its internal broad bowl-shaped sedimentary depression or "sag basin", generally referred to as the Cuvette Centrale [START_REF] Kadima | Structure and geological history of the Congo Basin: An integrated interpretation of gravity, magnetic and reflection seismic data[END_REF][START_REF] Daly | Tectonic evolution of the Cuvette Centrale, Zaire[END_REF][START_REF] Laraque | Influence Des Couvertures Lithologiques et Végétales Sur Les Régimes et La Qualité Des Eaux[END_REF][START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF] ( Daly et al., 1992;[START_REF] Laraque | Origin and function of a closed depression in equatorial humid Chapter 4. Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin zones: the lake Tele in north Congo[END_REF][START_REF] Kadima | Structure and geological history of the Congo Basin: An integrated interpretation of gravity, magnetic and reflection seismic data[END_REF]Alsdorf et al., 2016), results from the geodynamic influence of tectonic events [START_REF] Kadima | Structure and geological history of the Congo Basin: An integrated interpretation of gravity, magnetic and reflection seismic data[END_REF] [START_REF] Kadima | Structure and geological history of the Congo Basin: An integrated interpretation of gravity, magnetic and reflection seismic data[END_REF]). Its size is 1.2 million km 2 between 3°S-1°N latitude and 18-22° E longitude [START_REF] Daly | Tectonic evolution of the Cuvette Centrale, Zaire[END_REF] (Daly et al., 1992), 32%

(360,000 km 2 ) of which corresponds to wetlands [START_REF] Bwangoy | Wetland mapping in the Congo Basin using optical and radar remotely sensed data and derived topographical indices[END_REF] (Bwangoy et al., 2010). 

2d).

The Cuvette Centrale is estimated to accumulate up to 9 km of sediment over much of geological time [START_REF] Crosby | Structure and evolution of the intracratonic Congo Basin[END_REF] [START_REF] Crosby | Structure and evolution of the intracratonic Congo Basin[END_REF]. The lithology of the basin comprises chiefly of alluvium, metamorphic and clastic sediments with most of the groundwater stored in permeable unconsolidated alluvium that could reach 400 m deep [START_REF]Resources of the World and Their Use[END_REF][START_REF] Le Heron | Geological Atlas of Africa, with Notes on Stratigraphy, Economic Geology, Geohazards and Geosites of Each Country[END_REF] ( UNESCO, 2004;Schlueter, 2006). Dominant soil classes in the basin are ferralsols, arenosols, and nitisols (Fig. 2b). Sands and clays dominate the basin soils with clay proportions dominating the Cuvette Centrale and the Sangha basin while sands dominate in the southern parts of the basin [17,39] (Mushie et al., 2019;Kabuya et al., 2020). The land cover of the basin consists of evergreen forests in the central basin with other uses such as agriculture, pasture and water bodies (Fig. 5.2a).

Hydro-Sedimentary measurements in the Congo River Basin

The Congo River Basin (CRB) is among the least studied river basins in the world [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF][START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF] ( Alsdorf et al., 2016;[START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF]. Hydro-pluviometric networks have existed in the basin since colonial times. Some of the first analyses of material, both solid and dissolved,

were carried out at the Brazzaville/Kinshasa gauge station in the early part of the 20th century. and 1996, monthly sampling and analyses were performed and velocity weighted concentrations of TSS fluxes were computed [START_REF] Olivry | Dissous et Particulaires de Deux Grands Bassins Intertropicaux: Le Congo à Brazzaville et Le Rio Madeira à Villabella[END_REF][START_REF] Coynel | Spatial and seasonal dynamics of total suspended sediment and organic carbon species in the Congo River[END_REF] ( [START_REF] Olivry | IRD[END_REF]Coynel et al., 2005).

The range of TSS fluxes was from 8.3 to 11 t km -2 yr -1 further highlighting the limited interannual variability of material fluxes in the CRB.

Laraque et al. [9, 43] (2009, 2013a) gives a concise review of material export rates at the sub-catchment and whole catchment level respectively. The lack of data for some drainage units was overcome using the principle of similarity-a method that relies on a sound knowledge of the physiographic functioning of the basin. Mean TSS concentrations were also within the range of previous assessments at 25.0 mg L -l . Similarly, [START_REF] Laraque | A comparison of the suspended and dissolved matter dynamics of two large inter-tropical rivers draining into the Atlantic Ocean: The Congo and the Orinoco[END_REF] However, there is the need for a more regular monitoring of the river networks with emphasis on the spatial distribution. For now, the only reliable gauge network is at the basin outlet with other sources of data, mainly independent studies conducted by workers for short periods. The obvious impact on this work will be the uncertainties that will arise from this lack of spatial and temporal representation.

Data and Methodology

The TRMM rainfall product (TMPA) 3B42 V. (Hartmann and Moosdorf, 2012).

The 90m resolution SRTM digital elevation model from the consortium from spatial information was used. This resolution was considered considering the size of the basin and the uncertainties related to DEMs [START_REF] Wechsler | Uncertainties associated with digital elevation models for hydrologic applications: A review[END_REF] [START_REF] Wechsler | Uncertainties associated with digital elevation models for hydrologic applications: A review[END_REF]. Meteorological data from 1979 to 2014 was provided by the Climate Forecast System Reanalysis (CFSR) and is available at https://swat.tamu.edu/ (accessed on 6 June 2018). Other spatial data include the 1 km resolution Harmonized World Soil Database [START_REF] Nachtergaele | The Harmonized World Soil Database Food and Agriculture Organization of the United Nations[END_REF] (HWSD), while the land cover and land use information was derived from the Global Landcover database 2000. Further details of these inputs and other supporting data used are shown in Table 5.1.

Modeling Approach

SWAT Model Overview

The Soil and Water Assessment Tool (SWAT) is a semi-distributed, physically-based model capable of integrating various spatial environmental data, including climate, soil, land cover and topographic features. SWAT simulates various hydrological processes e.g., surface runoff, infiltration, evapotranspiration (ET), lateral flow, percolation to shallow and deep aquifers and channel routing [START_REF] Shekhar | Soil and Water Assessment Tool "SWAT[END_REF] [START_REF] Arnold | Soil and Water Assessment Tool "SWAT": Input/Output Documentation[END_REF]. SWAT simulates the hydrology of a catchment in two ways: (i) the land phase of the hydrologic cycle and (ii) the channel or routing phase of the hydrological cycle. The first phase controls the amount of water, sediment, nutrients and pesticides loadings to the main channel in each subbasin. The second phase is related to the movement of water, sediments, nutrient and pesticide through the channel network of the watershed to the outlet [START_REF] Zhou | New insight into the correlations between land use and water quality in a coastal watershed of China: Does point source pollution weaken it?[END_REF] (Neitsch et al., 2011). More details on the hydrological setup of SWAT for the Congo basin can be found in [50] Datok et al. (2020) and further details of the hydrological processes and equations used for hydrological simulation can be found in the SWAT documentation (https://swat.tamu.edu/; accessed on 6 June 2018).

SWAT Hydrological Model Setup

The Reservoirs were integrated into the upper part of the Lualaba subbasin to take into account the series of lakes and swamps that act as storages and affect downstream flows. The reservoirs were placed in the outlet of the sub-basins that receive flow from Lakes Tanganyika, Upemba, and Mweru. Reservoir parameters were set according to [50] Datok et al. (2020). Surface runoff was simulated using a modification of the soil conservation service Curve Number (CN) method. The runoff from each sub-basin was routed through the river network to the main basin outlet using the variable storage method. We modelled Evapotranspiration using the Penman-Monteith method. The model was calibrated with measured data on a monthly time scale from 1998 to 2012; comprising calibration (2000-2006), validation (2006-2012), and a two-year warm-up period (1998)(1999)(2000), to enable the model to achieve a quasi-steady state condition.

The criteria of efficiency (NSE) and Kling-Gupta efficiency [START_REF] Gupta | Decomposition of the mean squared error and NSE performance criteria: Implications for improving hydrological modelling[END_REF] (Gupta et al., 2009) in 60%

of the calibrated and validated stations were above 0.6 and 0.7, respectively, while the percent bias (PBIAS) values ranged from -8 to 8 in all the stations. This result further gave confidence that the hydrology was well simulated, therefore guaranteeing a solid base for estimating soil erosion and sediment dynamics. Further details on the hydrological simulations performed in this case study can be found in [50] Datok et al. (2020).

SWAT Sediment Model

SWAT uses a Modified Universal Soil Loss Equation (MUSLE) developed by [START_REF] Williams | Sediment yield prediction with universal equation using runoff energy factor[END_REF] Williams (1975) to simulate sediment yield:

Sed = 11.8 (Qsurf qpeak Ahru) 0.56 (CUSLE PUSLE KUSLE LSUSLE FCRFG) (1)
where, Sed is the sediment yield on a given day (metric tons day -1 ); Qsurf = Surface runoff volume (mm day -1 ); qpeak = runoff peak discharge (m 3 s -1 ); Ahru = HRU area (ha); C, P, K, LS and F, are non-dimensional factors associated with the crop cover, management practice, soil erodibility, slope and stoniness [START_REF] Wischmeier | Predicting Rainfall-Erosion Losses: A Guide to Conservation Planning[END_REF] [START_REF] Wischmeier | Predicting Rainfall-Erosion Losses: A Guide to Conservation Planning[END_REF]. The stoniness refers to the fraction of rock fragments at the surface and must be distinguished from rock fragments below the surface. Surface rock fragments affect the C-cover factor, while below surface rock fragments affect the soil erodibility. The MUSLE replaced the rainfall factor (R) of the original USLE [START_REF] Wischmeier | Predicting Rainfall-Erosion Losses from Croplands East of the Rocky Mountains[END_REF] [START_REF] Wischmeier | Predicting Rainfall-Erosion Losses from Croplands East of the Rocky Mountains[END_REF] with instantaneous peak flows and total runoff to predict soil erosion. Two processes control the sediment transport in the channel network: deposition or erosion. The channel dimensions can either be kept constant so that SWAT can compute deposition/erosion. Otherwise, channel degradation can be activated which would allow channel dimensions to change and be constantly updated as a result of downcutting and widening [START_REF] Zhou | New insight into the correlations between land use and water quality in a coastal watershed of China: Does point source pollution weaken it?[END_REF] (Neitsch et al., 2011). In this study, we selected the former option, as the latter has not been proven yet.

Just like the hydrological phase, the sediment phase also consists of the landscape and channel component. SWAT routes different particle sizes through grassed waterways, wetlands/ponds and vegetative filter strips in the land phase. Therefore, the sediment yield reaching the stream channel is the sum of the total sediment yield calculated by MUSLE minus the lag and the impediments listed before [START_REF] Zhou | New insight into the correlations between land use and water quality in a coastal watershed of China: Does point source pollution weaken it?[END_REF] (Neitsch et al., 2011). To calculate sediment balance, Sediment from upland sub-basins are routed and added to downstream reaches. This depends on the sediment transport capacity of the reach, which in turn depends on the stream power at the reach. A modified Bagnold's equation is employed to calculate the maximum concentration of sediments that can be transported in the reach:

Concmax 𝑪 𝒔𝒑 ( 𝒑𝒓𝒇×𝒒 𝒄𝒉 𝑨 𝒄𝒉 ) 𝒔𝒑𝒆𝒙𝒑 (2) 
where Concmax = the maximum daily concentration of sediments (t m -3 ) that can be transported in the reach; prf = the sediment peak rate adjustment factor; qch =average rate of peak flow (m 3 s -1 ); Ach = channel cross-sectional area (m 2 ). The coefficients Csp and spexp regulate the linear and exponential relationship between the stream power and the peak velocity and are customized by the user during model calibration. Sediments are deposited when sediment concentration exceeds Concmax (aggradation). Conversely, when sediment concentrations are below the stream transport capacity, nothing is deposited and bed sediment could be eroded if channel erodibility is activated. In this study, channel erodibility was applied sparingly during calibration in selected subbasins. More details of sediment transport equations and processes simulated in SWAT can be found in the SWAT theoretical documentation [START_REF] Zhou | New insight into the correlations between land use and water quality in a coastal watershed of China: Does point source pollution weaken it?[END_REF] (Neitsch et al., 2011).

SWAT Sediment Setup

SWAT2012 and ArcGIS 10.4 were used in this study. As stated earlier, the whole basin was divided into 272 subbasins with 14 land-use classes (Fig. 2a) and 20 soil classes (Fig. 2b).

Only one HRU was defined for each subbasin, based on the combination of the dominant land use and soil type. This was done considering the size of the basin and the computational requirements needed. Furthermore, the MUSLE must be applied to a hydrologically isolated unit for a correct assessment of the water balance [START_REF] Vigiak | Adapting SWAT hillslope erosion model to predict sediment concentrations and yields in large Basins[END_REF] [START_REF] Vigiak | Adapting SWAT hillslope erosion model to predict sediment concentrations and yields in large Basins[END_REF]. The final range of the HRU area was 0.085-61,775 km 2 with a median value of 9726 km 2 . We considered this delineation fit for our purpose, with consideration of our inputs, computational resources and modelling priorities to avoid the risk of misleading results [START_REF] Jha | Effect of watershed subdivision on swat flow, sediment, and nutrient predictions[END_REF] [START_REF] Jha | Effect of watershed subdivision on swat flow, sediment, and nutrient predictions[END_REF].

The USLE cover and management factor (CUSLE) values were converted from the 14 land uses (Fig. The soil erodibility factor (KUSLE) was carefully calculated over each HRU. This was important in order not to expect too much from default model parameters, and in data scarce basins such as the CRB; a hydrological model should be setup with as much information as available. The default model parameters are based on the Harmonized World Soil Database, and SWAT commonly uses the most dominant soil series in that soil association. The information contained in the database is variable [START_REF] Nachtergaele | The Harmonized World Soil Database Food and Agriculture Organization of the United Nations[END_REF] (HWSD), and thus may or may not be representative of the soils in the locality.

The KUSLE erodibility factor K was estimated using the freely available software Kuery 1.4 [START_REF] Borselli | Soil Erodibility Assessment for Applications at Watershed Scale[END_REF][START_REF] Borselli | A robust algorithm for estimating soil erodibility in different climates[END_REF] ( Borselli et al., 2009Borselli et al., , 2012)). It is based on the equations developed by [59,60] Torri et al. (1997[59,60] Torri et al. ( , 2002) ) from observations of a global dataset of 240 soils where erodibility is expressed as:

K = 0.0293(𝟎. 𝟔𝟓 -𝑫 𝒈 + 𝟎. 𝟐𝟒𝑫 𝒈 𝟐 )𝒆 {-𝟎.𝟎𝟐𝟏( 𝑶𝑴 𝑪 )-𝟎.𝟎𝟎𝟎𝟑𝟕( 𝑶𝑴 𝑪 ) 𝟐 -𝟒.𝟎𝟐𝑪+𝟏.𝟕𝟐𝑪 𝟐 } ( 3 
)
where C is the fraction of total clay content, OM is organic matter as a percentage, and Dg is the logarithm of the geometric mean D of the particle size distribution. In cases such as our own, where data of textural components of soil exist only as a percentage; sand (S), loam (L)

and clay(C), Dg is calculated according to [61] Shirazi et al. (1988) as:

Dg -𝟑.𝟓𝑪-𝟐.𝟎𝑳-𝟎.𝟓𝑺 𝟏𝟎𝟎 (4)
As compared to a homogeneous soil, K is affected by the percentage of rock fragment (Rfg) in the soil, which is needed as input in Kuery 1.4, as well as the climate classification of the soils [START_REF] Sanchis | Climate effects on soil erodibility[END_REF] (Salvador Sanchis et al., 2008). In addition, the logarithm of the geometric standard deviation of the geometric mean of the particle size distribution (Sg) [START_REF] Shirazi | A Unifying Quantitative Analysis of Soil Texture: Improvement of Precision and Extension of Scale[END_REF] [START_REF] Shirazi | A Unifying Quantitative Analysis of Soil Texture: Improvement of Precision and Extension of Scale[END_REF] is needed: Sg = √ 𝑪(-𝟑.𝟓-𝑫 𝒈 ) 𝟐 +𝑳(-𝟐.𝟎-𝑫 𝒈 ) 𝟐 +𝑺(-𝟎.𝟓-𝑫 𝒈 ) 𝟐 𝟏𝟎𝟎 (5) The technical report of the soil and terrain database of the Democratic Republic of the Congo [START_REF] Engelen | Soil and Terrain Database of Central Africa (DR of Congo, Burundi and Rwanda)[END_REF] (Engelen & Verdoodt, 2006) 5.3. These eight soil classes make up 40% of the watershed area with watershed size ranging from 0.65% to 17.41%. The textural component percentages of these eight soil classes were obtained from characteristics of these soils and generalized across the basin (Table 5.3). The climate zone for our study area corresponds to the tropical classification of the Köppen-Geiger climate map of [64] Peel et al. (2007) and identified as such in our study. The generated K values frequency distribution allowed us to choose a more representative value for a given soil based on its characteristics given in our soil databases. These characteristics linked mainly to soil structural stability are derived from the description of soil profiles in the databases and literature.

Sediment Balance

We replicate the approach used by [50] Datok et al. (2020) in their hydrological study to estimate the sediment balance in the Cuvette Centrale. 11 points were selected in the model; 

Calibration and Validation of the Model

The hydrological model was validated daily. The model was then calibrated on a daily time-step with suspended sediment (SS) concentration time series (mg L -1 ). This time series comprises a one to three times monthly sampling obtained from the HYBAM observatory located at the Brazzaville/Kinshasa gauging station. The period of the calibration was 2006 to 2009, while validation was performed from 2010 to 2012. The other only source of SS data that was reliable for use was that measured on the Ubangi River [START_REF] Bouillon | Organic matter sources, fluxes and greenhouse gas exchange in the Oubangui River (Congo River basin)[END_REF][START_REF] Bouillon | Contrasting biogeochemical characteristics of the Oubangui River and tributaries (Congo River basin)[END_REF] ( Bouillon et al., 2012Bouillon et al., , 2014)). We used their dataset to calibrate and validate the model at the upstream station on the Ubangi River at Bangui: from March 2010 to March 2011 for calibration, and from April 2011

to March 2012 for validation. The Brazzaville/Kinshasa records used were once-monthly readings from 2006 to 2012 while the measurements on the Ubangi River were based on the 52-day sampling program of [65,66] Bouillon et al. (2012[65,66] Bouillon et al. ( , 2014)). Spatialization of the calibration was highly limited due to the lack of gauging stations; therefore, we relied on literature data to calibrate broadly. Manual calibration with the aid of expert knowledge was also used for calibration. Since we lacked critical data for calibration, we first ran our model as simple as possible. We assumed zero net erosion or deposition in the channel by setting the exponential and linear parameters to eliminate deposition and the channel routing parameters to eliminate erosion. We then adjusted the support practice factor that controls the upland sediment yields and calibrated parameters controlling channel deposition and erosion in an upstream-downstream manner. Details are given in the next section.

Due to the paucity of SS data in this region, the simulated SS concentrations in the period 2000-2012 were validated using historical records measured at the Brazzaville/Kinshasa gauging station from the PEGI/GBF program (1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994). The justification for this method is based on the works of [67,68] Laraque et al. (2001[67,68] Laraque et al. ( ,2013b) and [28] Moukandi et al. (2021), who using statistical tests highlighted the low variability of hydrological regimes during different homogenous periods in the CRB. We selected stations that had at least five months of readings and compared the means noting the assumptions made in comparing the model performance objectively due to the lack of a common frequency of measurement.

Statistical Analysis

Literature has described the CRB as flat [START_REF] Daly | Tectonic evolution of the Cuvette Centrale, Zaire[END_REF] (Daly et al., 1992), with the absence of mountain ranges and thick vegetation cover, resulting in low erosion rates [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF] [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF]. Therefore, a Principal Component Analysis was carried out to identify the most influential factors affecting sediment yield and erosion in the CRB. as well as the well-documented influence of slope and soil on erosion in the CRB [START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF][START_REF] Kabuya | Establishing uncertainty ranges of hydrologic indices across climate and physiographic regions of the Congo River Basin[END_REF] ( Mushi et al., 2019;Kabuya et al., 2020), five variables were incorporated in the PCA. They are the slope in the HRUs (HRU_slp), precipitation (PCP), soil erodibility, (USLE_k), channel vegetation cover (CH_COV2), and surface runoff (SUR_Q). A Pearson correlation was also made between the variables and the most important principle components to measure the strength of their association. These analyses were performed in Rstudio with R version 4.0.

Quantitative means of assessment were also used to evaluate model performance. They include the Nash Sutcliffe efficiency (NSE), the coefficient of determination (R 2 ) and percentage bias (PBIAS) [START_REF] Moriasi | Hydrologic and Water Quality Models: Performance Measures and Evaluation Criteria[END_REF] (Moriasi et al., 2015).

Results

Hydrological Responses in the Main Tributaries

Generally, the model exhibited an acceptable correspondence between the observed and modelled flows, showing its ability to capture the general shape of the hydrograph and magnitude of both high and low flows satisfactorily, at the outlet of the basin as well as in its sub-basins [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]. The validation of the daily simulations highlighted that SWAT can be calibrated at a monthly time step and validated at a daily time step. The differences in the evaluation criteria show the effect of the regionalization in the calibration as well as the level of complexity of each sub-basin. The lower performance of the daily model compared to the monthly simulation can be linked to the inadequate spatial representation of rainfall as well as errors in other inputs and measurements [START_REF] Adla | Can We Calibrate a Daily Time-Step Hydrological Model Using Monthly Time-Step Discharge Data[END_REF] (Adla et al., 2019). In addition, there are obvious differences between the observation and simulation datasets in both time steps. Much of the discussion about the hydrological responses in the various sub-basins have been documented in [50] Datok et al. (2020). However, to have an overview, we summarize the main points that are essential for the application to sediment modelling.

The Northern sub-basin of the Ubangi, which controls about 16% of the basin, gave good to satisfactory outputs for the evaluation criteria used since it had the most reliable observed data amongst all sub-basins. Therefore, most of the processes operating in the basin were well captured.

The Sangha sub-basin, which is situated west of the Ubangi sub-basin (Fig. 1), was also calibrated on a monthly time scale. The model was not able to capture the minor flood phases in July and August, which were amplified on a daily scale. This was put down to the effect of wetland processes and the inadequacies of the model structure to deal with this. Nevertheless, it reproduced satisfactorily the timing of the hydrograph as well as the water balance components.

In the southwestern Kasai sub-basin, performance ratings ranged from satisfactory to good, with the hydrograph dynamics well captured. The percent bias (PBIAS) in this sub-basin was low, which could be deceptive as the model underpredicted as much as it over-predicted.

However, other evaluation criteria (the NSE, R 2 ), gave a good account of the results here, and the discharge predicted was within three per cent of the observed values.

The challenge was in attenuating the flows from the wetland regions of the basin, specifically in the upper parts of the Lualaba and the central basin. Reservoirs were added to the Lualaba basin to help in trapping the water generated by the large water bodies there.

However, we were able to capture satisfactorily the magnitude of flows within one per cent of the observed value.

At the basin outlet, the effect of the convergence of flows from all the contributing tributaries was evident. We were able to reproduce the magnitude of the flows to within 9% of the observed flows. The objective of the study is not to achieve a perfect calibration of the discharge at the outlet, as the challenges have been well documented [START_REF] Chishugi | The Hydrology of the Congo River Basin: A GIS-Based Hydrological Water Balance Model[END_REF][START_REF] Tshimanga | Hydrological Uncertainty Analysis and Scenario-Based Streamflow Modelling for the Congo River Basin[END_REF][START_REF] Tshimanga | Basin-scale performance of a semidistributed rainfallrunoff model for hydrological predictions and water resources assessment of large rivers: The Congo River[END_REF][START_REF] Munzimi | Estimating daily streamflow in the Congo Basin using satellite-derived data and a semi-distributed hydrological model[END_REF] (Chishugi & Alemaw, 2009;Tshimanga et al., 2012Tshimanga et al., , 2014;;Munzimi et al., 2019). Rather, the objective is to find a balance between the flows received by the central basin before being impacted by the "Cuvette Centrale" and the flows measured at the basin outlet. Moreover, to achieve this aim using a mass balance approach, observed measurements are available at the outlet for

comparison. An analysis of the parameters showed that groundwater parameters were influential all across the basin, with subsurface processes dominating the Sangha and the central basin. The central basin also had the least response to recharge, while the Kasai and Ubangi basins are drawing up more water from the shallow aquifer to the overlying unsaturated zones through deep-rooted vegetation. Some optimal parameters like the canopy interception compared well with physical observations, being higher in areas with more vegetation and lower in less vegetated areas.

In estimating the water balance of the Cuvette Centrale, November. There is a noticeable lag in the suspended sediments as they follow the discharge, a form associated with a higher concentration-discharge ratio at the rising limb than the falling limb [76] (Megounif et al., 2013), creating a clockwise hysteresis (Fig. 5.4b), described by [START_REF] Laraque | Evolution de l'hydrologie Du Congo-Zaïre et de Ses Affluents Rive Droite et Dynamique Des Transports Solides et Dissous[END_REF] Laraque and [START_REF] Laraque | Evolution de l'hydrologie Du Congo-Zaïre et de Ses Affluents Rive Droite et Dynamique Des Transports Solides et Dissous[END_REF]. The sediment decline at the peak flood is usually attributed to diminishing sediment available in the stream channels [START_REF] Laraque | Banque de Données Hydrologiques Des Affluents Congolais Du Fleuve Congo-Zaïre et Informations Physiographiques. Programme PEGI/GBF, volet Congo-UR22/DEC[END_REF] [START_REF] Wang | Sediment transport and terrigenous flux[END_REF]. It must also be noticed that the variability of monthly-suspended sediment concentration (SSC) values is high in the Ubangui basin (from 2.4 to 33.2 mg L -1 in 2010-2011). (1996) noted the absence of the erosion-transport-alluvial phases that are associated with the Bangui station. Instead, the Brazzaville/Kinshasa outlet is noted for a single transport phase. This is due to the low seasonal variations in its particulate concentrations and its flows due to the all-year-round contributions of different sub-basins of the watershed to its flow. The hysteresis in Fig. 5.5b displays a figureeight pattern that combines a clockwise and anti-clockwise stage. This is due to the influence of the two equatorial regimes consisting of the main flood peak and a lesser one. The clockwise stage involves an increase of concentrations from the erosion of initially deposited stream sediments and thereafter a dilution effect with increased discharge [START_REF] Laraque | Banque de Données Hydrologiques Des Affluents Congolais Du Fleuve Congo-Zaïre et Informations Physiographiques. Programme PEGI/GBF, volet Congo-UR22/DEC[END_REF][START_REF] Aich | Quantification and interpretation of suspended-sediment discharge hysteresis patterns: How much data do we need[END_REF] ( Laraque and Maziezoula, 1995;Aich et al., 2014). The anticlockwise stage follows with decreased discharge and increased sediment concentration on the falling limb. This is due to more available sediment for transport [START_REF] Megnounif | A graphical method to study suspended sediment dynamics during flood events in the Wadi Sebdou[END_REF] ( [START_REF] Megnounif | graphical method to study suspended sediment dynamics during flood events in the Wadi Sebdou, NW Algeria (1973-2004[END_REF], and in this case, could be related to travel time and contribution of sediment from upstream sub-basins and/or the effect of upstream storages like the Cuvette Centrale [START_REF] Laraque | Banque de Données Hydrologiques Des Affluents Congolais Du Fleuve Congo-Zaïre et Informations Physiographiques. Programme PEGI/GBF, volet Congo-UR22/DEC[END_REF][START_REF] Malutta | Hysteresis analysis to quantify and qualify the sediment dynamics: State of the art[END_REF] ( Laraque et al., 1995;[START_REF] Malutta | Hysteresis analysis to quantify and qualify the sediment dynamics: State of the art[END_REF]. [START_REF] Moukandi | Temporal Variability of Sediments, Dissolved Solids and Dissolved Organic Matter Fluxes in the Congo River at Brazzaville/Kinshasa[END_REF] Moukandi N'kaya et al.

(2020) analysed the concentration-discharge curves from 2006 to 2017 at the same station and noted a classic dilution pattern of concentration by the discharge with the dilution and concentration effect well marked at the peak and low floods respectively. This figure-eight pattern is common to watersheds like the CRB with at least two distinct flood peaks.

Calibration Performance

Table 5.4 shows some parameters used to calibrate sediment dynamics in the SWAT model. The parameters that proved important in the calibration of the sediment yield and transport are related to the channel processes and processes in the Hydrological Response Units (HRUs). The simulation reveals that the exponential parameter for sediment routing in the channel was the main parameter among the general basin-wide parameters with influence. The values of channel erodibility (CH_COV1) and sediment transport coefficient (SPCON), set to their default values reveal the dominance of channel depositional processes within the basin.

The calibration of these factors was done in an upstream-downstream manner. A filter was also implemented in sub-basin 168 corresponding to the confluence of the Kasai with the main river. This was important, as this is a site of deposition due to a change in velocity [START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF] (Mushi et al., 2019). The length of the filter simulated is 28 m and caused a reduction of about 4% of the total sediment yield at the basin outlet. It is also important to note that the filter strip reduces sediment but does not affect surface runoff [START_REF] Zhou | New insight into the correlations between land use and water quality in a coastal watershed of China: Does point source pollution weaken it?[END_REF] (Neitsch et al., 2011). [65,66] Bouillon et al., 2012, 2014, and[START_REF] Richardson | Critical Zone BT -Encyclopedia of Geochemistry: A Comprehensive Reference Source on the Chemistry of the Earth[END_REF] Observed and simulated sediment fluxes at the basin outlet downstream of the Cuvette Centrale (data from SO-HYBAM).

Calibration was done at a daily time step at the Bangui station outlet using measured data from the study of [65,66] Bouillon et al. (2012[65,66] Bouillon et al. ( , 2014) ) from March 2010 to March 2012 (Fig. 5.6a) and at the Brazzaville/Kinshasa station using measured data from SO-HYBAM from January 2006 to December 2012 (Fig. 5.6b). At the Bangui station, the model was able to reproduce the general shape of the hydrograph, capturing both periods of high exports and low exports, a reflection of the good responses already documented during the hydrological calibration and validation at this station [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] (Datok et al., 2020). Statistical metrics used to assess the models' performance are displayed in Table 5.5. The coefficient of regression of 0.69 showed how much of the variability of the suspended sediments are related to the discharge as the hydrological model has good skill scores. The Nash-Sutcliffe Coefficient of Efficiency (NSE) value of 0.35 is a satisfactory representation of the dynamics captured here when the temporal range of the observed data, as well as the sampling frequency, is considered.

In Fig. 5.6a, it can be seen that the simulated load does not follow the observed load during the rising phase of the hydrograph but is more correlated with the discharge at the falling limb.

The abnormally high PBIAS value of 49.10 is because of this under-prediction of the rising limb where the magnitudes were not properly captured. Statistics were better in the validation period, with a satisfactory PBIAS value of 24.2%. It is also worth noting that in this sub-basin, the sediment discharge varies over more than two orders of magnitude (2.4-33.2 mg L -1 in TSS and 470-8540 m 3 s -1 in Q, resulting in a 101-24,508 t day -1 range for sediment discharge). and PBIAS respectively in the calibration period (2006)(2007)(2008)(2009), while for the validation period (2010-2012), they are -0.16, 0.13, and 9.53 for the NSE, R 2 and PBIAS respectively (Table 5.5). The NSE is sensitive to extreme flows and reflects the under-prediction of peak flows as well as the influence of the Cuvette Centrale. The low values of regression coefficients also do not give a satisfactory indicator of the model performance at this outlet as the model did not accurately pick the timing of flows. This is in agreement with what has already been discussed about the failure of models to adequately slow the flow of water across the "Cuvette Centrale" [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF][START_REF] Tshimanga | Hydrological Uncertainty Analysis and Scenario-Based Streamflow Modelling for the Congo River Basin[END_REF] ( Tshimanga et al., 2012, Datok et al., 2020). Lower statistical performance at Brazzaville Station (Fig. 6b) than at Bangui (Fig. 6a) also rely on much smaller ranges at Brazzaville (less than one order of magnitude) than at Bangui (more than two orders of magnitude in sediment load). The PBIAS of 9% in the validation period is adjudged satisfactory, however, showing that the model predicted well the average magnitudes although showing a bias towards underestimation of the fluxes.

From the analysis of our calibration dataset and the model calibration, it can be seen that SWAT sediment routing performs better on basins or sub-basins with low or moderate hysteresis (e.g., the Ubangi) than those with high hysteresis (e.g., at Brazzaville/Kinshasa). At Brazzaville, we observe a complex relationship between Q and SSC (figure-eight hysteresis), while the Bagnold formula considers a maximum concentration, increasing with increasing water discharge (or increasing discharge peaks). The difference may be attributed to processes of deposition/erosion over the land (especially in wetlands) or at the riverbed that are very difficult to calibrate correctly over a large basin with a very scarce dataset and natural complexities. To overcome these difficulties, there will be a need for additional measurements in the future at different stations of the basin to improve the model performance. In its state, the model was able to reproduce concentration values and sediment fluxes at a satisfactory level (with PBIAS < 50). It enables the first assessment of sediment balance in the Cuvette Centrale-which is the main target of the paper.

Additional Comparison of the Model Simulations with Historical Datasets

We compared our simulated fluxes with data from the PEGI-BGF program on the 1987-1994 period since there has not been any sustained sampling program over the entire basin.

The justification of this comparison is based on the regularity of measured fluxes in the basin over the past century. For instance, [67] Laraque et al. (2001) highlighted that the hydroclimatology of the basin presented similar 10-12 year cycles in the last half-century. [START_REF] Nguimalet | Recent Hydrological Dynamics of Oubangui at Bangui (Central African Republic): Anthropogenic or Climatic Impacts? Geo[END_REF] Nguimalet & Orange (2013) also showed the homogeneity of rainfall-runoff ratios overtime at the Bangui station. 5.6. The PEGI observations of SSC and Q were sampled once every month, with some months not sampled at all in some stations, while we used the full time series for the SWAT simulations. More detailed statistical analysis could not be carried out because the frequency of measurement was not the same. (1987)(1988)(1989)(1990)(1991)(1992)(1993) and SWAT simulation (2000SWAT simulation ( -2012) ) from stations within the Cuvette Centrale. Average SSC values were very well estimated with the model at Bouatali (Likouala aux Herbes River), Ouesso (Sangha River) and Makoua (Likouala Mossaka River), with differences less than 7%, while it was over-estimated by 31.2% at BRZ/Kinshasa (Congo R.),

and by 110% at Alima (Tchikapika) (Table 6). Of course, these quantities are not perfectly comparable since simulations ran over years while measurements were performed a limited number of times per station. However, this result confirms the ability of the model to assess a first sediment budget of the Cuvette Centrale. We analysed the spatial variation of sediment yield across the basin (Fig. 5.7). Generally, it can be observed that high surface runoff (Fig. 5.7b) corresponds to high sediment yields (Fig.

5.7a

) across the subbasins. Surface runoff also followed the rainfall pattern of the basin with the central areas receiving some of the highest rainfall and above-average sediment yields. The sediment yields are generated from individual HRUs and from Fig. 5.7a, it can be deduced that the Cuvette Centrale area with its various land uses including row cropped fields or pasture is characterized by local erosion. These sediments are generated and then accumulate here, aided by the low slopes and low velocities of water, which combine to restrict the transport of these sediments. The mapped sediment yield rates compare to the ones mapped by [9] Laraque et al., (2009). We estimated sediment yield rates of 4.01, 5.91, 7.88 and 8.68 t km -2 yr -1 respectively for the Ubangi sub-basin at Bangui, Sangha at Ouesso, Lualaba at Kisangani, and Kasai at Kutu-Moke respectively. The sources of these sediments are mainly from the higher slopes of the eastern highlands, the southern parts of the basin as well as sources from the Angolan highlands to the southwest. These loads are conveyed in the river from the upper course at an altitude of 1400-1500 m and they gather more mass as the river exits the numerous swamps and wetlands in the Lualaba basin. There is a noticeable reduction in river load as it makes its way through the anastomosing river channels of the middle Congo River. These channels are up to 16 km wide at some places [START_REF] Runge | The Congo River, Central Africa[END_REF] (Runge, 2007) and are characterized by sand and silt bars indicating deposition. Effective river width of around 5 km, measured 700 km upstream from Brazzaville/Kinshasa, reduce to less than 3 km at 1600 km upstream as measured by [START_REF] Carr | Greater Water Surface Variability Revealed by New Congo River Field Data: Implications for Satellite Altimetry Measurements of Large Rivers[END_REF] Carr et al. (2019). At the equatorial regions, tributaries from the northern and southern hemispheres join the main river and increase the loads. Some of these loads are contributed by the Ubangi catchment due to the erosion of grazing land of the Sudano Sahelian environment [START_REF] Nguimalet | Recent Hydrological Dynamics of Oubangui at Bangui (Central African Republic): Anthropogenic or Climatic Impacts? Geo[END_REF] (Nguimalet & Orange, 2013). Water surface slopes are higher here with a reduced velocity.

This river stretch is multi-channel with constrictions that reduce the widths considerably [START_REF] Carr | Greater Water Surface Variability Revealed by New Congo River Field Data: Implications for Satellite Altimetry Measurements of Large Rivers[END_REF] ( Carr et al., 2019). The Kasai River then joins the main stem at Kwamouth. The Kasai is noted to have a large suspended sediment load [START_REF] Laraque | A review of material transport by the Congo River and its tributaries[END_REF] (Laraque et al., 2009), contributing to the main river. This is consistent with measurements by [83] Carr et al. (2019) where they found water surface slopes to be very low in this area (2 cm km -1 ). The loads are then transported and reduced through the Malebo pool with some loads produced at the urban settlement of Brazzaville /Kinshasa. We investigated the relationship between land cover, surface runoff and sediment yield in the CRB sub-basins over different land uses (Fig. 8). The dominant land uses are forests, which occur in all the sub-basins while agriculture, pastoralism, and rangeland are the land uses with the most sediment yield.

The Ubangi sub-basin is dominated by forests of the mixed kind, comprising small trees and shrubs, which are interspersed with larger broadleaved trees at the northern limits of the basin. At the lower and wetter parts of the sub-basin are the boundaries of the evergreen forest.

The highest yields of 4.5 t km 2 yr -1 was in the mixed forests located on higher slopes, while the lowest yield of 2.16 t km -2 yr -1 was in the evergreen forests. The Ubangi sub-basin presented the lowest specific sediment yield of the principal basins studied. However, in terms of load contribution, it ranks second of the sub-basins that contribute to the Cuvette Centrale after the Lualaba sub-basin. This is mainly because the discharge measured at the Bangui station is the largest of the Northern tributaries. Low sediment yields could also be attributed to the largely stable nature of the Ubangi tree-covered peneplains [START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF] (Mushi et al., 2019). The Sangha basin drains the northwestern limits of the CRB; it has relatively high sediment yields compared to its size-5.91 t km -2 yr -1 (this study) and 8.52 t km -2 yr -1 [9] (Laraque et al., 2009). The highest yield of sediment is found in pastureland (12.22 t km -2 yr -1 , see Fig. 5.8b)

while the evergreen forests produced the least sediment of 3.97 t km -2 yr -1 . Soils of the exposed pasturelands are more susceptible to erosion than those of the evergreen forests, which are protected by dense tree cover. This is a view held by [84] Ndomba et al. (2011), who also pointed out that agriculture and pastoralism are the main sources of sediment in catchments.

In the Lualaba sub-basin, agriculture is the largest land use by size with the highest sediment yields. Runoff is low though suggesting infiltration of water through the soil profile.

Rangeland has a relatively high specific yield of 9.17 t km -2 yr -1 considering that this land-use ranks fourth in the area behind agriculture, evergreen, and deciduous forests. This may in part be due to overgrazing or other anthropogenic activities that expose the soil. Deciduous forests yielded 7.71 t km -2 yr -1 of sediment while the evergreen forests yielded 9.68 t km -2 yr -1 of sediment. The evergreen forests yield the least sediment in the other sub-basins studied. [START_REF] Mayaux | A Land Cover Map of Africa[END_REF] Mayaux et al. ( 2003) described the evergreen swamp forests as "edaphic", alluding to the influence of the sediments on their sustenance. The trees are also mostly dense and multilayered, helping to slow the agents of erosion. The exception in the Lualaba may be due to the relatively higher slopes in some areas, which induce more yields. Non-forested wetlands yielded 1.25 t km -2 yr -1 of sediment while wheatgrass yielded 7.39 t km -2 yr -1 of sediment, noting that, while it is not as high as agricultural output, it shows the effect of different management practices on sediment yield.

The Kasai sub-basin is known to be heavily mineralized, due to the many mining activities taking place there. These anthropogenic activities are very impactful on the land. Therefore, it is not surprising that the highest sediment yields in the CRB are attributed to this sub-basin.

We simulated specific sediment yields of 3.8 t km -2 yr -1 , 11 t km -2 yr -1 , and 12.7 t km -2 yr -1 for evergreen forests, deciduous forests, and rangeland, respectively (Fig. 5.8a). The sediment yield is more pronounced in the southwestern portion of this sub-basin probably due to anthropogenic activity mentioned earlier and/or less stable natural terrain [START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF] (Mushi et al., 2019).

Land cover in the Cuvette is 57% Evergreen forest, 30% Deciduous forest, 8% Wetland forest, 2% Mixed forest with Pasture, Rangeland and Wheatgrass making up the balance. The soils are primarily composed of gleysols, which are affected by groundwater [START_REF] Ngongo | Soil Resources in the Congo Basin: Their Properties and Constraints for Food Production[END_REF] [START_REF] Ngongo | Soil Resources in the Congo Basin: Their Properties and Constraints for Food Production[END_REF]. They are not well-drained and in fact, oversaturated causing relatively high surface runoff. We simulated the highest yields for the Pasture land, Deciduous forests, Wetland forests, Mixed forests, Evergreen forests, and Rangeland of 69, 14.3, 12.13, 12.09, 10.13, and 8.64 t km -2 yr -1 respectively. In the basin as a whole, high surface runoff did not necessarily mean high sediment yields, as is the case with wheatgrass. Similarly, mixed forests with the lowest yields (6.5 t km -2 yr -1 ) have only the second-lowest surface runoff rate (66 mm yr -1 ) (Fig. 5.8b). To put et al. (2008), who showed that soils in warm climates are less erodible than those developed in temperate climates. The map of slope steepness (Fig. 5.9c) also affirms that higher slopes will yield more sediment. Our resulting mapped values compared well with literature, notably the work of [17] Mushi et al. (2019), who used the Global Assessment of Soil Degradation (GLASOD) to map sediment sources within the CRB. Our simulated sediment sources (Fig. 5.9d) is similar to theirs. The results showed that portions of the middle CRB are less affected by erosion, while high relief areas are the primary sources of sediment. It is important to note also the Cuvette central area, although located on low slopes with low erodible soils, yield relatively high sediment within its tributaries because of their high content in organic matter, which are mostly made up of fine particles that are transported easily even at low velocities. The coarser particles, most likely from stream bank erosion, will travel only shorter distances and be deposited, helping to create anastomosing structures observed along the middle reach [START_REF] Carr | Greater Water Surface Variability Revealed by New Congo River Field Data: Implications for Satellite Altimetry Measurements of Large Rivers[END_REF][START_REF] O'loughlin | A LISFLOOD-FP hydraulic model of the middle reach of the Congo[END_REF][START_REF] O'loughlin | Hydraulic characterization of the middle reach of the Congo River[END_REF] (O' Loughlin 2013Loughlin , 2020;;Carr et al., 2019). Thus, a combination of higher rainfall and corresponding surface runoff induced more sediment yield from the Cuvette Centrale. These results would need a thorough field-based verification to compensate for the uncertainties associated with the model, and as [17] Mushi et al. (2019) admitted, the GLASOD map is unable to map all the erosion processes. 

Key Factors Affecting Sediment Yield

A principal component analysis (PCA) was performed on parameters that affect the sediment yield in the various subbasins of the catchment. Five key parameters were analysed:

the slope in the HRUs (HRU_slp), precipitation (PCP), soil erodibility (KUSLE), channel vegetation cover (CH_COV2), and surface runoff (SUR_Q). PC1 explained 33.7% of the data variability, while PC2 explained 24.4%. Together, PCA1 and PCA2 accounted for 56.1% of the variability in the data (Table 5.7). The eigenvalues with the most magnitude in PC1 were 0.66 and 0.58, corresponding to surface runoff and precipitation, respectively. Fig. 5.10a

demonstrates this; as values increase positively along the PC1, so does precipitation and surface runoff. In addition, erodibility and slope are moderate and there is less channel cover. Similarly, the eigenvalues with the most magnitude in PC2 are erodibility and the slope in the HRUs with values of -0.62 and -0.59, respectively. Fig. 5.10b shows that as the values along with PC2 increase negatively, there is a corresponding increase in slope as well as the erodibility of the soils. At the same time, channel cover is low and there is no real difference between precipitation and surface runoff. To buttress these results, we used the Pearson correlation coefficient to compare the relationship between the variables and our two principal components that explain more than 50% of the data variability. Table 5.7 shows the highest positive correlation along PC1 of 0.86 associated with surface runoff. This implies that as the value of the observation increases along PC1 so does the surface runoff. Likewise, the next highest value is precipitation (0.75), further reinforcing the dominance of these variables in the CRB sediment processes. The reverse is also true for negative coefficient values; as the value of the principal components increase, the associated variables decrease. Low negative values would also mean negligible relationships between variables as observed with channel vegetation cover in PC1 and PC2.

Our results compare favourably with the literature cited in this study [START_REF] Laraque | A review of material transport by the Congo River and its tributaries[END_REF][START_REF] Mushi | Assessment of basin-scale soil erosion within the Congo River Basin: A review[END_REF][START_REF] Kabuya | Establishing uncertainty ranges of hydrologic indices across climate and physiographic regions of the Congo River Basin[END_REF][START_REF] Vanmaercke | Sediment yield in Africa[END_REF][START_REF] Runge | The Congo River, Central Africa[END_REF] ( Laraque et al., 2009;Runge, 2007;Vanmaercke et al., 2013;Mushi et al., 2019;Kabuya et al., 2020). The principal components can isolate the main factors responsible for the sediment transfer processes in the basin. The regions with relatively higher rainfall and surface runoff, which are the dominant factors along PC1, are situated in the central and highland areas of the east as well as portions of the southwest of the basin. While along PC2, the slope and the erodibility of the soils are closely related. These variables dominate the erosional processes in the highland regions, which surround the basin as well as parts of the main drainage units of the basin. The PCA is also able to group main drainage units with similar characteristics. By condensing our variables into two linear combinations of PC1 and PC2, it will be possible to separate our sub-basins based on the similarity of characteristics. Further work is therefore needed to separate the sub-basins based on the factors influencing erosion. This would need more detailed and extensive data coupled with modelling for a deeper understanding of the sediment dynamics within the CRB. 

Sediment Balance in the Cuvette Centrale

The Cuvette Centrale acts as a sediment trap slowing the flow of water, nutrients and pollutants [START_REF] Laraque | A review of material transport by the Congo River and its tributaries[END_REF] (Laraque et al., 2009). To quantify the effects of the Cuvette Centrale on upstream sediment loads, we carried out an upstream-downstream mass balance as described in Section 2.5 and as demonstrated in the hydrological balance of [50] Datok et al. (2020). Eight tributaries from both the northern and equatorial regions were considered and the results of the balance are presented in Table 5.8 below. ). A large percentage of the fluxes (85%) come from the upper Congo. The Ubangi, the largest tributary of the Congo on the North, contributes about five percent of fluxes while the Ruki, another large tributary with its source in the southern hemisphere also contributes about five percent (Table 5.8). The Sangha and the other principal tributaries on the right bank contribute three and two per cent to the Cuvette Centrale, respectively.

Compared to the values of 33.7 × 10 6 t yr -1 of material measured by the SO-HYBAM at the basin outlet (station 11) from 2006 to 2017, our simulated value of 37 × 10 6 t yr -1 for 2000 to 2012 compares well. Next, we calculated the fluxes at the confluence of the Kasai River (at Kwamouth; station 10) with the Congo at 10.5 million tons, which was then subtracted from the flux of 37 million tons simulated at the basin outlet resulting in 26.6 million tons of material annually at the basin outlet. With respect to equation 6 in Section 2.7, we estimated the sediment balance as the difference between the fluxes coming in from stations 1 to 8 (~31Mt) and the fluxes at station 11 (~26 Mt) for a balance of ~5 Mt. To verify the balance, we calculated the fluxes downstream of the Cuvette at Bolobo, which is 7.6 million tons of material. By subtracting the value at Bolobo from the inputs into the Cuvette Centrale gave a value of over 23 million tons, we confirmed that there is a massive reduction in the fluxes exiting the Cuvette Centrale. These high loads retained by the cuvette can be justified by the sediment yields simulated in Fig. 5.7 as well as the anastomosing structures with low velocities (0.75-0.95 m s -1 ) observed by [83] Carr et al. (2019) which are conducive for sediment storage.

[89] [START_REF] Molliex | Simulating sediment supply from the Congo watershed over the last 155 ka[END_REF] also suggested that the Cuvette Centrale, including the lakes Tumba and Mai-Ndombe, trap a huge part of the CRB sediment load. [90] Garzanti et al. (2019) from petrographic evidence, suggests that pure quartzite is generated only in the Cuvette Centrale and that the Cuvette Centrale is a quartz factory with a huge reservoir. They also estimated that the Congo is the largest River on Earth carrying pure quartzite to the Atlantic. Coynel et al. (2005) estimated that more than 11 megatons of suspended sediments are exported from only the Savannah areas of the CRB with around 23% of that amount unaccounted for at the basin outlet. While there is no substitute for field-based verification, these studies suggest that the Cuvette Centrale can store such amounts.

Therefore, for the period 2000 to 2012, we estimated that the Cuvette Centrale retained over 23 megatons of material or 75% of the sediment fluxes from 70% of the basin area above Brazzaville/Kinshasa (combined contributing areas of stations 1 to 8). The low velocities observed in this area of the wetlands [START_REF] Carr | Greater Water Surface Variability Revealed by New Congo River Field Data: Implications for Satellite Altimetry Measurements of Large Rivers[END_REF][START_REF] Laraque | Origin and function of a closed depression in equatorial humid zones: The lakeTele in north Congo[END_REF] (Laraque et al., 1998a;Carr et al., 2019) would ensure deposition takes place. This would imply a minimum exchange of material between the wetland and the main river. [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] Datok et al. (2020) analysed the water balance of the Cuvette Centrale and verified its role as a sponge or buffer that accumulates water in the rainy season and releases it in the dry season. A running hypothesis suggests that this may be the main means by which supplies-if any-of suspended sediment is made to the main river [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF] (Alsdorf et al., 2016). Dilution and concentration effects have also been observed at the peak and low of discharge, respectively [START_REF] Moukandi | Temporal Variability of Sediments, Dissolved Solids and Dissolved Organic Matter Fluxes in the Congo River at Brazzaville/Kinshasa[END_REF] (Moukandi N'kaya et al., 2020). This is expected as it has been observed that increasing rainfall increases the specific discharge causing dilution of suspended matter [START_REF] Laraque | A review of material transport by the Congo River and its tributaries[END_REF] (Laraque et al., 2009). [START_REF] Laraque | Origin and function of a closed depression in equatorial humid zones: The lakeTele in north Congo[END_REF] Laraque et al. (1998a) described the hydrological functioning of the floodable parts of the Cuvette Centrale as mainly through vertical exchanges.

Thus, coupled with the flat topography and limited lateral exchanges, there is poor mineralization. These characteristics can also be extended to the Lake regions on the left bank of the Congo River i.e., Lakes Tumba and Mai Ndombe, which are located within seasonally inundated forests. They are reservoirs of organic material due to the forest cover and their biogeochemistry is similar to the flooded portions of the Cuvette Centrale.

The seasonal dynamics of the loads contributed to the Cuvette Centrale (Fig. 5.11) show that the right bank tributaries (stations 1-6; Table 8) contribute more load during the September-October-November (SON) floods associated with the equatorial regions.

Disregarding the contributions from the main-stem Congo River (station 7); it is obvious that the right bank tributaries are a very important source of sediment to the Cuvette Centrale. This is especially so since unlike the Amazon which has numerous connecting pathways or "furos" between the main river and the floodplains, there is limited connectivity in the case of the CRB [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF] (Alsdorf et al., 2016). The left bank tributary (station 8) also makes a modest contribution in the December-January-February (DJF) period that coincides with the small dry season of the southern basins and the pronounced dry season of the northern basins. 

Comparison with the Amazon and the Orinoco

To put this study in context and appreciate the functioning of the CRB, we compare the material fluxes of the CRB with two other large world drainage basins: the Amazon and the Orinoco. This comparison is important because, after the Amazon, the Congo is the second largest area of tropical rainforest at 1.8 million km² [START_REF] Haensler | Climate Change Scenarios for the Congo Basin[END_REF] (Haensler et al., 2013); and its average discharge of 36,150 m 3 s -1 (this study) is second to the Amazon with 169,000 m 3 s -1 [START_REF] Filizola | Suspended sediment yields in the Amazon basin: An assessment using the Brazilian national data set[END_REF] ( Filizola & Guyot, 2009) (Table 5.9). In comparison to the Orinoco, their mean annual discharges are similar, with the Orinoco discharging 31,400 m 3 s -1 . Together, the three river basins combine an average discharge of approximately 284 × 10 3 m 3 s -1 of water into the Atlantic [START_REF] Laraque | A comparison of the suspended and dissolved matter dynamics of two large inter-tropical rivers draining into the Atlantic Ocean: The Congo and the Orinoco[END_REF] (Laraque et al., 2013). The sediment fluxes reported in Table 9 for the Amazon are taken from the Obidos station that controls 80% of the basin. In terms of the fluxes, both the Amazon and the Orinoco have much higher amounts discharged to the oceans. This is principally due to the difference in relief compared to the Congo as the South American rivers are underlain in part by the Andes [START_REF] Meade | Storage and Remobilization of Suspended Sediment in the Lower Amazon River of Brazil[END_REF] (Meade, 1984). In the Congo, chemical weathering dominates over physical weathering with dissolved matter superseding suspended sediments [START_REF] Moukandi | Temporal Variability of Sediments, Dissolved Solids and Dissolved Organic Matter Fluxes in the Congo River at Brazzaville/Kinshasa[END_REF][START_REF] Laraque | A comparison of the suspended and dissolved matter dynamics of two large inter-tropical rivers draining into the Atlantic Ocean: The Congo and the Orinoco[END_REF] (Laraque et al., 2013a;Moukandi N'kaya et al., 2020). The reverse is the case for the Orinoco; due to the influence of mountain chains on discharge and fluxes, the differences in the hydrological regimes, forest cover, and the high seasonal variability of discharge compared to the Congo [START_REF] Laraque | A comparison of the suspended and dissolved matter dynamics of two large inter-tropical rivers draining into the Atlantic Ocean: The Congo and the Orinoco[END_REF][START_REF] Richey | Water Discharge and Suspended Sediment Concentrations in the Amazon River: 1982-1984[END_REF] [START_REF] Richey | Water Discharge and Suspended Sediment Concentrations in the Amazon River: 1982-1984[END_REF]Laraque et al., 2013a). 

Uncertainties Related to Sediment Estimation

As with any large scale hydrological modelling study in ungauged basins, uncertainties are unavoidable. In this study, a lack of critical data for calibrating the sediment fluxes caused the model to be calibrated in a lumped manner. There is an unavoidable loss of information caused by the lack of spatial representation. However, the temporal variability was well captured and the magnitude of fluxes matched the literature. It should also be noted that concerns have been raised about the misrepresentation of wetland processes due to gaps in the model structure [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] ( [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]. Therefore, this study was undertaken assuming that the processes occurring in the wetlands are straightforward. There is also uncertainty related to input data.

For example, the soil database used to construct the SWAT lookup tables was primarily prepared for agricultural use with soil depths not exceeding 100 cm. Therefore, peak flows could be over-simulated in deeper soils resulting in an overestimation of sediment. The DEM resolution for computing the hillslope length also has implications for runoff and erosion computations. The Bagnold equation used to calculate the maximum amount of sediment transported in a stream segment has its limitations [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF] [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. The algorithm does not differentiate between particle sizes and offers no distinction between channel and flood plain deposition [START_REF] Zhou | New insight into the correlations between land use and water quality in a coastal watershed of China: Does point source pollution weaken it?[END_REF] (Neitsch et al., 2011). Precipitation input uncertainty and the uncertainties of parameters of the central basin all have to be taken into account too.

In estimating the sediment balance of the Cuvette Centrale, an analysis of stream hydraulics will also help in determining if the widths and depths of the tributaries studied can process the amounts of sediment over the period considered. Settling rates of sediment in the Cuvette Centrale will also need to be studied. This is important in order not to overlook the possibility that the Cuvette Centrale is subsiding at a rate equivalent to the trapping of the sediments. This is an area of future work that will need exploring.

The existing dams that could affect our results are the Mobayi Dam downstream of the Uele River with an installed capacity of 11.5 MW and the Imboulou Dam on the Lefini River with an installed capacity of 120 MW. In the case of the former, it is upstream of the Bangui station and for the latter, it is downstream of the Cuvette Centrale. The Lualaba basin has swamps and lakes that serve as natural reservoirs with a few man-made ones. However, reservoirs were also integrated into the model to account for these structures. Considering the scale of the study, these effects although negligible, will be a source of uncertainty.

Conclusions

Understanding the sediment dynamics in wetlands is important to assess changes taking place over time correctly. These changes could be natural or human-made and could have important ecological as well as socio-economic consequences. We used the SWAT hydrological model in this study to investigate and quantify sediment fluxes and budgets from seasonal to annual time scales using freely available datasets. The SWAT model satisfactorily captured the dynamics of sediment yields and fluxes when compared to past studies. In summary, we have been able to use the SWAT model to do the following:

I.

Run the SWAT model on a daily timescale, calibrating the hydrology and sediment dynamics for the 2000 to 2012 period. Five principal catchments of the CRB were calibrated for hydrology based on previous work [START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] (Datok et al., 2020). Due to lack of data, we were only able to calibrate one station in the upper part of the basin as well as the outlet of the basin for the sediments. We achieved acceptable results based on the performance of the evaluation criteria used in the study. For hydrology, the coefficients of efficiency were above 70% in 60% of the sub-basins calibrated, while other evaluation criteria also gave a good picture of the model performance.

II.

An assessment of the model outputs revealed that agriculture and pasture were the main land uses with the potential to contribute the most sediment yield. The absence of any major infrastructure like dams in most of the tributaries, to trap sediment even temporarily, makes this an important source of sediments. Generally, the steepest areas of the basin produced more sediment and runoff. Our map of degradation hotspots also revealed that the middle basin is least affected by erosion with degradation more pronounced in the outer rim of the Cuvette Centrale. At the same time, the Cuvette Centrale area showed the lowest values of soil erodibility mainly because of the soil properties. Thus, the erosion within this area is mainly local with corresponding sediment accumulation. The highest specific sediment yields by subbasin were from the Kasai, aided by intense anthropogenic disturbances that lead to deforestation and degradation of uncovered land. The Ubangi sub-basin, on the other hand, an old erosional surface, has the lowest specific sediment yields. In terms of load carried in stream channels, the heaviest loads were carried from the lakes at the southeastern parts of the basin and the confluence of the Kasai with the main Congo River.

III.

Principal component analysis revealed the main factors that aid in sediment transport. They include surface runoff, precipitation, the slope in the HRU and the erodibility of the soils. These factors are closely related to the climate and physiography of the catchment with high relief areas more prone to erosion and the high precipitation causing increased surface runoff in the central basin.

We estimated the balance of fluxes entering and exiting the Cuvette Centrale from eight principal tributaries that contribute to the main river. Our estimates suggest that the Cuvette Centrale is indeed a giant reservoir that retains at least 23 megatons of material annually.

Sediment from the upper Congo is the main contributor with 85% of the fluxes, while the principal tributary of the right bank-the Ubangi-contributes 5%. The Ruki also contributes about 5%, while the other right bank affluents contribute the remainder. With the lack of a robust database over the entire basin, the results over those areas were measured data are available, provide a higher degree of confidence. More advanced validations are needed over the ungauged portions especially at Mbandaka station as the upper Congo is the main supplier of sediments to the Cuvette Centrale.

This work also showed that the estimation of soil erodibility should not only depend on lithological information or a geological map. This is because their reliability is variable and could lead to over or under-estimates of the K values. Future improvements to the model will focus on the spatial representativeness of the sedimentation processes as well as the use of high-resolution input data. Incorporation of a wetland module will also aid in a proper understanding of the processes in the central ungauged basin (e.g., [97-99] Hughes et al., 2014;Sun et al., 2016Sun et al., , 2018)).

This study is a follow-up to [50] Datok et al., (2020), where a water balance of the Cuvette Centrale was made. They found that as much water passed through the Cuvette Centrale from the upper Congo as efficient precipitation falling over the area. Similarly, we estimated that a majority of the fluxes come from the upper Congo. The implications are that sediment, nutrients and pollutants are supplied to the Cuvette Centrale provided there are connecting pathways or overflows from the banks [START_REF] Alsdorf | Opportunities for hydrologic research in the Congo Basin[END_REF] (Alsdorf et al., 2016). The relatively higher water surface slopes in the middle reach passing through the Cuvette Centrale make this a real possibility. Sediment loads and yields are majorly influenced by land cover and land use, which The seasonal dynamics of the tributaries supplying the Cuvette Centrale are analysed according to the hydrological cycle using measured datasets of DOC and POC from the SOHYBAM and from literature (Bouillon et al. 2011(Bouillon et al. , 2012)). A modelling approach based on the model of [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]), Boithias et al. (2014) (Datok et al. 2020).

Extended Abstract

Wetlands are one of the greatest reservoirs of the Earths carbon because they hold up to 30% of the Earths total soil carbon despite only occupying not more than 10% of the Earths land surface [START_REF] Mitsch | Wetlands[END_REF]. Wetlands provide a host of ecological services like serving as buffers for flood control, filtering water, sediment settling and stabilization, groundwater provision as well as being ost to a variety of organisms [START_REF] Acreman | The role of wetlands in the hydrological cycle[END_REF]Gosselink &Mitsch 2000). Wetlands also play a big role in the biogeochemical cycling.

By storing the carbon from the atmosphere in sediment which would ordinarily have been realesed back as carbon dioxide, they are reducing the harmful greenhouse effects [START_REF] Faulkner | Urbanization impacts on the structure and function of forested wetlands[END_REF]. Different types of fauna and flora thrive under the habitat that wetlands provide and provide sustenance for humans through fishing and hunting.

Climate change exacerbated by anthropogenic pressure has caused the dwindling of the world's wetlands [START_REF] Mitsch | Wetlands[END_REF]. It has been claimed that the world has lost between 50 to 87 % of its wetlands since the last century (Dugan, 1993;OECD, 1996;Davidson, 2014;Mitsch et al., 2015). With this loss undoubtedly, there will be a corresponding loss in the services that these wetlands are capable of providing. The millennium assessment report of 2005 identified wetlands primary role as a regulator of climate. Changes in climate have been observed all over the world with increases in temperature, frequency and intensity of floods and sea level rise some of the more noticeable changes [START_REF] Erwin | Wetlands and global climate change: The role of wetland restoration in a changing world[END_REF]. These changes will cause increases in thermal regimes of water that can have negative effects on aquatic life, increase algal growth, cause loss of water in wetlands and by consequence droughts [START_REF] Kibria | World wetlands and emerging threats from climate change[END_REF].

Peatlands are one of the richest reservoirs of carbon capable of holding as much carbon as whole forest ecosystems [START_REF] Moomaw | Wetlands In a Changing Climate: Science, Policy and Management[END_REF]. They are important as a carbon store and are sensitive to changes in hydrology and the carbon cycle, thus they are crucial as early warning systems to any changes in the carbon cycle [START_REF] Bridgham | Rapid carbon response of peatlands to climate change[END_REF]. Peatlands are distributed the same as wetlands generally and occur in every climatic zone and cover about 3% of the Earths land surface [START_REF] Xu | PEATMAP: refining estimates of global peatland distribution based on a meta-analysis[END_REF]. Destabilization of peatlands have reportedly increased DOC concentrations in freshwater systems suggesting a transfer of upland carbon stocks to downstream ecosystems [START_REF] Jennings | From highs to lows: Changes in dissolved organic carbon in a peatland catchment and lake following extreme flow events[END_REF]. Rising temperatures also stimulate DOC export with fears that the flux of riverine DOC to the oceans may increase substantially (Freeman et al., 2001).

The Cuvette Centrale of the Congo River Basin hosts the second extensive area of rainforest after the Amazon and hosts one of the largest peat deposits on Earth. More recently with the granting of oil concessions, logging and other signs of urbanization, the Congo Basin peatlands are becoming threatened (UNEP). Peatland loss has damaging consequences for the environment as it can lead to large carbon emisions [START_REF] Fatoyinbo | Vast peatlands found in the Congo Basin[END_REF]. As a primary terrestrial CO2 sink, it is important to constantly monitor wetland health as it is directly connected to the global ecosystem.

The Cuvette Centrale is very important as a reservoir of sediments and organic material as various studies have noted that it has an effect on upstream fluxes of material; either diluting the suspended sediments, increasing the concentration of organic matter or converting from one form to another (Laraque et al., 2009;[START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF][START_REF] Drake | Landuse controls on carbon biogeochemistry in lowland streams of the Congo Basin[END_REF]. With the extensive forest cover over the basin, its carbon storage capacity is huge. Above and below ground Carbon stocks of the CRB have been estimated at 46 billion metric tons with the wetland areas representing 60% of this figure [START_REF] Nasi | A First look at carbon stocks and their variation in Congo Basin forests. The Forests of the Congo Basin: State of the Forest[END_REF]. Similarly, Dargie et al. (2017) estimated that the Cuvette Centrale hosts extensive peat deposits beneath the swamp forest vegetation of about 30.6 billion metric tons. These huge amounts of peat are aided by the high precipitation in the central basin, as the Cuvette Centrale has been shown to be supplied with efficient precipitation of up to 31%, which is its chief source of water supply (Dargie et al., 2017, Datok et al., 2020). Dilution and concentration effects are observed during high and low flow periods in the Basin with the regulatory function of the Cuvette Centrale ensuring relatively low range of DOC concentration at the basin outlet according to the discharge.

Since the Cuvette Centrale has an influence over the organic matter that pass through it, (Bouillon et al., 2012(Bouillon et al., , 2014;;Hemingway et al., 2019;[START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF], it is highly likely that a significant portion of upland carbon fluxes will either be processed, settled or trapped within the Cuvette. However, the rate and amounts will depend largely on precipitation, erosion rates, discharge patterns, transient storage time in the Cuvette and the possibility of differentiating these fractions from those produced elsewhere. Quantifying these fluxes are challenging and filled with uncertainties. The Congo Cuvette Centrale is located in a remote region that is inaccessible for most parts of the year. In addition, since the 60s, there has been a progressive deterioration of hydrological networks that have been set up for scientific study. studies on the Congo River Basin and similar basins of its kind.

INTRODUCTION

Rivers play a crucial role in transporting both particulate and dissolved matter from land to the oceans. Due to dynamic earth processes that have occurred in the past and are still happening today, the fluxes of these earth materials have shown variations at different points in time [START_REF] Walling | Patterns of sediment yield[END_REF]. Soil erosion processes redistribute soil organic carbon into the landscape and aquatic system and are important in the biogeochemical cycling of carbon [START_REF] Battin | The boundless carbon cycle[END_REF]Nadeu et al., 2014). Different factors are responsible or aid in the transfer and storage of sediments and organic carbon from the land to the open ocean. Among the factors that have been identified by some authors, include lithology, climate and geomorphology [START_REF] Walling | Patterns of sediment yield[END_REF]. These factors operate at different scales with different effects depending on the catchment (Alvarez-Cobelas et al., 2010). The relationship between the particulate forms of carbon and sediment dynamics have been documented and shown to be related [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF][START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF], as such the redistribution of C will be influenced by the same factors that influence the sediments (Nadeu et al., 2014).

The dissolved form of organic carbon on the other hand is majorly influenced by the discharge, basin slope and soil organic carbon content [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF]Alvarez-Cobelas et al., 2010).

Natural riverine organic carbon is classified as dissolved (DOC) or particulate (POC) and originates from an allochthonous pool (soil leaching, the erosion of soil, breakdown of sedimentary rocks) and authochtonous production (in situ biological production) (Meybeck, 1983). A third source is from anthropogenic sources in the form of point or diffuse discharge of agricultural, industrial and domestic effluents. Soils organic content and slope are important contributors to riverine OC [START_REF] Raymond | Riverine export of aged terrestrial organic matter to the North Atlantic Ocean[END_REF]. The movement of DOC through soils is important in the formation of soil organic matter and as sources of nutrient transfers from terrestrial to aquatic ecosystems. Furthermore, The Biological consumption and production of DOC is important in regulating DOC fluxes in soils [START_REF] Neff | Dissolved organic carbon in terrestrial ecosystems: Synthesis and a model[END_REF]. It has been shown also that the percentage of POC in total suspended solids (TSS) and the concentration of TSS maintain a non-linear relationship with the % POC in TSS decreasing with increasing TSS concentrations [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF]. This is linked to reduced autochthonous production resulting from mechanical erosion and/or a dilution of riverine POC with mineral matter [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF].

Ongoing changing climate and its effect on organic carbon exports have been demonstrated through the effect on the concentrations and timing of OC exports related to the hydrological regime and temperature [START_REF] Evans | Alternative explanations for rising dissolved organic carbon export from organic soils[END_REF][START_REF] Huntington | Climate change and dissolved organic carbon export to the Gulf of Maine[END_REF][START_REF] St | Terrestrial exports of dissolved and particulate organic carbon affect nearshore ecosystems of the Pacific coastal temperate rainforest[END_REF]. Hydrological responses to climate change have resulted in streamflow variation (Aich et al., 2013;[START_REF] Oeurng | Assessing Climate Change Impacts on River Flows in the Tonle Sap Lake Basin, Cambodia[END_REF][START_REF] Santos | Using a hydrologic model to assess the performance of regional climate models in a semi-arid Watershed in Brazil[END_REF] which can have an effect on these exports. This, along with changing methods and approaches, is one of the reasons why the continual updates of estimates are necessary. The global estimates of organic carbon transferred from the land to the oceans are estimated at 480 Mt of C with equal contributions of POC and DOC, (the Atlantic Ocean the largest receiver of these fluxes), with DOC predominant in the southern hemisphere and POC in the northern hemisphere [START_REF] Li | The carbon flux of global rivers: A re-evaluation of amount and spatial patterns[END_REF][START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF].

In Africa, the largest contributors of organic fluxes into the Atlantic are the Congo basin with a DOC flux of 12.4 Mt C yr -1 and POC flux of 2 Mt yr -1 (Coynel et al., 2005). The relatively higher concentration of DOC is due to the presence of the Cuvette Central which acts as a buffer increasing the residence time of material and thus in the process converting some POC to DOC (Laraque et al., 2009;[START_REF] Li | The carbon flux of global rivers: A re-evaluation of amount and spatial patterns[END_REF]. Considering the fluxes of suspended sediment that are annually supplied to the Cuvette Centrale [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF], it is interesting to note the amounts recorded at the basin outlet, justifying the status of the Cuvette as a source and sink of organic material.

In this study, using hydro-biogeochemical and empirical models that have been tested in various other watersheds across the globe [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF][START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF] 

Methodology

The SWAT hydrological model was used to calibrate the hydrology and sediments using observed data at the five principal sub-basins of the Congo River Basin (CRB).

Model for Estimating POC and DOC

The SWAT model is used to model the sediment yield (see [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]). The riverine sediment produced for each HRU in the watershed was calculated using the Modified Universal Soil Loss Equation (MUSLE) [START_REF] Williams | Sediment routing for agricultural watersheds[END_REF] Neitsch et al. (2011). The main advantages of using MUSLE are its ease of use, the direct conceptual and physical relevance of its factors, and the fact that little input data is required, especially for ungauged catchments (Merrit et al., 2003;[START_REF] Sadeghi | Revue de l'application du modèle MUSLE à travers monde[END_REF]. This means that to get good simulations, there is the need for accurate prediction of sediment concentrations. The equation was tested in the sub-basins of the CRB with favourable results (Fig. 6.1).

The DOC model used was adapted from [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. The model relates the DOC concentration (DOC) in milligrams per litre (mg L -1 ) with discharge (Q) in millimetres per day (mm day -1 ). The equation is as shown below:

[𝐷𝑂𝐶] = 𝛼 * 𝑄 𝛽+𝑄 (2) 
Where α in mg L -1 represents the potential of the maximum DOC concentration we could find at the outlet of the watershed and β in mm.day -1 the specific discharge at which the DOC concentration is half of α. The parameters have been estimated based on data obtained from the service of the SO-HYBAM and from Bouillion et al. (2012Bouillion et al. ( , 2014)). (2012,2014). While the data at the Brazzaville/Kinshasa station situated downstream of the Cuvette Centrale was from January 2006 to December 2012 and was obtained from the services of the SOHYBAM.

Results

The parameters described in the previous section have been tested on the Ubangi subbasin and at the basin outlet at Brazzavville / Kinshasa (Fig. 6.1). At the Bangui station, the correlation was good at 0.69 and 0.73 with a p value <0.001 for both the DOC and POC respectively indicative of the good measures here. At the basin outlet however, the coefficient of 0.02 and 0.03 for both the DOC and POC indicated an absence of any significant relationship despite a greater number of observations at 157 and 33 for DOC and POC respectively. Bouillon et al (2012) and the simulation using the model from [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. (b) Percent of particulate organic carbon present in the total suspended solids versus Total suspended sediments at the Bangui station using the observed data measured by Bouillon et al (2012Bouillon et al ( , 2014) ) and the simulation using the model from Boithias et al.(2014). (c) Daily dissolved organic carbon versus daily discharge at the Brazzaville/Kinshasa station using the observed data supplied by the SO-HYBAM and the simulation using the model from [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. And (d) Percent of particulate organic carbon present in the total suspended solids versus Total suspended sediments at the Brazzaville/Kinshasa using the observed data measured by the SO-HYBAM and the simulation using the model from Boithias et al. (2014).

The α and β parameters in equation 2 as well as the a and b parameters in equation 3 are presented in Table 6.1. The difference between the α parameter values: 9.79 in Bangui, and 17.03 at the downstream outlet in Brz/Kin, is wide. The β parameter values of 0.40 in Bangui and 0.44 in Brazzaville/Kinshasa however showed less variation between the stations. For the POC parameters, the difference in the a parameter value at Bangui of 1.82 was less than the 8.15 estimated at Brz/Kin. The difference between the b parameters of 6.41 and 5.24 at Bangui and Brz/Kin respectively was also much reduced.

Table 6.1. Values of the parameters α and β for dissolved organic carbon (DOC, Equation 1) and of the parameters a, b and %POCmax for particulate organic carbon (POC, Equation 2) at the Bangui and Brazzaville/Kinshasa station, and number (n) of sampling data (DOC and POC) used to calibrate the parameters.

Simulation of Daily DOC Concentration and Fluxes

The daily-simulated concentrations of DOC at the Bangui outlet showed a good correspondence with the measured concentrations (Fig.

6.3a).

There is a good agreement between the timing of the peaks and the lows of concentration. The simulation however did not catch some high concentration events at the peak of the surge and the rising limb. This highlights the accuracy and precision needed in calibration at a daily time step as monthly calibration is less precise for sediments and carbon modelling largely because good simulations depends on the quality of calibration and the precipitation inputs. The fluxes however in Fig.

6.3b

show a reduced effect with values of 0.23, 0.54, 44 and 0.37 for the NSE, r 2 , PBIAS and KGE respectively. The values for the performance metrics for the concentration and fluxes can be considered as acceptable considering the sample size and that daily simulations are harder to predict.

For the main gauging station at the outlet of the basin, the simulation was divided into both calibration and validation periods, as there was at least six years' worth of observed data.

For the comparison between the simulated and the observed DOC concentrations, the performance statistics in the calibration period are -0.7, 0, -17.5 and -0.17 for the NSE, r (2010)(2011). The simulations were obtained using the parameters generated from equation 2 and the simulated discharge.

In the validation period, the NSE, r 2 , PBIAS and KGE gave values of -0.06, 0.02, 18, and -0.25. A look at the graph (Fig. 6.4a) will suggest that the presence of extreme values in the observed concentration, which could be due to measurement error values, are the main reason that there was no significant correlation between the time series here. This goes to elaborate further on the need for a proper sediment calibration in order to estimate the POC with the highest degree of certainty. The data at the Bangui station was divided into both a calibration and validation period (Fig. 6.5a). The NSE, r 2 and KGE metrics here are less than 0.1 for both calibration and validation periods indicating the effect of the Cuvette Centrale. On the other hand, the loads simulated gave acceptable results ranging from 0.34 to 0.66 for the NSE, KGE and r 2 metrics for both periods with the PBIAS of 41.7 in the calibration period an indication of the failure to simulate the rising limb. For the downstream outlet of Brz/Kin, the same problems of a lack of data is evident with the simulations not following the observations at low flow (Fig. [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. A heterogenous basin like the CRB is likely to have different values of the α and β parameters, as these parameters have been linked to the soil organic carbon content [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF], the percentage of peatlands and wetlands in a catchment [START_REF] Hope | A review of the export of carbon in river water: fluxes and processes[END_REF] or the discharge and season [START_REF] Schlesinger | Transport of organic carbon in the world's rivers[END_REF]. For the Bangui catchment, the magnitude of the parameter α is almost two times less than that estimated at the main gauging station of Brazzaville /Kinshasa (9.7 and 17 respectively). The average DOC concentrations measured at the Bangui station from March 2010 to March 2011 is 5 mg L -1 while that measured at the Brazzaville/Kinshasa outlet is 12 mg L -1 from 2006 to 2012. This broad difference in their ranges is connected to the hydrological characteristics of the catchments, which influence the DOC concentrations. In addition, the Cuvette Centrale is a giant organic matter reservoir that influences the DOC exports (Laraque et al., 2009). A lot of DOC is therefore produced, especially during seasonal flushing events that contribute to the concentration at the basin outlet. The model for DOC at the Brazzaville station was not correlated (r 2 =0.02, Fig. 6.2c)

this is due to the effect of the Cuvette Centrale which affects this relationship. Furthermore, it has been shown by various researchers (Bouillon et al., 2012(Bouillon et al., , 2014;;[START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF] that a significant portion of upland carbon fluxes will either be transformed, or deposited within the Cuvette Centrale. The α parameter representing maximum DOC concentration in the river reaches its maximum potential during discharge peaks. In the Congo basin, this is the time when the leaching of DOC is accelerated (Moukandi et al., 2020). The leaching of DOC corresponds to the ratio between the organic content of soils and precipitation that creates a dilution effect [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. Yenesei River. This parameter is catchment specific (Boithias et al., 2014) and can be associated with anthropogenic disturbance from waste inputs, deforestation and intensive agriculture which are advanced in the Red River [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. These disturbances are not as high in the Congo basin and therefore have not had as high an impact (Coynel et al., 2005).

The seasonal variations of SSC concentrations with discharge at the Brz/Kin station are very low because of the stable nature of the annual hydrograph, which is not the case for the Bangui station where the SSC concentration is usually lowest at low waters and maximum at high waters suggesting contributions from autochthonous sources.

The parameter b corresponds to the horizontal asymptote representing the suspended matters with low OC concentration (near soils OC content). Parameter values were found to be 6.41 and 5.24 for the Bangui and Brazzaville/Kinshasa stations respectively. Maximum values of % POC from the data available [START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF] indicates that a maximum value of 7.75 % was recorded at the Brazzaville /Kinshasa station in a 34 month period with minimum values of 3.26%.

In relation to the watersheds that applied this equation, comparisons are made with [START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF] in an Arctic basin, they set their α parameter to 15 while it is 17 in this study.

This can be explained by the high soil organic contents of the permafrost soils in their study while in this study, the high organic content of the soils sustained by the forests of the central area, the Kasai sub-basin and sections of the Eastern highland area contribute to the high values.

The values of the a and b parameters which are catchment specific relate to the relatively low suspended sediment values in the case of the CRB. An analysis of the export rates of DOC and POC in the basin revealed that the soil type influenced the amount of organic carbon exported from the basin. Organic carbon is exported from the first few centimeters of soil of which C content varies [START_REF] Hope | A review of the export of carbon in river water: fluxes and processes[END_REF]. Catchments

with Gleysols as the dominant soils had more variability than the other soil groups (Fig. 6.7a).

Gleysols dominated the DOC export with Cambisols exporting more than Ferralsols and Arenosols while Acrisols exported more than any other soil with the exception of the Gleysols.

The order of DOC export is as follows: Gleysols > Acrisols > Cambisols >Ferralsols. With respect to the DOC export from specific land uses, the wetland forest has the highest DOC export with the largest variability of DOC fluxes also observed here (Fig. 6.7c). The mixed forests exported less DOC than the evergreen and deciduous forests while the DOC exported from non-forested wetlands was the least: WETF > FRSE > FRSD >FRST >WETN.

In respect of the POC exports, the relationships were similar although the magnitudes of the POC exports were less than that of the DOC exports (Fig. 6.7b, d). This similarity is because there is a very strong relationship between the DOC exports and the POC exports. The relationship between sediment yield and POC yield is strong as these variables have been shown to be controlled by erosion, runoff and basin area [START_REF] Milliman | Geomorphic/Tectonic Control of Sediment Discharge to the Ocean: The Importance of Small Mountainous Rivers[END_REF]Coynel et al., 2005;[START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. The Congo basin is a relatively flat basin with slopes >60% only found in the Eastern and southwestern parts of the basin and since slope is a major control on OC fluxes [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF], low exports can be expected.

In general, the export of OC is influenced by a lot of factors. These factors include discharge, precipitation, land use and land cover as well as the geology (Alvarez-Cobellas et al 2012; Borges et al., 2015;[START_REF] Drake | Terrestrial carbon inputs to inland waters: A current synthesis of estimates and uncertainty[END_REF]. Other environmental variables like temperature have been suggested to drive decomposition rates and hence increase riverine DOC concentrations (Freeman et al., 2001). Discharge has been an obvious factor for some time now [START_REF] Ludwig | Predicting the Oceanic Input of Organic Carbon by Continental Erosion[END_REF] yet some studies have found clear evidence of long-term rise in DOC concentrations without a corresponding increasing trend in discharge [START_REF] Evans | Climate change (Communication arising): Terrestrial export of organic carbon[END_REF]Woral et al., 2003). It is therefore clear that the factors that regulate the export of OC fluxes are catchment specific in most cases. The processes of transformations of C are still not clearly explained and the differences in the transformations of C in catchments may explain the weak correlations to environmental variables [START_REF] Raymond | Riverine export of aged terrestrial organic matter to the North Atlantic Ocean[END_REF].

The quantities of POC and DOC produced annually as simulated at the gauging stations of the five principal stations is as presented in Table 6.3. In terms of specific fluxes, the Basin outlet yielded the most DOC at 4.2 t km -2 yr -1 . The Kasai, the Lualaba, the Sangha and the Ubangi contributed 4.7, 4.0, 1.6 and 1.3 t km -2 yr -1 respectively in accordance with the order of the specific discharges of their sediment fluxes as documented in Chapter 5. As usual, the POC fluxes followed the same pattern with an important exception: the Brazzaville station, which although contributed a flux of 2.18 Mt yr had a specific flux of 0.68 t km -2 yr 1 . Thus in order of decreasing specific exports, the specific fluxes are 1.4, 0.85, 0.68, 0.46 and 0.35 t km - 2 yr -1 from the Kasai, Lualaba, Brazzaville, Sangha and Ubangi sub-basins. Various researchers have recognized that the Congo basin has one of the least mechanical erosion rates globally (Gaillardet et al., 1995;[START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF][START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF]. Some authors (Coynel et al., 2005;[START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF] have documented the low particulate carbon fluxes in the CRB. Mechanical erosion rates in the Congo basin are considered to be the lowest globally of any large river system [START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF]. The Congo River basin is mostly flat (0-2%) with higher slopes in the Kasai, Upper Congo and Lower Congo subbasins (Mushi et al., 2019). Thus, more material is eroded from higher slopes in the south west of the Kasai basin, the highland regions in the East as well as areas south of the Cuvette around the Chenal, where Carr et al., (2019) reported increased water surface slopes.

In addition, Laraque et al., (2009), reported contributions of material and discharge fluxes that are within the same range as previous studies. Their study estimated that the upper Congo produced the most material with the Ubangi the tributary with the highest material transport from the right bank. Specific transport capacity of the Tékés Rivers were higher than the Ubangi's but lower than the Sangha's. The Kasai is a very important tributary as regards particulate material exports with a significant portion of the fluxes measured at the Basin outlet likely from this sub-basin. The Kwa catchment, which drains the Kasai, has a high proportion of unconsolidated sedimentary rocks (41.4%) compared to the Lualaba (68.4%), which is dominated by metamorphic rocks. These sedimentary rocks allow infiltration of water and the formation of aquifers [START_REF] Borges | Variations in dissolved greenhouse gases (CO2, CH4, N2O) in the Congo River network overwhelmingly driven by fluvial-wetland connectivity[END_REF]. Thus in addition to the anthropogenic impacts, these loose unconsolidated materials will weather faster and be eroded easily depending on the physical and chemical composition of the particles. The measured fluxes from a few studies in the basin show that over time, physical erosion has proceeded at a relatively slow pace with fluxes of sediment and carbon appearing to be correlated to higher physical erosion rates (Table 6.4).

In order to determine the environmental control of DOC and POC exports in the subbasins of the CRB, a Spearman rank correlation analysis was made between the fluxes of DOC and POC and selected quantitative environmental variables (Table 6. 2019) have also reported higher mean DOC concentrations in deforested catchments. They also associated the high water temperatures with forest loss in the basin. Since one of the ways by which DOC is supplied to aquatic systems is through leaching of plant detrital material, [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF], the clearing of land exposes the soil to the action of precipitation which aids in supplying additional DOC to streams. The hydrological indices that represent extreme flows are associated with those rivers or sub-basins like the Tékes Rivers, with steady groundwater supply and low hydraulic conductivity. These sub-basin's aquifers store water and release it gradually such that even during the dry seasons, they maintain a steady all-year-round base flow, supplying water and diluting the organic carbon content. [START_REF] Balagizi | Rivergeochemistry, chemical weathering,and atmospheric CO2 consumption rates in the Virunga Volcanic Province(East Africa)[END_REF] showed the effect of soil, land use, and morphology on the spatial distribution of riverine POC and DOC and SSC. Their analysis of Rivers within the Virunga volcanic province showed that POC concentrations were extremely variable among the rivers, while DOC showed lower spatial variability. Furthermore, there was a dominance of POC in the organic C pool. Differences in the POC/DOC ratios were explained by differences in soil type, soil leaching and/or erosion and the relief. Just like the results of this study too, the Authors did not find any straightforward relationship between the riverine POC and DOC and environmental variables like the vegetation or soil organic carbon distribution in their catchments, as sub-basins with high DOC were draining soils with low organic content and low woody biomass.

Hydrological Influence on OC Exports

The primary terrestrial inputs of organic carbon in streams and rivers are from vegetation and soils from leaching and erosion of soil organic matter [START_REF] Hope | A review of the export of carbon in river water: fluxes and processes[END_REF].

Seasonality also has effects on source of OC via the effect of temperature and rainfall patterns on biological activity [START_REF] Hope | A review of the export of carbon in river water: fluxes and processes[END_REF]. DOC/TOC ratios in the basin are constant over the seasons with values up to 81% in the forested wetlands (Coynel et al., 2005). In order to understand the dynamics of POC and DOC, hysteresis patterns from the five principal subbasins were studied. Using the data from Bouillon et al. (2011), a clockwise hysteresis was found in the Bangui station with maximum SS concentrations occurring one month before the maximum discharge [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]. The mean monthly POC and DOC concentrations in these stations also had similar clockwise hysteresis with mean monthly water discharges.

Maximum POC concentrations at this station coincided with maximum SS concentrations (Fig.

6.8a).

The maximum POC concentration was also observed one month before the maximum discharge in October. SSC and POC concentrations also decrease after the maximum discharge is attained. These results are similar to those of Coynel et al. (2005), although in their own case, there was a delay of three months before the maximum water discharge. Increasing discharge will therefore mean increased suspended sediments and the mobilization of terrestrial POC stock (Coynel et al., 2005). Concerning the % of POC in the SSC, the highest percentage was during the low flow periods while the lowest occurred in October at high discharge (Fig. 6.8b).

High % POC in SSC indicates in-stream phytoplankton (autochthonous) production during low flows while a low percentage of POC in SSC indicates terrestrial sources from soil erosion (Boithias et al., 2014). In the CRB, DOM is mainly derived from vascular plant inputs [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF]. These inputs are more pronounced in the peak flood period of the basin from September to December. Conversely, for the DOC, the high correlation between discharge and DOC was evident as the maximum DOC concentrations were observed at maximum discharge (Fig. 6.8c).

The Ouesso station on the Sangha River exhibited an anti-clockwise hysteresis with the peak of maximum SSC, POC and DOC all occurring simultaneously In November (Fig.

6.8d,f).

This negative hysteresis is associated with Bed or Bank erosion, distant sediment sources, erodible soils or unavailability of sediments used up from earlier events [START_REF] Williams | Sediment concentration versus water discharge during single hydrologic events in rivers[END_REF]Oeurng et al., 2010;[START_REF] Hughes | Land use influences on suspended sediment yields and event sediment dynamics within two headwater catchments, Waikato, New Zealand[END_REF]. The percentage of POC in the suspended sediments also exhibited higher percentages during low flow than high flow. While the suspended sediments exhibited an anti-clockwise hysteresis, the POC content produced a clockwise hysteresis (Fig. 6.7e) with a peak In July associated with a smaller flood that characterizes the hydrograph at this time of year. Oeurng et al. (2010) suggested that the anticlockwise hysteretic loops could result from diverse sediment sources as well as sediment that is not rapidly exhausted. In addition, Several other reasons could explain this with the most plausible being anthropogenic inputs of organic material as well as sources from agricultural inputs and bank erosion also caused by human impacts. January could be due to uninterrupted supply of sediment from unprotected soil surfaces [START_REF] Baca | Hysteresis effect in suspended sediment concentration in the Rybárik basin, Slovakia[END_REF] or from bed and bank erosion. This maximum concentration of suspended sediments are also associated with the erosion of temporarily stored sediments at the beginning of the flood [START_REF] Walling | Sediment availability and the prediction of storm-period sediment yields. Recent Developments in the Explanation and Prediction of Erosion and Sediment Yield[END_REF]. This contribution is mostly from the equatorial regions of which form a small part of this sub-basin. A decrease in concentration follows as discharge increases;

and as the erosive power of the river dwindles, so does the concentration of the suspended sediments. The Kasai sub-basin contains both savanna and forested regions; in addition, there is a lot of disturbance caused by human activity that contribute to the sediment and organic carbon dynamics in this sub-basin. Harmful environmental practices that support this assertion have been reported by (Tshimanga et al., 2012;Mushi et al., 2019). High percent POC content occurs in the anticlockwise direction during low discharge suggesting contributions from distal sources in the sub-basin [START_REF] Williams | Sediment concentration versus water discharge during single hydrologic events in rivers[END_REF], while maximum DOC concentrations are observed in April according to the hydrograph.

The Lualaba basin includes the source Rivers of the Congo as well as numerous swamps and marshes that influence the drainage system. The figure eight pattern here observes both the clockwise and anti-clock wise pattern (Fig. 6.7j,k) with maximum POC and SSC concentrations in March. A delayed contribution from sub-basins could result in this pattern as there are many trappings along the way (Datok et el., 2021). Percent POC content shows maximum concentration at low discharge with the SSC lagging behind. The anti-clockwise hysteresis with a maximum concentration of suspended sediments in March is characterized by more available sediment for transport as discharge is augmented. With reduced sediment in the system, the loop reverts to a clockwise direction with the rate of increase of concentration more than that of discharge (Megnouniff et al., 2013). The percent POC content peaked in October at the start of the flood event in this sub-basin; five months before the suspended sediment concentration maximum value. Sediments stored in the stream channels are flushed and become exhausted after this initial flush [START_REF] Walling | Suspended sediment and solute yields from a small catchment prior to urbanization[END_REF][START_REF] Asselman | Suspended sediment dynamics in a large drainage basin: the River Rhine[END_REF].

At the Congo outlet at Kinshasa, a complex hysteretic behavior associated with the multiple peaks of the hydrograph at this station is observed. It is characterized by a figure-eight pattern that has been described in [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]. The clockwise stage shows a maximum concentration of POC in October during a flushing period corresponding to the principal flood in the basin. This period also corresponds to the contributions from the Northern tributaries.

After that, the concentration reduces due to a dilution effect associated with increased discharge originating from the southern tributaries. The anticlockwise stage is characterized by a decrease of the discharge and an increase of the sediment concentration (Fig. 6.7 m,n). Anti-clockwise hysteresis is generally because of distant sediment sources, sources other than the stream system or excess sediment in the stream (Ziegler et al., 2016). Contrary to the upstream basin of Ubangi, the maximum concentration of POC was observed months before the highest suspended sediment concentrations in October. This suggests that distal sediment sources from upstream sub-basins convey these sediments in sync with the peak floods that occur around this time. The percentage of POC in SSC maintained a steady peak for two consecutive months as a result of the higher C/Q ratio on the rising limb occasioned by contributions from northern tributaries whose flows begin to be noticed at the outlet around this time. In addition, the maximum concentration of DOC however occurred one month after (Fig. 6.7o), commensurate with maximum discharge values [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF].

Seasonality of POC and DOC fluxes

The CRB is heterogenous with many differences in lithology, land use, soils and other natural complexities combined in a matrix of contrasting tributaries. DOC fluxes exhibit strong seasonality with maximum concentrations coinciding with periods of maximum discharge especially during the November December period [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF]. This seasonality is highlighted in Fig. 6.9 where the northern tributaries export less DOC and POC during the big dry season that occurs from December (DJF) and could last up till March (MAM). The peak in floods occur around September to November (SON) with a build up from July to August (JJA), that includes a short dry spell. For the southern sub-basins, the fluxes of DOC appear to be largely uniform throughout the year with the highest fluxes associated with the Eastern rift region. This region experiences a long wet season (SON-MAM) and a dry season (JJA), with a short occasional dry season from mid-January to February [START_REF] Balagizi | Rivergeochemistry, chemical weathering,and atmospheric CO2 consumption rates in the Virunga Volcanic Province(East Africa)[END_REF]. This region also has one of the highest soil organic carbon contents with 24-55 Kg C m -2 to one meter depth [START_REF] Batjes | Mapping soil carbon stocks of Central Africa using SOTER[END_REF]. Other high flux areas for DOC are around the Ruki area, the Kasai and at the Basin outlet region. This is in line with reported values of 18.9 mg L -1 for DOC concentration in the Ruki area (Seyler et al., 1995), higher temperatures (27.7 ± 0.7 ° C) in the Kwa main stem that favour DOC production [START_REF] Borges | Variations in dissolved greenhouse gases (CO2, CH4, N2O) in the Congo River network overwhelmingly driven by fluvial-wetland connectivity[END_REF], and values of 12.4 x 10 6 t yr -1 of DOC measured at the outlet (Coynel et al., 2005). For the POC fluxes, overall exports were higher during the SON period-a time of high precipitation and discharge in the northern sub-basins while the southern sub-basins are experiencing a long dry season. With the floods of the southern basins peaking in the DJF period, more sediments are mobilized. Therefore these two periods are important for POC fluxes as this is the time that maximum amounts are recorded at the basin outlet. An important factor in the movement of DOC and POC is the hydrological connectivity of the basin. Areas in the middle Congo and parts of the southern basin appear to be more hydrologically connected than the northern sub-basins. The northern sub-basins as well as parts of the south are dominated by savanna and receive less rainfall than the central basin hence limiting hydrological connection to the internal river networks [START_REF] Drake | Landuse controls on carbon biogeochemistry in lowland streams of the Congo Basin[END_REF].

Rivers from the savanna that pass through the wetlands are buffered by C3 vegetation thus dominating OC inputs [START_REF] Drake | Landuse controls on carbon biogeochemistry in lowland streams of the Congo Basin[END_REF]. Therefore, POC registered in the SON and DJF period will thus comprise of C3 sources from the northern sub-basins that pass through the Cuvette Centrale during peak discharge while southern forest-savanna C4 sources will dominate the second period. With climate change projections predicting an increase in the rainfall from October to May [START_REF] Creese | Climate change in the Congo Basin: processes related to wetting in the December-February dry season[END_REF], the importance of hydrological connectivity will determine the exports of organic carbon. Since DOC exports are positively correlated to the discharge, more quantities are expected to be discharged to the oceans, especially as organic carbon from the northern savanna regions will still be processed in the wetlands. A lot of the POC appears to come from the savanna areas of the basin. With a purported increase in dry season days from June to August [START_REF] Jiang | Widespread increase of boreal summer dry season length over the Congo rainforest[END_REF], POC fluxes will not be significantly affected as this is a period with the lowest exports in the basin. Nonetheless, further studies are needed to fully understand the drivers of organic carbon exports in the CRB. The results for the DOC fluxes show that between 1.2 to 1.5 Megatons of DOC is produced in the Cuvette Centrale annually. These amounts include DOC that is processed from terrestrial sources as well as authoctonously produced DOC. For the POC, the simulation showed that up to 0.9 megatons of POC is retained in the Cuvette Centrale or just over 0.01 megatons exported from the Cuvette Centrale. This is in line with the low POC values recorded at the basin outlet and it suggests that a larger part of the POC is converted to DOC or buried. This is justified by the amounts of DOC exported from the basin outlet on an annual basis.

There are important spatial variations in flow between the tributaries that supply the Cuvette. These tributaries are located both on the right bank and on left bank tributaries of the Congo River. The main floods correspond to the large floods of November and December contributed chiefly by the southern tributaries including the Kasai. These floods succeed the flows from the northern tributaries that peak in July and August and take some time (from 15-60 days) to reach their maxima in November/ December. This causes a rise in water levels in the Cuvette at this time. The April/May floods coming in from equatorial regions and left bank tributaries are associated with the lesser floods. Datok et al. (2020) simulated a water balance of the Cuvette. They simulated a deficit during both the flood rising and recession phases of the hydrograph (except in October and April where a surplus was simulated). This implies that in periods of deficit, the storage of the Cuvette interacts with the main river through the flooded areas or water table. Conversely, when the balance is in surplus, it would imply that the flooded areas of the Cuvette are expanded.

The Central Cuvette is an area of lush vegetation with equatorial climate and seasonally or permanently flooded forests (Laraque et al., 2009;Betbeder 2014). The vegetation cover provides a buffer and stems the flow of water and sediment. In addition, the Cuvette is located on stable natural terrain with moderate sheet erosion at areas within the Sangha catchment that could be attributed to anthropogenic activity (Mushi et al., 2019). Carr et al. (2019) reported that Congo River water surface slopes passing through the Cuvette are highly regular with the river deepening at constrictions. These constrictions did not always mean an increase in flow velocity where they were measured. The Cuvette is observed to change the biogeochemical characteristics of the rivers that pass through it (Laraque et al., 2009) by diluting the suspended sediments and dissolved solids, increasing organic matter concentration while lowering the PH.

Dilution and concentration effect will cause a corresponding decrease and increase of DOC during rising and falling stages respectively. When the balance is in deficit, and there is limited supply from the river, there will be less of a dilution effect on concentration of DOC within the Cuvette. The DOC has been shown to be controlled by the magnitude of discharge with temporal variations similar to the hydrograph at the basin outlet and at Ubangi (Moukandi et al., 2020;[START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF]. During rising floods, when DOC concentrations will reduce due to dilution effect, the balance is still in deficit thereby less DOC is supplied to the river.

The exception being October and April when the rain fed discharge accelerates the leaching of DOC. Moukandi et al. (2020) also reported an increase in DOC in recent period (2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017) due to more water in the Cuvette, which favours leaching of DOC. The corresponding increase in DOC concentration with discharge can be seen at the outlet in Brazzaville-Kinshasa.

In the case of POC, it is less controlled by the magnitude and temporality of discharge.

The Congo basin has one of the lowest sediment yields of any large basin (Gaillardet et al., 1995;[START_REF] Ludwig | River sediment discharge to the oceans: Present-day controls and global budgets[END_REF]. This is as a result of climatic and physiographic characteristics of the basin including the relatively flat topography and the vegetation cover. As a result, chemical weathering predominates over physical weathering in the basin. With lower erosion rates in the Cuvette in particular and the basin in general, the relationship between POC and discharge is less correlated than that between DOC and discharge [START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF].

In the simulation of the water balance (chapter 4), more Precipitation than evapotranspiration was produced ensuring that there is more water available for soil leaching and runoff. This is important as soil leaching is the major source of suspended matter (Schlesinger & Bernhardt, 2013). When the Cuvette supplies the River during periods of deficit, the soils are leached and transport suspended matter to the river. In very large rivers, plankton is a major source of particulate organic matter (POM) [START_REF] Kendall | Carbon and nitrogen isotopic compositions of particulate organic matter in four large river systems across the United States[END_REF]. A high percentage of POC in suspended matter suggests in-stream phytoplankton production and litter production during low flow while low percentage of POC in suspended matter corresponds to terrigenous POC from soil erosion during intense rainfall events (Coynel et al., 2005;Oeurng et al., 2010;Boithias et al., 2014). High SSC values are related to major flood events as they cause erosion of soil upper layers (Oeurng et al., 2010[START_REF] Oeurng | Fluvial transport of suspended sediment and organic carbon during flood events in a large agricultural catchment in southwest France[END_REF]. It can then be assumed that during the rising limb of the hydrograph, when the simulated balance is in deficit, the Cuvette receives an increased flux of sediments from contributing tributaries although with lower POC content, which is transferred to the main river, especially in October during annual flushing events (Lee et al 2011). While during periods of low flow or falling limb (December-March/May-July), higher concentrations of POC will be produced in the Cuvette.

It has also been observed that large portions of the Congo Cuvette are either rainfall dependent, affecting the balance positively or negatively (Dargie et al., 2017). On an annual scale, contrasting precipitation patterns affect runoff discharge, which in turn will shape variation in organic carbon fluxes. Dry years with less discharge would result in less concentration of DOC and relatively higher concentration of POC while wetter years would likely mean less POC concentration due to influx of minerals from water erosion (Boithias et al., 2014). Therefore, the Cuvette will be acting as a sink or source depending on the prevailing climatic conditions.

Conclusion

The Congo Cuvette Centrale is important in global carbon dynamics, providing storage for carbon thus helping to mitigate the harmful effects of a changing climate on the Earth. Using the classical form of the SWAT hydrological model, with datasets of suspended sediments and organic carbon concentration from literature and the SOHYBAM, the DOC and POC concentrations in the CRB have been estimated for the 2000-2012 period. The SWAT model outputs were also considered satisfactory when compared to earlier estimates.

This study demonstrates the applicability of using the SWAT model over large ungauged basins like the CRB. It reveals that during the 2000-2012 period, the basin exported 13.4 and 2.18 Mt yr -1 of dissolved and particulate carbon respectively. The Cuvette Centrale is indeed a giant reservoir of organic matter as it produced between 1.2 to 1.5 Mt yr -1 of dissolved organic carbon annually. For the particulate fraction, the results revealed that a majority of the fluxes are retained within the Cuvette Centrale. This suggests that sub-basins downstream of the Cuvette Centrale are the main sources of the particulate loads recorded at the basin outlet and that a majority of these particulate loads are retained or transformed in the Cuvette Centrale.

The limited data available for the study has not enabled a thorough spatial representation of the dissolved and particulate loads and since the the calibration of the hydrology and sediments come with their own uncertainties, there is an unavoidable transfer of these uncertainties to the calibration of the organic carbon. Thus, the results presented in this study are a preliminary investigation and should be taken with caution. Nonetheless, the SWAT model has enabled the determination of the dissolved and particulate carbon concentration at any point in the basin and is a first step towards future estimates. 

SECTION IV

Discussion and Conclusions

Hydrological Responses

This study utilizing modelling tools and remote sensing achieved its set objectives despite the challenges associated with a lack of data as well as the natural complexities of the Congo River Basin. These natural complexities are highlighted by the differences in the various sub-basins that comprise the basin and further complicated by the sizes of these sub-basins.

The climate across the basin is heterogenous with rainfall patterns bimodal and largely delivered by mesoscale convective systems [START_REF] Jackson | Mesoscale convective systems over western equatorial Africa and their relationship to large-scale circulation[END_REF]. The Congo basin is dominated by forests in the central area and transitions to a deciduous savannah as one moves away northwards or southwards from the center. Thus, there is high evaporation in the basin with up to 1500 mm and greater than 1600 mm simulated in the central and eastern regions of the basin respectively (this study). There is also evidence that these high evaporation rates make a substantial contribution of about 24 to 39% to rainfall [START_REF] Dyer | Congo Basin precipitation: Assessing seasonality, regional interactions, and sources of moisture[END_REF]. The variability of the vegetation and the soils of the basin impacts on the soil water balance and invariably on the hydrology of the basin. Since the soil-water is distributed in several layers, soil evaporation, percolation, lateral flow, groundwater distribution and surface runoff processes are different in each sub-basin of contrasting soil characteristics. Furthermore, the vegetation is not evenly distributed across the basin with the central areas having more dense canopies. The primary input i.e. rainfall, is thus intercepted by the canopy, and some water is either lost through evaporation or goes through as throughfall, in essence, guaranteeing that the different regions will have different responses with regards to the hydrology of the basin.

The hydrological calibration revealed the influential parameters that controlled the hydrological processes (see Table 3.5 in Chapter 3). From an analysis of the relevant parameters (Fig. 7.1), an understanding of the dominant hydrological processes were observed.

These processes are controlled mainly by the soils, land use and vegetation cover. The alpha base flow recession factor ranged from 0.002 to 0.0016 across the sub-basins. The base flow recession constant characterizes the interaction of groundwater with surface water and is a direct index of groundwater response to changes in recharge [START_REF] Maarten | Land drainage. Planning and design of agricultural drainage systems[END_REF][START_REF] Thomas | Estimation of the base flow recession constant under human interference[END_REF]. The calibrated values of 0.0013 to 0.0016 in the four calibrated sub-basins and 0.002 in the Middle Congo basin suggesting that the draining basins have a faster response to recharge.

This could be attributed to the good physical properties of the ferralsols which dominate the basin. This is contrary to the properties exhibited by gleysols which dominate the central basin.

Gleysols are known to be saturated with water for prolonged periods with little support for rooted crops (isric. Org). Likewise, the threshold depth of water in the shallow aquifer required for return flow to occur (GWQMIN) is lowest in the calibrated sub-basins of the middle Congo (500) and the Sangha (800), allowing more water to be supplied to the reach. This shows that the role of sub-surface processes, including lateral flow and groundwater recharge for the Sangha and Central drainage area, are considerable when compared to the rest of the catchment.

The ground water revap coefficient (GW_REVAP) is highest in the sub-basins of the Ubangi and lowest in the central Congo and Sangha subbasins. The GW_REVAP is the parameter that controls the movement of water from the shallow aquifer to the overlying unsaturated zones. It varies from the lowest values of 0.02 in the Central Congo and Sangha sub-basins to 0.08 in the Kasai sub-basin. Higher values suggest that more water is taken up by plant roots in the Ubangi -which is savanna forested with plants having deeper roots-as against the Sangha and Central Congo rainforest plants with shallow root systems. Similarly, the Kasai with a large percentage of deciduous trees has a high value of GW_REVAP (0.8) suggesting the importance of upward transfer of water in this sub basin. Some optimal parameters also compared well with physical observations. The canopy interception was higher in areas with more vegetation cover like the central basin and lower in less vegetated areas. However, there were relatively high CN2 values in the central area suggesting a greater contribution of runoff to subsurface flows rather than precipitation. Generally, too, low values of Surlag meant that more water is being held in storage especially in the central areas.

In comparison with other large drainage basins, The CRB shares similarities with the Amazon River basin, in that, precipitation is the driving force of the water balance which is also affected by the land cover, land use, soils and other physiographic characteristics of the basin [START_REF] Villar | Spatio-temporal rainfall variability in the Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador)[END_REF][START_REF] Coe | The climate impacts of tropical agricultural expansion[END_REF]. Changes in landscape characteristics have also been shown to increase temperature, streamflow, and decrease evapotranspiration as a result of activities like deforestation in both the Amazon and Congo River basins [START_REF] Coe | The climate impacts of tropical agricultural expansion[END_REF][START_REF] Drake | Landuse controls on carbon biogeochemistry in lowland streams of the Congo Basin[END_REF]. In both cases also, evapotranspiration is recycled within the system to make considerable contributions to precipitation and streamflow (Dyer et al., 2016;[START_REF] Maeda | Evapotranspiration seasonality across the Amazon Basin[END_REF]. In this study, the simulated evapotranspiration of 1508 mm yr -1 was 70% of the precipitation. This is about 10% greater than what the amazon evapotranspires back to the atmosphere (62%). This is despite the Amazon River Basin having approximately 5 times more discharge than the Congo River even though it is only about one half times bigger in area (Alsdorf et al., 2016).

Cuvette Centrale Water Balance

In estimating the amounts of water retained by the Cuvette Centrale, consideration was made for both the tributaries discharging in the right and left banks. Rainfall seasonality affects the balance with the highest evapotranspiration and discharge values at the basin outlet in November-December and a second peak around May. From an analysis of the inputs, it was determined that efficient precipitation and upland runoff from the upper Congo, were the main sources of the waters that annually filled and drained the Cuvette Centrale. A negative storage of 5 400 m 3 s -1 simulated during the simulation period suggests that the Cuvette Centrale performs a regulatory function during low water periods by supplying the River. This is only possible if there are connecting pathways, as unlike the Amazon in which there is dynamic exchange between the flood plain and the river through well defined channels [START_REF] Mertes | Channel-floodplain geomorphology along the Solimoes-Amazon River, Brazil[END_REF], in the CRB wetlands, it is not the same. The channels in the Cuvette wetlands have no well-defined boundary and in most places within the core wetlands, there is mixing with the alluvial water table (Laraque et al 1998). Evidence however suggests that variations in water levels of the mainstem Congo River passing through the Cuvette Centrale are lower than the immediately adjacent wetlands (Lee et al., 2011[START_REF] Lee | Terrestrial water dynamics in the central Congo Basin revealed by multiple satellite observations[END_REF], thus the possibility that in such locations, water can be supplied to the river. In estimating the water balance, efficient evapotranspiration of up to 170 billion m 3 was removed from efficient precipitation of 300 billion m 3 falling over the Cuvette Centrale. This represents about 55% of precipitation falling over the Cuvette Centrale. An analysis of the seasonal dynamics of the precipitation and evapotranspiration within the Cuvette Centrale also showed that evapotranspiration is lower at the september-november rainfall peak than the march-may rainfall peak, despite similar rainfall amounts (Fig. 7.2). Crowhurst et al. (2020) showed that this is a result of lower leaf area index (LAI) resulting from downward shortwave radiation, lower vapour pressure deficit, and lower volumetric water content in the various regions. Given that large parts of the wetlands are either partially or permanently inundated during the hydrological year (17,700 km 2 to 29,400 km 2 in December and 7600 km 2 to 3400 km 2 in March for a small fraction of the wetlands, [START_REF] Lee | Terrestrial water dynamics in the central Congo Basin revealed by multiple satellite observations[END_REF]) the effect of transpiration cannot be underestimated. Since the representative basins of the Cuvette Centrale are in contact with the water table (Laraque et al., 1998), it follows that plant roots can tap into the saturated Precipitation Evapotranspiration zone and transpire water directly from the groundwater system (Fig. 7.3). This groundwater system has been shown to sustain the flows and supply the River during times of drought (Datok et al., 2020). Furthermore, the analysis of the hydrological indices in chapter three show that the Tékes Rivers on the right bank and the Ruki on the left bank have high specific discharges capable of sustaining flow in drought conditions. This study therefore proposes that predicted increased dry days [START_REF] Jiang | Widespread increase of boreal summer dry season length over the Congo rainforest[END_REF] will not drastically affect the amount of water removed from the Cuvette Centrale by transpiration, and evapotranspiration remains the means by which a significant portion of Cuvette Centrale waters are removed to the atmosphere.

Fig. 7.3.

Plants that are in permanently inundated areas where the water table is below the wetland will continually transpire vast amounts of water during the year.

Suspended Sediment Dynamics

The most reliable means of estimating the suspended sediment loads of Rivers is by using the measures obtained on site. These measures are sometimes replete with errors that could arise from instruments used or human error. Furthermore, there is significant fluctuation within the river section that may give spurious results. These are some of the factors that have led to the low frequency of sampling of sediment observations globally especially in developing countries where gauging networks are scarce or non-existent. In the CRB, this problem is magnified especially considering the fact that at least nine independent countries share a part of the resources of this basin. In the public domain, there exists only one reliable gauge network at the outlet of the basin that has consistently provided SSC data on a monthly basis since the year 2005. Most other data is obtained from independent workers who have worked on different parts of the basin. For this study, we used data from Bouillon et al., (2012Bouillon et al., ( /2014) ) to calibrate the suspended sediments dynamics at the Bangui gauging station and data from the SO-HYBAM to calibrate the suspended sediments at the basin outlet.

A clockwise hysteresis pattern was observed in the Ubangi River with sediment decline at the peak flood usually attributed to reduced sediment in the stream channels [START_REF] Wang | Sediment transport and terrigenous flux[END_REF].

The positive hysteresis loops are caused by the variations in the amount of sediment available to be moved [START_REF] Picouet | Empirical and conceptual modelling of the suspended sediment dynamics in a large tropical African river: The Upper Niger river basin[END_REF]. There was also a lag between the maximum sediment concentration and maximum discharge. The lag between maximum sediment concentration and discharge has already been observed in some African rivers [START_REF] Meybeck | C N P transport by world rivers[END_REF]; Nkounkou and Probst (1987). The high variability of suspended sediments was maintained between the sampling periods of Coynel et al. (2005) and this study. The range in this study was from 2.4 to 33.3 mg L -1 in 2010-2011 and from the 1990 to 1996 period it was 6.1 to 26.4. These values are still lower when compared to other African rivers like the Niger; the Senegal and the basin outlet of the Congo. (Table 7.1). Furthermore, these low values are largely associated with basins with low relief [START_REF] Milliman | World-wide delivery of river sediment to the oceans[END_REF]. At the Ubangi, the highest suspended sediments were recorded during high waters and the lowest during low waters. This was contrary to the Basin outlet where the highest concentrations of suspended sediment were in

March to May at low water while the lowest concentrations are in December/January during the highest peak floods. The figure eight hysteresis produced here is also an indication of the sources of sediment from diverse sources [START_REF] Datok | Sediment Balance Estimation of the "Cuvette Centrale" of the Congo River Basin Using the SWAT Hydrological Model[END_REF]. Bank and channel erosion operate alternately in connection with groundwater in the rising limb of the hydrograph. A combination of groundwater and surface runoff then supply sediments at maximum concentration before the peak of discharge. At the falling limb, suspended sediments decrease with reduced discharge and cannot be entrained anymore. Thus the sources of sediments are both from upstream or allochthones and from bank sources. i.e slope and channel sources. The different contributions from both left and right bank tributaries, the timing of these flows and the buffering effect of the Cuvette Centrale produce the complex figure-eight pattern associated with diverse sediment sources observed at the basin outlet.

Sediment Yield

The sediment yield of the Congo River Basin during the simulation period (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) of 11.72 t km 2 yr -1 is among the lowest when compared with other world Rivers. For example sediment yield rates of some world rivers include 310 t km 2 yr -1 (Sok et al.,2020) for the Mekong River, 88.5 t km 2 yr -1 for the Orinoco (Laraque et al., 2009), 120 t km 2 yr -1 for the Amazon (Filizola & Guyot, 2009), and 780 t km 2 yr -1 for the Red River [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]. The sediment yield of a catchment is strongly regulated by physiographic factors such as the geology, steepness and length of slopes [START_REF] Lane | Modelling erosion on hillslopes[END_REF]. Therefore, the CRB, which is a generally flat basin with very low slopes, does not produce much sediment. In fact, in the CRB, chemical weathering predominates over physical weathering (Galiardet et al., 1995). The sediment yields of the principal subbasins within the basin are 4.01, 5.91, 7.88 and 8.68 t km-2 yr-1 respectively for the Ubangi sub-basin at Bangui, Sangha at Ouesso, Lualaba at Kisangani, and Kasai at Kutu-Moke respectively. The main sources of sediment are from the Kasai and the upper Congo. This is largely because there are steeper slopes in the Eastern Upper Congo and southwestern parts of the Kasai sub basin. It is important to note that due to the non-linear relationship between the different factors that control erosion, it is often challenging to identify a dominant driving factor that influences the sediment yield [START_REF] Rivera | Decline of fine suspended sediments in the Madeira river basin (2003-2017[END_REF]. Furthermore, Suspended sediment yields decreases with drainage size due to the overriding influence of depositional processes [START_REF] Probst | Fluvial suspended sediment transport and mechanical erosionin the maghreb (north africa)[END_REF].

Some attempts have been made to group sections of the basin based on homogenous characteristics (Tshimanga et al., 2012(Tshimanga et al., , 2021;;Kabuya et al., 2020). Regions that have similar characteristics are likely to have the same response to hydrology and in consequence sediment yield and erosion. For example, Kabuya et al. (2020) using self organizing maps (SOM) delineated six regions of similar characteristics they revealed that the curve number and slope are very important factors in the sediment yield of the Cuvette Centrale. In this study, the analysis of factors that contributed chiefly to sediment yields in the basin include precipitation, surface runoff, slope and the erodibility of the soils. Feralsols, Arenosols, Cambisols, Acrisols, and nitisols (Fig. 2.7 Chapter 2) dominate the basin soils, which are mostly sandy and clayey in texture. In agreement with Kabuya et al. (2020), the simulation in this study concluded that there is accumulation of eroded material in the Cuvette Centrale area brought in from upland tributaries. This is also justified by the numerous anastomosing structures and sand banks that are a characteristic of the landscape in that region.

Cuvette Centrale Sediment Balance

Among the sub-basins studied, the Cuvette Centrale had the most land uses associated with it. Among the land uses is Pasture land. It had the highest specific yield of sediments while the evergreen forests had the least. The tributaries that supplied the Cuvette Centrale are located both on the right and left bank. The main left bank contribution is from the Ruki. The Ruki is situated in a region known to host large peat deposits (Dargie et al., 2017). It supplied up to 5% of the fluxes simulated while the Ubangi, the largest right bank tributary also supplied about 5%. An analysis of the sediment balance revealed that the Cuvette Centrale is capable of storing large amounts of sediment; as much as 23 megatons annually. In chapter 5, Fig. 7a shows the Cuvette Centrale area yielding between 9-10 t km -2 yr -1 of sediment annually.

Several scenarios can be proposed on the origins and fate of this sediment. From the simulation, this is the sediment produced in individual HRUs and delivered to that reach by that local subbasin and accounts for all the trappings or losses. A general estimate puts this at around 12 megatons when a basin area of 1.2 million km 2 is considered. This sediment is deposited close to where it is produced and accounts for a significant fraction of the anasmotosing structures observed around this region. It has been established with hysteresis analysis, that sediment is brought up from both channel and slope processes. Therefore, this study proposes that a significant portion of the sediment fluxes are also produced from upstream slope processes, and that the majority of the sediments trapped in the Cuvette Centrale are from distal sources.

In other words, the erosion and sediment production within the Cuvette Centrale is mostly local. The subsidence history of the Cuvette Centrale is associated with a late Proterozoic failed rift and post-rift thermal subsidence that was subsequently filled with up to 9 km of sediment (Daly et al., 1992). Another possibility that should not be overlooked is the possibility of continuing subsidence of the Cuvette Centrale at rates that are equivalent to the sediment production. If true, then this theory will mean that it is possible that even more than the simulated sediment balance is retained depending on the rates of settling estimated. The alternative hypothesis will have to establish that subsidence is insignificant and that these amounts of sediment can be conveyed by the river system. This is an area of additional work that is needed to fully appreciate the role of the Cuvette Centrale.

Dissolved and Particulate Organic Carbon

Globally, the flux of organic carbon exported by World Rivers has been put at 400 Mt of carbon [START_REF] Meybeck | C N P transport by world rivers[END_REF]. From this amount, a significant portion is sourced from wetlands rather than terrestrial sources [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF]. The contributions from true terrestrial inputs are over-estimated, as the carbon fixed by macrophytes is not taken into account (drake et al., 2018). The Congo basin contributes about 2% of global riverine C fluxes annually [START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF][START_REF] Drake | Terrestrial carbon inputs to inland waters: A current synthesis of estimates and uncertainty[END_REF] and is the second largest supplier of DOC to the Earth's Oceans [START_REF] Raymond | Riverine DOM[END_REF][START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF]. In the Congo, there is lower relief, more savannah area and more permanently flooded wetlands compared to the Amazon [START_REF] Drake | Landuse controls on carbon biogeochemistry in lowland streams of the Congo Basin[END_REF]. In the CRB, hydrology influences DOC exports with noticeable dilution in DOC concentrations at peak discharge [START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF] while increased discharge enables the mobilization of terrestrial POC stock (Coynel et al., 2005).

Primary DOC sources have been identified as organic detrital material from C3 and C4 vegetation and surficial soils (Borges et al., 2015;[START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF][START_REF] Drake | Terrestrial carbon inputs to inland waters: A current synthesis of estimates and uncertainty[END_REF] while the provenance of POC is associated with channel sources during low to medium flow and distal sources for more erosive storm events (Coynel et al., 2005). The hydrological connectivity of the catchment is apparent from Fig. 7.4. During the hydrological year, DOC concentration does not appear to change only slightly during the dry period in the northern subbasins. Since there are more rainy days than dry days in the basin, the DOC stored in soil water and soil surfaces is flushed out more frequently until there doesn't seem to be a break in OC production due to the hydrological connectivity. This means that OC within the basin is always produced recently unlike in less hydrologically connected systems where there is a delay in DOC export. Thus, we can postulate that in hydrologically well connected systems like the CRB, OC export will occur throughout the year even in low flow periods where biogeochemical processes could modulate these fluxes. Furthermore, projected increases in duration of rainy days [START_REF] Creese | Climate change in the Congo Basin: processes related to wetting in the December-February dry season[END_REF] and dry days [START_REF] Jiang | Widespread increase of boreal summer dry season length over the Congo rainforest[END_REF] could bring a corresponding increase of POC and decrease of DOC concentrations respectively. The importance of soil type on the export of organic matter is shown in Fig. 6.6. Gleysols which occur in the central wetlands as well as parts of the lakes region dominated organic carbon exports. In this study, the hydrological processes we have investigated show that both channel and slope processes occur in combination within the basin. The DOC concentrations observed in fresh water are thus linked to stored carbon in the soils (Hope et al., 1997).

Therefore, DOC concentrations are the most in areas where large stores of carbon are found.

Such areas include the peatland complex located in the center of the basin. These peatland stores of organic matter have been reported to store up to 30 000 Mt of carbon and export more organic carbon than any other biome (Freeman et al., 2001;Dargie et al., 2017). In terms of land use, the wetland forest leads both POC and DOC export in the basin. Since the wetland forests are located in seasonally or flooded forests, the high export rates are related to the higher concentration of organic carbon in these waters. Furthermore, the residence time or contact period between the water and organic material like litter can add to the concentration [START_REF] Mulholland | Organic carbon export from upland and forested wetland watershed[END_REF]. It follows also that the Cuvette Centrale will have the highest specific exports of organic carbon (Fig. 7.4). Areas that are most affected by erosion will theoretically export less OC , since soil organic carbon decreases with soil depth, upper soil horizons that have been depleted will have less OC to be transported to streams [START_REF] Drake | Landuse controls on carbon biogeochemistry in lowland streams of the Congo Basin[END_REF].

Cuvette Centrale Organic Carbon Balance

The discharge of between 1.2 to 1.5 megatons of DOC produced in the Cuvete Centrale and 0.9 megatons of POC retained in the Cuvette Centrale is a reasonable estimate of the balance considering that in the Cuvette, chemical weathering dominates over mechanical weathering [START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF]. Gaillardet et al. (1995) reported low weathering and consumption rates despite the severity of the meteorological conditions, and the intensity of precipitations. Using mass balance equations, they also showed that the amount of soil formed annually by weathering reactions is equal to the amount of soil eroded and transported to the Atlantic. The dominant chemical weathering regime in the Congo basin buries leached oxides in deep soil profiles protected from erosion by dense forest and low relief [START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF].

The high fluxes of DOC in swampy compared to savanna environments can be attributed to the influence of vegetation type on organic carbon solubilization (Ndam-Ngoupayou et al., 2005).

There is an abundance of DOM in the Cuvette Centrale, brought about by a change in the composition of the tributaries that supply the Cuvette as they pass through it. This is in addition to autochtonous production with TSS rates decreasing and DOM concentrations increasing (Laraque et al 2009). [START_REF] Spencer | Geochemistry of the Congo River, estuary, and plume, in Biogeochemical Dynamics at Major River-Coastal Interfaces: Linkages with Global Change[END_REF] also noted that the low export of TSS is related to Aluminium complexation observed with OM. In addition, [START_REF] Lechuga-Crespo | A model for evaluating continental chemical weathering from riverine transports of dissolved major elements at a global scale[END_REF] in their work on ionic fluxes from chemical weathering of rocks, identified the Congo basin as an active zone globally, with the dominant soils of the basin determining distribution of spatial ions within the basin. Going by the postulation that rainfall is the main supplier of Cuvette Centrale waters, and carbon is produced within the wetland, then the dominance of DOC is further explained as sedimentation remains minimal since most of the POC is from nearby sources.

Conclusion

This thesis is part of foundational work that tries to explain the hydro-biogeochemical functioning of one of the most enigmatic regions of the Earth. The work attempts to have a working knowledge of the hydrological functioning of the entire basin as a first step towards understanding the suspended sediment and organic carbon biogeochemistry as it relates to particulate and dissolved organic carbon. Specifically, understanding the trends in the exports of suspended sediments and organic carbon is essential in order to forecast and predict the potential impacts on the proper functioning of the catchment as a consequence of climate change.

Hydrology of the CRB

One of the keys aims of hydrology is the prediction of the characteristics of the hydrological dynamics of a catchment. This work was able to successfully calibrate and estimate the parameters of five principal sub-basins of the Congo River Basin using measured discharge data. The groundwater parameters were very influential all across the basin emphasizing its importance in the hydrology of the basin. Validation was performed using remote sensing in the form of the Envisat Altimetry series, and discharge from the MGB-IPH hydrodynamic model. Information for many regions of the basin were not available and as such, the discrimination of more homogenous groups within the basin was limited.

The SWAT model was calibrated at a monthly time scale using an improved plant growth module that simulates tropical vegetation. This resulted in an improved estimate of evapotranspiration of up to 15%. The model was subsequently validated on a daily scale. The The estimation of the sediment balance was challenging as only two sub-basins were calibrated due to a lack of data as mentioned above. The calibration of the upstream sub-basin was promising with values as high as 0.65 for the NSE metric. The complex relationship between discharge and suspended sediments was evident at the basin outlet due to the effects of the Cuvette Centrale. The model outputs showed erosion rates of between 4.01-8.68 t km -2 yr -1 in the principal sub-basins. The evergreen forests had the lowest specific sediment yields while pastureland had the highest. A principal component analysis revealed that precipitation, surface runoff and erodibility of the soils were the main factors influencing erosion in the basin. In correspondence with the amount of water carried by the various tributaries, the upper Congo supplied about 85% of the sediment loads with the Ubangi and Ruki contributing about 5% each. More importantly, it was estimated that the Cuvette Centrale trapped up to 23 megatons of sediment annually, an amount that will require refinement with the availability of more datasets from observations.

DOC and POC dynamics

The contrasting regimes of rainfall in the CRB between the north, equatorial and southern basins affect the runoff discharge and shape the variation in the organic carbon fluxes.

Regions with similar environmental characteristics like the soil type, evapotranspiration, discharge, vegetation, topography, and slope provided similar estimates for particulate and dissolved carbon. The upper Congo is the principal source of upstream fluxes and as such is very important in our understanding of these fluxes as a drastic change is an indicator of human and climatic impacts on the system.

Based on daily time step computation, the mean interannual export of DOC and POC at the basin outlet at Brazzaville/Kinshasa was estimated at 13.4 and 2.18 Mt yr -1 . This estimate was within the range of previous estimates. The exports of DOC and POC in the principal subbasins ranged from 0.2 to 3.4 Mt yr -1 and 0.06 to 0.9 Mt yr -1 respectively. The dominant soil groups in the area also had a big role to play in the export of DOC and POC. The gleysols which dominate the Cuvette Centrale exported the bulk of organic carbon while the land use responsible for the most export was the wetland forest, also associated with the Cuvette Centrale.

The principal sources of DOC and POC to the Cuvette Centrale did not differ significantly from the sources of sediments with the upper Congo contributing up to 72% and 80% of DOC and POC respectively (the Ruki and Ubangi with the bulk of contributions from the left and right banks). An analysis of the organic carbon balance revealed that between 1.2 to 1.5 megatons of DOC is exported from the Cuvette Centrale while little to no POC is exported. In fact, it is the view of this study that the POC recorded at the basin outlet is mostly sourced from downstream sources, notably the Kasai basin whose sediment and particulate loads are relatively heavy (Mushi et al., 2019). Therefore, this study proposes that a majority of the fluxes of sediment and organic carbon produced from upland are stored in the Cuvette Centrale and that these fluxes have little to no impact on downstream rivers. As a consequence, the fluxes recorded at the basin outlet will mostly be influenced by tributaries downriver.

This thesis has demonstrated the possibilities of using a physically based model with limited inputs to predict the dynamics of hydrology in the tributaries of the Congo River Basin.

Furthermore, using equations adapted from literature, which are easily correlated to environmental variables, the models simulating organic carbon have shown encouraging results on the different sub-basins to which they were applied. A subsequent estimate of the balances of water, sediment and organic carbon retained or produced in the Cuvette Centrale have given for the first time, a glimpse of the role of the Cuvette Centrale in processing, transforming and transporting these fluxes.

Perspectives

The development projects. This is important, as there is a scarcity of data in the basin. Future work will try to bridge the gap in the lack of spatial representativeness of gauging stations, but for now, the information obtained is useful in pre-project assessments and feasibility studies.

There has not been any sustained sediment-sampling program in the Congo River

Basin, hence the reliance on estimates using indirect approaches. This work has led to the development of several theories regarding the source of sediments in the Basin and the function of the Cuvette Central in the retention of these sediments. Theories regarding the subsidence history of the Cuvette Centrale will need to be tested using modelling, profile functioning or other methods in order to determine if it is able to store the amounts of sediment simulated.

Rainfall and upland runoff supply a majority of the water in the Cuvette Centrale, the implication is that carbon is produced within the wetland with minimal sedimentation; on the other hand, upland runoff will bring its own sediments and carbon. There is the need to therefore distinguish between the amounts of carbon that are transformed from upland and those produced authochtonously. This study was able to quantify the amounts of efficient rainfall falling over the Cuvette as well as the amounts of water from upland with both sources providing equivalent amounts. Therefore, there is the need for further work in order to constrain these figures better.

Efficient evapotranspiration removed more than 50% of rainfall falling over the Cuvette. The implication is that with withdrawals and losses to other sources, there is little water left to supply to adjacent rivers, hence the Cuvette Centrale has limited impact on downstream biogeochemistry. Further sustained long-term sampling programs need to be implemented at strategic locations before, within and after the confluence of the wetland tributaries with the main River in order to prove this theory.

The Congo River Basin despite being the second largest area of tropical rainforest on the Earth is largely understudied. Future studies of the biogeochemistry of this basin will improve our knowledge better if made in conjunction with other large river basins of its class like the Amazon and the Orinoco which share similar characteristics. The study of their particulate and dissolved organic carbon components in relation to their specific characteristics will no doubt provide us with useful and new information on the behavior of tropical watersheds.

The SWAT model calibrated in this study can provide discharge estimates in regions where it is not available; in addition, various other datasets can be generated. Hypothesis related to the functioning of the basin will also need to be tested further using remote sensing datasets. In addition, the parameters of the ungauged regions of the central basin need to be estimated accurately. The SWAT model can be adapted to the peculiar case of the CRB and a wetland module incorporated that will take the effects of the Cuvette Centrale into account.

Lastly, a single tree cannot make a forest, therefore it is important that experts who are nationals of Congo River Basin countries should regularly come together and unite the international scientific community through the sharing of information and data. Several initiatives have been made, notably the American Geophysical Union (AGU) conference on opportunities for research in the Congo River Basin. More initiatives of this kind are needed if progress is to be made in unravelling the mysteries of this still unknown tropical paradise.

Conclusion
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  et les changements naturels ont eu des effets dévastateurs sur le climat et les ressources environnementales du monde. Les ressources naturelles sont limitées et bien qu'en terme de quantité la matière soit conservée totalement, les éléments, qui constituent la matière, changent de forme et se redistribuent à travers le monde au sein des cycles biogéochimiques. Ces cycles biogéochimiques sont interconnectés et toute altération d'une ressource naturelle retarde sa réadmission dans les cycles naturels biogéochimiques, pouvant avoir des conséquences désastreuses pour la planète. Il est donc primordial de surveiller en permanence ces cycles afin de suivre leurs évolutions dans le temps. Étant donné que la plupart de ces changements se produisent à différentes échelles temporelles et spatiales, différentes approches sont nécessaires pour les étudier. Il est important de tester la validité et l'exactitude des nouvelles théories afin de comprendre et d'analyser les impacts et les changements des flux biogéochimiques. Le débit, des sédiments et du carbone organique des eaux de surfaces aux océans contribuent de façon importante aux cycles biogéochimiques mondiaux. Une approche robuste et physiquement fondée pour quantifier ces flux est alors nécessaire. Cette thèse se concentre sur les contributions latérales des flux, des sédiments et du carbone organique particulaire et dissous (COD & COP) du bassin du fleuve Congo à l'Atlantique et sur le rôle de la "Cuvette Centrale" dans ces flux. Pour ce faire, les flux doivent être modélisés à partir de données d'observation. La taille et les complexités naturelles du Bassin Versant du Congo est aggravé par le manque de données de surveillance. Il est d'autant plus pertinent d'utiliser la modélisation pour les raisons susmentionnées et parce qu'elle peut être réalisée à différentes échelles spatiales et temporelles, de la parcelle au niveau mondial. Cependant, comme pour la plupart des études en modélisation biogéochimique, elle nécessite une vérification approfondie sur le terrain au niveau local, régional, etc. Cette thèse contribue à une meilleure compréhension du fonctionnement biogéochimique du bassin versant du Congo dans son ensemble et plus particulièrement du rôle de la " Cuvette Centrale " comme source ou puits de débit, de sédiments et de carbone organique. Elle a pour objectif d'apporter des réponses aux questions sur le rôle de la Cuvette Centrale dans la dynamique des débits, des sédiments et du carbone organique du bassin versant du Congo. xxviii À la suite de l'introduction générale du premier chapitre, le chapitre 2 apporte une description des caractéristiques physiques générales du bassin. Les principaux sous-bassins sont décrits en fonction de la géologie, de l'hydrogéologie, du climat, du débit, de l'occupation du sol et de la pédologie de leurs milieux. Le modèle hydrologique SWAT (Soil and Water Assessment Tool) est le principal outil utilisé dans cette étude. Le modèle SWAT est un modèle physique semidistribué avec une large applicabilité dans différents bassins versants et sous différentes conditions climatiques. Le modèle est libre de droit et est détaillé au sein du chapitre 2. Le modèle SWAT comprend différentes module, notamment la modélisation de l'hydrologie et de la dynamique sédimentaire. Ces modules sont détaillés car ils ont été utilisés afin de simuler l'hydrologie et les sédiments dans les chapitres 4 et 5, respectivement. Afin de simuler la végétation tropicale présent dans le bassin du Congo, le module de la croissance végétale a été modifié. De même, l'érodabilité des sols KUSLE des différents sous-bassins a également été estimée en utilisant le modèle Kuery 1.4. Au chapitre 3, l'approche de modélisation a été évaluée en comparant le modèle non calibré au modèle calibré. La comparaison des indicateurs de performance des deux modèles a montré qu'il n'y avait pas de différence significative entre le modèle non calibré et le modèle calibré à l'exutoire. Les sous-bassins en amont n'étaient cependant pas corrélés avec leurs hydrogrammes, ce qui suggère le besoin de plus de données pour la calibration des paramètres appropriés qui se rapportent aux eaux souterraines. Ce résultat a justifié l'approche amont-aval utilisée pour la calibration. En outre, le modèle calibré mensuellement et validé à l'aide d'observations journalières a donné des résultats acceptables dans les sous-bassins amonts, malgré le fait d'une perte d'information par rapport au modèle au pas de temps mensuel. Une autre validation du modèle à partir du niveau des eaux de surface (SWE) en utilisant l'altimétrie a montré que le modèle SWAT réussi à capturer le moment de la montée et de la descente du niveau des eaux dans la majorité des sous-bassins. Afin de déterminer les caractéristiques similaires entre sous-bassins, les réponses hydrologiques des différents territoires ont été intercomparées aux basses, moyennes et hautes eaux. Il y a de fortes relations pour entre indices hydrologiques mais de plutôt faibles relations entre les propriétés physiques du bassin, probablement en raison de données insuffisantes qui a pu aider à la discrimination d'unités plus homogènes. Dans l'ensemble, les résultats sont assez satisfaisants, indiquant que l'hydrologie est bien représentée. Le chapitre 4 est un chapitre de la monographie (Hydrologie, climat et biogéochimie du bassin du Congo : Une base pour l'avenir) sur le bassin du Congo de l'American Geophysical Union xxix qui a été évaluée par des pairs de façon équivalente à un article de journal scientifique. Le chapitre 4 décrit les méthodes utilisées pour quantifier les débits qui remplissent et drainent annuellement la "Cuvette Centrale" à partir d'affluents situés sur les rives droites et gauche du fleuve Congo. Le modèle SWAT a été calibré à partir des débits mesurés sur la période 2000-2012 au pas de temps mensuel. Le module de croissance végétale modifié a permis d'améliorer de 15% la modélisation de l'évapotranspiration, assurant une meilleure simulation des processus hydrologiques. Les résultats ont montré que le ruissellement provenant des sols en amont du fleuve Congo, fleuve principale du bassin, est le plus grand contributeur (33%), suivi par les précipitations efficaces tombant à l'intérieur de la "Cuvette Centrale" (33%). Les affluents de la rive droite et de la rive gauche contribuent quant à eux à environ 25 et 11 %, respectivement. Plus de 80 milliards de m 3 d'eau entrent dans la Cuvette Centrale et environ 100 milliards de m 3 en sortent durant la période étudiée. Il y a donc un stockage négatif d'environ 5 700 m 3 s -1 d'eau qui est fourni par la Cuvette Centrale au fleuve principal durant la période de basses eaux. Ce résultat souligne le rôle écologique important de la Cuvette Centrale dans le maintien de la santé des écosystèmes. Le chapitre 5 répond à l'objectif 3, qui propose de quantifier le bilan sédimentaire de la "Cuvette Centrale" par une approche amont-aval. Ce chapitre est également publié dans le joural international Water. La dynamique des sédiments dans le bassin est très importante et mérite d'être étudiée tant que la Cuvette Centrale est peu anthropisée étant donné qu'elle reste l'un des territoires les moins perturbés au monde. Avec le plus grand réseau de voies navigables d'Afrique, la sédimentation peut entrainer de graves conséquences sur l'environnement physique ainsi que sur la vie socio-économique des habitants. Le modèle de sédimentation du modèle SWAT a été calibré avec des données de concentration de sédiments, mesurées à la sortie du bassin à Kinshasa et dans le bassin amont de l'Oubangui durant les périodes 2006-2012 et 2010-2012 respectivement. Le manque de données actuel nous a obligé à valider la simulation avec des données historiques provenant de programmes d'échantillonnage antérieurs dans le CRB. Les résultats ont montré des taux d'érosion des sols allant de 4 à 8,6 t km -2 an -1 dans les principaux affluents. Les charges en sédiments arrivant dans la Cuvette Centrale varient de 0,04 à 26,98 Mt an -1 et provient de huit affluents alimentant directement la Cuvette Centrale. Un inventaire des flux a révélé que pour la période 2000-2012, la partie amont du fleuve Congo contribue jusqu'à 85% des flux, les rives droite et gauche apportant chacune 5%. La Cuvette Centrale fonctionne comme un puits qui piège environ 23 mégatonnes de sédiments par an. Ces résultats ont des implications pour de futures infrastructures dans le domaine de l'eau et sur les plans de développement alors que la compétition pour les ressources naturelles s'intensifie. Dans le chapitre 6, la dynamique du carbone organique du bassin est étudiée. Les différences spatiales entre et au sein des affluents se reflètent dans les quantités de charges particulaires et dissoutes de carbone fournies à la Cuvette. Ces flux sont contrôlés par l'hydrologie, les affluents du nord exportant moins de COD pendant la période de décembre à février, tandis que les bassins du sud sont approvisionnés uniformément tout au long de l'année. Les flux les plus élevés en carbone organique proviennent de la région du rift oriental et de l'extrême ouest vers Brazzaville. Pour la période 2000-2012, entre 1,2 et 1,5 mégatonnes de COD sont produites dans la Cuvette Centrale. Cela provient respectivement de 72 et 79% du DOC et du POC du Haut-Congo. Le Ruki a contribué à environ 13 % du DOC et 6,7 % du POC tandis que l'Oubangui a contribué à 9 et 7 % du DOC et du POC respectivement. Les différences de sols et de couverture du sol sont les principaux facteurs de contrôle de ces flux, les gleysols situés dans les forêts humides exportent le plus de carbone organique malgré le fait que ces sols occupent une superficie de bassin relativement petite. Le chapitre 7 apporte des réponses aux questions soulevées tout au long de cette thèse. Tout d'abord, quel est le rôle de la Cuvette Centrale dans l'hydrologie de la CRB ? Il a été constaté que la Cuvette Centrale agit comme une éponge qui absorbe l'eau pendant les crues et la libère pendant les périodes plus sèches. Une analyse des paramètres calibrés a révélé la dominance des paramètres liés aux eaux souterraines. La prédominance des eaux souterraines a des impacts importants sur les caractéristiques hydrologiques et géomorphologiques des systèmes fluviaux de la CRB. Dans les rivières Tékes, la couleur claire de l'eau est une indication que les eaux ne sont pas chargées en sédiment, en effet, les sédiments sont dilués durant les épisodes de crues. Les courbes de débit montrent également que les rivières maintiennent un débit moyen à élevé sur de longues périodes. La Cuvette Centrale réceptionne les débits d'affluents proches et éloignés et est capable de maintenir des débits moyens durant une majorité de l'année hydrologique. Concernant les sédiments, la quantité de ruissellement ainsi que l'utilisation des sols contrôlent la dynamique sédimentaire de l'ensemble du bassin. Au sein de la Cuvette Centrale, les forêts à feuilles persistantes dominent et contribuent à ralentir les effets de l'érosion. D'autre part, le ruissellement de surface est directement lié aux précipitations, qui tombent en abondance dans la Cuvette Centrale. C'est pourquoi bien que les sédiments soient produits localement, les faibles pentes et les faibles vitesses de débit entrainent un maintien des sédiments dans la Cuvette. La dynamique saisonnière révèle que les mois correspondant aux pics xxxi de crue produisent davantage de sédiments, parallèlement, le haut Congo contribue à 85% des sédiments et des contaminants qui sont piégés dans la Cuvette Centrale. Pour conclure, une compréhension du fonctionnement de la CRB et de la Cuvette Centrale montre que si les précipitations sont la source en eaux principale de la Cuvette Centrale, les sources principales de sédiments et de charges particulaires correspondant proviendrait alors de ruissellement amont. La Cuvette Centrale piège une majorité des charges particulaires, ce qui suggère que l'export vers l'océan provient principalement de sources en aval de la Cuvette Centrale. D'autre part, le DOC est produit au sein de la Cuvette Centrale. Des études ultérieures devraient mettre en place un programme d'échantillonnage intense pour valider les résultats de cette thèse afin de caractériser correctement les sources de matière organique dans le bassin. A partir des sorties générées par le modèle SWAT, les concentrations de DOC et de POC peuvent être prédites en tout point du bassin et fournissent ainsi un premier aperçu de la dynamique de la matière organique sur ce bassin. Le modèle SWAT utilisé dans cette thèse n'a pas été modifié en fonction des caractéristiques propres et méconnus du bassin tropical du Congo. De nettes améliorations peuvent être envisagées notamment sur les paramètres de sols et hydrologiques de régions non mesurées. Cela permettrait à minima de formuler des hypothèses quant à la dynamique de ce territoire et aboutir à des découvertes importantes. xxxii xxxiii

  using daily observations resulted in acceptable results in the sub-basins although with some loss of information compared to the monthly model. A further validation of the model with surface water extent (SWE) from altimetry showed that the SWAT model captured the timing of water level rise and fall in a majority of the sub-basins. In order to have a sense of the sub-basins with similar characteristics, the hydrological responses of the sub-basins were compared at low, medium and high water. The hydrological indices used showed strong relationships within themselves but rather weaker relationships with physical basin properties, probably due to insufficient data that would have aided in the discrimination of more homogenous units. Overall, the results were quite satisfactory indicating the hydrology was well represented.Chapter 4 is published as a book chapter in a peer reviewed Monograph of the American Geophysical Union, (Congo Basin Hydrology, Climate, and Biogeochemistry: A Foundation for the Future), which is equivalent to an article in a scientific journal. Chapter 4 describes the methods used to quantify the amounts of water annually filling and draining the "Cuvette Centrale" from tributaries both on the right and left bank of the main Congo River. The SWAT model was calibrated with measured discharge for the 2000-2012 period on a monthly time step. The modified plant growth module improved the evapotranspiration estimates by about 15% ensuring a better simulation of the hydrological processes. The results showed that upland runoff from the main Congo River was the highest contributor of about 33% followed by efficient precipitation falling inside the "Cuvette Centrale" (33%). Right bank and left bank tributaries contributed about 25 and 11 % respectively. More than 80 billion m 3 of water entered the Cuvette Centrale with about 100 billion m 3 flowing out during the period under study.Hence, a negative storage amounting to about 5 700m 3 s -1 of water is estimated to be supplied xxxv from the Cuvette Centrale to the main River during periods of low water. This finding highlights the important ecological role the Cuvette Centrale serves in maintaining ecosystem health.Chapter 5 is in response to objective three, which proposes to quantify the sediment balance of the "Cuvette Centrale" through an upstream-downstream approach. This chapter is also published in the special edition of the Journal Water. The dynamics of sediment in the basin are very important and are worth studying now as the CRB remains one of the least perturbed large basins in the world. With the largest network of navigable waterways in Africa, the effect of sedimentation will have serious consequences on the physical environment as well as the socioeconomic life of the inhabitants. The SWAT sediment model was calibrated with observed sediment concentration data measured at the basin outlet in Kinshasa and at the upstream basin of Ubangi for the 2006-2012 and 2010-2012 periods respectively. The lack of contemporary data necessitated the validation of the simulation with historical data from previous sampling programs in the CRB. The results showed sediment yield rates ranging from 4 to 8.6 t km -2 yr - 1 in the principal tributaries. The loads supplied to the Cuvette Centrale ranged from 0.04 to 26.98 megatons of sediment annually from eight tributaries feeding directly into the Cuvette Centrale. An inventory of the fluxes revealed that for the 2000-2012 period, the upper Congo contributed up to 85% of the fluxes with both right and left banks bringing in 5% each. The role of the Cuvette Centrale is demonstrated as it serves as a sink trapping about 23 megatons of sediment annually. These results have implication for future water infrastructure and developmental plans as the competition for natural resources intensifies.In chapter 6, the organic carbon dynamics of the basin are studied. The spatial differences between and within the tributaries is reflected in the quantities of particulate and dissolved loads of carbon supplied to the Cuvette. These fluxes are hydrologically controlled with the Northern tributaries exporting less DOC in the December to February period while the southern basins appear to have an all-year-round uniform supply. The highest fluxes of organic carbon are from the eastern rift region and at the extreme west towards Brazzaville. For the 2000-2012 period, between 1.2 to 1.5 megatons of DOC is produced in the Cuvette Centrale. This comes from 72 and 79% of upper Congo DOC and POC respectively. The Ruki contributed about 13% of DOC and 6.7% POC while the Ubangi contributed 9 and 7% of DOC and POC respectively. The differences in soils and landcover are the main controlling factors in these fluxes as Gleysols located in wetland forests exported the most organic carbon despite a relatively small basin area. xxxviChapter 7 provides answers to the questions raised in the study. Firstly, what is the role of the Cuvette Centrale in the hydrology of the CRB? It was found that the Cuvette Centrale acts like a sponge soaking up water during floods and releasing it during dryer periods. An analysis of the calibrated parameters revealed the dominance of groundwater parameters. Groundwater dominance has important impacts on the hydrological and geomorphological characteristics of the river systems in the CRB. In the Tékes Rivers, the clear waters are an indication of the sediment -free waters that dilute suspended sediment generated during high flows. The Flow duration indices also show that these rivers sustain medium to high flow for long periods. The Cuvette Central receives flow from tributaries near and far and is able to sustain medium flows
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 11 Fig. 1.1. Schematic of fluxes and processes in the critical zone as represented by the interaction of water and acids through Earth material. The study of the critical zone encompasses several disciplines. Source: Gaillardet et al. (2018).
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 13 Fig. 1.3. The rock cycle (source: Panchuk, 2019).
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 14 Fig. 1.4. Pictorial description of erosion processes[START_REF] Huertos | Chapter 10 -Water Quality and Catchments[END_REF].(iii) Sediments are deposited when sufficient energy/velocity is no longer available to transport the material. Velocity can be reduced locally by the sheltering effect of large rocks, hills, and stands of vegetation or other obstructions. Normally, competence changes occur because of large-scale reductions in the velocity of flowing medium. In water, lower velocities can be caused by reductions in discharge or a change in the grade of the stream. Glacial flows of ice can become slower if precipitation input is reduced or when the ice encounters melting.
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 16 Fig. 1.6. Schematic of the global carbon cycle. The carbon stocks are in PgC and the fluxes are PgC yr-1. Reservoir mass and fluxes prior to the Industrial era are shown in black while red numbers and arrows indicate annual anthropogenic fluxes. (Cias et al., 2013).
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 17 photo-oxidized, while change in storage is the mass change in OC in the water column and lake sediments[START_REF] Mccullough | Dynamic modeling of organic carbon fates in lake ecosystems[END_REF] 
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 44 Fluvial Export of DOC and POCGlobal estimates of the fluxes of carbon transported by the Worlds Rivers have continually been refined. From the latter part of the last century, various studies have been made as regards the export of particulate and dissolved forms of organic carbon. These studies have differed in methods; have differed in spatial and temporal characteristics of catchments studied as well as the number of catchments studied; depending on data availability. These factors have influenced the final estimates, but it is worth noting that changes in land use and climate, which are continuous, also have to be taken into account in these estimates. Some of the earliest works were in the 70s and 80s notably the works of[START_REF] Kempe | Carbon in the rock cycle. -In "The Global Carbon Cycle[END_REF] who estimated a transfer of 200 Mt of POC and DOC to the ocean. In addition, Schlesinger and Melack (1981) using logarithmic regression equations, calculated the flux from 50 largest world rivers as 370 to 410 Mt of C albeit without the Congo River in their calculations. Others using empirical models and global literature have estimated fluxes into the ocean of 380 Mt (210 Mt of DOC

  also observed this variability of POC and DOC fluxes with increases in DOC exports during the freshet. They surmised that the fluxes of DOC are also strongly dependent on climatic variables. Several other relationships have been observed between DOC and POC fluxes with the physico-chemical characteristics of the environment. For instance, Ludwig et al. (1996) in an analysis of 60 rivers demonstrated that DOC fluxes were related to drainage intensity, slope and soil carbon content. Further, 45 % of the total organic carbon have tropical origins with most of the global DOC fluxes discharged to the Atlantic Ocean and POC fluxes in the Indian Ocean. Their results were in agreement with Li et al 2017 who also observed highest DOC and POC within the 0-30°S and 30-60° N latitudes respectively. With total exports of organic carbon at 480 Mt C, they estimated that Asia exported the highest DOC and POC among the continents, a trend that has been established and corroborated in literature
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 1 Fig. 1.12. An outline of steps in the modelling process adapted from[START_REF] Beven | On hypothesis testing in hydrology[END_REF].
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 11 Fig. 1.13. (a) Example of a lumped (1), semi-distributed (2), and fully distributed (3) catchment (b) an example of a complex hydrological model system (source: https://www.noaa.gov).
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 1 Fig. 1.14. (A) Structurally sound model with optimized parameters and minimum prediction error and (B) structurally unsound model with high prediction error(Silberstein, 2016).



  use of modelling tools, available in situ datasets and remote sensing measurements to achieve the following specific objectives:  To Understand the hydrological functioning of the CRB This objective will be achieved by establishing a hydrological model for the CRB. This approach is necessary because of data availability and other problems enumerated above. An analysis of the different components of the model will give an insight into the way the basin functions. The role of the CC, taking into cognizance its location at the center of the basin, receiving flow from different tributaries will be analyzed. Several datasets both qualitative and quantitative including remotely sensed data are explored in the analysis.  To Quantify the role of the CC in suspended sediment fluxes of the basin Catchment disturbance and land use change have been documented to increase sediment yields, while on the other hand; sediment yields have remained constant or even reduced in other instances. For the Congo basin, the lack of long-term hydro-sedimentary data in the majority of the basin area has not enabled researchers to place which category the CRB belongs. Following the establishment of the hydrological model, the Suspended sediment fluxes to the Atlantic are quantified at a daily time step and the role of the CC in trapping some of these sediments are investigated. To quantify the role of the CC in the particulate and dissolved loads of carbon The lateral export of Carbon form global rivers have been documented severally, with the estimates constantly changing due to on-going anthropogenic and climate changes. Using empirical equations adapted from literature and coupled with the SWAT hydrological model, estimates of organic carbon fluxes from the Congo River are made. Similar to the previous objective, the role of the CC in the organic carbon dynamics are also investigated. The analysis will also help in differentiating true terrestrial inputs from inputs from the wetlands. As a central theme of the study, an estimate is made of the amounts of water, sediment and carbon that are either produced, or retained by the CC for the 2000-2012 period. Hypotheses are also made from the output of the model which can be verified in the future with in situ measurements. The study also takes into account only lateral fluvial sources of Carbon without accounting for vertical fluxes while the sediments are estimated without taking into account the bed load component. 1.7.1 Thesis Structure The work comprises eight chapters whose two (chapters 4 & 5) are published or submitted in international peer reviewed journals (American Geophysical Union -Congo Basin Monograph, and Water respectively). The present chapter, the first, provides the context of this study, describing the main biogeochemical cycles and the links to wetlands through a review of existing literature. A synopsis of rainfall-runoff modeling is also discussed. A brief overview of these chapters follows. Chapter 2 describes the materials and methods used in this work. It begins with a description of the physical basin characteristics of the study area. It then proceeds to describe the main tool used in this study -the SWAT hydrological model, its functioning, structure and components. Lastly the datasets used for the calibration and validation of the model as well as empirical equations used to estimate organic carbon are described. Chapter 3 focuses on objective number one of this study, which is to understand the hydrological functioning of the CRB. It explores the different remote sensing datasets used to validate the SWAT model and analyses their results. The hydrological responses and their relationship to physical basin properties are also analysed. Chapter 4 is a response to the question of the role of the "Cuvette Centrale" in the hydrology of the CRB. The SWAT model is calibrated and validated over the basin and the dynamics of precipitation, evaporation and discharge are explored to estimate the amount of waters the Cuvette Centrale soaks up and releases over the seasons.
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 22 Fig. 2.2. Map of the Congo basin showing its location in Africa, river network, and the wetlands of the Cuvette Centrale from the global wetland database(Lehner & Doll, 2004) 
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 23 Fig. 2.3. Outline map of the Congo River Basin showing the four main sub-basins and their percentage of basin area. Also shown are in situ gauging stations where flow records were obtained, they are Sangha at Ouesso, Ubangi at Bangui, Lualaba at Kisangani, Kasai at Kutu-Moke, and Congo at Brazzaville/Kinshasa (BZN/KIN). The black dashed line encircles the Cuvette Centrale sensu lato while the red oval is the plateau Batékes (adapted from[START_REF] Moukandi N'kaya | A new look at hydrology in the Congo Basin, based on the study of multi-decadal chronicles[END_REF] 

  2.5a), and could be up to 400 m thick. In the coastal plains, a sequence of sandy-to-sandy-argillaceous rocks (50 to 200 m); sandy clays and argillaceous sands (up to 150 m); coarse-grained ferruginous sands (up to 100 m); dolomitic sandstones and clays; and dolomitic limestones (60 to 400 m), overlie the Mayombe series. The Bateké plateau series comprises about 300 m of sandstones overlain by 90 m of sandy silts. Precambrian metasedimentary, metamorphic and granitic series include the upper Precambrian Inkisi series, situated southwest of Brazzaville (600 m thick), consisting of conglomerates, arkoses and sandstones. Other important series of this period are the Mpioka series in the Chaillu massif, a schist-limestone series in the Djoué valley, a tillite series in the Lower Congo basin, and the Bouenza and Louila series in the northeast and southwest of the Niari syncline (BGS, 2021).
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 26 Fig. 2.6. (a) Map of surficial lithology of the Congo basin produced from the GlobalLithological Map (GLIM)(Hartman & Moosdorf, 2012).and (b) Map of the Cuvette Centrale afterDaly et al. (1992).

1 )

 1 Unconsolidated sedimentary aquifers (mainly of the quarternary) with inter-granular porosity. 2) Consolidated Sedimentary aquifers of discontinuous media of low porosity dominated by fractured and fissured rocks. 3) Aquifers in which karstic flow is significant and both Fracture and/or intergranular flow and storage occur. 3) Igneous environments where fractured and weathered aquifers dominate, and the 4) Crystalline basement with weathered/fractured aquifer properties. The unconsolidated sedimentary aquifers with inter-granular porosity dominates the central basin and extends to Angola through the Katanga province. This structure has very high aquifer productivity and storage. Consolidated sediments encircle the unconsolidated sediments having a high aquifer productivity and storage. The Precambrian basement are on the edges of the basin extending to Angola through Kasai, and along with the volcanic rocks have the least productivity.
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 27 Fig. 2.7. Ground water characteristics in the Congo basin showing (a) ground water storage, (b) acuifer productivity, and (c) depth to ground water (data from the British geological survey)
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 29 Fig. 2.9. Land cover types in the Congo Basin extracted from the Global Land Cover 2000 product.

  the maximum DOC concentration at the gauging station outlet while β in mm d -1 is the specific discharge at which the DOC concentration is half of α. Since the quality of the DOC predictions are reliant on the ability to model the hydrology well, particular care was taken to ensure a good stepwise progression in the calibration. With respect to the particulate species, the equation used for its estimation was taken from Boithias et al. (2014), and applied in the CRB. The equation is in the form: b are parameters related to the watershed of interest. The parameter a corresponds to the organic matter the richest in organic carbon while the parameter b represents the suspended matters with low OC concentration.The parameters of the model are statistically determined using non-linear regressions for the fitting. The non-linear least squares are used to fit the set of m observations with a model that is non-linear in n unknown parameters (m ≥ n). For a set of m data points, (x1, y1), (x2, y2)…, (xm, ym); and the function y= f(x, δ), depending also on n parameters, δ = (δ1, δ2,…, δn).

  Digital Elevation Model (DEM) represents the relief of the terrain, interpolating elevation data from one point to another. The DEM was used in watershed delineation, identifying drainage areas according to a preset threshold level. Subbasin parameters such as slope length, channel slope, length and width were derived from the DEM. In this study, a 90-meter resolution DEM from the Consortium for spatial information (https://cgiarcsi.community/data/srtm-90mdigital-elevation-database) was used (Fig 2.12c).

Fig. 2 .

 2 Fig. 2.14. (a) Digital Elevation Model of the study area, (b) Major soils of study area, (c) Major land use of the study area and (d) the grid of the TRMM precipitation product used in the study. The main source of Discharge data used is from the ORE-HYBAM (http://www.orehybam.org/). Daily and monthly Discharge data is available for three gauging stations of Ouesso, Bangui and the main gauging station at Brazzaville/Kinshasa from 1951 to 2018. The CICOS also provided daily and monthly data for two additional gauging stations at Kisangani and Kutu-Moke from 2000 to 2012 (Fig.2.13). The TRMM (https://gpm.nasa.gov/missions/trmm) provides daily rainfall estimates from 1998 to March 2015 at a spatial resolution of 0.25° (Fig. 2.12d). It measures precipitation in tropical and
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 215 Fig. 2.15. Map of the study area showing location of the sampling points where data was obtained to calibrate the model. Discharge data are available from the SO-HYBAM at the Gauging stations of Sangha at Ouesso, (A); Ubangi at Bangui, (B); and Congo at Brazzaville/Kinshasa (E) from 1947, 1911 and 1947 respectively. The BRLi (CICOS) provides data from 2000 to 2012 at Lualaba at Kisangani (C) and Kasai at Kutu-Moke (D). Suspended sediments and organic carbon data are available fromCoynel et al. (2005),Bouillon et al. (2012Bouillon et al. ( , 2014) ) at Bangui (B). Suspended sediment and Organic carbon are also available at Brazzaville Kinshasa (E) from the SO-HYBAM since 2005 as well as from[START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF] and[START_REF] Hemingway | Hydrologic controls on seasonal and inter-annual variability of Congo River particulate organic matter source and reservoir age[END_REF].[START_REF] Borges | Variations in dissolved greenhouse gases (CO2, CH4, N2O) in the Congo River network overwhelmingly driven by fluvial-wetland connectivity[END_REF] also provides data along a transect on the main Congo River from Kisangani to Brazzaville/Kinshasa (C-E).
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 216 Fig. 2.16. Envisat stage readings over the CRB used to validate the SWAT model. The Environmental Satellite (ENVISAT) was a mission by the European Space Agency launched in March 2002 and ended in April 2012. It had a repeat cycle of 35 days and established virtual stations everywhere its ground tracks intersected a river tributary. water surface elevation (WSE) time series from the Theia Hydroweb database (available at http://hydroweb.theia-land.fr/) was used as a means of validating model results (Data processing procedures can be found in Santos da Silva et al. (2010). The ICE 1 algorithm was used for processing. Various corrections were applied, including geophysical and environmental corrections. Height values are corrected for biases specific of each mission/processing algorithm and then converted into orthometric height by removal of the

  , NSE values above 0.5 are considered as satisfactory in hydrological modelling. The Percent bias (PBIAS) PBIAS provides the information of the average tendency of the simulated data to be larger or smaller than their observed counterparts. The optimal value is 0.0, with low magnitude values indicating accurate model simulation. Positive values and negative values indicate model underestimation bias and overestimation bias respectively. The equation is presented:
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 31 Fig. 3.1. Observed and simulated monthly discharge from the initial uncalibrated, (uncal); and calibrated, (cal) model compared with observations (obs) at the five principal-gauge stations of the basin (A-E) for the 2000-2012 period.

  monthly calibrated model with daily observation datasets without changing any of the calibrated parameters. The hydrological responses in the sub-basins are analyzed using Stream flow hydrographs and flow duration charts in order to understand the hydrological regimes of the different sub-basins.Ubangi sub-basinThe Ubangui from its confluence at Mbomou -Uélé to the city of Bangui is 546 km long(Nguimalet and Orange, 2019) and drains the streams originating from the North of the basin with the outlet of the drainage unit located about 600 km downstream of the Bangui gauging station. The overall performance of the model at this outlet was satisfactory to good for both the calibration and validation period for most of the performance criteria. For the Ubangi, the Coefficient of efficiency of 0.59 and 0.72 for daily and monthly time steps respectively are justified by the shape of the hydrograph indicative of a good model performance (Table3.2). Correlation values of 0.59 and 0.73 for both daily and monthly time steps respectively also give credence to the collinearity of the data. Percent bias (PBIAS) measures the average tendency of the simulated values to be larger or smaller than their observed ones with the negative value of -0.63 in the daily model suggesting the inability of the model to capture the magnitude of the flows at the periods of recession as well as some high peaks.The daily flow duration curve in Fig.3.2 reveals an increase in the slope of the discharge from the 40th percentile which could not be improved further. It indicates that the model underestimates periods of high flows for about 40 percent of the time and underestimates low flows the rest of the time. Specifically, it can be observed that Small peaks in the low water periods are often overestimated. Moreover, during base flow periods, the observed discharge can often switch between increasing and decreasing flows because of measurement uncertainty.
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 32 Fig. 3.2. Daily hydrograph and flow duration curve at the Bangui gauge station.
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 33 Fig. 3.3. Daily hydrograph and flow duration curve at the Ouesso gauge station.Kasai Sub-Basin
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 35 Fig. 3.5. Daily hydrograph and flow duration curve at the Kisangani gauge station.
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 36 Fig. 3.6. Hydrograph and flow duration curve at the Brazzaville / Kinshasa gauge station.

  ; Revilla-Romero et al., 2015; Schroder et al 2019). Paris et al. (2016) using a method for curve fitting based on satellite altimetry and model discharge estimates obtained from the MGB-IPH model, optimized the rating curve parameters and determined the confidence intervals for the estimated discharge and parameters over the Amazon basin. The virtual stations (VSs) used are derived from the ENVISAT (711 VS) and Jason-2 (209 VS) space altimetry missions. The same methodology was replicated over the Congo basin with encouraging results (Fig. 3.7). In the following section, the comparison of the discharge simulated with the SWAT model with the discharge obtained from the MGB-IPH model validated against the altimetry stage series over the Congo basin is presented. Close to 1000 discharge points were estimated over the CRB using the MGB-IPH model and altimetry readings (Fig. 3.8). These discharge estimates were then used to compare with the estimates generated by the SWAT model.
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 37 Fig. 3.7. Location of Altimetry virtual stations over the CRB used in validating the SWAT model.
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 39 Fig. 3.9. (a) SWAT Pearson correlation values across the CRB.

Fig. 3 . 9

 39 Fig. 3.9 shows the Pearson correlation coefficient between altimetry stage measurements and modeled discharges. The plots show what has already been observed in the performance evaluation criteria, that the model performed better in certain areas than in others.
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 310 representing the main Congo River above the Cuvette Central, after the Cuvette Centrale and at the main gauging station outlet respectively. The Northern sub-basins represented by Ubangi_556, as well as the south by Kasai_61 showed good correlation too (Fig. 3.10). The SWAT model also compared favorably in Sangha_455, LAH_179, and Kouyou_147 highlighting what has been mentioned earlier that the models performance was not limited by wetland areas.
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 310 Fig. 3.10. Altimetry, SWAT and MGB-IPH outputs compared across streams and rivers of the CRB.
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 311 Fig. 3.11. Graph of normalized discharge from the five principal gauging stations of the Congo River basin. The normalised flow is the mean internannual average of observed flow from 2000 to 2012. Brz/Kin= Brazzaville/ Kinshasa.
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 3 Fig. 3.13 Comparison of the hydrologic responses across the selected sub-basins using the Q10 index

Fig. 3 .

 3 Fig. 3.14 Comparison of the hydrologic responses across the selected sub-basins using the Q50 index

Fig. 3 .

 3 Fig. 3.15 Comparison of the hydrologic responses across the selected sub-basins using the Q90 index

  Q50 and Q90 are seen to be correlated to each other with the Q90 more correlated with the Q50. Q10 is moderately correlated with actual evapotranspiration while the other indices are less so. All the hydrological indices are negatively correlated to the elevation of the sub-basins with the Q10 index more so. The hydraulic conductivity of the upper soil layer (SOL_k1) is highly correlated with the percentage of sand in the upper layer and moderately with the soil erodibility. Other textural components clay and silt are positively correlated with each other but clay shows a negative correlation with sand. Silt is also positively correlated to the curve number and Leaf Area Index. Soil water content in the basin is also correlated with the clay content, soil erodibility and Leaf Area Index. The landscape descriptors FRSE and FRSD are correlated to the sub-basin areas, with the percentage of deciduous forest correlated to maximum elevation. FRST is more correlated to the vegetation cover in the basin channels
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 43 Ordination by Principal Component AnalysisIn order to further increase the interpretability of the datasets, it is important to use techniques that will reduce the dimensionality of such datasets. The chosen techniques must at the same time be able to keep information losses at a minimum. The Principal component

Fig. 3 . 16 .

 316 Fig. 3.16. Scatter plot of the component loadings of principal components 1 and 2.

  An analysis of the flow duration curves and hydrological indices also revealed more detail about the performance of the daily model. The ranking of the flow duration indices also validated the model performance by ranking known basins like the Ubangi which is susceptible to flash floods as well as droughts. In general, watersheds with high Q10 indices have high surface flow components and low subsurface flow components while watersheds with high Q90 indices have the ability to sustain low flows and serve as good source of water supply.The exception are the Tékés group of rivers of which the Alima at Tchikapika is representative, which have both a high Q90 and Q10 indices highlighting their importance in the flows that sustain the Cuvette Centrale. Among the environmental descriptors, the forests were not particularly correlated to the hydrological indices, likewise the soil descriptors. The hydrological index Q10 was only moderately correlated to the Q50 and Q90 indices but the Q50 and Q90 indices were well correlated to each other, suggesting that medium to low flows are dominant in this basin of low hydraulic gradients.

  evapotranspiration. Input data that were used to set up the model include a 90 m resolution Shuttle Radar Topography Mission (SRTM) topography data from the Consortium for Spatial Information (CGIAR-CSI). The land use map was extracted from the Global Land Cover Characterization (GLCC) database. Values of minimum and maximum temperature for the period 1979-2014 were obtained from the Climate Forecast Reanalysis System (CFRS). The Tropical Rainfall Monitoring Mission (TRMM) precipitation products for the period 1998-2015 were also used while the model simulated all other climate variables. Digital soil data for the study was extracted from the harmonized digital soil map of the world (HWSD v1.1) produced by the Food and Agriculture Organization of the United Nations (FAO). while the source of in situ gauge observations for the five hydrological stations used for model calibration was from the SO-HYBAM and BRLi report. The model was calibrated on a monthly time scale for the 2000-2006 period and validated for the 2007-2012 period. Performance statistics as recommended byMoriasi et al. (2015) were used to assess the output. A mass balance approach was used to estimate the amount of water retained or discharged by the Cuvette Centrale in the simulation period.
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  generated multi-temporal water level maps over parts of the Congo main-stem based on the relationship between the Environmental Satellite (ENVISAT) altimetry-derived river level changes, the Phased Array type L-band Synthetic Aperture Radar (PALSAR) and Scanning Interferometric Synthetic Aperture Radar (ScanSAR) backscattering coefficient changes. They were able to classify the CRB into permanent open water, forest, macrophytes, and herbaceous plants. Tourian et al. (2016) employed a method using a multi-satellite approach over the Po river (the largest river in Italy), by which all virtual stations of several satellite altimetry missions were connected hydraulically and statistically. This enabled them to densify water level time series at any given location along the river, thus dealing with problems related to the spatial resolution of altimeters. They validated the transferability of their methodology in the CRB. Their densified time series correlated well with Insitu data in the Congo, Mississippi, and the Danube rivers. Yuan et al. (2017) applied the Interferometric Synthetic Aperture Radar (InSAR) and ENVISAT altimetry to generate long term water storage time series over the floodplains of the CRB for the period 2002-2011. They calculated a difference in water volume storage of approximately 4 km 3 between wet and dry years of 2002 and 2005, respectively. They concluded that their floodplain water storages were in overall agreement with the seasonal variations of Total Water Storage (TWS) and precipitation. Kim et al. (2019) experimented with a machine learning technique to estimate discharge using stage heights from the Envisat altimetry data obtained from 2002 to 2010. By using a combination of several rating curves established at different points over the CRB, they were able to produce better discharge estimates. Although this process still depends on in situ data, it holds promise for filling in missing data. Combining the Global Inundation Extent from

  parameterized the Hybrid Atmospheric and Terrestrial Water Balance model for purposes of computing water resource availability. They simulated soil moisture and runoff of the basin and were able to distinguish two main climatic regions based on the Evapotranspiration ratio. They did this even though their model was not calibrated but only parameterized using global datasets.Tshimanga et al. (2011) calibrated the Pitman-GW model, a conceptual semi-distributed hydrological model, reproducing observed hydrological responses adequately. Significant variations in model parameters were put down to the complex nature of the basin or inadequate model structure. The complexity in hydrological processes in parts of the basin questions the representativeness of these model parameters to the hydrological response. Similarly, Tshimanga & Hughes (2014) used the semi-distributed Pitman model to determine key hydrological processes within the basin and found that it captured the magnitude of high and low flows in the majority of the subbasins within the catchment. The model was not able to satisfactorily capture the runoff response of the central basin and flows downstream of lakes and wetland areas, thereby highlighting the importance of groundwater and channel routing parameters. Recently, Paris et al. (this volume) used a combination of remote sensing datasets and hydrologic-hydrodynamic modeling at the basin scale and on a daily basis to infer hydrologic state all over the basin in near-real-time. Beighley et al. (2011) calibrated the hillslope river routing model in a bid to test the impact of satellite-derived precipitation datasets on streamflow. Three precipitation datasets were tested: The Tropical Rainfall Monitoring Mission (TRMM), the Climate Prediction Centre Morphing Technique Product (CMORPH), and the Precipitation Estimation fromRemotely Sensed Information using Artificial Neural Networks (PERSIAN). They found that four parameters: maximum soil moisture deficit, horizontal subsurface conductivity, hillslope surface roughness, and channel roughness were the most sensitive. The tests showed that the TRMM estimates agree more with historical data compared to CMORPH and PERSIAN as it matched observed data more closely. They also showed that satellite rainfall showed discrepancies in equatorial regions of the basin. Others analyzed climate change scenarios in the CRB with different predictions for hydrologic variables(Alloysius et al., 2016; Tshimanga and Hughes, 2012).The Commission Internationale du Bassin Congo -Oubangui -Sangha (CICOS)published in 2016 a report(BRLi, 2016), which included water balance studies of the CRB.Using the hydrological model Mike Hydro Basin (MHB), they estimated -an average variation in storage in the Cuvette Centrale of approximately 1.3 billion m 3 of water for the period 1951-2012. More recently,Munzimi et al. (2019), using the Geospatial Streamflow Model (GeoSFM) semi-distributed hydrological model, achieved acceptable modeling by applying a basin and subbasin "ensemble calibration" approach with a selection of appropriate model routines and parameters to slow the flow of water across the basin. They were also able to capture the flow, seasonality and timing at all locations calibrated with their model.It is evident that within the last two decades, there have been remarkable advances in the approaches used to study the hydrology of the CRB. However, it is also clear that there remains a lot to be done to fully comprehend the hydrological functioning of the ungauged central portion of the Congo basin. By reason of its location in both hemispheres, the Congo basin experiences two periods of high water and two periods of low water. The two floods are the greater September-October-November (SON) floods influenced by the southern tributaries and a lesser one in March-April-May (MAM) controlled by the equatorial regions. Two low water levels then punctuate these two floods, one in February-March, corresponding to the dry season of the northern part and the other in July-August at the time of the southern dry season.

  7 x 10 6 km 2 respectively -second only to the Amazon globally. The Congo River forms a broad curve that crosses the equator twice. Its basin extends between the parallels 9°N and 14°S and the meridians 11°E and 34°E, with its form, relief, geology, climate, as well as its vegetal cover, structured concentrically around the Cuvette Centrale; -a central depression already described byLaraque et al. (2009Laraque et al. ( , 2013b) (Fig.4.1). The twin stations of Brazzaville/Kinshasa controls 98 percent of its total area. The Brazzaville/Kinshasa gauge station (Fig.4.2a) is located approximately 400 km upstream to its oceanic outlet, and the hydrologic input along this last reach is close to 1,000 m 3 s -1 . The Cuvette Centrale lies at the heart of this basin (see Fig.4.2b) within longitudes 16° to 20° E and latitudes 2°30' N to 2° S[START_REF] Davies | African wetlands and shallow water bodies -Zones humides et lacs peu profonds d'Afrique[END_REF]. It is a vast Cenozoic depression consisting of clayey and sandy fluvial quaternary alluvial deposits measuring 700 km from North to South(Laraque et al., 1998a). In periods of high water, the Cuvette Centrale extends from Ouesso on the Sangha River to Impfondo on the Ubangi River on its right bank (Fig. 4.2a). The Likouala aux Herbes is the emblematic flooded basin of the Cuvette Centrale during high flow (Laraque
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 42 Fig. 4.2. (a) Outline map of the Congo River basin showing the four main drainage units and major rivers. Also shown are in situ gauging stations where flow records were obtained, they are Sangha at Ouesso, Ubangi at Bangui, Lualaba at Kisangani, Kasai at Kutu-Moke and Congo at Brazzaville/Kinshasa (BZV/KIN). Rivers are Al, Alima; Ar, Aruwimi; Co, Congo; Gr, Giri; It, Itimbiri; Ks, Kasai; LiM, Likouala Mossaka; LiH, Likouala aux Herbes; Lm, Lomami; Lu, Lulonga; Ll, Lualaba; Mg, Mongala; Ob, Ubangi; R, Ruki; Sg, Sangha.The black dashed line encircles the central basin sensu lato while the area shaded with thick diagonal lines is that of the Batékés Platéaux (adapted from Moukandi N'kaya et al. this volume) and (b) CuvetteCentrale showing the Ubangi, Giri, Congo, and Ruki Rivers adjacent to seasonally and permanently inundated areas. Also shown are the locations of Lake Mai Ndombe, within nonflooded forests, and Lake Tele north of the Likouala aux Herbes River (adapted and generalized fromBetbeder et al. (2014) and BRLi, (2016).

the 90 m

 90 resolution Shuttle Radar Topography Mission (SRTM) topography data from the Consortium for Spatial Information (CGIAR-CSI). This resolution was chosen considering the size of the watershed. The land use map was extracted from the Global Land Cover Characterization (GLCC) database and used to estimate vegetation, anthropogenic influences, and water bodies in the watershed area. Values of minimum and maximum temperature for the period 1979-2014 were obtained from the Climate Forecast Reanalysis System (CFRS). The Tropical Rainfall Monitoring Mission (TRMM) precipitation products for the period 1998-2015 were used while the model simulated all other climate variables. Digital soil data for the study was extracted from the harmonized digital soil map of the world (HWSD v1.1) produced
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 43 Fig.4.3. Main SWAT inputs showing; (a) Land Uses (b) Soil classes (c) Digital Elevation map and (d) Delineated subbasins of the watershed with locations of Reservoirs as implemented in ArcSWAT.
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 45 Fig. 4.5. Envisat stage measurements compared with simulated and observed discharge (VS1 and VS2) and with simulated discharge (VS3-VS6) at six locations in the Congo basin. Refer to Fig. 4.4 for locations of the VSs.
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 46 Fig. 4.6. Maps of mean annual Rainfall, Interception, Evapotranspiration and Soil moisture for the simulation period 2000-2012.Validated againstChishugi and Alemew (2009).

  ). The overall performance of the model at this outlet was satisfactory to very good for both the calibration and validation period for most of the performance criteria. The values for the NSE, R 2 , PBIAS, RSR and KGE are 0.81, 0.83, 4.01, 0.43, 0.90 and 0.66, 0.67, -0.86, 0.58, 0.74 for both the calibration and validation periods respectively. The reduced efficiency of 0.66 and negative bias for the validation period results from the overprediction of low and high flows in the drier years of 2009 and 2010 (Fig.4.7a). The relatively low contribution of lateral flow to streamflow corroborates the ferruginous nature of soil characteristics described in the Ubangi basin[START_REF] Runge | Physiogeographic features of the Oubangui catchment and environmental trends reflected in discharge and floods at Bangui 1911-1999, Central African Republic[END_REF]. The simulation gave a very good representation of the magnitude of high and low flows, mimicking the unimodal rainfall pattern observed from gauge records and reflecting the responsiveness of the Ubangi's flow to the rainfall dynamics of its catchment area(Nguimalet and Orange, 2019). It also indicates that most of the processes occurring in the watershed were being simulated. The simulation at the Ubangi was aided by the fact that hydrological observations for the northern subbasins of the CRB are relatively long and of good quality, thus guaranteeing the reliability of results(BRLi, 2016). Generally, the shape of the hydrograph and the statistical model performance indicate a satisfactory to very good performance of the SWAT model for the simulation period.
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 47 Fig. 4.7. Hydrograph showing the observed and simulated discharge for the calibration (2000-2012) and validation (2007-2012) period indicated by the broken line. Also shown are the different contributions of surface, lateral and groundwater flow for the same period. a-e correspond to the Bangui, Ouesso, Kisangani, Kutu-Moke and Brazzaville/Kinshasa gauging sites respectively.

  ; 5 : 1903 to 2017. (Data adapted from Moukandi N'kaya et al. (this volume).*current simulation period (2000-2012); obs=observed flow; sim=simulated flow, Bzv/Kin=Brazzaville /Kinshasa Like the Ubangi, the modeled discharge at the Sangha station was able to follow the observed hydrograph. It also gave good to satisfactory results for both the calibration and validation periods. Some peaks were overestimated by the model, notably in October 2007 and June 2007. Nonetheless, the model was able to show the steadiness of groundwater flow and the relatively abundant contribution of lateral flow compared to other subbasins (Fig. 4.7b).

  contributory factor.[START_REF] Nicholson | Validation of satellite precipitation estimates over the Congo Basin[END_REF] validated precipitation datasets over the Congo basin western and eastern peripheries. They noted that station density in recent years (1998 to 2010) compared to earlier years(1983 to 1994) was much lower and hence contribute to lower performance of precipitation products. However, the modeled discharge of 7,323 m 3 s -1
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 48 Fig. 4.8. Pie chart showing the annual mean contribution of Cuvette Centrale tributaries and efficient precipitation at the beginning of the hydrological year for the period 2000-2012.
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 94949 Fig. 4.9. Average monthly interannual hydrograph of flows in and out, Precipitation falling and evapotranspiration removed directly from the Cuvettte Centrale in the 2000-2012 simulation period.

Fig. 4 .

 4 10 shows the trend in water balance over the 2000-2012 period showing a high deficit in the year 2000 and a gradual restoration of balance to equilibrium in 2012. This coincides with the well-documented deficits in precipitation recorded in the Congo basin from the years 1982-2013
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 410 Fig. 4.10. Relative interannual change in storage within the Cuvette Centrale for the 2000-2012 period.

  The central Congo basin hosts internationally important sites, including the lake Tumba and Mai-Ndombe lakes, parks, and game reserves. While the Cuvette is strongly dependent on upstream year-round surface and groundwater contributions, changes to the wetland hydrology can have negative impacts on the ecology of the wetland as a habitat for fauna and flora. With the ever-increasing demands on natural resources and the collision of various interests within the catchment, there is the need for a harmonization of these interests through sustainable management of Congo basin wetland resources. The objective functions and flow dynamics recreated in tributaries not impacted by the Cuvette Centrale confirm that the SWAT model applied in this study is capable of being used; after taking into account the uncertainties, for the assessment of water resources as well as in experimental studies associated with the hydroecological functioning of the basin. The results from this study with the SWAT model demonstrated an appropriate level of performance in estimating the seasonal pattern of water volume fluctuations in the Cuvette Centrale. Given the relative stability of Congo River hydrology as well as the relatively pristine state of the Congo wetlands, models like this one can be used as a baseline for assessing future changes in wetland hydrology. Estimates from streamflow components can also be used to examine eco hydrological relationships in wetlands and the effect of land use on natural wetland features as well as to gauge the sensitivity of wetland communities to hydrological changes. This chapter provides a first look at the sediment dynamics of the Cuvette Centrale. It identifies sediment sources in the Congo River Basin, the dynamics of the tributaries supplying the Cuvette Centrale are analysed and the amount of sediment retained or discharged from the Cuvette Centrale are quantified. It also asks questions regarding the role of the Cuvette Centrale on downstream ecosystems. It is a published article in the special issue "Water Erosion and Sediment Transport" of the Journal paper Water.

  4 model. The basic inputs to the model include the percentage of organic matter in the soil, and the percentage of sand, silt, and loam. The model was calibrated for the 2010-2011 period and validated for the 2011-2012 period in the northern Ubangi sub-basin. It was also calibrated for the 2006-2009 period and validated for the 2007-2012 period in the basin outlet at Brazzaville/Kinshasa.In order to estimate the sediment balance, the approach used to calculate the water balance was employed. Eight stations were chosen that feed into the Cuvette Centrale from both the main Congo River, the right bank tributaries and the left bank tributaries. Statistical analysis was performed on the datasets from the model and on historical datasets from gauging stations. Performance evaluation criteria fromMoriasi et al. (2015) was used as a benchmark to gauge the results. In addition principal component analysis was performed in order to separate basin properties. The calibration at the Bangui station gave NSE values of 0.35, R 2 of 0.69 and PBIAS of 49.1 for the calibration period and NSE values of 0.65, R 2 of 0.71 and PBIAS of 24.2 for the validation period. At the Brazzaville station, the performances were NSE values of -2.95, R 2 of 0.02 and PBIAS of -29.42 for the calibration period and NSE values of -0.16, R 2 of 0.13

Fig. 5 . 2 . 1 .

 521 Fig.5.2. Maps of (a) land use (Global Land Cover 2000 database); (b) soils (Harmonized World Soil Database v 1.1); (c) Digital Elevation Model (Consortium for spatial information); and (d) simulated precipitation from the TRMM product (Multi-satellite precipitation analysis) used as inputs in the SWAT model. The map references and resolutions are listed in Table 5.1.

  Discharge measurements have existed mainly at the Brazzaville /Kinshasa station, which controls 98% of the CRB. Monthly measurements of selected biogeochemical parameters have been carried out during the 1987-1994 period and continuously since 2005 until date. [26] Laraque et al. (2020) gives a chronological summary of the measurements of concentrations of Total Suspended Sediments (TSS), Total Dissolved Solids (TDS), and Dissolved Organic Carbon (DOC) performed since 1926 at the Brazzaville/Kinshasa gauging station.The compilation showed that TSS concentrations remained relatively high during the first half of the century and through the wet decades of the 1960s, ranging from 12 mg L -1 to 58 mg L -1 from 1926 to 1986.[START_REF] Olivry | Transport de matière sur les grands fleuves des régions intertropicales : Les premiers résultats des mesures de flux particulaires sur le bassin du fleuve Congo[END_REF] [START_REF] Olivry | Transport de matière sur les grands fleuves des régions intertropicales : Les premiers résultats des mesures de flux particulaires sur le bassin du fleuve Congo[END_REF] attributed the dispersed results of earlier studies to the imprecision of measurements.[19] Probst et al. (1992) used stochastic and deterministic methods to estimate 41.61 × 10 6 t yr -1 and 3.41 × 10 6 t yr -1 of dissolved material exported by the Congo and Ubangi rivers 40 km upstream of Brazzaville and at Bangui respectively. They noted that the monthly concentrations of dissolved elements vary inversely with discharge.[13] Moukolo et al. (1993), on the other hand, derived values of 61.1 × 10 6 t yr -1 for the basin outlet from 1987 to 1991, using another method of calculation. For the next few years between 1987

  Laraque et al. (2013a) obtained, using linear interpolation methods for missing data, average TSS concentrations of 25.4 mg L -l at the basin outlet. [27] Moukandi N'kaya et al. (2020) made a comparison of the variability between two measurement periods: the Programme d'étude de l'Environnement et de la Géosphère Intertropicale-Operation Grands Bassins Fluviaux (PEGI-GBF), and the Observation Service For The Geodynamical, Hydrological and Biogeochemical Control of Erosion/Alteration and Materials Transport in the Amazon, Orinoco, and Congo Basins (SO-HYBAM). They noted a 7.5% increase of TSS (from 30.2 to 33.6 × 10 6 t yr -1 ), a 28% increase of DOC, and a 15% decrease in TDS concentration in the current period. They attributed these variations to the increase in water flows since the PEGI period. While these studies have shown the low variability of the material fluxes of the CRB, largely due to its stable and regular hydrological regime, they noticed an increase in the year-to-year variability of TSS concentration, from 25.3 ± 4.6 mg L -1 in 1987-1993 to 27.2 ± 7.9 mg L-1 in 2006-2012. 

  7 was used to force the SWAT hydrological model. The TRMM product has a spatial resolution of 0.25° and has been validated over the Congo basin by Munzimi et al. (2015) using independent datasets of historical isohyets. Water discharge and suspended sediment measurements from the five principal drainage basins of the Congo basin were obtained from the SO/HYBAM Observatory and its collaborators; notably the CICOS (Commission Internationale du bassin Congo-Oubangui-Sangha), the GIE-SCEVN (Groupement d'Intérêt Economique-Service Commun d'Entretien des Voies Navigables), the RVF (Régie des Voies Fluviales), the PEGI/GBF project, and the Marien N'gouabi University.

  catchment was delineated based on the dominant land use, soil and slope classes apportioning one sub-basin per Hydrologic Response Unit (HRU). This delineation performed within ESRI ArcGIS 10.4 using the ArcSWAT interface (www.esri.com; accessed 6 June 2018) resulted in 272 sub-basins and HRUs with 20 land uses and 14 soil classes (Fig.5.2a,b).

  5.2a) by SWAT based on the amount of soil cover specified for a particular land use, and were extracted from the soil database during model set up. The agricultural area represents a small part of the land use in the basin (<2%) (see Fig.5.2a), therefore the CUSLE and support practice (PUSLE) factors were not calibrated and set at default values over this land use. The topographic factor LSUSLE is automatically derived from the DEM while the coarse fragment factor (FCRFG) is calculated from the percent of rock in the first soil layer. When there is no rock in the first layer, the FCRFG value is 1.

  , the Soil and Terrain Database for Central Africa (SOTERCAF) and the Harmonized World Soil Database [45] (HWSD) were consulted for the basic inputs Dg, Sg, OM, and percentage rock content (Rfg). The means of the resulting probability distribution was implemented and spatialized in the SWAT model based on the dominant soil types in the basin (Fig. 5.2b). Table 5.2 shows the textural components in the percentage of ferralsols used as inputs to the Kuery 1.4 model. Ferralsols are the dominant soil class in the CRB covering 58% of the watershed area as delineated by the SWAT model. Textural components of the ferralsols were obtained based on the soil characteristics of eight locations covered by these soils. Other dominant soil classes with their textural components are shown in Table
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 553 Fig. 5.3. The Congo River Basin showing points used in the calculation of the sediment balance numbered 1 to 11.

[ 69 ]

 69 [START_REF] Vanmaercke | Sediment yield in Africa[END_REF] analysed sediment yield in Africa and showed that seismicity, topography, vegetation cover and runoff are the main factors that control sediment yield. Therefore, based on the influence of the parameters analysed in the hydrological simulation in[START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] Datok et al. (2020), 

[ 50 ]

 50 Datok et al. (2020) found that the main source of Cuvette Centrale waters was from precipitation (31%) with upland runoff contributing approximately equal amounts (33%) for the 2000 to 2012 simulation period. The Ubangi is the largest tributary contributing 16% while the other left bank tributaries contributed a combined 11%. The seasonality of the flows was well captured, with the main flood in December and two smaller floods in March and May. The balance within the Cuvette Centrale is in surplus only during peak floods in October and April and in deficit at all other periods.The regulatory role of the Cuvette Centrale is demonstrated by its ability to augment flows through groundwater and flooded areas to the River. More details of the hydrological model simulation outputs and results can be found in[START_REF] Datok | Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin[END_REF] Datok et al. (2020).
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 554 Fig. 5.4 shows the relationship between the hydrograph and the suspended sediment concentration on the Ubangi River for a one-year period from March 2010 to March 2011. The hydrological regime of the Ubangi is unimodal, with the main flood period from September to
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 54 Fig.5.4 (a) The hydrograph and sediment concentration at the Sampling site on the Ubangi River from March 2010 to March 2011[START_REF] Bouillon | Organic matter sources, fluxes and greenhouse gas exchange in the Oubangui River (Congo River basin)[END_REF] (Bouillon et al., 2012), and (b) the resulting hysteresis pattern. An analysis of the interannual monthly sediment dynamics from 2006 to 2012 at the Brazzaville/Kinshasa gauging station shows the highest concentrations of suspended sediment in March to May at low water while the lowest concentrations are in December/January during the highest peak floods (Fig.5.5a). [43] Laraque et al. (2013a) also calculated a higher mean monthly concentration of SS of 31.9 mg L -1 in March and a lower concentration of 19.1 mg L -1 in December for the 2006 to 2010 period. [77] Laraque and Olivry (1996) noted the absence
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 55 Fig. 5.5 (a) The hydrograph and sediment concentration recorded at the Brazzaville/Kinshasa gauging station (2006-2012), and (b) the resulting hysteresis pattern.
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 56 Fig. 5.6. (a) Observed and simulated daily sediment fluxes at the northern sub-basin of the Ubangi River before the confluence with the main Congo River data from[START_REF] Bouillon | Organic matter sources, fluxes and greenhouse gas exchange in the Oubangui River (Congo River basin)[END_REF][START_REF] Bouillon | Contrasting biogeochemical characteristics of the Oubangui River and tributaries (Congo River basin)[END_REF] Bouillon et al., 2012, 2014, and[START_REF] Richardson | Critical Zone BT -Encyclopedia of Geochemistry: A Comprehensive Reference Source on the Chemistry of the Earth[END_REF] Observed and simulated sediment fluxes at the basin outlet downstream of the Cuvette Centrale (data from SO-HYBAM).

  Calibration and validation were also performed on a daily scale at the Brazzaville/Kinshasa outlet (Fig.5.6b). The Brazzaville/Kinshasa gauging station of the CRB receives flow from most of the tributaries that flow into the Cuvette Centrale as well as the Kasai, Plateaux Batekés Rivers and other tributaries downstream of the Cuvette Centrale. The calibration at this point highlights the necessity of a good hydrological calibration to achieve acceptable sediment calibration. Performance indicators at this outlet are -2.95, 0.02 and -29.42 for the NSE, R 2

[ 26 ]

 26 [START_REF] Laraque | Recent Budget of Hydroclimatology and Hydrosedimentology of the Congo River in Central Africa[END_REF] showed that the magnitude of the discharge mainly controls suspended sediments due to their weak concentrations, also showing similar temporal variations as the hydrograph. Finally,[START_REF] Moukandi | Temporal Variability of Sediments, Dissolved Solids and Dissolved Organic Matter Fluxes in the Congo River at Brazzaville/Kinshasa[END_REF] Moukandi N'kaya et al. (2020) compared the TSS concentrations for 1987-1993 with 2006-2017 values noting insignificant changes and concluded that their concentrations were similar. Simple statistical analysis of the variables in five locations are compared in Table

  n = number of observations; SSC = suspended sediment concentration (mg L -1 ); Q = discharge (m 3 s -1 ); Std = standard deviation; BRZ/KIN = Brazzaville/Kinshasa.

Fig. 5 . 7 .

 57 Fig.5.7. Mean annual variation of (a) sediment yield/flux and (b) surface runoff in the stream reaches of the CRB for the 2000-2012 period. 4.1.2. Land Use/Land Cover and Sediment Yield
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 58 Fig. 5.8. Mean interannual, (a) relationship between land cover and the upland sediment yield (t km -2 yr -1 ) in the four sub-basins of the CRB and the Cuvette Central area sensu lato (in brackets: percentage of each land cover in the sub-basin). (b) Variation of surface runoff with sediment yield (t km -2 yr -1 ), by land use for the 2000-2012 simulation period over the whole basin. (c) Annual mean sediment loads produced by different land uses for the 2000-2012 simulation period over the whole basin. Note that the percentage of water bodies as the land cover is not included.
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Fig. 5 .

 5 8a and b in perspective, we plotted the average loads produced by each land use in Fig. 5.8c. From the plot, pastureland, which otherwise has a very high specific yield, actually produced one of the least loads commensurate with its overall percentage of basin area. Likewise for agriculture, mixed forest, and non-forested wetlands. 4.1.3. Sediment Source Areas Erodibility values calculated with the Kuery 1.4 model are compared with the original SWAT default values in Fig.5.9a,b. The resulting soil erodibility values were a magnitude of 10 less than those estimated by default SWAT values. This is in line with [62] Salvador Sanchis
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 59 Fig. 5.9. Maps over the Congo River basin comparing the Kusle factor calculated with (a) SWAT and (b) Kuery 1.4, (c) slope steepness across the basin and (d) areas more prone to soil erosion within the simulation period.
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 510 Fig. 5.10. Principal component PC1 (a) and PC2 (b) values across the CRB simulated with the SWAT model.
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 511 Fig. 5.11. Mean interannual seasonal dynamics of the loads contributed to the Cuvette Centrale from tributaries on the right (Alima, Kouyou, Likouala Mossaka, Sangha, Likouala aux Herbes, Ubangi) and left (Ruki) of the main river, as well as the loads coming in and carried away from the area (Congo at Mbandaka and Bolobo, respectively).

  using the SWAT hydrological modelThis chapter involves a preliminary assessment of the dynamics of organic carbon in the Congo River Basin and the role of the Cuvette Centrale in these dynamics. It identifies the main sources of particulate (POC) and dissolved organic carbon (DOC) in the Congo River Basin.

  Many tools are available to scientists for biogeochemical studies nowadays with the advances in science. Therefore, the best means available for studying this basin over the last few decades have been through indirect methods notably by the use of remote sensing and hydrological models. The objectives of this study are therefore to quantify the daily and annual DOC and POC fluxes for the 2000-2012 period using the SWAT hydrological model with the assumption that this period is a fair representation of the hydro-biogeochemistry of the basin within the last few decades. Furthermore, with the aid of the model, calibrated and validated with measured datasets from theSOHYBAM and Bouillion et al. (2012,2014), the study aims to quantify the amounts of loads supplied by tributaries feeding the Cuvette Centrale and in the process estimate the organic carbon balance. Finally, a first look at the role of the Cuvette Centrale in the organic carbon dynamics of the CRB will be discussed.Therefore, in this study, the SWAT hydrological model is used in conjunction with altimetry stage readings from satellite radar altimetry to study the particulate and dissolved fluxes within the CRB. The SWAT model was calibrated with measured discharge data from the Brazzaville /Kinshasa observatory for the 2000-2012 period and with measured data fromBouillion et al. (2012Bouillion et al. ( , 2014)). Based on the calibrated daily discharge (Q) and suspended sediment concentration (SSC) from the SWAT model (chapters 4 and 5), DOC and POC were calculated using simple equations from[START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF] which were also used on some of the worlds largest watersheds. This enabled the estimation of DOC and POC at any point in the basin.The mean annual export of DOC (POC) for the 2000-2012 period at the basin outlet at Brazzaville / Kinshasa was 13.4 (2.18) Mt yr -1 . At the four principal gauging stations, (three of which supply the Cuvette Centrale), the fluxes were 0.2 (0.06), 0.6 (0.15), 3.42 (0.72), and 3.05 (0.92) Mt yr-1 for the Sangha at Ouesso, Ubangi at Bangui, Lualaba at Kisangani and Kasai at Kutu-Moke. In estimating the fluxes retained by the Cuvette Centrale, the model returned values for the tributaries that supply the Cuvette Centrale. These values were estimated for both right and left bank rivers in both hemispheres. They were worth 0.018, 0.07, 0.03, 0.09, 0.2, 0.7, 1.0, and 5.9 × 10 6 t yr -1 from the Likouala Mossaka at Makoua, Likouala aux Herbes at Botouali, Kouyou at Linnegue, Alima at Tchikapika, Sangha at Ouesso, Ubangi at Mongoumba, Ruki at Bokuma and Congo at Mbandaka, respectively. The upper Congo supplies up to 73% and 80% of the DOC and POC fluxes respectively in the Cuvette Centrale, with the Ubangi and the Ruki contributing 13[START_REF] Gosselink | The role of hydrology in freshwater wetland ecosystems[END_REF] and 9 (8) % DOC (POC) respectively. The ratio of DOC to POC was at least 70:1 at Ouesso and 95:1 at Bolobo. A first look at the organic carbon balance thus revealed that the Cuvette Centrale supplied up to 1.5 Mt of DOC annually for the 2000-2012 period but produced an insignificant amount of POC retaining up to 0.9 Mt.The Cuvette Centrale due to its position in the basin is uniquely positioned to receive the fluxes of sediments and organic material transported by water. The Cuvette Centrale is known to have an effect on material fluxes that pass through it, but without the proper tools to measure these fluxes, it is difficult to estimate and make informed decisions. The SWAT hydrological model used in this study successfully gives an insight and first hypothesis into the dynamics of organic carbon in this basin. Calibrated and validated over the 2000-2012 period at a daily time step, using scarce data, the model was able to estimate the organic carbon balance of the Cuvette Centrale. The model outputs can be used to estimate DOC and POC at any point in the basin. With access and availability of more data, the model can be improved and the parameters of the central ungauged regions better constrained. Furthermore, hypothesis made with the aid of the model can be validated. This model also serves as a reference for other

  , an attempt is made to estimate the amounts of particulate and dissolved carbon that is either retained or produced by the Cuvette Centrale. Therefore, this work aims to a) propose a first investigation in quantifying the fluxes of POC and DOC from the various tributaries feeding into the Cuvette Centrale, b) assess the impact of the Cuvette Centrale on the fluxes of POC and DOC, and c) analyze the spatial and seasonal variability and the factors controlling these fluxes. This work will be carried out as the conclusion of a three part series that serves to obtain estimates of the hydrological, sediment and now the organic carbon balance of the Cuvette Centrale. In other words, the role played by the Cuvette Centrale in the processing, transformation and transportation of these fluxes.

  The equation ofBoithias et al. (2014) was used to model the POC %𝑃𝑂𝐶 the part of POC in the SSC, [SSC] is in mg L -1 , a and b are two parameters which are related to the basin characteristics. Specifically a is the suspended sediment concentrations rich in OC mainly phytoplankton and b is the % of POC in the first layer of soil.
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 61 Fig. 6.1. Stations with measured data used in the equations for estimating DOC and POC concentrations. The data at Bangui station situated upstream of the Cuvette Centrale was from March 2011 to March 2012 obtained from Bouillion et al. (2012, 2014). While the data at the Brazzaville/Kinshasa station situated downstream of the Cuvette Centrale was from January 2006 to December 2012 and was obtained from the services of the SOHYBAM.
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 62 Fig. 6.2. (a)Daily observed dissolved organic carbon versus daily observed discharge at the Bangui station using the observed data measured byBouillon et al (2012) and the simulation using the model from[START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. (b) Percent of particulate organic carbon present in the total suspended solids versus Total suspended sediments at the Bangui station using the observed data measured byBouillon et al (2012Bouillon et al ( , 2014) ) and the simulation using the model fromBoithias et al.(2014). (c) Daily dissolved organic carbon versus daily discharge at the Brazzaville/Kinshasa station using the observed data supplied by the SO-HYBAM and the simulation using the model from[START_REF] Fabre | Assessment of sediment and organic carbon exports into the Arctic Ocean: The case of the Yenisei River basin[END_REF]. And (d) Percent of particulate organic carbon present in the total suspended solids versus Total suspended sediments at the Brazzaville/Kinshasa using the observed data measured by the SO-HYBAM and the simulation using the model fromBoithias et al. (2014).
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 63 Fig. 6.3. Simulated (Sim) and observed (Obs) Dissolved organic carbon (a) concentration and (b) fluxes at the Bangui gauging station (2010-2011). The simulations were obtained using the parameters generated from equation 2 and the simulated discharge.
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 64 Fig.6.4. Simulated (Sim) and observed (Obs) Dissolved organic carbon (a) concentration and (b) fluxes at the Brz/Kin gauging station(2006)(2007)(2008)(2009)(2010)(2011)(2012). The simulations were obtained using the parameters generated from equation 2 and the simulated discharge.
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 65 Fig. 6.5. Simulated (Sim) and observed (Obs) particulate organic carbon (a) concentration and (b) fluxes at the Bangui gauging station (2010-2011). The simulations were obtained using the parameters generated from equation 3 and the simulated sediment concentrations.

  6.6a). The statistical performance has returned values ≤ 0 for the NSE, KGE and r 2 with a PBIAS of 23. However, the fluxes were better captured (Fig.6.6b) with the KGE of 0.4 adjudged to be satisfactory considering the number of observations.
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 66 Fig. 6.6. Simulated (Sim) and observed (Obs) particulate organic carbon (a) concentration and (b) fluxes at the Brz/Kin gauging station. (2011-2012). The simulations were obtained using the parameters generated from equation 3 and the simulated sediment concentration.

6. 4

 4 .2. POC Parameters The parameter a is specific to each individual basin and corresponds to low suspended sediment values and organic matter rich in OC (Phytoplankton and residuals). The average SSC measured at the Bangui station from March 2010 to March 2011 is 15 mg L -1 while that measured at the Brazzaville/Kinshasa outlet is 27 mg L -1 from 2006 to 2012. This is reflected in the values of 1.82 and 8.15 for the a parameter in the Bangui and Brazzaville /Kinshasa stations respectively. In an analysis of the parameters, Compared with the study of Wei et al. (2020) on the Red River basin in which values of up to 40 mg /l were estimated, the value of 8.15 for the Brazzaville station is low. Fabre et al. (2019) also used the equation from Boithias et al (2014) and obtained values of 0.95 and 3.9 for the a and b parameters respectively in the
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 67 Fig. 6.7. Box and whisker Plots of simulated interannual (2000-2012) mean DOC and POC exports in relation to dominant soils and land uses in the Congo River Basin. FRSD=Decidous forests; FRSE= Evergreen forests; FRST= Mixed forests; WETF= Wetland forests; WETN= Non-forested wetlands.

5 ).Table. 6 . 5 .

 565 Both the fluxes of DOC and POC were very strongly related to the catchment area (P< 0.05) while showing a weak inverse relationship with the slope in the HRUs. The DOC flux was related to the precipitation, the percentage of mixed forest, wetland forest, deciduous forest, average elevation, curve number and no significant relationship with non-forested wetlands. POC export showed no significant relationship with rainfall, the percentage of forested or nonforested wetlands as well as the curve number, channel cover or Leaf Area Index (LAI) (P> 0.05). Values and corresponding Graphs of Spearman correlations between dissolved organic carbon (DOC), particulate organic carbon (POC) export and physical properties in the CRB sub-basins. The figures in red ink are significant at P< 0.05.Therefore, in the CRB, the environmental variables that control the export of POC and DOC differ only slightly. Discharge has been shown to influence organic carbon exports at global scale(Alvarez-Cobelas et al., 2010), and in the Congo Basin, this trend is noticed too[START_REF] Spencer | Origins, seasonality, and fluxes of organic matter in the Congo River[END_REF] Moukandi N'kaya et al., 2020). Consistent trends in the relationship between percentage of land cover and DOC concentration and fluxes have not been established in the CRB. The weak negative correlation between the percentage of forest cover and OC export is not surprising, asDrake et al. (
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 68 Fig. 6.8. Hysteresis graphs of SSC, DOC and POC from mean monthly simulations for the 2000-2012 period in the five principal sub-basins of the CRB.Fig. 6.8 g-i shows the hysteresis patterns in the Kasai. In the Kasai sub-basin, the hydrograph records floods in MAM and DJF while June to August is a low water period. The anticlockwise hysteresis which observes a maximum concentration of suspended sediments in

Fig. 6 . 9 .

 69 Fig. 6.9. Daily mean seasonal (a) POC and (b) DOC fluxes for the year 2011 in the CRB showing the seasonal trends in exports
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 7610 Fig. 6.10. Points used in the simulation of organic carbon balance.

Fig. 7 . 1 .

 71 Fig. 7.1. Groundwater parameters utilized in SWAT. The actual evapotranspiration includes canopy interception, crop transpiration and soil evaporation. CN2, SCS runoff curve number; SOL_AWC, soil available water storage capacity; ESCO, soil evaporation compensation factor ; GW_DELAY, groundwater delay time (lag between the time that water exits the soil profile and enters the shallow aquifer); GW_REVAP, groundwater 'revap' coefficient (regulates the movement of water from the shallow aquifer to the root zone; GWQMN, threshold depth of water in the shallow aquifer required for return flow; RCHRG_DP, deep aquifer percolation fraction; REVAPMN, threshold depth of water in the shallow aquifer for 'revap' or percolation to the deep aquifer; SURLAG, surface runoff lag coefficient; RCHRG_DP, deep aquifer percolation fraction; CANMX, maximum canopy storage.
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 72 Fig. 7.2. Efficient precipitation versus efficient evapotranspiration in the CuvetteCentrale during 2000Centrale during -2012. . 
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 74 Fig. 7.4. DOC and POC seasonal concentrations

8 . 3 .

 83 monthly model performed better than the daily model when the performance criteria are compared although the daily model's simulated interannual mean discharge at the basin outlet (36 156 m 3 s -1 ) was within 10% of observed values (39 971 m 3 s -1 ). This result while holding some uncertainties, was shown to be good enough for the objectives of the study. The validation of the model using radar altimetry measurements gave Pearson correlation values between -0.25 to 0.83 with no distinction between small rivers or large rivers, whether located on terra firma or wetland areas. The hydrological indices of the basin at low, medium and high flow ranked the sub-basins according to their hydrological responses. The representative basins of the Cuvette Centrale dominate the rankings with the Likouala aux Herbes at Botouali being the most dynamic. An analysis of the Cuvette Centrale water balance revealed that upland runoff from the Congo River was the highest contributor to the Cuvette Centrale (33 %) followed closely by efficient precipitation inside the Cuvette Centrale (31 %) with right bank and left bank tributaries contributing 25 % and 11 % respectively during the calibration period. The simulations also revealed the regulatory role of the Cuvette as it acts like a sponge releasing over 5 000 m 3 s -1 of water to the main river during low water. Sediment Yields within the CRB The sediment model was calibrated using even more limited data but the final result compared well with physical characteristics. Modifications of the erodibility term of the MUSLE equation used in SWAT enabled the partitioning of soil erodibility values, which aided this work in determining sediment sources, and sediment yields in the sub-basins. Assessments of relationships between physical basin attributes and the sub-basins through a Principal Component Analysis (PCA) showed the factors largely responsible for the sediment yield within the basin. These factors relate to the climate and physiography of the basin, which are heterogeneous in the CRB.

  Congo basin holds a huge potential for water resources development and the socioeconomic upliftment of the peoples of the region. With thousands of navigable waterways, large expanse of pristine rainforests with huge biodiversity and the potential for hydropower development, the lives of the peoples of the region depend on the sustainability of Congo River flows. The model established for the Congo basin can be used as an experimental model for flood monitoring, water quality control, water supply and a host of other requirements that require informed decisions to be made. The hydrological responses generated from the model identified areas of relative hydrologic similarity which are important in future water resource
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 8283 thèse fait partie d'un travail fondamental qui tente d'expliquer le fonctionnement hydro-biogéochimique d'une des régions les plus énigmatiques de la Terre. Ce travail tente d'avoir une connaissance pratique du fonctionnement hydrologique de l'ensemble du bassin comme première étape vers la compréhension de la biogéochimie des matiéres en suspension et du carbone organique en differenciant avec le carbone organique particulaire et dissous. Plus précisément, comprendre les tendances des exports en sédiments et en carbone organique est essentielle pour prévoir et prédire les impacts potentiels sur le bon fonctionnement du bassin versant notament face au changement climatique. Hydrologie du Bassin Versant du Congo Un des objectifs clés de l'hydrologie est la prédiction des caractéristiques de la dynamique hydrologique d'un bassin versant. Ce travail a permis de calibrer et d'estimer avec succès les paramètres de cinq sous-bassins principaux du bassin du fleuve Congo en utilisant des données de débit mesurées. Les paramètres des eaux souterraines joue un rôle important sur l'ensemble du bassin, soulignant leur importance dans l'hydrologie du bassin. La validation a été effectuée en utilisant la télédétection sous la forme de la série d'altimétrie Envisat, et le débit du modèle hydrodynamique MGB-IPH. Les informations pour de nombreuses régions du bassin n'étaient pas disponibles et, de ce fait, la discrimination de groupes plus homogènes au sein du bassin était limitée. Le modèle SWAT a été calibré à une échelle de temps mensuelle en utilisant un module de croissance végétale amélioré qui simule la végétation tropicale. Cela a permis d'améliorer l'estimation de l'évapotranspiration jusqu'à 15 %. Le modèle a ensuite été validé à l'échelle journaliére. Les simulations mensuell ont donné de meilleurs résultats que les simulations journaliéres lorsque l'on compare les indices de performance, bien que le débit moyen interannuel simulé par le en journalier à l'exutoire (36 156 m 3 s -1 ) se situe dans les 10 % des valeurs observées (39 971 m 3 s -1 ). Ce résultat, bien que comportant certaines incertitudes, s'est avéré suffisamment bon pour les objectifs de l'étude. La validation du modèle à l'aide de mesures altimétriques radar a donné des valeurs de corrélation de Pearson comprises entre -0,25 et 0,83 sans distinction entre petites et grandes rivières, qu'elles soient situées sur la terre ferme ou dans des zones humides. Les indices hydrologiques du bassin à faible, moyen et fort débit sont permis de classer les sous-bassins en fonction de leurs réponses hydrologiques. Les bassins représentatifs de la Cuvette Centrale dominent les classements, la Likouala aux Herbes à Botouali étant la plus dynamique. Une analyse du bilan hydrologique de la Cuvette Centrale a révélé que le ruissellement en amont du fleuve Congo était le contributeur le plus important de la Cuvette Centrale (33 %), suivi de près par les précipitations efficaces à l'intérieur de la Cuvette Centrale (31 %), les affluents de la rive droite et de la rive gauche contribuant respectivement 25 % et 11 % durait la période de calibration. Les simulations ont également révélé le rôle régulateur de la Cuvette, qui agit comme une éponge en libérant plus de 5 000 m 3 s -1 d'eau vers le fleuve principal en période d'étiage. Rendement Mateires dans la CRB Le modèle de sédiments a été calibré en utilisant des données encore plus limitées mais le résultat final est bon par comparison avec les caractéristiques physiques. Des modifications de l'érodabilité de l'équation MUSLE utilisée dans SWAT ont permis de partitionner les valeurs d'érodabilité du sol, ce qui a aidé ce travail à déterminer les sources de sédiments et les rendements sédimentaires dans les sous-bassins. Les évaluations des relations entre les attributs physiques du bassin et les sous-bassins, par le biais d'une Analyse en Composantes Principales (ACP), ont montré les facteurs largement responsables du rendement sédimentaire dans le bassin. Ces facteurs sont liés au climat et à la physiographie du bassin, qui sont hétérogènes dans le CRB. L'estimation du bilan sédimentaire a été un défi car seuls deux sous-bassins ont été calibrés en raison d'un manque de données comme mentionné ci-dessus. Le calibrage du sousbassin amont est prometteur avec des valuers de NSE à hauteur de 0,65. La relation complexe entre le débit et les sédiments est évidente à l'éxutoire du bassin en raison des effets de la Cuvette Centrale. Les sorties du modèle ont montré des taux d'érosion compris entre 4,01 et 8,68 t km -2 yr -1 dans les principaux sous-bassins. Les forêts sempervirentes avaient les rendements spécifiques de sédiments les plus bas tandis que les pâturages avaient les plus élevés. Une analyse en composantes principales a révélé que les précipitations, le ruissellement de surface et l'érodabilité des sols étaient les principaux facteurs influençant l'érosion dans le bassin. En fonction de la quantité d'eau transportée par les différents affluents, le haut Congo a fournit environ 85% des charges sédimentaires, l'Oubangui et le Ruki contribuant chacun à environ 5%. Plus important encore, il est estimé que la Cuvette Centrale a piége jusqu'à 23 mégatonnes de sédiments par an, une quantité qui devra être affinée avec d'avantage de donnies d'observations.

8. 4 .

 4 Dynamique du COD et du COP Les régimes pluviométriques contrastés dans le CRB entre les bassins nord, équatorial et sud affectent le débit de ruissellement et déterminent la variation des flux de carbone organique. Les régions présentant des caractéristiques environnementales similaires telles que le type de sol, l'évapotranspiration, le débit, la végétation, la topographie et la pente ont fourni des estimations proches pour le carbone particulaire et dissous. Le haut Congo est la principale source de flux en amont et, en tant que tel, il est très important pour la compréhension de ces flux. En effet car un changement radical de ces flux est un indicateur d'impacts humains et climatiques sur le système. Sur la base du calcul au pas de temps journalier, l'exportation interannuelle moyenne de COD et COP à la sortie du bassin à Brazzaville/Kinshasa est estimée à 13,4 et 2,18 Mt yr -1 . Cette estimation se situe dans la fourchette des estimations d'etude précédentes. Les exportations de COD et COP dans les principaux sous-bassins varient entre 0,3 à 3,42 Mt yr -1 et de 0,06 à 0,9 Mt yr -1 respectivement. Les groupes de sols dominants dans la région ont également joué un rôle important dans l'exportation de COD et COP. Les gleysols qui dominent la Cuvette Centrale sont les sols où la majeure partie du carbone organique est exportée tandis que l'utilisation du sol responsable du plus grand export est la forêt de zone humide, également associée à la Cuvette Centrale. Les principales sources de DOC et de COP dans la Cuvette Centrale ne diffèrent pas significativement des sources de sédiments, le haut Congo contribuant respectivement jusqu'à 72% et 80% du COD et du COP. Le Ruki et l'Ubangi avec la majeure partie des contributions des rives gauche et droite. Une analyse du bilan du carbone organique révélé qu'entre 1,2 et 1,5 mégatonnes de COD sont exportées de la Cuvette Centrale alors que peu ou pas de COP sont exportés. En fait, cette étude estime que le POC enregistré à la sortie du bassin provient principalement de sources en aval, notamment du bassin du Kasaï dont les charges sédimentaires et particulaires sont relativement importantes (Mushi et al., 2019). Par conséquent, cette étude propose qu'une majorité des flux de sédiments et de carbone organique produits à partir des hautes terres sont stockés dans la Cuvette Centrale et que ces flux ont peu ou pas d'impact sur les rivières en aval. En conséquence, les flux enregistrés à la sortie du bassin seront principalement influencés par les affluents en aval. Cette thèse a démontré les possibilités d'utiliser un modèle à basé physique avec des entrées limitées pour prédire la dynamique de l'hydrologie dans les affluents du bassin du fleuve Congo. De plus, les modèles simulant le carbone organique, (en utilisant des équations adaptées issue de la littérature qui sont facilement corrélées aux variables environnementales), ont montré des résultats encourageants sur les différents sous-bassins auxquels ils ont été appliqués. Une estimation des bilans d'eau, de sédiments et de carbone organique retenus ou produits dans la Cuvette Centrale a donné pour la première fois, un aperçu du rôle de la Cuvette Centrale dans le traitement, la transformation et le transport de ces flux. 8.5. Perspectives Le bassin du Congo possède un énorme potentiel pour le développement des ressources en eau et l'amélioration de la situation socio-économique des peuples de la région. Avec des milliers de voies navigables, de grandes étendues de forêts tropicales vierges comprenant une grande biodiversité, et le potentiel de développement de l'hydroélectricité, la vie des peuples de la région dépend de la durabilité des flux du fleuve Congo. Le modèle établi pour le bassin du Congo peut être utilisé comme modèle expérimental pour la surveillance des inondations, le contrôle de la qualité de l'eau, l'approvisionnement en eau et une foule d'autres exigences qui nécessitent la prise de décisions éclairées. Les réponses hydrologiques générées par le modèle ont permis d'identifier des zones de similarité hydrologique relative qui sont importantes pour les futurs projets de développement des ressources en eau. Ceci est important, car il y a une pénurie de données dans le bassin. Les travaux futurs tenteront de combler le manque de représentativité spatiale des stations de jaugeage, mais pour l'instant, les informations obtenues sont utiles dans les évaluations d'avant-projet et les études de faisabilité. Il n'y a pas eu de programme soutenu d'échantillonnage des sédiments dans le bassin du fleuve Congo, d'où le recours à des estimations utilisant des approches indirectes. Ce travail a conduit au développement de plusieurs théories concernant la source des sédiments dans le bassin et la fonction de la Cuvette Centrale dans la rétention de ces sédiments. Les théories concernant l'histoire de la subsidence de la Cuvette Centrale devront être testées en utilisant la modélisation, le fonctionnement des profils ou d'autres méthodes afin de déterminer si elle est capable de stocker les quantités de sédiments simulées. Les précipitations et le ruissellement des hautes terres fournissent la majorité de l'eau de la Cuvette Centrale, ce qui implique que le carbone est produit dans la zone humide avec une sédimentation minimale ; d'autre part, le ruissellement des hautes terres apporte ses propres sédiments et son propre carbone. Il est donc nécessaire de faire la distinction entre les quantités de carbone qui sont transformées à partir des hautes terres et celles produites de manière autonome. Cette étude a permis de quantifier les quantités de pluie efficace tombant sur la Cuvette ainsi que les quantités d'eau provenant des hautes terres, les deux sources fournissant des quantités équivalentes. Par conséquent, il est nécessaire de poursuivre les travaux d'amiliorer l'estimation de ces chiffres. Une évapotranspiration efficace retiré plus de 50 % des précipitations tombant sur la Cuvette. Entre les prélèvements et les pertes en eau vers d'autres conpartiments, il reste peu d'eau pour alimenter les rivières adjacentes. De ce fait, la Cuvette Centrale a un impact limité sur la biogéochimie en aval. Afin de prouver cette théorie, d'autres programmes d'échantillonnage à long terme doivent être mis en oeuvre à des endroits stratégiques en amont, au sein la confluence des affluents de la zone humide avec la rivière principale. Le bassin du fleuve Congo, bien qu'il soit la deuxième plus grande zone de forêt tropicale humide de la planète, est largement sous-étudié. De futures sur la biogéochimie de ce bassin amélioreront davantage nos connaissances si elles sont faites en eien avec d'autres grands bassins fluviaux de sa catégorie comme l'Amazone et l'Orénoque qui partagent des caractéristiques similaires. L'étude de leurs compositions en carbone organique particulaire et dissous en relation avec leurs caractéristiques spécifiques nous fournira sans aucun doute des informations utiles et nouvelles sur le comportement des bassins versants tropicaux. Le modèle SWAT calibré dans cette étude peut fournir des estimations de débit dans les régions où il n'est pas disponible ; en outre, divers autres ensembles de données peuvent être générés. Les hypothèses relatives au fonctionnement du bassin devront également être testées en utilisant des ensembles de données de télédétection. Notamment, les paramètres des régions présentant aucunes données du bassin central doivent être estimés avec précision. Le modèle SWAT pourrait être adapté au cas particulier du CRB et à un module de zones humides incorporé qui prendra en compte les effets de la Cuvette Centrale. Enfin, un seul arbre ne peut faire une forêt, il est donc important que les experts nationaux des pays du bassin du fleuve Congo se réunissent régulièrement et fédèrent la communauté scientifique internationale par le partage d'informations et de données. Plusieurs initiatives ont été prises, notamment la conférence de l'American Geophysical Union (AGU) sur les possibilités de recherche dans le bassin du fleuve Congo. D'autres initiatives de ce type sont nécessaires si l'on veut progresser dans l'élucidation des mystères de ce paradis tropical encore inconnu.
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1. Sediment concentration and fluxes of some African riv-ers…………………………………………………………………………………………...274 FAO: Food and Agriculture Organization of the United Nations

1.1. Systems, Cycles, Reservoirs, and Fluxes within the Critical Zone

  

  In terms of water use, Agriculture is the largest user, consuming almost 70 % of all water drawn from rivers, lakes and groundwater. While irrigation has undoubtedly contributed significantly to world agricultural production, it is extremely water intensive. Since 1960, water use for crop irrigation has risen by 60-70%. Industry uses about 5-10% of available water, and

1.2).

the municipal sector uses about 10-20%. Population growth, urbanisation and industrialisation have increased the use of water in these sectors (UNESCO WWAP, 2017).

1.2.2. Global Fresh Water Distribution

Table 1 . 1 .

 11 Balance of Earth's Fresh waters (source:[START_REF] Kotwicki | Water Balance of Earth[END_REF] 

	Form of water	Area (km 2 )	Volume (km 3 )
	Fresh Groundwater	148 939 100	11 000 000
	Lakes	4 200 000	91 000
	Soil moisture	148 939 100	16 000
	Wetlands	5 300 000	12 000
	Rivers	1 000 000	2 100
	Biological water	510 065 600	2 400
	Reservoirs	400 000	7 000
	Farms	1 377 000	600
	Total	510 065 600	11 100 000
	1.2.3. Hydrologic Responses to Climate Change		

Table 1 . 2

 12 

. Sediment yields in some of the world's largest watersheds

In Africa, important rivers include the Niger, Nile, Cheliff, Orange, Zambezi, Medjerdah and the Congo. The Congo basin is the largest river both in terms of basin area and in terms of discharge, draining an area of approximately 3.7 million km 2 . The Congo and the

Table 1 . 3 .

 13 Carbon fluxes of prominent world Rivers listed by size of basin.

	River/station	Area x10 6 km 2	Volume km 3	DOC Mt yr -1	POC Mt yr -1	References
			yr -1			
	Amazon/Obidos	4.69	5780	27	5	Moreira-Turcq
						et al. (2003)
	Congo	3.7	1300	12.4	2	Coynel et al.
						(2005)
	Mississippi/Bel chase	3.22	410	3.5	0.8	Kempe (1982)
	Ob	2.99	433	3.12	0.31	Kohler et al.
						(2003)
	Yenisei	2.50	555	2.8	0.3	Fabre et al.,
						(2019)
	Niger/Lokoja	1.2	152	0.53	0.66	Degens et al.
						(1991)
	Orinoco/Cuidad	1	1100	3.28	0.99	Mora et al.
	Bolivar					(2014)

Table 2 .1. Congo

 2 

	Country		Country	Area within	Portion in	Mean annual rainfall in
			Area	CRB	the CRB	basin area (mm)*
			( km 2 )	( km 2 )	(ù () (ù (ù (%)	(mm) min	max	mean
	Angola		1,246,700	305,760	(ù(%) 8	785	1635	1375
	Burundi/Rwanda	54,628	18,728	0.5	1025	1570	1260
	Cameroon		475,440	85,300	2	1440	1670	1545
	Central	African	622,980	402,000		1065	1680	1465
	Republic				11		
	Congo		342,000	248,400	7	1190	1990	1660
	Democratic Republic	2,344,860	2,307,800		775	2115	1540
	of Congo				62		
	Gabon		267,668	1,146	0.03	1500	2100	1800
	Tanzania		945,090	166,800	4	720	1385	970
	Zambia		752,610	176,600	5	985	1420	1195
	*Data based on a 1995 FAO report on the annual renewable resources of African countries.

basin countries with their share of basin area (Data from the CICOS, the FAO, and the World Bank group).

in Fig. 2.3: The Ubangi sub-basin is

  a shielded peneplain covered by shrub, tree savannah, and dense humid forest. Like the rainfall, the dense forest gives way to less humid vegetation northwards. The size of the basin from the confluence with the main Congo River is 650,500

	with denser forests and grasslands to the south are the dominant land use. The high elevation
	and vegetation type causes temperatures to be lower than the central CRB. Generally, the
	months of July to August are the driest months with precipitation highest from December to
	March.
	km 2 and 494,100 km 2 at the principal hydrologic gauging station of Bangui. The interannual
	discharge measured at this station from 1951 to 2012 averages 3,580 m 3 s -1 (Fig.2.4. A). Annual The Kasai at the main hydrological gauging station of Kutu-Moke has an area of
	average rainfall measured from 1935 to 2015 is around 1 475 mm yr -1 (SO-HYBAM). With a 750,032 km 2 . The mean interannual discharge at this gauging station from 1951 to 2012 is 8000
	unimodal hydrological regime, the hydrological year runs from May to April (the annual flood m 3 s -1 (Fig.2.4. D). Annual precipitation is around 1 200 mm for the same period and is not too
	peak is in November) and in general March and April are the driest months. The soils of the different in both the Kasai and adjoining Kwango basin. June and July record the lowest
	basin are dominated by the feralsols with arenosols and plinthosols in the most northern parts. precipitation while March and November record high floods. The Kasai basin consists mainly
	The length of the Ubangi River together with its longest tributary the Uele is about 2,270 of equatorial rainforest areas, which provide an agricultural land in a region noted for its
	kilometres. The Ubangi River defines the boundary between the Central African Republic infertile, sandy soil. The southern fringes of the forest block consist of semi-deciduous forests
	(C.A.R) and the Democratic Republic of Congo (D.R.C) up Until Bangui. Thereafter, it forms that give way to a mosaic of savannahs and gallery forests. Arenosols and ferralsols are the
	the boundary between the DRC and the Republic of Congo until it empties into the Congo dominant soil groups within this basin. The sandy nature of the soils favour infiltration, which
	River.
	The Sangha sub-basin is located in the northwestern portion of the CRB. Its size from
	the confluence of the Congo River measures 213,670 km 2 and 159,480km 2 from its principal
	gauging station at Ouesso, which controls 75 percent of the basin. Mean interannual discharge
	measured at Ouesso over 60 years from 1951 to 2012 is 1560 m 3 s -1 (Fig.2.4. B), with average
	precipitation over the basin at around 1 670 mm. The vegetation is predominantly dense
	evergreen forest in the western limits, savanna at forest-edge mixed with agriculture, and
	swamp forests in the valley bottoms along the rivers. Soils of the basin consist of feralsols,
	acrisols and gleysols. The hydrological regime in the basin is unimodal with the hydrological
	year running from May to April. The annual flood peak is in October and in general, March is
	the driest month.
	The Congo River takes its source from the Shaba highlands of the Lualaba basin. The
	area of the Lualaba sub-basin until the gauging station at Kisangani and excluding the lake
	Tanganyika basin is 728,900 km 2 . Mean interannual discharge measured at Kisangani over 60
	years (1951-2012), is 7600 m 3 s -1 (Fig.2.4. C)with annual precipitation of around 1 100-1 200
	mm in the Upper parts of the basin causing alternating dry and wet seasons (BRLi, 2016).
	Elevated areas of 1000-2000 metres are found within the basin. Acrisols, vertisols and and
	gleysols are the main soils of the basin. Open savanna woodland and forest-shrubland/grassland

results in high storage capacity suggesting the presence of groundwater aquifers. The climate in the southern part is arid and the topography is flat to undulating. The Kasai holds great economic importance, as apart from its navigable channels, it is a source of rare mineral stones like diamond.

Table . 2

 . .2. Core processes and algorithms implemented in this study with SWAT

	Component	Process	Algorithms		Reference
	Hydrology	Surface runoff	SCS curve number	USDA	Soil
			method		Conservation	Service
					(1972)
	Hydrology	Lateral flow	Kinetic storage method	Neitsch et al. (2011)
	Hydrology	Baseflow	Baseflow	recession	Neitsch et al. (2011)
			constant; groundwater	
			storage; re-evaporation	
	Hydrology	Potential	Penman-Monteith	Monteith	(1965),
		Evapotranspiration			Penman (1956)
	Hydrology	Channel routing	Variable storage routing	Williams	(1969);
			method		Neitsch et al. (2011)
	Plant growth	Evapotranspiration	Soil moisture		Strauch & Volk (2013)
	Sediment	Erosion	MUSLE		Williams (1975)
	Sediment	Soil erodibility	Kuery 1.4		Borselli et al., 2009,
					2012
	Sediment	Sediment routing	Bagnold equation	Bagnold, (1977)

Table 3 .1. Simulated

 3 

	Water balance components	Initial Un-calibrated	Calibrated
	Precipitation	1530	1530
	Actual evapotranspiration	900	1060
	Potential evapotranspiration	1660	1665
	Surface runoff	68	131
	Lateral flow	40	15
	Base flow	220	219
	Deep aquifer recharge	173	0
	Total water yield	501	

values of water balance components from the calibrated and uncalibrated model (in millimeters).

Table 3 .2. Statistical

 3 

									Ubangi at Bangui					
		16000														
	s -1 )	12000														
	Discharge (m 3	8000														
		4000														
		1 /1 /2 0 0	1 1 /2 4 /2 0 0 0	1 0 /1 8 /2 0 0 1	9 /1 1 /2 0 0 2	8 /5 /2 0 0 3	6 /2 8 /2 0 0 4	5 /2 2 /2 0 0 5	4 /1 5 /2 0 0 6	3 /9 /2 0 0 7	1 /3 1 /2 0 0 8	1 2 /2 4 /2 0 0 8	1 1 /1 7 /2 0 0 9	1 0 /1 1 /2 0 1 0	9 /4 /2 0 1 1	7 /2 8 /2 0 1 2	Simulation Observation
										Ubangi at Bangui					
	)															
	s -1															
	Discharge (m 3															
					20			40			60			80		100	Simulated
								% of Time flow equalled or exceeded					Observed
					Criteria		Bangui	Sangha		Kasai		Kisangani	*BRZ/KIN
	MONTHLY		NSE		0.72		0.62		0.61			0.06	0.31
						R 2		0.73		0.66		0.77			0.41	0.53
					PBIAS		1.31		9.35		-3.48		-0.94	9.01
					RSR		0.52		0.61		0.62			0.97	0.83
					KGE		0.85		0.78		0.74			0.57	0.70
					NSE		0.59		0.16		0.65		-1.45	-0.04
	DAILY				R 2		0.59		0.36		0.76			0.45	0.30
					PBIAS		-0.63		23.73		-9.75		-25.34	10.35
					RSR		0.63		0.91		0.58			1.56	1.02
					KGE		0.50		0.44		0.58			0.59	0.35

measures of monthly model performance validated against daily observations at the five principal gauge stations of the CRB.

Table 3 . 3 .

 33 Comparison of the interannual mean discharge(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) from the monthly and daily observations (obs) and simulations (sim).

	Monthly means	Daily means

In Fig.

3

.3, the simulation results for the Ouesso gauging site of the Sangha subasin are shown. There is good agreement between the observed and simulated flows in the monthly model, with Coefficient of efficiency, R 2 , Pbias, RSR and KGE values of 0.62, 0.66, 9.35, 0.61 and 0.78 respectively (Table

Table 3 . 4 .

 34 List and description of variables extracted for correlation using the SWAT model.

	Variable	Description	Unit
	Hydrology		
	FDIs	Normalized percentile flow equalled or	
		exceeded a certain % of the time;	
		Q10, Q50, Q90	L s -1 km -2
	Soil		
	SOL_K1		
		Saturated hydraulic conductivity	mm hr -1
	CLAY1	clay in first soil layer	%
	SILT1	silt in first soil layer	%
	SAND1	sand in first soil layer	%
	CN2	Initial SCS curve number for moisture	
		condition II	-
	USLE_K1		
		Soil erodibility in the first soil layer	ton ha hr MJ -1 ha -1 mm -1
	SYLD	Sediment yield	tons ha -1
	SW	Soil water content	mm H2O
	Geomorphology		
	AREA	sub-basin area	Km 2
	MinEl	Minimum elevation	m
	MaxEl	maximum elevation	m
	HRU_SLP		
		Average slope steepness	m/m
	CH_COV2	Channel cover factor	-
	Land use and land cover		
	FRSE	Evergreen forest	%
	FRSD	decidous forest	%
	FRST	mixed forest	%
	LAI	Leaf Area Index	-
	Climate		
	PRECIP	precipitation	mm
	PET		
		potential evapotranspiration	mm
	ET	Actual evapotranspiration	mm

Table 3 . 6 .

 36 Principal Component Analysis summary

	Component	Proportion of	Cumulative	Eigenvalues
		variance	proportion	
	1	0.25	0.25	4.93
	2	0.19	0.45	3.63
	3	0.12	0.58	2.46

Table 4 . 1 .

 41 SWAT data inputs and observations datasets

	Data Type	Period	Resolution	Source
	Digital Elevation		90 m	Consortium for spatial information (https://cgiarcsi.community/data/srtm-90m-
	Model (DEM)			digital-elevation-database)
	Soil		1 km	Harmonized World Soil Database v 1.1
				(http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-
				database/HTML/index.html?sb=1)
	Land use		1 km	Global Land Cover 2000 database
				(http://forobs.jrc.ec.europa.eu/products/glc2000/products.php)
	TRMM (TMPA)	1998-	0.25°	Multi-satellite precipitation analysis
	3B42 V.7 Daily	2015		(Https://pmm.nasa.gov/data-access/downloads/trmm#)
	product			Huffman et al. (2007)
	Meteorological data	1979 -	~38 km	Climate Forecast System Reanalysis (CFSR) Model
		2014		(http://rda.ucar.edu/pub/cfsr.html&http://globalweather.tamu.edu/)
				Dile and Srinivasan (2014); Fuka et al., (2013)
	River discharge	2000 -	Daily	SO-HYBAM
		2012		(http://www.so-hybam.org/); BRLi (2016)
				Supporting data
	Water productivity	2009 -	250m	FAO
		2018		(https://wapor.apps.fao.org/catalog/WAPOR_2/1)
	Global Wetlands	1992-	30x30	Lehner and Döll (2004)
	database	2000	second	(https://www.worldwildlife.org/publications)
	Geology	2012	0.5°	Global lithological database

(Hartmann and Moosdorf, 2012)

.

Table 4 . 2 .

 42 Areas and volumes defined for reservoirs in the SWAT model

	Lake name	Subbasin	Surface area (km 2 )	Storage Volume (km 3 )
	Tanganyika	201	32,900	19,000
	Upemba	230	550	1.3
	Mweru	238	5,000	38

  Various corrections were applied, including geophysical and environmental corrections. Height values are corrected for biases specific of each mission/processing algorithm and then converted into orthometric height by removal of the Earth Gravitational Model (EGM) 2008 geoidal undulation. The accuracy of altimetry derived water levels over inland water bodies is estimated to range between 10 and 40-50 cm on rivers(Becker et al., 2018). The raw ENVISAT data are freely available at the Centre for Topographic studies of the Oceans and Hydrosphere (CTOH, http://ctoh.legos.obs-mip.fr/) in along-track Geophysical Data Records (GDRs) format. It is worth noting that this dataset was extensively validated in the CRB byParis et al. (this volume). Surface water elevation from satellite altimetry was

	launched in March 2002 and ended in April 2012. It had a repeat cycle of 35 days and
	established virtual stations everywhere its ground tracks intersected a river tributary. From this
	database, we were able to validate our model with over 20 virtual stations both within and
	outside the Cuvette Centrale, and we present six of such stations in this paper. We used water
	surface elevation (WSE) time series from the Theia Hydroweb database (available at

Cuvette Centrale in the CRB wetlands showing points of inflow (Q1, Q2…Q11) and outflow (Q0-Q12) used in calculating the wetland water balance. Also shown are locations of Envisat virtual stations (VS1-VS6) used in validating 2.3. Envisat Altimetry The Environmental Satellite (ENVISAT) was a mission by the European Space Agency http://hydroweb.theia-land.fr/) as a means of validating our model results (Data processing procedures can be found in Santos da Silva et al. (2010)). The ICE 1 algorithm was used for processing.

Table 4 . 3 .

 43 Performance evaluation criteria, as suggested by

Table 4 . 4 .

 44 Results of the Performance evaluation statistics used in calibration

*Brazzaville/Kinshasa Nonetheless, our results compared favorably with other applications in similarly sized catchments; for instance,

[START_REF] Lu | Assessing the climate forecast system reanalysis weather data driven hydrological model for the Yangtze river basin in China[END_REF] 

ran the SWAT model in the Yangtze river basin using CFSR meteorological data and obtained values for streamflow of R 2 and NSE greater than 0.7 in both calibration and validation periods.

[START_REF] Gassman | Applications of the SWAT model special section: Overview and insights[END_REF] 

also in an evaluation of 22 large catchments in different continents modeled with SWAT, noted only four studies with R 2 and NSE greater than or equal to 0.9 for both calibration and validation periods on a monthly time scale. Also,

Malago et al. (2017) 

obtained monthly PBIAS values with a magnitude of not more than 25 for 70 percent and 60 percent of gauging stations for both calibration and validation periods, respectively, for their SWAT model in the Danube basin.

Table 5

 5 reveals the parameters used to establish the model. They were as much as possible allowed to retain their physical meaning with the deviation from default values minimized in order to achieve realistic simulation. Six out of the nine parameter values

	Measure			Monthly Performance Evaluation Ranges	
		Very good		Good		Satisfactory		Not satisfactory
	R 2	R 2 > 0.85		0.75 < R 2 ≤ 0.85	0.60 < R 2 ≤ 0.75	R 2 ≤ 0.60
	NSE	NSE > 0.80		0.70 < NSE ≤ 0.80	0.50 < NSE ≤ 0.70	NSE ≤ 0.50
	PBIAS	PBIAS < ±5		±5 ≤ PBIAS < ±10	±10 ≤ PBIAS < ±15	PBIAS ≥ ±15
	RSR	0.00 < RSR < 0.50	0.50 < RSR < 0.60	0.60 < RSR < 0.70	RSR > 0.70
		Criteria	Ubangi/Bangui Sangha/Ouess	Kasai/Kutu-	Lualaba/Kisangan	*BRZ/KIN
		NSE		0.81	o 0.67	Moke 0.63	i 0.02	outlet 0.16
		R 2		0.83	0.71	0.76	0.49	0.59
	Calibration	PBIAS		4.01	8.37	-2.11	7.84	14.52
		RSR		0.43	0.57	0.61	0.99	0.92
		KGE		0.90	0.80	0.48	0.23	0.71
		NSE		0.66	0.59	0.59	0.08	0.44
		R 2		0.67	0.65	0.78	0.39	0.54
	Validation	PBIAS		-0.86	-1.30	-4.66	-8.19	4.10
		RSR		0.58	0.64	0.64	0.96	0.75
		KGE		0.74	0.78	0.31	0.58	0.73

presented in Table

5

, were groundwater parameters controlling the occurrence, movement, and losses of water from the system, underlining their importance. This was also noted by

Van Griensven et al. (2012) 

while reviewing SWAT applications in upper Nile basin countries

Table 4 . 5 .

 45 Parameters used to calibrate the model for the simulation period

	Parameters	Default	Description	Calibrated
		value		range
	Groundwater			
	parameters:			
	ALPHA_BF	0.048	Base flow alpha factor (days).	0.002-0.016
	GWQMN	1,000	Threshold depth of water in the shallow aquifer for return flow	500-1,000
			to occur (mm).	
	GW_REVAP	0.12	Groundwater "revap" coefficient	0.02-0.12
	REVAPMN	750	Threshold depth of water in the shallow aquifer for "revap" to	0.002
			occur (mm).	
	GW_DELAY	31	Groundwater delay time (days).	31
	RCHRG_DP	0.05	Deep aquifer recharge	0
	HRU parameters:			
	CANMX	0	Maximum canopy storage (mm)	50-250
	Reach parameters:			
	CH_N2	0.014	Manning's "n" value for the main channel	0.014-0.06
	Subbasin parameters:			
	CH_N1	0.014	Manning's "n" value for tributary channels	0.014-0.06

components are produced well. This is a reflection of the good calibration at the Bangui station and the less well-reproduced simulation at the Kutu-Moke station and further points to the applicability of altimetry in assessing hydrological model output. Concerning the seasonal observations at the northern and southern drainage units, there is good agreement in peak discharge months, as seen in VS1, VS4 (March/April) and VS2, VS3, and VS6

Table 4 .

 4 

	6. Characteristics of ENVISAT altimetry stations used in this study. Temporal
	coverage period: 2002 to 2010.

Table 4 .7. Annual

 4 

	Water balance components	Values (mm yr -1 )
	Precipitation	1,510.7
	Actual evapotranspiration	1,058.3
	Potential evapotranspiration	1,665.5
	Surface runoff	131.35
	Lateral flow	14.84
	Baseflow	219.49
	Deep aquifer recharge	0

water balance components for the simulation period 2000-2012 at the outlet of the basin (Brazzaville/Kinshasa gauging station).

Table 4 .8. Comparison

 4 

	Drainage	Station	Drainage	Interannual	Specific	Interannual	Interannual	Specific
	basin		area km 2	flow m 3 .s -1	discharge	flow (sim)*	flow (obs)*	discharge*
					L s -1 km -2	m 3 s -1	m 3 s -1	L s -1 km -2
	Lualaba	Kisangani	974,138	7,640 1	7.8	7,323	7,264	7.5
	Kasaï	Kutu-Moke	750,032	8,070 2	10.7	7,621	7,365	10.1
	Sangha	Ouesso	159,480	1,550 3	9.7	1,282	1,386	8.03
	Ubangi	Bangui	494,088	3,660 4	7.4	3,085	2,931	6.2
	Congo	*Bzv/Kin	3,659,897	40,500 5	11.1	36,361	39,963	9.9
	Periods:							

of historical flow with current simulation

1 : 1951 to 2012; 2 : 1940 to 2012; 3 : 1948 to 2017 ; 4 : 1936 to 2017

Table 4 . 9 .

 49 .9). Points that coincide with historical gauge stations, as documented byLaraque et al. (1995), were used where possible. For the 2000 to 2012 period of our study, we estimated a monthly mean of 34,160 m 3 s -1 of water entering the Cuvette We were able to capture the seasonality of the flows with a first flood peaking in November and a second lesser one in April. The Congo at Lisala contributes 33 percent of the total inputs, with precipitation almost equaling it at 31 percent. The largest tributary on the right bank -the Ubangi, contributes 16 percent of the total while the left bank tributaries provide 11 percent (Fig. 4.8). 4. Investigating the role of the Cuvette Centrale in the hydrology of the Congo River Basin 153 Average monthly interannual simulated inflows and outflows in the Cuvette Centrale from contributing tributaries expressed as flow (m3 s-1) for the 2000-2012 period.

	Centrale. Considering only flow, we simulated a monthly mean inflow of 24,250 m 3 s -1 coming
	in from the eight tributaries of the right bank (Mongala, Giri, Ubangi, Likouala aux Herbes,
	Sangha, Likouala Mossaka, Kouyou, Alima), the Congo river at Lisala and two tributaries of
	the left bank (Lulonga and Ruki). These tributaries have a combined contributing area of
	2,191,066 km 2 .

Table 4 . 10 .

 410 Fig. 4.11 shows monthly averages of water balance components in the Cuvette Centrale. Lateral flow is almost nonexistent, while groundwater flow maintains constant levels all year round with no discernible peaks or lows. Average monthly interannual change in storage expressed as flow (m 3 s -1 ) for the 2000-2012 period.
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 51 Input data used to run the SWAT model.

	Data Type	Period	Resolution		Source
				Digital Elevation Model. Consortium for spatial information
	Land elevation		90 m	(https://cgiarcsi.community/data/srtm-90m-digital-elevation-
				database) (accesed on the 6 June 2018)
				Harmonized World Soil Database v 1.1
	Soil		1 km	(http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-
				database/HTML/index.html?sb=1)
	Land use		1 km	Global Land Cover 2000 database (http://forobs.jrc.ec.europa.eu/products/glc2000/products.php)
				TRMM (TMPA) 3B42 V.7 Daily product. Multi-satellite
	Rainfall	1998-2015	0.25°	precipitation analysis (Https://pmm.nasa.gov/data-access/downloads/trmm#)
					[46] Huffman et al. (2007)
				Climate Forecast System Reanalysis (CFSR) Model
	Meteorological data	1979-2014	~38 km	(http://rda.ucar.edu/pub/cfsr.html&http://globalweather.tamu.edu/)
	River discharge	2000-2012	Daily	SO-HYBAM (http://www.so-hybam.org/); [30] BRLi (2016)
	Suspended sediments	2006-2017	Monthly		SO-HYBAM (http://www.so-hybam.org/)
			Supporting data	
	Water productivity	2009-2018	250 m	FAO (https://wapor.apps.fao.org/catalog/WAPOR_2/1)
	Wetland extent	1992-2000	30x30 s	Global Wetlands database, [36]Lehner and Döll (2004) (https://www.worldwildlife.org/publications)
	Geology	2012	0.5°	[47]	Global lithological database
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 52 Percentage values and statistics of textural components of ferralsols, which make up 58% of the basin soils, used in theKuery 1.4 model. 

		Sand%	Loam%	Clay%	Organic Matter%
	MIN	17.7	17.9	0.8	0.52
	MAX	49.9	69.4	36.6	11.1
	MEAN	31.20	42.79	22.79	2.35
	Std ± (standard deviation)	11.36	18.48	12.07	3.64
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 53 Values of textural components of other dominant soils in the basin used in theKuery 1.4 model. 

	SOIL	Percentage of Watershed Area	Sand%	Loam%	Clay%	Organic Matter%
	Acrisols	7.0	60	20	20	0.4
	Arenosols	17.41	70	20	10	0.7
	Cambisols	6.98	47.9	31.5	20.6	0.46
	Gleysols	3.74	10	20	70	7.2
	Lixisols	1.21	8.2	44.5	47.3	1.2
	Luvisols	0.80	73.8	20.7	5.5	0.18
	Nitisols	0.65	10	30	60	2.17
	Plinthosols	2.65	52	28	20	0.25
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 54 Parameters used to calibrate the sediment model.

	Parameters	Description of Parameter	Default Applied Range
	SPEXP	Exponential re-entrainment parameter for channel sediment routing	1	0.5
	SPCON (Csp)	Linear re-entrainment parameter for channel sediment routing	0.0001	0.0001
	PRF	peak rate adjustment factor for sediment routing in main channel	1	1
	CH_COV1 (cm 3 /N-s)	Channel erodibility factor	0	0-0.02
	CH_COV2	Channel cover factor	0	0.65-1
	CH_EQN	Simplified Bagnold Equation	0	1
	Filter_W (m)	Edge of width filter strip (sub-basin 168)	0	28
	LATSED (mg L -1 )	Concentration of sediment in lateral and groundwater flow	0	50-60
	KUSLE (t.ha.h./(ha.MJ.mm))	USLE soil erodibility factor	Relative	0-0.04
	PUSLE	USLE support practice factor	1	1
	CUSLE	USLE crop cover factor	Relative	0-0.2
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 55 Performance indicators for the daily sediment flux (in t day -1 ) calibrationvalidation periods of the model at the Bangui station and the Brazzaville/Kinshasa station.

		Bangui		Brazzaville
	Performance	Calibration	Validation	Calibration	Validation
	Metrics	(2010-2011)	(2011-2012)	(2006-2009)	(2010-2012)
	NSE	0.35	0.65	-2.95	-0.16
	R 2	0.69	0.71	0.02	0.13
	PBIAS	49.10	24.20	-29.42	-9.53
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 56 Chapter 5. Sediment balance estimation of the 'Cuvette Centrale' of the Congo River Basin using the SWAT Descriptive statistics comparing suspended sediment concentration and discharge from the PEGI program

	hydrological model
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 57 PCA components and their respective eigenvalues and correlation coefficients

		PC1	PC2	PC3	PC4	PC5	PC1	PC2
	Proportion of variance (%)	33.7	22.4	19.9	16	8		
	Cumulative proportion of variance (%)	33.7	56.1	76	92	100	Pearson coefficient
				Eigenvalues				
	HRU_SLP	0.35	-0.59	-0.30	-0.58	-0.31	0.46	-0.62
	PCP	0.58	0.41	0.27	0.14	-0.64	0.75	0.43
	_KUSLE	0.29	-0.62	0.11	0.71	0.07	0.38	-0.66
	CH_COV2	-0.15	-0.26	0.90	-0.30	0.01	-0.20	-0.27
	SUR_Q	0.66	0.17	0.09	-0.19	0.70	0.86	0.18

Table 5 . 8 .

 58 Mean yearly simulated averages of suspended sediment fluxes and sediment yield for the 2000 to 2012 period.

	Rivers

Contributing Area (km 2 ) Station/Town # *Annual Load (ton) % of Total Load Supplied to the Cuvette Centrale Specific Yield (t km -2 yr -1 )

  

	We simulated an average of 31.4 million tons of particulate material filling the Cuvette
	Centrale annually (𝐼 = ∑ 𝑆 𝑖 8 𝑖=1					
	Congo	1,306,000	Mbandaka	7	26,981,769	85.85	20.66
	Ruki	163,700	Bokuma	8	1,602,153	5.10	9.79
	Ubangi	491,800	Mongoumba	6	1,502,746	4.78	3.06
	Sangha	138,600	Ouesso	4	942,815	3.0	6.80
	Alima	18,240	Tchikapika	1	187,469	0.60	10.28
	Kouyou	9631	Linnegue	2	96,124	0.30	9.98
	Likouala aux Herbes	24,570	Botouali	5	76,227	0.24	3.10
	Likouala Mossaka	12,240	Makoua	3	40,495	0.13	3.31
	Congo	2,343,000	Bolobo	9	7,624,230		3.25
	Kasaï	778,900	Kwamouth	10	10,503,792		13.49
	Congo	3,164,000	Brazzaville	11	37,094,615		11.72

*Values in italics were summed for the total inputs.
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 59 Comparison of the discharge and Suspended sediment fluxes in three of the world's largest river basins.

	Congo at
	BRZ/KIN

(this study) Orinoco at Ciudad Bolivar (Laraque et al., 2013a [43]) Amazon at Obidos (Filizola & Guyot, 2009 [93])

  

	Q (m 3 s -1 )	36,150	31,400	169,000
	SSC (mg L -1 )	31.48	73.9	-
	SS load (10 6 t yr -1 )	37.0	74.0	555
	SS yield (t km -2 yr -1 )	11.72	88.5	120

  are used to estimate DOC, and POC concentrations in the basin and the amount of POC and DOC retained or discharged from the Cuvette Centrale are thus quantified. Excerpts from this work have been presented virtually at the European Geophysical union conference "sharing geoscience online"

  . The MUSLE equation calculates sediment yield as follows: SSC = 11.8 (Qsurf . qpeak : areahru) 0.56 .KUSLE . CUSLE . PUSLE . LSUSLE .CFRGWhere SSC represents the sediment yield per day in tons. ha -1 , Qsurf is the surface runoff volume (mm. ha -1 ), qpeak is the peak runoff rate (m 3 .s -1 ), areahru is the HRU area in ha, KUSLE is the USLE soil erodibility factor, CUSLE is the USLE cover and management factor, PUSLE is the USLE support practice factor, LSUSLE is the USLE topo-graphic factor and CFRG is the coarse fragment factor. The equation is based on the runoff in a HRU and on specific factors dependent on the soil and land use properties. Details of the USLE equation factors can be found in
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 62 Comparison of parameter values across different watersheds

	study	River	α	β	a	b
	Boithias et al.	Garonne			5	0.021
	(2014)					
	Fabre et al.	Amazon	8.08	0.74	-	-
	(2020)					
	Fabre et al.	Murray	22.2	0.02	15.6	18.3
	(2020)					
	Fabre et al.	Yangtze	1.80	0.01	-	-
	(2020)					
	Fabre et al.	Rhône	2.40	0.27	-	-
	(2020)					
	Fabre et al.	Save	5.12	0.15	0.01	0.01
	(2020)					
	Fabre et al.	Yenisei	15.8	1.39	0.0001	2.3
	(2020)					
	Wei et al. (2020) Red	4.5-5.5	0.7-2.5	5-40	1-1.7
	This study	Congo	17	0.44	8.15	5.24
	6.5. Environmental Factors Controlling OC Export		

Table 6 . 3 .

 63 Simulated fluxes of DOC and POC simulated at the outlets of the principal subbasins of the CRB.for the 2000-2012 period.
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 64 Studies of material fluxes measured in the Congo basin at Brazzaville/Kinshasa

	Chemical	denudation	Physical erosion	DOC flux	POC flux
	Rate (t km 2 yr -1 )	Rate (t km 2 yr -1 )	(Mt y r-1 )	(Mt yr-1)
	This study	-	9.0	13.4	2.37
	Seyler et al., 1995	-	-	11.5	1.9
	Gaillardet et al. 1995	7.4	8.1	-	-
	Coynel et al. 2005	-	8.8	12.4	2.0
	Laraque et al 2009	12	8.2	-	-

Table 6 . 6 .

 66 Mean annual simulated averages of DOC and POC fluxes for the 2000 to 2012 period used to calculate the organic carbon balance in the Cuvette Centrale.

  This section comprises the general discussion chapter where the results of the thesis are linked together and discussed. The Conclusion outlines the main results of the study and what they mean and goes further to give perspectives on future work with the model and improvements that can be made to it.

	Chapter 7. General discussion
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 71 Sediment concentration and fluxes of some African rivers.

	Rivers	Mt yr -1	t km 2 yr-1	mg L -1		
	Niger	-	8.2	24	Picouet et al 2001 1992-1998
	Pra	1.1	49.17	-	Akrasi 2011	2011
	Volta	17	52.25	-	Akrasi 2011	2011
	Maghreb	251.5	504	-	Probst and Suchet	
					1992	
	Senegal	1.9	8.75	185	Kattan et al., 1987 1979-1984
	Congo	37	11.72	27	This study	2000-2012

  Boithias, L.,Sauvage, S., Merlina, G., Jean, S., Probst, J. L., & Sánchez Pérez, J. M. (2014). New insight into pesticide partition coefficient Kd for modelling pesticide fluvial transport: Application to an /www.wetlands.org/inventoryand/GRoWI/welcome.html. Flint, L. E., & Torregrosa, A. (2020). Evaluating hydrological responses to climate change. Water (Switzerland), 12(6). https://doi.org/10.3390/W12061691 Friedl, M.A., Sulla-Menashe, D., Tan, B., Schneider, A., Ramankutty, N., Sibley, A., Huang, X., 2010. MODIS Collection 5 global land cover: Algorithm refinements and characterization of new datasets.Remote Sens. Environ. 114, 168-182. https://doi.org/10.1016/j.rse.2009.08.016 

	Institute	of	the	Supervising	Scientists,	Australia.	Available	online	at:
	http:/								
	agricultural		catchment	in	southwestern	France.	Chemosphere,	99,	134-142.
	Approach."		Journal	of		Environmental		Management	291	(May).

https://doi.org/10.1016/j.chemosphere.2013.10.050 https://doi.org/10.1016/j.jenvman.2021.112713 inventory: summary report. Wetlands International, The Netherlands, and the Environmental Research Freeman, C., Evans, C. D., Monteith, D. T., Reynolds, B., & Fenner, N. (2001). Export of organic carbon from peat soils. Nature, 412(6849), 785. https://doi.org/10.1038/35090628

Chapter 1: Scientific context and objectives

Chapter 3. Hydrology of the Congo River Basin

Résumé:Le bassin du fleuve Congo (BRC) est le deuxième plus grand bassin de drainage sur Terre après l'Amazone en termes de débit et de superficie du bassin. Il contient également la deuxième plus grande zone de forêt tropicale humide (1,8 million km 2 ) qui abrite également le plus grand gisement de tourbières des tropiques (145 500 km 2 ). La Cuvette Centrale est le bassin quarternaire "sag" situé au centre de ce bassin qui reçoit les flux de tous les principaux affluents situés sur la rive droite, la rive gauche et le cours d'eau supérieur du fleuve Congo. La Cuvette Centrale est connue pour être un réservoir géant de matière organique qui modifie la composition des matériaux qui la traversent. Bien que certaines études en l'hydrologie, sur les sédiments et en biogéochimie de la matière organique aient été réalisées sur ce bassin, il est nécessaire de mieux contraindre les flux latéraux de la matière qui passent par la Cuvette afin d'améliorer la compréhension du rôle de la Cuvette dans la biogéochimie du bassin au pas de temps journalier. Par conséquent, les objectifs de ce travail sont : 1) de mieux comprendre l'hydrologie du bassin et l'effet de la Cuvette Centrale dans la régularité de l'hydrogramme observé à l'exutoire du bassin ; 2) d'analyser les sources et les quantités de sédiments retenus ou produits par la Cuvette Centrale simulés de 2000 à 2012, 3) d'analyser également les sources et les flux de carbone organique particulaire et dissous au sein de la Cuvette. A l'aide du modèle hydrologique SWAT (Soil and Water Assessment Tool) calibré en utilisant peu de données, et validé avec des produits de télédétection et des modèles biogéochimiques et hydrologiques, nous avons établi que la Cuvette Centrale est une source d'eau pour la cours d'eau principal durant l'étiage de 2000 à 2012. De plus, une analyse de la dynamique sédimentaire sur la période 2000-2012 a révélé que la Cuvette Centrale est capable de retenir plus de 23 mégatonnes de matériaux produits annuellement au sein de la Cuvette Centrale ou provenant de sources situées en amont. Les simulations du COD et du COP ont révélé que l'hydrologie et la pente sont les principaux facteurs de contrôles de ces flux. Les résultats ont révélé qu'entre 1,2 et 1,5 mégatonnes de COD sont produites dans la Cuvette Centrale avec 0,9 mégatonnes de COP retenues dans la Cuvette. À l'exutoire du bassin, des fluxde 13,4 Mt an -1 pour le COD et de 2,2 Mt an -1 de COP ont été estimé, ce qui correspond à la gamme d'estimation des précédentes études. Finalement, ces résultats permettront de tester les différentes théories générées à partir de ces travaux, pouvant servir de base pour de futures recherches sur ce bassin.
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Section III: Model Application

The model is applied in the Congo River Basin in fulfillment of the objectives of the thesis. This section comprises chapters 4, 5, and 6 corresponding to the hydrology, sediments and organic carbon apllications of the model. Two of the chapters (4 &5) are published in peer reviewed journals and the third is in preparation.

alters upland erosion processes [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]100] [START_REF] Wei | A modelling-based assessment of suspended sediment transport related to new damming in the Red River basin from 2000 to 2013[END_REF]Sok et al., 2020). Rapid urbanization, hydroelectric dam construction and/or future water diversion schemes would also have a significant effect on the fluxes of material in the Cuvette Centrale. The consequences on downstream communities of wetland loss and nutrient imbalance from sedimentation are severe and should be given more attention.

For the first time, we have estimated the fluxes trapped by the Cuvette Centrale using an upstream-downstream mass balance approach. Our model can be used as a baseline for future sediment studies of the CRB. Different modelling approaches can also be initiated for the Cuvette Centrale from the point scale to the macro-level and vice versa to understand the processes operating within. Concerted joint efforts by stakeholders are also required if progress is to be made in fully appreciating the functioning of this still, relatively pristine watershed. 
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Chapter 7

General discussion

Chapter 7 discusses the results of the simulations of the hydrology, sediments and organic carbon simulations carried out. It analyses the results and draws inferences that are formulated into hypotheses for future work. 

Conclusion and perspectives

In this chapter, the conclusions from the study as well as future perspectives on model improvements are discused Chapter 8. Conclusion 

Abstract:

The Congo River basin (CRB) is the second largest drainage basin on Earth after the Amazon in terms of discharge and basin area. It also contains the second largest area of rainforest (1.8 million km 2 ) that also hosts the single largest peatland deposit found (145,500 km 2 ) in the Tropics. The Cuvette Centrale is the quarternary "sag" basin found at the center of this basin that receives flows from all the principal tributaries located in the right bank, left bank and the upper Congo River. The Cuvette Centrale is known to be a giant organic matter reservoir that changes the composition of material that passes through it. While a few studies of the hydrology, sediments and organic matter biogeochemistry of the CRB have been made, there is a need to better constrain the lateral fluxes of material that pass through the Cuvette in order to best understand its role in the basin biogeochemistry at a daily time step. Therefore the objectives set out for this work are: 1) to better understand the hydrology of the basin and the effect of the Cuvette Centrale in the regularity of the hydrograph observed at the basin outlet; 2) to analyse the sources and amounts of sediment retained or produced by the Cuvette Centrale over the 2000-2012 simulation period, 3) to also analyse the sources and quantities of Particulate and Dissolved Organic Carbon that pass through the Cuvette. With the aid of the Soil and Water Assessment Tool (SWAT) hydrological model calibrated using scarce data, and validated with remote sensing products, biogeochemical and hydrological models, we have established the role of the Cuvette Centrale as a source of water to the main River during low flow periods for the 2000-2012 simulation period. Furthermore, an analysis of the sediment dynamics in the 2000-2012 period revealed that the Cuvette Centrale is capable of retaining over 23 megatons of material annually produced within the Cuvette Centrale and from upland sources. The models for DOC and POC revealed that hydrology and slope are primary controls on these fluxes. The results revealed that between 1.2 to 1.5 megatons of DOC is produced in the Cuvette Centrale with 0.9 megatons of POC retained in the Cuvette Centrale. At the basin outlet, a flux of 13.4 Mt yr -1 for DOC and 2.2 Mt yr -1 of POC was estimated, consistent with previous estimates. Finally, these results will allow us to test the various theories postulated in this work, as a foundation for future research on the basin.